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Preface

Operative Neuromodulation is a rapidly evolving mul-

tidisciplinary biomedical and biotechnological field that

opens new options and possibilities not only for help-

ing patients but also for understanding the role of the

nervous system in modulating all other bodily systems.

Many specialties are involved and multidisciplinary col-

laboration is necessary for the further progress of the

field. The International Neuromodulation Society (INS)

exists to promote, disseminate, and to be an advocate for

the science, education, best practice and accessibility

of all aspects of neuromodulation. The INS is directly

associated with the International Functional Electrical

Stimulation Society (IFESS) which aims to promote the

research, application, and understanding of electrical stim-

ulation as it is utilized in the field of medicine. The

World Federation of Neurosurgical Societies (WFNS)

has realised the potential of the field and recently created

a Neuromodulation Committee. Undoubtedly, many other

neuromodulation committees will be founded in other

specialties and all of them, in close collaboration with

the INS, will advance neuromodulation. With this book,

we aim to facilitate a world-wide dissemination of author-

itative information regarding this scientific and clinical

field, and to promote an expansion of current medical

practice and research into this area. Furthermore, we wish

to contribute towards a constructive integrative relation-

ship between the biomedical and technological fields

involved in neuromodulation. It is hoped that this book

will have a positive impact in the continuously evolving

research and practice of neuromodulation.

Damianos E. Sakas, MD

Professor of Neurosurgery

Chairman, WFNS Neuromodulation Committee

Brian A. Simpson, MD, FRCS

Consultant Neurosurgeon

Ex-President, International Neuromodulation Society
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An introduction to neural networks surgery,
a field of neuromodulation which is based on advances
in neural networks science and digitised brain imaging

D. E. Sakas1, I. G. Panourias1, and B. A. Simpson2

1 P. S. Kokkalis Hellenic Center for Neurosurgical Research, Athens, Greece
2 Department of Neurosurgery, University Hospital of Wales, Heath Park, Cardiff, UK

Summary

Operative Neuromodulation is the field of altering electrically or

chemically the signal transmission in the nervous system by implanted

devices in order to excite, inhibit or tune the activities of neurons or

neural networks and produce therapeutic effects. The present article

reviews relevant literature on procedures or devices applied either

in contact with the cerebral cortex or cranial nerves or in deep sites

inside the brain in order to treat various refractory neurological

conditions such as: a) chronic pain (facial, somatic, deafferentation,

phantom limb), b) movement disorders (Parkinson’s disease, dystonia,

Tourette syndrome), c) epilepsy, d) psychiatric disease, e) hearing def-

icits, and f) visual loss. These data indicate that in operative neuromo-

dulation, a new field emerges that is based on neural networks research

and on advances in digitised stereometric brain imaging which allow

precise localisation of cerebral neural networks and their relay stations;

this field can be described as Neural networks surgery because it aims to

act extrinsically or intrinsically on neural networks and to alter thera-

peutically the neural signal transmission with the use of implantable

electrical or electronic devices. The authors also review neurotechnology

literature relevant to neuroengineering, nanotechnologies, brain compu-

ter interfaces, hybrid cultured probes, neuromimetics, neuroinformatics,

neurocomputation, and computational neuromodulation; the latter field

is dedicated to the study of the biophysical and mathematical character-

istics of electrochemical neuromodulation. The article also brings for-

ward particularly interesting lines of research such as the carbon

nanofibers electrode arrays for simultaneous electrochemical recording

and stimulation, closed-loop systems for responsive neuromodulation,

and the intracortical electrodes for restoring hearing or vision. The

present review of cerebral neuromodulatory procedures highlights the

transition from the conventional neurosurgery of resective or ablative

techniques to a highly selective ‘‘surgery of networks’’. The dynamics of

the convergence of the above biomedical and technological fields with

biological restorative approaches have important implications for

patients with severe neurological disorders.

Keywords: Operative neuromodulation; neural networks surgery;

digitised brain imaging; computational neuromodulation; neuroprosthe-

ses; chronic pain; movement disorders; epilepsy; psychiatric disorders;

hearing loss; visual loss.

Definitions

In biology, neuromodulation can be defined as the

process by which chemical substances, neurons or neural

networks excite, inhibit or tune adjacent or remote neu-

rons or neural networks in order the latter to deliver

responses, which are better adapted to the demands of

the environment of an organism and more suitable for

ensuring its successful survival. In the clinical context,

several definitions have been proposed and the most

widely accepted are described below. Neuromodulation

is a) the science of how electrical, chemical, and mech-

anical interventions can modulate or change central and

peripheral nervous system functioning, b) the form of

therapy in which neurophysiological signals are initiated

or influenced with the intention of altering the function

and performance of the nervous system and achieving

therapeutic effects or c) the therapeutic alteration of activ-

ity in the central, peripheral or autonomic nervous systems,

electrically or pharmacologically, by means of implanted

devices. More recently, it has been proposed that neuro-

modulation is the reversible use of electrical stimulation or

centrally-delivered pharmaceutical agents to manipulate

nervous system activity in order to treat specific types of

chronic pain, spasticity, epilepsy, ischemia, cardiac, bowel,

bladder dysfunction, nervous system injury, and move-

ment, visual, auditory or psychiatric disorders [15].

All the above imply the implantation of a device by

the therapist in the body of the patient. Neuromodulation

therapy has inevitably an interventional or operational

character. Hence, in the clinical or therapeutic setting,



it is more accurate to name this therapy as Operative

Neuromodulation. We propose that Operative Neuro-

modulation is defined as the field of altering electrically

or chemically the signal transmission in the nervous sys-

tem by implanted devices in order to excite, inhibit or

tune the activities of neurons or neural networks and

produce therapeutic effects. The definition is neither the

best possible not the last one to be proposed. Undoubt-

edly, in the years to come, better definitions may be

proposed. The difficulty in defining neuromodulation

may, in part, reflect the fact that this is a subject with

at least two key areas of complexity. First, it is a rapidly

evolving multidisciplinary biomedical and technological

field and secondly, the procedures are performed on the

nervous system, but they can affect any organ or system

of the human body. Currently, the specialists who are

involved in neuromodulation belong primarily to neu-

rosurgery, anesthesiology, neurophysiology, neurology,

cardiology, and orthopedics, but because of the systemic

effects and benefits, this relatively new discipline of med-

icine is likely, gradually, to encompass or influence most

medical specialities.

It is worthwhile to define various relevant terms. The

most common can be found below and are elaborated in

the respective articles in this volume. Functional neuro-

surgery is a field of neurosurgery designed to restore the

physiological activity of the nervous system by either

highly selective ablative procedures or by implantable

devices that influence the signalling, by chemical or elec-

trical means, and excite, inhibit or tune conduction in the

nervous system in order to produce therapeutic effects.

Neuroprosthetics is the field of neuroprostheses, i.e. arti-

fical devices that generate electrical stimuli and excite

the nervous system, by initiating action potentials in

nerve fibers, in order to replace the function of damaged

parts of the nervous system. Neural engineering is a field

that applies methods and principles of engineering, phy-

sical and mathematical sciences to investigate the ner-

vous system and design and construct its interfaces with

technological devices in order to develop novel thera-

peutic approaches to diagnose and treat neurological dis-

eases. Alternatively, Neural engineering is the science

that aims to interface electronics to brain, spinal cord,

and nerves by combining the potentials of microsystems

technology and microelectronics with the current un-

derstanding of the electrochemical, neuroanatomical and

neurophysiological properties and constraints of the ner-

vous system. A brain computer interface is a technolo-

gical interface between a brain and a computer which

intercepts neural signals from the brain and uses them to

control an electronic device without requiring any motor

output from the user. Brain computer interfaces can also

be defined as electronic brain implants that translate the

intention to communicate or move into either effective

communication through a robotic device or computer

cursor, or actual movement of paralyzed limbs. Neuro-

mimetics is the scientific field of designing and con-

structing human-made compounds, devices, substances

or processes that imitate the natural neurological mate-

rials, structures, forms or processes. Neurotechnology

describes how chemical engineering, nanotechnology,

electronics, neuroinformatics and neurophysiology in-

tersect to investigate the development of devices which

incorporate or are based on neural networks. Computa-

tional neuromodulation is the field that studies the math-

ematical and biophysical aspects of modulation in

neurobiological systems. Neuroinformatics is the disci-

pline which addresses the computational requirements

for the integration of the existing diverse range of neu-

roscientific data sets in order to formulate a ‘‘systems

level’’ understanding of nervous system processes.

Alternatively, neuroinformatics may be defined as the

study and understanding of computation, parallel pro-

cessing and management of information in the brain in

order to understand more general complex and highly

parallel systems, either artificial or natural. Presently,

neuroinformatics is concentrated in three specific fields

aiming to the development of: a) neuroscience data-

bases, b) brain imaging acquisition and analysis, and

c) experimental and theoretical methods for the analysis

of parallel processing in the brain. Neuroinformatics is

strictly associated with Computational Neuroscience and

Neural Computation. The latter also called Neurocom-

putation aims both to understand how neural systems

process information and also, to construct information

processing technological devices that could replace lost

functions in the central or peripheral nervous system.

This definition is based on the philosophical and scien-

tific assumption that the brain is essentially an informa-

tion processing and generating biological device.

Neuromodulation, neural networks science

and advanced stereometric digitised brain imaging:

the foundations of neural networks surgery

In this volume, the articles describe techniques that

are performed either in contact with the cerebral cortex

or cranial nerves or in deeply located structures inside

the brain. The first category includes procedures such as

motor cortex stimulation (MCS) for pain or vagus nerve
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stimulation (VNS) for epilepsy. The second category in-

cludes procedures such as deep brain stimulation (DBS)

for Parkinson’s disease. All these procedures aim to

modulate neural networks in the brain in order to pro-

duce therapeutic effects. Many of these techniques are

possible only because they can be based on computer-

ized brain imaging. Brain structural and functional ima-

ging can nowadays be subjected to advanced digitised

stereometric analysis; this makes it possible, for the first

time, to ‘‘visualise’’ the location of relay nodes and

operate on them virtually working inside the neural net-

works in the brain. The fact that it is feasible to operate

essentially inside a neural network brings operative neu-

romodulation and functional neurosurgery to a higher

level. The articles of this volume describe such advanced

applications and their compilation signifies the emer-

gence of Neural Networks Surgery. Hence, Neural net-

works surgery can be defined as the field of operative

neuromodulation that utilizes current advances in neural

networks research and methods of accurate digitised

stereotactic brain imaging for localisation of neural net-

works and their relay stations in order to alter neural

signal transmission and modulate their activity therapeu-

tically by implantable electrical or electronic devices.

This is not a matter of semantics or of simply introdu-

cing a new topology. This special field of neuromodu-

lation highlights the transition from the conventional

neurosurgery of resective or ablative procedures to a

‘‘surgery of networks’’ and to surgical treatments of high

specificity for re-engineering of deranged neural func-

tion. Furthermore, this field points out that great devel-

opments should be expected in neuromodulation based

on biophysics, neural transmission and neural networks

research and computational neurobiology [19].

In this volume, the authors have been selected be-

cause of their long standing contribution or innovative

works performed over the years and presented at major

international meetings. In the included articles, an ex-

tended spectrum of neuromodulation is presented from

cortical or deep brain stimulation to the forefront of

current applications utilizing biohybrid materials. The

articles examine the established neuromodulation sys-

tems and the new or emerging applications for pain,

movement disorders, cardiovascular disease, epilepsy,

psychiatric illness, impairment of hearing and vision.

The key objectives are to describe the state of the art,

put an emphasis on the better understanding of the neu-

ral networks involved and of the basic science underly-

ing the effects of neuromodulation. The articles contain

detailed technical descriptions of surgical techniques,

practical clinical information such as criteria and guide-

lines for selecting suitable patients for neuromodulation,

descriptions of how to organize the right multidisciplin-

ary team, how to deal with borderline cases, and how

to evaluate outcome. Special emphasis has been placed

on the search for common parameters in the successful

versus the failed neuromodulatory applications. The

authors conclude with personal suggestions for further

improvements and their views on the future prospects of

the neuromodulatory applications. There is also a sec-

tion on computational neuromodulation, a field where

research in electrochemical phenomena such as the os-

cillation or synchronization of cells in combination with

computer modelling, will create new neuromodulatory

therapeutic possibilities.

Sections of current volume

Undeniably, the management of chronic pain has been

one of the most succesful applications of neuromodula-

tion. The first part of this volume is dedicated to the

management of pain by intracranial procedures. The

recognised goals of pain treatment are the reduction in

the intensity of patient’s pain while improving both phy-

sical and emotional functioning; to meet these goals,

pain practitioners should be able to use all the ‘‘tools

of their trade’’ [11]. In the articles that follow the most

advanced neurosurgical ‘‘tools’’ and techniques for pain

management are described. Burchiel and colleagues jux-

tapose the cerebral neuromodulatory and neuroablative

procedures for chronic severe pain. Since 1981, when

motor cortex stimulation (MCS) was introduced in clin-

ical practice, it has evolved to an effective treatment for

intractable neuropathic pain. In their respective articles,

Lazorthes, Canavero, and Saitoh offer their critical re-

view of published series on the topic. In the light of their

extensive experience, these authors along with Pirotte,

and Cioni provide detailed reports on patient selection,

preoperative assessment, methods of cortical targeting,

surgical technique, complications and outcome. This se-

quential presentation of experience, by experts (which

can be found in other sections of the volume as well)

provides the reader with an indepth knowledge and un-

derstanding of the subject. Riegel et al. describe in detail

the technique for localisation of the precentral gyrus

based on neuronavigation and intraoperative phase re-

versal of somatosensory evoked potentials. The role of

anodal, cathodal or bipolar stimulation in correlation with

the clinical response to MCS is analyzed in a combined

contribution by two expert groups leaded by Holsheimer

Advances in neural networks science and digitised brain imaging 5



and Nguyen, respectively. Evolving procedures for the

management of refractory neuropathic pain are also pre-

sented. De Ridder describes the technique of primary

somatosensory cortex stimulation and Aziz his experi-

ence on DBS of the periventricular and periaquaductal

grey matter. Steude and Merhkens present the biggest

series on electrostimulation of the trigeminal ganglion

for trigeminopathic pain. Finally, Goadsby provides an

overview of neuromodulatory treatments for trigeminal

autonomic cephalalgias.

Over the last 15 years, it has been widely accepted

that neuromodulation plays a pivotal role in the manage-

ment of movement disorders with Parkinson’s disease

being the most established indication. Schurman and

Bosch provide a concise review on DBS versus abla-

tive procedures and transplantation. Similarly, Voges,

Koulousakis and Sturm present an overview of DBS en-

riched with remarks reflecting their own experience of

over 500 cases. Fountas et al. review research and clin-

ical data and analyze the advantages and the disadvan-

tages of recording local field potentials from the basal

ganglia while the technical considerations of DBS are

described in detail by Sakas and colleagues. Velasco et al.

report on the prelemniscal radiation as an alternative

target of DBS for Parkinson’s disease. Gill presents in-

traparenchymal administration of glial cell line-derived

neurotrophic factor (GDNF) for Parkinson’s disease and

Lozano the current literature and personal considera-

tions on electrical versus chemical neuromodulation.

Vandewalle, Alterman, and Sun et al. report on DBS for

Tourette syndrome, torsion dystonia, and tardive dystonia,

respectively. MCS was recently reported as an alternative

treatment for Parkinson’s disease; two leading Italian

groups (Canavero, Cioni) present their results. Finally,

Galanda, based on his patient series, proposes the anterior

lobe of the cerebellum as an alternative DBS target for

movement disorders secondary to cerebral palsy.

Over the last two decades, carefully selected cases of

refractory epilepsy have been successfully managed by

neuromodulatory procedures. Theodore, Karceski, and

Villemure and Pollo provide three excellent reviews on

the available research and clinical evidence supporting

the application of electrical stimulation in intractable

epilepsy; neuroanatomical and pathophysiological back-

ground, selection criteria, surgical procedures and out-

comes of VNS, transcranial magnetic stimulation, and

DBS of thalamus, subthalamic nucleus, cerebellum or

hippocampus are presented extensively. Separate articles

provide elaborate descriptions of VNS for medically-

refractory epilepsy (Boon, Moutaery, Sakas). The effi-

cacy of DBS of thalamus (Krauss, Velasco, Baltuch),

hippocampus (Velasco, Van Roost, Vonck) and cerebel-

lum (Krauss) in controlling intractable epileptic seizures

is analyzed and the current limitations and future pro-

spects are highlighted. Fountas and Smith describe the

clinical results of a novel closed-loop system for brain

electrical stimulation. Finally, Boulis et al. bring forward

the gene therapies as alternative therapeutic modalities

in the management of epilepsy.

The potential therapeutic role of neuromodulatory

procedures in alleviating psychiatric disorders is increas-

ingly recognized. Sakas, Simpson and colleagues review

the history of psychiatric neurosurgery, underlining

the transition from the ablation of brain tissue to the

chronic electrical stimulation of neural networks. Friehs,

Carpenter and colleagues provide an interesting report

on rationale, pathophysiological background and effica-

cy of VNS for depression. Separate articles report the

anatomicophysiological substrate, the surgical consid-

erations and the outcome of chronic electrical stimula-

tion of three distinct deep brain structures i.e. nucleus

accumbens (Nuttin, Sturm, and Rasmussen), inferior tha-

lamic peduncle (Jimenez), and posteriomedial hypotha-

lamus (Franzini, Broggi), in order to improve the lives

of patients with obsessive-compulsive disorder (OCD) or

depression.

Currently, the field of restoring severely impaired

hearing and vision by highly sophisticated neuropros-

theses lies in the forefront of neuromodulatory and

biotechnology research. The current state of auditory

brainstem implants is widely reviewed by experienced

specialists (Di Girolamo, Manrique) while particular

emphasis has been given in the subtonsillar approach

(Seki) and the stereotactic implantation of the device

(Kuhta). Furthermore, De Ridder, De Mulder and col-

leagues propose auditory cortex stimulation for alleviat-

ing intractable tinnitus and highlight the prospects of the

field. Thanos et al. review thoroughly the current evi-

dence of implantable visual prostheses; concerns related

to retinal and cortical implants, limitations in their tech-

nological implementation and biocompatibility, as well

as essential modifications to improve the interfaces be-

tween technical devices and the biological environment

are analyzed. Patrinos and Viola report on the U.S.A

artificial retinal program which aims to produce a retinal

prosthesis that will enable blind patients to read large

print and ambulate with ease; the technical considera-

tions are highlighted and the preliminary clinical data

are reviewed. In addition, two leading German groups

(Walter, Hosticka) provide interesting information on
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design and manufacturing of epiretinal prosthesis and

discuss the potential obstacles and further steps towards

the improvement of this system.

This volume concludes with two separate sections de-

dicated, respectively, to computational neuromodulation

and emerging applications. Computational modelling

and its clinical dynamics are highlighted with respect

to motor cortex stimulation (Holsheimer and Manola),

electrophysiological activity of basal ganglia (Nikita)

and neuromodulation of aging (Sikstrom). Aziz provides

hints into the potential role of DBS in the management

of intractable cardiovascular disorders. An introduction

to the rapidly evolving field of brain computer interfaces

is presented by Sakas and colleagues. Warwick provides

an expert’s review on the application of implants in

order to link bi-directionally the technology with the

human nervous system. Two innovative areas of tech-

nological research are the nanoelectrode arrays and the

cultured neural probe; the use of carbon nanofibers arrays

in increasing accuracy of DBS and the potential of a

hybrid type of neural prosthetic information transducer,

for stimulation and=or recording of neural activity are

signalized in respective articles, by Andrews and Rutten.

McIntyre provides two articles bringing forward sophis-

ticated computerized methodologies in DBS procedures.

These are expected to optimize the electrode placement

prior to permanent implantation, individualize the stimu-

lation parameters and maximize the clinical efficacy.

Finally, Sakas and colleagues highlight the future

treatment implications that exist in the neuroanatomical

connections of the basal ganglia and the limbic system

(metaphorically, the connection of motion with emotion);

‘‘old’’ targets for movement disorders may indicate

‘‘new’’ neuromodulation targets for anxiety and affec-

tive disorders.

Socioeconomic aspects of neuromodulation

A large number of patients with neurological disor-

ders are considered untreatable with medications or have

suffered loss of function. For such patients, neuromodu-

lation may prove the only option. A gradually increasing

number of cost-benefit studies have started to prove the

efficacy and financial gains to health systems from neu-

romodulatory procedures on patients. In spite of this,

in many insurance or scientific organizations there is a

‘‘value for money’’ debate i.e., whether it is worthwhile

to perform neuromodulation. It is well known that many

patients are denied the benefit of neuromodulatory pro-

cedures on the basis of mistaken medical or cost con-

siderations. To address such problems, there is a need for

formulation of principles and guidelines for doctors and

patients on the correct application of neuromodulation.

It is also important to continue to develop a framework

for the ethically correct collaboration of health care

professionals with the companies that produce neuro-

modulation devices. Undeniably, expert opinions on

neuromodulation should spread across the world. In this

process, we should be constantly aware that brain-based

correction of brain malfunction involves intervening in a

complex and poorly understood system, that the likeli-

hood of unanticipated problems is high and that there are

considerable ethical implications of such advanced neu-

rotechnological applications for the individuals and the

society [3]. The International Neuromodulation Society

exists ‘‘to promote, disseminate, and advocate for the

science, education, best practice and accessibility of all

aspects of neuromodulation’’. This multidisciplinary so-

ciety is established to be inclusive of all scientists, phy-

sicians, bioengineers, members of the industry, and other

professionals who have a primary interest in the field of

neuromodulation [11]. The INS is directly associated

with the International Functional Electrical Stimulation

Society (IFESS) which aims to promote the research,

application, and understanding of electrical stimulation

as it is utilized in the field of medicine. In 1999, the INS

and IFESS became sister societies. The importance of

this field has recently been recognized by the World

Federation of Neurosurgical Societies (WFNS), which

decided that a special Committee on Neuromodulation

should be formed. This Committee, in collaboration with

the International Neuromodulation Society (INS), has

the aim of disseminating the right information and pro-

moting the correct application of neuromodulation treat-

ments around the world.

Computational neuromodulation

In nature, neuromodulation is expressed at a cellular,

synaptic, or network level. Neurons and networks are

multiply modulated and the convergence and divergence

in modulation is very extensive. Computational neuro-

modulation is a special field of computational biology

dedicated to the study of the biophysical and mathema-

tical characteristics of the electrochemical modulation in

the nervous system. Given the complexity of neuromo-

dulation in nature, the computational approach may not

only provide a deeper understanding but also provide the

solid foundation for more refined clinical applications.

The potential of this field is briefly discussed below. All
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types of neurons (motor, sensory, and interneurons) and

networks are subject to neuromodulation. Modulation

may be induced by extrinsic neural projections to a circuit

or intrinsically by the circuit neurons themselves [5].

Areas of neuromodulation may include the synaptic

drive, synaptic efficacy, and sensory encoding [9].

Modulation can alter the intrinsic properties of neurons

and the strength of synaptic connections, change their

time-course, voltage-dependence and synaptic conduc-

tance. Neuromodulation, acting on a single membrane

current, may or may not bring the neuron across the

boundaries of different behaviors, depending on the con-

ductance of the neuron membrane [9, 13]. It is well

known that many neurons are silent when isolated, others

fire single action potentials tonically, and others fire

bursts of action potentials. Neuromodulation can trans-

form a ‘‘tonically-firing’’ into a ‘‘bursting’’ neuron. In the

thalamus, a transition between ‘‘tonic’’ and ‘‘bursting’’

firing is associated with the transition between awake

and sleep. The encoding of sensory information in spike

trains is subject to modulation, while in other conditions,

modulation may offer a short synaptic input that can

‘‘jump start’’ a circuit [14].

All the signalling networks in the cell are interlinked,

so that modulation of one current is likely to change

the state of numerous pathways in the cell and possibly

alter responses to other modulatory interventions [13].

Modulation can reconfigure an anatomically defined

network into different functional circuits, by altering

intrinsic properties of neurons within the network or the

synaptic strength. Extrinsic modulation can tune and con-

figure whole networks and organize ensembles of cir-

cuits in numerous regions of the nervous system [10].

In this process, networks or neurological systems can be

biased into different functional outputs, in much the

same way as changing parameters in a network model

should bias or modify the output of the network [13].

Neuromodulation can also have a great impact on devel-

opment because modulators can influence process out-

growth and synapse formation. If most synapses and

the intrinsic properties of neurons within a circuit are

subject to modulation, then synaptic strength and its

plasticity are not fixed, but are ever changing. The neu-

romodulatory environment changes over development

because of sequential acquisition of cotransmitters in mod-

ulatory projection neurons [13]. Theoretically, in opera-

tive neuromodulation, implanted devices could act by

altering or exerting influence on membrane currents

that can be activated, inhibited, or otherwise altered.

However, operative neuromodulation is not likely to

have the great range of effects that natural neuromodu-

lation has. It is inherently more specific and restricted.

Clinical efficacy may improve if we succeed in under-

standing better the computational aspects (amplification,

convergence and divergence of effects) [13] and the elec-

trochemical phenomena (oscillation or synchronization

of cells) [5] and develop devices that could reproduce or

influence such computational aspects of naturally occur-

ring neuromodulation.

Much computational work will be needed to un-

derstand how it is possible for biological circuits to

be so richly modulated while retaining stable function.

A relevant concept is autoregulation. ‘‘Autoregulation’’

maintains the ‘‘internal stability’’ of a biological system

despite ‘‘external’’ changes, provided these changes do not

exceed certain limits, i.e. the ‘‘limits of autoregulation’’.

The autoregulation is achieved by neurogenic and met-

abolic mechanisms and has numerous computational

aspects. Most neurological systems including the pain

systems, may operate by autoregulatory mechnanisms.

From a theoretical perspective, each pain system through

evolution is expected to be organised to interpret as

painful the various stimuli that act outside its ‘‘limits

of autoregulation’’ while other stimuli, inside the ‘‘limits

of autoregulation’’ should be interpreted as non-painful.

Electrical or chemical modulators or other influences

can modify the ‘‘range’’ or ‘‘limits’’ of autoregulation of

a system. When the ‘‘autoregulation’’ of a pain system is

lost because of intrinsic changes or external injuries, the

system starts interpreting as painful the stimuli, which

previously were not interpreted as painful, because they

were recognised as normal and being within the ‘‘limits

of autoregulation’’. Operative Neuromodulation could

be defined as a process aiming to re-establish the lost

autoregulation of neural systems. Notably, the first and

most widely applied type of neuromodulation has been

the management of chronic pain. In Operative Neuro-

modulation, we alter the signal transmission by im-

planted devices in order to re-establish the lost normal

‘‘range of autoregulation’’. In this therapeutic context,

we modulate neural networks in order to re-regulate

them. The implanted devices become part of the system

and act to allow the system to regain a new functional

‘‘range of autoregulation’’.

Emerging applications and future prospects

Neuromodulation is an area of intersection, exchange

and cross-fertilization of ideas from many disciplines.

In order to offer high-quality services to patients and
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cost-effective solutions to society for the problems of

those who suffer from chronic neurological diseases

we must face many challenges. The most widely used

types of electrical stimulation of the brain, so far, are

vagus nerve stimulation (VNS), deep brain stimulation

(DBS), and motor cortex stimulation (MCS); these

have proved effective for carefully selected groups of

patients. Our first challenge, on the basis of the most

successful brain stimulation devices is to investigate the

potential benefits from a judicious, sound but bold ex-

pansion of their indications. Our next big challenge is to

integrate stimulation technology with human neurobiol-

ogy, neuroplasticity, and neural repair, and explore the

potential neuroprotective effects of neuromodulation.

Some of the above issues that are of great concern to the

future of neuromodulation, and neurosurgery in general,

will be briefly described below.

Deep brain stimulation

DBS is a field that has great potential. It is widely

acknowledged that the list of DBS indications is going

to expand. Currently, DBS is being used or tested for

efficacy in dystonia, pain, Tourette syndrome, epilepsy,

stroke, persistent vegetative states, obsessive-compulsive

disorder (OCD) and depression. The thalamocortical

loops targeted in Parkinson disease run parallel to those

implicated in OCD. DBS can modulate the activity of

many neural circuits that are important in psychopa-

thologic states [6]. The outcome of DBS is likely to

improve. Improved high-resolution magnetic resonance

images after implantation and more standardised report-

ing of lead locations in published series will ultimately

improve the outcome for patients. This brings forward

the issue of earlier recommendation of DBS treatment

in the course of neurological disorder. In the field of

movement disorders, there is a hint that DBS may

slow the progression of Parkinson’s disease. There is

a ‘‘catch-22,’’ of course, in that unless DBS is applied

earlier such evidence will not be available [22]. From a

technological perspective, progress is expected in many

critical areas including the introduction of telemetric

implantable pulse generators, the extension of battery

life and the production of rechargeable batteries. DBS

may be brought to another level if we develop electrodes

that stimulate and monitor neuronal activity from multi-

ple regions of the brain simultaneously and generate

‘‘network level’’ representations. Research has shown

that self-timed movements are preceded by increased

activity in the parietal cortex and sensorimotor putamen

[16]. A ‘‘closed loop’’ DBS which will be activated by

control signals derived from brain structures could be

much more effective. Another great development would

be the creation of DBS microelectrodes embedded with

microactuators that will enable precise electrode inser-

tion; the time required for surgery would be significantly

reduced and it would be possible to easily adjust the

position of the electrode tip after implantation.

Progress may also come from application of novel

stimulation waveforms and the construction of ‘‘smart

stimulators’’ that have the capability for dynamic inter-

nal adjustments [16]. Exciting work is conducted at the

NASA Ames Research Center on the development of

nanoelectrode arrays utilising aligned carbon nanofibers;

with such technology, our ability to offer precise com-

plex patterns of stimulation may be enhanced and it will

become possible to perform not only electrical micro-

recording but also electrochemical recording, and stim-

ulation [12]. Nanomaterials interact much more closely

with cells than currently available materials. Carbon

nanofibers can act as minimally traumatic CNS electro-

des. Any neurological disorder that has altered electrical

conductivity could potentially be helped through such

materials [26]. Ultimately, the big objective is to under-

stand DBS mechanism of action. In this, we will be un-

doubtedly helped by the above progress and also by the

development of implantable chronic recording micro-

electrode arrays that incorporate on board amplification,

spike detection and wireless transmission of data and

power [16]. Finally, we should overcome the current

problems and make feasible the application of DBS

in children.

Cortical stimulation and vagus nerve stimulation

Currently, the main indication of cortical stimulation

is central neuropathic pain but the list of indications is

growing to include sensory cortex stimulation for pain

or tinnitus, cerebellar stimulation for epilepsy and epi-

leptogenic cortex stimulation for the control of seizures.

It remains to be clarified whether it would be preferable,

in selected conditions, to perform intradural rather than

epidural stimulation (the latter is currently practised much

more widely), whether stimulation should be anodal or

cathodal and many other issues. Cortical stimulation

may become more effective by many of the technologi-

cal developments described in the previous and follow-

ing sections. In VNS, the challenge is also multi-fold.

Again, the first issue is the better understanding of its

action on epilepsy and the efficacious application in other
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conditions notably depression, addictive states and poten-

tially Alzheimer’s disease. Many of the above technolo-

gical developments will provide novel ways to address

such issues. An area of expected progress is the field of

‘‘closed loop’’ systems, i.e. devices capable of ‘‘respon-

sive neurostimulation’’. These are not applied on a fixed

schedule, as in movement disorders, but the stimulator is

triggered by intrinsic brain activity. This will affect the

application of both cortical and vagus nerve stimulation.

Closed-loop, on demand, VNS stimulation, triggered by

the electrical changes that precede a seizure may need to

be prioritised as one of the first lines of research. It is

highly likely that it will improve VNS efficacy and pro-

long the duration of useful function of the device; this is

particularly important in epileptic patients who are fre-

quently young adolescents or children.

Direct relay of hearing or visual information

into the cerebral cortex

A few of the most intriguing neural prostheses projects

aim to artificially relay environmental sensory informa-

tion directly into the human cerebral cortex. The best

known struggle in this area has the ambitious goal of

conveying visual perception by implanting stimulation

electrodes into the visual cortex of blind volunteers [23].

In fields of both auditory and visual prostheses, it can be

argued that an effective prosthetic device could be

‘‘plugged in’’ anywhere along the central auditory or

visual system. However, viewed strictly from the anato-

mical and surgical safety perspectives, the cerebral cor-

tex is likely to be a much more attractive implantation

site compared to brainstem or other deep brain sites. One

of the most difficult aspects of this work may ultimately

prove to be the encoding of environmental sound or

vision into the parameters of the electrical stimulus.

Auditory cortex neural prosthesis research has shown that

patients with profound auditory loss can discriminate

between electrical stimuli based on the differences in the

parameters of the stimulation current with the level of

the electric current being correlated to the sound loud-

ness and the frequency of the electric current being cor-

related to the sound pitch. Following this discovery and

taking advantage of the subject’s discriminatory ability,

it was possible to encode relevant environmental sound

features using the fundamental parameters of the elec-

trical stimulus and, thus, to design and construct effec-

tive speech processors; these devices receive input from

an external microphone and then electrically encode this

acoustic information in a manner specifically designed

to exploit optimally the patient’s ability to perceive dif-

ferences in certain electrical stimulus parameters [8]. For

all the above reasons, the speech processor is the com-

ponent that had the greatest impact in the success of

cochlear and auditory implants.

The most widely applied and tested visual cortical

prosthesis consists of implanted arrays of penetrating in-

tracortical microelectrodes whose superstructures ‘‘tile’’

the surface of the cortex, with electrode lead wires con-

nected to fully implanted electronic stimulator modules

[23]. A key component is again an advanced compu-

terised processing system of the environmental image

that converts, or more precisely encodes, the patient’s

visual field images into sequences of electrical stimuli

with specific parameters that could evoke a visual per-

ception. It is important, therefore, in such applications

to develop suitable interfaces that will allow us to

‘‘communicate’’ with the human cerebral cortex. A rele-

vant and important finding is that deaf patients do not

appear to sustain deafferentation changes that would pre-

clude the ‘‘reactivation’’ of normal auditory processing by

the prosthetic device [8] and a similar phenomenon could

be expected to occur in the visual cortex and pathway of

blind patients. It is also encouraging that the cerebral

cortex seems to have the ability to adapt and to interpret

in an efficient manner electrical information that is ap-

plied with the right sequences and within a proper range

by a large intracortical array. A significant discovery that

resulted from this research is that penetrating electrodes

into the cerebral cortex are greatly superior in deliver-

ing more precisely the electrical stimulation compared

to those electrodes that are placed in contact with the

cortical surface. This opens the possibility of another field

of therapeutic cortical stimulation namely this of deep

cortical stimulation (via an array of penetrating recording

and stimulating electrodes); this application of brain stim-

ulation should be distinguished from both the surface

cortical stimulation (epidural or subdural) and also the

deep brain stimulation which is applied in basal ganglia,

limbic or other deeply located structures. Undoubtedly,

in all such applications, advanced imaging and electro-

physiological recordings are of paramount importance in

helping us to identify the best location in the cortex for

the implantation of the neuroprosthesis.

Microelectrode arrays, cultured neural probes

and hybrid neural interfaces

Great progress is likely to occur in research aiming to

improve the neuroelectronic interfaces based on advanced
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sophisticated technological solutions and a better un-

derstanding of neural growth. Some of these devices are

briefly described below. Microelectrode arrays (MEAs)

are special types of micro-hardware constructed by

using microfabrication and micro-electronics by thin-

film based planar and 3D-arrays of substrate micro-

electrodes in vitro coupled to populations of cultured

neurons [20]. Hybrid neural interfaces are designed

to make connections and communicate with regener-

ating neurons. Cultured neural probes are hybrid

neural information prosthetic transducers for stimula-

tion and=or recording of neural activity in the brain

or the spinal cord. Each consists of a microelectrode

array on a planar substrate, where each electrode is

being covered and surrounded by a locally confined

network of cultured neurons, obtained by chemical pat-

terning of the substrate. The development of such neu-

ronal cultures includes the outgrowth and retraction

of neurites (axons and dendrites) in order to establish

a network of synaptically connected neurons. The pur-

pose of the cultured cells is that they act as intermedi-

aries for collateral sprouts from the in vivo system,

thus allowing for an effective and selective neuron

electrode interface. This allows the interconnection of

neural networks with chemically patterned electrode

arrays [17].

Neuromimetics

There are limitations of current neuroprostheses,

which challenge the scientific and engineering com-

munity in identifying directions for continued research

and development. An exciting field of great interest

is biomimetic science. This is based on the widely

accepted fact that biological systems solve problems that

current technical systems cannot tackle. The biomimetic

approach is the attempt to apply solutions, developed

by evolution, to technical problems. Neuromimetics is

part of biomimetics and can be defined as the art and

science of designing and constructing human-made pro-

cesses, substances, compounds, devices, or systems that

mimic or imitate natural neurological materials, struc-

tures, forms or processes. A neuromimetic apparatus is of

special interest to researchers in nanotechnology, ro-

botics, artificial intelligence, medical industry, and mili-

tary. Characteristic examples of biomimetics are the

development of integrated silicon sensors that estimate

visual motion using architecture derived from the neural

circuitry that extracts motion information from the fly

optic lobe [7].

Brain computer interface

A brain computer interface (BCI) can be defined as

electronic brain implant that translates the intention to ei-

ther communicate or move into communication through

the movement of a robotic device or computer cursor or

into actual movement of paralyzed limbs. This repre-

sents a combined application of functional neuroprosth-

eses with assistive technology [18]. A BCI can detect

changes in the user’s brain activity and convert them into

commands for a computer application. This is achieved

through the application of signal processing techniques

to the signals that the patient is still able to control. The

key element in a BCI is a decoding algorithm that con-

verts the main electrophysiological signal into an output

that is suitable to control an external device. The inter-

faces rely on the natural adaptive ability of the human

brain. The users have to learn to adapt their biological

response, i.e. change the amplitude or frequency of the

signal monitored. Undeniably, developments in BCI tech-

nology will open new possibilities for operative neuro-

modulation [1, 25].

Computer modelling

Computer modelling of the bioelectrical and statisti-

cal aspects of neural recording and neurostimulatory

recruitment is another promising area where great devel-

opments are likely to occur. One example is the devel-

opment of novel mathematical models that encode the

nonlinear dynamics of hippocampal neuronal networks.

It has been demonstrated that it is possible to replicate

some of the hippocampal functions with a microchip

implementation of the predictive mathematical models.

This work aims to develop a microchip that captures the

three-dimensional neuronal behaviour of a particular

hippocampal region. It holds the promise that indivi-

duals with damaged areas of the brain could be helped

by such computational methods and that the use of

neural interfaces could enhance normal or impaired

neural function [2].

Neural engineering and neurotechnology

Neural engineering includes many fields. Developments

in some of them are likely to influence the practice of

neuromodulation such as neural network architecture

software and hardware, neuromorphic and neuromi-

metic engineering, neural control interfaces, and neural

computation and cortical coding. The latter applies sys-

tem science and non-linear dynamics to model and
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simulate biological neural systems, decipher neural de-

coding and understand neural plasticity and adaptation.

Bio-Micro-ElectroMechanical Systems (Bio-MEMS)

is a field of development of multi-functional, chronic

neural implants aiming to obtain and control a signal

extracted from cerebral cortical activity in order to

offer or enhance capabilities such as move a prosthetic

arm with near natural performance. Finally, another

line of research aims to augment cognition by develop-

ing advanced sensor technologies and cognitive state

classification algorithms for integration within training

systems.

Neuromodulation of cognition and emotion

Today, convergent data obtained using multiple neuro-

scientific methods indicate that a wide range of illnesses

can be understood as dysfunction of specific neuronal

circuits (networks), which follow defined anatomical

pathways and rely on specific neurotransmitters [4].

The processes that underlie thought and emotion are

rooted in the physical biology of the brain; abnormalities

in this biology ranging from genetic mutations to struc-

tural malformations can give rise to psychiatric symp-

toms. With these insights into the function of the human

brain as well as the feverish pace of technological inno-

vation in imaging and surgical methods, the road is

being paved for future neurosurgeons (or neuromodula-

tion practitioners) to have a direct impact on the mind as

well as the brain [4]. It will, however, be necessary to

have a thorough understanding of the underlying mech-

anisms of psychiatric disorders; this will help neurosur-

geons and other (neuromodulation) physicians to face

the ethical, social, and technical challenges that are sure

to lie ahead as modern science continues to unlock the

secrets of the brain and mind [4].

Neurotrophic electrostimulation and integration

with biological therapies

This is another important field because it highlights

the great potential of combining stimulation and regen-

erative methods. Studies on cochlear implants in animals

have provided evidence that electrical stimulation pro-

motes the survival of auditory neurons [24]. The com-

bination of advanced electrical stimulation combined

with neural engineering and regenerative therapies

(gene therapy, stem cell transplants) and pharmacolo-

gical approaches is likely to provide significant benefits

to patients. The most effective treatment strategies will

be based on a convergence and integration of neural

prostheses and electrical stimulation with restorative

techniques and other biological therapies that will inter-

act and amplify the effectiveness of each other in order

to maximize the restoration of function after CNS

damage.

Epilogue

Undeniably, based on what we have achieved and on

what is currently taking place in centers around the

world, we can envision a new era of breakthroughs.

The collective future of neuromodulation will be great

if we succeed in identifying the major challenges that

need to be overcome and make great leaps forward in

functionality, acceptability and profitability of neuro-

modulation devices and neuroprostheses. We should be

aware that technologies that work today may need to be

redesigned to become more complex and intelligent sys-

tems in order to better serve the population. Such ad-

vanced designs will be characterized by miniaturization,

extreme integration of information-technology and infor-

mation exchange between the neuromodulation device and

the patient’s body. From a socioeconomic perspective, it

is expected that there will be a shift from external ther-

apeutic devices towards implanted therapeutic devices,

and an increase in the use of the more cost-effective aids

and therapies. Progress in microsystems technologies,

microelectronics, nanotechnologies, etc. is likely to cre-

ate new opportunities for helping patients and new fields

of clinical practice and research. The future of neuro-

modulation, however, concerns more than simply a pre-

diction of exciting technological developments. What

actually happens will be the result of a complex inter-

action between: a shift in mindset away from a depen-

dence upon pharmacological treatment, better awareness

and understanding of existing indications and applica-

tions, introduction of new indications, better understand-

ing of mechanisms of action, improved case selection,

more mature assessment of outcome and better evidence

regarding efficacy [21]. Engineering and digital technol-

ogies will continue to provide new designs and construct

materials for implantable neuromodulatory or neuro-

prosthetic devices to improve the functional state of

patients with neurological disorders. Nowadays, we are

privileged that the great resource of modern neurosur-

gery is available to us which has made it feasible to op-

erate safely in the most deep or difficult locations in the

human brain. If we cherish, enhance and utilise the above

great resource and exploit the technological advances
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in other fields, we can start from what was previously

unimaginable and make it first possible and later routine,

and in this process, offer great benefits to patients. In this

book, we wish to highlight the immense therapeutic po-

tential which may arise from the convergence of efforts

and close collaboration of biomedical scientists and bio-

technological engineers in order to re-engineer deranged

neurological function. The articles in this volume hope

to contribute towards a constructive integrative relation-

ship between all the biomedical and technological fields

involved in neuromodulation, a world-wide dissemina-

tion of authoritative information regarding this scientific

field, and an expansion of current medical practice and

research into this area.
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Summary

Two approaches are utilized when targeting the brain to treat pain.

The first, a non-destructive approach, uses either electrical stimulation

of brain targets thought to modulate the process of pain perception, or

pharmacological agents are introduced into ventricular spaces to target

pain modulating receptors. Electrical stimulation targets include; the

thalamic nuclei, the periventricular and periaqueductal grey (PVG and

PAG) matter or the motor cortex. Currently, the pharmacological agent

of choice for intracerebroventricular injection is morphine. In general,

electrical stimulation is used for nonmalignant type pain, and pharma-

cological modulation for malignant type pain. The second, a destructive

approach, is usually employed with the goal of interrupting the signals

that lead to pain perception at various levels. Neuroablation is usually

performed on cellular complexes such as ‘‘nuclei, or gyri’’ or on tracts

with the aim of disrupting the sensory and limbic pathways involved in

the emotional processes associated with pain. Specific cerebral neuro-

ablation targets include; the thalamic medial group of nuclei, the cingu-

lated gyrus, and the trigeminal nucleus and tract. There are fewer reports

in the literature detailing the brain, when compared to the spine, as a

target to treat pain, and further research is required.

Keywords: Neuromodulation; cerebral chronic pain; central pain;

neuropathic pain; neuroablation; neurostimulation; review.

Introduction

The introduction of neuromodulation techniques to

treat chronic severe pain has contributed considerably

to the pain specialist’s armamentarium. Based on topo-

graphic action, neuromodulation techniques can be cat-

egorized as; cerebral or cranial, and extracranial, which

includes spinal and peripheral. Cerebral neuromodula-

tory techniques currently available include; deep brain

stimulation (DBS), motor cortex stimulation (MCS),

and the use of intraventricular narcotics. Examples of

neuroablative cerebral procedures used to treat chronic

pain include; thalamotomy, cingulotomy, and midbrain

tractotomy. Targeting of the brain to control pain has a

long history in neurological surgery, for example, surgical

treatment of trigeminal neuralgia was first established

in the 1900s [79]. However, sectioning a brain pathway

or center to treat pain elsewhere in the body was not

performed until the 1930s [68]. At this time Sjoqvist

sectioned the trigeminal tract of the brain stem to treat

facial pain. Later the concept of stereotactic trigeminal

tractotomy and caudalis dorsal root entry zone (DREZ)

were born from Sjoqvist’s [68] work. In 1949, Spiegel

and Wycis first introduced human stereotaxis [69],

and performed what was most likely one of the first

stereotactic procedures to treat human pain, mesence-

phalotomy, used to treat ‘‘intractable’’ facial pain [70].

With the advent of stereotactic procedures, various

methods to treat pain by targeting deeper brain nuclei

soon followed.

Since the 1950s, stereotactic procedures have focused

on various targets, including; both neuroablative and

deep brain stimulation approaches, the pontine spinotha-

lamic tract [6, 28, 29], prefrontal white matter [80], mes-

encephalic spinothalamic and trigeminothalamic tract

[70], pulvinar [13, 82], posteromedial thalamus [10, 64],

hypophysis [48], centrum medianum-parafascicularis

[52, 77, 83], nucleus ventralis posterior medialis (VPM)

and nucleus ventralis posterior lateralis (VPL) of the tha-

lamus, and periventricular and periaquiductal grey mat-

ter [23]. The two techniques of interest that evolved

during the quest to treat pain via the cerebrum are;

MCS and intraventricular opioid administration. These

two techniques are discussed in detail later in this chap-

ter. Currently, and despite the replacement of neuroabla-

tive by neuroaugmentative procedures to treat pain and



other indications, cerebral neuromodulation remains in

its infancy compared to spinal neuromodulation. Deep

brain stimulation used to treat pain has yet to receive

Federal Drug Administration (FDA) approval, in the US,

and final efficacy and best indications for cerebral neu-

romodulation have yet to be determined.

Cerebral neurostimulation to control pain

Electrical neuromodulation

Deep brain stimulation

In the 1950s, while performing psychosurgery, Pool

observed and reported on analgesic effects as a conse-

quence of septal stimulation in the front and lateral for-

niceal columns [57]. Later, Pool and Heath re-reported

the pain relieving effect of septal and near-septal stimu-

lation in non-psychiatric patients [26, 56]. The first pain

relieving effect due to thalamic stimulation was reported

by Mazars et al. in 1960 [44, 59]. It is interesting to note

that contrary to the spinal cord as a target for pain control,

neurostimulation of the brain to relieve pain was ob-

served at approximately the same time that stereotactic

neuroablation was first performed [70]. However, these

early reports regarding pain relief resulting from deep

white matter stimulation did not contribute to the current

applications of DBS for pain relief. In fact at the time,

Melzack and Wall’s gate theory [45] was credited with

providing the logical rationale for DBS of the sensory

thalamus to control pain. In the late 1960s and as a direct

outgrowth of gate theory, Reynolds reported on the an-

algesic effect of focal brain stimulation in rats [59]. In the

early 1970s, Hosobushi et al. [32, 33] and Richardson

[61, 62] were the first to report on the stimulation of the

human thalamus, and the periventricular and periaque-

ductal grey (PVG and PAG) matter. Stimulation of the

thalamic sensory nuclei produced paresthesias in painful

areas, and can be explained by gate theory. An additional

region reported to evoke paresthesias when stimulated

is the internal capsule, and Fields and Adams [3, 11]

implanted electrodes in the posterior limb of the internal

capsule. Stimulation of the PVG and PAG typically does

not produce paresthesias but may induce unpleasant

sensations. A further nonparesthetic dependant target of

DBS, is the centromedian-parafascicular complex, which

has been targeted by Andy [4] to treat painful dyskinesia.

Many reports discuss the use of DBS to treat chronic

pain. However, wide spread adoption of the modal has

been prevented mainly due to, total numbers of patients

treated remaining low, inconsistent target localization,

and treatment of various pain syndromes. The mecha-

nism of DBS pain relief is site dependant. The thalamus

and PVG=PAG are the most commonly [70] targeted

sites of DBS and are currently associated with the largest

number of patients treated. Hosobushi et al. [32] sug-

gested that the pain-relieving effect of PVG=PAG stimu-

lation is opioid dependant, based on studies where the

pain-relieving effect was reversed by naloxone. Mixed

evidence exists regarding opioid mediated analgesia due

to PAG=PVG stimulation. Some investigators support

the notion while others disagree. Currently, it is accepted

that the pain-relieving effect of PAG=PVG stimulation

is due to activation of multiple supraspinal descending

pain modulatory systems, both opioid and biogenic

amine dependant [78]. Pain relief resulting from stim-

ulation of the VPL=VPM, the major sensory nuclei of

the thalamus, is poorly understood. It has been proposed

to be due to inhibition of spinothalamic tract neurons

[17]. Activation of dopaminergic mechanisms has also

been proposed [75]. Currently, the accepted hypothesis

is that thalamic stimulation may activate the nucleus

raphe magnus of the restroventral medulla resulting in

activation of the descending endogenous inhibitory pain

pathways [78].

Major determinates that dictate the response and out-

come of DBS for pain relief are adequate patient selec-

tion and meticulous assignment of a pain syndrome with

a DBS target. In general, pain can be classified as noci-

ceptive or neuropathic. Numerous clinical observations

suggest that PVG=PAG stimulation is effective in treat-

ing somatic nociceptive pain, which conceptually is rea-

sonable given the proposed opioid mediated effect of

PAG=PVG [30]. It has been suggested that VPL=VPM

stimulation is more effective in treating neuropathic pain

[30]. However as mentioned earlier, the total number of

patients treated by DBS is small and, in the absence of

controlled trials to prove the assumption, any definitive

conclusions regarding the ideal target for any particular

pain syndrome remains elusive. Furthermore many pa-

tients present with an assorted pain syndrome, which

dictates that the DBS target be individualized according

to the patient. Some authors suggest placing two elec-

trodes simultaneously in the sensory thalamic nucleus

and in the PVG [49]. For some pain syndromes e.g.

thalamic infarction induced pain, target selection is sim-

pler given thalamic stimulation is not possible [49].

Chronic neuropathic pain conditions treated by, but not

limited to DBS include; anesthesia dolorosa, post-stroke

pain, thalamic pain, brachial plexus avulsion, post her-

petic neuralgia, postcordotomy dysesthesia, spinal cord
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Fig. 1. Diagrammatic representation of cerebral neuromodulation and neuroablation procedures



injuries and peripheral neuropathy pain. Nociceptive pain

conditions treated by, but not limited to DBS include;

failed back surgery syndrome, osteoarthritis and cancer

pain [60].

Technically, DBS to treat chronic pain is similar to

that of DBS in other surgical settings and surgeons have

access to a wide spectrum of preferences, options, and

tools best used to approach deep brain nuclei (Fig. 1).

Deep brain stimulation targets are usually derived from a

Schaltenbrand and Bailey atlas and further confirmed

intraoperatively, either by macrostimulation or microre-

cording techniques. To best judge the benefits of stim-

ulation and to help fine tune stimulation parameters

following final electrode implantation, a trial period of

approximately one week is usually a prerequisite. A

summary of DBS pain relief outcome data from different

studies and for various pain indications can be found in

Table 1 [78]. Complications of DBS for pain relief are

similar to those of movement disorders or other indi-

cations. Typically, they are related to either: (1) neural

injury from bleeding or inadvertent trauma due to elec-

trode insertion, (2) infection, (3) hardware failure, and

(4) transient side effects related to over-stimulation or

unintentional stimulation of neighboring areas, which may

cause diplopia, seizure, nausea, paresthesia, electric shocks

or headaches. Overall, DBS surgery is a safe procedure

with a low possibility of side effects. Currently, DBS is a

modal reserved to treat only a few chronic pain condi-

tions. Considerable debate remains regarding the precise

efficacy and indications in terms of which pain syndromes

respond to which target? These limitations precluded

DBS being approved for use in the US by the FDA.

Motor cortex stimulation

One of the earliest reports regarding the involvement of

the motor cortex in sensory phenomena was by the emi-

nent neurosurgeon Penfield, who together with Jasper

while performing epilepsy surgery observed that stimu-

lation of the precentral gyrus elicited sensory responses

when the corresponding portion of the adjacent post-

central gyrus had previously been resected [53]. Both

neurosurgeons treated burning pain on one side of the

body by postcentral gyrectomy and when pain recurred

they performed a precentral gyrectomy, which then

controlled the pain. Independently, White and Sweet at-

tempted surgical resection of the postcentral gyrus for

relief of central pain and reported 13% pain relief [76].

Not until 1971 and after the publication of gate theory

did Lende and his co-workers re-explored the cortex as

a potential site for pain control. Inspired by Penfield’s

work and in an attempt to treat central neuropathic

facial pain and provide long-term pain relief [41] they

performed two cases of pre and postcentral gyrectomy

of the facial cortex. These reports constitute the back-

bone of research regarding the pre and postcentral areas

and a link with pain control, and it could be argued

ultimately paved the way for MCS. By the 1980s, and

mainly due to the constraints and inefficiencies of abla-

tive procedures available to treat certain pain syndromes

especially those neuropathic in nature, and the inconsis-

tency of target results and indications of DBS for chronic

pain, a persistent quest to locate another target along the

sensory pathway was a driving force behind the evolution

of MCS.

Logically, sensory rather than motor cortex stimula-

tion to achieve pain control would have been a next step

and would have been in line with an adoption of gate

theory thinking. However, in 1985 Hardy, stimulated the

rat medial prefrontal cortex with a resultant significant

elevation of nociceptive response latency; he concluded

that stimulation of the medial prefrontal cortex produced

analgesia [21, 22]. Following the inconsistent results of

DBS of the thalamus and other deep brain targets, alter-

ing the level of stimulation to cortical and subcortical

areas was a next step, and Hosobushi implanted elec-

trodes in subcortical somatosensory areas for control

of dysesthetic pains. From this study, he concluded that

somatosensory stimulation works well for leg pain [31].

In 1991, Tsubokawa et al. first introduced stimulation of

the epidural motor cortex as an option to treat central

deafferentation pain. This group soon realized that post-

central gyrus stimulation was either ineffective or exac-

erbated the pain. During procedures, they discovered

that epidural motor cortex stimulation inhibited thalamic

burst activity with increased regional blood flow to the

cortex and thalamus [73]. Tsubokawa et al. was a leader

in the use of this particular modal showing that it was

safe, and that there was no clinical or electrical seizure

activity related to motor cortex stimulation as the pain

Table 1. Deep brain stimulation pain relief outcome data from different

studies and for various pain indications

Pain syndrome Range of successful

pain control (%)

Peripheral neuropathy [42, 72] 37–69

Brachial plexus injury [20, 31] 33–55

Amputation pain [20, 66] 20–67

Anesthesia dolorosa [42, 66] 18–46

Thalamic pain [42, 46] 24–56

Spinal cord injury pain [66, 72] 0–80
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control threshold required was less than that required

for muscular activity. Primarily, Tsubokawa et al. used

MCS for central deafferentation pain syndromes such as

post-stroke pain [73, 74].

The mechanism of action of MCS is poorly understood;

however, the work of Garcia-Larrea [15, 16], and Peyron

[54] and co-workers shed some light on the mechanism

of action of MCS. Positron emission tomography (PET)

and electrophysiological studies showed that cortical stim-

ulation increased blood flow to the ipsilateral thalamus,

cingulated gyrus, orbitofrontal cortex, insula and the

brain stem with some correlation between increased tha-

lamic and brain stem flow and longevity of pain relief.

The increased flow to the ipsilateral sensory thalamus

was greater than that to the motor (ventrolateral) thala-

mus, furthermore an intact somatosensory pathway was

not absolutely necessary for the changes to take effect

nor for the clinical benefits [15, 16, 54]. Chronic stimu-

lation of the motor cortex produces the phenomenon of

habituation, which is particularly likely with use of high

frequency stimulation and can further provoke epilepto-

genic activities. The patient selection process is para-

mount for all pain patients destined for pain relieving

surgery and in the case of MCS the debate continues. It

is clear that neurogenic rather than nociceptive pain con-

ditions should be treated. In an attempt to predict the

best candidates for MCS, Yamamoto et al. proposed

a pharmacological classification of post-stroke patients.

The classification relies on the pain relief response to

escalating doses of both intravenous thiamylal and mor-

phine, and concluded that patients with a good response

to thiamylal or ketamine and a poor response to mor-

phine are the best candidates for MCS [81].

Several neurogenic pain syndromes have been treated

by MCS including; thalamic pain, bulbar post stroke pain,

which typically occurs with ‘‘Wallenberg’s syndrome’’,

facial neuropathic and deafferentation pain, and phan-

tom and brachial plexus avulsion pain [7]. Central post-

stroke pain following thalamic infarction, or thalamic or

putamenal bleeding were reported by Tsubokawa et al.

with good to excellent pain control in 65% of cases

(more than 12 months), and no seizures were observed

[73, 74]. Katayama extended the indications to include

bulbar pain due to ‘‘Wallenberg’s syndrome’’ and repor-

ted on four patients initially treated with VPL thalamic

stimulation that resulted in increased pain. Three of

these patients were later treated by MCS with greater

than 60% pain reduction in two patients and greater than

40% in one patient [36]. Treatment of neuropathic facial

pain appears to be one of the most promising indica-

tions for MCS, and may be related to the breadth of

facial representation over the motor cortex. Several re-

ports include neuropathic facial pain treatment by MCS.

Meyerson, Nguyen, Rainov, Ebel and Herregodts all

treated trigeminal neuropathic pain with MCS and re-

ported pain relief in approximately 60% of patients for

periods up to 12 months [9, 27, 47, 50, 51, 58]. Periph-

eral deafferentation pain as well as brachial plexus avul-

sion has also been treated by MCS, with variable results.

Motor cortex stimulation has been shown to produce

improvement in symptoms of; thalamic hand syndrome,

action tremors, intention myoclonus, and Parkinson’s dis-

ease. This is an active area of observation and ongoing

MCS research [7].

Technically, MCS involves implantation of epidural

electrodes in the motor cortex (Fig. 1) which can be

localized by either: a) radiological landmarks of the

central sulcus, b) intraoperative somatosensory evoked

potential (SSEP) with observation of ‘‘phase reversal’’

over the central sulcus, c) intraoperative stimulation of

the cortex after muscle relaxation discontinuation to

localize the motor cortex as well as to determine the

seizure threshold, and possibly d) use of neuronavigation

systems to localize the central sulcus. Some authors re-

commend the use of functional magnetic resonance im-

aging (fMRI) in the targeting paradigm especially with

infarctions involving the motor cortex where neural plas-

ticity may be involved in redistribution of the motor

cortical functions [63]. A trial period is followed by

implantation of a permanent system. Complications of

MCS include; intraoperative seizures, stimulator pocket

infection, epidural bleeding, subdural effusion, tolerance

and diminished benefit over time. Diminished benefit

over time is the major concern regarding this modal in

the long term.

Pharmacological cerebral neuromodulation

Intraventricular opioids

Human intracerebroventricular use of morphine was

first reported by Leavens et al. in 1982 [40], and was a

result of earlier studies that showed the direct analgesic

effects of opioids applied in the ventricular region and

around the medulla of the cerebrospinal fluid (CSF) [5, 8].

Powerful demonstrations of the analgesic response to in-

trathecal morphine coupled with its widespread clinical

use demonstrated the need for injection sites to control

pain involving the head, neck and upper extremities re-

gions other than the lumbar or thoracic spine. Care needs
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to be taken to avoid respiratory depression and sedation

associated with high spinal intrathecal opioid injection.

The intracerebroventricular route of opioid delivery al-

lows for small morphine doses to be delivered in close

proximity to head and neck cancers. This provides ade-

quate pain relief with minor and no respiratory side

effects. Target opioid receptors are those around the wall

of the third ventricle and the aqueduct in the midbrain

where opioid receptors are abundant in the PVG and

PAG matter. The opioid mediated action explains why

this modal is better suited to treat nociceptive type pain,

and is an excellent choice for cancer pain. In Leaven’s

et al. 1982 report, morphine was strictly used to treat

patients with intractable cancer pain, 1mg of morphine

was administered with profound analgesia and no res-

piratory depression or neurological changes [40].

Lazorthes in a report of 82 patients recommended the

use of intracerebroventricular morphine for: 1) chronic

pain secondary to inoperable malignant tumors in term-

inal cancers, 2) pain not relieved by medical treatment,

and in particular, development of serious side effects

from using oral or systemic morphine, 3) intractable

bilateral, midline, or diffuse pain beyond the possibil-

ities of percutaneous or open surgical interruption of

nociceptive pathways, 4) chronic pain of somatic noci-

ceptive origin (neurogenic pain is a contraindication),

5) upper body pain topography secondary to cervi-

cothoracic cancers, 6) chronic pain of the lower half of

the body (subdiaphragmatic) only after failure and=or

contraindication of intrathecal spinal administration,

7) absence of general risks of complications, such as

coagulation disturbances, cutaneous infection, and sep-

ticemia, 8) informed consent from patient and family,

and 9) presence of favorable domestic environment

(e.g., physician, nurse, or family) for ambulatory sur-

veillance and chronic intracerebroventricular morphine

treatment. When the topography of pain involves a

transitional area, e.g. lower thoracic, diaphragmatic, or

upper abdominal, intracerebroventricular morphine indi-

cation is confirmed after a negative small dose of mor-

phine (2.5–5mg, maximum) trial by lumbar intrathecal

injection [38].

The surgical technique involves implantation of a ven-

tricular catheter into the lateral ventricle near the fora-

men of Monroe for drug delivery near target receptors

around the aqueductal wall in the midbrain (Fig. 1).

Analgesic latency is between 15 and 30mins and the ef-

fect can last for a mean of 28 hours. Results of intracere-

broventricular morphine administration, for excellent or

good pain relief, range from greater than 50 to 97%. Tol-

erance was reported by Lazorthes et al. in 3 of 82 patients

[38]. Side effects of intracerebroventricular morphine

administration include; somnolence, nausea, confusion

or respiratory depression. Side effects are generally tran-

sient and improve after readjustment of the morphine

dosage. Despite limited use in the last few years, prob-

ably due to the increased effectiveness of oral opioids,

the technique is relatively simple and effective. This

technique remains a viable option for patients with

intractable pain of malignant etiology, following oral

opioid failure, and when pain is diffuse or cephalic in

topography [37].

Cerebral neuroablation for chronic pain

Neuroablation of the nervous system to treat pain is

a well known procedure and has been in use for over

100 years, e.g. treatment of trigeminal neuralgia by

either nerve section or alcohol injection [79]. However,

aided by the introduction of human stereotaxis [69] and

resultant deep brain targeting, destruction of brain pain

pathways=centers as a treatment was not introduced

until the late 1930s [68]. Several targets along the body

and face sensory pathways together with several thalam-

ic and other deep brain targets have been approached for

lesioning and include: the medullary trigeminal tract

[68], pontine spinothalamic tracts [6, 28, 29] midbrain

spinothalamic tract [70], medial [64] and sensory [23]

thalamus, medial frontal lobe [80], pulvinar [13, 82], hy-

pophysis [48] and cingulate gyrus [34].

Before further discussing lesioning of the thalamus,

cingulated gyrus and trigeminal tract nucleus, it is im-

portant to outline the following: 1) DBS and neuroabla-

tion of the same target does not produce similar effects,

ablation effects are temporary, and mechanisms of ac-

tion of DBS are quite different from those of neuroabla-

tion; hence, for chronic pain, targets for DBS are not

the same as those of neuroablative thalamic procedures,

2) to quote Tasker’s [72] statement concerning the out-

come of surgical procedures for pain ‘‘it must be clear

that success is usually partial and limited except in spe-

cial situations such as tic douloureux’’, and 3) in general

and due to the wide spread use of neuromodulative tech-

niques, neuroablative procedures whether spinal or cere-

bral, to control chronic pain are in decline.

Medial thalamotomy

Stereotactic thalamic neuroablative pain surgery is a

procedure of preference mainly due to its relative safety
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in relation to deep brain stem structures and because

of the wide involvement of many thalamic nuclei in

pain processing [23]. The main sensory nucleus, the Vc

nucleus as defined by Hassler [25], was the first struc-

ture targeted by neuroablation, however it was soon

recognized that Vc nucleus ablation was associated

with significant deafferentation phenomena. The work

of Mark et al. lead to the belief that targeting the medi-

al thalamic nuclei was more effective in pain man-

agement [43]. Neuroablation nuclei targets in medial

thalamotomy are; the centralis lateralis (CL), centrum

medianum (CM), and parafascicularis (PF). These nu-

clei process nociceptive information, therefore, it is

rational to assume that medial thalamotomy would be

more effective as a treatment for nociceptive rather

than neuropathic pain. However, in reality, several pain

syndromes have successfully been treated by medial

thalamotomy including: cancer pain, central and pe-

ripheral deafferentation pain, spinal cord injury, malig-

nancy, arthritis, and the neurogenic pains associated

with Parkinson’s disease [2]. The overall success of

medial thalamotomy as reported by Frank et al., in

a comparison with mesencephalic tractotomy, was 52%

[14], cancer pain was the main diagnosis treated. Two

recent studies regarding medial thalamotomy by,

Jeanmonod et al. [35] and Young et al. [83] who used

radiofrequency and gamma knife, respectively reported a

60% success rate in achieving neurogenic pain control.

The ideal target lying between the three main medial

thalamic nuclei has yet to be determined, (the CM nu-

cleus is the most frequently targeted).

From a technical stand point, stimulation of the medi-

al nuclei does not usually produce a conscious or objec-

tive sensory response, lesioning does not induce sensory

loss, and identifying cellular activity in the region of

the medial thalamus for the purpose of guidance is not

reported by all authors. Additionally, there is no con-

sensus about whether this cellular activity is natural-

ly occurring or due to thalamic deafferentation [71].

Reports in the literature regarding medial thalamotomy

procedures are inconsistent in terms of the target, the

guidance technique, the patient population, and the

lesioning method used. Therefore, definitively describ-

ing the success of medial thalamotomy as a neuro-

ablative procedure is difficult. However, the general

perception is that the procedure is effective in treating

nociceptive pain with recent data pointing to success

with neuropathic pain. The procedure is safer than mes-

encephalic tractotomy and the ideal target has yet to

be determined.

Stereotactic cingulotomy

The term cingulotomy refers to stereotactic lesioning

of the anterior cingulate gyrus. The cingulate gyrus has

been a target to treat pain since the 1950s when Le Beau

performed an open cingulectomy to treat intractable pain

[39]. It is thought that cingulotomy initiates relief by

significantly altering the patient’s emotional reaction to

his=her painful situation by interruption of the limbic

system Papez circuit [24] and by increasing tolerance to

the subjective and emotional feelings of pain [12, 65].

This procedure is performed using standard stereotactic

protocols, under general anesthesia. Bilateral lesions are

usually performed in the anterior aspect of the cingulate

gyrus, and the amount of cingulum destroyed is related

to the procedure success rate [1] (Fig. 1). A suitable

candidate for stereotactic cingulotomy is a terminally

ill patient with wide spread metastatic disease that has

spread into the musculoskeletal system, where adminis-

tration of intrathecal or intraventricular opiates is difficult.

Moreover, the presence of emotional factors accompa-

nying the pain would favor a stereotactic cingulotomy

procedure. Of note, stereotactic cingulotomy has been

used by some authors to treat non-malignant pain with a

success rate of approximately 25% [34]. Stereotactic

cingulotomy involves ablation of sufficient anterior cin-

gulate gyrus volume. This is usually achieved by pro-

ducing at least two lesions using a wide surface area

uninsulated tip electrode. The procedure is generally safe

with few and minor side effects. In a relatively recent

series with 12 patients, Pillay and Hassenbusch reported

that 7 patients had satisfactory pain relief and 5 patients

found it not useful [55]. Despite cingulotomy being a

well established limbic system surgery for pain, the pro-

cedure is rarely used today, mainly due to the narrow

indication, advances in medical management of terminal

cancer patients, and the wide spread use of neuroaug-

mentative procedures.

Caudalis DREZ

The caudalis DREZ procedure was first reported by

Siqueira with two patients [67]. Gorecki, Nashold and

colleagues at Duke University [18, 19] pioneered the

technique and introduced several indications. Open abla-

tive brain and brain stem surgeries were largely aban-

doned following the introduction of stereotaxis in the

1960s. The caudalis DREZ procedure is intended to

destroy the nucleus caudalis portion of the spinal trigem-

inal nucleus with the overlying trigeminal tract. The

objective, similar to spinal DREZ surgery, is to destroy
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the cells of second order neurons thought to function

abnormally in deafferentation pain, and postherpetic

neuralgia, thus achieving pain relief (Fig. 1). The cau-

dalis DREZ procedure is valuable and effective in treat-

ing postherpetic neuralgia and modestly effective for

anesthesia dolorosa. These two conditions are difficult

to treat and in a situation, where either DBS or MCS

are ineffective, caudalis DREZ represents a last resort

for neuropathic facial pain otherwise nonresponsive to

neuromodulation. Procedure outcomes are variable and

potential risks include ataxia and motor neurological

deficits.

Conclusions

Whether the approach to surgically treat pain is neu-

roaugmentative or neuroablative there is a paucity of

consistent data defining absolute indications and benefits

derived from any one procedure. The brain and brain

stem as targets for pain treatment remain a second choice

with the spinal cord the preferred target. Reversible

non-destructive procedures are of course a first clinical

choice but in certain situations neuroablation may be the

only viable option.
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Extradural cortical stimulation for central pain
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Summary

Central pain results from a central nervous system injury and repre-

sents a challenge for the pain therapist. Human studies have shown that

motor cortex stimulation (MCS), i.e. the placement of a stimulating plate

on the dura overlying the motor cortex can relieve brain central pain.

Studies suggest that MCS directly affects activity in the first and second

order somatosensory areas, thalamic nuclei and also inhibits spinal pri-

mary afferents and spinothalamic tract neurons. The following factors

have been found to predict analgesia by MCS: intact or almost intact

corticospinal motor function, mild or negligible sensory loss, absence

of thermal sensory threshold alteration within the painful area, positive

response to the barbiturate and=or ketamine test, positive response to

the propofol test, positive response to transcranial magnetic stimulation

(TMS). The targeting of the cortical area is made by anatomical localiza-

tion by computed tomography (CT), magnetic resonance imaging (MRI),

neuronavigation, intraoperative neurophysiological recordings, functional

MRI (fMRI), and intraoperative clinical assessment. We perform the

procedure under local anaesthesia. We describe in detail our surgical tech-

nique and stimulation protocol. Furthermore, we review the most impor-

tant studies with respect to their results, the observed side effects and

complications. The future prospects and likely developments of MCS

for central pain are also discussed.

Keywords: Neuromodulation; motor cortex stimulation; central pain;

neuronavigation; MCS.

Introduction

Central pain (CP), i.e. pain following central nervous

system injury, represents a challenge for the pain thera-

pist. However, progress has been made recently in this

field [2, 5, 10, 14]. Among the most effective recent ad-

ditions is extradural cortical stimulation (CS), in which a

stimulating paddle is positioned on the dura overlying

the cortex in order to apply motor (MCS) or sensory

(SCS) cortical stimulation.

Historical note

In 1989, Tsubokawa’s group in Japan first reported

that positioning of a stimulating plate on the dura over-

lying the motor cortex (Brodmann’s area 4), i.e. motor

cortex stimulation (MCS), could relieve brain central

pain [31]. In 1993, Meyerson’s group reported extradural

cortical stimulation effects in patients with neuropathic

peripheral pain [8] and in 1995, we introduced the

propofol test [3] and proved, contrary to current belief,

that stimulation of the first somatosensory area (SI)

(Brodmann’s areas 3,1,2) can have analgesic effects [4].

MCS gained wide acceptance and several hundred pa-

tients have been implanted with extradurally stimulating

electrodes up to now [6, 8, 10, 11].

Mechanism of action

The analgesic effect of CS appears to have a somato-

topic organization. Animal studies suggest that MCS

directly affects activity in the first and second somato-

sensory areas (SI and SII), several thalamic (specific and

non-specific), hypothalamic and brainstem nuclei and

inhibits spinal primary afferents and spinothalamic tract

neurons. In particular, the thalamic sensory nuclei both

receive and project to the first motor area (MI) [23];

in man, MI may be activated by painful stimuli [16].

According to Tsubokawa’s original view, there is a

highly organized set of reciprocal connections between

the motor cortex and the sensory cortex, which appear to

carry primarily nonnoxious information. MCS activates

non-nociceptive neurons in SI selectively, either through

orthodromic activation of neuronal chains to SI or an-

tidromic activation of axons projecting from SI. This

nonnoxious stimulation activates surround inhibition

in SI that quenches hyperactivity of nociceptive cells.

In contrast, postcentral stimulation produces nonselective

activation of all elements within the sensory cortex in-

cluding the hyperactive nociceptive neurons. This theory



is disproven by the fact that SI stimulation can have

analgesic effects [8] and Tsubokawa later rejected his

original idea. Recently, a study concluded that MCS acts

by reducing neuronal hyperactivity interfering with sen-

sory processing and thus, relieves both pain and sensory

discrimination. MCS reinforces the control of non-

nociceptive sensory inputs on nociceptive systems, at

least when these sensory afferents are partially preserved

(implying that lemniscal fibers inhibit spinothalamic

tract (STT) fibers) [15]. However, a patient was de-

scribed by the Lyon group (see patient 1 in Ref. [8])

who had clearly abnormal lemniscal somatosensory

evoked potentials (SEPs) and was relieved by MCS; this

implies that a normal lemniscal system is not required to

obtain good MCS results.

Cortical stimulation changes local cortical SI-MI

and thalamic rCBF [4, 7, 32], even bilaterally [28]

(Figs. 1, 2). It is known that a relatively high stimula-

tion frequency can induce a tonic depolarization and

cortical inactivation effect, which is known to inhibit

thalamic relays. We argue that MCS may act locally by

modulating the MI=SI dipole and a long thalamocorti-

cal reverberating loop, resetting disrupted oscillation

and=or temporal synchronization [2, 4]. Tsubokawa

and colleagues noted that 3 of 38 patients who were

submitted to either thalamic or motor cortex stimula-

tion became pain-free without stimulation for at least

2 years; after that, they obtained excellent pain relief

and the intervals between intermittent stimulation in-

creased progressively [33]. They concluded that brain

stimulation appears to cause reorganization of neural

circuits in the SI cortex, which sometimes can sup-

press or alleviate CP. Some authors believe that MCS

does not act at cortical levels below the electrode, but

through descending axons; in 1974, Adams stimulated

pyramidal fibers in the internal capsule to relieve hu-

man pain.

Prognostic factors

The following factors have been found to predict

analgesia by CS:

1) intact or almost intact corticospinal motor function

[20],

2) mild or no sensory loss, and in particular absence of

thermal sensory threshold alteration within the pain-

ful area [15],

3) positive response to the barbiturate and=or ketamine

test [36],

4) positive response to the propofol test [3, 12, 22],

5) positive response to transcranial magnetic stimula-

tion (TMS) [6, 9, 10, 13].

Fig. 2. SPECT pre- (top) and post-cortical (bottom) stimulation show-

ing renormalization of thalamic rCBF

Fig. 1. SPECT pre- (left) and post-cortical stimulation

(right) showing renormalization of SI rCBF
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Currently, criteria 1–3 are no longer considered reliable.

Most importantly, patients suffering from CP can be

categorized according to drug susceptibility. It seems

that responsiveness to GABA distinguishes groups that

are likely to have a favorable response to stimulation

(Class A central pain) [5, 10, 23]. Patients with thalamic

stroke may experience more pronounced benefit than

patients with suprathalamic strokes [36].

Targeting of the cortical area

The rolandic fissure is generally localized externally

by using the Taylor-Haughton lines, although both MI

and SI gyri have a variable position and configuration.

Because of interindividual variability of cortical anat-

omy, individual anatomic maps must be created for each

patient. To overcome inconsistencies in electrode place-

ment, both anatomic and functional techniques for local-

ization of MI have been explored. The most useful are

described below.

Anatomical localisation by computed tomography

(CT), magnetic resonance imaging (MRI)

and neuronavigation

Several anatomical methods on imaging modalities

such as CT or MR have been established to detect the

central sulcus (CS) (lateral axial, medial axial, lateral

sagittal, midline sagittal). In all of them, the CS is de-

fined in relation to other anatomical structures, assuming

that these landmarks can be identified reliably. Unfor-

tunately, the interobserver agreement is not absolute

[1, 18]. At the superior axial levels of the brain, the

precentral sulcus can be easily identified as the sulcus

forms a right angle with the superior frontal sulcus. The

next posterior sulcus is the CS. On these reconstructions,

the central, sylvian, interhemispheric, superior and infer-

ior frontal sulci can be clearly identified. The arm area is

about 2 cm in length, having the upper limit of 5 cm

above the lateral sulcus (sylvian); the hand area is found

at the intersection between the precentral gyrus and the

superior frontal sulcus or between the superior and in-

ferior frontal sulci. The face is found 3 cm above the

lateral sulcus (sylvian) and does not exceed the inferior

frontal sulcus. The neck and nape are slightly above the

inferior frontal sulcus (between the arm and leg area).

The pelvis-thorax area is small and slightly above the

superior frontal sulcus. The leg area is usually found in

the medial surface of the hemisphere, but this area can

extend largely onto the lateral aspect of the hemisphere

in 30–40% of the patients, and in some it can be re-

stricted to the lateral surface only.

Imaging data have been uploaded onto neuronaviga-

tion systems for guidance and reformatted for integra-

tion in the radiological atlas of Talairach and Tournoux.

Several techniques have been explored; these are based

on either triaxial images lacking true 3-D visualization,

on surface-rendered 3-D images [17] or on volumetric

image rendering that facilitates true 3-D gyral visu-

alization of the cortical anatomy through opacity mod-

ulation, thus allowing for visualization of electrode

orientation according to the twisted shape of the pre-

central gyrus. Current image guidance systems can

integrate preoperatively generated functional data

derived from functional magnetic resonance imaging

(fMRI) and magnetoencephalography (MEG) [24].

Despite their undoubted esthetic and technological

appeal, we find that simple paramagnetic skin fiducials

and their positioning in the MR suite under imaging

conditions is usually equally adequate. In fact, neuro-

navigation appears to add little in terms of better results

[25, 35].

Localisation by intraoperative neurophysiological

recordings

Intraoperative epidural cortical mapping of MI-SI,

including recording of sensory evoked potentials (SEPs)

and bipolar epidural stimulation, is considered the most

accurate method to localize the central sulcus (CS) and

the cortical area to be stimulated. Experience, however,

shows otherwise; cortical mapping with intracranial SEP

is frequently compromised and sometimes impossible

to obtain because of electrical artifacts, anesthesia, so-

matosensory wave attenuation, diffuse responses, or sen-

sorimotor disconnection as a result of paraplegia or

amputation. Under SEP guidance, the contacts record a

negative wave (N20) over the sensory cortex and a posi-

tive wave (P20) over the motor cortex 20msecs after the

stimulation of the trigeminal, median or posterior tibial

nerve. The position of the central sulcus is confirmed

when an inversion of this wave is observed between two

adjacent contacts. However, N20 is not always record-

able, even in awake or mildly sedated patients, or can be

severely attenuated by the CNS lesion causing central

pain; furthermore, the wave reversal is often inaccurate,

in particular, but not exclusively, when the part of

the gyrus representing the face or leg is searched for.

Considerable experience is required and usually the sur-

gical procedure is unnecessarily prolonged.
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Other authors use, as a guide, muscle contraction plus

electromyogram (EMG) recordings in response to bipo-

lar stimulation, but this may be either not elicited even

after extensive attempts to determine appropriate stimu-

lation sites (both in the awake state and more frequently

under general anesthesia), or be difficult to interpret.

Moreover, motor effects can be obtained by stimulation

applied anteriorly as well as posteriorly to the central

sulcus, and large zones of both MI and SI are able to

give identical motor responses after stimulation [26].

Lower-threshold EMG activation usually is attained with

the anode located inferior to the target and cathode

superior and parallel to the central sulcus. If performed

epidurally under general anesthesia, stimulation inten-

sity of more than 15mA is often required and yields

diffused peripheral responses, especially in plegic or

amputated patients. Electrical artifacts from the oper-

ating room environment can also be a problem. Some

authors temporarily implant a subdural multipolar

(16–40 contacts) electrode grid in order to explore a

wider cortical field in search for an analgesic location;

the cortical map obtained by recording SEP through the

plate electrode placed at different locations on the dural

surface over the CS region, instead of using a large grid,

is just as useful. Despite extensive in-depth assessment,

there are patients who draw no benefit, others who draw

benefit only from stimulation of a very restricted area

and others still in whom the effective area is wide.

Finally, the results from these different methods for

localizing the CS, even when repeated, do not often

match precisely. Therefore, the target defined for cortical

stimulation may be unreliable or ambiguous in a sizable

proportion of cases.

Localisation by intraoperative clinical assessment

Intraoperative clinical assessment of the awake pa-

tient helps to increase precision of the electrode place-

ment. However, under the stressful situation of being

subjected to surgery, a patient is rarely capable to report

on the intensity of pain. Moreover, waiting for an

analgesic effect takes minutes and is time consuming

and essentialy useless.

Localisation by functional MRI (fMRI)

Functional MR (fMR) has been explored extensively

in terms of functional localization and appears to be

superior to the competing methods described above

[27–30]; in particular, correspondence between contours

of fMR activation areas and results from cortical map-

ping is high (94%), with a mean interdistance between

targets defined by both techniques of 4mm; considering

that an electrode has an activation area of 5mm, this is

accurate enough. fMRI examinations depend on the af-

fected body region and include repetitive contraction of

the lips, cyclic finger tapping of the contralateral hand,

or flexion-and-extension of the toes of the contralateral

foot at a rate of 1Hz after a training session before

image acquisition. Blocks of 30 secs alternating acti-

vation and rest are repeated a few times. Generally, a

focal cortical activation area (diameter 5–10mm) after

hand motor tasks is localized to contralateral MI, but

differences in surface and minor displacement of the

precentral activation area between both sides are fre-

quently observed. The central sulcus veins are a more

stable landmark than the parenchymal motor hand area

found with fMR; however, these veins are found deep in

the sulcus and are not recognizable by inspecting the

cortical surface. fMRI is particularly useful in amputees

or plexus avulsion patients; mental and virtual move-

ments of the missing or paralytic limb easily induce

contralateral SI=MI activations. Unfortunately, fMRI

suffers from certain limitations: 1) lack of cooperation

from some patients, requiring repeat scanning, 2)

activation areas vary dramatically with different task

paradigms and thresholding, 3) weak sensitivity, 4)

incompletely understood principles of the blood oxyge-

nation level dependence, 5) false activation foci from

large draining veins or aberrant blood vessel anatomy,

6) contamination from motion artifacts, 7) unstandar-

dized activation protocols, 8) intrinsic distortion of echo

planar images, and 9) difficulty in detecting cortical

activity down in the sulci and fissures.

In summary, the accuracy of neuronavigational meth-

odologies using integrated fMRI depends heavily on the

protocols for fMRI data acquisition and its subsequent

analysis.The image fusion and the registration of fMRI

data in navigation software are sources of potential inac-

curacy and functional mislocalization; overall reliability

depends on the precision of registration with anatomic

images, the signal processing during the fMRI study, the

significance of the functional activation signals and the

deviation during the image-fusion studies. Thus, detec-

tion of the exact borders of fMRI activation has all the

artifacts and errors of stereotactic localization. In light

of this, we conclude that integrated neuronavigation is

not infallible, and, based on a comparison of published

series, it does not improve the results in a clear-cut

fashion. Anatomic MRI based approaches are sufficient
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after considering the degree of somatotopic precision

that may be required. MR axonography may also be

valuable [19]. Cortical thermography is indicated for

subdural approaches [34].

Surgical technique

All patients undergo a preoperative (MRI=fMRI)

study after placement of fiducial paramagnetic markers

on the skin along the CS projection obtained from the

Haughton-Taylor lines. The outline of the incision is

adjusted in the scanner until the fiducial and the iden-

tified CS match. Local anesthesia should always be

employed; during intraoperative stimulation, the inten-

sity can be kept lower than under general anesthesia

reducing the risk of epileptic fits. We never fix the

patient’s head in a Mayfield clamp, as we find this use-

less; if well positioned, the patients generally stay still

during the whole procedure (approximately 45min). We

make an oblique linear skin incision (6–10 cm) parallel

to and 1 cm ahead of or behind the projection of the

central sulcus and then drill two burr holes at a distance

of 2–4 cm. An 4-electrode plate is inserted from the

edge of one burr hole into the epidural space overlying

the contralateral MI or SI of the painful area. The bony

bridge between the two holes will hold the plate in

place. Some authors prefer to place the stimulator per-

pendicular – or almost so – to the rolandic fissure, for its

supposed improved selectivity, but results appear not to

differ between these two approaches. A few place the

grid directly into the central sulcus subdurally; however,

this is more invasive and its superiority to epidural pro-

cedures is doubtful. If a flap craniotomy (4–5�4–5 cm)

is chosen, the electrode is fixed to the outer layer of the

dura with two stitches and the dura is stretched to avoid

an extradural clot. A few authors place a second elec-

trode subdurally over the medial aspect of the precentral

cortex to cover the leg area and a dual stimulating device

in cases of hemisoma pain. Intraoperative bipolar stimu-

lation is performed until satisfactory motor or sensory

responses are obtained; if no response is observed, the

plate is left on the site of the original projection. We

never employ EMG recordings or SEPs. For facial or leg

pain, targeting of the hand area may be used and an ap-

proach to the motor area of the face or the foot, by dis-

placing the electrode caudally by 20mm or rostrally by

20mm along the CS. Although considered a best guess,

studies show an acceptable correspondence between this

method and fMRI targeting. At the same time, reposi-

tioning under neuronavigation is also ‘‘blind’’ and ap-

proximate, as the navigator probe does not see the actual

poles during surgery. The electrode array is then con-

nected to an extension lead that is tunneled externally,

and connected to an external stimulus generator worn by

the patient. If analgesia is obtained after a test period

(days to several weeks), a pulse generator is pocketed

subclavicularly and connected with the stimulating plate

via a percutaneously implanted cable (Fig. 3).

Stimulation protocol

As each patient appears to be different, only general

indications are possible [8, 11]. The stimulating elec-

trode is placed at a site eliciting muscle contraction of

the painful area with the lowest threshold. Motor con-

tractions are obtained at 1–2Hz and 400–800msecs

with bipolar stimulation at increasing voltage; analge-

sia, when seen, always occurs below motor threshold.

Chronic stimulation usually exploits the following ranges:

monophasic stimulation, 25–60Hz (but it may be more

or less), 60–200msecs (max. 450), 1–4V (max. 10 in

atrophic brains), bipolar stimulation (negative pole over

selected area of MI, positive pole over other area of

MI or SI), electrode coupling depending on spatial pain

extent, with a 0=3 pairing for extensive coverage, cycli-

cal (ON: minutes-hours, OFF: same or more, stimulator

switched on or off at night) or continuous mode and

mean impedance 900–1200 ohms. Increasing voltage

can increase analgesia at the expense of intolerable sen-

sory effects. Anodal, instead of cathodal, stimulation

might work best for MCS. It is possible that impedance

Fig. 3. Radiograph showing a motor cortex stimulator in place. A

posterior craniectomy is seen where a parietal cortical stimulator had

previously provided a similar degree of analgesia
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increases over time, requiring voltage adjustment. In

some patients, pain can be relieved or improved almost

immediately during intraoperative stimulation for peri-

ods ranging from several minutes to hours to days (about

3) without further stimulation. For instance, one patient

reported more than 24 hour-long analgesia after 4 h

of continuous stimulation. This so-called posteffect

(which is also seen after propofol infusion) may influ-

ence the choice of stimulation parameters, but it has a

tendency to abate over time, and by the second month

it may stabilize at several minutes to a few hours. It

is a common experience that optimal pain relief is

often achieved at an interelectrode distance of 30mm.

Actually, this wide internodal bipolar stimulation is

similar to monopolar stimulation and activates corti-

cospinal tract neurons that originate from deep layers

and extend perpendicular to the cortex. Thus, precise,

somatotopic localization of the electrode may not be

required after all. In several patients, analgesia fades

over time (perhaps due to tolerance or fatigue); in some

cases, the benefit may be restored by repositioning the

electrode or by intensive reprogramming of parameters.

In others, removal of the epidural scar may be necessary

to restore the benefit.

Results

The analgesic effect of MCS appears to have a soma-

totopic organization and best results are usually seen

when the stimulating poles overlie parts of cortex corre-

sponding to painful body parts. Finding the appropriate

target area – not necessarily BA4 – appears to be the key

to successful stimulation; almost 1 out of 5 patients may

have to undergo repositioning, because of inaccurate

electrode positioning. However, variability of results is

more often due to poor patient selection and inadequate

electrical field activation than related to difficulty in

identifying the appropriate target area. The assessment

of results at follow-up periods shorter than at least 1 year

is of limited relevance. The most important article pro-

viding conclusive evidence about the role of electrical

neurostimulation for CP is that of Katayama and collea-

gues [21]. These authors analyzed a series of 45 patients

with central poststroke pain (CPSP), all tested with

percutaneous SCS. Satisfactory analgesia was set at

�60% reduction on Visual Analogue Scale (VAS) scale.

In the long-term, only 7% achieved satisfactory anal-

gesia. Of the remaining 42, 12 underwent Vc deep brain

stimulation (DBS) (in 7 also of IC and=or medial

lemniscus) and 25% obtained satisfactory relief in the

long term; 31 patients in whom spinal cord stimulation

(SCS) was ineffective underwent MCS (1 underwent

both MCS and Vc DBS) and 48% obtained long-term

relief. In particular, 9% thalamic-infrathalamic and 0%

suprathalamic, 0% suprathalamic and 30% thalamic-

infrathalamic and 33% suprathalamic and 52% thala-

mic-infrathalamic cases obtained long-term relief from

respectively SCS, DBS and MCS. The success rate of

stimulation techniques, particularly MCS, is also ap-

preciably better than that of destructive procedures.

Globally, half (or more according to some estimates)

of central pain patients benefit at 4 years follow-up

(see Table 1).

Physiological effects of stimulation

MCS does not generally induce any motor activation,

even at high voltage, or any sensory phenomena in most

patients. Thus, blinded, controlled studies are feasible.

The conclusion is that cortical stimulation does not act

through a placebo effect. In some patients, a sensation

of tingling or mild vibration projected to the same area

of the pain distribution could be induced by MCS at

intensities below the threshold for muscle contraction.

Similar paresthesias may be induced in some patients in

whom moderate or severe weakness is present and mus-

cle contraction is not inducible on MCS. Some of these

patients report paresthesias even with low-frequency or

single-pulse stimulation such as that used intraopera-

tively, unlike patients without pain, suggesting plastic

changes in MI and not SI activation. Satisfactory anal-

gesia may be achieved without stimulation-induced par-

esthesias in some patients, whereas stimulation-induced

paresthesias may be obtained without satisfactory an-

algesia in others. SI stimulation may be accompanied

by paresthesias. In 12 Japanese patients, high-frequency

stimulation of SI exacerbated the central pain while SI

stimulation is in fact as analgesic as MCS, particularly in

GABA responsive patients. In three patients, MCS at an

intensity higher than 3mA, induced dysesthesias appear-

ing right from the start of stimulation and resolving after

the stimulator was stopped (see review in [8, 10]).

Side effects and complications

Complications with cortical stimulation are minimal

(less than 1%). These include extradural or subdural

clots generally without sequelae, few system failures,

wound dehiscence and infections requiring temporary

system explantation [8]. MCS can occasionally induce
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Table 1. Results of motor cortex stimulation (MCS) in central pain (CP)

Pain syndrome Number

of patients

% of pts with excellent=

good pain relief

Follow-up Other findings References (sorted by date)

‘‘Deafferentation

pain secondary

to lesions within

the CNS’’ [1]

Thalamic pain

[2, 17, 18, 42]

CP (thalamic and

extrathalamic

lesions) [3, 4,

6–11, 13–16,

19–21, 23–25,

27–31, 33–39,

41, 43–49]

Lateral medullary

infarct [5, 8,

13, 26]

SCI [22, 28, 30,

33–35, 37]

25 [1]

7 [2]

12 [3]

11 [4]

6 [5]

39 [6x]
42 [7b]

31 [8x)
.. [9d]

45 [10]

31 [11x]
2 [13]

1 [14]

8 [15]

2 [16]

7 [17]

8 [18]

1 [19]

19 [20]

1 [21]

1 [22]

1 [23r]

2 [24]

1 [25s]

1 [26t]

2 [27]

12 [28]

6 [29xv]
18 [30xw]
7 [31xx]
20 [32xz]
16 [33xy]
16 [34xy]
27 [35xz]
8 [36x]
13 [37xA]
6 [38]

6 [39]

3 [41]

2 [42]

1 [43]

1 [44]

3 [45]

5 [46]

9 [47D]

1 [48]

4 [49]

100% [2, 21, 46C, 49E]

85% [17i]

�75% [1, 4, 6a, 8�c,
14i, 27, 29x, 30x,
33x, 34x, 40]

� 65% [3, 5, 32x, 35x,
37x, 44, 47D, 47]

� 45–50% [4�, 5, 6�,
8�c, 10e, 12g, 16m,

18o, 20q, 29x, 36x,
38�, 39, 40�, 42�, 45]

� 40% [13h, 15l, 31x]

<40%[9d, 15l, 17�n,
28u29x, 33x, 34x,
36�x, 37x, 39�, 48]

0% [11f, 13h, 16m,

19p, 26t, 41B, 43]

ref.35:

70–99% pain relief: 3pts

40–69% pain relief: 10pts

0–39% pain relief: 14pts

>7mos. [1]

>1 yr [3]

2 yr [4]

4mos. [5]

1 yr [6]

�2 yrs [8]
2 yrs [13]

5wks [14]

4 yrs [15]

1 yr [16]

1–3mos [17]

17mos [18]

<1 yr [24]

9wks–22mos.

[27]

3–50mos. [30]

2–6mos [31]

12–74mos [32]

27mos. [33]

27mos [34]

2–104mos [35]

3wks–31mos

[38]

2wks 4 yrs [39]

2 yrs [44]

4–60mos [47]

4–60mos [48]

6–40mos [49]

first report of MCS

for CP [1]

stimulation of ipsilateral

BA 4 effective [4, 20]

SI-SII stimulation effective

[13, 15, 19]

pain relief at stimulus

intensities below

movements treshold

[3, 15]

almost immediate pain

relieving effect [2, 15, 47]

(One week) test period

[4, 6, 17]

fair and poor responders

not implanted [4, 17]

effective in ketamine (K)=

thyiamylal (T) sensitive

& morphine resistant

pts [3, 4, 6, 16, 20]

(un)effective in propofol

(in)sensitive pts

[13, 14, 39, 45]

intermittent stimulation

effective [2, 8, 22]

tests with phentolamine,

lidocaine, ketamine,

thiopental, (morphine),

placebo [18, 20, 22]

no correlation between

tests results and MCS

effectiveness [18, 22]

nonpainful paresthesias

unrelieved [4]

no seizures at therapeutic

level [3, 34]

stimulation of areas rostral

to MI ineffective [4]

high frequency postcentral

stimulation ineffective or

pain worsening [4, 10]

increase in cortical and=or

thalamic rCBF [2, 21, 29]

increase in skin temperature

(painful zones) [2]

MCS more effective than

thalamic stimulation [1, 5]

bilateral stimulation

effective [22]

unsuccessful previous DBS

or SCS [5, 8, 28, 38]

gradual effect reduction [4, 13,

15, 28, 30, 34, 36, 42]

reappearance of analgesia

after electrode repositioning

[3, 30, 34]

long-term analgesia without

stimulation [8, 9, 27, 39]

abnormal pain sensations [11]

[1] Tsubokawa et al. Pain

1990; Suppl 5: S491 (abs.952)

[2] Tsubokawa et al. Pacing

Clin Electrophysiol 1991;

14: 131–134 [3] Tsubokawa

et al. Acta Neurochir Suppl

(Wien) 1991; 52: 137–139

[4] Tsubokawa et al. J

Neurosurg 1993; 78: 393–401

[5] Katayama et al. Stereotact

Funct Neurosurg 1994; 62:

295–299 [6] Yamamoto et al.

Pain 1997; 72: 5–12 [7]

Katayama et al. Stereotact

Funct Neurosurg 1997; 69:

73–79 [8] Katayama et al.
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153–156 [12] Katayama et al.
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87: 121–123 [13] Canavero and
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25: 315–319 [18] Saitoh et al.
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[19] Kuroda et al. Stereotact

Funct Neurosurg 2000; 74:

226 [20] Saitoh et al. Acta

Neurochir Suppl. 2003; 87:

149–152 [21] Saitoh et al. J

Neurosurg 2004; 100: 935–939

[22] Tani et al. J Neurosurg.

2004; 101[4]: 687–689 [23]

Parrent and Tasker. Acta

Neurochir (Wien) 1992; 117:

89 [24] Hosobuchi Stereotact

Funct Neurosurg 1992; 59:

76–83 [25] Henderson et al.

Stereotact Funct Neurosurg.

2004; 82(5–6): 207–213

[26] Brown and Pilitsis.

Neurosurgery. 2005; 56(2):

290–297 [27] Peyron et al.

Pain 1995; 62: 275–286
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Neurochir Suppl (Wien) 1997;

68: 54–60 [29] Garcia-Larrea

et al. Stereotact Funct
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Table 1 (continued)

Pain syndrome Number

of patients

% of pts with excellent=

good pain relief

Follow-up Other findings References (sorted by date)

experience of supernumerary

painful phantom arm [14]

adverse cognitive effects [36]

no prognostic sign found,

10–39% relief may be

acceptable for some

patients [35

[30] Nguyen et al. Pain 1999; 82:

245–251 [31] Garcia-Larrea et al.

Pain 1999; 83: 259–273 [32] Mertens

et al. Stereotact Funct Neurosurg

1999; 73: 122–125 [33] Nguyen et al.

Neurochirurgie 2000; 46: 483–491

[34] Nguyen et al. Arch Med Res

2000; 31: 263–265 [35] Nuti et al.

Pain 118: 43–52, 2005 [36] Montes

et al. Neurophysiol Clin 2002; 32:

313–325 [37] Drouot et al. Brain 2002;

125: 1660–1664 [38] Carroll et al.

Pain 2000; 84: 431–437 [39] Nandi

et al. J Clin Neurosci 2002; 9:

557–561 [40] Nandi and Aziz. J Clin

Neurophysiol 2004; 21: 31–39 [41]

Meyerson et al. Acta Neurochir

Suppl (Wien) 1993; 58: 150–153

[42] Herregodts et al. Acta

Neurochir Suppl (Wien) 1995; 64:

132–135 [43] Barraquer-Bordas

et al. Rev Neurol 1999; 29(11):

1044–1048 [44] Franzini et al. J

Neurosurg 2000; 93: 873–875 [45]

Franzini et al. Neurol Res 2003;

25: 123–126 [46] Tirakotai et al.

Minim Invasive Neurosurg 2004;

47(5): 273–277 [47] Pirotte et al.

Neurosurgery 2005; 56(2 Suppl):

344–359 [48] Slawek et al. Neurol

Neurochir Pol 2005; 39(3): 237–240

[49] Gharabaghi et al. Neurosurgery

2005; 57(1 Suppl): 114–120

� Long-term results; x pts also reported elsewhere or duplicate paper.
a Excellent=good results in 71% of Tþor Kþ andM� pts, in 50% of Tþor Kþ andMþ pts, in 13% of T�and K� andM� pts and 0% of T�and K�
and Mþ pts; b Study on MCS effects on post-stroke involuntary and voluntary movement disorders during stimulation for pain control.;
c excellent=good results in 72% of pts with no or mild motor weakness, 15% of pts with moderate or severe motor weakness, 70% of pts with

inducible muscle contractions, 9% of pts without inducible motor contractions (difference statistically significant). No relationship between pain

control and presence of hypesthesia, dysesthesia, hyperpathia, allodynia or disappearance of SSEPN20 wave plus stimulation-induced paresthesias, or

motor performance improvement d SCS vs DBS (thal. VC n.) vsMCS. SCS first, if failed, then DBS and=orMCS. DBS andMCS in 4 pts: better result:

MCS 1=4 pts; DBS 2=4 e SCS vs DBS (thal. VC n.) vs MCS. DBS and cortical pre- post-central or pre-frontal stimulation can produce painful

sensations, f Experimental study on conscious somatosensory responses. MCS unsuccessful in 2 pts reporting abnormal pain sensation after

stimulation, g Review on DBS and MCS for post-stroke movement disorders an post-stroke pain. h Pain relief only in syringomyelia pt with parietal

somatosensory stimulation. Contralateral spreading of pain and vanishing of analgesia at 2 yrs. i Short-term (5wks) pain relief (allodynia

disappearance, 50% reduction of burning pain). Experience of painful supernumerary phantom arm during MCS (lasting 6mos. after stimulator

was switched off) l Effective SI stimulation in 1 pts (MCS responsive too). Overall efficacy: 3=7 CP pts, all propofol-responsive. Ineffective in 4=7 CP

pts, all propofol-unresponsive, 16 m TMS study; MCS effective in a barbiturate and morphine unresponsive pt, uneffective in a barbiturate responsive,

morphine unresponsive pt n satisfactory=unsatisfactory results o fair to good results. þ4 PNP pts. Electrode placement: subdural in 5 pts,

interhemispheric in 3 pts. Dual devices driving 2 electrodes in 2 pts. p MCS ineffective. Later SI=SII CS effective for 4 years q Modified MCS

protocol: subdural MCSwithin the central sulcus. Implants in: interhemispheric fissure: 5 pts (lower limb pain), within central sulcus: 5 pts (area 4 and

area 3b stimul)þ surface of the precentral gyrus. Area 4 within central sulcus optimal stimulation point r pain relief with ipsilateral to pain BA4

stimulation s þ5 PNP pts; Evaluation of intensive reprogramming for recapture of the beneficial effects of MCS t þ9 PNP pts; MCS ineffective in CP
t I pt 70% pain reduction in the right arm þ hemi-trunk; no pain relief on the right leg; 1 pt 20–60% pain relief in leg (subdural medial MCS) u Best

results in pts with parietal lobe infarct, thalamic abscess=infarct pts (almost normal life, drugs markedly reduced). Pain relief<40% in SCI v þ3 PNP

pts. Correlation rCBF increase=analgesic efficacy w þ12 PNP pts. x Investigational study on rCBF=electrophysiology y identical patients z some pts

already reported A þ18 PNP pts. MCS effective in pts with normal or quite normal non-nociceptive thermal threshold within the painful area or in pts

with improved sensory thresholds duringMCS B no effect In spite of multipolar electrode grid or paddle relocation C Evaluation of clinical usefulness

of a frameless stereotactic system, neuronavigation, single burr hole and vacuum headrest D including syrinx pts. þ9 PNP pts E þ PNP pta.

Description of an integrated protocol for precise electrode placement, combining functional image guidance and intraoperative electrical stimulation

in the awake patient.
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short-lasting, focal or generalized seizures; hence, anti-

epileptic drugs are usually administered to all patients

for the duration of the test period and then gradually are

discontinued. These episodes happen exclusively during

trial stimulation at intensities above muscle contraction

threshold with high-frequency pulses and no conse-

quences have been thus far reported. Neither kindling

of a permanent epileptic state with long-term stimula-

tion, nor EEG signs of epileptic ‘‘irritability’’, even at

high voltages (9–10V) have been reported [8]. Up to 5%

of patients may complain of headache and=or local

tenderness and hypersensitivity over the electrode site;

this probably represents localized dural current spread.

Reduction of stimulation parameters without loss of

analgesia may or may not relieve these symptoms. Some

cases of headache may actually be due to contraction

of the temporalis muscle from stimulation of the face

area. In Wallenberg’s syndrome, local pain may be re-

lieved by incision and resuturing of the dura around the

electrode. Temporary speech disorders have been reported

in a few patients.

Bizarre phenomena

The following bizarre phenomena have been rarely

reported during CS [8]: 1) a very unpleasant pain in

the same area of the original pain, 2) analgesia via ipsi-

lateral stimulation, 3) bilateral analgesia (or sensory

effects) from unilateral CS, and 4) induced sensation of

supernumerary phantom arm [7].

Future prospects and developments

CS should be pursued by a functional neurosurgeon

with experience in the field of pain. CP patients should

be submitted to propofol or barbiturate tests and all

patients to TMS for optimal surgical selection. All

patients should be evaluated with validated scales and

good responders be submitted to sham stimulation. MCS

can control both spontaneous and evoked pains or,

rarely, only evoked pain whilst non-painful paresthesias

are resistant. Both MI and SI CS may achieve control of

CP. Even when stimulation parameters are sought care-

fully, some may exacerbate the pain, and several patients

can lose benefit, generally in the first few months. At this

time, MCS is the technique of choice for patients with

CP who do not respond to an adequate course of drug

therapy (including lamotrigine, high dose gabapentin

and mexiletine), with a better morbidity=mortality pro-

file than competing techniques.

There is a tendency in recent studies to perform a

small craniotomy because this allows an extended func-

tional exploration of the region of interest; the surgical

approach is believed by some to play a role in the accu-

racy of the targeting and that trephination is superior to a

single burr hole. However, the burr hole approach also

allows surgery to be performed under local anesthesia.

Two burr holes allow repositioning of the electrode up to

5mm below the bone. This is an advantage because it

improves the possibility to evoke muscular activation by

high intensity, low frequency stimulation, which can be

quite difficult to achieve under general anesthesia. We

strongly advise against the use of: a) general anesthesia,

b) craniotomy, c) grids, and d) multi-step procedures.

In case of failure, contralateral stimulation, perhaps

based on TMS and=or neurometabolic findings, should

be attempted, as the generator of pain may have

shifted contralaterally [2]. All this should be tempered

by our ignorance of long-term efficacy (�5 years)

and the lack of randomized controlled trials address-

ing the many questions raised by this new technique.

Questions remain regarding in which direction to ori-

ent the electrode, whether specifically designed mul-

tiple electrodes might provide better electrical field

coverage, and whether subdural electrodes might pro-

vide more effective stimulation, especially for the lower

extremity.
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Department of Neuroscience, Unit of Stereotactic and Functional Neurosurgery, CHU Rangueil Toulouse, France

Summary

Since the initial publication of Tsubokawa in 1991, epidural motor

cortex stimulation (MCS) is increasingly reported as an effective surgical

option for the treatment of refractory neuropathic pain although its

mechanism of action remains poorly understood. The authors review

the extensive literature published over the last 15 years on central and

neuropathic pain. Optimal patient selection remains difficult and the

value of pharmacological tests or transcranial magnetic stimulation in

predicting the efficacy of MCS has not been established. Pre-operative

functional magnetic resonance imaging (fMRI), 3-dimensional volume

MRI, neuronavigation and intra-operative neurophysiological monitor-

ing have contributed to improvements in the technique for identifying

the precise location of the targeted motor cortical area and the correct

placement of the electrode array. MCS should be considered as the

treatment of choice in post-stroke pain, thalamic pain or facial anesthesia

dolorosa. In brachial plexus avulsion pain, it is preferable to propose

initially dorsal root entry zone (DREZ)-tomy; MCS may be offered

after DREZotomy has failed to control the pain. In our experience, the

results of MCS on phantom limb pain are promising. In general, the ef-

ficacy of MCS depends on: a) the accurate placement of the stimula-

tion electrode over the appropriate area of the motor cortex, and b) on

sophisticated programming of the stimulation parameters. A better

understanding of the MCS mechanism of action will probably make it

possible to adjust better the stimulation parameters. The conclusions of

multicentered randomised studies, now in progress, will be very useful

and are likely to promote further research and clinical applications in

this field.

Keywords: Neuromodulation; neuropathic pain; motor cortex stimu-

lation; MCS; pain; post-stroke pain; facial anesthesia dolorosa; brachial

plexus avulsion; phantom limb pain.

Introduction

Neuropathic types of pain (NP) are considered as dif-

ficult to treat, heterogeneous clinical syndromes that are

secondary to a wide variety of peripheral and=or central

nervous system injuries [2]. Currently, the pathophysio-

logical mechanisms of neuropathic pain are much better

understood [2, 16]; however, since the introduction of

anticonvulsant and tricyclic antidepressant drugs in the

management of NP, little progress has been made in the

pharmacological treatment of this condition [44].

As early as late 1960s, the neuromodulation-based

concept of the ‘‘gate control theory’’, was followed by

the development of minimally invasive and reversible

neurostimulation techniques; this represented a major

step forward in the treatment of intractable neuropathic

pain. Chronic spinal cord stimulation (SCS) is a mini-

mally invasive percutaneous, epidural and increasingly

adjustable technique because it is performed with multi-

polar and multichannel electrodes; however, it will con-

trol only pain secondary to incomplete peripheral nerve

damage [20]. Deep brain stimulation (DBS) of the sen-

sory thalamic nuclei has offered disappointing long-term

results, especially in central pain [23]. This explains the

interest aroused by motor cortex stimulation (MCS);

this alternative treatment was proposed, in 1991, by

Tsubokawa et al. [50] and was based on data derived

from experiments in animal models of central sensory

deafferentation pain. MCS inhibits the spontaneous tha-

lamic neuronal hyperactivity induced by spinothalamic

tractotomy [40]. The first clinical benefits were seen in

cases of thalamic pain [51] or neuropathic facial pain [29].

The action mechanism of MCS remains poorly under-

stood. It has been proposed that it may be related to the

inhibition of nociceptive ascending pathways at the tha-

lamic [3, 47, 48], or spinal level [43]. These scientific data

have not been validated in humans. Furthermore, they do

not explain the observed prolonged antinociceptive ef-

fects. Other proposed mechanisms involve supraspinal

structures, namely the cingulate gyrus, orbitofrontal

cortex, and brainstem [12, 35]. There are many unclear

or unsettled issues that must be addressed. These include



the action mechanism, the best possible electrode struc-

ture, the optimum stimulation parameters, and the cor-

rect stimulation depth; the latter should be determined

after taking into account the cortex layers and the orien-

tation of the fibers in the motor cortex. Despite all these

uncertainties, nearly 300 cases have been reported de-

scribing MCS applications to most types of intractable

peripheral and central neuropathic pain [1, 3, 6, 47].

Many clinical studies have reported beneficial effects,

but in several reports, the results were contradictory [18].

Similarly to all other neuromodulation techniques, the

patients must be strictly selected; this is especially im-

portant in MCS because the optimum indications are not

yet fully determined. Many studies [32, 33, 36, 45] have

emphasized that the degree and duration of the analgesic

effect depend on the accuracy of electrode placement

on the motor cortical area that corresponds ideally to

the somatic area of pain. This objective is difficult to

achieve because: a) the patient does not feel any stimu-

lation-induced paraesthesias, and b) the sensory deaffer-

entation is often associated with cortical reorganization

[11, 28, 37, 56].

Patient selection criteria

The diagnosis of neuropathic pain (NP) must be con-

firmed by a multidisciplinary evaluation. The pain should:

a) be localized in an area of extensive sensory deaffer-

entation (hypoaesthesia), b) be secondary to either a

peripheral nerve damage or a central nervous system

lesion (or malfunction) which can be demonstrated by

neuroimaging, electrophysiology or surgical exposure,

and c) be a symptom of a non-progressive condition.

Furthermore, it should be possible for the pain to be

classified definitively as NP according to the classifica-

tion proposed by Rasmussen et al. [39]. NP should have

an intense character and a chronic progression for over

6 months and should be intractable to pharmacological

or physical treatments. It is important to investigate

whether the patient has received any benefits from

properly prescribed and observed anticonvulsant or anti-

depressant treatments. The development of new anticon-

vulsants has prolonged the period of medical treatment

before NP is recognized as being refractory [2, 39, 44].

Some authors [8, 47, 58] have attributed predictive value

to certain pharmacological tests such as the lack of

response to morphine, the attenuation of pain by barbi-

turates and the response to transcranial magnetic stimula-

tion (TMS) [7, 22, 30, 34]. The predictive value of these

tests has not been established [42].

Targeting and surgical technique

The first objective of the procedure is to define ac-

curately the motor cortex area that corresponds to the

somatic area of pain and should be stimulated. Current

neuroimaging techniques allow us to determine directly

the anatomical position of the central sulcus (CS) and

indirectly the somatotopic representation of the motor

homunculus (Area 4) in the precentral gyrus. The theo-

retical cortical target to be identified and stimulated de-

pends on the size of the somatic region of pain. The main

body segments and their respective motor cortex areas to

be stimulated are described below:

1) face: lower part of the central gyrus,

2) upper limb and hand: middle part of the central gyrus

between the inferior frontal sulcus and the superior

frontal sulcus, and

3) lower limb and trunk: upper part of the central gyrus

between the superior frontal sulcus and the interhemi-

spheric fissure.

The distal part of the lower limb lies on the inner surface

of the hemisphere, and therefore, it cannot be directly

stimulated epidurally; this limb representation, however,

can be extended to the upper part of the motor gyrus

[55]. With current neuronavigation methods, it is possi-

ble to reconstruct three-dimensionally the cortex from

morphological MRI data and identify these anatomical

structures precisely. These topographical data can be

subjected to image fusion with functional MRI (fMRI)

data obtained during an actual motor task [31, 36, 38, 45]

or a virtual motor task [41, 45]; the latter should corre-

spond to the pain territory in a painful phantom limb, or

to the neighbouring territory in cases of complete motor

deficits (upper limb following brachial plexus avulsion).

This correlation is particularly useful because the deaf-

ferentation may have reorganized the motor cortex and

therefore reduced or displaced the target area that should

be stimulated. Some authors use TMS to identify the

motor cortex and then combine TMS with neuronaviga-

tion [34] and PET data [35, 45].

Intraoperative techniques

Craniotomy

The initial procedure by Tsubokawa consisted of a sim-

ple burr hole under local anaesthesia. This has been re-

placed by a small craniotomy [10, 32–35], which offers

the advantage of better intraoperative neurophysiological

exploration and minimizes the risk of a post-operative
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epidural haematoma. The location and borders of the

craniotomy are defined by neuronavigation analysis of

the preoperative targeting data. A 4–5-cm sized bone

flap is sufficient; alternatively, a 5-cm-diameter trephine

craniotomy may be done when the target lies on the outer

surface of the hemisphere (face or upper limb).

Intraoperative neurophysiological exploration

The first stage consists of pinpointing the CS on the

dural surface. In practice, neuronavigation is sufficient

but, if there is doubt, target confirmation can be done by

recording somatosensory evoked potentials (SEPs) after

stimulation of the contralateral median nerve at the wrist

[33, 55]. The SEPs are recorded using an electrode grid

with multiple poles (20–40) or the 4-contact plate elec-

trode with contacts 4mm in diameter spaced 10mm apart

(Resume+, Medtronic Inc., Minneapolis, USA). Many

studies have provided evidence of a relationship between

the location of the CS and the location of the N20=P20

phase reversal [47, 53]. The N20 is elicited in the motor

gyrus area that corresponds to the hand, i.e. in front

of the CS. In several NP conditions that are accom-

panied by severe sensory deafferentation (e.g. brachial

plexus avulsion), the intraoperative SEPs cannot be used.

Furthermore, the intraoperative SEPs recorded after tri-

geminal or tibial nerve stimulation are often difficult to

interpret. Therefore, it is useful to check the quality of

SEPs intra-operatively.

The second stage is critical. It consists of localising

accurately the targeted cortical area by MCS. It may be

difficult to induce transdurally muscle contractions in

the somatic area of pain because: 1) the dura-to-cortex

distance is affected by the variable thickness of the sub-

arachnoid space or the presence of cortical atrophy,

2) the stimulation delivered by the neurostimulators is

not intense (10mA max), and 3) the suppression of neu-

ronal activity by general anaesthesia [33, 34]. In prac-

tice, it is possible to use the final quadripolar electrode

(Resume+) to perform this motor stimulation test and

to couple the electrical stimulation (pulse width: 1msec,

low frequency: 1–3Hz, intensity: 5–10mA, monophasic

pulse) with electromyographic (EMG) recording of the

activity of the appropriate muscles. Thus, it is possible to

detect a subclinical response without necessarily induc-

ing muscle contraction.

Placement of the electrode array

Based on the intraoperative electrophysiological data

and the extent of the pain territory, one or two quadri-

polar plate electrodes (Resume+) are sutured to the dura

either perpendicularly or parallel to the SC; the electrode

orientation depends on surgeon’s preference but it is

important to have at least two poles over the targeted

motor cortex. The electrode extensions are tunnelled

and connected to an implantable pulse generator (IPG),

(ITREL 3+ or SYNERGY+, Medtronic Inc., Minneapolis,

USA) which is inserted in the subclavicular or the lateral

thoracic region. Experience has shown that it is not

worthwhile to perform a prolonged percutaneous stim-

ulation test intraoperatively; the identification of the

optimal stimulation parameters may require multiple ad-

justments because the patient usually does not feel any

MCS-induced paraesthesias or sensations. The param-

eters are selected empirically and usually are: amplitude:

2V (1–4V), frequency: 40Hz (25–55Hz), pulse width:

120 msec (60–180 msec).
It is important that the negative contact (cathode) is

placed over the motor cortex area that corresponds ide-

ally to the territory of somatic pain. Most surgeons

prefer bipolar stimulation with the negative contact

(cathode) over the motor area and the positive contact

(anode) over the sensory area [47]. In bipolar stimulation,

both cathode and anode electrode contacts are active and

their position can be relevant to the clinical effects of

MCS [26]. The response of any cortical fiber varies and

depends on its orientation in the stimulation-induced

field [15]. An interpolar distance of 20–30mm is pre-

ferred in order to cover widely the motor cortex area. It is

possible to apply bipolar stimulation using the ITREL 3+

system. The time course of the analgesic effect is

variable. Under optimal neuroanatomical conditions,

Tsubokawa [47] reported that the pain begins to de-

crease 5 minutes after the start of MCS and disappears

completely after 10–20 minutes; after stimulation is

stopped, there is a 2- to 6-hour post-MCS effect. Based

on these observations, he recommended intermittent

stimulations with a rate of 5–7 per day. Conversely,

Nguyen et al. [34] underlined the latency of the analge-

sic effect, which is rarely immediate but may last for

several days. Very often, it is found that the intensity

must be increased in order to keep the stimulation effi-

cacious; this can be explained by an increase in the im-

pedance of the ‘‘electrode to dura’’ contact.

Results

A literature review in the Pubmed beginning in 1991

identified 29 publications, describing over 251 patients

[3, 6, 34, 47]. It is difficult to compare their results
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because most studies are retrospective and use different

assessment scales. No prospective studies have been

published and the number of available controlled studies

is limited. A randomized (on=off) multicentered study is

currently being conducted in France.

Central pain

Thalamic pain syndromes are intractable, disabling,

and particularly resistant to medical and conservative

treatments. The long-term failure of DBS in this type

of NP has been verified. Tsubokawa et al. [49] reported

disappointing results following stimulation of the sen-

sory nuclei of the thalamus; although the initial effect

was satisfactory in certain patients, tolerance to stimula-

tion developed in a few months and, after 2 years the

stimulation was efficacious only in 38% of the cases.

More recently, following a literature review of long-term

results, Levy et al. [23] reported that, in 24 cases, the

DBS improvement rate was only 24%; the compli-

cations were uncommon (5.3%) but serious (5 cerebral

haemorrhages). The main indication of MCS is post-

stroke pain [50, 51]. Nguyen et al. [34] estimated that

our experience on the treatment of this condition by

MCS is based on over 159 cases of central pain sec-

ondary to ischaemic or haemorrhagic stroke; the MCS

success rate was 52% (83=159). Table 1 summarizes the

results of the main published series on MCS. Several

authors [18, 34] have underlined that the association of

pain with a major motor deficit is a poor prognostic

indicator. Nevertheless, the management of central pain

by MCS should be considered as an alternative treatment

of confirmed efficacy.

Trigeminal neuropathic pain

Trigeminal neuropathic pain is one of the most com-

mon indications of MCS. This type of NP is most often

secondary to an iatrogenic injury to the roots of the

trigeminal nerve (thermocoagulation or conventional

surgery). MCS has replaced the chronic stimulation of

the Gasserian ganglion in the treatment of trigemino-

pathic pain. In the latter procedure, it is possible to per-

form not only a prolonged percutaneous test-stimulation

but also a long-term stimulation of the ganglion [19];

there is, however, a serious risk of late dislodgment of

the percutaneously inserted electrode. The alternative

method of electrode implantation through a temporal

approach is a major surgical procedure. This technique

has been abandoned gradually, although its results were

satisfactory in facial neuropathic pain of central or pe-

ripheral origin [46]. The results of thalamic stimulation

were disappointing [23]; in 12 cases of anaesthesia

dolorosa, the long-term success rate was only 18%. With

regard to MCS, 47 cases have been reported in the

literature; the success rate was high with the average

Table 1. Published series on the results of MCS on central neuropathic pain

Authors

(reference number)

Patients number=

age range (years)

Follow-up in months Success rate at latest follow-up

(�50% analgesia)

Tsubokawa et al. [51] 11=52–72 �24 45% (5=11)

Nguyen et al. [34] 18 46 (mean) marked improvement (>60%): 7

satisfactory improvement (40–60%): 8

failure (<40%): 3

Meyerson et al. [29] 3 – 0%

Yamamoto et al. [57] 28=35–72 �12 46%

Mertens et al. [27] 16=29–78 23 (mean) 67%

Saitoh et al. [42] 8 26 (mean) 25% (2=8)

Caroll et al. [9] 5 40% (2=5)

Table 2. Published series on the results of MCS on trigeminal neuropathic pain

Authors

(reference number)

Patients number=

age range (years)

Follow-up

in months

Success rate at latest follow-up

(�50% analgesia)

Meyerson et al. [29] 5=44–71 4–28 100% (5=5)

Herregodts et al. [14] 5=40–45 15 (mean) 88% (4=5)

Ebel et al. [10] 7=37–81 5–24 43% (3=7)

Nguyen et al. [32, 34] 22 marked improvement (>60%): 59% (13=22)

satisfactory improvement (40–60%): 23% (5=22)

Brown and Barbaro [3] 8=37–73 10 (mean) 75%
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long-lasting improvement being evaluated as greater to

50% in 73–75% of the cases (Table 2).

Neuropathic limb pain

In this group, MCS may be indicated only after SCS

either has failed or is contraindicated. This category

includes patients with NP secondary to complete sensory

deafferentation after either brachial plexus avulsion or

limb amputation (phantom limb pain). Table 3 sum-

marizes the main published series. In brachial plexus

injuries, the results are not satisfactory (average success

rate 40%). In this condition, it is not feasible to identify

the CS by intraoperative SEP monitoring. Therefore, it is

preferable to perform a DREZotomy as the first proce-

dure of choice. In phantom limb pain, the results are var-

iable with an average success rate of 55% [9, 33, 34, 42].

We have reported comparable results [41, 45]. In a

recent retrospective study [21], in 7 patients with a

mean follow-up of 42 months (range: 6–76), the success

rate was 85% (excellent: 3, significant: 3, failure: 1).

Conversely, Katayama et al. [18] reported conflicting

results; he achieved a lasting analgesic effect in 6

of 19 patients with painful phantom limbs after SCS.

Of 10 patients who did not respond to SCS, he reported

lasting improvement after thalamic DBS (nucleus ven-

tralis caudalis) in 6 cases (60%), whereas only 1 out of

5 patients treated by MCS had a lasting improvement

(success rate: 20%). In this article, there was little infor-

mation on the pre- and intraoperative identification of

the motor cortex target; in addition, 3 of the 5 patients

who received MCS had brachial plexus avulsion without

being clear whether this was associated with an amputat-

ed upper limb. MCS represents the preferred treatment

in phantom limb pain which is otherwise considered

intractable and irreversible. The historical failures of

sensory cortex removals are well-known [24, 25, 52]. In

a literature review, Levy et al. [23] reported 5 cases of

periventricular gray matter (PVG) DBS who had an ini-

tial good response (4 of 5 improved) but a disappointing

long-term response (only 1 of 5 improved); this was not

confirmed by the recent study of Katayama et al. [18].

Post-spinal lesion pain

This type of NP, particularly in the lower limbs,

represents a very difficult problem because the pain is

bilateral and the cortical target area is located near the

midline. To overcome this difficulty, surgeons have

implanted the electrodes interhemispherically [42]; this,

however, induces an increased risk of complications.

Paradoxically, Nguyen [33] has reported that unilateral

cortical stimulation can have a bilateral effect (Table 4).

Side effects and complications

Complications are uncommon and of moderate se-

verity. The most serious are epilepsy, and epidural or

subdural haematomas; they occur approximately in 3%

of the cases.

Stimulation-induced seizures

These have been seen mostly during the test-stimula-

tion period [29]. Their incidence during chronic MCS is

very low if the stimulation intensity remains below the

motor threshold. The incidence can become higher after

‘‘intense reprogramming’’ [13, 34].

Table 3. Published series on the results of MCS in neuropathic limb pain

Authors

(reference number)

Indications Patients

number

Mean follow-up

in months (range)

Success rate at latest

follow-up (%)

Nguyen et al. [33] brachial plexus avulsion 2 50%

Mertens et al. [27] brachial plexus avulsion 4 50%

Saitoh et al. [42] brachial plexus avulsion 4 19 25%

phantom limb pain 2 20 50%

Sol et al. [45] phantom limb pain 3 27.3 67%

Caroll et al. [9] phantom pain 3 – 67%

Pirotte et al. [36] plexus avulsion 3 – 33%

Lazorthes et al. [21] phantom 7 42 (6–76) 85%

Katayama et al. [18] phantom limb pain 5 >24 20%

Table 4. Published series on the results of MCS in post-spinal lesion

pain

Author

(reference number)

Indication Patients

number

Success rate

at latest

follow-up (%)

Nguyen et al. [33] post-trauma

paraplegia

4 75

Mertens et al. [27] post-trauma 3 100
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Epidural haematoma

Theoretically, if the dura is correctly secured around

the edges of the craniotomy, the risk is negligible. How-

ever, several cases have been reported, especially during

the early period of MCS, when the electrodes were

inserted through a single burr hole [29, 51].

Skin ulceration and infection

This is a common risk which is associated with the

implantation of any stimulation device. In the literature,

the frequency is estimated between 0.7 and 2.2%. Any

implantation should be postponed as long the patient has

untreated urinary, pulmonary or other infections.

Loss of efficacy

After the initial benefit, which may last for several

months, some authors have reported a tolerance-like phe-

nomenon [10]. In such cases, the efficacy can be restored

by replacing the electrode on a more optimal cortical tar-

get [33, 45, 51]. Sometimes, a simple increase in the

electrode-dural impedance is required by either increasing

the stimulation intensity or changing the bipolar config-

uration. A loss of efficacy secondary to neural plasticity

and reorganization of the deafferentated cortical area is

another possibility; this hypothesis led Henderson et al.

to perform ‘‘intensive reprogramming’’ in order to re-

store the initial efficacy [13].

Conclusions

Neuropathic pain (NP) is considered as a difficult-

to-treat clinical condition which is associated with var-

ious lesions in the peripheral or central nervous system.

Antidepressant and anticonvulsant medications are con-

sidered as the primary treatment and offer satisfactory

relief to most patients [2, 44]. Over the last few years, a

new approach to the treatment of NP has developed; this

is based on the current understanding of pain mechanisms

and aims to target specifically these mechanisms [54].

This rational approach cannot yet be implemented widely

because of difficulties in converting our understanding

of the pathophysiological mechanisms, obtained from

animal studies, to treatment protocols in patients [16].

Nevertheless, chronic motor cortex stimulation (MCS)

is no more just a promising method; it has gained an

established role in the treatment of chronic intractable

pain secondary to sensory deafferentation. It provides a

therapy to a category of pain which until now has been

proved resistant to any other treatment. In certain types

of central neuropathic pain, such as post-stroke pain,

MCS constitutes the first-choice therapeutic alternative

after the failure of medical and conservative treatments.

The same applies to facial anaesthesia dolorosa.

Conversely, in pain secondary to brachial plexus avul-

sion, it is preferable to propose first selective ablative

surgery, such as DREZotomy. Other indications need to

be confirmed, even if lasting efficacy has been reported

by various authors in ‘‘phantom limb pain’’ or paraplegia-

related pain.

The efficacy of MCS depends directly on the accurate

placement of the stimulation electrode over the appro-

priate area of the motor cortex. The primary motor cor-

tex that corresponds to the somatic area of pain may

have been displaced because of either brain plasticity

or cortical reorganization secondary to the sensory deaf-

ferentation or to the causal lesion in the nervous system.

Brain mapping using fusion of three-dimensional vol-

ume MRI with fMRI in combination with intraoperative

electrophysiology is a valid technique for identifying the

precise location of the targeted motor cortex. There are

still many unclear issues such as which neurons or axons

should be stimulated, which cortical afferents or efferents

are stimulated by MCS, and whether antidromic stimu-

lation contributes to the clinical effects. Multicenter pro-

spective studies are being conducted. They will describe

larger clinical series with a ‘‘study design’’ of MCS

that includes ‘‘on=off’’ sequences evaluated in a ‘‘blind’’

manner. Hence, the conclusions of these studies are ex-

pected to be of particular significance. A better under-

standing of MCS mechanisms of action will probably

make it possible to program better the stimulation pa-

rameters; currently, the programming remains empirical

and is based on practical clinical observations. Experi-

mental studies predicting the bioelectrical effects of

MCS by computer modelling [26] and more sophisti-

cated neuronal fiber models are in the stage of develop-

ment and are likely to promote further research and

clinical applications in this field.
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Summary

Motor cortex stimulation (MCS) was proposed by Tsubokawa in 1991

for the treatment of post-stroke thalamic pain. Since that time, the

indications have been increased and included trigeminal neuropathic

pain and later other types of central and peripheral deafferentation pain.

The results reported in the literature are quite good; the mean long-term

success rate is 80% in facial pain and 53% in non-facial pain. Our own

results are less impressive: 4 of 14 patients (28%) experienced a greater

than 40% pain relief, but in 2 of them the effect faded with time. Only

few minor complications have been reported. The accurate placement of

the epidural electrode over the motor cortex that somatotopically corre-

sponds to the painful area is believed to be essential for pain relief.

Predictive factors included the response to pharmacological tests, the

relative sparing from the disease process of the cortico-spinal tract and

the sensory system, and the analgesic response achieved during the test

period of MCS. A possible predictive factor might be a test of repetitive

transcranial magnetic stimulation (rTMS) of the motor cortex. MCS may

act by rebalancing the control of non-nociceptive sensory inputs over

nociceptive afferents at cortical, thalamic, brainstem and spinal level.

In addition, it may interfere with the emotional component of nocicep-

tive perception. Biochemical processes involving endorphins and GABA

may also be implicated in the mechanism of MCS. It is time for a large

multicenter prospective randomized double blind study evaluating not

only the effect of MCS on pain (based on the available guidelines for

assessment of neuropathic pain), but also the optimal electrode place-

ment and stimulation parameters, and the possible relationship with

the response to rTMS. New electrode design and a new generation of

stimulators may help in improving the results.

Keywords: Neuromodulation; epidural motor cortex stimulation;

chronic non-malignant pain; neuropathic pain; central pain; intraopera-

tive neurophysiological monitoring.

Introduction

Motor cortex stimulation (MCS) was introduced in the

treatment of central and neuropathic pain in the early

nineties. This type of pain is defined by the International

Association for the Study of Pain (IASP) as pain initi-

ated or caused by a lesion (or dysfunction) of the central

or peripheral nervous system; in spite of the advances in

pharmacological treatment, it still represents a challenge

to pain specialists and particularly to neurosurgeons.

Tsubokawa and colleagues [27, 28] observed hyperac-

tivity of low threshold mechanoreceptor thalamic neu-

rons after spino-thalamic tractotomy in a cat model, and

found that MCS inhibited the abnormal firing whereas

sensory cortex stimulation (SCS) had no effect. On this

basis, they proposed MCS for the treatment of thalamic

pain. They treated 11 patients with epidural MCS and

reported the long-term results [28]. Eight patients ob-

tained an excellent pain relief during the one week test

period and, hence, they underwent chronic stimulation. At

2 years, in 5 cases the results were unchanged (greater

than 80% pain relief), while, in the remaining 3 cases, the

effect of MCS decreased gradually over several months.

The stimulation was subthreshold for muscle contraction

and no complications were described. In 1993, Meyerson

published his experience on ten patients [16]. Five of

them complained of trigeminal neuropathic pain and all

achieved more than 50% pain relief. Stimulation was

subthreshold for movement in these cases as well, and

it was used for 20–30 minutes, one to six times a day.

Since then, an exponentially increasing number of cases

have been described over the following years, supporting

the use of MCS in the treatment of central and peripheral

neuropathic pain syndromes.

Clinical indications

MCS has been used so far for central and peripheral

neuropathic pain; there is no experience on chronic

benign nociceptive pain. The indications have increased



from the original post-stroke central pain and trigem-

inal neuropathic pain, and include postherpetic neural-

gia, peripheral deafferentation pain syndromes such as

brachial plexus and roots avulsions, spinal cord injury

pain, phantom limb and stump pain, and complex re-

gional pain syndrome (CRPS) [2–4, 7, 10, 14, 17–19,

22, 23, 26]. The best results were obtained in trigem-

inal pain (more than 80% of successful results); the

large somatotopic facial representation on the motor

cortex compared to the other body regions, may be an

explanation for these particularly good results in facial

neuropathic pain.

Surgical technique

The key point of surgery is the accurate placement of

the electrode over the motor cortex that somatotopically

corresponds to the painful area [17]. A multicontact strip

electrode is usually placed in the epidural space; sub-

dural placement has been used in the interhemispheric

fissure for lower limbs pain and was advocated by Saitoh

for a more stable motor cortex activation [24]. There is

general agreement that the best electrode orientation is

perpendicular to the central sulcus. The location of the

motor cortex has been identified by morphological cra-

niometer landmarks, using fiducial markers and MRI

neuronavigation, integrating functional MRI (fMRI) into

the targeting plan [21]; however, a precise neurophys-

iological localisation is mandatory. We use the phase

reversal technique to identify the central sulcus. We stim-

ulate the controlateral median nerve at the wrist and re-

cord from each contact of the strip electrode. A cortical

N20 potential is recorded over the sensory cortex and a

cortical P20 potential is recorded over the motor cortex;

the central sulcus is found between the two contacts

showing the phase reversal. The motor mapping is ob-

tained by motor cortex focal anodal stimulation through

two adjacent contacts of the same strip electrode with

a short train of stimuli (5 stimuli, 0.5ms, ISI 4ms, 10–

30mA). Muscle responses are recorded from muscle

bellies of the controlateral hemibody, with needle elec-

trodes. This mapping technique allows the use of gen-

eral anaesthesia (totally intravenous anaesthesia with

Propofol and Remifentanyl, and no muscle relaxants

after intubation) and has a very low rate of inducing

epileptic seizures (less than 4%) compared to the classi-

cal so called ‘‘Penfield’s technique’’ for motor cortex

mapping. In contrast to other authors [1], we feel that

a neurophysiological precise localisation of the motor

cortex is essential. In the past, we placed the electrode

through a simple burr hole, but with experience we pre-

fer a small craniotomy; it allows an easier and more

extensive cortical mapping and the placement of 2 elec-

trode paddles when the region of pain is extensive and,

consequently, the cortical area to be covered is wide.

Stimulation parameters

An empirical approach is used to select the optimal

stimulation parameters by adjusting the combination of

contacts, polarity, frequency, pulse width and, to a lesser

extent, amplitude, according to the patient’s pain relief.

Stimulation is always subthreshold for muscle contrac-

tion or any sensation. This makes possible double blind

studies. Manola et al. published the results of a com-

puter modelling study on MCS [13]. They studied the

electrical potential field characteristics and the initial

response of single fibre models to stimulation of the

precentral gyrus by an epidural multicontact electrode.

They concluded that the amount of the cerebrospinal

fluid (CSF) between the dura and the cortex underneath

the stimulating electrode is the most important factor

affecting the distribution of the electrical field; when

the CSF layer increases in thickness from 0 to 2.5mm,

the load impedance decreases by 28%, and the stimula-

tion amplitude increases by 6.6V for each mm of CSF.

Both anode and cathode should be considered active

because of the large anode-cathode distance (<10mm).

Anodal fields preferentially excite fibres perpendicular

to the electrode surface, whereas cathodal fields excite

fibres running parallel to the electrode surface. There-

fore, anodal stimulation over the precentral gyrus prefer-

entially activates pyramidal axons; cathodal precentral

stimulation, used in most of the published clinical re-

ports, preferentially excites fibres parallel to the brain

surface, i.e. connecting interneurons or horizontal braches

of cortical afferents and efferents.

Assessment of the results

Guidelines have been published for the assessment of

neuropathic pain and its response to treatment [5]. The

most reliable assessment measures are the visual analo-

gue scale (VAS) (not the percentage of pain relief) and

the global impression of change (GIC), which can be

implemented utilizing multidimensional scales such as

the SF-36 or the Owenstry questionnaire. Many articles

report only the percentage of pain relief, some report the

VAS score and a few utilize multidimensional scales. A

pain relief of 50% is the usual cut-off for success, but
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recently also pain relief of 40% or even 30% during

medical treatment, has been considered sufficient to

define a treatment as effective for neuropathic pain.

Clinical results

The clinical results in patients complaining of

trigeminal neuropathic pain are reported in Table 1

[3, 7, 15, 17, 18, 22]. The long-term success rate

(greater than 40% pain relief) ranged from 40 to 100%.

In these 7 published series, 47 patients were submitted

to MCS and 38 (80%) reported a fair to excellent pain

relief. The clinical results in patients complaining of

central or peripheral deafferentation pain are reported

in Table 2; six published series are analysed [4, 9, 18,

19, 24, 28]. The long-term success rate ranged from 40

to 77%. Overall, 56 of 104 patients (53%) experienced

long-term fair to excellent pain relief. Our personal

results are less impressive. We submitted to MCS 14

patients (Table 3); in 8 cases, the pain was due to tri-

geminal neuropathy (4 post-traumatic, 2 post-herpetic,

1 post-trigeminal surgical lesion, and 1 multiple scle-

rosis), in 4 to an ischemic stroke (3 thalamic, 1 bul-

bar), and in the remaining 2 to a spinal cord lesion.

Only 2 patients (14%) reported a stable long-term pain

relief (greater than 50%); one patient reported a 40%

pain relief for a few months, but then the effect gra-

dually faded; another patient initially was a failure,

then gained a 50% pain relief after an aggressive re-

programming of the stimulator, but the effect de-

creased over few weeks. Ten patients are considered

as failures.

Recently, commenting on an article published in

Neurosurgery [3], Kanpolat wrote ‘‘We are reluctant to

mention our hesitation regarding the effectiveness of

MCS, but it seems that only series with good results

have been reported . . . and most of the failures seem to

remain unreported’’. Regarding the same article, Broggi

commented [3]: ‘‘My experience with MCS has been

that patients with neuropathic facial pain . . . experience

poor and transient results as measured by quality of life’’.

The same sort of scepticism is expressed by Meyerson in

his editorial published in Pain [15]: ‘‘MCS . . . should not

be considered an established method of pain control . . . .

It may seem that the results of MCS are not impressive

but it must be remembered that the forms of pain for

which MCS may be effective, . . . are those for which

there are no or little other treatment’’

Complications

Complications such as haematomas either epidural

or subdural, infections and other minor problems, are

reported in a small percentage of patients, but they do

not produce neurological deficits. Epileptic seizures

occasionally occurred during the motor mapping, but

chronic seizures have never been reported.

Table 1. Effect of MCS on facial neuropathic pain

Author Patients Acute

responders

(%)

Long-term

responders

(%)

Follow up

Meyerson et al. [16] 5 100 100

Herrengodts et al.

(1995)

5 80

Nguyen et al. [17] 7 100 100

Rainov et al. [22] 2 100 100 18 months

Ebel et al. [7] 7 43

Nguyen et al. [18] 12 83 27 months

Brown and

Barbaro [2]

9 88 75 10 months

Table 2. Effect of MCS on central and peripheral neuropathic pain (non-trigeminal)

Author Patients Type=cause

of pain

Acute

responders

(%)

Long-term

responders

(%)

Follow up

Tsubokawa et al. [28] 11 thalamic 73 45 24 months

Katayama et al. [19] 31 post-stroke 48 >24 months

Carrol et al. [4] 10 5 post-stroke 50 40 1–31 months

3 phantom limb

2 various

Nguyen et al. [18] 13 central pain 77 27 months

Saitoh et al. [24] 8 4 thalamic 75 75 6–26 months

4 peripheral

deafferentation

Nuti et al. [19] 31 22 poststroke 52 48 months

4 brachial plexus

5 variuos
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Predictive factors

Pharmacological tests have been proposed in order to

predict the efficacy of MCS. Yamamoto et al. correlated

the percentage of pain relief obtained with different drugs

with that of MCS in post-stroke patients [29]. The regres-

sion analysis showed a significant correlation between

the MCS effect and the effect of the Thiamytal test or

the Ketamine test, but not with the Morphine test. These

results have not been duplicated [24]. Katayama stressed

the importance of a relative integrity of the cortico-spinal

tract [9]; only 15% of 13 patients reported a satisfactory

pain relief when a moderate to severe motor weakness

was present, and only 9% reported a benefit when motor

contraction could not be elicited. The success rate was

73% when a mild or absent motor impairment was pre-

sent [9]. Drouot et al. [6] noticed that the antalgic efficacy

of MCS was related to sensory changes in the painful

zone. Favourable prognostic factors were the absence of

alteration of non-nociceptive sensory modalities within the

painful area, or an abnormal sensory threshold that could

be improved by MCS (a better sensory discrimination by

switching on the stimulator). Katayama et al. [9] on the

other hand, reported no correlation between sensory symp-

toms, somatosensory evoked potentials (SEPs) and the

MCS effect.

Nuti et al. published the 4-years outcome in 31 pa-

tients and studied the possible predictors of efficacy

[19]. There was no statistical correlation between the

long-term outcome and any of the following variables:

pre-operative motor status, pain semeiology, type or

site of the lesion that causes pain, quantitative sensory

testing, and SEPs. Notably, the patients who had a nor-

mal motor function showed a tendency towards a sig-

nificantly decreased analgesic drug intake; this finding

is in agreement with the observations of Katayama. The

pain relief obtained at the end of the first month of

MCS was the only factor that had a strong statistical

correlation with the long term pain relief [19]. There

are many reports on the analgesic effect of repetitive

transcranial magnetic stimulation (rTMS) over the mo-

tor cortex at subthreshold intensities [11, 12], but so far

there is no evidence of a significant correlation of the

response to rTMS with the efficacy of MCS. The para-

meters used for rTMS are very different from those

used for MCS, apart from the intensity, which is sub-

threshold for muscle contraction in both electrical and

magnetic stimulation.

Mechanisms of action

According to Tsubokawa’s hypothesis [28], under

normal conditions noxious and non-noxious inputs from

the thalamus converge at cortical level and the non-

noxious stimulus is able to inhibit the noxious affer-

ences. When such an inhibitory mechanism is lost as a

consequence of a thalamic lesion, MCS can antidromi-

cally and orthodromically activate large fibres reciprocal

connections between the motor and the sensory cortex,

and then activate non-noxious, fourth order sensory neu-

rones restoring the inhibitory control over the noci-

ceptive inputs. PET studies demonstrated a significant

increase in cerebral blood flow in the ipsilateral lateral

thalamus, but also in the brainstem, cingulate gyrus, an-

terior insula, and orbito-frontal cortex, during MCS, in

patients reporting a good pain relief [8, 20, 23]. MCS

may reinforce the control of non-nociceptive sensory

inputs on nociceptive systems not only at the thalamic

level, but also at the brainstem and at the spinal cord

level. Indeed, in experimental models of deafferentation

pain, MCS reduces the hyperactivity of thalamic neu-

rones as well as the hyperactivity at dorsal columns

nuclei. An attenuation of flexion reflexes (R III) has been

shown during MCS in cases of good analgesic effect [8].

The changes in these polysynaptic reflexes during MCS

suggest that a descending inhibitory mechanism at spinal

level may be involved in mediating the effect of MCS. A

recent experimental study in rats by Senapati et al. [25],

has shown that MCS produced significant inhibition of

wide dynamic range dorsal horn neuron activity in re-

sponse to high intensity mechanical painful stimuli but

not to innocuous stimuli. MCS may also reduce the

emotional component of chronic pain by activating the

anterior cingulate cortex and the anterior insula as dem-

onstrated by PET studies [8, 20, 23]. Biochemical pro-

cesses such as action on the endorphin sites in the

brainstem or control on the GABAergic interneurons at

cortical level, may also be implicated, in the mechanisms

of MCS.

Table 3. Personal experience

Type=cause of pain Patients Long-term results

Trigeminal neuropathy 8 1 S

1 F, then S, then F

6 F

Post-stroke 4 1S then F

3 F

Spinal cord lesion 2 1S

1F

S Success (>40% pain relief), F failure (<40% pain relief).
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Future prospects

In our opinion, it is time for a prospective multicenter

randomized double blind study. Electrode placement

should be precisely documented (both topographically

and neurophysiologically), different stimulation para-

meters should be tested, pain relief assessment should

follow the existing guidelines, and the predictive value

of rTMS should be studied. Technical advances such as

new electrode designs, covering a larger area of the

motor cortex may be helpful in improving the clinical

results. The new generation of neurostimulators may

reduce the need for time consuming multiple program-

ming visits.
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Summary

The stimulation of the primary motor cortex (M1) has proved to be an

effective treatment for intractable deafferentation pain. This treatment

started in 1990, and twenty-eight studies involving 271 patients have

been reported so far. The patients who have been operated on were suf-

fering from post-stroke pain (59%), trigeminal neuropathic pain, brachial

plexus injury, spinal cord injury, peripheral nerve injury and phantom-

limb pain. The method of stimulation was: a) epidural, b) subdural, and

c) within the central sulcus. Overall, considering the difficulty in treating

central neuropathic pain, trigeminal neuropathic pain and certain types

of refractory peripheral pain, the electrical stimulation of M1 is a very

promising technique; nearly 60% of the treated patients improved with

a higher than 50% pain relief after several months of follow-up and

sometimes of a few years in most reports. The mechanism of pain

relief by the electrical stimulation of M1 has been under investigation.

Recently, repetitive transcranial magnetic stimulation (rTMS) of M1

has been reported to be effective on deafferentation pain. In the future,

rTMS may take over from electrical stimulation as a treatment for

deafferentation pain.

Keywords: Neuromodulation; motor cortex stimulation; primary

motor cortex; repetitive transcranial magnetic stimulation (rTMS); deaf-

ferentation pain; navigation.

Introduction

Deafferentation pain is one of the most difficult types

of pain to treat and is usually refractory to medical treat-

ment. In 1990, Tsubokawa et al. found that pain can be

reduced by motor cortex stimulation (MCS) in patients

suffering from post-stroke pain [39]. In 1993, pain due

to trigeminal peripheral lesion was successfully treated

with MCS [18]. Phantom-limb pain and brachial plexus

injuries also responded to MCS well. Other studies have

shown that MCS can provide pain relief in 50–75% of

patients with deafferentation pain [14, 18, 20, 31].

Twenty-eight studies involving 271 patients have been

reported from Japan (n¼ 112) [12, 13, 32, 39], France

(n¼ 97) [17, 20, 24, 36], Belgium (n¼ 19) [8, 25], USA

(n¼ 11) [7, 10], Sweden (n¼ 10) [18], U.K. (n¼ 10) [2],

Germany (n¼ 9) [4, 27, 28], and Italy (n¼ 3) [1, 5]. This

selection includes only original publications with new

cases and no duplicate publications on the same patients.

All these trials followed an open methodology; no con-

trolled double blind study has been performed so far.

Several indications have been studied including most

neuropathic pains, but one is clearly far ahead from all

others, this of post-stroke pain (59% of all published

cases) followed by trigeminal neuropathic pain (17%).

All other indications represent less than 10% each. The

two exceptions are combinations of central pain and

movement disorders. Both publications report a surpris-

ing improvement of movement disorders related to

MCS, which was initially intended to treat only severe

pain [21].

Recently, repetitive transcranial magnetic stimulation

(rTMS) has been applied in the treatment of neuropathic

pain. The area of stimulation was the primary motor

cortex (M1).

Motor cortex stimulation (MCS)

Pharmacological tests (drug challenge tests: DCT)

To clarify pathophysiological mechanisms and to allow

patient choice, pharmacological tests, or drug challenge

tests (DCT) have been done in two institutes. One study

included 39 central post-stroke pain patients who had

intractable hemibody pain with dysesthesias. The corre-

lation between the response to pharmacological treat-

ment and the effect of MCS therapy was examined.

Yamamoto et al. reported that thiopental- and ketamine-



responsive and morphine-resistant patients displayed

long-lasting pain reduction after long-term use of MCS.

Their DCT showed that definite pain reduction occurred

in 20% by the morphine test, 56% by the thiopental test,

and 48% by the ketamine test. On the basis of these

DCT’s assessments, it was concluded that there was

no obvious difference between thalamic (n¼ 25) and

suprathalamic pain (n¼ 14) [41]. Saitoh et al. performed

DCT including thiopental, ketamine, phentolamine, lido-

caine, morphine, and placebo in 18 cases. Of 18 cases

in DCT, eight cases scoring ‘‘excellent’’ or ‘‘good’’ pain

relief by MCS were found to be sensitive to morphine

(n¼ 5), ketamine (n¼ 4), thiopental (n¼ 4) or lidocaine

(n¼ 3). The other 10 cases scoring ‘‘fair’’ or ‘‘poor’’

pain relief had morphine (n¼ 4) or thiopental (n¼ 2)

sensitivity. No relationship was found between morphine

sensitivity and pain relief following MCS, and none of the

patients was found to be sensitive to phentolamine. Several

of the excellent MCS responders had not responded

to any drug. The investigators concluded that ketamine

might be a useful drug for patient selection [32].

Patients

The most common type is post-stroke pain, which is

also the most difficult to treat. All cases, except two, had

a severe neuropathic pain history, 67% central and 32%

peripheral deafferentation pain. The two exceptions were

combinations of central pain and movement disorders.

The other reported cases included brachial plexus injury,

spinal cord injury, trigeminal neuropathic pain, periph-

eral nerve injury, and phantom-limb pain (Fig. 1).

Surgical methods

Previous reports have described the implantation of

epidural electrodes over the precentral gyrus [1, 3, 4, 8, 9,

10, 18, 20, 22, 23]. A small craniotomy, 3–4 cm in di-

ameter, was performed around the central sulcus and an

electrode array with four-plate electrodes (diameter 5mm,

model 358; Medtronic Inc., Minneapolis, MN, USA) was

inserted in the epidural space. The best location and

orientation of the electrode array were, therefore, deter-

mined in such a way that bipolar stimulation was offered

with an appropriate pair of electrodes. Tsubokawa re-

ported no polarity-related differences in pain relief for

most patients [39]. Nguyen et al. reported the use of

navigation for performing the craniotomy and electrode

implantation in the epidural space. The center of the flap

should correspond to the target as determined by imaging.

Sensory evoked potential (SEP) are recorded from the

grid electrode applied on the dura mater. The exact site

where the four-plate electrode should be placed depends

on the results from the electrophysiological study. They

placed the electrode perpendicular to the central sulcus

in a parietal-to-frontal lobe direction [22]. Such an epi-

dural 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. Saitoh et al. reported that the subdural im-

plant or implant within the central sulcus seemed to be

more effective than the epidural implant, because this ap-

plication make it possible to stimulate M1 more directly.

A 20-grid electrode (4�5 array; 0.3 cm electrode di-

ameter; 0.7 cm separation; Unique Medical Co., Tokyo,

Japan) was placed subdurally to confirm the locations of

the central sulcus by the SEP measurement. For hand or

face pain in selected patients, 4-plate electrode was im-

planted within the central sulcus, and for foot pain, in

the interhemispheric fissure in addition of the grid elec-

trode. After implantation of the test electrodes, electrical

stimuli were delivered to various areas. Final Resume

(Medtronic, Inc., Minneapolis, MN) was implanted after

the definition of the best location for pain relief [31, 32].

Fig. 1. Published cases of deafferentation

pain treated by MCS; 67% central pain and

32% peripheral pain. The two exceptions are

combinations of central pain and movement

disorders (listed here as movement disorders)
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Results of motor cortex stimulation (MCS)

If one considers the difficulty in treating central

neuropathic pain, trigeminal neuropathic pain and cer-

tain types of refractory peripheral pain, MCS appears to

be a very promising technique with nearly 60% of the

patients being improved with a higher than 50% pain

relief after several months of follow-up and sometimes

of a few years in most reports. Considering the number

of cases published and their outcome, post-stroke pain

and trigeminal neuropathic pain are the only conditions

with significant improvement and, hence, these can be

considered as valid indications for MCS (Fig. 2).

The relatively big number of patients with post-stroke

pain who have been treated by MCS can be explained by

two factors: a) post-stroke pain is the biggest patients

category with deafferentation pain, and b) the therapeu-

tic options for this condition are very limited. The num-

bers are smaller in trigeminal neuropathic pain but the

results are excellent and very consistent in most reports

with more than 70% of the patients being good respond-

ers [4, 8, 18, 21, 22]. Other types of central pain and

traumatic spinal cord injury have responded with promis-

ing results but more studies are needed in order to assess

more precisely the efficacy of MCS (Fig. 3). Brachial

plexus avulsion pain does not seem to respond well (less

than 50% of responders) [7, 22, 32, 36]; results for phan-

tom-limb pain [2, 29, 30, 32] are better but they tend to

vary from one report to the other, and the treated cases

are few to draw any conclusions. In peripheral nerve in-

jury where spinal cord stimulation (SCS) usually fails, the

results of MCS are excellent [2, 18]. If these excellent

results were confirmed, the therapeutic strategy of se-

lecting between SCS and MCS should be reconsidered.

More studies with rigorous methodology are needed to

validate the indications. rTMS trials have a potential in

predicting the effectiveness of MCS in the treatment of

deafferentation pain [16, 19, 34]. Usually intermittent

MCS trial stimulations were performed. The pain relief

induced by a period of MCS is temporary. The longest

MCS effect was 24 hours after 30 minutes of stimula-

tion. Some patients had pain relief for only one hour

after stimulation. In general, the obtained pain relief

by a period of MCS lasts for 3–5 hours [31]. In some

cases we observed a decrease of the MCS effectiveness

after implantation; however, the cause of this decrease

in efficacy has remained unknown. The stimulation pa-

rameters were usually as follows: a) relatively low fre-

quency (25–50Hz), b) impedance between 900 and

1500 ohm, and c) amplitude subthreshold of this that

induces muscle twitch.

Fig. 2. Cases of post-stroke pain and trigemi-

nal neuropathic pain; these two conditions can

be considered as valid indications for MCS.

82 of 159 (52%) of post-stroke pain patients

showed pain relief (>50%), and 33 of 45

(73%) of trigeminal neuropathic pain patients

showed improvement

Fig. 3. Other types of central pain and

traumatic spinal cord injury that have pro-

vided promising responses to MCS. 10 of

19 (53%) of phantom-limb pain patients

showed pain relief (>50%), 8 of 18 (44%)

of brachial plexus avulsion, 4 of 5 (80%)

of peripheral nerve injury, 7 of 8 (88%) of

spinal cord injury, and 9 of 14 (64%) of

other types of central pain
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Complications

Epileptic seizures have been reported during test stim-

ulation; this was probably due to the variability of test

conditions. Paresthesia, dysesthesia and chronic contrac-

tion during test stimulation are more common. Speech

disorders have also been observed but rarely. The low

rate of epileptic seizures during chronic stimulation (0.7%)

means that stimulation of M1 with the correct range of

parameters is reasonably safe. Paresthesia and dysesthe-

sia have been documented in a small percentage (2.2%)

of the published cases. In total, 11.4% of the published

cases were associated with an adverse effect. The most

serious complications were epi- or subdural hematoma,

epileptic seizures, and aphasia or dysphasia and repre-

sented 3.6% of the reported cases. The larger craniotomy

should decrease the risk of epi- or sub-dural hematoma

and their consequences; a larger craniotomy allows

better visual control of the lead, makes less likely the

accidental removal of the grid or lead, and reduces

the risk of inadvertent opening of the dura [20, 31, 32].

The risk of peri-operative hemorrhage is lower com-

pared to DBS.

In one study, two major adverse effects occurred dur-

ing a long follow-up [32]. Two patients developed ce-

rebral hemorrhage; one died and the other remained in

a vegetative state. None of these major complications

can be linked to the MCS procedure itself or the chronic

stimulation, but they are more closely related to the

medical history of the patients. This is especially true in

patients with post-stroke pain. It has already been dem-

onstrated than stroke patients are likely to develop a

second stoke in the years that follow the first stroke.

Pain relief mechanism with MCS

Tsubokawa et al. proposed that in patients with central

deafferentation pain, activation of hypothetical sensory

neurons by MCS might inhibit deafferentation nocicep-

tive neurons within the cortex [39]. The mechanism of

phantom-limb pain is unknown; however, both hyperac-

tivity of peripheral nerves and sensitization of spinal

neurons may play a part [3, 38].

So far, positron emission tomography (PET) studies,

using 15O-labeled water, have shown no significant rCBF

change in the right primary sensory cortex and the

M1 close to the location of MCS electrode [23, 33].

Therefore, it was speculated that MCS does not reduce

pain by stimulating either of these cortices directly.

Tsubokawa’s hypothesis is that MCS activates non-

nociceptive fourth-order sensory neurons, which in turn

inhibit hyperactive nociceptive neurons in the sensory

cortex [39]. However, no significant changes were in-

duced in the parietal cortex, thus indicating that the

sensory cortex is probably not the key structure in MCS-

induced pain reduction. A model of MCS action was

proposed by Garcia-Larrea et al. whereby activation of

thalamic nuclei directly connected with motor and pre-

motor cortices would entail a cascade of synaptic events

in pain-related structures receiving afferents from these

nuclei, including the medial thalamus, anterior cingulate

and upper brainstem. MCS could influence the affective-

emotional component of chronic pain by cingulate-

orbitofrontal activation, and lead to descending inhibition

of pain impulses by activation of the brainstem; this

is also suggested by the attenuation of spinal flexion re-

flexes [6]. Ipsilateral thalamic hypometabolism has been

reported in cases of central pain. Increased rCBF dem-

onstrated by PET indicates increased synaptic activity,

which can subserve either excitatory or inhibitory mech-

anisms. Thalamic CBF changes may reflect the activa-

tion of inhibitory processes; this is in agreement with

animal studies showing that pathologically hyperactive

thalamic neurons are inhibited by MCS [11]. The mech-

anisms of deafferentation pain and that of MCS efficacy

have been under investigation, and will probably be bet-

ter understood in the near future.

rTMS

Recently, rTMS has been applied in the treatment of

psychiatric and neuro-degenerative diseases such as de-

pression [15], dystonia [35], schizophrenia, Parkinson’s

disease, and epileptic seizures [40]. Based on the ex-

perience with MCS, rTMS is now beginning to be ap-

plied in cases of intractable deafferentation pain [16, 26].

Hirayama et al. [9] applied rTMS precisely to M1 using

navigation-guided figure-of-eight coil. Effective treat-

ment was defined as a VAS improvement of more than

30%. Ten of 20 patients (50%) showed significant reduc-

tions in pain on the VAS following the stimulation of

M1. Five Hertz stimulation of M1 reduced intractable

deafferentation pain in approximately one every two

patients. The pain reduction continued to be significant

for three hours. Lefaucheur et al. [16] reported that

10Hz rTMS of the motor cortex resulted in a significant

but transient relief of chronic pain; this was influenced

by pain origin and pain site. The factors most favorable

for rTMS treatment are a trigeminal nerve lesion and

the presence of sensation in the painful zone. The fac-

tors least favorable are brainstem stroke, limb pain, and
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severe sensory loss. A few other reports have also sup-

ported the effectiveness of rTMS on pain [37]. rTMS

may be a good predictor of MCS efficacy; Saitoh et al.

suggested that MCS can be recommended to patients

who had good results following rTMS [34]. In the

future, it is possible that rTMS could take over from

MCS as a treatment for deafferentation pain.
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Summary

The conditions of motor cortex stimulation (MCS) applied with

epidural electrodes, in particular monopolar (cathodal or anodal) and

bipolar stimulation, are discussed. The results of theoretical studies,

animal experiments and clinical studies lead to similar conclusions.

Basically, cortical nerve fibres pointing at the epidural electrode and

those normal to this direction are activated by anodal and cathodal

stimulation, respectively. Because MCS for the relief of chronic pain

is generally applied bipolarly with electrodes at a distance of at least

10mm, stimulation may actually be bifocal. The polarity and magnitude

of a stimulus needed to recruit cortical nerve fibres varies with the

calibre and shape of the fibres, their distance from the electrode and

their position in the folded cortex (gyri and sulci). A detailed analysis

of intra-operative stimulation data suggests that in bipolar MCS the

anode of the bipole giving the largest motor response in the pain region

is generally the best electrode for pain management as well, when con-

nected as a cathode. These electrode positions are most likely confined

to area 4.

Keywords: Motor cortex stimulation; anodal stimulation; cathodal

stimulation; bipolar stimulation; computer modelling; motor evoked

potential.

Abbreviations

MCS Motor cortex stimulation; SCS spinal cord stimulation; PNS

peripheral nerve stimulation; PG precentral gyrus; PoG postcentral

gyrus; CS central sulcus (central fissure); MEP motor evoked potential;

CSF cerebro-spinal fluid; D-wave direct wave (non-synaptic); I-wave

indirect wave (mono-=polysynaptic).

Introduction

Motor cortex stimulation (MCS) has been introduced

by Tsubokawa et al. [32] as a treatment modality in the

management of medically refractory neuropathic pain

of central origin, in particular central post-stroke pain.

Apart from central pain [14, 19], trigeminal (facial)

neuropathic pain [20, 27] and other central and pe-

ripheral deafferentation pain syndromes [4, 21] have

been shown to be good indications for MCS treatment

as well.

Following a craniotomy, an electrode lead for spinal

cord stimulation (SCS) is placed on the dura mater over

the appropriate somatotopic part of the sensory-motor

cortex. This lead (Resume, Medtronic, Minneapolis, MS)

consists of a linear array of 4 disc electrodes (4mm diam-

eter, 10mm center separation) mounted on a flexible

paddle (�38mm long) and powered by an Itrel 3 pulse

generator (Medtronic). Some neurosurgeons employ two

leads in parallel, driven by a pulse generator having 8

output connections (Synergy, Medtronic). To allow suf-

ficient flexibility in positioning the lead(s), the craniot-

omy should have a diameter of about 5 cm.

Although in some centres the electrode array is placed

on the precentral gyrus (PG) parallel to the central sul-

cus (CS), it is now believed that most pain relief can be

obtained when the lead is placed across CS and stimula-

tion is applied bipolarly with the negative pole (cathode)

anteriorly over motor area 4 on PG and the positive pole

posteriorly over CS or the postcentral gyrus (PoG, so-

matosensory cortex, area 3). In chronic stimulation

the pulse amplitude is generally less than 50% of the

threshold magnitude of a motor-evoked potential

(MEP) in the painful body region. The stimulus pulse

parameters for chronic stimulation have the following

values: amplitude: 2–7V, duration: 30–450msec and rate:

20–110 pps. In contrast to SCS, MCS is not accompa-

nied by the perception of paresthesia, thus allowing the

performance of double blind studies.



Theoretical aspects

Cathodal and anodal stimulation

Although in MCS bipolar stimulation is considered to

be superior to monopolar cathodal stimulation, it was

believed that the anode is an indifferent electrode, un-

able to evoke any neuronal activity in the underlying

cortex. This assumption was based on the role of anodes

in peripheral nerve stimulation (PNS) and SCS. In these

applications nerve fibres are oriented either parallel to

the electrode array (peripheral nerves, dorsal columns),

or tangential (dorsal spinal roots). These axons are de-

polarized and eventually excited near a cathode and

hyperpolarized near an anode [11, 18, 28]. Although ex-

citation of these fibres can be obtained by anodal stim-

ulation as well, the current needed is 3–7 fold the

cathodal threshold current [3], which is far beyond the

clinical amplitude range in SCS [10] and PNS [33].

Mathematical models of neurostimulation

In 1879 Fritsch and Hitzig [5] were the first to report

on the superior excitability of the cerebral cortex in

surface anodal stimulation. This early finding has been

confirmed both by mathematical modelling and experi-

mental studies.

Struijk et al. [31] used a simple analytical model

employing cathodal and anodal point source electrode(s)

in a homogeneous conducting medium to predict the

response of myelinated nerve fibres having different

orientations to an SCS electrode array. They modelled

monopolar cathodal and anodal, as well as bi-, tri- and

quadrupolar stimulation. More recent models included

point source stimulation of complete neuron models

[17, 29] instead of myelinated axon models with sealed

ends, and an inhomogeneous model of human motor

cortex with realistic geometry and electrode dimensions

[15]. All these models led to the prediction that cathodal

stimulation on the distal side of the dendritic tree of e.g.,

a pyramidal tract neuron will depolarize (the distal parts

of) the dendritic tree and hyperpolarize the initial seg-

ment and proximal part of their axon. Anodal stimula-

tion has the opposite effect and may thus result in action

potential generation and propagation along the cortico-

spinal tract [2].

Nerve fibre orientation and effect of stimulation

Most cortical nerve fibres are present in bundles per-

pendicular to the cortical surface and in layers parallel to

this surface and will be indicated accordingly in this

chapter (see Fig. 1). ‘Perpendicular’ axons constitute the

ascending (thalamo-cortical, cortico-cortical, etc.) and

descending pathways (cortico-spinal, cortico-thalamic,

cortico-cortical etc.), whereas ‘parallel’ fibres include

their collaterals and intracortical connections. In the

convexity of a cortical gyrus these axons are either par-

allel to the plane of the overlying (epidural) electrode

array, or pointing (on their dendritic side) towards an

overlying electrode.

In accordance to the modeling predictions focal cath-

odal stimulation on the surface of a gyrus will activate

‘parallel’ fibres and inactivate (hyperpolarize) ‘perpen-

dicular’ fibres in the underlying cortex, whereas anodal

stimulation will activate ‘perpendicular’ fibres and hy-

perpolarize ‘parallel’ fibres. The effects of cathodal and

anodal monopolar stimulation are summarized in Fig. 2.

Fig. 1. Weigert-stained microscopic cortex slice showing the orienta-

tion of ascending and descending ‘perpendicular’ fibre tracts and

‘parallel’ fibres (collaterals and other intracortical connections in

parallel to the cortical layers)

Fig. 2. Response of ‘perpendicular’ and ‘parallel’ cortical fibres to

focal cathodal and anodal stimulation on the convexity of a gyrus; well

excitable and non-excitable indicates that the fibre membrane is

depolarized and hyperpolarized, respectively
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Bipolar and bifocal stimulation

InMCS, pulses are generally applied bipolarly with two

adjacent disc electrodes having a center separation of

10mm. Amassian et al. [1] assumed that a major differ-

ence in current distribution would exist between mono-

and bipolar stimulation, the latter favoring the activation

of nerve fibres parallel to the bipole axis (particularly in

layer I) rather than ‘perpendicular’ fibres. Using their

computer model of motor cortex with realistic geometry

and tissue conductivities, Manola et al. [15] calculated

the electrical fields evoked by stimulation with two ad-

jacent epidural electrodes. They concluded that an elec-

trode distance of 10mm allows only minor mutual

influence of the cathodal and anodal fields in the under-

lying cortex, so that the cathode and the anode can be

considered as virtual monopoles. Since both the cathode

and the anode are capable of recruiting (different types

of) cortical nerve fibres, bipolar stimulation should be

considered as potentially bifocal stimulation.

Whether nerve fibres are actually stimulated near the

cathode, the anode or both depends primarily on the

cathodal and anodal threshold stimuli needed for their

activation. Thereby, it should be considered that the

magnitude of the anodal and cathodal electrical fields

in the cortex and thus the threshold stimuli, are strongly

influenced by the thickness of the well-conducting cere-

brospinal fluid (CSF) separating each electrode and the

cortex. If e.g., the thickness of the CSF-layer under the

anode and the cathode would be similar, stimulation

might be bifocal, whereas a different thickness would

result in stimulation near the electrode with the smallest

CSF-layer only. A smaller CSF-layer is accompanied

by a higher current density in the cortex and thus a

lower threshold current. The effect of the CSF-layer

thickness (0–2.5mm) on the depth of the electrical field

in a gyrus when a stimulus of 1V is applied is illus-

trated in Fig. 3.

When a stimulating electrode is centered above the

convexity of PG, some ‘perpendicular’ fibres are point-

ing towards this electrode, as indicated by fibre 1 in

Fig. 4. These fibres will be activated at anodal stimulation

only. In contrast, ‘parallel’ fibres are likely to be most

excitable when stimulated with a cathode. This simple

principle, however, only holds for nerve fibres in the

convexity of a gyrus.

Stimulation applied over a sulcus wall or lip

Due to the presence of cortical sulci, the previously

introduced rule is not appropriate for cortical regions in

a sulcus wall or its lip. The orientation of, e.g., the motor

Fig. 3. Current-density fields calculated in computer models of MCS; monopolar stimulation at 1V by a 4mm disc electrode in the epidural space,

centered on the convexity of the gyrus; models with cerebro-spinal fluid layers 0–2.5mm; 55 equidistant iso-current density lines 5–60mA=mm2
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cortex in the anterior wall of CS (area 4b) and all cor-

responding nerve fibres is changed relative to the over-

lying epidural electrode. Because the stimulus-induced

field has changed as well [16], the stimulation conditions

of all fibre types are different. Because the initial part of

the ‘perpendicular’ fibres (within the gray matter) is still

positioned almost normal to the cortical layers, these

fibres have different orientations according to their posi-

tion (ranging from the convexity of PG to deep in CS).

In contrast to fibre 1 in Fig. 4, pointing towards the elec-

trode and being excitable by anodal pulses only, the

proximal (intracortical) segment of fibre 3 (in the ante-

rior wall of CS) is almost parallel to the epidural disc

electrode and needs less current for its activation when

the electrode is a cathode. The ‘perpendicular’ fibre

in the anterior lip of CS (fibre 2 in Fig. 4) has an in-

termediate orientation and may be activated by both

anodal and cathodal stimulation. Due to the favorable

orientation of its proximal segment it is predicted that

fibre 3 needs less cathodal current for its excitation than

fibre 2, despite its larger distance from the electrode [15].

Similarly, ‘parallel’ fibres (of the same calibre) in the

anterior wall of CS, need least current for their activa-

tion when stimulated anodally. The various nerve fibre

types in the motor cortex should, therefore, not be con-

sidered as uniform populations regarding their response

to epidural stimulation, because their excitability varies

with their position.

In the next sections, electrophysiological studies on

motor cortex stimulation in cats and monkeys and in

chronic pain patients treated with MCS are discussed

and compared with predictions arising from the theoret-

ical approach presented in this section.

Experimental studies

Direct (D-wave) and indirect (I-wave) responses

In various electrophysiological studies on both cats and

monkeys it has been shown that focal, monopolar stim-

ulation with single stimuli on the surface of the exposed

PG may result in two types of responses as recorded

from the corticospinal tract: 1) a short latency, direct

response (D-wave) resulting from direct activation of pyr-

amidal axons either at their initial segment or at a prox-

imal node of Ranvier in the subcortical white matter;

2) longer latency, indirect responses (I-waves) most

likely resulting from indirect, mono- or polysynaptic ac-

tivation of pyramidal tract cells [1, 6, 9, 23–25]. I-waves

generally constitute a complex of several consecutive

MEPs at intervals corresponding to the synaptic delays.

In cats and monkeys, the response to anodal stimulation

was a short latency D-wave, whereas cathodal stimula-

tion initially evoked a polyphasic I-wave complex with a

longer delay and a higher threshold. When stimulating

the hand region of the baboon in the convexity of PG

with a cathode, Hern et al. [9] reported that the threshold

to activate pyramidal tract cells was about 50–400%

higher than in anodal stimulation and that this difference

is inversely related to the anodal threshold amplitude.

Gorman [6] observed that in focal cathodal stimulation

at the surface of the cat motor cortex, the I-wave had

a lower threshold than the D-wave. In several studies,

the response of pyramidal tract cells to cortical surface

stimulation was recorded intracellularly. Purpura and

McMurtry [26] reported that, in cats, these neurons were

depolarized by an anodal stimulus, whereas a cathodal

stimulus caused their hyperpolarization. Rosenthal et al.

[30] recorded pyramidal cell responses in cat motor cor-

tex and observed that the I-wave was preceeded by an

EPSP, delaying the response by 0.9msec. In contrast to

pyramidal cells, non-pyramidal cells in the superficial

cortical layers were usually hyperpolarized by anodal

stimulation [26].

These studies generally confirm the hypotheses that in

the convexity of PG: (1) cortico-spinal tract (‘perpendi-

cular’) fibres approximately pointing at the overlying

electrode are excited at a lower magnitude in anodal than

Fig. 4. ‘Perpendicular’ fibres originating at different positions in the

precentral gyrus; fibre 1 in the center, fibre 2 in the lip of the anterior

wall, and fibre 3 deep in the anterior wall of the central sulcus
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in cathodal stimulation, thereby evoking a D-wave and

an I-wave complex, respectively; (2) at supra-threshold

anodal stimulation the D-wave may be followed by an

I-wave complex, whereas in cathodal stimulation a

D-wave may follow the initial I-wave(s); (3) ‘parallel’

fibres, running almost normal to the cortico-spinal tract

fibres (and thus almost parallel to the plane of the

epidural electrode) are more likely excited at cathodal

stimulation. The latter fibres have both mono- and poly-

synaptic connections with cortico-spinal tract fibres [1].

Their (cathodal) stimulation may thus result in consecu-

tive responses of corticospinal tract fibres (MEPs) with

increasing delays instead of a non-synaptic, direct re-

sponse following anodal stimulation.

Because the architecture of the motor cortex is more

complex than the simplified models, the responses to

focal anodal and cathodal surface stimulation on the con-

vexity of PG cannot be defined so strictly. Only within a

limited anodal current range pyramidal tract fibres are

recruited selectively. At higher intensities the D-wave is

followed by an I-wave complex. The opposite happens

in cathodal stimulation: the initial I-wave is accompa-

nied by an earlier D-wave at a slightly suprathreshold

stimulus magnitude. Accordingly, the stimulus amplitude

ratio D=I is generally higher in anodal than in cathodal

surface stimulation [1].

Contrary to model predictions, Hern et al. [9] reported

that the region of the cat motor cortex with the lowest

threshold for anodal surface stimulation was always cen-

tered on the anterior lip of CS, whereas the region of

minimum threshold in cathodal stimulation was more

anteriorly in PG, but still overlapping the ‘anodal’ area.

This inconsistency may be explained by the abnormal

architecture of large cortico-spinal tract cells in the

uppermost part of CS, having a reversed orientation with

respect to the exposed surface of the brain [1, 8].

Bipolar stimulation

Because bipolar MCS can actually be considered as

bifocal stimulation [1, 25], it can be predicted from the

experimental and modelling studies which category of

cortical nerve fibres (‘parallel’ or ‘perpendicular’) is

most likely recruited in the vicinity of either the cathode

or the anode, or both. It has been shown that in the con-

vexity of PG the threshold stimulus for the recruitment

of (‘perpendicular’) corticospinal tract fibres, evoking

a D-wave, is minimal in anodal stimulation [9, 15].

Furthermore, the threshold stimulus for the recruitment

of ‘parallel’ fibres, evoking I-waves, is lowest in cathodal

stimulation, but higher than in anodal stimulation of

‘perpendicular’ fibres [6, 23]. When increasing the am-

plitude in bipolar stimulation, pyramidal tract fibres near

the anode will generally be recruited first. At a some-

what higher magnitude, ‘parallel’ fibres will be recruited

in the vicinity of the cathode. Finally, either ‘parallel’

fibres near the anode or ‘perpendicular’ fibres near the

cathode, or both, may be recruited as well. As dis-

cussed earlier in this chapter, the recruitment order will

be affected by the thickness of the CSF-layer below

the anode and the cathode. The only certainty is that in

bipolar stimulation the cathodal and anodal currents are

identical.

Clinical studies

Cathodal and anodal stimulation

The localization of a specific somatotopic area in the

motor cortex is the initial step in several neurosurgical

procedures, such as cortical ablation and neuromodula-

tion. In MCS, a craniotomy is made around PG and

a linear-electrode array is placed either epidurally or

subdurally over a cortical region including PG. Single

stimuli are generally applied monopolarly by each cor-

tical electrode and=or bipolarly by various electrode

combinations. Electrodes for surface electromyographic

(EMG) recording are placed over one or more muscles

in the painful body area. The recorded MEPs are gen-

erally characterized by a few parameters, including their

peak–peak amplitude. In some studies evoked responses

of the corticospinal tract have been utilized [12].

Katayama et al. [12] stimulated various cortical sites

of the exposed brain in 20 patients under general anes-

thesia to identify the motor cortex. The stimulating elec-

trode had four disc contacts of 5mm diameter and 10mm

center-to-center spacing. Single pulses were applied

either monopolarly, or bipolarly with various anode–

cathode combinations. The responses evoked in the

cortico-spinal tract were recorded with wire electrodes

placed in the spinal epidural space. Katayama et al.

reported that the evoked potentials had similar charac-

teristics as the D-wave in cats and monkeys. The stimu-

lus-response delays were so short that the responses

could not be mediated by one or more synapses, whereas

the threshold current was generally lower in anodal than

in cathodal monopolar stimulation. When stimuli of the

same magnitude were applied monopolarly, the evoked

potential was slightly larger in anodal than in cathodal

stimulation [12, 13]. Katayama et al. [12] also reported
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that the amplitude of the D-wave increased when the

bipolar distance was increased (from 10 up to 30mm).

(See also Final remarks: Effect of bipole distance on

MEP amplitude.) Moreover, when applying a stimulus

of high amplitude they observed that in some patients

the D-wave was followed by up to 3 waves resembling

the synaptically mediated I-waves evoked in animals.

Katayama et al. also observed that D-waves are resistant

to anesthesia and muscle relaxants, whereas I-waves are

vulnerable to the depth of anesthesia and that their shape

is affected by the modality of stimulation (cathodally,

anodally or bipolarly).

Bipolar stimulation

Generally, the initial response to bipolar stimulation

of the motor cortex will be elicited near the anode.

Some conditions may, however, favor an initial response

evoked near the cathode [7, 12]. This could happen

when the anode is situated near or above CS and the

cathode is above the convexity of PG, or when the thick-

ness of the CSF-layer in the vicinity of the two electro-

des (separated by 10–30mm centre–centre) is different. If

under the anode the thickness of this layer would exceed

the value below the cathode, the threshold amplitude of

the latter might become lower than the anodal one.

When stimuli are suprathreshold, cortical nerve fibres

in the vicinity of both the anode and the cathode may

evoke a response (bifocal stimulation). Because the elec-

trodes constituting a bipole are at least 10mm apart, the

anode and the cathode may either stimulate parts of the

same somatotopic region or representations of different

body areas, thus complicating the localization of a target

area. A simple way to avoid this problem is by stimulat-

ing monopolarly (anodally) instead of bipolarly.

Nguyen et al. [21, 22] placed one quadrupolar SCS

lead (Resume) or two leads in parallel on the exposed

dura mater in the target region as identified by fMRI.

The electrode arrays were placed across CS, thus cover-

ing part of motor area 4 and premotor area 6 (together

constituting PG) and area 3 (PoG). Single pulses of the

same magnitude and duration were applied bipolarly

with 14 different cathode–anode pairs and MEPs were

recorded from a few muscles in the painful body area(s).

Those bipolar combination(s) generating MEPs with the

largest peak–peak amplitude were assumed to be closest

to the cortical somatotopic representation of the corre-

sponding muscle. Surgery was completed when an ade-

quate muscle response was obtained. In the following

days, the analgesic effect of stimulation was tested with

various bipolar combinations at a stimulus magnitude of

20–30% of the MEP threshold. Generally, the most pain

relieving combination had the cathode on PG and the

anode at the adjacent electrode on the posterior side,

being either above CS or PoG.

The bipoles giving the largest intra-operative motor

responses and those giving most pain relief in a series

of 19 patients are represented by the positions of their

cathodes in Fig. 5a and b, respectively. In each figure,

the spatial distribution is in accordance with the somato-

topy of the sensorimotor cortex: from the face on the

inferior side via the hand, upper limb, thorax, abdomen

and pelvis to the lower limb on the superior side. When,

however, the distributions of the cathodes representing

the bipoles evoking the largest MEPs and those giving

most pain relief are compared, an obvious difference in

their distribution can be observed. The cathode positions

Fig. 5. Positions of the cathode in bipolar motor cortex stimulation

in 19 patients: (a) corresponding to largest MEPs in intra-operative

target localization; (b) corresponding to most relief of chronic pain

in post-operative stimulation; reproduced with permission from

Nguyen et al. [22]
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evoking the largest motor effects (Fig. 5a) are present

in most parts of motor area 4 and premotor area 6, and

a few posterior to CS in somatosensory area 3. In con-

trast, the cathode positions inducing the analgesic effect

(Fig. 5b) are generally confined to motor area 4, al-

though they seem to extend in the adjacent (posterior)

part of area 6. (See also Final remarks: How well can a

cortical target be covered by MCS.) The large difference

in cathode distributions shown in Fig. 5a and b suggests

that the cathode position of a bipole evoking the largest

MEPs is unlikely to be a reliable predictor of the cathode

position inducing a satisfactory analgesic effect in the

same somatotopic area.

In the previous sections it has been shown that the

recruitment of a muscle may result from both cathodal

and anodal stimulation on the cortical surface, or epidu-

rally. A larger stimulus is, however, needed in cathodal

than in anodal stimulation to elicit an I-wave (if evoked

at all under general anesthesia [12]) and a D-wave,

respectively. Because stimulation was applied bipolarly

and the cathodal and anodal currents have the same

magnitude, it is most probable that MEPs are generated

primarily near the anode of a bipole. This hypothesis

was tested in a detailed analysis of the intra-operative

MEPs elicited by supra-threshold pulses of the same

magnitude (30–40mA) and duration (2msec) applied

with 14 different cathode–anode combinations in each

of five patients.

In Fig. 6 all bipoles evoking a MEP in the deltoid (a)

and first dorsal interosseus muscle (b) of a patient, as

well as the corresponding peak–peak amplitudes (Vp–p)

of the MEPs are shown. The electrode numbers are indi-

cated on top of this table and Vp–p is given in both

microVolts and as a percentage of the largest MEP

recorded from the same muscle. The cortical representa-

tion of a body area will generally coincide with the

cathode or anode position providing the largest MEP

in that area (Vmax), whereas Vp–p will decrease with in-

creasing distance from this location. To determine

whether MEPs of the two muscles tested in each patient

were elicited by cathodal or anodal stimulation, we al-

located the Vp–p values exceeding 70% of Vmax to

the cathode and anode positions of the corresponding

bipoles. In Fig. 7a and b, the data of two patients are

shown in four 2�4 electrode arrays: the upper and lower

ones for the cathodes and anodes, respectively, and the

left and right ones for one muscle each. Two ranges of

Vp–p values are distinguished: 70–90% and 90–100%

of Vmax, and the corresponding electrodes are gray and

black, respectively. Moreover, the approximate position

of CS with respect to the 2�4 electrode array is indi-

cated by a straight line and the most likely position of a

muscle’s somatotopic representation by a gray oval, gen-

erally overlapping two adjacent electrodes.

The distributions of the cathodal and anodal elec-

trodes with Vp–p 70–100% of 5 patients were evaluated

according to the following criteria: (i) each muscle is

represented by a unique (or 2 adjacent) electrode(s);

(ii) the cathodes and=or anodes have a similar distri-

bution as the cathodes in chronic stimulation for pain

management as shown in Fig. 5b. The anodes related to

8 out of 9 muscles were uniquely located immediately

anterior to CS (3 cases) or on both sides at adjacent

electrodes (5 cases), as shown by the black and gray

circles surrounded by gray ovals in Fig. 7. Only 2 out

of 9 muscles were represented by a cathode close to

CS, one of them not being unique but accompanied by

a second one anteriorly (electrodes 2–3 and 4–5 in

Fig. 7b, fdi-muscle). As shown in Fig. 7c most cathodal

representations were on the frontal side of the electrode

array (most likely on area 6), whereas anodal represen-

tations were lacking on that side.

Fig. 6. Bipolar combinations eliciting MEPs in deltoid (a) and first

interosseus muscle (b) in a patient during intra-operative testing;

cathode and anode numbers correspond to electrode numbers 0–7 on

top of this Fig. Vp–p: peak–peak amplitude of MEP in microVolt and

percentage of highest value of each muscle
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Finally, the positions of the anodes giving the largest

MEPs have been compared with the cathodal position(s)

selected postoperatively for maximum pain relief by

each patient. The results shown in Table 1 clearly indi-

cate that the anodal and cathodal positions correspond

well, although the cathode selected for pain relief

sometimes correspond with an adjacent anode elicit-

ing a MEP with a somewhat smaller Vp–p (<100%).

The most probable explanation is that Vp–p varies with

the anode-cathode distance in bipolar stimulation (see

Closing remarks: Effect of bipole distance on MEP

amplitude). It is concluded that the anodal electrode

eliciting the largest MEP in the painful body region

is most likely providing most pain relief when pro-

grammed as a cathode.

Closing remarks

How well can a cortical target be covered by MCS

The optimal condition for MCS is that, one of the ac-

tive electrodes is centered on the cortical area to be stim-

ulated, because the efficacy of stimulation decreases when

the distance between the electrode and the cortical target

is increased. Taking into account that a 6mm space is

present between the edges of the 4mm wide disc elec-

trodes, the probability that the centre of a cortical target

area coincides with one of the electrodes is low.

The target may as well be centered in the 6mm wide

space between adjacent electrodes or aside the electrode

array where cortical tissue needs a higher stimulus to

be activated. When the target would be centered exact-

ly between adjacent electrodes on a lead, anodal (or

cathodal) stimulation by each one would ideally give

the same response. When instead, the target is more than

5mm apart from the centre of one electrode and less

than 5mm from the adjacent one, the effect of stimula-

tion by the latter will most probably be strongest. When

the stimulus applied is sufficiently large, the effective

radius of a stimulating electrode may exceed the radius

of the electrode (2mm), thus making the electrode posi-

tion less critical. The precision of MCS would, however,

be enhanced when the average distance between the

stimulating electrode and the cortical target would be

reduced. Another benefit of a smaller contact spacing

would be a reduction of the energy consumption by the

pulse generator.

Although several cathodes shown in Fig. 5b are situ-

ated on premotor area 6, most are centered less than

5mm anterior to the boundary between areas 4 and 6

Fig. 7. Electrodes of 2�4 arrays and related MEP amplitudes when

used as cathodes (top rows) and anodes (lower rows) of different

bipoles in 2 patients (a and b) and 2 muscles each (left and right);

electrode numbers shown on top of Fig. 6 (nrs. 0 and 4 on frontal side);

amplitudes indicated as % of highest value of each muscle: 0–70% –

white, 70–90% – gray, 90–100% – black; CS approximate position of

central sulcus; oval area: approximate cortical region giving largest

MEP; del deltoid muscle; fdi first dorsal interosseus muscle; oro orbi-

cularis oris muscle; c distribution of largest cathodal and anodal MEPS

of all 9 muscles

Table 1. Cathode giving most pain relief and anode(s) eliciting largest

MEPs in 5 patients; cathode and anode numbers correspond to electrode

numbers 0–7 (top of Fig. 6)

Patient Pain relief MEPs

Cathode(s) Anode(s) Vp–p in % Muscle

1 2 2 & 6 100 & 94 fdi

2 6 6 & 7 99 & 100 fdi

3 2 2 & 6 75 & 100 fdi

4 2 & 6 2 & 6 100 & 60 del

5 2 2 & 5 67 & 100 del
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(as indicated in Fig. 5b by the thin line 5mm anterior

to this boundary). Therefore, the pain relieving targets

of these electrodes may still be located exclusively in

motor area 4.

Effect of bipole distance on MEP amplitude

Katayama et al. [12] reported that the amplitude of

the D-wave increased when the anode–cathode distance

was increased from 10 to 30mm (center-to-center). Our

data on 5 patients generally support this observation, but

only if the anode is kept in place and the cathode is

displaced. As shown in Fig. 6a anode 2 evokes a larg-

er Vp–p in combination with electrode 0 (91 mV) than

with electrode 1 (52 mV) as the cathode, and anode

3 gives a larger Vp–p with electrode 1 (34 mV) than with

electrode 2 (14 mV) as the cathode. From Fig. 6b it is

shown that anode 6 evokes a larger Vp–p when electrode

4 is the cathode (237 mV) than with 5 (56 mV) or 2

(44 mV). This observation also provides additional evi-

dence for the previous conclusion that MEPs are elicited

by the anode of a bipole.

Because the magnitude of a MEP varies with the size

of the stimulating bipole and since the set of bipoles for

intra-operative stimulation generally includes different

anode–cathode distances, the bipole eliciting the largest

MEP may not be the optimal choice for therapeutic

stimulation. A second disadvantage of bipolar stimulation

is the probability of bifocal stimulation. To identify the

best electrode unambiguously, monopolar cathodal and

anodal stimulation should be applied.

Which cortical nerve fibres mediate the analgesic

effect of MCS

The data presented in this chapter may be helpful

to unravel which cortical nerve fibres will most likely

be activated in order to bring about pain relief. It has

been shown that anodal epidural stimulation of any part

of motor area 4 results in a low threshold, direct (non-

synaptically mediated) MEP of the corresponding mus-

cle(s), whereas cathodal stimulation at the same location

and a 50–70% lower magnitude results in pain relief.

Abundant evidence is present to confirm that epidural

anodal stimulation immediately activates descending cor-

ticospinal nerve fibres originating from primarily large

pyramidal (Betz) cells in layer V of motor area 4.

Conversely, cathodal stimulation activates most probably

large myelinated fibres parallel to the cortical layers,

including: (i) collaterals of specific thalamocortical

projections from ventrolateral-ventral anterior (VL-VA)

thalamic nuclei, (ii) collaterals of cortico-cortical pro-

jections, particularly from the postcentral and premotor

cortex, (iii) intrinsic cortical connections in parallel to

the cortical layers (1). Those ‘parallel’ nerve fibres ac-

tivated at a low stimulus level (20–50% of the motor

threshold) constitute most likely the initial link of the

neuronal chain(s) finally resulting in the relief of pain

perception.

The main parameters determining the excitability of

a nerve fibre are its diameter and shape, as well as its

position with respect to the stimulating electrode [15].

Fibres with a low threshold when stimulated epidurally

with a cathode would most likely be large diameter

‘parallel’ fibres in layers I, V or VI of motor area 4.

However, almost no morphometric data on the diameter

distributions of these fibres could be found in the litera-

ture. The largest nerve fibres are of particular interest

because they will generally be activated by the weakest

stimulus.

Finally, it should be considered that nerve fibre action

potentials elicited by electrical stimulation will gener-

ally propagate both orthodromically and antidromically.

If, for example, large fibres of a specific thalamocortical

projection from VL-VA thalamic nuclei would be acti-

vated by MCS, these fibres might antidromically impose

an effect on VL-VA thalamic nuclei via the intrathalamic

collaterals of these fibres.
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Summary

Functional neuroimaging has demonstrated that a relationship exists

between the intensity of deafferentation pain and the degree of deaf-

ferentation-related reorganization of the primary somatosensory cortex.

It has also revealed that this cortical reorganization can be reversed after

the attenuation of pain. Deafferentation pain is also associated with

hyperactivity of the somatosensory thalamus and cortex. Therefore, in

order to suppress pain, it seems logical to attempt to modify this deaf-

ferentation-related somatosensory cortex hyperactivity and reorganiza-

tion. This can be achieved using neuronavigation-guided transcranial

magnetic stimulation (TMS), a technique that is capable of modulating

cortical activity. If TMS is capable of suppressing deafferentation pain,

this benefit should be also obtained by the implantation of epidural stim-

ulating electrodes over the area of electrophysiological signal abnorm-

ality in the primary somatosensory cortex. The first studies demonstrated

a statistically significant pain suppression in all patients and a clinically

significant pain suppression in 80% of them. This clinical experience

suggests that somatosensory cortex stimulation may become a neuro-

physiology-based new approach for treating deafferentation pain in se-

lected patients. In this chapter, we review the relevant recent reports and

describe our studies in this field.

Keywords: Neuromodulation; deafferentation pain; neurostimula-

tion; phantom limb pain; somatosensory cortex; transcranial magnetic

stimulation; TMS; stimulation.

Introduction

Any lesion along the somatosensory tract can cause

deafferentation and lead to the generation of peripheral

or central neuropathic pain. Deafferentation leads to

phantom sensations in 90–98% of limb amputees [71].

The sensations arise immediately in 75% of the pa-

tients, as soon as anesthesia wears of, or they are de-

layed by two to three weeks in the remaining 25% [71].

Phantom pain, a particular type of phantom sensation,

is present in 70% of limb amputees [81]. Even though

in 14% of the patients the pain decreases in time [81],

it is generally accepted that once the pain continues

for more than 6 months it becomes difficult to treat

[71]. Several treatments are used with variable success

and include medications [30, 63], transcutaneous elec-

trical nerve stimulation, nerve root stimulation, re-

gional nerve blocks, epidural treatments [30], motor

cortex stimulation (MCS) [4, 62, 93], and thalamic stim-

ulation [38, 41, 45]. Neurobiological [36, 55], neurophy-

siological [23, 52] and functional neuroimaging data

[10, 23, 50, 52, 66, 70] demonstrate that mechanisms

of cortical plasticity are activated and lead to somatosen-

sory cortex reorganization and the associated phantom

sensations.

Plasticity in the auditory and somatosensory system

Focal parenchymal development and reorganization in

all areas of adult sensory cortex is governed by common

mechanisms of synaptic plasticity [6, 21, 77, 92]. These

processes have been studied extensively in the auditory

system and auditory cortex and they could serve as a

model for understanding plasticity in other areas of the

sensory cortex. The auditory system develops in two

stages [37, 99]. The first stage of synapse or auditory

tract formation seems to be genetically determined [83]

and requires the release of a chemotropic factor [37, 84].

This is followed by fine-tuning of the synapses lead-

ing to the formation of a tonotopic structure [78]. In

animals that have been born deaf, the auditory sys-

tem has a rudimentary tonotopic organization [32, 42].

The development of finely tuned tonotopy, however,



requires electrical activity from auditory input during a

critical period [31, 82]. It is the product of self-organi-

zation [18] via apoptotic resorption of surplus synapses

and neurons [79, 84]. The auditory input only influ-

ences the development of tonotopy, but the electrical

stimulation of the cochlea can modify the rudimentary

tonotopic organization in animals that never had any audi-

tory input [39, 40]. The mature auditory system demon-

strates strong capacity for reorganization, adjusting itself

to any change in the auditory environment [25, 87]. The

tonotopic maps are not rigid and may be altered or re-

organized by: a) normal physiological stimuli (such as

learning), b) relevant environmental stimuli [25, 74, 97],

c) sound overexposure [9], d) partial unilateral hearing

loss [19, 31], e) focal electrical auditory cortex stimula-

tion [87, 88], and f) tinnitus [61]. The tonotopic map

can, however, also be reorganized via direct cortical

stimulation as it has been demonstrated in the big brown

bat. Electrical auditory cortex stimulation can change

the tonotopic map in the cortex [7], thalamus [104], and

inferior colliculus [25, 104] suggesting that the cortico-

fugal pathway is involved in this tonotopical reorganiza-

tion [87].

The above apply to the somatosensory system as

well; the development of somatotopy depends on in-

coming somatosensory input [101]; any alteration of

somatosensory input, whether physiological (discrimi-

nation training) [73] or pathological [36] will induce

cortical reorganization in the developing or adult so-

matosensory cortex. The somatotopic map can also

be reorganized by direct cortical stimulation [72]. Peri-

pherally induced and maintained reorganization is

initiated immediately after injury or training [20, 100].

This first stage lasts from minutes to weeks and leads to

axonal growth and synaptic sprouting. If this process is

maintained by chronic peripheral input, permanent

connections (cortical, thalamothalamic or corticothala-

mic) develop in the second stage [67, 100] leading to

intractable phantom limb pain. Subsequent changes in

the peripheral input do not affect the changes of the

second stage [100]. This explains why phantom pain

becomes very difficult to treat once it has been present

for more than 6 months [71]. If phantom limb pain is

related causally with cortical reorganization, one would

expect the reversal of this reorganization in patients

whose neuropathic pain has been treated successfully.

This re-reorganization has been demonstrated by mag-

netoencephalography (MEG) in patients suffering from

neuropathic or complex regional pain who become pain

free after spinal cord stimulation [53, 89].

Clinical analogy between tinnitus and phantom pain

In addition to the developmental and reorganizational

processes, additional common features exist between

phantom pain and tinnitus [56, 58, 59, 91]. Both symp-

toms are wholly subjective sensations that may change

in character and quality. Both can be suppressed or

relieved by electrical stimulation and both exhibit resi-

dual inhibition. Transection of an afferent nerve usually

does not help in relieving tinnitus or chronic pain. In

both conditions, the ascending system is modified by a

descending counterpart, and in both systems ascending

and descending fibers make connections with the thala-

mus and cortex. This leads to similar characteristic symp-

toms in both tinnitus and phantom pain [58, 59, 91]. A

normal stimulus to the skin in patients with phantom

pain can create a painful sensation (allodynia), in the

same way, patients with tinnitus can perceive a sound

as unpleasant or painful. A painful stimulus in patients

with phantom pain often generates an explosive and pro-

longed reaction to the stimulus (hyperpathia) similarly to

the hyperacusis in tinnitus patients [57]. The ‘‘wind-up

phenomenon’’, a worsening of the pain sensation with

repeated stimuli of the same intensity is also seen in

tinnitus, and the patients describe an increasing unplea-

sant sensation on repetition of the same sound [58, 59].

Furthermore, a feeling of anxiety, nausea and stress re-

sponse are often encountered in both phantom pain and

tinnitus [58, 59].

Rationale for somatosensory cortical stimulation

in deafferentation pain

The neurobiological, pathophysiological and clinical

analogies between deafferentation tinnitus and deaffer-

entation pain [33, 56, 58, 59, 91] suggest that the treat-

ment strategy that has been developed recently for

treating tinnitus (see chapter on auditory cortex stimula-

tion for tinnitus), could be applied to deafferentation pain

as well. This basic strategy can be summarized as fol-

lows: 1) phantom phenomena are caused by cortical

hyperactivity and reorganization, 2) hyperactivity and

reorganization can be demonstrated by functional neu-

roimaging techniques such as positron emission tomo-

graphy (PET), functional magnetic resonance imaging

(fMRI) or magnetic source imaging (MSI), 3) the area

of hyperactivity and reorganization can be influenced

by neuronavigated TMS, and 4) if pain is successfully

suppressed by TMS, a stimulating electrode can be im-

planted epidurally over the area of cortical hyperactivity

and reorganization, in order to suppress the pain.
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Phantom phenomena and cortical hyperactivity

and reorganization

The electroencephalogram (EEG) power spectrum

(firing rate) and the level of consciousness are correlated

[103]; the higher the frequency and the lower the ampli-

tude are, the higher the level of consciousness is. Delta

waves (1–3Hz) are recorded in deep sleep, anaesthesia

and coma, and theta waves (4–7Hz) are noted in light

sleep. Alpha waves (8–12Hz) are detected from sensory

areas in resting state with the eyes closed and beta waves

(13–30Hz) are detected frontally when people attend

to something; beta waves provide an excitatory back-

ground for the appearance of gamma-band oscillations

(30–45Hz) [2]. The synchronization of separate gamma

band activities, present in different corticothalamic col-

umns [86], is proposed to bind [28, 29] the dispersed

neural gamma activity into one coherent sensory percept

[14, 17, 35, 46, 47, 64, 75, 90]. Stimulus-related gamma

band activity is similar in the somatosensory and audi-

tory systems (see chapter on auditory cortex stimulation

for tinnitus); a first phase locked gamma activity arises

as early as 30–70ms from stimulus onset. The cortical

processing of consciously perceived and unperceived

somatosensory stimuli is thought to be identical during

the first 100–120ms after stimulus onset [64]. Subsequent

(>200ms), nonstimulus-locked gamma band (28–50Hz)

oscillatory activity reflects consciously perceived stim-

uli. Somatosensory event-related and phase-ordered

gamma oscillations (38–42Hz), are elicited by the onset

of painful stimuli over the corresponding scalp site, and

are linearly related to pain perception [16]; gamma2

(38–42Hz) and gamma3 (42–46Hz) bands have signif-

icant predictive value of pain ratings during pain induc-

tion [17]. In other words, synchronized gamma band

activity seems to be a necessary prerequisite for the

conscious perception of pain [1, 16, 17, 48, 49, 80].

Deafferentation pain is associated with hyperactivity

at the somatosensory thalamic [11, 49, 76] and cortical

levels [11, 49], and bursting activity at theta frequencies

(4–7Hz) at the thalamic and cortical levels [27, 34, 44].

This coherent thalamic and cortical theta activity is due

to the generation of low-threshold calcium spike bursts

by thalamic cells [34]. It has been suggested that the

Fig. 1. Loreta transformation [65] of filtered theta and gamma band activity demonstrate thalamocortical dysrhythmia [48, 49] in a patient suffering

from unilateral deafferentation pain in the right upper limb region. Note that only in the lower part of the contralateral somatosensory cortex, more

pronounced theta and gamma band activity is present
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emergence of pain results from ectopic gamma band

activation (edge effect) in accordance with the ‘‘thala-

mocortical dysrhythmia’’ model of deafferentation pain

[48, 49]. Gamma band activity is normally present in

the sensory cortex in locally restricted areas for short

times [13, 51]. It has been proposed that this temporal

coherence establishes feature specification and cognitive

binding through synchronization [11, 29, 85]. The syn-

chronized gamma oscillations, however, persist focally

in a pathological state, which is associated with deaf-

ferentation pain. This can be detected by quantitative

EEG recordings, when filtered at theta and gamma bands.

Furthermore, performing low resolution tomographic

(loreta) transformations [65] of these filtered EEG data

creates a functional image of the spontaneous electrical

activity of the brain, depicting the location of the spon-

taneous ‘‘thalamocortical dysrhythmic hyperactivity’’,

which is associated with deafferentation pain.

Reorganization of the somatosensory cortex has been

visualized using magnetic source imaging (MSI), and

a very strong direct relationship (r¼ 0.93) between the

amount of cortical reorganization and the intensity of

phantom limb pain has been demonstrated [23, 52].

Furthermore, pain related primary somatosensory cortex

reorganization [52] reverses simultaneously with clinical

improvement [53]. Reorganization and synchronized hy-

peractivity are most likely related to each other. It has

been suggested that synchronized hyperactivity leads to

reorganization, based on Hebbian mechanisms (neurons

that fire together, wire together) [22]. Thus, deafferen-

tation pain-related synchronized gamma band activity

[1, 16, 17, 48, 49, 80] could result in cortical reorganiza-

tion by stabilizing synchronously firing axons (Hebbian)

and segregating non-synchronized thalamocortical input

(anti-Hebbian).

Hyperactivity and reorganization on functional

neuroimaging

PET [5], fMRI [10, 50] or MSI [23, 52, 98] can

demonstrate cerebral alterations in metabolism, blood

oxygenation, and magnetic activity, respectively, which

are associated with physiological or pathological activ-

ity. Event-related synchronization in the gamma band

(32–38Hz) correlates with the BOLD effect on fMRI

[3, 24], suggesting that fMRI can visualize the gamma

band synchronized activity that is associated with deaf-

ferentation pain. fMRI studies in neuropathic pain

demonstrate activation in the contralateral primary so-

matosensory cortex, parietal association cortex, inferior

frontal cortex and in the anterior cingulate gyrus, as well

as bilateral activation in the secondary somatosensory

cortex and the insula [54, 66, 68, 69, 102]. Furthermore,

it seems that there is a linear relationship between the

intensity of pain and the amplitude of the BOLD signal

[60, 69]; however, only the contralateral primary soma-

tosensory cortex can discriminate intensity differences

(of 1� centigrade) of small noxious stimuli [60].

Effects of neuronavigated TMS on hyperactivity

and reorganization

TMS is an accepted method to study cortical plastic-

ity [12, 94, 95]. It delivers electrical current of up to

8Amp at the coil and induces a magnetic field pulse

of up to 2.5 Tesla. The changing magnetic field creates

an electrical field of 500V=m resulting in neural activity

[96]. The area influenced directly by TMS depends on

the coil configuration, but averages to a diameter of 3 cm

[8]. On initiating the TMS study, the motor cortex is

localized by high intensity stimulation, and by decreas-

ing the stimulus intensity to the level that no more con-

tractions of the opponens pollicis can be elicited (motor

threshold, MT). Subsequently, the somatosensory cortex

is localized by fMRI-based neuronavigation, and mag-

netic pulses at different frequencies (1, 5, 10 and 20Hz)

are delivered at 90% of MT. Using this technique,

8 patients underwent a fMRI for localizing the area of

cortical reorganization. The target was located on the

somatosensory cortex, at a site corresponding to the area

of pain hyperactivity.

Neuronavigation-guided TMS was able to suppress

deafferentation pain (in a placebo-controlled study) in

Fig. 2. fMRI-guided TMS for deafferentation pain. The red area

corresponds to the deafferented painful area. Green arrows point at the

corresponding somatosensory cortex activation area. Note the activa-

tion of the anterior cingulated area, bilateral insula periaquaductal grey

and contralateral motor cortex area. This motor cortex activation is due

to the patient rubbing her right forehead with her left hand in the MRI

scanner (Publication of picture with patient’s approval)
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5 of 8 patients. The TMS results of a representative case

are shown in Fig. 3 and demonstrate a dose-response

curve, for both pain suppression and residual inhibition.

Most TMS studies target the motor cortex. There are

multiple arguments for this motor cortex – centered ap-

proach. Penfield observed sensory responses during elec-

trical stimulation of the motor cortex in a patient who

underwent previously surgical resection of the corre-

sponding somatosensory cortex for treatment of epilepsy

[43]. Clinical and experimental data demonstrate the exis-

tence of hyperactive thalamic neurons in patients with

deafferentation pain compared to controls. These neu-

rons can be inhibited by motor cortex stimulation (MCS);

however, somatosensory cortex stimulation had no effect

[44, 76, 93]. First clinical experiences with somatosen-

sory cortical stimulation showed either an increase of pain

or had no effect [93]. Notably, cortical stimulation with

low parameters, both low amplitude and low frequency,

prevents the iatrogenic induction of pain or paresthesias

by TMS in these patients and is capable of suppressing

the deafferentation pain.

Cortical hyperactivity and reorganization:

successful pain suppression by TMS and epidural

cortical electrode lead

The underlying mechanism of cortical stimulation is

not known; it may be related to activation of descend-

ing corticofugal axons that cause an increased synaptic

activity in the thalamus rather than an activation of api-

cal dendrites in the cortex; this has been demonstrated

by PET in humans suffering from pain [26]. Thus, cor-

tical stimulation can activate and increase the firing rate

in deafferented neurons, which are normally firing at low

frequencies (4–7Hz); this results in more pronounced

lateral inhibition [48] of gamma band hyperactivity, at

the lesion margin and, similarly to tinnitus suppression,

it deactivates the neural substrate which is responsible

for the deafferentation pain (see chapter on auditory

cortex stimulation for tinnitus). In 5 patients with deaf-

ferentation pain who were treated with somatosensory

cortex stimulation, we observed a significant improve-

ment [15]. One advantage somatosensory cortical stimu-

lation might have over MCS is that changing the

stimulation parameters has an immediate effect (within

seconds), whereas MCS has a delayed effect; this makes

the former a lot easier and less time-consuming in pro-

gramming the stimulation parameters. On the basis of

the above findings, it is evident that an important field

for investigation will be whether somatosensory cor-

tex stimulation could be capable of treating the same

patients as MCS or different categories of patients suf-

fering from phantom pain.

Conclusion

Somatosensory cortex stimulation could become a

novel approach for deafferentation pain, and is worthy

of further investigation. In order to select patients with

pain, who are the right candidates for this procedure,

fMRI-based and neuronavigation-guided TMS could be

used as non-invasive preoperative tools with potentially

prognostic value.
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Summary

According to recent clinical data, motor cortex stimulation (MCS) is

an alternative treatment for central pain syndromes. We present our

minimal invasive technique of image guidance for the placement of

motor cortex stimulating electrode and assess the clinical usefulness of

both neuronavigation and vacuum headrest. Neuronavigation was used

for identification of precentral gyrus and accurate planning of the single

burr-hole. The exact location was reconfirmed by intraoperative phase

reversal of somatosensory evoked potential (SSEP) and clinical response

after electrical stimulation test. Implementation of navigation technique

facilitated localization of the precentral gyrus with a high degree of ac-

curacy. Determination of stimulating electrode placement was possible

in every case. Postoperative clinical and neuroradiological evaluations

were performed in each patient. All patients experienced postoperative

relief from pain. Our preliminary series may confirm image guidance as

a useful tool for surgery of MCS. Additionally, minimal and safe expo-

sure can be performed using a single burr-hole and vacuum head rest.

Keywords: Central pain; motor cortex stimulation; intra-operative

somatosensory; neuronavigation; thalamic pain.

Introduction

Motor cortex stimulation (MCS) is a neurosurgical

intervention using epidural electrode placement over

the motor cortex to treat complex central and neuro-

pathic pain disorders. Although the scientific basis for

pain relief with this technique remains obscure, the avail-

able literature proposes that at least part of the effect

may be mediated via the inhibition of thalamic pain

pathways [1, 3, 9, 13, 19]. Tsubokawa and colleagues

reported their first clinical experience of MCS in cen-

tral pain syndrome patients in 1991, after discovering

that MCS profoundly inhibited the abnormal firing of

thalamic neurons in their cat model of spinothalamic

tractotomy [34, 35]. Subsequently, MCS has been used

increasingly in patients with central pain after putaminal

or thalamic stroke [15, 16, 22, 23, 29, 33] and for pain

originating from trigeminal system structures for which

no other effective surgical option is available [7, 15, 20,

22, 24, 26, 33].

Operative technique

Localization of the motor cortex

Numerous successful operations of motor cortex sti-

mulation for central and neuropathic pain have been

published during the past two decades [6, 23, 29, 34].

However, precise localization of precentral gyrus re-

mains the meaningful step of this procedure; many

techniques have been applied to determine this cortical

landmark [8, 17, 22, 31], but these techniques have not

been systemically compared [37]. Some neurosurgeons

used external bony landmarks for exact positioning of

the cranial burr-holes [31]. Others relied on phase rever-

sal of the N20-P20 somatosensory evoked potential

(SSEP) at the Rolandic fissure (RF) [17, 38]. Most in-

vestigators create a craniotomy when performing motor

cortex stimulation for correct placement of the grid

electrode [22, 25, 27, 30]. Nguyen et al. are the pioneers

who introduced a planning technique for motor cortex

stimulation using frame-based stereotaxy [22]. In recent

years, neuronavigation has gained increasing significance

in planning craniotomies and localizing small, deep-

seated pathological lesions [11, 12, 28, 32]. Neuronavi-

gation is employed in MCS surgery in order to localize

precisely the motor cortex and reduce the operation time.

The image guidance system also provides ongoing feed-

back to the surgeon on the cortical structures encountered



during electrode placement. Imaging transfer of MRI is

convenient, and anatomical localization of the central

sulcus can be obtained readily, so that the single precen-

tral burr-hole can be performed following morphologic

recognition of the precentral gyrus. SSEP and intraopera-

tive stimulation tests are other combined modalities,

which are definitely useful and countercheck the correct

and suitable site for placement of the stimulating elec-

trode. Surgeons should place the electrode in a way as to

cover the cortical area representing the corresponding

somatotopic area of pain [33]. Recently, image guidance

using functional magnetic resonance imaging (fMRI) data

was employed to monitor positioning of the electrode

array according to the capability of generating somatoto-

pic patterns of the primary motor cortex in individual

patients [10].

Preoperative preparation and image-guided data

acquisition

An antiepileptic drug was administered preoperatively

and continued for three days postoperatively in order to

prevent the risk of seizures. In our neurosurgical depart-

ment, VectorVision 2 image guidance (BrainLab AG,

Munich, Germany) was used to localize the central

sulcus. Technical details concerning the VectorVision

system have been published elsewhere [12]. Before

acquiring image-guided data, MRI-compatible fiducial

markers were spherically distributed around the precen-

tral gyrus, prior to scanning. MRI type data was used for

navigation. The motor cortex could be outlined and re-

constructed in any plane or in 3D mode. MRI data were

transferred to the neuronavigation system by intranet or

zip disc.

Fig. 1. (A) Photographs showing the patient’s position; the head is turned approximately 80� to the left side and is securely affixed in a vacuum head

rest. (B) The central sulcus is localized using image guided neuronavigation. (C) Triplanar MRI scans; the navigation monitor displays gray crosses,

which represent the target area. The straight line shows the preplanned vector and the possible site for single burr-hole. (D) Intraoperative image

showing the cranial burr-hole and the placement of monitoring electrode
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Intraoperative procedure

The procedure is performed under local anesthesia.

A vacuum headrest may be used in MCS surgery in

order to avoid a head-pin fixation. This headrest was

found useful and suitable for endoscopically treated col-

loid cyst patients and other single burr-hole procedures

[2, 14, 32]. After fitting the patient with an appropriately

sized headrest, the air in the headrest is removed to

create a vacuum; simultaneously the headrest is reshaped

according to the individual head contour of the patient.

Subsequently, the head is additionally secured using strap

tape (Fig. 1A).

For patient’s registration in the navigation system a

non-sterile pointer is used to locate the adhesive skin

fiducials. During registration, the data acquired are

matched to the patient’s head position. Afterwards,

we verify the accuracy of navigation data by testing

the positions of recognizable anatomical landmarks,

such as nasion and mastoid tip or others. The central

sulcus is localized using image guided neuronaviga-

tion (Fig. 1B, C). Then, a small burr-hole is created

Fig. 2. (A) Intraoperative electrophysiological monitoring. (B) The position of the central sulcus is confirmed from phase reversal of the N20

component with median nerve stimulation. (C) Photograph of a flat quadripolar lead (Resume+, Medtronic Inc., Minneapolis, USA). (D) Post-

operative lateral skull film demonstrates the position of stimulating electrode

Image guided surgery for motor cortex stimulation 77



according to the desired target of motor cortex (Fig. 1D).

The exact site of electrode placement is verified by

intraoperative electrophysiology (Fig. 2A) and cortical

stimulation testing. Somatosensory evoked potentials

are recorded with a four-contact electrode after stimu-

lation of the median and posterior tibial nerves. The

position of the central sulcus can therefore be confirmed

by phase reversal of the N20 component after median

nerve stimulation or the N40 component after tibial

nerve stimulation. Inversion of this wave is observed

between two adjacent electrode contacts (Fig. 2B). After

removal of the monitoring electrode, a flat quadripo-

lar lead (Resume+, Medtronic Inc., Minneapolis, USA)

(Fig. 2C) is introduced extradurally through the burr-

hole and positioned in such a way as to cover the cortical

area representing the corresponding somatotopic area

of pain. Then, intraoperative stimulation test is carried

out by a screening device (Medtronic 8214 screener)

with a wide range of the following controlled param-

eters: e.g. frequency (Hz), pulse width (msec), and in-

tensity (mA). Normally, stimulation frequencies for

MCS range between 40 and 100Hz, and amplitudes vary

from 1.5 to 10V. Pulse width can be adjusted from 90 to

450msec. Patients are asked to report vibrating or tin-

gling sensations as well as relief in the painful area after

stimulation over several minutes. Minimal stimulation

above the threshold of muscle contractions is also per-

formed in order to verify the exact location for electrode

placement.

Changes in pain level were evaluated in each patient.

Pain assessment according to the visual analogue scale

(VAS) was performed before and after motor cortex

stimulation. Effects of stimulation with regard to pain

relief were classified into four categories: excellent,

reduction of pain level by 80–100%; good, 60–79%

reduction; fair, 40–59% reduction; and poor, less than

40% reduction. The postoperative test phase was con-

tinued for three days. Only those patients with at least

50% pain reduction underwent implantation of perma-

nent pulse generator (IPG, Itrel III, Medtronic Inc.).

Results and complications

Results of MCS are usually more favourable in the

treatment of patients with neuropathic facial pain rather

than central pain. Similar results were also seen in our

patients (Table 1). A possible explanation for the particu-

larly excellent results in facial pain syndrome is that the

facial somatotopic representation on the motor cortex is

large compared to that of other body regions [4]. Clinical

response of MCS does not appear to be specific to any

particular chronic pain condition [6]. Some positive re-

sults of preoperative testing might be predictive factors

for the efficacy of MCS. For instance, barbiturate sen-

sitivity and opioid insensitivity have been suggested as

possible predictors of response [5, 36, 39]. Repetitive

transcranial magnetic stimulation has been shown to be

a very useful tool in predicting the effect of implanted

electrodes [5, 18, 21]. Severe sensory deafferentation is

considered a poor prognostic factor [24].

In published series, morbidity directly related to the

MCS procedures included intraoperative seizures, head-

ache, epidural hematoma, subdural effusion, stimulator-

pocket infection and dehiscence of the stimulator pocket

[4, 23, 30, 36]. Although these complications appear

to be rare, a cautious technique during operation is re-

quired. Therefore, we would recommend epidural elec-

trode placement via a single burr-hole approach under

neuronavigational guidance as a minimally invasive pro-

cedure for motor cortex stimulation.

Acknowledgement

Wuttipong Tirakotai has been a postdoctoral clinical and research

fellow of Alexander von Humboldt Foundation in the year 2005–2006.

Table 1. Clinical characteristics of 9 patients with central pain operated on with image-guided neuronavigation MCS

Age=sex Pain origin Somatotopic target Pain relief (VAS) Outcome (6–42 months)

46, m insular infarction right upper limb 85 excellent

68, m anaesthesia dolorosa left face 90 excellent

62, m syringomyelia right face 90 excellent

72, f brainstem (postoperative

brainstem cavernoma)

right side 75 good

64, m thalamic infarction right upper limb 40 fair

35, m spinal bleeding right upper limb 40 fair

57, m thalamic bleeding right upper limb 65 good

78, f anaesthesia dolorosa left face 40 fair

59, m thalamic infarction left upper limb 70 good

f Female, m male, VAS visual analog scale.
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Summary

The analgesic efficacy of cortical stimulation on refractory neuropath-

ic pain has been established. Although it offers pain relief to 45–75% of

the patients, this technique remains under evaluation and the definitive

protocol for its application has not been established yet. The mechan-

isms underlying the analgesic efficacy of cortical stimulation are still

largely unknown. Successive technical adaptations have been proposed

and tried in order to reduce the number of non-responding patients. In

this chapter, we summarize the limited amount of crucial information

that has been acquired so far on pain processing in the central nervous

system, on the functional pathophysiology of neuropathic pain and on

the mechanisms underlying the efficacy of cortical stimulation. We also

discuss key issues that could help to increase the success rate and

enhance the future prospects of the technique.

Keywords: Neuromodulation; neuropathic pain; cortical brain map-

ping; functional magnetic resonance imaging; positron emission tomo-

graphy; motor cortex; stimulation; navigation; thalamus.

Introduction

The analgesic efficacy of chronic epidural motor cor-

tex stimulation (MCS) on refractory central and neuro-

pathic pain (NP) has been confirmed by many studies

after the first report in 1991 [1, 5, 15, 17, 18, 25]. The

application of MCS in NP increased rapidly despite the

lack of an understanding of the mechanisms underlying

its analgesic efficacy. The technique remains currently

under evaluation and a definitive surgical protocol has

not been established yet.

The recommended procedure of MCS has undergone

successive adaptations following various attempts to im-

prove the success rate of the technique and reduce the

number of non-responding patients. Of the stimulated

patients, 45–75% experience pain relief. The patients

may expect such excellent results from MCS but the

clinical management of non-responders can be a very

frustrating problem. Frustration is experienced physi-

cally and emotionally by the patient, and intellectually

by the attending staff. The important question is why

many NP patients, although they have been rigorously

selected respond so differently to the same stimulation

procedure? The answer should undoubtedly be found in

the diversity and the heterogeneity of the clinical syn-

dromes of NP and in the various areas of imprecision

in the stimulation technique. This latter issue makes it

necessary to improve our understanding and refine the

technical approach of MCS. The present article does not

aim to describe extensively the surgical technique for

implantation of a MCS device but to describe in a suc-

cinct manner certain key issues that could help to im-

prove the technique’s success rate.

Anatomical and physiological basis

Nociceptive pain

The ascending nociceptive and sensory pathways are

separate and specific, but deeply interconnected. Under

physiological circumstances, noxious stimuli activate

high-threshold primary sensory neurons. The dorsal horn

of the spinal cord represents the first stage of integration;

segmental afferent and descending sensory pathways

produce a robust long-term depression of primary affer-

ent nociceptive transmission (inhibitory gating mech-

anisms). Ascending nociceptive imputs project to the

brainstem, thalamic nuclei and to post-central primary



cortex (SI) where their somatotopic distribution runs

in parallel with the ‘‘homunculus’’ in the pre-central

gyri. The secondary (or associated) sensory cortex, in-

volves the posterior parietal gyri (SII), cingular, orbito-

frontal, thalamic and brainstem structures and represents

the second stage of integration of nociceptive imputs

(central processing). The understanding of the central

mechanisms of nociceptive pain has progressed follow-

ing the application of brain imaging techniques such as

positron emission tomography (PET), functional mag-

netic resonance imaging (fMRI) and magnetoenceph-

alography (MEG). Recent findings, obtained by these

techniques, suggest that different structures in the cen-

tral pain network (pain matrix) subserve the sensory,

affective, cognitive and attentional aspects of pain per-

ception and tune the pain of each individual patient

[2, 4, 6–8, 10, 12, 19–21, 23, 24].

Neuropathic pain

In contrast to nociceptive pain, NP results from da-

mage to the peripheral (PNS) or central nervous system

(CNS). It is characterized by a complex combination of

sensory deficits including partial or complete loss of sen-

sation and dysesthesia or paresthesia. Injury to the PNS

or CNS is reflected by neuroplasticity adaptive changes

in the dorsal root ganglion cells and central neurons. NP

is probably not the result of a single pathophysiological

mechanism, but the final product of an altered periph-

eral, spinal, and supraspinal signal processing. In the dor-

sal horn of the spinal cord, synaptic plasticity may be

involved in the transition from acute to chronic pain as

well as in the pathophysiology of NP. Moreover, en-

vironmental and psychological factors may contribute

to a functional and structural reorganization of cortical

sensory maps. These neuroplasticity changes in function,

chemistry and organization of the central pain-processing

system may be influenced by genetic factors. Genetic

disposition can alter pain susceptibility; this explains

why individuals with apparently similar lesions develop

different pain syndromes. It is known that CNS adapts to

both peripheral and central injury, frequently in a bene-

ficial way, but sometimes such a neuronal reorganization

can be maladaptive. The understanding of the pathophy-

siology of NP is further complicated by new information

indicating that pain and pain modulation are mediated,

not by a single pathway with a few central nodes, but by

a network of multiple interacting modules of neuronal

activity [2]. Although the definitive protocol regarding the

patient selection and the surgical technique has not been

established yet, a degree of consensus has been reached

on certain clinical and surgical issues.

Clinical considerations

Degree of deafferentation

Since MCS is neither a brain-invasive nor a neuroa-

blative procedure, the selection criteria of MCS could

theoretically be extended to include any refractory and

severe pain syndrome. However, it is reasonable to con-

tain the indications of MCS only to patients presenting

a serious degree of chronic deafferentation secondary to

a lesion in the somatosensory pathways. Mild or deep

cutaneous hypoesthesia, allodynia and hyperesthesia are

frequently seen in these patients. Fluctuations in the in-

tensity of pain are a common finding and are induced by

activities of daily living and various factors such as sea-

son, weather, food, smoking, alcohol consumption, qual-

ity of sleep, social life, etc. The resistance of pain to

morphine and its qualitative description as ‘‘burning’’ or

‘‘electrical’’ differentiate it from nociceptive pain and

make it compatible with the criteria for being treated

by MCS. NP should be refractory to extensive oral or

intrathecal pharmacotherapy and severe enough to jus-

tify a surgical intervention; notably, such patients have

often been subjected to various neurosurgical procedures

unsuccessfully.

Somatic distribution

The pain that could be treated by MCS presents typi-

cally a lateralized somatic distribution limited in one seg-

ment such as a hand, forearm, arm, lower limb, hemiface,

one trigeminal branch or it can affect a more extended

area of a body segment and limb i.e. face and upper

limb, hemitrunk, an upper and a lower limb, both lower

limbs or rarely the hemibody.

Underlying lesion

NP syndromes may have different underlying con-

ditions, either central or peripheral. The central lesions

include ischemic or hemorrhagic stroke or focal trauma

in any of the following areas: parietal cortex, internal

capsule, thalamus, brainstem or spinal cord. Syrinx cav-

ity in the medulla or spinal cord can also be a cause of

central NP. The peripheral lesions can be ischemic, trau-

matic or inflammatory and include limb amputation,

post-radiation or herpetic plexopathy and root avulsion
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or section. Many such lesions can be mixed, i.e. central

and peripheral; this category includes iatrogenic or

post-herpetic trigeminal neuropathy and brachial plexus

avulsion. The phantom pain observed in paralytic or

amputated limbs represents a very challenging NP syn-

drome that can be subjected to treatment by MCS.

Corticospinal impairment

A high degree of corticospinal impairment may be

a predictor of a poor clinical response to MCS [11].

Therefore, patients who do not have hemi- or monople-

gia may be better candidates for MCS compared to the

ones who do.

Condition of the cortex

Electrical stimulation of the cortex may not be feasi-

ble in patients with a large destroyed cortical surface

(stroke) and in those in whom the subarachnoid space

between the cortex and the inner dural surface is rela-

tively wide as in the case of a subdural hygroma.

Surgical considerations

Navigation-based craniotomy

In the early nineties, the MCS procedure was done

through a trephination in the ‘‘estimated motor area’’

but currently, in order to remain ‘‘minimally invasive’’,

the procedure has been reduced to a single burr hole.

Subsequently, navigational image-based guidance was

introduced to improve the targeting of the central sulcus

(CS) [9, 17]. In the current procedure, an epidural MCS

device is implanted, under general anesthesia, using a

frameless navigation system. The patient’s head is fixed

in a headholder clamp suitable for neuronavigation.

Our preferred position is the lateral decubitus (‘‘park

bench’’); this allows the horizontal orientation of the op-

erative field and an easy access to the contralateral upper

limb under the operating table [18]. We recommend

a 4�4 cm2 craniotomy rather than a burr-hole. Indeed,

considering the expected analgesic improvement, issues

such as the amount of hair shaving, the length of the

skin incision, or the duration of the surgical proce-

dure (4-hour-long) have limited importance for such

disabled patients. The craniotomy is centered on the

cortical projection area of the painful somatic segment,

parasagittal for lower limb pain and temporo-frontal for

facial pain.

Functional targeting method

Functional areas that correspond to the face and the

hand are represented extensively on the CS; however,

in chronic NP, functional reorganization in the primary

cortical areas may develop. Therefore, CT or MRI-based

image-guided navigation may not reflect accurately the

functional target which should be stimulated. For accu-

rate electrode positioning, a functional method for the

identification of the target is required.

Cortical brain mapping

Since 1991, intraoperative epidural cortical brain map-

ping (iCM) of the primary sensorimotor cortex [including

intraoperative recording of somatosensory evoked poten-

tials (iSEP) and bipolar stimulodetection (iBS)] is used

as the most accurate method for localizing the CS and

the functional target to be stimulated on the motor cortex

[18, 19, 25]. Such ‘‘iCM-guided MCS procedures’’ com-

bine iCM recordings and epidural fixation of the stim-

ulation electrode in a single stage. Some authors [21]

implant a grid for cortical brain mapping, record SEP for

one week and fix the stimulation electrode in a separate

surgical procedure. For iCM, a grid (or the electrode

which is intended to be used for chronic MCS) is placed

at different locations on the dural surface over the CS

region. The coordinates of every iSEP recording contact

that covers the CS region are registered in the navigation

workstation. The CS and the motor target of the hand are

defined by means of the N20-P30 wave phase reversal

(confirmed on 3 repeated recordings) according to a tech-

nique described previously [14, 18, 26]. iSEP after facial

stimulation are used for facial pain. Peripheral stimulation

of the median, tibial or trigeminal nerves are efficient

for studying each segment. However, systematic median

nerve stimulation is recommended in all pain distribu-

tion patterns; in this way, a ‘‘hand’’ target is obtained.

This target is highly reproducible and can be helpful as

a reference target when recordings after lower limb or

facial stimulation give ambiguous data [18]. The loca-

tion of the motor target can be confirmed by iBS through

the stimulation electrode (5mm space tips bipolar stim-

ulator probe; isolated square-wave pulses with a duration

of 1ms; 60Hz; from 5–20mA) [18].

Epidural electrode for stimulation

Once the motor target has been identified, the stimula-

tion electrode is fixed epidurally, perpendicular to the CS

with 3 poles anterior to the CS. Very careful hemostasis
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is highly recommended for avoiding epidural infectious

or hemorrhagic complications. Superficial denervation

of the dura by bipolar coagulation can reduce the post-

operative local pain described by many patients when

switching the stimulation on. The test-procedure con-

sists of stimulating the patient for 1 hour every 4 hours

(monophasic square wave pulses; frequency 40Hz;

duration 100 ms; amplitude 1–5V), with many bipolar

combinations and the negative pole located over the

motor cortex. Excellent and good responders are im-

planted with a subcutaneous stimulator for long-term

stimulation.

Clinical observations after MCS

Postoperatively, MCS induces significant, reprodu-

cible and long-lasting pain relief occurring from 10 to

15 minutes after the start of stimulation and lasting

for 15–120 minutes after stimulation is switched off

[18]. Some patients report that pain relief can remain

stable for more than 24 hours if the initial stimulation

period is longer than 4 hours. It has also been de-

scribed that severe pain recurs when the stimulation

is switched off for more than 2 days. In other patients,

no analgesic effect is observed, whatever combination

of stimulation parameters is tested. In the majority

of patients, the electrical stimulation of the parietal

cortex, strongly increases the burning or tingling sen-

sation and pain in general. Some patients mention

a transient painful sensation (reported as a painful

‘‘clic’’) centered on the craniotomy when stimulation

is switched on; this is probably due to direct stimula-

tion of the dura.

Mechanisms underlying the efficacy of MCS

The mechanisms underlying the analgesic efficacy of

MCS remain largely unknown. Some clinical, electro-

physiological and functional observations have, how-

ever, allowed a limited understanding of the conditions

that are necessary for obtaining analgesia.

Descending effect from the pre-central cortex

All observations show that pain relief is obtained after

stimulation of the pre-central cortex only. This suggests

that MCS, i.e. stimulation above the level of the lesion,

may be effective by a descending modulation on the cor-

tical projection of pain. According to our clinical experi-

ence, this descending effect may occur after stimulation

of the motor cortex (in some patients) or the pre-motor

cortex (in others).

Inhibition or activation of the thalamus?

Functional neuroimaging studies have showed ab-

normal metabolism in the thalamus contralateral to the

painful segment. PET studies (using fluorodeoxyglucose

as radiotracer) showed a reduced metabolism in the

thalamus on the affected side [12] and other studies

(using 015-labelled water) showed a significantly in-

creased regional cerebral blood flow (rCBF) after MCS

compared to the non-stimulated state [7]; this was inde-

pendent from analgesic effect and was restricted in a set

of ipsilateral cortical and subcortical regions of which

the most significant are the ventral and lateral (VL) tha-

lamus, orbito-frontal cortex, anterior cingulate gyrus and

upper part of the brainstem. Some of the modifications

observed may not be related directly to the analgesic

efficacy of MCS. However, all rCBF changes occurred

far from the somatosensory areas and no evidence was

found on a potential MCS-related activation of the sen-

sory cortex. VL and ventral anterior are the only tha-

lamic nuclei that are connected directly with the motor

and premotor cortices. These thalamic regions are not

involved in pain integration; cells in the VL thalamus

are somatotopically arranged as are their projections to

the pre-motor cortex [7]. Other regions in which the

rCBF increases after MCS include the medial thalamus,

orbito-frontal cortex, anterior cingular gyrus and upper

part of the brainstem which are known to be involved

in pain processing and control. These areas have strong

interconnections and are also connected to the medial

and anterior thalamus. The modulation by MCS might

be effective by suppressing either the intensity of the

conscious sensation or at least the distressful reaction

to pain.

The functional hypothesis of MCS efficacy

The MCS-induced rCBF increases in the VL thalamus

and other secondary regions may be functionally related.

A degree of motor thalamic activation at a certain

threshold might be a necessary stage for the activation of

other structures which would allow the analgesic effect

of MCS to be expressed. The lack of clinical effect may

result from a failure to reach such a threshold [7]. The

observation that a high degree of corticospinal impair-

ment may be a predictor of a poor clinical response to

MCS supports this hypothesis [11].
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The contralateral hemisphere

Changes in rCBF have also been observed in the hemi-

sphere contralateral to the MCS. It is unclear whether

a relationship exists between the rCBF changes and the

mechanisms of analgesic effect. However, contralateral

interferences implicating multiple structures such as the

anterior cingulate gyrus, upper brainstem and contrateral

thalamus has been repeatedly confirmed [7, 8, 21], espe-

cially in patients who have cortico-subcortical lesions in-

volving the hemisphere where MCS is applied [7]. It has

been suggested that such lesions affect the bilateral bal-

ance of thalamo-parietal circuits which is important for

pain relief; consequently, the thalamic pain syndrome

could be considered as a bilateral disorder of functional

plasticity [8].

The level and nature of the underlying lesion

The clinical practice clearly shows that the success

rate of MCS strongly depends on patient selection and,

therefore, on the underlying lesion of the NP syndrome.

Patients suffering from central poststroke pain or trigem-

inal neuropathy have better results than others. This sug-

gests that the neuronal circuitry which is activated in

deafferentation, the functional plasticity and the patho-

genesis of NP may not be related to similar mechanisms

in patients with cortical stroke, thalamic stroke or limb

amputation.

Precise electrode positioning

The clinical practice has also showed that the analgesic

efficacy of MCS strongly depends on the position of the

electrode. In order to induce pain relief, MCS should re-

spect the somatotopic projection of the painful segment

on motor cortex. In other words, an accurate targeting of

the somatotopic projection of the painful area on the CS

is crucial for obtaining pain relief. This must be the main

goal of the surgical procedure and should be achieved

prior to fixing the electrode to the dura.

Functional plasticity

In NP, the electrode positioning, although it is assisted

by cortical brain mapping, can be functionally inaccurate.

A degree of functional reorganization or plasticity may

take place as a result of deafferentation [10, 20]. This has

not been studied extensively. However, fMRI studies

of ‘‘mental movements’’ in amputees have collected in-

teresting data. The neural mechanisms involved in the

mental representation of an action and in its execution

remain the same and the cortical areas, which corre-

spond to the missing limb, seem to persist and get ac-

tivated for several years after amputation [20]. Some

adaptation does occur and marked reorganization of

motor and somatosensory cortices has been seen in am-

putees with upper limb phantom pain in which the acti-

vated areas in fMRI were displaced compared to their

expected location [10].

Clinical and technical limitations

Variable success rates

The success rate of long-term pain relief ranges from

45 to 75% [5, 15, 17]. The best success rates have been

observed in central poststroke pain and particularly,

in trigeminal neuropathy (>90%). Patients who have

been operated on many times for trigeminal neuralgia

develop non-paroxysmic, lancinating pain or even deep

‘‘anesthesia dolorosa’’. In brachial plexus avulsion or

amputation, the results are variable with the success rate

lower than 60%. In patients with pain in the lower limbs,

after central subcortical stroke, the MCS has a success

rate inferior to 50%.

Electrical intraoperative cortical mapping (iCM)

iCM represents the most direct, reliable and precise

functional technique for recording neuronal activity in

the primary cortical areas; unfortunately, in NP, iCM

may have limitations that reduce significantly the quality

of this targeting method. In marked deafferentation, iCM

may show wave attenuation, diffused motor response,

increased sensitivity to electrical artifacts or lack of re-

producibility. In a personal series of 18 patients, iCM

was highly accurate in localizing the functional tar-

get in 9 cases (50%) and provided an approximate tar-

get in 3 (17%) and a non-reproducible target in 6 cases

(33%) [18].

Future prospects

The frustrating situations of non-responding patients

raise a series of questions among which the accuracy of

the electrode positioning is the most serious. Other im-

portant issues are the patient selection and the method

used to stimulate the cortex. Progress in all these areas

is likely to be based on future developments that will im-

prove the technique’s success rate and reduce the number

of non-responding patients.
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Patients selection

The variability of the published results suggests that

the success rate depends on the type of lesion that un-

derlies NP. Identifying predictors of a good response

could improve the MCS success rate. Various techniques

have been proposed in order to predict the response to

epidural MCS and improve patient selection [7, 11].

These include the barbiturates and morphine tests and

the response to transcranial magnetic stimulation (TMS)

of the motor cortex [3, 13, 16]. It is not clear, however,

whether TMS should be applied more widely in the se-

lection of the potentially good responders. Furthermore,

many functional changes that have been observed by

fMRI, PET or magnetoencephalography (MEG) may not

be related to the analgesic efficacy of MCS; it is not

clear, therefore, whether functional imaging could allow

better selection of the potential good-responders.

Accurate electrode positioning

The variability of the reported results could also be re-

lated to inaccurate electrode positioning in some patients.

Therefore, the actual efficacy of MCS might be under-

estimated. Appropriate targeting along the CS is a cru-

cial step in obtaining pain relief; therefore, the accuracy

of electrode’s position should be questioned first in non-

responders. The following adjunctive measures have been

proposed in order to improve the targeting method.

Awake surgery

If patients are kept awake during the procedure, the

quality of iCM may improve because the amplitude of

the evoked potentials is increased, the electrophysiolo-

gical data are more reproducible and the sensitivity of

the iCM to the electrical artefacts is reduced. Awake sur-

gery represents a valid approach for MCS but requires

training and experience for keeping the complication

rate (subdural hemorrhage, seizures, infection) low. One

must keep in mind, however, that awake surgery does not

allow an assessment of the analgesic efficacy of MCS

because the level of consciousness of the patient is de-

pressed. Furthermore, contrary to patients who are oper-

ated on awake for brain tumors, chronic NP patients often

present with a poor level of cooperation, and are affected

by their pain, the uncomfortable position, and the an-

algesic drugs that reduce their ability to understand and

sustain their concentration on simple tasks. Nevertheless,

awake surgery can improve at least the functional target-

ing method used for electrode positioning.

Combination of functional techniques

The combination of functional techniques may increase

the accuracy of functional cortical targeting. The navi-

gation system is a precious tool for integrating intra-

operatively different targeting methods such as iCM,

PET, fMRI or MEG [2, 6, 7, 23, 24]. The contribution

of fMRI to the functional cortical mapping during the

procedure of MCS has been evaluated [19, 20], but

certain technical and methodological issues must be

addressed prior to its reliable application. In 18 patients,

fMRI-guidance was combined with iCM. iCM-guided

MCS was performed under stereotactic image-guidance

using a frameless neuronavigation system; the data

obtained by iCM and fMRI were compared intraopera-

tively. Correspondence between contours of fMRI acti-

vation areas and iCM in the precentral gyrus was found

in almost all patients. Furthermore, fMRI appeared to be

less altered by artefacts and provided data, which were

more unambiguous than those of iCM. fMRI also has the

great advantage that it can be performed in amputated

patients in whom iCM is not feasible. As fMRI is still

under evaluation, fMRI-guidance must be used and vali-

dated in combination with iCM to improve the functional

targeting in MCS procedures. Correct targeting is crucial

for obtaining pain relief; therefore, this combination of

fMRI with iCM may increase the analgesic efficacy of

MCS [19]. fMRI is, however, a time consuming tech-

nique that requires training and engineering support

(statistical parametric mapping, spatial and functional

validation) prior to a regular application in stereotactic

procedures.

Technical advances in both fMRI, PET and MEG

have improved their spatial and temporal resolution.

Further advances may be expected in the near future

in the study of normal and pathological pain, and of the

nociceptive and non-nociceptive sub-regions in the so-

matosensory cortex and subcortical regions [6, 23, 24].

MRI techniques such as fMRI and diffusion tensor

imaging (DTI) may also be combined for anatomical-

functional correlations. This may be a helpful adjunc-

tive method for localising the activated motor area

[22] and for enhancing the topographical definition of

the damage in the thalamoparietal fibers (Fig. 1). Such

combinations could confirm or improve the accuracy

of the targeting data of fMRI and iCM. Finally, the

combination of different functional methods may re-

duce the number of recommendations made to non-

responding patients for reoperation in order to reposition

the cortical electrode in an attempt to define an alterna-

tive target.
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Optimizing the method of cortical stimulation

Motor vs premotor stimulation

It was mentioned above that pain relief occurs in some

patients when the negative pole of the stimulation elec-

trode is over the premotor rather than the motor area of

the pre-central cortex. This observation requires to keep

a large part of the electrode in a location that covers both

motor and premotor gyri because both receive somato-

topic projection of pain. Therefore, a single quadripolar

electrode should be orientated perpendicular to the CS.

Electrode orientation

When the functional targeting method provides ambig-

uous data (e.g. in targeting facial areas), we do not re-

commend orientating a single electrode vertically along

the CS over the motor strip. Finding the functional target

along the CS is crucial in obtaining pain relief [17, 18]

and this should be achieved prior to fixing the electrode

to the dura. The orientation of the electrode in a direc-

tion perpendicular to the CS allows the stimulation of

both motor and premotor gyri. The use of two electrodes

(positioned side by side and orientated perpendicular to

the CS) may offer better vertical cover of the motor and

premotor gyri along the CS.

Subdural electrode positioning

The opening of the dura may offer certain advantages

but it constitutes a more invasive approach. First, sub-

dural iCM recordings provide a more precise functional

targeting because they are associated with an increase in

the iSEP wave amplitude. Second, the subdural position

Fig. 1. Combination in the 3D-navigational planning of data from both functional magnetic resonance imaging (fMRI) and diffusion tensor imaging

(DTI) for anatomo-functional correlations in a patient with central poststroke pain. Structural MRI left lateral view (A) and anterior view (B) showed

a small residual cavity (thalamic stroke) confined to the right thalamic ventral posterolateral nucleus and the adjacent posterior arm of the internal

capsule. DTI maps showed selective reduction of right sensory thalamocortical fibers (A and B). fMRI, performed with different sensory and motor

task paradigms (foot) showed cortical areas of activation projected within the target obtained by intraoperative cortical brain mapping (iCM) (C)
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of the electrode allows the decrease of the intensity of

cortical stimulation. Third, direct observation of the cor-

tical gyri allows to control better the location of the CS by

direct correlation with the navigation images. However,

subdural MCS remains disputable and, in general, it is

not recommended for several reasons: a) it does not in-

crease the technique’s success rate, b) it increases sig-

nificantly the risk of seizures that can be induced by

stimulation and c) it might contribute to scar tissue for-

mation, cortical lesioning, empyema, secondary gliosis,

and chronic seizures.

Large electrode

The use of double or multiple electrodes, separated or

combined in a newly-designed enlarged silicone plate is

a valid alternative that may increase the stimulated cor-

tical surface and the chances of obtaining an analgesic

effect.

Conclusion

The technique of cortical stimulation remains under

evaluation because the underlying mechanisms are still

essentially unknown. Indeed, pain and pain modula-

tion are mediated by a network of multiple interacting

modules (sensory, affective, cognitive and attentional)

of neuronal activity. The understanding of the central

mechanisms of nociceptive and neuropathic pain has

progressed based on the application of brain imaging

techniques such as PET, fMRI and MEG. Successive

technical adaptations have been proposed to reduce the

number of non-responding patients to MCS. The accu-

racy of the electrode position is undoubtedly a crucial

factor in obtaining pain relief. The combination of dif-

ferent functional imaging methods with intraoperative

cortical mapping may improve the quality of cortical

targeting. Future developments are needed in order to

improve the patient selection process, the methods used

for cortical stimulation and the success rate of MCS.
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Summary

Over two decades ago, the electrostimulation of the trigeminal gang-

lion (TGES) was established as a treatment option for patients with

trigeminopathic pain due to a (iatrogenic) lesion of the trigeminal nerve,

on whom the other therapeutic methods, either neurosurgical or con-

servative have very limited efficacy and usually are associated with a

poor outcome. The technique of TGES which uses the setup also used

for the thermocoagulation lesion for trigeminal neuralgia was first pub-

lished by Steude in 1984 and has not been altered substantially. After a

percutaneous puncture with a 16 gage needle of the oval foramen, a

monopolar electrode (diameter 0.9mm, custom-made) is placed in the

postganglionic trigeminal nerve. After a successful test-stimulation

phase, a permanent electrode pulse generator system is implanted. Our

experience includes more than 300 patients with a minimum follow-up

of one year. Of these patients, 52% showed a good to excellent analgesic

effect. The TGES-induced analgesia was persistent in long term-follow-

up in all patients. The impact of TGES on cerebral pain modulation was

proven by electrophysiology and PET. TGES is an effective, minimally

invasive and reversible treatment option in selected patients with trigem-

inopathic pain; it should, therefore, always be considered as the pri-

mary treatment-option. Electrodes with two leads and a diameter not

exceeding the 0.9mm, allowing bipolar stimulation might enhance the

neuromodulatory efficacy and options of TGES.

Keywords: Neuromodulation; trigeminal ganglion; trigeminopathic

pain; electrostimulation; TGES.

Background and indications

Despite the continuous development of new and re-

fined medical approaches as well as surgical techniques

over the recent decades, the management of patients

with trigeminal neuropathy still remains a challenge.

There are highly effective neurosurgical treatments for

typical trigeminal neuralgia (tic douloureux) i.e. mi-

crovascular decompression or percutaneous thermoco-

agulation (in selected cases). However, patients with

trigeminopathic pain, also described as ‘‘atypical tri-

geminal neuralgia’’ suffer from a severe pain syndrome

of partial deafferantation that is hardly alleviated by any

therapeutic approach. In trigeminal neuropathy, patients

are characteristically affected by a continuous burning

pain sensation accompanied by hypesthesia along one

or more trigeminal divisions without the stabbing pain

attacks typical of tic douloureux. Multiple maxillofa-

cial interventions, dental extractions, orthodontic inter-

ventions and destructive procedures in the Gasserian

ganglion are frequently part of the medical history of

these patients. Over the last thirty years, various ab-

lative neurosurgical procedures such as percutaneous

thermocoagulation, electrocoagulation, glycerol rhi-

zotomy and retrogasserian rhizotomy have been ap-

plied in trigeminal neuropathy. These approaches did

not show any beneficial effect and even led to worsen-

ing of pain in 73–78% of the patients as it has been

shown by Sweet [10], Siegfried [5] and our group [9].

Hence, nowadays, destructive procedures do not play a

major role in the treatment of trigeminal neuropathy,

and, in our opinion, they are contraindicated in these

patients.

After the effectiveness of therapeutic neuromodula-

tion, based on the gate-control theory by Melzak and

Wall [2], had been proven in the spinal cord, this

approach was also applied to the trigeminal ganglion.

In 1974, the first procedures of electrostimulation of

the trigeminal nerve were done in our institution using

subdural floating electrodes inserted between C1 and C2

according to the procedure established for percutaneous

cordotomy [6]. Electrodes were guided under fluoro-

scopic control to the other side, through the foramen

magnum and were finally placed in the region of the



cerebellopontine angle (CPA) (Fig. 1). The group of

Meyerson and Hakanson preferred the epidural bipolar

stimulation by suturing an electrode directly to the dura

overlying the trigeminal ganglion [3]. However, this pro-

cedure had many disadvantages; test-stimulation and

exact positioning of the electrode in the affected trigem-

inal division were not possible, and moreover, this ap-

proach was associated with all the risks of a craniotomy.

However, following the development of an electrode

with a diameter of only 0.7mm (Medtronic Inc., MN,

USA) it was possible to place it percutaneously into the

trigeminal ganglion using the same equipment and

approach established for the selective percutaneous ther-

mocoagulation [7]. Thus, it became possible to test-

stimulate and position the electrode directly in the branch

involved for optimal effectiveness while being minimal-

ly invasive at the same time. After a successful test-

stimulation, the implantation of a pulse generator (IPG)

system follows. Over the last 20 years, only small

changes have been made in this technique that still can

be considered as the ‘‘gold standard’’ of neuromodula-

tion in trigeminal neuropathy. We consider this approach

to be indicated in all patients with true trigeminopathic

pain due to a lesion of the trigeminal nerve, iatrogenic or

of other cause; however, it is often difficult to distinguish

this pain syndrome and the correct diagnosis is crucial

for the success of the technique. For more than 25 years,

the trigeminal ganglion electrostimulation (TGES) has

been the primary neurosurgical treatment for these pa-

tients in our institution.

Material and methods

In the period 1980–2005, a percutaneous test-stimulation at the post-

ganglionic trigeminal divisions was performed in 321 patients with

intractable trigeminopathic pain. The cause of neuropathy was iatrogenic

in most patients (75%). Of the total patient population, the cause of

neuropathy was maxillary sinus, orthodontic, and dental procedures in

60%, whereas 13% of the patients had undergone a previous ablative

neurosurgical procedure in the area of the Gasserian Ganglion for

idiopathic trigeminal neuralgia. In 12% of the patients, persisting neuro-

pathic pain occurred after a facial injury, 6% were suffering from post-

herpetic neuralgia and in the remaining patients the cause of neuropathy

was unknown. In the first 14 years, i.e. until 1994, the initially developed

custom-made electrode (SP, Medtronic Inc., Minneapolis, MN, USA)

with a diameter of 0.7mm was used. For technical reasons, production

of this electrode was then discontinued and other electrodes were devel-

oped and tested. These included the ‘‘anchor-electrode’’ (quinta trigem-

inal electrode, Mod. 3981, Medtronic) which is also used by other

groups [1, 12] and the ‘‘sigma-electrode’’ (3483 S, Medtronic). However,

neither of these electrodes led to a completely satisfactory clinical result.

One of the reasons is the rather large diameter ranging from 1.2 to

1.4mm. It became clear that the diameter of the electrodes for this

procedure should not exceed the 1.0mm in order to prevent uncomfor-

table or painful dysaethesias. Finally, in 1997, a new electrode with a

diameter of 0.9m was introduced (3483 SNS, Medtronic), which, since

then, it has been used by us until the present time.

Surgical technique

The technique for the percutaneous insertion of the

electrode for testing and permanent implantation has

been described in detail by Steude et al. [7, 9].

Implantation for percutaneous test-stimulation

The operation is performed under local anaesthesia

combined with short-lasting barbiturates. The standard

needle, used for selective percutaneous thermocoagula-

tion, is inserted 2.5 cm lateral to the labial commisure

Fig. 1. Conventional x-ray of the skull (lateral view) showing the

electrodes in the cerebellopontine angle (CPA)

Fig. 2. Intraoperative picture taken after percutaneous puncture of the

oval foramen with the needle in situ and the surgeon inserting the

electrode
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after putting a subcutaneous pouch of local anaesthetic.

The needle is then guided under fluoroscopic control

into the oval foramen. After passing through the fora-

men it is advanced further until the tip of the needle has

reached the level of the clivus on fluoroscopy. After a

brief test-stimulation, the electrode is inserted (Fig. 2)

under continuous fluoroscopic monitoring until the tip

has also reached at least at the level of the clivus. Test

stimulation is then repeated with the patient awake.

The electrode is advanced under continuous stim-

ulation along the medial and dorsal trajectory until it

evokes paraesthesias in the area innervated by the tri-

geminal division involved in the neuropathy. Once a

satisfactory stimulation has been achieved, the needle

is withdrawn under fluoroscopic control and the elec-

trode is secured with steri-strips. Test-stimulation can

than be continued for 3–5 days using an external pulse-

generator (Medtronic Inc.) with the patient being able

to adjust the intensity as well as the frequency of the

stimulus at his own comfort. After 5 days, the electrode

is easily removed.

Permanent implantation of the electrode

and pulse generator system

The initial steps of the implantation procedure for the

permanent system are very similar to those of the test-

stimulation. The operation is performed under local

anaesthesia in combination with short-lasting barbitu-

rates. After a local subcutaneous pouch is created by a

local anaesthetic drug, the puncture canula is inserted

via a small (app. 5mm) skin incision, 2.5 cm lateral

to the labial commissure. It is then guided through the

oval foramen under fluoroscopic control and placed in

the postganglionic part of the trigeminal nerve. There-

after, the optimal localization within the affected branch

of the nerve is achieved under continuous stimulation

with the help of the cooperating patient (see above).

Before removing the canula under x-ray control, a sub-

cutaneous suture is prepared at the site of the skin in-

cision. Once the canula has been removed, the electrode

is fixed by the suture; this is crucial because it is

virtually the only fixation of the electrode in order to

maintain its correct position within the nerve. After

placement of the electrode in the correct trigeminal lo-

cation, under local anaesthesia, the next steps of the

implantation are performed under short-lasting barbi-

turates; this is more comfortable for the patient who,

from now on, is not necessary to be conscious and

cooperative.

Using the puncture canula, the electrode is tunnelled

between maxilla and mandibula to a second small skin

incision in the mandibular angle in order to prevent dis-

placement of the electrode due to jaw movements. A

transverse skin incision with a length of approximately

6 cm is made 1 cm caudal and parallel to the clavicle and

a subcutaneous pouch is created. The electrode is then

passed through from the incision at the mandibular angle

to the infraclavicular pouch using a tunnelling device.

After connection of the electrode to the IPG (Itrel III+,
Medtronic), the IPG is placed in the pouch. Standard

skin closure is performed thereafter. The system is tele-

metrically programmed 5–6 hours after implantation,

aiming to produce paraesthesias in the area affected by

the neuropathic pain without causing side effects by

either stimulating non-painful regions or inducing motor

reactions (contraction of the masseter muscle). The pa-

tient is provided with a telemetrically operating hand-

programmer (Itrel-EZ+, Medtronic) allowing not only

for turning ‘‘on’’ and ‘‘off’’ the stimulation but also

for increasing and decreasing the amplitude for his indi-

vidual comfort within the limits set by the physician.

Other parameters like pulse width and frequency can

only be changed by a programming device operated by

the physician. Figure 3 shows the complete system cur-

rently in use (electrode model 3483 SNS, IPG Itrel III+,
hand-programmer ItrelEZ+, Medtronic). Post-operative

radiographic controls including skull-base x-rays and

skull-base CT-scan confirm and document the final posi-

tion of the electrode (Fig. 4).

Fig. 3. System for permanent implantation (Medtronic inc.); Mono-

polar electrode (model 3483 SNS, diameter 0.9mm, custom-made),

implantable pulse generator (IPG) Itrel III+ (right), and patient hand-

programmer ITREL EZ+ (left)
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Clinical results

The experience and results of 182 patients treated

between 1980 and 1995 [9] have now been extended to

a total of 321 patients affected by intractable trigeminal

neuropathy who underwent percutaneous test-stimulation

from 1980 until 2005 in our institution; long-term follow

data (of a minimum of five years) are available in 235

patients. This is by far the largest series reported com-

pared to other groups using similar techniques [1, 12].

Of all patients whose long-term follow-up data are

available in the series, 122 (52%) reported a pain reduc-

tion of 50% or more with the best results being observed

in the posttraumatic patients (success rate: 60%) and the

worst results in patients with neuropathy of unknown

origin (success rate: 20%). Of the 122 patients who had

a successful test, 119 patients had the system implanted

for chronic TGES. The follow-up ranges between 5 and

25 years. In 82% of the implanted patients, there was an

Fig. 4. Radiographic control showing the electrode passing through the oval foramen with its tip in the Cavum Meckeli on conventional x-ray

(upper row) and CT (lower row) of the skull base
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either good or excellent analgesic effect. In the group

with an iatrogenic lesion of the nerve, the percentage of

significant improvement ranged from 87% in patients

with a history of maxillofacial, orthodontic or dental

procedures to 100% in patients with a destructive neuro-

surgical procedure in the area of the trigeminal ganglion.

There was no levelling off of the analgesic effect in the

long-term follow up. It is important to point out that

there was not a single patient, in these subgroups, whose

pain got worse because of the stimulation. The patients

with postherpetic neuralgia showed a completely differ-

ent clinical course; only 33% experienced a satisfactory

pain relief, but more importantly, 67% got worse. As a

consequence, post-herpetic neuralgia is no longer seen

as an indication for TGES. Stimulation parameters do

not vary widely; most patients preferred a pulse rate

from 85 to 130 pps and amplitude of 0.2–1.2V with

0.5V usually being sufficient for an adequate analgesic

effect (thus allowing for long battery-life).

Neuromodulation effects of TGES

Despite its proven efficacy and minimally invasive

and reversible nature, TGES is applied to only a limited

extent in trigeminal neuropathy. A paucity of clinical

documentation and insufficient understanding of the

mechanisms underlying the induced analgesia probably

contribute to the limited wider implementation [11]. In

recent years, several studies have been done to address

the issue of whether TGES induces a ‘‘real’’ analgesia

effect and not a placebo or ‘‘psychotherapy’’-related

effect and, furthermore, prove the effect of TGES on

pain modulation pathways.

Electrophysiology

By applying pain-related evoked potentials before,

during, and after stimulation along with objective and

subjective pain measurements it became possible for the

first time to demonstrate the analgesic effect of TGES

in trigeminal neuropathy [4, 8]. Pain-evoked potentials

from painful stimulation (either dental pulp stimulation

or stimulation of the nasal mucosa with painful CO2

inflation) may be completely suppressed by TGES of

the corresponding trigeminal division (Fig. 5). This ben-

efit persists after the stimulation has stopped. Moreover,

a highly significant elevation of pain threshold was

observed. After 30min of stimulation, the threshold in

the directly stimulated division had increased from 20 to

200 mA. This increase outlasted the end of stimulation

by more than 2 hours (Fig. 5). Notably, the full effect

was observed only in the trigeminal branch stimulated

directly, which underscores the necessity of exact place-

ment of the electrode tip into the involved branch with

the patient being conscious and cooperating.

PET

In a recent PET study, the cerebral mechanisms of

analgesia induced by TGES were analyzed [11]; ten pa-

Fig. 5. Electrophysiological proof of pain modulation; (1) Complete suppression of pain-evoked potentials after painful CO2-insufflation and

painful pulpal stimulus (left diagram). (2) Increase of pain threshold from 20 to 200mA in the trigeminal branch (V3 left) stimulated directly (right

diagram)

Chronic electrostimulation of the trigeminal ganglion in trigeminal neuropathy 95



tients with one-sided trigeminopathic pain were studied

after implantation of a stimulation electrode at the ipsi-

lateral Gasserian ganglion had been performed at least

3 months earlier. Patients were scanned before stimula-

tion (habitual pain), after short-term stimulation (1 minute

st-TGES) and after long-term stimulation (lt-TGES). The

patients reported significant pain relief after lt-TGES

(p¼ 0.006). After st-TGES, changes in regional cerebral

blood flow (rCBF) without significant pain relief were

observed. Furthermore, comparison of lt-TGES and

st-TGES increases in rCBF, which, after lt-TGES, were

significant in perigenual parts of the anterior cingulate

cortex (ACC) and neighbouring orbitofrontal and medial

frontal cortices ( p<0.001). Regression analysis of rCBF

changes and subjective ratings of pain revealed that the

rCBF increase in the posterior part of the contralateral

ACC was consistent with the encoding of pain [11]. Thus,

in trigeminal neuropathy, a definite impact of TGES on

cerebral pain modulationing pathways was demonstrated.

Complications

No severe surgery- or therapy-related complications

were observed in our series over the last 25 years. There

were, however, ‘‘common’’ expected complications of

the technique. In the first 14 years (1980–1994) an elec-

trode with diameter of 0.7mm was used. There was no

discomforting dysesthesia with this small electrode.

Electrode dislocation occured in 10% of these first

70 patients with the frequency of this complication

being proportionally related to the electrode’s diameter.

No dislocations of the 0.9mm diameter, used today oc-

curred, but the rate of dysesthesia increased to 18%; the

‘‘anchor-electrode’’ (3981, Medtronic) with a diameter

of 1.2m was associated with dysesthesia in about 30%

of the patients and the anchor failed to prevent the elec-

trode from being dislodged in about 30% of the cases.

No severe infections such as meningitis or sepsis were

encountered. The rate of uncomplicated local infections

(treated conservatively without removal of the stimula-

tion device) at the site of the IPG or connectors was 3%

(similar to spinal cord stimulation procedures). In one

patient, however, the electrode was dislodged and perfo-

rated the overlying skin at the cheek and, thus, it was

removed.

Future perspectives

TGES using a monopolar electrode (Medtronic Inc.)

implanted percutaneously via the oval foramen was in-

troduced over two decades ago by Steude et al. and, for

the time being, remains the gold standard of neuromo-

dulation in trigeminal neuropathy. It is minimally inva-

sive, reversible (non-destructive) and has a success rate

of approximately 50%, which is higher compared to the

success rate of any other medical or surgical therapeutic

approach. There are potential developments that may

improve the present technique. A bipolar or multipolar

electrode would allow a wider variety and range of

stimulation. However, the limitation that diameter should

not exceed 0.9mm (in order to prevent unpleasant or

painful dysesthesia) has been a manufacturing problem.

Another improvement may be the use of a rechargable

IPG (e.g. Restore+ Medtronic Inc., EonTM ANS, Inc.),

which can prolong battery life and reduce the number of

IPG replacements. However, the voltage used in most

patients is very low (mean 0.5V), and in this special

type of neuromodulation, the IPGs usually last very

long, i.e. up to 9 years.

Conclusions

Chronic therapeutic electrostimulation of the trigem-

inal ganglion (TGES) is an effective, minimally inva-

sive and reversible treatment option in selected patients

with trigeminopathic pain. TGES should always be

seriously considered in patients with persistent trigemi-

nopathic pain. There is proof for the direct effect of

TGES on known cerebral pathways of pain modulation.

New electrodes with two or more leads and a diameter

not exceeding 0.9mm would allow for bipolar stimu-

lation and an extension of the area stimulated, and

thus would enhance and optimize this neuromodulatory

treatment.
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Summary

The trigeminal autonomic cephalalgias (TACs) are a group of primary

headache syndromes characterised by intense pain and associated acti-

vation of cranial parasympathetic autonomic outflow pathways out of

proportion to the pain. The TACs include cluster headache, paroxysmal

hemicrania and SUNCT (short-lasting unilateral neuralgiform headache

attacks with conjunctival injection and tearing). The pathophysiology of

these syndromes involves activation of the trigeminal-autonomic reflex,

whose afferent limb projects into the trigeminocervical complex in the

caudal brainstem and upper cervical spinal cord. Functional brain im-

aging has shown activations in the posterior hypothalamic grey matter

in TACs. This paper reviews the anatomy and physiology of these

conditions and the brain imaging findings. Current treatments are

summarised and the role of neuromodulation procedures, such as oc-

cipital nerve stimulation and deep brain stimulation in the posterior

hypothalamus are reviewed. Neuromodulatory procedures are a pro-

mising avenue for these highly disabled patients with treatment re-

fractory TACs.

Keywords: Cluster headache; SUNCT; TAC; paroxysmal hemicrania.

Introduction

Not even considered five years ago, neuromodulatory

approaches to the treatment of primary headache are now

being examined in clinical studies, and may offer some

patients with intractable, disabling headaches a hitherto

unthinkable improvement in quality of life. The arrival

of neuromodulatory approaches to primary headache has

been spear-headed by functional brain imaging which

provided insights into the pathophysiology of these dis-

orders. Here, I will discuss neuromodulatory approaches

to the treatment of cluster headache and short-lasting

unilateral neuralgiform headache attacks with conjunc-

tival injection and tearing (SUNCT), two Trigeminal

Autonomic Cephalalgias (TACs). The TACs is a group-

ing of headache syndromes recognised in the second

edition of the International Headache Society classifica-

tion [59]. The term was coined to reflect the underlying

pathophysiology of a prominent part of the phenotype of

the acute attacks and the excessive cranial parasympa-

thetic autonomic reflex activation in response to noci-

ceptive input in the ophthalmic division of the trigeminal

nerve [45]. The TACs are cluster headache [40], parox-

ysmal hemicrania and SUNCT (Table 1) [92]. Neuro-

modulatory approaches will be set in the context of the

pathophysiology of the conditions, and contrasted with

other available treatment options, both medical and

surgical. Neuromodulation has the potential to cause a

revolution in the management of these patients. Our ex-

perience thus far is that the revolution will only happen

if a careful clinical approach is combined with the best

of neurosurgical methods: a physician=surgeon team has

much to offer to these highly disabled patients.

Pathophysiology of TACs

Any explanation of the pathophysiology of TACs must

account for the two major shared clinical features char-

acteristic of the conditions: trigeminal distribution pain

and ipsilateral cranial autonomic features [45], and then

provide an explanation for the distinct phenotypes, when

compared to other primary headache syndromes. The

trigeminal-autonomic reflex provides an understanding

of the shared phenotype [101], while the results of hu-

man brain imaging distinguish these conditions from

other primary headaches [16]. I will review both the

peripheral and central aspects since both peripheral and



central neuromodulatory procedures are now being

tested in these syndromes.

The pain-producing innervation of the cranium pro-

jects through branches of the trigeminal and upper cer-

vical nerves [31, 108] to the trigeminocervical complex

[43] from where nociceptive pathways project to higher

centres [101]. A reflex activation of the cranial parasym-

pathetic outflow provides the efferent loop.

Experimental studies

Stimulation of the trigeminal ganglion in the cat pro-

duces cranial vasodilation and neuropeptide release,

notably calcitonin gene-related peptide (CGRP) and sub-

stance P [49]. The dilation is mediated by antidromic

activation of the trigeminal nerve, 20% of the effect, and

orthodromic activation through the cranial parasympa-

thetic outflow via the facial (VIIth) cranial nerve, for the

other 80% [74]. The afferent arm of the trigeminal-para-

sympathetic reflex traverses the trigeminal root [74],

synapses in the trigeminal nucleus and then projects to

neurons of the superior salivatory nucleus in the pons

[134]. There is a glutamatergic excitatory receptor in

the pontine synapse [110] and projection via the facial

nerve [47] without synapse in the geniculate ganglion.

The greater superficial petrosal nerve supplies classical

autonomic pre-ganglionic fibres to the sphenopalatine

(pterygopalatine in humans) and otic ganglia [48]. The

sphenopalatine synapse involves a hexamethonium-sensi-

tive nicotinic ganglion [48]. VIIth cranial nerve activation

is associated with release of vasoactive intestinal polypep-

tide (VIP) [46] and blocked by VIP antibodies [44]. Brain

blood flow changes depend on the frequency of stimula-

tion [39, 126] and are independent of cerebral metabolism

[38]. There is VIP in the sphenopalatine ganglion [137],

as well as nitric oxide synthase, which is also involved in

the vasodilator mechanism [52] (Fig. 1).

Human studies

The basic science implies an integral role for the ipsi-

lateral trigeminal nociceptive pathways in TACs, and

predicts some degree of cranial parasympathetic auto-

nomic activation. The ipsilateral autonomic features

seen clinically, such as lacrimation, rhinorrhoea, nasal

congestion and eyelid oedema, are consistent with cra-

nial parasympathetic activation, and sympathetic hypo-

function (ptosis and miosis). The latter is likely to be a

neurapraxic effect of carotid wall swelling [27, 104]

with cranial parasympathetic activation. Some degree

of cranial autonomic symptomatology is, therefore, a

normal physiologic response to cranial nociceptive input

[25, 26, 35, 107]. Indeed, other primary headaches, nota-

bly migraine [7], or secondary headache, such as trigem-

Table 1. Differential diagnosis of trigeminal autonomic cephalalgias

(TACs)

Primary

TACs

Similar secondary

headaches

Secondary

TACs

Cluster

headache

Tolosa-Hunt

syndrome

cranial artery dissection [19,

78, 86] or aneurysm [140]

Paroxysmal

hemicrania

maxillary sinusitis pseudoaneurysm of

intracavernous carotid

artery [69]

SUNCT

syndromey
temporal arteritis aneurysm anterior

communicating artery [55]

Raeder’s paratrigeminal

neuralgia [41]

basilar artery aneurysm [36]

trigeminal neuralgia carotid aneurysm [55]

occipital lobe AVM [88]

AVM middle cerebral

territory [109]

high cervical

meningioma [72]

unilateral cervical cord

infarction [22]

lateral medullary

infarction [14]

pituitary adenoma [136]

prolactinoma [55, 121]

meningioma of the lesser

wing of sphenoid [57]

maxillary sinus foreign

body [125]

facial trauma [75]

orbito-sphenoidal

aspergillosis [60]

orbital myositis [77]

head or neck injury [62]

y SUNCT Short lasting unilateral neuralgiform headache attacks with

conjunctival injection and tearing.

Fig. 1. The trigeminal-autonomic system: SSN superior salivatory nucleus
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inal neuralgia [10], or trigeminal dysaethesias [51],

would be expected to have cranial autonomic activation,

and they do. The distinction between the TACs and other

headache syndromes is the degree of cranial autonomic

activation not its presence alone [53]. This is why some

patients with migraine have minor cranial autonomic

activation that leads to the term cluster-migraine, when

most such patients have migraine with cranial autonomic

activation. This reflex also explains the curious report of

a sense of aural fullness that patients with these syn-

dromes may report if asked specifically, and that has

been reported clearly in paroxysmal hemicrania [12].

Permitting trigeminal-parasympathetic activation

What is the basis for the cranial autonomic symptoms

being so prominent in the TACs? Is it due to a central

disinhibition of the trigeminal-autonomic reflex [12]?

Evidence from functional imaging studies: positron

emission tomography (PET) studies in cluster headache

[102, 106, 135] (Fig. 2), PET studies in paroxysmal he-

micrania [98], and functional MRI studies in SUNCT

[105, 17] (Fig. 2), have demonstrated posterior hypotha-

lamic activation. Posterior hypothalamic activation seems

specific to these syndromes and is not seen in episodic

[1, 5, 138] or chronic [94] migraine, or in experimental

ophthalmic trigeminal distribution head pain [103].

Interestingly there is contralateral posterior hypothalam-

ic activation in hemicrania continua (HC), in contrast to

substantial ipsilateral activation in cluster headache, and

additional pontine and midbrain activation in HC [96].

There are direct hypothalamic-trigeminal connections

[87]. The hypothalamus is known to have a modulatory

role on the nociceptive and autonomic pathways, specifi-

cally trigeminovascular nociceptive pathways [8], and

is in turn activated by trigeminovascular nociceptive

activation [9]. Hence, the TACs involve abnormal acti-

vation in the region of the hypothalamus with subse-

quent trigeminovascular and cranial autonomic activation.

Cranial autonomic features are not invariably linked with

trigeminal pain and may persist after lesions of the tri-

geminal nerve [90].

Differential diagnosis of TACs

The primary TACs need to be differentiated from

secondary TAC-producing lesions, from other primary

headaches, and from each other (Table 1); this illustrates

the importance of careful neurological evaluation of

patients contemplated for neuromodulatory approaches.

An MRI of the brain with attention to the pituitary fossa

and cavernous sinus will detect most secondary causes.

Fig. 2. Brain imaging of cluster headache and SUNCT: changes in the posterior hypothalamic grey are revealed with positron emission tomography

in patients with chronic cluster headache (a) [102] imaged during an acute attack triggered by nitroglycerin, while changes in the posterior

hypothalamic grey are seen with BOLD fMRI in a patient with short-lasting unilateral neuralgiform headache attacks with conjunctival injection

and tearing (SUNCT) (b) [106]. This region has been the direct target of neuromodulatory approaches that have been successful [34, 81]

Neuromodulatory approaches to the treatment of TACs 101



It is easy to make an argument, given the rarity of par-

oxysmal hemicrania and SUNCT, that MRI would be a

reasonable part of the initial review of such patients. It is

more complex for cluster headache. There are no clear

studies. Our impression from a cohort that now exceeds

900 patients (The National Hospital for Neurology and

Neurosurgery, Queen Square, London) is that MRI would

detect no more than 1 in 100 cases of lesions in episodic

cluster headache, so we cannot recommend its routine

use in isolation from the history. For chronic cluster

headache, an MRI seems reasonable given the very dif-

ficult nature of the long-term management and prospects

for neuromodulation, which then make brain imaging

more complex.

For other primary headaches, migraine is the single

biggest problem in the differential diagnosis of clus-

ter headache. Migraine can cluster and despite the best

intentions of The IHS Classification Committee, short

attacks of migraine do occur. Cranial autonomic symp-

toms are well reported [7], and the neuropeptide changes

are the same [50] as in cluster headache [42]. The oc-

currence of attacks together does not seem to have the

seasonal preponderance that is so typical of cluster head-

ache [71, 130], and this can be a useful differential

diagnostic feature. This author regards the term clus-

ter-migraine as unhelpful and is yet to see a convincing

case of a distinct biological entity usefully described by

this name. One might expect by chance that migraine

could occur in up to one-third of CH sufferers given the

peak prevalence of migraine in females and the gener-

ally accepted dominant inheritance pattern. The criterion

for the effect of movement was added to cluster head-

ache to sharpen the difference with migraine. The Com-

mittee hoped this would draw attention to the fact that

most cluster headache patients feel restless or agitated

[6], while most migraine patients are quiescent, as IHS-I

recognised [58]. In clinical practice this symptom, and

the periodicity, are extremely helpful in differential

diagnosis. The other feature of cluster headache, and this

is a feature of TACs when compared to migraine, is that

patients with TACs more often complain of unilateral,

homolateral photophobia [64]. In addition triggering of

headache quickly with alcohol, within 30min is more

typical of cluster headache, whereas alterations to sleep

patterns, eating, stress or menses do not generally affect

cluster headache. Warm environments seem to be a

trigger in cluster headache whereas barometric pressure

change is a trigger of migraine [18].

The TACs themselves (Table 2) can often be differ-

entiated by their attack length. This is certainly true

when comparing cluster headache to SUNCT. The IHS

Table 2. Clinical features of trigeminal autonomic cephalalgias (TACs)

Cluster

headache

Paroxysmal

hemicrania

SUNCT

syndrome

Sex F:M 1:4 2:1 1:2

Pain

– Type stabbing, boring throbbing,

boring,

stabbing

burning,

stabbing,

sharp

– Severity severe to

excruciating

excruciating moderate

to severe

Site orbit, temple,

face

orbit, temple periorbital

Attack

frequency

1=alternate

day–8 daily

1–40=day 1=day–30=hour

Duration of

attack

15–180min 2–30min 5–240 sec

Autonomic

features

yes yes yes (prominent

conjunctival

injection and

lacrimation)

Migrainous

features�
yes yes yes

Alcohol trigger yes occasional no

Indomethacin

effect

– þþ –

� Nausea, photophobia or phonophobia (often ipsilateral to the pain).

Table 3. Cluster headache

1. Diagnostic criteria

A. At least 5 attacks fulfilling B–D

B. Severe or very severe unilateral orbital, supraorbital and=or

temporal pain lasting 15–180min if untreated

C. Headache is accompanied by at least one of the following:

– ipsilateral conjunctival injection and=or lacrimation

– ipsilateral nasal congestion and=or rhinorrhoea

– forehead and facial sweating

– ipsilateral eyelid oedema

– ipsilateral forehead and facial sweating

– ipsilateral miosis and=or ptosis

– a sense of restlessness or agitation

D. Attacks have a frequency from 1 every other day to 8 per day.

E. Not attributed to another disorder

1.1. Episodic cluster headache

Description: Occurs in periods lasting 7 days–1 year separated by

pain free periods lasting one month or more

Diagnostic criteria:

A. All fulfilling criteria A–E of 3.1

B. At least 2 cluster periods lasting from 7 to 365 days and separated

by pain-free remissions of �1 month.

1.2. Chronic cluster headache

Description: Attacks occur for more than one year without remission

or with remissions lasting less than one month

Diagnostic criteria:

A. All alphabetical headings of 3.1

B. Attacks recur over >1 year without remission periods or with

remission periods <1 month
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criteria for TACs does betray an uncomfortable biologi-

cal naivety with regard to the timing. The A, C, D, E=F

criteria are rather similar for each TAC (Tables 3–5). It

seems neat in some way to have SUNCT be up to 4min

long, paroxysmal hemicrania from 2 to 30min and clus-

ter headache from 15min onwards. The overlap seems

minimal. It almost goes without saying that this must be

wrong in absolute terms, biology rarely provides such

neat rules, but it does provide a useful way to identify

cases of sufficiently similarity to make meaningful bio-

logical studies.

Cluster headache

Cluster headache (CH) is a form of primary head-

ache that is almost always unilateral and occurs in

association with cranial autonomic features. In most

patients, it has a striking circannual and circadian per-

iodicity. It is an excruciating syndrome and is probably

one of the most painful conditions known to humans

with female patients describing each attack as being

worse than childbirth.

Clinical features

A cluster headache or attack is an individual episode

of pain that can last from a few minutes to some hours.

A cluster bout or period refers to the duration over which

recurrent cluster attacks are occurring; it usually lasts

some weeks or months. A remission is the pain-free

period between two cluster bouts.

The cluster attack

The attacks are strictly unilateral, with very few ex-

ceptions, although the headache may alternate sides. The

pain is excruciatingly severe. It is located mainly around

the orbital and temporal regions though any part of

the head can be affected. The headache usually lasts

45–90min but can range from 15min to 3 h. It has an

abrupt onset and cessation. Interictal pain or discomfort

is present in some patients [76].

The signature feature of CH is the association of pain

with cranial autonomic symptoms, and it is extremely

unusual for these not to be reported. The International

Headache Society diagnostic criteria [59] require the at-

tacks to be accompanied by at least one of the following,

which have to be present on the pain side: conjunctival

injection, lacrimation, miosis, ptosis, eyelid oedema, rhi-

norrhoea, nasal blockage, forehead or facial sweating or

a sense of restlessness of aggravation (Table 3). The au-

tonomic features are transient, lasting only for the dura-

tion of the attack, with the exception of partial Horner’s

syndrome; ptosis or miosis may rarely persist, especially

after frequent attacks.

The full range of typical migrainous symptoms are

reported in a significant proportion of cluster patients

[6, 128, 129]. Premonitory symptoms (tiredness, yawn-

ing), associated features (nausea, vomiting, photophobia,

phonophobia) and aura symptoms have all been described

in relationship to cluster attacks. However, in contrast to

migraine, CH sufferers are usually restless and irritable,

preferring to move about, looking for a movement or

posture that may relieve the pain [6].

The cluster attack frequency varies between one every

alternate day to three daily, although some have up to eight

daily, and clinical experience suggests even more are pos-

sible. The condition can have a striking circadian rhythmi-

city, with some patients reporting that the attacks occur at

the same time each day. Alcohol, nitroglycerin, exercise,

and elevated environmental temperature are recognised

precipitants of acute cluster attacks. Alcohol induces acute

attacks, usually within an hour of intake, in the vast major-

ity of sufferers, contrasting with migraine sufferers who

Table 4. Short lasting unilateral neuralgiform headache attacks with

conjunctival injection and tearing (SUNCT)

Diagnostic criteria

A. At least 20 attacks fulfilling criteria B–E

B. Attacks of unilateral, orbital, supraorbital or temporal stabbing or

pulsating pain last 5–240 sec

C. Pain is accompanied by ipsilateral conjunctival injection and

lacrimation

D. Attacks occur with a frequency from 3 to 200 per day

E. Not attributed to another disorder

Table 5. Short lasting unilateral neuralgiform headache attacks with

cranial autonomic symptoms (SUNA)

1. Diagnostic criteria

A. At least 20 attacks fulfilling criteria B–E

B. Attacks of unilateral orbital, supraorbital or temporal stabbing

pain lasting from 2 sec to 10min

C. Pain is accompanied by one of:

– conjunctival injection and=or tearing

– nasal congestion and or rhinorrhoea

– eyelid oedema

D. Attacks occur with a frequency of �1 per day for more than half

the time

E. Not attributed to another disorder

1.1. Episodic SUNA

Description: SUNA attacks occurring for 7 days–1 year with pain

free intervals longer than 1 month

1.2. Chronic SUNA

Description: At least 2 attack periods last 7 days–1 year separated

by remission periods of less than one month (untreated)
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generally have headache some hours after alcohol in-

take. Alcohol triggers attacks during a cluster bout but

not in a remission. Allergies, food sensitivities, reproduc-

tive hormonal changes [6] and stress do not appear to

have any significant role in precipitating attacks.

The cluster bout

CH is classified according to the duration of the bout.

About 80–90% of patients have episodic cluster head-

ache (ECH), which is diagnosed when they experience

recurrent bouts, each with a duration of more than a

week and separated by remissions lasting more than

one month. The remaining 10–20% of patients have

chronic cluster headache (CCH) in which either no

remission occurs within one year or the remissions last

less than one month. In practice, the therapeutic issue is

whether the breaks are short enough in any individual

patient to warrant preventive treatment.

Most patients with ECH have one or two annual cluster

periods, each lasting between one and threemonths. Often,

a striking circannual periodicity is seen with the cluster

periods, with the bouts occurring in the same month

of the year. In others, the cluster periods tend to recur

at regular intervals that are consistently different than

12 months. Although the duration of the cluster and remis-

sion periods varies between individuals, these periods

remain relatively consistent within the same individual.

Natural history

Although there is a paucity of literature on the long-

term prognosis of CH, the available evidence suggests

that it is a lifelong disorder in the majority of patients. In

one study, about one-tenth of patients with ECH evolved

into CCH whereas one-third of patients with CCH trans-

formed into ECH [89]. An encouraging piece of infor-

mation for CH sufferers is that a substantial proportion

of them can expect to develop longer remission periods

as they age [63].

Treatment

The management of CH includes offering advice on

general measures to patients, treatment with abortive

and preventive agents, and surgery, now including neu-

romodulatory procedures.

General measures and patient education

Patients should be advised to abstain from taking

alcohol during the cluster bout. Otherwise, dietary fac-

tors seem to have little importance in CH. Anecdotal

evidence suggests that patients should be cautioned

against prolonged exposure to volatile substances, such

as solvents and oil based paints. It can be suggested that

afternoon naps be avoided as sleeping can precipitate

attacks in some patients.

Abortive agents

The pain of CH builds up very rapidly to such an ex-

cruciating intensity that most oral agents are too slowly

absorbed to control the pain within a reasonable period

of time. The most efficacious abortive agents are those

that involve parenteral or nasal administration [92].

Sumatriptan 6mg by injection [29], or nasal spray

20mg, and zolmitriptan 5mg by nasal spray [15], each

been shown to be effective within 30min in placebo-

controlled trials. Oxygen inhalation is effective com-

pared to air [32]. Topical local anaesthetic has been used

with some useful effect, although the evidence is less

robust [68]. When available, intranasal dihydroergota-

mine may be useful [3]. Subcutaneous octreotide can be

effective, as demonstrated by a placebo-controlled trial

[97], and somatostatin receptor targets may be an avenue

for future drug development.

Preventive treatments

The aim of preventive therapy is to produce a rapid

suppression of attacks and to maintain the remission

with minimal side effects until the cluster bout is over,

or for a longer period in patients with chronic clus-

ter headache. The mainstay treatments are high dose

verapamil, typically from 160 to 960mg daily [76, 70],

lithium [28], methysergide [20], melatonin [79] and pre-

dnisolone [65]. There are several promising open-label

reports of topiramate being effective [33, 73, 82, 100,

123, 141] and a controlled trial seems warranted.

Nerve blocks

Anthony [4] described the use of local anaesthetic and

corticosteriod injections around the greater occipital

nerve (GON) homolateral to the pain. This procedure

recently has been studied in a controlled fashion and it

has been suggested that the corticosteroid component

is important for the useful effect [2]. In another study,

of fourteen patients treated with GON injection, four had

a good response, five had a moderate response and five

no response [118]. We find it a variable but sometimes-

effective strategy that in experienced hands has almost
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no morbidity save about 1% incidence of localised alo-

pecia due to fat atrophy at the injection site [127]. While

its use seems largely that of short-term prophylaxis some

clinicians use it for acute attack treatment.

Surgery

This is a last-resort measure in treatment-resistant

patients and should only be considered when the phar-

macological options have been exploited to the fullest.

Patients must be carefully selected. There is an emerging

distinction between destructive procedures, which have

historically been the only option, and neuromodulatory

procedures. For the moment, we have abandoned destruc-

tive procedures, since they are irreversible, in favour of

studies of neuromodulatory approaches.

Destructive procedures

Only patients whose headaches are exclusively uni-

lateral should be considered for destructive surgery, as

patients whose attacks have alternated sides are at risk

of a contralateral recurrence after surgery. A number of

procedures that interrupt either the trigeminal sensory or

autonomic (cranial parasympathetic) pathways can be

performed though few are associated with long-lasting

results while the side effects can be devastating. The

procedures that have been reported to show some suc-

cess include trigeminal sensory rhizotomy via a poster-

ior fossa approach [66, 67], radiofrequency trigeminal

gangliorhizolysis [99] and microvascular decompression

of the trigeminal nerve with or without microvascular

decompression of the nervus intermedius [85]. Gamma

knife treatment seems ineffective when compared to its

morbidity [24]. Complete trigeminal analgesia may be

required for the best results. Complications include

diplopia, hyperacusis, jaw deviation, corneal anaesthesia

and anaesthesia dolorosa. Aggressive long-term ophthal-

mic follow-up is essential.

Neuromodulatory procedures

Leone et al. [81] reported the use posterior hypotha-

lamic neurostimulation in one patient and subsequent-

ly in a cohort of patients with chronic CH treated with

deep brain stimulation (DBS) [34]. The target was

derived from brain imaging work in CH [102], and has

proved effective in those patients. Unfortunately there is

a mortality associated with this procedure [124], which

has led to some caution in its adoption. Based on a

promising report of greater occipital nerve stimulation

[139] in other headache forms, and effects particularly in

migraine [94], suboccipital nerve stimulation is also

being trialled in CH. These non-destructive procedures

need careful evaluation so the best candidates are selected

for their application in practice [83]. Initial experience

with both DBS and occipital nerve stimulation [23] are

extremely promising, and controlled trials are certainly

warranted.

Short lasting unilateral neuralgiform headache

attacks with conjunctival injection and tearing

(SUNCT)

SUNCT syndrome, like the other trigeminal autonomic

cephalalgias (TACs), manifests as a unilateral headache

that occurs in association with cranial autonomic fea-

tures. The features that distinguish it from the other

TACs are: very brief duration of attacks that can occur

very frequently and the presence of prominent conjunc-

tival injection and lacrimation, both of which are present

in the vast majority of patients (Table 4). For the reason

that in some patients with the same clinical problem, one

of conjunctival injection or tearing is absent, we feel

the syndrome should be renamed SUNA: short-lasting

unilateral neuralgiform headache attacks with cranial

autonomic features (Table 5). SUNCT syndrome was

described relatively recently [131] and more fully char-

acterized in 1989 [132].

Epidemiology

The prevalence of SUNCT syndrome is not known

although the extremely low number of reported cases

suggests that it is a rare syndrome. The disorder has a

male predominance (36 males, 16 females) with a sex

ratio of 2.1:1. The typical age of onset is between 40 and

70 years, though ranges from 10 to 77 years [93].

Clinical features

The pain is usually maximal in the ophthalmic dis-

tribution of the trigeminal nerve, especially the orbital or

periorbital regions, forehead and temple, although it

may radiate to the other ipsilateral trigeminal divisions.

Attacks are typically unilateral; however, in three pa-

tients the pain was simultaneously experienced on the

opposite side [111]. The pain is generally moderate to

severe and described as stabbing, burning, pricking or

electric shock-like in character. The individual attacks
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are very brief, lasting between 5 and 250 sec [114],

although attacks lasting up to 2 h each have been de-

scribed [91, 113, 122]. The paroxysms begin abruptly,

reaching the maximum intensity within 2–3 sec; the pain

is maintained at the maximum intensity before abating

rapidly [111]. Most patients are completely pain-free

between attacks, although some report a persistent dull

interictal discomfort [113].

Acute headache episodes in SUNCT syndrome are

accompanied by a variety of associated symptoms. The

attacks are virtually always accompanied by both ipsi-

lateral conjunctival injection and lacrimation. Ipsilateral

nasal congestion, rhinorrhoea, eyelid oedema, ptosis,

meiosis and facial redness or sweating are less com-

monly reported. These cranial autonomic symptoms,

particularly conjunctival injection and lacrimation, are

typically very prominent in SUNCT syndrome. The

associated conjunctival injection and tearing usually

begin 1–2 sec after onset of the pain and may outlast

the pain by a few seconds. Nausea, vomiting, photopho-

bia and phonophobia are not normally associated with

SUNCT syndrome but may be present and when present

the photophobia is highly likely to be ipsilateral to the

pain [64]. Unlike in cluster headache, restlessness is not

as clear a feature of SUNCT syndrome [111].

The majority of patients can precipitate attacks by

touching certain trigger zones within trigeminal innervated

distribution and, occasionally, even from an extra-trigem-

inal territory. Precipitants include touching the face or

scalp, washing, shaving, eating, chewing, brushing teeth,

talking and coughing [111]. Unlike in trigeminal neural-

gia, most patients have no refractory period to triggering.

Differential diagnosis

The differential diagnosis of very brief headaches

includes: SUNCT (primary and secondary forms); tri-

geminal neuralgia; primary stabbing headache and par-

oxysmal hemicrania.

Differentiating SUNCT from trigeminal neuralgia can

be challenging in some cases, as there is a considera-

ble overlap in the clinical phenotypes of the two syn-

dromes. Both headaches are short-lasting, can have a

high frequency of attacks and display clustering of at-

tacks. Both are principally unilateral headaches and the

trigger zones behave similarly. The usual onset is during

middle or old age in both. However, there are a number

of striking differences between these two syndromes

(see Table 6), awareness of which can aid in their differ-

entiation [53, 133].

Primary idiopathic stabbing headache refers to brief,

sharp or jabbing pain in the head that occurs either as

a single episode or in brief repeated volleys. The pain

is usually over the ophthalmic trigeminal distribution

while the face is generally spared. The pain usually lasts

a fraction of a second but can persist for up to 1min,

thereby overlapping with the phenotype of SUNCT, and

recurs at irregular intervals (hours to days). These head-

aches are generally easily distinguishable clinically as

they differ in several respects: in primary stabbing head-

ache there is a female preponderance; the site and radia-

tion of pain often varies between attacks; the majority of

the attacks tend to be spontaneous; cranial autonomic

features are absent; and the attacks commonly subside

with the administration of indomethacin [115, 116].

SUNCT syndrome also has to be differentiated from

short-lasting paroxysmal hemicrania. Paroxysmal hemi-

crania prevails in females; the attacks have a uniform

distribution through day and night; the triggers differ

from those in SUNCT; and the attacks are exquisitely

responsive to indomethacin. If there is any diagnostic

uncertainty then a trial of indomethacin is warranted.

Treatment

Until recently, SUNCT was thought to be highly re-

fractory to treatment [112]. Several categories of drugs

used in other headache syndromes i.e. non-steroidal anti-

inflammatory drugs (including indomethacin), Paracet-

amol (Acetaminophen), 5-hydroxytryptamine agonists

(triptans, ergotamine and dihydroergotamine), �-blockers,

tricyclic antidepressants, calcium channel antagonists

(verapamil and nifedipine), methysergide, lithium, predni-

solone (prednisone), phenytoin, baclofen and intravenous

lignocaine have proved to be ineffective [112].

Acute

We have found intravenous lidocaine very effective in

the acute suppression of SUNCT [95], although we are

Table 6. Differentiating features of typical SUNCT and trigeminal

neuralgia

Feature SUNCT Trigeminal

neuralgia

Gender ratio (male:female) 2.1:1 1:2

Site of pain V1 V2=3

Severity of pain moderate to severe very severe

Duration (sec) 5–250 <5

Autonomic features prominent sparse or none

Refractory period absent present

Response to carbamazepine partial complete
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cautious of neuropsychiatric side effects that are very

common in these patients [37].

Preventive

Partial improvement with carbamazepine has been

observed in several patients [30, 91, 112, 117, 122].

Recently, lamotrigine has been reported to be highly

efficacious in a number of patients [13, 21, 56, 80,

119]. There are a number of reported cases of SUNCT

patients who responded completely to Gabapentin [54,

61, 120], typically 900–2700mg [101] daily. We have

recently reported a patient who responded completely to

topiramate 50mg daily [91]. These observations clearly

need to be confirmed in other cases. Nonetheless, given

the debilitating nature of this headache, gabapentin and

topiramate are reasonable second line agents in patients

who fail a trial of lamotrigine.

Surgery

Several surgical approaches have been tried in SUNCT

syndrome. Anaesthetic blockades of pericranial nerves

have been reported to be ineffective [112]. Black and

Dodick reported on two SUNCT cases refractory to var-

ious surgical procedures [11]. The first patient under-

went a glycerol rhizotomy, gamma-knife radiosurgery

and microvascular decompression of the trigeminal

nerve while the second patient underwent gamma-knife

radiosurgery of the trigeminal root exit zone and two

microvascular decompressions of the trigeminal nerve.

Neither patient benefited from these procedures. In addi-

tion, the first patient suffered from anaesthesia dolorosa

and the second patient from unilateral deafness, chronic

vertigo and disequilibrium as a result of surgery. We have

seen two patients who had failed to demonstrate a per-

sistent response following trigeminal thermocoagulation

and microvascular decompression (unpublished obser-

vations). Although there are some reports of successful

procedures none has greater than eighteen months fol-

low-up and we do not recommend destructive proce-

dures at all at the moment.

Neuromodulation

The most exciting developments in the treatment of

SUNCT has been a recent report that deep brain stimu-

lation in the region of the posterior hypothalamus is

useful in SUNCT [84]. It is likely that occipital nerve

stimulation will also be used, since some patients with

SUNCT benefit from greater occipital nerve injection as

cluster headache patients do (Afridi, Shields, Bhola and

Goadsby, unpublished data).
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Summary

Deep brain stimulation (DBS) for pain was one of the earliest indica-

tions for the therapy. This study reports the outcome of DBS of the

sensory thalamus and the periventricular and peri-aqueductal grey area

(PVG=PAG) complex for different intractable neuropathic pain syn-

dromes. Forty-seven patients (30 males and 17 females) were selected

for surgery; they were suffering from any of the following types of pain:

post-stroke neuropathic pain, phantom limb pain, post-herpetic neural-

gia, anaesthesia dolorosa, brachial plexus injury and neuropathic pain

secondary to neural damage from a variety of causes. Of the 47 patients

selected for trial stimulation, 38 patients proceeded to permanent im-

plantation. Patients suffering from post-stroke pain were the most likely

to fail trial stimulation (33%), in contrast to individuals with phantom

limb=post-brachial plexus injury pain and anaesthesia dolorosa, all of

whom underwent permanent implantation. PVG stimulation alone was

optimal in 17 patients (53%), whilst a combination of PVG and thalamic

stimulation produced the greatest degree of analgesia in 11 patients (34%).

Thalamic stimulation alone was optimal in 4 patients (13%). DBS of the

PVG alone was associated with the highest degree of pain alleviation,

with a mean improvement of 59% ( p<0.001) and a �50% improve-

ment in 66% of patients. Post-stroke pain responds in 70% of patients.

We conclude that the outcomes of surgery appear to vary according to

aetiology, but it would appear that the effects are best for phantom limb

syndromes, head pain and anaesthesia dolorosa.

Keywords: Deep brain stimulation; DBS; neuropathic pain; phantom

limb pain; anaesthesia dolorosa; brachial plexus; periventricular and

periaquaductal grey area.

Introduction

Deep brain stimulation for pain was one of the earliest

indications for the therapy. Many targets were tried with

some reported success such as the caudate nucleus and

septal area [5]. Later, more success was reported target-

ing the sensory thalamus (VPL and VPM) and the peri-

ventricular and peri-aqueductal grey area (PVG=PAG)

[7]. The indications were largely of nociceptive pain;

failed back surgery was the largest indication numeri-

cally. Despite the apparent successes, the technique was

abandoned for reasons unrelated to the effects obtained

by such workers as Young and Kumar [11, 16].

In the late 1980s, a USA FDA ruling required clinical

trials to evaluate the safety and efficacy of DBS for the

treatment of pain. Two electrode models were evaluated

in multi-centre trials. Both trials were prematurely con-

cluded, due to discontinuation of the manufacture of the

lead used in one, and problems with slow enrolment, high

attrition and low efficacy in the other [1]. Results col-

lected from the two trials failed to show an acceptable

success rate; therefore DBS for the treatment of pain

was not given FDA approval. Whilst this has meant that

use of DBS in treating pain has remained on an ‘experi-

mental’ basis in the USA, its use continues in North

America, Europe and Asia.

Neuropathic pain remains an enormous clinical prob-

lem and very commonly resists all medical therapy. Given

the early promising reports, in Oxford we began to offer

motor cortex stimulation (MCS) in attempts to alleviate

central pain. Although MCS emerged as a technique for

the alleviation of central pain [2, 3, 9, 13–15], with re-

ported success rates of up to 75%, this was not our experi-

ence. We, therefore, re-explored the use of deep brain

stimulation for neuropathic pain syndromes and our ex-

perience, reported here, has led to its continued use. We

report our experience in patient selection, surgical techni-

que, clinical results and subsequent management.

Methods

Forty-seven patients (30 males and 17 females) with intractable neuro-

pathic pain were selected for surgery, on the basis of their clinical eval-

uation. In all patients the pain had a definable organic origin (Table 1).

All reasonable conventional pain management techniques had failed or

were poorly tolerated. Patients with psychiatric disturbances, such as



psychotic illness and severe depression, were excluded. This pain was

refractory to multiple pharmacological and non-pharmacological thera-

pies, including epidural morphine, TENS and ultrasonic therapy, as well

as oral amitriptylline, carbamazepine, and opioids. They were referred to

our service from specialist pain clinics nationally in the UK. The mean

age at surgery was 50 years (range 24–76 years).

Pre- and post-operative evaluation was carried out using the McGill

Pain Questionnaire (MPQ) (to assess pain) [12]. Each patient kept a pain

diary to assess pain intensity on a self-rated visual analogue scale (VAS).

VAS pain scores were taken after a rest period, to avoid distortion by

exercise or activity. Patients were asked to give two scores per day over a

two-week period. All scores over the fortnight period were averaged.

The preoperative and postoperative evaluations were compared, in order

to assess the effect of DBS on the patient’s pain. These procedures were

approved by the Local Ethics Committee.

The pain syndromes taken on were post-stroke neuropathic pain,

phantom limb pain, post-herpetic neuralgia, anaesthesia dolorosa, bra-

chial plexus injury and neuropathic pain secondary to neural damage

from a variety of causes. The patients with phantom limb pain com-

monly described severe unremitting painful posturing of the absent limb

and the other groups commonly described a severe burning hyperaesthe-

sia as the most agonising component of their pain.

Surgical technique

A magnetic resonance imaging (MRI) scan of each patient’s brain had

been performed several weeks before surgery. T1-Weighted sequences

were acquired. For surgery, a CRW base ring was applied to the patients’

head under local anaesthesia. A stereotactic CT scan was then performed

and using the Radionics Image Fusion+ and Stereoplan+ programme the

co-ordinates for the PVG and VPL were calculated. A double oblique

Fig. 1. Targeting of the right periventricular=periaqueductal grey (PVG=PAG) region

Table 1. Etiology in 34 patients undergoing DBS for intractable neuro-

pathic pain

Aetiology Total

Post-stroke 18

Phantom limb=brachial plexus injury 12

Anaesthesia dolorosa 3

Spinal cord injury 3

Multiple sclerosis 1

Malignancy 1

Post-herpetic 1

Other 8

Overall 47

112 S. L. F. Owen et al.



trajectory (Fig. 1) was used with an entry point just anterior to the cor-

onal suture and laterality of approach dictated by ventricular width. The

PVG=PAG was proximally located 2–3mm lateral to the wall of the

third ventricle and 2mm anterior to the level of the posterior commissure

and distally the deepest electrode lay in the superior colliculus. The VPL

was located 12mm lateral and 5–8mm posterior to the mid commissural

point (Fig. 2). Patients with strokes in the sensory thalamus were only

implanted in the PVG=PAG. After washing the patient’s scalp with alco-

holic chlorhexidine, a parasaggital posterior frontal scalp incision 3.0 cm

from the midline was made contra-lateral to the side of pain. The VPL

was implanted with a Medtronic 3387 electrode where stimulation

induced paraesthesiae in the area of pain and the PVG with a Medtronic

3387 electrode where stimulation induced relief of pain or a sensation of

warmth in the area of pain. The deepest electrode was noted to be in a

satisfactory position if eye bobbing was induced at intensity of stimula-

tion at least twice that required for sensory effects. It has been our ex-

perience that there exists a somatotopy to the PVG=PAG area in that the

contralateral foot lies upper at the level of the posterior commissure and

the face lies at the level of the superior colliculus The electrodes were

then fixed to the skull with a miniplate prior to externalisation.

In all patients the electrodes were externalised for a week of trial

stimulation. If the patients were satisfied with the degree of pain relief,

full implantation of a Medtronic pulse generator was performed in the

following week under general anaesthesia.

Following surgery, the patients were assessed at 1–2 months, and

subsequently at 3 monthly intervals. Assessment was equivalent to that

used preoperatively. These measures enabled comparisons of the pre-

and postoperative data to be made to assess the clinical outcome of DBS.

Pain relief was quantified using three methods: mean % pain relief, pro-

portion of patients experiencing �50% pain relief, and a four-tiered

categorization of pain outcome. This four-tiered system is as follows:

poor (<40% improvement in pain intensity), fair (40–59% improve-

ment), good (60–79%), excellent (80–100%).

Of the 47 patients, 38 felt pain relief was good enough during the trial

period to proceed to full implantation. Of these 6 were lost to follow up

(3 unrelated deaths) leaving 32 with data.

Results

Overall results

Results of trial stimulation

Of the 47 patients selected for trial stimulation, 38 pa-

tients proceeded to permanent implantation. This is sum-

marized in Table 2. The mean age of patients proceeding

Fig. 2. Targeting of the right ventroposterolateral (VPL) nucleus of the thalamus
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to permanent implantation was 50 years. Patients suffer-

ing from post-stroke pain were the most likely to fail

trial stimulation (33%), in contrast to individuals with

phantom limb=post-brachial plexus injury pain and an-

aesthesia dolorosa, all of whom underwent permanent

implantation.

Pain alleviation

The outcome data is presented in Table 3. Six pa-

tients (12%) were lost to follow-up. At a mean follow-

up of 44.5 months (range 1–76 months) the intensity

of pain was reduced by an average of 52	 27%

(range 14–100%). The mean VAS score was 8.13

(SD 1.23) preoperatively, and 3.93 (SD 2.15) post-

operatively ( p<0.001). Pain relief �50% was

obtained in 50% of patients (16=32). Excellent pain

relief was achieved in 19% (6=32), good relief in 13%

(4=32), fair relief in 31% (10=32), and poor relief in

38% (12=32).

Ninety-four percent of patients (30=32) complained

of ‘burning pain’ preoperatively, and the severity of

this component was diminished at follow-up in 78%

(23=30). In 57% of these patients (17=30), this compo-

nent of the pain was completely alleviated.

Patients with post-stroke pain had a mean improve-

ment in pain severity of 49	 28%, with 44% (4=9)

describing a �50% improvement in severity of pain fol-

lowing surgery. Twenty-two percent (2=9) of these pa-

tients had a fair outcome, 11% (1=9) had a good outcome,

and two patients (22%) had and excellent outcome. Poor

outcome was seen in 44% (4=9) of these patients.

Phantom limb and brachial plexus injury

Phantom limb patients had a mean improvement of

51	 14% (6 of 7 patients) with a wide range (18–74%).

Improvement �50% had a 67% (4=6). Similarly, bra-

chial plexus injury patients had a mean improvement of

50% (21–72%) with 60% improving �50%. Overall in

these two categories, 40% (2=5) had a fair outcome and

40% (2=5) had a good outcome.

Cranial pain syndromes

Of eight patients with craniofacial pain syndromes

(including one cluster headache), overall improvement

was 68% (11–100%). Analgesia 100% was achieved in

one patient with post-herpetic neuralgia and in one with

cluster headache. Excellent pain relief occurred in 38%

(3=8), good relief in 38% (3=8), fair in 13% (1=8) and

poor in 13%.

Spinal cord injury

We have not been particularly successful at treating

spinal cord injury. Two out of three patients failed trial

stimulation and were therefore not implanted. The re-

maining patient has not achieved significant pain relief

although this may be related to a very high level of

opiates.

Table 2. Successful and failed trial stimulation

Aetiology Total Failed trial Implantation

Post-stroke 18 6 (33%) 12 (67%)

Phantom limb=brachial

plexus injury

12 0 12 (100%)

Anaesthesia dolorosa 3 0 3 (100%)

Spinal cord injury 3 2 (67%) 1 (33%)

Other 11 1 (9%) 10 (91%)

Overall 47 9 (19%) 38 (81%)

Table 3. Results of DBS for neuropathic pain

Patient Pre-op

pain score

Post-op

pain score

Improvement % Stimulation

site(s)

1 9.7 6.8 30 PVG

2 8.5 6.8 20 thalamus

3 7.2 3.6 50 PVG=thalamus

4 9.2 5.3 42 PVG

5 8.2 1.9 77 PVG

6 9.1 2 88 PVG

7 6.7 5.1 24 PVG=thalamus

8 10 7.4 26 PVG

9 8.1 1 88 PVG

10 8.2 5 39 PVG

11 8.5 6.75 21 PVG=thalamus

12 8.9 5.1 43 PVG=thalamus

13 6.9 0 100 thalamus

14 8.5 0 100 PVG

15 8.9 6.1 31 PVG=thalamus

16 8.1 3.7 54 PVG

17 6.4 5.5 14 thalamus

18 7.4 3.3 55 PVG

19 7.2 3.6 50 PVG

20 6.3 4.8 24 PVG=thalamus

21 9.8 3.2 77 thalamus

22 8.2 3.4 58 PVG=thalamus

23 6.8 2.5 63 PVG

24 9.3 7.9 15 PVG=thalamus

25 5.8 3.1 47 PVG

26 8.2 1.5 82 PVG=thalamus

27 9 4.7 48 PVG

28 10 0 100 hypothalamus

29 8.2 3.5 57 PVG

30 10 2.5 75 PVG

31 6.3 4.8 24 PVG

32 6.6 5 24 PVG
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Others

This group comprises a miscellany of conditions in-

cluding perineal pain and neck pain (post-surgical).

Overall improvement in pain scores was 69%.

Site of stimulation

The likelihood of success was also determined ac-

cording to the site of stimulation. PVG stimulation alone

was optimal in 17 patients (53%), whilst a combination

of PVG and thalamic stimulation produced the greatest

degree of analgesia in 11 patients (34%). Thalamic stim-

ulation alone was optimal in 4 patients (13%). DBS of

the PVG alone was associated with the highest degree of

pain alleviation, with a mean improvement of 59%

(p<0.001) and a �50% improvement in 66% of pa-

tients. Patients requiring thalamic stimulation alone ob-

tained a mean improvement in pain severity of 53%

(p¼ 0.084). Those patients who required both PVG

and VPL=VPM stimulation had the lowest magnitude of

pain amelioration (mean improvement 36%; p¼ 0.001).

Figures 1 and 2 show typical targeting sites and trajec-

tories for the PVG and VPL respectively, when using the

Radionics+ Stereoplan(TM) software. Figure 3 shows a

typical post-operative magnetic resonance scan in a pa-

tient with both PVG and VPL electrodes.

Stimulation parameters

The amplitude, pulse width, and frequency of stimu-

lation are displayed in Table 4. Mean values for each

electrode site, together with the range of values, are

given. There was no difference in mean amplitude be-

tween the two sites, however the required amplitude

varied considerably between patients. A higher mean

pulse width was observed for stimulation of the PVG

when compared with the sensory thalamus (257 vs.

182ms), however the range of values was extensive but

similar for the two stimulation locations. The frequency

of stimulation required to produce and maintain analge-

sia was much lower than that found in DBS for move-

ment disorders. The mean stimulation frequencies were

22Hz for the PVG and 26Hz for the sensory thalamus.

The range of stimulation frequencies was 5–30Hz for

PVG stimulation and 10–50Hz for VPL=VPM stimula-

tion. The precise frequency at which maximal analgesic

effect was produced varied from patient to patient and

was determined by careful titration during the trial pe-

riod, followed by further adjustments after pulse genera-

tor implantation.

Health-related quality of life

To assess the overall improvement or otherwise in this

group of patients, pre- and post-operative EUROQOL

data was recorded for the last 15 consecutive patients

undergoing surgery. These health-related quality of life

measures revealed a mean improvement following sur-

gery of 38%, using a paired sample t-test (mean pre-

operative value 46.5	 18.6, mean post-operative value

64.1	 19.9; p¼ 0.014).

Complications

Wound infection occurred in two patients, requiring

a prolonged course of antibiotic therapy. Fracture of

the electrode lead occurred in one patient, requiring

revision of the electrode. There was no incidence of

intracranial haemorrhage, post-operative neurological

deficit, or mortality.

Discussion

This study reports the outcome of deep brain stimula-

tion of the sensory thalamus and the PVG=PAG complex

for different neuropathic pain syndromes. We believe that

this single-centre prospective study shows a beneficial

effect of such therapy for neuropathic pain syndromes.
Fig. 3. Axial MRI scan of implanted electrodes in the PVG and VPL in

a patient with pain secondary to a brachial plexus injury

Table 4. Mean stimulation parameters

PVG Sensory thalamus

Amplitude (V) 2.4 (0.8–4.5) 2.4 (0.7–4.4)

Pulse width (ms) 257 (120–450) 182 (60–400)

Frequency (Hz) 22 (5–30) 26 (10–50)
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However, the outcomes of surgery appear to vary ac-

cording to aetiology. Our conclusions must be taken in

the light of the fact that certain aetiologies are of a

smaller number than others. It would appear that the

effects are best for phantom limb syndromes, head pain

(including one patient with cluster headaches) and

anaesthesia dolorosa. Post-stroke pain responds in 70%

of patients.

Given the difficulties inherent with assessing pain out-

comes with VAS scores we have now taken to collecting

pre and post-operative EUROQOL scores which have

shown that there is significant benefit. We have found that

it appears to be a somewhat better pain alleviation when

the PVG=PAG target site is used. It would appear on

reviewing published images of recent groups [4, 10] that

there is a correspondence in what we have reported as

PVG=PAG and CM-pf. With further experience from ours

and other groups this may be well clarified. The target co-

ordinates are very similar to those used historically [8] for

both sites and we have used this nomenclature.

Historically, loss of effect with time has been quoted as

a major problem with this therapy. In our experience, the

possible cause of this is patient perception. Since pain is

rarely totally abolished, with time any residual pain be-

comes more intrusive and patients score the pain higher.

However, in an N of 1 study, turning off the stimulation

causes exacerbation of pain that had been scored as max-

imum. Hence if only VAS scores were rated this would

lead to apparent loss of effect. We have tried to address

this problem. We assessed patients after a stable pattern of

stimulation was achieved in an N of 1 trial in which they

are randomly switched ‘‘on’’ or ‘‘off’’ in 10 trials and the

pain scores were charted [6]. This was limited by the fact

that in some patients pain relief lasted for up to 24 hours

after cessation of stimulation and was not practical.

Nevertheless, we believe that deep brain stimulation for

neuropathic pain is an effective therapy and further stud-

ies are required to improve outcome.
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Summary

Surgical therapy for movement disorders has been practiced since the

early 20th century, mostly for Parkinson’s disease. At its onset, large

destructive procedures like open resection of cortex, parts of the basal

ganglia or its fibre connections produced variable, ill-documented

results. With the introduction of the stereotactic operating technique in

the second half of the century, ablative surgery became more refined, and

more selective interventions became possible to alleviate the suffering of

those patients for whom no other treatment modalities were yet available.

However, the introduction of levodopa-based pharmacological therapy

pushed surgical therapy almost completely to the background.

In the past two decades, there has been a resurgence of interest in

surgery for movement disorders, due to both limitations of long-term

pharmacological therapy and the advent of the treatment modality of

deep brain stimulation. The subject has now grown into a large field

of clinical and scientific interest. Parkinson’s disease is the most wide-

spread surgical indication, but in other movement disorders consider-

able improvement can be achieved by surgery as well, most notably

in dystonia. A short review of the surgical therapy for these disorders

is presented.

Keywords: Neuromodulation; ablation; deep brain stimulation;

transplantation; movement disorder; review.

Parkinson’s disease

Patients most suitable for surgery are those with ad-

vanced idiopathic Parkinson’s disease, whose symptoms

are responsive to dopamine treatment [75], and who have

no significant cognitive impairment [56]. Accompanying

mood disorders should be adequately controlled, and a

history of psychosis that was not levodopa-induced is

a relative contra-indication. Isolated tremor-dominant

Parkinson’s disease that is unresponsive to levodopa,

with minimal hypokinesia or rigidity, can be consid-

ered for treatment as well. Patients with parkinsonism

that is unresponsive to levodopa, as part of some form

of multiple system degeneration or due to ischemia

or other brain injury, are not good surgical candidates

[34, 63].

Ablative procedures

Thalamotomy

Neurosurgical thalamotomy in the nucleus ventrointer-

medius is effective in 85–93% of patients with incapacitat-

ing tremor that is refractory to drug therapy [29, 30, 47].

Rigidity can improve to some extent as well [48], but

hypokinesia is generally unaffected by thalamotomy.

Permanent complications are reported in a wide range

from 9 to 47% of patients [21, 26, 29, 47, 57, 76], and

mainly consist of deterioration of gait and dysarthria.

Bilateral thalamotomy carries a high risk of cognitive,

speech and balance problems [46, 58, 61] and is no

longer performed [31]. In the era of deep brain stimula-

tion, thalamotomy is now reserved for those patients

who have long-term unilateral tremor-dominant disease,

in whom deep brain stimulation cannot be performed.

Pallidotomy

Pallidotomy produces a marked improvement in

contralateral rigidity and hypokinesia, and can virtually

abolish levodopa induced dyskinesias. Tremor im-

proves as well, although to a lesser degree than after

thalamotomy. In two single-blind clinical trials compar-

ing unilateral pallidotomy to pharmacological treatment

alone [14, 72], it was shown that pallidotomy produces

an overall improvement of 31% in the motor score of

the Unified Parkinson’s Disease Rating Scale (UPDRS)



after six months. Gait disturbances and the freezing in

‘‘off’’-periods decrease as well after unilateral pallidot-

omy, but most studies show this effect to be lost after

several years [38]. Bilateral pallidotomy has been ap-

plied until recently, but is accompanied by a higher

complication rate, mainly dysarthria and neuropsycho-

logical deterioration [15, 18], and is generally not re-

commended. The long-term outcome of pallidotomy is

somewhat controversial, but there are a number of re-

ports of sustained benefit after long periods of follow-up

[19, 20, 37]. Nowadays, pallidotomy is still a viable treat-

ment modality for patients with advanced Parkinson’s

disease with motor-fluctuations and severe ‘‘off’’-state

hypokinesia and rigidity along with tremor, in whom

deep brain stimulation cannot be performed.

Subthalamotomy

Lesioning in the subthalamic nucleus has generally

been avoided for fear of inducing hemiballism. Based

on the effectiveness of improving parksinsonian symp-

toms by deep brain stimulation in the subthalamic nu-

cleus, and economic restraints to apply this technique,

a limited number of studies of subthalamotomy have

been published. Unilateral subthalamotomy produced

a 30–37% improvement in ‘‘off’’-state motor score

[53, 62], that was sustained after two years in one series

[53]. After bilateral subthalamotomy, 50% reduction

of the ‘‘off’’-state motor score was reported [1]. Post-

operative hemiballism did indeed occur in up to one

third of the patients, but generally resolved sponta-

neously, and other side-effects seemed to be limited.

The role of subthalamotomy in the surgical treatment

of Parkinson’s disease will have to be determined by

further studies.

Deep brain stimulation

Thalamic stimulation

Continuous deep brain stimulation in the thalamus has

consistently been shown to produce excellent control of

tremor in Parkinson’s disease [5, 31, 51], comparable

to that after thalamotomy, with a sustained benefit after

more than 10 years [6]. Bilateral stimulation can be

performed, and is often necessary to abolish midline

tremors [52]. However, thalamic stimulation has only lim-

ited effect on the other cardinal symptoms of Parkinson’s

disease, comparable to the findings after thalamotomy.

The main advantage of thalamic stimulation over thala-

motomy is the lower rate of side-effects, occurring in

around 15% of patients, which are usually mild and can

sometimes be lessened by adjusting the stimulation pa-

rameters. Due to this difference in complications, thalam-

ic stimulation was shown to produce more functional

improvement for the patients than thalamotomy [57].

In Parkinson’s disease, thalamic stimulation has largely

lost its role in favour of subthalamic stimulation, due to

the lack of improvement in the other cardinal features of

the disease besides tremor. In long-term stable tremor-

dominant disease, it can however still be considered, and

thalamic stimulation is the treatment of choice in other

forms of medication-resistant tremor, most notably es-

sential tremor [44].

Pallidal stimulation

Deep brain stimulation of the globus pallidus is usual-

ly performed bilaterally, and can produce a 39–55% im-

provement in total ‘‘off’’-phase motor score [9, 23, 73],

which effect can be sustained for up to two years after

surgery [16, 23]. The larger symptom reduction of pal-

lidal stimulation in comparison to pallidotomy is due to

the fact that pallidotomy was usually applied unilaterally.

In a small study, however, efficacy of pallidal stimula-

tion was gradually lost after five years of follow-up [74].

The improvements after pallidal stimulation concern

all motor symptoms of Parkinson’s disease. Besides de-

creasing hypokinesia, rigidity, tremor, gait disturbances

and dyskinesias, there is also a significant reduction of

‘‘off’’-period dystonia and an increase in total ‘‘on’’

time [65]. Complications after pallidal stimulation are

rare and can often be reduced by stimulation parameter

adjustments. Especially neuropsychological deteriora-

tion is rarely seen. This may well prove to be the key

factor giving pallidal stimulation a continuing role in the

future, as subthalamic stimulation seems to bear a higher

risk of neuropsychological side-effects [2]. Further re-

search is therefore necessary to firmly establish if the

long-term efficacy of pallidal stimulation is indeed less

stable than that of subthalamic stimulation.

Subthalamic nucleus stimulation

Stimulation in the subthalamic nucleus is generally

the preferred surgical therapy for advanced Parkinson’s

disease. There is a marked reduction of all motor symp-

toms of the disease, just as in stimulation of the globus

pallidus. Besides the reduction of tremor, hypokinesia

and rigidity of the extremities, the improvement in mid-

line symptoms such as gait and balance is often remark-

able [33]. Subthalamic stimulation can improve total
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motor scores by 44–66% [9, 35], and this effect has

been shown to last up until five years after surgery [35].

Subthalamic stimulation attenuates motor fluctuations,

and the sudden ‘‘on–off’’ fluctuations become milder or

disappear completely. Compared to pallidal stimulation,

subthalamic stimulation may lead to a larger percentage

of ‘‘on’’-time during the day without involuntary move-

ments [65]. In contrast to pallidal stimulation, dopami-

nergic drugs are reduced substantially after subthalamic

stimulation, for the combination of stimulation and base-

line drug dosages can lead to increased dyskinesias [39].

In some cases, dopaminergic drugs can be stopped com-

pletely, whereby the stimulation produces the same ef-

fect as medication did preoperatively [70]. As a general

rule, patients can expect to improve to the level of their

best baseline ‘‘on’’-state more continuously after subtha-

lamic stimulation.

Complications are generally mild and well-tolerated,

and are mainly experienced during the fine-tuning of the

stimulation: dysarthria, paresthesias or dystonia. There

is, however, growing concern about the occurrence of

cognitive [60] or mood [7] disturbances and behavioural

changes [28] after subthalamic stimulation, which might

be caused by current spread into associative and limbic

regions of this small nucleus. A contributing factor might

be imbalance of stimulation settings and medication

adjustments early after surgery.

Continuing research into the comparison of subthalam-

ic and pallidal stimulation for Parkinson’s disease will

elucidate their respective roles in the treatment of Par-

kinson’s disease. It is conceivable that selection of the

best target site of stimulation will be determined in-

dividually for each patient depending on symptom pro-

file and neuropsychological factors [2, 49].

Transplantation

The idea of replacing the degenerated dopaminergic

input into the striatum directly by transplanting dopami-

nergic neurons is perhaps the most logical and direct

approach towards fighting Parkinson’s disease. In the

initial attempts, autologous adrenal medullary cells were

used. Although the first case-reports were optimistic

[4, 45], larger series demonstrated no significant im-

provement in motor performance and a high morbidity

and mortality [25]. Thereafter, the use of adrenal medul-

lary cells was abandoned in favour of transplantation of

human fetal mesencephalic dopaminergic cells. The ini-

tial reports showed proof of principle with evidence of

graft survival, functional dopaminergic release, and im-

proved motor function in the patients [32, 41, 54, 55].

Two clinical trials were then performed, and although

PET-scans showed increased dopamine uptake dem-

onstrating graft survival, no significant clinical im-

provement was achieved. Furthermore, a significant

proportion of the treated patients developed increased

dyskinesias that did not resolve after discontinuation

of dopaminergic drugs [22, 50]. A number of aspects

of this therapy are not yet standardized, most notably

the transplantation procedure, tissue handling, patient

selection, and immunosuppressive treatment. The num-

ber of graft sites and their positioning may need to be

tailored to the individual patient. The use of fetal tissue

causes obvious problems and alternative sources of do-

paminergic neurons will have to come from stem cell

technology. Transplantation of dopaminergic neurons

might still prove a viable approach in the future, but

these issues have yet to be resolved [77].

Dystonia

Dystonia is a syndrome characterized by sustained mus-

cle contractions, causing twisting and repetitive move-

ments or abnormal postures. Surgical therapy can offer

improvement in various types of dystonia that are re-

fractory to drug therapy or injection of botulinum toxin:

primary generalized dystonia, secondary generalized

dystonia due to an insult to the brain, and some forms

of cervical dystonia.

Ablative procedures

Thalamotomy in generalized dystonia

Application of thalamotomy for dystonia followed

the observations of improvement of dystonic symptoms

in Parkinson’s disease after thalamotomy. The largest

series of unilateral thalamotomy in generalized dystonia

showed good improvement in 25% and moderate im-

provement in 45% of patients [12], which results were

confirmed in a smaller more recent series [64]. It ap-

peared that the complication rate of pallidotomy was

lower than that of thalamotomy [27], and the focus of

research shifted to the globus pallidus for the treatment

of dystonia, even more so after the development of deep

brain stimulation. Special mention for the future, how-

ever, is deserved by the observation that thalamotomy

was more effective in secondary hemidystonia than in

primary dystonia [3, 10], whereas secondary dystonia

does not respond as well to the currently favoured palli-

dal stimulation.
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Pallidotomy in generalized dystonia

Soon after the renewed interest for pallidotomy in

Parkinson’s disease, this procedure was applied to dysto-

nia patients as well, with remarkable results, although the

total number of patients reported is small [17, 40, 71, 79].

Most patients were treated with bilateral pallidotomy

and a consistent finding has been that patients with pri-

mary dystonia respond remarkably well, whereas pa-

tients with secondary dystonia do not improve much.

One group compared their successive results with tha-

lamotomy and pallidotomy for dystonia, and they found

that pallidotomy resulted in much better outcome than

thalamotomy in primary dystonia [79]. In their patients

with secondary dystonia, both treatments produced mod-

erate to marked improvement in about half of the pa-

tients, and although disappointing when compared to

primary dystonia, either treatment can still produce ben-

efit for some secondary dystonia patients.

Although severe complications have been reported

after bilateral pallidotomy, present-day localisation tech-

niques probably allow for safer application of this tech-

nique. Even though stimulation is safer than lesioning,

and has several other advantages, the results thus far with

modern bilateral pallidotomy in primary dystonia defi-

nitely suggest that this is a viable approach in cases where

stimulation cannot be performed.

Ablative surgery in cervical dystonia

Cervical dystonia, formerly named spasmodic torticol-

lis, is themost frequent dystonic disorder, and presently the

treatment of choice is repeated injections with botulinum

toxin in the muscles involved. For the 10–25% of patients

who are primary or secondary non-responders, selective

peripheral denervation tailored to the individual dystonic

pattern [8, 11] is the ablative surgical treatment of choice.

Both thalamotomy and pallidotomy have been applied

in cervical dystonia, but experience dates from before

the introduction of botulinum toxin, and both procedures

were abandoned due to higher success-rates and lower

morbidity of peripheral denervation. From a recent re-

view on this subject we have learnt mainly that bilateral

stereotactic surgery has better outcome than unilateral

surgery [43], which has relevance for therapeutic strate-

gies in the era of stimulation.

Deep brain stimulation

Thalamic stimulation

One recent series of 12 patients was published apply-

ing high-frequency thalamic stimulation for both primary

and secondary dystonia, and only five patients had mild

to moderate improvement of limb dystonia without re-

solving axial symptoms [67]. As in ablative surgery the

pallidal target appeared to be superior to the thalamus

for treating dystonia; hence, the globus pallidus became

the target of choice for these patients. Four case-reports

describe thalamic stimulation in secondary dystonia: one

had temporary good effect of intermittent stimulation,

probably simulating a sensory ‘‘geste antagoniste’’ [59];

one had good effect of pallidal stimulation but no effect

of simultaneously implanted thalamic stimulation [66];

one had no effect of pallidal stimulation that was applied

for only six weeks and had good effect of subsequent

thalamic stimulation [24]; one had good effect on par-

oxysmal nonkinesogenic arm-dystonia [42]. There is

insufficient data to decide if there is a role for thalamic

stimulation in secondary dystonia in the future.

Pallidal stimulation

Bilateral pallidal stimulation produces marked and

sustained improvement in primary generalized dystonia,

with a mean symptomatic improvement of 51% and one

third of patients improving more than 75%, as was re-

cently shown in a clinical trial [69], confirming the

results of earlier studies [13, 17, 78]. At present, this is

considered the surgical treatment of choice in these

patients. Although no direct comparison with bilateral

pallidotomy is available, the main reason for assuming a

preference for stimulation is its postulated lower inci-

dence of adverse effects. However, with present-day

image-based and electrophysiological localization meth-

ods this is definitely undecided. Another advantage of

stimulation is the adjustability of stimulation parameters,

which allows for a dynamic approach over time. In sec-

ondary dystonia, the results are less favourable and more

variable [17], and treatment is probably more complex

due to the heterogeneous population, many patients har-

bouring other neurological symptoms due to the under-

lying disorder [68]. Future research will determine if

and how these patients can be treated best by functional

neurosurgery.

Patients with cervical dystonia that have inadequate

response to botulinum toxin and who are not candidates

for selective peripheral denervation, often have com-

plex forms of cervical dystonia, with head tremor, pha-

sic dystonic movements, anterocollis or combinations

thereof. In these cases, bilateral pallidal stimulation has

been shown to produce 60% improvement in both dis-

ease severity and disability scores, with an accompany-

ing reduction of more than 50% in associated pain

scores [36, 78].

122 P. R. Schuurman and D. A. Bosch



Future research

A substantial body of evidence has been produced in

the past two decades, providing new insights into the

treatment of movement disorders such as Parkinson’s

disease and dystonia. The now widespread application of

deep brain stimulation has not only enabled us to alle-

viate the symptoms of many patients, but has also given

us a valuable tool to study their diseases.

General recommendations about the best treatment

and the alternatives for the individual patients at present

can be made, but it is definitely too early to decide that

subthalamic and pallidal stimulation are the definitive

treatments of choice for Parkinson’s disease and dystonia.

Additional controlled studies in homogeneous groups of

patients are essential to determine the optimal treatment

for these patients in the long term.
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Summary

During the last decade there has been a marked increase in the

applications of deep brain stimulation for the treatment of neurological

and psychiatric disorders. In addition, the last years were marked by the

first studies using the intraparenchymal administration of drugs into

the brain. There have been improvements in outcome and an increase

in the number of surgical candidates and conditions to be treated. This

will act as a driving force to improve the technology applied to design

and manufacture new devices.

Keywords: Deep brain stimulation; movement disorders; pain; epi-

lepsy; Tourette’s syndrome; obsessive-compulsive disorder; depression;

vagus nerve stimulation.

Introduction

In the last decade deep brain stimulation (DBS)

has become established as an accepted and important

therapy in the field of Functional Neurosurgery. The

knowledge gained with the application of DBS for

movement disorders and pain has already been lever-

aged towards the treatment of other disorders, includ-

ing epilepsy and psychiatric conditions. In addition

to stimulation, the last years were marked by the first

trials using the intraparenchymal administration of

drugs, namely glial cell line-derived neurotrophic fac-

tor (GDNF) for the treatment of Parkinson’s disease

(PD) [22].

In the years to come, we expect to see a considerable

expansion of the indications for DBS and the establish-

ment of new techniques of chemical neuromodulation.

This review will focus on the areas of current and future

engagement and investigation in these rapidly growing

fields.

Deep brain stimulation

Movement disorders

The treatment of movement disorders has been revolu-

tionized by the therapy of deep brain stimulation (DBS).

The ability to reversibly and adjustably inhibit selected

targets has enabled bilateral treatment and obviated the

need for tissue destruction. It has thus seen a far increased

application in disease treatment.

Parkinson’s disease

Most centers to date are currently favoring the use of

subthalamic nucleus (STN) DBS over other targets for

the treatment of Parkinson’s disease (PD) [23]. Studies

using double blind assessment have demonstrated that

bilateral STN stimulation provides lasting improvements

in tremor, rigidity, the involuntary movements induced

by levodopa, and to a lesser extent bradykinesia, gait and

postural instability [34].

To be considered a good candidate for STN DBS,

patients have to be diagnosed with PD, present disabling

motor fluctuations, a prolonged ‘‘off’’ state, significant

dyskinesias, and a good clinical response to levodopa

[14, 27, 58, 66, 68, 83]. The last item is particularly

important as the response to levodopa seems to predict

clinical outcome [12]. The main exclusion criteria for

STN DBS in most centers are the presence of significant

cognitive and psychiatric symptoms, medical problems

that might pose a risk for the patient during the procedure

(i.e. coagulopathies), a poor response to levodopa, and

old age (more than 70 years) [14, 27, 58, 66, 68, 78, 83].



To overcome some of these problems, the use of differ-

ent surgical targets has been advocated. Motor cortex

stimulation (MCS) is being examined as an alternative

for patients at high risk for DBS [10]. Even though

results with this technique are still preliminary, the clin-

ical benefit does not seem to match that achieved with

STN DBS. Anecdotal reports have shown that stimula-

tion of the pedunculopontine nucleus (PPN) can be safe-

ly performed in surgical candidates [49]. As PPN DBS

ameliorates akinesia in non-human parkinsonian pri-

mates [30] and is involved in mechanisms of gait [56],

results from this preliminary trial are much awaited.

Despite of these few innovative approaches, it is worth

mentioning that most non-dopaminergic parkinsonian

symptoms, including speech problems, cognitive and

psychological difficulties, bladder, bowel and sexual

dysfunction, among others, as they are resistant to both

levodopa and surgery and still pose a major disability to

patients with advanced PD. This should be taken into

account in the development of future alternative thera-

pies to treat patients with PD.

Another major challenge in the future will be to

devise therapies that not only treat the symptomatology

of PD but that are also capable of arresting the progres-

sion of the illness. While it has been hypothesized that

early surgical interventions could reduce nigral degen-

eration due to a decrease in glutamatergic release by the

STN [61], this has not been clearly demonstrated so far.

In the clinical scenario, one of the trials addressing this

issue is using gene therapy with the premise that one

could reduce STN glutamatergic overdrive by altering

the phenotype of its cells into GABAergic neurons [16].

This phase I clinical trial has been designed mainly to

assess the safety of the procedure and the escalation of

doses of the viral injections [32]. Yet, as a similar ap-

proach was protective in animal models of PD [46], the

outcome of this series of patients is highly awaited.

There has been much interest on the administration of

GDNF to treat PD. In parkinsonian non-human primates

and rodents, studies have shown that the intraventricular

or intraparenchymal administration of GDNF was neu-

roprotective and able to induce regeneration of tyrosine

hydroxylase-positive terminals in the substantia nigra

and striatum [3, 69]. As a result, clinical trials have been

set and initially attempted the intraventricular adminis-

tration of the drug with no significant improvement [52].

It has been hypothesized that the relative size of the hu-

man brain made the transependymal diffusion of GDNF

insufficient to create the necessary concentrations of

the drug to produce an effect. Clinical trials were then

designed to deliver GDNF directly into the brain par-

enchyma. Gill et al. demonstrated a 39% improvement

in Unified Parkinson’s Disease Rating Scale (UPDRS)

motor scores at 1 year and no significant adverse effects

with the intraputaminal administration of the drug [22].

In addition, they observed a significant increase in stria-

tal dopamine levels as assessed by positron emission

tomography (PET) [22]. These promising results were

the basis for a phase II multicenter study with a ran-

domized blinded crossover design. Unfortunately, this

study showed no significant differences in UPDRS motor

scores between patients that received GDNF or placebo

at 6 months (Amgen press release June 28, 2004). The

reasons for the discrepancies between the open label and

the blinded trials are still unclear but may be due to

the dose of medication injected, the tip diameter of the

catheters, issues related to the delivery=diffusion of

the GDNF, or a placebo effect in the open label study.

Animal studies with other neurotrophins are under way

but new clinical studies using these agents are likely not

to occur so soon.

Dystonia and tremor disorders

Bilateral globus pallidus internus (GPi) stimulation has

become an important therapeutic alternative for the treat-

ment of dystonia [7, 15, 35, 38, 45, 77]. The clinical

response to surgery seems to be dependent on etiology,

with primary generalized and cervical dystonia respond-

ing better than secondary dystonia [18, 37, 44, 76]. In

addition, patients with the DYT1 mutation seem to be

good candidates for pallidal DBS, with reports demon-

strating a 50–80% decrease in Burke-Fahn-Marsden

severity scores (BFMDS) 12 months after the procedure

[13, 15, 18, 35]. Improvement in patients with non-DYT1

primary generalized dystonia is on the order of 40–60%

[15, 18, 35, 36]. Patients with secondary dystonia have

an overall reduction of 10–35% in BFM scores after GPi

DBS [18, 35].

The improvement in cervical dystonia as assessed by

the Toronto Western Spasmodic Torticollis Rating Scale

(TWSTRS) is in the order of 60–80% [19, 35, 37]. It has

been noted by several authors that the time course of re-

sponse for pain is quicker than for motor symptoms and

disability. Long-term follow-up studies are still needed

to assess whether the improvements observed with sur-

gery are long lasting.

In addition to the GPi, stimulation of the subthalamic

nucleus is currently being explored for the treatment

of generalized dystonias with anedoctal reports showing

promising results [67].
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Beyond the treatment of PD and dystonia, DBS is

finding increased application to other movement disor-

ders. As DBS can be performed bilaterally, it has been

favored over lesions for the treatment of essential tremor

[55, 57, 59]. In addition, thalamic DBS has also been

used to treat patients with tremor due to multiple sclero-

sis and other disorders [6, 29].

Pain

Treatment of chronic pain syndromes has employed

an impressive array of electrical stimulation procedures.

These include stimulation of peripheral nerves, spinal

cord, deep brain targets (including the thalamus and

peri-aquiductal grey), and the motor cortex [8, 9, 17, 25,

39–43, 50, 51, 70, 82]. Hypothalamic and occipital

nerve stimulation have been proposed for the treatment

of cluster and other forms of headache [20, 47].

Despite of the vast utilization of many of these treat-

ments and the extensive publication of case series, there

remains a good deal of disagreement and controversy in

the field. Two of the main reasons for this are the hetero-

geneous nature of the disorders treated, and the lack of

randomized placebo-controlled clinical trials comparing

the various stimulation techniques with the best medical

treatment options available, or comparing one surgical

option to another. Given the extensive imaging and phy-

siologic data now available, the idea in the future is to

increase the number of such studies and assess predic-

tors of outcome, to choose of the most appropriate tar-

gets for each condition.

Epilepsy

Epilepsy is a natural candidate among the neurological

disorders that may lend themselves to electrical stimula-

tion therapy. The possibility of recognizing aberrant firing

activity and arresting it through the delivery of electrical

current is an old one. Cardiac implantable defibrillators

essentially operate on the same principles and have been

very successful. A recent trial employing this ‘‘closed

loop’’ system in epilepsy is currently under way with

the premise that epileptiform events detected in the hip-

pocampus or cortex could be used to trigger the de-

livery of current, in order to block or decrease seizure

activity [65].

The most established neuromodulation therapy for ep-

ilepsy is vagal nerve stimulation (VNS). This has been

an accepted treatment for intractable seizures for more

than a decade, with trials indicating a mean decline in

the frequency of seizures on the order of 25–30% [5, 24].

In addition to VNS, deep brain stimulation for the treat-

ment of epilepsy has shown a good outcome when elec-

trodes are implanted in the centromedian thalamic

nucleus [72, 73], the anterior thalamic nucleus [28, 33],

the subthalamus [4, 11] and hippocampus [74, 75, 80, 81].

However, most of these procedures have yet to be car-

ried over to controlled trials.

Psychiatric disorders

The success of neural stimulation in other arenas has

generated great expectations of its potential use in psychi-

atric disease. The reversibility of deep brain stimulation

has instilled a new wave of optimism in both the psy-

chiatric and neurosurgical communities. Three diseases

have thus far been subjected to DBS trials: Tourette’s

syndrome (TS), obsessive-compulsive disorder (OCD),

and depression.

Tourette’s syndrome can be considered a disease that

lies on the interface between movement and psychiatric

disorders. The first study using DBS for TS targeted the

medial thalamus [71], a region in which ablative proce-

dures have been previously successful [26]. Results with

DBS in the medial thalamus have shown a tic reduction

in the order of 72–90% [79].

Most studies using DBS to treat patients with OCD

have targeted the anterior capsule. Overall, it seems that

1=2–2=3 of the patients have an adequate response to

surgery (more than 35–40% reduction in Yale-Brown

Obsessive Compulsive Scale – YBOCS scores)

[1, 53, 54]. One of the difficulties during the program-

ming of stimulators in the anterior capsule seems to

be the high amount of current needed to control the

patients’ symptoms, which translates into a high number

of battery changes [54]. This raises a question regarding

the specificity of the target. In fact, recent reports have

stated that rather than stimulating the whole capsule,

stimulation in the transition of the capsular white matter

and the nucleus accumbens [60] or in the region of the

ventral caudate [2] seem to lead to a similar outcome

with a smaller energy expenditure.

So far, the targets used to treat refractory depression

with DBS are the subgenual cingulate region (Brodmann

area 25 – BA 25) [48] and the inferior thalamic peduncle

[31]. Surgical candidates are patients with severely dis-

abling depression who failed various treatment options,

including medications, psychotherapy, and often electro-

convulsive therapy. The study by Mayberg et al. using

the BA25 as a target was very elegant, as it comprised a
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hypothesis-driven investigation. Preliminary imaging re-

ports from the same author have shown that BA25 is

metabolically overactive in treatment-resistant depres-

sion [48]. DBS was then used to reduce this elevated

activity. Four out of the 6 patients treated with BA25

stimulation had a striking and sustained remission in

their depression scores [48]. In addition, antidepressant

effects were associated with a marked reduction in local

cerebral blood flow as well as changes in downstream

limbic and cortical sites, measured with positron emis-

sion tomography. The study by Jimenez et al. targeting

the inferior thalamic peduncle comprised a single case

but the results were certainly encouraging and demand

further investigation [31].

In addition to DBS, VNS has also been proposed as a

treatment for major depression [21, 62–64]. Rush et al.

have recently published the results of a multicenter trial

in which patients treated with VNS were initially rando-

mized to receive either active stimulation or no stimula-

tion for 8 weeks [63]. After this phase, both VNS and

sham treated patients received active therapy until they

completed 1 year of stimulation [64]. At short term, no

significant differences were seen in Hamilton Rating

Scale for Depression (HRSD24) scores, the primary out-

come measurement of the study [63]. Yet, VNS was well

tolerated and improved Inventory of Depressive Symp-

tomatology – Self-Report (IDS-SR30) scores, one of the

secondary measurements of outcome in that study [63].

The conclusion of that report was that there was not

enough evidence of short-term efficacy for adjuvant

VNS in the treatment of resistant depression [63]. After

12 months of stimulation, the patients’ HRSD24 scores

were significantly improved compared to baseline (rate

of improvement of 0.45 points per month in average)

[64]. At the end of the trial, 27.2% of the participants

were considered to be responders (a reduction �50%

in HRSD24 scores compared to baseline), and 15.8%

were considered to be in remission (defined as HRSD24

scores �9) [64].

The future of stimulation systems

As is currently practiced, stimulation of the nervous

system requires intensive resources. The interactions be-

tween the drugs and the adjustments in stimulation param-

eters require several visits to determine not only the

optimal contact and settings but also the correct drug

dosage. It will be necessary to develop ways of reducing

the time required for the programming. In this respect,

the development of electrophysiological or imaging in-

dicators will be useful in arriving at the optimal combi-

nation of parameter settings and drugs in a shorter time.

In addition, new developments in the ability to program

pulse generators through remote access, telephone lines

or the Internet will likely become useful.

Another area of advance relates to the power source

for stimulation. In disorders that require high-energy

delivery, the necessity to replace batteries is a major

concern. This could be partially solved with the de-

velopment of rechargeable batteries. Of similar interest

is the possibility of miniaturizing pulse generators and

DBS systems, so they will be able to fit within the con-

fines of a burr hole or be as thin as a flat panel overlaid

on the skull. Adding recharging capability would reduce

the requirement for large batteries. As a better under-

standing of the mechanisms of action develops, it will be

possible to optimize stimulation parameters and perhaps

reduce the size of DBS systems and the necessity for hav-

ing such powerful batteries. In addition, newer designs

in the electrode arrays may also optimize the therapeutic

efficacy and minimize the adverse effect associated with

deep brain stimulation.

Most of the considerations described above for stimu-

lation devices and generators are also valid for drug de-

livery systems (i.e. pumps). Yet, two additional comments

deserve attention. First the mechanisms of drug diffu-

sion for the compounds to be used and the design of

specific catheters have to be taken into account. As

previously mentioned, this was one of the factors that

might have contributed to the differences between the

pilot and phase II studies with GDNF for PD. Second,

safety studies need to be conducted on drugs with a po-

tential modulatory role in neural circuits (i.e. GABAergic

agonists) so they may start being employed in clinical

practice.

Conclusions

During the last years there has been an escalation in

the applications of neural stimulation for the treatment

of several neurological disorders. With a better un-

derstanding of the pathogenesis of neurological dis-

orders and the mechanisms of action of stimulation

and drug delivery techniques, we will likely be able to

improve the outcomes and increase the indications for

these procedures. The number of patients with move-

ment disorders, pain, epilepsy, and psychiatric disor-

ders that may benefit from surgery is enormous. This

will act as a driving force to increase the efforts to im-

prove the technology applied to design and manufacture

new devices.
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Summary

The mainstays of Parkinson’s disease (PD) treatment remain symp-

tomatic, including initial dopamine replacement and subsequent deep

brain stimulation, however, neither of these approaches is neuropro-

tective. Neurotrophic factors – proteins that activate cell signalling

pathways regulating neuronal survival, differentiation, growth and

regeneration – represent an alternative for treating dopaminergic

neurons in PD but are difficult to administer clinically because they

do not pass through the blood–brain barrier. Glial cell line-derived

neurotrophic factor (GDNF) has potent neurotrophic effects parti-

cularly but not exclusively on dopaminergic neurons; in animal mod-

els of PD, it has consistently demonstrated both neuroprotective and

neuroregenerative effects when provided continuously, either by

means of a viral vector or through continuous infusion either into

the cerebral ventricles (ICV) or directly into the denervated putamen.

This led to a human PD study in which GDNF was administered by

monthly bolus intracerebroventricular injections, however, no clini-

cal benefit resulted, probably because of the limited penetration to

the target brain areas, and instead significant side effects occurred.

In an open-label study of continuous intraputamenal GDNF infusion

in five patients (one unilaterally and four bilaterally), we reported

excellent tolerance, few side effects and clinical benefit evident

within three months of the commencement of treatment. The clinical

improvement was sustained and progressive, and by 24-months

patients demonstrated a 57 and 63% improvement in their off-

medication motor and activities of daily living UPDRS subscores,

respectively, with clear benefit in dyskinesias. The benefit was asso-

ciated with a significant increase in putamenal 18F-dopa uptake on

positron emission tomography (PET), and in one patient coming to

autopsy after 43 months of unilateral infusion there was evident

increased tyrosine hydroxylase immunopositive nerve fibres in the

infused putamen. A second open trial in 10 patients using unilateral

intraputamenal GDNF infusions has also demonstrated a greater

than 30% bilateral benefit in both on- and off-medication scores at

24 weeks. Based on our 6-month results, a randomized controlled

clinical trial was conducted to confirm the open-label results, how-

ever, GDNF infusion over 6-months did not confer the prede-

termined level of clinical benefit to patients with PD despite

increased 18F-dopa uptake surrounding the catheter tip. It is possible

that technical differences between this trial and the positive open

label studies contributed to this negative outcome.

Keywords: Neuromodulation; drug delivery; PD; convection-

enhanced delivery; GDNF.

Introduction

Parkinson’s disease (PD) is a neurodegenerative dis-

order characterised by impairment of motor and cogni-

tive functions due to the progressive death of selected

populations of neurons, predominantly dopaminergic

neurons within the pars compacta of the substantia nigra.

PD is the second most common progressive neurodegen-

erative disorder and occurs at a rate of approximately

1 in 1000 people over the age of 55 in North America

with more than 1 million affected individuals currently

affected [87], and an estimated overall prevalence in

Europe of 1.6 per 100 in the population 65 years of age

and older [38]. There is no gender preference. Mortality

among affected individuals is 2–5 times greater than

for their age-matched unaffected peers [18, 97, 109], and

life expectancy is markedly reduced [109].

Although symptomatic therapies are efficacious in the

early stages of the disease, the goal would be to iden-

tify neuroprotective therapies, i.e. find factors that could

arrest or slow down the degenerative process. While

there are multiple causes of neurodegenerative diseases

including environmental, genetic and age-associated

factors, the treatments may be directed at similar un-

derlying mechanisms via neuroprotective or reparative

interventions. In a theoretical framework, one working

model of neuronal damage and the prevention of cell

death is the concept of ‘‘neuronal resilience’’. Depend-

ing on the status of the cell with respect to pretraumatic

events and gene-expression relevant to neuronal pre-

servation, the neuron will exist far from or close to the

threshold for irreversible neuronal damage. The neuron

can thus be thought of as oscillating between protect-

ed and vulnerable conditions. This model of neuronal

homeostasis suggests that a number of separate thera-



peutic measures, including delivery of neurotrophic fac-

tors, may be required to reduce the overall probability

of degeneration in those neuronal populations that ap-

proach their specific threshold for degeneration [68].

Neurotrophic factors as candidates

for cell protection

Neurotrophic factors are naturally occurring proteins

that have an impact on cell survival and proliferation,

differentiation, biochemical function and morphological

plasticity [6]. They not only promote the differentiation

and growth of developing neurons and phenotypic main-

tenance and survival of adult mature neurons but also

represent a potential means of modifying neuronal dys-

function, astrocytic activation and inflammatory reac-

tions under pathological conditions. A large body of

evidence suggests that some neurotrophic factors under

certain conditions also modulate neuronal plasticity dur-

ing aging and under traumatic or degenerative con-

ditions [21]. Previously, it was thought that different

neuronal populations were each responsive to only a

single neurotrophic factor. However, evidence indicates

that there is overlap and redundancy, whereby a single

neurotrophic factor may affect more than one cell type,

and a specific cell type may respond to several neuro-

trophic factors [83]. Classically, a neurotrophic factor

is produced and secreted by target cells, be they nerve

cells or other cells, and then taken up by the innervating

nerve terminals to exert local effects and, via retrograde

axonal transport, trophic effects on the nerve cell body

[119, 122]. However, the actions of neurotrophic factors

are associated not only with retrograde transport from

the target tissue but also autocrine and paracrine mech-

anisms [77, 106].

Neurotrophic factors are expressed in different re-

gions of the nervous system during different phases of

development [100, 131]. It has been proposed that grow-

ing axons compete for limited amounts of neurotrophic

factors, which are produced by target tissues [53, 156].

Neurons which fail to obtain a sufficient quantity of the

necessary neurotrophic factors die by a process called

programmed cell-death [35, 138]. Further, in adulthood,

neurotrophic factors are required to maintain neuronal

functions and specific neuronal phenotype [21]; how-

ever, it is unclear to what degree the mature neurons

remain dependent upon target-derived support. The site-

specific neurotrophic factor expression in the adult brain

suggests various mechanisms of action in relation to the

observed selective neuronal trophism. In response to

injury, trophic factors and their receptors increase in

concentration, suggesting an endogenous regenerative

response of these molecules [64], and insufficiency of

such trophic support due to decreased neurotrophic fac-

tor supply or impaired target cell response may account

for some of the cell death in neurodegenerative diseases

[10, 60]. Recent evidence suggests that alterations in

the neurotrophic levels either due to age, genetic back-

ground or other factors might contribute to neurodegen-

eration. It has been proposed that the loss of endogenous

target-derived trophic support for selective neuronal

populations may lead to the neuronal degeneration

characteristic of Alzheimer’s, Parkinson’s and other neu-

rodegenerative diseases but direct support for this hy-

pothesis is currently lacking [35].

Neurotrophic factors serve the function of neuropro-

tectant molecules against cytotoxic cell damage. They

can act as antiexcitotoxins and antioxidants and, as such,

they have the capacity to enhance mitochondrial func-

tion. They have been shown to upregulate calcium buf-

fering proteins, antioxidant enzymes and antiapoptotic

factors [104]. Taken together with the widespread ex-

pression of the receptors for neurotrophic factors and

the pleiotropic effects on different neuronal and glial

cell types, these lines of evidence make it necessary to

target trophic molecules to either a specific subpopula-

tion of neurons or to the injury site itself and its imme-

diate vicinity in order to provide neuronal protection,

administered either prior to or following a neurotoxic

insult. Based on their specificities, neurotrophic factors

have become attractive drug candidates for the treatment

of neurodegenerative diseases that affect specific popu-

lations of neurons. Since the discovery of nerve growth

factor (NGF) in the 1950s [33, 54] the prospect of apply-

ing neurotrophic factors to the treatment of neurological

disorders has motivated investigators and excited clini-

cians. Over the past 2 decades in particular, great ad-

vances have been made in discovering new factors,

characterizing and cloning them, and demonstrating

their therapeutic potential in animal models of neuro-

logical disease [9]. There are currently more than 20

trophic factors that have been identified, showing poten-

tial for use in a variety of neurodegenerative diseases,

including PD [34, 139].

Neurotrophic factors and Parkinson’s disease

The slower progressive nature of dopaminergic neu-

ronal loss in PD coupled to the relatively long run-in

period for the condition (approximately 5 years; [44,
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101, 110]) makes this disorder an attractive candidate

for neurotrophic factor ‘‘rescue’’. In other words, the

delivery of a neurotrophic factor at the time of clinical

presentation could arrest and even reverse the parkinso-

nian symptoms and by doing so cure the patient. Of

course, this assumes that solely rescuing the dopaminer-

gic neurons in the nigrostriatal pathway will achieve a

cure, even though there is pathology outside this system.

Nevertheless, as a starting point, rescuing the dopami-

nergic neurons and their striatal projections is useful,

and in this respect several factors have been shown to

produce significant beneficial effects on dopamine (DA)

neurons in culture and in animal models [34]. Those

producing effects on dopaminergic neurons in vitro in-

clude, but are not limited to, brain derived neurotrophic

factor (BDNF) [65, 66]; neurotrophin-3 (NT-3) [66];

NT-4=5 [66]; insulin-like growth factor �1 (IGF-1)

[76]; both �-fibroblastic growth factor (�FGF) and

�FGF [37, 41]; epidermal growth factor (EGF) [27];

GDNF [42, 93]; ciliary neurotrophic factor (CNTF);

platelet derived neurotrophic factor (PDGF) and trans-

forming growth factor-� (TGF-�) [34, 84, 139]. All

these factors have been shown to support survival of em-

bryonic dopaminergic neurons with varying degrees of

potency and specificity.

In MPTP- and 6-OHDA-lesioned animal models of

Parkinson’s disease, BDNF [47] and GDNF [48, 140] have

been shown to promote the survival of mesencephalic

dopaminergic neurons. In the initial rodent studies, low

doses of BDNF failed to attenuate nigral dopamine loss

following medial forebrain bundle transection [89]. How-

ever, later studies with higher doses showed ameliorative

effects. Supranigral implants of fibroblasts engineered to

secrete human BDNF are shown to protect dopaminergic

neurons from MPTP toxicity [47]. Studies on BDNF and

NT-3 in a 6-OHDA striatal perfusion neurodegeneration

model show evidence of increased dopamine metabolism

and turnover as determined by homovanillic acid (HVA)

and dopamine ratios, and improvement in amphetamine-

induced rotation despite no obvious effect on neuron

survival or sprouting [7]. The transplantation of BDNF-

transduced astrocytes into the striatum of 6-OHDA

lesioned animals did not enhance dopamine neuron sur-

vival, although it significantly reduced amphetamine-

induced rotation indicating behavioral recovery in one

study [155]. Studies with the MPTP-primate model have

shown potent and long-lasting effects on the substantia

nigra, preservation of dopaminergic neurons and a signifi-

cant amelioration of behavioral symptoms after the admin-

istration of GDNF [50].

Where there are comparative data, GDNF has been

found to be among the most potent and specific neuro-

trophic factors for the nigrostriatal pathway [24], and

has consistently been shown to dramatically protect and

enhance the function of dopamine neurons in ani-

mal models [49, 55]. GDNF is as potent as CNTF and

NT-4 and five to ten times more potent than BDNF in

promoting survival of all axotomized nigrostriatal neu-

rons in lesioned rats [99]. Not only is GDNF found in

the substantia nigra [39, 74] and the striatum [74, 116],

but there is some evidence that PD patients may have

reduced levels of GDNF in the substantia nigra [28].

This suggests that loss of GDNF may contribute to the

process of degeneration of dopamine cells in the sub-

stantia nigra, making it a front-runner for therapeutic

trials for PD.

Neurotrophic factor delivery

The major difficulties encountered in the use of neu-

rotrophic factors for the treatment of neurodegenerative

diseases are the impossibility for these molecules to

cross the blood–brain-barrier, their instability in a fluid

environment, and their side-effects associated with sys-

temic administration and from binding to extra-target

receptors with intracerebroventricular (ICV) infusion

or injection [1, 3, 57, 128]. Local administration is there-

fore required to achieve therapeutic concentrations in

the tissue. The efficiency of local distribution, and hence

effectiveness of local therapy, depends on the rate of

protein migration through tissue. Intranasal administra-

tion offers a method for bypassing the blood–brain bar-

rier and contributes to better central nervous system

penetration of neurotrophic factors [139]. However, the

nasal route does not allow for the focal delivery of these

potent molecules and high doses of trophic factors

may be necessary to elicit therapeutic effects. Within the

extracellular space of the brain, fluids move either by

diffusion or by bulk flow (convection). Diffusive flux

results from a concentration gradient and depends heavi-

ly on molecular weight. Unfortunately, the effective and

toxic concentrations of many compounds are not suffi-

ciently different to permit extensive distribution based

on diffusion alone. In contrast to diffusion, bulk flow

results from a pressure gradient; its flux is largely inde-

pendent of MW and solutions are distributed in rela-

tively homogeneous concentrations.

Different strategies for delivery of GDNF in animal

models of PD have been explored: ICV infusion [61];

intraparenchymal injection [129]; continuous intraparen-
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chymal infusion [4]; the grafting of genetically engineered

cells [115]; in vivo gene transfer [79]; fibrin glue prepara-

tion [30]; and the use of biodegradable microspheres [72]

and non-biodegradable polymeric devices [141].

Matrix-based, injection, and cellular delivery systems

provide protein to the brain via dramatically different

mechanisms: diffusion from a polymer or protein ma-

trix, flow through a synthetic channel, and secretion after

synthesis by cellular machinery. These approaches are

similar in at least one important regard: after release

from the matrix, cannula, or cell, protein molecules

move to their cellular sites of action by migrating

through the interstitial space of tissue. With some no-

table exceptions (high-flow infusion where migration

relies on convection [111]), diffusion is the principal

mechanism of protein distribution through brain tissue.

Diffusion through the tissue interstitium is a slow pro-

cess [32]; substantial metabolism or clearance can occur

during the period of migration. As a result, the volume

of tissue exposed to protein can be relatively small.

Penetrability of a neurotrophic factor administered by

interstitial drug delivery is dependant on the rate of dis-

persion versus elimination. If diffusion is the primary

mechanism for dispersion, the extent of dispersion is

dependant on the concentration gradient between the

point of delivery and the surrounding brain, infusate

diffusivity and molecular weight of the protein. Elimina-

tion is dependant on the stability of the protein within

the interstitial space; for proteins eliminated by receptor-

mediated internalization and degradation elimination is

dependant on the number of receptors and the affinity to

the receptor. Thus, despite the effectiveness of techni-

ques relying on diffusion in preclinical studies their ap-

plication may potentially be limited in the clinic.

To date, in response to the preclinical studies, at-

tempts to apply neurotrophic factors clinically have so

far been disappointing because of their poor efficacy and

induction of troublesome side effects. In these clinical

trials, the recombinant protein was delivered into the

cerebrospinal fluid (intraventricularly or intrathecally)

in patients suffering from amyotrophic lateral sclerosis

(ALS), peripheral neuropathy, PD or Alzheimer disease

(AD) [3, 147]. Results from these studies indicate that

the neurotrophic factors, whose receptors are widely dis-

tributed, are prone to inducing pronounced side effects

when delivered by these routes. Excruciating pain was

indeed described with the ICV administration of NGF in

AD patients [43, 120]; weight loss, nausea and abnormal

sexual behaviour was reported with the ICV administra-

tion of GDNF in PD patients [82]. The poor penetration

across the blood–brain barrier, as well as the limited

passage of proteins from the cerebrospinal fluid into the

brain tissue, has made it necessary to administer the

factors at doses that are likely to induce side effects.

These effects may not be so evident in small-sized

experimental animals. For this reason, they may have

gone unnoticed in the preclinical studies and may have

become apparent in some cases only at the phase II=III

stage of the clinical trails when larger numbers of pa-

tients were included. The therapeutic value of neuro-

trophic-factor delivery, therefore, may not be possible

to achieve unless the factors are specifically targeted

and regionally restricted to the area of interest within

the central nervous system to achieve significant results

without widespread, unwanted adverse effects. Animal

experiments have shown that direct parenchymal ad-

ministration dramatically reduces the occurrence of side-

effects reported with ICV application [8, 112].

In order to achieve homogenous distributions of these

high MW proteins to a region of interest within the CNS,

in vivo gene therapy and convection-enhanced delivery

(from high-flow continuous infusion) techniques are re-

quired. Previous studies have demonstrated that con-

vection-enhanced delivery to the brain can be used to

distribute small- or large-MW infusate in a homogenous,

targeted and safe manner with a clinically effective

volume of distribution that is linearly proportional to

the volume of infusion [22, 92, 111, 114]. Studies have

shown that convective distribution is significantly af-

fected by volume of infusion, rate of infusion, cannula

size and target location (gray as opposed to white

matter) [22, 29, 92, 111]. By understanding these param-

eters that influence convective-delivery within the CNS,

delivery of these potentially therapeutic agents can be

optimised in the clinical setting.

Glial cell line-derived neurotrophic factor

GDNF was first isolated from the conditioned medi-

um of cultured rat glial cells from the B49 cell line [93]

as a potent neurotrophic factor described as having rela-

tive specificity for dopaminergic neurons within disso-

ciated rat embryonic midbrain cultures [85, 91, 93, 94].

GDNF and related factors, neuturin, artemin and per-

sephin, constitute a family of neurotrophic factors dis-

tantly related to the transforming growth factor-�

(TGF-�) superfamily [5, 13]. Although there is only

limited amino acid-sequence homology between GDNF

and prototypic members of the TGF-� family, they do

share marked conformational similarity [40].
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After intracellular processing, GDNF is secreted as a

glycosylated mature protein of 134 amino-acid residues.

In its active form, GDNF is a disulphide-bonded

homodimer of MW 32–42 kDa [93, 94]. The first 37

N-terminal amino acids constitute a high-affinity,

heparin-binding domain that may limit diffusion of the

molecule in vivo through its interactions with extra-

cellular matrix heparin sulphate proteoglycans, thereby

allowing local concentrations to increase. GDNF under-

goes N-terminal cleavage both in vitro, in mammalian

cell cultures, and in vivo, in rhesus monkeys, but the

truncated form, des37-GDNF, retains full biologic activ-

ity in promoting dopaminergic neuronal survival despite

lacking the heparin-binding domain. Monoclonal anti-

body inhibition data also indicate that the N-terminal

region of GDNF is not critical for activity [153]. The

human GDNF gene has been cloned, and recombinant

human GDNF displaying full biological activity has

been expressed in E. coli [93].

GDNF signals through a unique multicomponent re-

ceptor complex comprising the specific GFR�1 receptor,

which is anchored to lipid rafts within the plas-

ma membrane by glycosylphosphatidylinositol, and the

transmembrane Ret receptor that incorporates an intra-

cellular tyrosine kinase domain [5, 136]. The process

involves the binding of GDNF to GFR�1 and subse-

quent recruitment of Ret to the lipid raft, thereby trig-

gering its association with Src, which is required for

downstream signalling. The binding of GDNF-GFR�1

to the extracellular domain of Ret leads to activation of

the intracellular tyrosine kinase domain and the subse-

quent activation of intracellular signalling pathways that

lead to neuronal differentiation and survival [137].

GDNF-GFR�1 has also been shown capable of sig-

nalling in a Ret-independent manner via direct activation

of an Src-like kinase in an immortalized neuronal pre-

cursor cell line not expressing Ret [146], although the

physiologic significance of this alternative mechanism

remains to be clarified [5].

Analyses of tissue distribution of GDNF mRNA have

provided insight into the potential roles of this neuro-

trophic factor and indicate that GDNF acts as a target-

derived neurotrophic factor for both dopaminergic and

motor neurons. GDNF mRNA was expressed in the stri-

atum and skeletal muscle, the target fields for dopa-

minergic substantia nigra neurons and motor neurons,

respectively. In situ hybridization and reverse transcrip-

tion polymerase chain reaction studies have demon-

strated GDNF mRNA expression in many regions of

the developing and adult brain, as well as in peripheral

tissues (e.g. kidney, gut), indicating that GDNF may

have multiple actions [31, 126, 144]. Indeed, GDNF

has potent survival promoting actions on other CNS

and PNS neurons, including sensory and autonomic

ganglia [25, 145, 157], Purkinje cells of the cerebellum

[113], locus coeruleus neurons [12], thalamic and hip-

pocampal neurons [103], as well as neurons in the cin-

gulate cortex and olfactory bulb [144], with effects on

noradrenergic, serotoninergic, and cholinergic cell pop-

ulations [12, 15, 89, 93, 102, 151, 152]. Analysis of

GDNFR-� mRNA demonstrated its presence from em-

bryonic day 15 and distribution in the adult rat ventral

midbrain, spinal cord, subpopulations of the dorsal root

ganglia, developing kidneys (nephrons), and smooth and

striated muscle associated with the enteric nervous sys-

tem. It was also found in the retina, thalamus, pons,

medulla oblongata, pituitary gland, urogenital tract and

pancreatic primordium [142]. Similarly, elevated c-ret

mRNA expression was observed in the adult rat spinal

cord, pons, medulla, hypothalamus, thalamus and cere-

bellum. Levels of c-ret mRNA increased progressively

during the postnatal development in the ventral midbrain

containing the SN, with a peak of expression between

postnatal day 6 and 8, the period during which axons of

DA neurons of the SN make functional contact with the

striatum [143]. Jing et al. [71] showed that GDNFR-�

was expressed by cultured rat spinal cord motoneurons

and that addition of GDNF to these cultures led to auto-

phosphorylation of Ret. Similarly, Trupp et al. [143]

reported that GDNF bound to Ret induced Ret autopho-

sphorylation in a GDNF-responsive motoneuron cell line

derived from embryonic mouse spinal cord motoneu-

rons. High levels of Ret were reported in adult rat spinal

cord, pons, medulla, hypothalamus, thalamus and cere-

bellum, but Ret was barely detectable in the striatum,

hippocampus and cortex. Interestingly, a progressive in-

crease in Ret level was observed postnatally in rat ven-

tral mesencephalon, and a high level of Ret was detected

in the adult rat SN suggesting dopaminergic neuronal

soma expression of Ret.

Knockout mice lacking GDNF [108, 125, 130],

GFR�l [26], or Ret [132] die shortly after birth and

share a phenotype of kidney agenesis and an absence

of many parasympathetic and enteric neurons. The simi-

lar phenotypes of ligand and receptor knockouts indicate

a specific pairing of GDNF with GFRal and Ret in vivo.

In all 3 knockouts, there is a significant loss of spinal

and cranial motor neurons and a corresponding increase

in dying cells [5]. In contrast, motor neuron survival

is promoted by the muscle specific overexpression of
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GDNF or by GDNF treatment in utero [123]. This find-

ing may have therapeutic relevance: In a transgenic ALS

model, virus mediated intramuscular GDNF expression

led to enhanced motor neuron survival, resulting in

delayed disease onset and increased survival of the mice

[2, 150]. GDNF promotes survival of a subgroup of

developing sensory neurons [25], which show reduced

soma size in knockout mice lacking GDNF or GFR�l

[14]. GDNF has potent and selective effects on a subset

of dorsal root ganglia cells involved in nociception [19],

and it has been reported as a therapeutic treatment in rat

models of neuropathic pain states [23]. Finally, analysis

of adult GDNF hemizygous mice has shown another

function of GDNF outside the brain: GDNF regulates

spermatogonal differentiation, and low GDNF levels

lead to disturbed spermatogenesis [105]. The ability of

GDNF to stimulate nigrostriatal function in intact and

lesioned animals may, at least in part, reflect a direct

action of GDNF on the function of dopaminergic neurons.

These effects, as observed in in vitro studies, include

increases in the spontaneous firing rate and the quantal

size of terminal dopamine release [127], as well as an

increased excitability of the dopaminergic neurons that

is mediated by A-type Kþ channels and high voltage-

activated Ca2þ channels [150]. Furthermore, in addition

to its in vitro effects on neuronal survival, results from

multiple studies on the effects of r-metHuGDNF in

chemically lesioned rodents and rhesus monkeys, reveal

both neuroprotective and neurorestorative properties,

supporting the scientific rationale for its therapeutic use

as a neurotrophic factor in the treatment of PD, and ALS

[16, 48, 140, 154, 157].

Ventricular delivery of recombinant GDNF

in human Parkinson’s disease

Based on the promising studies of the effects of

GDNF in animal models of PD, an initial clinical trial

testing GDNF by ventricular delivery using an indwel-

ling reservoir was carried out in 50 parkinsonian patients

for 8 months in a randomized, double-blind placebo-

controlled trial [117]. While the doses of GDNF (25–

4000 mg=month) were in excess of those employed for

nonhuman primate studies, little therapeutic efficacy was

observed in these parkinsonian patients and in fact was

associated with multiple side effects including nausea,

vomiting, anorexia, weight loss, paraesthesias and hy-

ponatraemia. Furthermore, a postmortem report on one

65-year-old patient, with a 23-year history of PD, that

had received monthly injections of GDNF with no

symptomatic improvement had no apparent DA regen-

eration or GDNF diffusion from the ventricle into appro-

priate brain regions at postmortem [82]. The problem

may have been with the site and method of delivery;

Table 1. Patient data and overall effects of GDNF

P1 P2 P3 P4 P5

Patient data

– Age 62 46 56 56 51

– Duration of PD 6 13 30 27 19

– Unilateral=bilateral pump (U=B) U B B B B

– L-DOPA equivalents at 0 months

– Change in L-DOPA at 1 year

667

þ10%
615

þ6%
2154

�51%

680

þ10%
762

�44%

Side effects

– Hypersalivation � �
– Taste abnormalities � � � �
– Lhermittes � � � � �
– Headaches � �
– Vivid dreams � �
– MRI changes � � � � �
– Nausea=vomiting

– Weight loss

– Pump-related discomfort �
Procedural adverse events

– Repositioning of catheter �
– Pump infection �
Other clinical effects

– Recovery taste=smell � � �
– Revival sexual function � � �
– Improved bladder function �
– Reduction in tinnitus �
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i.e. monthly injections of the trophic factor into the lat-

eral ventricle. Sufficient titres of GDNF may not have

diffused through the ventricular wall and brain parenchy-

ma to the targeted DA neurons in the SN and their

afferent projections to the putamen.

Chronic intraputamenal GDNF delivery using

programmable pumps

In our phase I safety study, five advanced PD patients

(Table 1) with a previous history of good responses to

L-dopa underwent stereotactic unilateral (P1) or bilat-

eral insertion (P2–5) of in-house drug infusion catheters

(Figs. 1 and 2) into the postero-dorsal putamen (Fig. 3).

Infusion into the postero-dorsal putamen (i.e. its sensor-

imotor component) was chosen because in PD this is the

most severely dopamine depleted region. We anticipated

that if clinical benefits were shown, this would be due to

local dopamine terminal sprouting in the putamen along

with retrograde transport of GDNF down the surviving

nigro-striatal axons, as previously reported in primate

models (Fig. 4) [56]. Human recombinant GDNF was

chronically infused via indwelling SynchroMedTM

pumps implanted in the abdominal region (Fig. 5).

After implantation, the SynchroMed pumps were

primed with recombinant-methionyl human GDNF (r-

metHuGDNF) (Amgen Inc., Thousand Oaks, California)
Fig. 1. Guide tube and intraparenchymal catheter (in-house investiga-

tional device)

Fig. 2. Intraparenchymal catheter inserted to target down through a

guide tube implanted to a point above the target. Guide tube hub se-

cured in skull burr-hole with acrylic cement. Intraparenchymal catheter

secured to skull with screws and connected to pump catheter

Fig. 3. Stereotactic MRI-directed targeting of postero-dorsal putamen for catheter implantation. Baseline 18F-dopa PET scan used for co-localiza-

tion within the posterior putamen dopamine deficient areas
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Fig. 4. Hypothesis: GDNF infusion into the

postero-dorsal (sensorimotor) putamen is retro-

gradely transported to the substantia nigra down

surviving dopaminergic neurons leading to up-

regulation, neuroprotection and neurorestoration

through neurite branching

Fig. 5. Intraparenchymal catheters connected to SynchroMed pumps implanted in the abdominal wall for GDNF infusion

Fig. 6. Peri-catheter high-signal changes at high – 43.2mg=putamen=day (a), and after reduction to the low dose – 14.4mg=putamen=day (b) in P1

(� with unilateral administration)
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and programmed to deliver a continuous infusion of

14.4 mg of r-metHuGDNF per putamen per day at rate

of 6ml per hour. The pumps were refilled monthly with

fresh solution. The low concentration of r-metHuGDNF

was maintained for a period of 8 weeks. At 2 months

the pumps were refilled with fresh solution of higher

concentration and programmed to deliver 43.2 mg of

r-metHuGDNF per putamen per day at a rate of 6 ml
per hour. Providing good tolerance and no side effects,

this dose was to be maintained for the duration of the

trial (12 months). However, due to the development of

local reversible high-signal MRI changes of uncertain

significance (Fig. 6), the infusion parameters were altered

to deliver lower doses (10.8–14.4 mg of r-metHuGDNF)

at lower rates (2–6 ml per hour), in attempt to establish

safe and clinically effective parameters, with repeat MRI

monitoring at regular intervals up to 12 months. Between

12 and 18 months, all patients received a continuous

Fig. 7. UPDRS total scores (Fig. 7a), activities

of daily living subscores (UPDRS II – Fig. 7b),

and motor subscores (UPDRS III – Fig. 7c) for

patients at baseline, 3, 6, 12, 18 and 24 months

of GDNF infusion in both off and on medication

states
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infusion of 14.4 mg of r-metHuGDNF per putamen per

day at rate of 6 ml per hour. At 18 months the dose of

GDNF was increased to 28.8 mg per putamen per day at

rate of 6 ml per hour, and remained so until 24 months

except in P4 who reverted back to 14.4 mg at 20 months.

In this predominantly safety trial, drug-infusion was

tolerated well and side effects were limited (Table 1) and

included consistently Lhermitte’s phenomenon, which oc-

curred in all patients and remained mild, non-distressing,

and intermittent. Other side effects, which were incon-

sistent and intermittent, included non-specific headaches,

vivid dreams, taste and smell abnormalities, apthous ul-

ceration and hypersalivation. There was no nausea, an-

orexia, vomiting, weight loss or hyponatraemia reported

as in the previous intraventricular trial [82, 117]. In all

patients, T2 MR images showed a region of high-signal

intensity around the tips of the catheters with drug in-

fusion. This response varied between patients, and even

between the two hemispheres in bilaterally implanted

cases. The signal change was most evident following the

dose escalation of GDNF. The explanation for this signal

change remains unclear as documented previously [51],

however, with consistency and stability of findings, we

are inclined to believe that these areas of high signal

represent areas of drug delivery (Fig. 6).

Chronic GDNF infusion resulted in improved motor

function in all patients, reduction in ‘‘off’’-time duration

and severity, reduction in dyskinesias duration and

severity, and a corresponding increase in good ‘‘on’’-

time duration. After 24 months, there was a 57% im-

provement in the off-medication motor sub-score of the

Unified Parkinson’s Disease Rating Scale (UPDRS) and

63% improvement in the activities of daily living (ADL)

sub-score (Fig. 7) [124]. In all patients, the rate of symp-

tomatic improvement was maximal in the first 3 months

of GDNF infusion and, thereafter, there was slower

but sustained improvement up to 24 months. Medication

induced dyskinesias were reduced by about 70%. This

was accompanied by a 23% increase in whole putamen
18F-dopa uptake (p<0.05) at 24-months; with uptake

in the anterior half of the putamen increased by 6.8%

(p>0.05), in the posterior half increased by 60% (p<

0.01), and maximally (83%) in a region immediately

surrounding the cannula tip [63] (Figs. 8 and 9 show

changes evident at 6- and 12-months). Health-related

quality of life (QOL) measures (PDQ-39 and SF-36)

Fig. 8. GDNF increases 18F-dopa influx.

(a) PET image of P1 before GDNF infusion.

(b) Same patient 12 months after unilateral

GDNF infusion to the putamen. Circle rep-

resents region of interest around the cathe-

ter tip used in the analysis

Fig. 9. Statistical Parametric Maps demon-

strating the spatial distribution of regions of

increases in 18F-dopa uptake in the total

patient group following 6 months of GDNF

delivery (darker boxes indicate siginificant-

ly increased regions: P<0.05, uncorrected

at cluster level). (a) Coronal section and

(b) sagittal section. Put putamen; SN sub-

stantia nigra
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showed general improvement over time, with the over-

all scores tending towards levels expected in a control

population. Neuropsychological assessment results in-

dicated no significant detrimental effects of GDNF in-

fusion on cognition. Three patients had long-standing

loss of sensation of smell and taste, as is often the case

in PD. These symptoms greatly improved or resolved

completely between 3 and 6 weeks of GDNF infusion

(Table 1).

We concluded that GDNF delivered by intraparench-

ymal infusion is safe, causes significant symptomatic

improvement, and represents a potential neuroprotective

and restorative therapy for PD. The early changes in

sense of smell and motor function suggest an initial

pharmacological action of GDNF within the putamen,

likely, in part, to involve a direct stimulatory effect on

dopamine release as shown in rodent models [62]. The

reduction in dyskinesia duration and severity was not

related to levodopa equivalent medication reduction in

these patients, suggesting that GDNF might regulate

dopamine production, release and metabolism in the

striatum, thus improving the processing of motor output;

and this may explain why our patients experienced better

quality of life when on medication, and as seen in pri-

mates [107]. This exciting initial trial has been followed

up in the United States, at the University of Kentucky,

with an FDA-approved phase-I safety trial on the use of

unilateral chronically administered GDNF in ten patients

with advanced PD; and an FDA-approved phase-II mul-

ticenter randomized placebo-controlled trial sponsored

by Amgen Inc. using bilateral chronic administration

in patients with advanced PD.

University of Kentucky chronic unilateral

intraputamenal GDNF phase-I safety trial

The phase-I University of Kentucky study reported

safety and improvement in bilateral motor functions in

10 patients with advanced PD through the unilateral in-

traputaminal infusion of GDNF [133]. Each patient was

placed on a dose-escalation regimen of GDNF: 3, 10,

and 30 mg=day at successive 8-week intervals, followed

by a 1-month wash-out period. The Unified Parkinson’s

Disease Rating Scale (UPDRS) total scores in the on

and off states significantly improved by 34 and 33%,

respectively, at 24 weeks compared with baseline scores

(95% confidence interval [CI] 18–47% for off scores

and 16–51% for on scores). In addition, UPDRS motor

scores in both the on and off states significantly im-

proved by 30% at 24 weeks compared with baseline

scores (95% CI 15–48% for off scores and 5–61% for

on scores). Improvements occurred bilaterally, as mea-

sured by balance and gait and increased speed of hand

movements and all significant improvements of motor

function continued through the wash-out period. The

only observed side effects were transient Lhermitte

symptoms in two patients.

Randomized controlled bilateral intraputamenal

GDNF infusion study

The phase-II randomized controlled clinical trial

sponsored by Amgen Inc. was designed to confirm initial

clinical benefits observed in our Bristol phase-I study,

however, concluded that GDNF did not confer the pre-

determined level of clinical benefit to patients despite an

increased 18F-dopa [86]. In this study, thirty-four PD

patients were randomized 1:1 to receive bilateral contin-

uous intraputaminal infusion of GDNF 15 mg=putamen=

day or placebo. The primary endpoint was the change

in Unified Parkinson Disease Rating Scale (UPDRS)

motor score in the practically-defined off condition at

6 months. Secondary endpoints included other UPDRS

scores, motor tests, dyskinesia ratings, patient diaries,

and 18F-dopa uptake. At 6 months, mean % changes in

‘‘off’’ UPDRS motor score were �10.0 and �4.5% in

the GDNF and placebo groups, respectively. This treat-

ment difference was not significant (95% confidence

interval: �23.0, 12.0, p¼ 0.53). Secondary endpoint re-

sults were similar between the groups. A 32.5% treat-

ment difference favoring GDNF in mean 18F-dopa influx

constant (p¼ 0.019) was observed. GDNF infusion was

well tolerated, with the most frequent adverse events,

in comparison to the placebo group, included paraesthe-

sias (65 vs. 18%), headache (29 vs. 6%) and upper

respiratory tract infections (24 vs. 6%). Since the com-

pletion of the phase-II clinical trial, two safety issues

arose. First, three patients from this study have devel-

oped neutralizing anti-GDNF antibodies, which could

potentially cross-react with endogenous GDNF. The

long-term potential implications of these findings remain

unknown; however, all of these patients remain asymp-

tomatic. One patient in the Bristol open study, who had

also developed neutralizing antibodies at some unknown

timepoint, had shown sustained improvement after 3

years of GDNF treatment. Secondly, an unusual segmen-

tal cerebellar injury, characterized by variable Purkinje

and granule cell loss, was found in four of 15 monkeys

in a 6-month toxicology study with 100 mg liatermin

per day into one putamen. Due to these uncertain and
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unquantifiable safety concerns Amgen has halted further

clinical studies of GDNF.

GDNF infusion induces neuronal sprouting

in the human brain

Three months following withdrawal of the drug by

Amgen, patient 1 in the Bristol phase-I trial, having

received 43-months of continous unilateral GDNF infu-

sion, died of a myocardial infarct [98]. Post-mortem

examination revealed severe coronary atheroma. Gross

examination of the brain showed a fine catheter track

passing through the right parasagittal frontal cortex and

white matter into the posterior third of the right puta-

men. Dopaminergic fibres and neurons were identified

with antibody to tyrosine hydroxylase (TH). There was a

more-than-five-fold greater area occupied by TH-immu-

nopositive structures in the posterior third of the right

than the left putamen (area fraction 13.8 vs. 2.6%)

(Fig. 10). The findings indicated for the first time that

infusion of GDNF into the posterior putamen causes

a marked local increase in TH-immunopositive nerve

fibres. Labelling for the sprout-associated protein, growth

associated protein 43 (GAP43) showed a one-third more

sprouting of fibres in the posterior putamen on the side

of infusion, and a probable increase in the substantia

nigra, as suggested by the relatively strong expression

of GAP43 on the side of infusion. These observations

parallel those in experimental models of PD [36, 75,

121, 140]. It remains unclear how much of the increase

in TH-immunopositive nerve fibres is due to axonal

sprouting and how much to upregulation of TH in spared

but dysfunctional fibres [75]. In either case, however, the

findings provide a possible substrate for the sustained

clinical improvement and enhanced 18F-dopa uptake in

human patients receiving intraputaminal infusion of

GDNF [51, 124].

Discussion

The three clinical trials demonstrated that continuous

intraputaminal delivery of GDNF is safe. Although cau-

tion must be exercised in interpreting results of the two

open-label trials, the sustained improvements in all 15

patients are consistent with extensive preclinical data

indicating the efficacy of GDNF in treating PD. The

potential of GDNF as a therapeutic agent in PD, stems

from its ability not only to provide symptomatic relief,

but also to modify the disease state, distinct from other

current therapeutic strategies for PD, such as deep brain

stimulation and dopamine replacement therapy. Yet, it is

possible that a combined approach using, for example,

fetal dopamine cell grafts and GDNF may prove to be

even more potent in reversing the parkinsonian symp-

toms in patients. Experimentally, GDNF is both neuro-

protective and able to induce a prominent functional

upregulation in intact and lesioned nigral dopamine neu-

rons; and in some cases, it can also induce a pronounced

regenerative response. The viral vector experiments, in

particular, indicate that the most pronounced functional

effects may result from a combined action involving all

three mechanisms. The extent of these effects in our

human pilot study remains to be fully elucidated. The

early onset of symptomatic improvement, accompanied

by an increase in 18F-dopa uptake limited to the area

immediately surrounding the cannula tip, seems compat-

Fig. 10. Post-mortem immunohistochemical findings in axial sections through posterior part of right (a, b) and left (c, d) putamen viewed from

above with posterior putamen to the right of the figure. Note the increased density of GFAP-immunopositive astrocytes around the end of the

catheter track in the posterior third of the right (a) compared with the left (c) putamen. TH-immunopositive structures occupy a much greater part of

the right (b) than the left (d) putamen
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ible with a functional upregulation in residual dopamine

neurons. The progressive and sustained improvement

in symptomology, and the increased 18F-dopa uptake

throughout the whole putamen at 24-months, and the

post mortem findings confirm reduced progression of

disease (neuroprotection) and a regenerative response

beyond the functional upregulation. However, while the

data from the open-label clinical trials in humans look

encouraging, the results from the phase-II multicentre,

randomised, placebo-controlled study did not confer the

predetermined level of clinical benefit. The phase-II trial

was designed to replicate the Bristol open-label study in

5 patients with PD. In open-label studies the expecta-

tions of patients can be profound and probably very

different from those involved in a randomized placebo-

controlled trial of symptomatic drug therapy, neverthe-

less the outcome of the placebo group in the phase-II

study was not significantly different in comparison to

baseline. Furthermore, placebo effects are known to oc-

cur in drug treatments for PD, but patients generally

improve 30% at most and this is rarely sustained on

repeated testing over 6 months [52]. Although the mag-

nitude of a placebo response in this setting is difficult

to quantify, it is important to note that our overall

57% reductions in ‘‘off’’ UPDRS scores are higher than

might be expected from placebo, with these improve-

ments being progressive and sustained up to 24 months.

Other potential explanations for the differences in

outcome between the trials include differences in pa-

tient selection and treatment methodologies. The pa-

tients participating in the open trials, particularly the

Bristol study had generally milder disease than those

participating in the double blind study, and conversely

some patients in the double blind study had severe

burnt out disease. It remains possible that more mildly

affected patients have a greater potential to respond

to the influence of GDNF on sprouting of remaining

nigrostriatal neurons.

Methodological differences between the open studies

and the double blind study included drug dosage and

method of delivery. Patients in the open studies even-

tually received higher doses than in the double-blind

trial. Perhaps, a more important difference between the

studies was in the method of drug delivery. The open

label studies exploited GDNF delivery using a convec-

tion-enhanced method, rather than the method used in

the phase II study, which depended primarily on diffu-

sion to deliver the GDNF. Convection-enhanced delivery

can increase the volume of distribution of the drug over

that achievable by diffusion by up to 155-fold [92].

Convection-enhanced delivery exploits bulk flow in

the extracellular space that results from a pressure gra-

dient: its flux is largely independent of molecular weight

and solutions are distributed in relatively homoge-

nous concentrations. This is in contrast to diffusion that

is dependent on establishing a concentration gradient.

Catheter and fluid delivery parameters are important

factors in the application of convection-enhanced deliv-

ery. Drug emerging from a single port in the distal end

will tend to travel up the path of least resistance, i.e. up

the catheter=tissue interface [29]. Because the flow up

this space is proportional to the radius squared, small

changes in catheter size, i.e. from the 0.6mm diameter

used in the Bristol study versus the 1.2mm (1.0mm plus

radio-opaque markings on catheter¼ 1.2mm) used in

the phase II study, will reduce the resistance outside

the catheter by 4-fold, therefore reducing the pressure

gradient and bulk flow into the tissue substantially. If the

1.2mm catheter also traumatises the tissue causing local

necrosis, which is likely, then the resistance to flow out-

side it will be very low. In these circumstances and at the

flow rate used in the phase II study a pressure gradient

sufficient to drive the fluid into the tissues may never be

achieved. The drug will then simply flows back along

the catheter tissue interface to the cortex and enter the

CSF space to produce wide-spread side-effects. Penetra-

tion into the tissues is now dependent upon diffusion

down a concentration gradient, which due to the size

of the GDNF molecule will be very limited. In this

study, increasing the infusion rate beyond about 6 ml
per hour, increased leak back and loss of infusate and

infusate concentration had no effect on the volume of

distribution. In contrast in the Kentucky study, despite

the use of a 1.0mm diameter catheter, GDNF was deliv-

ered using a continuous basal rate of 2ml=hour with 6-

hourly pulsed boluses of 21.3 ml to supplement the basal

rate and to promote convection-enhanced delivery in-

creasing the spread into the surrounding striatum. The

1.0mm catheter used in the Kentucky study had a 5mm

tip length with 40-ports, in comparison to the phase-II

study, where the catheter had a single terminal port. In a

recent study, in nonhuman primates (Gash et al., unpub-

lished data) [133], GDNF had a mean distribution area

of 31	 8mm2 when delivered through a 1mm diameter

single-port catheter and 119	 16mm2 via a multiport

catheter–even by using the same pump delivery param-

eters, suggesting that catheter design with multiple

terminal ports may be an important factor.

Although in the Kentucky study GDNF was admin-

istered contralaterally to the most affected side, motor

GDNF delivery for Parkinson’s disease 147



improvement occurred bilaterally, with results com-

parable to those for bilateral intraputaminal GDNF infu-

sion. Although these bilateral effects indicate that GDNF

administration may be at least temporarily successful

in treating only one hemisphere of the brain, there is a

strong theoretical argument together with some sup-

porting evidence from fetal transplant studies for the

treatment of both hemispheres [95, 96, 118]. Infusion

of GDNF into both sides of the brain may be needed

to provide optimal bilateral neuroprotection of the dopa-

minergic nerve terminals in the basal ganglia and cell

bodies in the substantia nigra [51, 124].

Due to the progressive nature of PD, sustained or

continuous delivery of trophic factors may be necessary

for optimal, long-term neuronal effects. However, the

post-mortem findings following 3-months of GDNF ces-

sation in our study and the persistence of clinical effect

after a 1-month washout in the Kentucky study are con-

sistent with data from previous studies involving animal

models of PD [54, 56, 59], although these persistent

gains may be lower in magnitude compared with the

maximal benefit observed during active GDNF infusion.

Both human and preclinical studies to date are unable to

fully determine the dose-response effect, and additional

studies are needed to analyze variable dose and fluid

delivery parameters against time effects of GDNF. It is

clear from animal studies that functional upregulation

in intact or lesioned nigral dopaminergic neurons can

be obtained by ICV, intranigral or intrastriatal routes,

although the ICV route effects do not translate to

humans. Only intrastriatal GDNF is capable of protect-

ing degenerating or damaged nigrostriatal axons and

terminals and inducing any substantial regenerative

growth response. However, it is effective in cases only

when a significant portion of the nigrostiatal projection

remains intact, and thus efficacy is diminished in ani-

mals with advanced parkinsonism. In advanced cases, as

suggested by primate data, intranigral delivery, acting

through increased transmission in downstream targets

may provide symptomatic relief. Conversely, direct infu-

sion into the substantia nigra (SN) in early disease may

be protective to prevent disease progression. In PD

patients, the optimal site of GDNF delivery may also

depend on the site of the primary insult. Degeneration

involving the lateral part of SNc (also called lateral area

A9 of Dahlstrom and Fuxe), which projects to the pos-

terior dorsal motor striatum and globus pallidus exter-

nus, is associated with rigidity and bradykinesia whereas

degeneration involving the medial SNc (medial area

A9), parts of area A8 and A10 which innervate the sub-

thalamic nucleus= zona incerta and globus pallidus inter-

nus has been reported to be associated with tremor

predominant PD and ‘‘on=off’’ fluctuations [45, 46,

58, 69, 70, 78, 134], and may explain the limited effect

on tremor in the tremor predominant PD cases. There-

fore, whether the optimal choice involves GDNF acting

on axon terminals in the striatum or the subthalamic

region, or on cell bodies in the SN or a combination

of targets remains to be elucidated.

With convection-enhanced striatal delivery, it is pos-

sible that more rostral portions of the putamen will con-

tinue to degenerate if the GDNF does not penetrate this

far. By understanding the parameters that influence con-

vective-delivery within the CNS, including volume and

rate of infusion, delivery of GDNF can be optimised in

the clinical setting. With the appropriate modifications, it

could be realistic that GDNF migration could be pre-

dicted and appropriately customized to treat a pre-speci-

fied volume of tissue based on the extent of degeneration,

or customised to the size of the appropriate target chosen

on the basis of predominant symptomology. Future stud-

ies delivering the GDNF through multiple sites within the

putamen may be necessary to optimise the therapeutic

effect. Alternatively, penetration of GDNF may be in-

creased using modified equally active forms of the drug

with a lower molecular weight and with reduced affini-

ty to the heparin-binding sites, increasing its transport

through the interstitial spaces.

Convection-enhanced delivery of recombinant GDNF

protein has potential problems, including complications

associated with a chronically implanted infusion device.

It would clearly be advantageous for PD patients to

receive a single ‘‘on–off’’ injection of GDNF, through

cell or viral vector delivery strategies [20, 80]. Never-

theless these alternate approaches do generate issues of

safety, in that if problems arise, one cannot simply

switch off the supply of a cell or virally delivered trophic

factor. Clearly, more experiments in nonhuman primate

models will be necessary to prove that these techniques

lead to long-term GDNF expression, as well as proving

that the procedure is completely safe. In this respect,

the use of a regulatable promoter to provide a means

of controlling expression of the transgene may prove

necessary. Along these lines, inducible lentiviral vector

systems containing the entire tetracycline-regulated sys-

tem have been tested in vitro and in vivo in rats [73] and

Kordower et al. are now investigating the tetracycline

regulatable system [148] as a way of driving GDNF

expression through oral administration of doxycycline

[79]. A strategy implanting stem cells engineered to
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deliver GDNF may be more advantageous in that the

host brain is not genetically manipulated, preventing

insertional mutagenesis and preserving the function of

neurons in the host [11]. The neural stem cells can be

fully characterised and the degree of differentiation of

the cell and=or the levels of production of growth factor

can be standardized. In addition, extra safety features

such as the incorporation of a regulatable promoter to

provide a means of controlling expression of the trans-

gene may prove necessary as described above, or the

incorporation of a ‘‘suicide cassette’’ in the cells would

allow for the elimination of the cells, should it be neces-

sary. Stem cells may not be immunologically compatible

with most patients, and they could cause teratomas if

tight control over differentiation and cell proliferation

is not achieved, and may require the need to immuno-

suppress the hosts in order to prevent the rejection of

grafts in certain transplantation conditions. In the future,

it would be important to develop strategies to decrease

the risk of graft rejection, by either identifying and

matching antigens in host and donors, or by performing

grafts of multipotent stem cells isolated from the same

individual, including bone marrow stem cells. Our un-

derstanding of the rules and limits to integration of dif-

ferentiated cells into neural circuits is also in its infancy.

A complete understanding will be necessary if we are to

realize fully the potential of stem cells. Nonetheless, the

active interest and substantial recent progress in this area

sustains the enthusiastic hope that this approach could

eventually achieve the ultimate goal of repairing the

damaged brain, and may prove to be a more safe and

amenable strategy than the direct genetic manipulation

of the host brain.

Safe and effective approaches for site-specific deliv-

ery of neurotrophic factors may be essential for realizing

their potential in treating brain injuries and diseases. The

open-label intraparenchymal studies make an important

first step towards demonstrating both safety and effi-

cacy of growth factors delivered directly into the brain

parenchyma; and could not only help design better treat-

ment for PD, but could also lay the foundation for fur-

ther related studies in other neurodegenerative diseases

such as AD, ALS and Huntington’s disease where var-

ious neurotrophic factors have also been shown to have

beneficial effects in animal models [17, 81, 135].

Conclusions

In summary, intraparenchymal neurotrophic factor

infusion represents a new approach in treating neurode-

nerative disease, with trophic actions having the poten-

tial of promoting protection, repair, and restoration of

specific neurons and thus moderating disease progres-

sion. Preclinical studies and the open-label trials suggest

that GDNF’s effects in the treatment of Parkinson’s dis-

ease are mediated through a combination of improved

functioning of remaining normal dopaminergic neurons,

reduction in disease progression and by stimulating in-

herent regenerative capabilities in injured dopaminergic

neurons. Despite the failure of significant GDNF effect

in the phase-II controlled study, possibly secondary to

technical differences between this trial and the positive

open label studies, the benefits seen in the open-label

studies should compel further investigation into opti-

mized methods of GDNF delivery in a larger population

of patients with PD.
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Summary

The basal ganglia constitute parts of highly sophisticated and complex

neuronal networks, which represent essential elements of functional

circuits, actively involved in the control of movement. The physiologic

properties of these networks and their interchange with different brain

areas could serve as a model for the pathophysiologic explanation of

various movement disorders, particularly Parkinson’s disease. Stimula-

tion of these networks and subsequent recording of the evoked Local

Field Potentials is currently used not only for understanding the patho-

physiology of movement disorders but also for the physiologic localiza-

tion of the anatomical target during deep brain stimulation procedures.

An overview of the currently available research and clinical data from

the recording of Local Field Potentials as well as the advantages, the

disadvantages and the limitations of this methodology are presented in

this chapter.

Keywords: Neuromodulation; basal ganglia; field potential; macro-

stimulation; neuronal network.

Introduction

The vast majority of the currently performed intra-

cranial neuromodulating procedures target the basal

ganglia. These large, deep-sited nuclei are connected

to each other and also to other brain areas, formatting

complex functional neuronal networks with character-

istic electrical activity. Recording and analysis of this

electrical activity in the form of local field potentials

(LFPs) can provide additional information to the spe-

cialists in operative neuromodulation in regards to the

physiologic properties of these neuronal networks in

pathophysiological states. In this chapter, the reader

can find a brief description of the anatomical structure

of the basal ganglia neuronal circuits, a few important

physiologic aspects of them and finally an overview of

the role of LFP recordings in targeting specific anatom-

ical targets such as the subthalamic nucleus, the thal-

amus and the globus pallidus.

Description of basal ganglia neuronal networks

Basal ganglia is a term widely used for describing a

highly complex group of subcortical nuclei, consisting

of striatum (caudate nucleus and putamen), globus pal-

lidus, substantia nigra and subthalamic nucleus, which

are connected to each other and have input and output to

different brain areas [39]. These functional connections

of the basal ganglia represent highly sophisticated and

complex neuronal networks, intimately involved in the

control of movement as well as in various cognitive and

behavioral functions: these connections form circuits

with characteristic patterns of electrophysiologic activity

[39]. This electrical activity can be detected during field

potential recording. The brief description of these neu-

ronal circuits is necessary for better understanding of the

field potential recordings obtained and their clinical and

research importance in operative neuromodulation.

The striatum, which includes the caudate nucleus and

the putamen and along with the subthalamic nucleus

(STN) represent the input nuclei of the basal ganglia,

receives excitatory input from the cerebral cortex, prac-

tically from the entire cortical mantle (motor, pre-motor,

somatosensory, associative and limbic cortex) [39]. More

specifically, projective fibers from the motor, pre-motor

and somatosensory cortex terminate to the post-commis-

sural putamen [39], fibers from the associative cortex

project to the caudate nucleus and the rostral putamen

[39] while the limbic cortex projects to the ventral stria-

tum [39]. These glutamatergic cortico-striatal projections



are characterized by a strict topographic organization

[39]. In addition, the striatal excitatory input circuitry is

completed by the thalamo-striatal projection circuit, orig-

inating mainly from the intra-laminar thalamic nuclei

(the nuclei centralis and para-fascicularis) [34, 39]; this

functional projection is also glutamatergic, highly spe-

cific and topographically organized [34, 39]. The nu-

cleus centralis projects mainly to the post-commissural

sensory motor part of the putamen while the nucleus

para-fascicularis’ projected fibers terminate mostly to

the limbic-associative striatum [34]. Another glutamat-

ergic cortico-subthalamic projection, exclusively ipsilat-

eral [21, 39], has also been demonstrated [39]. This

cortico-subthalamic input circuit, contrary to the pre-

viously described ones, originates from the pre-motor,

motor and pre-frontal cortex [21, 30, 39]. Similarly to all

other cortical and thalamic input projections, the cortico-

subthalamic one is somatotopically organized [21, 30].

In addition to the cortex, the thalamic intra-laminar nuclei,

the dorsal raphe nucleus, the mesopontine tegmentum

and the dopaminergic Substantia Nigra pars compacta

(SNc) represent sources of direct subthalamic nucleus

input [31].

The striatal output can be divided for simplification

purposes into two discrete pathways: a direct and an

indirect one [39]. In the direct striato-fugal pathway,

which is a GABAergic projection, the striatum is directly

connected to the internal Globus Pallidus (GPi) and the

Substantia Nigra pars reticulata (SNr) [31, 39]. Contrari-

wise, in the indirect pathway the striatum sends fibers

firstly to the external Globus Pallidus (GPe), then to the

STN and subsequently to the GPi and SNr [31, 39]. This

indirect pathway is topographically organized [31, 39].

Immunohistochemical and electron microscopy studies

have demonstrated the existence of local, collateral den-

dritic networks connecting these two striato-fugal path-

ways [39, 41, 46]. Along with this ‘‘classic’’, indirect

pathway [39], another less typical indirect output path-

way exists: it originates from the GPe and terminates

to the GPi and SNr without passing through the STN

[39]. Furthermore, the existence of a GPe projection to

the thalamic reticularis nucleus has been described and

experimentally confirmed [3–5, 10, 13, 23]. Finally, a

reciprocal inter-connective circuitry between the STN

and GPe has been identified and described in detail [9,

28, 35, 36, 40].

The output nuclei of the basal ganglia (GPi and SNr)

send projective fibers to the different target nuclei. More

specifically, the GPi sends projective fibers to the pars

principalis anterior thalamic nucleus, to the pars oralis

(VLo), to the lateral part of the pars medialis (VLm), to

the intralaminar thalamic nuclei (mainly to the nucleus

centralis), to the lateral habenular nucleus and to the

pedunculopontine nucleus (PPN) [39]. The SNr projects

to the medial part of the ventro-lateral nucleus (VLm)

and to the magno-cellular part of the ventral-anterior

nucleus (VAmc) as well as to the para-central (PCN),

to the dorso-medial para-laminar nucleus (DMpe), to

the nucleus centralis=nucleus para-fascicularis complex,

to the PPN, to the superior colliculus and to the medul-

lary reticular formation [39]. Furthermore, less massive

projections originating from the STN to the SNc [39], to

the PPN [39], to the spinal cord [39] and to the striatum

[39] have been described in previous studies.

This brief overview describes the highly complex neu-

ronal network of the basal ganglia nuclei and also out-

lines a model of their functional organization, which

currently serves as a basis for understanding the patho-

physiology of movement disorders and particularly Par-

kinson’s disease [39].

Physiologic consideration of basal ganglia

neuronal networks

It is apparent from the brief description of the above

described neuronal circuits, that basal ganglia represent

parts of a multi-synaptic loop, which transforms higher

order cognitive activity into action [29]. In the cerebral

cortex, where neurons are arranged in layers, afferent

fibers terminate, more or less, in a laminated fashion:

activation of certain afferent systems often results in

potential changes that show a characteristic laminar ar-

rangement in the depths of the cortex [27]. Experimental

studies have shown, that multi-second oscillations in

firing rate with periods in the range of 2–60 s, and aver-

aging 2–35 s, are present in 50–90% of spike trains from

neurons in basal ganglia nuclei [1, 2, 33]. This oscillatory

firing activity has been shown to organize the propagation

and synchronization of faster oscillatory activity in the

distributed neuronal circuits [2]. Synchronous neuronal

discharge oscillations in the cerebral cortex play an im-

portant role in normal motor processing and it has been

demonstrated, that this oscillatory activity is associated

with such functions as binding of neuronal activity in

disparate motor areas, recruitment of motor-unit dis-

charge, reduction of computational effort or processing

load and modification of motor states [25]. In addition,

the existence of similar oscillatory activity in the STN-

GPe network has been demonstrated; this activity is inti-

mately related to the observed rhythmic cortical activity
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[25]. It is also widely accepted that STN neurons in

patients with Parkinson’s disease (PD) show high-fre-

quency oscillations at 15–30Hz as this has been demon-

strated in animals and humans by several investigators

[7, 25, 32] by using mostly coherence analysis of depth

LFP recordings. The most satisfactory pathophysiologic

explanation of this phenomenon is the observed de-

generation of the SNc and the subsequent depletion of

striatal dopamine, which leads to the emergence of

STN neurons with increased spontaneous activity and

periodic oscillatory activity [7, 25]. Furthermore, analy-

sis of pallidal LFP recordings in awake, cooperative

patients with established diagnosis of PD, have demon-

strated that there is a decreased tendency to synchroni-

zation at 4–10Hz [38]. Contrariwise, the observed firing

rates in cases of dystonia show that there is usually a

decrease in the 11–30Hz oscillatory activity and an

increase in the 4–10Hz range [38]. LFP recordings

nicely demonstrate that each movement disorder is asso-

ciated with discrete abnormal spatio-temporal pattern of

activity [25, 38].

The existence of multiple, discrete functional loops

between the cerebral cortex and the STN has been re-

cently postulated [18]. This theory, proposed by Fogelson

et al. states that the utilization of distinct frequencies by

the same anatomical cortico-subthalamic network, may

provide a means of marking and segregating related

processing, over and above any anatomical segregation

of processing systems [18]. In their well-designed, pro-

spective, clinical study examining nine patients with

established diagnosis of PD, they showed that signifi-

cant coherence existed between the obtained Electro-

EncephaloGraphy (EEG) and LFPs recordings from the

subthalamic nucleus area [18]; this coherence was ap-

parent in the theta (3–7Hz), alpha (8–13Hz), lower beta

(14–20Hz) and upper beta (21–32Hz) bands, although

activity in the alpha and upper beta bands dominated

[18]. More specifically, theta coherence predominately

involved lateral and mesial cortical areas, alpha and

lower beta coherence mesial and ipsilateral motor areas

while upper beta coherence involved the midline cortex

[18]. Subthalamic nucleus area LFPs led EEG in the

theta band [18]. Contrariwise, EEG led the depth LFPs

in the lower and upper beta bands [18]. Interestingly,

subthalamic LFP activity in the alpha band could either

lag or lead EEG [18]. Similarly, Foffani et al. arrived in

the same conclusion, when in a patient with PD they

concomitantly recorded movement-related EEG signals

and LFPs from sensori-motor cerebral cortex, GPi and

STN [17]. These findings lead to a novel model that could

lend itself to an effective approach of movement-related

brain activity and movement disorders.

The previously described functional loops and their

oscillatory firing in physiological as well as in patholog-

ical states and the potential of recording all this electri-

cal activity by using depth LFP recordings gives the

functional neurosurgeon the opportunity to use all this

information as a feedback signal, in order to improve the

therapeutic effect of the current neuromodulating surgi-

cal interventions.

Basal ganglia field potential recordings during

neuromodulating surgical procedures

The most efficient way for accurate localization of the

selected anatomical target in deep brain stimulation (DBS)

cases, which represent nowadays the vast majority of

intracranial neuromodulating procedures, still remains

controversial [20, 37]. One school favors the use of ana-

tomical localization by utilizing neuro-imaging tech-

niques and field potential recordings while the other

one believes that micro-electrode recording during such

procedures is essential and significantly increases the

accuracy while minimizes the chance of suboptimal im-

plantation [20, 37]. Although both sides can present a

series of strong arguments supporting their beliefs, it is

widely accepted that field potential recording is simpler

than single cell recordings and less time consuming; on

the other hand, it does not allow the identification of the

exact limits and the somatotopic organization of the

anatomical target while its overall accuracy is inferior

to the one obtained by microelectrode recording. This

controversy might be resolved in the near future as

our experience with neuromodulation procedures will

be exponentially increasing and the follow-up of these

patients will become longer.

In this section, the authors would like to present an

overview of the current practice and the practical sig-

nificance of field potential recordings in the most com-

monly utilized anatomical targets, starting from LFP

recordings from the STN. Even though the usage of

subthalamic nucleus FPs has not been routinely employed

in the identification of the STN in deep brain stimula-

tion (DBS) cases, Liu et al. [26] have reported intra-

operative LFP recordings from patients with PD. In their

series, they used adjacent pairs of the four electrode

contacts of the implanted DBS electrode [26]. The FP

recordings were filtered between 0.5Hz and 1 kHz, ampli-

fied with a gain of�1000 (Cambridge Electronic Design

1902, Cambridge, UK), digitized at a sampling rate of
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250Hz and displayed online with an adjustable time

scale of seconds to minutes [26]. Recordings were re-

peatedly made during rest, resting tremor as well as

passive and active movement of the patient’s wrist [26].

Coherence methodology was used in the statistical anal-

ysis of the obtained electrophysiologic data [26]. They

demonstrated that the recorded oscillatory activity in the

LFPs of the STN contralateral to the arm with tremor

was increased in the resting tremor state compared to

the rest state [26]. No significant increase in STN activ-

ity was recorded in response to passive movements of

either the contralateral or the ipsilateral wrist [26]. Their

findings suggest that the STN primarily projects con-

tralaterally and the increased STN oscillation likely con-

tributes to generation of resting tremor, rather than

responding to the proprioceptive feedback from the trem-

ulous arm [26]. Furthermore, high frequency (100Hz)

stimulation of the STN induced 4Hz tremor in both

forearms, gradually increasing in magnitude, and also

oscillation of the contralateral (non-stimulated) STN at

the same frequency [26]. Contrariwise, higher frequency

stimulation (130Hz) completely suppressed tremor in

both arms, and oscillatory activity in the contralateral

STN completely disappeared [26].

Similarly, Foffani et al. in their clinical series, consist-

ing of nine patients with idiopathic PD, recorded post-

operative (2–3 days post-operatively) LFPs from the

STN using two pairs of contacts of the implanted DBS

electrode: closely spaced (1–2 contacts) andwidely spaced

(0–3 contacts) [16]. The field potential recordings were

obtained during rest, voluntary movements, 8–12 hours

after withdrawal of dopaminergic medication, before

and after administration of 100–200mg of oral fast-act-

ing levodopa or 6mg of subcutaneous apomorphine or

40mg of intra-muscular orphenadrine [16]. At rest state,

and in the absence of dopaminergic medication, in

most cases the 100–1000Hz band showed no consistent

rhythm [16]. Levodopa administration elicited a 300Hz

rhythm at rest [16]. This 300Hz rhythm was also

increased by apomorphine but not by orphenadrine [16].

The recorded 300Hz rhythm was modulated by volun-

tary movement [16]. The dopamine-dependent 300Hz

rhythm probably reflects a bistable compound nuclear

activity and supports high-resolution information pro-

cessing in the basal ganglia neuronal network [16]. An

absent 300Hz subthalamic rhythm could be a patho-phy-

siological characteristic of PD [16]. This high-frequency

rhythm also provides the rationale for an excitatory – and

not only inhibitory – interpretation of DBSmechanism of

action [16].

Likewise, Priori et al. in a similar clinical study in-

cluding 20 subthalamic nuclei of thirteen patients with

PD, recorded post-operative LFPs through DBS electro-

des implanted in the STN [32]. The obtained signals

were pre-amplified, differentially amplified and filtered

(2–1000Hz, Cambridge 1902, Cambridge Electronic

Design, Cambridge, UK) [32]. Signals were appropriately

digitized (sampling rate 2500Hz, Cambridge 1401,

Cambridge Electronic Design, Cambridge, UK) [32].

LFPs were recorded at rest both before (off-state) and

after (on-state) acute administration of different anti-par-

kinsonian medications such as levodopa, apomorphine

or orphenadrine [32]. Power spectral analysis of the

recorded LFPs, was performed [32]. In the off-state, STN

LFPs showed clearly defined peaks of oscillatory activ-

ity below 50Hz: at low frequencies (2–7Hz), in the

alpha (7–13Hz), low beta (13–20Hz) and high beta

(20–30Hz) range [32]. In the on-state after levodopa

and apomorphine administration, low-beta activity sig-

nificantly decreased and low-frequency activity increased

[32]. Contrariwise, orphenadrine increased beta activity

[32]. Power changes elicited by levodopa and apomor-

phine at low frequencies and in the beta range were not

correlated while changes in the alpha band correlated

well with the low beta rhythm [32]. They concluded that

in the STN there are at least two rhythms below 50Hz

that are separately modulated by anti-parkinsonian med-

ications [32].

Stimulation test via the implanted DBS has been used

for intra-operative physiological verification of the elec-

trode accurate placement. Especially in cases that micro-

electrode recording is not employed, macro-stimulation

test is the only method for confirming proper placement

of the implanted electrode. Proximity of the active con-

tact of the implanted lead electrode to the medial or

inferior borders of STN is indicated by activation of

lenniscal fibers while proximity to the lateral border is

indicated by activation of the adjacent cortico-spinal

tract [43]. Starr et al. in their study, used frequency of

185Hz, pulse width of 60msec and amplitude ranging

from 0 to 10V for macro-stimulation in bipolar mode

[42, 45]. They claimed that stimulation-induced tremor

was the only motor sign for accurate localization of their

target [42, 45]. They also noted the fact that some

adverse effects were associated with the used stimulated

parameters [42, 45]. The most common ones were dysar-

thria or facial contraction associated with cortico-bulbar

activation or contralateral paresthesias associated with

lemniscal activation [42, 45]. They also reported that

stimulation-induced bulbar effects with low-threshold
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(<3V) stimulation indicated lateral position of the

implanted lead [42, 45].

The clinical value of LFP recordings and the role of

macro-stimulation in subthalamic DBS implantation cases

remain very controversial. In cases that the placement of

the implanted DBS electrode produces an immediate

temporary therapeutic effect, this effect might well be

the result of a micro-subthalamotomy due to local trauma

caused by the implanted macro-electrode [6]. It could be

argued that this ‘‘micro’’-effect represents an indication

of optimal trajectory [6]. However, the possibility that

the macro-electrode or the implanted DBS electrode

passed through the optimal target on its way to its cur-

rent location cannot be ruled out [6]. Additionally, intra-

operative macro-stimulation in judging clinical efficacy

is significantly compromised by parameters such as

patient’s fatigue, confusion, lack of cooperation as well

as certain limitations on the range of macro-stimulation

parameters that can be tested. These limitations signifi-

cantly complicate intra-operative macro-stimulation for

targeting purposes as this has been nicely pointed out

by Baker et al. [6]. Furthermore, the same limiting fac-

tors are applicable in routinely utilizing post-operative

macro-stimulation for setting and fine adjustment of a

previously implanted DBS.

In regards to the routine usage of LFPs in physiolog-

ical localization of thalamic nuclei as anatomical targets,

it is well known that different thalamic nuclei have dis-

crete recording patterns. Macro-stimulation of thalamic

targets (Vim) causing suppression of tremor predicts a

good response to subsequent chronic stimulation [8, 22,

24, 44]. Stimulation of the active lead contacts in the

proximity of the posterior and lateral borders of the

motor thalamus are indicated by activation of the sen-

sory thalamus and cortico-spinal tract, respectively [43].

Likewise, Vc nucleus can be safely identified by a high

level of neuronal activity; responses are usually evoked

from stimulation of fingers and lips with a medio-lateral

somatotopy [19]. It has been demonstrated that stimula-

tion of the posterior parts of Vim generally will give rise

to paresthesia [14]. Paresthesia usually but not always is

felt in the general region where the stimulated neurons

have their receptive fields [14]. In addition, Vim and per-

haps Vop nuclei can be identified by the presence of

responses to stimulation of tendons or movement of joints.

Furthermore, phasic tremor frequency activity can also

be recorded mainly from Vim nucleus and to a lesser

extent from Vop thalamic nucleus. The recording of spin-

dles, an EEG pattern characterized by a 7–10=sec

rhythm may also be characteristic for Vop nucleus.

The recording of field potentials from the GPi can

easily identify the adjacent anatomical structures of

internal capsule and optic tract [19]. Macro-stimulation

via the implanted electrode in the inferior and postero-

medial borders of the GPi activates the optic and the

cortico-spinal tracts, respectively [12]. Intra-operative

flash visual evoked potentials recording from the visual

cortex has been reported during the GPi localization

process with macro-stimulation and field potential re-

cording [19]. The importance of any significant changes

in the obtained visually evoked potentials can be de-

picted by the fact that Bonaroti et al. [11], in their series,

had to modify their initially selected anatomical target

based on the obtained potential recording changes [19].

Macro-stimulation of the GPi evokes in the vast major-

ity of cases contra-lateral hand contractions and visual

phosphenes, although various motor responses, rang-

ing from hand to tongue contractions, have been docu-

mented and reported [15, 19]. It is apparent that the

combination of LFP recordings in combination with

macro-stimulation can provide valuable information to

the performing neurosurgeon in regards to the physiolog-

ic confirmation of the selected anatomical target [19].

The importance of macro-stimulation in these proce-

dures is indicated by the fact that among 28 centers in

North America involved in practice of pallidotomy all

but one routinely employed the technique of macro-stim-

ulation for physiologic localization of the anatomical

target [15, 19].

In summary, the usage of LFP recordings from basal

ganglia neuronal networks is characterized by certain

limitations. In comparison to micro-electrode record-

ings, LFP recording is characterized by significantly

lower spatial resolution and accuracy. However, LFP

recording is significantly simpler and faster than

micro-electrode recording. These two physiologic local-

ization methodologies could be complementary to each

other in complicated cases. The wide utilization of ad-

vanced neuro-imaging techniques in the future (3T MRI

units) might increase the accuracy of anatomical locali-

zation and favor the utilization of the simpler and faster

LFP recording and macro-stimulation methodology.
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Summary

Deep brain stimulation (DBS) represents one of the more recent

advancements in Neurosurgery. Even though its most successful appli-

cations evolved in movement disorders (MDs), indications now include

pain, psychiatric disorders, epilepsy, cluster headaches and Tourette

syndrome. As this type of surgery gains popularity and the indications

for DBS surgery increase, so it will certainly increase the number of

neurosurgeons who will use this neuromodulatory technique. A detailed

description of the technical aspects of the DBS procedure, as it is per-

formed in our department, is presented. In our opinion, our method is a

good combination of all the well-established necessary techniques in a

cost-effective way. This technical article may be helpful to neurosur-

geons considering to start performing this type of surgery. It could also

prompt others who perform DBS regularly to express their views, and

hence, lead to further refinement of this demanding procedure.

Keywords: Deep brain stimulation (DBS); movement disorders

(MD); stereotactic neurosurgery; surgical techniques.

Introduction

Surgical therapies have made a rapid re-entry into the

therapy of movement disorders (MDs) since the early

1990s and have nowadays become far more effective

and safe because of the scientific rationale for targets

selection, the definition of better clinical criteria for pa-

tient selection, the progress in stereotactic techniques, and

the availability of superior imaging modalities and intra-

operative electrophysiology. DBS is currently the most

promising of these interventions and has proven to be a

safe and effective procedure for the treatment of MDs.

The optimal methods and techniques for the implan-

tation the DBS lead have not yet been standardized. In

this article we present the main technical aspects and

considerations of DBS surgery and outline the procedure

in a step-wise manner, based on the experience of the

Movement Disorders Surgery Unit at the Department of

Neurosurgery of the University of Athens in Athens.

This is currently the leading multidisciplinary movement

disorder surgery service in Greece. The technique de-

scribed here is based on the experience obtained on fifty

[50] surgically treated patients.

Patient selection and indications for surgery

The results of DBS for MDs are dependent on careful

patient selection and the experience of the surgical team.

For PD, indications include: 1) patients who have been

adequately tried on optimal doses of antiparkinsonian

medication but continue to be disabled because of motor

fluctuations and levodopa induced dyskinesias, 2) pa-

tients who have intolerance to the psychological effects

of L-Dopa and dopaminergic agonists, 3) patients with

mood changes due to medications (DBS STN permits

a reduction in the L-Dopa dose), 4) responsiveness to

L-Dopa challenge test. Other indications include essen-

tial tremor, multiple sclerosis tremor and dystonia.

Contraindications for surgery

The definite exclusion criteria include: 1) secondary

Parkinsonism and other Parkinsonian syndromes, 2) un-

correctable coagulopathy, 3) significant cognitive impair-

ment and 4) severe depression or psychopathology.

Relative contraindications include: 1) ventriculome-

galy (may require extreme angles to reach the target),

2) poorly controlled serious medical illnesses that may

jeopardize the lifespan of the patient, 3) magnetic reso-

nance imaging (MRI) abnormalities such as severe cere-

bral atrophy ormultiple infarcts (because they predict poor



outcome), 4) patients not capable to co-operate during

surgery, 5) patients not willing or are unable to attend

repeated follow up, and 6) age >75 years.

Preoperative investigations

Before a patient is considered suitable for surgery,

he=she undergoes a detailed clinical examination by a

neurologist specialised in movement disorders. The neu-

rologist confirms the diagnosis, selects candidates suit-

able for surgery, performs the L-Dopa challenge test to

identify L-Dopa responsiveness and to reliably predict

the likely benefits of surgery in individual cases. When a

patient is selected as a surgical candidate, preoperative

investigations include: 1) standard blood tests, 2) co-

agulation status, 3) electrocardiogram, 4) chest X-ray,

5) neuropsychological assessment, 6) clinical status as-

sessment scales (UPDRS, PDQ-39, Fahn-Tolosa, EDSS),

7) video recording and gait assessment, and 8) brain MRI.

Preoperative medication

Antiplatelet agents are stopped approximately 2 weeks

prior to surgery. Warfarin is also stopped and the patient’s

coagulation status monitored. Surgery is undertaken

only when coagulation studies normalise. Anti-hyperten-

sion medications are continued and are administered on

the morning of surgery, either intravenously or orally

with a sip of water. All anti-parkinsonian medications

are seized 18 hours prior to the procedure in order to

avoid medication-induced dyskinesias during surgery

and to allow the patient to be in an ‘‘off’’ state thus

maximizing the clinical information gained by intra-

operative examination.

Informed consent

Patients and their families are given a full description

of the procedure and its rationale. We have found this

to help patients co-operate better with the team during

surgery. This ensures that they understand that the pro-

cedure aims in improving clinical symptoms and is not

a definitive cure for their disease. This helps patients

having realistic expectations. Potential complications

are also discussed including infection, seizures, haemor-

rhage, stroke and death [2].

Preoperative MRI

Two days prior to surgery, a brain MRI (1.5 Tesla,

Philips) without a stereotactic frame is obtained, with

the patient in his best ‘‘on’’ medical condition; this

helps reduce frame and movement related artefacts.

Contiguous 2mm axial slices with 0mm gap are ac-

quired in the AC-PC plane (axial) and perpendicular

to it (coronal). The sequences include T1 weighted

axial images, coronal and axial T2-weighted fast spin

echo images and axial inversion recovery fast spin echo

images, according to the targeted nucleus. For the past

2 years we have also been using a specially designed

sequence (T1 Wref=fMRI) [13]. This is a multi-slice

turbo sequence with inversion recovery and a maximum

water-fat shift that provides an excellent anatomical

definition of the targeted nuclei boundaries and the pres-

ence of infracted areas (lacunae), thus allowing a more

accurate direct targeting and a better interpretation of

intra-patient variations in micro-electrode recordings

(MERs). The MR images are recorded onto a compact

disc and transferred to our workstation (Stereoplan –

Radionics Inc., Burlington, MA, USA).

Stereotactic frame placement

The stereotactic frame (Cosman–Roberts–Wells –

Radionics Inc., Burlington, MA, USA) is placed under

local anaesthesia (10ml xylocaine 2%) on the morning

of the procedure in the operating theatre. Proper frame

alignment is important as it ensures that the patient

images as well as maps made from intraoperative phy-

siological exploration are interpretable in terms of fa-

miliar anatomy corresponding to standard brain atlases

[14]. In case of frame misalignment, we use the surgi-

cal planning software to correct this. The frame is as-

sembled and placed over the patient’s head so that the

base ring is parallel to a line extending between the

inferior orbital rim and the external auditory meatus;

this is approximately parallel to the AC-PC line [3].

Straight placement is facilitated by the earplugs pro-

vided, which align the frame to the external auditory

meatus, thus avoiding any lateral shift (roll) and rotation

(yaw). We try to keep the mouth and eyes uncovered, to

allow both airway access in case of emergency and also

the visual examination during the procedure. We place

the short pins in front and the long ones at the back. The

localizer is then attached and the patient is transferred

to the CT scanner for a stereotactic brain CT.

Stereotactic brain CT

Once in the CT room, the patient’s head is affixed to

the scanner bed, trying to keep it straight in the gantry.
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Even though the CRW frame is CT independent, affix-

ing it allows avoidance of patient movements that may

be excessive on the day of operation since the patient

is off medication. CT allows for geometrically ac-

curate images with no distortion even in the presence

of a stereotactic frame and thus permits placement

of the patient’s brain into a Cartesian stereotactic

space. We use continuous 2mm slices, with 0� gantry,

extending from the vault of the skull to its base. If

the frame placement is ideal, obtained images will

be parallel to the AC-PC line and in the same plane

as the preoperative MRI; this will permit fusion of the

2 imaging modalities with minimum error. Obtained

images are again recorded onto a compact disc and

transferred to the workstation. The patient is then re-

turned to the operating theatre and all anaesthetic pre-

parations are made (IV line, oxygen mask, invasive

arterial pressure monitoring, EEG and heart rate mon-

itoring) while the surgical team proceeds with surgical

planning.

Image fusion

After the MRI and stereotactic CT images are trans-

ferred to the workstation, they are checked for slice

uniformity and duplicate slices removed, if present.

The 2 imaging modalities (geometrically accurate CT

and high definition 3D MRI) are then fused digitally in

the workstation (Radionics Image Fusion, Radionics

Inc., Burlington, MA, USA). This is done by manual

selection of 3 identical anatomical landmarks on the

2 imaging modalities, usually the two optic nerves and

the pineal gland. This co-registration volumetrically cor-

relates the stereotactic CT to the preoperative MRI, thus

independently scaling and rotating in all 3 planes (x–z)

[2]. The MRI, having been spatially corrected and volu-

metrically correlated to the CT, is projected in all 3

dimensions (axial, coronal, and sagittal) and used for

localisation of the anatomical target [2]. All image sets

are reformatted using our surgical planning software so

as to be parallel to the AC-PC line and orthogonal to the

midsagittal plane.

Targets and surgical planning

The geometric coordinates of the targets we use for

DBS can be seen in Table 1. For the STN, the intended

target is the centre of its motor territory. For the GPi, the

intended target is the anterolateral part of the motor

territory, 2–4mm from the internal capsule in order to

avoid current spread to the later with subsequent side

effects. For the thalamus, intended target is the Vim.

Even though direct visualisation of even small targets

as the STN (9�7�5mm), [9, 12] using T2 weighted

fast spin echo sequences has been widely reported in the

literature [1, 17] we have often noticed that the borders

of the targeted nucleus are usually not defined precisely.

We have therefore been hesitant to rely solely on direct

visual targeting [15]. On the other hand, AC and PC are

always clearly identified and the target coordinates read-

ily available in the literature; however, there is indivi-

dual variation in the anatomical location of the targeted

nuclei, and again relying solely on these fixed values

cannot be recommended [4]. Finally, the use of stan-

dard stereotaxy atlases of the human brain again do not

take into account individual variations. The variation no-

ticed in several studies between final target selection, the

classic geometrical coordinates and stereotactic atlases

[8, 14, 15] clearly depict these differences in individual

anatomy.

We therefore use a combination of 3 methods for

targeting. This technique utilizes all available targeting

methods and aims in maximizing the accuracy of the

targeting procedure. After identification of the AC and

PC, we start with direct visualisation and selection of the

target on the fused CT=MRI. We then proceed to indirect

targeting using the standard geometric coordinates of the

targeted nuclei (Table 1) with respect to the AC-PC line

to make small adjustments in the indirect coordinates.

The final target is then correlated to the electronic ver-

sion of the Schaltenbrand and Wahren ‘‘Atlas for Stereo-

taxy of the human brain’’ which is available on the

workstation’s software [12]. The high degree of accuracy

of this targeting method was demonstrated during MERs,

since the anatomical target was within the boundaries of

the electrophysiologically defined nucleus in most cases.

Once the target has been established, the entry point

and approach angles are determined using the planning

Table 1. Coordinates of DBS targets in movement disorders

Anatomical target Stereotactic co-ordinates

STN 12mm lateral to the midline

2–4mm posterior to midcommissural point

3mm inferior to the AC-PC line

GPi 20–22mm lateral to the midline

2–3mm anterior to midcommissural point

3–6mm inferior to the AC-PC line

Thalamus (Vim) 14–15mm lateral to the midline

3–5mm posterior to midcommissural plane

0–1mm superior to the AC-PC plane
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software. A typical entry point is usually just anterior to

the coronal suture, 2–3,5 cm from the midline for both

the GPi and STN and the angle varies between 20–45�

from the midline in a coronal plane. We use the ‘‘probe’s

eye view’’, in order to examine in a ‘‘virtual operation’’

the exact trajectory of the electrode through the paren-

chyma. Based on this visualization of the trajectory,

small adjustments in the slide and ring settings are made

to avoid traversing sulci, cortical veins, dural venous

lakes and the lateral ventricles. After completion of the

surgical planning, all stereotactic coordinates are re-

corded, the stereotactic frame assembled accordingly

and the coordinates double checked. The phantom loca-

liser is used to ensure that the frame is in good working

order, assembled correctly and that coordinates have

been accurately set.

Surgical procedure

Step 1 – patient positioning – surgical exposure

The patient is placed in a semi-sitting position and the

head-ring clamped to a Mayfield head-holder in neutral

position. The hair is shaved and the scalp disinfected

with aqueous povidone-iodine. The head is draped in a

way that the eyes and mouth are not covered. Systolic

arterial pressure is maintained below 130mmHg to

reduce the risk of intraparenchymal haemorrhage. A first

dose of anti-staphylococcal antibiotics is administered

prior to skin incision. We perform one small semi-linear

skin incision on each side with their center being ap-

proximately located just anteriorly to the coronal suture,

making sure not to compromise vascularisation of the

scalp located between them.

Since it is usually easier to define the nuclei electrical

activity on the side operated first (possibly due to brain

shifts occurring after CSF leak from the initial trajec-

tory), we start the procedure on that side. With the use of

an electrical drill, a 14mm burr hole is drilled, making

sure that it is placed in the middle of the skin flap to

reduce the risk for wound breakdown and infection. The

Navigus Cranial Base Ring (Image-guided Neurologics,

Melbourne, FL) is mounted over the burr hole, using the

2 screws provided, aligning its exit groove with the

direction that the subcutaneous portion of the lead will

have when it is tunnelled. We coagulate the dura and

open it sharply using a blade. We expand the dural inci-

sion so that it is big enough to accommodate the five [5]

microrecording electrodes to be inserted simultaneously.

Immediately after the dural opening, we use DuraSeal

(Confluent Surgical Inc., Waltham, MA) to avoid CSF

leak that could lead to brain shift and postoperative

headaches and to minimize the risk of air emboli. This

also dampens the pulsation artefact during MERs [14].

A micropositioner system (Microtargeting Drive –

Medtronic Inc., Minneapolis, MN) is used to advance

the electrodes in a controlled fashion, while measuring

the exact depths. This system allows the use of a 5-hole

array which can accommodate 5 discrete channels at

2mm distances, through which the recording electrodes

and later the DBS lead can be inserted. In either case,

multiple parallel trajectories may be explored simul-

taneously, without making any changes in the stereo-

tactic frame coordinates. We simultaneously advance

5 guide cannules, withdraw the stylets and then, in-

troduce the micro-targeting electrodes (Medtronic Inc.,

Minneapolis, MN). MERs start at 5mm above the in-

tended target.

Fig. 1 Fluoroscopic guidance of DBS lead placement

Fig. 2 Post-operative MRI showing the DBS lead in the STN
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Step 2 – MERs

MERs are used for intraoperative electrophysiological

localisation of the targeted nucleus and to define as pre-

cisely as possible the final location of the DBS lead

within the target. In MERs, a fine tipped electrode is

introduced into the brain in a computationally controlled

fashion. This microelectrode is connected to an amplifier

and a recording-analysis system which detects and ana-

lyzes the neuronal activity which is encountered by the

electrode as it traverses through the parenchyma towards

the target. This electrical activity is displayed on a com-

puter screen and also sent to an audio monitor so that it

can be simultaneously seen and heard.

The role of MERs in providing added accuracy or

clinical benefits in comparison to the use of macrostim-

ulation alone has been an issue of debate for the past

few years, with some groups reporting excellent out-

comes without their use [2, 5, 20]. It is a fact though that

targeting based upon imaging, geometric coordinates or

atlases alone has a limited accuracy due to intra-patient

variations, the mechanical properties of the frame used

(regardless of the imaging modality) and by the slice

thickness of the CT=MRI. There are additional factors

that may further decrease the targeting accuracy and the

application accuracy of any stereotactic system; these

include: 1) image distortion, 2) poor visualisation of the

targeted structure that precludes the ability to compen-

sate for anatomic variability, 3) brain shifts that occur

mainly after dural opening, and 4) physiological func-

tion not occurring in the predicted anatomic location

[6, 14, 18]. Thus, imaging guided stereotaxy alone may

often prove inadequate for placing a DBS lead within or

several millimeters of the target [14]. This discrepancy

between stereotactic imaging and electrophysiologically

determined targets has been observed by several studies

where the use of intraoperative electrophysiology re-

sulted in a significant deviation (>2mm) from the initial

anatomic target in 25–50% of cases [1, 3, 8, 11, 21].

According to Starr [14], the value of MERs for target

localisation rests on their ability to identify: 1) grey and

white matter transition, because extracellularly recorded

action potentials are recorded from neural cell bodies

but infrequently from axons, 2) characteristic sponta-

neous discharge patterns of the different basal ganglion

nuclei, and 3) motor subterritories within a target, by

identifying movement related neurons. Furthermore,

microelectrode mapping allows real time identification

of structural boundaries with submilimetric precision,

thus offering a higher spatial resolution than image based

stereotaxy alone, while microstimulation can evoke motor

and sensory phenomena thus localising microexcitable

fibber pathways near the target. MERs therefore may

prove beneficial, especially in cases where the initial

anatomical target is outside the nucleus, near its borders

and in proximity with nearby structures or within non-

motor regions of the nucleus.

We have found this real time physiological confir-

mation of the target to be a very useful adjunct to our

imaging guided localisation. Using 5 discrete trajec-

tories, microelectrodes are advanced towards the target

in 0.5mm increments with the Microtargeting Drive.

Neuronal activity is monitored with the Leadpoint

Neural Activity Monitoring System (Medtronic Inc.,

Minneapolis, MN). Sedative agents are not given or dis-

continued during MERs. While advancing the electrode,

entry into the nucleus is usually identified by a sudden

increase in the density of cellular discharge with the

characteristic pattern of the particular nucleus [4]. We

also try to identify the location of movement related

cells within the targeted nucleus; that is cells exhibiting

an alteration in their discharge frequency during passive

movement of the contralateral extremities, which is syn-

chronous to the limb movement [15]. The identification

of such cells seems to be a good predictor of surgical

outcome.

The MERs data are compared to a standard anatomi-

cal atlas of stereotaxy, to determine the exact location of

the nuclei; they are also used to estimate the maximum

length of nucleus traversed by the electrode, since the

final DBS location will be in the trajectory that gives the

longest run through the centre of the targeted nucleus’s

activity and contains movement related cells, provided

that side-effects will not occur during macrostimulation.

We usually continue descending the electrodes until the

optic tract and the substantia nigra reticulate (SNr) are

identified when performing DBS in GPi and STN,

respectively. This will help us to define the lower bor-

ders of these structures, which again may prove useful in

both implanting the final electrode and during postopera-

tive stimulation. We test for the presence of the optic

tract with the aid of a flashlight after reducing the light

in the operating theatre. The patient is instructed to look

into the flashlight as it is moved towards to and away

from his eyes, while we record the presence of light

evoked action potential discharges on the neuronal activ-

ity monitor. Even though it has been suggested that

microelectrodes should not penetrate more than 2mm

deep to the pallidal base for MERs purposes because

of the potential risk for damaging vessels in the choroi-

dal fissure [4], we have never had this complication in
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our practice. SNr is identified by its characteristic dis-

charge pattern.

Step 3 – macrostimulation

In the absence of MERs, electrophysiological locali-

sation can be done by intraoperative test stimulation, but

the exact role of this technique in guiding DBS lead

placement has not been established. This is because

improvement in rigidity and bradykinesia may correlate

with the impact’s effect while stimulation induced im-

provement may take a few minutes. Furthermore, even

though tremor is usually suppressed with stimulation

intraoperatively [10, 11, 19], the degree of intraoperative

tremor supression does not seem to predict long term

control; it is known that, even those patients who display

modest or absence tremor relief intraoperatively, will

usually experience more substantial relief with chronic

stimulation [15]. Therefore, we do not usually rely on

the macrostimulation-induced relief from symptoms as

the primary criterion for the correct lead placement and

prefer to rely on MERs. Macrostimulation is mainly

used to establish voltage thresholds for various adverse

effects.

After withdrawing the microrecording electrode, which

had the longest run of satisfactory recordings through the

targeted nucleus as these were evaluated by the MERs,

we use the probe to perform intraoperative test stimu-

lation at its trajectory. During this procedure, we moni-

tor the patient for the development of side effects, such

as facial contractions including tongue and lips, con-

tractions of contralateral limbs, dyskinesias, dysarthria,

paresthesias, tonic eye deviation or blurred vision. Even

though absence of side effects does not necessarily im-

ply safe distance from clinically important white matter

tracts, the side effects can guide us in selecting another

trajectory, usually the one that provided the second-best

recordings [14]. Generally, we consider selecting a dif-

ferent trajectory only if motor or visual side effects

occur at 2 Volts or less. The optic tract is identified by

producing stimulation induced visual phenomena, typi-

cally reported as ‘‘flashes’’ [7].

Step 4 – lead implantation and verification

Once the best location for the permanent DBS elec-

trode placement is determined, the probe and the elec-

trode are withdrawn from the brain parenchyma and

replaced by the permanent quadripolar DBS macroelec-

trode (Medtronic electrodes 3389 and 3387). The im-

plantable DBS multi-contact electrode which has been

measured accordingly in order for its tip to rest in the

desired position is then advanced through the appropri-

ate holes of the Microdrive in the pathway of the with-

drawn probe. In STN, the DBS electrode is placed in a

way that its tip lays at the ventral border of the nucleus,

at least 2 contacts lie within it and 1 above it, in the Zona

Incerta. We try to avoid deep placement close to the SNr,

since this has been associated with midbrain oedema and

postoperative mental status changes. In GPi, the main

concern is to avoid the placement of the DBS electrode

near to the internal capsule and optic tract, because this

may lead to significant side effects from these structures.

Final test stimulation is given with the DBS electrode in

place to assure that it is working properly and it is in the

correct position. Following this, the guide wire inside the

DBS lead is retracted and the lead secured. Using fluoro-

scopy, lateral skull X-rays are obtained to verify that the

lead is in the intended position and has not moved while

securing it (Fig. 1). The same procedure is then repeated

on the opposite side.

Step 5 – lead anchoring

We have initially used the Medtronic cap provided

within the set to secure the DBS electrode in place. With

this technique, we have noticed a 1–2mm downward

displacement of the DBS electrode on several occasions,

when verifying its position with fluoroscopy as previ-

ously described. For the past 2 years we have therefore

been using the Navigus cap. After the DBS electrode has

been placed in its final position, the Navigus support clip

is placed around the lead and snapped into the base ring.

Then, the lead is guided through the Navigus cranial

base groove and finally secured by the application of

the Navigus cap over it. A small amount of DuraSeal

is added to prevent CSF leak and subsequently forma-

tion of fluid collection (‘‘seroma’’) anywhere along the

subcutaneous space, where the electrode and the internal

pulse generator (IPG) device will be implanted. The

electrodes are then tunnelled and placed in the subcuta-

neous tissue of the scalp, on the side that the IPG will

be placed, which is usually the left. The two surgical

wounds are sutured, the right in two layers using vicryl

2.0 for the subcutaneous tissue and nylon 3.0 for the

skin, while the left temporarily in one layer using nylon;

the left wound will be reopened a bit later during the

electrodes internalization procedure. Extreme caution is

required to make sure that the subcutaneous knots stay

in the deep wound layers and that careful apposition of
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skin edges is achieved. Failure to do so may prolong time

required for wound healing thus increasing the possibi-

lity for hardware infection.

Step 6 – IPG internalisation

After removal of the stereotactic arc and head-ring,

the patient is sedated and intubated. He is placed into the

supine position with the ipsilateral shoulder slightly ele-

vated and the head rotated away from the side of implan-

tation. The surgical team will at this time scrub again

and the patient is administered a second dose of anti-

staphylococcal antibiotics. A 5–6 cm incision is made

under the clavicle and a subcutaneous pocket dissected

bluntly over the pectoralis fascia, to hold the IPG (Kinetra,

Medtronic). The electrodes are externalized by reopen-

ing the wound on the left side, the side of the subcuta-

neous pocket. The lead extender is then tunnelled under

the scalp and behind the ear between the 2 incisions and

attached to the DBS leads proximally and to the pulse

generator distally. If an intermediate incision is required,

this is placed behind the ear. The silastic sheaths are

placed over the connections and secured with silk su-

tures. The transparent sheath is always used for the right

DBS lead and the white sheath for the left lead, so it

is easy to identify the leads in case electrode revision

will be required. The connectors are positioned 2–4mm

behind the ear, deep in the subcutaneous tissue to avoid

risk of erosion and unsatisfactory cosmesis. We also

avoid placing them in the neck since the constant mobi-

lity of the area may result in a lead fracture. After the

electrodes have been implanted, the IPG is placed into

its subcutaneous pocket with the engraved letters on the

case facing superficially. The wounds are again sutured

as previously described. The total procedure time, in-

cluding mounting the head-ring and the stereotactic

CT is approximately 7 hours.

Post-operative MRI

Postoperative documentation of the exact final loca-

tion of the DBS electrode is extremely important and

cannot be overemphasized. This will help to define the

area being stimulated and to select the DBS lead con-

tacts most appropriate for stimulation. Furthermore, it

will offer the surgical team a method for assessing the

accuracy of their approach and guide them to further

refinement of the planning and overall surgical techni-

que. In post-operative MRI, the lead is seen as a rela-

tively discrete round signal void approximately 3mm in

diameter, which is actually larger than the actual dia-

meter of the lead. The centre of the round signal void is

considered to represent the true lead position [15, 16].

All our patients will routinely undergo post-operative

MRI within 48 hours from the procedure, so in case of

erroneous lead placement we may re-implant as soon as

possible, even though this has not been required in any

case yet. The images are fused with the preoperative

ones, in order to calculate the error in electrode place-

ment in the z, x and y axis. The presence of a persistent

error on one of the three axes, would suggest that the

frame needs re-calibration.

Postoperative treatment

After the procedure the patient is extubated and re-

turned to the ward. The surgical wounds are checked and

cleaned daily until the time of discharge. We usually

administer postoperative antibiotics for 48 hours. Stitches

are removed on the 10th postoperative day, because the

presence of the subcutaneous caps may stretch the skin

and delay satisfactory wound healing. The Parkinson

medication is usually restarted on the afternoon follow-

ing the procedure at the preoperative doses. The stim-

ulator is turned on the second post-operative day, after

the MRI has verified that the DBS electrodes are in the

correct position. When the stimulator is turned on for the

first time, we try to identify the best contacts for stimu-

lation and the presence of side effects. We tend not to

pursuit high amplitude stimulation at this first postopera-

tive period, since brain oedema around the lead may

result in current spread and side effects from surround-

ing structures. The final stimulation parameters vary

according to the targeted nucleus and are usually titrated

during the first month of patient follow up, in accor-

dance to appropriate modifications of the medication.

Conclusions

Many different ways of performing DBS have been

described in the literature but the best practices are far

from being established. Our surgical approach aims for

an optimum clinical outcome with minimal patient risk

and represents a synthesis of techniques: CT and MRI

fusion for stereotactic localisation, direct targeting with

visualisation of the anatomic target and indirect con-

firmation with geometric coordinates and the aid of a

stereotactic atlas, MERs for intraoperative confirmation

of the motor territory of the targeted nucleus, intraoper-

ative macrostimulation to determine voltage thresholds
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for stimulation induced adverse effects from nearby

structures and postoperative MRI to confirm final lead

location. Even though we have standardised the main

aspects of our technique, our methodology continues

to evolve as our own experience increases and also ac-

cording to new information from the literature and to

technological, surgical and anaesthetic advances.
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Summary

Indications for the treatment of Parkinson’s disease (PD) with deep

brain stimulation (DBS) are severe, therapy refractory tremor and com-

plications of long-term levodopa uptake. Since its first application DBS

has become a standard therapy for these patients. Theoretically, the ven-

trolateral part of the internal pallidum (GPI) or the subthalamic nucleus

(STN) are suitable targets in order to treat all cardinal symptoms of

patients in an advanced stage of PD stereotactically. Although clinical

efficacy of both GPI or STN stimulation is obviously comparable, it has

become widely accepted to prefer STN over GPI DBS. If PD-associated,

medically intractable tremor is the most disabling symptom, stimulation

of the ventrolateral motor thalamus can be an alternative. Anatomical

targets for DBS are small and located in critical brain areas. Further-

more, this type of surgery is highly elective. As a consequence, high

resolution multiplanar imaging and adequate treatment planning soft-

ware are indispensable prerequisites for DBS surgery. Currently,

commercially available impulse generators deliver a permanent high

frequency periodic pulse train stimulation that interacts rather unspe-

cifically with the firing pattern of both normal and pathological neurons.

Prospectively, the development of more specific stimulation paradigms

may help to improve the efficacy of this treatment modality.

Keywords: Neuromodulation; deep brain stimulation; DBS; Parkin-

son’s disease; review.

Introduction

Typical, idiopathic Parkinson’s disease (PD) affects on

average 100 per 100,000 population. Cardinal symptoms

are bradykinesia, rigor, tremor, and postural instability.

Even though at the beginning of the disease the patients

respond excellently to the substitution of dopamine with

oral levodopa, up to 50% of cases present with instability

of medication effect on motor symptoms and develop

drug induced dyskinesias 5–6 years after the onset of me-

dication therapy [47, 80, 90]. These patients are severely

disabled by on–off fluctuations which occur unpredictably

and independently of medication uptake.

The basal ganglia model described by Alexander

et al. [2] suggests that in PD the internal pallidum (GPI)

and the subthalamic nucleus (STN) are overactive.

Therefore, two targets are theoretically suitable to treat

all cardinal symptoms of patients in an advanced stage

of this disease stereotactically. Inspired by the experi-

ence gained with lesioning, Siegfried and Lippitz pre-

sented first three PD patients treated successfully with

deep brain stimulation (DBS) in the GPI [94]. In the

same year (1994), Benabid et al. reported about positive

effects on PDmotor symptoms and dyskinesia when stim-

ulation electrodes were placed in the STN [8].

The DBS program of the Department of Stereotaxy

and Functional Neurosurgery, University of Cologne,

started in the year 1996. Until December 2005, we op-

erated a total of 563 patients, the majority of them for

PD (457 patients). In the present manuscript we mainly

summarize methodological and clinical data from the

literature to provide practically relevant stand-of-the-

art information to the reader. When applicable we sup-

plemented this information by remarks reflecting our

own policy.

Patient selection

Indications for the treatment of PD with DBS are

severe, therapy refractory tremor and complications of

long-term levodopa uptake. Selection of PD patients for

DBS is a multidisciplinary process combining the expert

opinion of a neurologist and stereotactic neurosurgeon,

in some cases also needing the opinion of a psychiatrist.

The main selection criteria are [17]:

(i) Drug resistance: candidates for DBS surgery suf-

fer from severe motor complications (fluctuations

and dyskinesias) despite optimized medication.

Therefore, the cooperating neurologist – ideally



an expert for movement disorders – will critically

review actual and previous medication schemes.

Because most patients are referred for surgery at

a later stage of disease, drug resistance, however,

is a weak parameter.

(ii) L-Dopa sensitivity: candidates for DBS should

have an excellent response to L-Dopa preopera-

tively documented with a standardized L-Dopa test.

This test is performed minimum 12 hours after

withdrawal of all antiparkinsonian medication (off-

medication) with a supra-threshold levodopa dose

(e.g. 1.5-fold dose of the individual morning levo-

dopa dose plus the morning levodopa equivalent

dose of dopaminagonists) [50]. At the time of best

medication effect (‘‘best-on’’) the patient is exam-

ined using standardized tests, for instance, the Uni-

fied Parkinsons Disease Rating Scale (UPDRS) [24].

Improvement should be at least 50% relative to off-

medication conditions.

(iii) Disability: weighted is the surgical risk against the

anticipated improvement of the quality of life in

response to DSB. In other words, the severity of

the patient’s impairment should justify the risk

associated with surgery. ‘‘Disability’’ does not only

refer to the degree of motor disturbances but also to

aspects which are determined by the individual sit-

uation of the patient (e.g. social impairment due to

the disease, profession, patient’s age, etc.).

(iv) Neurosurgical risks and contraindications: to be

considered is the individual surgical risk that may

be increased due to different medical conditions.

Magnetic resonance imaging (MRI), documenta-

tion of patient’s history, extended clinical examina-

tion, and neuropsychological tests help elucidate

contraindications for DBS surgery (Table 1, mod-

ified from Ref. [118]).

The above mentioned criteria are strictly applied for

the selection of patients theoretically being candidates

for either GPI or STN stimulation. If PD-associated,

medically intractable tremor is the most disabling symp-

tom, stimulation inside the ventrolateral motor thalamus

can be an alternative even when the cited objective cri-

teria are not fulfilled. Thalamic stimulation, however,

does not improve akinesia, rigor, or postural instability.

Long-term evaluations documented an ongoing good

tremor control, but showed that the disease progresses

and that after several years other motor symptoms will

mainly interfere with the patient’s well being [81]. As a

consequence, we prefer STN DBS in younger patients,

even when tremor is the dominant symptom. Thalamic

stimulation is reserved for older patients with a long his-

tory of tremor-dominant PD, in whom a quick response

of the disabling symptom is desired.

Description of surgical technique

Accuracy of targeting

If all factors that may influence the accuracy of stereo-

tactic surgery, such as mechanical properties of the stereo-

tactic apparatus (a modified Riechert Mundinger system

[99]), imaging, surgeon, and instruments have been con-

sidered, the mean spatial accuracy for the placement of

e.g. a radioactive source (iodine-125 seed) is 2.0mm

[106]. In contrast, Holloway et al. reported a substan-

tially higher absolute 3D-error of 3.2	 1.4mm when

they introduced DBS electrodes with a frameless stereo-

tactic system [35]. Based on the above, frame-based

stereotaxy seems to be for us the most precise technique

at present.

Treatment planning

Magnetic resonance imaging (MRI) provides a soft

tissue contrast satisfying all requirements related to

target definition and control of the surgical approach.

The structures which need to be visualized for targeting

are: anterior commissure (AC), posterior commissure

(PC), intercommissural line (AC–PC-line), STN bound-

aries, and boundaries and subunits of the pallidum [97].

Of importance is also the visualization of trajectories in

relation to organs at risk (mostly brain vessels) in a

multiplanar mode.

One limitation of MRI when used for calibration of

the stereotactic coordinate system is geometric image

distortion, which is largest at the periphery of the field

of view, the place where the fiducials are fixed to the

Table 1. Exclusion criteria in patient selection in deep brain stimulation

for treatment of Parkinson’s disease (modified from Ref. [118])

– Severe brain atrophy

– Preexisting brain damage (e.g. infarction, trauma, tumor, vessel

malformation)

– Severe cerebral micro-angiopathy

– Severe systemic disease

– Chronic immune suppressive therapy

– Chronic anticoagulant therapy

– ‘‘Biological’’ age >75 years

– Signs of dementia

– Severe frontal dysexecutive syndrome

– Established paranoid psychosis

– Severe affective disorders (depression or mania)

– Severe disorders of personality or behavior
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frame. Even though it is possible to quantify these inac-

curacies in phantom studies [43, 123], object-dependent

distortion in MRI [41] complicates the transfer of these

results to patient imaging different from computed to-

mography (CT).

In general, we perform both CT and MRI examinations

intraoperatively with fiducials mounted to the frame. Fol-

lowing the direct fiducial based transformation of CT-

images into the stereotactic coordinate system,MR-images

are integrated using direct and landmark based image trans-

formation [22]. Technical data are listed in Table 2.

Documentation of electrode localization

The systematic postoperative documentation of elec-

trode localization is a prerequisite for the correlation of

therapeutic and undesired effects of DBS with anat-

omy. Stereotactic radiography (STX-XRAY) using X-

ray tubes installed in the operating room provides a

precise and artifact free control. In a second step, coor-

dinates of the electrode tip and of single contacts can be

transferred into treatment planning MR-images for de-

tailed functional and anatomic analysis [114].

In comparison to STX-XRAY, CT or MRI control,

examinations with the stereotactic frame attached to the

patient’s head display anatomic information immedi-

ately. One disadvantage of both CT- and MR-control

images are artifacts caused by the implanted electrodes.

The particular problem of MRI controls are the re-

strictions due to the implanted ferromagnetic material.

Rezai et al. [82] investigated in a clinically relevant

phantom study the heat induction inside a 1.5 T mag-

netic field for different implant configurations. Using

the head-coil (specific absorption rate (SAR): 0.07–

0.24W=kg) the maximum measured temperature incre-

ment was 7 �C at the tip of the electrode, while using the

body coil (SAR: 098–3.9W=kg) the temperature in-

crease ranged from 2 to 25 �C. MRI safety recommenda-

tions limit SAR to 0.1W=kg in investigations of DBS

patients [66].

Targets

Three targets are suitable for DBS in the treatment of

PD motor symptoms: (i) the ventral motor area of the

thalamus together with the subthalamic region, (ii) the

ventro-postero-lateral part of the GPI, and (iii) the STN.

In general, for indirect definition of stereotactic targets,

coordinates are taken from a stereotactic brain atlas (e.g.

Schaltenbrand-atlas [88] or Talairach atlas [100]) and

are transferred into the patient’s brain using the AC–PC

line as anatomic reference. Brain atlas derived coordi-

nates need to be adjusted to the dimensions of the indi-

vidual brain using the length of the AC–PC line, the

thalamus height at the middle of the AC–PC line, and

the hemispheric width or width of the third ventricle as

reference [10]. Direct targeting is possible, whenever

boundaries and=or subunits of a given anatomic struc-

ture are visible on MR images.

Motor thalamus

This term refers to the ventral thalamic region with

cerebellar and basal ganglia (pallidal and nigral) afferent

territories [39]. Hassler inaugurated the thalamic ventralis

intermedius (V.im.) nucleus in ablative PD surgery [31].

Atlas coordinates for targeting of the V.im. are 7.0mm

anterior to PC and 14.5mm lateral to the AC–PC line [88].

Mundinger recommended in addition to thalamic motor

nuclei also lesioning of cerebellothalamic or pallidotha-

lamic fibers aiming directly at the subthalamic area [69].

Two rationales suggest also stimulation therapy in this

area: First, subcortical afferents particularly connections

between the dentate nucleus and motor thalamus are

bundled at the ventral border of the V.im. [32]. Second,

the principal component of the subthalamic motor area –

the zona incerta – [71] is reciprocally connected with

several cortical areas, upper brainstem, cerebellum, and

thalamus [72, 79]. Our clinical observations and single

reports from the literature [3, 44, 70] indicate that

substantial tremor improvement, particularly of proxi-

mal components can be achieved by DBS using elec-

Table 2. Technical data for intraoperative stereotactic imaging

Modality Parameters

CT1 matrix size 512�512, slice distance 2mm,

50–70 slices

MR-imaging

t1-weighted2 sequence: gradient-echo, time of repetition 30ms,

time of echo 15ms flip angle 40 	 bandwidth 35Hz

per pixel

t2-weighted2 sequence: spin-echo, time of repetition 2000ms,

time of echo 90ms flip angle 90 	 bandwidth

120Hz per pixel

inversion

recovery3
sequence: TSE, time of inversion 400ms, time of

repetition 4000ms, time of echo 13ms,

TSE-factor 7

1 Siemens SOMATOM: field of view 290mm, voltage 120 kV, charge

350mAs, kernel H40s, single slice mode.
2 Philps Gyroscan INTERAVersion 7.0 (Magnetic field 1.5 T): matrix

size 512�512, field of view 290mm, slice distance 2mm, 70 slices

3D-encoding.
3 Philps Gyroscan INTERAVersion 7.0 (Magnetic field 1.5 T): matrix

size 256�256, field of view 256mm, slice distance 2mm.
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trode contacts below the ventral base of the motor

thalamus.

Globus pallidus internus (GPI)

Brain atlas coordinates in general are the same as

recommended by Laitinen for lesional pallidal surgery

[55]: 2–3mm anterior to the midpoint of the AC–PC

line (midcommissural point, MCP), 20–22mm lateral

and 3–6mm ventral from this point.

Variation of the stimulation target inside the GPI

seems to cause different clinical effects [6, 48, 121].

Krack et al. hypothesized that the inner portion of the

GPI might be involved in the pathophysiology of akine-

sia and the outer portion in that of rigidity; he con-

sidered the central part of the GPI as the optimal site

for GPI-stimulation in PD [48]. In nine consecutive

PD patients treated in our series with GPI-DBS the

clinical effect was correlated with electrode localiza-

tion; the most effective electrode contacts were located

3.5	 1.9mm anterior to the MCP, 2.0	 2.6mm below,

and 22.5	 2.1mm lateral to the AC–PC line [116].

Subthalamic nucleus (STN)

Targeting of the STN is complex because of its lens

shape, its small dimension (approximately 10mm rostro-

caudal, 10.5mm mediolateral, and 7mm dorsoventral),

and its oblique orientation with respect to the three ana-

tomical axes. Brain atlas derived coordinates for indirect

targeting are: 2–3mm behind the MCP, 3.7mm below

and 12mm lateral to the AC–PC line [8, 88]. The nucle-

us can also be directly targeted on MR-images utilizing

t2-weighted or inversion recovery (IR)-sequences.

Zonenshayn et al. [124] reported that atlas based and

midcommissural methods provided the most accurate

guidance. This conclusion, confirmed by others, [15] is

in contrast to the data of Richter et al. [83], who dem-

onstrated that the position of the anterior border of the

STN, when defined directly on MR-images, seems to

be more posterior and the medial border to be more

lateral than their position in the brain atlas. Also the size

of the nucleus was highly variable appearing smaller on

MR-images compared to the brain atlas. These authors

concluded that care must be taken when relying on co-

ordinates relative to the commissures for targeting of

STN [83].

Postoperative localization studies revealed that the

optimum functional target inside the STN for the treat-

ment of PD motor symptoms by DBS seems to be at the

dorsolateral border zone of the nucleus [30, 34, 56, 86,

114, 122].

Electrophysiology

Most frequently applied techniques are macrosti-

mulation and microelectrode or semi-microelectrode

recording.

Macrostimulation

Low frequency stimulation (�10Hz) is applied to

challenge side effects. High frequency stimulation

(100–200Hz) is considered to improve disease asso-

ciated symptoms subsequently confirming the ana-

tomic target.

Microelectrode recording (MER)

Arguments in favor of MER are the fine degree of

localization together and research insights into indi-

vidual properties and population characteristics of neu-

rons, which in turn may provide important insights into

the pathophysiology of a particular disease.

A few publications compared the accuracy of both

MR imaging and MER when applied in STN target-

ing. According to Zonenshayn et al. [124] direct MRI

targeting of the STN was the least accurate method

if compared to targeting with physiological recordings

(average distance error: 2.6mm). Others, however, re-

ported much smaller deviations suggesting that MER

is not a ‘‘must’’. Comparing the indirect with semi-

microrecording, targeting, the average distance between

the location of the center of the STN as determined ste-

reotactically and electrophysiologically was in the order

of 0.5–0.9 (SD range: 0.5–0.7) [56]. In another study,

mean absolute coordinate changes of the intraopera-

tively determined target, compared to the calculated

target, were near 1mm for the vertical and anterior-pos-

terior direction and only 0.5mm for the lateral direction

[98]. Hamani et al. found a good correlation between

MER and the borders of the STN defined directly with

MRI except for the anterior–posterior axis [28].

At present, it is not possible to give a general recom-

mendation for MER because clinical studies performed

in the past did not address questions like impact of MER

on targeting accuracy, clinical outcome and surgical risk

on a high evidence level. With the data available, the

theoretical advantages of MER need to be balanced

against the potentially increased risk of infections,

brain shift due to the loss of CSF, or intracerebral hemor-

rhage when multiple electrodes are used. It appears that

MER may provide additional information about the

accuracy of the individual anatomical targeting; there-

fore, it has value when applied within a limited time
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frame and in combination with extended MRI-based 3D-

treatment planning.

Clinical results

DBS of the ventrolateral motor thalamus

Thalamic (V.im.) stimulation for the treatment of trem-

or was first applied by Benabid et al. [7]. Clinical stud-

ies performed thereafter confirmed the good results of

this group. By neurostimulation in the V.im. or ventralis

oralis posterior (V.o.p.) nucleus complete or partial trem-

or suppression was achieved in 71–100% of PD patients

(Table 3) [1, 9, 12, 14, 46, 60, 73, 81, 92]. One pro-

spective comparative study randomized patients with PD

either for thalamotomy (23 patients) or thalamic DBS

(21 patients) [92]. Both modalities improved tremor ef-

fectively. According to the Frenchay Activity Index,

however, DBS resulted in comparably better functional

outcome and was associated with a lower rate of adverse

events. Parkinsonian motor symptoms other than tremor

did only respond sporadically [14, 60, 81, 101]. These

general effects of thalamic DBS, however, are not com-

parable to those gained with GPI or STN DBS.

As a result of the microthalamotomy effect there is

sometimes need to adjust stimulation parameters during

the first weeks following surgery [9, 73, 101]. Voltage

increment during the first year after surgery was signif-

icant in two studies [46, 60] but did not reach signif-

icance during the long-term (6–7 years) follow-up in

another study [81].

Frequently observed side effects of thalamic DBS

which could not be thoroughly ameliorated by parameter

adjustment were paresthesias (7.5%) [1], disequilibrium

(3.7–5.0%) [1, 12, 46], arm or foot dystonia (3.8–11%)

[12, 14, 46], and dysarthria (10–22%) [1, 92].

DBS of the Globus pallidus internus or Subthalamic

nucleus

Studies with a maximum follow-up of 2 years

Motor symptoms. Within the first years after surgery,

GPI stimulation in the off-medication state improved

motor symptoms (UPDRS part III) at an average of

37.3	 14.3% if compared to baseline (range: 31–55%,

Table 4) [4, 16, 27, 48, 52, 53, 61, 75, 93, 94, 108, 118]

and STN stimulation at an average of 50.5	 10.7%

(range: 28–64%, Table 6) [13, 16, 25, 33, 37, 40, 45, 52,

59, 62, 67, 74, 76, 95, 105, 111, 112, 117]. Weaver et al.

calculated in a meta-analysis a significant mean im-

provement of 40.0% for GPI DBS and 54.3% for STN

DBS [120]. The difference between the two groups was

not significant (p¼ 0.09).

UPDRS scores for rigor, bradykinesia and trem-

or improved by GPI stimulation at an average of

43.1	 18.3, 33.6	 5.7, and 65.5	 20.0% [4, 16, 27,

48, 61, 118], and by STN stimulation at an average of

52.9	 15.5, 43.5	 14.0 and 79.2	 6.6% [16, 33, 40,

45, 59, 62, 74, 76, 95, 112, 117]. Axial symptoms

(scores for ‘‘gait’’, and ‘‘postural instability’’) improved

in STN studies [16, 33, 40, 45, 59, 62, 74, 76, 95, 112,

117] more effectively (average: 52.9	 17.6%) compared

to GPI studies (average improvement: 35.8	 4.8%) [4,

16, 27, 48, 61, 118]. Speech was addressed in only one

GPI series [118] and improved by 56% at 1 year FU.

In STN studies, speech seemed to be the least respond-

ing of all motor symptoms (average improvement:

24.0	 4.9) [33, 40, 59, 62, 74, 95, 117]).

Activities of daily living. Activities of daily living

(ADL, UPDRS part II) improved by GPI DBS at an

average of 33.1	 19.4% (range: 5–68% [4, 16, 27, 48,

52, 53, 61, 75, 118], Table 4) and by STN DBS at an

average of 47.9	 14.1% (range: 28–66% [13, 16, 25, 33,

37, 40, 45, 52, 59, 62, 67, 74, 76, 95, 105, 111, 112, 117],

Table 6). In the meta-analysis of Weaver et al. [120] the

calculated mean ADL score reductions were in the same

range (GPI: 38.6%, STN: 47%).

Dyskinesia and medication. Independent of the stim-

ulation site, on-medication=on-stimulation dyskinesia

Table 3. Clinical studies on thalamic stimulation for the treatment of

Parkinson disease

Citation Tremor improvement� Follow-up time
# no. (%) implanted thalami
x no. (%) treated pts.

Blond [12] x19=19 (100) NA

Caparros-Lefebvre

[14]

x8=10 (80) 22–34 months

Alesch1 [1] #31=33 (94) 3–48 months

Benabid [9] #104=118 (88) 0.5–8 years

Koller2 [46] x17=24 (71) 12 months6

Ondo3 [73] x19=19 (100) 3 months6

Limousin [60] x63=74 (85) 12 months6

Schuurman4 [92] xthalamotomy: 21=23 (91) 6 months6

xDBS: 21=22 (95)

Rehncrona5 [81] x12=12 (100) 6–7 years

NA Not addressed; � sum of complete and partial (some symptoms

under stress) response, 1 results pooled for PD (23 pts.) and Essential

Tremor (4 pts.); 2 multicenter study, blinded evaluation; 3 prospective

study, blinded motor evaluation; 4 prospective randomized study (tha-

lamotomy vs. DBS); 5 retrospective long-term analysis, blinded re-

evaluation; 6 median time.
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severity at follow-up investigations decreased signifi-

cantly compared to on-medication dyskinesia severity

at baseline. The average reduction was 64.4	 18.3%

for GPI DBS (range: 29–89%, Table 4 [4, 16, 27, 48,

52, 53, 61, 93, 108, 118]) and 76.9	 12.6% for STN

DBS (range: 58–91%, Table 6 [16, 33, 37, 40, 45, 52,

59, 62, 67, 74, 95, 105, 111, 112, 117]).

GPI DBS acts directly on L-Dopa induced dyski-

nesia; neuromodulation is therefore independent of

medication reduction whilst in the case of STN stimu-

lation, medication has to be reduced to gain dys-

kinesia improvement. Either expressed as change of

L-Dopa dose or change of levodopa equivalent dose

(LED) the reduction in STN patients was on average

52.2	 16.1% (range: 22–80% [13, 16, 25, 33, 37, 40,

45, 52, 59, 67, 74, 76, 95, 105, 111, 112, 117], Table 6)

with reference to baseline. In the above cited meta-anal-

ysis [120], the average reduction of 52% was signifi-

cant. In contrast, in none of the listed studies addressing

GPI DBS, dopaminergic medication was significantly

Table 4. Clinical studies on the treatment of advanced Parkinson disease with bilateral GPI stimulation

Citation No. of pts. Follow-up UPDRS III

(% change)

ADL

(% change)

Dyskinesia

(% change)

Change of

medication

Siegfried [94] 3 6–12 months 3=3 pts. improved NA NA NA

Pahwa [75] 3 minimum 3 months 21 19 NA slightly increased1

Tronnier [108] 6 2–15 months no change NA significant 12% decrease1

Ghika [27] 6 2 years 50 68 29 11% decrease1

Krack [48] 5 6 months 39 46 82 29% increase1

Kumar� [53] 17 6 months 31 39 66 not significant1

DBS study group [16] 38 6 months 33 36 67 unchanged1

Krause [52] 6 1 year 41 5 58 increased over time1

Scotto di Luzio [93] 5 1 year 42 NA 55 6% increase1

Loher [61] 10 1 year 41 34 71 5% increase2

Anderson [4] 10 1 year 39 18 89 3% decrease1

Volkmann [118] 10 1 year 55 50 75 23% decrease2

9 3 years 49 26 68 unchanged2

6 5 years 23 0 70 21% decrease2

� Multicenter study; NA not addressed: UPDRS Unified Parkinson’s Disease Rating Scale; ADL activities of daily living.

Examination conditions: UPDRS Part III, ADL: baseline (medication OFF) vs. end of study (medication OFF=stimulation-ON), dyskinesia: baseline

(medication ON) vs. end of study (medication ON=stimulation-ON). Reduction of medication: 1 change of L-Dopa dose; 2 change of levodopa

equivalent dose (LED); 3 Levodopa equivalent dose (LED) without considering COMT inhibitors.

Table 5. Clinical studies on the treatment of advanced Parkinson disease with bilateral GPI stimulation: improvement in UPDRS III subscales (18–

31) assessed at baseline (medication OFF) and at end of study (medication OFF=stimulation-ON)

Citation Follow-up Score (% change) (UPDRS item no.)

Rigidity

(22)

Bradykinesia

(23–26)

Tremor

(20–21)

Gait

(30)

Postural

instability (29)

Speech

(18)

Siegfried [94] 6–12 months NA NA NA NA NA NA

Pahwa [75] minimum 3 months NA NA NA NA NA NA

Tronnier [108] 2–15 months NA NA NA NA NA NA

Ghika [27] 2 years 46 376 84 407

Krack [48] 6 months 52 31 60 41

Kumar� [53] 6 mth NA NA NA NA NA NA

DBS study group [16] 6 months 30 26 59 35 36 NA

Krause [52] 1 year NA NA 31 NA NA NA

Scotto di Luzio [93] minimum 1 year NA NA NA NA NA NA

Loher [61] 1 year 41 41 80 32 26 NA

Anderson [4] 1 year 47 33 79 401

Volkmann [118] 1 year 42 47 100 364 565

3 years 50 53 100 474 255

5 years 70 0 100 224 05

NANot addressed; � multicenter study; 1 ‘‘axial motor signs’’ not specified; 2 mean of items 27–30; 3 sum of items 13–15, 29, 30; 4 postureþ gait;
5 speechþ swallowing; 6 sum of items 19, 23–26, 31; 7 sum of items 27–30.
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reduced [4, 16, 27, 48, 52, 53, 61, 75, 93, 108, 118]

(Table 4).

Studies with follow-up periods >2 years

GPI-stimulation. Volkmann et al. published 5-year

follow-up data of 6 out of 10 consecutive patients treat-

ed for PD with GPI DBS [119]. Only dyskinesia

remained significantly reduced until the last assess-

ment. Off-period motor symptoms and the beneficial

effects of stimulation on activities of daily living started

to decline after the first year. Two other studies with max-

imum follow-up times of 3 years confirmed this obser-

vation [21, 27].

Changes in stimulation response over time occurred

despite a sustained L-Dopa response (59% at 5 years).

Volkmann et al. hypothesized a loss of stimulation effect

rather than progression of the underlying disease [119].

This assumption is supported by the finding that, in

patients in whom GPI electrodes were replaced by STN

electrodes due to significant reduction of the stimulation

effect, the initial good clinical response to neurostimula-

tion was restored [36, 119].

Twenty patients treated with pallidal stimulation in

a multicenter study [84] presented with a relatively more

stable outcome. Assessed 3–4 years after surgery in the

medication-off state, motor functions were still signifi-

cantly improved (39.0%), Also ADL scores (28.4%) and

the severity of ‘‘on-medication’’ dyskinesia were still

improved (75.9%). Postural stability and speech at no

observation point (1-year and 3–4 years follow-up) did

respond significantly. Between the first and last follow-

up, the total motor score, and in particular rigidity,

bradykinesia and gait, had worsened, and the stimulation

effect on ADL and dyskinesias had declined. All these

changes, however, were not significant [84].

The majority of stimulation electrodes are programmed

in the monopolar mode (62% [119], 70% [84]). Changes

of implantable pulse generator (IPG) settings over a 3–

5 year-follow-up period were not significant [84, 119].

In the literature, only few authors comment on IPG

Table 6. Clinical studies on the treatment of advanced Parkinson disease with bilateral STN stimulation (studies with >10 patients)

Citation No. of pts. Follow-up UPDRS III

(% change)

ADL

(% change)

Dyskinesia

(% change)

Reduction of

medication (% change)

Limousin [59] 24 1–2 years 60 60 63 501

Houeto [37] 23 6 months NA 66 77 612

Molinuevo [67] 15 6 months 66 72 81 801

Broggi [13] 17 8 months (mean) 36 31 NA 331

DBS study group� [16] 96 6 months 51 44 58 372

Krause [52] 12 1 year 40 26 58 significant

Lopiano [62] 16 3 months 57 57 67 NA

Volkmann [117] 16 1 year 61 62 90 652

Figuieras-Mendez [25] 22 1 year 63 41 NA 321

9 2 years 49 47

Ostergaard [74] 26 1 year 64 64 86 221

Simuni [95] 12 1 year 47 49 64 552

Thobois [105] 18 6 months 55 52 91 662

14=18 12 months 62 60 91

Vesper [111] 38 1 year 38 66 58 531

Vingerhoets [112] 20 2 year 45 37 92 792

Herzog [33] 48 6 months 51 53 83 492

32 1 year 58 49 87 422

20 2 year 57 43 85 682

Kleiner-Fisman [45] 25 24 months (range: 12–52) 41 24 82 362

Pahwa [76] 33 1 year 38 33 NA 442

19 2 years 28 28 572

Jaggi [40] 28 1 year 42 38 71 631

Romito [85] 22 3 years 50 68 ‘‘improved’’ 662

Krack [51] 49 5 years 54 49 58 632

Rodriguez-Oroz� [84] 49 3–4 years 50 43 58 352

Sch€uupbach [91] 30 5 years 54 40 79 582

Visser-Vandevalle [113] 20 4 years 43 59 74 472

NA Not addressed; UPDRS Unified Parkinson’s Disease Rating Scale; ADI activities of daily living; � multicenter Study.

Examination conditions: UPDRS Part III, ADL: baseline (medication OFF) vs. end of study (medication OFF=stimulation-ON), dyskinesia: baseline

(medication ON) vs. end of study (medication ON=stimulation-ON). 1 Reduction of medication: change of L-Dopa dose; 2 change of levodopa

equivalent dose (LED); 3 levodopa equivalent dose (LED) without considering COMT inhibitors.
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replacement due to battery exhaustion when PD is trea-

ted with GPI DBS. In one long-term study, mean

durability of IPG batteries was 48.5 months (range:

24–67 months) [119].

STN stimulation. In a follow-up of 3–4 years, bilateral

STN stimulation (49 patients) offered significant im-

provement in total motor score (50%) and UPDRS II

scores (43%) (compared to baseline off-medication

state) and reduced the severity of ‘‘on-medication’’ dys-

kinesia by 59% [84]. Speech in the off- and on-medica-

tion state had worsened between the first and fourth

year with respect to baseline. Gait, posture, and ADL

responded significantly less well to STN stimulation if

the follow-up at 1 year was compared to the follow-up at

3–4 years [84].

Krack et al. assessed 49 consecutive patients treated

with bilateral STN stimulation at five years [51]. Motor

function scores during off-medication significantly im-

proved by 54% and ADL scores by 49% compared to

baseline values. There was an ongoing positive stim-

ulation effect on dyskinesia during on-medication

(57.9%) with the dose of dopaminergic medication still

significantly reduced. Consistent with the natural course

of PD, however, akinesia, speech, postural stability,

and freezing of gait all worsened between the first and

fifth year [51].

The preferred stimulation mode is monopolar (77% of

the electrodes [91] or 90% of the patients [51]). Changes

of the stimulator setting after the first year were not

significant in two studies [51, 91]. In one study, the

amplitude had to be increased significantly between 3

and 12 months postoperatively [84]. Within an observa-

tion period of five years, the frequency of IPG replace-

ment due to battery exhaustion varied from 2% (1=49

patients [51]) to 35% (13=37 patients [91]). Table 8 lists

IPG settings in long-term studies.

Adverse events following GPI DBS or STN DBS

Summarizing the data from cited studies [4, 16, 27,

48, 52, 53, 61, 93, 108, 118], permanent side effects of

GPI stimulation were: hypophonia (4%), gait freezing

(2.3%), limb dystonia (2.3%), eyelid apraxia (1.6%),

increased libido (1.6%), dysarthria (0.8%), and cho-

reiform foot movement (0.8%). General neurological

and psychiatric complications of GPI stimulation were

depression (0.8%) and perioperative confusion (7%)

[4, 16, 27, 48, 52, 53, 61, 93, 108, 118].

Table 7. Clinical studies on the treatment of advanced Parkinson disease with bilateral STN stimulation (studies including>10 pts.): improvement of

UPDRS III subscales (18–31) assessed at baseline (medication OFF) and at end of study (medication OFF=stimulation-ON)

Citation Follow-up Score (% change) (UPDRS item no.)

Rigidity

(22)

Bradykinesia

(23–26)

Tremor

(20–21)

Gait

(30)

Postural

instability (29)

Speech

(18)

Limousin [59] 1–2 years 68 61 80 55 61 22

Houeto [37] 6 months NA NA NA NA NA NA

Molinuevo [67] 6 months NA NA NA NA NA NA

Broggi [13] 8 months (mean) NA NA NA NA NA NA

DBS study group� [16] 6 months 59 43 80 56 50 NA

Krause [52] 1 year NA NA NA NA NA NA

Lopiano [62] 3 months 54 61 68 57 28 33

Volkmann [117] 1 year 75 48 89 594 245

Figuieras-Mendez [25] 1 year 53 NA 71 NA NA NA

2 years 51 78

Ostergaard [74] 1 year 72 55 90 64 62 25

Simuni [95] 1 year 33 40 83 52 84 26

Thobois [105] 6 months NA NA NA NA NA NA

12 months

Vesper [111] 1 year NA NA NA NA NA NA

Vingerhoets [112] 2 years 62 30 77 46l

Herzog [33] 6 months 59 53 72 552 NA 20

1 year

2 years

Kleiner-Fisman [45] 24 months (12–52 months) 42 40 85 355

Pahwa [76] 2 years 24 16 79 28 44 NA

Jaggi [40] 1 year 36 32 77 13 84 18

NA Not addressed; � multicenter study; 1 axial motor signs: not specified; 2 mean of items 27–30; 3 addition of items 13–15, 29, 30;
4 postureþ gait; 5 speechþ swallowing.
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In a systematic review of the clinical literature [29],

the most frequent adverse effects of bilateral STN

stimulation in PD patients (n¼ 537) were: hypophonia

(5.8%), eyelid apraxia (4.6%), increased libido (0.8%),

sialorrhea (0.9%), and decreased memory (1.1%). Other

symptoms were reported but not quantified (dystonia,

paresthesia, diplopia, dyskinesia, dysarthria). Modulations

of mood and behavior were more frequently reported in

STN DBS (depression: 4.7%, mania=hypomania: 2.0%,

perioperative confusion: 13,7% [29]) than in GPI DBS.

Depression during the first postoperative months led to

suicidal ideation in some patients [11, 19]. With longer

follow-up, however, depression in STN stimulated patients

seems to improve [5, 26, 54, 89, 117]. Other adverse re-

actions caused by STN stimulation were apathy [20, 87,

117], abulia [59, 67, 117], anhedonia [117], and hyper-

sexuality [52, 85]. Psychiatric problemswere in most cases

transient, starting immediately after implantation of the

stimulation system and lasted for a few weeks. These

complaints may in part be related to the acute withdrawal

of dopaminergic medication.

Body weight was not regularly registered in the cited

GPI studies. Following STN DBS, body weight in-

creased in 72–100% of patients [25, 51, 59, 62, 68,

85, 117] (mean weight increment: 4.0–16 kg) [25, 51,

59, 68, 85, 109]. Ongoing severe (>10 kg) weight gain

at 12 months after surgery was found in 27% of the

patients with GPI and in 37.5% of patients with STN

stimulation [117].

Quality of life

In a recently presented article [18], the literature was

reviewed from 1965 to 2005 for publications on patient’s

health related quality of life (HRQoL). Eight studies

were selected assessing the outcome in PD patients treat-

ed with STN DBS [23, 42, 54, 58, 64, 78, 96, 107]. In

one of these studies fulfilling the criteria of class 1b

evidence, 34 patients were randomized to unilateral pal-

lidotomy or bilateral STN DBS [23]. Although the im-

provement of HRQoL in STN stimulated patients was

not superior compared to the group of pallidotomy, there

was a trend towards significance (p¼ 0.15).

The remaining seven studies had all class 2 evidence

[42, 54, 58, 64, 78, 96, 107]. In one of them assessing

16 patients [96], the Sickness Impact Profile total score

and the physical dimensions of a generic HRQoL instru-

ment improved significantly at 6 months. The Grenoble

group [54] used the Parkinson’s Disease Quality of Life

questionnaire (PDQL) in their analysis of 60 consecu-

tive patients. At 12 months, the total PDQL improved

significantly by 43% and all dimensions of the PDQL

like social function (63%), PD related symptoms (48%),

systemic symptoms (34%), and emotional function-

ing (29%). Other class 2 studies utilizing the Parkin-

son’s disease questionnaire-39 (PDQ-39) in a total of

84 patients reported improvements of up to 62% in the

PDQ-39 summary index relative to preoperative scores

[42, 58, 64, 78, 107]. The improvements of PDQ-39

sustained in the long-term course (�12 months follow-

up) [63].

Complications of DBS surgery and implanted

hardware

A systemic review of the clinical literature evaluated

a total of 737 PD patients treated with bilateral STN

DBS; mortality was 0.4% [29]. The frequency of intra-

cranial hemorrhage (ICH) was 2.8%, and caused per-

manent neurological deficits in 1% of patients. Other

frequently observed problems were: seizures (0.9%), pul-

monary embolism (0.5%), meningitis (0.1%), and CSF

leakage (0.1%). The implanted leads gave rise to pro-

blems (migration, breakage) in 4.5% of cases. Infection

of the hardware (3.4%) required removal of the system

in 1.8% of patients [29].

In our experience (262 consecutive patients operated

on from 02=1996 to 03=2003 by DBS), we had only one

asymptomatic ICH (0.2%) [115]. The rate of permanent

neurological deficits caused by direct injury to brain

tissue was 0.4%. In a mean follow-up of 36.3	 20.8

months, the total infection rate of hardware components

was 5.7% requiring system removal in 4.6% of the

cases [115].

Conclusions

Since its first application, DBS has become a stan-

dard therapy for patients with advanced PD. Although

clinical efficacy of both GPI and STN stimulation is

obviously comparable, it has become widely accepted

to prefer STN over GPI DBS. The rationale STN tar-

Table 8. Stimulator settings for bilateral STN stimuation at 3–5 years

follow-up (mean values 	 SD)

Citation Voltage

(V)

Frequency

(Hz)

Pulse

width (ms)

Rodriguez-Oroz� [84] 3.1 	 0.5 151 	 23 72 	 20

Krack [51] 3.1 	 0.4 145 	 19 64 	 12

Sch€uupbach [91] 12.8 	 0.4 150 	 27 64 	 10
22.9 	 0.4 148 	 26 62 	 8

1 Right electrodes; 2 left electrodes; � multicenter study.
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geting includes: (i) the stimulation energy required to

gain maximum clinical improvement seems to be lower

compared to GPI [49, 117]. (ii) STN stimulation seems

to have a more prominent and stable effect on L-Dopa

responsive off-period symptoms in the long-term [36,

51, 110, 118].

In contrast, STN stimulation is more difficult to adjust

[117]; in one comparative study, adverse events were

more frequently observed in the STN DBS group than

the GPI group [84]. In particular, STN stimulation seems

to bear a higher risk of cognitive and neuropsychiatric

adverse events [38, 87, 117].

The fact that STN stimulation is paralleled by signif-

icant reduction of specific medication, at first sight,

seems attractive but can give rise to difficulties, particu-

larly in patients who are equally disabled by motor and

by non-motor disturbances (e.g. hypersalivation, vegeta-

tive instability). In these cases, the required reduction

of medication may narrow the therapeutic window for

dopaminergic therapy of parkinsonian symptoms that

are less well alleviated by stimulation than by drug ther-

apy; as a consequence, GPI stimulation may be an alter-

native to STN stimulation.

Deep brain stimulation was developed empirically.

To achieve a therapeutic benefit which is commercial-

ly available, IPGs deliver a permanent high frequen-

cy periodic pulse train stimulation. At present, the

mechanism of this stimulation technique is still not

fully understood [65] but from clinical and experimen-

tal data, it can be concluded that it strongly modulates

the firing pattern of both normal and pathological

neurons. To overcome limitations associated with the

conventional, unspecific stimulation more specifically

acting stimulation techniques are required. One inno-

vative approach, based upon mathematical simulation

is multi-site coordinated reset stimulation (MCRS) [102];

this allows selective desynchronization of pathological

synchronization processes (one hallmark of PD asso-

ciated tremor [57, 77]), or shifting of the dynamics of

affected neuronal populations to the healthy mode of

function [104].

Applied intraoperatively as test stimulation in a few

patients with tremor due to PD or multiple sclerosis,

MRCS led to significantly better tremor suppression

with significantly lower total stimulation energy com-

pared to conventional DBS [103]. Indicated by mathe-

matical modeling this new stimulation technique may

also have powerful antikindling effects enabling the sti-

mulated network to unlearn pathologically strong synap-

tic interactions [104].
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Summary

In patients with Parkinson’s disease (PD), tetrapolar electrodes were

implanted in the prelemniscal radiations (RAPRL) to treat tremor, rigid-

ity and bradykinesia. Fifteen patients were implanted unilaterally and

five patients bilaterally and followed-up for one year. The selection

criteria included the presence of unilateral pronounced tremor and rigid-

ity in patients implanted unilaterally or bilateral symptoms including

severe bradykinesia in patients implanted bilaterally. In the operating

room, the tremor decreased significantly or was abolished following

the insertion of the electrode in the RAPRL. This effect was temporary

and subsided when the stimulation was off. However, when the stimu-

lator was turned on, the severity of the symptoms and signs decreased

significantly. The post-implantation MRI confirmed that the electrode

contacts used for stimulation were inserted in RAPRL, a group of fibers

located between the red nucleus and subthalamic nucleus, above the

substantia nigra, medially to the zona incerta and below the thalamus.

The patients were evaluated using the UPDRS part III, before implanta-

tion and every 3 months during the first year. Global scores decreased

significantly. The pre- and postoperative median values (range in round

brackets) were as follows: tremor improved from 3 (2–16) to 1 (2–3)

(p<0.001); rigidity was either abolished or decreased markedly from

2 (1–16) to 0 (0–4) (p<0.001); bradykinesia improved from 2 (0–4) to

1 (0–2) (p<0.001). We conclude that RAPRL, an area anatomically

different from STN, is a good target for electrical stimulation in order to

treat effectively all the main symptoms of PD.

Keywords: Prelemniscal radiations; neuromodulation; Parkinson’s

disease; tremor; rigidity; bradykinesia.

Introduction

Prelemniscal radiations (RAPRL) is a compact group

of fibers located in the posterior subthalamic area in front

of the sensory or medial lemniscus, between the red

nucleus (RN) and subthalamic nucleus (STN) [14]. This

area has been used for many years as a target of leukotome

or radiofrequency lesions for the surgical treatment of

Parkinson’s disease (PD) [3, 4, 6, 8, 18]. These interven-

tions were particularly effective in treating contralateral

tremor, which consistently, either stopped or decreased

by the simple insertion of the probe in the RAPRL; this

areawas considered a better target compared to the thalam-

ic ventralis intermedius (Vim), ventralis oralis anterior

(Voa), or ventralis oralis posterior (Vop) nuclei to treat

tremor [21]. Results were very consistent and the improve-

ment lasted for a long time. The experience of our group in

lesioning RAPRL extends over several decades [18–21].

However, bilateral RAPRL lesions may cause a worsening

of the bradykinesia, and therefore, this procedure was

offered only to patients with unilateral symptoms [21].

Following the application of neuromodulation techniques

in other traditional targets like globus pallidus internus

(GPi) and thalamus [2, 12, 15], the placement of electrodes

in RAPRL seemed promising. Unilateral RAPRL stimula-

tion in patients with PD decreased markedly and defini-

tively, contralateral tremor and was also associated with

a significant decrease in rigidity; with respect to bradyki-

nesia, there was no change because these patients did not

have bradykinesia [9, 22]. Bilateral application of neuro-

modulation has minimal side effects in most targets; we

considered, therefore, the application of RAPRL neuromo-

dulation in patients with bilateral tremor, rigidity and bra-

dykinesia. In this article, we present the results of RAPRL

neuromodulation (RAPRL-NM) in a group of patientswith

PD of various degrees of severity; the improvement of

the motor symptoms was evaluated with the Unified

Parkinson’s Disease Rating Scale part III (UPDRS III).

Patients

Twenty patients with an age range from 50 to 68 years

(mean: 60	 7.1) and a PD history with a duration from



2 to 10 years (mean: 6	 2.3) were included in the study.

The patients had received different types of antiparkin-

sonian medications that invariably included L-Dopa

preparates with carbidope or benserazide; they had an

initial satisfactory response, which was not maintained

over time. Other drugs including biperiden, trihexiphe-

nidyl, amantadine and dopamine agonists in combina-

tions of one or more drugs were also used. Before

surgery, the ON-medication improvement of the patients

was either limited or brief. Increases in the doses of

medication did not result in significant improvement,

but to side effects or intolerance instead. The patients

were evaluated by the UPDRS III a few hours prior to

surgery and at 3, 6, 9 and 12 months after chronic NM.

Drugs were discontinued at least 24 hours prior to each

evaluation, and the evaluations were performed with the

patients being OFF medication. UPDRS III scores were

compared to the baseline scores every three months until

the end of the study at the completion of one postopera-

tive year. The values were expressed as median, mini-

mum and maximum values. The statistical significance

was determined by the non-parametric Wilcoxon rank-

sum test.

Surgical technique

The stereotactic frame was fixed on the patient’s head

and a burr-hole was performed 15mm from the midline,

in front of the coronal suture. In the past, we used either

the Bertrand’s stereotactic guide (Preci-Tools Inst,

Montreal, Canada) [4] or the Todd-Wells stereotactic

frame, (Trend Wells Instruments, South Gate California,

USA), which are compatible with X-ray air ventriculo-

graphy. More recently, targeting has been performed by

imaging fusion of computed tomography and magnetic

resonance (CT-MR), using the ZD stereotactic frame

(Leibinger, Freiburg, Germany), microrecordings and

microstimulation. The target coordinates were calcu-

lated using as reference the anterior commissure–poste-

rior commissure (AC–PC) line in the lateral craniogram.

Each coordinate (vertical: below AC–PC line, lateral:

laterally to the midcerebral plane, and anterior–posterior:

relatively to the midpoint of the AC–PC line) was

expressed in 1=10th of the length of the AC–PC line.

This method defines the target coordinates as propor-

tions of the AC–PC line in each patient in order to mini-

mize the effects of individual patient variations. In the

past, this method has been proven useful in targeting

the RAPRL; the latter is constantly located at 3=10

behind the AC–PC midpoint, 1=10–2=10 below the

AC–PC level, and 4.5=10–5.5=10 laterally to the mid-

line. As soon as the quadripolar electrodes (3387 DBS,

Medtronic Inc., Minneapolis, MN, USA) reached the

target, tremor stopped and rigidity decreased markedly

on the contralateral side. After this, the electrode was

secured in position and externalized. An MRI scan was

performed to confirm the position and thereafter the

electrode was internalized, under general anesthesia,

and connected to an implantable pulse generator (IPG)

in an infraclavicular subcutaneous pocket.

In bilateral procedures, a small burr-hole was made on

the other side and the same method was used in order to

implant the second electrode. The postoperative MRI

scan in the area of interest consisted of sections 2.5mm

thick without space between them. The axial sections

were orientated to be parallel to the axial plane of the

AC–PC line; the coronal sections were perpendicular to

the same plane and the sagital sections parallel to the

sagital plane of the midline. The electrode was visual-

ized clearly and the position of each contact was identi-

fied with respect to the AC–PC line and to the other

anatomical structures [22].

Chronic stimulation

Implantable pulse generators (IPGs) were programmed

at the parameters determined in the acute stimulation

test, and the patients were discharged from the hospital.

The deepest contact was used as the cathode. The pulse

width was programmed from 90 to 330 ms, while the

pulse amplitude was increased (0.5–5V) maintaining

the frequency unchanged (130Hz). The patients returned

each month for consultation, and every 3 months for

evaluation, in an OFF medication-ON stimulation state.

Results

The introduction of the electrode in the RAPRL either

unilaterally or bilaterally diminished markedly or abol-

ished tremor and rigidity. Bradykinesia improved but to

a lesser degree. These effects disappeared after several

hours or days, and thereafter they reappeared occasion-

ally and partially when the patient was in ‘‘OFF stimu-

lation’’ state.

Figure 1 shows the imaging and plotting in one case

of unilateral and another case of bilateral RAPRL im-

plantation. The position of the electrodes is at the center

of the distance between the RN (internal part) and STN

(external part). A hyperdense zone around the electrode,

can be seen and represents an imaging artifact.
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Bipolar stimulation between the two lowest contacts of

the electrodes (0–1, 1–2) induced similar beneficial effects

in tremor, rigidity and bradykinesia. However, stimulation

through contacts placed lower than 7mm below the AC–

PC level and closer to the posterior commisure, often in-

duced side effects such as paresthesias in the contralateral

side, and diplopia or dizziness. The ideal position of the

electrodes is 11–13mm laterally to the midline, 5–8mm

behind the mid-commissural point and 5 and 2mm below

the AC–PC line for the cathode and anode, respectively.

Figure 2 demonstrates the difference between the

baseline values of UPDRS III and the changes in values

observed in the patients after stimulation at 3, 6, 9

and 12 months. The preoperative median value was 38

(15–84); during the first postoperative year, the value

decreased to 28.5 (9–48). All the changes, with the ex-

ception of those at the 6-month evaluation, were statis-

tically significant (p<0.05–p<0.01).

Figures 3–5 demonstrate separately the improvement

in different motor signs. Figure 3 shows the effect on

item no. 20 of the UPDRS III. Tremor is represented by

additive scores of 4 points for each limb, and the head,

with a maximum value of 20. In the graphic representa-

tion of the benefits observed in our patients, the median

value of baseline tremor was 3 (range: 2–16) (included

in a box-plot manner). This shows the wide range of

tremor severity in this group of patients. In a subsequent

evaluation, the range was greatly reduced and virtually

eliminated by the end of the year, as tremor came under

control in almost all cases (p<0.001).

Figure 4 shows the scores of rigidity, i.e. the item no.

22 of UPDRS III. Rigidity was evaluated by additive

scores of 4 points summed for each limb and head with

20 being the highest score. With respect to rigidity, the

median value was 2 with a range from 1 to 16. In the

course of the evaluations, rigidity decreased markedly

Fig. 1. MRI of unilateral and bilateral electrode implantations in RAPRL. The slice is 2.5mm below the AC–PC line. On MRI, the electrode

position is located between the red nucleus (RN) and the subthalamic nucleus (STN) in a patient with unilateral implantation (top) and in another

patient with bilateral implantation (bottom). Plotting shows that all the electrode contacts were inserted in the subthalamic area including RAPRL,

zona incerta (ZI) and Substantia Q. Black circles, at the plotting, indicate the unilateral electrode (upper circle) and bilateral electrodes (lower

circles) in RAPRL
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and virtually stopped being present by month 12; the

median value became 0 ( p<0.001).

Figure 5 shows the effects on bradykinesia (UPDRS

III item no. 31). The values were expressed in a scale

from 0 to 4, with 0 being the value for normal subjects

and 4 the value for very bradykinetic individuals. This

group of patients had a baseline median value of 2 (0–4).

Bradykinesia improved during the year and the final

score became 1 (0–2) (p<0.01–0.001).

Discussion

During the era of RAPRL lesioning, efforts were

made not to lesion the STN because experience had

shown that spontaneous or surgically induced lesions of

STN could cause ballismus or flapping. Therefore, the

procedure was restricted to the more posteriorly located

subthalamic area, close to the posterior commissure and

certainly not in the area where the anatomical atlases

Fig. 4. Graphic representation of the changes in rigidity evaluated by

the UPDRS III scale (item no. 22) from baseline to evaluation at 3, 6, 9

and 12 months. The graphic representation is similar to Fig. 2 (for

explanation see legend of Fig. 2)

Fig. 3. Graphic representation of the changes in tremor evaluated by

the UPDRS III scale (item no. 20) from baseline to evaluation at 3, 6, 9,

and 12 months. The graphic representation is similar to Fig. 2 (for

explanation see legend of Fig. 2)

Fig. 5. Graphic representation of the changes in bradykinesia

evaluated by UPDRS III (item no. 31) from baseline to evaluation at

3, 6, 9, and 12 months (for explantation see legend of Fig. 2)

Fig. 2. Graphic representation of changes in UPDRS III, from baseline

to postoperative evaluations at 3, 6, 9 and 12 months. The median value

is represented by the horizontal bar, the box plot shows the 75% of

the values and the outliers show the distribution. Statistical significance

is indicated by �p<0.05; ��p<0.01; ���p<0.001
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and the standardised models place the STN [1, 7, 17]. It

is true, that at that time, the methods of imaging did not

allow a detailed analysis of the position and size of the

surgical lesions; however, microelectrode recordings in

and around the target area, indicated that this area con-

sists of a group of fibers with few neurons [5, 9]. These

findings were very different compared to the recordings

obtained from STN [10, 12]. Surgically made bilateral

lesions can increase bradykinesia, somnolence and cause

worsening of balance. This was supported by recordings

of large P300 components of the propioceptive event-

related evoked potentials from the mesencephalic reticu-

lar formation and the RAPRL. P300 potentials reached

maximal amplitude during the paradigm of selective

attention [20].

How this knowledge can be used in RAPRL-NM?

First, in order to obtain, similar to lesioning, clinical

control of tremor, all the electrodes should be inserted

at exactly the same site as the site where the original

lesions have been made for four decades [3, 6, 7, 18]. If

the electrode is located a few millimeters in front of the

right location, i.e. towards STN, stimulation would loose

its efficacy in controlling tremor and rigidity. If the elec-

trode is inserted behind this location, stimulation would

induce dysesthesias because of the proximity to the

medial lemniscus. If the electrode is inserted more dee-

ply, the effect on tremor and rigidity would be jeopar-

dized by either paresthesias caused by stimulation of the

lemniscus or diplopia due to the proximity of the elec-

trode to the IIIrd nerve fibers. When the contacts are near

or above the AC–PC level the effect on tremor and

rigidity decreases [8, 22].

Neuromodulation of RAPRL not only improved tre-

mor, but also stopped rigidity. The rates of improvement

in tremor, and rigidity were 81–90 and 88–100%,

respectively. Severe bradykinesia improved by 50–60%

compared to the baseline. In the literature, there are few

reports on RAPRL-NM. Murata et al reported ameliora-

tion of tremor in 80% of patients with essential tremor

[13]; Kitawaga et al. reported that in PD patients the

motor deficits improved at two years, as follows: con-

tralateral tremor by 78%, contralateral rigidity by 93%

and akinesia by 65% [11].

The bilateral implantation of the electrodes was fol-

lowed by a transient state of somnolence that lasted for

hours to days. MRI ruled out severe edema or bleeding

around the electrodes tracts. It is likely, however, that

somnolence was due to either microlesioning or mild

edema. The effect on the conscious level was attributed

to a possible participation of the lesioned fibers in an

ascending reticulo-thalamic system which mediates pro-

pioceptive attention [20]. Perhaps, unilateral implanta-

tion is not associated with this adverse effect because

the ascending reticular fibers are bilateral and have

extensive ipsi- and contralateral representation. In order

to knock out this system, this effect which is probably

due to either swelling or lesioning, must be bilateral.

Preoperatively, in these patients, the scores of tremor,

rigidity and bradykinesia were high. The result of

RAPRL neuromodulation was excellent in such patients.

We believe that RAPRL is a different target compared to

other targets that are used in the treatment of PD. It is an

old target that has probably been described by other

different names. Procedures such as the campotomy of

Spiegel et al. [16] or the Andy’s perirubral fibers lesion

are related to RAPRL lesioning or neuromodulation [1].

In the few autopsy reports of patients treated by RAPRL

lesioning, it has been demonstrated that this target cor-

responds to an area of fibers behind the STN and lateral

to the RN [1, 14, 16]. It would be important to identify

the origin of such fibers and analyze their relationship to

the pathophysiology of tremor, rigidity and bradykinesia

[23–25].
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Summary

Deep brain stimulation (DBS) at the globus pallidus pars internus

(GPi) is an effective treatment for some patients with medically refrac-

tory torsion dystonia. In this chapter we review the classification and

treatment of torsion dystonia including the current indications for DBS

surgery. Details of the DBS procedure and programming of the DBS

devices are discussed. Pallidal DBS is most effective in patients with

primary generalized dystonia. Children and adolescents possessing the

DYT1 gene mutation may respond best of all. Patients with cervical

dystonia may also improve with pallidal DBS but definitive clinical

evidence is lacking. As a group, patients with secondary dystonias

respond less well to DBS than do patients with primary dystonia; how-

ever, patients with dystonia secondary to anoxic brain injury who have

grossly intact basal ganglia anatomy, and patients with tardive dystonia

may represent secondary dystonia subtypes for whom pallidal DBS is

a viable option.

Keywords: Neuromodulation; deep brain stimulation; dystonia; glo-

bus pallidus; tardive dystonia; DYT1; stereotactic surgery.

Introduction

Torsion dystonia is a movement disorder character-

ized by twisting, repetitive movements which result in

abnormal, often painful postures [9]. Different muscle

groups may be involved to a variable extent and severity.

Dystonia is not one disease; rather, it is a neurological

manifestation of numerous pathophysiological condi-

tions, many of which are poorly characterized. The pre-

valence estimates for primary dystonia in the general

population range from two to 50 cases per million for

early onset dystonia and from 30 to 7320 cases per

million for late onset dystonia [6]. However, prevalence

rates are significantly higher in some ethnic groups [3, 6].

Surgery for torsion dystonia is not new. Due to a lack of

effective medical therapies a variety of procedures, tar-

geting both the peripheral and central nervous systems,

have been attempted with the hope of alleviating this

debilitating condition. The dystonia literature is filled

with case reports and studies of small cohorts, mostly

relating mixed or conflicting outcomes. Long-term re-

sults are virtually absent. In the recent past, the success-

ful use of deep brain stimulation (DBS) for medically

refractory Parkinson’s disease (PD) and Essential Tremor

(ET) led to investigations of its utility for treating dys-

tonia. Moreover, the observation that pallidal interven-

tions improve ‘off-state’ dystonia in PD patients [16]

shifted attention from the thalamus to the globus pallidus

pars internus (GPi) as the target of choice. The result has

been one of the most successful applications of neuro-

modulation technology yet described. This chapter will

focus on the current status of pallidal DBS for dystonia.

Due to space constraints, discussion of alternative ther-

apeutic targets will be limited.

Classification of dystonia

Dystonia may be classified in three ways: by the ana-

tomical distribution of the abnormal movements; by the

age at symptom onset (early vs. late); and by the absence

or presence of a specific underlying etiology (primary vs.

secondary) [9]. Intermittent contractions limited to a sin-

gle body region define focal dystonia (e.g. writer’s cramp,

spasmodic torticollis). Segmental dystonia affects con-

tiguous body parts. Widespread involvement of the axial

and limb musculature characterizes generalized dystonia.

Patients with early symptom onset (age <20) are more

likely to have a heritable form of dystonia and are more

likely to generalize. Patients with late symptom onset

(age >20) are more likely to develop focal dystonia.

A dystonia is classified as primary or idiopathic when

no structural brain abnormality or specific toxic, meta-

bolic, or infectious etiology is identified. The heritable

forms of dystonia are traditionally included in this group.



At least 13 different mutations have now been associated

with dystonia, each mutation occurring at a unique gene

locus [3]. The most common form of genetic dystonia

results from a three base pair GAG deletion of the gene

encoding the protein torsin A [3]. This mutation, re-

ferred to as DYT1, causes a form of childhood onset

dystonia formerly known as dystonia musculorum defor-

mans or Oppenheim’s disease. DYT1-associated dysto-

nia is inherited in an autosomal dominant pattern but

with a penetrance of just 30–40%, suggesting that ad-

ditional genetic and=or environmental factors contribute

to its phenotypic expression [3].

When a structural brain abnormality or specific un-

derlying etiology is identified, a dystonia is classified as

secondary or symptomatic [9]. Symptomatic dystonia is

more prevalent than primary dystonia and may arise

from a variety of causes including static encephalopathy,

stroke, traumatic brain injury, or any number of toxic,

metabolic, or infectious disorders. Consequently, this is

a heterogeneous patient population with highly varied

pathophysiologies and responses to treatment.

Medical therapy for dystonia

For the majority of dystonia patients, medical therapy

is limited to symptom control and is marginally effective

[20]. Anticholinergic medications (e.g. trihexphenidyl)

remain the mainstay of medical therapy but often yield

only modest improvements and, in the high doses em-

ployed for dystonia, can cause significant side effects.

Additional medications for dystonia include baclofen,

benzodiazepines, and tetrabenazine. A minority of pa-

tients with symptomatic generalized dystonia will ben-

efit from specific therapy. In particular, children and

adolescents with clinically ‘‘pure’’ dystonia of unknown

etiology should be evaluated for Wilson’s disease and

should undergo a trial of levodopa therapy, as a small

subset of patients with Dopa-Responsive Dystonia will

experience a profound and sustained response to this

medication [20]. Local injections of botulinum toxin

(BOTOX) can alleviate focal dystonias such as Writer’s

cramp, blepharospasm or torticollis, but this interven-

tion is impractical in patients with generalized dystonia

[9, 20]. Some patients will not respond to BOTOX injec-

tions initially and up to 10% may develop resistance

through the production of blocking antibodies [11].

Surgical therapy for dystonia

Historically, surgery for dystonia has targeted both

the peripheral and central nervous systems. Peripheral

denervation procedures were extensively used prior to

the advent of botulinum toxin therapy with some posi-

tive results, mainly in the treatment of cervical dystonia

[1]. The chronic administration of intrathecal baclofen

via subcutaneously implanted pumps can alleviate dys-

tonic cramping of the lower extremities, but this inter-

vention may not be appropriate for dystonias affecting

the arms and neck, and positive responses may not result

in significant functional gains [10].

Advances in stereotactic technique and the observa-

tion that pallidotomy improves ‘off-state’ dystonia in PD

patients [16] renewed interest in basal ganglia interven-

tions for torsion dystonia. Pallidotomy does improve

symptoms of primary generalized dystonia (PGD) [17];

however, unilateral pallidotomy may not sufficiently treat

generalized symptoms [17] and bilateral pallidotomy en-

tails significant risk including cognitive dysfunction, dys-

arthria, dysphagia, and limb weakness [12]. Additionally,

there is concern that irreversible ablative procedures may

alter basal ganglia function in a manner that will interfere

with therapies that are developed in the future. Conse-

quently, deep brain stimulation, which is reversible and

may be employed bilaterally with relative safety, has

emerged as an alternative to neuroablation.

The DBS device

Presently, there is but one DBS device available com-

mercially, the ActivaTM system, manufactured by Med-

tronic Inc. (Minneapolis, MN, USA). The device consists

of three components: (1) a lead, which is equipped with

four electrodes (contacts) and is implanted within the

deep brain target; (2) an intervening extension cable

and; (3) a programmable pulse generator (PG), which

Fig. 1. DBS leads: Two quadripolar DBS leads are available from

Medtronic, Inc. The only difference between the leads is the inter-

electrode spacing
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delivers the therapeutic current. Two models of DBS

lead are available, the only difference being the spac-

ing of the contacts (Fig. 1). There are also two types

of PG available, the SoletraTM, which has four chan-

nels to accomodate one lead, and the KinetraTM, which

has eight channels for two leads. Both may be inter-

rogated and programmed transcutaneously by the treat-

ing physician.

The DBS procedure

Consistently successful DBS surgery is dependent upon

three critical steps: (1) careful patient selection; (2) pre-

cise lead implantation; and (3) skillful device program-

ming. Failure to perform any one of these three steps

properly may lead to suboptimal results.

Patient selection

As discussed in the introduction, dystonia is a com-

plex group of disorders, most of which are not respon-

sive to DBS. Therefore, it is important to have all

surgical candidates evaluated by a movement disorders

neurologist. He=she will ensure that the diagnosis is

correct, and that all reasonable medical therapies have

been tried. At our center, the neurologist also programs

the DBS devices after implantation, manages medication

changes, and monitors patient progress. In the U.S. Acti-

vaTM is approved under a Humanitarian Device Exemp-

tion exclusively for the treatment of primary dystonia.

All other uses are considered to be ‘‘off-label’’. Patients

should not be offered surgery unless their symptoms are

disabling and they have failed standard medical thera-

pies. A recent MRI of the brain should be obtained to

rule out structural lesions. Patients with childhood onset

generalized dystonia should be tested for Wilson’s dis-

ease and the DYT1 mutation, and should receive an

adequate trial of levodopa.

Surgical technique

The device is implanted in two stages. During the first

stage the lead(s) is implanted into the GPi stereotac-

tically. The extension cable(s) and PG are implanted dur-

ing the second stage, which may be performed on the

same day or shortly thereafter. It is acceptable to implant

DBS leads bilaterally during the same procedure. Dys-

tonia patients are relatively young and, in our experi-

ence, tolerate the bilateral frontal lobe penetrations

without difficulty. Moreover, the long implantation pro-

cedure is arduous for patients with generalized dystonia.

Performing both lead implants in one session minimizes

patient discomfort and hastens the time to the com-

mencement of therapy. The first stage of the DBS pro-

cedure is ideally performed with the patient fully awake,

but this may not be possible for children or patients with

contorted postures. Anticholinergic medications, benzo-

diazepines, and baclofen should be withheld on the

morning of surgery as these medications may interfere

with intraoperative microelectrode recording (MER). If

Fig. 2. Fast spin echo=inversion recovery MRI: We employ both

axial (a) and coronal (b) FSE=IR images for targeting the GPi. The

anterior (a; black arrow) and posterior (a; white arrow) commissures

are readily visible on the axial image, as is the GPi. The target is

the posteroventral GPi, approximately 20mm lateral to the midline

(b; black arrow), which lies 2–3mm superior and lateral to the optic

tract (b; white arrow)
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painful muscular spasms or abnormal postures make

awake surgery difficult, conscious sedation with prop-

ofol or dexmedetomidine can be instituted. Antibiotics

are administered intravenously during application of the

headframe, so that serum levels are therapeutic during

the implantation procedure.

Anatomical targeting

Stereotactic headframes remain the gold standard for

performing these surgeries; however, ‘‘frame-less’’ tech-

nologies are being employed with greater frequency.

We employ axial and coronal fast spin echo=inversion

recovery (FSE=IR) MRI for anatomic targeting because

the images are acquired rapidly (6–9 minutes per scan)

and provide superior resolution of the commissures

and deep gray matter (Fig. 2). Additionally, this pulse

sequence is reported to resist magnetic susceptibility

artifact, minimizing the risk of targeting errors due to

inaccurate fiducial registration. The thickness of the

axial slices (3mm) required to generate these high

resolution images increases our initial targeting error

along the Z-axis (i.e. depth); but this is compensated

for by MER, which delineates the depth of specific

structures along the implantation trajectory with a reso-

lution of �0.1mm. The scanning parameters for FSE=IR

MRI are given in Table 1. These images alone are suffi-

cient for performing DBS implants with microelectrode

guidance; however, additional image sets such as gado-

linium-enhanced T1-weighted MRI, and=or computer-

ized tomography may also be employed. The former

assists in the selection of safe entry points by highlight-

ing the cortical veins, while the latter provides the most

geometrically accurate images for fiducial registration.

The target coordinates may be calculated directly,

employing the scanner’s software. Alternatively, the

imaging data sets may be transferred via internal net-

work or CD-ROM to an independent workstation that is

equipped with advanced stereotactic targeting software.

These advanced software packages provide at least four

distinct advantages: (1) target coordinates are calculated

automatically, eliminating human mathematical errors;

(2) a variety of image sets (e.g. CT and MRI) may be

fused, allowing one to exploit the advantages of different

types of imaging; (3) the entire trajectory may be visua-

lized, allowing one to plan safer approaches to the tar-

get; and (4) digitized versions of stereotactic atlases may

be overlaid and digitally ‘‘fit’’ to the patient’s anatomy,

helping to identify the desired target. We target the in-

ternal pallidal site first described by Leksell, which lies

19–22mm lateral, 2–3mm anterior, and 4mm inferior

to the mid-commissural point (MCP) [14]. The coordi-

nates for the MCP are determined by calculating the

arithmetic mean of the coordinates for the anterior and

posterior commissures, which may be determined directly.

The calculated target point should be visualized on both

axial and coronal images and should lay 2–3mm supe-

rior and lateral to the optic tract (Fig. 2b). Our preferred

trajectory is 60–65� above the intercommissural plane

and 0–5� lateral to the vertical axis. This trajectory

allows one to avoid the lateral ventricle and still employ

parasagittal trajectories, simplifying the process of map-

ping the intra-operative microelectrode recording data

(see below).

Microelectrode recording

We employ single cell microelectrode recording (MER)

to refine our anatomical targeting. The finer details of

our MER technique are beyond the scope of this report

but are provided elsewhere [18]. The need for MER is

hotly debated; however, we find that MER provides im-

portant information that other neurophysiological loca-

lization techniques do not. First, MER delineates the

borders and expanses of the GPe and Gpi along a given

trajectory with a spatial resolution of �100 m. These data
are mapped onto scaled sagittal sections of stereotactic

atlases in order to determine anatomical location of the

recording trajectory. Acceptable trajectories for implan-

tation include a 3–4mm span of globus pallidus pars

externa (GPe) and at least 7.5mm of GPi. Such a tra-

jectory will pass through the heart of the GPi and will

allow three or four contacts to be positioned comfort-

ably within the nucleus, depending on the lead employed

Table 1. MRI scanning parameters for fast spin echo=inversion recov-

ery images

Excitation time (Te) 120msec

Relaxation time (Tr) 10,000msec

Inversion time (Ti) 2200msec

Band width 20.83

Field of view (FOV) 24

Slice thickness 3mm

Slice spacing 0mm

Frequency 192Hz

Phase 160

Number of excitations 1

Freqency direction anteroposterior (AP)

Autocontrol frequency water

Flow compensation direction slice direction

Scanning parameters for fast spin echo=inversion recovery MRI are

demonstrated. A scan of thirty slices can be obtained in 6–9 minutes

employing these parameters.
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(Fig. 3). Second, the detection of kinesthetic cells confirms

that the trajectory traverses the sensorimotor sub-region

of the GPi. Third, delineating the inferior border of the

GPi refines the depth of implantation. And fourth, identi-

fying the optic tract 2–3mm inferior to the GPi exit point

confirms that the trajectory exits the nucleus inferiorly,

not posteriorly into the internal capsule. Identification of

the optic tract provides an additional level of confidence

that the lead will be well-positioned; but this should not

be viewed as an absolute requirement for implantation,

as the optic tract may not be identified in many cases.

Macroelectrode stimulation

The DBS lead is inserted along the desired trajectory

leaving the deepest contact (contact 0) at the physiologi-

cally defined inferior border of the GPi (Fig. 3). C-arm

fluoroscopy is employed to confirm that the lead has

traveled to the desired point, relative to the frame. Before

it is secured, the acute effects of stimulation via the

lead are tested. Testing is performed in bipolar mode

employing the following parameters: pulse width –

60 msec; frequency – 130Hz, amplitude – 0–4V. Stim-

ulation amplitudes greater than 4V are not used as we

have never required amplitudes this great for therapy.

The initial test is performed with the deepest pair of

contacts (i.e. 0�, 1þ), as these are most likely to gen-

erate adverse effects (AE). If no AE are observed, test-

ing continues in a ventral to dorsal sequence. Unlike

Parkinson’s disease, dystonia requires days to weeks of

stimulation therapy before improvements are apparent.

Therefore, a lack of improvement in response to intra-

operative stimulation should not be viewed as an indi-

cator of poor lead placement. Rather, one must have

faith that if the microelectrode recording data is con-

sistent with good placement and there are no adverse

effects with up to four volts of stimulation, the lead is

well positioned.

Sustained, time- and voltage-locked contractions of the

contralateral hemi-body and=or face indicate that stimu-

lation is activating the fibers of the internal capsule, in

which case the lead is placed too medially and=or pos-

teriorly. The induction of phosphenes in the contralateral

visual field suggests that stimulation is activating the

optic tract and that the lead is too deep. Stimulation

within the sensorimotor GPi may induce transient par-

esthesiae; however, sustained paresthesiae at low stimu-

lation amplitudes indicate that the lead is positioned

very posterior, and is activating thalamo-cortical pro-

jections in the posterior limb of the internal capsule.

If any of these adverse effects occur, the lead should

be re-positioned accordingly. The lead is secured at

the skull employing a ‘cap’ that also covers the burr

hole. Fluoroscopy is used to confirm that the lead

was not displaced from its desired position during fix-

ation. The free end of the lead is encircled around the

burr hole cap and left in the sub-galeal space. The in-

cision is irrigated with antibiotic saline and closed

anatomically. After removing the stereotactic frame,

the patient is transported to radiology where post-

operative MRI is performed to confirm that the leads

are well-positioned and that there has been no hemor-

rhage (Fig. 4). Patients are observed overnight in the

Fig. 3. Pallidal lead implantation: Our preferred lead position within

the GPi is depicted. (a) A schematic representation of the model 3387

lead (Medtronic Inc.), with 1.5mm inter-electrode spacing, is super-

imposed on a sagittal image, 20mm lateral of midline, from the

Schaltenbrand and Wharen Atlas. With the deepest contact (contact 0)

positioned at the inferior border of the GPi, three contacts can fit within

the nucleus. (b) Post-implantation image
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neurosurgical intensive care unit and discharged the

following day.

Implantation of the PG

The remainder of the DBS system(s) is implanted

10–14 days after the lead(s) is implanted. This is an

ambulatory procedure that is performed under general

anesthesia. We have found that placing the connection

between the lead and the extension cable under the galea,

just lateral to the cranial incision significantly reduces

the incidence of lead fracture and wound erosion.

Programming the device

The device(s) is activated 7–10 days after implanta-

tion, allowing the surgical incisions to heal. The clini-

cian controls four stimulus parameters: (1) amplitude;

(2) pulse width; (3) frequency; and (4) the active con-

tact(s). There is no consensus regarding the optimal set-

tings for treating dystonia as systematic evaluations of

varying stimulus parameters have not been conducted.

Instead, therapy is currently guided by published case

series, which report positive responses with wide pulses

(210–400msec) and high frequencies (130Hz or higher)

[5]. Though effective, these parameters rapidly deplete

the PGs, necessitating their frequent replacement (12–24

months). With experience, we have found that stimula-

tion at lower frequencies (60–80Hz) and narrower pulses

(210msec) may be just as effective as high frequency

stimulation (unpublished results). These settings deliver

less electrical energy to the brain, enhancing the toler-

ability of stimulation, and should prolong battery life.

At the initial programming session, the effects of

unipolar stimulation with each of the contacts are as-

sessed. In particular, the stimulation thresholds for

inducing AEs are noted. Our approach to implantation

positions the deepest three contacts within the GPi

proper (Fig. 3). We employ for therapy the most ven-

tral contact that does not induce adverse effects with

stimulation of up to 3.5 V. We prefer to treat with uni-

polar stimulation but will use bipolar settings if unipo-

lar stimulation is not tolerated. Patients are initially

treated at 2.0–2.5 V. The stimulation amplitude may

be increased over time; however, the amplitude should

never exceed 3.5 V, as the PG must invoke a ‘doubling

circuit’ to deliver this amplitude, shortening battery life

out of proportion to the energy delivered. If more en-

ergy is required, it is better to increase frequency or

pulse width from the standpoint of battery preservation.

Patients return every two weeks for evaluation during

the first three months, and every three to six months

after that. During each visit the patient is assessed em-

ploying the Burke-Fahn-Marden dystonia rating scale

(BFMDRS) [23]. For patients with adult onset cervi-

cal dystonia, the Toronto Western Spasmodic Torticollis

Rating Scale (TWSTRS) is preferred [23]. These scales

can be used to assess patient progress relative to their

baseline scores, which are obtained one week prior to

surgery.

Clinical results

Pallidal DBS for primary dystonia

Initial case reports of pallidal DBS for dystonia

employing contemporary technology were published in

1999. Coubes et al. reported the case of an 8-year-old

Fig. 4. Post-implantation MRI: Axial (a) and Coronal (b) FSE=IR

images of a patient immediately after surgery. The DBS leads are

positioned within the posteroventral GPi
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girl with generalized torsion dystonia whose symptoms

were so severe she required sedation and mechanical

ventilation. Thirty-six months after surgery she had re-

turned to school with near normal neurologic function

[5]. Kumar et al. also reported a dramatic improvement

in one patient with severe generalized primary dystonia

and correlated the clinical response to normalization of

motor cortical activity on positron emission tomography

[15]. Krauss et al. noted improvements of 78 and 70% in

the BFMDRS scores of two patients with PGD two years

after surgery [13].

Larger series of patients have supported these preli-

minary results. Yianni et al. reported on 25 patients with

various forms of dystonia, finding that all sub-groups

were improved [24]. Coubes et al. have published the

largest and most comprehensive single-center experi-

ence to date, reporting a mean 79% improvement in

the BFMDRS motor subscore two years after surgery

in 31 patients with PGD [4]. The mean improvement in

the BFMDRS disability subscore was 65%. The authors

noted a steady improvement in the BFMDRS scores over

the first year of therapy. They found no difference in

outcomes between those who did or did not possess

the DYT1 mutation. Children fared marginally better

than adults. Vidailhet et al. prospectively examined 22

patients with PGD who were treated with bilateral palli-

dal DBS [22]. One year after surgery, the mean BFMDRS

motor score was improved by 51% with one third of the

patients experiencing a greater than 75% improvement.

The authors noted that phasic symptoms improved more

rapidly than fixed postures, the presence of which may

limit functional recovery.

Our experience mirrors these results. Table 2 sum-

marizes the clinical results we achieved in 17 primary

dystonia patients treated with pallidal DBS with at least

12 months of follow-up. One year after surgery the group

as a whole was improved 50–60% as measured by the

BFMDRS. Statistically, there was no difference between

the patients with primary idiopathic dystonia and those

who were DYT1þ. Interestingly, three DYT1þ patients

who had undergone prior thalamotomies exhibited infer-

ior responses as compared to DYT1þ patients without

prior ablation. The role of pallidal DBS in the manage-

ment of medically refractory cervical dystonia (i.e. spas-

modic torticollis) is less clear, although the reported

results in small series of patients are encouraging. For

example, Bittar et al. [2] have observed a mean 59%

improvement in the total TWSTRS scores of six patients

with cervical dystonia, two years after bilateral GPi DBS

surgery. The response to stimulation was gradual as in

PGD. The authors report the use of high stimulation

frequencies (>100Hz) and very high amplitudes (�5V).

Larger series of patients with long-term follow-up must

be studied before the true value of DBS in this dystonia

subgroup is understood.

Pallidal DBS for secondary dystonia

Reports of DBS for secondary dystonia are scarce

and include relatively few patients. Nevertheless, it seems

clear that secondary dystonia patients, as a group, re-

spond less robustly to pallidal interventions than do

patients with primary dystonia [8]. Our own experience

treating five patients with secondary dystonia of various

Table 2. Pallidal DBS for torsion dystonia: clinical results

Cohort Six months Twelve months

BFMDRS-M %

Improvement (range)

BFMDRS-D %

Improvement (range)

BFMDRS-M %

Improvement (range)

BFMDRS-D %

Improvement (range)

Primary dystonia 49.0 42.6 58.7 62.2

N¼ 17 (9.1–93.6) (0–80.0) (16.7–97.4) (9.5–100)

Primary idiopathic 66.4 47.7 70.3 64.6

N¼ 5 (55.8–93.6) (28.6–71.4) (51.9–97.4) (28.6–100)

DYT1þ 44.0 40.5 53.9 47.0

N¼ 12 (9.1–83.3) (0–80.0) (16.7–85.2) (9.5–84.0)

DYT1þ; No prior surgery 53.5 48.5 63.5 72.7

N¼ 9 (16.7–83.3) (0–80.0) (16.7–85.2) (33.3–94.0)

DYT1þ; Prior thalamotomy 11.9 16.7 25.5 16.7

N¼ 3 (9.1–25.5) (9.5–34.0) (22.6–27.3) (9.5–34.0)

Secondary dystonia 23.2 22.1 32.9 26.2

N¼ 5 (12.6–32.5) (9.5–33.3) (15.2–35.7) (12.6–33.3)

Clinical results for 22 dystonia patients treated between December 2000 and April 2004. Each patient has been followed for at least one year. The

percentage improvement in the Burke-Fahn-Marsden dystonia rating scale motor (BFMDRS-M) and disability (BFMDRS-D) subscores are given, six

and twelve months after the commencement of stimulation therapy
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causes confirms that responses in this group are more

modest than the results obtained in primary dystonia

(Table 2). However, we recently operated a 12-year-

old boy with severe generalized dystonia secondary to

an anoxic brain injury at birth, who responded quickly

(within two weeks) and dramatically to bilateral GPi

DBS (results not shown). Despite his prolonged anoxia

and the severity of his dystonia, his brain anatomy was

well preserved. His outcome and that of other sporadic

cases, suggest that there are some patients with anoxic or

traumatic brain injuries who will respond favorably to

DBS; however, the pre-operative indicators of a positive

response are currently unknown.

Trottenberg et al. have reported excellent responses to

pallidal DBS in five patients with severe tardive dystonia

(TD) [21]; however, this result was not corroborated by

Krauss et al. [13]. These authors did note a dramatic

improvement in one patient with Hallervorden-Spatz

disease. Unfortunately, the response lasted for just two

years [13].

Subthalamic DBS for primary dystonia

Sun et al. performed the only study to date comparing

bilateral GPi to bilateral subthalamic nucleus (STN) stim-

ulation for dystonia [19]. Four patients were implanted

at each target. All four of the patients treated with STN

DBS improved as compared to two of the four patients

treated with GPi DBS. Furthermore, the patients treated

at the STN improved immediately while the patients

receiving GPi improved over a period of months. In

contrast, Detante et al. found no improvement in three

dystonia patients who underwent DBS at the STN [7].

Complications of DBS therapy

Overall, both DBS surgery and chronic electrical stim-

ulation of the internal pallidum are well tolerated. The

senior author (RLA) has now implanted 76 DBS devices

in 36 dystonia patients. There have been no intracerebral

hemorrhages and no patient has suffered a new neurolog-

ical deficit of any kind. Four patients (11%) have devel-

oped peri-operative infections that necessitated removal

of five devices (6.6%). Each patient was successfully

treated and underwent re-implantation surgery without

any additional adverse events. Two patients have devel-

oped fractures of an extension cable, a complication that

is reported to occur more frequently in dystonia than

in Parkinson’s disease or essential tremor [25]. Only one

patient with DYT1-associated dystonia has required lead

repositioning due to an inadequate response. The repo-

sitioning was performed successfully and has resulted in

a rapid and dramatic improvement in his contralateral

dystonia.

Conclusions

Deep brain stimulation at the internal pallidum has

emerged as the treatment of choice for medically refrac-

tory primary torsion dystonia. Multiple open-label stud-

ies demonstrate that pallidal DBS is highly effective in

patients with PGD and is well tolerated. Patients who are

DYT1þ may fare best of all. The response to stimulation

is more gradual than that observed in Parkinson’s dis-

ease or Essential Tremor and the full benefit of surgery

may not be realized for a year or more. When prolonged

dystonia has resulted in fixed contractures, additional

orthopedic surgery may be required to maximize func-

tional gains. Preliminary results in patients with spasmo-

dic torticollis are promising but larger case series are

required before the true efficacy of pallidal DBS for this

entity can be ascertained.

Patients with secondary dystonia respond more mod-

estly and inconsistently than do primary dystonia patients,

reflecting the physiological and anatomical heterogeneity

of this population. Among these, patients with tardive

dystonia and individuals with dystonia secondary to

anoxic brain injury, but with preserved basal ganglia

anatomy, represent subgroups that may respond well to

DBS therapy. Conversely, patients with obvious struc-

tural abnormalities and those with metabolic disorders

appear to be poor DBS candidates.

Standard stimulation parameters for treating dystonia

currently include frequencies of 130Hz or more and

pulse widths of 210–400 msec, settings that may rapidly

deplete the implanted pulse generators. Stimulation at

lower frequencies may prove to be as efficacious as high

frequency stimulation, may make stimulation more tol-

erable in some cases, and should prolong battery life.

Therefore, a more complete evaluation of low frequency

stimulation for primary dystonia should be undertaken.

Additional research efforts should be directed toward

developing a greater understanding of dystonia patho-

physiology and the neurophysiological changes induced

by chronic electrical stimulation. This will lead to more

rational stimulation paradigms and better clinical re-

sults. Pre-operative indicators of a positive response to

DBS must be sought in order to improve patient selec-

tion. In particular, functional imaging studies of dystonia

patients, pre- and post-DBS surgery, are currently lack-
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ing and should be pursued. Finally, continued explora-

tions of other targets for therapy are appropriate, parti-

cularly for the many patients with secondary dystonia

who are not candidates for pallidal DBS.
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Summary

Pallidal deep brain stimulation is an efficient treatment option in

those patients with cervical dystonia who do not benefit from con-

servative treatment including local botulinum toxin injections. Given

the fact that other surgical treatment options such as selective peripheral

denervation are available, it may be considered third-line treatment in

most instances. Chronic bilateral pallidal stimulation improves dyston-

ic posture and movements, pain caused by dystonia and disability re-

lated to dystonia. Preliminary data on longterm follow-up confirm its

beneficial effect in the majority of patients. Given the frequency of cer-

vical dystonia, pallidal deep brain stimulation will play a major role in

the future.

Keywords: Cervical dystonia; deep brain stimulation; pallidum;

spasmodic torticollis.

Introduction

Deep brain stimulation (DBS) for the treatment of

dystonia has emerged only a decade ago [10, 26, 29].

Since then, it has been used in a variety of different

dystonic disorders [6, 9, 45]. It has been shown that it

is more effective in idiopathic and inherited forms of

dystonia than in secondary dystonia due to insults such

as perinatal hypoxia, trauma or stroke [12, 25, 27, 38].

The results of early pilot studies, more recently have

been confirmed by prospective semi-controlled random-

ized studies [44]. Nowadays, pallidal DBS is a major

therapeutic tool in the armamentarium to treat medically-

refractory dystonia. Besides generalized dystonia, cervi-

cal dystonia has been one of the earliest indications for

chronic pallidal DBS. Since its introduction in clinical

routine in the late 1990s it is being performed widely

now both in the Western and Eastern hemispheres.

While DBS may be considered second-line or even

first-line treatment in some patients with severe idio-

pathic generalized dystonia, this is not the case, how-

ever, in cervical dystonia [1]. First, the mainstay in the

treatment of cervical dystonia nowadays is local botuli-

num toxin injection [1, 19]. Second, it should be rem-

embered that there are other less costintensive surgical

options available such as selective peripheral denerva-

tion. Pallidal DBS has been thought to be indicated pri-

marily in patients with complex cervical dystonia with

marked phasic dystonic movements, sagittal or lateral

shift, and associated head tremor or myoclonus who do

not achieve adequate benefit from botulinum toxin injec-

tions [24, 26]. Since cervical dystonia is the most com-

mon manifestation of dystonia, however, it might well

be that it will be the dystonic movement disorder con-

sidered most often for DBS in the future.

Clinical symptoms and epidemiology

of cervical dystonia

Cervical dystonia is being used as a synonym for

spasmodic torticollis. Note, however, that both terms

are not mutually interchangeable. Cervical dystonia may

consist of torticollis (neck turning), head tilt (laterocol-

lis), neck flexion (anterocollis), neck extension (retro-

collis), or sagittal and lateral shift. In about one-third

of patients with cervical dystonia other body parts may

become involved, most frequently the shoulder. Cervical

dystonia is characterized by patterned repetitive, phasic

(spasmodic) or sustained (tonic) muscle contractions re-

sulting in involuntary abnormal neck movements or pos-

tures. Tremulous cervical dystonia results in oscillatory

movements of the head. It has been shown that dystonic

activity in various combinations may result in a simi-

lar abnormal head posture, and that actually the pat-

tern of activation of dystonic muscles may change in



an individual patient [34]. About two thirds of patients

suffer from neck pain which may be excruciating in

some instances.

Cervical dystonia and other dystonic movement dis-

orders affecting the neck may lead to premature cervi-

cal spondylosis causing cervical radiculopathies or even

myelopathy, in the rare case [30]. Remarkably, in dys-

tonic patients the upper cervical segments are involved

more frequently than in degenerative spinal disorders

related to aging. Scoliosis is frequent, and it has even

been discussed as a risk factor for dystonia.

Cervical dystonia is the most frequent focal dystonia

[18]. Its prevalence has been estimated to be 13 per

100,000 inhabitants. There is a slight preponderance of

female gender, the mean age at symptom onset is in the

early forties.

Treatment options for cervical dystonia

Pharmacotherapy is useful only in a limited number

of patients with cervical dystonia [1]. The most effective

drugs are anticholinergics but their efficacy is often lim-

ited by side effects. Local botulinum toxin injections

are the therapy of choice in the majority of patients,

nowadays. Botulinum toxin type A is regarded as first

line treatment, while type B is being reserved for non-

responders. Actual evidence is lacking on direct com-

parison of the clinical efficacy and safety of type A vs.

type B. Primary or secondary resistance to botulinum

toxin may occur in about 10% of patients.

Selective peripheral denervation has been recom-

mended as a safe procedure with infrequent and minimal

side effects [38]. This procedure should not be confused

with intradural rhizotomy, which has a high incidence of

complications. It is indicated in patients with cervical

dystonia who do not achieve adequate response with

medical treatment or repeated botulinum toxin injec-

tions. Additional myectomy may be carried out if neces-

sary. In some patients selective peripheral denervation

can also be an alternative to botulinum toxin injections.

Overall, about one to two thirds of patients achieve use-

ful improvement on long-term. Re-innervation can occur

and may require further surgery.

Functional stereotactic surgery in cervical dystonia

Dystonia has been recognized to be a central move-

ment disorder since decades. Therefore, it appeared to

be logical to target structures such as the thalamus or

the pallidum in order to modulate the circuitries thought

to be involved in its pathophysiology. Thalamic surgery

was the preferred procedure in ablative stereotactic neu-

rosurgery for cervical dystonia until the early 1980s

[16, 31, 35]. The GPi proper was targeted infrequently,

and it was not considered at all to be a target after the

general decline of pallidal surgery. There are several

lessons to be learned from review of the experience with

ablative stereotactic surgery for cervical dystonia, de-

spite limitations in interpretation of the data. Ameliora-

tion of cervical dystonia was achieved in about 50–70%

of patients in most studies. Bilateral surgery generally

provided better outcomes than unilateral surgery. Post-

operative benefit was reported to show up only after

a delay in several studies. Some reports demonstrated

sustained benefit after follow-up of more than 5 years.

Bilateral procedures, in particular bilateral thalamotomies,

were clearly associated with a higher rate of postopera-

tive side effects, such as dysarthria, dysphagia, and ataxia,

ranging from 20 to 70%. Functional stereotactic abla-

tive surgery for cervical dystonia was abandoned in the

late 1970s.

Rationales for pallidal DBS in cervical dystonia

Contemporary concepts shed some light on the patho-

physiology of cervical dystonia. Nevertheless, its patho-

physiology is still poorly understood, probably much less

than that of Parkinson’s disease (PD). Findings from func-

tional neuroimaging studies indicate that there is bilateral

striatal dysfunction regardless of the phenomenology of

cervical dystonia [33, 36]. Dysfunction of other systems

in addition to the basal ganglia circuitry has been con-

sidered to be relevant for the development of cervical

dystonia. More recently, the interstitial nucleus of cajal

(INC) has been rediscovered as an important key-struc-

ture for head control and it has been suggested that it may

play an important role in the development of CD [22].

Opposing suggestions concerning the side to place

the electrode were made for unilateral DBS in cervical

dystonia patients based on the experience in single cases

[7, 13]. We favor bilateral pallidal DBS over unilateral

DBS in cervical dystonia for a variety of reasons. As

indicated above, positron emission tomography (PET)

investigations, for example, have demonstrated higher

glucose metabolism in the lentiform nucleus bilaterally

in cervical dystonia without significant differences re-

garding laterality, specific pattern, or severity [33]. Fur-

thermore, transcranial magnetic stimulation studies

revealed that there is considerable bihemispheric presen-

tation of neck muscles [43].
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Principles of DBS for cervical dystonia

The pallidal target for cervical dystonia is located in

the posteroventral lateral GPi and it is the same that has

been used for pallidal DBS in PD [23]. It is slightly

anterior to the usual pallidotomy target to avoid spread

of current to the internal capsule with higher intensity of

stimulation which is necessary in many patients with

dystonia. The target is chosen 20–22mm lateral to and

4mm below the intercommissural line, and 2–3mm an-

terior to the intercommissural midpoint. We implant quad-

ripolar 3387 electrodes bilaterally in the same surgical

session under local anesthesia (Medtronic Minneapolis,

Minn., USA). The preliminary target is defined by stan-

dard stereotactic imaging and refined by microelectrode

recording. In awake patients macrostimulation directly

via the DBS electrode allows for evaluation of extrin-

sic and intrinsic responses. Extrinsic responses can be

evoked by spread of current to adjacent structures such

as the optic tract which may result in phosphenes or the

perception of flashes, and the internal capsule which

may result in tonic contraction of the contralateral face

or extremities. Intrinsic responses can include modula-

tion of the patient’s movement disorder and occasionally

a feeling of tightness and fear at very high voltages.

While there is no immediate effect on dystonic tonus,

in some patients immediate improvement of phasic or

myoclonic dystonic movements can be seen. Since bat-

tery depletion may result in sudden recurrence of dys-

tonia our strategy is to use two implantable pulse

generators (IPGs) (Soletra, Medtronic) instead of one

dual channel IPG (Kinetra, Medtronic). Patients with

dystonia are stimulated continuously. The improvement

of dystonia in pallidal stimulation may be delayed, and it

can take several months before the full benefit is evident

[46]. The initial stimulation settings are based on a bipo-

lar stimulation mode. Most frequently contact 1 is set to

negative, and the next contact, usually contact 2 is set

to positive, whilst the other electrodes remain neutral.

Initial stimulation settings include a frequency of 130Hz,

a pulse width of 210 msec, and amplitudes between 2.0

and 4.0V as tolerated by the patient. During the next

few months, the amplitude is gradually increased. The

threshold for undesired effects shifts during progressive

adjustment of stimulation amplitude. If no optimal bene-

fit of the movement disorder is achieved upon chronic

stimulation alternative electrode contacts or combina-

tions are activated. Some centers also start with mono-

polar stimulation, or use two contacts as cathodal with

case or another contact anodal. DBS settings are ad-

justed within the first year after surgery. In general, only

minimal adjustment if any is required later. Energy con-

sumption is much higher than in PD, which is due both

to the broader pulse width and the relatively high ampli-

tudes needed for symptomatic improvement. Side effects

of stimulation are always reversible upon adjustment of

DBS settings. If persistent side effects occur at a low

amplitude that does not allow therapeutic stimulation to

treat the movement disorder, reimplantation of the elec-

trode is a feasible option. Weight gain is observed in

some patients, but it appears to be unspecific and it has

also been observed in pallidal surgery for other move-

ment disorders [37].

While it may take several weeks to months until the

full effect of pallidal DBS may be appreciated in cervi-

cal dystonia, it may recur minutes after cessation of

stimulation. In a systematic study we have shown that

phasic elements of dystonia recur earlier than tonic ele-

ments [30]. Hardware-related problems have been noted

more frequently in early patient series of cervical dysto-

nia but have been comparable to those of other move-

ment disorder populations more recently due to some

technical modifications such as avoiding to place the

connector in the neck [20, 32, 40]. Distinct temporal

patterns of synchronized neuronal activity in the pal-

lidum were found in dystonia patients as compared to

treated and untreated PD patients [41]. Dystonia patients

had less local field potential (LFP) power in the 11–30Hz

band, but greater power in the 4–10Hz band. The change

in the latter spectrum was particularly manifest in more

rostral contact pairs presumed to be within the globus

pallidus externus (GPe). Thus, consistent with data from

microelectrode recordings, abnormal patterned activity is

present both in GPi and GPe in dystonia. These findings

support the assumption that pallidal functional surgery

could reduce dystonia by suppression of disruptive noisy

activity across a number of frequency bands.

Clinical outcome of DBS in cervical dystonia

Pallidal stimulation results both in symptomatic and

functional improvement of cervical dystonia including

marked relief of pain [24, 26]. Several smaller series

and case studies have confirmed the clinical benefit and

negative outcome rather has been an exception [2–5, 14,

17, 21, 28, 39, 42]. The gradual improvement of cervical

dystonia was reflected by the change of the Toronto

Western Spasmodic Torticollis Rating Scale (TWSTRS)

during follow-up. The mean TWSTRS scores were better

at 1 year after surgery than at 3 months postoperatively. In

the patients operated in Mannheim and Berne, follow-up
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evaluation at 20 months after surgery demonstrated a

63% improvement of the TWSTRS severity score, a 69%

improvement of the disability score, and a 50% improve-

ment of the pain score. These figures are similar to the

results obtained by the Oxford group who demonstrated

amelioration for the subscores severity by 64%, dis-

ability by 60%, and pain by 60% at 19 months follow-

up [45]. In single patients it was reported that relief

of pain was greater than improvements in other aspects

of the TWSTRS scale [28]. It appears that there is

less interpatient variability in cervical dystonia patients

than in patients with other dystonic disorders. In some

series patients who presented with tonic rather than with

phasic symptomatology tended to achieve more benefit

[5]. Chronic pallidal stimulation has been used also as

an adjunct in patients with cervical dyskinesias and sec-

ondary cervical myelopathy prior to performing spinal

surgery [24].

Since relatively high currents and broad pulse widths

are used for chronic pallidal stimulation in cervical dys-

tonia patients costs are relatively high. Furthermore, it has

to be considered that these patients are much younger

than other movements disorder patients, e.g. those with

PD. Mean IPG settings for chronic stimulation at follow-

up of 3 years or more in our experience were as follows:

voltage 4.0V, pulse width 210 microsec, and frequency

135Hz. It would be desirable to have new DBS strategies

available to reduce costs. Such strategies might be the

use of rechargeable IPG batteries – which is marketed

already for chronic spinal cord stimulation –, the use of

batteries which have longer lifetime, and the use of other

stimulation modes such as cyclic stimulation.

Subthalamic nucleus stimulation has been reported to

be efficacious in single cases with cervical dystonia, but

systematic studies on this subject are lacking [8].

There is limited knowledge on the longterm effect

of pallidal stimulation for cervical dystonia. The first

patient from Berne now has reached 9-year follow-up,

and she still has marked benefit from continuous stimu-

lation. Initially, she underwent a total of three revisions

to replace fractured leads. In our experience, the initial

postoperative improvement has been sustained for three

years or longer in four out of five patients.

Perspectives

Perspectives of DBS for treatment of dystonia include

mainly the development of new technology, and the

evaluation of carefully planned and conducted studies.

At this time, two larger studies on this subject are under

way. Preliminary results of the Canadian multicenter

study have been published [21]. The German random-

ized double-blind multicenter study has started to re-

cruit patients and the first patients have been operated

on recently.

References

1. Albanese A, Barnes MP, Bhatia KP, Fernandez E, Fillipini G,

Gasser T, Krauss JK, Newton A, Rektor I, Savoiardo M, Valls-

Sole J (2006) A systematic review on the diagnosis and treatment

of primary (idiopathic) dystonia and dystonia plus syndromes:

report of an EFNS=MDS-ES Task Force. Eur J Neurol 13:

433–444

2. Andaluz N, Taha JM, Dalvi A (2001) Bilateral pallidal deep

brain stimulation for cervical and truncal dystonia. Neurology

57: 557–558

3. Bereznai B, Steude U, Seelos K, Botzel K (2002) Chronic high-

frequency globus pallidus internus stimulation in different types of

dystonia: a clinical, video, andMRI report of six patients presenting

with segmental, cervical, and generalized dystonia. Mov Disord 17:

138–144

4. Bittar RG, Yianni J, Wang S, Liu X, Nandi D, Joint C, Scott R, Bain

PG, Gregory R, Stein J, Aziz TZ (2005) Deep brain stimulation for

generalised dystonia and spasmodic torticollis. J Clin Neurosci 12:

12–16

5. Botzel K, Steude U (2006) First experiences in deep brain stimula-

tion for cervical dystonia. Nervenarzt 77: 940–945

6. Capelle HH, Weigel R, Krauss JK (2003) Bilateral pallidal stimula-

tion for blepharospasm-oromandibular dystonia (Meige syndrome).

Neurology 60: 2017–2018

7. Chang JW, Choi JY, Lee BW, Kang UJ, Chung SS (2002) Unilateral

globus pallidus internus stimulation improves delayed onset post-

traumatic cervical dystonia with an ipsilateral focal basal ganglia

lesion. J Neurol Neurosurg Psychiatry 73: 588–590

8. Chou KL, Hurtig HI, Jaggi JL, Baltuch GH (2005) Bilateral

subthalamic nucleus deep brain stimulation in a patient with

cervical dystonia and essential tremor. Mov Disord 20: 377–380

9. Cif L, El Fertit H, Vayssiere N, Hemm S, Hardouin E, Gannau A,

Tuffery S, Coubes P (2003) Treatment of dystonic syndromes

by chronic electrical stimulation of the internal globus pallidus.

J Neurosurg Sci 47: 52–55

10. 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

11. 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

12. Eltahawy HA, Saint-Cyr J, Poon YY, Moro E, Lang AE,

Lozano AM (2004) Pallidal deep brain stimulation in cervical

dystonia: clinical outcome in four cases. Can J Neurol Sci 31:

328–332

13. Escamilla-Sevilla F, Minguez-Castellanos A, Arjona-Moron V,

Martin-Linares JM, Sanchez-Alvarez JC, Ortega-Morenoa A,

Garcia-Gomez T (2002) Unilateral pallidal stimulation for seg-

mental cervical and truncal dystonia: which side?Mov Disord 17:

1383–1385

14. Goto S, Mita S, Ushio Y (2002) Bilateral pallidal stimulation for

cervical dystonia. An optimal paradigm from our experiences.

Stereotact Funct Neurosurg 79: 221–227

15. Grips E, Blahak C, Capelle HH, Baezner H,Weigel R, Sedlaczek O,

Krauss JK, W€oohrle JC (2006) Chronic deep brain stimulation in

204 J. K. Krauss



dystonia: patterns of reoccurrence after discontinuation. J Neurol

Neurosurg Psychiatry (Epub ahead of print)

16. Hassler R, Dieckmann G (1970) Stereotactic treatment of different

kinds of spasmodic torticollis. Confin Neurol 32: 135–143

17. Islekel S, Zileli M, Zileli B (1999) Unilateral pallidal stimulation in

cervical dystonia. Stereotact Funct Neurosurg 72: 248–252

18. Jankovic J (2004) Treatment of cervical dystonia. In: Brin MF,

Comella C, Jankovic J (eds) Dystonia: etiology, clinical features

and treatment. Lippincott, Williams & Wilkins, Philadelphia, pp

159–166

19. Jankovic J, Schwartz K (1995) Response and immunoresistance to

botulinum toxin injections. Neurology 45: 1743–1746

20. Joint C, Nandi D, Parkin S, Gregory R, Aziz T (2002) Hardware-

related problems of deep brain stimulation. Mov Disord 17 Suppl 3:

S175–S180

21. Kiss ZH, Doig K, EliasziwM, Ranawaya R, Suchowersky O (2004)

The Canadian multicenter trial of pallidal deep brain stimulation for

cervical dystonia: preliminary results in three patients. Neurosurg

Focus 15:17:E5

22. Klier EM,Wang H, Constantin AG, Crawford JD (2002) Midbrain

control of three-dimensional head orientation. Science 295:

1314–1316

23. Krauss JK, Grossman RG (2001) Principles and techniques of

movement disorders surgery. In: Krauss JK, Jankovic J, Grossman

RG (eds) Surgery for Parkinson’s disease and movement disorders.

Lippincott, Williams & Wilkins, Philadelphia, pp 74–109

24. Krauss JK, Loher TJ, Pohle T, Weber S, Taub E, Barlocher CB,

Burgunder JM (2002) Pallidal deep brain stimulation in patients

with cervical dystonia and severe cervical dyskinesias with cervical

myelopathy. J Neurol Neurosurg Psychiatry 72: 249–256

25. Krauss JK, Loher TJ, Weigel R, Capelle HH, Weber S, Burgunder

JM (2003) Chronic stimulation of the globus pallidus internus for

treatment of non-DYT1 generalized dystonia and choreoathetosis:

2-year follow up. J Neurosurg 98: 785–792

26. Krauss JK, Pohle T, Weber S, Ozdoba C, Burgunder JM (1999)

Bilateral stimulation of the globus pallidus internus for treatment of

cervical dystonia. Lancet 354: 837–838

27. Krauss JK, Yianni J, Loher TJ, Aziz TZ (2004) Deep brain

stimulation for dystonia. J Clin Neurophysiol 21: 18–30

28. Kulisevsky J, Lleo A, Gironell A, Molet J, Pascual-Sedano B, Pares

P (2000) Bilateral pallidal stimulation for cervical dystonia: dis-

sociated pain and motor improvement. Neurology 55: 1754–1755

29. Kumar R, Dagher A, Hutchison WD, Lang AE, Lozano AM (1999)

Globus pallidus deep brain stimulation for generalized dystonia:

clinical and PET investigation. Neurology 53: 871–874

30. Loher TJ, B€aarlocher CB, Krauss JK (2006) Dystonic movement

disorders and spinal degenerative disease. Stereotact Funct Neuro-

surg 84: 1–11

31. Loher TJ, Pohle T, Krauss JK (2004) Functional stereotactic neuro-

surgery for treatment of cervical dystonia: review of the experience

from the lesional era. Stereotact Funct Neurosurg 82: 1–13

32. Lyons KE, Koller WC,Wilkinson SB, Pahwa R (2001) Surgical and

device-related events with deep brain stimulation. Neurology 56

Suppl: A147

33. Magyar-Lehmann S, Antonini A, Roelcke U, Maguire RP,

Missimer J, Meyer M, Leenders KL (1997) Cerebral glucose

metabolism in patients with spasmodic torticollis. Mov Disord 12:

704–708

34. Munchau A, Filipovic SR, Oester-Barkey A, Quinn NP, Rothwell

JC, Bhatia KP (2001) Spontaneously changing muscular activa-

tion pattern in patients with cervical dystonia. Mov Disord 16:

1091–1097

35. Mundinger F (1977) New stereotactic treatment of spasmodic

torticollis with a brain stimulation system (in German). Med Klin

72: 1982–1986

36. Naumann M, Pirker W, Reiners K, Lange KW, Becker G, Brucke

T (1998) Imaging the pre- and postsynaptic side of striatal

dopaminergic synapses in idiopathic cervical dystonia: a SPECT

study using (123I) epidepride and (123I) beta-CIT. Mov Disord

13: 319–323

37. Ondo WG, Ben-Aire L, Jankovic J, Lai E, Contant C, Grossman R

(2000) Weight gain following unilateral pallidotomy in Parkinson’s

disease. Acta Neurol Scand 101: 79–84

38. Ondo WG, Krauss JK (2004) Surgical therapies for dystonia. In:

Brin MF, Comella C, Jankovic J (eds) Dystonia: etiology, clinical

features and treatment. Lippincott, Williams & Wilkins, Philadel-

phia, pp 125–147

39. Parkin S, Aziz T, Gregory R, Bain P (2001) Bilateral internal globus

pallidus stimulation for the treatment of spasmodic torticollis. Mov

Disord 16: 489–493

40. Rowe JG, Davies LE, Scott R, Gregory R, Aziz TZ (1999)

Surgical complications of functional neurosurgery treating move-

ment disorders: results with anatomical localisation. J Clin Neu-

rosci 6: 36–37

41. Silberstein P, Kuhn AA, Kupsch A, Trottenberg T, Krauss JK,

Wohrle JC, Mazzone P, Insola A, Di Lazzaro V, Oliviero A, Aziz

T, Brown P (2003) Patterning of globus pallidus local field

potentials differs between Parkinson’s disease and dystonia. Brain

126: 2597–2608

42. Starr PA, Turner RS, Rau G, Lindsey N, Heath S, Volz M, Ostrem

JL, Marks WJ Jr (2006) Microelectrode-guided implantation of

deep brain stimulators into the globus pallidus internus for dystonia:

techniques, electrode locations, and outcomes. J Neurosurg 104:

488–501

43. Thompson ML, Thickbroom GW, Mastaglia FL (1997) Cortico-

motor representation of the sternocleidomastoid muscle. Brain 120:

245–255

44. Vidailhet M, Vercueil L, Houeto JL, Krystkowiak P, Benabid AL,

Cornu P, Lagrange C, Tezenas du Montcel S, Dormont D, Grand S,

Blond S, Detante O, Pillon B, Ardouin C, Agid Y, Destee A, Pollak

P, French Stimulation du Pallidum Interne dans la Dystonie

(SPIDY) Study Group (2005) Bilateral deep-brain stimulation of

the globus pallidus in primary generalized dystonia. N Engl J Med

352: 459–467

45. Yianni J, Bain P, Giladi N, Auca M, Gregory R, Joint C, Nandi D,

Stein J, Scott R, Aziz T (2003) Globus pallidus internus deep brain

stimulation for dystonic conditions: a prospective audit. Mov

Disord 18: 436–442

46. Yianni J, Bain PG, Gregory RP, Nandi D, Joint C, Scott RB, Stein

JF, Aziz TZ (2003) Post-operative progress of dystonia patients

following globus pallidus internus deep brain stimulation. Eur J

Neurol 10: 239–247

Correspondence: Joachim K. Krauss, Department of Neurosur-

gery, Medical University Hannover, MHH, Carl-Neuberg-Str. 1, 30625

Hannover, Germany. e-mail: krauss.joachim@mh-hannover.de

Deep brain stimulation for treatment of cervical dystonia 205



Acta Neurochir Suppl (2007) 97(2): 207–214

# Springer-Verlag 2007

Printed in Austria

Subthalamic nucleus stimulation for primary dystonia and tardive dystonia

B. Sun1, S. Chen1, S. Zhan1, W. Le1, and S. E. Krahl2

1 Center for Functional Neurosurgery, Shanghai Jiao Ton University Ruijin Hospital, Shanghai, P.R. China
2 Division of Neurosurgery, University of California, Los Angeles, USA

Summary

With the renaissance of stereotactic pallidotomy for Parkinson’s dis-

ease in 1990s, pallidotomy has become increasingly used as an effective

treatment for various manifestations of medically refractory dystonia.

More recently, deep brain stimulation of globus pallidus internus (GPi)

has been replacing pallidotomy. Although GPi DBS has great promise

for treating dystonia, there are some disadvantages. We introduce our

experiences in subthalamic nucleus (STN) DBS for primary dystonia

and tardive dystonia in this chapter. We propose that STN DBS has the

following advantages over GPi DBS: (1) symptomatic improvement is

seen immediately after stimulation, allowing us to quickly select the

most suitable stimulation parameters; (2) the stimulation parameters for

the STN are lower than those used for the GPi, resulting in longer battery

life; and (3) STN DBS results in better symptomatic control than GPi

DBS in dystonia patients when our STN data is compared to that

obtained by others with using the GPi as the target. We suggest that

STN DBS may be the most appropriate surgical technique for dystonia.

Keywords: Primary dystonia; tardive dystonia; deep brain stimula-

tion; subthalamic nucleus; basal ganglia.

Introduction

Dystonia is a movement disorder characterized by

twisting or involuntary movements and postures as a re-

sult of sustained involuntary muscle contraction. Dystonia

can be classified by etiology, into primary and secondary

dystonias, which require different therapeutic approaches

[33]. Most cases of primary dystonia are inherited and

begin in childhood or adolescence [37]. With advances

in genomics and proteinomics, genes and proteins have

been found that provide promising markers for early

diagnosis [7, 8]. Primary generalized dystonia produces

severe disability; traditional therapies are not effective

enough to inhibit disease progression and relieve symp-

toms [1, 48].

Dystonia can also be a symptom of various neurolog-

ical disorders, including neurodegenerative diseases,

brain injury, inherent diseases and metabolic diseases.

Differential diagnosis should be established because

lesions present in basal ganglia, thalamus, subthalamus

or the brainstem can cause secondary dystonia [3, 6].

Systematic evaluation should be used to identify the

cause of secondary dystonias if patients will undergo

surgical treatment.

Among traditional drug therapies, anticholinergics,

dopamine antagonists and benzodiazepines are the most

common drugs used to treat dystonic motor symptoms

and can offer benefit to about 50% of patients younger

than 20 years of age. Levodopa is effective in reliev-

ing the symptoms of dopa-responsive dystonia patients.

Baclofen, a GABA-B agonist, can be administered in-

trathecally at a dosage of 200–2000 mg per day and may

benefit up to 80% of primary and secondary dystonia

patients; however, side effects include infection and

leakage of cerebrospinal fluid [18, 26]. Botulinum toxin

injections are still considered the most effective ap-

proach in treating focal dystonias such as blepharospasm,

oromandibular and cervical dystonias [12, 43]. Unfortu-

nately, more than 20% of patients do not respond well to

these therapies or develop intolerable side effects.

Functional stereotactic neurosurgery has become in-

creasingly used as an effective treatment for various

manifestations of medically refractory dystonia. Since

the early 1950s, surgical treatments have been applied in

dystonia. Cooper reported significant improvement in

24.5% and mild improvement in 45.2% of patients un-

dergoing thalamotomy [11]. With the resurgence of sur-

gical treatments for Parkinson’s disease in the 1990s,

surgical treatment for refractory dystonia also received

renewed attention. Many authors have reported that

the long-term effects of pallidotomy were better than



thalamotomy. Besides improvement in control of arm

and leg dystonias, pallidotomy also markedly improved

speech, writing function and gait disturbance; but its

side effects, such as dysarthria, were also significant, es-

pecially after bilateral lesions. More recently, deep brain

stimulation (DBS) of the globus pallidus interna (GPi)

has replaced pallidotomy as the surgical treatment of

choice. Bilateral GPi DBS was seen to significantly de-

crease complications such as dysarthria, dysphasia and

balance disturbances compared to bilateral pallidotomy.

Some authors report that GPi DBS is 80% effective in

intractable dystonia, and over 90% effective in dystonia

caused by a DYT-1 mutation. Although GPi DBS has

great promise for treating dystonia, there are still some

disadvantages: (1) stimulation of GPi requires relatively

high parameter settings (voltage, pulse width, etc.)

which means battery life is relatively short; (2) it often

takes weeks to months to see a positive effect, making

stimulation programming difficult; and (3) since GPi is a

relatively large structure, it is not clear which part of the

nucleus is the best target. These concerns lead us to

study new possible targets of DBS for dystonia. Subtha-

lamic nucleus (STN) DBS has been established as an ef-

fective treatment for the motor symptoms of Parkinson’s

disease, and has also been demonstrated as improving

levodopa-induced dyskinesias and off-period dystonic

symptoms. In this chapter, we will discuss STN stimula-

tion for generalized dystonia and tardive dystonia.

Surgical target selection

Relative to Parkinson’s disease, DBS for dystonia is

more difficult. Several reasons may explain this. (1) The

etiology of dystonia is complicated and the clinical fea-

tures are diverse. (2) So far there are no good predictors

of efficacy prior to surgery (for instance, Parkinson pa-

tients with good levodopa response usually have good

surgical results). (3) Many nuclei of the brain have been

used for surgical treatment of dystonia, including thalam-

ic nuclei [e.g., ventral oral anterior (Voa), ventral inter-

mediate (Vim) and ventral lateral (VL)] and GPi, but the

optimal site(s) for relief of a myriad of dystonic motor

symptoms is still unknown. Although in recent years GPi

has become a popular target for dystonia, GPi is rela-

tively big and we do not yet know which subregion

responds best to lesions or DBS. (4) DBS for dystonia

requires weeks to months, sometimes even more than one

year, to see an effect. This makes stimulation program-

ming difficult because the beneficial effects of parameter

changes are not seen immediately. That means there is

an interval from weeks to months between programming

sessions.

Although the mechanisms of primary and secondary

dystonia still remain unclear, increasing evidence points

to inappropriate over-activity of the striatofrontal pro-

jection and impaired activity of motor executive areas.

Using PET regional blood flow studies, over-activity is

seen in the contralateral premotor cortex, rostral sensory

motor area, anterior cingulate, ipsilateral dorsolateral

prefrontal cortex and bilateral lentiform nuclei.

Globus pallidus (GPi) in dystonia

Current studies document that GPi plays an important

role in the pathophysiology of dystonia. Under normal

conditions, GPi inhibits the function of the ventralis

lateralis (VL) and ventralis anterior (VA) thalamic nuclei

which are responsible for activation of the motor cortex.

Data collected from microelectrode studies during palli-

dotomy in patients with primary dystonia show changes

in neuronal firing rates within the basal ganglia which

are not consistent with normal thalamocortical control.

Starr and colleagues analyzed the activity of neurons re-

corded from GPi or the globus pallidus externa (GPe) in

dystonic patients. They found the mean GPi firing rate

in dystonia was significantly lower as compared to

normal non-human primates and, perhaps surprisingly,

Parkinson patients. In contrast, GPe activity was lower

than that seen in normal non-human primates, but no

different from that observed in Parkinson patients. They

also observed oscillations in the 2–10Hz range and in-

creased bursting activity similar to that seen in Parkinson

patients. Since Parkinson’s disease normally results in

decreased GPe activity (through increased inhibition

of the indirect pathway) and increased GPi activity

(through decreased inhibition of the direct pathway),

the authors concluded that dystonia may represent a

change in the basal ganglia leading to increased inhi-

bition of both the direct and indirect pathways, but

superimposed with the oscillations and bursting activity

normally seen in Parkinson’s disease [39]. Gernert and

others have also demonstrated in rat models of dystonia

that GPi neurons fire irregularly and show a burst-like

firing pattern as compared with normal control rats [16].

As further evidence, intraoperative GPi activity in a clin-

ical study decreased when a patient repeatedly made a

fist, purposely aggravating the severity of dystonia [28].

GPi activity thus appears to correlate inversely with the

severity of dystonia. This can reduce the ability of GPi

to influence thalamocortical control, resulting in poor
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cortical planning and executive function, and abnormal

brain stem and spinal cord inhibitory control [40].

In addition to firing rate changes within GPi, Vitek

and colleagues have presented evidence that dystonia also

alters the responsiveness of GPi to somatosensory input

[46]. They demonstrated that receptive fields of neurons

in GPi of dystonic patients respond to movement in mul-

tiple directions about multiple joints in multiple limbs.

In non-dystonic patients, neurons in GPi usually respond

to only one direction about one joint in the contralateral

limb. Based on these results, pallidotomy and GPi DBS

may alleviate dystonia not only through reducing dis-

charge rates, but also by blocking pathological response

patterns in GPi. Bilateral GPi DBS in patients with se-

vere primary generalized dystonia are already known to

significantly improve dystonic symptoms. In one study, a

patient treated with GPi DBS was asked to perform a

task requiring specific joystick movements in response

to auditory cues. DBS bilaterally reduced 15O–H2O PET

activation in the primary motor, lateral premotor, supple-

mentary motor, anterior cingulate and prefrontal areas,

and ipsilaterally in the lentiform nucleus. These results

indicate that GPi DBS reverses the over-activity of cor-

tical areas responsible for producing the abnormal motor

activity present in dystonia [24], and suggests a role for

GPi in controlling these cortical areas. The study also

highlights GPi as an effective surgical target site in the

treatment of primary dystonia.

Thalamic nucleus in dystonia

In addition to the role played by GPi in the production

of dystonic motor symptoms, Zhuang and colleagues re-

port that the ventral oral posterior (Vop) and Vim thalam-

ic nuclei and STN are also involved in the production

of dystonic movement. Microelectrode recording in the

Vop, GPi and STN demonstrates a close relationship be-

tween dystonic movements and activity in these regions.

Cross-correlation analysis provides evidence that this

activity is time-linked to EMG activity in affected mus-

cle groups [50]. Lenz and others also confirm that tha-

lamic nuclei are implicated in dystonic activity. Single-

unit recordings reveal that the Vop exhibits activity that

is time-linked to EMG activity during dystonia. A larger

somatotopic representation of muscle groups in the Vim

of dystonic patients is also observed as compared to

control subjects. Microstimulation of Vim cells evokes

EMG activity in multiple muscle groups, confirming

that the cells in the Vim of dystonic patients have an

enhanced and abnormal response pattern to peripheral

sensory information [29, 30]. Lesions in the Vop and

Vim can relieve dystonic movements, as can Vop=Vim

DBS. Vop=Vim DBS is currently undergoing clinical

evaluation in treating writer’s cramp and idiopathic tre-

mor since these nuclei receive fibrils from the dentate

nucleus of the cerebellum. These surgical targets are

undergoing more intensive clinical evaluation.

Abnormal neuronal activity and discharge rates are

also observed in the STN [50]. Severe dyskinesias or

ballism can occur following hemorrhagic events invol-

ving the STN which indicates a major role of STN in the

pathophysiology of motor dysfunctions. It is now well-

accepted that STN DBS is effective in the treatment of

Parkinson’s disease, especially for the relief of levodopa-

induced dystonia and off-period dystonia. High-frequency

stimulation of the STN in PD patients can induce intense

dyskinesias that are similar to those induced by levo-

dopa. STN has thus been considered as an important

node in the circuitry involved in regulating movement.

Although the connection and function of these nuclei

still need further investigation, they are potential surgi-

cal sites in the treatment of several movement disorders,

including primary dystonia, Parkinson’s disease and tre-

mor. Since inhibitory control of basal ganglia output to

the thalamocortical projection plays an important role in

normal cortical activity, excess or collapse of the basal

ganglia output may result in hypokinetic or hyperkinetic

movement disturbances and excessive and inappropriate

muscle contraction (Fig. 1).

Thalamotomy for primary dystonia

Stereotactic neurosurgery has been used to treat dys-

tonia as early as the 1950s. Patients were candidates for

surgery if they had failed or were resistant to pharmaco-

logic therapy, including levodopa and trihexyphenidyl,

and did not have surgical contraindications. It was, and

remains, very important to differentially diagnose primary

vs. secondary dystonia prior to surgery. Reports have

documented that the most dramatic improvements have

been observed in primary dystonia with a mutation in

the DYT-1 gene; patients with secondary dystonia have

often shown a lesser degree of improvement.

Thalamotomy was the first surgical approach used for

dystonia, but authors reported a great variability in out-

come and a high incidence of operative side effects. In

1976, Cooper reviewed his surgical results of 226 pa-

tients with both primary and secondary generalized dys-

tonia. Bilateral thalamotomy was performed in 54% of

the patients and 67% of the patients had significant motor
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improvement after surgery. However, only 60% of these

patients exhibited persistent benefit from surgery when

seen during long-term follow-up. Surgical complications

included pseudobulbar dysfunction and dysarthria, but

the mortality rate was less than 2%. In addition, Jewish

Ashkenazi patients carrying mutations of the DYT-1 gene

and a history of dystonia musculorum deformans (DMD)

had a two-fold symptomatic improvement as compared

to other patients [11]. Among these patients, age was a

good prognostic factor, with those under 20 years of age

doing better than those older than 20 years.

Andrew also used bilateral thalamotomy in 55 patients,

but only 25% received long-term benefit, especially pa-

tients with focal and segmental dystonia [2]. Tasker re-

viewed 56 patients with different types of dystonia,

including primary dystonia (32%), secondary dystonia

(34%), and atypical DMD (14%) that underwent thala-

motomy in Vimp and=or Voa [41]. Thalamotomy resulted

in long-term improvement of limb function in more

than 50% of the patients. Manual dexterity improved in

38% of DMD patients. As with other studies, a quarter of

the patients improved by 25–50%, and nearly a third im-

proved by more than 50%. Unfortunately, most patients

had dystonic symptoms return within two years. Surgical

complications included hemiparesis, dysarthria, and gait

difficulties. Hydrocephalus was reported in some patients,

especially in those with secondary dystonia.

Cardoso reported that thalamotomy caused improve-

ment in about 50% of dystonia patients after short-term,

and 35% after long-term, follow-up [9]. The long-term

outcome was slightly better in patients diagnosed with

secondary dystonia (50% moderately or markedly im-

proved) vs. primary dystonia (43% moderately or mark-

edly improved). Thalamotomy has recently been cited

as effective for drug-induced tardive dyskinesia and

task-specific focal hand dystonia (writer’s cramp) [38].

These results have not yet been evaluated in long-term

follow-up. In conclusion, although many report that tha-

lamotomy benefits patients with primary and secondary

generalized dystonia as well as several kinds of focal and

segmental dystonia in short-term follow-up, long-term re-

sults have not been as favorable, and more recent studies

have not had adequate time to evaluate long-term benefits.

In addition, thalamotomy has been largely replaced by

other surgical procedures in recent years because of its

relatively high mortality and complication rates.

Fig. 1. Basal ganglia-thalamocortical circuitry

and related surgical target sites for dystonia.

The circuitry includes the direct pathway, which

contains the striatum, GPi=SNr complex, and

thalamus, and the indirect pathway, which contains

the striatum, GPe, STN, GPi=SNr complex, and

thalamus. Basal ganglia output is then directed

toward the VL. These two pathways play an im-

portant role in movement regulation, and abnorm-

alities here are partially responsible for dystonia.

Surgical target sites may include the GPi, STN,

and thalamus (Vim, Voa, and Vop). Although the

exact mechanisms of DBS are not totally under-

stood, these target sites show promise in the con-

trol of dystonia

210 B. Sun et al.



Pallidotomy and GPi DBS for dystonia

In 1996, Iacono reported on a surgery performed on

a patient with primary generalized dystonia and with a

history of DMD. He performed a bilateral pallidoansot-

omy and the patient reportedly showed rapid recovery of

strength in all limbs and dramatic improvement in co-

ordination [19]. Furthermore, he noted that bilateral

posteroventral pallidotomy and pallidoansotomy were

effective in treating parkinsonian symptoms, such as

dyskinesia and dystonia. Compared to thalamotomy,

bilateral pallidotomies reportedly had a lower rate of

complications, such as language impairment. These re-

sults attracted attention and initiated a new avenue of

dystonia treatment. One year later, Lozano documented

that one generalized dystonic patient with bilateral pal-

lidotomy displayed 80% improvement with significant

relief of symptoms three months after surgery [32]. Ondo

also reported post-pallidotomy improvements lasting

up to nine months in eight patients, with a mean im-

provement of 60% [34]. In this study, primary dystonia

patients had greater benefit than those with secondary

dystonia. Vitek reported the results of three patients who

underwent unilateral pallidotomy for generalized dysto-

nia. All three patients improved after surgery, with two

patients displaying sustained improvement [45].

Secondary dystonia, including those resulting from

such neurodegenerative disorders as Hallervorden-Spatz

disease and Wilson’s disease, also can benefit from pal-

lidotomy [25]. Complications have included hemiparesis,

hemianopsia, dysarthria, dysphagia, and cognitive and

mood alterations but these are seen less frequently after

pallidotomy than after thalamotomy. Pallidotomy also

appears to produce better results as compared to thala-

motomy in patients with primary dystonia, especially

those with mutations of the DYT-1 gene. Finally, the

beneficial effects of pallidotomy on dystonic symptoms

seem to last longer than with thalamotomy. Undoubtedly,

the goal of pallidotomy and thalamotomy is to produce

a permanent lesion within the intended target. The ob-

vious problem with this strategy is that many of the sur-

gical complications reviewed above are often permanent

as well. In recent years, many neurosurgeons have re-

sponded to this problem by application of a much safer

but more expensive approach: DBS. DBS involves the

placement of permanent indwelling electrodes in the

areas normally targeted for destruction. DBS is believed

to produce either a functional lesion or, at a minimum,

disruption of abnormal firing patterns within the target.

The obvious advantage of this is that the most common

side effects can be resolved through simple programming

adjustments to the stimulation settings. Another advan-

tage is that the DBS system can be explanted, almost

always without incident.

Vidailhet treated 22 primary dystonia patients with

bilateral GPi DBS. These patients demonstrated a 55%

improvement in their dystonic symptoms, and a 45%

improvement in disability scores one year after surgery

without significant deficits in cognitive function [44].

A host of other centers have reported similar outcomes

for patients afflicted with primary generalized dystonia

and treated with GPi DBS [13, 23, 42]. Interestingly,

Vitek reported the case of one generalized dystonic

patient that had a worsening of symptoms one year after

a bilateral pallidotomy [45]. This patient was then bilat-

erally implanted with DBS leads in the GPi. GPi DBS

resulted in significant symptomatic improvement that

persisted for more than four years. Long-term improve-

ment is also seen in patients with segmental and focal

dystonias. However, secondary dystonia tends to be less

responsive.

STN DBS for dystonia: rationale

The STN is becoming recognized as a safe and ef-

fective surgical target for the treatment of several kinds

of movement disorders. Dramatic effects have been ob-

served in treating PD patients with STN DBS. Chronic

STN DBS has been shown to result in up- and down-

regulation of D1 and D2 receptors, respectively, which

may help explain the mechanism of action of DBS [5].

Accumulating evidence indicates its efficacy in treating

PD-related dystonia and dyskinesia. Krack has reported

that bilateral STN DBS reduces off-period dystonia by

90% [22]. Furthermore, STN DBS reduces levodopa-

induced dystonia by 50% and peak-dose dyskinesia by

30%. Reducing PD medication and also giving STN DBS

reduces peak-dose dyskinesia by 52%. These results

support the essential role of STN not only in Parkinson’s

disease but also in dystonia. Detante has also reported

that bilateral STN DBS is successful in treating off-

period dystonia in PD patients. STN DBS reduced the

severity of off-period dystonia by 70% [14]. Bilateral

STN DBS has also been used in the treatment of essen-

tial tremor, focal segmental dystonia, and primary dys-

tonia. In a case report, Chou demonstrated that a patient

treated with bilateral STN DBS recovered from medi-

cally refractory cervical dystonia and action tremor of

the upper extremities [10]. Clinical investigations are

currently underway to evaluate its effectiveness in the

treatment of primary dystonia. Although the interaction
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mechanisms between the STN and the GPi-SNr complex

are not completely understood, STN is clearly a prom-

ising surgical site for dystonia.

STN DBS for generalized dystonia and tardive

dystonia: our experience

Since early 2002, twelve patients with clinically

intractable generalized dystonia and two patients with

neuroleptic-induced tardive dystonia underwent bilateral

STN DBS stimulation.

Patient selection

Twelve patients were clinically diagnosed with pri-

mary generalized dystonia (clinical characteristics are

detailed in Table 1) in the absence of any secondary

cause, including birth injury and head trauma. All of

these patients presented with a normal neurological

examination, including normal findings on magnetic

resonance imaging (MRI), except for the presence

of dystonia. Some patients (4=12) were tested for the

DYT-1 mutation in the torsion A gene. Two patients with

clinically diagnosed neuroleptic-induced tardive dysto-

nia had a history of taking Risperdal.

Surgical procedure

The surgical procedures used for implantation of

the DBS in the STN for dystonia is the same as for

Parkinson’s disease, and has been described in detail pre-

viously. Briefly, after the stereotactic frame is attached,

a high-resolution volumetric MRI is used for STN tar-

geting. The STN can be clearly seen on the MRI, es-

pecially with a T2-weighted sequence. Intraoperative

macroelectrode stimulation is used to confirm the target

position, and the DBS leads (Medtronic, Quadripolar

3389) are then fixed in position. Under general anesthesia,

the leads are connected to extension wires (Medtronic,

7482) and the neurostimulator (Medtronic, Kinetra 7428),

which is implanted in the subclavicular region.

Programming of DBS

One week after implantation, DBS is initiated. Initial

stimulator parameters are approximately: 135–185Hz,

90–120 ms, and 2.0–3.0V. Bipolar contact settings in

these patients produced the best therapeutic effects. In

90% of our patients, an immediate response to stimulation

was observed; the symptoms improved from 30–90% in

a few minutes to a few hours. This effect appears to

improve over time. After several months to a year,

patients usually do not need repeated programming

and the effect of stimulation remains stable.

Results

The Burke-Fahn-Marsden Dystonia (BFM) Rating

Scale was employed for evaluation of DBS effects. All

patients were followed up from 6 months to 42 months

(mean 28.8 months). Postoperative BFM scores demon-

strated improvement ranging from 76 to 100% (mean

88.6%) as compared to their pre-operative baseline scores.

There were no permanent surgical or stimulation-induced

Table 1. The clinical features of seven patients with generalized dystonia (GD) and tardive dystonia (TD)

Patient

no.

Age at

onset

Duration

of disease

Clinical features Response

to medication

1 GD 21 14 torsion and involuntary movement in the neck, limbs, and trunk light effect

2 GD 23 18 torsion and involuntary movement in the face, neck, trunk, and both

upper extremities

no effect

3 GD 31 12 torsion and abnormal fixed posture in both upper extremities no effect

4 GD 19 12 involuntary movement in the face, neck, trunk, and both upper extremities good effect

5 GD 21 3 abnormal fixed posture in the neck and shoulder, and writing spasm

in the right hand

light effect

6 GD 19 13 torsion in extremities and trunk no effect

7 GD 30 4 torsion and involuntary movement in the neck and right upper extremity light effect

8 GD 30 18 torsion and involuntary movement in the neck and trunk light effect

9 GD 36 6 torsion and involuntary movement in the neck, trunk,

and bilateral upper extremities

light effect

10 GD 50 12 torsion in the neck, trunk, and bilateral upper extremities light effect

11 TD 41 3 torsion and involuntary movement in the face, neck, and trunk no effect

12 GD 17 5 torsion in the neck, trunk, and right hand light effect

13 TD 26 12 torsion in the neck, trunk, and extremities light effect

14 GD 16 6 torsion in the face, neck, trunk and bilateral upper extremities no effect
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side effects or complications. This STN group had lower

average stimulation parameters as compared to patients

receiving GPi DBS.

Advantages of STN DBS

Based on our limited experience with STN DBS, we

propose that STN DBS has the following advantages

over GPi DBS: (1) symptomatic improvement is seen

immediately after stimulation, allowing us to quickly

select the most suitable stimulation parameters; (2) the

stimulation parameters for STN are lower than those

used for GPi, resulting in longer battery life; and (3)

STN DBS results in better symptomatic control than

GPi DBS in dystonia patients when our STN data is com-

pared to that obtained by others with using GPi as the

target. Based on our limited data, we suggest that STN

DBS may be the most appropriate surgical technique for

dystonia.
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Summary

Tourette syndrome is a neuropsychiatric disorder with onset in early

childhood and characterized by tics, often associated with behavioural

abnormalities. Symptoms often disappear before or during adulthood.

Treatment consists of psychotherapy or pharmacotherapy. A small per-

centage of patients is treatment refractory. After the introduction of deep

brain stimulation (DBS) of the thalamus as a new therapeutical approach

in 1999, several other brain nuclei have been targeted in a small number

of patients, like the globus pallidus internus, anteromedial and ventro-

posterolateral part, and the nucleus accumbens. In the published reports,

a tic reduction rate of at least 66% is described. The effects of DBS on

associated behavioural disorders are more variable. The number of

treated patients is small and it is unclear whether the effects of DBS

are dependent on the target nucleus. The pathophysiology of Tourette

syndrome is not well understood. On the basis of our current knowledge

of cortico-basal ganglia-thalamocortical circuits, an explanation for the

beneficial effects of DBS on tics is proposed. It is concluded that a

meticulous evaluation of the electrode position, and a blinded assess-

ment of the clinical effects on tics and behavioural disorders, is abso-

lutely mandatory in order to identify the best target of DBS for Tourette

syndrome.

Keywords: Neuromodulation; Tourette syndrome; tics; deep brain

stimulation; thalamus; globus pallidus internus; nucleus accumbens;

obsessive-compulsive behaviour; self-injurious behaviour; attention

deficit hyperactivity disorder.

Introduction

Clinical characteristics and prevalence

Tourette syndrome is a chronic neuropsychiatric disor-

der characterized by tics. Tics are involuntary, repetitive

muscle contractions (motor tics) or sounds (vocal tics)

[18]. They may be abrupt in onset, fast and brief (clonic

tics) or may be slow and sustained (dystonic or tonic tics)

[24]. The motor patterns of tics may involve individual

muscles or small groups of muscles with discrete contrac-

tions (simple tics) or more muscles acting in a coordi-

nated pattern to produce more complicated movements

that may resemble purposeful voluntary movements

(complex tics) [18]. Examples of simple tics include

blinking of an eyelid, elevation of eyebrows, a sniff, or

mouth opening. Complex tics include head shaking,

scratching, throwing, touching, uttering phrases. Tics in-

crease with stress and decrease with relaxation or when

the individual is engaged in acts that need selective atten-

tion. Tics can be temporarily suppressed by an effort of

will or concentration, but rebound afterwards [1].

The onset of tics in TS is during early childhood, with

a mean of 7 years being commonly reported [24]. The

tics typically increase to a maximum severity that occurs

on average during the prepubescent years, and often

decline in frequency and intensity by the beginning of

adulthood. According to the ‘‘Diagnostic and Statistical

Manual of Mental Disorders (DSM-IV) [4], TS is de-

fined by the presence of both multiple motor tics and one

or more vocal tics throughout a period of more than one

year, during which period there was never a tic-free

period of more than 3 consecutive months [10]. The tic

repertoire of an individual with TS typically changes

over time [18]. Thus, a specific motor pattern may be

present for months or years, and then suddenly cease,

replaced by a completely different tic.

An important feature of TS is its association with

a wide range of co-morbid behavioural abnormalities,

which in certain patients may be more relevant than

the tics themselves [10]. Especially obsessive-compul-

sive behaviour (OCB), self- injurious behaviour (SIB),

and attention deficit hyperactivity disorder (ADHD) are

strongly linked to TS and are probably an integral part

of the syndrome. The occurrence of ADHD in TS

patients ranges from 21 to 90% of clinical populations

[24]. Symptoms consist of a short attention span and

impulsivity, with or without hyperactivity. OCB is



characterized by persistent obsessions (recurrent, intru-

sive, senseless thoughts), or compulsions (repetitive and

seemingly purposeful behaviours which are performed

to certain rules or in a stereotyped fashion). The ob-

sessions seen in TS have to do with sexual, violent,

religious, aggressive and symmetrical themes; the com-

pulsions are to do with checking, ordening, counting,

repeating, forced touching, symmetry, and self-damage.

Obsessive-compulsive traits may occur in up to 50% of

TS patients. Robertson [24] reported that over one-third

of clinical TS patients carried out SIB. The most fre-

quent type of SIB is head banging.

At one time, TS was considered a rare syndrome.

Nowadays, it is recognized as a relatively common

disorder. An estimated worldwide prevalence of 4–5=

10,000 individuals has been reported [23]. A recent

study [11], however, revealed a prevalence of 31–157

cases per 1000 individuals in 13–14-year-old children

attending mainstream secondary schools in the United

Kingdom. There is a considerable variation in studies

reporting on the prevalence of TS, most probably due

to variations in sex, age, diagnostic criteria, and assess-

ment methods [15].

Treatment

For many patients, especially those with mild

symptomatology, supportive reassurance and psycho-

behavioural methods are sufficient. Pharmacological

treatment, however, may be considered when symptoms

begin to interfere with peer relationships, social interac-

tions, academic or job performance, or with activities of

daily living. The therapy must be individualised and the

most troublesome symptoms should be targeted first.

The most commonly prescribed medications for the

motor and vocal tics are dopamine depleting (tetrabena-

zine) and dopamine blocking (haloperidol) agents [24].

Other drugs such as clonidine, clonazepam, and risper-

idone, and injections with botulinum toxin, or nowadays

also widely used. Selective serotonin reuptake inhibitors

are recommended for the treatment of obsessive-com-

pulsive behaviour. Psychostimulants, such as methylphe-

nidate, are the treatment of choice for attention deficit

hyperactivity disorder [27].

For patients refractory to any medical treatment, sur-

gery may be the treatment of last resort. Although no

precise numbers are available, this is a small percentage

of patients with TS.

In the past, various attempts have been made to treat

these patients through neurosurgical ablative procedures

[32]. The target sites have been diverse including the

frontal lobe (prefrontal lobotomy and bimedial frontal

leucotomy), the limbic system (limbic leucotomy and

anterior cingulotomy), the thalamus and the cerebellum.

Combined approaches have also been tried such as

anterior cingulotomies plus infrathalamic lesions. The

results have often been unsatisfactory or major side-

effects have occurred such as hemiplegia or dystonia.

In 1999, deep brain stimulation (DBS) was introduced

as a new surgical technique in the treatment of intract-

able TS [34].

Targets (Table 1)

Only few reports have been published on DBS in TS.

The first patient described by Vandewalle et al. [34]

underwent chronic bilateral stimulation of the medial

part of the thalamus. This target was chosen on the

basis of the good results of thalamotomies described

by Hassler in 1970 [9]. The same group described the

promising effects of bilateral thalamic DBS in three

patients in 2004 [36]. In follow-up periods of 5 years,

1 year and 8 months, there was a good effect on tics with

a tic reduction of 90, 72 and 83%, respectively with

stimulation on compared to the stimulation off condi-

tion. Improvements were also seen on associated beha-

vioural disorders. Side effects of stimulation consisted of

drowsiness, and changes in sexual function [31, 36]. In

2005, Servello et al. reported on the beneficial effects of

DBS of the same target in five patients with TS [26].

The effects of bilateral DBS of the internal segment of

the globus pallidus (GPi) have been described by van der

Linden et al. in 2002 [33]. The choice of this target was

based on the observation that DBS of GPi has beneficial

effects on hyperkinetic movements induced by medi-

cation in patients with Parkinson’s disease (PD). At six

months follow-up, a tic reduction of 95% was noticed,

compared with the pre-operative situation. In 2004,

Diederich et al. described the beneficial effects of chron-

ic stimulation of the same target (posteroventrolateral

part of the GPi), with a follow-up of 14 months [3].

However, there was no change in the ‘‘very mild com-

pulsive tendencies’’.

Very recently, Houeto et al. described the effects of

bilateral pallidal and thalamic stimulation in one patient

[12]. The pallidal target, however, was not located in the

posteroventrolateral (motor) part of the GPi as described

by van der Linden et al. and Diederich et al., but in the

anteromedial (limbic) part. In this patient, both thalamic

and pallidal stimulation had a similar effect on tics, but
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the thalamic stimulation had a more beneficial effect

on behaviour.

Lastly, it has to be mentioned that also DBS of the

nucleus accumbens has been performed in patients suf-

fering from TS. These patients were included in a group

of patients suffering from obsessive-compulsive disorder

(OCD) (personal communication dd 29 July 05).

Neuroanatomical basis (Fig. 1)

It is widely believed that abnormalities in dopamine

neurotransmission play a fundamental role in the patho-

genesis of TS. This hypothesis arises from the clinical

observation that dopamine-blocking agents decrease

tics, while potentiation of dopamine transmission with

Fig. 1. Schematic representation of the activity of the striatal-basal ganglia thalamocortical circuits with normal (left) and excessive (right)

dopamine activity. For detailed description see Neuroanatomical basis in the text. Doaminergic hyperactivity might facilitate the striatal output

towards the GPi (globus pallidus internus), and inhibit the striatal output towards GPe (globus pallidus externus). A hypoactivity of GPi is the result,

leading to a reduced inhibition of the thalamocortical drive. The feedback loop of the thalamus towards the striatum is also hyperactive so that the

pathological mechanism leading to a thalamic hyperactivity, maintains itself. With this model the beneficial effect of deep brain stimulation (DBS)

of the thalamus in TS (in which there is mainly an alteration of D2 receptor activity at the level of the indirect pathway) can be explained, as well as

the beneficial effect of DBS of the ventral striatum (nucleus accumbens). The effects of GPi DBS need further clarification, analogous to the

unexplained effects of DBS of the GPi on hyperkinesias in Parkinson disease

Table 1. Reports on deep brain stimulation in patients with Tourette syndrome

First author, year Target No.

of pt

F-U Tic reduction Effect on

behavioral

disorders

Side-effects Complications

V. Vandewalle Lancet, 1999 Thal (med.) 1 4m 90–100% n.m. n.m. none

Ch. van der Linden

Mov Dis, 2002

Thal (med.)=

GPi vpl

1 immed.postop=

6m

80=95% n.m. none none

V. Visser-Vandewalle

J Neurosurg, 2003

Thal (med.) 3 5y, 1y, 8m 90, 72, 83% very good drowsiness, changes

in sex.behav.(2 pt)

none

N. J. Diederich,

Mov Dis, 2005

GPi vpl 1 14m 66% no effect on

compulsions

impairment of left

rapidly alternating

movements

small H

around right

electrode tip

J. L. Houeto, JNNP, 2005 Thal (Cm-Pf)=

GPi am

1 24m 70% (both) very good

(both)

with GPi DBS

more depressed

none

M. Egidi, Proc of 14th

m. WSSFN, 2005

Thal (med.) 1 6m 78% n.m. mild dysarthria none

D. Servello, Proc of 14th

m. WSSFN, 2005

Thal (med.) 5 n.m. n.m. n.m. n.m. n.m.

D. Lenartz=V Sturm,

personal. communic., 2005

NAC 3 2y, 4m, 4m 75% (average) very good none none

Thal Thalamus; med medial part (CM-Spv-Voi); CM centromedian nucleus; Spv substantia periventricularis; Voi nucleus ventro-oralis internus;

Pf Parafascicular nucleus; GPi globus pallidus internus; vpl ventroposterolateral part; am anteromedial part; NAC nucleus accumbens; F-U

follow-up period; y year(s); m month(s); immed.postop immediately postoperatively; behav behaviour(al); dis disorders; sex sexual; pt patients;

H hematoma; Proc. of 14th m. WSSFN Proceedings of the 14th meeting of the World Society for Stereotactic and Functional Neurosurgery; personal

communic personal communication; n.m. not mentioned.
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stimulant medications may elicit tics [18]. Moreover, a

number of functional neuroimaging studies have shown

abnormalities in dopamine transporter and dopamine

receptor binding in the striatum of TS patients [28].

Dopamine has a strong regulatory function on striatal

activity [7]. The striatum, consisting of the caudate

nucleus, the putamen, and the nucleus accumbens (ven-

tral striatum), is the input structure of the basal ganglia,

receiving information from the cortex. The striatum pro-

jects to the globus pallidus, and further via the thalamus,

back to the (pre)frontal cortex, thus forming a circuit.

Within the brain, there are anatomically segregated,

parallel circuits representing different functions (motor,

oculomotor, cognitive, limbic). They all traverse the cor-

tex, striatum, globus pallidus and thalamus. The sensor-

imotor circuit runs through the putamen, the dorsal part

of the globus pallidus, and the VA=VL complex of the

thalamus. The limbic loop projects to the ventral stria-

tum, the ventral pallidum, and the subparafascicular

nucleus of the thalamus [7]. Each circuit has a direct

and an indirect pathway. In the direct pathway, informa-

tion is sent from the striatum to the internal part of the

globus pallidus (GPi). In the indirect pathway, the stria-

tum projects towards the external part of the globus

pallidus (GPe). GPe neurons project to the subthalamic

nucleus (STN), which sends its projections to the GPi.

The modulatory effect of dopamine is different at

the level of the direct and the indirect pathway: through

D1 receptor binding, dopamine facilitates striatal out-

put towards GPi, and through D2 receptor binding,

dopamine inhibits striatal output towards GPe. The

GPi is electrically the most active nucleus within the

basal ganglia. It inhibits the thalamus, which excites

the cortex. Thus, the GPi can be symbolically seen as

a brake, which slows down the thalamocortical drive.

Inhibition of GPi by the striatum is stimulated by the

cortex. Thus, through the direct pathway, the inhibition

of the thalamocortical drive by the GPi is counteracted,

thus facilitating the activity of the thalamus. In the

indirect pathway, GPi activity is stimulated by the

STN. The inhibitory effect of the striatum on the GPe,

which in turn inhibits the STN, leads to a facilitation of

GPi activity, and thus an inhibition of the thalamocor-

tical drive. In normal circumstances, there is a balance

between the direct and the indirect pathway. For motor

function, this means that the execution of the intend-

ed movement is enabled through the direct pathway,

while, through the indirect pathway, competing move-

ments are prevented from interfering with the desired

one [18].

Dopaminergic hyperactivity might facilitate the di-

rect pathway and inhibit the indirect pathway. Both

lead to an overactivity of the thalamocortical drive.

Besides the above mentioned circuits, there are smaller

circuits or loops, interacting with the main circuits. An

important one is the excitatory feedback loop from

the thalamus towards the striatum, originating from the

centromedian-parafascicular complex (CM-Pf), and the

midline thalamic nuclei (substantia periventricularis or

Spv). CM and Pf are very large in the primate brain. CM

strongly projects to the sensorimotor region of the puta-

men, while Pf projects to the associative regions of both

caudate nucleus and putamen. Spv projects to the limbic

related parts of the striatum. Through these feedback

loops, the thalamic hyperactivity as described above

would lead to an hyperactivity of the striatum. In the

direct pathway, this hyperactivity would be reinforced

by dopamine, thus leading to a hypoactivity of GPi. In

the indirect pathway, this striatal hyperactivity would be

inhibited by the excess of dopamine, even so resulting in

a hypo-activity of GPi. Several studies have suggested

that both the sensorimotor and the limbic-innervated

parts of the basal ganglia including the dorsal and ven-

tral striatum, are involved in the pathophysiology of TS

[8, 20, 21, 29]. In conclusion, a dopaminergic hyper-

activity might dysregulate at least the sensorimotor

and limbic circuits within the basal ganglia, leading to

a thalamic hyperactivity. This thalamic hyperactivity

would lead to an excessive stimulation of the cortex,

and maintain itself through a feedback loop towards

the striatum which is inappropriately modulated by an

excess of dopamine.

Rationale for targeting the medial part

of the thalamus

In 1970, Hassler and Diekman reported on the bene-

ficial effects of lesioning the intralaminar and midline

thalamic nuclei in patients suffering from TS, and also

the Voi (nucleus ventro-oralis internus of the thalamus)

in patients suffering from facial tics [9]. High frequency

stimulation of a nucleus has the same effect on symp-

toms as a lesion, the effect of stimulation is reversible

[17]. Thus, it was an attractive hypothesis to postulate

that DBS of the intralaminar and midline thalamic

nuclei, and Voi, might have a good effect on the symp-

toms of TS. The difficulty was that Hassler made up to

ten coagulations in each hemisphere; it was necessary,

therefore, to find a ‘‘strategic point’’ in order to stimulate

by one electrode in each hemisphere the maximum num-
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ber of nuclei targeted by Hassler. On the Schaltenbrand-

Wahren atlas [25], this ‘‘strategic point’’ was found on a

coronal slice 4mm posterior to the midpoint of the line

connecting the anterior commissure (AC) (AC–PC line)

with the posterior commissure (PC) and 5mm lateral

to the AC–PC line. At this point, the CM, Spv and Voi

form a triangle that can be reached by one electrode. As

outlined above, it is hypothesized that a hyperactivity of

the thalamus in TS, as a consequence of alterations in

the dopaminergic transmission, leads to an overdrive of

the (pre)frontal cortex, and maintains itself through an

excitatory feedback loop towards the striatum. In line

with this hypothesis, high frequency stimulation of the

thalamus, and more specifically of the nuclei projecting

to the cortex on one side and back to the striatum on the

other, would decrease the cortical drive, and break the

self-maintaining circle that enhances thalamic hyper-

activity. The Voi projects directly to the facial part of

the premotor cortex. CM projects back to the dorsal

(motor) striatum, and Spv projects back to the ventral

(limbic) striatum. Thus, DBS of the medial part of the

thalamus, at 5mm lateral and 4mm posterior to mid-

AC–PC, is hypothesized to have a good effect on motor

and limbic symptoms in patients with intractable TS. In

three patients, this has been confirmed.

Rationale for targeting the globus pallidus

Posterolateral part

Before the STN DBS era, DBS of the posteroventro-

lateral part of the GPi was performed in patients suffer-

ing from advanced PD. The effect on akinesia was

disappointing, but their seemed to be a strong and lasting

effect on dyskinesias [6]. On the other hand, GPi DBS is

nowadays widely performed in patients suffering from

dystonia [14, 35]. The good results are not so much a

consequence of the effect on muscular tonus, as on the

associated hyperkinetic movements. According to this,

and reasoning that tics are even so hyperkinesias, clin-

icians have decided to target the motor (posteroventro-

lateral) part of the GPi [33].

Anteromedial part

The GPi is a rather big nucleus, in which the posterior

located, motor part, is relatively far from the anterior

located, limbic related part. With ‘‘relatively far’’ is

meant: too far to be reached by one electrode. In other

words: one has to choose whether the motor or limbic

part of the GPi will be targeted. This stands in contrast to

the thalamus, in which motor and limbic-related nuclei

are lying close together. As mentioned above, both the

motor-, and limbic innervated parts of the basal ganglia

have been implicated in the pathophysiology of TS.

While van der Linden et al. have chosen to target the

motor part of the thalamus, other authors have reported

the good results of DBS of the anterior, limbic-related,

part of the GPi.

Rationale for targeting the nucleus accumbens

TS and Obsessive-Compulsive Disorders (OCD) share

many clinical similarities and show a strong comorbid-

ity. A recent study using event-related brain potentials

indicated that frontal inhibitory mechanisms are altered

in similar ways in TS and OCD [13]. DBS of the nucleus

accumbens (NAC) has been performed in patients suf-

fering from OCD [30]. It is known, from oral commu-

nications, that in addition to OCD patients, patients

suffering from TS were also treated by NAC DBS and

had beneficial effects on tics. It has even been proposed

to center the pathophysiological model of TS on the

NAC. This model assumes that external and internal

events occurring during the development of the nervous

system induce modular changes in the NAC [2].

Clinical and surgical considerations

Patient selection

As mentioned in the first section, in most cases, TS

symptoms wane before or at onset of adolescence. Not

all patients require therapy, and of those who do, only a

minority seem not to respond to conservative treatment.

Only a small percentage of TS patients are potential

candidates for surgery. The Dutch-Flemish Tourette

Surgery Study Group has established guidelines for DBS

in TS. These guidelines can be found in detail elsewhere

[37]. They include the following selection criteria. The

TS patients considered for DBS should comprise only

very severe cases who have already fruitlessly received

standard therapies. This has the following implications

for patient selection:

Inclusion of patients

1. The patient has a definite Tourette’s syndrome, estab-

lished by two independent clinicians. The diagnosis

is being established according to DSM- IV criteria

[2] and with the aid of the Diagnostic Confidence

Index (DCI) [4].
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2. The patient has severe and incapacitating tics as his

primary problem. The treatment of these tics, not of

other co-morbid behaviors such as OCD, SIB or

ADHD is the main aim of the therapy.

3. The patient is treatment refractory. This means that

the patient either has not or very partially responded

to 3 different medication regimes each during at least

12 weeks in adequate doses, or has proven not to

tolerate medication due to side-effects after serious

attempts at taking medication have been made. With

regard to the types of medication tried, three different

groups can be distinguished that should have been

tried: a) ‘‘classic’’ Dopamine-2 antagonists (haloperi-

dol, pimozide) or clonidine b) modern anti-psychotic

medication (f.i. risperidone, olanzapine, tiapride, sul-

piride) c) experimental drugs (f.i. quetiapine, aripiper-

azole, pergolide). Finally, a trial of at least 12 sessions

behavioral therapy for tics has been attempted and

failed. Behavioral therapy techniques should entail

either self-control procedures (habit reversal) or expo-

sure therapy to premonitory urges.

4. The patient is over 25 years of age.

Exclusion of patients:

a. Tic disorder other than TS.

b. Severe psychiatric co-morbid conditions (psychotic,

dissociative, depressive disorders, substance use dis-

orders), cognitive disorders, mental deficiency.

c. Common contra-indications for surgery such as

severe cardiovascular, pulmonary or haematological

disorders.

d. Structural MRI abnormalities.

Surgical procedure

The technique of DBS applied to TS is similar to the

one used for more classical indications, like PD. The

preference and experience of the surgeon play a key role

in choosing the imaging technique for the target locali-

zation. MR, or fused CT=MR-images are often used.

The most frequently used target nucleus for PD is the

STN, which can be visualized on coronal T2-weighted

MR-images. However, the target for TS, such as the

nuclei of the medial part of the thalamus, are invisible

in current imaging techniques. The procedure becomes

more complicated and difficult making the intra-opera-

tive findings like the effects of stimulation more impor-

tant. Moreover, TS patients might pull themselves out of

the stereotactic frame because of the high ratio of motor

tics occurring in the head region. One solution would be

to operate with the patient being under general anes-

thesia [12]. Because of the uncertainty of the ideal target

and the importance of intra-operative findings, the

patient should be cooperative during surgery. To avoid

general anesthesia, the patients can be sedated with a

combination of lormetazepam and clonidine [36], or

with a Propofol Target Controlled Infusion [33], suffi-

ciently reducing the tics and their implications for the

stereotactic procedure. At the same time, the patient can

be interrogated so that acute negative stimulation-induced

side effects can be detected and the position of the elec-

trode adapted. This is illustrated by the following two

cases of bilateral thalamic stimulation. In the first patient,

test stimulation of the target on the left side evoked a

pleasant feeling, while test stimulation of the same target

on the right side, elicited a feeling of acute anxiety, after

which the electrode was repositioned 2mm more medi-

ally. In the second patient, test stimulation of the target on

the right side evoked an acute depressive state, after

which the position of the electrode was changed [36].

Perioperative evaluation

It is of paramount importance that in all TS patients

treated by DBS, the exact location of the electrode is

precisely determined, and all effects are meticulously

described. In order to do a proper clinical assessment,

it is absolutely necessary to record a description of the

effect on tics and the associated behavioural disorders,

the stimulation-induced side-effects, and the complica-

tions. For tic rating, the most commonly used scale is the

Yale Global Tic Severity Scale (YGTSS) [16]. For a

more objective evaluation, the patient should also be

recorded on videotape with and without stimulation.

The tics should be rated on these tapes by two indepen-

dent investigators. Also, the patient should be blinded to

the status of the stimulation. A careful psychiatric and

neuropsychological evaluation should be performed at

regular intervals (for example at 6 and 12 months post-

operatively). A more comprehensive survey of guide-

lines for the perioperative assessment of the effects of

DBS in TS can be found elsewhere [19].

The clinical effects should be correlated to the exact

position of the electrode. MRI in subjects with im-

planted DBS systems may induce heating of the elec-

trode or other untoward effects [22]. Therefore, the most

prudent approach is to perform a postoperative CT scan,

and fuse these images with preoperative MR images.

Only if these prerequisites are fulfilled and a maximum

of data is exchanged between centres, the optimal target

can be established in due time.

220 V. Visser-Vandewalle



Discussion

The last few years, TS has attracted the attention of

clinicians who are active in the field of neuromodula-

tion. After the initiation of thalamic DBS as a potential

treatment for patients with refractory TS, several other

targets have been used in a relatively small period of

time. The published reports however are sparse. In total,

one newsletter has been published [34], one article [36],

one brief report [3], one short report [12], and 3 abstracts

[5, 26, 33]. Without any doubt, this has to do with the

small percentage of patients that are potential candidates

for surgery. Up until now, five targets have been used for

DBS for TS, in 15 patients: a) medial part of the thala-

mus, at the cross point of CM-Spv-Voi, b) medial part of

the thalamus, CM-Pf, c) GPi posteroventrolateral part,

d) GPi anteromedial part, and e) NAC. In all the reports

in which the effects on tics are described, there is a tic

reduction of at least 66% (see Table 1). With the excep-

tion of a small hematoma around the tip of one elec-

trode, no complications have been reported. Stimulation-

induced unexpected side effects are described in the

majority of cases: drowsiness in 3 patients, changes in

sexual behaviour in 2, and mild dysarthria in 1 patient

subjected to thalamic medial DBS. One patient who

received bilateral thalamic and bilateral GPi(vpl) DBS

appeared to be more depressed when the pallidal stimu-

lation was on. The stimulation-dependent changes in the

execution of movements in one case of anteromedial

pallidal stimulation very probably have to do with a

small hematoma. One comparative study between ante-

romedial pallidal and thalamic stimulation in one patient

showed that thalamic stimulation had a better effect on

associated behavioural disorders. Also, in one patient

receiving posteroventral pallidal stimulation, there was

no effect on the behavioural disorders. It is not men-

tioned whether the other patient, in whom the effects

of chronic posteroventral pallidal stimulation are de-

scribed, suffered from any behavioural disorder. In six

patients who received thalamic stimulation, the effect on

behaviour was not described. In conclusion, the pub-

lished data on the effects of DBS in TS are incomplete.

There are no exact figures about the number of TS

patients who appear to be treatment refractory and thus

are potential candidates for DBS, but it is low compared

with other indications for DBS like PD. The impact on

the patient’s quality of life and his socio-economical

functioning however is often so devastating that this

disease deserves strong efforts by clinicians who are

experienced in DBS. There are no good animal models

for TS and the pathophysiology is not well understood.

Currently, the selection of any specific target is based on

the effects of lesions of that same target, or on the effects

of DBS in that target on comparable symptoms of other

diseases, like hyperkinesias in PD. With the proposed

pathophysiological model (Fig. 1), the beneficial effects

on tics by DBS of the thalamus or NAC, can be ex-

plained, because high frequency stimulation reduces the

activity of a nucleus. This does not explain the effects of

DBS in the GPi, since GPi is hypoactive in TS. This ef-

fect of stimulation is similar to the poor understanding of

the mechanisms of DBS in PD. In this latter disease, STN

and GPi are hyperactive. High frequency stimulation of

these nuclei leads to a reduced inhibition of the thalamo-

cortical drive or a facilitation in the execution of move-

ments. Conversely, the beneficial effects of DBS in the

GPi on levodopa-induced dyskinesias are inexplicable.

In conclusion, DBS in TS is still experimental, the

best target has not yet been determined, and the effects

of stimulation of the currently used targets are not fully

understood. A surgical procedure with the patient being

sedated but cooperative during test stimulation makes the

intraoperative detection of stimulation-induced acute side

effects possible and the electrode can be repositioned

before its final fixation. However, the other negative

effects like changes in sexual behaviour may become

prominent later in the course of the postoperative follow-

up. Patients should be very carefully informed about this

risk prior to surgery. On the other hand, the use of the

current advanced techniques available to perform DBS

can reduce major complications such as intracerebral

hematomas to a minimum. Appropriate programming of

the stimulator can reverse the stimulation-induced un-

wanted effects. DBS in TS, although experimental, is a

safe procedure. If it remains in the hands of experienced

neurosurgeons working with a team of scientists who

have expertise in diagnosing and treating TS and there

is continuous assessment and timely exchange of clinical

experience, DBS can become a standard treatment proce-

dure for selected intractable patients with TS.
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Summary

Extradural cortical stimulation is a recent addition to the armamentar-

ium of operative neuromodulation. Motor cortex stimulation (MCS) is

offered by positioning a stimulating plate extradurally on the primary

motor cortex. It is a minimally invasive technique that was originally

proposed for the control of central neuropathic pain. Currently, its use

has been extended to patients with movement disorders. The need for

minimally invasive therapies, with low morbidity-mortality which can be

applied to patients who are excluded from deep brain stimulation (DBS),

led to the first attempt of MCS in Parkinson’s disease (PD). Following

the demonstration that transcranial magnetic stimulation (TMS) is ben-

eficial in PD, we attempted direct extradural MCS on patients with ad-

vanced PD not meeting the criteria for DBS. The mechanisms of action

may include ‘‘hyperdirect’’ motor cortex-subthalamic nucleus (MI-STN)

input, inhibition, resynchronisation, plasticity changes, interhemispheric

transfer of inhibition=excitation and modulation of other cortical areas.

In this article, we review the mechanism of action of MCS in movement

disorders, the predictive factors of MCS efficacy in PD, the indications,

particularly in the elderly who are not suitable for DBS, the adverse

effects, and the technique for localization of the central sulcus and for

performing the procedure. The future prospects and developments are

also discussed.

Keywords: Neuromodulation; motor cortex stimulation (MCS); Par-

kinson’s disease; movement disorders.

Introduction and historical note

Extradural cortical stimulation is a recent addition to

the armamentarium of operative neuromodulation. Motor

cortex stimulation (MCS) is offered by positioning a

stimulating plate extradurally on the primary motor cor-

tex (BA4, MI). It is a minimally invasive technique that

was originally proposed for the control of central neuro-

pathic pain [7]. Currently, its use has been extended to

patients with movement disorders [4–6, 8–10, 23, 24, 30].

In the first half of the 20th century, Paul C. Bucy re-

lieved extrapyramidal symptoms such as tremor by sur-

gical ablation of cortical areas BA4 and 6; this was

done at the expense of inducing motor deficits [3]. Other

groups relieved Parkinsonian tremor by pyramidotomy

[19, 32]. These pioneering works showed that the pri-

mary motor cortex plays a role in the pathophysiology

of extrapyramidal disorders; however, at the time, there

was no practical way to modulate its function and the

cortex was later disregarded as an important location in

the pathogenesis of extrapyramidal disorders. In the

early 1970s, drawing from animal experiments, showing

that pressure on or cooling of MI could stop surgically-

induced Parkinson-like tremor in monkeys, Alberts [1]

reported that stimulation at 60Hz with a 7-contact

Delgado plate electrode of an area near the rolandic

fissure, between motor and sensory sites, could initiate

or augment Parkinsonian tremor in patients. Post-central

cortical stimuli had the same effect at, above or below

the sensory threshold. A few years later, Woolsey et al.

[37] temporarily alleviated Parkinsonian rigidity and

tremor in two patients by direct acute intraoperative

stimulation of MI. They wrote that: ‘‘. . .marked tremor

and strong rigidity. . .The results suggest the possibility

that subthreshold electrical stimulation through implant-

ed electrodes might be used to control these symptoms in

Parkinsonian patients.’’

In the 1980s, two major advances followed; in 1985,

Barker introduced cortical transcranial magnetic stim-

ulation (TMS), a technique allowing focal activation of

cortical areas by means of an external magnetic coil and,

in Japan, Tsubokawa’s group exploited available technol-

ogy to stimulate MI extradurally for the relief of central

pain, with the first patient undergoing surgery in 1989

[7]. In 1993, Benabid’s group showed that bilateral sub-

thalamic nucleus stimulation (STNS) provided dramatic

relief of advanced Parkinson’s Disease (PD) and in 1994

Siegfried reported similar results with pallidal stimula-

tion. Ever since, STNS has become the neurosurgical



intervention of choice for advanced drug-resistant PD.

Yet, patients who score less than 30–40 in the off con-

dition on Part III of the Unified Parkinson’s Disease

Rating Scale (UPDRS) or have an improvement of less

than 40–50% when undergoing the levodopa challenge

test are not suitable for STNS. Importantly, age 70 is an

upper limit for surgery at several centers and patients

with major cortical atrophy or focal lesions or patients

showing severe psychiatric disturbances and cognitive

decline in the off phase are generally excluded. All in

all, rougly half the patients may be excluded from deep

brain stimulation (DBS). Moreover, the risk of intracra-

nial hemorrhage or cerebral abscess makes DBS not

completely safe. This procedure can be complicated by

hardware-related problems, persistent neurological defi-

cits, infection, and perioperative mortality.

The need for minimally invasive therapies, with low

morbidity-mortality which can be applied to cases that

are excluded from DBS, led to the first attempt of MCS

for PD. Following the demonstration that transcranial

magnetic stimulation (TMS) was beneficial for PD (see

review in [26]), we attempted direct extradural MCS for

the first time in July 1998 on a patient with advanced PD

not meeting the criteria for DBS [4–6, 8–10]. Further evi-

dence that MCS could be effective for motor disorders was

accumulated over the late 1990s–early 2000s. Katayama

et al. and later other authors (see review in Refs. [9] and

[23]) reported that MCS may be effective for hemichor-

eoathetosis, distal resting and=or action tremor, proximal

postural tremor associated with brain and=or brainstem

stroke, and focal post-stroke dystonia. Moreover, sub-

jective improvement of motor performance was observed

in patients in whom involuntary movements were asso-

ciated with mild to moderate motor weakness [23].

Mechanisms of action

Several mechanisms of action are possible but they

apply at variable degrees not only in PD, but also in

dystonia and all relevant movement disorders described

in this chapter.

Hyperdirect MI-STN input

In primates, MI has a direct, somatotopographically

organized, input to the subthalamic nucleus-STN [20];

this corticosubthalamic pathway is in parallel with the

corticostriatal path. A human study found electrophysio-

logical evidence of such direct cortico-STN glutamater-

gic pathway [16]. The Oxford group [27], on the basis of

human studies, proposed that the functional connection

between the STN and arm muscles is mainly contralat-

eral, but cross-talk may occur between the two subtha-

lamic nuclei via a frequency-dependent pathway. This

frequency-dependent pathway could contribute to the

bilateral effects of unilateral high frequency STN DBS;

the same may apply to MCS. In addition, MCS induces

increases of rCBF in the thalamic motor nuclei ventral

anterior, ventrolateral (VA-VL) [18] and these are the

only thalamic nuclei directly connected to motor and

premotor areas. It should be recalled how a modification

of motor cortex metabolism contributes to the efficacy of

several surgical procedures for Parkinson’s disease [8, 9]

and neurometabolic evidence from our studies suggests

that MCS might be able to upregulate dopamine recep-

tors in the striatum ([8] and unpublished observations).

Strafella et al. using TMS during intraoperative single-

unit recordings from STN in 6 patients with PD under-

going DBS, observed that the MI activation produced a

long-term inhibition in the STN neuronal activity [34].

The importance of deep influences is highlighted by a

clinical observation. In a central post-stroke pain patient

with associated parkinsonian tremor, MCS (50–75Hz,

120–210msec) was analgesic, but neither relieved tremor

nor improved the UPDRS score (Dario A, personal com-

munication 2002); it is likely that the stroke had altered

the motor loop upon which MCS acted. If STN is the

primary target, this might explain the whole body effect

from unilateral stimulation.

Inhibition

TMS studies suggest that cortical stimulation acts via

an MI intracortical mechanism; cortical inhibitory neu-

rons that surround pyramidal cells may be selectively

activated by low intensity TMS [14] and a large coil ac-

tivates all relevant surrounding interneurons. Also, pyr-

amidal cells can be inhibited by TMS without previous

excitation. Thus, MCS could reduce MI excitability,

which is increased in several movement disorders in-

cluding Parkinson disease (PD), as long trains of low

frequency TMS do (see Refs. [8, 9]). MCS appears to ac-

tivate axons in the cortex, which excite both corticospinal

neurons and inhibitory neurons [21, 33]. In PD patients,

TMS studies showed that there is excess excitability or

reduced inhibition at MI levels [12]. During production

of a voluntary output, motor cortex activation is defec-

tive or inadequately modulated, and this may be due to a

dysfunction of GABAergic (both A and B) interneurons

mediating the level of excitation within BA 4 [11].
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GABA modulation is at the core of MCS effect on

neurogenic pain [7]. Local cortical changes during MCS

have been documented with neuroimaging [8].

Resynchronization

Disruption of oscillation and=or temporal synchro-

nization is considered a fundamental mechanism of

neurological diseases, including PD; just as cortical stim-

ulation acts by resetting an out-of-balance thalamopari-

etal oscillatory loop in central pain [7], likewise MCS

might actually act via an oscillatory repatterning of

the corticoganglionar pathway; given that 15–30Hz os-

cillations are observed during physiologic postural main-

tenance, it may be surmised that MCS marshals this

frequency to reset the abnormal pattern [9].

Plasticity changes

These are suggested by findings in our first PD pa-

tient, in whom switching off the stimulator led to a slow,

delayed decline of effect – unlike DBS-, and in central

pain cases submitted to MCS [5, 7]; they may take place

cortically and=or in the basal ganglia, at both synaptic or

receptor levels [25].

Interhemispheric transfer of excitation=inhibition

Unilateral MCS improves Parkinsonian symptoms bi-

laterally, a consistent finding in all successfully operated

cases. Several lines of evidence show that MI is involved

in contra as well as ipsilateral hand movements, with

greater involvement in more complex tasks and with the

left hemisphere playing a greater role than the right;

moreover, transmission of inhibitory and excitatory sig-

nals via the corpus callosum has been demonstrated [5,

15]. Transcallosal spread of electrically induced neuronal

alterations by surface recordings from the opposite motor

cortex has been observed in humans in a TMS study [13].

Modulation of other cortical areas

Neurometabolic studies have demonstrated hypofunc-

tion of the supplementary motor (SMA) and premotor

areas (PMA) in the generation of rigidity and bradyki-

nesia; it may be hypothesized that abnormal prolonged

firing of preparatory movement-setting SMA and PMA

cells cause disruption of the neuronal activity of MI. MCS

may activate myelinated axons connecting SMAwith MI

both anti and orthodromically, thus rebalancing the dis-

rupted SMA activity.

Functional considerations

The efficacy of MCS is strongly affected by the thick-

ness of the cerebrospinal fluid (CSF) layer between

the electrode and MI. When the CSF layer thickness is

increased, both the current intensity in the cortex at a

given voltage and the load impedance are reduced, thus

increasing the energy needed for stimulation. In parti-

cular, when the CSF thickness is increased from 0 to

2.5mm, the load impedance decreases by 28%, and the

stimulation amplitude increases by 6.6V for each milli-

metre of CSF [28]. On the other hand, variation of the

width of MI and the central sulcus has a negligible effect

on the current distribution in the cortex. During bipolar

MCS, due to the rather large electrode distance (1 cm

center-to-center), the cathodal and anodal fields in the

cortex hardly interfere and have a shape similar to a mono-

polar field. Due to a different load impedance, however,

the monopolar field has a larger extent than the bipolar

one when the same voltage is applied [28] and mono-

polar MCS alleviates Parkinsonian symptoms in MPTP

monkeys. Nerve fibers under the cathode and parallel

to the electrode surface are depolarized and possibly

excited, whereas fibers normal to its surface are hyper-

polarized. Under the anode, the opposite effects are ob-

served. Due to the curved shape of MI, the orientation of

its afferent and efferent fibers varies, thereby changing

their response to stimulation. Whereas efferents in MI are

hyperpolarized by cathodal stimulation, they are depo-

larized in the walls of the (pre-) central sulcus. In addi-

tion, the magnitude of a fiber’s response depends on its

caliber and its distance from the electrode. Thus, hardly

any difference will be present among the cathodal fields

in mono- and bipolar stimulation, although monopolar

stimulation is more energy efficient. To avoid potential

anodal responses in a different motor cortex area inter-

fering with cathodal responses in bipolar MCS, it is sug-

gested that the anode should not be placed over MI [28].

Another study found that anodal stimulation over verti-

cally oriented pyramidal cells induces depolarization at

the initial segment. Since anodal stimulation activates

corticospinal neurons mainly indirectly, it turns out to

be less effective than cathodal stimulation; moreover,

there is a lower threshold to cathodal than to anodal

stimulation [21].

On subdural stimulation, although the muscles that are

activated roughly correspond to the expected cortical

representation, discrete somatotopic excitation of upper

limb muscles does not exist [21]. Also, body areas repre-

sented only deep in a sulcus or fissure are unlikely to be

stimulated by an electrode on the brain surface [28], but
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this may not affect global efficacy. The combined world-

wide experience up to now points to low frequency stim-

ulation (below 80Hz) as the standard of stimulation for

movement disorders. This is an important distinguishing

feature of MCS as compared to STN DBS, which is

effective at the highest range (>100Hz). Clearly, these

two types of stimulation work differently.

Predictive factors for MCS effectiveness in PD

Dopa and apomorphine unresponsiveness are known

poor predictors of STNS efficacy; hence, patients

with levodopa-resistant Parkinsonism associated with

ischemia-anoxia, multisystem atrophy or progressive

supranuclear palsy are unlikely to draw a significant

benefit from STNS. The same should apply to MCS:

the benefit has been at best modest and=or transitory

[9, 24], but optimization of the parameters (continuous

versus cyclical stimulation, low versus high voltage, and

low versus high frequency) might help a few patients.

Propofol, a GABA-A agonist which is useful in selecting

patients with central pain for MCS [7], appears not to

renormalize dystonic symptoms [6]; therefore, it may be

speculated that MCS acts differently on pain and dysto-

nia, and other movement disturbances as well [7, 30].

Decreased striatal D2 receptor binding seems to be a

predictor of nonresponse to STN surgery, but a patient

of ours showing decreased IBZM binding had a success-

ful response to implantation [9].

Adverse effects

MCS has proven to be a very safe neuromodulatory

technique, with no reported mortality or long-term dis-

abling morbidity [7]. In particular, the much-feared

kindling of long-term epilepsy has never been substan-

tiated at therapeutic stimulation parameters. On the other

hand, PD patients submitted to MCS up to now tend to

be older and often above the age of 70. Preliminary ex-

perience suggests that psychiatric and cognitive adverse

effects may turn out to be more common in this age than

in the younger patients submitted to DBS. Even if psy-

chiatric symptoms and dementia frequently occur in PD

patients as part of the natural history of the disease,

caution must be exercised, particularly since the mini-

mal invasiveness of the technique makes it potentially

applicable to a much greater number of patients than

DBS [8]. An evoked potentials study found a significant

relationship of MCS efficacy with the patient’s age; it

showed a significant delay, during MCS, of the cognitive

responses N2 (but not N1) and P3 (N200 and P300) in

patients older than 50 years. This effect was rapidly

reversible after MCS discontinuation. These results, to-

gether with experiments showing P300 alteration during

rTMS, suggest that MCS may interfere with relatively

simple cognitive processes such as those underlying tar-

get detection, and that the risk of abnormal cognitive

effects related to cortical stimulation may increase with

age, but also in the presence of pre-existent cerebral

lesions [29].

Central sulcus localization and operative

procedure

The target of MCS for PD is the hand area, on the side

most affected. While in surgery for central pain somato-

topography is important, even not as stringently as pre-

viously thought, in PD patients, hand area targeting is

able to affect the whole body. The motor hand area in

the axial plane on standard MRI, is a knob-like, broad-

based, posterolaterally directed structure of the precen-

tral gyrus. It usually has an inverted omega shape (90%)

and sometimes a horizontal epsilon shape (10%), with a

mean diameter of 1.4 cm. On average, it is located about

23mm from the midline, just posterior to the junction of

the superior frontal sulcus with the precentral sulcus and

19mm from the lateral surface [39]. However, the motor

hand area may extend to, or be located exclusively in SI,

on functional magnetic resonance (fMRI) [38]. In parti-

cular, this area is most often located in the posterior

bank of the precentral gyrus (80%), but it is seen addi-

tionally in the postcentral gyrus in 50% or exclusively

in SI in 20% [31, 38], even during the simplest tasks.

Other areas, e.g. the supplementary motor area, are also

activated and, occasionally, bilateral activation of MI

following unilateral hand activation is observed. It is well

known how pyramidal cells are located in SI (particu-

larly BA3a) and how direct electrical stimulation of all

SI can also elicit motor responses in the contralateral

skeletal muscles, as it was classically demonstrated by

Penfield and replicated by others [35]. In these cases, SI

stimulation may be as effective. A major issue should be

taken into consideration. In a sizable minority of patients

(20%) there are variations in the organization of MI,

i.e. mosaicism (overlapping of functional areas), vari-

ability (inverted disposition of MI functional areas) or

both [2]. These data challenge the orderly topography of

MI and suggest that the motor homunculus may not

always be considered a definite and absolute represen-

tation of MI. Also, BA44 (found 2 cm anterior to the

226 S. Canavero and V. Bonicalzi



primary tongue motor area) has direct fast conducting

corticospinal projections and has a role in voluntary

hand movements [36]. Clearly, MCS is not a straightfor-

ward surgical procedure.

After shaving the patient’s head, the approximate

location of the central sulcus is marked on the skin along

the Haughton-Taylor lines (Fig. 1). Motor area locali-

zation is confirmed by standard fMRI sequences while

the patient makes repetitive self-paced opposition move-

ments of the thumb to the rest of the fingers at an ap-

proximate rate of 1=sec. The echoplanar multiphase

acquisition in a 1-tesla MRI consists of a 3.31-minute

sequence with 3�30 seconds of motor activation inter-

leaved with 4�30 seconds of rest. A fiducial paramag-

netic marker applied on the skin is adjusted under MR

conditions until the skin marking and the actual target

area match (Fig. 2). The operation is performed under

local anesthesia, with mild i.v. sedation if required. We

strongly discourage general anesthesia for electrode

placement because of the added risks, particularly in

elderly patients. After a linear incision along the projec-

tion of the central sulcus (arm area) is made (Fig. 3a),

Fig. 1. Taylor-Haughton lines used for initial identification of the

central sulcus

Fig. 2. Functional MR image showing the focus of motor hand ac-

tivation in the appropriate area in BA4 (from Canavero et al., 2002,

with permission)

Fig. 3(a, b). Patient in position for surgery (a) and implantation of the

stimulating paddle through a pair of burr holes (b)
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two burr holes are drilled in front of the projection of the

central sulcus to accomodate the length of the stimula-

tion paddle. After dural hemostasis is achieved, the pad-

dle is slid under the bone over the primary motor area

(Fig. 3b). Intraoperative stimulation to elicit motor re-

sponses is the usual next step. Once the surgeon is satisfied

with positioning, the electrode is externalized behind the

ear. We usually drill a groove in the bone parallel to the

paddle’s long axis in order to accommodate the joint be-

tween the paddle and the electro-catheter. After a stimula-

tion test period generally lasting a fewweeks, duringwhich

the most beneficial parameters are sought, the pulse gen-

erator (IPG) is implanted in the subclavicular area under

general anesthesia, or local anesthesia undermild sedation,

and connected to the subcutaneous electrode (Fig. 4).

Alternatively, both the paddle and the IPGcan be implanted

simultaneously during the same surgical session.

Indications

Parkinson disease and Parkinsonism

Worldwide, more than 50 patients have been implanted

up to now (congress and privileged data). The first three

patients have been implanted by the authors between

1998 and 2002 ([4, 5, 8–10]; Fig. 5). These were all

patients above the age of 70 and excluded from DBS

due to MR evidence of atrophy, ventricular enlargement,

ischemic white matter disease, neuropsychiatric deficits

or poor medical conditions. All the relevant observations

regarding MCS for PD were obtained in these patients,

notably bilateral effects from unilateral stimulation (e.g.

the tapping test improved in both hands) with minimal

asymmetry, efficacy of stimulation at low frequency (ben-

eficial) versus high (>100Hz) frequency (disruptive or

not beneficial), and the effect on all three cardinal signs

of PD, i.e. tremor, rigidity, bradykinesia. An interesting

finding was that after a few weeks of continuous stimula-

tion, the stimulator could be switched off at night without

losing benefit (up to weeks), an observation which is

relevant to energy sparing. Further experience shows that

MCS also improves verbal understanding and fluidity,

spatial orientation, dysphagia, void and fecal control.

Dyskinesias are the one symptom which responds dra-

matically to stimulation. L-Dopa may be reduced in many

patients. Currently, patients must meet the following cri-

teria for implantation: UPDRS in OFF �40=180, Hoehn
and Yahr (H=Y) �3, motor fluctuations plus disabling

dyskinesias, UPDRS improvement to L-Dopa challenge

test �30%. Although voltage should not exceed 3–

3.5 V, some patients drew benefit at higher voltages.

Pulse width varies from low (150msec) to high (e.g.

400msec); effective frequencies are usually in the low

range (10–60Hz). We, and others, have found that, with

a few exceptions, the best electrode setting tends to

encompass as much cortex as possible (0–3).

Slight adjustments of parameters may be necessary

over time, although much less often than in pain patients.

In several cases improvement is around 30% on

UPDRS, but can be lower or higher. However, due to

the abolition of disabling dyskinesias and improvement

of axial symptoms (standing, walking, falling, swal-

lowing, facial hypomimia, swallowing), life quality

and self-grooming are improved – sometimes dramati-

cally – with lesser degrees of assistance, a fact often

noted by family members. A few patients have benefited

from MCS after ineffective DBS. Longest follow-up is

now several years. Similarly to DBS, some symptoms

remain relieved, while others tend to worsen with time.

Although rigidity and, less so, tremor are abolished

within several minutes of stimulation, the full effect on

bradykinesia and gait grows with time (days, weeks, and

even months). Thus, compared to DBS, additional time

should be allowed for in searching for effective para-

meters. Failures have been noted, perhaps due to ex-

tensive atrophy (see Functional considerations above).

While the experience with parkinsonism associated with

multiple system atrophy has been disappointing up to

now, vascular parkinsonism may respond.

Post-stroke movement disorders

Movement disorders are one of the most disabling se-

quelae of stroke. In the mid- and late-1990s, Katayama

Fig. 4. Radiograph showing the MCS apparatus in place

228 S. Canavero and V. Bonicalzi



et al. reported on the effects of MCS in patients with

post-stroke involuntary movements (in most of whom

MCS was performed for controlling central pain) [23].

MCS appreciably attenuated hemichoreathetosis associ-

ated with thalamic stroke and completely abolished distal

resting and=or action tremor associated with multiple

lacunar, striatal or thalamic infarcts, independent of

analgesia. Proximal postural tremor was not well con-

trolled by MCS and SI and supplementary motor area

(SMA) stimulation had no effect on hemichorea and

resting tremor. In patients with Wallenberg’s syndrome,

MCS was effective in improving pain, tremor, dysarthria

and paresis. Postural tremor and frozen gait seemed re-

sistant to stimulation. MCS effect, when present, began

immediately after the start of stimulation; after its ter-

mination, the effect reappeared at stimulation intensity

below the threshold for muscle contraction and a frequen-

cy of more than 15Hz. Thus, post-stroke motor disorders

seem to respond to higher frequencies (50–125Hz) than

pain (25–75Hz) and at intensities below the threshold

for muscle contraction. Subjective improvement of vol-

untary motor performance, which had been impaired in

association with mild or moderate hemiparesis, was re-

ported during MCS by approximately 20% of patients

with post-stroke pain, independent of analgesia. Such

an effect on voluntary motor performance appears to be

caused by an inhibition of their rigidity. No improve-

ment occurred in patients who demonstrated severe

motor weakness and=or no muscle contraction in re-

sponse to MCS at a higher intensity. MCS completely

Fig. 5(a, b). Images of the first patient ever to receive MCS for Parkinson’s disease at 1 year follow-up
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relieved both pain and tremor for at least 32 months in a

patient with severe upper limb action tremor and facial

pain following removal of an acoustic Schwannoma

[30]. In this patient, tremor increased by decreasing the

frequency below 50Hz. In other series, a few patients

experienced reversible improvements in facial sensory

discrimination, motor strength and post-stroke dysarthria

after successful stimulation for neuropathic pain.

Dystonias

We reported the effects of MCS on a female patient

with spasmodic torticollis who later developed post-

thalamotomy painful paroxysmal hemidystonia [9]; le-

sions of the thalamus, including surgical lesions of the

posterior-posterolateral or paramedian thalamus, may

originate dystonia, including paroxysmal dystonic attacks.

During the trial period, stimulation at low frequency

(10Hz), at long impulse duration (450msec) and low

voltage (1 V) relieved the pain and dystonia almost

completely, while the neck symptoms were not affected

or slightly worsened. Duration of paroxysms and free

intervals were not affected. Increasing the frequency to

60Hz and even more to 130Hz at short impulse dura-

tion (60msec) worsened both pain and dystonia and

increased the duration of her crises up to 40min. In

addition, previously never reported rebound crises last-

ing 5–10min were triggered. A second plate positioned

over the neck-head area at effective parameters as above

worsened both pain and dystonia; the picture was even

worse at 700msec. Other experience suggests that MCS

may affect post-stroke pain and dystonia (thalamic hand)

variably, with dystonia responding to high frequency

(130Hz) [6], but also other dystonic syndromes.

Post-stroke motor rehabilitation

In 2002, we were the first to submit a plegic patient to

bilateral cortical stimulation for post-stroke motor re-

habilitation (Fig. 6) and found modest effects. Similarly

to another recent controlled US study, it seems that cor-

tical stimulation of areas undergoing plastic changes as

evidenced on fMR may help rehabilitation of patients

who have been left with disabling deficits after intensive

physiotherapy [11].

Future prospects and developments

MCS holds great promise for the treatment of selected

motor disorders, notably Parkinson’s disease and several

Fig. 6. MR image of a patient with stroke (a), fMR image following motor activation of the paretic arm (b) and double cortical stimulator ion motor

areas (c) (Ref. [10b])

Fig. 7. Radiograph of a Parkinsonism case with a double STN and

MCS stimulator (Ref. [9])
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post-stroke disorders. Bilateral Parkinson’s disease ap-

pears to be controlled by unilateral MCS, making it

cost-effective compared to DBS. Although bilateral

stimulation may be additive (Fig. 7), contralateral stim-

ulation, on the least affected side, may be attempted

in failures. SMA is not accessible to extradural MCS,

but premotor areas could be targeted in future studies.

Old data point to a motor suppressing area (BA4a)

(see McCullock in [3]) and this region should be better

explored. Finally, STN DBS does not prevent cell death

and glutamate excitotoxicity [22] and it would be in-

teresting to assess MCS for this effect. It seems every

movement disorder that responds to TMS will also re-

spond to MCS, including a wide range of dystonias, such

as writer’s cramp, tics (as in Tourette’s syndrome), my-

oclonus (primary and secondary) and others. Lack of

mortality and disabling surgical morbidity (due to lack

of insertion of electrodes into the brain) plus cost-

effectiveness (no need for stereotactic equipment) may

contribute towards a massive resort to this technique,

which is likely to spill over to psychiatric neuromodula-

tion; epilepsy is now undergoing experimental treatment

with closed-loop cortical stimulation [17]. Even if fu-

ture head-to-head studies find DBS more effective, MCS

will remain an option for all those patients who are not

suitable for DBS, i.e. a huge population.
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Summary

In 2000, Canavero and Paolotti reported the improvement of symp-

toms in a case of advanced Parkinson disease (PD), following chronic

epidural motor cortex stimulation (MCS). In 2002, the same group re-

ported the results obtained in 2 patients with PD. Unilateral MCS proved

to be beneficial bilaterally. They concluded that MCS may represent a

cost-effective alternative to deep brain stimulation. In 2003, Pagni pro-

moted an Italian Multicenter Study and in June 2005 the results in the

first 29 cases were reported. Any symptom of PD could be modulated

by MCS, but improvement of different symptoms was variable and

unpredictable, with some patients being unresponsive. L-Dopa induced

dyskinesias, painful dystonia and motor fluctuations were satisfacto-

rily controlled. In the author’s series, 2 patients were unresponsive and

5 patients showed a clinical improvement, particularly evident in the off-

medication state; UPDRS-III mean improvement was 30% at 3 months

and 22% at 12 months. Quality of life (QOL) also improved. Assessment

by the Parkinon’s disease quality of life (PDQL) scale showed a mean

decrease by 26% at 12 months. No complication or adverse events were

observed. These preliminary data indicated the possibility to modulate

PD symptoms by MCS. Several unsettled issues remain such as the

optimal electrode position, the best stimulation parameters, the useful-

ness of unilateral versus bilateral stimulation, the prognostic factors for

best selection of patients, and the optimal assessment of clinical effects.

The mechanisms of MCS may be only the subject of hypothesis.

Keywords: Neuromodulation; epidural motor cortex stimulation;

Parkinson’s disease; intraoperative neurophysiological monitoring.

Introduction

Currently, the primary surgical treatment for Parkinson

disease (PD) is deep brain stimulation (DBS). This ther-

apy offers improvement ranging from 30 to 80% in

patients when in the ‘OFF’ medication state and ame-

liorates both parkinsonian symptoms and L-Dopa-

induced dyskinesias. However, DBS therapy is not free

of complications. The implantation of the electrode is

associated with 1–3% risk of haemorrhage depending on

the surgical technique used. It also requires a well-trained

and specialized team, with rather expensive equipment

for the targeting and the implantation of the DBS elec-

trode. Moreover, age more than 70 years, brain atrophy,

cognitive impairment, psychiatric symptoms, and medi-

cal co-morbidities are contraindications to DBS. Further-

more, recent evidence suggests that subthalamic nucleus

(STN) DBS is not effective in controlling any motor

deficits, particularly speech-related and axial motor symp-

toms such as posture, postural instability and freezing of

gait. This may lead to dissatisfaction with the treatment

and a small benefit in activities of daily living. Finally,

side effects such as dysphonia, dysphagia, and psychotic

crisis leading even to suicide, may limit the clinical appli-

cation of the DBS procedure. Therefore, other approaches

to the treatment of PD patients should be considered, and

the motor cortex may be one of the possible targets for

therapeutic neuromodulatory interventions.

Why the motor cortex?

Many old and new data suggest a strong involvement

of the motor cortex in PD:

1) Extirpation of motor cortex abolishes parkinsonian

tremor [6].

2) Intraoperative MCS, subthreshold for movements,

relieves tremor and rigidity in PD patients [33].

3) Repetitive TranscranialMagnetic Stimulation (rTMS)

of the motor cortex improves motor performances in

PD [13, 15, 17, 18, 25, 29, 30]. Many of these studies

assessed the effects of rTMS by UPDRS (Unified

Parkinson’s Disease Rating Scale). Lefaucheur et al.

[17] used real and sham stimulation in 12 ‘‘off-med’’

patients with PD and compared the results with those

obtained by a single dose of L-Dopa. Real rTMS but

not sham stimulation, improved motor performances.



They concluded that these results support the stimu-

lation of the primary motor cortex for neuromodula-

tion in PD.

4) rTMS of the motor cortex increases dopamine

release in the nigrostriatal system [20, 31].

5) Bilateral overactivity of the motor cortex is present

in PD [28] and is reduced by dopaminergic treat-

ment and by DBS [26].

6) Abnormal synchronization between cortical and

basal ganglia oscillatory activity has been demon-

strated in human PD using coherence analysis and

movement-related frequency-specific changes in

synchronization [5]. This activity is modulated by

STN DBS [9].

7) Animal studies suggest that the cerebral cortex plays

an important role in regulating the activity of STN.

Indeed, the STN represents the second entry point of

cortical information to the basal ganglia [19, 24].

8) The most extensive cortical innervation of STN

originates from motor areas through a direct path-

way and an indirect multisynaptic basal ganglia

circuit [1].

9) Strafella et al. in 2004 [32], demonstrated that 75%

of the neurons in dorsolateral STN respond to TMS

of the motor cortex in humans. This response is char-

acterized by a short-latency short-duration excita-

tion followed by a long lasting inhibition (more

than 100ms). They concluded that these findings

‘‘clearly indicate that the human motor cortex exerts

a powerful modulatory influence over the STN’’.

10) Drouot et al. [10] described a functional recovery

of Parkinson’s motor signs in 1-methyl-4-phenyl-

1,2,3,6-tetrahydropyridine (MPTP) baboons fol-

lowing MCS. High-frequency MCS significantly

reduced akinesia and bradykinesia. The effect was

present only in animals displaying moderate and

severe 18F-Dopa striatal uptake depletion. The be-

havioral benefit was associated with an increased

metabolic activity in the supplementary motor area

(SMA) as assessed with 18-F-deoxyglucose PET,

a normalization of mean firing rate in the internal

globus pallidus (GPi) and the STN, and a reduction

of synchronized oscillatory neural activities in these

two structures.

11) MCS has been reported to be effective not only in

relieving pain but also in improving the associated

movement disorders in patients with thalamic hand

[12] or post-stroke movement disorders [14]. Brown

et al. [4] reported a case of enhanced motor recov-

ery after stroke following MCS.

Review of the literature

In 2000, Canavero and Paolotti [7] were the first to

report an improvement of symptoms in a 72-year-old

woman with advanced PD following unilateral extradural

MCS. The clinical improvement was bilateral. UPDRS

(Unified Parkinson’s Disease Rating Scale) in ‘‘on-med’’

decreased as follows: section I: �10%, section II: �50%,

section III: �48%, section IV: �62%. Levodopa was re-

duced by 80%. These results were confirmed by the same

group in 2002 [8], when they added a second patient to

the first case. In 2003, Pagni et al. described 3 new cases

[22]. In 2005, the same group [23] summed up the results

obtained in 6 patients affected by advanced PD and sub-

mitted to unilateral MCS, opposite to the worst clinical

side. Chronic electrical stimulationwas delivered bipolarly

at 2.5–6V, 150–180ms, 25–40Hz, continuously. The glob-
al UPDRS score decreased by 42–62%; UPDRS III (eval-

uating motor performances) decreased by 32–83%.

Notably, the patients were evaluated only in the ‘‘on-

med’’ state. L-Dopa was reduced by 11–33% in 3 and by

70–73% in 2 patients. The symptoms of long term L-Dopa

treatment were improved markedly.

In 2003, Pagni commenced, on behalf of the Italian

Society of Neurosurgery, a multicenter study to evalu-

ate the efficacy of MCS in advanced PD. The prelimi-

nary results of the multicenter study have been published

[2, 3, 21]. Twenty-nine patients were treated, confirming

that any symptom of PD (tremor, rigor, motor dexterity,

bradykinesia, posture and gait, freezing) may improve.

In addition, L-Dopa daily dosage could be reduced. On

assessment at 6 and 12 months, the mean UPDRS III in

‘‘off-med’’ (8 cases) (which was 53 before surgery) de-

creased by 21 and 13%, respectively; while UPDRS III

in ‘‘on-med’’ (12 cases) decreased by 34 and 21%, re-

spectively. The stimulation parameters differed in the

various centers and were 2–8V, 60–400 ms, 20–120Hz,
continuously or only during daytime. On MRI, many of

these patients had findings of leucoencephalopathy,

white matter ischemic foci or cerebral athrophy. Nota-

bly, several patients were unresponsive to MCS. Further-

more, an article appeared in 2003 [16], evaluating the

efficacy of subdural MCS in 5 patients with refractory

Parkinsonism due to multiple systemic atrophy (MSA).

The stimulation parameters were 3–3.6V, 40–90ms

(note: the authors repeatedly wrote milliseconds,

but probably they intended to write microseconds),

145–185Hz. They concluded that ‘‘MCS using these

parameters fails to improve the motor disability in

MSA. Worsening of motor scores was likely a function

of disease progression’’.
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Author’s experience

In 2003, we started a prospective study to evaluate the

efficacy of MCS in Parkinson patients. The inclusion

criteria were: idiopathic PD, history at least 5 years long,

and advanced state (UPDRS in off�40=180; Hoehn and

Yahrs �3; motor complications: fluctuations and dis-

abling dyskinesias), positive response to L-Dopa, DBS

not acceptable by the patient or contraindicated, and

patient’s ability to give informed consent. The exclusion

critera were: history of epilepsy or EEG epileptic activ-

ity, alcohol or drug abuse, mental deterioration, psychia-

tric symptoms, previous basal ganglia surgery, and other

major illness. Seven patients met the above mentioned

criteria and were submitted to the implantation of an

epidural plate electrode (Resume, Medtronic) over the

motor cortex controlaterally to the worst clinical side (in

3 cases) or bilaterally (4 cases). The implantation was

performed under general totally intravenous anaesthesia

(Propofol and Remifentanyl).

The precise location of the plate electrode was veri-

fied anatomically and electrophysiologically. We used

craniometer landmarks (10–20 EEG system) to draw the

central sulcus over the scalp. The anatomical location of

the motor strip was confirmed by an MRI with fiducial

markers and by neuronavigation. A burr hole was made

in front of the central sulcus, medially to the presumed

hand motor area. A plate multicontact electrode (Resume,

Medtronic) was slipped epidurally, over the motor strip

at the hand knob. Then, the position of the electrode was

verified neurophysiologically. We used the phase rever-

sal technique to identify the central sulcus. We stimu-

lated the controlateral median nerve at the wrist and

recorded from each contact of the strip electrode. A cor-

tical N20 potential was recorded over the sensory cortex

and a cortical P20 potential was recorded over the motor

cortex; the central sulcus is located between the two

contacts showing the phase reversal. The motor mapping

was obtained by motor cortex focal anodal stimulation

through two adjacent contacts of the same strip elec-

trode with short train of stimuli (5 stimuli, 0.5 ms, ISI

4ms, 10–30mA). Muscle responses were recorded

from muscle bellies of the controlateral hemibody with

needle electrodes. The electrode strip was connected to

a totally implantable stimulator (Kinetra, Medtronic).

Therapeutic stimulation during the first year was made

by the electrode controlateral to the worst clinical side

and the parameters were: 120 ms, 80Hz, 3–4V (sub-

threshold for movements and motor or sensory feelings),

delivered continuously through contacts 0 and 3. The

clinical assessment before implantation and at 1, 3, 6,

and 12 months included: UPDRS, finger tapping, walk-

ing time, Parkinson’s disease quality of life (PDQL)

scale, Mini Mental State Evaluation (MMSE), EEG, cur-

rent oral medications, and adverse events. The clini-

cal evaluation was performed both in the ‘‘off’’ and in

the ‘‘on’’ medication state and the motor assessment was

videotaped.

Five (71.4%) patients showed an improvement dur-

ing MCS, while 2 were unresponsive. At 3 months of

follow-up, UPDRS III in ‘‘off-med’’ showed a mean

decrease of 30.2%, UPDRS III in ‘‘on-med’’ decreased

by 21.5%, UPDRS IV by 49% and PDQL by 26.7%.

The effect of MCS seems to decline with time. At

follow-up, 12 months post-operatively, UPDRS III in

‘‘off-med’’ decreased by 22%, UPDRS IV by 46%,

PDQL by 16.2% (Fig. 1). Hence, it was possible to

decrease the drug treatment. Early morning dystonia,

walking and freezing, dyskinesias were ameliorated

particularly well. The effect of unilateral MCS was

bilateral, with no significant difference between the

two sides and was evident after 1–2 weeks of stimu-

lation. In a case of accidental switching ‘‘off’’ of the

stimulator, the patient became aware of something

going wrong after 3–4 weeks. After 1 year of unilateral

stimulation, 2 patients underwent bilateral MCS.

Bilateral stimulation seems to restore the clinical effect

(Fig. 2). There were no complications or adverse

events; epileptic seizures or EEG epileptic activity did

not occur.

Fig. 1. Mean percentage decrease of UPDRS and PDQL scores after

3 and 12 months of continuous extradural unilateral MCS. At

12 months, the clinical effect of MCS seems to decline slightly.

3 months, 12 months
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Unsettled issues

Currently, the questions regarding the efficacy of MCS

are certainly more numerous than the answers. The most

important unsettled issues are described below.

Inclusion criteria

On the basis of the present inclusion criteria, we select

patients in whom DBS is usually contraindicated such as

patients with cerebral atrophy or other cerebral lesions at

MRI, and often patients with Parkinsonism or Parkinson

plus. This makes it difficult to compare the results of

MCS with those obtained by what is currently consid-

ered the ‘‘gold standard’’ of treatment, i.e. STN DBS.

Furthermore, these ‘‘expanded’’ inclusion criteria may

be responsible for the lack of success of MCS in a few

patients. More strict inclusion criteria, such as those

applied to DBS, are advisable.

Prognostic factors

Not all patients respond to MCS. This may be due to

the rather large inclusion criteria, or the different elec-

trode position and different stimulation parameters. The

effect of rTMS may be a predictor of the clinical re-

sponse to MCS. However, the frequency and the dura-

tion of rTMS certainly differ from that used for MCS.

In candidates for pain treatment by MCS, a positive

response to rTMS encourages the use of MCS, but this

is not sufficient for ensuring success; on the other hand,

a negative rTMS test does not predict failure of MCS.

With regard to the electrode’s position and stimulation

parameters, the number of patients treated by MCS is

still small to allow a statistical analysis.

Surgery

Techniques used to place the epidural cortical elec-

trode may differ in the following areas: general versus

local anaesthesia, burr hole versus craniotomy, crani-

ometer landmarks versus neuronavigation with MRI or

fMRI. Regardless of the technique used, we believe that

a neurophysiological precise localisation is mandatory if

we want to know exactly where our electrode is. Our

method allows motor mapping under general anaesthe-

sia with a very low incidence of epileptic seizures, i.e.

4–5% compared to the 20–25% of the Penfield’s tech-

nique. The need for bilateral implantation has still to

be demonstrated. In our experience unilateral MCS im-

proves motor performances bilaterally, but bilateral stim-

ulation seems to enhance such an improvement.

Stimulation parameters

The choice of the stimulation parameters is made on an

empirical basis, as for all therapeutic neurostimulations.

Various groups use different stimulation parameters. The

amplitude of stimulation is common for all treated pa-

tients and is subthreshold for movements or sensations. In

some cases, a low frequency is used, while in other cases

a high frequency is selected; the result can be positive

in both situations. The clinical effect of unilateral MCS

shows a slight decline with time, with the maximum

benefit observed at 3 months. At 12 months, two of our

patients underwent bilateral MCS, and after this the ame-

lioration of symptoms became more pronounced. Usually,

the stimulation is delivered continuously. The slight de-

cline in the clinical benefit may be due to habituation of

the cortex. A change of the type of stimulation may re-

store the previous effect. If this is the case, alternate

stimulation, i.e. right side or left side, may be a solution.

MCS vs. DBS

We cannot compare the results obtained with the

2 procedures, because of the small number of patients

treated by MCS and because of the different selection

criteria. Nevertheless, in such a comparison, we should

take into consideration not only the clinical improve-

ment but also the complication rate and the side effects

of the two techniques.

Fig. 2. UPDRS III in ‘‘off-med’’ before and following unilateral

MCS (until 12 months) and bilateral stimulation (from 12 to 18

months), for each patient. At 6 months, the stimulators of patients a and

e were accidentally ‘‘off’’ and UPDRS III scores increased. MCS was

restarted and the motor effect was restored. At 12 months, patients b

and c underwent bilateral stimulation and following this, UPDRS III

scores showed a tendency to decrease. a, b, c,

d, e
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Mechanisms

The mechanisms of MCS may only be a matter of

speculation. In animals, direct cortical stimulation, acti-

vates the neuronal cell as well as very diffuse complex

systems of interneurons [27]. The motor cortex is con-

nected to the basal ganglia via an indirect corticostriatal

pathway and through a direct cortico-subthalamic path-

way. MCS may exert its effect modulating the STN

directly or through the loop cortex-striatum- lateral glo-

bus pallidus-STN. MCS may also modulate the activity

of SMA. Furthermore, MCS may activate the so called

‘‘suppressor cortical system’’ [11].

Conclusions

We believe that MCS may have a place in the treatment

of Parkinson’s disease. A large multicenter, randomized,

double blind study may answer many of the existing

questions and settle many of the unsettled issues.
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Summary

The anatomical connections of the anterior lobe of the cerebellum

with the reticular formation in the brainstem, upper motor neurons and

the limbic system, as well as the results of experimental and clinical

observations indicate that this region is a proper area for modulation of

certain types of central motor disorders but also of limbic functions.

Through a direct stereotacticaly suboccipital approach electrodes were

introduced into the anterior lobe of the cerebellum in four patients

(3 females and one male, 24, 29, 45 and 19 years old, respectively) suf-

fering from cerebral palsy and being confined to a wheelchair with se-

vere spastic choreoathetoid movements, with minimal hand function, but

in good mental state. After a period of test stimulation (up to 10 days),

the pulse generators were implanted and chronic high-frequency stim-

ulation was applied (for 37, 58, 9 and 32 months, respectively). In

agreement with our previous experience (transtentorial approach in 30

patients), noticeable improvements in spasticity were immediate and a

gradual reduction in choreoatetoid movements was observed in the fol-

lowing days to weeks. Improvements in speech, swallowing, respiration,

posture, ambulation, and mood states were combined with development

of new motor skills. Caution with the proper positioning of the electrode

in the target and the selection of optimal program for stimulation are of

paramount importance.

Keywords: Neuromodulation; deep brain stimulation; cerebellum;

spasticity; dyskinesia; cerebral palsy.

Introduction

Cooper et al. [1] was the first, who implanted an elec-

trode array and applied chronic stimulation to the cortex of

the anterior lobe of the cerebellum in patients suffering

from cerebral palsy in order to reduce muscular hyperto-

nia. Various degrees of effectiveness of this method have

been reported [2, 11]. The specific anatomical and func-

tional arrangement of the anterior lobe of the cerebellum

can contribute to the unpredictability of this procedure

[7]. The anterior lobe of the cerebellum has precise spa-

tial rostrocaudal organization of afferent and efferent

pathways into cortical and subcortical zones, where each

particular zone has specific and identifiable functional

correlates with specific afferent and efferent connections.

The cortical efferents, using criteria of fiber diameter in

subcortical white matter, were divided by Voogd [12]

to at least seven ipsilateral zones, from midline – A, B

(vermal), C1, C2, C3 (paravermal), D1, D2 (hemispheral).

Each zone includes a specific deep cerebellar nucleus

except zone B, from where fibers bypass cerebellar nu-

clei and enter the vestibular complex. Zone A contains

the nucleus fastigii, zone C1 and C3 the emboliform

nucleus, zone C2 the globose nucleus and zones D1,

D2 the dentate nucleus.

The afferent fibers are arranged in a similar way [6].

The climbing fibers of the medial accessory olive project

as follows: the caudal part project into the cortical zone

A and the fastigial nucleus, and the rostral part in the

zone C2 and the globose nucleus. The caudal part of the

dorsal accessory nucleus sends fibers into zone B and

the lateral vestibular nucleus, but the rostral part to

zones C1 and C3 and the emboliform nucleus. Principal

olivary nucleus projects into zones D1, D2 and the den-

tate nucleus. Spinocerebellar fibers terminate specifically

in sagitally oriented zones either differentially distributed

within particular zones or coexist with input from other

sources. Detailed analyses of spinoolivocerebellar path-

ways by Oscarsson [10] identified 9 ipsilateral sagital

zones in the anterior lobe. Zones A, C1 and C3 received

input from the ipsilateral limbs (hind limb rostrally, fore-

limb caudally), while zones B and C2 bilaterally from

both sides. All these sagitally oriented zones in rostral

portions of the anterior lobe are becoming very narrow

and converge toward the midline.



The anterior lobe of cerebellum is situated rostrally to

the primary fissure. The culmen and the anterior qua-

drangular lobule face the tentorium, but the rostral part of

culmen and the lobulus centralis anteriorly face towards

the inferior colliculi. This specific organization of the

cerebellum into zones and the morphological configura-

tion of the anterior lobe allow activation of one set of

points on cerebellar cortex to elicit a set of responses

while activation of an immediately adjacent area may

produce no response, or a modified version of the first

response or a completely different, possibly antagonistic

response as it was stressed by Haines [7]. From this

point of view, the optimal placement of an array of

electrodes to the cortex of the anterior lobe could be ques-

tionable, especially if there are no facilities for intra-

operative neurophysiological evaluation of the position

of the electrode. About 15% of the cortex is exposed to

the outer surface, whereas 85% faces the sulcal surface

between the folia and is not accessible for direct cortical

stimulation. It is crucial which zones of the anterior lobe

are activated during electrical stimulation. The stereo-

tactic method enables precise positioning of the elec-

trode into deep regions of the anterior lobe; according

to our experience, it allows intraoperative verification of

proper position of the electrode by means of electrical

stimulation.

Materials and methods

Our previous stereotactic approach to the deep structures of the ante-

rior lobe of the cerebellum was transtentorial from the occipitoparietal

region. In order to do chronic stimulation, we have used the radiofre-

quency-linked system TESLA LSP 330. The coil of the electrode was

placed over a burr hole which excluded the application of the system

in the suboccipital region. During effective stimulation, a reduction of

spasticity and an improvement in motor performance was observed in 30

patients suffering from cerebral palsy [3, 4], but, in general, malfunction

of the radiofrequency-linked system occurred within 16 months. The

Medtronic system for deep brain stimulation (DBS) allowed us to

implant the electrodes directly to the anterior lobe of the cerebellum

through a suboccipital approach [5]. We applied this system in 4 patients

suffering from cerebral palsy (3 females and one male, 24, 29, 45, and

19 years old, respectively), who were confined to a wheelchair, being

severely spastic with minimal hand function, but in good mental state.

The electrode implantation was unilateral in three patients and bilateral

in one patient. High frequency stimulation (HFS) was applied for 37, 58,

9, and 32 months, respectively.

Surgical procedure

A few days before surgery, T1- and T2-weighted

magnetic resonance imaging (MRI) sequences in axial,

sagittal and coronal sections are obtained according to

the sterotactic protocol. Under short-acting opioids in

combination with propofol, the Riechert-Mundinger ster-

otactic frame in the negative position is placed on the

patient’s head and CT with contrast is performed. After

fusion of preoperative MRI and intraoperative CT, the

target is calculated. In the direct suboccipital approach,

the target is defined to a point 8mm (or 3=4 of the height

of 4th ventricle) rostral from the fastigium, parallel to

the floor of the 4th ventricle in the midline if one electrode

is used, and 1mm from the midline for bilateral insertion

of electrodes. The target was set after our previous as-

sessment of the optimal positions of the electrode in the

lobus anterior of the cerebellum. The entry burr hole is

localized in the lateral suboccipital area 1 cm below the

transverse and 1 cm medially to the sigmoid sinuses.

The intraoperative stimulation test is performed using

the quadripolar electrode model 3387 or two electrodes

model 3389 (Medtronic) for bilateral stimulation. The

monopolar stimulation to the deepest contact of electrode

(intracranially negative polarity) at frequency 200Hz,

pulse width 0.5ms and voltage from 0.5 to 4.0V in steps

of progressively increasing voltage (usually by 0.5 V) is

given with sudden application of current (no soft start)

to induce a motor response, i.e. a jerk in the muscles

mostly affected by the disease. According to our experi-

ence [3, 4], if the motor response is obtained during the

test, the electrode is in position from where the effective

chronic stimulation for the treatment of the disabling

motor symptoms can be achieved. The response is eval-

uated also 2 and 4mm in front and behind the target. If

motor response to stimulation is present, the electrode is

fixed in the burr hole with the cap, fluoroscopy is used to

evaluate the position of electrode. The electrode is tem-

porarily connected to a transcutaneous extension and ex-

ternalised in the frontal region for further clinical and

neurophysiological examination. Postoperative CT images

with the frame fixed are obtained.

The monopolar stimulation of any contact of implanted

electrodes and their bipolar combinations are performed

during the test period. The rectangular stimuli at fre-

quency of 200Hz, 0.5ms width, in progressively in-

creasing voltage, are gradually applied at any contact of

electrodes for few seconds. The level of voltage at which

the motor jerk is achieved is called the ‘‘threshold level’’.

The continuous application of the stimulation at slightly

higher voltage (0.2–0.6V) transiently aggravates the path-

ological postural pattern and is accompanied with the

patient’s intense feeling of pleasure. A higher voltage

of stimulation causes an overall increase in muscular

tone and the patient feels profound, unpleasant fear. At

the beginning of stimulation, the muscular response is

more pronounced at the side of electrode, but at a higher
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voltage the muscle response becomes bilateral. Just bel-

low the threshold level of stimulation, a transient feeling

of pleasure is followed by immediate relaxation and

reduction of spasticity. The effect of relaxation is in-

tensive for approximately 10–15 minutes, then is dimin-

ishing but the patient is still aware of the stimulation

(slight tingling in the legs, and eventually in the upper

extremity, more pronounced at the side of stimulation).

The decrease of spasticity persists approximately for

another 2–6 hours. Then it is necessary to repeat the stim-

ulation. For chronic stimulation, the parameters are

chosen in order to reduce spasticity but also to avoid ef-

fects on motor performance. At the beginning of stim-

ulation, higher voltage can cause a strong decrease of

muscular tone associated with imbalance. In our experi-

ence, a lower voltage that does not induce relaxation is

ineffective for chronic stimulation. The parameters of

stimulation must be set precisely and re-evaluated every

3–6 months. The phenomenon of adaptation may require

a slight increase in the voltage of stimulation. The pa-

tient is aware of the stimulation and feels it when it starts

(slight tingling and relaxation). The interruption of stim-

ulation for 2–3 weeks may be required (after a period

of 1–3 years), if the voltage for receiving effective sti-

mulation is too high.

After the test period (approximately one week), the

internal pulse generator (IPG) (Soletra or Kinetra models,

Medtronic) is implanted infraclavicularly at a second stage.

After implantation of IPG, the parameters for chronic

stimulation are set as follows: frequency at 185–200Hz,

pulse width at 0.210ms and voltage is individualized ac-

cording to the threshold level at 0.5–2.5V to evoke re-

laxation and program is set at cycling mode, usually with

15–20min ON time and 2–6 hours OFF time. When the

Kinetra model neurostimulator is implanted for two active

DBS electrodes, the dual-program pulses are delivered

alternately.

Illustrative case

A female patient suffering from cerebral palsy devel-

oped severe spastic quadruparesis and involuntary move-

ments affecting the neck and the upper extremities

(choreoathetosis more pronounced on the left side).

She underwent DBS in the anterior lobe by a radiofre-

quency-linked TESLA 330 system at the age of 16 years.

During application of stimulation, the spasticity and

hyperkinesias were reduced, but a malfunction of the

system after 12 months required the removal of the elec-

trode. One year later, stereotactic thalamotomy ((vental

intermedius (VIM) and vental caudalis posterior (VCP))

thalamic nuclei and centrum medianum) at the right side

partially reduced the severe choreoathetosis of the left

upper extremity. Because of progression of the disabling

spasticity and involuntary movements, the patient de-

manded to repeat the cerebellar DBS.

At the age of 29, the Medtronic system was implanted

through a direct suboccipital approach on the right side.

During surgery, the stereotactic frame was fixed, and the

quadripolar electrode model 3387 was inserted and the

intraoperative stimulation test was completed. The first

contact of the electrode (deepest pole) was situated at

the opposite side, the second was in the midline, the third

and the fourth on the right (Fig. 1). The electrode was

externalised. On the 3rd postoperative day, test stimula-

tion was performed to assess the acute effects of mono-

polar and bipolar stimulation (frequency: 185Hz, pulse

width: 0.210ms). When monopolar stimulation was ap-

plied to pole 0 (negative, the deepest contact on the left)

the response was observed at 1.7 V in the left lower limb;

further increase of voltage (2.1 V) induced bilateral ag-

gravation of an abnormal motor pattern of the patient

with rotation of the head and upper part of the body

homolaterally to the side of stimulation, i.e. to the left

(Fig. 2a). A similar response, starting at 2.0 V, but with-

out deviation of the head developed when stimulation

was applied to pole 1 localized in midline (Fig. 2b). Fol-

lowing stimulation on the right side, at pole 2 (1.7V) and

pole 3 (2.0V), the muscular response began at the right

lower extremity and at 2.3V the head was turned to the

right (Fig. 2c). An even higher voltage of stimulation

(2.8V) was associated with intense feeling of fear.

The patient asked not to repeat such strong stimulation.

However, the voltage just above the threshold level

Fig. 1. AP skull X-ray; the electrode in the anterior lobe of the

cerebellum was implanted from the right side
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(0.1–0.2) was appreciated very much by the patient; she

reported intense feelings of pleasure (Fig. 2d). Just be-

low the threshold level, a transient feeling of pleasure

was associated with overall relaxation of the patient and

reduction of spasticity. Optimal set up for the bipolar

stimulation was pole 3 negative, pole 0 positive and the

threshold level at 1.5 V. We evaluated also effectiveness

of the frequency of stimulation in this setting. Up to

70Hz, the patient reported no response, at 80–90Hz

slight tingling in the whole body excluding the head,

at 100Hz also a motor response at the left lower limb,

which at 185Hz was bilateral and subsequently was

followed by a decrease of the hypertonia, persisting for

another 15 minutes. After having the stimulator switched

off symptoms did not return to the baseline. The effect

was long lasting, enduring up to 7 hours after HFS was

stopped. On the 8th day after the stereotactic operation,

an IPG Soletra (model 7426, Medtronic) was implanted

infraclavicularly under general anesthesia. The param-

eters of stimulation were set: 0 pole positive, 3 pole neg-

ative, amplitude 1.7V, pulse width 0.210ms, frequency

185Hz, 20 minutes ON, 4 hours OFF.

Marked decrease in spasticity and choreoathetosis

and improvements in speech and mood were observed

after a few weeks. These were followed by development

of new hand skills (she began to feed and dress herself)

and improved ambulation (she is able to walk without

crutches at home, before she was just crawling), which

became appreciable after months of therapeutic HFS.

The evaluations were made every 3–6 months; the volt-

age was progressively increased to the present 2.6V and

OFF period was reduced to 3 hours to achieve the opti-

mal effect of stimulation. She is doing well 3 years after

DBS.

Fig. 2. Induced aggravation of the abnormal postural pattern by monopolar moderate overstimulation (patient Fig. 1) applied to pole 0 – left side (a),

to pole 1 – midline (b) and to pole 2 – right side (c). Slight overstimulation induced feeling of pleasure and relaxation (d)
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Results

The benefit was observed in all 4 patients undergoing

chronic HFS treatment through a direct suboccipital ap-

proach to the anterior lobe of the cerebellum by the

Medtronic totally implantable DBS system. The notice-

able improvement on spasticity was immediate, bilateral

and more evident in the limbs on the stimulated side. The

gradual reduction in athetoid movements was observed in

the following days to weeks. Unilateral high-frequency

stimulation (HFS) has bilateral effects, but bilateral stimu-

lation is more efficient. Improvements in speech, swallow-

ing, respiration, posture, ambulation, and mood were

combined with decrease of muscle tone, spasms and

primitive reflexes. Motor skill progress was observed after

few months of HFS. There is a need to increase the volt-

age (0.2–0.5V) usually after 6–9 months of chronic stim-

ulation to keep the treatment efficient or eventually to

temporarily interrupt the stimulation (this was done in

one patient after 42 months for 2 weeks). If the patient

is not aware of the stimulation, the HFS is not likely to be

effective and any achieved effects will gradually subside.

Discussion

A thoroughly documented review of chronic cerebel-

lar stimulation applied to the superio-medial cortex in

patients suffering from cerebral palsy has demonstrated

the effectiveness of this method [2]. Instead of cortical

stimulation, however, we applied stereotactic HFS to

the subcortical structures of the anterior lobe taking into

account its specific anatomical and functional arrange-

ment. In this target, it is possible immediately, during

test stimulation to demonstrate involvement of neural

circuits that could modify the symptoms of patients with

cerebral palsy. Induced changes in muscular tone, pos-

ture, emotions (pleasure, fear), and autonomic responses

are dependent on the quality and quantity of electrical

stimuli delivered to the target. The therapeutic window

of effective parameters is narrow and must be set up in-

dividually. The stereotactic method offers the option to

do so. The immediate and generalized changes in mus-

cular tone can be explained by the strong connections of

the anterior lobe of the cerebellum with the pontine and

medullary reticular formation, and the vestibular system,

which have significant role in maintenance of posture,

control of muscular tone and reflex activity [9]. HFS in

the anterior lobe of cerebellum has been shown to have

widespread effects on various symptoms including spas-

ticity (reduced), dyskinesias, speech (improved), respi-

ration, attention, mood, and wakefulness. This reflects

its powerful modulation capacity and indicates that stim-

ulation of the anterior lobe of the cerebellum deserves

further attention from neuroscientists and neurosur-

geons. HFS is safe and reproducible and has the advan-

tage that its effects can be modulated in accordance with

the patient’s needs and be evaluated immediately and

objectively.

Conclusion

Chronic stereotactic stimulation of the anterior lobe of

the cerebellum seems to be an effective and safe treatment

for patients with cerebral palsy; it reduces spasticity and

dyskinesias and improves activities of daily living. Cau-

tion with proper positioning of the electrode and selection

of the optimal program for stimulation are necessary.
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Summary

Over the last ten years there has been a progressively increasing

interest in the research and clinical application of implantable elec-

trical brain stimulation devices in the treatment of drug-resistant epi-

lepsy. The concept is not new, but the efforts were strengthened and

accelerated after the efficacy of vagus nerve stimulation in control-

ling epilepsy was first demonstrated in the early 1990s and gained

subsequently the approval of the USA Food and Drug Administration

in 1997. This chapter reviews the progress made in this field. Spe-

cial emphasis is given to the most important available evidence from

animal and human studies, the neuroanatomical pathways and the

role of the relevant neurotransmitters, the stimulation devices and the

significance of correct programming of the stimulation parameters.

The chapter also examines the antiepileptic efficacy of stimulation in

all the known targets including vagus nerve, cerebellum, thalamus,

subthalamic nucleus, locus ceruleus, and epileptogenic cortex. On the

basis of the current evidence, the future directions of this exciting

field are described.

Keywords: Neuromodulation; epilepsy; seizures; electrical stimula-

tion; implanted device; review.

Introduction

Over the past decade, there has been a proliferation

of medications for the treatment of seizures. When sei-

zures do not respond well to medications, options such

as epilepsy surgery or the ketogenic diet may be con-

sidered. Currently, there is only one electrical stimu-

lation device that has been approved by the Food and

Drug Administration (FDA) for the treatment of med-

ication-resistant seizures. Other devices have been

studied, and several are currently under investigation

in randomized, multicenter trials. Much still has to be

learned about these devices. However, in combination

with the greater number of other therapies, these de-

vices offer the promise of an improved quality of life

for those with difficult-to-treat seizures.

Types of epilepsy

There are many causes of seizures, a variety of seizure

types (Table 1), and a long list of epilepsy syndrome

diagnoses. Seizures are divided into two main categories:

those that are partial in onset, and those that are general-

ized in onset. Correct identification of the types of sei-

zures, through a careful history, examination, and with

help from medical testing, will allow the physician to

select treatment options which are most likely to be of

benefit (Table 2). For instance, virtually all of the avail-

able medications have been shown to be effective in the

treatment of partial seizures. A smaller number is effec-

tive against generalized seizures. Epilepsy surgery is

more effective in certain partial epilepsies, but may be

also considered for specific types of generalized sei-

zures. The vagus nerve stimulator has been best studied

as a treatment for partial seizures; however, there is

evidence to suggest that it works for generalized seizures

as well.

The treatment of epilepsy: an overview

In all types of epilepsy, the goal of treatment is to

improve the person’s quality of life. Though simple in

concept, there are very few studies which use quality of

life as the primary outcome measure. Instead, endpoints

which are easier-to-measure, such as seizure frequency,

are used. For a long time, it has been assumed that if

the treatment leads to fewer seizures or seizure freedom,

the person would automatically experience an improved

quality of life. Recent studies have shown, however, that

this is not the case. In addition to seizure control, there

must also be an elimination of adverse events or side

effects. Notably, Gilliam et al. showed that aggressive



treatment of comorbid conditions such as depression

directly improves the person’s quality of life. In fact,

in his study, persons who experienced little or no change

in their seizure frequency reported a significantly im-

proved quality of life when their depression was ade-

quately addressed [30, 31, 43]. When the diagnosis of

epilepsy has been made, a single medicine (monother-

apy) is usually selected first. The choice of medicine

may be based on several factors; however, the most

important factor in selecting an optimal therapy is the

correct identification of the patient’s seizure type or

epilepsy syndrome. When the first medication fails to

control the seizures or causes side effects, a second

medication may be tried. Following this, the physician

may elect to try another medication or begin a combina-

tion of therapies (polytherapy) [45, 46]. If polytherapy

fails, the chance that any combination of medications

will stop the seizures is 1–4% [51]. When seizures

are unlikely to respond to medications, they are referred

to as refractory or intractable. It is now known that up to

36% of people have seizures that will not respond to

medication(s) (Fig. 1) [51]. When seizures are identified

as refractory, non-medical therapies should be consid-

ered [45, 46].

Epilepsy surgery has become a widely used treatment

for refractory partial epilepsies (also called localization

related epilepsy). The goal of surgery is simple: to re-

move the seizure-causing region of the brain (epilepto-

genic region or epileptogenic zone) thereby stopping the

seizures [22]. This treatment is very effective in certain

epilepsy syndromes such as mesial temporal sclerosis. In

this condition, the chance of becoming seizure-free is

75–85%. However, epilepsy surgery is not always the

answer for intractable seizures. Some people experience

seizures which arise from more than one brain location.

Others may have seizures that start in regions of the

brain which are important to everyday life (eloquent

cortex), such as within the language area or motor area.

In these instances, surgery would result in permanent

neurological deficits, such as the inability to commu-

nicate or move, and hence, would not be considered a

reasonable option. Other epilepsy syndromes cause sei-

zures which are generalized at onset. In other words, there

is no focal epileptogenic region which can be resected.

In the generalized epilepsies, corpus callosotomy, a sur-

Table 2. Epilepsy syndromes: usual features that can be found by

history (a description of the seizure types that the person experiences),

physical examination, and the results of commonly perfomed medical

testing

Idiopathic generalized

epilepsy

Idiopathic localization

related epilepsy

Generalized from onset

tonic-clonic, myoclonic,

and absence seizures

Partial seizures with characteristic

features, secondarily generalized

tonic-clonic seizures

Neurological exam is normal Neurological exam is normal

Intellect is normal Intellect is normal

MRI is normal MRI is normal

EEG has a normal background EEG has a normal background

EEG may show generalized

epileptiform discharges

(typically �3Hz), and a

photoparoxysmal response

EEG may show characteristic

focal epileptiform discharges,

and a photoparoxysmal response

Symptomatic generalized

epilepsy

Symptomatic localization

related epilepsy

Generalized from onset

tonic-clonic, atonic, tonic,

clonic, myoclonic, atypical

absence

Partial seizure with characteristic

features, secondarily generalized

tonic-clonic seizures

Neurological exam is abnormal Neurological exam is abnormal

Intellect is impaired Intellect may be impaired

MRI is often abnormal MRI is often abnormal

EEG background is diffusely

slowed

EEG background shows focal

slowing

EEG may show multifocal

and generalized

epileptiform discharges

EEG may show focal epileptiform

discharges

Table 1. Seizure types

Seizures with partial onset

– Simple partial seizures

– Complex partial seizures

– Secondarily generalized tonic-clonic seizures

Seizures with generalized onset

– Absence seizures (typical and atypical)

– Myoclonic seizures

– Tonic seizures

– Clonic seizures

– Atonic seizures

– Generalized tonic-clonic seizures

Fig. 1. Percentage of newly diagnosed people with epilepsy who

respond to medical therapy
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gery which divides the major connection between the

cerebral hemispheres, may be considered. This type of

surgery may reduce the occurrence of certain injurious

seizure types, such as tonic or atonic [28]. For reasons

that are unclear, corpus callosotomy produces freedom

from seizures in 5–10% [28, 44].

In 1997, a new option emerged when the Food and

Drug Administration approved the use of the first device

for the treatment of refractory partial epilepsy, the vagus

nerve stimulator (VNS) [42, 52, 53]. Since its approval,

VNS has been applied to generalized forms of epilepsy

as well, including refractory idiopathic generalized epi-

lepsy syndromes [8, 67]. In addition, it has been used

in certain symptomatic generalized epilepsy syndromes

as well [8, 27, 42, 44]. Finally, although not approved for

use in children, there is growing evidence of its effec-

tiveness and tolerability in this population [38, 65]. Gen-

erally considered a palliative treatment, as it is used in

combination with medication, we now better understand

that it has effectiveness in the treatment of depression as

well [59, 66]. In other words, if treating epilepsy and its

comorbidities is important to improving quality of life,

this therapy may be an ideal adjunct in someone who has

both refractory seizures and depression. Although VNS

was the first to be approved, it is not the first or only

device to be studied for the treatment of epilepsy. Many

investigators have been interested in the possibility of

using neural stimulators to treat seizures. Several sites

for stimulation have been studied in both animals and

humans. Some of the proposed sites include the cere-

bellum [9, 12–14, 16–18, 37, 82], thalamus [7, 10, 15,

25, 34, 41, 47, 62, 79, 84, 85], locus coeruleus [23],

and subthalamic nucleus [3, 54, 86], and more recently,

direct stimulation of the cerebral cortex [48–50, 68].

Compared to all proposed sites, we have gained the great-

est experience with stimulation of the vagus nerve with

over 30,000 patients to date. Despite the experience with

these therapies, there remain many unanswered questions

regarding the use of stimulation devices in the treatment

of epilepsy: is there one site that affords optimal seizure

control? What frequency or duration of stimulation is

needed? Does continuous stimulation work better than

intermittent stimulation?

The basics: neuroanatomy

Introduction

In order to understand the concept behind neural stim-

ulation, it is important to study the substrate of stimula-

tion: the brain. By definition, seizures are abnormal

organized electrochemical events that involve the cere-

bral cortex. However, the cerebral cortex itself is com-

plex. In addition, it is intimately connected to collections

of neurons (nuclei) which are situated deep within the

brain and brainstem. Together, these potentially distant

regions of brain work together to produce normal think-

ing and neurological function. However, these regions

can also work together to perpetuate abnormal signals

such as seizures. In other words, the brain is to some

degree compartmentalized; however, complex behaviors

and function are mediated through groups of functional

units. The coordinated effort between disparate brain

regions has been loosely termed neural networks.

The cerebral cortex

The basic building block of any function occurs

within the cerebral cortex itself. Though we are only

just beginning to understand the complexity of the cor-

tex, it appears that the cortex is arranged in columns of

neurons [11]. By connecting more and more of these

basic ‘‘columns,’’ complex functions can be accomplished.

However, more is needed than just adding ‘‘memory

cards,’’ as one might do to improve the function of a

computer. Instead, there are an amazing number of con-

nections between columns of neurons within one brain

region. Different brain regions are connected locally. In

addition, via connection through the corpus callosum,

the major ‘‘highway’’ of information between the two

halves of the brain, areas of brain that are geographically

distant can communicate very rapidly.

Thalamo-cortical connections

Of the information sent to the cerebral cortex, 80–95%

comes directly from other cortical regions; however, the

remainder of information is transmitted through a central

‘‘switchboard’’ consisting of a large group of deeply

situated nerve cells called the thalamus [11]. The cere-

bral cortex and the thalamus ‘‘talk’’ to each other con-

stantly. In fact, there are many redundant and reciprocal

connections between the two. During wakefulness, the

thalamus faithfully sends signal from the brain to the

body (and vice versa). However, during sleep, the thala-

mus changes to an oscillating or bursting pattern. One

theory is that this helps to ‘‘disrupt’’ all of the infor-

mation which would otherwise be transmitted to the

cortex during sleep. Though the reason for sleep is still

poorly understood, the thalamic ‘‘disruption or oscilla-
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tion’’ during sleep may be required for a truly restorative

rest. On the other hand, these oscillations, when abnor-

mal, can lead to the generation of 3–4Hz spike-and-

wave discharges which are characteristic of certain kinds

of seizures and are pathonomonic for specific epilepsy

syndromes (see Table 2) [15].

Basal ganglia and brainstem nuclei

In addition to the cortex-to-cortex and thalamo-corti-

cal connections, there are important links between the

cerebral cortex and deep nuclei such as the subthalamic

nucleus, the locus coeruleus, and the dorsal raphe nuclei.

Not thought to be able to generate seizures on their own,

these deep nuclei may be important to ‘‘modulate’’ the

occurrence of seizures by adjusting or regulating the

seizure threshold (Table 3) [70]. Each of these nuclei

has widespread connections to the cerebral cortex, and

deeper brain structures. It is through these connections

that their influence is exerted. For instance, the secretion

of norepinephrine from the locus coeruleus acts to in-

crease the seizure threshold, making the occurrence of

seizure more difficult. If one were to stimulate this area,

causing release of norepinephrine, one might be able to

‘‘block’’ seizures. Serotonin from the dorsal raphe nuclei

has a similar effect. If these neurons could be targeted,

seizures would be expected to decrease. The subthala-

mic nucleus is a little more complex: it receives input

from the cerebral cortex and certain deep brain nuclei,

and sends its fibers primarily to the substantia nigra pars

reticularis. Although the exact mechanism for seizure

reduction is unknown, animal studies have shown that

stimulating the subthalamic nucleus will suppress cer-

tain kinds of seizures [54].

Cell connections can change

Of course, there are far many more connections be-

tween brain areas than described above. In addition, con-

nections between these areas can change. It is this ability

for the brain to change its interconnectedness that prob-

ably accounts for learning. As certain tasks are per-

formed repeatedly, the brain can change the number

and type of connections between brain regions. In this

way, disparate brain areas learn to work more efficiently.

However, the brain may not be able to distinguish

between normal electrochemical signals and those that

are abnormal, e.g. seizures. In fact, it has been suggested

based on animal data, that the brain ‘‘learns’’ how to

have seizures. In other words, the longer seizures are

allowed to continue, the ‘‘better’’ the brain becomes at

having them. Although not conclusively proven in peo-

ple, this raises a very real concern over the need to

control seizures as quickly as possible in order to pre-

vent the ‘‘abnormal learning’’ process. Therapies which

could disrupt this process, thereby preventing the oc-

currence of epilepsy, are called neuroprotectants: this

is an active and interesting area of current investigation

[69, 78].

Cranial nerve X: vagus nerve stimulation

VNS: the device and its implantation

The vagus nerve stimulator (VNS) is the only device

that is currently approved for use by the United States

Food and Drug Administration (FDA) for the treatment

of refractory or intractable epilepsy [1]. There is an

incomplete understanding of the way that VNS works.

However, controlled clinical trails have proven its safety

and efficacy in the treatment of the partial epilepsies

[89]. In addition, several smaller uncontrolled trials have

demonstrated its effectiveness against both refractory

symptomatic and idiopathic generalized epilepsies [8,

42, 44, 52, 53, 67]. Over the past 10 years, there have

been several models of VNS generators. Models NCP

100 and NCP 101 are no longer produced. Model 100

had an estimated battery life of 5–7 years. Model 101

extended the battery life to 7–10 years, and reduced the

volume of the generator by 33%. The next Model 102

further reduced the size of the generator (Fig. 2) and

included a one-prong lead that simplifies the connection

of the generator and the electrode; the battery life con-

tinues to last between 5–8 years, assuming typical set-

tings. The generator is connected to a bipolar platinum

lead intraoperatively and placed either subcutaneously

Table 3. Brain regions and the respected released neurotransmitters

with possible antiepileptic action

Cerebral cortex

– The majority of neurons in the cerebral cortex (70–85%)

release excitatory neurotransmitters like aspartate and glutamate

– 15–30% of the neurons release the inhibitory neurotransmitter

gamma-aminohydroxybutyric acid (GABA)

Thalamus

– Primarily excitatory (aspartate and glutamate)

– A group of neurons provide inhibitory feedback by releasing GABA

Locus coeruleus

– Norepinephrine

Dorsal raphe

– Serotonin

Subthalamic nucleus and dorsal tegmental nucleus

– Acetylcholine
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over the left chest wall, or under the left pectoralis mus-

cle [89]. A second incision is made over the left neck,

the vagus nerve is carefully exposed, and the electrode

is attached. A ‘‘tunnel’’ is made from the neck incision

to the chest and the leads are connected to the genera-

tor, and the system’s integrity is tested in the operating

room. Depending on the surgeon’s approach, in most

patients, the cosmetic appearance is excellent. The pro-

cedure can be done under either local or general anes-

thesia, it takes about 1–2 h at most, and many patients

are home within several hours. The device can be ini-

tiated immediately after implantation (e.g., in the oper-

ating room or recovery area). The risk of bleeding or

infection is low, occurring in less than 1% of implanta-

tions [36].

Anatomy and possible mechanism of action

The mechanism of action of VNS in epilepsy is in-

completely understood. The vagus nerve and its in-

terconnections throughout the brain suggest certain

possibilities. For instance, the vagus nerve is comprised

of approximately 20% efferent and 80% afferent fibers

[39, 73, 89]. If an electrical stimulus is placed on the

vagus nerve, 80% of the applied stimulation travels back

to the brainstem where the vagus nerve originates [39].

When the signal reaches the brainstem, it is transmitted

to the nucleus and tract solitarius (NTS) on both sides

and hence, to both hemispheres [70]: in this way, stim-

ulation of one vagus nerve is able to affect seizures

which might arise from either of the cerebral hemi-

spheres. The signal from the brainstem is relayed

to many areas such as the hypothalamus, amygdala,

dorsal raphe, and especially the thalamus. The thalamus

sends signals to many regions of the cerebral cortex

[5, 11, 15, 55, 73, 89, 90]. VNS may work by modifying

the complex signals that are sent from the thalamus to

the cerebral cortex. This is supported by the observa-

tion that long-term VNS stimulation causes changes of

blood flow in the thalamus [40]. A second possibility

is that the overall effect of VNS is the inhibition of

cortical excitability [89]. Ben-Menachem showed that

stimulation of the vagus causes an increase in CSF con-

centration of the inhibitory neurotransmitter GABA and

decreases levels of the excitatory amino acid aspartate

[6]; these mechanisms may influence seizure generation

and propagation.

Other functions of the vagus nerve

The remaining 20% of vagus nerve fibers, the efferent

fibers, originate in two brainstem nuclei: nucleus ambig-

uous (NA) and dorsal motor nucleus (DMN). Cell bodies

in NA send special visceral efferent fibers to the striated

muscle of the palate, pharynx, larynx, and esophagus.

They are important in the coordination of swallowing

[5, 39, 73, 89]. Cell bodies in the DMN are parasympa-

thetic, and send general visceral efferent fibers to the

heart, lungs, and gastrointestinal tract. Parasympathetic

innervation of these viscera decreases heart rate, increases

gastric and pancreatic secretion, and increases gut peri-

stalsis [5, 73]. Although early studies showed that VNS

could attenuate epileptic seizures, there was concern that

stimulation might interrupt vagus normal function and

that regulation of heart rate. More specifically, the para-

sympathetic fibers in the vagus nerve decrease heart rate

and there was a real concern that VNS could slow heart

rate even to asystole. However, the distribution of fibers

in the vagus nerve is asymmetric; the majority of the

afferent and efferent cardiovagal fibers run through the

right nerve [73]. As VNS therapy emerged, stimulation

was applied to the left vagus in order to minimize the

potential detrimental effects on cardiac rhythm. Care-

fully studies of heart rate showed no significant effects

of left VNS [89]. Another function of the vagus nerve is

the careful beat-to-beat regulation of cardiac rhythm.

This is accomplished through a complex, tightly regu-

lated feedback system that involves both afferent and

efferent vagal pathways. Pressure=stretch receptors and

chemoreceptors in the aorta and lungs send information

to the NTS. This information is transmitted to the DMN

which sends signals back to the cardiopulmonary sys-

tem [5]. During VNS there are subtle changes in both

heart rate and variability [26]. Since VNS is intermittent,

Fig. 2. A cerebellar stimulator with attached electrodes. Reprinted

with permission of Ross Davis, MD
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the clinical significance of these subtle cardiophysiolo-

gic changes is unknown. Interestingly, right VNS has been

attempted in very rare cases. In three children who un-

derwent VNS implantation in the right vagus, none had

cardiac arrhythmias but two experienced respiratory

events; this suggests that extreme caution is required if

right VNS is contemplated [61]. Another important func-

tion of the vagus nerve is its control of gastric and pan-

creatic secretion. Again, a feedback system is employed:

when the stomach is distended, gastric stretch receptors

send a signal of satiety to the brainstem and hypothala-

mus. In response, vagal efferents increase gastric acid

and pancreatic insulin secretion, and promote emptying

of the stomach [5, 73]. Early studies found no significant

increase in hydrochloric acid secretion as a result of

vagus nerve stimulation [89] and later studies have not

shown an increase in the occurrence of stomach ulcers

among people who receive VNS.

VNS, EEG, and seizures

Since the 1930s, it has been known that stimulation

of the vagus nerve causes changes in the electroencepha-

logram (EEG) [2, 73]. In the 1950s, high frequency

(50Hz) stimulation of the vagus was found to cause

desynchronization of the EEG and attenuation of sleep

spindle formation, and to block the occurrence of in-

terictal epileptiform discharges [73, 93]. In the 1960s,

experiments using high frequency (greater than 30Hz)

stimulation of the NTS provided similar results [58, 73].

These early observations in animals led to the first clin-

ical trials in humans in the late 1980s. Two pilot studies

(EO1 and EO2) enrolled 16 patients with partial epi-

lepsy, 15 of whom were implanted with a vagus nerve

stimulator. Patients were followed for 14–35 months.

In this group, there was a mean reduction in seizure

frequency of 46.6% [80]. These results led to two ran-

domized, controlled clinical trials (EO3 and EO5). The

double-blinded trial used an ‘‘active placebo’’ design,

and compared low-dose vagus nerve stimulation to

high-dose stimulation as add-on therapy (i.e., in combi-

nation with the patients’ existing antiseizure medica-

tion). EO3 enrolled 126 patients with partial epilepsy

of whom 115 were implanted. All were over the age

of twelve, and had a mean duration of epilepsy greater

than 20 years. Following a three-month baseline period

where seizure frequency was calculated, the patients

were randomized to low- or high-dose stimulation. The

treatment period was three months. The mean reduction

in seizures frequency was 24.5% in the high-dose group,

and 6.1% in the low-dose group. The most common side

effects were hoarseness of voice (37.2% in high-dose,

13.3% in low-dose) and throat pain (11.1% in high-dose,

11.7% in low-dose) [74]. EO5 was identical to EO3 in

design. EO5 enrolled 262 patients with partial epilepsy

of whom 199 were implanted. As with EO3, the patients

were at least 12 years old, and had a mean duration of

epilepsy greater than 20 years. Three months of treat-

ment were compared to the three-month baseline. The

mean reduction in seizures frequency was 27.8% in the

high-stimulation group, and 15.3% in the low-dose (pla-

cebo) group. Voice hoarseness, throat pain, and cough

were the most common side effects of vagus nerve stim-

ulation [36].

In between EO3 and EO5, there was a non-rando-

mized open label study known as EO4. EO4 investigated

the effectiveness of VNS in patients with different types

of epilepsy syndromes, including refractory idiopathic=

primary generalized epilepsy. In addition, EO4 included

younger patients (older than 2 years old). Of 133 enrolled

patients, 124 were implanted. Compared to a one-month

baseline, the mean reduction in seizure frequency was

21.8%. The side effects were similar to those reported in

the controlled clinical trials. When the 24 patients with

primary=idiopathic generalized seizures were separately

analyzed, the median reduction in seizures frequency

after three months of treatment was 46% [52]. One is-

sue that arose from these trials was that the observation

period of 3months was short. A last-visit-carrier-

forward analysis of the 454 patients in the initial 5 trials

showed that the effect of VNS was not only sustained

over time, but seemed to improve [64]. Morris reported

his results in terms of a responder rate, i.e. the per-

centage of people who experienced a greater than 50%

reduction in the frequency of seizures. The responders

were 36.8% at two years, 44.3% at one year, and

44.1% at three years. The studies showed a direct rela-

tionship between the intensity of the vagal stimulation

and a reduction in seizure frequency (high versus low

stimulation). In the controlled trials, the range of ‘‘high-

dose’’ stimulation was defined as 1.25–1.75mA (milli-

amperes). In most clinical practices, this remains the

target range for treatment. However, similar to the way

that medications are adjusted, some physicians have

suggested that higher ‘‘doses’’ may have greater effec-

tiveness. Like medications, if lower settings (i.e., lower

‘‘doses’’) fail, the amplitude of the stimulation is in-

creased to the maximum tolerated amount [20]. Al-

though this approach is logical and reasonable, it is

not known whether ‘‘doses’’ higher than 1.75mA are
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more effective in the treatment of epilepsy. Obviously,

prolonged use of higher ‘‘doses’’ shortens the genera-

tor’s battery life.

Although it is clear that there is a direct relationship

between the intensity of the electrical stimulation and a

reduction in the number of seizures a person experi-

ences, less is known about how other parameters like

pulsewidth, frequency, and duty cycle affect seizure con-

trol. The commonly used pulsewidth and frequency is

500 us (microseconds) and 30Hz (Hertz) respective-

ly. These original parameters were derived from early

observations in rats, cats, dogs, and monkeys. However,

early experiments in animals suggest that new non-tradi-

tional settings of 20Hz frequency and 250 ms pulse width
should be equally effective. In order to improve toler-

ability and to possibly lengthen battery life, many phy-

sicians now advocate using these new parameters.

However, the effectiveness of these new parameters has

not been studied in a prospective, controlled clinical trial

in humans. The issue of changing the duty cycle on

seizure control has also been debated. The usual settings

are 30 s ‘‘on’’ and 5min ‘‘off’’ which translates to a duty

cycle of about 10%. When a patient does not respond

to the targeted ‘‘dose’’ of stimulation, it is reasonable to

reduce the interval between stimuli: i.e., increase the

duty cycle [19, 20] to the commonly referred to as ‘‘rapid

cycling’’; there is, however, relatively few data regarding

the impact of higher duty cycles on seizure control.

DeGiorgio retrospectively analyzed the VNS settings

of 154 patients. He concluded that a subset of patients

whose seizure frequency did not change using the typi-

cal VNS duty cycle (10%) did respond to higher duty

cycles [20]. Later, he studied 64 patients, randomized

to different duty cycles (14, 28, and 50%). All duty

cycles were equally effective as initial settings but

when non-responders had their duty cycles increased,

the number of responders increased, supporting his ear-

lier findings [19].

In conclusion, studies in people with epilepsy have

shown VNS to be safe, well-tolerated, and with very

few complications. In the United States, it is approved

for use in refractory partial epilepsy in people over

12 years old. However, many studies show that VNS

therapy is effective in other types of epilepsy and in

children as well. After implantation, the usual settings

should be tried first but when these fail to improve the

control of seizures, a higher duty cycle should be tried.

This, however, reduces the battery life. Despite what is

still unknown about VNS, this therapy is important for

people whose seizures do not respond to medication.

Cerebellar stimulation

Clinical evidence, devices, and implantation technique

Most of the studies have been retrospective, lacked

controls, or have included only a small number of pa-

tients, making interpretation of the results difficult. The

results have been variable but it is possible that cerebel-

lar stimulation reduces seizure frequency [12–14, 17,

18, 82]. A controlled trial in the United States by

VanBuren and Wright showed no benefit to this therapy

[81, 91], essentially halting further investigation. A more

recent study in 5 patients by Velasco suggested a ‘‘sig-

nificant and sustained’’ effect from cerebellar stimu-

lation over a greater than 2 year period [82]. Although

cerebellar stimulation is currently considered ineffec-

tive in the treatment of epilepsy, additional research is

needed to resolve conflicting study results. There have

been several models of cerebellar generators, going back

to the 1970s. The first system was a radio frequency-

coupled device. The device operated without an internal

battery and was powered by radio frequencies which

were transmitted through the skin by an antenna that

was taped to the skin. This system was cumbersome and

associated with frequent failures of the external equip-

ment [87]. The next generation of cerebellar stimulators

was completely implantable (Fig. 2), similar to modern

pacemakers. The implantation is similar to VNS. How-

ever, the leads are different, using two four-contact elec-

trodes. A craniotomy or two burr holes are made to

expose the superior cerebellar surface. The paired elec-

trodes are implanted symmetrically over the superome-

dial surface of the cerebellum [37, 82]. The leads are

then tunneled under the skin, and attached to the gen-

erator which is implanted subcutaneously, usually over

the chest wall.

Anatomy and possible mechanism of action

The mechanism of action of cerebellar stimulation is

unclear. Examination of cerebellar function and anatomy

suggests certain possibilities. The main functions of the

cerebellum are to coordinate the execution of motor

tasks and to maintain motor tone [88]. The cerebellum

is richly interconnected with structures within the brain

and brainstem. The cerebellum receives and compares

input from the cerebral cortex and brainstem (e.g. com-

mands from the motor cortex) to sensory input from the

periphery (e.g., information regarding body position). It

coordinates this with data transmitted from the vestib-

ular nuclei, important structures that help to maintain
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balance. When the data are put together, smooth, grace-

ful movements are the result [29, 35]. However, in order

to accomplish this, the cerebellum must send informa-

tion to many different brain structures. The cerebellar

efferent fibers travel through the superior cerebellar

peduncle to synapse on the thalamus and brainstem

[88] where they exert a predominantly inhibitory effect.

Because of this, most believe that stimulation of the

cerebellum increases this inhibition. In other words, cer-

ebellar stimulation increases inhibitory outflow, thereby

causing a reduction of seizures [9, 24]. Some authors

have disputed this simple explanation, citing evidence

that suggests that the mechanism of action is much more

complex [71].

Effects of cerebellar stimulation on EEG and seizures

Cerebellar stimulation has been studied in animals

since the middle of the 20th century. Early experiments

showed that cerebellar stimulation affected the EEG; it

enhanced low-voltage fast activity, and decreased the

occurrence of epileptiform discharges in the hippocam-

pus [24]. However, there was conflicting information:

some studies in animal epilepsy models showed that

cerebellar stimulation terminated seizures which arose

from different areas of the cerebral cortex and hippo-

campus [17]. About an equal number of other studies

demonstrated that cerebellar stimulation was ineffective

[24]. Most human studies were uncontrolled and used

different stimulator models, various stimulation para-

meters, and in patients with different types of epilepsy.

The results of the uncontrolled trials vary, but most

reported some improvement. The most extensive series

was presented by Davis. Since 1974, he has implanted

332 patients with a cerebellar stimulator of whom 90%

were implanted for spasticity due to cerebral palsy

(Fig. 2). In this group, 33 patients (10%) had intractable

epilepsy. Of the 33, 27 patients (82%) had ‘‘improved’’

seizure frequency using 0.9–2.5 microCoulombs=sq. cm

delivered at between 10 and 30Hz [17]. Seven patients

(21%) became seizure-free [24].

There have been two controlled clinical trials of cer-

ebellar stimulation. Van Buren studied 5 patients [81],

and Wright presented data of 9 patients with intractable

epilepsy [91]. The trials showed that cerebellar stimula-

tion had no effect on the occurrence of seizures. These

results convinced most physicians that cerebellar stimu-

lation was an ineffective treatment of epilepsy and vir-

tually halted further research in this area. However,

when Davis reviewed Van Buren’s data, he pointed out

that 4 of the 5 were improved, with seizure reductions

between 73 and 85%. More recently, Velasco implanted

5 patients with a cerebellar stimulator [82]. For three

months, two of the patients were randomized to ‘‘off’’

(i.e., no stimulation), while the other three were assigned

as ‘‘on’’. After a three month period, all patients had their

stimulators turned ‘‘on’’. He found that patients whose

stimulators were ‘‘on’’ experienced a 66% reduction of

seizures while the ‘‘off’’ group had a 7% reduction

(p¼ 0.023). After all were ‘‘on’’, the seizure reduction

was 59% at 6 months, and 76% at 24 months (however,

one person dropped out due to infection at 11 months).

Although this is a small number of people, the results of

this trial may re-invigorate the investigation of cerebellar

stimulation in the treatment of refractory seizures. With

respect to future prospects it is encouraging that cere-

bellar stimulation appears to be safe: there is a small risk

of bleeding (0.6%) and wound infection (2.7%) [18].

The autopsy of one patient with chronic cerebellar stim-

ulation for 16 months found non-specific fibrosis over

the electrodes: there was no underlying neuronal loss,

suggesting that long-term electrode implantation does

not damage microscopic cerebellar structure [92]. Further

research is needed to resolve the uncertainty of whether

cerebellar stimulation is effective in humans.

Thalamic stimulation

Evidence, devices and implantation technique

Whether discussing the vagus nerve stimulator or cer-

ebellar stimulators, one interesting similarity emerges:

both structures are intimately connected with the thala-

mus. This raises the possibility that the two devices

share a common mechanism of action. As we have seen,

the thalamus seems to be involved in the generation of

certain seizure types (generalized from onset) as well as

in the propagation of others (partial onset) [15, 24, 77].

Within the thalamus, several sites have been stimulated:

the anterior thalamic nucleus in humans [62], centrome-

dian nucleus in humans [83–85], and the mediodorsal

nucleus in rats [10]. Mondragon lesioned the ventro-

posterolateral nucleus (VPL) in monkeys. Because of

the direct connection of the VPL with the motor cortex,

he proposed that either ablation or stimulation of VPL

would reduce or stop seizures arising from the motor

cortex [63]. Different generators and electrodes have

been used in thalamic stimulation but the surgical ap-

proach is nearly the same for all. Bilateral electrodes

were inserted through a craniotomy or bilateral burr
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holes using either MRI or CT-guided stereotaxis [15,

41, 47] or using the Radiological Proportion System

[85]. Correct electrode placement within the thalamic

nuclei was confirmed by intraoperative electrophysiolo-

gic recordings and postoperative CT or MRI [41, 47].

Platinum leads were either connected in the operating

room [25, 41, 47], or externalized 10–15 days prior to

being internalized for chronic stimulation [85]. The leads

were then tunneled under the skin, and connected to

generators, which in most cases were implanted in the

anterior chest wall [25].

Anatomy and mechanism of action

The thalamus has been a site of interest for the treat-

ment of epilepsy for many years. It is known to be

involved in the initiation of generalized seizures, and

is thought to be important in the propagation of partial

seizures [15]. The thalamus can be divided into three

gross anatomic nuclei: the anterior, medial, and lateral

nuclear groups. All three areas have been studied in

animals and humans to investigate their role in the gen-

eration and propagation of seizures and as a potential

site for neural stimulation in the treatment of epilepsy

[15]. However, the lateral and intralaminar nuclei have

been most often sited as the regions which generate

3–4Hz spike-and-wave of generalized epilepsy syn-

dromes. The anterior thalamus, perhaps through con-

nections with the limbic system, has been implicated

both in the generation of generalized-from-onset sei-

zures as well as the propagation of partial-onset seizures

[15]. The nuclei of the thalamus are connected to vir-

tually all regions of the brain and brainstem. The thala-

mus acts as a relay for sensory information. Its role

changes depending on whether the person is awake or

asleep. During wakefulness, the thalamus integrates sen-

sory information from the body (the spinothalamic tracts)

and combines this with information from the cerebel-

lum, an organ which helps to coordinate smooth, so-

phisticated movements. In order for graceful movements

to occur, these systems are then integrated with motor

function via input from the thalamus. During sleep, the

thalamus switches to an oscillatory mode: many believe

that this is an important role in order to interrupt sensory

input that would otherwise impair the ability to obtain

restful sleep. During sleep, the thalamus generates nor-

mal rhythmic discharges such as sleep spindles. Through

a similar mechanism, the thalamus also may generate

pathologic rhythms such as generalized spike and wave

discharges [15]. One possible mechanism for the gen-

eration of pathologic rhythms is based on the rich con-

nectivity between the thalamus and the cerebral cortex.

The thalamocortical connections are reciprocal, and use

the excitatory neurotransmitters glutamate and aspartate.

Within the thalamus, inhibitory GABA-containing inter-

neurons synapse in the thalamocortical neurons. There is

a balance between excitation and inhibition which is

carefully regulated by several feedback mechanisms

[15]. If there is increased excitability or diminished inhi-

bition, seizures are more likely to occur.

Effects of thalamic stimulation on the EEG and seizures

The effect that thalamic stimulation has on seizures

and the EEG depends on the location, frequency, and

intensity of stimulation. Two sites have been studied both

in animals and in people: the anterior thalamic nucleus,

and the centromedian thalamic nucleus. In rats, low fre-

quency stimulation (8Hz) of the anterior thalamus was

proconvulsant [62]. High frequency stimulation of the

same nucleus raised the seizure threshold in rats that were

given pentyleneterazol (PTZ), an intravenous chemical

which very quickly induces seizure activity [62]. In hu-

mans, low frequency (6Hz), high intensity stimulation of

the centromedian produces pathological rhythms [85].

High-frequency (60Hz) stimulation caused desynchroni-

zation of the EEG [85]. This suggests that high frequency

stimulation acts to reduce seizures.

In the 1980s, Velasco et al. reported promising results

in uncontrolled trials of centromedian thalamic nuclear

stimulation in persons with refractory epilepsy. The

group was mixed: some had partial and secondarily gen-

eralized seizures (frontal and temporal onset), while others

carried the diagnosis of Lennox-Gastaut Syndrome. Initi-

ally, they reported a seizure reduction of up to 80–100%

[83]. In addition, they reported normalization of the

EEG and improvements in psychological performance

[85]. In 2001, Velasco reported positive results using

frequencies between 60 and 130Hz in the centromedian

thalamic nucleus, intermittently stimulating each side in

an alternating pattern. He studied 49 patients, followed

from 6 months to 15 years, and concluded that certain

seizure types (tonic-clonic, atypical absence, and tonic)

responded better than others (complex partial seizures)

[84]. The results of the earlier uncontrolled studies

prompted a double-blind pilot study in the United States.

Seven patients were implanted. All had refractory sei-

zures, and were not candidates for resective epilepsy

surgery. The patients had multifocal or generalized sei-

zure foci, carried different diagnoses and causes of their
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seizures. Using the patients as their own controls, the

seizure frequency was calculated during times when

the stimulator was ‘‘on’’ versus ‘‘off.’’ These numbers

were then compared to baseline values. A reduction of

seizures by 30% was observed when the stimulator was

‘‘on’’ compared to an 8% reduction when the stimulator

was ‘‘off.’’ Although a trend toward improvement was

observed, the results were not statistically significant

[25]. The controlled trial showed no statistically signifi-

cant difference while the uncontrolled trials showed a

very strong response to centromedian thalamic stimula-

tion. It is unclear why there should be such a disparity

between these results. Several possible explanations

have been proposed, including the method for electrode

implantation and the intensity of stimulation. Velasco

activated each device sequentially, while Fisher acti-

vated both stimulators simultaneously. The number of

patients in each study was small and eroded the power

of the findings. The conclusion of the double-blind study

was that thalamic stimulation was promising, but further

study was needed to clearly demonstrate efficacy [25].

Stimulation of the anterior thalamus has been studied

in animals [62] and humans [25, 34, 79]. In these studies,

100Hz stimulation was selected due to the fact that in

rats, 100Hz thalamic stimulation raised the seizure thresh-

old. In an initial study, Sussman found that of 5 patients

with refractory seizures followed for 1–2 years, 100Hz

stimulation ‘‘improved’’ the seizure frequency in 3 [79].

Hodaie et al. reported the results of anterior thalamic

nuclear stimulation in 5 patients. High frequency stimu-

lation (100Hz) was used, alternating the stimulation of

each anterior thalamic nucleus. They reported an average

reduction of seizures of 53.8% (range 24–89%) [41].

Kerrigan et al. reported 5 patients with alternating

100Hz anterior thalamic nuclear stimulation for the treat-

ment of their refractory epilepsy. In this group, 4 of the 5

had a statistically significant reduction of their general-

ized tonic-clonic seizures; only one had a statistically

significant reduction of all seizure types [47].

In conclusion, the thalamus has been shown to be

involved in both seizure generation and propagation.

The exact mechanism remains unclear but it seems logi-

cal to target the thalamus for stimulation therapy. It is

unknown which region of the thalamus is the ‘‘best’’ site

for stimulation and what the optimal settings should be.

Currently, a multicenter prospective trial is underway,

rigorously investigating the usefulness of this type of

electrical stimulation in refractory partial epilepsy. Hope-

fully, the multicenter trial will answer some of these

questions.

Subthalamic nucleus

Subthalamic nucleus (STN) stimulation has been suc-

cessfully and safely used to treat symptoms of refrac-

tory movement disorders such as Parkinson’s disease

[4, 57]. In rats, bilateral high frequency subthalamic

nucleus stimulation (130Hz) was shown to suppress ab-

sence seizures as well [86]. In 2003, Lado reported the

results of bilateral simultaneous STN stimulation in 8

rats. Three stimulation frequencies were used (130, 260,

and 800Hz). 130Hz seemed to increase the seizure

threshold, while 800Hz may have facilitated seizures by

reducing the seizure threshold [54]. In 2002, four patients

with refractory partial seizures were treated with STN

stimulation. Their EEGs showed focal sharp waves ipsilat-

eral to the side of stimulation. Because of this, Dinner

proposed that the mechanism of action of STN stimulation

was mediated by direct STN-cortical glutaminergic con-

nections [21]. In 2002, Benabid reported seizure reduction

in a 5-year-old child who underwent left subthalamic

nuclear stimulation for refractory and frequent left parietal

onset seizures. The frequency of 130Hz was used and

reduced the seizures by 80.7% [4]. Although animal stud-

ies suggest that STN stimulation may reduce seizures,

more study is needed to answer this question.

Cerebral cortex

If seizures occur in the cerebral cortex, it seems rea-

sonable to attempt stimulation of the cortex itself. Dur-

ing the presurgical evaluation of patients with refractory

partial seizures, cortical mapping is often performed in

order to identify epileptogenic zones or regions of elo-

quent cortex. A goal of mapping is to determine the

extent of a safe resection. During this procedure, sei-

zures are sometimes induced by the electrical stimu-

lation. One observation is that if a second stimulation

is applied to the test-induced discharges, called after-

discharges, many of them will stop. In addition to this,

there have been reports that electrical stimulation will

suppress epileptiform discharges i.e. abnormal electrical

brain wave patterns. The epileptiform discharges are not

seizures themselves but are markers for seizures (and

epilepsy). In 2004, Kinoshita reported that both high-

frequency (50Hz) and low-frequency stimulation of the

epileptogenic region reduced the frequency of epilepti-

form discharges in one patient [48]. In 2005, he reported

similar results in four patients and suggested that elec-

trical cortical stimulation ‘‘suppressed epileptogenicity’’

[49]. In 2004, Kossoff et al. reported the abatement of

seizures in 4 patients who received cortical electrical
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stimulation [50]. During intracranial EEG recording, he

used an automated system to detect and respond to sei-

zures which he called ‘‘an external responsive neurosti-

mulator’’. Because the numbers were so small, he was

unable to comment on efficacy; however, the system was

able to ‘‘alter or suppress’’ some of the patients seizures.

In the following year, Osorio reported the results of

automated cortical electrical stimulation in 8 patients.

The group was mixed, and some underwent deep brain

(anterior thalamic) stimulation; he reported a mean

reduction of seizures of 40.8–55.5% [68]. The interest-

ing aspect of these reports, different from all other

devices, is that these devices were designed to respond

to seizure discharges as opposed to sending either a con-

tinuous or intermittent electrical stimulation. In other

words, as technology advances, it may be possible to

develop devices that respond to the person’s events: if

a person had seizures infrequently, their device would

operate accordingly.

Other sites

Two patients with epilepsy have had unilateral stimula-

tion of the locus coeruleus which presumably increased

the release of norepinephrine. In both these patients the

seizures were ‘‘reduced in severity and intensity’’ [23].

The small number does not provide conclusive proof

that this is a safe and effective treatment for refractory

seizures.

Conclusions

Recently, much attention has been focused on neuro-

stimulators in the treatment of epilepsy. Two important

questions remain: where to stimulate and how to opti-

mize stimulation. If we assume that neural networks are

responsible for seizure generation and propagation [10,

70], it seems reasonable to assume that seizures can be

affected by electrical stimulation of more than one brain

region. As research continues, we may discover that

stimulation of a particular brain region is more effective

for specific types of epilepsy. In addition to finding the

‘‘ideal’’ site for treatment, the optimum stimulation

parameters must be defined. We may find, for instance,

that different brain regions require different stimulation

parameters. To date, most research has focused on the

effectiveness of intermittent or continuous neural stimu-

lation. However, some researchers are investigating ways

to develop treatments that either respond to or anticipate

the occurrence of seizures [32, 33, 50, 56, 60, 68, 75,

76]. The device would only be active when needed, and

would not require the participation of the patient. In

other words, the device would be designed to automati-

cally deliver an electrical stimulus in response to or in

anticipation of a seizure. Although this idea seems far-

fetched, it is clear that we are just starting to understand

the usefulness of devices in the treatment of epilepsy. As

our understanding of epilepsy grows, we are likely to see

new approaches to the treatment of epilepsy, including

the application of sophisticated electronic devices.
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Summary

Brain stimulation has been receiving increasing attention as an alter-

native therapy for epilepsy that cannot be treated by either antiepileptic

medication or surgical resection of the epileptogenic focus. The stimula-

tion methods include transcranial magnetic stimulation (TMS) or elec-

trical stimulation by implanted devices of the vagus nerve (VNS), deep

brain structures (DBS) (thalamic or hippocampal), cerebellar or cortical

areas. TMS is the simplest and least invasive approach. However, the

most common epileptogenic areas (mesial temporal structures) probably

lie too deep beneath the surface of the skull for effective TMS. The

efficacy of VNS in reducing the frequency or severity of seizures is quite

variable and depends on many factors which are currently investigated.

VNS is well-tolerated and approved in many countries. DBS is much

more invasive than either TMS or VNS. Currently, a number of targets

for DBS are investigated including caudate, centromedian or anterior

thalamic nuclei, and subthalamic nucleus. Direct stimulation of the

epileptic cortical focus is another approach to the neuromodulation in

epilepsy. Finally, another line of research investigates the usefulness of

implantable seizure detection devices. The current chapter presents the

most important evidence on the above methods. Furthermore, other

important issues are reviewed such as the selection criteria of patients

for brain stimulation and the potential role of brain stimulation in the

treatment of depression in epileptic patients.

Keywords: Neuromodulation; epilepsy; seizures; brain stimulation;

implanted device; treatment; review.

Introduction

Epilepsy is one of the most common neurological dis-

orders, affecting 0.5–1% of the world population;

the proportion may be higher in developing regions

[17, 97]. Epilepsy constitutes approximately 0.5% of

the whole burden of disease in the world [72].

At least 30% of patients with epilepsy have uncon-

trolled seizures despite antiepileptic drug (AED) therapy,

including the new agents introduced in the last decade

[60]. Surgical therapy can be effective for carefully

selected patients, but literally millions of people around

the world need additional approaches [144]. Health-

related quality of life among people with epilepsy is

closely related to seizure control [71]. Moreover, the

cost of epilepsy, and particularly uncontrolled epilepsy

and complications such as status epilepticus, is high,

justifying complex interventions [8, 106].

Among experimental alternative therapies, brain stim-

ulation has been receiving increasing attention. The

methods proposed range from intermittent, non-invasive

techniques such as transcranial magnetic stimulation

(TMS), to thalamic, hippocampal, or cerebellar surgical

implants. One therapy, vagal nerve stimulation (VNS) is

approved in many countries. However, as with other

therapeutic modalities, it has been used for seizure types

not evaluated in controlled clinical trials. Thus, it con-

tinues to be an unproven treatment for many patients

who have used it.

Several important issues have to be considered when

evaluating the effects of brain stimulation for epilepsy. It

may be harder to perform true blinded studies, due to

patients’ ability to perceive when stimulation is ‘on.’

This problem may affect less invasive approaches such

as TMS and VNS to a greater degree than deep brain

stimulation (DBS), but side effects may provide clues

even in the latter case. The phenomenon of ‘reversion to

the mean’ may occur as well. Patients are more likely to

enter an experimental trial when their seizure frequency

is high, leading to the risk that decline in frequency

during the trial, due to random variation, or physiologi-

cal cyclical pattern, might be misinterpreted as a thera-

peutic effect. This risk might be greater for studies

involving invasive procedures or surgery than AEDs.



Adequate trial length, and placebo controls, is crucial for

proper interpretation.

Transcranial magnetic stimulation

Transcranial magnetic stimulation (TMS) is the sim-

plest and least invasive approach to brain stimulation

for epilepsy. It has been used widely in clinical neuro-

physiology as an investigational tool, to measure param-

eters related to cortical excitatory and inhibitory function

[65]. In most studies, a simple hand-held magnet, or oc-

casionally a frame that can be aligned to predetermined

coordinates, is used. In clinical studies, contrasting with

the human DBS data (see below), low frequency rTMS

reduces motor cortex excitability, while high frequency

(>10–20Hz) stimulation can lead to seizures, even in

normal controls [20].

The main parameters measured with TMS include

motor threshold (MT), used to judge cortical excitability,

and paired pulse facilitation and inhibition. These phenom-

ena probably reflect widespread cortical and spinal neuro-

nal membrane excitability, as well as intracortical synaptic

and corticospinal connections, involving excitatory and

inhibitory synaptic pathways, as well as neuronal mem-

brane potentials [109]. Thus, it may be difficult to relate

altered parameters measured with TMS to specific physio-

logical processes. Moreover, the currents generated by the

magnets, and thus their physiological effects, depend on a

wide variety of factors, including coil construction (there

are round, and figure-of-eight coils, for example) and

positioning, brain conductivity, and neuronal orientation.

The brain is not an ideal, uniform, conduction medium.

Distribution of field strength and flux, and effects on cor-

tical excitability, may be difficult to predict. PET blood

flow studies, for example, showed multifocal bilateral acti-

vation from unilateral motor cortex stimulation [114].

A few rTMS experiments have been performed in

animal models of epilepsy. Low frequency stimulation

(0.5Hz stimulation) increased latency to onset of penty-

lenetetrazol-induced seizures in rats [2]. Moreover, the

opposite effect occurred using 50Hz rTMS, which in-

creased excitability, reducing pentylenetetrazol-induced

clonic seizure latency [61]. In addition, a possible long

term depression-like effect of low frequency stimulation

has been demonstrated in resected specimens of human

temporal lobe [21].

In patients with epilepsy, seizures may occur by

chance during TMS studies. However, AEDs increase

motor threshold, and it may actually be harder to induce

a seizure during rTMS in epilepsy patients, unless drugs

are being withdrawn during stimulation [69]. No signif-

icant endocrine effects, or unusual histologic changes

attributable to TMS (in patients who had temporal lobec-

tomy after participating in studies) have been reported

[15, 47, 56]. Patients may experience sensations such as

‘skin crawling’ during stimulation, or complain of head-

ache [45, 118, 141].

There have been scattered reports of the use of rTMS

to treat patients with seizures, or cortical myoclonus. In

an open study, eight of nine patients with complex par-

tial seizures and temporal lobe epilepsy were reported to

have a mean seizure reduction of 38.6	 36.6%, compar-

ing 4 weeks before and 4 weeks after five days of

0.33Hz rTMS [117]. Another study reported that 1 ses-

sion (600 pulses) of low-frequency 0.5Hz rTMS

‘‘focally targeting’’ malformations of cortical develop-

ment in eight patients significantly decreased the number

of EEG epileptiform discharges and seizures, as com-

pared to a four week baseline, at 15 and 30 days after

rTMS treatment [44]. One patient with partial seizures

due to focal cortical dysplasia treated with 100 stimula-

tions at 0.5Hz twice a week for four weeks had a 70%

seizure decrease in seizure frequency [84]. However,

initial reports of transient improvement in three patients

with cortical myoclonus were not confirmed by addi-

tional studies, and the response was transient in the three

original cases [142, 143].

Only one controlled study has been reported. This was

a ‘single blind’ trial of 1Hz for 15min twice daily for

one week at 120% of motor threshold in patients with

mesial temporal or neocortical localization-related epi-

lepsy [120]. Twenty-four subjects were randomized to

blinded active or placebo stimulation (with the coil

angled away from the scalp, while the patient still heard

the clicking from the stimulator). The physician admin-

istering rTMS, but not evaluating the patient in the clinic,

knew the treatment assignment. Sham-stimulated patients

showed no change in seizure frequency when eight

weeks before and after stimulation were compared. The

active group had a 16% (non-significant) mean reduction,

but only in the first two weeks after stimulation. There

was a trend toward a greater effect in patients with neo-

cortical rather than mesial temporal foci. Mesial temporal

structures probably lie too deep beneath the surface of

the scalp for effective stimulation using rTMS [7, 37].

Vagus nerve stimulation (VNS)

The vagus nerve projects widely and diffusely to tha-

lamus, amygdala, and forebrain through the nucleus
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tractus solitarius and the medullary reticular formation

[138]. In animals, increased inhibition or decreased exci-

tation in nucleus tractus solitarius reduces susceptibility

to limbic motor seizures [140]. In primates, there is

strong vagal input to the gustatory=visceral thalamic

relay nucleus, as well as the adjacent parafascicular

nucleus [59]. Thus, thalamocortical relay neurons appear

to modulate cortical excitability, and may influence gen-

eration of generalized seizures and secondary general-

ization of focal seizures [24].

Human studies using positron emission tomography

(PET) and 15O-H2O found that VNS produced both

increases and decreases in cerebral blood flow (CBF);

in some reports, thalamic effects correlated with de-

creased seizures [51–54, 64]. Single photon emission

computed tomography studies have tended to show de-

creased CBF in comparable regions [123, 136]. There is

one report of thalamic hypometabolism measured with

PET and 18F-fluorodeoxyglucose [108]. A functional

MRI study showed relative VNS-induced bilateral tha-

lamic, insular, basal ganglia, and occipital-temporal acti-

vation [96]. In another, five patients had frontal-temporal

increased activity, but only the two whose seizures

improved, thalamic activation [77]. These studies sug-

gest that thalamic activation or deactivation may medi-

ate VNS efficacy. However, it is important to remember

that thalamic hypoperfusion and hypometabolism may

be present ipsilateral to seizure foci in patients with

localization-related epilepsy as part of the dysfunction

related to the underlying seizure disorder itself.

Clinical efficacy

VNS may be more problematic to study clinically

even than TMS, due to the difficulty of blinding the

subjects. Patients can sense when stimulation is occur-

ring. In order to obtain ‘controlled’ data, a dose-response

design was adopted. High-dose stimulation (0.25–3.5ma,

30 sec on, 5min off, 30Hz, 500 ms pulse duration) versus
low dose (0.25–3.5ma, 30 sec on, 180min off, 1Hz,

130 ms pulse duration) was used in several clinical trials

for adults and children older than twelve with complex

partial and secondarily generalized seizures [42]. The null

hypothesis was no difference between the two doses.

In these trials, mean reduction in seizure frequency

was 25–30% for the ‘‘high’’ stimulation group versus

6–15% for the ‘‘low’’ stimulation group; these differ-

ences were statistically significant [13, 51, 119].

In open label extension studies, the therapeutic effi-

cacy was sustained, over follow-up periods of up to 12

months [29, 112]. Uncontrolled data suggested that addi-

tional improvement might occur [31]. However, antiepi-

leptic drug adjustments were allowed during the long-

term extensions, so the results should be treated with

caution. Several other potentially beneficial effects have

been reported (particularly related to mood, which will

be discussed below). VNS may improve day-time sleep-

iness independent of seizure control [81]. There may be

a significant decrease in body mass during VNS [113].

One characteristic of VNS that may have indirect psy-

chological as well as direct therapeutic advantages is the

ability of patients to activate the stimulator using an

external magnet, thus allowing an increased ‘dose’ dur-

ing a aura, as well as providing a greater sense of per-

sonal control.

Children with complex partial seizures appear to show

results from VNS similar to adults, although controlled

trial data are very limited [90, 105]. In a clinical, uncon-

trolled series of 100 patients, 45% had greater than 50%

seizure reduction [92]. Small studies have found pro-

mising effects in patients with tuberous sclerosis and

hypothalamic hamartomas [93, 101]. However, other epi-

lepsy syndromes, and patients with ‘epileptic enceph-

alopathies,’ such as epilepsy associated with ring

chromosome 20, have not responded [3, 16, 103]. There

are scattered case reports of VNS used to treat status

epilepticus refractory to AEDs [104].

Side effects

VNS has been generally well-tolerated [11]. There is

no evidence of increased mortality or overall morbidity

in patients receiving VNS compared with uncontrolled

epilepsy as a whole [4]. Implanation of the stimulator,

under the left clavicle, can be performed as an outpatient

procedure under local anesthesia if necessary; the stimu-

lating electrodes are placed on the left vagus nerve in the

neck to limit the risk of bradycardia [12]. Three to six

percent experience post-operative infections. Common

side effects (most evident when the stimulator is on)

are cough (15–20%), voice alteration (50–60%), hoarse-

ness, dyspnea, pain, paresthesia, and headaches (about

15–20% each), and respond to alteration of the stimula-

tion settings, particularly lowering pulse width [75]. Left

vocal cord paralysis, lower facial weakness, sternoclei-

domastoid spasm and transient bradycardia or asystole

during implantation have been rare complications [19,

60, 115]. In a study of seven patients on chronic VNS,

no significant changes were observed in time-domain

parameters of heart rate variability, although there was
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a slight flattening of circadian effects [49]. It has been

suggested that air way compromise or aspiration might

be possible complications in patients with preexisting

undiagnosed right vocal cord weakness, or associated

with nasogastric tube feeding; however, no cases have

been reported [80]. Aspiration did occur in two children

with pre-existing swallowing difficulties [11, 91]. Vagus

nerve damage associated with stimulation has not been

documented in adults, but may be suggested by one

report in a child [121]. MRI can be performed at current

clinical settings (up to about 2 tesla) with VNS in place,

although as MRI magnet strengths increase, additional

safety data will have to be collected [10].

Trigeminal nerve stimulation

Stimulation of the infraorbital branch of the trigem-

inal nerve led to reduction of seizure activity triggered

by intraperitoneal injection of pentylenetetrazole in

awake rats [40]. Bilateral stimulation was more effective

than unilateral stimulation, and seizure-triggered stimu-

lation more effective than a fixed schedule. Two patients

treated with infraorbital transcutaneous stimulation at

120Hz, 20–30 sec on and 20–30 sec off were reported

to have 39 and 76% reduction in seizure frequency at

six months after starting stimulation [30]. Side effects

included twitching of the orbicularis oculi and mild

tooth pressure=tingling in the canine teeth, responding

to a reduction in current. There was no effect on vital

signs or ECG.

Deep brain stimulation

Deep brain stimulation (DBS) involves intracranial

surgery, and thus is much more invasive than either TMS

or VNS [1]. There are a variety of stimulation targets.

Electrodes are connected subcutaneously by extension

leads to a subcutaneous battery-powered programmable

stimulator or stimulators on the chest wall. Stimulation

parameters have not been tested systematically. Typical

settings may be 1–10V, 90ms pulses in trains of 100–

165Hz, with either bipolar or referential stimulation.

Both continuous patterns, or 1min on and 5min off have

been tried. Parameters can be changed, and stimulus

trains turned on or off, with an external device. A wide

range of subcortical nuclei have been targeted for epi-

lepsy treatment; unfortunately, few studies have been

controlled rigorously, or even notionally.

The most important potential complication is hemor-

rhage, reported in approximately 5% of patients [41]. As

with any intracranial surgery, infection is an additional

possibility. Centromedian thalamic nucleus stimulation

led to central nystagmus in one reported patient [116].

Right-sided stimulation evoked left beating nystagmus

and left-sided stimulation evoked right beating nystagmus.

Cerebellum

Despite almost universally inhibitory cerebellar out-

flow, effects in animal models have been both pro and

anticonvulsant [23, 67]. Variability in results may have

been due to differences in stimulation location, as well

as in the stimulation parameters used. Similar variability

in technique, as well as uncertainty concerning what was

done, makes interpretation of results in many human

studies difficult. A review of uncontrolled studies of

115 patients found that 27% were seizure-free, 49%

‘‘improved,’’ and 24% unchanged [25]. However, con-

trolled trials of 14 showed that only 2 were improved

and 12 unchanged [67, 122, 147]. As with TMS, both

potential placebo effects and reversion to the mean could

explain the difference between controlled and open trial

results. However, the small number of patients (n¼ 14)

in the controlled trials makes it difficult to draw conclu-

sions. Moreover, in a recent double-blind, randomized

controlled study of bilateral superomedial cerebellar cor-

tex stimulation in five patients, significant seizure fre-

quency reductions for generalized tonic clonic seizures

were reported [124]. Stimulation had to be stopped in

one patient due to infection. Thus, the possible therapeu-

tic role of cerebellar stimulation remains uncertain.

Caudate nucleus

Some animal data suggest that caudate stimulation

might have an inhibitory effect on seizure activity ema-

nating from subcortical as well as cortical stimulation or

penicillin foci [68, 94, 139]. However, in some models,

such as aluminum hydroxide in primate motor cortex,

10–100Hz stimulation was inhibitory, while 100Hz stim-

ulation increased seizure frequency [98]. This effect

might be due to caudate activation of the substantia nigra

reticulata [33]. One clinical study found that ventral

caudate stimulation at 4–6Hz reduced neocortical and

mesial temporal EEG discharges, but clinical seizure

data were not reported [22].

Thalamus

Widespread cortical projections make the thalamus an

attractive target for stimulation. Early work suggested
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that the thalamus might be a cortical ‘‘pacemaker’’ [32,

107]. Thalamic stimulation was shown to stop seizures

in a primate epilepsy model [145]. More recently, high

frequency oscillations, probably generated by thalamic

neuromodulatory circuits, were detected in neocortical

epileptic foci [146]. Some studies suggest that thalamic

stimulation may activate rather than inhibit neuronal

activity, particularly cerebellothalamocortical pathways

[85]. In hippocampal foci, evidence for external modu-

lation is increasing as well [102]. Both electrophy-

siologic and anatomic evidence suggests that midline

thalamic nuclei in particular may participate in modula-

tion and spread of limbic seizures [14].

Centromedian nucleus

Although there are no strong monosynaptic con-

nections between the centromedian nucleus (CM) and

cortex, their firing patterns appear highly correlated,

particularly in sleep [110, 125]. Typical cortical spike

wave discharges and clinical absences can be produced

by three-per-second CM stimulation [127]. Results of

CM stimulation carried out as part of ‘clinical care,’

rather than in the context of a formal research study,

have been reported in patients with a variety of seizure

types. Frequencies ranged from 60 to 130Hz, 2.5 to 5.0V,

0.2 to 1.0ms duration. Stimulation usually was bilateral

carried out intermittently for several hours per day

[126]. Definite improvement, judged qualitatively, was

said to occur for generalized tonic-clonic seizures and

atypical absences, but not for either complex partial sei-

zures or focal spikes in temporal regions [128–131]. In

contrast, a small double-blind, cross-over, placebo-con-

trolled study of CM stimulation showed no significant

benefit, although GTCS frequency decreased 30% com-

pared to baseline when the stimulator was on, versus

a decrease of 8% when the stimulator was off [43].

Stimulation was on or off in 3-month blocks, with a

3-month washout period in between, in an attempt to

avoid carry-over effects. The results of this study do

suggest, however, that there might be a small beneficial

effect of CM stimulation on at least some seizure types.

Anterior thalamic nucleus

The anterior thalamus is part of the circuit of Papez,

and studies using 2-deoxyglucose found markedly in-

creased metabolism in guinea pig anterior thalamus

[87]. Sectioning the connection between the mammillary

bodies and the anterior thalamus in the guinea pig sub-

stantially increases the threshold for PTZ-induced sei-

zures [86]. Stimulation of anterior thalamus (as well as

posterior hypothalamus) at 100Hz had an anticonvulsant

effect for PTZ-induced seizures in rats, while 10–50Hz

stimulation was proconvulsant [88, 89]. Bilateral ante-

rior thalamic nucleus lesions, as well as high-frequency

stimulation also protect against pilocarpine-induced sei-

zures [55]. Two small series of human anterior thalamic

stimulation for intractable epilepsy have been reported.

In five patients, with a variety of seizure types, who had

stimulation through bilateral electrodes in anterior tha-

lamus, a statistically significant mean reduction of 54%

in seizure frequency was reported (mean follow-up,

15 months). However, the observed benefits did not dif-

fer between stimulation-on and stimulation-off periods,

suggesting that either a placebo or carry-over effect was

present [55]. In another five patients, bilateral anterior

thalamus stimulation parameters were 100 cycles per

second, pulse width, 90ms, and voltages ranging be-

tween 1.0 and 10.0V. Four of five were said to have

improved generalized tonic clonic, and one, total seizure

frequency [63].

Subthalamic nucleus (STN)

In animal models of epilepsy, widespread non-specific

anterior and intralaminar thalamic nuclear, as well as

substantia nigra (SN) and STN connections to mesial

frontal, temporal, and limbic structures have been docu-

mented. Stimulation of STN, anterior thalamus, and SN

inhibit limbic seizures [89, 133, 135]. Basal ganglia

structures may modify propagation and manifestations

of seizures, although no evidence of actual seizure initi-

ation in this region has been found [33]. STN sharp

waves, that may be an expression of direct cortico-

STN glutamatergic pathways that could modulate the

anti-seizure effect of stimulation, are closely linked to

scalp recorded epileptiform activity [34]. Some studies

have led to the concept of a ‘dorsal midbrain anticon-

vulsant zone’, near the superior colliculi, whose output

could be affected by upstream stimulation at various

sites [78]. This zone is under inhibitory control of ef-

ferent fibers from the substantia nigra pars reticulata.

Inhibition of the STN could block the inhibitory effect

of the substantia nigra pars reticulata on the dorsal mid-

brain anticonvulsant zone and thus activate the latter,

raising the seizure threshold.

About ten reported patients with intractable epilepsy

have had STN stimulation in uncontrolled studies [9, 18,

28, 78]. While some patients showed no improvement,
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others had up to 80% reduction in seizure frequency.

Side effects included mild facial twitching and numb-

ness in the extremities, alleviated by adjustment of the

stimulation parameters [18]. Interestingly, STN stimula-

tion had no significant effect on motor cortex excitability

measured using paired-pulse transcranial magnetic stim-

ulation (TMS) [28]. In two patients with frontal lobe

epilepsy, who had marked seizure frequency reduction

during STN stimulation, increased rCBF was found in

the frontal epileptogenic zones on subtraction SPECT;

one patient had additional superior and inferior temporal

hyperperfusion [148].

Cortical stimulation

Direct stimulation of the epileptic focus is another

approach to neuromodulation in epilepsy. It will likely

to combined with seizure-detection devices. In hippo-

campus, long term depression can be produced by low

frequency stimulation [35]. In amygdala, low frequency

stimuli by themselves led to synaptic facilitation in rat

amygdala, but to inhibition when preceded by a con-

dition high frequency stimulus [74]. There was a strong

anti-epileptogenic effect of stimulation at 1Hz for

15min in both adult and immature rats, as measured

by reduction in both after discharge duration and seizure

stage induced by 60Hz kindling [134]. One Hz stimula-

tion of hippocampal CA3 suppressed entorhinal cortex

discharges in mice [6].

Ten patients scheduled to have temporal lobectomy,

and who had bilateral, depth, hippocampal or unilateral

subdural, basal temporal electrodes were given 2–3

weeks of continuous 130Hz electrical stimulation, deliv-

ered 23 h per day [132]. AEDs had been stopped before

stimulation started, in order to record seizures. Seven of

the patients had electrode contacts within the hippocam-

pal formation or gyrus, and stimulation was uninter-

rupted. Clinical seizures were said to be abolished, and

the number of focal interictal EEG spikes significantly

decreased after 5–6 days of stimulation. In contrast, the

three patients in whom stimulation was either inter-

rupted or the contacts were outside the hippocampus

had no response. In another open small series, 130–

200Hz amygdalo-hippocampal stimulation was used

for three patients with intractable CPS [137]. Over a

mean follow-up of 5 months, all three patients reported

marked reduction in seizure frequency as well as de-

creased seizure severity. In two of the patients, anti-

epileptic drugs could be reduced. None of the patients

reported side effects. In 17 patients undergoing pre-

operative mapping with subdural grids, brief bursts of

0.3-ms 50Hz pulses of alternating polarity stopped stim-

ulation-induced after-discharges, and possibly clinical

seizures [73]. The human trials of direct seizure focus

stimulation, in contrast to animal studies, have all used

high frequency approaches that parallel the paradigms

of subcortical DBS. In human and animal rTMS, low

frequency stimulation is also inhibitory, while high fre-

quency stimulation can produce seizures de novo. Activa-

tion or inhibition of upstream or downstream structures,

in addition to than the target region itself could clearly

play a role. rTMS may lead to fairly diffuse effects,

while hippocampal stimulation via depth electrodes,

although more precise, could still have more widespread

effects than seen in the animal models.

Implantable seizure detection devices

Implantable devices incorporating seizure detection

algorithms are now being used in clinical trials [76].

Rather than altering cortical excitability on a chronic

basis via scheduled stimulation, these devices are ex-

pected to deliver stimulation to epileptogenic zones

when the onset of ictal activity is detected. In order

to implement this approach, it will be essential to have

devices capable of predicting seizure onset or suscepti-

bility reliably. Several prediction algorithms have been

able to predict impending seizures with reasonable

accuracy in small trials, although others have not

[38, 57]. One problem may be the marked inter-patient

heterogeneity of EEG patterns; an algorithm would

have to be ‘trained’ individually for each patient to

be useful [27].

Much of the data on which prediction algorithms have

been based derives from invasive recordings. Ironically,

an international workshop lamented that ‘‘a decline in

invasive monitoring due to better patient selection and

improved functional imaging would eventually make a

diverse archive of intracranial EEG more difficult to

acquire in the future’’ [70]. Additional obstacles to pro-

gress discussed at this workshop included the basic

question of what defines an electroclinical seizure, and

what the outcome variable for prediction studies should

be. The computational intensity of the methods may

complicate clinical application.

One study has reported using 100–500Hz electrical

stimulation triggered by automated seizure detections in

eight patients, directly to the epileptogenic zone in four,

and through anterior thalami to the others [100]. Both

groups had 40–50% reductions in seizure rate during
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stimulation. Another group reported a decrease of about

40% in seizures with direct focus stimulation via a

closed loop seizure-detection algorithm, in 27 patients

evaluated during invasive monitoring; short-term stimu-

lation was well-tolerated [66]. Several controlled trials

are in progress for intermittent cycling stimulation of the

anterior nuclei of the thalamus, and for cortical stimula-

tion at a seizure focus, responsive to detection of seizure

onset [99].

Brain stimulation for depression in epilepsy

Depression is significantly increased in people with

epilepsy, compared to the general population, and appears

to be more common than in other chronic diseases such as

diabetes [26, 39]. Moreover, depressive symptoms have a

significant adverse effect on quality of life in epilepsy,

independent of seizure frequency [79]. Some brain stim-

ulation approaches might be helpful for depression,

and would thus be particularly appropriate for epilepsy

patients suffering from depression, particularly if it has

not responded to standard drug therapy. VNS is approved

in several regions, including the US, parts of Europe, and

Canada for the treatment of drug-resistant depression. In

uncontrolled trials, about 40% of patients are improved

[49]. A long-term open study showed a 22% remission

rate at two years [95]. In a subset of 11 patients drawn

from a larger epilepsy efficacy trial, significant positive

mood effects were found at 3 and 6 months, independent

of seizure frequency reduction [36]. Children treated with

VNS for refractory seizures also have been reported to

show improved mood ratings [48]. TMS may be effective

in treating depression as well. Many studies have used

higher rates of stimulation that might be contraindicated

in patients with epilepsy but it is not clear that these are

needed for antidepressant effects [82]. An intriguing

small study reported that four of six patients with severe

depression showed marked improvement on stimulation

of white matter tracts adjacent to the subgenual cingulate

gyrus [83].

Selection of patients for brain stimulation

Patients with refractory epilepsy who may be candi-

dates for brain stimulation fall into several possible epi-

lepsy syndromes (Table 1). The most common are

probably localization-related temporal lobe epilepsy

(TLE) with complex partial (CPS) and secondarily gen-

eralized seizures (GTCS), and secondary generalized

epilepsies, with a variety of seizure types, including ato- T
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nic, myoclonic, and GTCS. The potential enrollment of

these patients in clinical trials, particularly involving

DBS, raises ethical as well as clinical issues. Many

patients with TLE or other localization-related epilep-

sies who have not responded to AEDs will be candidates

for resective surgery, and it is crucial to identify such

patients using neuroimaging and video-EEG monitoring.

Neither VNS, nor experimental invasive stimulation

studies such should be considered until the possibility

of resection, particularly temporal lobectomy, has been

considered [5].

Patients with refractory secondary generalized epilep-

sies often are children, or adults with impaired cognitive

function, and thus particularly vulnerable subjects for

clinical trials. When procedures with more than minimal

risk are considered, special care needs to be taken to

address ethical concerns. Large, controlled clinical trials

of neurostimulation have been completed only for VNS,

and only for patients with localization-related epilepsy

characterized by complex partial and secondary general-

ized seizures. VNS should be considered only after focal

resection has been ruled out. Like most AEDs, it is a

palliative therapy; very few patients become seizure-

free. However, it does not appear to have any cognitive

or systemic side effects, and is a useful adjunctive ther-

apy for patients with that do not respond to antiepileptic

drugs, or have unacceptable toxicity, and are not surgical

candidates. Its costs approach those of surgical resec-

tion in patients who do not need intracranial monitoring.

Some authors have suggested that VNS would be parti-

cularly appropriate for patients with both depression

and epilepsy [46]. The role of VNS in the treatment of

patients with seizure types other than partial and second-

ary generalized seizures, and epilepsy syndromes other

than localization-related epilepsy, has not been estab-

lished, and most reports have been disappointing.

Brain stimulation for epilepsy is not new. The electric

torpedo fish may have been used by Dioscorides in 76

AD, and Leyden jars were tried in the 18th century [62].

Even for more modern studies, the initial claims for

therapeutic success have not been confirmed by the very

few controlled studies that have been conducted so

far. This experience parallels that of experimental ap-

proaches for a wide range of disorders: early reports of

therapeutic success are not often confirmed by con-

trolled clinical trials [111]. The best structures to stimu-

late are unknown. There is a wide range of potential

stimulus paradigms to test. It is vital that patients being

considered for unproven brain stimulation studied be

enrolled in well-controlled clinical trials.
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Summary

Patients with refractory epilepsy present a particular challenge to new

therapies. Vagus nerve stimulation (VNS) for the control of intractable

seizures has become available since 1989. VNS is a relatively non-

invasive treatment. It reduces seizure frequency by �50% in 1=3 of

patients; an additional 1=3 of patients experience a worthwhile reduction

of seizure frequency between 30 and 50%. In the remaining 1=3 of the

patients there is little or no effect. Efficacy has a tendency to improve

with longer duration of treatment up to 18 months postoperatively. Deep

brain stimulation (DBS) or direct electrical stimulation of brain areas is

an alternative neurostimulation modality. The cerebellum, various tha-

lamic nuclei, the pallidum, and, more recently, medial temporal lobe

structures have been chosen as targets. DBS for epilepsy is beyond the

stage of proof-of-concept but still needs thorough evaluation in confir-

matory pilot studies before it can be offered to larger patient populations.

Analysis of larger patient groups and insight in the mode of action

may help to identify patients with epileptic seizures or syndromes that

respond better either to VNS or to DBS. Randomized and controlled

studies in larger patient series are mandatory to identify the potential

treatment population and optimal stimulation paradigms. Further im-

provements of clinical efficacy may result from these studies.

Keywords: Neuromodulation; epilepsy; vagus nerve stimulation;

deep brain stimulation; amygdalohippocampal stimulation; VNS; DBS.

Introduction

Epilepsy is the second most common chronic neuro-

logical disorder affecting 0.5–1% of the population [21].

Approximately, 70% of patients become seizure-free

when adequately treated with antiepileptic drugs (AEDs).

However, 30–40% of patients continue to have seizures

and=or experience unacceptable side effects. These pa-

tients have ‘refractory epilepsy’ [51]. Alternative treat-

ment modalities for such patients include trials with

newly developed AEDs, epilepsy surgery and neurostim-

ulation. The administration of a new AED to refractory

patients results in seizure freedom in only a small per-

centage of patients [24]. Repeated inclusion in trials

with newly developed AEDs may be associated with a

low quality of life. Epilepsy surgery is a treatment for

medically refractory patients in whom the ‘epileptogenic

zone’ that is responsible for the generation of the ha-

bitual seizures can be identified and resected. Epilepsy

surgery requires a thorough presurgical evaluation in-

cluding long-term video-EEG monitoring, optimum

MRI, FDG-PET and neuropsychological evaluation [5].

In about 10% of patients, invasive video-EEG monitor-

ing using subdural and=or depth electrodes is mandatory

to localize the epileptogenic zone. Epilepsy surgery re-

sults in seizure freedom in 60–95% of cases. However,

at least 50% of presurgical candidates will eventually

not undergo resective surgery because a single and re-

sectable epileptogenic zone could not be identified.

These patients have little therapeutic options left. Vagus

nerve stimulation (VNS) for the control of intractable

seizures has become available since 1989. It consists

of the electrical stimulation of the tenth cranial nerve

in the neck by means of an implantable NCPTM device.

Compared to epilepsy surgery VNS is a relatively non-

invasive treatment. It reduces seizure frequency with

�50% in one third of patients and has minor side effects

such as intermittent hoarseness [7].

Deep brain stimulation (DBS) or direct electrical stim-

ulation of brain areas is an alternative neurostimulation

modality. In the past, central nervous system structures

such as the cerebellum, various thalamic nuclei and the

pallidum have been chosen as targets [26]. DBS in med-

ial temporal lobe structures for control of seizures has

only recently been described [44]. In a small number of

patients with complex partial seizures requiring invasive



video-EEG monitoring for localizing purposes, stimula-

tion proved to be efficacious during a two-week period

of stimulation using temporary depth electrodes. In these

patients a temporal lobectomy was subsequently per-

formed as the recording electrodes that were used for inva-

sive video-EEG monitoring were unsuitable for long-term

stimulation. In an open pilot trial, amygdalohippocampal

DBS significantly reduced seizure frequency during long-

term follow-up without important side effects but no con-

trolled studies have been performed.

Vagus nerve stimulation

Historical and anatomical considerations

The first vagus nerve stimulator was implanted in

humans in 1989. However, the historical basis of periph-

eral stimulation for treating seizures dates back to cen-

turies ago. In the sixteenth and seventeenth century

physicians described the use of a ligature around the limb

in which a seizure commences to arrest its progress.

Gowers reported several ways by which sensory stimu-

lation could prevent seizures from spreading e.g. pinch-

ing of the skin and inhalation of ammonia. Almost a

hundred years later, Rajna and Lona demonstrated that

afferent sensory stimuli can abort epileptic paroxysms in

humans [33]. The vagus nerve is a mixed cranial nerve

that consists of �80% afferent fibers originating from

the heart, aorta, lungs and gastrointestinal tract and of

�20% efferent fibers that provide parasympathetic in-

nervation of these structures and also innervate the

voluntary striated muscles of the larynx and the pharynx

[1, 12, 32]. Somata of the efferent fibers are located in

the dorsal motor nucleus and nucleus ambiguus, respec-

tively. Afferent fibers have their origin in the nodose

ganglion and primarily project to the nucleus of the sol-

itary tract. The nucleus of the solitary tract has wide-

spread projections to numerous areas in the forebrain as

well as the brain stem including important areas for

epileptogenesis such as the amygdala and the thalamus.

There are direct neural projections into the raphe nu-

cleus, which is the major source of serotonergic neurons

and indirect projections to the locus coeruleus and A5

nuclei that contain noradrenegic neurons. Finally, there

are numerous diffuse cortical connections. The diffuse

pathways of the vagus nerve mediate important visceral

reflexes such as coughing, vomiting, swallowing, control

of blood pressure and heart rate [36].

The current rationale for vagus nerve stimulation to

treat epileptic seizures is that stimulation of its diffuse

connections to the brain can have a widespread influence

on numerous CNS structures. There is substantial evi-

dence that the nucleus of the solitary tract as well as the

locus coeruleus are involved when the vagus nerve is

stimulated [23, 31, 50]. Evoked potentials during stimu-

lation of the vagus nerve were recorded in the cere-

bral cortex, hippocampus, thalamus and cerebellum [17].

Results of research in the mechanisms of action will be

discussed in a separate chapter.

Results of clinical trials of vagus nerve

stimulation in epilepsy

Acute effect and side effects

Five (EO1–EO5) acute-phase clinical studies invol-

ving the NCP System have been conducted in a total

population of 454 patients. The purpose of the studies

was to determine whether adjunctive use of electrical

stimulation of the left vagus nerve could reduce seizure

frequency in patients with refractory epilepsy [4, 16, 18,

34]. The stimulation parameters that were typically used

are described in Table 1.

The EO1 and EO2 studies were two pilot studies that

enrolled 15 patients with refractory partial epilepsy, of

whom, 14 received stimulation. In one patient, the NCP

device was explanted because of a surgical complication

that resulted in unilateral vocal cord paralysis, which

resolved 9 months later. The degree of response ranged

from no improvement to complete cessation of seizures

with a mean reduction of 46%. In none of the patients

did the seizure disorder appear to have been exacerbated

by VNS. Of 14 patients, 5 reported a reduction in seizure

frequency of at least 50%. None of the patients reported

transient or permanent serious side effects. The most

common side effects were noted only during actual stim-

Table 1. Stimulation parameters available with the NCPTM system

Parameter Units Range Typical

parameter

value

Output

current

Milliamperes

(mA)

0–3.5mA 1.25mA

Signal

frequency

Hertz (Hz) 1–143Hz 30Hz

Pulse width Microseconds

(ms)
130–1000 ms 500ms

Signal

on-time

Seconds (s) 7 s (rapid

cycle) – 270 s

30

Signal

off-time

Seconds-minutes

(s, min)

14 s (rapid

cycle) – 180min

5min

Lead

impedance

Kiloohms

(Kohms)

<1–7 Kohms 3–4 Kohms
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ulation of the nerve and consisted of hoarseness and local

neck=throat paresthesia. These effects became milder

after a few months of stimulation. No cardiac or gastro-

intestinal negative effects were observed on ECG moni-

toring and measurements of gastric acid output.

The EO3 (114 patients) and EO5 (196 patients) stud-

ies were both randomized, blinded, active control trials

in which patients with refractory partial epilepsy were

randomly assigned into two treatment groups. Patients

assigned to treatment with ‘high’ stimulation parameters

(30Hz, 30 s on, 5min off, 500 ms pulse width) were be-

lieved to receive therapeutic treatment. Treatment with

‘low’ stimulation parameters (1 Hz, 30 s on, 90–180min

off, 130 ms pulse width) was considered to be non-ther-

apeutic. The primary efficacy endpoint was the percen-

tage reduction in seizure rate measured over a period of

12 weeks. Adverse events were assessed at each patient

visit. In the high stimulation groups, there was a mean

reduction in seizure frequency of 24 and 28% in the EO3

and EO5 studies, respectively. This is a statistically sig-

nificant decrease in seizure frequency when compared

with baseline seizure frequency and seizure frequency

reduction in the low stimulation groups (6 and 15%,

respectively). The most common treatment related ad-

verse events were attributable to vagal innervation of

the larynx during current ‘on’ periods and consisted of

voice alteration, coughing, throat paresthesia and discom-

fort and dyspnea. Treatment was well tolerated with 97%

of patients continuing in the long-term follow-up phase

of the study. Surgery-related complications included left

vocal cord paralysis in two patients, lower facial muscle

paresis in two patients, fluid accumulation over the gen-

erator requiring aspiration in one patient. All these com-

plications resolved. Infection around the device occurred

in three patients. VNS had no effect on concurrent AED

serum levels or on body chemistry. Rigorous blinded col-

lection of autonomic measures revealed no effect on

weight, serum gastrin, cardiac or pulmonary function tests.

Administered at levels that do not exceed comfort elec-

trical stimulation of the left vagus nerve, VNS has no

demonstrable effects on visceral functions.

The EO4 study was an open study in which 116

patients with all types of epilepsy and patients under

12 were stimulated. In this study, 29% of the implanted

patients had a seizure reduction of more than 50%.

Long-term efficacy and safety

Long-term data (>3 months) were collected on all avail-

able EO1 through EO4 study patients. These long-term

follow-up data are uncontrolled because they come from

an open-label protocol in which both the AEDmedications

and NCP device settings were allowed to be changed.

Patients initially randomized to low stimulation para-

meters were changed to high stimulation parameters.

George et al. reported 18-months efficacy analysis in 50

patients exiting the EO3 study and Salinsky et al. reported

efficacy data in 100 of 114 patients from the EO3 study

that were treated for 1 year [15, 35]. Results indicated

that VNS remains effective over time; a trend towards

improved seizure control with longer use of VNS was

observed. Response during the first three months of treat-

ment is predictive of long-term response. Chronic side

effects were identical to those observed during the ran-

domized trials and consisted mainly of mild hoarseness

during stimulus delivery. Several other reports on long-

term treatment with VNS confirm these findings [48].

Ben-Menachem recently published data on 64 patients

with a follow-up up to 5 years [3]. The study included

patients with partial seizures, Lennox-Gastaut syndrome

(LGS) and primary generalized seizures (PGS). Forty-four

percent of patients experienced a large reduction in seizure

frequency and severity over long periods of time. VNS

seems equally efficacious for LGS and PGS but results

from larger patient groups are necessary. In a large patient

series from two geographically distinct epilepsy centers

located in two different continents, VNS proved to be effi-

cacious and safe during long-term follow-up [49].A total of

118 of 131 implanted patients had a mean reduction

in monthly seizure frequency of 55% during a minimum

post-implantation follow-up period of 6 months (mean: 33

months). Seven percent of patients were free of seizures

with impaired consciousness, 50%of patients had a seizure

frequency reduction of more than 50, and 21% of patients

were non-responders. Fifteen patients reported stimula-

tion-related side effects such as hoarseness or gagging.

From what is currently known from long-term studies

VNS remains efficacious and safe. Little specific infor-

mation on the effect of VNS on pregnancy is available

but so far no teratogenic effects have been demonstrated

and patients who became pregnant have given birth to

healthy babies.

Experience in children

Experience with VNS in children is less extensive

than in adults but results seem promising. Two studies

report seizure frequency reductions of >60 in 80% of

children and >50 in 38% of children [20, 27]. A study

in 60 children with mean age of 15 years reported a

Clinical experience with vagus nerve stimulation and deep brain stimulation 275



reduction in seizure frequency similar to that in adults

[30]. Median reduction of seizure frequency was 44%. A

gradual increase in efficacy up to 18 months postopera-

tively was observed. The predominant seizure type in

this study was complex partial (57%) followed by gen-

eralized tonic-clonic seizures (27%). No seizure or epi-

lepsy type appeared particularly sensitive or resistant to

VNS. Adverse events during stimulation included fever,

coughing, colds and voice alteration [28]. Randomized

controlled trials are needed to more conclusively evalu-

ate VNS in children.

Cost considerations

VNS is a costly treatment. Few cost-benefit data

are available. One study showed that there is a signifi-

cant decrease in epilepsy related direct medical costs

(ERDMC) after implantation with the vagus nerve stim-

ulator [8]. This decrease is mainly due to an important

decrease in the number of hospital admission days after

implantation. It is estimated that the cost of the device

can be paid back by savings in ERDMC after 2.5 years.

Battery life now exceeds 5 years. A subsequent study on

hospital admission costs confirmed these findings [2].

Decision tree and current practical management

In most epilepsy centers, VNS has become a com-

monly performed treatment for patients with refractory

epilepsy. Patients with refractory epilepsy who are re-

ferred to an epilepsy center are initially included in a

presurgical evaluation protocol including video-EEG

monitoring, optimum MRI, PET and neuropsychological

examination. Video-EEG monitoring is especially impor-

tant to exclude patients with non-epileptic seizures. A

reasonable working definition of medical intractability

would be: failure to respond adequately to three criti-

cally selected antiepileptic medications, appropriate for

the patient’s seizure type. Results of the presurgical inves-

tigations are discussed in the epilepsy surgery meeting

by a multidisciplinary team. If a patient is considered

an ‘ideal focal resective surgical candidate’ on the basis

of these investigations, resective surgery should be of-

fered to the individual, as preferred, instead of VNS.

From recent studies, the results of the surgical interven-

tion show a 70–75% seizure free rate with 1% morbidity

[40]. Clearly this procedure offers a potentially superior

outcome compared to VNS. Nonetheless, the patient

should obviously be given the informed choice of the

two procedures. In cases where functional tissue coexists

with epileptogenic tissue as determined by surface re-

cording, or where intracranial electrodes are required to

clarify that point, VNS may be offered as a preferred

option before proceeding to a resection or invasive re-

cording with a greater inherent morbidity risk [38].

Similarly for neocortical epilepsy, whether temporal or

extratemporal, in the absence of a demonstrable lesion in

a clearly surgically accessible location, the published

odds of seizure free surgical outcome are in the 30–50%

range. Therefore, VNS is certainly a reasonable alter-

native to cortical resection, especially if intracranial

electrodes are required [42]. With a clearly identifiable

lesion on MRI located in a surgically accessible loca-

tion, focal resection with 50–90% seizure-free results is

seen [29]. For these cases, focal resection is preferred

over VNS.

Recent studies strongly suggest that VNS may have

significant efficacy comparable to corpus callosotomy

that is associated with a somewhat higher morbidity rate

of 3–5% [14]. In the absence of a cortical resection op-

tion, VNS can be considered a preferred alternative to

callosotomy.

Patients who previously underwent epilepsy surgery

with insufficient outcome may also be candidates for

VNS. In these patients especially, the existence of non-

epileptic seizures should be ruled out. Re-evaluation of

the patient investigating the reason for insufficient out-

come should be performed and re-operation should be

considered [37]. If there is no sufficient evidence that a

second operation can significantly improve the patients

seizure control, VNS is a preferred alternative. There is

limited information in the literature however how effi-

cient VNS can be in these patients as well as on the

number of patients becoming seizure free. Absolute con-

traindications for implantation of a vagus nerve stimu-

lator are limited to previous left or bilateral cervical

vagotomy. A stimulator will not be implanted when

there is evidence of progressive intracerebral disease.

Other conditions that need special attention are cardiac

arrhythmias, respiratory diseases like asthma, pre-exist-

ing hoarseness, gastric ulcers, vasovagal syncope and

coexisting neurological diseases other than epilepsy.

Patients who were evaluated for epilepsy surgery several

years ago, when treatment with a vagus nerve stimulator

was not yet routinely available, are rediscussed during an

epilepsy surgery team meeting and will be re-evaluated

with MRI or other investigations when necessary. Con-

sequently, for a patient who has failed three medications,

who does not have non-epileptic seizures accounting for

medical intractability and who is less than the ideal focal
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resection candidate, VNS appears to be a viable option

[13]. Certainly, if temporal lobectomy can be performed

without risking functional cortex, this would be the pre-

ferred course of action. For lesional surgery where clear

localization of epileptogenesis can be located by surface

recording in neocortical locations, local cortical resec-

tion is the preferred route, due to higher incidence of

seizure-free rates. However, even in these cases, VNS

should be offered to patients as an option. Compared to

corpus callosotomy, VNS is a much less invasive proce-

dure with a lower morbidity rate and appears to have

comparable efficacy.

Patients should be extensively informed about the effi-

cacy, side effects, implantation procedure and ramping

up procedure.

Deep brain stimulation for temporal lobe epilepsy

Historical and anatomical considerations

Deep brain stimulation (DBS) or direct electrical stim-

ulation of specific brain areas could be another alter-

native neurostimulation modality. In the past, central

nervous system structures such as the cerebellum, the

anterior and centromedian thalamic nucleus, the caudate

nucleus and the mammillary bodies have been chosen as

DBS targets in different types of epilepsy in humans

resulting in variable seizure control [10, 11, 41, 43, 53].

These studies targeted nuclei that have direct or indirect

connections with structures playing an important role in

seizure generation or propagation.

Amygdalohippocampal deep brain stimulation

Rationale

Electrical seizure onset in the amygdala and hippo-

campus (AH) is the key feature of the medial temporal

lobe epilepsy syndrome [39]. About 10% of patients

with refractory epilepsy are scheduled for invasive video-

EEG monitoring to localize the ictal onset zone during

presurgical evaluation [6]. Another approach consists of

specifically targeting the area of presumed ictal onset

e.g. medial temporal lobe structures in limbic epilepsy.

Acute DBS in medial temporal lobe structures for con-

trol of seizures has only recently been described [45].

In a small number of patients, with complex partial sei-

zures requiring invasive video-EEG monitoring for loca-

lizing purposes, unilateral DBS decreased interictal and

ictal epileptic activity during a two-week period using

temporary depth electrodes. The recording electrodes

that were used for invasive video-EEG monitoring are

unsuitable for long-term DBS and had to be removed.

Subsequently all patients underwent a temporal lobec-

tomy. Performing chronic DBS implies removal of

recording electrodes and replacement by chronic DBS

electrodes. Because the purpose is to stimulate the ictal

onset zone, replacement of electrodes should be anat-

omically as accurate as possible. Even with currently

available neuronavigation technology positioning of a

second electrode in exactly the same position as the

initial one is difficult. We have therefore studied the

feasibility of recording intracranial EEG activity for

localizing purposes and subsequent long-term DBS of

the identified ictal onset zone using the same electrodes

with the aim to evaluate the long-term efficacy and safety

of chronic DBS in medial temporal lobe structures, and

to investigate the feasibility of using chronic DBS elec-

trodes for the localisation of the ictal onset zone prior to

DBS to avoid an additional invasive procedure. An

initial pilot study was performed to demonstrate proof-

of-concept [47].

Patient study at Ghent University Hospital

Sixteen patients with refractory epilepsy were im-

planted with bilateral AH-DBS electrodes and=or sub-

dural grids for ictal onset localization and subsequent

stimulation. In 14 patients with ictal onset in the tem-

poral lobe, AH-DBS was initiated at the side of ictal

onset during an acute stimulation period with an external

pulse generator. In 13 patients in whom a significant

reduction of interictal spikes and=or seizures was shown

during this period, an abdominally located pulse genera-

tor was implanted. One patient did not meet the chronic

implantation criterion and underwent a selective amyg-

dalo-hippocampectomy. Patients were followed-up at

the epilepsy clinic every 2–4 weeks. In 10 patients fol-

low-up was at least 12 months. Four of these patients

had a left-sided focal medial temporal lobe onset. Three

patients had a right-sided regional medial temporal lobe

onset. One patient had a bilateral regional temporal lobe

onset with predominant involvement of the left side.

Two patients had a left-sided regional medial temporal

lobe onset. The mean follow-up in these patients was

18 months (range: 12–31 months). Nine of ten patients

underwent chronic DBS ipsilateral to the side of ictal

onset; one patient with bilateral ictal onset was stimu-

lated bilaterally. One patient has been completely free

of CPS for over 2 years. One patient is entirely seizure

free during the day and only has infrequent seizures
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during the night; 5=10 patients have a >50% reduction

in seizure frequency; 2=10 patients have a reduction

of 25% in seizure frequency. In one patient, no change

in seizure frequency occurred. Perioperative complica-

tions included asymptomatic hemorrhagic changes along

the trajectory of one electrode and local infection. These

side effects are discussed in detail in the chapter on

‘‘Neurosurgical aspects of temporal lobe deep brain stim-

ulation for epilepsy’’. None of the patients reported

any stimulation-related side effects. The patient who

underwent resective surgery has been seizure free for

12 months.

High levels of invasiveness and relative inefficacy

are major concerns and limitations of standard treat-

ments that provide the impetus for further developing

neurostimulation as a treatment for epilepsy. Sensible

approaches for DBS in refractory epilepsy are: a) to

target crucial ‘pacemaker’ central nervous systems struc-

tures (such as the thalamus or the subthalamic nucleus)

or b) to interfere with the area of ictal onset itself. Our

study aimed at evaluating the efficacy of DBS in the

medial temporal lobe after the ictal onset zone had been

identified in this region.

Animal studies have shown abortive effects on epilep-

tic activity when electrical fields were applied to hippo-

campal slices [45]. In vivo studies in rats showed that

electrical stimuli applied following a kindling stimulus

(‘quenching’) can delay the development of the kindling

process [25, 52]. Bragin et al. and Velisek et al. found

that repeated stimulation of the hippocampal perforant

path in the kainate rat model significantly reduced sei-

zures [9, 46]. In humans, preliminary short-term AH-DBS

showed promising results with significant reduction of

interictal epileptiform activity and seizure frequency

[45]. Half of the patients treated with AH-DBS in this

study had a reduction of seizure frequency of >50% al-

lowing tapering of one or more AEDs. None of the pa-

tients reported side effects or showed changes in bedside

neurological and neuropsychological testing. Results of

formal neuropsychological testing comparing pre- and

post-DBS results will be published shortly.

The mechanism of action (MOA) of DBS in reducing

seizures remains unclarified. Some support the hypoth-

esis that actual stimulation is not necessary to achieve

efficacy and claim that efficacy is based on the lesion

provoked by the insertion of the electrode (‘microthala-

motomy’ effect) [19]. Furthermore, prolonged seizure

control in patients who underwent invasive recording

with conventional electrodes has been described [22].

Blinded randomisation of patient to ‘‘on’’ and ‘‘off’’ stim-

ulation paradigms following implantation during fol-

low-up �6 months may clarify this issue and may also

simultaneously clarify the potential effect of sham stim-

ulation due to an implanted device. DBS may also act

through local inhibition induced by current applied to

nuclei that are involved in propagating, sustaining or trig-

gering of epileptic activity in a specific CNS structure

(‘reversible functional lesion’). Apart from this ‘local’

inhibition, the MOA of DBS may be based on the effect

on projections leaving from the area of stimulation to

other central nervous structures. This may be the most

likely hypothesis when crucial structures in epilepto-

genic networks are involved. However, considering that

the medial temporal lobe structures are also potentially

involved in these networks it may be that targeting the

ictal focus may also affect the epileptogenic network.

General conclusion

Patients with refractory epilepsy present a particular

challenge to new therapies. In this population, VNS has

demonstrated to be an efficacious and safe treatment.

The efficacy of VNS in less severely affected popu-

lations remains to be evaluated. Nevertheless, sufficient

evidence now exists to rank vagus nerve stimulation

for epilepsy as effective based upon preponderance of

Class I evidence. The current consensus on efficacy is

that 1=3 of patients have a considerable improvement

in seizure control with a reduction in seizure frequency

of at least 50%, 1=3 of patients experience a worth-

while reduction of seizure frequency between 30 and

50%. In the remaining 1=3 of the patients there is little

or no effect. VNS seems equally efficient for children.

The degree of improvement in seizure control from

VNS remains comparable to new antiepileptic drugs.

Patients appear willing to undergo surgery for improve-

ments in this range in order to avoid the usual un-

desirable effects of antiepileptic medication. Contrary

to treatment with AEDs, efficacy has a tendency to

improve with longer duration of treatment up to 18

months postoperatively. Analysis of larger patient groups

and insight in the mode of action may help to identify

patients with epileptic seizures or syndromes that re-

spond better to VNS and guide the search for optimal

stimulation parameters. Further improvement of clinical

efficacy may result from this.

Deep brain stimulation for epilepsy is beyond the

stage of proof-of-concept but still needs thorough eva-

luation in confirmatory pilot studies before it can be

offered to a larger patient population. The most adequate
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targets and stimulation parameters need to be identi-

fied. In a recent study, amygdalohippocampal DBS sig-

nificantly reduced seizure frequency during long-term

follow-up without clinically relevant side effects. For

patients who are less suitable candidates for epilepsy

surgery, DBS may become a valuable alternative. Ran-

domized and controlled studies in larger patient series

are mandatory to identify the potential treatment popu-

lation and optimal stimulation paradigms.
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Summary

Vagus nerve stimulation (VNS) is an established treatment for se-

lected patients with medically refractory seizures. Recent studies suggest

that VNS could be potentially useful in the treatment of resistant de-

pressive disorder. Although a surgical procedure is required in order to

implant the VNS device, the possibility of a long-term benefit largely

free of severe side effects could give VNS a privileged place in the

management of resistant depression. In addition, VNS appears to affect

pain perception in depressed adults; a possible role of VNS in the treat-

ment of severe refractory headache, intractable chronic migraine and

cluster headache has also been suggested. VNS is currently investigated

in clinical studies, as a potential treatment for essential tremor, cognitive

deficits in Alzheimer’s disease, anxiety disorders, and bulimia. Finally,

other studies explore the potential use of VNS in the treatment of re-

sistant obesity, addictions, sleep disorders, narcolepsy, coma and mem-

ory and learning deficits.

Keywords: Neuromodulation; vagus nerve stimulation; VNS; epilepsy;

refractory seizures; depression.

The vagus nerve stimulation (VNS) system

In humans, vagus nerve stimulation (VNS) is applied

to the left vagus nerve in the cervical area using the

NeuroCybernetic Prosthesis (NCP, Cyberonics, Inc.,

Houston, TX, U.S.A.) system. This equipment consists

of three parts: 1) the implantable, multiprogrammable

bipolar NCP pulse generator, which is similar to a car-

diac pacemaker in size and shape, 2) two helical elec-

trodes, which are wrapped around the vagus nerve and

are linked to the pulse generator by a bipolar lead [12],

and 3) a programming wand linked to a computer pro-

gramming software, which allows non-invasive pro-

gramming, functional assessment (device diagnostics),

and data retrieval. The pulse generator is implanted in

a subcutaneous pocket in the left chest wall just below

the clavicle, whereas the electrodes are attached to the

vagus nerve, made accessible by an incision in the neck

(Fig. 1). Through a subcutaneous tunnel, the electrodes

are linked to the pulse generator. The system delivers

electrical impulses at frequencies between 1 and 30Hz,

at 0.25–3.5mA, with a pulse width varying from 130 to

1000 ms at variable on-off times.

VNS in epilepsy

The first clinical application of VNS in humans was

intended for the treatment of medically refractory sei-

zures. Since 1988, when the first pilot studies were done

[3, 4], VNS has been used in more than 16,000 patients

for the treatment of epilepsy. In 1997, the US Food and

Drug Administration approved the NCP system for the

management of medically refractory partial-onset sei-

zures for which surgery is not recommended or has

failed [5, 7]. Two large, well-designed multicenter trials

involved over 300 patients with medically refractory

epilepsy suffering from at least 6 partial-onset seizures=

month. These studies demonstrated that VNS, as an ad-

junct to optimal antiepileptic medication, reduces sei-

zure frequency by approximately 25% after 3 months

of treatment, and the benefit appears to be maintained

or increase over time [41]. Adverse effects were mild

and consisted primarily of hoarseness of voice during

the ‘‘on’’ periods of stimulation. VNS may result in a

reduction of tonic and tonic-clonic seizures as well. Data

from the VNS Trial indicate that approximately 30% of

the patients experience a greater than 75% reduction in

seizure frequency and over 50% of the patients experi-

ence a greater than 50% reduction in seizure frequency.

The difference in outcomes between the patients with

partial-onset seizures and those with generalized tonic-

clonic seizures or Lennox-Gastaut syndrome was not

found to be statistically significant. The improvement

of quality of life in these patients is significant [19, 24].



The original Food and Drug Administration (FDA)

approval of the use of VNS for epilepsy was limited to

patients over the age of 12. Since that time, there has

been interest in extending the use of VNS in younger

patients. Several studies have reported results that sup-

port the safety of the use of VNS in children with refrac-

tory seizures [1, 25]. Sixty children were treated as part

of double blind clinical trials conducted to support the

FDA application [23]. At 18 months, the median re-

duction in seizure frequency was 50%, similar to that

achieved in adults. Adverse events were also similar to

those reported in adults [24]. A second series included

19 children, with follow-up periods extending up to

30 months. Overall, 50% of patients had a 50% reduction

in seizure frequency [14, 15]. In another series of 38 pa-

tients with an age range from 11 months to 16 years, 29%

had a greater than 90% reduction in seizure frequency,

while 39% had 50–90% reduction [28]. There are addi-

tional studies that support the safety and efficacy of VNS

in adults and children with partial onset seizures refrac-

tory to medical therapy [17, 31]. There are, however,

two major limitations of VNS: a) stimulation does not

eliminate seizures completely, and b) it is not possible to

predict which patients will respond. Therefore, many

authors suggest that VNS should be used mainly in

patients with refractory seizures who are not candidates

for resective surgical treatment, i.e. patients with bi-

lateral or unresectable foci or no identified structural

abnormality.

Neuroanatomical basis of VNS action in epilepsy

The precise mechanism by which VNS suppresses

seizures is not known. However, the electrical stimuli

applied at the vagus nerve must influence the state of

excitability of the brain. This effect is mediated by the

vagus nerve, which consists of approximately 80% affer-

ent nerve fibres. The cell bodies of the afferent cells are

located in the nodose ganglion and project primarily to

the nucleus of tractus solitarius (NTS). Input from the

vagus nerve influences projections to the nucleus of the

solitary tract. There are widespread anatomical connec-

tions of the nucleus of the solitary tract in the central

nervous system (CNS) (Figs. 2, 3) that could explain the

widespread influence of VNS [18, 20].

Neurons of this nucleus project to numerous areas in

the forebrain and brainstem, and indirectly to the locus

ceruleus and via diffuse connections to the cortex. Impor-

tant structures, thought to mediate antiepileptic effects

and receiving projections from the NTS, include the

amygdala and the thalamus. There is a substantial pro-

jection through the parabrachial nucleus and thalamus

to the insula and other rostral parts of the cerebrum

(Fig. 3). In addition, efferent pathways project to the

reticular formation, basal forebrain, amygdala, hippo-

campus, hypothalamus, dorsal raphe, cerebellum, and

spinal cord [5, 32, 34]. The cell bodies of the efferent

fibres are located in the nucleus ambiguous and the dor-

sal motor nucleus of the vagus nerve. They provide in-

Fig. 1. The implanted VNS NCP system in situ

Fig. 2. Possible connections of the vagus nerve and the nucleus of the

solitary tract
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nervation to the heart, aorta, lungs, gastrointestinal tract,

and voluntary striated muscles of the larynx and pharynx

[12, 42]. The heart rate is mostly influenced by the right

vagal nerve [39]. The formation of the different parts of

the vagal system, i.e. the afferent and efferent parts with

their respective brainstem nuclei (NTS, nucleus ambig-

uous, and dorsal nucleus of vagus nerve) and the asym-

metric distribution of functions, with the right vagus

nerve being preferentially involved in the chronotropic

regulation of the heart, has been explained in an evolu-

tion-based concept, the polyvagal theory [29].

VNS in depression

Depression is one of the most severe diseases with

respect to global impact on quality of life, morbidity,

and mortality. According to a World Health Organiza-

tion study, unipolar major depression will rank at the

second place of the leading causes of disability-adjusted

life years worldwide in 2020, just behind ischaemic

heart disease [26]. The hypothesis that VNS could be

effective in treating depression and the interest in its

use for this purpose was initially based on the following

observations: a) reports of improved mood and cognition

among epilepsy patients treated with VNS [8, 9, 12],

b) drugs used to treat epilepsy, including carbamazepine,

gabapentin, lamotrigine, and valproate, are also used to

treat mood disorders [10, 12], c) Positron emission

tomography studies show that VNS affects the metabo-

lism and function of limbic structures in a way compa-

tible with the effect of antidepressant medication, d)

neurochemical studies in animals and humans reveal that

VNS alters the concentrations of monoamines in the

CNS, and e) the vagus nerve is anatomically linked to

brain structures related to mood disorders [11, 12, 33].

Activation of the left vagus nerve has been shown to

induce widespread bilateral effects in brain areas impli-

cated in depression, including the inferior temporal

structures (amygdala) and the prefrontal cortex [12].

A well-tolerated, efficacious long-term treatment in

medically resistant depression is not yet available; VNS

could offer a valuable treatment option because it has

minimal side effects as it has been documented by its

use in the treatment of epilepsy [3]. The first implan-

tation of a VNS system for the treatment of resistant

depression was performed in 1998 at the Medical Uni-

versity of South Carolina. In 2001, VNS was approved

for a CE mark (indicating compliance with safety and

environmental regulations) in the member countries of

the European Union for treatment of adults with treat-

ment-resistant or treatment-intolerant chronic or recurrent

depression, including unipolar and bipolar depression

[3, 11, 35, 37, 38]. The interest in VNS increased con-

siderably after the publication of the results of an open-

label, multicenter pilot study on its use as a potential

treatment of relatively drug-resistant major depressive

episodes. Patients with a DSM-IV diagnosis of major

depressive disorder or bipolar I or II disorder were in-

cluded [16]. The results of these investigations at 1-year

follow-up were promising [21, 23, 33]. In a follow-up

study, patients were assessed at 9 months after the 3-month

assessment. During this period, changes in psychotropic

medication and VNS parameters were allowed. The

response rate (defined as at least 50% reduction in base-

line Hamilton rating score) was 40%; the remission rate

(Hamilton rating score less than 10) increased from 17%

after the acute-phase study to 29% [21]. The most com-

mon side effects at 1-year post implantation were voice

alteration (21%), dyspnoea (7%) and neck pain (7%)

[21]. The effects of VNS on cognitive functions were

assessed with a neurocognitive test battery, before, and

10 weeks after, the start of VNS; no deterioration in any

of the neurocognitive measures was detected. Motor

speed (finger tapping), performance of the digit symbols

test, verbal fluency, logical reasoning, working memory

and response inhibition improved [36].

Other applications of VNS

A pilot study investigated whether VNS can im-

prove the cognitive function in Alzheimer’s disease.

The preliminary results are promising. The researchers

reported that, after six months of VNS therapy, 7 of

10 patients had a median improvement of 2.5 points in

cognitive function, assessed by the Alzheimer’s Disease

Fig. 3. Anatomical illustration of vagal nerve projections
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Assessment Scale [40]. Three of the responders were on

concurrent cholinesterase inhibitor therapy. Randomised,

controlled clinical trials with sufficient numbers of

patients and longer-term outcomes are needed before

any conclusions can be reached concerning the effective-

ness and safety of VNS in patients with Alzheimer’s

disease [40]. The efficacy of VNS in essential tremor

has been studied in 9 patients. Four weeks after VNS

implantation, the patients’ tremor was assessed using

a masked videorecorder. The evaluators found no im-

provement in upper extremity tremor. Therefore, VNS

did not seem to have any appreciable treatment effect

in essential tremor [13]. On the basis of the observed

analgesic effects of VNS in patients with depression,

VNS was implanted in patients with severe refractory

chronic cluster and migraine headaches [22]. Of the five

patients treated, one had an excellent result and became

able to return to work while two other patients experi-

enced a significant improvement in their headache [22].

Surgical complications

Similarly to any surgical procedure, there is a possi-

bility of operative and postoperative complications. Left

vocal cord paralysis with postoperative hoarseness can

rarely occur, presumably due to injury to the efferent

motor fibers of the vagus nerve. Migration of the pulse

generator under the skin can also occur. Lead failure

from tension on the electrode wire develops in less than

5% of patients after several years; this may be more

common in children who grow rapidly. A rare pulse gen-

erator malfunction resulted in continuous high-intensity

VNS for 4 hours and caused permanent paralysis of the

vocal cord in one patient. Another patient developed

paralysis of the left diaphragm 4 months after stimula-

tion; this was directly associated to output current and

also, to whether the head was turned to the left during

stimulation.

Adverse effects of VNS

Adverse effects occur only during the ‘‘ON’’ phase of

VNS. When unacceptable side effects occur, one can

turn off the stimulator using a magnet. During stimula-

tion, all patients experience some type of sensory altera-

tion in the throat and neck. This is usually not painful,

and the patient quickly gets used to the stimulation.

Hoarseness is another common symptom, and occurs as

a result of stimulation or injury of efferent fibers to the

laryngeal muscles. Other symptoms that occur with high-

intensity stimulation include cough, dyspnea, dyspepsia,

vomiting, and insomnia [20]. Adverse effects have a

negligible impact on the quality of life of treated pa-

tients, are reported to be mild, and tend to diminish over

time. Surprisingly, in humans, VNS has no clinically

significant effect on heart rate and visceral or respiratory

function [30]. Unlike antiepileptic drugs, VNS has not

been associated with adverse effects such as depression,

fatigue, dizziness, insomnia, confusion, cognitive im-

pairment, weight gain or sexual dysfunction.

Discussion

VNS is an effective, safe, and well-tolerated treatment

in patients with long-standing, refractory partial-onset

seizures; it may also be beneficial in other types of sei-

zures. However, data indicate that the full effect of VNS

may be delayed for as long as a year and that patients

continue to improve during that time. In particular,

73% of patients maintained the clinical benefit, while

47% of patients with minimal or no benefit at 3 months,

achieved clinical benefit at 12 months [6]. In addition,

57% of patients realized some degree of clinical benefit

after 24 months of VNS therapy [6]. It should be pointed

out, however, that, few patients with medically resistant

epilepsy become seizure-free. Patients with epilepsy un-

dergoing VNS therapy experienced significant quality of

life (QOL) benefits that were sustained in the long-term

[1]. Compared with other treatment modalities, VNS

is cost-effective, if maintenance therapy is achieved,

because this leads to a reduction in the cost of medica-

tions and hospitalisations. However, in the treatment

of drug-refractory epilepsy, a seizure-free state is rarely

achieved, and VNS is mostly combined with antiepi-

leptic drugs maintenance therapy [11]. Problems arising

during the implantation procedure are rare and man-

ageable. VNS may not be recommended to patients

with cardiac conduction disorders or sleep apnoea [38].

Furthermore, the safety and efficacy of VNS have not

been established in patients with the following history:

depression with schizophrenia, schizoaffective disorder,

delusional disorder, depression with a rapid cycling

bipolar character, cardiac arrhythmias, dysautonomias,

previous brain surgery, respiratory diseases including

dyspnoea and asthma, ulcers (gastric, duodenal, or other),

vasovagal syncope, neurological diseases other than epi-

lepsy or depression, presence of only one intact vagus

nerve, other concurrent forms of brain stimulation, pre-

existing hoarseness, and pregnancy or nursing [6].

Vagus nerve stimulation as a treatment of medically

resistant depression is a new development. The results of
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the first American multicenter open-label add-on study

with 30 patients showed that 40% of the patients

achieved at least 50% symptom reduction after 10 weeks

of VNS [33]. This study was subsequently extended to

include 30 additional patients [36]. The two-year results

of peer-reviewed study of VNS in treatment-resistant

depression have been published recently [27]. Based

on last observation carried forward analyses, response

rate was 42% and remission rate was 22% after two

years of VNS therapy (in patients who had received a

mean of 15.7 unsuccessful clinical treatments in the cur-

rent depressive episode). At two years, 81% of the par-

ticipants were still receiving VNS therapy [27]. Short-

term and long-term benefits were seen in more than one-

third of treatment-resistant patients. Benefits seen at one

year were largely sustained for two years [27]. An open-

label European multicenter study is being conducted. At

present, the preliminary results of VNS suggest that

there is efficacy in the acute and long-term treatment

of medically resistant depression. Technical issues need

to be investigated, such as how to tailor each patient’s

individual treatment with respect to stimulation fre-

quency, intensity, and duration. In a recent report, the

threshold of eliciting a response in the vagus nerve by

VNS was found to be age-dependent, with higher thresh-

olds in young patients [18]. The identification of pre-

dictive factors for response to VNS is important. The

open-label American multicenter study showed that the

following variables are significant: receiving ECT ever

in lifetime, response to most recent ECT, and number of

unsuccessful antidepressant medication trials in a cur-

rent major depressive episode [2]. The long-term results

of these initial patients further confirm the significant

relationship between VNS therapy and long-term im-

provement in depression. In patients with depression,

VNS provides a new option when first-line treatments

are unable to provide relief [27, 33]. Quality-of-life

benefits may be experienced by nonresponders and re-

sponders. After 9 months of therapy, both responders

and non-responders reported significant long-term im-

provements in vitality, emotional and mental health,

and social function [6]. It appears that VNS is most ef-

fective in patients with moderate but not extreme resis-

tance to conventional antidepressant treatments [36].

In conclusion, the clinical benefit of VNS in patients

with epilepsy improves over time and is sustained in

the long-term. Preliminary data suggest a sustained an-

tidepressant effect in moderately resistant major de-

pression. If these findings are confirmed by additional

studies, VNS could become a key treatment in depres-

sion. Further insights into the mechanisms of its action

in epilepsy, depression, and other neuropsychiatric dis-

orders are expected. However, implantation of a VNS

system is an invasive method and it needs a clear indica-

tion every time is applied.
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Summary

Vagus nerve stimulation (VNS) is the most widely used non-pharma-

cological treatment for medically intractable epilepsy and has been in

clinical use for over a decade. It is indicated in patients who are re-

fractory to medical treatment or who experience intolerable side effects,

and who are not candidates for resective surgery. VNS used in the acute

setting can both abort seizures and have an acute prophylactic effect.

This effect increases over time in chronic treatment to a maximum at

around 18 months. The evidence base supporting the efficacy of VNS is

strong, but its exact mechanism of action remains unknown. A vagus

nerve stimulator consists of two electrodes embedded in a silastic helix

that is wrapped around the cervical vagus nerve. The stimulator is

always implanted on the left vagus nerve in order to reduce the like-

lihood of adverse cardiac effects. The electrodes are connected to an

implantable pulse generator (IPG) which is positioned subcutaneously

either below the clavicle or in the axilla. The IPG is programmed by

computer via a wand placed on the skin over it. In addition, extra pulses

of stimulation triggered by a hand-held magnet may help to prevent or

abort seizures. VNS is essentially a palliative treatment and the number

of patients who become seizure free is very small. A significant reduc-

tion in the frequency and severity of seizures can be expected in about

one third of patients and efficacy tends to improve with time. Vagus

nerve stimulation is well tolerated and has few significant side effects.

We describe our experience on the use of VNS on drug-resistant epilep-

sy in 90 patients treated in two departments (in Athens, Greece and

Newcastle, England).

Keywords: Neuromodulation; VNS; vagus nerve stimulation; refrac-

tory seizures; epilepsy.

Introduction

Approximately 70% of epilepsy patients have their

seizures controlled with a single anti-epileptic drug and

a further 10% are controlled with polypharmacy. Pa-

tients are considered to be refractory to medical therapy

if seizures cannot be brought under control within two

years and treatment with at least two antiepileptic ‘‘first

line’’ drugs such as phenytoin, carbamazepine, valproic

and phenobarbital. A number of options exist for such

patients. If the seizure disorder is related to a structural

abnormality within the brain, resection of the epilepto-

genic zone should be considered where possible. In cases

where a resectable epileptogenic zone is not identified,

other surgical options should be considered: these in-

clude callosotomy, subpial transection and VNS. VNS

can be used in all forms of epilepsy, including mixed

seizure disorders. Before VNS implantation is consid-

ered, a thorough evaluation must be undertaken of the

patient and his=her epilepsy. The presence of disabling

epileptic seizures of at least two years’ duration and the

failure of multiple antiepileptic drugs to control seizures

should be confirmed by an epileptologist. Magnetic reso-

nance imaging (MRI) and ictal electroencephalogram

(EEG) with videotelemetry are essential to characterise

the seizure types precisely, to exclude pseudoseizures,

and when possible to diagnose an overall epilepsy syn-

drome for each patient. It is of particular importance to

exclude the presence of a resectable epileptogenic zone.

Experimental and clinical evidence

Alteration in EEG activity in response to vagus nerve

stimulation in animals was first reported in 1938 [1]. In

1985 Zabara proposed that VNS might desynchronise

cerebral electrical activity, and thereby attenuate seizures

[20]. Subsequent animal studies revealed that specific

amplitudes and frequencies of vagus nerve stimulation

could desynchronise EEG activity in a manner that may

disrupt a seizure. In several animal models of epilepsy



VNS was found both to terminate seizures acutely and to

have a prophylactic effect against subsequent seizures

[10, 18]. A significant proportion of vagal afferents pro-

ject to the nucleus of the tractus solitarius. The nucleus of

the tractus solitarius contains both GABAergic and gly-

cinergic neurones which in turn have extensive projec-

tions to spinal and bulbar motor neurones, the reticular

formation and the parabrachial nuclei. The reticular for-

mation and the parabrachial nuclei have diffuse projec-

tions, both direct and indirect, to the cerebral cortex,

through which it is likely that VNS moderates cortical

electrophysiology. It has been suggested that slow hyper-

polarisation may be one of the mechanisms that underlie

the seizure-reducing effects of VNS, reducing activity in

neurones involved in propagation of seizure activity [13].

Animal studies have also demonstrated equal anticonvul-

sant activity for right, left and bilateral VNS, but greater

cardiac slowing with right-sided stimulation [12, 15, 21].

Based on evidence of safety and efficacy in animals,

trials of VNS in patients with epilepsy were initiated

in 1988 [14]. These trials used the Neuro Cybernetic

Prosthesis (NCP) system (Cyberonics, Houston, Texas)

to deliver intermittent electrical stimulation to the left cer-

vical vagus nerve. The results of multiple trials, including

two multi-centre double-blinded randomised controlled

studies on patients with medically intractable partial sei-

zures, have demonstrated that VNS is a safe and effective

technique for improving seizure control, with reports of

23–31% of patients experiencing a 50% or greater reduc-

tion in seizure frequency [5, 17]. The US Food and Drug

Administration granted approval for VNS as an adjunc-

tive treatment for refractory partial onset seizures in

July 1997. A number of retrospective clinical series have

examined the efficacy of VNS in the treatment of general-

ised epilepsy and suggested that it is similar to that in

partial epilepsy (30–60% of patients achieving a 50% or

greater reduction in seizure frequency) [6, 7]. Several

case series, including some in children, have reported

VNS safety and efficacy in the paediatric population to

be comparable with that in adult patients [9, 11].

Operative technique

In order to implant the NCP system, the patient is

positioned supine with the neck slightly extended and

turned 20–30� to the right. A transverse cervical inci-

sion is made, centred midway down the anterior border

of the sternomastoid muscle. The platysma is divided

or split, and dissection is continued deep to the anterior

border of sternomastoid. The carotid sheath is defined

and opened, exposing the common carotid artery and

the internal jugular vein. The vagus nerve usually lies

posteriorly in the groove between the artery and the

vein but occasionally it can lie anteriorly and so extreme

care must be taken on opening the carotid sheath, and

also in distinguishing the vagus from other superficial

nerves such as the ansa cervicalis. The vagus nerve is

dissected free from the surrounding tissue and gently

elevated with vessel loops. It is advisable to expose at

least a 3 cm length of nerve, as this greatly facilitates

electrode placement.

An incision approximately 6 cm long is then made 2–

3 cm below and parallel to the left clavicle (some sur-

geons prefer an anterior axillary incision, especially in

young female patients). A subcutaneous pocket is fash-

ioned inferiorly by blunt and sharp dissection until its

size is adequate for the diameter of the IPG. At this stage

it is best to tunnel the bipolar lead between the cervical

and infraclavicular incisions. If this is done after the

electrodes have been placed around the vagus nerve,

tissue manipulation during tunnelling may lead to their

being inadvertently dislodged. The electrodes are at-

tached in turn to the nerve, starting with the inferior

anchor helix, by pulling the attached sutures apart with

fine forceps and placing the midpoint of the helix over

the nerve. The forceps are then used to coil the remain-

der of each helix around the nerve, being careful not to

damage the embedded electrode. The nerve is then placed

back in its normal anatomical position and the bipolar

lead is looped in a gentle curve and sutured through a

silicone retainer to adjacent soft tissue in order to avoid

transmission of tension to the vagus nerve during neck

movements. A second loop is made superficially and

sutured to the fascia of sternomastoid. The distal term-

inals of the tunnelled bipolar leads are connected to the

IPG. The system is then tested with the telemetry wand

(covered by a sterile plastic sheath) to confirm a good

electrical connection and the initial programming may

be done at this time. The IPG is placed in the subcuta-

neous pocket with the excess lead coils positioned pos-

teriorly (in order to minimise the possibility of damage

when the incision is reopened to change the battery).

The two incisions are closed.

The majority of patients are able to go home on the

day of surgery. The NCP system can be activated imme-

diately. Low settings are used at first in order to mini-

mise side effects and to allow tolerance to develop. The

system is usually programmed initially for intermittent

stimulation of 30 sec on-time and 5min off; signal fre-

quency of 30Hz; pulse width of 500ms; output current
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0.25mA. The patient returns at intervals of 1–2 weeks

when the current is raised in 0.25mA increments to

1.5–2mA. If the response is poor, it may be improved

by increasing the ‘duty cycle’ – the percentage of time

that the stimulator is ‘on’ – or by using a more rapidly

cycling setting (e.g. 14 sec on, 1.5min off). A magnet

may be supplied to selected patients, which will pro-

duce extra stimulation, usually for 30 sec to 1min and

at a higher current. This may be used during an aura,

or may attenuate a seizure once it starts; where seizures

occur at a certain time of day it may also be useful.

Battery life is estimated at about 56 months but is obvi-

ously dependant on the parameters used. Replacement

of the IPG is straightforward but requires reopening of

the chest wall incision [19].

Adverse effects of VNS therapy

Adverse effects of VNS therapy are principally medi-

ated through the efferent fibres and include voice altera-

tion, dyspnoea, cough and throat discomfort. These

symptoms are usually readily reduced to tolerable levels

by modulation of the IPG settings [5]. Aspiration sec-

ondary to impaired swallowing during vagus stimulation

has been reported in children [9]. Cognitive functions,

including alertness, co-ordination and memory may ac-

tually be improved by chronic vagus stimulation [2].

Surgical complications are uncommon. They include in-

fection (which may necessitate removal of the device),

vocal cord paralysis or lower facial muscle paresis [5].

Lead breakage is extremely uncommon.

VNS series in Athens, Greece

Twenty patients over the age of 12 years received a

VNS implant between 1997 and 2005 in the Neurosur-

gical Department, University of Athens, Evangelismos

General Hospital (Athens, Greece). All suffered from

intractable epilepsy. All, except three, had abnormal

EEGs. Four patients presented as Lennox-Gastaut syn-

drome, two as nocturnal frontal lobe epilepsy, and one as

typical Bourneville disease. Seven patients suffered from

cryptogenic partial epilepsy with secondary generalisa-

tion. Four patients suffered from symptomatic partial

epilepsy; of those, one had a congenital stroke in the

territory of the middle cerebral artery, one post-encepha-

litic gliosis, and two had extensive heterotopias. Another

patient had post encephalitic seizures; his brain MRI,

however, was normal. Finally, the last patient in this

series had partial complex seizures with secondary gen-

eralisation probably of temporal origin; however, he re-

fused to undergo a presurgical evaluation. In all patients,

the autonomic nervous system was evaluated for poten-

tial side effects of VNS with ECG, and clinical exam-

ination. Changes in cardiac rhythm during the Valsalva

test, after deep breathing and on standing position were

studied during presurgical evaluation. This assessment

was repeated six months after implantation in order to

reveal any influence of VNS on autonomic function.

No abnormalities were found [16]. Postoperatively, all

patients recorded their seizures in a diary, including all

the seizures that were suppressed by the use of the mag-

net. Follow up time ranges from six months to nine years.

Four patients have remained virtually seizure-free

following a period of adjustment of the stimulation para-

meters. The reduction in seizure frequency remains

higher than 95%. Only sporadic minor seizures were re-

ported mainly in the presence of other provocative factors

like sleep deprivation, dose omission, concomitant treat-

ment, strong emotional states etc. These patients have

experienced an enormous change in their lives. The first

patient (PV-female) suffered from Lennox-Gastaut syn-

drome. Because of the frequent seizures she used to go

to the bathroom only escorted by her mother. Now, she is

able to go alone to a special school and she learns to play

tennis. The second patient (LK-male) suffered from cryp-

togenic multifocal partial epilepsy. Since the VNS treat-

ment, he is able to work a few hours every day in a special

environment. The third patient (IM-male) had a major

congenital damage in the right parietal-occipital area.

He has remained seizure free only under certain param-

eters (on¼ 30 sec, off¼ 5min, I¼ 0.75mA). Any change

of the parameters resulted in reappearance of the seizures.

The fourth patient (VM-female) had extensive hetero-

topias in both hemispheres. This patient suffered from

multifocal complex partial seizures. Another patient

(GT-male) remained initially seizure-free following VNS

implantation. He suffered from extremely resistant cryp-

togenic neocortical temporal epilepsy since childhood.

Prior to NCP implantation, he had refused to undergo a

presurgical evaluation for partial temporal lobe resection.

Following VNS, however, he developed schizophrenia-

like psychosis with forced EEG normalization [4]. He

was hospitalized in a psychiatric clinic and received alo-

peridol with a rapid clinical improvement. However,

because of the psychosis his family demanded the re-

moval of the NCP; this was actually done six months

after the implantation.

A major impact of VNS was documented in patients

with Lennox-Gastaut syndrome. In addition to the one
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who remains seizure-free, the decrease in seizure fre-

quency in the other patients was 60, 75, and higher than

75%, respectively. The caregivers of all the patients with

Lennox-Gastaut syndrome are satisfied and they want to

keep this treatment active. Four other patients reported a

remarkable seizure reduction by 50–75%. Most of the

patients described that many of the recorded seizures

were shorter and of reduced severity; patients and carers

described them as ‘‘milder’’. Seven patients had a

decrease in seizure frequency less than 50%; four of

them had essentially no influence on either seizure

severity or seizure frequency (<25%). They asked for

the NCP removal. Remarkably, two of them are patients

suffering from nocturnal frontal lobe epilepsy. No pa-

tient experienced an increase in seizure frequency.

Most of the patients suffered from mild discomfort

over the sternocleidomastoid muscle and the majority

from cough during periods of increasing the electrical

stimulation; these symptoms subsided without reduc-

ing the amplitude of the current except in cases of max-

imum tolerated amplitude. Eleven patients presented

with changes in voice pitch and=or throat paraesthesia

when the generator was on. One patient had diarrhoea,

without any obvious microbial cause; this subsided after

a decrease in current amplitude. One patient had a tooth-

ache at the low back teeth area on the left side which

subsided when the stimulation was switched off.

VNS series in Newcastle, England

Seventy patients have undergone VNS implantation

in Newcastle General Hospital (Newcastle-Upon-Tyne,

United Kingdom) between 1996 and 2005. Age at diag-

nosis of seizure disorder ranged from three months to

forty years and age at surgery ranged from two years to

sixty-three years. Seizure frequency ranged from seven

per month up to almost continuous seizure activity. Two

patients had previous surgery for epilepsy (one a right

frontal lobectomy and one a resection of the atrophic

right parietal lobe). The commonest seizure type was

generalised tonic-clonic seizures; complex partial, simple

partial, myoclonic and absence seizures were also rep-

resented. Many patients had mixed seizure disorders. All

patients had a thorough work-up including MRI and

EEG. Some patients also underwent single photon emis-

sion computed tomography (SPECT) and one patient

had corticography. Three quarters of the patients in the

series improved with VNS. The duration and intensity of

seizures was generally reduced, as well as the overall re-

duction in seizure frequency. Some degree of hoarseness

Table 1. Patients with intractable epilepsy treated by VNS (University of Athens, Greece)

Patient Age

(years)

Seizures or syndromic classification MRI findings Results (percentage of reduction

in seizure frequency)

PV=female 34 Lennox Gastaut no abnormal findings >95%, virtually seizure-free

PE=male 30 Lennox Gastaut no abnormal findings 75–80%

DF=female 31 Lennox Gastaut mild cortical atrophy 75%

DM=male 19 Lennox Gastaut mild cortical atrophy 60%

LK=male 33 cryptogenic multifocal partial epilepsy with S.G. no abnormal findings >95%, virtually seizure-free

MS=male 26 symptomatic partial epilepsy congenital (R) MCA ischemia 60%

GT=male 39 partial complex seizures with S.G. probably of

temporal origin

no abnormal findings >95%, initially virtually seizure-

free. Later, the NCP removed

because of psychosis

AK=female 51 cryptogenic partial complex seizures with S.G. no abnormal findings <25%

VS=male 29 cryptogenic partial complex seizures with S.G. no abnormal findings 50%

AV=female 47 symptomatic partial epilepsy following neonatal

meningitis

post encephalitic gliosis 60%

MT=female 22 cryptogenic partial complex seizures with S.G no abnormal findings 55–60%

RP=female 45 cryptogenic partial complex seizures with rare S.G ischemic foci bilaterally <25–55%

EM=female 19 cryptogenic partial complex seizures with S.G mild atrophy, enlargement

of ventricles

60%

IM=male 35 symptomatic partial complex seizures with S.G. occipital-parietal-temporal

heterotopia

>95%, virtually seizure-free

VM=female 46 cryptogenic partial complex seizures with S.G no abnormal findings 70%

VM=female 22 symptomatic partial complex seizures with S.G. extensive bilateral heterotopias >95%, virtually seizure-free

MG=male 22 nocturnal frontal lobe epilepsy no abnormal findings 0%

KT=male 23 nocturnal frontal lobe epilepsy no abnormal findings 0%

VA=male 28 post encephalitic seizures no abnormal findings 55%

PM=male 27 bourneville disease characteristics of B.D. <25%

SG Secondary generalization; (R) MCA right middle cerebral artery; BD Bourneville Disease; NCP Neuro Cybernetic Prosthesis.
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was almost universal but significant complications have

been extremely rare (one post-operative aspiration with

no long term consequences, one late (>2 years) infection,

and one patient with significant discomfort at the inser-

tion site of the IPG). All patients in the series remain on

anti-epileptic medication. Battery changes have been

necessary in a small number of cases but obviously this

number will increase, as battery life is finite.

Conclusions

Vagus nerve stimulation is an important therapeutic

option for patients with intractable epilepsy who are not

suitable for other types of epilepsy surgery, or refuse to

undergo a resection surgery. The procedure is well tol-

erated and in our population no significant complications

were referred from our patients except a unique case

with psychosis and force normalisation probably due

to VNS. According to our results concerning the influ-

ence of VNS on seizure frequency a small proportion of

patients around 20% could have a remarkable reduction

of seizures or remain actually seizure free. All our pa-

tients with Lennox-Gastaut syndrome had a seizure re-

duction of more than 60%. A percentage of 35% had no

influence on seizure frequency. Remarkably, no influ-

ence of VNS was found on two patients suffering from

nocturnal frontal lobe epilepsy. The small number of

patients does not permit conclusions on more specific

of the characteristics of the patients who responded

to VNS treatment. We do not have conclusive results

concerning the influence of VNS on seizure severity,

except the impression of caregivers and the patients that

the seizures were shorter in duration and milder in 60–

70% of our patients. No patient discontinued the anti-

epileptic drugs and our data are not sufficient to con-

clude whether the efficacy of VNS treatment improves

over time as many authors suggested. There is not, yet,

reliable method of predicting which patients will re-

spond to VNS therapy. If more precise indications for

VNS therapy could be determined then results may well

improve in the future.
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Summary

The failure of available antiepileptic medications to adequately con-

trol seizures in a substantial number of patients underscores the need to

develop novel epilepsy therapies. Recent advancements in technology

and the success of neuromodulation in treating a variety of neurological

disorders have spurred interest in exploring promising therapeutic alter-

natives, such as electrical stimulation and gene-based synaptic control. A

variety of different stimulation approaches to seizure control targeting

structures in the central or peripheral nervous system have been inves-

tigated. Most studies have been based on uncontrolled observations and

empirical stimulation protocols. Today the vagus nerve stimulator is

the only FDA approved adjunctive treatment for epilepsy that utilizes

electrical stimulation. Other potential strategies including direct stimula-

tion of the epileptogenic cortex and deep brain stimulation of various

targets are currently under investigation. Chronically implanted devices

for electrical stimulation have a variety of limitations. First, they are

susceptible to malfunction and infection. Second, most systems require

battery replacement. Finally, electrical stimulation is incapable of

manipulating neuronal function in a transmitter specific fashion. Gene

delivery to epileptogenic targets or targets implicated in regulating

seizure threshold has been investigated as an alternative means of neuro-

modulation in animal models. In summary, positive preliminary results

and the lack of alternative treatment options provide the impetus for

further exploration of electrical stimulation and gene-based therapies in

pharmacoresistant epilepsy. Various specific targets and approaches to

modulating their activity have been investigated in human studies.

Keywords: Neuromodulation; gene therapy; epilepsy; seizures; elec-

trical stimulation; review.

Abbreviations

AAVAdeno-associated virus, AdLC adenoviral vector expressing LC,

AEDs antiepileptic drugs, ANT anterior nucleus of thalamus, BFNC

benign familial neonatal convulsions, BPS bursts of pulse stimula-

tion, CM centromedian (nucleus of thalamus), CNS central nervous

system, CT computed tomography, DBS deep brain stimulation, EEG

electroencephalogram, FDA food & drug administration, GPi globus

pallidus internus, HSV herpes simplex virus, Kir inwardly rectifying

potassium channels, LC light chain, MIE medically intractable

epilepsy, MRI magnetic resonance imaging, SNr substantia nigra, pars

reticulate, STN subthalamic nucleus, rTMS repetitive transcranial

magnetic stimulation, TMS transcranial magnetic stimulation, TNS

trigeminal nerve stimulation, VNS vagus nerve stimulation.

Introduction

Epilepsy, characterized by the repeated occurrence of

unprovoked seizures, is one of the most common neuro-

logical disorders with an estimated prevalence of 5–8

per 1000 population in developed countries. A large epi-

demiologic study in the United States (Rochester, MN)

showed an age-adjusted epilepsy prevalence of 6.8 per

1000 population, and a cumulative incidence through

age 74 of 3.1% [17, 18]. Epilepsy exacts an enormous

toll on patients and their families, while the loss of

employment potential and cost of medical care has a

substantial impact on society. Despite many decades of

research, new antiepileptic drugs (AEDs), and advances

in surgical therapy, a large number of people with epi-

lepsy suffer from incompletely controlled seizures or the

side effects of drugs or surgical treatment [27]. For

these medically refractory patients, current approaches

to treatment will, at best, lessen but not prevent the oc-

currence of seizures. Recent studies have indicated that

approximately two thirds of patients with newly diag-

nosed epilepsy will experience good seizure control with

the first or second AED administered [21, 22]. Almost

one out of three patients, however, will have difficult-to-

control epilepsy with frequent, disruptive seizures and

undesirable medication-related side effects. Medically

intractable epilepsy (MIE) is often a chronic, lifelong

problem associated with a poor quality of life, constant



feelings of anxiety and lack of control, comorbid depres-

sion and AED-related adverse effects (such as cognitive

impairment, sexual dysfunction, weight gain etc.).

Some patients with MIE may be good candidates for

epilepsy surgery targeting the epileptogenic tissue. How-

ever, resection or destruction of the seizure focus is not

an option for many people with MIE, either because of

difficulties localizing the focus or because of proximity

to eloquent brain areas and unacceptable surgical risks

[36]. Thus, current surgical options can not be applied to

a substantial number of patients. Moreover, nondestruc-

tive options have inherent advantages over approaches

that require resection of brain tissue.

The goal of new therapies is to provide effective con-

trol of seizures without impacting the person’s neuro-

psychological function and=or quality of life. Electrical

neurostimulation and gene-based targeting have been

proposed as potential new therapeutic strategies for

the treatment of patients with MIE. Recent successes

of brain stimulation for movement disorders have en-

couraged consideration of brain stimulation therapy for

epilepsy. Several strategies have been investigated in

human and animal models exploring the potential of

electrical stimulation targeting structures in the central

and=or peripheral nervous system. Similarly, the devel-

opment of advanced generation systems for gene deliv-

ery to mature neurons has created the potential to treat

epilepsy by altering the expression of proteins within

the circuits that underlie refractory epilepsy. Because

neither gene delivery nor stimulation is destructive, the

approaches can be contemplated as means of treating

seizure foci within eloquent neural structures.

Within the central nervous system two basic ap-

proaches have been implemented, namely direct or in-

direct targeting of epileptogenic areas. The first approach

relies on careful identification of the epileptogenic tissue

(cortex or hippocampus). This is usually accomplished

by the means of a presurgical invasive evaluation utiliz-

ing intracranial subdural grid or depth electrodes. In the

course of the invasive evaluation, intracranial recordings

have guided direct cortical or hippocampal stimulation,

employed as a potential treatment in small series of

patients with MIE. The second approach aims at pre-

sumed seizure-gating networks. Potential target struc-

tures (such as the cerebellum or various deep brain

nuclei) are believed to play a central, regulatory role

in the epileptogenic network. Thus, electrical stimula-

tion is used for control of distant epileptogenic cortex.

Finally, stimulation of extracranial targets residing in the

peripheral nervous system (stimulation of the vagus and

trigeminal cranial nerves) has been employed as a means

of modulating cortical excitability. Despite significant

advances in the field of neuromodulation for pain and

movement disorders, epilepsy neuromodulation faces a

number of challenges including appropriate selection

of favorable candidates, optimal stimulation parameters

and target sites, evaluation of long-term effects of neural

stimulation on tissue reorganization, plasticity and epi-

leptogenicity, development of reliable algorithms for sei-

zure detection and prediction and validation of long-term

safety and efficacy with well-designed randomized, con-

trolled trials. It is hoped that better understanding of the

pathophysiology of epilepsy and the mechanisms of

action of targeted electrical stimulation=neuromodula-

tion will lead to further advancements in this field.

Electrical stimulation of the nervous system

Electrical stimulation in the nervous system can be

classified in two main categories: a) electrical stimula-

tion of the central nervous system (CNS), and b) elec-

trical stimulation of the peripheral nervous system

(PNS). The former, i.e. CNS stimulation can be further

classified into: a) direct stimulation targeted to the

presumed epileptogenic tissue such as the cortex or hip-

pocampus and amygdala, and b) indirect stimulation

targeted to any of the following structures: cerebellum,

thalamus (anterior or centromedian), basal ganglia, sub-

thalamic nucleus and caudate. PNS can be further clas-

sified into: a) vagus nerve stimulation and b) trigeminal

nerve stimulation. All these methods and approaches are

described below.

Direct CNS targeting of presumed

epileptogenic zone

Cortex

Chronic implantation of subdural and=or depth elec-

trodes is often required in a subgroup of epilepsy

surgery candidates in order to better localize the

region(s) of seizure onset and=or map eloquent cortex

(Fig. 1). In the course of such invasive evaluations direct

electrical stimulation of the cortex is routinely per-

formed. Standard cortical stimulation parameters for the

purposes of presurgical mapping consist of constant

current pulses with a pulse width of 0.3msec delivered

in 50–60Hz trains lasting for 3–8 sec [34]. A constant-

current biphasic square wave, bipolar stimulator is typi-

cally used. Stimulation involves a pair of two electrodes
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and begins at a low intensity (1mA) with increasing

current at 0.5–1mA increments to a maximum of

15mA or until a functional response and=or after-

discharges are obtained. Afterdischarges can take the

form of single discharges, brief self-limited bursts or

sustained evolving electrographic activity resem-

bling electrographic seizures. To monitor for afterdis-

charges and=or electrically-provoked seizure activity

electrocorticography (ECoG) is necessary during corti-

cal stimulation.

In this setting of extraoperative cortical mapping,

Lesser et al. reported that additional brief bursts of pulse

stimulation (BPS) were effective in aborting stimulation-

induced afterdischarges [23]. The pulse trains of BPS

were briefer than standard cortical stimulation, lasting

for 0.3–2 sec (median¼ 0.5 sec). Otherwise, the pulses

of BPS had the same intensity and stimulus character-

istics as the preceding pulses used for cortical localiza-

tion purposes. Furthermore, BPS pulses were delivered

through the same electrodes that had just been used for

standard direct cortical stimulation. This series consisted

of 17 patients implanted with subdural electrodes. The

effect of BPS in stopping afterdischarges appeared to be

limited to the first few seconds following BPS. When

BPS were administered 115 of a total of 226 after-

discharges were aborted within 2 sec (compared with

only 21 out of a total of 475 afterdischarges, which

resolved within 2 sec in the absence of BPS) [23]. The

same group performed a follow-up study in 7 patients

implanted with subdural electrodes to explore optimal

BPS stimulation parameters. The investigators reported

that BPS was more likely to terminate an afterdischarge

when applied: (1) during the negative phase of the after-

discharge waveform; (2) earlier rather than later in the

course of the afterdischarge; (3) to afterdischarges that

do not start immediately after the end of standard cor-

tical stimulation; (4) to afterdischarges that have a con-

tinuous rhythmic pattern; and (5) to afterdischarges

occurring at the stimulated electrode pair (primary site)

as opposed to secondary sites (electrodes that had re-

ceived standard cortical stimulation) [33].

Although afterdischarges cannot be equated with

spontaneous epileptiform activity these observations

have kindled interest in applying direct cortical stimu-

lation to counteract spontaneous seizures. Experience

from afterdischarge studies indicates that BPS may be

more effective, when stimulation is delivered early, at

the onset of a discharge, which is still localized [25].

Accordingly, for the purposes of clinical application,

closed loop automated delivery systems would need to

be developed and validated. Osorio et al. have pres-

ented data from 4 patients with implanted subdural

electrodes, connected to a device capable of implement-

ing an automated seizure detection algorithm for control

of stimulation delivery (contingent or closed-loop stimu-

lation). Studies were performed after completion of the

presurgical invasive evaluation and before planned

removal of the implanted intracranial electrodes. High

frequency (100–500Hz) electrical stimulation was de-

livered directly to the epileptogenic tissue and in close

Fig. 1. (A, B) Subdural grid electrodes: intraoperative picture fol-

lowing placement of a combination of subdural and depth electrodes in

a patient with suspected temporal lobe epilepsy. The subdural array

consists of a ‘‘grid’’ of electrodes placed directly on the cortex during

craniotomy
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temporal proximity to the onset of seizures. While this

in-hospital ultra-short term trial (average duration of

57 hours), did not demonstrate anti-epileptic activity, it

did demonstrate that closed-loop delivery of electrical

stimulation is a viable option for patients implanted with

invasive electrodes [37].

The feasibility and safety of responsive stimulation is

currently undergoing evaluation at selected academic

institutions as part of a randomized, double blind, active

control study (Responsive Neurostimulator System –

NeuroPace Inc., Mountain View, CA). Approximately

80 adults with focal pharmacoresistant epilepsy will be

recruited in this study and monitored for at least 2 years

following implantation. The neurostimulator device is

implanted in the skull and connected to two cortical strip

or depth leads, which target the presumed location of the

epileptogenic focus. Optimal placement of these elec-

trodes has been determined by previous evaluation for

epilepsy surgery including placement of intracranial

electrodes, if necessary, to determine the likely sites of

seizure onset [29].

Hippocampus and amygdala

Epilepsy arising from the mesial temporal lobe struc-

tures is by far the most common substrate of focal epi-

lepsy. The amygdala and hippocampus are commonly

involved in the initial phases of EEG discharges of

seizures arising from the temporal lobe. Patients with

intractable seizures and unilateral mesial temporal lobe

epilepsy are excellent candidates for surgical treatment.

However, surgical resection is not recommended in

patients with bilateral independent temporal foci or

when eloquent cortex is found to overlap with the pre-

sumed epileptogenic zone.

Experimental evidence in animals indicates that pro-

longed low frequency stimulation (1Hz applied for

10–15min) can inhibit the development and expression

of amygdala-kindled seizures; a procedure referred to

as ‘‘quenching’’ [59]. Similar parameters are known to

induce long term depression of synaptic responses, when

applied to synaptic hippocampal pathways in vitro. In

animal models of amygdala kindling, an increase in

afterdischarge and seizure thresholds has been observed,

when low-frequency stimulation is applied both during

and after completion of the kindling process.

Velasco et al. first reported that subacute unilateral

electrical stimulation of the hippocampus decreased

interictal and ictal activity during a 2–3 week period.

In this study, 10 patients were implanted with bilateral

depth hippocampal electrodes (n¼ 2) or unilateral sub-

dural basotemporal electrodes (n¼ 8) as part of a stan-

dard preoperative invasive evaluation. Stimulation was

performed after completion of ictal video-EEG record-

ings, which allowed for an accurate determination of

the seizure onset zone. Based on these recordings, all

10 patients were felt to be good candidates for standard

anterior temporal lobectomies, which were performed

at the end of the 2–3 weeks of amygdalo-hippocampal

stimulation. Stimulation was continuous (interrupted only

for 1 hour=day). Applied stimulation parameters (130Hz,

450 msec pulse width, and 200–400 mA intensity), were

somewhat arbitrary. Stimulation contacts were located at

the hippocampal formation in 7 patients, at the parahip-

pocampal gyrus in 2, and at the white matter lateral to

hippocampus in 1 patient. The authors reported that all

patients experienced clinical seizures during the first 6

days of amygdalo-hippocampal stimulation. However,

subsequent clinical seizures were completely abolished

in the 7 patients with electrode contacts at the hippo-

campal formation [52]. The short period of observation

and duration of seizure freedom (<2 weeks) limit the

conclusions that can be drawn from this study.

Based on these observations, Vonck et al. proposed

the use of commercially available standard DBS elec-

trodes for the purposes of diagnostic recording as well

as short- and long-term therapeutic stimulation of the

amygdalo-hippocampal region. Two quadripolar DBS

electrodes were implanted in each hemisphere through

two occipital burr holes in 3 MIE patients with nor-

mal brain MRI (nonlesional), whose scalp video-EEG

evaluations suggested mesial temporal lobe epilepsy.

The most anterior electrode was placed in the amygdala;

the second electrode aimed at the anterior part of the

hippocampus. This strategy yielded good-quality inva-

sive EEG recordings, which allowed for the identifica-

tion of a unilateral mesial temporal seizure onset zone

in all 3 patients. After completion of diagnostic record-

ings, chronic unilateral stimulation of the amygdalo-

hippocampal epileptogenic region was performed. Initial

stimulation parameters were similar to those used by

Velasco (continuous stimulation interrupted for 1 hour=

day, 130Hz frequency, 450 msec pulse width). Interictal

spike counts before and after the initiation of stimulation

were empirically utilized to assess adequacy of stimula-

tion parameters. Two patients had >50% reduction in

interictal spike activity without changing the initial sti-

mulation settings. In the third patient >50% spike count

reduction was accomplished after increasing stimula-

tion frequency to 200Hz. During a follow-up period of
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3–6 months all 3 patients were reported to have a greater

than 50% reduction of seizure frequency (range 50–

93%). While none were seizure free, no adverse events

were reported [55].

Thus, initial limited trials of mesial temporal lobe

stimulation suggest the potential for a therapeutic reduc-

tion in epileptic activity. The data available, at present,

suggests that this effect would not be curative. Thus, the

benefits of reduced seizure frequency and severity on

quality of life need to be carefully weighed against the

costs and risks associated with this approach. Further,

this data has evolved out of the convenient utilization of

recording electrodes that play a role in current therapeu-

tic protocols. There is little data to providing a mechan-

istic understanding for the basis of this therapeutic

effect. Investigation of the underlying pathophysiology,

as well as larger trials, may provide a means for opti-

mizing this approach.

Indirect targeting of presumed epileptogenic zone

Cerebellum

The sole output of the cerebellar cortex is inhibitory,

mediated by the axons of the large GABA-ergic Purkinje

cells. Based on this fact, stimulation of the cerebellar

cortex was postulated to inhibit the targets of cerebellar

efferents. Attempts to apply this principle to animal

models of epilepsy have had mixed results. Nonetheless,

this theory led Irving Cooper to attempt cerebellar

stimulation as a means for the treatment of MIE. This

effort marked the first trial of epilepsy treatment using

electrical stimulation of the human brain. In 1973,

Cooper’s group reported ‘‘a marked improvement in

seizure control’’ in 6 out of 7 patients with intractable

seizures following chronic subdural stimulation of the

superomedial cerebellum [10]. Subsequent uncontrolled

studies by Cooper and other investigators reported ben-

efit in the majority of stimulated patients. Unfortunately,

these results were not replicated in the two controlled

double-blind studies conducted by Van Buren in the U.S.

(n¼ 5) and Wright in the U.K. (n¼ 12 patients). No

significant reduction of seizure frequency was observed

after cerebellar stimulation for 10 and 6 months, respec-

tively [48, 60].

The history of cerebellar stimulation underscores the

need for well designed, blinded, placebo-controlled

studies in the budding field of neuromodulation for epi-

lepsy. At present, this technique is not considered to be

an effective therapy for epilepsy, although the small

number of patients in the controlled trial limits definite

conclusions.

Recently Velasco et al. reopened the subject with their

report of a pilot double-blind, controlled study in 5 pa-

tients with intractable motor seizures. Four-contact pad

electrodes were placed bilaterally on the superomedial

aspects of the cerebellum. Following Cooper’s example,

low-frequency (10Hz) stimulation was delivered at a fixed

pulse width of 0.45msec and intensity of 3.8mA; voltage

output was adjusted based on electrode impedance to de-

liver a predetermined amount of charge density. Inter-

mittent stimulation with alternating 4min on and off

intervals was applied throughout the day. This approach

yielded significant reductions in the frequency of general-

ized tonic–clonic seizures in stimulated patients at 3 and

6 months, as compared to pre-stimulation baseline [49].

Thalamus

The thalamus constitutes the major route and relay

station for afferents to the cortex. Physiological activity

in various thalamic nuclei is capable of influencing exten-

sive cortical areas. Furthermore, thalamocortical pathways

are believed to play a central role in the synchronization

and propagation of seizures. Naturally, this centrally-

located, fairly circumscribed structure is an attractive

target for deep brain stimulation (DBS). So far, human

studies have explored the therapeutic potential of electri-

cal stimulation of the centromedian and anterior nuclei in

patients with pharmacoresistant epilepsy.

Anterior thalamus

The anterior thalamic nuclei (ANT, also referred to as

anterior nucleus of the thalamus) constitute a group of

first order relay nuclei, which receive afferents from lower

brain centers (mamillary bodies and fornix) and forward

messages to the neocortex (primarily cingulate). This

anatomical arrangement makes ANT an integral compo-

nent of the limbic system and attractive target for elec-

trical neuromodulation. Several animal studies by Mirski

et al. implicated the posterior hypothalamus, ANT and

mamillothalamic tract in the pathogenesis and expression

of experimental generalized seizures. In rats, high-fre-

quency (100Hz) stimulation of the posterior hypothala-

mus was found to increase the threshold for the first

clonic and first tonic chemically-induced seizure (follow-

ing administration of pentylenetetrazole) [32].

The first human study of ANT stimulation was con-

ducted by Cooper and Upton, who reported a significant
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decrease in seizure frequency in 4 out of 6 patients

with pharmacoresistant focal epilepsy [47]. One patient

remained seizure-free during two years of follow-up.

However, details of stimulation were not provided. In

another case series, all 5 patients with intractable focal

or generalized epilepsy had decreased seizure frequency

in the range of 24–89% (mean 54%, compared to a 1–3-

month baseline) following bilateral implantation of DBS

electrodes in the ANT [19]. Surgery was performed

under the guidance of intraoperative microelectrode

recordings. Interestingly, improved seizure control

was observed immediately after implantation, although

high-frequency (100Hz) stimulation did not start until

4 weeks later. Furthermore, cessation of stimulation after

a period of 7 months or longer did not result in increased

seizure frequency. These unexpected observations sug-

Fig. 2. Thalamic anterior nucleus deep brain stimulation: (a) Coronal T2 MRI images of trajectory planning for placement of ANT DBS. (b)

Sagittal T2 MRI images of trajectory and target planning for placement of ANT DBS. (c) Postoperative coronal T1 MRI revealing location of ANT

DBS. (d) Postoperative sagittal T1 MRI revealing location of ANT DBS
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gest the possibility of an initial lesioning (‘‘microthala-

motomy’’) effect. Hence, the contribution=effects of sti-

mulation per se remain questionable.

In a subsequent similar study of high-frequency, bi-

lateral ANT stimulation, 4 out of 5 patients experienced

deterioration of seizure control after discontinuation of

stimulation, a finding that argues against the lesioning

hypothesis. In this study, chronic intermittent ANT stim-

ulation resulted in significant improvement with respect

to severity of seizures in 4 out of 5 patients (on the

grounds of significant reduction of incapacitating sec-

ondarily generalized tonic–clonic seizures and complex

partial seizures associated with falls). Only one patient

showed a significant reduction in total seizure frequency

as compared to the pre-implantation baseline.

The safety and efficacy of bilateral DBS targeting

the anterior nuclei of the thalamus is currently inves-

tigated as part of a multicenter, randomized, double-

blind, placebo-controlled study. Approximately 150

adults with pharmacoresistant epilepsy will be recruited

and monitored for at least 13 months following implan-

tation. The stimulation device, DBS electrodes and

implantation procedure are similar to those of routine

movement disorder surgery (Medtronic – Minneapolis,

MN). Stimulation will be open-loop (continuous and

not modified in response to patient’s EEG or seizure

activity). Figure 2a and b demonstrate the use of Frame-

link (Sofamore Danek, USA) software to plan bilateral

anterior thalamic nucleus DBS implantation. Figure 2c

and d depict postoperative MRIs on a patient implanted

with bilateral ANT DBS electrodes in place. The results

of this trial are not yet available, but promise to provide

a definitive assessment of the utility of ANT DBS

for MIE.

Centromedian thalamus

The centromedian nucleus of the thalamus (CM) is

part of the intralaminar nucleus, a higher order relay

station involved in reticulocortical and corticortical

communication. As such the CM plays a central role

in wakefulness, attention and regulation of cortical ex-

citability. The group of Velasco has published several

reports on the clinical and electrophysiologic effects of

electrical stimulation of the CM nucleus in patients

with MIE. Acute unilateral stimulation of CM produced

frequency-dependent responses on scalp EEG which

were not associated with any clinical=behavioral changes.

Low-frequency (3–6Hz) electrical stimulation elicited

electrocortical incremental responses with a bilateral

scalp distribution maximum at the ipsilateral hemi-

sphere, whereas high-frequency (60Hz) stimulation re-

sulted in desynchronization of scalp EEG and very slow

electronegative DC (direct current) shifts [53]. These

observations support the impact of CM thalamocortical

projections in regulating cortical function.

The Velasco group was the first to report on the bene-

ficial effects of CM stimulation in 5 patients with MIE

and (secondarily) generalized motor seizures. Seizure

frequency was evaluated at baseline and 3 months post-

implantation. Bilateral depth electrodes were stereotac-

tically placed through frontal burr holes, tunneled away

from the scalp incision and externalized on the anteri-

or chest wall for the 3-month period of observation.

Intermittent (2-hour daily) high-frequency (60–100Hz)

stimulation alternating from right to left side led to

reductions of generalized tonic–clonic seizures by 80–

100% and complex partial seizures by 60–100% [51].

Because of economic constraints only two patients had

the electrodes connected to an internalized system after

completion of this preliminary study.

In a subsequent study, the same authors examined

the effects of chronic electrical stimulation of the CM

in 13 patients with MIE (ages 4–31 years), followed for

a period of at least 12 months post-implantation (range

12–94, mean¼ 41.2 months). Bilateral electrode place-

ment was guided by ventriculography and confirmed

with electrophysiological studies (scalp EEG responses

evoked with low versus high-frequency stimulation) and

MRI. Electrodes were connected to internal pulse gen-

erators. Stimulation of 4–6V was delivered continu-

ously, at high-frequency (60Hz), alternating between

the right and left side (delivered in 1min bursts with a

4min off interval preceding stimulation of the alternate

side). The authors observed a 90% reduction in the fre-

quency of generalized tonic–clonic and atypical absence

seizures. In contrast, no significant decrease was seen

in patients with complex partial seizures. Because all

of the patients with Lennox-Gastaut syndrome (LGS)

responded to chronic stimulation, the authors concluded

that LGS is a clear indication for bilateral CM DBS. On

the other hand focal epilepsies arising from the temporal

lobes were not significantly improved [50].

In contrast to these findings, a placebo-controlled

pilot study of bilateral CM stimulation in 7 patients with

MIE (ages 16–41 years) failed to show significant

benefit. This small study utilized a 9-month double-

blind, cross-over protocol. Baseline seizure calendars

were collected prospectively for several months prior

to implantation of internal pulse generators. Bilateral
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electrode placement was guided by CT=MRI stereotactic

measurements and was confirmed by postoperative CT

scans. Stimulators remained off for the first 1–2 months

after implantation and prior to randomization. During

the first 3 months following randomization (phase 1),

stimulators were active in 4 and off in the remaining

3 patients. This was followed by a 3-month washout

period of no stimulation (phase 2; off period). During

phase 3, patients – who had not received stimulation in

phase 1 – were crossed over to stimulation. The remain-

ing patients remained in the off mode during phase 3. At

9 months post-randomization (phase 4), all patients were

changed to open label stimulation. Intermittent stimula-

tion parameters were chosen to imitate the parameters

initially used by the Velasco group (high-frequency,

65Hz, 90 msec pulses, of 0.5–10Vadministered in trains

1min on and 4min off for 2 hours=day). This study

showed that bilateral CM stimulation was safe and

well-tolerated. Overall there was an approximate 30%

reduction in the mean frequency of tonic–clonic seizures

with the stimulator on, as compared to an 8% decrease

with stimulator turned off. Only one patient experienced

a sustained >50% reduction of generalized seizure fre-

quency during the 9-month period of double-blind ob-

servation. During the open-label segment, 3 of 6 patients

reported generalized seizure frequency decrease that

exceeded 50% with continuous 24-hour=day CM stimu-

lation (follow-up ranging from 3 to 13 months) [13].

However, several factors, including small study size,

cross-over design, potential for long-lasting carry-over

effects following transient discontinuation of stimula-

tion, lack of knowledge with respect to optimal stimula-

tion parameters and patient selection preclude definitive

conclusions regarding efficacy.

Basal ganglia

The basal ganglia constitute a richly interconnected set

of forebrain nuclei, which are integrated into several net-

works exerting influence over multiple cortical regions.

Over the past decade DBS of the subthalamic nucleus

(STN) and the globus pallidus internus (GPi) has evolved

into a well established therapy for the treatment of

Parkinson’s disease and other movement disorders. At

the same time, experimental evidence has emerged to

suggest that the basal ganglia play a role in the modula-

tion of seizure control. The pioneering work of Karen

Gale’s group showed that inhibition of neurons in the

substantia nigra pars reticulata (SNr), the main output

nucleus of the basal ganglia, can suppress several types

of seizures in various animal models [14]. This data led

investigators to postulate the existence of an endogenous

‘‘nigral control of epilepsy system’’. In an attempt to test

the application of this theory, both the STN and caudate

nucleus have been targeted in human studies.

Subthalamic nucleus (STN)

Benabid et al. presented their first case report of

STN stimulation for epilepsy in 2002. A 5-year old girl

with MIE secondary to a focal left centroparietal cor-

tical dysplasia experienced significant and sustained

reduction in the number and severity of seizures during

30 months of chronic left unilateral high frequency

STN stimulation [5]. The same group reported an addi-

tional four cases of MIE treated with bilateral high-fre-

quency stimulation and followed up for a period ranging

from 10 to 30 months using the techniques established

in parkinsonian patients. Four out of these five patients

showed ‘‘a clear reduction of seizure frequency’’ [8].

Consistent with Gale’s theory, the authors observed that

the best responses were obtained with targeting of the

inferior part of the STN, in a region that is closer to

the SNr and differs from the usual STN target in Par-

kinson’s disease. Our group at the Cleveland Clinic

Foundation reported another four patients with intracta-

ble focal epilepsy treated with chronic bilateral STN

stimulation and followed up for a period ranging from

8–18 months. In this group, two patients experienced a

significant decrease in seizure frequency and severity.

No effect was observed in the other two cases [35].

The preliminary results of these two small case series

have not yet been followed by larger double-blind, con-

trolled studies.

Caudate

Experience with caudate stimulation for the treatment

of MIE in humans is very limited. S€yyramka et al. from

Slovakia, and Chkhenkeli et al. from the Republic of

Georgia have presented positive results in uncontrolled

case series. Chkhenkeli reported a series of 23 patients

with implanted neurostimulators and 15 with externa-

lized depth electrodes targeting in the ventral caudate

nucleus. Low-frequency stimulation in the range of 4–

6Hz resulted in a reduction of neocortical and mesial

temporal interictal epileptiform discharges [9]. In con-

trast, high frequency (50–100Hz) stimulation was asso-

ciated with ‘‘provocation or augmentation’’ of interictal

epileptiform activity in the ipsilateral hippocampus and
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amygdala. The authors reported no serious complica-

tions and no clinical seizures as a result of therapeutic

stimulation. Of note, these reports lack information

regarding patients’ spontaneous clinical seizures before

and after caudate stimulation.

Electrical stimulation of the peripheral

nervous system

Vagus nerve

Vagus nerve projects diffusely to the thalamus, amyg-

dala and forebrain as well as to other cortical areas

through the nucleus tractus solitarius (NTS) and medul-

lary reticular formation, respectively. It is postulated that

the vagus nerve modulates cortical excitability and ex-

erts an influence on the generation and propagation of

seizures [56]. Experiments by Walker et al. have pro-

vided evidence that decreased excitation or increased

inhibition in NTS reduces susceptibility to limbic motor

seizures in animals [57]. Bailey et al. were the first to

provide evidence that vagus nerve stimulation can pro-

duce EEG desynchronization in cats [3]. More recently,

in 1985, Zabara proposed and demonstrated the use of

vagus nerve stimulation (VNS) as a means of controlling

experimental seizures in canines [62].

The vagus nerve is a mixed cranial nerve made of pre-

dominantly sensory fibers (approximately 80%). Motor

fibers innervate the larynx and provide parasympathetic

cholinergic supply to the heart, lungs and abdominal vis-

Fig. 3. Vagal nerve stimulator: (A) Anatomical diagram depicting manufacturer recommended implant location. (B) Illustration of IPG and

electrode in situ. (C) Model 102 IPG with attached VNS electrode
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cera. The right vagus nerve innervates the sinoatrial node

of the heart while the left innervates the atrioventric-

ular node. Stimulation of the right vagus nerve has been

shown to produce more cardiac slowing in a dog model

as compared to the left side, and hence the left vagus

nerve is the usual target of stimulation in humans [40].

The VNS Therapy System (Cyberonics, Houston, TX)

is based on a pulse generator, which is similar to a

cardiac pacemaker in shape and size. The generator is

implanted on the anterior chest and attached to two

helical electrodes, which are wrapped around the cervi-

cal portion of the left vagus nerve (Fig. 3). It is the first

battery-powered, programmable, transcutaneously con-

trolled neurostimulator approved for the treatment of

MIE on the basis of efficacy and safety data from two

prospective, randomized controlled studies. These stud-

ies led to the introduction of VNS in the U.S. in 1997

as adjunctive therapy ‘‘in adults and adolescents over

12 years of age with partial onset seizures, which are re-

fractory to antiepileptic medications’’. Efficacy of VNS

has been assessed in several trials; the initial pilot study

by Penry and Dean used high frequency (47–145Hz)

whereas the more recent ones utilized low frequency

(1–30Hz) stimulation. As some patients can sense when

the VNS device is active, placebo-controlled studies are

not feasible. The two large double-blinded random-

ized controlled trials, involved randomization of more

than 300 patients to receive 3 months of ‘‘high dose’’

(frequency¼ 20–50Hz; pulse width¼ 500 ms; 0.25–

3.50mA; 30 sec on, 5min off) versus ‘‘low dose’’ (0.25–

0.35Hz; 130 ms; 0.25–3.50mA; 30 sec on, 180min off)

stimulation. During this period antiseizure medications

remained unchanged. Compared with 3-month pre-VNS

baselines, significantly greater seizure rate reductions

were observed in the high (�24 to �28%) than in the

low (�6 to �15%) intensity stimulation groups. About

30–40% of the high dose group and 15–20% of the low

dose group had a 50% or greater reduction of seizure

frequency [16].

These results of VNS are broadly comparable to those

seen in the trials of new antiepileptic medications (AEDs)

for patients with refractory complex partial seizures. The

median reduction in seizure frequency at 12 months after

completion of the initial double blind study was 45%,

compared with 28% directly after completion of the study.

This finding supports the notion of a sustained thera-

peutic benefit over longer follow-up periods [41]. Unlike

AEDs, VNS is devoid of drug-drug interactions and drug-

related adverse CNS effects (including fatigue, dizziness,

cognitive impairment, weight gain or sexual dysfunction).

VNS is usually contraindicated in patients with a

history of previous cervical vagotomy or previous left

neck surgery. The most frequent stimulation-related side

effects are hoarseness, cough, and throat pain. They

occur during the period of stimulation and tend to di-

minish with time. Stimulation-related side effects can

be alleviated by changing stimulation settings (reducing

stimulation intensity and=or pulse width). Early and

uncommon complications include vocal cord paralysis,

Horner’s syndrome, lower facial paresis and brady-

cardia=asystolic cardiac arrest. Delayed effects include

shortness of breath, persistent cough, hoarseness or

paresthesia, worsening of obstructive sleep apnea, or

worsening of swallowing difficulties. The potential for

mechanical complications (such as lead fracture or gen-

erator malfunction) as well as wound infections consti-

tute inherent risks associated with implantable devices

such as VNS. Finally, studies have indicated that the

risk of sudden unexpected death in epilepsy (SUDEP)

is not higher in patients receiving VNS compared to the

baseline risk of patients with MIE [2]. VNS is currently

FDA-approved solely for use in adults with pharmaco-

resistant focal epilepsy. However, encouraging prelim-

inary results have been obtained by studying off-label

applications in children as well as patients with gen-

eralized epilepsy syndromes. Predicting which patients

will respond to VNS prior to implantation remains

problematic.

Trigeminal nerve

In 1976, Maksimow first reported that manual stimu-

lation of trigeminal nerve by exerting a strong pressure

on the infraorbital branches interrupted ‘‘grand mal

seizures’’ in 29 of the 50 epileptic patients, when per-

formed at the beginning of seizure, but not when stimu-

lated during the convulsion [26]. In 2000, Fanselow et al.

demonstrated a reduction of pentylenetetrazole-induced

seizure activity in awake rats by seizure-triggered elec-

trical trigeminal nerve stimulation (TNS) [12]. The ad-

vantages claimed over vagal nerve stimulation are the

potential to stimulate the nerve bilaterally for presumed

better effect, minimal invasiveness and the lack of po-

tential cardiovascular=abdominal visceral side effects.

DeGiorgio et al. initiated a pilot study of infra-orbital

TNS for epilepsy based on Fanselow’s animal study and

reported 39–76% seizure reduction in two patients with-

out any side effects or intolerance [11]. However, further

clinical trials are needed to confirm efficacy and address

possible placebo effects.
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Transcranial magnetic stimulation

The noninvasive technique of transcranial magnetic

stimulation (TMS) was first introduced by Barker et al.

for the purpose of stimulating a region of cerebral cortex

using a rapidly cycling magnetic field [4]. Stimulation is

achieved by either single or paired pulse sequences or

by repetitive transcranial magnetic stimulation (rTMS).

During rTMS regularly repeated magnetic pulses (with

a frequency up to 60Hz) are delivered to a single scalp

site for several seconds. TMS requires a high electrical

current, which is produced by a pulse generator for very

brief periods (in the order of 1msec), and is passed

through a coil placed on the scalp. The rapidly changing

current creates a strong and focal magnetic field, which

unlike transcranial electric stimulation is unimpeded and

undistorted by the intervening scalp or skull. The rapidly

alternating magnetic field induces electrical currents

intracranially, which can be focused to smaller regions

of interest by placing on the scalp two TMS coils in a

‘‘figure of eight’’ fashion. Commercially available TMS

devices produce 1.5–2.5 Tesla at the coil surface and

are capable of activating cortical neurons at a depth of

1.5–2.0 cm beneath the scalp. Repetitive TMS is thought

to have both excitatory and inhibitory effects on the

cortex depending on frequency and intensity of stim-

ulation. It is thought that lower frequencies result in

activation of cortical interneurons, whereas higher fre-

quencies produce stimulation of cortical motoneurons.

In general, low frequency rTMS (trains of �1Hz) cause

a decrease in motor cortex excitability, whereas higher

frequencies (trains of 2–20Hz) appear to have mostly

facilitatory effects on the cortex.

It is beyond the scope of this chapter to discuss in de-

tail, but three basic principles emerge from most rTMS

studies. First, the effects of rTMS are largely cortical

and not spinal in origin, although descending volleys

can modulate subcortical and spinal structures. Second,

the effects of rTMS on cortical excitability are not

limited to motor cortex, but are applicable to different

cortical areas involved in a variety of (eloquent) func-

tions. Finally, the duration of rTMS effects can be long

lasting, from 5–60 min to as long as 72 hours. It seems

logical to assume that low frequency rTMS can be

utilized to modulate hyperexcitable cortex, as is the case

in epilepsy or dystonia for example.

Safety of clinical application

The electric currents induced by TMS in the brain are

comparable to those used in peripheral nerve stimulation

with maximum induced charge of 0.8 C=cm2. The total

charge per phase is much lower than that used for elec-

troconvulsive therapy (by four or more orders). Single

pulse TMS has little detectable effect on heart rate, arter-

ial blood pressure, EEG, cognitive or motor test per-

formance, and cerebral blood flow studies [7]. When

applied ipsilaterally to an epileptogenic focus, TMS

stimuli (single, paired or quadruple) did not induce

any seizures or cause any observable adverse effects in

a study of 21 patients with MIE, who had intracranial

electrodes implanted as part of their invasive presurgical

evaluation [43]. Repetitive TMS bears quite different

safety risks depending on the frequency and effects of

stimulation on cortical excitability. rTMS is more likely

to induce seizures, when compared to single pulse TMS.

The risk of seizure induction is usually associated with

high stimulus intensities, long train durations and=or

short intertrain intervals [38, 58]. Although high-fre-

quency rTMS may result in temporary disruption of

neuropsychological processes such as language, there

have been no descriptions of long-lasting effects on

cognitive, motor or sensory function.

Treatment of epilepsy

As discussed, low frequency trains of rTMS are

known to produce a relatively long-lasting suppression of

cortical excitability, and may have the potential of alle-

viating seizures in individuals with epilepsy. Akamatsu

et al. examined this hypothesis by studying the effects

of low-frequency rTMS in experimentally induced sei-

zures. They demonstrated that 1000 TMS pulses given

at a frequency of 0.5 Hz increased the latency for devel-

opment of pentylenetetrazol-induced seizures in rats

[1]. The first open pilot study was performed by Tergau

et al. on nine patients with pharmacoresistant temporal

and extratemporal focal epilepsy. Seizure frequency

during the 4 weeks before and after low-frequency

rTMS was assessed. Repetitive TMS was given for five

days at a frequency of 0.33Hz (two trains of 500 pulses

per day delivered at 100% motor threshold intensity).

Antiepileptic drugs were kept constant throughout the

period of follow up. The investigators reported a sig-

nificant reduction of seizure frequency by approxi-

mately 44% during the post-intervention period [45].

All patients appeared to tolerate the treatment well.

Seizure frequency again reached baseline level after

6–8 weeks. Similarly, Menkes and Gruenthal reported

positive results with low-frequency rTMS in a single

case of MIE secondary to focal cortical dysplasia. In
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this study, biweekly 0.5 Hz rTMS was administered for

4 weeks at 5% below motor threshold. Seizure fre-

quency and interictal spikes were observed to decrease

by 70 and 77%, respectively [31].

Nonetheless, these positive effects of 0.3–0.5Hz

rTMS on seizure frequency have yet to be replicated

in blinded randomized trials. In the only blinded con-

trolled study, Theodore et al., compared the effects of

1Hz rTMS (given for 15min twice daily) to placebo

stimulation in a group of 24 patients with focal epi-

lepsy. The investigators only observed a trend toward

a short term reduction of seizure frequency, which did

not reach statistical significance [46]. These negative

findings may be attributable to the choice of rTMS

parameters (for example frequency of rTMS was higher

in this study) and the characteristics of the patients’

epilepsy (some patients had deeply-situated mesial tem-

poral foci, which may be inaccessible by TMS). Hence,

there exists a need for further randomized trials using

realistic sham stimulation protocols aimed at examining

different rTMS parameter combinations (frequency and

intensity of stimulation, number and frequency of appli-

cations, train duration etc.) in larger and more homoge-

nous groups of individuals with epilepsy. In summary,

rTMS has been shown to be safe in human volunteers

and patients with epilepsy. The effects of rTMS vary

with the frequency of stimulation, and can be utilized

for both diagnostic and clinical purposes. Low frequency

rTMS may in fact have the potential to alleviate sei-

zures, but a clear role in the treatment of MIE remains

to be established.

Gene-targeting

An increasing appreciation for the genetic causes of

epilepsy [30, 54, 42] has led to an interest in the appli-

cation of gene transfer as a means of therapy. Further,

the mechanism of epilepsy can be viewed as an imbal-

ance in the excitatory and inhibitory neurotransmission.

Thus, means of altering the genetic underpinnings of

epileptogenesis and the expression of proteins capable

of synaptic modulation may lead to new therapies,

prevention, and even cures for some syndromes. Viral

vector mediated gene delivery can affect the stable pro-

duction of proteins within neurons, hence providing a

vehicle for these therapies. Neuroactive peptides, adeno-

sine, genes encoding voltage- and ligand-gated ion chan-

nels of neurons and genes encoding proteins involved in

synaptic transmission are agents that can be delivered by

gene therapy with potential utility in epilepsy treatment

[28, 30, 42, 54, 61]. Several vector systems have been

used for gene transfer in vivo. Vectors constructed with

adenovirus, HSV, AAV, and lentivirus can effectively

transduce neurons, suggesting that these vectors may

be applied to the treatment of neurological disorders

[54]. To date, most work in the nervous system has been

performed with adenoviruses because of their high

infective efficiency. One major disadvantage of adeno-

viral vectors is the limited time course of expression due

to cytolytic or noncytolytic mechanisms. AAV is a par-

vovirus that has not been linked to any human patholog-

ical processes [6]. Vectors derived from AAV contain

only 4% of the wild-type genome, and consequently

have no cytotoxic side effects and a minimal capacity

to provoke an immune response. rAAV vectors can in-

fect a broad range of cells in multiple species, including

both dividing and non-dividing cells. With the evolution

of this technology, the production of therapeutic trans-

genes by viral vectors could be targeted to specific cell

and tissue types and controlled by using specific and

inducible=repressible promotor systems.

Neuropeptides and epilepsy

Most therapeutic strategies for epilepsy have focused

on the modulation of signaling mediated by the excit-

atory and inhibitory neurotransmitters, glutamate and �-

aminobutyric acid (GABA). However, the preferential

release of neuropeptides under conditions of increased

neuronal activity, particularly during seizures, has en-

couraged investigation of their role in seizure modula-

tion [54]. Substance P and corticotropin releasing factor

(CRF) play a ‘‘pro-epileptic’’ role, while others like neu-

ropeptide Y, galanin, somatostatin, and dynorphin play

an ‘‘anti-epileptic role’’ [28, 39]. A comparison of dy-

norphin A, galanin, neuropeptide Y (NPY) and somato-

statin in a model of self-sustaining status epilepticus

demonstrated that all these neuropeptides possessed

significant anti-seizure activity. However, their anticon-

vulsant profiles followed different patterns. Somatostatin

and NPY induced strong, but transient suppression of

spikes and seizures, while seizure suppression by dynor-

phin and galanin was more profound and irreversible

[28]. Galanin and NPY have been shown to antagonize

excitatory glutamatergic neurotransmission in the hip-

pocampus [39, 24]. Compelling evidence supports an

anticonvulsant role for these peptides in various experi-

mental models of seizures, following both exogenous

application and endogenous release [54, 28]. Neuropro-

tection against excitotoxic cell death and seizure-induced
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neurogenesis are two novel aspects of peptide action in

the CNS that are relevant to epilepsy research [54, 15].

Vectors for neuropeptide gene delivery

These findings led to the hypothesis that overexpres-

sion of Galanin and NPY in specific brain areas may be

an effective strategy for inhibition of seizures and epi-

leptogenesis. Attenuation of seizures and neuronal death

by AAV vectors that mediate galanin expression and

secretion has recently been reported [24, 15]. In one

study, an AAV vector was engineered to carry a fibro-

nectin sequence together with the galanin gene [15].

AAV-mediated delivery of this secretory signal, along

with the coding sequence for the active galanin peptide,

significantly attenuated in vivo focal seizure sensitivity

in rat inferior collicular cortex and prevented hippocam-

pal hilar cell loss secondary to kainate-induced seizures.

By using a rAAV vector under the control of a doxy-

cycline sensitive promoter, control of transgene expres-

sion was achieved. The threshold for seizure generation

returned to baseline within 1 week of turning off vec-

tor mediated gene expression. This study demonstrates

the feasibility of both controllable and long-term seizure

attenuation using a gene-therapy vector. In another

study, Lin et al. constructed a rAAV vector, in which

the galanin gene was driven by a neuron-specific promot-

er [24]. The study showed long-lasting (�2.5 months)

functional overexpression of galanin, specifically in hilar

interneurons and their terminal projection fields, thus

demonstrating that the peptide can be produced and

transported along axons (even at a long distance from

its site of synthesis). Lin et al. reported that restricted

galanin overexpression results in powerful inhibition of

seizures induced by intrahippocampal injection of kainic

acid and detected by EEG analysis.

Richichi et al. studied the effect of long-lasting AAV

mediated hippocampal NPY expression on acute kainate

induced seizures and kindling epileptogenesis [39].

The authors used vectors with different serotypes to

optimize neuronal gene expression. The rAAV serotype

2 (rAAV2) vector increased neuropeptide Y expression

in hilar interneurons only, whereas the chimeric sero-

types 1 and 2 vector caused far more widespread expres-

sion including the mossy fibers, pyramidal cells, and

subiculum. EEG seizures induced by intrahippocampal

injection of kainate were reduced by 50–75% depending

on the spread of NPY expression, and seizure onset was

markedly delayed. In rats injected with chimeric sero-

types 1 and 2 vector, status epilepticus was abolished,

and kindling acquisition was significantly delayed. The

experimental findings in rodent models of seizures sug-

gest that targeted gene transfer may provide a basis for

development of new gene therapies for MIE.

Ion channel gene transfer

Phenytoin and several other commonly used anti-

seizure medications are thought to inhibit seizures by

stabilizing the voltage-dependent sodium channel in its

inactivated state, thereby limiting sustained repetitive

firing of a neuron. Benign familial neonatal convulsions

(BFNC), an autosomal dominant epilepsy of infancy, is

caused by mutations in the KCNQ2 or the KCNQ3

potassium channel genes [42]. Studies of ion channels

in epilepsy focus on genes encoding voltage- and ligand-

gated ion channels of neurons. These proteins form an-

other attractive target for epilepsy gene therapy. Because

a relatively minor reduction of Kþ current may produce

epilepsy [42], perhaps a gene that only modestly en-

hances that current could effectively inhibit seizures.

The family of inwardly rectifying potassium (Kir) chan-

nels plays an important role in the generation of action

potentials in excitable cells. In the central nervous sys-

tem, the Kir gene (electrical silencing gene) contributes

to stabilizing the resting potential close to the reversal

potential of Kþ. These channels therefore act to inhibit

depolarization to the threshold for triggering action

potentials. Johns et al. demonstrated that infection of

superior cervical ganglion neurons by an adenoviral

vector harboring the Kir2.1 gene suppressed neuron

excitability, but did not affect normal electrical activity

after induction of Kir2.1 gene expression [20]. Vector

mediated Kir gene expression could therefore regulate

overactive neuronal populations providing a means to

treat MIE.

Synaptic inhibition through gene transfer

Seizures occur when brain cells in the area of a brief

electrical disturbance send uncontrolled coordinated

synaptic output to surrounding neural structures [30].

Therefore, the neuronal expression of a protein that inhib-

its synaptic transmission provides an ideal strategy for

the treatment of seizures by interrupting abnormal syn-

chronization of brain cells. Clostridial toxin light chain

(LC) inhibits synaptic transmission by digesting synap-

tobrevin, a critical component of the vesicle-docking

protein complex responsible for neurotransmitter release

[44]. Yang et al. applied an adenoviral vector expressing
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Fig. 4. Transgene expression and the digestion of synaptobrevin: (A) GFP expression at the area of cannula and surface of brain spread from

injection area in the tissue of AdLC animal; (B) immunohistochemical staining using an antibody against synaptobrevin=VAMP-1; (C) LC

expression area showed decreased synaptobrevin expression

Fig. 5. AdLC inhibits seizures following penicillin injection. Spiking induced by penicillin injection before and ten days after AdLC (A), AdGFP

(B), and PBS (C) administration. Spike amplitude (Y-axis) is plotted as a function of time course after the induction of seizures (X-axis)
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LC (AdLC) to eloquent cortex to a penicillin-induced

epilepsy rat model. Light chain expression depleted

synaptobrevin levels in the rat cortex (Fig. 4). AdLC

administration significantly suppressed EEG frequency,

amplitude and duration in epileptic rats (Fig. 5). In addi-

tion to suppressing epileptiform discharges and seizures

as measured by EEG, AdLC also improved seizure grade

and prolonged the latency to seizure onset as documen-

ted by clinical observation of seizure manifestations

[61]. LC expression did not induce any detectable motor

function changes in a variety of validated assays includ-

ing the BBB scale, rotarod and grip strength assays.

Thus, LC gene delivery to epileptic foci represents a

novel option for the treatment of medically refractory

epilepsy, especially for foci located in eloquent cortex.

Concluding remarks

Advances in technology and the success of neuromo-

dulation in treating a variety of neurological disorders

have spurred interest in exploring promising therapeutic

alternatives, such as electrical stimulation and gene-

based targeting for the treatment of MIE. Despite several

positive reports in humans along with experimental

observations in animal models, the technique of electri-

cal stimulation for the treatment of epilepsy is still in its

infancy. Furthermore, very little is known about its mech-

anisms of action and its short and long-term effects.

Likewise, the promising results of viral vector mediated

cerebral gene delivery have prompted the development

of clinical trials for the application of this approach.

However, these trials are still in the planning stages,

and anti-epileptic gene transfer has not yet been per-

formed on humans.

The history of electrical stimulation indicates that

results from well-designed, randomized, placebo-con-

trolled studies are essential. Except for VNS, none of

the other brain-stimulation therapies has been proven

effective in controlled trials. Small controlled studies

have failed to show benefit from stimulation of the cere-

bellum or the centromedian nucleus of the thalamus. At

the time of this report, results of larger, ongoing, multi-

center trials are eagerly awaited. The distinct advantage

of neurostimulation is that, unlike lesioning and resec-

tion, it is a reversible approach that carries minimal

risk for persistent loss of neurological function. In addi-

tion, electrical stimulation has the benefit of nonphar-

macologic action, and is therefore devoid of drug-drug

interactions and drug-related adverse CNS effects. On

the other hand, chronic electrical stimulation may theo-

retically lead to kindling or long-term changes in tissue

plasticity and=or epileptogenicity. Ideally electrical stim-

ulation should lead to complete control of epileptic sei-

zures akin to successful resective surgery for epilepsy.

VNS, however, like most antiepileptic medications, pro-

vides only a palliative treatment option in patients with

MIE. As the field of neuromodulation advances, it is

important to continually weigh the risks and costs asso-

ciated with surgical intervention, electrode implantation

and hardware failures against the long-term benefits

of seizure control and improvement in patients’ quality

of life.

The data presented demonstrate that stimulation of a

wide variety of targets has been investigated for efficacy

in epilepsy. However, only limited work has been done

in animal models or in a focused fashion. Consequently,

little is known about the optimal parameters of stimula-

tion, determination of appropriate target sites and selec-

tion of favorable candidates. The number of possible

combinations of stimulus waveform, frequency, pulse

width, intensity and duration of stimulation, and elec-

trode configurations seems bewildering and calls for

further experimental validation. Because current stimu-

lation protocols are determined empirically, it is not yet

clear whether or how to best customize stimulation to

individual patients. To date, most reports have examined

the potential of ‘‘blind’’ intermittent or continuous neu-

rostimulation that constitutes the delivery of current

at predetermined settings independent of the patient’s

physiological state. New ‘‘intelligent’’ stimulators are

in development; these devices would be programmed

to either respond to or anticipate the onset of seizures

and deliver stimulation at the optimal time point. It is

hoped that new insights into the mechanisms of electri-

cal stimulation and greater understanding of epilepsy

will provide answers to these questions. To that end,

continued animal studies and systematic exploration

using computer models is warranted.

Gene transfer promises to provide a means for neuro-

modulation through the delivery or inhibition of select

proteins and peptides. To the extent that this approach

will specifically alter synaptic function broadly or within

specific systems (neuropeptide specific gene transfer), it

constitutes an alternative approach to electrical stimu-

lation. This approach will enable a device-free alterna-

tive, hence, avoiding the problems of implanted devices

including infection, malfunction, MRI safety, and bat-

tery life. However, this technology carries its own

specific risks including the potential for inflammatory

response and inefficient control of gene expression. We
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anticipate that the continued evolution of this technology

will provide solutions to these risks. While clinical trials

of this approach are likely to occur in the next five years,

solid proof of efficacy is unlikely to be available in the

near future.
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Summary

Electrical stimulation of deep brain structures is a promising new

technology for the treatment of medically intractable seizures. Per-

formed in vitro and on animal models of epilepsy, electrical stimulation

has shown to reduce seizure frequency. Preliminary results on humans

are encouraging. However, such improvements emerge despite a lack of

understanding of the precise mechanisms underlying electrical stimula-

tion either delivered directly on the epileptogenic zone (direct control)

or through an anatomical relay of cortico-subcortical networks (remote

control). Anatomical targets such as the thalamus (centromedian nucleus,

anterior thalamus, mamillary body and mamillothalamic tracts), the

subthalamic nucleus, the caudate nucleus and direct stimulation of the

hippocampal formation have been successfully investigated. Although

randomized controlled studies are still missing, deep brain stimulation

is a promising treatment option for a subgroup of carefully selected pa-

tients with intractable epilepsy who are not candidates for resective

surgery. The effectiveness, the optimal anatomic targets, the ideal stimu-

lation parameters and devices, as well as patient selection criteria are

still to be defined.

Keywords: Deep brain stimulation; electrode; epilepsy; anterior tha-

lamus; centromedian nucleus; subthalamic nucleus; caudate nucleus;

hippocampus.

Introduction

Despite considerable advances in pharmacological ther-

apy for epilepsy, 25–30% of medically treated epileptic

patients still continue to have seizures and will be con-

sidered as pharmacoresistant [25]. Resective surgery has

shown its efficacy in the control of intractable seizures if

presurgical evaluation clearly demonstrates a focal epi-

leptogenic zone that can be removed without causing

unacceptable neurological deficit. However, up to 50%

of focal epileptic cases are unsuitable for surgery either

because of the involvement of eloquent areas or the bi-

lateral or multifocal nature of the ictal onset or because

they show an unsatisfactory response to surgical treat-

ment [32]. Moreover, some patients may not have ac-

cess to surgical therapy because of the limitation of

human or technical resources or the high technical com-

plexity and cost.

Electrical stimulation of the brain has been proposed

as an additional option to resective surgery. The first trial

of epilepsy treatment by brain stimulation was made

by Cooper et al. in 1973 [13] who reported reduction

of seizure frequency by cerebellar subdural stimulation.

Since the 1980s, other preliminary studies have sug-

gested some effect on seizure frequency by stimulation

of several targets among deep brain structures including

the anterior thalamus [23, 26, 29], the centromedian thal-

amic nucleus [20, 53–59, 61, 63], the caudate nucleus

[11, 12], the mamillary body [45, 51] the STN [1, 34,

46] and more recently the amygdalohippocampal com-

plex [59, 61, 63]. Moreover, well-controlled studies

demonstrated that seizures can be influenced in human

by vagus nerve stimulation (VNS) [3, 24]. Finally, recent

studies focused on direct stimulation of the epileptic

focus have shown a decrease of the interictal epileptic

activity as well as the seizure frequency [44, 69].

Although electrical stimulation of the brain needs fur-

ther large, controlled and completed clinical trials to be

definitely validated as a therapy for intractable epilepsy,

it is an attractive and promising new technology.

Rationale

Bikson et al. [6] documented in vitro the effect of

electrical stimulation on the rat hippocampal slice where

epileptiform synchronous discharges were produced by

addition of the convulsive drug, picrotoxin, to the bath-



ing medium. They applied current gradients across the

slice and observed a current shift in the extracellular

recording, concurrent with elimination of the epilepti-

form discharges. These observations support the concept

of depolarization block as a mechanism of inhibition of

electrical stimulation, likely associated with the release

of extracellular potassium during neural stimulation.

Only limited studies have been conducted on electri-

cal stimulation in animal models of epilepsies. Subtha-

lamic nucleus deep brain stimulation has been shown

to be of benefit in the Genetic Epilepsy Rats from Stras-

bourg (GAERS) or kainic acid induced limbic rat model

of epilepsy [2, 9, 49, 63]. Vagus nerve stimulation has

also shown to be effective on epileptogenic activity in

pentylenetetrazol (PTZ) and strychnine induced general-

ized seizures in dogs and rats [68, 70] while it showed

no reduction in spike and wave discharges in GAERS

[16]. Direct stimulation of hippocampus was evaluated

by Bragin et al. [8] in the kainic acid rat model of par-

tial seizures. Stimulation significantly reduced the num-

bers of epileptiform interictal spikes during the period of

stimulation, but did not affect the number of ictal events.

Brain metabolic activation induced by stimulation of the

anterior nucleus of the thalamus was studied by Mirski

and Ferrendelli [40] for PTZ induced seizures on guinea

pig. Administration of PTZ produced increased glucose

uptake in the posterior thalamus, anterior thalamus, and

the mammillothalamic tract. Sectioning of the mammil-

lothalamic tract increased the threshold for producing

seizures [41]. Subsequently, the same group investigated

high-frequency electrical stimulation of the mammillary

bodies. As with mammillothalamic tract lesions, the

threshold for producing seizures in rats increased signifi-

cantly. Similar beneficial results were obtained by

stimulating the anterior nucleus, the target of the mam-

millothalamic tract and the hippocampal output via the

fornix [42]. Bilateral anterior thalamic nucleus lesions

and high-frequency stimulation were shown protective

against pilocarpine-induced seizures and status epilep-

ticus in rats [23]. Bertram et al. [4] have studied in two

rat models of limbic seizures the electrophysiological

and anatomical effect of limbic epilepsy on the medial

thalamus and suggested that this thalamic region was

part of the neural circuitry of limbic epilepsy and may

play a significant role in seizure modulation.

Weiss et al. [66] reported that low-frequency stim-

ulation (1 Hz) applied after high-frequency kindling

stimulation (60Hz) of the amygdala inhibited develop-

ment of amygdala-triggered seizures and afterdischarges

(quenching effect) in rat. Quenching was associated with

a long-lasting increase in the after discharge threshold.

The same phenomenon was also observed by hippocam-

pal stimulation [67].

The extrapolation of these animal findings to the hu-

man disorders remains to be determined, but human trials

have proceeded.

Mechanisms of efficacy

Despite increasing use in clinical practice, the mechan-

ism by which electrical stimulation may control epilep-

tic activity remains poorly understood. The extent to

which stimulation will activate or inhibit neurons at var-

ious distances from the stimulating electrode is unclear.

Moreover, effects of electrical stimulation are known

to change with frequency and duration of stimulation.

Therefore, stimulation at a particular site may inhibit sei-

zures at some settings and provoke seizures with others.

Generally, theories about the effect of electrical stimula-

tion center around two hypotheses: 1) the neurochemical

hypothesis, by which stimulation is hypothesized to cause

preferential release of inhibitory neurotransmitters; and

2) the electrical hypothesis, by which stimulation is pre-

sumed to inactivate neurons in the vicinity of the elec-

trode by depolarization block and subsequent failure of

the sodium channels.

At the level of cortico-subcortical networks, several

circuits involving cortical and basal ganglia structures

have been shown to play an important role in the control

of epileptogenicity. According to this concept, electri-

cal stimulation of one of the anatomical relay of these

networks may be seen as a remote control of epilepsy

generation and=or propagation in opposition to the alter-

native approach consisting on specifically targeting the

area of presumed epileptogenic focus with electrical

stimulation, which can be considered as a direct control.

Remote control

Nigral control of epilepsy system (Fig. 1)

Based on previous work of Gale and Iadarola [22, 27],

activation of the dorsal midbrain anticonvulsant zone

(DMAZ), located ventral to the superior colliculi, leads

to suppression of cortical epileptogenicity. The substan-

tia nigra pars reticulata (SNpr), through its GABA-ergic

inhibitory output, results in DMAZ inactivation. During

resting conditions, activity of the SNpr is sustained by

the tonic excitatory output from the subthalamic nucleus

(STN). Disinhibition of the DMAZ is achieved by elec-
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trically induced inhibition of the STN and=or activa-

tion of the pallido-subthalamic GABA-ergic inhibitory

pathway [34]. This hypothesis has been sustained by

evidences that STN high frequency DBS induces a de-

crease of seizure frequency in the GAERS model of epi-

lepsy [2, 9, 62] and by SPECT studies performed on

2 patients with frontal lobe epilepsy showing STN DBS

induced hyperperfusion of frontal areas connected with

basal ganglia [46]. Importance of these different path-

ways involved in the control of epileptic seizures, as

well as long-term outcome remain to be investigated.

The limbic circuit (Fig. 2)

The anterior thalamic nuclei (AN) are part of the

limbic system, which goes from the hippocampus via

the fornix to the mammillary bodies, then to the anterior

thalamus, the cingulate gyrus, and finally – via the cingu-

lum bundle – to the entorhinal cortex and back to the hip-

pocampus. The role of AN in the pathogenesis of seizure

generalization is based on the finding that low-frequency

electrical stimulation of AN leads to the generation of

recruiting rhythms and synchronizes the pattern of EEG

activity whereas high-frequency stimulation has been

shown to result in EEG desynchronization and leads to

decrease the cortex sensitivity to seizures [47]: these find-

ings are supported by the observation of increased meta-

bolic activity in AN during seizures and that lesioning or

high frequency stimulation of the AN can reduce epilep-

tic activity in rat model of epilepsy [40, 42]. Based on

previous anatomy and physiology reports, Bertram et al.

[4, 5] have suggested that the DM nucleus, located pos-

terior and inferior to the AN may also act as a physio-

logical synchronizer in seizure processes that takes

widespread hyperexcitability in the limbic system.

The non-specific reticulo-thalamo-cortical

system (Fig. 3)

The centromedian thalamic nucleus (CM) is an in-

tralaminar nucleus that represents a thalamic relay of a

reticulo-cortical system that participates crucially in

wakefulness and attentive processes [43] as well as in

regulation of cortical excitability in genetic generalized

epileptic seizures in cats [28]. More recent experimental

studies in vivo and computational modeling focused on

absence seizures and Lennox-Gastaut syndrome showed

that spike-wave (SW) complexes are progressively built

up (i.e. not suddenly generalized) in intracortical sy-

naptic networks [37, 38] with subsequent excitation of

thalamic reticular neurons. Moreover, it was found that

in humans, stimulation of the CM regions produced

either synchronizing or desynchronizing electrocortical

responses, depending on the frequency of stimulation.

Low-frequency (6 pulses=second) stimulation produced

synchronizing recruiting-like responses whereas high-

frequency (60 pulses=second) stimulation produced EEG

Fig. 1. Nigral control of epilepsy system (———

1

activation path-

ways; - - - - -

1

inhibition pathways)

Fig. 2. Limbic circuit Fig. 3. Non-specific reticulo-thalamo-cortical system
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desynchronization and negative direct currents (DC)

shifts, suggesting that low- and high-frequency stimu-

lation induce deactivation or activation of thalamic neu-

rons that in turn presumably produce similar effects on

cerebral cortex excitability [59].

Direct control

High-frequency electrical stimulation in either mesial

temporal structures (amygdalo-hippocampal complex)

or in neocortex (epileptogenic zone) has been reported

to produce long-term depression of cortical responsive-

ness as well as inhibition of kindling in either cellular

cultures [33], animal [67] or human [30, 44, 62, 64]. The

mechanisms by which electrical stimulation leads to re-

duced epileptogenicity is thought to be obtained through

an inhibitory action of the stimulation on the targeted

tissue, possibly located in specific cortical layers or cer-

ebral pathways, [67]. This inhibitory hypothesis is sup-

ported by Velasco et al. study [61] in which SPECT

studies showed hippocampal hypoperfusion induced by

electrical stimulation of hippocampus in human and auto-

radiographic studies performed on removed specimens

where increased hippocampal benzodiazepine receptor

binding was observed. However, other mechanisms may

be involved as addressed by Yamamoto et al. [69] who

observed that low-frequency stimulation (0.9Hz) could

have an inhibitory effect on epileptogenic focus in mesial

temporal lobe epilepsy. Therefore, additional studies of

this modality of stimulation may be worthwhile.

Anatomical targets

Stereotactically implanted DBS electrodes to treat

movement disorders is a safe procedure that has been

associated with a low rate of complications, such as

hemorrhage and infection, or morbidity [6, 35]. For the

treatment of epilepsy, electrodes are typically placed

bilaterally into the anterior principal nucleus of the

thalamus, the centromedian nucleus, or the subthalamic

nucleus or at focus. MRI targeting, recording of extra-

cellular unit activity, and electroencephalographic mon-

itoring of stimulation effects are used to monitor the

accuracy of electrode placement. Electrodes are con-

nected by extension leads to a subcutaneous, battery-

powered, programmable stimulator on the chest wall.

Typical settings for stimulation are 1–10V, 60–450ms
pulses in trains of 100–165Hz, running either con-

tinuously or 1min ‘‘on’’ and 5min ‘‘off’’. Some physi-

cians use bipolar and others use referential stimulation.

The settings can be reprogrammed and stimulus trains

turned ‘‘on’’ or ‘‘off’’ with a paddle held close to the

chest.

Remote control

Thalamus stimulation

Centromedian nucleus (CM)

The largest experience with implantation of thalamic

DBS electrodes is in the CM, primarily through the work

of Velasco and coworkers. They published a pilot study

of CM stimulation in 1987 [56] where stimulation was

delivered via externalized electrodes for 2 hours per day

for up to 3 months. Stimulation was with 0.8–2mA

bipolar 100 ms pulses at frequencies of 60–100Hz, for

1min of every 5min. Patients had generalized and par-

tial seizures. Seizures frequencies improved by 60–100%.

The same group published the largest series of CM stim-

ulation in 2001 [62]. In this study, 49 patients were treat-

ed with bilateral CM stimulation at 2.5–5V, 200–450ms,
60–130Hz for 1min of every 5min. Efficacy was

claimed for generalized tonic-clonic seizures, tonic sei-

zures, and atypical absences, but could not be clearly

demonstrated for most partial seizures. Simultaneous

recordings from the scalp and DBS electrodes suggested

that CM participates in the onset of generalized tonico-

clonic convulsions (GTCC) and typical absences, while

it may play a role in the propagation of secondary

GTCC. However, the exact role of the CM related to

the epileptic genesis and spread remains unclear as

well as the mechanisms of action of CM stimulation,

although EEG desynchronization observed during high

frequency CM stimulation suggests that CM stimulation

lowers the excitability of cortical areas.

The only published controlled trial of CM stimulation

for epilepsy was done by Fisher et al. in 1992 [20].

Seven patients with intractable partial or generalized

onset seizures were implanted with bilateral CM electro-

des. Stimulus parameters consisted of 90 ms pulses at a
rate of 65Hz, with voltage of 2–5V, ‘‘on’’ for 1min of

every 5min. During stimulation, the patients experi-

enced a mean 30% reduction in the number of seizures.

However, it was not statistically significant because

of the small number of patients. Thus, there is still con-

troversy about efficacy of CM stimulation.

Anterior thalamus

In the seventies, pioneering studies performed by

Cooper et al. showed that stimulation of the anterior
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thalamus could suppress seizures in pharmacologically

intractable epileptic patients [13, 14]. Upton et al. [49]

reported improvement in four of six patients with in-

tractable partial seizures after stimulation of the ante-

rior nucleus of the thalamus. Because information was

lacking about the degree of improvement and precise

categorization of epilepsy, several groups interested in

stimulation for epilepsy began to design a controlled

trial to evaluate safety and efficacy of thalamic stim-

ulation [19]. Pilot studies [26] were then done with

14 patients whose ages ranged from 19 to 44 years.

11=14 subjects had partial seizures and 3=14 had gen-

eralized tonic-clonic seizures. Seizure onset was thought

to be bilateral temporal in five, frontal in four, and multi-

focal in five patients. Stimulation parameters differed

according to different institutions. Analysis was done

at 3, 6, and 12 months after implantation. Overall sei-

zures reduction was observed in more than 50% of cases

at 12 months. Considering only the 9 patients who had

frontal or temporal seizure foci, decrease in seizure

frequency was 77.8% at 3 months and 66.7% at 6 and

12 months. Five patients had seizures that produced

falls, and four of them had significant improvement.

Some of the patients seemed to improve before stimula-

tion, raising the issue of either a micro-lesion effect of

implantation, or a regression to the mean or even a pla-

cebo effect. In this protocol, none of the 14 patients in

the pilot trial experienced any serious adverse events.

Currently, a multicenter randomized, controlled trial of

anterior thalamic stimulation, sponsored by Medtronic

(Minneapolis, MN) is being done. This trial includes

approximately 120 patients with partial seizures, with

or without secondary generalization, and at least six

seizures per month. After implantation, the stimulator

will be turned off (placebo) or activated at 5V (active

stimulation), 90 ms pulses at 145Hz, ‘‘on’’ for 1min and

‘‘off’’ for 5min and the blinded phase will continue for

3 months.

Recently, Raftopoulos et al. [45] have observed

improvement of seizure frequency in 3 patients (1 with

hypothalamic hamartoma and the 2 others with seizures

originating at least partially from mesiotemporal struc-

tures) with high-frequency stimulation of the mamillary

bodies and mamillothalamic tracts, without memory dis-

turbances [17].

Subthalamic nucleus (STN) stimulation

Based on the success in animal models (GAERS)

supporting the evidence of a subcortical network that

influences the cortical excitability (nigral control of epi-

lepsy system) in epilepsy and the safety of stimulation

for movement disorders, STN stimulation was per-

formed in patients with uncontrolled seizures. Two pio-

neering studies, one from Grenoble and another from

Cleveland groups, reported results of STN stimulation

with intractable epilepsy and considered unsuitable for

resective surgery. Chabard�ees et al. [10] observed an

average improvement in seizure frequency up to 80%,

with three of the five involved patients showing a good

response. The second series, by Loddenkemper et al.

[34], reported substantial improvement in two of the five

patients treated with continuous STN stimulation at

100Hz and stimulus duration of 60 ms.

Caudate nucleus stimulation

Chkhenkeli [11, 12] reported a series of 57 patients

treated with bilateral implantation of electrodes into

the head of the caudate nucleus. Unlike experience with

thalamic, subthalamic, or hippocampal stimulation, cau-

date stimulation seemed superior in decreasing seizures

when delivered at low frequencies of 4–8Hz. The de-

gree of improvement was not quantified and seizure

types not categorized, but qualitative reports suggest

improvements. Caudate nucleus stimulation for epilepsy

has not been tested in controlled studies.

Direct control

Hippocampal stimulation

Recently, Velasco et al. [60] described the concept of

direct stimulation of hippocampus to control seizures.

They included 10 patients being evaluated for possi-

ble mesial temporal epilepsy. These patients had im-

plantation of depth electrodes into hippocampus or the

parahippocampal gyrus via a posterior approach. After

standard recording, stimulation was delivered at high

frequency and low intensity (130Hz, 0.2–0.4mA)

for up to 3 weeks. The authors reported improvement

over time in interictal spike frequency as well as in

seizure frequency in patients with implanted hippocam-

pal stimulating electrodes. This paradigm was used in

15 additional patients, five of them receiving sham

stimulation. Active stimulation improved interictal

spiking and seizures in stimulated patients, while no

improvement was noticed in patients with sham stimu-

lation. As the electrodes used in this study were not

suitable for long-term stimulation, Vonck et al. [64]
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evaluated the efficacy of long-term recording and stim-

ulation through DBS quadripolar electrodes (Activa

3387, Medtronic). Electrodes were placed in the amyg-

dala and hippocampus of three patients with intractable

seizures and stimulation was performed chronically

through implantable device for 3–6 months. Stimulation

was done with frequencies of 130Hz, pulse width up to

450 ms, and amplitude up to 3V. All three patients had a

significant reduction in seizure frequency (greater than

50%) and two improved enough for tapering of anti-

epileptic medications. Experience with an increased

number of patients has also been reported by the same

group [52].

Our own experience with amygdalo-hippocampal

complex stimulation (AHCS) is based on 5 patients with

intractable epilepsy (4 females and 1 male, age 32–47)

in which either unilateral right (2 patients) or left (3

patients) AHCS was indicated (Fig. 4). In all the cases,

either a strictly unilateral or bilateral with one dominant

side epileptogenic zone was identified in the mesial tem-

poral lobe. One patient with bitemporal epilepsy had

depth electrodes recording. All the candidates were uns-

uitable for resective surgery because their normal inter-

ictal speech or visuo-spatial memory function was

associated with severe postictal dysfunction and corre-

lated with the absence of clearly identifiable hippo-

campal sclerosis. Follow-up is ongoing from 5 months

to 3 years and results show a significant decrease (50–

95%) of seizure frequency in all the patients. No stimula-

tion-induced side effects were noticed.

Future prospects

Open-loop and closed-loop systems

Deep brain stimulation is a promising treatment op-

tion in medically refractory epilepsy cases. However, it

must still be considered as experimental and further

investigations regarding indications, selection of targets,

electrode placement, stimulation paradigms, long-term

outcome and side effects are needed. Increasing knowl-

edge about the mechanism of deep brain stimulation has

been helpful in designing ideal stimulation waveforms

and to define the optimal stimulus duration (continuous

versus intermittent) and stimulation frequency depend-

ing on which neuronal element is stimulated [31, 36].

Furthermore, improvements in signal processing tools

and detection devices for epileptogenicity have led to

a better localization of the epileptogenic zone. Conse-

quently, seizure control or interruption by electrical stim-

ulation at the epileptogenic zone can be accomplished

according to two stimulation concepts, namely open-loop

and closed-loop systems. Applied to electrical stimulation

for the control of epilepsy, closed loop is defined as the

delivery of electrical current to a target, exclusively in

response to a specific cue or command (seizure detection

by a defined algorithm), compared to open-loop in which

electrical current is delivered independently of time of

occurrence of seizures (Fig. 5). It has previously been

shown that such closed-loop systems can effectively

interrupt after discharges elicited by cortical stimulation

Fig. 4. Postoperative T1-weighted MRI with an implanted electrode for AHCS
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[33]. Recently, a pilot study has investigated the feasi-

bility, safety, tolerability and efficacy of high-frequency

electrical stimulation through such closed-loop systems

directly on epileptogenic tissue or remotely through con-

nected structures with promising results on human [44].

Both paradigms – closed- and open-loop stimulation –

may therefore be used as complementary treatment meth-

ods with different indications. Open-loop stimulation

could be used in the prophylaxis and long-term reduc-

tion of seizure frequency. Closed-loop stimulation could

be effective in acute seizure interruption, preventing further

seizure propagation and secondary generalization.

Repetitive transcranial magnetic stimulation

According to the Faraday’s law of electromagnetism,

a change in the strength of a magnetic field through a

given area of conducting material induces an electrical

current. In transcranial magnetic stimulation (TMS), the

stimulator creates a rapidly changing magnetic field and

the brain serves as the adjacent conducting material in

which the current is generated. The development of re-

petitive cortical transcranial magnetic stimulation (rTMS)

has brought a new insight in the treatment of epileptic

disorders. Low frequency rTMS (defined as <1Hz) has

been shown to reduce (whereas high frequency rTCMS

enhances) the cortical excitability [70]. Consequently,

rTMS has been proposed as a therapeutic tool in redu-

cing seizure frequency. Tergau et al. [48] administered

rTMS in nine medically intractable epileptic patients.

They found a significant decrease in seizure frequency

up to 6 weeks after discontinuation of rTMS. There is

increasing evidence that repetitive cortical transcranial

magnetic stimulation produces antiepileptic effects, es-

pecially in patients with well-localized epileptogenic

cortical malformations [21, 30, 39]. We can postulate

that the evidence obtained from rTMS as applied for

focal superficial epilepsy could be used as predictor of

response to chronic cortical stimulation through im-

planted devices (epidural or subdural chronic focal cor-

tical stimulation); this remains to be shown. Moreover,

improvement of stimulators and magnetic field focus

could allow targeting and stimulation of deeper brain

structures by rTMS.

New targets

A refined comprehension of the physiopathology of

the seizure onset and propagation at cortico-subcortical

levels may result in exploration of new stimulation tar-

gets like the GPe, the SNpr, or even additional subcor-

tical structures such as, the cerebellar peduncles, the

pontine reticular formation, the hypothalamus, and mid-

brain [27]. These structures have been demonstrated to

be involved in different animal seizure models, suggest-

ing that other deep brain stimulation targets may be

Fig. 5. The open- and closed-loop stim-

ulation modalities
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effective in some epilepsies that are not regulated by the

nigral control of epilepsy system.

Conclusion

Deep brain stimulation is a promising treatment op-

tion for a subgroup of carefully selected patients with

intractable epilepsy who are not candidates for resective

surgery. As several distinct neuronal networks seem to

be involved in the control of epileptogenicity, electrical

stimulation delivered at different relays of these net-

works may, at least theoretically, show efficacy on sei-

zure control. The complex physiopathology of seizure

onset and propagation justifies further electrophysiolo-

gic and clinical research for the understanding of the

precise correlations existing between clinical manifesta-

tions, epileptogenic brain pathologies, and networks

involved in the control of epileptogenicity. Furthermore,

a refined comprehension of the mechanisms of action of

deep brain simulation at cortico-subcortical levels will

certainly be helpful for the refinement of patient selec-

tion criteria, anatomical targets and ideal stimulation

parameters.

At this point in time, DBS for the treatment of epi-

lepsy should be considered as innovative therapy. The

indications and results are yet not fully validated and the

therapeutic objective should remain palliative. However,

with more extensive trials, DBS in epilepsy will defini-

tively become part of the neurosurgical armamentarium.
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Summary

Neurostimulation is an emerging treatment for neurological diseases.

Different types of neurostimulation exist mainly depending of the part of

the nervous system that is being affected and the way this stimulation

is being administered. Vagus nerve stimulation (VNS) is a neurophysio-

logical treatment for patients with medically or surgically refractory

epilepsy. Over 30,000 patients have been treated with VNS. No clear

predictive factors for responders have been identified. To date, the pre-

cise mechanism of action remains to be elucidated. Better insight in the

mechanism of action may identify seizure types or syndromes that

respond better to VNS and may guide the search for optimal stimulation

parameters and finally improve clinical efficacy.

Deep brain stimulation (DBS) has been used extensively as a treat-

ment for movement disorders. Several new indications such as obsessive

compulsive behaviour and cluster headache are being investigated with

promising results. The vast progress in biotechnology along with the

experience in other neurological diseases in the past ten years has led to

a renewed interest in intracerebral stimulation for epilepsy. Epilepsy

centers around the world have recently reinitiated trials with deep brain

stimulation in different intracerebral structures such as the thalamus, the

hippocampus and the subthalamic nucleus.

Keywords: Neuromodulation; neurostimulation; mechanism of

action; refractory epilepsy; deep brain stimulation; vagus nerve stimu-

lation; VNS; DBS.

Introduction

Neurostimulation is an emerging treatment for neu-

rological diseases. Electrical pulses are administered

directly to or in the neighbourhood of nervous tissue

in order to manipulate a pathological substrate and to

achieve a symptomatic or even curative therapeutic ef-

fect. Different types of neurostimulation exist mainly

depending of the part of the nervous system that is

being affected and the way this stimulation is being

administered (Fig. 1).

Electrical stimulation of the tenth cranial nerve or

vagus nerve stimulation (VNS) is an extracranial form

of stimulation that was developed in the eighties and is

currently routinely available in epilepsy centers around

the world. Through an implanted device and electrode,

electrical pulses are administered to the afferent fibers of

the left vagus nerve in the neck. It is indicated in patients

with refractory epilepsy who are unsuitable candidates

for epilepsy surgery or who have had insufficient benefit

from such a treatment [1]. As stimulation is applied to

that part of the vagus nerve that passes through the neck,

direct intracerebral manipulation is unnecessary.

Another form of extracranial neurostimulation con-

sists of transcranial magnetic stimulation (TMS). A coil

that transmits magnetic fields is held over the scalp and

allows a non-invasive evaluation of separate excitatory

and inhibitory functions of the cerebral cortex. In addi-

tion, repetitive TMS (rTMS) can modulate the excitabil-

ity of cortical networks [2]. This therapeutic form of

TMS is currently being investigated as a treatment option

for refractory epilepsy [11] but it has not been widely

used unlike VNS.

Intracerebral neurostimulation requires accessing the

intracranial nervous system as stimulation electrodes are

inserted into intracerebral targets for ‘deep brain stimu-

lation’ (DBS) or placed over the cortical convexity for

‘cortical stimulation’(CS). These modalities of neuro-

stimulation are not novel for neurological indications.

Some have been extensively used e.g. for movement dis-

orders and pain. Moreover, several new indications such

as obsessive-compulsive behaviour and cluster headache

are being investigated with promising results. In the past,



DBS and CS of different brain structures such as the

cerebellum, the locus coeruleus and the thalamus have

already been performed. This was done mostly in pa-

tients with spasticity or psychiatric disorders who also

had epilepsy but the technique was not fully explored or

developed into an efficacious treatment option. The vast

progress in biotechnology along with the experience in

other neurological diseases in the past ten years has led

to a renewed interest in intracerebral stimulation for

epilepsy. A few epilepsy centers around the world have

recently reinitiated trials of deep brain stimulation in

different intracerebral structures such as the thalamus

and the subthalamic nucleus.

VNS on one hand and TMS, DBS and CS on the other

hand are currently at different levels of availability and

clinical applicability. VNS is widely available and used

around the world with over 40,000 patients currently

being treated. Therapeutic TMS protocols for epilepsy

have been developed in centers with a large experience

in diagnostic TMS. At this time, TMS is not a routinely

available treatment in epilepsy centers. DBS is under

investigation in experimental trials in some specialised

centers with large experience in refractory epilepsy and

functional neurosurgery [16]. Apart from a group of pa-

tients who carry implanted devices from the earlier era

of neurostimulation for epilepsy, the more recent studies

report results in no more than 100 patients worldwide.

CS is considered a therapeutic neurostimulation option

for specific types of epilepsy e.g. neocortical epilepsy

on theoretical grounds but is currently unexplored in

humans.

Vagus nerve stimulation

Clinical efficacy

Jacob Zabara and Joan Lockard were the first to pub-

lish abstracts in Epilepsia in 1985 and 1986 on the

animal experiments that showed a reduction in seizure

frequency and=or severity when vagal afferents were

stimulated in dogs and monkeys, respectively. The first

descriptions of the implantable VNS TherapyTM system

for electrical stimulation of the vagus nerve in humans

was published in the literature in the early ninetees [12].

At the same time, initial results from two single-blinded

pilot clinical trials (phase-1 trials EO1 and EO2) in a

small group of patients with refractory complex partial

seizures who were implanted, since November 1988 in

three epilepsy centers, in the U.S.A. were reported.

In 9=14 patients, treated for 3–22 months a reduction

in seizure frequency of at least 50% was observed. One

of the patients was seizure-free for more than 7 months.

Some patients reported less severe seizures with briefer

ictal and postictal periods. Complex partial seizures,

simple partial seizures as well as secondary generalized

seizures were affected. Already in these early reports,

improved alertness unrelated to seizure control was

noticed. Several patients reported abortion of seizures

Fig. 1. Overview of neurostimulation

modalities
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with manual activation of stimulation via the magnet,

a feature that allows external activation of the device in

case of an aura or ongoing seizure. On the other hand, it

was noticed that the reduction in frequency, duration and

intensity of seizures lagged by 4–8 weeks the initiation of

treatment. These are initial indications for a combined

anti-seizure and anti-epileptic effect of VNS. The poten-

tial mechanisms of action, described at that time, included

desynchronization of neuronal discharge, release of in-

hibitory neurotransmitters, stimulation of inhibitory path-

ways or increase in the electrical threshold for seizures.

In 1993, Uthman et al. [13] reported on the long-term

results from the EO1 and EO2 studies. Fourteen patients

had, by then, been treated for 14–35 months. There was a

mean reduction in seizure frequency of 46%. Five pa-

tients had a seizure reduction of at least 50%, of whom

2 experienced long-term seizure freedom. In none of the

patients, VNS induced seizure exacerbation. It appeared

that three types of responses to vagal stimulation occurred:

rapid-sustained, gradual and non-response. In the mean-

time, two prospective multicenter (n¼ 17) double-blind

randomised studies (EO3 and EO5) were started includ-

ing patients from centers in the U.S.A. (n¼ 12), Canada

(n¼ 1) as well as Europe (n¼ 4). In these two studies,

patients over the age of 12 with partial seizures were

randomised to a HIGH or LOW stimulation paradigm.

The parameters in the HIGH stimulation group (output:

gradual increase up to 3.5mA, 30Hz, 500 ms, 30 s on,

5min off) were those believed to be efficacious based on

animal data and the initial human pilot studies. Because

patients can feel stimulation, the LOW stimulation pa-

rameters (output: single increase to point of patient per-

ception, no further increase, 1Hz, 130ms, 30 s on, 3 hours
off) were chosen to provide some sensation to the patient

in order to protect the blinding of the study. LOW stimu-

lation parameters were believed to be less efficacious and

the patients in this group represented an active control

group rather than a true placebo group. The results of

EO3 in 113 patients were promising with a decrease in

seizures’ frequency of 24% in the HIGH stimulation group

versus 6% in the LOW stimulation group after 3 months

of treatment. The number of patients was insufficient to

achieve Food and Drug Administration (FDA) approval

leading to the EO5 study in the U.S.A. which included

198 patients. Ninety-four patients in the HIGH stimula-

tion group had a 28% decrease in seizure frequency ver-

sus 15% in patients in the LOW stimulation group [5].

The controlled EO3 and EO5 studies had their prima-

ry efficacy end-point after 12 weeks of VNS. Prospective

long-term follow-up studies are available assessing effi-

cacy and tolerability from the end of the controlled stud-

ies to 1 and 3 years later. In these studies, patients who

ended the controlled trials were offered enrolment in a

long-term prospective efficacy and safety study. Patients

belonging to the LOW stimulation groups were crossed-

over to HIGH stimulation parameters. In all published

reports on these long-term results increased efficacy with

longer treatment was found [3, 15, 17]. In open extended

trials, the mean reduction in seizure frequency increased

up to 35% at one year and 44% at two years at which

time the improved seizure control reached a plateau. In

Sweden, long-term follow-up in the largest patient series

(n¼ 67) in one center not belonging to the sponsored

clinical trials at that time, reported similar efficacy rates

with a mean decrease in seizure frequency of 44% in

patients treated up to 5 years.

Mechanism of action

As for many antiepileptic treatments, clinical applica-

tion of VNS preceded the elucidation of its mechanism

of action (MOA). Following a limited number of animal

experiments in dogs and monkeys, investigating safety

and efficacy, the first human trial was performed. Since

then, progress has been made on the identification of

structural and functional pathways that are involved in

the seizure-suppressing effect of VNS.

The tenth cranial nerve afferents have numerous pro-

jections within the central nervous system; signals gen-

erated in vagal afferents have the potential to affect the

entire organism [2]. An overview of the main structures

in the brainstem and cerebral hemispheres that receive

vagal input is given in Fig. 2. Relatively few specific

functions of the vagus nerve have been well charac-

terised. The vagus nerve is often considered protective,

defensive, relaxing. This primary function is exemplified

by the lateral line system in fish, the early precedent of

the autonomic nervous system. The control of homeo-

static functions by the central nervous system in these

earlier life forms was limited to the escape and the

avoidance of perturbing stimuli or suboptimal condi-

tions. Its complex anatomical distribution has earned the

vagus nerve its name, as vagus is the Latin word for

wanderer. These two facts together inspired researchers

to suggest the name ‘great wandering protector’.

Crucial questions with regards to the MOA of VNS

occur at different levels. Vagus nerve stimulation aims

at inducing action potentials within the different types

of fibers that constitute the nerve (Fig. 3). The question

remains, what fibers are responsible and=or necessary
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for VNS seizure-suppressing effect. Unidirectional stim-

ulation, activating afferent vagal fibers is preferred as

epilepsy is considered a disease with cortical origin

and efferent stimulation may cause side effects. It is

unknown whether stimulation of efferent fibers is also

involved in the MOA of VNS e.g. through parasym-

pathic effects on heart function. Stimulation of vagal

nerve fibers aims at influencing synaptic transmission

at a distance. The next step is to identify central nervous

system structures located on the anatomical pathways

from the cervical part of the vagus nerve up to the cor-

tex, that play a functional role in the MOA of VNS. This

may involve central gateway or pacemaker function

structures such as the thalamus or it may involve more

specific targets involved in the pathophysiology of epi-

lepsy such as the limbic system or a combination of

Fig. 2. Overview of the main structures

in the brainstem, cerebellum and cere-

bral hemispheres receiving vagal affer-

ent input. NA Noradrenaline, 5-HT3

serotonine, NTS nucleus of the solitary

tract, DMN dorsal motor nucleus

Fig. 3. Overview of the main afferent

and efferent vagal fibers
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both. A third issue concerns the identification of the po-

tential involvement of specific neurotransmitters. The

intracranial effect of VNS may be based on local or

regional GABA increases or glutamate and aspartate de-

creases or may involve other neurotransmitters that have

been shown in the past to have a seizure threshold reg-

ulating role such as serotonine and norepinephrine.

When the efficacy of a given treatment in epilepsy is

considered a certain hierarchical profile of the treatment

can be distinguished. A treatment can have pure anti-

seizure effects meaning that it can abort seizures. To

confirm such an effect the treatment is most often ad-

ministered during an animal experiment in which the

animals are injected with a proconvulsant compound

followed by the administration of the treatment under

investigation. It has been shown in animal experiments

as well as in clinical use in humans that VNS exerts such

an effect. However, in the clinical trials with VNS, many

patients did not regularly self-trigger the device at the

time of a seizure and still showed good response to VNS.

Moreover, VNS is administered in an intermittent way

and it appears that seizures occurring during the VNS

off-time are also affected. This intermittent way of stim-

ulation is insufficient to explain the reduction of sei-

zures on the basis of abortive effects alone and suggests

a true preventative or so-called anti-epileptic effect of

VNS. Antiepileptic efficacy implicates that a treatment

can prevent seizures, as the main characteristic of the

disease, namely the unexpected recurrence of seizures is

prevented from happening. For some antiepileptic drugs

this effect is supposed to exist but as these treatments are

administered on a daily basis resulting into steady state

blood levels of the active compound, their effects may

also be based on a continued antiseizure effect. For VNS,

a unique situation (based on the fact that intermittent

stimulation is safe and spares the battery), occurs with

regard to investigating a true antiepileptic effect. The

fact that VNS influences seizures at a time when stimu-

lation is in the off-mode has also been shown in many

animal and human experiments and suggests VNS-

induced ‘long-term’ changes. The precise nature of these

changes remains to be identified.

Since 1985, Zabara had reported that at the termina-

tion of stimulation, there is a prolonged silent period

of no seizure activity, which outlasts the stimulation

period by approximately a time factor of four [18].

Stimulation for one minute could produce seizure sup-

pression for five minutes. Seizure control extended well

beyond the end of the stimulation period. Also sequen-

tial stimulation periods were additive in their effective-

ness. In experiments by Lockard et al. [7], intermittent

VNS during 2–6 weeks in monkeys with focal seizures

and secondary generalization induced a reduction in sei-

zure frequency or synchronization of the interseizure

interval, an effect that lasted during follow-up base-

line periods without stimulation for at least 2 weeks.

McLachlan et al. [8] found that interictal spike fre-

quency was significantly decreased or abolished after

20 s of VNS in rats. Spikes remained low or abolished

for a variable duration, usually around 60 s to 3min after

the end of stimulation. VNS pretreatment during 1 and

60 min, prior to seizure triggering stimulation, signifi-

cantly reduced the duration of behavioural seizures and

afterdischarges in amygdala kindled rats. Takaya et al.

[10] investigated the sustained anticonvulsant effect of

VNS in awake and freely moving animals. In this study,

VNS was discontinued before induction of PTZ-seizures

that were significantly shortened in duration, providing

direct evidence that VNS-induced anticonvulsant effects

are not limited to the duration of stimulation. Moreover,

the repetition of stimuli increased the VNS efficacy sug-

gesting that efficacy of intermittent stimulation improves

with long-term use. In patients treated for 6–25 months,

acute 30 s stimulation trains reduced interictal epilepti-

form discharges for 60–210 s. Zagon et al. [19] found

that VNS-induced slow hyperpolarization in the parietal

cortex of the rat outlasted a 20 s VNS train by 15 s.

The ultimate goal of an anti-epileptic treatment is the

cure of epilepsy. This implies that the treatment re-

verses the development of a pathological process that

may have evolved over a long period of time. Such an

antiepileptogenic treatment is clearly protective and

may even be used for other neuroprotective purposes.

The fact that seizures reoccur after the end of battery

life of VNS is a strong argument against VNS having

such an effect. However, as progress in the develop-

ment of more relevant animal models for epilepsy is

made, the antiepileptogenic potential of neurostimula-

tion, in general, is being explored and promising results

have been reported, e.g. in the kindling model.

Conclusion

From a clinical point of view, it is concluded that

VNS is an efficacious and safe treatment for patients

with refractory epilepsy. VNS appears to be a broad-

spectrum treatment; identification of responders on the

basis of either type of epilepsy or of specific patient

characteristics proves difficult. Large patient groups

have been examined; however, identifying predictive

Anatomical and physiological basis and mechanism of action of neurostimulation 325



factors for response may demand more complex inves-

tigations such as CBF studies or alternative means to

externally stimulate vagal afferents. Optimising stimu-

lation parameters and individual titration on the basis

of routine neurophysiological monitoring is probably a

more promising path towards increased clinical efficacy.

VNS is a safe treatment and lacks the typical cognitive side

effects associated with many other antiepileptic treat-

ments. Moreover, many patients enjoy a positive effect

of VNS on mood, alertness and memory. In contrast to

many pharmacological compounds, treatment tolerance

does not develop in VNS. In contrast, efficacy tends to

increase with the longer duration of treatment.

Extensive research has been directed towards inves-

tigating the antiepileptic and potential antiepileptogenic

properties of VNS and the identification of involved fi-

bers, intracranial structures and neurotransmitter systems.

Animal experiments and research in humans comprise

electrophysiological studies (EEG, EMG, EP), functional

anatomic brain imaging studies (PET, SPECT, fMRI,

c-fos, densitometry), neuropsychological and behav-

ioural studies. Also, from the extensive clinical experi-

ence with VNS in humans interesting clues on the MOA

of VNS have arisen. It has become clear that effective

stimulation in humans is primarily mediated by afferent

vagal A- and B-fibers. Unilateral stimulation influences

both cerebral hemispheres. Crucial brainstem and cere-

bral structures have been identified and include the locus

coeruleus, the nucleus of the solitary tract, the thalamus

and limbic regions. Neurotransmitters may involve not

only the major inhibitory neurotransmitter GABA but

also serotoninergic and adrenergic systems. The MOA

of VNS in epilepsy seems to be based on a combined

mechanism of acute abortion (antiseizure effect) resulting

in immediate interference with a seizure, acute prophy-

laxis (antiepileptic effect) which allows the treatment to be

administered in an intermittent way and chronic prophy-

laxis (chronic antiepileptic effect) as reflected by the in-

creased efficacy after prolonged stimulation. Clues in

favour of a true antiepileptogenic effect have been de-

duced from preliminary animal studies but have not been

confirmed in clinical practice because, following battery

depletion, seizures recur.

The basis for the combined acute and more chronic

effects of VNS most likely involves recruitment of dif-

ferent neuronal pathways and networks. The more

chronic effects are thought to be a reflection of modula-

tory changes in subcortical site-specific synapses which

can influence larger cortical areas. In the complex hu-

man brain, these neuromodulatory processes require

time to build up. Once installed, certain antiepileptic

neural networks may be more easily recruited, e.g. by

changing the stimulation parameters, that may be titrated

to the individual needs of each patient. This raises hope

for potential anti-epileptogenic properties of VNS, by

using long-term optimized stimulation parameters, which

may affect and potentially reverse pathological process-

es that have been installed over a long period of time.

However, from a clinical point of view, VNS cannot be

considered yet a curative treatment.

Deep brain stimulation

The earliest reports on intracranial neurostimulation

involved stimulation of cerebellar structures. In most

instances electrical current was administered through

electrodes bilaterally placed on the superior medial cere-

bellar cortex, representing a form of cortical stimulation

(CS) [4]. Intermittent (1–8min on, 1–8min off) high-

frequency (150–200Hz) cerebellar stimulation was ini-

tially investigated in the treatment of spasticity due to

cerebral palsy or stroke in several hundreds of patients

with implantation times of up to 20 years. In a report on

51 patients with functioning devices, 50% had a marked

reduction in spasticity and 69% a moderate to marked

reduction in athetoid movements [4]. Speech improved

in 60%, hand coordination in 61% and drooling in 53%.

Some of these patients also had refractory seizures.

Cerebellar CS resulted into seizure freedom in 60%

and significant seizure reductions in another 20%. Some

patients remained seizure-free after stimulation had

ceased due to non-functioning of the implanted devices.

Despite these promising results, in epilepsy two con-

trolled studies in small patient groups (n¼ 5 and n¼ 12)

did not show significant effects and cerebellar stimula-

tion for epilepsy was abandoned. There is however still

substantial evidence for a seizure-controlling effect of

the cerebellum that justifies to further explore this treat-

ment modality.

The selection of other targets for DBS in recent pilot

trials in humans has resulted from the progress in the

identification of epileptogenic networks that play an

important role in the pathophysiology of epilepsy [9].

Although the cortex plays an essential role in seizure

origin, increasing evidence shows that subcortical struc-

tures may be involved in the clinical expression, pro-

pagation, control and sometimes initiation of seizures.

Consequently, several subcortical nuclei such as the sub-

thalamic nucleus and the caudate nucleus have been

targeted in pilot trials in humans for different types of
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epilepsy. There seems to be a general consensus that the

thalamocortical interactions are essential in the develop-

ment of a large number of seizures and the propagation

of most of them. Within the thalamus, ascending projec-

tions from the reticular formation and other brainstem

cell groups impinge on pathways radiating to numerous

forebrain structures including those of the neocortex,

basal ganglia and limbic system. At the same time, neural

inputs from diverse telencephalic regions converge on

thalamic nuclei from which projections descend onto

brainstem neurons. Some thalamic nuclei, referred to

as specific nuclei, maintain strong and direct synaptic

relations with the sensorimotor or the association cor-

tex. Other thalamic nuclei project more diffusely to wide

regions of the cortex and are called nonspecific nuclei

e.g. reticular nuclei, anterior nuclei and intralaminar

nuclei such as the centromedian nucleus of Luys. The

thalamus has also been proposed as one of the major

important structures on the central nervous pathways in-

volved in the MOA of VNS. Large patient series have

been treated with DBS in the centromedian nucleus and

pilot trials investigating the efficacy and safety of the

anterior nucleus are currently undertaken.

Few controlled studies investigating DBS are avail-

able. Blinded crossing-over between periods during

which stimulation is either on or off reflects the nec-

essary design for evaluating the true efficacy of DBS

protocols. However, the most optimal design of such

protocols may be difficult to develop. It has become

clear, especially from the experience with VNS, but also

from other studies, that increased efficacy may be ob-

served after longer duration of stimulation, possibly on

the basis of neuromodulatory changes that take time to

develop. It is unknown however, how long these devel-

opments take exactly or whether there are individual or

age-related differences and to what extent permanent

protective changes can be achieved. Consequently, cross-

over after 3 months may be too short a time to evaluate

fully expressed efficacy, especially using a stimulation

protocol of e.g. only several hours=day. The choice

of targeting the amygdalohippocampal region in a pilot

trial in humans at Ghent University Hospital was based

on several considerations. For further elaboration on this

specific target we refer to the chapters in this book by

Van Roost et al. and Boon et al.

Mechanism of action

The development of neurostimulation therapy for neu-

rological conditions is stimulated by two major concerns

related to standard available treatments. First, there is a

general tendency to find treatments that are minimally

invasive and least harmful to the patient. Secondly, the

refractory character of certain neurological diseases and

the inability to treat them with currently available means

provides an impetus to search for novel treatments.

VNS is less invasive than DBS as it does not require

opening of the skull, which is generally associated with

increased risk. Some refractory pathologies in the brain

have led the search to effective treatments that are some-

times very invasive; this invasiveness however, is bal-

anced by the refractoriness of the pathology and=or the

high success rate of the treatment. Most often lesioning

or resection of brain tissue is involved in such treat-

ments. The increasing insight into basic mechanisms

underlying normal and pathological neurological func-

tioning, combined with the rapidly evolving progress in

the biomedical devices with miniaturized technology

and electronics, has led to the idea that similar effects

to lesioning could be reached by neurostimulation. In the

meantime, neurostimulation has proven to be effective

in several neurological conditions but its true mechan-

ism(s) of action remain unknown.

Reports in the literature support the hypothesis that

actual stimulation is not necessary and claim that treat-

ment efficacy is based on the lesion provoked by the

insertion of the electrode. This observation was de-

scribed following electrode insertion in the anterior

nucleus of the thalamus and referred to as ‘microthala-

motomy’. Also reports have described prolonged sei-

zure control in patients who underwent invasive recording

with conventional electrodes. In many epilepsy centers, a

time interval occurs between the invasive recordings and

consequent resective procedures. Following the results of

invasive recordings, a resective procedure may not be fea-

sible. Seizure frequency following the removal of the im-

planted electrodes is evaluated without further immediate

interventions. It may be that when is targeted the anterior

thalamic nucleus, lesions are more effective in such a con-

fined area compared to the amygdalohippcampal region. It

is possible that essential pathways could be accidentally or

coincidentally lesioned during medial temporal lobe tar-

geting. This seems an unlikely hypothesis in a series of

treated patients. In a SPECT study by Velasco et al., in

6 patients who underwent 3 weeks of hippocampal stimu-

lation using subdural strips, the postimplantation SPECT

(before stimulation) shows similar findings to the pre-

implantation images [14]. The images, after 3 weeks of

DBS, show clear hippocampal hypoperfusion compara-

ble to images taken after anterior temporal lobectomy.
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The implantation-related lesion might provoke earlier

signs of hypoperfusion in the lesioned region. Moreover,

in contrast to the findings by Hodaie et al. [6] seizures

did not decrease until several days after initiation of

stimulation, a finding confirmed in our series of amyg-

dalohippocampal stimulation. It is possible that the le-

sioning hypothesis holds true for some targets but is not

applicable to others. Blinded randomization of patients to

‘‘on’’ and ‘‘off’’ stimulation paradigms following implan-

tation for substantial periods of time (e.g. 6 months) may

clarify not only this but also the potential effect of sham

stimulation of an implanted device.

A second hypothesis is that DBS acts through local

inhibition by the applied current to a certain structure,

the so-called ‘reversible functional lesion’. In the case of

targeting crucial structures in a network, nuclei that are

involved in propagation, sustainment or triggering of

epileptic activity are inhibited. In the case of targeting

an ictal focus, a similar mechanism may act suggesting

that applied current inhibits overexcitable tissue. Apart

from ‘local’ inhibition, the mechanism of action of DBS

may be based on the effect on projections from the area

of stimulation to other central nervous structures. This

may be the most likely hypothesis whenever crucial struc-

tures in epileptogenic networks are involved. However,

considering that medial temporal lobe structures are also

potentially involved in these networks, targeting the ictal

focus may also affect the epileptogenic network. When

projections from one structure to another are involved,

antiepileptic mechanisms may operate through either the

activation of inhibitory projections or the inhibition of

(over) excitatory projections.
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Summary

We present the results of chronic electrical stimulation of the hippo-

campus (ESH) in 9 patients with complex partial seizures and at least

18 months follow-up. The magnetic resonance imaging (MRI) scan was

normal in 5 while in 4 patients it showed hippocampal sclerosis. The

seizure frequency ranged from 10 to 50 seizures per month. All patients

were submitted to implantation of diagnostic 8-contact bilateral hip-

pocampal depth electrodes to determine the location of epileptic foci.

Once the focus was located, the diagnostic electrodes were replaced by

deep brain stimulation (DBS) electrodes. Following DBS, all patients

improved. With respect to outcome, patients were divided in two

groups, one seizure-free (5 patients) and the other with residual seizures

(4 patients). Both groups shared similar clinical features. However, the

patients who were seizure free had normal MRI scan while those who

had residual seizures were being stimulated on a sclerotic hippocampus.

We conclude that electrical stimulation of the epileptic hippocampal

formation can control mesial temporal seizures. Best results are ob-

tained if we stimulate a hippocampus which does not show sclerosis

in the MRI. In these cases, seizures are stopped and the recent

memory tests improve even in patients with bilateral foci. This re-

sult is of extreme importance to patients who have either intractable

seizures and normal MRI or bilateral epileptogenic foci, are exclud-

ed as candidates for temporal lobectomy and are left with no other

alternative.

Keywords: Neuromodulation; hippocampus; complex partial sei-

zures; deep brain stimulation; DBS; epilepsy.

Introduction

Mesial temporal lobe epilepsy (MTLE) is a challenge

for epileptologists because of the high number of pa-

tients who are drug-resistant. In our Epilepsy Surgery

Clinic at the General Hospital of Mexico, the main cause

for patient referral is MTLE. Up to 70% of patients

referred for surgery have complex partial seizures aris-

ing from the hippocampal formation. This experience is

shared by other epilepsy surgery clinics [19, 20]. Even

though anterior temporal lobectomy offers good results

[2, 6, 9, 10, 13], there is a big number of patients in

whom it is not possible to recommend it. This category

of patients includes those: a) who have bilateral hippo-

campal foci and in whom bilateral temporal lobectomy

is contra-indicated because of the expected loss of short

term memory [11] or b) patients in whom the epileptic

focus is located in an eloquent area, i.e. in the anterior

and middle left hippocampus.

Neuromodulation is a procedure that has been used

in epilepsy, and various targets have been stimulated.

These include centromedian thalamic stimulation [12,

13], cerebellar stimulation [3, 5] and vagal nerve stimu-

lation [8, 1]. Nevertheless, with regard to complex par-

tial seizures originating in the hippocampal formation,

the benefits have been limited. In 2000, Velasco et al.

proposed the stimulation of the hippocampus in order to

control MTLE and they published a study of 10 patients

who had diagnostic hippocampal electrodes inserted and

in whom subacute hippocampal stimulation was per-

formed before submitting them to temporal lobectomy

[13]. This study showed that there is indeed a seizure

improvement. In 7 patients, in whom subacute electrical

stimulation was performed, the seizures disappeared on

day 6 and the interictal spikes were reduced significantly

after day 13 of subacute stimulation. During this pre-

liminary work, we studied a few basic mechanisms un-

derlying the beneficial therapeutic effect of hippocampal

stimulation on seizures [13–16]. Several tests were per-

formed and provided the following findings: increased

threshold and decreased duration of the afterdischarges

induced by acute hippocampal stimulation, depression

of the paired pulse hippocampal recovery cycles, SPECT

hypoperfusion and autoradiographic increase of the



benzodiazepine receptor binding in the stimulated hip-

pocampal tissue [4]. Such studies suggest that the anti-

epileptic effect of hippocampal stimulation is due to an

inhibitory mechanism.

In 2002, Velasco et al. reported the first case of chron-

ic bilateral hippocampal stimulation in a 23-year-old

patient with MTLE and normal MRI, in whom depth

electrode recordings showed bilateral hippocampal foci.

The seizures disappeared completely and the patient

showed a neuropsychological improvement in the mem-

ory tasks. Currently, his follow up is 6 years and 5 months

long. On the second year the batteries were depleted and

he started having seizures again; as soon as the batter-

ies were replaced, the seizures stopped and have not

reappeared.

In this chapter, we present the results of chronic elec-

trical stimulation of the hippocampus (ESH) in 9 pa-

tients with drug-resistant MTLE and at least 18 months

follow-up.

Patients and methods

The protocol was approved by the Scientific and Ethical Committees

of the General Hospital of Mexico. Nine patients with MTLE were

selected for this study (Table 1), 6 males and 3 females, with an age

range from 14 to 43 years (average 29). All had complex partial seizures;

secondary tonic clonic generalization was documented in 7 patients. Five

patients had normal MRI scan and 4 had hippocampal sclerosis. All

patients received 2 antiepileptic drugs either at toxic blood levels or

within the therapeutic range. Nevertheless, they continued having sei-

zures. The seizure frequency ranged from 10 to 50 seizures per month

(average 28). The evaluation of patients included a clinical history with

special emphasis on the seizure types, compliance to antiepileptic med-

ication with adequate blood levels, 4 serial EEGs, MRI, neuropsycho-

logical examination and psychiatric evaluation. Patients were trained to

keep a seizure calendar which they handed to us on a monthly basis. All

patients were submitted to implantation of diagnostic 8-contact bilateral

hippocampal depth electrodes to determine where the epileptic foci were

located (SD 8P, Ad Tech Medical Instrument Co., Racine, WI, USA).

Once the focus was located, the diagnostic electrodes were replaced

by permanent 4-contact electrodes (3789 DBS and IPG by Medtronic,

Inc., Minneapolis, MN) and connected to the DBS system, either bilat-

eral (in case of bilateral foci) or unilateral. All patients were stimulated

choosing the two contacts that covered the area where the epileptic focus

was localized, i.e. either the anterior hippocampus or the amygdalo-

hippocampal junction. Figure 1 shows the stimulated contacts and their

localization.

In an aleatory manner, 4 patients underwent one month OFF period

before starting ESH and 5 started immediately after the DBS system was

implanted. The parameters for ESH were as follows: daily stimulation

sessions with 1min trains of Lilly pulses with an interstimulus interval

of 4min. Such trains consist of a 130Hz frequency, with individual

pulses of 450ms in duration and amplitude of 400–600mA. In the pa-

tients with bilateral electrodes, the stimulation has the same character-

istics but is alternated between the right and left hippocampus.

Results

The long-term follow-up period ranged from 18

months to six and a half years. For statistical reasons,

the whole group was analyzed on month 18. We divided

the analysis in 3-month periods; we have the average of

3 months before the stimulation started and 6 periods

of 3 months each comprising the 18 months of chronic

stimulation. Between the baseline period and the chronic

stimulation, there is one month OFF period which was

Fig. 1. Diagram showing the position of the stimulated contacts for

ESH. Note that all contacts are either in the amygdalo-hippocampal

junction or anterior and middle hippocampus

Table 1. Clinical characterization of 9 selected patients with mesial temporal lobe epilepsy

KG Age [Yr] Sex ONSET [Yr] FREQ [Sz=mo] Sz type I Sz type II MRI AED

67 27 M 3 25 CXP SGTC normal CBZ, VA

71 40 M 16 35 CXP none LHS CBZ, GBP

101 29 F 12 27 CXP none normal PHT

102 27 F 16 50 CXP SGTC LHS VA, PRI, CLN

106 43 M 6 22 CXP SGTC LHS VA, LMT

109 20 M 13 25 CXP SGTC normal CBZ

111 24 F 13 30 CXP SGTC normal CBZ, TPM

112 14 M 11 25 CXP SGTC LHS CBZ, PHT

115 38 M 10 19 CXP SGTC normal OXC, PHT

YrYear, Sz=mo seizures per month, Sz type I is the most frequent type and type II is less frequent type,CXP complex partial seizures, SGTC secondary

generalized tonic clonic seizures, LHS left hippocampal sclerosis, AED antiepileptic drugs, CBZ carbamazepine, VA valproate, PHT phenytoin, PRI

primidone, CLN clonazepam, OXC oxcarbazepine.
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analyzed separately. The duration of the OFF period was

limited to one month.

When we counted at month 18, all patients had

improved; it was evident, however, that the patients’

outcome could be divided in two groups, one was

seizure-free (5 patients) and the other had residual

seizures (30% average for the 4 patients) (Fig. 2). Both

groups shared similar clinical features. The only con-

sistent difference was that the patients who were sei-

zure free had normal MRI scans compared to those who

had residual seizures and were being stimulated on a

sclerotic hippocampus.

Normal MRI group

Five patients had normal MRI scans. The monthly sei-

zure average frequency for the 3-month basal period was

26.8 seizures. During the OFF period, the seizures average

frequency was 29.3. By the end of the first 3-month

stimulation period, the seizure average frequency had de-

creased to 6.4 seizures and by the end of the last three

months the seizure average frequency was 0.13. The dif-

ference is highly significant from the beginning of the

stimulation period (p<0.001 by month 3 and p<0.0001

by month 18). Four patients are seizure-free and one of

them has occasional seizures (1 per 3 months).

Fig. 2. Seizure graphs of 9 patients with ESH. All of them show 3-month baseline

period, 1-month OFF period and 18 months follow-up period. Arrow shows where

ESH is ON. The left column shows 5 patients with normal MRI. Note how seizures

disappeared after month 5 in 4 patients. On the right column are presented 4 patients

with MRI showing unilateral hippocampal sclerosis. Note how seizures decreased but,

it took more than 8 months and did not disappear completely
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Hippocampal sclerosis group

Four patients had unilateral hippocampal sclerosis on

MRI scan. The monthly seizure average frequency for

the 3-month basal period was 36.8. During the OFF

period, the seizures average frequency was 44. By the

end of the first 3-month stimulation period, the seizure

average frequency remained the same as during the

baseline period (36.6 seizures) and by the end of the last

3 months the seizure average frequency was 10.5. A

significant difference between the baseline period and

the improvement of chronic stimulation started being

evident after 6 months of stimulation. Although the dif-

ference is highly significant after month 6 (p<0.0001)

the patients did not become seizure-free and persisted

with a seizure average frequency of 10.5 in 3 months.

The neuropsychological evaluation revealed a signifi-

cant improvement in the tests of patients who were sei-

zure free. In the patients who had residual seizures, the

tests continued showing poor performance, mainly in

recent memory. There were no undesirable effects. Only

one patient (KG 115) had skin erosion in the neck which

required antibiotic therapy and afterwards plastic sur-

gery to correct it.

Conclusion

Electrical stimulation of the epileptic hippocampal

formation is an efficient method for controlling mesial

temporal seizures. Best results are obtained if we stimu-

late a hippocampus which does not show sclerosis in the

MRI. In these cases, seizures are terminated and the

recent memory tests improve even in patients with bilat-

eral foci. This result is of extreme importance because

these patients who have either intractable seizures and

normal MRI or bilateral epileptogenic foci are the ones

who are excluded as candidates for temporal lobectomy

and are left with no other alternative.
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Summary

Deep brain stimulation (DBS), which mimics the effect of ablative

surgery in movement disorders, is considered by analogy as potentially

useful in the epileptic temporal lobe as an alternative to resection. It

could be applied to patients in whom resective surgery is less beneficial,

e.g. cases without memory impairment or with bilateral hippocampal

involvement. In patients who undergo invasive presurgical analysis, the

necessary intrahippocampal leads can serve for the application of

DBS, provided that they are suited for chronic use. The hippocampus,

in which the focus of epilepsy is detected, is stimulated continuously

using high-frequency square-wave pulses. The reduction of interictal

spike activity during a period of acute stimulation is the criterion for

deciding whether the leads will be connected to an internal pulse gen-

erator. We are conducting a pilot study, with 16 patients enrolled so far,

ten of whom have been followed up for more than one year. Some

theoretical considerations are dedicated to hippocampal DBS.

Keywords: Neuromodulation; intractable seizures; epilepsy; deep

brain stimulation; DBS; temporal lobe.

Introduction

In temporal lobe epilepsy, resective surgery achieves

short-term cure (seizure freedom according to Engel’s

class IA) in up to 85% of cases and long-term cure in

57–66% of cases [13, 18, 27]. Seizure-free state has

also been achieved in 65% of the patients with temporal

lobe epilepsy two years after gamma knife surgery [15].

Resective surgery may, on the other hand, entail the risk

of visual field defects as well as cognitive impairment

that is proportional either to the extent of existing resi-

dual function in the afflicted hippocampus before sur-

gery or to the extent of collateral brain damage after

surgery [8, 9]. Hence, resective surgery, in spite of its

noteworthy results, does not offer the hoped-for solution

in about one third of the patients who are considered

good candidates on the basis of extensive presurgical as-

sessment. Moreover, resective surgery is eventually con-

sidered inappropriate in a great number of patients with

medically intractable temporal lobe epilepsy because

either the focus is not confined to one temporal lobe

or serious cognitive impairment is likely to occur after

surgery. For these reasons, neuromodulation by means of

electrical stimulation is currently considered as an alter-

native therapy.

History

Various targets of neuromodulation have been used in

the treatment of epilepsy: the cerebellar cortex [4], the

caudate nucleus [2, 16], the locus coeruleus [5], the

centromedian thalamic nucleus [6, 23, 24], the anterior

thalamic nucleus [10, 19], the subthalamic nucleus [1],

and the vagus nerve [14]. Electrical stimulation of the

aforementioned targets – which are not the foci of epi-

lepsy – aims at the activation of a postulated anticon-

vulsant control system in the brain, that restores the

imbalance between excitatory and inhibitory processes

which led to the epileptic seizures [3]. It has become

clear that deep brain stimulation (DBS) may exert either

excitatory or inhibitory effects on neuronal circuitry, de-

pending on stimulation frequency, polarity, proximity to

the neurons, and function of these neurons. By switching

the electric current off, DBS is basically reversible,

especially as to its side effects. This has promoted the

exploration of new targets and applications. In move-

ment disorders, high-frequency DBS mimics the effects

of ablative surgery. By analogy with this type of action

and supported by experiments on animal models of epi-

lepsy, hippocampal DBS was first applied to a hippo-

campus, in which the focus of epilepsy was located, prior

to its resection [22]. Subacute and chronic (3–4 months)



hippocampal stimulation was found to terminate clinical

seizures, to significantly decrease the number of inter-

ictal spikes, and to have no undesirable effects on short-

term memory [22]. The next step is to study whether the

clinical use of chronic hippocampal DBS may serve as

an alternative to hippocampal resection, in those patients

who are not the ideal candidates for resection or in those

who prefer a less invasive treatment.

Method

Placing an electrode into the hippocampus is a procedure that is

well-known for diagnostic purposes, namely for depth EEG recording.

Electrodes are inserted by means of a stereotactic device, using either a

lateral orthogonal [12], a frontodorsal [21] or a posteroanterior approach

[11, 17].

We adopted the latter approach. Patients in whom intrahippocampal

depth recordings are indicated may become good candidates for intra-

hippocampal DBS, and patients who seem to be candidates for chronic

intrahippocampal DBS deserve prior depth analysis. Therefore we

use leads that are labeled for chronic DBS (model 3387, Medtronic,

Minneapolis, MN, USA) to perform both the depth recordings and

stimulation, hence eliminating the need to exchange the diagnostic leads

against therapeutic ones. These are catheter-like, 1.27-mm-thick poly-

urethane electrodes that carry four cylindric platinum-iridium contacts of

1.5mm length each, distributed in line over the distance 10.5mm of the

lead. The very flexible lead is rendered stiffer by an internal stylet, which

is removed after the insertion of the lead into the brain parenchyma.

Because the operational length of the lead (10.5mm) is quite limited as

compared to the length of the hippocampus (�43mm), two of these

leads are inserted in each temporal lobe, one in the basal amygdala and

the other in the hippocampal head (Fig. 1).

Under local anesthesia, the Leksell stereotactic frame (G-frame,

Elekta AB, Stockholm, Sweden) is fixed onto the patient’s head, that

is completely shaved prior to the procedure. MR imaging (1.5 Tesla,

Magnetom Avanto, Siemens, Erlangen, Germany) is done in stereotactic

conditions. Usually 176 sagittal slices of 1.2mm thickness are acquired

in a 3D-T1-MPRAGE sequence. These data are transferred to the plan-

ning desk (FrameLink 4, StealthStation, Medtronic, Minneapolis, USA),

where images are reformatted and registered to the frame’s coordinate

system. Targeting is done by direct visualisation of the hippocampal

head and the basal portion of the amygdala. The hippocampal head is

targeted halfway the surface of the cerebral peduncle and the uncal

recess of the temporal ventricular horn. The entry points for the elec-

trodes in amygdala and hippocampus are chosen a little apart at the

occipital or parietooccipital bone, in a way that the trajectories run

postero-anteriorly, and at the same time, slightly latero-medially. The

trajectories are adjusted as to not crossing sulci, but they are allowed to

cross the temporal horn of the lateral ventricle. It is also avoided to

realize trajectories that ‘‘ideally’’ run through the hippocampi starting

from their slender tails, because this may interfere with the hippocampal

function – at both the affected and the healthy side – and rarely cause

global amnesia [20]. For the surgical procedure proper, the patient is

brought under general anesthesia and in a prone position. Prophylactic

antibiotics are administered (cefazoline 2�2 g i.v. on the operation day

and cefuroxim 1.5 g q 8 hrs for the next 7 days). The trajectory through

the brain is paved by the insertion of a 1-mm-thick straight probe, prior

to the placement of the DBS lead. The latter is then fixed at the level of

the burr hole by means of acrylic cement, and connected to a percuta-

neous extension lead. If required, subdural strip or grid electrodes are

implanted in a separate procedure one or two days after the stereotactic

procedure.

The position of the leads is always verified by MR imaging. For

the sake of safety and according to the newest recommendations of

Medtronic, the specific absorption rate (SAR) of the MRI should not

exceed 0.1W=kg. All electrode contacts are connected with the moni-

toring system (128-channel digital video-EEG, Beehive, Grass-Telefac-

tor, West Warwick, RI, USA). Antiepileptic drugs are gradually tapered

until habitual seizures are recorded. The finding of a unilateral or

bilateral, focal or regional medial temporal lobe seizure onset is the

criterion for offering to the patient the choice to undergo continuous

amygdalohippocampal DBS. Acute DBS is delivered using an external

pulse generator (DualScreen, model 3628, Medtronic, Minneapolis, MN,

USA) and constitutes a trial. Electric stimulation consists of biphasic

square-wave pulses, with a pulse width of 450ms and a frequency of

130Hz. The anteriormost and the third contact of each electrode serve as

cathodes, the other contacts as anodes. The stimulation output is defined

by keeping it subthreshold to the occurrence of stimulation artefacts

recorded from the hippocampal electrode when the amygdalar electrode

is activated with 0.1V increments. Once defined, this stimulation output

is delivered to both the amygdalar and the hippocampal electrodes. The

interictal spike activity in the stimulated area serves as a surrogate

parameter for ictal activity. After continuous delivery for 23 hours per

day, DBS is interrupted every morning at about the same time for one

hour, during which the leads are disconnected from the pulse generator

and reconnected with the video-EEG equipment [25]. If the number of

interictal spikes is found to be reduced by more than 50% during seven

consecutive days, it is decided to convert acute DBS into chronic DBS.

Chronic DBS is delivered by one programmable internal pulse generator

Fig. 1. Axial and sagittal MR imaging after stereotactic insertion

of DBS leads bilaterally in amygdala and caput hippocampi. An

additional subdural grid electrode has been placed over the left

temporal lobe
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(or exceptionally two) with 2�4 output contacts (Kinetra, model 7428,

Medtronic, Minneapolis, MN, USA). The pulse generator is implanted

under general anesthesia in an abdominal subcutaneous pouch and con-

nected with the intracerebral electrodes by means of 95-cm-long exten-

sion wires. Patients are followed up at regular 2-week intervals. Seizure

frequency and side-effects of amygdalohippocampal DBS are moni-

tored. Extensive neuropsychological assessment is scheduled 6 months

after implantation.

Pilot study

Within the frame of a pilot study, that is supported

by the company Medtronic, we included up to now

16 patients for acute amygdalohippocampal DBS. Out

of these 16 patients, two did not meet the criteria for

chronic implantation and one preferred selective amyg-

dalohippocampectomy over chronic DBS. Out of the

13 patients who received chronic DBS, ten were fol-

lowed up for at least one year. Their results in terms of

seizure reduction are discussed in the chapter ‘‘Clinical

experience with vagus nerve stimulation and deep brain

stimulation in epilepsy’’ in this book. In the 13 patients

who had chronic DBS, the following adverse events

were observed: a small asymptomatic bleeding at the

electrode entry point in one patient and around an amyg-

dalar contact (which disappeared after one week) in

another patient. Three late subcutaneous infections oc-

curred and resulted in the temporary removal and repla-

cement of extension lead and internal pulse generator.

Theoretical considerations

Electric current may exert a modulatory action on

neuronal processing through a) the applied electric field,

b) the release of substances, c) the modification of syn-

aptic connections, or d) the modification of cellular

Fig. 2. Schematic hippocampus-like circuit (according to Wierenga CJ and Wadman WJ [26]). The sites where functional stimulation can exert

distinct modulatory effects on circuit signal transfer by changing the synaptic efficacy are indicated by ovals around the fibers. The principal neurons

(triangles) will ultimately generate the output signals of the circuit, but they can also be activated antidromically. Their main input consists of

glutaminergic excitatory fibres (dark) and a variety of e.g. cholinergic and dopaminergic modulations. Local interneurons (diamonds) can exert

GABAergic inhibitory influences (light fibres) on the principal neurons, either in a feedforward or in a feedback organization, through collaterals of

the output fibres or external glutaminergic input. The variety of possible modifications is increased by reciprocal inhibition between subtypes of

local interneurons and the complicated spatial projections of the various input pathways on the dendrite trees of the principal neurons. As yet, the

optimal adequate stimulus to modify a synaptic connection is not known, but it is clear that by the simultaneous influences on different fibre bundles,

the number of possibilities to modify circuits becomes staggering high
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properties. DBS, in its clinical application, is delivered as

a macrostimulation, that reaches and influences a multi-

tude of neuronal and glial cells, fibres and synapses,

each of which may have a facilitating or inhibitory ac-

tion on the circuitry. Hence, DBS, in general and in the

amygdalohippocampal complex in particular, produces

a large combination of microeffects; however, only the

average result of these effects can be observed so far, in

an empirical manner. It is not even known whether each

hippocampus which is subjected to DBS is influenced

the same way, due to the variability in electrode locations,

and the variability in neuronal reorganization in the af-

flicted hippocampus. The delivery of microstimulation

could offer, at least theoretically, the possibility of more

selective interfering with hippocampal processing, as

depicted in Fig. 2. Refinements of this type may consti-

tute a perspective for the future.
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Summary

Electrical stimulation (ES) of the thalamic centromedian nucleus

(CMN) has been proposed as a minimally invasive alternative for the

treatment of difficult-to-control seizures of multifocal origin and sei-

zures that are generalized from the onset. ES intends to interfere

with seizure propagation in a non-specific manner through the tha-

lamic system. By adopting a frontal parasagittal approach and based

on anterior–posterior (AC–PC) commissure intersection, deep brain

stimulation (DBS) electrodes are stereotactically inserted. Electro-

physiologic confirmation of electrodes position is accomplished by

eliciting cortical recruiting responses and direct current (DC) shifts

by low- and high-frequency stimulation through the electrodes.

Cycling mode of bipolar stimulation has been used at 60–130 Hz,

0.45 msec, 2.5–3.5 V, 1min ON in one side 4min OFF, 1min ON in

the other side and 4min OFF forward and back for 24 h. ES of CMN

significantly decreases generalized seizures of cortical origin and

focal motor seizures. Best results are obtained in non-focal gener-

alized tonic clonic seizures and atypical absences of the Lennox-

Gastaut syndrome. Experience has indicated that the most effective

target for seizure control is the thalamic parvocellular centromedian

subnucleus.

Keywords: Neuromodulation; deep brain stimulation; centromedian

nucleus; thalamus; seizure control; multifocal epilepsy; Lennox-Gastaut

syndrome.

Introduction

The non-specific thalamic system [2, 6, 11] that

includes the intralaminar, paralaminar, and midline tha-

lamic nuclei [4] has been implicated in the initiation and

propagation of epileptic attacks [7, 14]. The thalamic

centromedian nucleus (CMN) is part of the non-specific

thalamic system; it represents the largest intralaminar

nucleus located immediately above the AC–PC line at

the level of the posterior commisure (PC) (Fig. 1) and

therefore seems an accessible target from the stereo-

tactic point of view. Electrical stimulation (ES) of CMN

intends to interfere with seizure propagation and to be-

come a minimally invasive therapeutic alternative for

patients who are not candidates for the standard resective

or ablative procedures. This includes patients who have

seizures originating from the onset in: a) multiple cortical

foci, b) bilateral symmetric foci, c) eloquent areas, or

d) seizures without any evidence of focal origin.

Patients and methods

We have used the centromedian thalamic nucleus electrical stimula-

tion (CMES) to treat 22 patients with multiple epileptic foci (bilateral

temporal lobe foci: 16, bilateral supplementary motor cortex foci: 6), five

with epilepsia partialis continua and 26 patients with Lennox-Gastaut

syndrome [10]. All patients had a seizure history for more than 2 years

(from 2 to 21 years) and had been treated with multiple anticonvulsive

regimes with appropriate drugs at or even above therapeutic ranges; this

was confirmed by anticonvulsive drugs blood levels. In the pre-operative

period, anticonvulsants were adjusted to optimal therapeutic levels, re-

peated electroencephalogram (EEG) studies were performed, and mag-

netic resonance imaging (MRI) studies were done to determine the

etiology precisely. During this period, the patients and more often their

relatives were trained to keep a chart of the seizures, specifying seizure

type and medication intake. The study protocol was approved by the

Scientific and Ethical Committees of our Institution and the patients or

their caregivers signed written consent forms. We studied 15 patients in

a double-blind, randomized protocol in which stimulators were turned

OFF for 3 months, beginning 6 months after the commencement of

CMES in one-half of the patients and after 9 months in the other half

of the patients [9] as determined by lottery numbers. The surgical pro-

cedure was performed under general anesthesia and by means of a

frontal parasagittal approach; electrodes were stereotactically guided

in order to place the tetrapolar electrode tip in the z coordinate at the

plane of the AC–PC line and the y coordinate touching the posterior

commissure anterior border. The distance to the middle line i.e. the x

coordinate is 8–10mm at an angle of 45–60� with relation to the AC–PC
line. With these coordinates, three of the four electrode contacts are

placed in the parvocellular CM sub nucleus, which has been found to be

the most effective target for seizure control in our patients (Fig. 1) [9]. In

the past, electrophysiological confirmation of electrode position was



made through externalized electrodes during the post-operative period.

With the patient awake and unrestrained, we confirm the electrode

position intraoperatively, as recently described [3]. To confirm electrode

position, we obtain intra-operative recordings with the patient being

operated on under local anesthesia [3] or under general anesthesia that

can be reverted at the moment of stimulation and recording. It is impor-

tant to avoid benzodiazepines or long-lasting barbiturates as anesthetics

and to add muscle relaxants as necessary to maintain the patient immo-

bilized for recording.

Low-frequency bipolar stimulation (6–10Hz) of the electrode’s ad-

jacent contacts is used to evoke EEG recruiting responses [13]. These

potentials, characteristic of the non-specific thalamic system [2, 6, 12],

Fig. 1. Stereotaxic placing of CM electrodes. (A) Stereotaxic diagram modified from Schaltenbrand and Bailey showing optimal stereotaxic target.

CM localization is accomplished by air ventriculography. This method demonstrates anterior (AC) and posterior (PC) commissures of the third

ventricle. Two lines are drawn, AC–PC line and vertical line perpendicular to PC (VPC). Target point for the electrode tip was at a distance of

10mm from the midline and the intersection of AC–PC line with VPC. CM delineated by continuous line, optimal target delineated by dis-

continuous line. (B) Sagittal MRI showing right CM electrode implanted in patient KCMM12. Note the coronal burr hole through which the

electrode is introduced. The electrode has four contacts, two of which are chosen for CMES

Fig. 2. Recruiting responses obtained

by unilateral left side stimulation of CM

in acute (trans-operative) and chronic

(through totally implanted systems)

(modified from Velasco et al. [9])
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are long-latency (32msec), monophasic, negative, waxing and waning,

bilateral electrocortical responses more prominent in the frontal and

parasagittal leads [10, 13]. In CMN, they are elicited only when the

parvocellular subnucleus is stimulated. Stimulation of the dorsomedially

placed magnocellular subnucleus induces biphasic positive, negative

potentials of the augmenting-response type, while posterior basal area

stimulation induces primary, short-latency responses recorded in the

parietal leads (Fig. 2). With the electrodes temporarily externalized, a

post-operative MRI is performed and electrode positions are verified on

the anatomic atlas using image fusion techniques.

Chronic stimulation parameters are set at 130Hz, 0.45msec at a voltage

of approximately 60%, necessary to obtain recruiting responses. A cycling

stimulation mode is used, alternating right and left 1-min stimulation

periods with 4-min intervals during 24 h [9]. Patients are followed up

at the Out-patient Clinic every 3 months during the first year and every

6months thereafter. The patients’ relatives are asked to continue keeping a

seizure diary and medication intake chart. We have learned that seizure

improvement usually begins during the first month ON stimulation, but

becomes maximal at 3–6 months. Improvement remains fairly stable and

seldom requires adjustment of stimulation parameters. Should an increase

in seizure frequency occur in 2 consecutive months, careful revision of the

stimulation system including impedance, plain X-ray films to detect frac-

ture, dislocation, or migration of DBS electrodes, repetition of recruiting

response tests, and setting the pulse generator at appropriate parameters

while recording the EEG is conducted.

Results

All patients recuperated well from the surgical proce-

dure and post-operative MRI studies did not show brain

swelling or hemorrhage. The results in seizure control

were variable. Prior to using intra-operative verification

of electrode position through recruiting responses and

before realizing that the most efficient site to stimulate

for seizure control was restricted to the parvocellular sub

nucleus [8]. Over the last 5 years, patients in whom

stereotactic position of electrode contacts is found at

a distance more than 2mm from the intended target in

any direction or in whom we fail to obtain electrophy-

siological confirmation, are returned to the operating

room. The electrodes are then replaced because we are

convinced that these predictors are essential for obtain-

ing a good outcome. To date, we have treated patients

with seizures originating in multiple clinical and EEG

foci, patients with seizures originating from the primary

motor cortex, and patients with seizures without evidence

of focal origin, such as the Lennox-Gastaut syndrome.

The results in these categories of patients are described

below.

Multifocal seizures (n¼ 22)

All cases have been followed for more than 26 months

(average, 41.9 months) and the decrease in seizure fre-

quency ranged from 23 to 96%. The residual persisting

clinical seizures are mainly partial complex or brief tonic

episodes and rarely generalized tonic clonic seizures.

EEG studies used to show focal spikes and bilateral

synchronous discharges in the majority of patients; they

Fig. 3. Effect of chronic CM stimulation on EEG. Right side: pre- and post-operative in Lennox-Gastaut syndrome showing a 2.5-cps spike and

wave pattern. Left side: pre- and post-operative recordings in a case with focal spikes and secondary synchronous discharges (from Velasco et al. [9])
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changed to show mainly focal spikes with no general-

ized discharges (Fig. 3).

Focal motor seizures (epilepsia partialis continua)

(n¼ 5)

All patients were children between 4 and 7 years of age.

The effect on secondary generalization of seizures was

immediate; focal motor seizures decreased in all patients,

and only one patient has remained in chronic stimulation.

Unfortunately, at this age group placement of neurostimu-

lation systems is often complicated with skin erosions that

occur repeatedly over electrodes, connectors, cables, and

pulse generators. Consequently, taking into account the

DBS systems currently available, we consider these pa-

tients as poor candidates for neurostimulation with the

currently available stimulation systems.

Lennox-Gastaut syndrome (n¼ 26)

This group of patients was the most severely affected,

presenting with a seizure frequency ranging from 53 to

thousands of seizures per month; sometimes the seizures

were impossible to count, despite the levels of the anti-

convulsant drugs. All patients had a deteriorated mental

condition; thus, neuropsychologic performance could be

evaluated only by means of ability scales. EEG showed

the typical 2.0–2.5 spike and wave EEG pattern (Fig. 4).

In Table 1, we analyze the clinical status, imaging findings,

and the outcome in a group of 13 patients followed-up

for an average period of 18 months; these patients showed

a seizure reduction ranging from 53 to 100%. For the first

2 years, the patients were maintained on a fixed dose of

anticonvulsant drugs that provided the best control in the

pre-operative period; thereafter, anticonvulsant medica-

tion was adjusted and two of these patients are seizure-

Fig. 4. Placement of contacts used for bipolar CM stimulation on sagittal (left) and frontal (right) sections of Schaltrenbrand and Wahren atlas (from

Velasco et al. [9])
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free and OFF medication. Concomitant with seizure

improvement, patients experienced improvement in neu-

ropsychologic performance, with 73% (19 of 26) re-incor-

porated into school or work.

Although the best results have been obtained in

Lennox-Gastaut syndrome, there were several cases in

this group who showed only mild improvement. On the

other hand, although the frequency of focal seizures de-

creased less with CMN stimulation, there were cases

presenting with an improvement in seizure frequency

of up to 96% in the long term.

To determine the role they play in the degree of im-

provement the precise electrode placement in differ-

ent CMN areas and the electrophysiologic confirmation

by means of the recruiting response, we analyzed these

variables against efficacy in seizure control. Figure 4

shows placement of the electrode contact for chronic

stimulation: filled dots represent electrodes through which

typical cortical recruiting responses were induced; empty

dots represent electrodes that induced augmenting (posi-

tive–negative) responses, and X those electrodes that

did not induce long-latency, diffuse responses. Typical

recruiting responses were induced mainly by contacts

placed in parvocellular CMN. Table 2 correlates stereo-

tactic placement and electrophysiologic confirmation with

the long-term outcome of Lennox-Gastaut patients (pre-

sented in Table 1); C indicates correct and I, incorrect

placement or electrophysiologic confirmation. We note

that imprecise placement or lack of electrophysiologic

confirmation correspond in general with poor outcome.

Conclusions

Electrical stimulation of the thalamic CMN is effi-

cient in controlling various types of seizures. Best re-

sults have been seen in Lennox-Gastaut syndrome, in

which improvement is often spectacular. In these cases,

improvement compares favorably with that in corpus

callosotomy [5] and vagus nerve stimulation [1]. Focal

seizures improve in the long term, but secondary gener-

alization improves within days to months from the com-

mencement of stimulation. In focal seizures, therefore,

Table 1. Clinical characterization of 10 selected patients with Lennox-Gastaut syndrome

INIT Age (years) MRI EEG Seizure type sz=month before CMES Final

SK-W
GTC AA

improvement (%)

GA 8 N Y Y Y 3119 100

MAM 7 RF DYSG Y Y Y 4300=NC st 100

AMP 9 BITEMP Y Y Y 3780=NC st 95

MS 13 L ATR Y Y Y 3030 95

MAPR 11 N Y Y Y 1200 95

JM 21 N Y Y Y 787 91

JS 21 TbSc Y Y Y 2576 89

IM 22 N Y Y Y 18 87

LC 19 N Y Y Y 56 79

EGV 10 N Y Y Y 50=Cst 70

DC 4 TbSc Y N Y 150 58

JR 13 N Y Y Y 35 53

LVAP 13 CB INF Y N Y 50 30

GTC Generalized tonic clonic; AA atypical absences; CXP complex partial seizures; AED antiepileptic drug; SK-W slow spike wave complexes;

N normal; RFDYSG right fontal dysgenesia; BITEMP bitemporal encephalomalasia; L ATR left hemispheric atrophy; TbSc tuberous sclerosis,CB INF

cerebral infarct. sz=month before CMES Calculated by averaging the 3 months baseline immediately before starting CMES; 4300=NCs 4300 plus

several non-convulsive status per year; 50=Cst 50 seizures plus several convulsive statuses per year. Patient improvement at 18 months. Note that no

patient who had convulsive or non-convulsive status had another one after CMES (MAM, MAP, and EGV).

Table 2. Stereotactic placement, electrophysiologic predictors, and

seizure relief obtained after 18 months of CMES are shown

Patient

initials

Stereotactic

placement

Electrophysiologic Final

improvement

RCM LCM RCM LCM
(%)

GA I C I C 100

MAM C C C C 100

AMP C I C C 95

MS C C C C 95

MAP C C C C 95

JM C C C C 91

JS C C C C 89

EM C C C C 87

LC C C I I 79

EGV C C C I 70

DC C I C C 58

JR C I I I 53

LVA I C I I 30

C Correct and I incorrect placement for stereotaxic placement and

localization of neurophysiologic responses (see text for details).
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CMN stimulation appears to interfere mainly with sei-

zure propagation. Correct stereotactic placement and

electrophysiologic confirmation are essential for obtain-

ing a satisfactory outcome.
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Summary

One option for treatment of medically refractory debilitating epilepsy

is stimulation of the anterior thalamic nucleus, which projects via the

cingulate gyrus to limbic structures and neocortex. In this chapter we

describe the technique for anterior thalamic deep brain stimulation and

report outcomes of early series of patients. The prospective double-blind

randomized Stimulation of the Anterior Nucleus of the Thalamus for

Epilepsy (SANTE) trial will evaluate the efficacy of this technique for

epilepsy treatment.

Keywords: Neuromodulation; thalamus; anterior thalamic nucleus;

stimulation; epilepsy; SANTE trial.

Introduction

Seizures are episodes of disturbed brain function that

cause changes in attention and=or behavior due to ab-

normal electrical excitation in the brain. Seizures as a

clinical entity were described in Indian, Chinese and

Mesopotamian literature about 3000 years ago. Later,

Hippocrates postulated that the convulsions were due

to abnormal brain activity. Epilepsy, defined as two or

more seizures, afflicts nearly 3% of the population at

some point in their lifetime, though only one-tenth of

this number has epilepsy that is active. The consequences

of uncontrolled epilepsy are vast [23] and range from

physical injury such as contusions, fractures, lacerations

and burns to psychosocial disorders resulting from de-

pression, social withdrawal, embarrassment, decreased

independence and limited employment opportunities.

Mortality rates are four to seven times greater than in

the general population and sudden death can result di-

rectly from seizures, or occur as an indirect consequence

of severe depression and suicide [23]. Of the 0.3% of the

population that are active epileptics, two-thirds are con-

trolled by medical therapy, and one-third are refractory

even after 18 months of aggressive therapy with two

standard anti-epileptic agents. A percentage of the medi-

cally refractory patients will have seizures arising from a

focal area that is not in eloquent cortex and thus be

candidates for surgical resection of their seizure focus.

The remainder of these active epileptics are possibly

candidates for alternative surgical therapy, such as stim-

ulation. This chapter reviews the development of one

type of stimulation, that of the anterior nucleus of the

thalamus, for the treatment of epilepsy.

Rationale behind treatment

Dr. Irving Cooper was among the prolific leaders in

treatment of seizures by stimulation. His early work

performing anterior choroidal artery ligation and cryo-

genic thalamotomy had the rationale of treating seizures

by lesioning of high-traffic pathways [21]. Cooper et al.

also stimulated the cerebellum [6], which earlier work

by Cooke and Snider had suggested should inhibit sei-

zures [5].

Subsequent central nervous system targets have in-

cluded the caudate, posterior hypothalamus, centro-

median [9] and anterior thalamic nuclei, subthalamic

nucleus [4], ictal cortex, and hippocampus [26]. The

trigeminal [7] and vagal nerves have also been targeted

with stimulation, with the latter being among the more

common modalities for medically refractory seizure

therapy, since it has demonstrated efficacy and few side

effects [1].

In 1937, James W. Papez decribed a ‘‘Proposed

Mechanism of Emotion’’ linking the hippocampus via

the fornix to the mammillary bodies, anterior nucleus of

the thalamus and cingulate cortex [20]. Atrophy, MRI sig-

nal change or sclerosis of structures within this Cicuit of

Papez have been noted in mesial temporal sclerosis and



other forms of epilepsy [18]. The hippocampus in parti-

cular, is noted to be sclerotic in some forms of epilepsy.

Stimulation of deep brain nuclei has a complex mech-

anism with ranging effect; it is postulated to result in

inhibition at a cellular level [16]. Subthalamic nucleus

stimulation may mediate its effects via glutamate or do-

pamine release in the substantia nigra pars reticulata

[2, 3, 8, 15, 24]. Whereas low frequency stimulation

drives or synchronizes cortical activity, high frequency

stimulation blocks epileptiform activity in the cortex.

Subthalamic nucleus stimulation can raise or lower the

seizure threshold depending on its frequency [14].

Stimulation of targets within the Circuit of Papez

is hypothesized to result in direct anterograde cortical

stimulation. The anterior thalamic nucleus is an ideal tar-

get for stimulation because it is a relatively small target

with projections via the cingulate gyrus to limbic struc-

tures that ultimately affect wide regions of neocortex.

Rodent studies are consistent with a potential ben-

eficial effect for anterior thalamic nucleus stimulation

to treat epilepsy. High frequency (100Hz) stimulation

of the anterior nucleus in rats administered pentyl-

entetrazol raised the clonic seizure threshold relative

to na€��ve rats or those stimulated in adjacent regions of

the brain [17]. Low frequency (8 Hz) stimulation, in-

terestingly, was proconvulsant and caused behavioral

arrest [17].

Seizures induced by pilocarpine were seen after a

prolonged latency in rats undergoing anterior nuclear

stimulation and eliminated by bilateral anterior nuclear

thalamotomy. Unilateral stimulation or lesioning affected

neither seizure propensity nor latency [19].

Surgical technique

Candidates for stimulation of the anterior thalamic

nucleus are those with partial onset epilepsy who are

refractory despite twelve to eighteen months of therapy

with at least two therapeutically dosed anti-epileptic

agents. Patients should either have failed or not be can-

didates for focal cortical resection of the epileptogenic

focus and=or vagal nerve stimulation.

Patients are administered general endotracheal anesthe-

sia prior to placement of the Leksell frame under sterile

conditions. The frame is positioned with four pins after

temporary fixation with ear bars. Its tilt is parallel to the

lateral canthal-external auditory meatal line, which is

itself approximately parallel to the anterior commisure–

posterior commisure (AC–PC) line. After attachment of

the magnetic resonance imaging (MRI) localizer, a

1.5 Tesla MRI is obtained with both fast spin echo inver-

sion recovery and standard T2 images.

Targeting is performed via three methods. Indirect lo-

calization according to the Schaltenbrand atlas [22] is

performed by first identifying the AC–PC line on the sagit-

tal image. Axial images parallel to, and coronal images

perpendicular to the AC–PC line are then obtained. The

coordinates of AC and PC are obtained to calculate the

midcommisural point. The anterior thalamic nucleus is

located 5mm lateral and 12mm above the midcommisural

point according to the Schaltenbrand atlas [22].

Since the anterior nucleus of the thalamus is readily

visible in the floor of the lateral ventricle on MRI, direct

localization is a second method for target localization.

Coordinates are calculated relative to the center of the

frame.

The third method of localization enables simulation

of the trajectory from entry point to target by Medtronic

Stealth navigation (Medtronic Inc., Minneapolis, MN).

The MR image is downloaded into the Stealth station

computer, The AC, PC and midline points are marked,

and the anterior thalamic nucleus target is calculated.

Inputting the entry point at or anterior to the coronal

suture plots the trajectory, as well as the anterior-poster-

ior and lateral arc coordinates for the Leksell frame.

After Mayfield fixation and sterile preparation of the

unshaved head, an incision is made overlying the coro-

nal suture and burrholes are placed. The dura and pia are

sharply incised and cauterized, and after final check of

the actual trajectory with the Stealth system to confirm

avoidance of critical structures, a guiding cannula is

inserted into the brain under direct fluoroscopic and

Leksell frame guidance. The deep brain stimulation lead

is advanced through the cannula to target and the can-

nula and lead stylet are carefully removed. We have used

the Model 3387 Medtronic stimulator leads with electro-

des 1.5mm apart, as the target is relatively larger than

other DBS targets. The lead is secured to a burrhole cap

and the skin incision is closed. The Leksell frame is

removed and the head, neck, and infraclavicular regions

are sterilized in preparation for internal pulse generator

placement. The scalp incision is then reopened for con-

nection of the lead to an extension wire that is tunneled

subcutaneously to an internal pulse generator placed via

a separate incision in an infraclavicular pocket.

After reversal and recovery from anesthesia, postoper-

ative MRI images are obtained to confirm appropriate

lead placement (Fig. 1), and the patient is discharged to

home two days later. Stimulators, which have variable

frequency, pulse width and pulse amplitude, are turned
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on approximately ten to fourteen days postoperatively.

For initial stimulation the frequency is set at 130Hz and

the pulse width at 60ms. There are four contacts on the

deep brain stimulation lead; the contact inducing the opti-

mal clinical effect at minimal voltage and with the fewest

side effects is identified. Generally multiple outpatient vis-

its are necessary to optimize the stimulation parameters.

Results of anterior thalamic nucleus stimulation

in epilepsy patients

The first series of five epilepsy patients undergoing

anterior thalamic nucleus deep brain stimulation [11] re-

vealed that seizure frequency was decreased by 54% at

a mean of 15 months follow-up, with two patients hav-

ing greater than a 75% reduction in seizure frequency.

Implantation of the stimulators appeared to confer the

greater portion of benefit, however, as there was no sig-

nificant difference between when the stimulators were

on or off [11].

A second multicenter series of five patients under-

going anterior thalamic nucleus DBS for epilepsy

revealed that four demonstrated decreased secondary

generalization of seizures and decreased incidence of

falling. One patient demonstrated decreased seizure

frequency [12].

SANTE trial

Evaluating the efficacy of a clinical treatment modal-

ity requires a clinical trial. The Stimulation of the Ante-

rior Nucleus of the Thalamus for Epilepsy (SANTE)

trial began in December 2003 to test whether bilateral

stimulation of the anterior nucleus of the thalamus can

safely and effectively reduce seizure frequency in

patients with epilepsy [25]. Ten to twenty sites in the

United States and Canada will enroll approximately 125

patients in the prospective, randomized, double-blind

study. Trial candidates are adults with partial-onset sei-

zures with=without secondary generalization experien-

cing an average of six or more seizures per month for

whom at least three antiepileptic drugs have proven in-

effective. They will continue to receive their epilepsy

medications while participating in the trial. Patients may

have had vagal nerve stimulators, but their generator must

be explanted at the time of DBS generator placement.

All patients will be implanted and monitored for up

to two years following DBS implantation, with long-

term follow-up until the device is approved or the study

is stopped. Patients in the active group, who will receive

neurostimulation at a voltage of 5, pulsewidth of 90 ms
and frequency of 145Hz, will be monitored for a reduc-

tion in seizure rates compared to the control group, who

will not receive neurostimulation (voltage zero, pulse-

width 90 ms, frequency 145Hz) during the double-blind

phase. After the double-blind phase, all patients will

receive neurostimulation. A battery of neuropsychologi-

cal tests will be performed in all patients participating

in the trial at various time points throughout the duration

of the two years.

Closed-loop systems

Early results of open-loop systems, in which seizure

detection triggers stimulation [13], suggest that a closed-

loop system, in which the ictal activity is first detected

and then squelched by an implanted device, may ulti-

Fig. 1. A T2-weighted axial magnetic resonance image demonstrating

lead placement for anterior thalamic nucleus stimulation

Fig. 2. A sagittal magnetic resonance image demonstrating lead

placement for anterior thalamic nucleus stimulation
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mately be a possibility. Recently, high-frequency stimu-

lation was performed in eight patients with a closed-loop

system, in which stimulation was delivered either to the

epileptogenic cortex (n¼ 4) or via the anterior thalamic

nucleus (n¼ 4) after automated seizure detection. Three

of the four patients in which stimulation was to the cortex

and two of four with stimulation to the anterior thalamic

nucleus responded with decreased seizures [19].

A clinical trial recruiting 80 patients at thirteen med-

ical centers began in February of 2004 to evaluate the

efficacy of the implantable Responsive Neurostimulator

(RNS) Neuropace (Mountain View, California) for treat-

ment of medically refractory seizures.

Conclusion

Eradification of epilepsy remains an elusive goal.

Deep brain stimulation may ultimately contribute to de-

creasing the morbidity and mortality of this disease. The

anterior nucleus of the thalamus appears to be a promis-

ing target for such stimulation.
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Summary

The present chapter describes the most important available experi-

mental and clinical evidence on the role of electrical stimulation of the

cerebellum or the thalamus in the control of epilepsy. Cerebellum serves

as an integrator of sensory information and regulator of motor coor-

dinating and training. The sole output of the cerebellum is inhibitory

Purkinje cell projections to deep cerebellar nuclei in the brainstem.

Cerebellar stimulation in animal models of epilepsy has given mixed

results. Nevertheless, more than 130 epileptic patients have been sub-

jected to cerebellar stimulation and the results from uncontrolled studies

have been encouraging. The anterior thalamic nucleus (ATN) is part of

the Papez circuit, a group of limbic structures with demonstrated role in

epilepsy. The centromedian thalamic nucleus (CMN) is considered part

of the thalamic reticular system. Stimulation of either of these nuclei in

experimental animals has been associated with considerable antiepileptic

effects. On the basis of the research evidence, numerous studies have

been done on humans, which gave promising results. Currently, a multi-

center trial on stimulation of the ATN, the SANTE trial is in progress in

the USA. On the basis of the reported studies, the authors aim to provide

insights into how the electrical stimulation of the above structures exerts

an antiepileptic effect and also provide suggestions regarding the future

progress in this field.

Keywords: Neuromodulation; thalamus; cerebellum; deep brain stim-

ulation; DBS; epilepsy; refractory seizures.

Introduction

The cerebellum [11], because of its GABA-ergic

Purkinje cells output and relay input into motor cortex

and hippocampus, and the nonspecific thalamus [71, 73,

75] because of its widespread influence on cortical func-

tion, both have been investigated as targets for brain

stimulation in the treatment of epilepsy in a number of

experimental animal studies and human clinical trials.

Cerebellar stimulation for epilepsy

More than one half of human brain neurons form the

cerebellum; the structure serves as a unique integrator of

inputs from second order sensory nuclei in brainstem

(via mossy fiber inputs) and motor training information

from olivary nuclei (via climbing fiber inputs) [15]. The

cerebellum regulates motor coordination and training and

recently has been shown to support learning and mem-

ory processing [23]. The sole output of the cerebellum

is inhibitory Purkinje cell projections to deep cerebellar

nuclei in brainstem. Cerebellar pathways subsequently

project to widespread frontal lobe and subcortical struc-

tures. The Purkinje cell inhibitory output and widespread

cortical projections support the possible role of cerebel-

lar stimulation to reduce epileptogenic activity (Fig. 1).

Cooper et al. first developed electrical cerebellar stim-

ulation for the treatment of generalized and partial sei-

zure disorders in humans in 1973 [12]. Human trials were

based on animal studies by Cooke and Snider [10] and

other investigators [64] showing that anterior cerebellar

stimulation shortens trains of hippocampal epileptiform

activity induced by electroshock. These studies followed

the earlier work by Walker [76] showing that cerebellar

stimulation could increase the amplitude and fast ac-

tivity in the cerebral EEG in animals and the important

work by Moruzzi [52] showing that decerebrate postur-

ing in cats was decreased by high-frequency electrical

stimulation of the anterior cerebellum and increased by

low-frequency stimulation. Studies of the influence of

cerebellar electrical stimulation on animal models of

epilepsy are conflicting, however, and suggest a variable

influence on seizures.

Animal models of epilepsy

Early workers found a positive benefit of cerebellar

stimulation in animal models of epilepsies. Anterior cer-



ebellar stimulation has been reported to arrest seizures

induced by focal cerebral electrical stimulation in cats

[10], to reduce variably frontal lobe cobalt-induced

seizures [24], and to reduce temporarily cobalt-induced

spiking in cats [53]. Stimulation of deep nuclei or of

the hemispheric cerebellum can inhibit focal penicillin-

induced spikes, with pyramus and right paramedian stim-

ulation being most effective [35]. Vermal cortical and

fastigial nuclear stimulation at high frequencies (100Hz)

was effective in reducing the number of epileptiform

spikes in the feline generalized penicillin model. Out-

come of dentate nucleus stimulation was more vari-

able [31]. Cerebellar hemisphere stimulation in rabbits

blocked or reduced pentylenetetrazol-induced ictal ac-

tivity, but only within a very narrow rage of stimula-

tion parameters; biphasic stimulation at 10Hz, 1.3- to

1.5-ms pulse duration, and 4.0 V amplitudes were most

effective. Other indirect evidence suggests that the cere-

bellum may modulate the genesis of partial seizures.

Penicillin-induced hippocampal afterdischarges were as-

Fig. 1. Ascending and descending motor pathways between cortex and cerebellar vermis (left panel) and cerebellar intermediate zone (right panel).
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sociated with the increase of Purkinje cell activity that

lasted many seconds after the afterdischarges [50].

Ablation of the vermis and of the intermediate zones

increased spike frequency in cats with the penicillin-

induced focal epilepsy of the sensorimotor cortex [35].

The seizure-suppressing effect of cerebellar stimulation

on amygdaloid afterdischarges was blocked by bilateral

fastigial nuclear lesions [50]. Godlevskii et al. [28] recently

showed that paleocerebellar (uvula and nodulus) stimu-

lation at low frequencies (10–12Hz) produced increased

cortical spiking in penicillin-treated rats; high fre-

quency stimulation (100–300Hz) interfered with spiking.

Intrinsic burst rhythms in cerebellum originate in olivary

nuclei, internuclei (unipolar brush cells and Golgi cells)

and Purkinje cells [63]. It is unclear whether low and

high frequency stimulation may have differential effects

on parallel fibers in the molecular layer or Purkinje cell

and granular layers that contain interneurons.

Several studies in animal models of the epilepsies have

shown no benefit from cerebellar stimulation. In other

studies, only the motor manifestations of seizures were

inhibited. In a series of experiments by Meyers et al.

[45], acute and chronic anterior cerebellar stimulation

did not influence electrographic or clinical manifesta-

tions of any of four different seizure models in cats:

enflurane, pentylenetrazol, penicillin, and chloralose.

Prolonged high-frequency simulation of the vermis with

increasing voltages reduced spike bursts [67]. This was

also associated with behavioral and electrographic arous-

al. Cerebellum removal, cerebellar hemisphere stimu-

lation, or low-frequency stimulation of the culmen

were ineffective. Cerebellar stimulation to block electri-

cally induced seizure activity was ineffective [65].

Removal of the cerebellum can decrease tonic hindlimb

extension induced by pentylentetrazol, although this

could reflect an action on limb tone [56]. Ramier et al.

[57] found stimulation to have variable influences on

focal cobalt-induced seizure frequency; seizures were

often prolonged, and spiking increased.

Effects of stimulation in monkeys are also mixed.

Stimulation of fastigial and dentate nuclei in monkeys

did not alter discharges from cobalt-induced foci [30].

Superficial cerebellar stimulation did not alter focal

seizures in monkeys [33]. Fastigiobulbar stimulation in

hippocampal cobalt-induced epilepsy resulted in desyn-

chronization and interruption of spiking; however, stim-

ulation only affected the clonic phase of seizures, and

dentatothalamic stimulation was excitatory [3]. Lockard

et al. [44] used stimulation parameters similar to those

for human trial (10-Hz, 1-ms pulses, 10min on, 10min

off, and 2-mA current) in an alumina-gel monkey model

and found an inverse relationship between clinical sei-

zures and EEG interictal cerebellar stimulation. Seizures

increased three times the baseline rates in monkeys, but

9 of 12 monkeys had granulation tissue abscesses at

stimulation sites. Rubio et al. [62] performed superior

left cerebellar stimulation in kindled rats. Stimulation

initially facilitated the development of kindling, but later

prevented secondary generalized seizures. Ipsilateral, left

amgydalar afterdischarge thresholds during electrical

stimulation decreased between 1 and 8 trials and then

increased between 11 and 18 trials: after 18 trials, control

animals had the longest duration afterdischarge train.

Stimulation caused ‘‘light hypertonicity’’ of the arms,

head tremor and ataxic gait. They concluded that elec-

trode injury caused reductions in afterdischarge duration

and that stimulation initially interfered with dentate and

interpositus nucleus efferents.

In 1980, Laxer et al. [43] summarized the available

animal findings; electrical stimulation of the vermis or of

the intermediate cortex has resulted in improvement of

generalized seizure activity and of focal limbic seizures

in some animal models. Stimulation of the cerebellar

hemisphere has produced only a minimal effect on focal

seizure of the limbic system. Direct stimulation of the

fastigial nucleus is more effective for limbic seizures,

but for generalized seizures, stimulation of the medial

cerebellar nuclei proves more effective. Cerebellectomy

decreases motor manifestations of seizures. The benefits

of cerebellar stimulation are not clear or uniform among

various animal models and experimental paradigms. A

clear understanding of the underlying physiology of cer-

ebellar stimulation has been lacking. A further compli-

cation in the studies has been the considerable intrinsic

variability of epileptiform activity in the animal models

of the epilepsies; changes cannot easily be ascribed to

the effects of stimulation [25].

Human studies

The physiological effects of stimulation of the inter-

mediate zones and vermis of the spinocerebellum and

the mesial portion of the lateral hemispheres in man are

poorly understood. The spinocerebellum appears to reg-

ulate body tone and indirectly regulates motor output via

information from cortical and peripheral sensorimotor

afferents. Efferent connections from the intermediate

zone to the red nuclei magnocellular areas and from

the vermis to the reticular formation may modulate cer-

ebral excitation. Stimulation of the overlying cerebel-
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lar cortex, for example, has facilitated fastigial nucleus

evoked excitatory postsynaptic potentials (EPSPs) in

the medullary reticular formation [36] and may block

cortical somatosensory evoked potential (SEP) responses

[11, 37]. An increase in Purkinje cell inhibitory output,

however, does not appear to explain stimulation effects on

epilepsy; single-unit recordings demonstrate a decrease

in the firing rate of Purkinje cells both near and distant

from stimulating electrodes [24]. Repetitive stimulation

completely suppresses spontaneous Purkinje cell activity

during the period of stimulation [53]. Surface folial stim-

ulation inhibits Purkinje cell activity for 80–500ms fol-

lowing single-pulse shocks [35].

After several years of experience with animal work

and uncontrolled clinical trials, Cooper recommended a

protocol for chronically stimulating the surface of the

intermediate zone and vermis of the anterior cerebellum

by fully implanted electrodes. His protocol used four or

eight electrodes, stimulation settings of 10Hz, a several-

minute on and off cycle, and current intensity just below

meningeal irritation, approximately 2.5mA [11]. He later

recommended adjusting the minimal charge densities to

alter spinal cord reflexes and cortical SEPs. Cooper

recommended broad selection criteria and included pa-

tients with multifocal epileptiform discharges on the

EEG, IQ above 80, absence of a mass lesion, and either

generalized or partial seizures. Many of the series of

cerebellar stimulation for epilepsy are difficult to inter-

pret because of variations in patient selection, treatment

protocols and the unsystematic, collection of outcome

data. Cooper reported a 50% or greater reduction of

seizures in 18 out of 34 patients (53%) treated with

chronic anterior cerebellar stimulation, including dra-

matic seizure reduction in some patients. Overall, in the

published literature, a total of 132 patients are reported

with cerebellar stimulation for treatment of epilepsy:

92 (70%) had reductions in seizures. In many of these

series, there was little description of seizure types, basic

clinical information, and follow-up data. Some patients

had only temporary stimulation; some had stimulators

no longer delivering current (Table 1).

The largest nonrandomized stimulation treatment se-

ries are those of Davis and Emmons [17]. In 1992,

Davis and colleagues reported on implanting cerebellar

stimulators in 338 patients, delivering charge densities

of 0.9–2.5 mC=Cm2=phase at 10–180 pulses per second

to bilateral electrode pads on the superiomedial cerebel-

lar cortex. Although the indication was spasticity in 90%,

33 patients also had epilepsy, and 6 of these patients

had only epilepsy (19–21). Overall 27 patients (84%)

demonstrated a seizure reduction. Patients continued to

use chronic cerebellar stimulation for an average of

13.9 years, with a range of 9–17 years. An argument has

been made by Davis and Emmons [17] and by Bidzinski

et al. [5] for a ‘‘carry-over’’ benefit of stimulation after

as little as 10–12 day of temporary stimulation. The mech-

Table 1. Summary of human cerebellar stimulation studies for treatment of epilepsy. A total of 115 patients received cerebellar stimulation in

uncontrolled studies; 17 patients received stimulation in controlled studies

Year Uncontrolled studies Number of patients Seizure outcome

Seizure free Seizures reduced No change Seizures increased

1973 Cooper 34 18 16

1977 Gilman 6 5 1

1977 Fenton 1 1

1977 Dow 3 1 2

1979 Levy 6 3 3

1981 Bidzinski� 14 5 8 1

1984 Heath 8 4 4

1984 Madrazo 3 3

1984 Amin 2 2

1987 Klun 6 3 3

1991 Davis� 32 19 8 4 1

Total 11 115 31 56 27 1

Controlled studies

1978 Van Buren 5 1 4

1984 Wright 9 1 8

2005 Velasco 3 3

Total 3 17 5 12

� Follow-up includes patients with remote (>1 year stimulation).
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anisms for such an effect are unknown and variability in

seizure patterns may have accounted for some effects in

uncontrolled series. Two double-blind, controlled studies

emulated Cooper’s recommended protocol of anterior cer-

ebellar stimulation. Neither reported significant seizure

reduction during chronic stimulation. Wright et al. [77]

treated 12 patients who had partial and generalized sei-

zure in a cross-over study. All patients had generalized

epileptiform discharges, and some patients had focal

discharges. Nine patients had complete data collected,

and only one had reduced seizures during the treatment

period. Surprisingly, 11 of the patients felt as if their

epilepsy had improved during the trial; however, they

described benefits from both stimulation and placebo

phases of treatment [77]. Van Buren et al. [68] per-

formed an influential pilot study in which he compared

baseline prestimulation seizure frequency and seizure

frequencies during on and off stimulation periods in 5

patients. Seizure frequencies were unchanged during the

stimulation on treatment and pretreatment baseline per-

iods. This study was criticized because patients’ seizures

significantly increased during stimulation off periods

compared to pretreatment baseline and stimulation on

treatment phases. It is unclear from the data whether this

was due to a ‘‘rebound effect’’ or to other uncontrolled

experimental effects. There also were some possible cal-

culation errors in the statistical analysis.

Velasco et al. [69] noted that implantable program-

mable pulse generators were not available in previous

cerebellar trials and replicated Van Buren’s randomized

pilot study. Five patients had stimulation electrodes

placed over superomedial cerebellum with program-

mable stimulators. In an initial blinded study period,

3 patients were randomized to receive cerebellar stimu-

lation; 2 patients received sham stimulation. The patients

averaged between 8 and 22 motor seizures per month at

baseline. These were predominantly tonic clonic or tonic

seizures; 2 patients also had drop attacks and one had

myoclonic and atypical absence seizures. Cerebellar stim-

ulation was adjusted to obtain charge density of 2 micro-

coulomb=cm2=phase at a pulse frequency of 10 per

second, on 5min off for 4min with one minute train

duration alternating between left and right cerebellar

electrodes. Patients subsequently had open stimulation.

During the 3 month treatment period, seizures frequen-

cies were reduced by 72% for the three patients with

actual (non-sham) stimulation (baseline: mean 6.2 sei-

zure per month versus treatment: 1.7 seizures=month).

The two patients with sham stimulation did not improve:

(baseline: mean 4.6 seizures per month versus sham-

treatment: mean 3.7 seizures per month). Tonic clonic

seizures were markedly reduced during cerebellar stimu-

lation (p¼ 0.023), however, the ANOVA analysis was

unlikely to be valid for the small pilot group. During

open stimulation, patients had additional reductions in

seizures over 6–9 months of treatment. Electrodes

became displaced in 3 of the 5 patients and were moved

back over the superior cerebellum in a second surgery.

Chronic cerebellar stimulation appears to be generally

safe and well tolerated in these previous trials, although

it has been shown that morphological changes may occur

adjacent to the stimulation electrodes. Riklan et al. [58]

performed a battery of psychological tests in 13 patients

and detected no cognitive changes during chronic stim-

ulation. Davis reports that none of his 62 patients who

had stimulation treatment for spasticity alone developed

seizures during stimulation. In a literature review of

676 patients treated with cerebellar stimulation (90%

for spasticity), Davis noted one reported postoperative

death. Morphological changes due to stimulation were

detected in three patients at autopsy [60]. Changes in-

cluded loss of Purkinje’s cells and climbing fibers within

2mm from stimulating electrodes. It appears that an

important factor in both safety and possible efficacy is

the maintenance of stimulation charge densities in the

range of 1–5 mC=cm2=phase [8, 18, 19].

An important role for cerebellum in learning and

working memory has been shown recently. D’Angelo

et al. [15], for example, demonstrated with fMRI that

the cerebellum is activated by tasks requiring verbal

working memory and that transcranial magnetic stimula-

tion of cerbellum transiently interferes with performance

in a verbal discrimination task. It is unclear whether

transcranial magnetic stimulation interferes with larger

regions of cerebellum than electrical stimulation of the

antero-superior cerebellum. Riklan et al. previously

showed antero-superior cerebellar stimulation improved,

rather than decreased, motor performance in neuropsy-

chological tests [59].

Results from some animal studies and from uncon-

trolled human trials of chronic cerebellar stimulation

treatment for epilepsy are encouraging; however, these

results have not been confirmed in controlled studies.

Nevertheless, only 17 patients have been tested in con-

trolled studies of cerebellar stimulation for epilepsy.

A variety of clinical issues remain unsettled, including

which seizure types might be best treated, which stimu-

lation parameters are optimal, and what the physiolo-

gical rationales for this treatment are. It has not been

established that superior cerebellar stimulation facilitates
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rather than blocks Purkinje cell output to dentate nuclei

and other cerebellar nuclei. Moreover, it is unclear

how activation of deep cerebellar nuclei might mediate

epilepsy or whether superficial cerebellar stimulation

might alter intrinsic rhythms originating in olivary nu-

clei, internuclei (unipolar brush cells and Golgi cells)

and Purkinje cells [63].

Thalamic stimulation for epilepsy

The widespread inputs from thalamus to cortex have

provided a rationale for thalamic stimulation therapy for

epilepsy. Thalamocortical projections arise from specific

thalamic nuclei such as ventral posterolateral, ventral

posteromedial and lateral geniculate nuclei, and from

non-specific nuclei such as reticular, anterior, and intra-

laminar nuclei. Projections from specific thalami nuclei

are highly organized topographically and project to mid-

dle cortical layers, while nonspecific thalamic connec-

tions are diffusely organized and project widely upon

superficial cortical layers [40]. The thalamus is the ori-

gin of both normal and pathologic rhythmic oscillations

which can be recorded on the electroencephalogram

(EEG), such as normal sleep spindles and generalized

spike and wave discharges [38]. Stimulation of non-spe-

cific thalamic nuclei can block epileptiform activity in

experimentally induced convulsions [42], though gener-

alized ictal activity can also be triggered [61], depending

on stimulation frequencies and current. The thalamus

also synchronizes seizure activity which begins in limbic

[4] and subcortical areas [47] and may cause focal sei-

zure activity to become generalized. During spike-wave

seizures, synchronized activity of gamma-aminobutyric

acid (GABAergic) neurons in the reticular nucleus of

the thalamus causes inhibitory postsynaptic potentials

(IPSPs) in thalamocortical neurons, which correspond

to the slow wave component on the EEG [7]. These

influences support a rationale for stimulating the thala-

mus to treat intractable epilepsy.

Centromedian nucleus stimulation

The centromedian (CM) nucleus is an intralaminar

nucleus and is considered part of the thalamic reticular

system. While the majority of the intralaminar neurons

project to the basal ganglia, some project directly to the

cerebral cortex [39]. In 1941, Dempsey and Morison

found that stimulation of the thalamus resulted in diffuse

electroencephalographic changes [22]. In particular, low

frequency stimulation (8–12Hz) of the intralaminar

nuclei in cats generated a long-latency, surface negative

potential that waxed and waned in amplitude over wide

cortical areas, termed the recruiting response. In rabbits,

different frequencies of stimulation elicited different EEG

responses [51]: low frequency (3Hz) stimulation of the

medial thalamus produced cortical EEG synchronization

in the form of the recruiting response, but stimulation

at a frequency of 200Hz resulted in EEG desynchroni-

zation. Moreover, Jasper and Droogleever-Fortuyn dem-

onstrated that bilateral cortical spike-and-slow-wave

complexes on the EEG appeared to result from stimula-

tion of the intralaminar thalamic nucleus in cats at rates

close to 3Hz [38]. These complexes largely resembled

the pattern seen in human absence epilepsy. This phenom-

enon seemed to occur at a critical level of drowsiness

preceding full arousal, and stimulation of the reticular

activating system blocked such spike-and-wave dis-

charges [55]. In addition, inactivation of the feline mid-

line thalamus by potassium chloride injections appeared

to suppress penicillin-induced generalized spike-and-

wave discharges [2], and electrical stimulation of the

medial thalamus blocked epileptiform activity in experi-

mentally induced convulsions [42].

In addition to the preclinical animal studies mentioned

above, the large size of the CM nucleus and its location

on either side of the third ventricle prompted Velasco and

his colleagues in Mexico city to try CM stimulation for

treatment of intractable epilepsy in 1984 [74]. These

authors initiated a pilot trial of bilateral CM stimulation

in five patients with primary generalized or multifocal

intractable epilepsy [71]. They delivered electrical stimu-

lation for 1min every 5min, for two hours per day via

electrodes externalized to the chest, and followed the

patients for 3 months. The stimulation appeared to result

in 80–100% reduction in generalized seizures, and 60–

100% reduction in other seizure types.

The same authors conducted another uncontrolled

trial of bilateral CM thalamic stimulation in 23 patients

with multiple intractable seizure types [72]. They used a

stimulation frequency of 60Hz, pulse width of 1msec

and a voltage of 8–15V. They delivered electrical stim-

ulation for two hours per day for three months. One pa-

tient became seizure free, and approximately 50% of the

patients experienced 50% reduction in seizure frequency.

The most substantial decrease in seizure frequency was

noted in patients with generalized tonic-clonic and par-

tial motor seizures. The same group published their ac-

cumulated experience of CM stimulation in 49 patients

[70]. These patients had seizures with multifocal onset

in the frontal and temporal lobes, as well as Lennox-
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Gastaut syndrome. Stimulation was delivered for 1min

every 5min at a frequency of 60–130Hz, voltage of

2.5–5.0 V, and pulse width of 0.21–0.45msec. Patients

with generalized tonic-clonic, atonic, and atypical ab-

sence seizures appeared to benefit most from the stimu-

lation, as opposed to those with complex partial seizures

or focal temporal spikes. Of note, the electrodes were ex-

ternalized, and the authors were able to record from the

CM nucleus, which appeared to play an important role in

seizure propagation.

The promising results of these uncontrolled trials

prompted a placebo-controlled trial of bilateral CM

stimulation in patients with intractable epilepsy at Johns

Hopkins University [26]. Seven patients were rando-

mized in a double blind cross-over design to three-

month blocks of either stimulation or no stimulation,

separated by a three-month block of washout. Pulse width

was 90 msec and stimulation was delivered at 65Hz for

one min every five min. Voltage was set at half the sen-

sory threshold (2–5V). A 30% reduction of seizure fre-

quency occurred when the stimulator was on. However,

due to the small sample size, this was not statistically

significant. The authors argued that carry-over effect from

the stimulation-on segment to the stimulation-off segment

might have played a role. In addition, the data of one

patient was excluded from the analysis because consid-

erable benefit from the first three-month stimulation seg-

ment precluded crossing over to the other treatment arm.

More recently, stimulation of the centromedian nu-

cleus in 11 patients at frequencies ranging between 20

and 130Hz appeared to result in desynchronization of

the EEG and suppress focal motor seizures [9]. In these

patients, depth electrode recordings again confirmed

the role of the centromedian nucleus in spread of epi-

leptic activity. A large controlled trial to assess the effi-

cacy of CM thalamic stimulation against intractable

epilepsy may still be needed in view of the promising

results of the uncontrolled trials. However, the modest

improvement of patients with CM stimulation in the

small controlled trial by Fisher et al. [26] prompted

search for new stimulation targets.

Anterior nucleus stimulation

The anterior thalamic nucleus (ATN) is part of the

Papez circuit, a group of limbic structures with dem-

onstrated roles in memory and cognition as well as

epilepsy. The ATN receives projections from the mam-

millary bodies through the mammillothalamic tract, and

projects to the cingulate gyrus, as well as the amygdala,

hippocampus, orbito-frontal cortex, and caudate nuclei.

Its connectivity with the caudate creates a strio-limbic

interface necessary for both motor and mental behavior

[13]. Lesions of the anterior thalamic nucleus are asso-

ciated with symptoms that resemble those of frontal lobe

dysfunction. These include severe perseverative beha-

vior, apathy, anterograde memory deficits, and executive

function loss [27]. The rationale of anterior thalamic

stimulation for treatment of epilepsy emanates, in part,

from its connectivity with cortical and limbic structures.

Numerous experiments have demonstrated the role of

the ATN in propagation of generalized seizures. Mirski

and Ferrendelli originally demonstrated that a threshold

convulsant stimulus resulted in selective metabolic acti-

vation of the mammillary bodies, the mammillothalamic

tracts, and the anterior thalamic nuclei in guinea pigs

[46]. Subsequently, they found that lesioning the mam-

millothalamic tract in these animals inhibited the occur-

rence of pentelenetetrazole (PTZ) induced seizures [46],

demonstrating the essential role of these structures in

mediating the convulsive action of PTZ. Moreover, high

frequency (100Hz) stimulation of the mammillothala-

mic tract [48] or ATN in rats resulted in increasing the

threshold of PTZ-induced seizures [49]. In contrast, low

frequency stimulation (8Hz) appeared to be proconvul-

sant. Bilateral stimulation of the ATN prolonged the

latency to the occurrence of pilocarpine-induced status

epilepticus in rats, and animals with bilateral anterior

nucleus resection had no seizures at all [32].

Irving Cooper and his collaborators were the first to

stimulate the anterior thalamic nucleus in patients with

intractable epilepsy. They reported seizure reduction of

more than 60% in five of six patients [14]. They used a

stimulation frequency of 100Hz and a voltage of 5V.

They also reported that the risk of chronic thalamic stim-

ulation was low [13]. Subsequently, Upton et al. em-

ployed ATN stimulation in six patients, of whom four

showed statistically significant improvement. They re-

ported that one of these patients became seizure free for

at least two years. Sussman and colleagues used ATN

stimulation in five patients with intractable epilepsy and

followed them for 1–2 years. They reported improve-

ment in three of them [29, 66]. These authors used param-

eters similar to those employed by Cooper et al. in that

they initiated the stimulation with 100Hz square waves

at 4 V, and increased the voltage incrementally to an

average of 5–6V.

Given these results, it was felt that a controlled trial

of anterior thalamic stimulation was needed, but many

questions about safety and optimal stimulation para-
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meters were unanswered. Recently, two open label stud-

ies demonstrated the safety and efficacy of ATN stimu-

lation in controlling seizures [34, 41], paving the road

for a randomized trial. In one of these trials [34], five

patients, aged 15–45 years, with a variety of partial

and generalized seizures underwent insertion of bilateral

anterior thalamic stimulators. The following stimulation

parameters were used: 100Hz, 10V, and 90 msec pulse

width. The mere insertion of the stimulator, i.e. prior to

stimulation, resulted in >50% reduction in seizure fre-

quency. All seizure types appeared to benefit equally

from the insertion. When the stimulation was turned

on, no further improvement in seizure frequency was

noted. The authors argued that the initial benefit might

have been due to injuring the anterior thalamic nucleus

by electrode insertion, the so-called micro-thalamotomy

effect, or to a placebo effect.

In the other open label trial [41], five patients, aged

24–47 years, with temporal, frontal, or multifocal partial

seizure onsets were enrolled. Again, the authors used

voltages ranging between 1 and 10V, a frequency of

100Hz, and a pulse width of 90 msec. Whereas only

one patient had a statistically significant reduction in

seizure frequency, four of the five patients experienced

a significant decrease in the frequency of ‘‘serious sei-

zures’’, defined by the authors as generalized seizures or

complex partial seizures associated with falls. The pro-

cedure was reported to be well tolerated by all patients.

Currently, a multicenter randomized controlled trial,

called SANTE (Stimulation of the Anterior Nucleus of

the Thalamus in Epilepsy), is underway [54]. Enrolled

patients have medically refractory partial onset epi-

lepsy, with or without secondary generalization. Stim-

ulation is performed at a frequency of 145Hz with a

90-msec pulse width. A three-month blinded phase dur-

ing which patients are randomized to active stimulation

with a voltage of 5 V, or sham treatment (0 V) is fol-

lowed by open-label stimulation. The double blind de-

sign of the study allows no preliminary results to be

available at this point.
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Summary

The concept of seizure abortion after prompt detection by employing

stimulation is a very appealing one. Several investigators in previous

experimental and clinical studies have used stimulation of various ana-

tomical targets with promising results. In this chapter, the authors present

their experience with a novel, implantable, local closed-loop responsive

neuro-stimulation system (RNS) (Neuropace, Inc., Mountain View, CA,

USA). This system consists of a cranially implanted pulse generator, one

or two quadripolar subdural strip or depth leads and an external pro-

grammer. The system components and technical characteristics are pre-

sented. The criteria for selecting candidates for implantation as well

as the preliminary results of a clinical trial are also presented.

Closed-loop stimulation system appears to be a safe treatment option

with promising results for the management of patients with well-

localized, focal medically-refractory epilepsy, who are not candidates

for surgical resection.

Keywords: Neuromodulation; refractory epilepsy; closed-loop

system; stimulation; treatment.

Introduction

It is well known that epilepsy represents the most

prevalent serious neurological disorder across all age

groups [28]. It has been reported that approximately 1%

of the USA population sustains epilepsy [28] and this

percentage increases to 5% among children and adoles-

cents in the USA or Western Europe [13]. The incidence

of medically intractable epilepsy has been reported to be

approximately 6=100,000 people per year, which trans-

lates to 17,000 new cases annually only in the USA [14].

Even though surgical treatment is a valuable alternative

to medical treatment in very carefully selected cases,

unfortunately the majority of patients with intractable

epilepsy will not have access to surgical therapy due

to high technical complexity and cost of pre-operative

evaluation, significant limitation in availability of hu-

man and technical resources and finally due to the in-

volvement of eloquent cortex in the epileptogenic zones

[28]. It is apparent that the development of a new treat-

ment modality which could overcome the previously

mentioned obstacles is essential for the management of

patients with medically refractory epilepsy and particu-

larly those, who are not candidates for surgical resection.

The recent exponentially increasing clinical applications

of neuromodulation in various neurologic disorders have

rewarmed the interest of employing electrical stimula-

tion for aborting or blocking promptly detected seizure

activity.

This concept is not new; Pelops from Alexandria,

approximately 20 centuries ago, was able to abort some-

thing that could be a simple partial seizure, by tying a

ligature around the affected limb [11, 29]. Later on,

Brown-Sequard, Jackson and Gowers independently,

suggested that counter-irritation could be a mechanism

for abating seizure activity [2, 12, 16, 29]. Employment

of uncontrolled open-loop, non-contingent stimulation

has been attempted in several experimental studies and

human trials for the control of epilepsy; stimulation of

cerebellar cortex [4, 5], cerebellar dentate nucleus [3, 32],

cerebral cortex [18, 20] anterior thalamic nucleus [6,

15, 17], centromedian thalamic nucleus [3, 32, 34–36],

head of caudate nucleus [3, 31, 32], hippocampus [31,

32, 37] and subthalamic nucleus [1, 27] has been

employed with various clinical results. The only con-

trolled clinical studies involved cerebellar cortex [33]

and thalamic centromedian nucleus stimulation [8], and

neither showed a significant effect on seizures. How-

ever, vagal nerve stimulation, which represents a cy-

clical type of open-loop stimulation, has been shown



to reduce seizures in a statistically significant fashion

[19]. Open-looped studies on the effect of electrical

stimulation on induced after discharges (AD) have shown

that AD can be aborted [20] and there may be optimal

parameters for accomplishing this [18, 21]. External

responsive neurostimulation (RNS) studies have shown

that closed-loop stimulation can significantly affect du-

ration of spontaneously occurring electrographic seizure

activity [24–26, 30].

The concept of closed-loop stimulation had been

previously described, but to date, no controlled studies

of its efficacy on seizure reduction had been reported

[26–28]. The promising results of these initial pilot

studies were confirmed by the results of a multi-center

prospective clinical study, in which an external RNS

was used [24, 25]. This study was conducted under a

Food and Drug Administration (FDA) Investigational

Device Exemption (IDE G010288) and was also ap-

proved by the Institutional Review Board (IRB) of each

participating center [24, 25]. The study included 27

patients who underwent grid, strip and=or depth leads

implantation for temporary invasive monitoring [24, 25].

A laptop computer was used through wired telemetry

for interrogation and programming of the eRNS and re-

sponsive stimulation trials were conducted [24, 25]. In

this group of patients, the use of the eRNS system had a

positive electroencephalogram (EEG) effect on electro-

graphic seizure activity in 41% (11=27) of the involved

patients [24, 25]. No serious adverse effects related to

the eRNS occurred in this study [24, 25] and the safety

of the RNS strip and depth leads was additionally con-

firmed by animal experimental studies [22, 23].

In this chapter, we describe the selection criteria, the

technical characteristics and the preliminary results from

the implantation of a novel, local, closed-loop respon-

sive Neurostimulation system (Neuropace Inc., Mountain

View, CA, USA).

Selection criteria for implantation

Candidates for RNS implantation should have history

of drug resistant, well localized, focal simple partial

seizures (motor or sensory) or complex partial seizures

with motor manifestations with or without secondarily

generalized seizures. In our institution, ictal and inter-

ictal surface EEG, video-EEG monitoring, brain MRI,

ictal SPECT and SISCOM studies, detailed neuropsy-

chological evaluation including WADA test and when

necessary invasive EEG via depth and=or subdural elec-

trodes are employed for localizing the epileptogenic

focus. The patients will either not be candidates for

resective surgery, due to the eloquent nature of the in-

volved cerebral cortex, unilateral support of their mem-

ory from the involved hippocampus, or they do not

desire to undergo resective surgery but would undergo

surgical implantation of an RNS due to the reversible

character of the stimulator implantation. Furthermore,

patients who have undergone multiple subpial transec-

tions with no satisfactory results could be considered

candidates for implantation of RNS.

Candidates are subsequently required to have at least

an average of four disabling seizures per month, over a

three-month period before final consideration for RNS

implantation. Candidates should be between the ages of

18 and 65 years and should be able to complete regular

office visits and telephone appointments for the protocol

requirements; in case of female patients, they should be

using a reliable method of contraception. Patients who

have experienced unprovoked status epilepticus in the

preceding year or patients with unstable medical con-

ditions as well as active psychosis, severe depression

or ideation cannot be candidates for implantation. Addi-

tionally, patients who are pregnant or planning on be-

coming pregnant in the next year or patients who are on

a ketogenic diet cannot be considered for implantation.

Finally, patients with an active vagal nerve stimulator

cannot be candidates for implantation. A detailed written

informed consent is obtained from all patients prior to

implantation.

RNS system description

The implanted closed-loop RNS system (Neuropace

Inc., Mountain View, CA, USA) consists of the follow-

ing components (Fig. 1).

Fig. 1. The implantable Responsive Neuro-Stimulation System

(Neuropace, Inc., Mountain View, CA, USA); it is shown in this

picture with subdural strip and depth leads
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Pulse generator

The pulse generator is a hermetically sealed neuro-

stimulator containing the electronics, battery, telemetry

coil, and connector hardware to accommodate one or

two leads. The dimensions of the pulse generator are:

41mm wide, 60mm long, and 7mm thick; its weight is

19.5 gm and its volume 10.5 cc3. The pulse generator

continuously analyzes the patient’s electrocorticogram

(ECoGs) and triggers electrical stimulation, when spe-

cific ECoG characteristics, programmed by the clinician

as indicative of electrographic seizures or precursor epi-

leptiform activities, are detected. The pulse generator

then stores diagnostic information detailing detections

and stimulations including multi-channel stored ECoGs.

The pulse generator is curved in shape to facilitate cra-

nial implantation and is positioned extradurally in a tai-

lored cranial defect and held in place with a ferrule or

holder (Fig. 2).

Depth lead

The depth leads are quadripolar leads designed for

stereotactic implantation. Depth leads are available with

3.5 and 10mm inter-electrode spacings, and in lengths

of 30 and 44 cm. Electrodes are composed of 90%

platinum and 10% iridium (Fig. 1).

Strip lead

The strip leads are quadripolar leads with 4mm diam-

eter circular electrodes and inter-electrode spacings

of 10mm. Leads are available in 15 and 25 cm lengths.

Electrodes are composed of 90% platinum and 10%

iridium (Fig. 1).

Programmer

The programmer is a notebook computer with spe-

cialized software and a telemetry wand, which commu-

nicates with the pulse generator. The programmer can

download diagnostic and ECoG data from the pulse gen-

erator, can be used to analyze ECoGs and simulate

detection setting performance, and can program the

pulse generator. The programmer also has an electrophys-

iology study mode that allows real-time stimulation with

simultaneous ECoG viewing in order to test stimulation

paradigms.

RNS Technical characteristics

ECoG Storage: The RNS has a 32-minute ECoG

memory buffer. The number of ECoGs stored depends

on the number of recording channels and the recording

length selected. Typically, two recording channels are

selected with a 60-sec pre-trigger and 30-sec post-trig-

ger duration, which allows nine ECoGs to be stored.

Any additional ECoGs will overwrite the previous

recordings, e.g., a 10th ECoG would overwrite the first

ECoG of the previous set. ECoG storage can be trig-

gered by any of several electrographic events including

seizure onset.

Detection algorithms: The RNS utilizes any of the

three seizure detection tools (line length, area, and half

wave) operating on 1 or 2 detection channels. The line

length tool measures the length of the ECoG signal [7]

whereas the area tool measures the integrated area

under the ECoG signal. The line length and area tools

compare the average contained within a recent window

to the average contained within a longer-term trend.

When activity within the recent window exceeds the

trend activity by a specified percentage, detection oc-

curs. The line length tool is more commonly used to

detect activity that does not diverge from the isoelectric

baseline for significant time intervals but has significant

summed line length [7], whereas the area tool is more

commonly used for slower rhythmic electrographic sei-

zure onsets that diverge from the baseline for longer

periods of time and hence have large integrated areas.

Finally, the half way tool measures the duration and

amplitude of half waves, which are defined as ECoG

segments between relative maxima and minima. When

a specified number of half waves of the correct duration
Fig. 2. Intraoperative picture demonstrating the holding ferrule

secured in its final position
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and amplitude are detected within a specified window,

detection occurs. It needs to be emphasized, that the sen-

sitivity and specificity of the RNS system in the de-

tection of actual epileptogenic activity when all three

analysis tools (line length, area and half wave) are

employed, is 100%.

Therapeutic stimulation: The RNS delivers charge-

balanced biphasic pulses programmable from 0.5 to

12mA amplitude, pulse widths programmable from 40

to 1000msec, and frequency programmable from 1 to

333Hz (Fig. 3). Any of the electrode contacts or the

pulse generator housing may be programmed as anode

or cathode. After a pulse-train therapy has been deliv-

ered, a redetection algorithm determines if the epilep-

tiform activity is still present. If so, up to 4 additional

therapies may be delivered per episode. Also, each ther-

apy may consist of one or two bursts. The parameters of

each therapy and each burst may be the same or differ-

ent. The RNS has a built-in charge density limit that will

allow no more that 25 mCoulombs=cm2=phase charge

density to be delivered to the patient.

Surgical implantation

The implantation is usually performed under gen-

eral endotracheal anesthesia unless the candidate is very

cooperative in which case neuroleptanalgesia can be

used. The craniotomy and implantation techniques of

the RNS system have been described in detail elsewhere

(Figs. 2, 4 and 5) [9, 10]. The operative blood loss

is usually minimal (in all of our cases has been main-

tained <100mL) while the mean duration of the surgi-

cal procedure of implantation is 3.6 hours (range 2.5–

4.5 hours).

Fig. 3. Characteristic case of epilepti-

form activity detection and automati-

cally delivered stimulation with

subsequent abortion

Fig. 4. Intraoperative picture demonstrating the pulse generator

connected to an implanted depth lead and secured to the underlying

ferrule
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Preliminary results and complications

In our institution the above described RNS system has

been implanted so far in eight patients with well local-

ized focal epilepsy, who were considered candidates for

such treatment according to the previously mentioned

criteria. The follow-up period in these patients ranges

between 6 and 26 months, while the mean follow-up time

is 11.3 months. Interestingly, 7 (87.5%) of these patients

had more than 45% reduction in their seizure frequency

(with two patients having more than 75% decrease)

while 1=8 patients (12.5%) had very slight increase

(approximately 2%) in the frequency of her seizures,

but a significant decrease in the intensity of the observed

seizures.

No intra-operative or procedure related post-operative

complications have occurred in our series so far. In re-

gards to the avoidance of any complication, the theo-

retical risk of cerebral intra-parenchymal hemorrhage

during the implantation of depth leads can be further

minimized by direct visualization of the cortical entry

point through the burr hole and also by the avoidance of

any adjacent surface cortical veins during the pre-opera-

tive planning.

The risk of infection is not any higher than that as-

sociated with any other similar surgical procedure for

implantation of neuro-stimulation devices. The utiliza-

tion of a horseshoe-shaped skin incision and the implan-

tation of the pulse generator away from the skin edges

are maneuvers that could further minimize the risk of

infection. In addition, the carefully designed contour

shape of the implanted pulse generator significantly

diminishes the potential risk of skin erosion.

Conclusion

Implantable, local, closed-loop RNS system repre-

sents an emerging alternative treatment option in pa-

tients with well-localized, focal, medically refractory

epilepsy, who are not candidates for surgical resection.

Additional multi-institutional prospective clinical stud-

ies are required for evaluating the clinical efficacy of this

novel treatment modality. Further technical improve-

ment of this system along with the accumulation of

experience from its clinical use could lead to the devel-

opment of a system, which would accurately detect and

efficiently abort any detected epileptiform activity.

Acknowledgement

The authors want to thank Mr. David Greene from Neuropace Inc.,

Mountain View, CA, USA for his valuable assistance.

References

1. Benabid A-L, Koudsie A, Chabardes S, Vercueil L, Benazzouz

A, Minotti L, Le Bas J-F, Kahane P, de Sanit Martin A, Hirsch E

(2004) Subthalamic nucleus and substantia nigra pars reticu-

lata stimulation: the Grenoble experience. In: Luders HO (ed)

Deep brain stimulation and epilepsy. Marting Dunitz, London,

pp 335–348

2. Brown-Sequard CE (1856–1857) Researches on epilepsy: its arti-

ficial production in animals, and its etiology, nature and treatment in

man. Boston Med Surg J: 55–57

Fig. 5. Postoperative X-rays (antero-posterior and lateral views) of one of our patients demonstrating the implanted RNS system with two depth

leads. The depth leads have been implanted through bilaterally placed burr holes. A craniotomy defect for previous resection is also noted

Closed-loop stimulation system 361



3. Chkhenkeli SA, Sramka M, Lortkipandze GS, Rakviashvili TN,

Bregvadze E, Magalashvili GE, Gagoshidze T, Chkhenkeli IS

(2004) Electrophysiological effects and clinical results of direct

brain stimulation for intractable epilepsy. Clin Neurol Neurosurg

106(4): 318–329

4. Cooper IS, Amin I, Riklan M, Waltz JM, Poon TP (1976) Chronic

cerebellar stimulation in epilepsy. Clinical and anatomical studies.

Arch Neurol 33(8): 559–570

5. Cooper IS, Upton AR (1978) Effects of cerebellar stimulation on

epilepsy, the EEG and cerebral palsy in man. Electroencephalogr

Clin Neurophysiol Suppl 34: 349–354

6. Cooper IS, Upton AR, Amin I (1980) Reversibility of chronic

neurologic deficits. Some effects of electrical stimulation of the

thalamus and internal capsule in man. Appl Neurophysiol 43(3–5):

244–258

7. Estellar R, Echauz J, Tcheng T, Litt B, Pless B (2001) Line length:

an efficient feature of seizure onset detection. IEEE: 1707–1710

8. Fisher RS, Uematsu S, Krauss GL, Cysyk BJ, McPherson R, Lesser

RP, Gordon B, Schwerdt P, Rise M (1992) Placebo-controlled pilot

study of centromedian thalamic stimulation in treatment of intrac-

table seizures. Epilepsia 33(5): 841–851

9. Fountas KN, Smith JR, Murro AM, Politsky J, Park YD, Jenkins PD

(2005) Implantation of a closed-loop stimulation in the manage-

ment of medically refractory focal epilepsy. A technical note.

Stereotact Funct Neurosurg 83: 153–158

10. Fountas KN, Smith JR, Murro AM, Politsky J, Park YD, Jenkins

PD, Greene D (2005) Closed-loop stimulation implantable system

for the management of focal, medically refractory epilepsy:

implantation technique and preliminary results. Epilepsia 46(8):

240–241

11. Siegel RE (1976) Galen on the affected parts (de locis affectis).

Karger, Basel, pp 94–97

12. GowersWR (1885) Epilepsy and other chronic convulsive diseases:

their causes, symptoms and treatment. William Wood, New York,

pp 235–236

13. Hauser WA (1995) Epidemiology of epilepsy in children. In:

Adelson PD, Black PM (eds) Neurosurgery clinics of North Amer-

ica. WB Saunders Co, Philadelphia 6(3), pp 419–429

14. Hauser WA, Hesdorffer DC (2001) Epidemiology of Intractable

Epilepsy. In: Luders HO, Comair YG (eds) Epilepsy surgery, 2nd

edn. Lippincott Williams & Wilkins, Philadelphia, pp 55–61

15. Hodaie M, Wennberg RA, Dostrovsky JO, Lozano AM (2002)

Chronic anterior thalamus stimulation for intractable epilepsy.

Epilepsia 43(6): 603–608

16. Jackson JH (1868) Case of Convulsive attacks arrested by stopping

the aura. Lancet 1: 618–619

17. Kerrigan JF, Litt B, Fisher RS, Craunston S, French JA, Blum DE,

Dichter M, Shetter A, Baltuch G, Jaggi J, Krone S, Brodie M, Rise

M, Graves N (2004) Electrical stimulation of the anterior nucleus of

the thalamus for the treatment of intractable epilepsy. Epilepsia

45(4): 346–354

18. Kinoshita M, Ikeda A, Matsumoto R, Begum T, Usui K, Yamamoto

J, Matsuhashi M, Takayama M, Mikuni N, Takahashi J, Miyamoto

S, Shibasaki H (2004) Electrical stimulation on human cortex

suppresses fast cortical activity and epileptic spikes. Epilepsia

45(7): 787–791

19. Labar D (2004) Vagal nerve stimulation: effects on seizures. In:

Luders HO (ed) Deep brain stimulation and epilepsy. Martin

Dunitz, London

20. Lesser RP, Kim SH, Beyderman L, Miglioretti DL, Webber WR,

Bare M, Cysyk B, Krauss G, Gordon B (1999) Brief bursts of pulse

stimulation terminate after-discharges caused by cortical stimula-

tion. Neurology 53(9): 2073–2081

21. Motamedi GK, Lesser RP, Miglioretti DL, Mizuno-Matsumoto Y,

Gordon B, Webber WR, Jackson DC, Sepkuty JP, Crone NE (2002)

Optimizing parameters for terminating cortical after-discharges

with pulse stimulation. Epilepsia 43(8): 836–846

22. Munz M, Sweasey R, Barrett C, Loftman AP, Potts D, Greene D

(2003) Preclinical testing of an implantable responsive neurostim-

ulator system in a sheep model. Society for Neuroscience. New

Orleans

23. MunzM, Sweasey R, Barret C, LoftmanAP, Vinters H, Popovska Z,

Greene D (2003) Implantation and testing of responsive neurostim-

ulator (RNS) system for epilepsy. American Society for Stereotactic

and Functional Neurosurgery, New York

24. Murro AM, Park YD, Bergey GK, Kossof EH, Ritzl EK, Karceski

SC, Flynn K, Choi H, Spencer DD, Duckrow RB, Seale C (2003)

Multicenter study of acute responsive stimulation in patients with

intractable epilepsy. Epilepsia 44 Suppl 9: 326

25. Murro A, Park Y, Greene D, Smith J, Ray P, King D, Loring D, Lee

K (2002) Closed-loop neuro-stimulation in patient with intrac-

table epilepsy. American Clinical Neurophysiology Society, New

Orleans

26. Nair DR, Matsumoto R, Luders HO, Burgess R, Bingaman W

(2004) Direct cortical electrical stimulation in the treatment of

epilepsy. In: Luders HO (ed) Deep brain stimulation and epilepsy.

Martin Dunitz, London

27. Neme S, Montgomery EB, Rezai A, Wilson K, Luders HO (2004)

Subthalamic nucleus stimulation in patients with intractable epi-

lepsy: the Cleveland experience. In: Luders HO (ed) Deep brain

stimulation and epilepsy. Martin Dunitz, London, pp 349–358

28. Osorio I, Frei MG, Manly BF, Sunderam S, Bhavaraju NC,

Wilkinson SB (2001) An introduction to contingent (closed-loop)

brain electrical stimulation for seizure blockage, to ultra-short term

clinical trials, and to multidimensional statistical analysis of ther-

apeutic efficacy. J Clin Neurophysiol 18(6): 533–544

29. Osorio I, Frei MG, Sunderam S, Giftakis J, Bhavaraju NC, Schaffner

SF, Wilkinson SB (2005) Automated seizure abatement in humans

using electrical stimulation. Annals Neurol 57(2): 258–268

30. Peters TE, Bhavaraju NC, Frei MG, Osorio I (2001) Network

system for automated seizure detection and contingent delivery

of therapy. J Clin Neurophysiol 18(6): 545–549

31. Sramka M, Fritz G, Gajadosova D, Nadvornik P (1980) Central

stimulation treatment of epilepsy. Acta Neurochir Suppl 30: 183–187

32. Sramka M, Fritz G, Galanda M, Nadvornik P (1976) Some obser-

vations in treatment stimulation of epilepsy. Acta Neurochir 23

Suppl: 257–262

33. Velasco F, Carrillo-Ruiz JD, Brito F, Velasco M, Velasco AL,

Marquez I, Davis R (2005) Double-blind, randomized controlled

pilot study of bi-lateral cerebellar stimulation for treatment of

intractable motor seizures. Epilepsia 46: 1071–1081

34. Velasco F, Velasco M, Jimenez F, Velasco AL, Marquez I (2001)

Stimulation of the central median thalamic nucleus for epilepsy.

Stereotact Funct Neurosurg 77(1–4): 228–232

35. Velasco F, Velasco M, Ogarrio C, Fanghanel G (1987) Electrical

stimulation of the centromedian thalamic nucleus in the treatment of

convulsive seizures: a preliminary report. Epilepsia 28(4): 421–430

36. Velasco M, Velasco F, Velasco AL (2001) Centromedian-thalamic

and hippocampal electrical stimulation for the control of intractable

epileptic seizures. J Clin Neurophysiol 18(6): 495–513

37. Velasco F, Velasco M, Velasco AL, Menez D, Rocha L (2001)

Electrical stimulation for epilepsy: stimulation of hippocampal foci.

Stereotact Funct Neurosurg 77(1–4): 223–227

Correspondence: Kostas N. Fountas, 840 Pine St. Suite 880, Macon,

GA 31201, USA. e-mail: knfountasmd@excite.com

362 K. N. Fountas and J. R. Smith: Closed-loop stimulation system



Psychiatric disorders



Acta Neurochir Suppl (2007) 97(2): 365–374

# Springer-Verlag 2007

Printed in Austria

Neurosurgery for psychiatric disorders: from the excision of brain
tissue to the chronic electrical stimulation of neural networks

D. E. Sakas1, I. G. Panourias2, E. Singounas1, and B. A. Simpson3

1 Medical School University of Athens, Evangelismos Hospital, Athens, Greece
2 Department of Neurosurgery, Medical School University of Thessaly, Larissa, Greece
3 Department of Neurosurgery, University Hospital of Wales, Cardiff, UK

Summary

Neurosurgical treatment for psychiatric disorders has a long and con-

troversial history dating back to antiquity. Both enthusiastic reports and

social outcry have accompanied psychosurgical practice, particularly

over the last century. Frontal lobotomy has probably been the only

medical advance which was first awarded a Nobel prize in medicine

and then irreparably stigmatized by scientific rejection and public criti-

cism. In the present paper, the historical milestones of psychosurgery are

briefly overviewed. The particular circumstances of the rise and fall of

frontal lobotomy are also discussed. Furthermore, the clinical and sur-

gical considerations of the four major psychosurgical procedures which

are still in practice are presented.

Over the last fifteen years, the advent of deep brain stimulation (DBS)

methodology coupled with accurate stereotactic techniques and guided

by elaborate neuroimaging methods have revolutionized neurosurgery,

particularly for the alleviation of certain disabling movement disorders.

Investigationally, chronic electrical stimulation of selected brain struc-

tures, clearly implicated in the pathophysiology of neuropsychiatric

disorders, has already been applied with promising results. Given the

tainted past of psychiatric neurosurgery, modern neuroscientists have to

move forward cautiously, in a scientifically justified and ethically ap-

proved framework. The transition from the indiscriminate destruction of

brain structures to the selected electrical modulation of neural networks

lies ahead; contemporary neuroscientists would substantiate this aim but

should remind the controversial history of the field.

Keywords: Psychiatric disorder; psychosurgery; limbic system;

history; deep brain stimulation.

Introduction

Psychosurgery, the neurosurgical treatment of psy-

chiatric disorder, has a long, complex and controversial

history dating back to antiquity. It gradually developed

as a separate surgical field from the mid-19th century, but

its culmination was based on the pioneering work of a

few neuroscientists who, in the 1930s and 1940s, estab-

lished the concept of the functional correlations between

brain, emotions and behaviour. The better understanding

of the neuroanatomical and physiological background of

the psychiatric phenomenon disclosed a few critical brain

structures, which, when excised or destroyed, could ame-

liorate the clinical profile of the disease. Over the next

decades, four major ablative procedures dominated in psy-

chosurgical practice: anterior cingulotomy, subacaudate

tractotomy, limbic leucotomy, and capsulotomy.

In mid-1950s, the introduction of chloropromazine in

the clinical setting along with subsequent psychotropic

drugs reduced dramatically the number of surgical pro-

cedures performed for the alleviation of severe psychia-

tric symptoms. Moreover, the indiscriminate application

of ablative brain procedures, basically frontal lobotomy,

as well as the lack of strict patient selection guidelines

and poor postoperative data blackened psychosurgery’s

reputation and gave way to public clamour and scientific

criticism. Despite accumulating concern about neuro-

surgical treatment of psychiatric disorders, however, the

refinement of surgical techniques and the preponderance

of stereotactic methodology for the accurate placement

of lesions inside the brain permitted psychosurgery to

survive till the modern era.

The advent of deep brain stimulation (DBS), that is

the direct electrical stimulation of deep brain structures,

has revolutionized the practice of neurosurgery over the

last ten years. Currently, the methodology is well estab-

lished for the alleviation of the symptoms of Parkinson’s

disease, while it has investigationally been applied in epi-

lepsy, pain, dystonia, and persistent vegetative state [27].

DBS outweighs conventional ablative neurosurgical pro-

cedures offering two substantial benefits: reversibility and



adjustability. Taking advantage of these unique character-

istics, neurosurgeons have explored with ‘‘stimulation’’

brain targets critically implicated in the pathophysiology

of severe affective diseases. It is estimated that more

than 20 sufferers from obsessive-compulsive disorder

worldwide underwent bilateral implantation of electro-

des in the anterior limb of the internal capsule or the

right nucleus accumbens prior to 2004 [19]. Moreover,

the first promising results of chronic electrical stimula-

tion of the rostral cingulate gyrus or the inferior thalamic

peduncle in treatment-resistant depression have already

been published [35, 44].

In the present paper, the historical cornerstones of

psychiatric neurosurgery and the anatomical and clinical

considerations of the four major ablative psychosurgical

procedures are cited in brief. Currently, deep brain stim-

ulation allows for the optimal scenario in which the

clinical outcome is maximized while complications are

minimized. Modern neuroscientists may be fortunate

enough to live the era of transition from the destruction

of brain tissue to the selective electrical modulation of

neural networks pertaining to the pathophysiology of se-

vere psychiatric disorders. Some of the medical, social

and ethical concerns that arise from the use of DBS as

a treatment option of intractable affective diseases will

also be discussed.

At this point, a clarification regarding the terminology

used in this paper is considered necessary. From a se-

mantic point of view, the term ‘‘psychosurgery’’ has been

stigmatized in the psychiatric community and, in most

part, has been replaced by other more or less appropriate

terms such as ‘‘psychiatric neurosurgery’’, ‘‘surgery of

the limbic system’’ or ‘‘neurosurgical treatment for

mental disorders’’. However, because this notional dis-

tinction is beyond the scope of this review, most of the

above terms will be used interchangeably to denote ‘‘any

surgical procedure that aims to improve, through inter-

vention on neural tissue, the clinical profile of psychia-

tric disorders, which are categorized in DSM IV and are

not caused by any known structural lesion’’ [3].

The origins of psychiatric neurosurgery

The origins of psychosurgery can be traced to anti-

quity. As early as the Neolithic period of the Stone Age

[2], the prehistoric human performed primitive round or

quadrate openings of the skull by using edge-cutting

tools. The apparent healing signs at the borders of those

bone defects witness that firstly, the sufferers had sur-

vived that intervention and secondly, this procedure was

part of a ‘‘surgical’’ practice rather than result of a trau-

matic impact. Given that various magicoreligious notions

dominated prehistoric medical practice, the above skull

openings most probably were aimed at allowing spirits

and demons to escape from the head. Apparently, the

history of psychosurgery is as ancient as the psychiatric

disease itself.

The beginning of the modern era of psychiatric neu-

rosurgery, in the mid-19th century, coincides with the

pioneering research work of few neuroscientists, such

as Broca and Wernicke; both of them greatly contributed

to the establishment of close brain-behaviour correla-

tions and the clarification of the underlying neuroana-

tomical substrate of higher cognitive functions such as

language [12, 72]. In 1888, Swiss psychiatrist Gottlieb

Burckhardt performed the first psychosurgical procedure

of the modern era, the so-called ‘‘topectomy’’ [14]. This

involved the excision of multiple foci of the frontal,

parietal, and temporal cortices in schizophrenic patients.

Despite the fame of later scientists in the field of psy-

chosurgery, Gottlieb Burckhardt should, in fact, be re-

garded as the founder of psychiatric neurosurgery.

The first decades of the 20th century are mainly char-

acterized by the schism created between psychiatry and

neurology; the former maximized the role of the mental,

interpersonal social factors in the phenomenon of the so-

called ‘‘mental illnesses’’, while the latter introduced to

clinical practice various somatic therapies (electroconvul-

sive therapy, psychotherapy, insulin-shock therapy, and

hydrotherapy). The Second World Congress of Neurol-

ogy in 1935 was a landmark in the history of psychosur-

gery. Fulton and Jacobsen first stated that the resection of

frontal association cortex may result in marked improve-

ment of abnormal behaviour. This concept urged Egas

Moniz, a charismatic Portuguese neurologist, to intro-

duce probably the most controversial surgical interven-

tion of the modern medical history, namely the ‘‘frontal

lobotomy’’ [50, 51]. In particular, he claimed and de-

monstrated clinically that the excision of both afferent

and efferent fibers of the frontal lobe was efficacious in

the treatment of disabled mental patients. A few years

later, neurologist Walter Freeman and James Watts, neu-

rosurgeon, modified the above procedure by introducing

‘‘frontal leucotomy’’ and ‘‘transorbital frontal lobotomy’’

[22, 23]. These procedures involved the interruption of

frontal white matter fibers by a leucotome; the instrument

was inserted bilaterally through a 1-cm burr-hole placed

above the zygomatic arch of each side of the head.

The spectrum of psychiatric disorders considered

as possibly cured by these early procedures was soon
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broadened to include schizophrenia, depression, child-

hood behaviour disorders, homosexuality and criminal

behaviour. Nevertheless, serious postoperative compli-

cations such as personality change, seizures, intellectual

impairment, paralysis, and death were associated with

‘‘frontal lobotomy’’ [9]. Despite these complications,

the procedure was overall considered as helpful in the

majority of patients and Egas Moniz was awarded the

Nobel Prize in Medicine in 1949 ‘‘for his discovery of

the therapeutic value of prefrontal leucotomy in certain

psychoses’’.

The introduction of stereotactic apparatus by Spiegel

et al. in 1947 [66] proved to be another turning-point

in the history of psychiatric neurosurgery. The serious

complications associated with frontal lobotomies, the

ongoing social criticism for the abuse of this procedure

and the challenging accuracy for targeting deep brain

structures that the newmethodology offered urged neuro-

scientists to work towards the refinement of their psy-

chosurgical procedures. Over the following two decades,

frontal lobotomy had, in most part, been replaced by

other more selective procedures; the four prevailing

amongst them have survived in contemporary neurosur-

gical practice as treatment options of mentally disabled

patients.

Frontal lobotomy: a medical phenomenon,

a social stigma

‘‘Frontal lobotomy’’ is regarded as one of the most

controversial therapeutic advancements in the modern

history of medicine. The appreciative and enthusiastic

reports that accompanied the advent of this procedure

were replaced soon by medical controversy and social

backlash. Some of the various issues associated with the

rise and fall of this intervention are presented in this

section.

To understand why ‘‘frontal lobotomy’’ became pop-

ular in the psychiatric and neurosurgical community,

one has to consider the particular social, medical and

financial conditions, which related to psychiatric dis-

eases during the period 1930–1950. In 1937, there were

approximately 480 American psychiatric institutions,

where over 400,000 patients lived a disabled and desper-

ate life. In the United States, given that over 50% of

the hospital admissions were for mental illnesses, it was

estimated that, by 1940, more than US$ 15 billion would

be necessary for the treatment of these patients [43, 71].

Additionally, 12% of the men were rejected by the armed

forces because of severe mental disorders. Taken together,

the dramatic increase in the asylum population and the

considerable financial impact of its medical treatment

convinced a great part of the scientific society that the

operation could be highly cost-effective [69]. More

importantly, in these early years, this notion was greatly

supported by distinguished academics, complimentary

reports of sufferers’ relatives and laudatory articles in

popular press.

Furthermore, the proposed procedures such as stan-

dard lobotomy, modified frontal leucotomy or transorbit-

al frontal lobotomy, were not technically demanding

and even neurologists or non-specialist asylum based

physicians proceeded with such interventions [43]. By

1951, a total of 18,600 psychosurgical procedures had

been performed in the USA [69], while in the UK 10,365

patients had received this kind of treatment by 1954 [70].

Finally, the lack of effective psychopharmacological

agents greatly contributed to an environment in which

frontal lobotomy was warmly welcomed.

In those early years of psychosurgery, the psychiatric

diagnosis was less well defined; the psychological and

cognitive scales for assessment of the patients’ mental

capabilities were incomplete, while certain disorders

such as obsessive-compulsive disorder (OCD) were not

recognized yet as distinct diagnostic entities. Most can-

didates for psychiatric neurosurgery were diagnosed as

schizophrenic although schizophrenia is not currently

considered an indication for surgery. There was a time

when the major diagnostic criterion for surgical inter-

vention was a ‘‘fixed state of tortured self concern’’;

practically, all mentally disabled patients were candi-

dates for psychiatric neurosurgery. Undeniably, this

overzealous and often indiscriminate application of abla-

tive brain procedures for the alleviation of severe mental

symptoms constituted one of the main concerns about

psychosurgery.

As the number of psychiatric neurosurgical proce-

dures was rapidly increasing, the lack of strict patient

selection criteria, the poor post-operative records, along

with questions about efficacy and reports of permanent

sequelae, enveloped psychosurgery with uncertainty and

controversy. Intellectual impairment, inertia, inappro-

priate emotions, loss of concentration, epileptic fits and

paralysis were not infrequently reported following fron-

tal lobotomies. Over the time, postoperative sequelae

appeared to be worse than the disease itself. However,

the decline of frontal lobotomy coincided in fact with

the introduction of chloropromazine as the first effective

medication for psychosis. It was estimated that more

than 2 million sufferers received the drug in 1954, the
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year it was approved as a psychiatric medical treatment

[19]. Moreover, the institution of stereotactic procedures

in the neurosurgical treatment of mental disorders con-

ferred accuracy, confidence, and safety for the placement

of more selective and less extended lesions in brain

structures.

By the mid 1950s, the number of frontal lobotomies

started to decrease in favour of refined stereotactic inter-

ventions, although there are reports that, even in 1976,

one third of psychiatric interventions in the UK still in-

volved the ablation of frontal lobe white matter [7]. The

great concerns about the use of psychiatric neurosurgery

grew during the 1960s and 1970s [21], when its social

and medical role was scrutinized. Scientific criticism

and social censure were fuelled by published articles

in the popular press and reputable journals, which stig-

matized the role of psychiatric neurosurgery. Influential

books, such as Violence and Brain, published by Mark

and Ervin in 1970 [42], as well as popular films such as

One Flew Over the Cuckoo’s Nest, presented dramati-

cally the psychosurgery abuse. There were even fears

that lesional brain procedures used for the control of

violent behaviour were being proposed for social pro-

blems. All these issues were clarified, in most part, by

the National Commission for the Protection of Human

Subjects of Biomedical and Behavioral Research [17];

its report, in 1977, concluded that psychiatric neurosur-

gery, when practised in a well defined ethical, medical

and social framework, has a role in the treatment of

mentally disabled patients.

At the dawn of the 21st century, the neurosurgical

treatment of psychiatric diseases has survived because

much of the concerns that plagued its historical course

have effaced. The claims that ablative brain procedures

were being used on minority and disadvantaged pop-

ulations for social control were unsubstantiated. The

prevailing refined stereotactic procedures are carrying

considerably lower rates of complications and mortality.

Finally, psychosurgery is, in most part, currently offered

in selected, accredited neurosurgical reference centres,

which fulfil the criteria of an ethical, scientifically jus-

tified, and socially approved surgical practice.

Contemporary psychosurgical procedures

Neuroanatomical background

Looking back to the history of psychiatric neurosur-

gery, it is noticeable that a variety of surgical techniques

have been used to destroy selected brain targets, more or

less extensively, but all clearly implicating the neuro-

anatomical substrate of psychiatric disorders. There have

been at least 19 distinct target sites used in psychosur-

gery over the years [10], while 24 different surgical pro-

cedures had been described prior to 1954 worldwide

[58]. Nevertheless, only four procedures have evolved as

the safest and most clinically effective, namely anterior

cingulotomy, subcaudate tractotomy, limbic leucotomy,

and anterior capsulotomy.

In fact, all the above interventions selectively target

distinct brain structures, which, however, constitute

critical points of the same integrated neuroanatomical

network. No description of the current psychosurgical

procedures could be meaningful without first presenting

the basic neural circuits of the frontal lobes, along with

their projections and reciprocal connections with subcor-

tical systems such as the limbic system and the basal

ganglia.

In 1937, the same year that Moniz introduced frontal

leucotomy, Papez [57] was the first to postulate that a

specific neuronal circuit in the human brain could be

responsible for emotions. Although Willis in 1664 [73]

and Broca in 1878 [13] had already described the

‘‘limbic lobe’’, Papez suggested a rudimentary closed-

loop network comprising the hypothalamus, hippocampi,

mamillary bodies, septal nuclei, anterior thalamic nuclei,

cingulate gyrus and their interconnections. According

to his theory, areas of the human cortex, where higher

cognitive function and thought arise, connect with the

cingulate gyrus; the latter connects to the hippocampus,

which in turn connects to the mammillary bodies

(hypothalamus) through the fornix. The network is reci-

procally integrated via retrograde connections from the

mammillary bodies to the cortex through the anterior

thalamic nuclei and the cingulate gyrus. The cingulate

cortex evolved to become the receptive cortical region

for emotional impulses; moreover, its projections to

higher cortical areas provided ‘‘emotional coloring’’ to

psychic processes occurring elsewhere [19, 57]. In 1952,

MacLean named the above circuit ‘‘limbic system’’

[40]; notably, he expanded its anatomic borders to

include other paralimbic structures, namely orbitofrontal

and anterior temporal cortex, nucleus accumbens, insula,

amygdala, and dorsomedial thalamic nuclei. The limbic

system (Fig. 1), through its direct inputs to hypothala-

mus and cortex, mediates interconnections of somatic

and visceral stimuli with higher cortical functions. In

other words, sensory inputs, first received in primary and

associate sensory areas, are then processed to the limbic

system through the hypothalamus; finally, they project to
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other cortical areas, where higher order mental processes

such as cognition, abstract thoughts or planning are inte-

grated [41].

Modern neuroimaging methods (single photon emis-

sion computed tomography, positron emission tomogra-

phy, and functional magnetic resonance imaging) have

largely clarified that, apart from the limbic system, other

inner brain structures may be directly implicated in the

pathogenesis of mental illnesses [16, 31, 65]. It is well

known, both from basic research and from the patho-

physiology of certain neurological disorders such as

Parkinson’s disease, that the basal ganglia, through the

well defined frontal-striatal-pallidothalamic-frontal loop,

play a principal role in the control of motor function.

Interestingly, recent data advocate that the above loop

might also be critical in the pathophysiology of psychia-

tric disorders. Moreover, frontal lobe and basal ganglia

dysfunction have also been demonstrated in patients

suffering from obsessive-compulsive disorder (OCD)

or Tourette’s syndrome (TS) [60, 63]. Positron emission

tomography (PET) studies have also demonstrated the

functional relationships between orbitofrontal cortex,

cingulate cortex, and basal ganglia in OCD [62].

To date, the exact neuroanatomical, neurochemical,

and neuropathological disorders underlying psychiatric

phenomena have not fully been elucidated; however, it

has certainly been demonstrated that the limbic system,

the cingulate cortex, and the basal ganglia are princi-

pally involved in the pathophysiology of mental symp-

toms. All these critical structures have proved to be

reciprocally interconnected and the equilibrium of this

‘‘circular system’’ is achieved only when its component

pathways are equivalently functional. This system nor-

mally has a range of ‘‘autoregulation’’ aiming to main-

tain the sanity of the human brain in spite of dramatic,

frightening or sad events. Any disturbance in the afore-

mentioned circuits could result in loss of the ‘‘state of

autoregulation’’ and in various components of mental

disease. On the contrary, interruption of any of the above

neural networks can re-establish a ‘‘state of autoreg-

ulation’’ in various ways such as blocking inputs to

frontal lobes and alleviate psychiatric symptoms by

affecting cognition. Notably, lesions placed in separate

structures of this neuronal loop can alleviate the same

mental symptom, while multiple lesions severing two

or more distinct circuits may sometimes have a better

clinical effect than single lesions. In current psychiat-

ric neurosurgery, each of the four major procedures in

use aims to sever one or more of the above neuronal

circuits.

Anterior cingulotomy

The anterior cingulum was recognized early as a key

point in the Papez’s ‘limbic circuit’, since its destruc-

tion in animals altered substantially their emotional re-

sponses [32]. Fulton first suggested anterior cingulum as

a potential psychosurgical target [24, 25] and the origi-

nal open procedure was first performed by Scoville [19];

this involved the excision of the anterior supracallosal

fibers of the cingulate gyrus. In early 1950s, the inter-

vention was made popular in various centers worldwide

[46]; amongst others, the Massachusetts General Hospital

Cingulotomy Unit has been recognized as one of the

main reference centers, which has conducted several

studies on bilateral anterior cingulotomy, both prospec-

tive and retrospective [6, 18, 34]. Currently, the proce-

dure is performed under general or local anaesthesia

with intravenous sedation, guided by accurate stereo-

tactic techniques. It involves the placement of bilateral

lesions 20–25mm posterior to the anterior horn of the

lateral ventricles, 2–5mm above the roof of the lateral

ventricle and 7mm from the midline [67]. Although an-

terior cingulotomy was initially suggested for the treat-

ment of intractable pain and various anxiety disorders,

better results were obtained in patients suffering from

intractable major depression and obsessive-compulsive

disorder (OCD). Bibliographically, thirty to forty-five

percent of the mentally disabled patients are categorized

in the responders’ group after cingulotomy; however,

when less objective clinically validated rating scales are

used to assess outcome, 60–70% of the sufferers experi-

enced significant improvement [16]. Overall, the proce-

Fig. 1. Schematic diagram of the main components of the ‘‘limbic

system’’ and their functional interconnections

Neurosurgery for psychiatric disorders 369



dure has proved to be effective in a significant number

of treatment-refractory psychiatric patients, while it is

associated with a low incidence of postoperative com-

plications and adverse effects [67]. In contemporary psy-

chosurgical practice, the above characteristics have

rendered anterior cingulotomy to the prevailing proce-

dure in North America.

Subcaudate tractotomy

Stereotactic subcaudate tractotomy was introduced

by Knight in 1964 [37] in an effort to minimize the

destructive effects of frontal lobotomy. The procedure

involves the division of white matter tracts interconnect-

ing the orbital cortex with the subcortical and limbic

structures, i.e. thalamus, basal ganglia, and amygdala.

The lesions are placed bilaterally in the region of the

substantia inominata, just below the head of the caudate

nucleus. Originally, the lesions were created by ste-

reotactically implanted radioactive yttrium 90 seeds; in

modern psychiatric neurosurgery, however, thermocoa-

gulation with magnetic-resonance imaging (MRI) ste-

reotactic guidance has substantially lowered the lesional

volume and the correlated immediate and long-term side

effects.

The surgical indications have included treatment-

refractory major affective disorders (unipolar and bipolar),

chronic anxiety states, chronic pain, and OCD. Although

early results reported clinical improvement in more than

50% of the patients who underwent subcaudate trac-

totomy [26], more recent data estimated treatment

response at 34% [43]. Before the early 1990s more than

1300 subcaudate tractotomies were performed in Britain,

particularly at the Brook Hospital in London; the pro-

cedure has now been replaced by other psychosurgical

interventions.

Limbic leucotomy

The procedure was first performed by Kelly et al. in

1973 [36] and essentially combined subcaudate tractotomy

with anterior cingulotomy. Its rationale was that two

lesions might produce better results that either method

alone. The ventro-medial frontal lesion disconnected

orbital-frontal-thalamic pathways, whereas the cingulum

lesion was intended to interrupt an important portion of

the Papez’s circuit. Anxiety states, OCD, depression, and

other psychiatric psychoses have constituted the main

indications for limbic leucotomy. The early reports

of clinical outcome were really promising as 89% of

patients with OCD, 78% of patients with depression, and

66% of patients with chronic anxiety showed marked

improvement of their symptoms; however, their mea-

surements were based on a five-point global rating scale

affected by subjective criteria of responsiveness [9].

Recently, when clinically validated rating scales were

used, only 35–50% of the sufferers who underwent lim-

bic leucotomy were considered as treatment responders.

Apart from transient adverse effects such as lethargy,

confusion, and lack of sphincter control, approximately

10% of the patients showed permanent minor memory

loss or urinary difficulties [30].

Anterior capsulotomy

Although the procedure was first designed by the

French neurosurgeon Talairach in the late 1940s, it

became popular only when Leksell used it to alleviate

a variety of psychiatric disorders [39]. The procedure

involves the bilateral placement of lesions in the anterior

limb of the internal capsule, where the orbito-frontal-

thalamic pathways course between the caudate and puta-

men nuclei of the basal ganglia. According to Leksell,

the targets are placed 5mm behind the tip of the frontal

horn of each lateral ventricle and 20mm lateral to the

midline at the level of the intercomissural plane; typi-

cally, the lesions are 15mm in height and 4–5mm in

diameter. Both thermal damage and gamma-knife radia-

tion have been used to produce the above lesions with

comparable rates of clinical improvement [48].

The majority of the reported post-capsulotomy com-

plications such as changes in mental status, memory

difficulties and affective disturbances have been attrib-

uted to the circumlesional edema and mostly subside

spontaneously over the first 2–3 postoperative months.

However, permanent side effects such as nocturnal in-

continence, seizure, memory deficits, aggressiveness,

and weight gain have also been reported [15]. Today,

the main indications for capsulotomy include treatment-

resistant generalized anxiety disorders, OCD, and panic

disorder [47] but it is also used for intractable de-

pression. Mindus et al. reviewed the reported cases of

anterior capsulotomy and, overall, demonstrated that

64% of the patients had experienced significant im-

provement in their psychiatric symptoms [49]. It is

generally accepted that anterior capsulotomy is more

efficacious in patients with OCD compared to cingulo-

tomy; however, its relatively high rate of associated

untoward effects remains an issue of controversy and

concern.
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Is any psychosurgical procedure superior

to the others?

Neurosurgery for mental illness has attracted much

reflection and criticism over its convoluted historical

course. Unfortunately, even in current practice where

stereotactic and neuroimaging technologies have sub-

stantially reduced the adverse effects of psychosurgical

procedures, it has not yet been determined which proce-

dure is optimal for which psychiatric disorder. Over the

last decades, a series of objective difficulties in terms of

reliability and accuracy have prevented direct comparison

of the four major psychosurgical interventions. When the

results from different centers or follow-up series of the

same center are collated, a number of critical concerns

arise: the early reports, in most part, are based on poorly

defined diagnostic criteria, ambiguous surgical indica-

tions, as well as subjective outcome rating scales; the

results are mostly referred to variable observation times

and subjected to center bias; so far, no control groups or

prospective placebo-controlled (sham operations) have

been included in the psychosurgical studies; and finally,

given that a considerable number of sufferers were of-

fered psychosurgical interventions before the modern era

of psychopharmacology, many of those patients would

not meet today’s inclusion criteria for such treatment.

Currently, several of the above obstacles have been par-

tially overcome. For example, the use of external beam

radiation appears to provide a feasible and ethical way

of including control groups of patients in comparative

studies [33]. Additionally, the establishment of standard-

ized nosology for mental disorders and the introduction

of validated rating scales, both subjective and objective,

for psychiatric symptoms have greatly enhanced the

capacity of evaluation. However, taking together the cur-

rently available data and comparative methodologies,

the clinical superiority of any one of the four psycho-

surgical procedures is not clearly provable and convin-

cing. Despite recent bibliographic evidence in favour

of a specific psychosurgical intervention, it is generally

accepted that all four procedures are roughly therapeu-

tically equivalent. The incidence and severity of compli-

cations associated with each operation appears also to be

an important criterion in the selection of the target. From

that point of view, cingulotomy has been correlated with

less important and more transient side effects when

compared with other procedures [16]. The final decision

depends upon the definitive psychiatric diagnosis, the

experience of the center where the patient is referred

to, and the specific surgeon’s preference. Overall, limbic

leucotomy and capsulotomy prevail in Europe, whereas

cingulotomy is more commonly performed in North

America. In the future, multicenter, double-blinded pro-

spective studies constructed with standardized diagnostic

criteria and assessment rating scales may indicate which

procedure is optimal for which psychiatric disorder.

Deep brain stimulation in psychiatric

neurosurgery: concerns remain

As early as the 1950s, electrical modulation of the

brain was used as a therapeutic option for the alleviation

of either psychiatric symptoms or chronic pain condi-

tions. Over the next three decades, electrical brain stim-

ulation mostly fell into oblivion following the general

decline of neurosurgical psychiatry. It was only at the

end of 1980s that interest in the field resurged; over the

next few years, the pioneering research and clinical

work of Professor Benabid established deep brain stim-

ulation (DBS) as an alternative treatment for certain

severe neurological symptoms [8]. So far, the methodol-

ogy has proved particularly effective in Parkinson’s dis-

ease and essential tremor. Investigational studies have

given promising results in the management of neuropath-

ic pain, Tourette’s syndrome, treatment-resistant cluster

headache, epilepsy and vegetative state [28].

Technically, DBS involves the (often bilateral) surgi-

cal implantation of fine electrodes in selected deep cited

brain structures, guided by accurate stereotactic method-

ology, magnetic resonance imaging and, in many cases,

physiological monitoring by microelectrode recording.

A battery-operated pulse generator is then placed sub-

cutaneously, usually below the clavicle, and extension

wires are tunnelled under the skin to connect it with the

intracranial leads. High frequency electrical stimulation

of the involved neural networks affects substantially

their functional integrity. The exact underlying mech-

anisms of DBS, however, have not been fully clarified

yet. Although both excitatory and inhibitory effects

have been demonstrated on affected brain circuits, the

hypothesis that chronic high frequency (130–185Hz)

stimulation reduces neural transmission through in-

activation of voltage-dependent ion channels prevails

in the field [11]. Paradoxically, despite presumable

brain activation following electrical stimulation, DBS,

in fact, interrupts neural circuits mimicking the result

of a lesion.

Deep brain stimulation methodology carries inherent

advantages over the conventional lesional procedures. In

theory, the intervention is fully reversible and adjustable.

Postoperatively, stimulation itself may be modified, in
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terms of pulse width, frequency and voltage or even dis-

continued in the event of untoward effects. From a clinical

and research perspective, the electrical stimulation itself

may be turned ‘‘on’’ or ‘‘off’’ without patient’s awareness,

thus providing the opportunity of conducting double blind

studies. Furthermore, the multi-channel leads used for

DBS enable neuroscientists to modulate the electrical cir-

cuits within the brain by altering the transmitted electric

currents; this offers the possibility to change the regional

zone of the surrounding brain tissue that is affected or

even alter the structures targeted along the electrode with-

out requiring further surgery. In contrast, ablative proce-

dures may be revised only by adding further lesions; these

aim either to increase the size of an existed lesion or to

destroy a separate adjacent brain structure.

Despite the undoubted advantages of DBS technol-

ogy, certain side effects may complicate its practice.

Approximately 1–3% of the patients may develop intra-

cerebral hemorrhage, infection, or seizures [29]. Stimu-

lation itself may result in unwanted neurological effects

such as paresthesias, limb weakness, dysarthria, memory

deficits, changes in mood, and cognitive impairment.

Notably, lead breaks, unpredictable battery depletion,

and short battery life are all significant problems, which,

not infrequently, occur with DBS.

Taking into account the murky past of psychosurgery

and the aforementioned advantages of DBS, it becomes

apparent that the new methodology potentially provides

the optimal surgical modality for the alleviation of intrac-

table mental illnesses. The reversibility of the ‘‘lesion’’,

the adjustment of stimulation, and the low rates of

intra- and postoperative complications are all significant

merits, which may ameliorate the public outcry and sci-

entific criticism that commonly surrounded the psy-

chosurgical practice in the past. So far, the established

targets of ablative procedures have indicated the brain

structures that might be appropriate targets for DBS.

Over the last few years, the first investigational reports

of implantation of electrodes in the anterior limbs of the

internal capsules or the right nucleus accumbens have

provided promising results in the treatment of refractory

obsessive-compulsive disorder (OCD) [1, 4, 53, 54, 68].

Moreover, the rostral cingulate gyrus has been a struc-

ture clearly implicated in the pathophysiology of af-

fective disorders; this area has been both suggested

[61] and surgically tested [44] as a target for DBS in

the management of medically-resistant depression. The

encouraging results from the chronic electrical stimu-

lation of the ventral caudate nucleus [5] or the inferior

thalamic peduncle [35] allow neurosurgeons and psy-

chiatrists to further investigate alternative targets along

the brain circuits underlying affective illnesses.

It is not surprising that interest in the field of psychia-

tric neurosurgery has been rejuvenated following the

advent of deep brain stimulation. The new methodology

is potentially an attractive option for some desperate

psychiatric patients, a proportion of whom are suicidal.

However, caution is demanded; psychosurgery’s tainted

past warns against overzealous practice and unsubstan-

tiated enthusiasm in reports. Before contemplating DBS

for psychiatric indications, several criteria should be met

and critical queries answered [55]. First of all, it is im-

perative to define the group of psychiatric disorders that

might benefit from DBS (OCD and depression are the

main indications as yet). Second, the neuroanatomical

networks underlying the disturbed behaviours should be

better defined and elucidated. Furthermore, strict criteria

of diagnosis, severity, disability, chronicity, and treat-

ment refractoriness should be instituted [38]. For these

purposes, multidisciplinary teams are necessary, which

will include psychiatrists, neurosurgeons, neuropsychol-

ogists, neurologists, bioethicists, and legal advisers. A

battery of carefully constructed protocols and standard-

ized clinical instruments such as validated rating scales,

would assure that candidates are selected with approved

scientific and ethical criteria [15, 33]. The patient’s capa-

bility of providing informed consent and willingness to

participate in both preoperative assessment and post-

operative follow-up tests are also mandatory. All proven

medications, behavioural therapies and complementary

treatments should have been given adequate trials before

a specific psychiatric disorder is characterized as treat-

ment-refractory [27]. The psychiatrists who are involved

in the advisory committee should have appropriate ex-

perience of the most disabling and medically-resistant

mental disorders. Satisfactory arrangements must be in

place for the postoperative management. The neurosur-

gical team should have substantial experience with DBS

methodology and work in close collaboration but still

independently from the psychiatric committee.

Undoubtedly, DBS has opened a new avenue for re-

search and clinical management of medically-resistant

psychiatric illnesses. However, as the number of psycho-

surgical procedures is expected to be steadily increasing

in the foreseeable future, a series of critical issues should

also be considered. Candidates for DBS are the most

disabled psychiatric patients, who mostly face immense

suffering, severe incapacity and marital, professional

and social burdens in their lives. In this vulnerable popu-

lation, DBS may represent the ‘‘last resort’’ and the
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future of these desperate subjects; if conventional psy-

chiatric treatment fails to improve their symptoms, DBS

has to be considered and proposed. As mentioned earlier,

DBS is associated both with permanent and transient

unwanted effects. Is it always clear that the possibility

of postoperative complications outweigh the clinical

impact of the disease itself?

From a medical economic point of view, DBS pro-

cedures usually involve the bilateral implantation of

multi-channel leads and a battery-operated generator.

The current cost of the complete system is up to

US$ 24,000 per patient, an amount that is high even

for the budget of developed countries [28]. The costs

are compounded by the need to replace battery-depleted

pulse generators which could occur every two years or

more frequently depending on the selected stimulation

parameters. New advances include rechargeable bat-

teries with extended life, novel electrodes, which would

enable neuroscientists to explore more combinations

of high electrical currents, and new instrumentations,

which will facilitate the technical steps of the procedure.

The high cost of the implanted system, the sophisticated

computer technology needed for the recognition and

accurate targeting of the selected brain structure, as well

as the necessary multidisciplinary teams for the pre-,

intra- and postoperative therapeutic management of the

psychiatric candidates indicate that DBS, at present,

should be practised in a small number of critically accred-

ited academic centers.

At the dawn of the 21st century, the new frontiers of

psychiatric neurosurgery have never been more promis-

ing. The accurate stereotactic targeting of specific brain

structures, the advanced neuroimaging methods, the elab-

orate microrecording neurophysiological monitoring, the

highly effective technological products, and the deep

brain stimulation methodology provide altogether the

best environment for neurosurgery of mental disorders

to flourish. The dark past of the field, however, should

remain a vivid reminder and a cautious guide in order to

move forward on a scientifically justified and bioethi-

cally approved line. It is of great importance that the

patients, their care givers, and the attendant physicians

understand that, at present, DBS is not a ‘‘therapeutic’’

procedure in the traditional sense; it is rather an alter-

native but acceptable treatment modality, which carries

outstanding inherent advantages and may improve

psychiatric symptoms in a limited number of strictly

selected patients without causing permanent harm.

Substantive, robust, critically controlled doubled blind

studies will provide clear evidence of the effectiveness

of DBS methodology and define the clinical spectrum of

psychiatric disorders that might be improved.
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Summary

Electrical stimulation (ES) in the brain is becoming a new treatment

option in patients with treatment-resistant obsessive-compulsive dis-

order (OCD). A possible brain target might be the nucleus accumbens

(NACC). This review aims to summarise the behavioural and physiolo-

gical effects of ES in the NACC in humans and in animals and to discuss

these findings with regard to neuroanatomical, electrophysiological and

behavioural insights. The results clearly demonstrate that ES in the

NACC has an effect on reward, activity, fight-or-flight, exploratory be-

haviour and food intake, with evidence for only moderate physiological

effects. Seizures were rarely observed. Finally, the results of ES studies

in patients with treatment-resistant OCD and in animal models for OCD

are promising.

Keywords: Neuromodulation; electrical stimulation; behaviour;

nucleus accumbens; ventral striatum; review.

Abbreviations

5-HT serotonin; 6-OH-DA 6-hydroxydopamine; AMY amygdala; DA

dopamine; DAergic dopaminergic; DOPAC 3,4-dihydroxyphenylacetic

acid; DT�E (Des-Tyr1)-�-endorphin; ES electrical stimulation; FCV fast

cyclic voltammetry; GABA gamma-aminobutyric acid;HC hippocampus;

HVA homovanillic acid; ICSS intracranial self-stimulation; LH lateral

hypothalamus; MD mediodorsal thalamic nucleus; MDMA methylene-

dioxymethamphetamine; MFB medial forebrain bundle; NA noradrena-

line; NACC nucleus accumbens; SN substantia nigra; SNc substantia nigra

pars compacta; SNr substantia nigra pars reticulata; VP ventral pallidum;

VTA ventral tegmental area.

Introduction

Some patients with obsessive-compulsive disorder

(OCD) are treatment-refractory to conventional beha-

vioural therapy and=or pharmacological treatment. Part

of these patients may benefit from a neurosurgical lesion

in a specific brain target [36, 46]. In one of those brain

targets, the anterior limbs of the internal capsule [60, 67],

we demonstrated that high frequency ES was also ther-

apeutically effective [77]. In contrast to neurosurgical

lesions, electrical brain stimulation is a reversible tech-

nique, which is a major advantage in case severe side

effects occur. Moreover, in Parkinson’s disease ES has

a lower rate of side effects compared to lesioning with

thermocoagulation [103].

Although the clinical outcome of ES in the anterior

limbs of the internal capsule is satisfactory, high voltage

levels are necessary. Hence, the battery lifetime is lim-

ited to 4–12 months requiring frequent exchange of the

batteries under local anaesthetic, limiting the comfort

of the patient. One of the strategies to surpass the high

energy consumption is to search for other brain targets

that yield the same or even better therapeutic results

with a lower voltage.

A possible new target for ES in patients with treatment-

refractory OCD might be the nucleus acccumbens

(NACC) [1, 117], which participates as the antero-

ventral part of the ventral striatum in the cortico-

striato-pallido-thalamo-cortical circuitry. Functional brain

imaging studies indicate that this circuitry is involved in

OCD [100]. Additional evidence for the involvement of

the NACC in OCD comes from stereotactic lesioning

studies in the anterior limbs of the internal capsule.

Lesioning of the ventro-caudal part of the internal cap-

sule was imperative for successful treatment. It is likely

that such a lesion also affects the NACC [67, 110]. The



current article reviews the reported behavioural and phy-

siological effects of ES in the NACC of humans and

different mammalian species.

Methods and results

We performed a computer-aided search of Pubmed using the key-

words ‘nucleus accumbens’, ‘ventral striatum’ and ‘ES’ and selected

articles dealing with the behavioural and physiological effects of ES in

the NACC. In addition, we searched the reference lists of these selected

relevant articles. Because we cannot read or comprehend Chinese lan-

guage one article was rejected [53]. The results of our search are

described in the following sections.

Anatomy of the NACC

Core and shell NACC

The NACC has been subdivided in a core and shell

subregion based on cytoarchitectonic and neurotransmit-

ter characteristics and differences in afferent and effer-

ent connections [142]. The shell is situated in the medial

Fig. 1. NACC core and shell: Graphical representation of coronal sections through the human NACC core (blue) and shell (green) and its

surrounding structures (modified from the atlas of Mai et al. 63). The distance from the midpoint of the anterior commissure at the midline is

denoted below each coronal section. ac Anterior commissure; aco anterior commissure, olfactory limb; aic anterior limb of internal capsule; aps

anterior parolfactory nucleus; BSTC bed nucleus of the stria terminalis, central division; BSTLJ bed nucleus of the stria terminalis, lateral division,

juxtacapsular part; BSTM bed nucleus of the stria terminalis, medial division; CdL lateral caudate nucleus; CdM medial caudate nucleus; CdV

ventral caudate nucleus; CG cingulate gyrus; CSP cavity of septum pellucidum; db diagonal band; ec external capsule; EGP external globus

pallidus; FCd caudate fundus region; FLV frontal horn of the lateral ventricle; FPu putaminal fundus region; gcc genu of the corpus callosum; GTI

great terminal island; lml external medullary lamina of the globus pallidus; LSD dorsolateral septal nucleus; LSI intermediolateral septal nucleus;

LSV ventrolateral septal nucleus; NACCc acccumbens nucleus, central (subventricular) part (core); NACCl accumbens nucleus, lateral subventricular

part (core); NACCm accumbens nucleus, medial (subventricular) part (shell); OTr olfactory trigone; pcfx precommissural fornix; PirF (pre-)piriform

cortex, frontal area; PPCI (pre-) piriform claustrum; pps posterior parolfactory sulcus; PTG paraterminal gyrus; PuM medial putamen; racc

radiation of corpus callosum; SB striatal cell bridges; SCA subcallosal area; SCGP supracapsular part of the globus pallidus; SFi septofimbrial

nucleus; SGI substantia gliosa; SSTI substriatal terminal island; sv septal vein; Tu olfactory tubercle; TuTl tubercular terminal island(s); unc uncinate

fasciculus; VDB vertical limb of the diagonal band
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and ventral part of the caudal two thirds of the NACC

and encompasses the core, situated laterally in the

NACC [19] (Fig. 1). The NACC core is connected to

the extrapyramidal motor system and the NACC shell to

limbic brain areas mediating emotional processes. In

addition to the NACC shell and core, some authors have

recognized a rostral pole [152].

Main afferent and efferent projections

We shortly summarize the main connections of the

NACC (see Fig. 2) but refer to other reviews for in depth

expositions of the NACC neuroanatomy in the rat [37]

and nonhuman primates [39]. For a topographical orga-

nisation of the connections of the NACC core and the

shell, we refer to the Fig. 2 (obtained with permission

from 37).

The NACC receives mainly glutamatergic projections

from the amygdala (AMY) [92], hippocampus (HC)

[17, 61, 121, 135, 150], thalamus [6, 9] and prefrontal

cortex (PFC) [11, 13, 23, 34, 71, 72, 105, 113] and a

dopaminergic (DAergic) projection from the mesence-

phalon, i.e. ventral tegmental area (VTA) and substantia

nigra (SN) [22, 85]. The major efferent projection from

the NACC terminates in the ventral pallidum (VP) and

is principally gamma-aminobutyric acid (GABA)ergic

[14, 41, 137, 143]. The ventral pallidum, in turn, projects

strongly to the substantia nigra pars compacta (medio-

lateral part) as well as to the limbic part of the sub-

thalamic nucleus and its extensions into the local

hypothalamus [38]. In addition, the NACC provides a

recurrent projection to the VTA and SN in the mesence-

phalon [41]. An important difference between NACC

core and shell is the efferent projection from the NACC

shell to the lateral hypothalamus (LH) and the extended

AMY, which does not exist in the NACC core [41].

Signal processing in the NACC

‘Up’ and ‘down’ membrane potential states

More than 90% of the projection neurons in the

NACC are medium-sized neurons with spines on their

dendrites [4, 12, 79]. These neurons show membrane

Fig. 2. Neuroanatomical connections of the NACC: The topographical organisation of the main afferents and the VP efferents of the NACC core

and shell is represented in a transverse section through the NACC (right) and the VP (left) (modified from Ref 15). ac Anterior commissure; NACC

nucleus accumbens; VPdl dorsolateral ventral pallidum; VPvl ventrolateral ventral pallidum; VPvm ventromedial ventral pallidum
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potential shifts (	20mV) from a negative ‘down’ state

to a depolarized ‘up’ state [141] (Fig. 3), which are

regulated by inputs from the HC [80] and the VTA

[35]. The potential shifts bring the membrane poten-

tial during 100–1000ms close to the firing threshold

enabling other inputs (e.g. from the PFC) to evoke action

potentials in the NACC (see Fig. 3). Hence, afferents

from the HC and the VTA are able to gate other inputs.

In accordance, slow frequency firing was recorded in the

NACC during the ‘up’ state membrane transitions, tak-

ing place at a frequency less than 1Hz [35].

Neuronal ensembles

The transitions in membrane potentials to the ‘up’

state occur synchronously in ensembles of NACC neu-

rons, rather than in the global NACC or in single NACC

neurons [81]. Many of the afferent projections from the

abovementioned brain areas converge their input on

single NACC neurons and their dendrites within these

ensembles [18, 106]. Based on the topographical orga-

nisation of afferent connections to the NACC, each of

these ensembles integrates different inputs. Likewise, the

NACC ensembles relay the input to distinct output areas

upon activation.

Presynaptic modulation of input

In addition to directly modulating the neuronal activity

of NACC neurons, afferent projections also modulate the

input of other afferents. For instance, VTA activation of

D2 receptors on terminals of hippocampal afferents to the

NACC, enhances the excitability of these neurons [136].

Behavioural effects of ES in the NACC

ES in the NACC has an effect on a wide range of

behaviours, which will be discussed in the following

sections. ES in the NACC has rewarding properties:

animals with an electrode in the NACC will perform

self-stimulation (intracranial self-stimulation) to apply

electrical pulses in the NACC. In addition, ES in the

NACC influences activity, fight-or-flight behaviour, ex-

ploratory behaviour and food intake. The effect of ES in

the NACC on OCD symptoms in animal models and

humans will be discussed in the following sections.

Finally, the risk for seizures will be evaluated.

Reward – intracranial self stimulation (ICSS)

In 1954, Olds and Milner discovered that rats perform

an operant task to apply trains of electrical pulses in the

septal area and other regions of the brain [82]. This

behaviour, called intracranial self-stimulation, has re-

warding properties probably by activation of neural sys-

tems, which mediate natural rewards like food intake

[126]. Therefore, ICSS has been used in models for

depression to quantify the ability to experience pleasure.

In these models, a decrease in ICSS rate or an increased

threshold for ICSS is indicative for depression. The clin-

ical effect of supposed new antidepressants was pre-

dicted in the animal models by evaluating the effect on

ICSS rate or threshold. The NACC is one of the brain

targets where it is possible to induce ICSS (for refer-

ences, see below). In the NACC, ICSS is accompanied

by a highly stereotypic backing away from the lever,

sniffing, licking and digging [69].

Regional differences in ICSS rate within the NACC

The rate of ICSS in the NACC may be more than

20 per minute [95]. It depends on the NACC subregion

where the electrode tip is located. In mice, differences

in ICSS rates were noticed with rostro-caudal and

dorso-ventral gradients. In the dorsal NACC, ICSS

rates were very high rostrally but decreased more cau-

dally. To the contrary, in the ventral NACC, ICSS rates

were almost absent rostrally whereas good ICSS rates

were observed caudally, with even higher values than

in the dorsal NACC at this level. In regions inter-

mediate between dorsal and ventral NACC, there was

generally a good responding with higher ICSS rates

caudally then rostrally [147]. In another study, a

medio-lateral gradient was observed with higher ICSS

rates in the medial NACC [89]. Only in one study,

Fig. 3. Typical firing pattern of NACC neurons: Typical firing pattern

of most NACC neurons exhibit ‘up’ and ‘down’ states in their

membrane potential. Action potential firing is only observed during

these ‘up’ events (reprinted from O’Donnell, 1999 [46])
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in Rhesus monkeys, no ICSS was observed in the

NACC [133].

ICSS in the NACC versus ICSS in other brain targets

There are also differences in ICSS rates between the

NACC and other brain regions. ICSS rates in the NACC

are lower than in the LH [123, 93], the medial forebrain

bundle (MFB) [99, 144], the VTA [69, 123], the PFC

[109] and the substantia nigra (SN) [8, 90, 144] but higher

than in the caudatoputamen, the AMY and the olfactory

tubercle [89]. One study found no difference in ICSS rate

in the NACC versus the SN [21]. Except for the above-

mentioned studies, no other comparisons in ICSS rate

between NACC and other brain targets were reported.

These differences in ICSS rates between brain areas, how-

ever, may depend on the duration of the test period. For

instance, it was reported that rats self-stimulate at the

same rate in the NACC like in the LH but that rats with

an ICSS electrode in the NACC need more days to achieve

these equal ICSS rates [47]. Differences in the number of

days to acquire ICSS were also observed within the

NACC itself. ICSS was faster acquired in dorsomedial

anterior versus posterior NACC subregions [147].

Stimulation parameters

In the ICSS paradigm, animals work to obtain trains

of electrical pulses (train duration: 0.1–1 s [99, 149] in

a rewarding brain area. In the NACC, animals will

respond with higher ICSS lever pressing rates if the

frequency of these pulses in the train is increased, with

a plateau at approximately 60Hz [123]. Also changes in

pulse parameters influence the ICSS rate. The ICSS

rate increases as a function of current intensity [8, 47,

69, 109] until a plateau is reached [90]. In rats with a

lesion in the VTA (and consequently with a destruction

of DAergic input to the NACC), ICSS decreased at

higher current intensities [21]. As far as we know, there

are no studies in which the effects of different pulse

widths were compared. In most of the studies, pulse

widths between 0.2 and 0.3ms were used [59, 148].

Typical pulse waveforms used to induce ICSS in the

NACC were monophasic [90] and biphasic square [148]

wave pulses, as well as sine wave pulses [89].

Influence of stress on ICSS in the NACC

The NACC is not only involved in processing reward

but also in mediating stress responses [130] (see also

below: Fight-or-flight). Exposure to acute stress results

in an enhanced DA and serotonin (5-HT) release in the

NACC [7]. There is evidence that stress decreases the

ability to experience NACC mediated reward. Uncon-

trollable footshock specifically decreases the ICSS rate

in the NACC immediately after and even 7 days after

application of the stressor, however, without affecting

ICSS rate in the SN [8]. Desmethylimipramine, a tricy-

clic antidepressant, reverses this footshock-induced de-

crease in ICSS rate in the NACC [146]. Similar findings

were observed after immunological stress: injection with

sheep red blood cells in mice, an antigen that induces a

peak immune response at the fourth day after inocula-

tion, reduced the response rate for ICSS in the NACC on

the third, the fourth and the fifth day after inoculation.

The dose of sheep red blood cells is known to influence

DA activity in the NACC. Another stressor, food depri-

vation, had no effect on the response rate for ICSS in

the NACC. This is quite remarkable since the NACC is

known to be involved in food intake [54] (see also be-

low: Food intake). In other brain areas, like the MFB

[99], the LH and the substantia innominata [95] ICSS

rate clearly increased after food deprivation. Finally, it

was observed that the effect of stress on ICSS in the

NACC depends on the mouse strain [148]. While there

was a decrease in ICSS rate in DBA=2J mice after foot-

shock stress, an increase in ICSS rate was observed in

BALB=cByJ mice and no change in C57BL=6Jmice.

Effect of drugs or brain lesions on ICSS

in the NACC

One way to study the mechanism of ICSS in the

NACC is to administer pharmacological agents of dif-

ferent classes and to evaluate the effect on ICSS. For a

summary of the findings of the literature we refer to

Table 2.

CNS stimulants

Cocaine, amphetamine and methylenedioxymetham-

phetamine (MDMA) are three stimulants of the central

nervous system (CNS), which all induce a significant

increase in DA metabolism in the NACC (Table 1). After

administration of these stimulants, rats will start ICSS

in the NACC at lower stimulation frequencies and will

press more and at higher rates [84, 90, 149]. Only for

MDMA, a derivative of amphetamine commonly known

as ecstasy, a decrease in the total number of presses was

observed. MDMA affects the serotonergic system and

Behavioural and physiological effects of electrical stimulation in the nucleus accumbens 379



Table 1. Drug effects on ICSS in the NACC

Drug Species Admin. route Dose Effect Ref.

CNS stimulants

Cocaine Wistar rat IP 5mg=kg " ICSS rate & [59]

– Mainly blocks the uptake of DA,

5-HT and NA at the neuronal plasma

membrane transporters [116];

rewarding properties are mediated

via simultaneous actions on DA,

5-HT and NA transporters [116];

0.5 and 1mg=kg systemic cocaine

increases DA in the NACC shell [87]

15mg=kg maximal rate, #
stimulation frequency

threshold

Amphetamine Wistar rat SC 100mg " ICSS rate [118]

– release of monoamines (especially

DA and NA) from nerve terminals;

0.5–3mg=kg amphetamine increases DA

in the NACC 7–25-fold [52, 88];

Wistar rat IP 0.3mg=kg

1mg=kg

" ICSS rate;

highest dose: "
maximal rate & #
stimulation threshold

[59]

1–3mg=kg reduces 3,4-dihydroxyphenylacetic

acid (DOPAC) and homovanillic acid (HVA)

in the NACC with more than 50% [52];

no effect on 5-HT levels in the NACC,

except at high dose (9mg=kg)

Charles

River rats

IP 1mg=kg " ICSS rate, also

increase in function

of time

[90]

Wistar rat IP 1mg=kg " ICSS rate [84]

þ 6-OH-DA lesion Wistar rat LH not applicable lesions neutralized the

effect of amphetamine

[84]

MDMA Wistar rat IP 0.5mg=kg highest dose: # ICSS [59]

– binds to DA, 5-HT and NA transporters

and reverses the action of these transporters,

resulting in the release of DA, 5-HT and

NA in the synapse; 1–3mg=kg induces

a 3 fold increase of DA and 5-HT in the

NACC [52]; 1–3mg=kg increases DOPAC

in the NACC by 75–80% [52]; 3mg=kg

decreased the 5-HT metabolite 5-HIAA

by 60% [52]

2mg=kg

4mg=kg

total lever presses &

stimulation threshold

þ Methysergide

antagonist at 5-HT2 receptor and agonist

at some 5-HT1 receptors [108]

Wistar rat IP 5mg=kg reversal of MDMA induced

decrease in ICSS rate

& maximal rate

[59]

þ Ketanserin

5-HT2 receptor antagonist

Wistar rat IP no effect on MDMA

induced decrease

[59]

Methysergide Wistar rat IP 5mg=kg no effect [59]

D2-like DA antagonists

Haloperidol Wistar rat SC 5 mg # ICSS rate [118]

– D2-like DA antagonist with �-adrenergic

receptor affinity; 0.1–1mg=kg increases

DA release in the NACC by 50% [16, 58]

Rhesus monkey IM 0.1–0.4mg=kg

(1�=2d) during
3wks

ICSS at 25–75% lower

stimulation amplitudes.

This is reversible.

[104]

Wistar rat IP 0.07mg=kg # ICSS rate [76]

0.2mg=kg

0.67mg=kg

þ Hyoscine Wistar rat IP 0.3mg=kg attenuation of haloperidol

muscarinic acetylcholine receptor antagonist;

0.5mg=kg increases DA in the NACC [45]

1.5mg=kg induced decrease

in ICSS rate

Spiroperidol

– D2-like DA antagonist

Albino rat NACC

homo-lateral

1 mg 58%# ICSS rate

(range 25–83%)

[69]

NACC

contra-lateral

1 mg no effect

(continued)
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often induces motor deficits known as the ‘5-HT syn-

drome’ [59]. The decrease in lever pressing is probably

due to these motor deficits: concomitant administration

of MDMA and methysergide, a 5-HT2 antagonist and

5-HT1 agonist which prevents these motor deficits,

increased the total number of presses and ICSS rate

[59]. Single methysergide administration and augmenta-

tion of MDMAwith ketanserin, a drug related to methy-

sergide but without 5-HT1 agonistic properties, had no

effect. Therefore, it was concluded that the decrease in

lever pressing with MDMA was due to 5-HT1 receptor

mediated motor deficits.

D2-like DA antagonists

Acute administration of haloperidol and spiroperidol,

two D2-like DA antagonists, decreases the ICSS rate in

the NACC in rats [67, 76, 118]. Although haloperidol

Table 1 (continued)

Drug Species Admin. route Dose Effect Ref.

Opioids and endorphins

Naltrexone Long-Evans rat IP 2.5mg=kg # ICSS rate & " stimulation [123]

– m opioid receptor antagonist [122]; lower

affinity for � and � receptors, able to reverse

agonists at � and � sites [122]; 1mg=kg

systemic naltrexone had no effect on basal

DA in the NACC but reverses ethanol or

food intake induced DA release in the

NACC [5, 112]

5mg=kg

10mg=kg

20mg=kg

frequency necessary to

obtain the same ICSS

rate, not dose dependent

(Des-Tyr1)-�-endorphin Wistar rat SC 2.5mg=kg # ICSS rate, dose dependent [118]

– endogenous non-opioid peptide which

probably acts on presynaptic mesolimbic

dopamine receptors [120]; DT�E has no

effect on basal DA release in the NACC

in vitro but suppressed Kþ-induced DA

release [102]

25mg=kg

�-endorphin Wistar rat SC 2.5mg=kg no effect [118]

– endogenous opioid peptide; 10 and

20 mg intracerebral a-endorphin tended

to decrease DA and DOPAC in the

striatum and 20 mg decreased HVA [51]

25mg=kg

Tricyclic antidepressant

Desipramine CD-1 mice IP 5mg=kg no effect on ICSS rate when [145]

– tricyclic antidepressant; inhibition of

NA re-uptake; 5mg=kg systemic

desipramine has no effect on DA, DOPAC

or HVA in the NACC [83]; in vitro has no

effect on DA release in the NACC induced

by electrical stimulation in the NACC [48]

given alone, reversal of

the reduction in ICSS

induced by uncontrollable

footshocks

[146]

Summary of drug effects on ICSS in the NACC, including drug dose and administration route. A decrease in ICSS threshold indicates that lower

current intensities are needed to induce the same ICSS rate. ICSS Intracranial self-stimulation; IM intramuscular; IP intraperitoneal; LH lateral

hypothalamus; NACC nucleus accumbens; SC subcutaneous

Table 2. Lesion effects on ICSS in the NACC

Lesion type Species Target Effect Reference

6-OH-DA lesion Wistar rat LH # ICSS rate at 1–3 days after lesion,

no effect during next 18 sessions

[84]

RF lesion VTA " ICSS rate [109]

Blockade ? GABAergic input to the

mesolimbic DA neurons

" ICSS rates of the NACC personal communication

[139]

Summary of the effects of lesions in the brain on ICSS in the NACC, including the type and the target of the lesion. 6-OH-DA 6-hydroxydopamine;

DA dopamine; GABA: gamma-aminobutyric acid; ICSS intracranial self-stimulation; LH lateral hypothalamus; NACC nucleus accumbens;

RF radiofrequency; SC subcutaneous; VTA ventral tegmental area
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may induce disturbances in motor performance [44], it

is unlikely that motor deficits induced the decrease in

ICSS rate. Indeed, injection of spiroperidol in the NACC

only decreased the ICSS rate when it was on the same

side of the ICSS electrode. The lack of effect on ICSS

when injected contralateral to the ICSS electrode sug-

gests that motor performance was intact [69]. The de-

crease in ICSS rate induced by haloperidol could be

attenuated by administration of hyoscine (scopolamine),

which is a muscarinic acetylcholine receptor antagonist

[76]. Contrasting these results, one study reported that

ICSS was facilitated after chronic haloperidol admi-

nistration: monkeys started ICSS at lower stimulation

amplitudes [104].

Opioids and endorphins

The effect of naltrexone, (Des-Tyr1)-�-endorphin

(DT�E) and �-endorphin on ICSS in the NACC was

verified. None of these agents influences basal DA re-

lease in the NACC but naltrexone and DT�E decrease

evoked DA release in the NACC. It was observed that

these two agents suppress ICSS in the NACC [118, 123].

In contrast, �-endorphin, has no effect on ICSS in the

NACC.

Tricyclic antidepressant

Desipramine (desmethylimipramine) had no effect on

ICSS in the NACC but could reverse the reduction in

ICSS induced by uncontrollable footshocks [145, 146].

Brain lesions

The NACC receives a massive DAergic projection

from the VTA, which is part of the mesolimbic projec-

tion. Interruption of this pathway with a 6-hydroxydo-

pamine (6-OH-DA) lesion at the level of the LH, leads

to a decrease in ICSS rate after three days [84]. After

long-term recovery (21 days), however, this decrease in

ICSS rate normalised and even tended to increase [84].

Indeed, Simon et al. demonstrated an increase in ICSS

in rats with a radiofrequency lesion in the VTA after

17 days [109]. The discrepancy between the short- and

long-term effects of a lesion in the afferent DAergic

projection, might be attributed to increased sensitivity

for DA in the NACC due to upregulation of postsynaptic

DA receptors [31]. Probably therefore, no correlation

was observed between the increase in ICSS rate and

the decrease in DA concentration [109].

Dopamine

The studies on the effects of drugs and brain lesions

on ICSS in the NACC, present evidence for the involve-

ment of the DAergic system. Agents, which increase DA

release in the NACC, are likely to increase the ICSS rate

or lower its threshold and vice versa. Additional evi-

dence comes from fast cyclic voltammetry (FCV) stud-

ies. DA is one of the neurotransmitters that oxidises after

application of a voltage waveform. The resulting current

flow can be measured and is proportional to the DA

concentration at the microrecording electrode. With this

technique, called FCV, an increase in extracellular fluid

DA at a distance of 200–400 mm from the NACC stim-

ulation electrode was measured in vitro. Local applica-

tion of cocaine [125] facilitated DA release in the NACC

induced by ES [10]. Other findings oppose the involve-

ment of DA. Prado-Alcada and Wise mapped ICSS sites

in different regions in the brain but discovered no close

correspondence between the boundaries of the reward

system and those of the DA terminal fields as revealed

by DA fluorescence [89, 147]. However, ICSS in the

medial and ventral NACC, corresponding to regions of

DA and cholecystokinin (CCK) co-localization, was

accompanied with significant elevations in motor activ-

ity [147].

Other behavioural effects of ES in the NACC

Activity

A significant increase in activity was reported follow-

ing ES in the NACC in freely moving animals [32, 40]

and in animals tested for ICSS [144], especially when

stimulated in the medial NACC [147]. In addition, ES in

the NACC influences changes in activity induced by

the administration of different drugs. It enhanced the

increase in activity after administration of amphetamine

[56] and partly blocked the decrease in activity induced

by a 5-HT1A agonist [117]. In contradiction to these in-

creases in activity, stimulation in the NACC either had

no effect [119] or even caused a decrease in activity in

another study [93].

Fight-or-flight

Subjects facing threats dispose of a behavioural reper-

toire to handle the threat including opposing the threat

(aggression or fighting) or flying away from it. The pro-

tagonists in the neurocircuitry involved in fight-or-flight

behaviour are the AMY, the hypothalamus and the peri-
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aqueductal gray [68]. The connectivity of the NACC

with these brain areas suggests a role for the NACC as

well in mediating these behavioural effects. Indeed, sev-

eral experiments demonstrate that ES in the NACC can

induce but also mitigate aggression and fighting beha-

viour, as well as fear.

Hano et al. observed violent running during NACC

stimulation in rats, sometimes accompanied by backing,

rearing on the hind paws, body shakes and increased

muscular tone. Immediately after stimulation they no-

ticed an increased excitement and aggression [40]. In

accordance, ES in the NACC in male western fence

lizards induced species-specific assertion display and

challenge behaviour. In no case did stimulation elicit

proper fighting in these lizards [114]. Two other reports,

however, report the induction of aggression by ES in the

LH and the decrease of this aggression by concomitant

ES in the NACC [32, 33]. During ES in the LH, touching

the region of the mouth elicits a biting reflex in cats.

Stimulation at 6 or 60Hz amplitude-dependently re-

duced the size of the region where these biting reflexes

could be elicited. At the highest voltage level, the region

for biting reflex was even completely abolished.

The effect of ES in the NACC on fear also varied

considerably between studies. In one article, a decrease

in fear responses was observed in cats during stimulation

in the NACC [128], while in another an arrest reaction

(sudden interruption of all movements) and escape be-

haviour were elicited at threshold and suprathreshold

stimulation amplitudes, respectively [75]. In the latter

study, the escape response consisted of movement of

the cat to another place in the observation box, accom-

panied by crouching and flattening of the ears. It was

suggested that the arrest-escape response was mediated

via the efferent pathway to the VP, since a kainic lesion

in this area increased the NACC stimulation threshold

significantly (þ51%). Finally, in fully conscious but

restricted monkeys, no escape-like behaviour was ob-

served [133].

Exploratory behaviour

An increase in sniffing was observed at 6Hz stimula-

tion in the NACC in cats. Above threshold voltage, stim-

ulation caused sniffing, searching head movements,

and in-and-out tongue movements [32]. In rats, contin-

uous ES in the NACC also increased sniffing [40] and

ICSS in the NACC increased normal sniffing [47] as

well as amphetamine-induced sniffing [21]. ES during

10 days preceding the amphetamine injection had, how-

ever, no effect on amphetamine-induced sniffing [56].

Remarkably, in patients with OCD bilateral as well as

unilateral ES produced a transient smell sensation.

These olfactory perceptions were described as ‘‘some-

thing burning’’, ‘‘stale air’’, ‘‘an old bag’’, ‘‘some sort

of glue’’, ‘‘something sweet’’, or ‘‘as in nature’’. One

patient also tended to sniff the air in search of the source

of the smell [27].

Food intake

Several interventions locally in the NACC influence

feeding behaviour [151]. Upon ES in the NACC, in-

creases as well as decreases in food intake were re-

ported. In a food-reinforced task, food pellets were

retrieved faster during ES in the NACC [119]. Also,

upon termination of ICSS in the NACC, food intake

was increased in normal rats, but decreased after amphe-

tamine injections [21]. The decrease in the latter condi-

tion was larger than during amphetamine administration

alone. Finally, a sudden interruption of all movements

was observed in cats, including goal directed movements

as those observed when the animals advance toward a

dish of food [75].

ES resulted in considerable weight gain in 5 of

11 patients suffering from treatment refractory OCD

(increase of 26, 13, 12, 12 and 8 kg). The increase in

body weight is probably not just a consequence of the

relief of OCD symptoms in these patients, since it was

not always proportionate to the improvement in symp-

toms. Neither is it possible to state whether the increase

in body weight is due to a stimulation-induced change

in the subjects metabolism or hunger drive. Although

patients were not asked to keep food diaries, some of

them report to eat more and to crave for sweet things.

Others deny eating more, but gain weight nevertheless.

During consecutive episodes without stimulation, pa-

tients sometimes lost some of the gained weight. These

effects of ES in the NACC on food intake are probably

mediated by the connections of the NACC, mainly the

mediodorsal shell, to the LH.

Seizures

Upon termination of stimulation, seizure like be-

haviour characterised by extreme hyperactivity, loud

meowing, urination, and profuse salivation was observed

in one cat (stimulation parameters: monophasic pulses,

0.5ms pulse duration and 60Hz frequency) [32]. In the

ICSS experiments of Jenkins et al., all rats stimulated in

the NACC showed involuntary motor effects gradually
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increasing during 3 weeks, comprising at first wet-dog

shakes, eventually developing in full clonic seizures,

which increased in frequency and severity (variable train

duration, biphasic pulses, 0.2ms pulse duration, 250–

400 mA, and 100Hz frequency) [47]. In humans, no sei-

zures were observed in the region of the anterior limbs

of the internal capsule and the NACC, although stimula-

tion was also performed with relative large pulse widths

(0.06–0.45ms) and at high frequency (100–130Hz).

Effects of ES in the NACC on compulsive

behaviour

Animal models of obsessive-compulsive disorder

To examine whether ES in the NACC shell might

benefit patients with treatment-refractory OCD, we elec-

trically stimulated in the T-maze and the schedule-

induced polydipsia animal model [117]. Spontaneous

alternation behaviour is the natural tendency of most

species to successively explore both arms of a T-maze

alternately, provided the two goal boxes are equally rein-

forced. Subcutaneous injection of the selective 5-HT 1A

receptor agonist 8-hydroxy-2-(di-n-propylamino)-tetra-

lin hydrobromide reduces this alternation behaviour.

This behaviour models the compulsive and repetitive

behaviour of patients suffering from OCD [134]. In

our experiments, we found that a lesion and ES in the

NACC had the same behavioural effects in this model.

However, alternation behaviour further decreased, sug-

gesting that ES in the NACC would not benefit patients

with OCD [117].

In the schedule-induced polydipsia model, hungry rats

that receive a food pellet every minute will drink water

after each pellet delivery, what also models compulsive

and repetitive behaviour of human patients [132]. The

total amount of water intake during the test sessions is

inappropriate and even toxic especially when consider-

ing that the animals are in a deprived state (80% of

normal body weight). In contrast to earlier findings in

the T-maze model, we observed a stimulation amplitude-

dependent reduction of schedule-induced polydipsia at

high frequency but not at low frequency stimulation

(unpublished personal observations). Finally, high-fre-

quency stimulation in the NACC core decreased quinpir-

ole-induced compulsive checking behaviour in rats

[129]. In this animal model, quinpirole-sensitised rats

return more often to their home cage in an open field,

that models compulsive checking behaviour in patients

suffering from obsessive-compulsive disorder [111].

OCD patients

In 1999, we implanted electrodes in the anterior limbs

of the internal capsule of 4 treatment-resistant OCD pa-

tients with the most ventral contact (contact 0) being

located near to or in the NACC. In three of them, marked

beneficial effects could be demonstrated during acute test

sessions [77]. In a subsequent blinded crossover design

with randomly chronic stimulation on and off, a significant

decrease on the Yale-Brown Obsessive Compulsive Scale

and Clinical Global Severity scores was observed in 4 of

6 patients [78]. These stimulation-induced effects could

be maintained for at least 21 months. Sturm et al. also

demonstrated a favourable outcome of ES in the NACC

in OCD and other anxiety disorders [100, 115]. Unipolar

stimulation (90ms, 130Hz, 2–6.5V) in the right NACC

resulted in a significant reduction of the symptoms in 3 of

4 patients. Bipolar stimulation was tried in one patient

without additional improvement of the symptoms. In the

fourth patient, a displacement of the electrode resulted in

missing of the target area that might explain the negative

outcome in this patient. In accordance, Lippitz et al. [60]

showed that capsulotomies in the right hemisphere were

decisive for a favourable therapeutic outcome.

Physiological effects of ES in the NACC

Physiological parameters are likely to change in con-

cert with behaviour. Nevertheless, we describe them in a

separate section, since they were in some studies ana-

lysed under a general anaesthetic. Usually, ES in the

NACC has only limited or inconsistent effects on phy-

siological parameters.

Cardiovascular effects

ES in the NACC in freely-moving rats with param-

eters which induced ICSS, decreased the heart rate

(�8.42	 14.21 beats=min; mean	 SD) and increased

the mean arterial pressure (9.5	 7.7mmHg) [96].

Usually, the changes in mean arterial pressure preceded

the changes in heart rate. During fear experiments, how-

ever, either no or inconsistent changes in heart rate were

observed [128]. The cardiac responses upon ES in anaes-

thetized rats were also very limited. Ross and Malmo

[96] found no changes in heart rate and a decrease of the

mean arterial pressure in rats.

Respiratory effects

In a fear conditioning paradigm, ES in the NACC had

little or no effect on respiration in awake cats except in
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one of the three subjects in which an increase in respira-

tion rate and a decrease in respiration amplitude were

found [128]. In anaesthetized monkeys, there was no

respiratory depression and no change in respiratory pat-

tern or galvanic skin response [133]. In 6 of 8 patients

with treatment-resistant OCD, switching the stimulator

‘on’ and ‘off’ induced a deep sigh. In addition, acute hy-

perventilation was observed in 4 of these patients when

stimulated with particular contact combinations [27].

Hormonal changes

Koikegami et al. [55] found that ovulation can be

induced in the unanaesthetised rabbit (a reflex-ovulating

species) following a one-hour period of NACC stimula-

tion. Also, oxytocin is released upon ES in the NACC

[2]. In contrast, in female Wistar rats, ES in the NACC

during 15 minutes had no significant effect on the con-

centration of plasma luteinising hormone although a

slight elevation was present after 30 minutes [98].

Plasma cortisol and growth hormone levels were non-

significantly increased in anaesthetised rhesus monkeys

[25, 26, 133].

Autonomic changes

ES induced no autonomic effects like pupillary dila-

tation and salivation in one study [32] but increased

alertness and induced pupillary dilatation and mild pilo-

erection in another [75]. During ES in OCD patients,

paresthesias or a warm feeling in certain body parts or

over the whole body with transpiration and flushing were

observed in all of them. Brusque abolition of stimulation

frequently caused a transient hot feeling, transpiration

and flushing as well [27].

Mechanisms of ES in the NACC

ES is a rather new treatment option for patients with

psychiatric disorders and is subject to improvement.

Insight in the underlying mechanisms of ES may con-

tribute to adaptations in the treatment. We already men-

tioned that FCV experiments indicate an increase in

extracellular DA 200–400 mm from the stimulation

electrode in the NACC. Hence, stimulation in the NACC

is likely to propagate DA release from DAergic afferents

from the VTA and the SN. It is known that DA in the

NACC is able to suppress spontaneous or glutamate-

evoked firing of NACC neurons [124, 131, 140]. Other

evidence for the mechanism of NACC ES comes from

electrophysiological experiments in which the effect

of ES in the NACC on cellular activity in other brain

targets was evaluated with microrecording. Neurons in

brain targets lying downstream from the NACC may

respond with excitation, inhibition, or a combination

of both (early excitation followed by a period of inhibi-

tion and vice versa). Most neurons in the VP [20, 49, 64],

the VTA [62, 138, 139] and the SN [101] were inhibited

when single electrical pulses were given in the NACC,

although excitation was also frequently observed in

some studies [20, 57, 62]. The major part of the neurons

in the AMY [66, 99] and the LH were excited with

single pulse ES in the NACC [99]. Neurons in the tubero-

infundibular hypothalamus were equally excited and

inhibited [98] and the effect of stimulation in the NACC

on neurons in the supraoptic nucleus depended on the

cell type (excitation in vasopressin cells, inhibition in

oxytocin cells) [107]. Finally, also neurons in the orbi-

tofrontal cortex [94] and mediodorsal thalamic nucleus

(MD) [70] responded orthodromically upon ES in the

NACC. In addition to orthodromic activation, several

authors reported antidromic neuronal activation in brain

areas with afferents to the NACC like the prelimbic and

orbitofrontal cortex [71, 94], agranular cortex [71], en-

torhinal cortex [24], HC [24, 136], AMY [66], MD [70],

VTA [15, 29, 62, 69], SN [69, 101] and the VP [138]. It is

clear from these studies that single pulse ES influences

activity in several brain areas lying afferent and efferent

to the NACC. Whereas low frequency stimulation may

exert effects similar to single pulse stimulation, the effect

of high frequency stimulation is likely to differ.

Discussion

High variability of behavioural effects

The current overview of the behavioural changes dem-

onstrates that ES in the NACC evokes a range of diverse

effects. Depending on the publication even opposite

observations were reported: ES in the NACC increased

but also decreased aggressive behaviour, exploratory

behaviour, food intake and compulsions in a model for

OCD. In the next sections, we will discuss which factors

might attribute to these contrasting results.

Motivational context

The effect of ES in the NACC may depend on the

behavioural paradigm in which the animal was tested.

Functionally, the NACC has been regarded as an inter-
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face between motivation and action. Depending on the

context and the motivational status of the subject, the

response might differ. The NACC is anatomically well

placed to accomplish this function. This nucleus receives

its major afferents from the PFC (involved in higher

functions like planning), the HC (memory and previous

experiences) and the AMY (emotions), areas which

belong to the limbic system, and projects towards the

VP, the mesencephalon, both involved in motor beha-

viour, and the LH (e.g. food intake, ICSS, hormone

regulation). Several of the afferents are able to gate

information from other afferents by depolarising (or

not) the membrane potential to an ‘up’ state (see Signal

processing in the NACC).

NACC subregional differences

Histological staining and connectivity studies demon-

strate that the NACC may be divided into a core and

shell subregion (see: General features of the NACC).

Connectivity patterns with other brain areas differ be-

tween and even within these subregions. Hence, depend-

ing on the electrode contact location, the behavioural

and physiological effects may differ considerably. For

instance, rostro-caudal, dorso-ventral and medio-lateral

differences were observed between ICSS rates in the

NACC [89, 147]. In these reports, high ICSS rates were

observed in the ventral, caudal and medial NACC. It is

likely that this subregion of the NACC with high reward-

ing properties is the most promising target for symptom

relief with ES in humans suffering from psychiatric

disorders in which depression is involved (like major

depression disorder and obsessive-compulsive disorder

with co-morbid depression). However, it is also possible

that other structures, like the projections from the inter-

nal capsule or the nearby MFB mediate the good clinical

effects of ES. The latter structure has higher rewarding

properties (see above).

Stimulation parameters

The amplitude directly affects the extent of the stimu-

lated region and the intensity of stimulation in nearby

neurons.

The behavioural effects of high versus low frequency

stimulation are often different and may be even opposite

to each other. For instance, in Parkinson’s disease, bra-

dykinesia [73], tremor and the onset of myoclonic jerks

[91] worsen at 5Hz stimulation compared to stimulation

with a frequency higher than 60 Hz, which leads to

symptom relief. In the NACC ICSS studies, response

rates depended on the stimulation frequency (see above).

There is neurophysiological evidence for the differential

effects of high versus low frequency stimulation in the

NACC. When recording single cell activities in the LH

upon trains of electrical pulses at 50Hz in the NACC, 16

neurons were excited and 8 neurons were inhibited (of

the 31 LH neurons tested in total). Of the 8 inhibited

neurons, 4 were also inhibited by single pulse stimula-

tion whereas the other 4 and the 16 neurons, which were

excited by stimulus trains, responded with excitation

followed by inhibition [99]. The pulse width, on the

other hand, directly influences the neuronal target ele-

ment that is stimulated. Cell bodies and dendrites are

optimally stimulated with a pulse width in the 1–10ms

range, small axons in the 200–700 ms range and large

myelinated axons in the 30–200 ms range [43]. It is not

clear whether behavioural differences in this review

could be attributed to different pulse widths.

Side effects

Approximately, half of the OCD patients experienced

weight gain during ES in the region of the NACC. This

weight gain is probably not only due to symptom relief

but also to a change in metabolism or an increase in

hunger drive. From the ES experiments in animals, there

is only limited evidence for physiological side effects.

An increased blood pressure was observed in awake

animals [96], which may increase the risk for cardiovas-

cular diseases when it is sustained for a long period of

time. However, the duration of this acute experiment

was too short to take definite conclusions on increased

blood pressure. Moreover, the raise in blood pressure

may be related to behavioural changes induced by the

ES. Seizures were observed in two animal studies in

which large pulse widths and high stimulation frequency

were used [32, 47]. Since stimulation in OCD patients is

performed with similar stimulation parameters, the cli-

nician has to be aware not to induce seizures when

stimulating electrically in the NACC. The respiratory

and hormonal changes were only of minor significance.

Finally, application of an electrical current in the

brain may lead to an electrolytic lesion around the elec-

trode tip, which depends on the electrical current and on

electrode properties. First, the magnitude of the charge

density around the electrode tip determines the suscept-

ibility to induce a lesion. Charge density is the ratio of

the energy per pulse over the free contact area of the

electrode [65]. Second, biphasic stimulation is less det-
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rimental than monophasic since every pulse is followed

by a second pulse of the opposite polarity [97]. Third,

platinum-iridium electrodes diminish the risk to induce

an electrolytic lesion tenfold versus stainless steel elec-

trodes [74]. For clinical applications, platinum-iridium

electrodes are used. Post-mortem studies in chronically

stimulated patients with intractable pain or movement

disorders did not reveal electrolytic lesions around the

electrode tip (e.g. Ref [3]). In most studies, there was

limited gliosis around the foreign implanted material

without any further implications. In one study, there

was a limited lesion in a patient with Parkinson’s disease

probably due to migration of the electrode [42]. In this

patient, the migration of the electrode was without side

effects but the good clinical outcome of stimulation

disappeared. In these post-mortem studies, none of the

deaths was related to ES.

ES in the NACC for OCD

In the T-maze model and the schedule-induced poly-

dipsia model, opposite findings were observed. In the

former model, there was an increase in compulsive beha-

viour while there was a decrease in the latter. In humans,

there is evidence from a limited number of patients that

ES has a beneficial effect on the OCD symptoms. This

puts the validity of the T-maze model into question. A

good model for a psychiatric disorder has a highly pre-

dictive face, construct and discriminant validity [127].

The primary application of predictive validity is to as-

sess the effects of potential therapeutic treatments: the

model has predictive validity if it successfully discrimi-

nates between effective and ineffective treatments. Face

validity concerns the degree to what extent a model

resembles the condition being modelled. Construct

validity means that the procedure in the model is based

on a sound theoretical rationale. Finally, a model for

OCD has discriminant validity when the evidence points

to OCD as the disorder being modelled as distinct from a

different or a non-specific psychiatric disorder [30]. In

our experiments [117], the T-maze model incorrectly

predicts that ES in the NACC would worsen the symp-

toms of OCD in humans. The face and construct validity

of both models were not studied in our experiments but

are discussed elsewhere [86].

ES in the NACC for other psychiatric disorders

In patients with treatment-resistant OCD, electrical

stimulation in the region of the NACC significant-

ly decreases scores on the Hamilton Depression Scale

(stimulation off: 26.7, stimulation on: 13.3) [27]. There-

fore, a trial with electrical stimulation in the region of

NACC was recently initiated in patients suffering from

treatment-resistant major depression in our laboratory.

Preliminary results are promising (own observations).

Finally, electrical stimulation in the NACC may also

be a potential new treatment in humans suffering from

severe treatment-resistant addiction. The release of do-

pamine in the nucleus accumbens in humans is required

in reward (e.g. drug high) and for the initiation of addic-

tion [50]. Electrical stimulation in the NACC elicits DA

release and is rewarding as well [125]. It is conceivable

that certain stimulation parameters suppress or override

addictive behavior. As far as we know the effect of ES in

the NACC on addictive behavior has not been investi-

gated in patients. However, a stereotactic lesion in the

NACC reduced the relapse rate in patients suffering

from addiction [28].

Conclusion

ICSS experiments suggest that stimulation in the

NACC has rewarding properties. Pharmacological stud-

ies point to the involvement of the DAergic system in

mediating these rewarding effects. In addition, ES in the

NACC affects general activity, fight-and-flight behav-

iour, exploration and food intake, although contrasting

effects were often observed. In parallel with ES experi-

ments in animal models for compulsions in OCD, a good

clinical outcome was observed in patients with OCD

during stimulation in the NACC.
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Summary

Neuromodulation of the inferior thalamic peduncle is a new surgical

treatment for major depression and obsessive-compulsive disorder. The

inferior thalamic peduncle is a bundle of fibers connecting the orbito-

frontal cortex with the non-specific thalamic system in a small area

behind the fornix and anterior to the polar reticular thalamic nucleus.

Electrical stimulation elicits characteristic frontal cortical responses

(recruiting responses and direct current (DC)-shift) that confirm correct

localization of this anatomical structure. A female with depression for 23

years and a male with obsessive-compulsive disorder for 9 years had

stereotactic implantation of electrodes in the inferior thalamic peduncle

and were evaluated over a long-term period. Initial OFF stimula-

tion period (1 month) showed no consistent changes in the Hamilton

Depression Scale (HAM-D), Yale Brown Obsessive Compulsive Scale

(YBOCS), or Global Assessment of Functioning scale (GAF). The ON

stimulation period (3–5V, 130-Hz frequency, 450-msec pulse width in a

continuous program) showed significant decrease in depression, obses-

sion, and compulsion symptoms. GAF improved significantly in both

cases. The neuropsychological tests battery showed no significant

changes except from a reduction in the perseverative response of the

obsessive-compulsive patient and better performance in manual praxias

of the female depressive patient. Moderate increase in weight (5 kg on

average) was observed in both cases.

Keywords: Neuromodulation; psychosurgery; major depression;

obsessive compulsive disorder; electrical stimulation; thalamus.

Introduction

The majority of neurosurgical procedures to treat psy-

chiatric disorders have been directed toward disconnect-

ing the frontal lobe from its connections with the basal

ganglia [3, 4, 6] or interrupting anatomic pathways

within the limbic system [3, 4]. Neurosurgical proce-

dures have been conducted in anatomic structures on

which experience has indicated that the procedure can

be more effective or cause fewer side effects.

The inferior thalamic peduncle (ITP) is a bundle

of fibers connecting the non-specific thalamic system

(Non-STS) and orbito-frontal cortex [8, 13–15]. This

is a neural inhibitory system that has several advan-

tages over other targets [15]. Neuromodulation has

been shown to be an efficient and safe therapeutic

method for psychiatric illnesses such as major de-

pression disorder (MDD) and obsessive compulsive

disorder (OCD) [1, 7, 9, 11, 12]. Neuromodulation in

ITP is based on the following considerations: 1) High-

frequency electrical stimulation of ITP elicits specific

electrophysiological responses in prefrontal cortex [13,

14]. Recruiting responses (RR) have been defined by

negative, waxing and waning form with long-term la-

tency. These characteristics allow exact localization of

the target, 2) Subcaudate tractotomy has been used suc-

cessfully in the treatment of depression disorders, and

this lesion involves ITP and orbitofrontal cortex [3],

3) Experimental models with lesion or cryoprobe have

showed effects in the thalamo-orbitofrontal system

producing a perseverative and stereotypical behavior

[14, 15], and 4) Positron emission tomography (PET)

scans in patients with major depression disorder and

obsessive compulsive disorder have shown hypermeta-

bolism in the orbitofrontal cortex and the anterior polar

thalamic nuclei [2, 5].

A team consisting of a psychiatrist, neurosurgeons,

a neurophysiologist, and a neuropsychologist at the

General Hospital of M�eexico in Mexico City carried

out a prospective pilot research protocol of electrical

stimulation of ITP in patients with MDD and OCD.

The Ethics Committee of our Institution and external



reviewers approved the final protocol and two patients

were initially included. In this chapter, we will describe

our selection criteria, surgical and neurophysiolog-

ical procedures and the results of the treatment in

these cases.

Case 1

LZO was 49 years old at the time of surgery. She was

suffering from complete MDD according to the criteria

of the Diagnostic and Statistical Manual of Mental

Disorders, 4th Edition (DSM IV-R) and additionally

demonstrated border personality disorder and bulimia.

The patient had suffered major depression episodes for

23 years and the last one was 2 years long with an-

hedonia, suicidal ideation, and two suicidal attempts.

Several pharmacological combinations (selective seroto-

ninergic inhibitor reuptakers, benzodiazepines, neuro-

leptics, and mood modulators) and two series of 10

sessions of electroconvulsive therapy (ECT) had been

unsuccessful or associated with relapses after 1 month.

Global assessment of functioning scale (GAF) score was

20. Onemonth prior to surgery, medication was withdrawn

due to several side effects. Hamilton depression scale

(HAM-D) showed fluctuations ranging from 20 to 40.

Case 2

RRA was a 21-year-old male at the time of surgery.

He had a diagnosis of OCD made 12 years ago and co-

morbidity of drug abuse with cocaine for 16 years. He

suffered from obsessive ideation concerning the law of

gravity loss and fear of flying out of the planet. His

compulsion consisted of remaining indoors full time

and writing during several hours daily on this obsession.

YBOCS score fluctuated from 35 to 40. Baseline (BL)

GAF was 10–20 because the patient depended on his

relatives in nearly all activities. Medication with se-

lective serotoninergic inhibitor reuptakers, benzodiaze-

pines, neuroleptics, and mood modulators was inefficient

and a continuous contention environment was neces-

sary during 1 year. He received 6 months of cognitive

behavioral therapy (CBT) without results.

Inclusion criteria

1. DSM IV R Diagnostic Criteria of MDD or OCD.

2. HAM-D score >30 in MDD and YBOCS >23 in

OCD. Refractoriness to conventional treatment eval-

uated by two independent psychiatrists.

3. Awareness of the prospects of the disorder and the

protocol conditions and ability to probe the informed

consent form.

4. Illness chronicity for at least 5 years.

Exclusion criteria

1. Neurological disease confirmed by clinical examina-

tion, electroencephalography (EEG), or brain imaging.

2. Age<18 years.

3. Anesthetic or surgical risk of grade II or greater

according to the American Society of Anesthesiology.

Study design

In addition to the psychiatric scales (HAM-D and

YBOCS), both patients were studied by neuropsy-

chological test batteries (Wisconsin Cart Sorting Test,

Token Test, Corsi Cube Test). The baseline evaluation

was followed by an 1-month evaluation without stim-

ulation in double-blind conditions, and subsequently,

by a 12-month ON period with follow-up evaluation

every 3 months.

Surgical procedure

Prior to surgery, magnetic resonance imaging (MRI)

is performed in T2 fast spin echo, TE 1112, TR 4070,

field of view 16.0, 256�256 matrix, and pulse sequence

1,125 2.5-mm slices without space between sections, in

axial coronal and sagittal sections without the stereotactic

frame. Sections must cover the area from the base of the

skull to the vertex. On the day of surgery, patients have

the stereotactic frame applied using local anesthesia.

Two and half-mm-thick cuts with 2.5-mm displacements

are obtained in a contrasted computed tomography (CT)

scan study. Sections are obtained parallel to the inter-

commisural line. Images in this study are transformed

into stereotactic coordinates and fused with MRI images

using the Praezis System, 3rd version (Tamed, Freiburg,

Germany). This information is used to determine the po-

sition of the commisures, fornices, internal capsule, and

the length and width of the 3rd ventricle. Coordinates for

ITP are as follows: (X): 3.5mm lateral to the wall of

the 3rd ventricle, (Y): 5.0mm behind the posterior edge

of anterior commisure as seen in the mid-sagittal section

of the MRI and (Z): 2.5 below the level of anterior

commisure–posterior commisure line (AC–PC). These

coordinates correspond to the cathode of the electrode,

and bipolar stimulation is utilized. It is recommended to
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use tetrapolar electrodes with 1.5-mm contact-to-contact

distance and 2.5-mm center-to-control distance. These

coordinates intend to place two contacts of the electrode

within the ITP and to avoid the fornix and hypothalamus

that are located immediately anterior and medial. The

electrode trajectory should be calculated on an angle of

80� with regard to the AC–PC line and no more than 25�

in the coronal plane. It is possible for the trajectory to

traverse the enlarged lateral ventricle in some patients.

After planning the trajectory, patients are operated on

under general anesthesia. Burr holes are guided stereo-

tactically according to the selected trajectory. Electrodes

are fixed with burr hole caps. One tetrapolar electrode is

implanted on each side. Each electrode is directed to the

center of the ITP, and its proximal end lies along the

anterior border of the reticular nucleus of the thalamus.

Intraoperative monitoring is performed and subsequently

the electrodes are connected to a temporary extension

that is externalized behind each ear and is used for stim-

ulation and post-operative mapping.

Intraoperative monitoring

In order to verify the ITP localization, bipolar mac-

rostimulation at 6Hz, 1.0-msec pulse width and from

1.0 to 4.0mAmp is carried out using contiguous pairs

of contacts in ITP to obtain bilateral frontal recruiting

responses elicited by unilateral stimulation. Oscilloscopic

and EEG recordings are simultaneously performed in a

conventional 10–20 EEG system; bipolar macrostimula-

tion at 60Hz, 1.0msec and 3.0–5.0mA is performed to

obtain DC-shift. In the case of not obtaining DC-shift,

the electrode location is verified and replaced. This intra-

operative study must be performed with the patient in

the lightest level of anesthesia; muscular relaxants may

be necessary.

Postoperative monitoring

Two days after surgery, MRI is repeated to confirm

electrode placement, and deep brain stimulation (DBS)

is applied by Itrel 3 (Medtronic, Inc.) at high frequency

(130Hz and 0.45-msec pulse width) at different paired

contacts with voltage increases from 1 to 10V to identify

side effects. DBS at low frequency (6Hz and 1.0-msec

pulse widths) at different paired contacts with increases

from 0.5 to 4.0mA is used while EEG with conventional

10–20 montage is performed to obtain recruiting

responses. Finally, chronic ES at 60Hz is performed to

obtain a regional DC-shift.

Pulse generator implantation

One day after postoperative monitoring, Itrel 3 Brain

Stimulation Systems are implanted in a subcutaneous

(s.c.) infraclavicular pocket and are connected to leads.

Stimulation parameters

Charge density is adjusted to elicit bilateral RR. In

Case 1, stimulation parameters were 3.0 V, 450msec,

130Hz, and continuous program that applied 3.75

microCoulombs per square cm. In Case 2, parameters

were 5.0V, 450msec, 130Hz, and continuous program

that applied 6.25 microCoulombs per square cm.

Results

Both patients were evaluated by a psychiatric team at

the baseline period of 1 month after surgery in OFF

stimulation period and during ON stimulation follow-up

periods every 3 months during the first year. Throughout

the follow-up period, the patients and the psychiatrists

were blinded to OFF or ON stimulation.

Figure 1 shows the location of electrodes in electri-

cal stimulation of ITP on axial section (Hv, �0.5mm).

Fig. 1. Axial section from the Schaltenbrand and Warren Atlas in HV

�0.5mm. ITP Inferior thalamic peduncle (Pdthif in the Atlas); Zi zona

incerta; Raprl prelemniscal radiations; Put putamen; Pl lateral pallidus;

Pm medial pallidus; Cpip posterior branch of internal capsule; Pu

pulvinar; Cpig genu of internal capsule; circle right electrodes, and

square left electrodes
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White geometric symbols (circles and squares) are lo-

cated in the electrode implantation sites in the patient

with MDD, while black symbols are located at the sites

in the patient with OCD. Electrode coordinates ranged

from 4 to 5mm lateral at approximately midline, from 4

to 5mm behind the posterior border of the anterior com-

misure in the axial plane that corresponds to intercom-

misural level, and from 1 to 2.5mm behind the fornix.

Figure 2A shows the HAM-D score of the patient with

MDD 24 months before, and Fig. 2B at 18 months after

surgery. Point number 1 corresponds to the first trial of

ECT that produced symptom remission for 1 month and

a subsequent relapse. Points 2 and 3 depict good re-

sponses after medical treatment changes but of short

duration. Poor response was observed in follow-up, with

scores oscillating between 20 and 40. With regard to

point 4, 1 day prior to surgery we were able to observe

maximum HAM-D score, without medication, because

multiple antidepressant drugs had produced serious side

effects. Immediately after implantation, symptom re-

mission was observed but electrical stimulation began

1 month afterwards. A score increase appeared within

this period and the decrease of symptoms was related

with turning ON the pulse generator and obtaining a

good clinical response.

Figure 3 shows Yale Brown obsessive compulsive

scale score in the preoperative period, 2 months and

1 week prior to implantation (BL), 1 month after implan-

tation without stimulation (OFF), and the follow-up for

15 months. In the electrical stimulation period (black bar),

an improvement of the symptoms was observed with a

Fig. 4. Global assessment functioning scale (GAF) scores are shown in

baseline, in OFF period (1 month), and ON period (3, 6, 9, 12, 15, and

18 months). After electrical stimulation, an improvement in function-

ing behavior was observed. Mild variations were documented in the

case of the patient with MDD. After month 8, she was in OFF period;

however, she did not show any serious relapse in GAF score. In the

patient with OCD, we did not observe big score variations

Fig. 2. In A, HAM-D scores 24 months prior to surgery. Number 1

shows responses to electroconvulsive therapy (ECT), numbers 2 and 3

show modification in medical treatment, and number 4 shows score on

implantation day. In B, HAM-D score shows remarkable decrease after

implantation without electrical stimulation. After a 1-month period in

OFF, the patient underwent a double-blind period in ON (8 months)

and OFF (10 months). An asymptomatic condition was observed in ON

period, while a relapse and fluctuation appeared during OFF period

Fig. 3. It shows the Yale Brown obsessive compulsive scale score in

the pre-operative period, 2 months and 1 week prior to implantation

(BL), 1 month after implantation without stimulation (OFF), and follow-

up during 15 months. In the electrical stimulation period (black bar),

a decrease of the score was observed with scores ranging from 15 to

20 vs. scores compared to without stimulation ranging from 36 to 40
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decrease of the score from 15 to 20 vs; the scores with-

out stimulation ranged from 36 to 40.

In Fig. 4, global assessment functioning (GAF) scale

shows an increase of scores in both cases during elec-

trical stimulation. Improvement in quality of life was

more significant in MDD; however, the patient with

OCD showed a score increase of approximately 50 points.

Figure 5 is a sample of characteristic neurophysiolog-

ical responses elicited by low- or high-frequency elec-

trical stimulation of the reticulopolar thalamic nucleus

and ITP. In both anatomic areas, electrical stimulation

on 6 Hertz produced recruiting responses (waxing-wan-

ing negative spikes in the frontal area). High-frequency

stimulation (130Hz) elicited a change in the level of

direct current (DC-shift). These patterns of electrophy-

siological responses can be elicited solely by electrical

stimulation of the thalamo-orbitofrontal system, but

require an extra procedure to verify electrode location.

The neuropsychological tests did not show any dif-

ferences. However, the Wisconsin Card Sorting Test

showed decreased preservative responses in both cases

and MDD manual praxias improved significantly. There

were no objective chronic symptoms or serious adverse

effects of ES. An increase in body weight was seen in

both cases, with an average of 5 kg at the end of the

study.

Conclusions

The two main advantages of ITP as a neurosurgical

target in psychiatric disorders are the specific anatomic

definition and the consistent neurophysiological re-

sponses. This preliminary report provides information

with respect to the safe clinical use of this target. A de-

crease in MDD or OCD symptoms by applying neuro-

modulation offers a novel alternative to patients with such

severe disabilities. Multicentered prospective double-

blind protocols must be designed to provide valid results.

The persistent neuropsychological deficit [10] observed

after conventional treatment was not seen in neuromod-

ulation of ITP, but an increase of weight by 5 kg was

documented.

LRtpo Stimulation LITP Stimulation

1 sec

1

Fig. 5. Scalp distribution of electrocortical responses elicited by acute low- (6=sec) and high-frequency (60=sec) stimulation of the left reticulopolar

thalamic nucleus (L Rtpo) and the left inferior thalamic peduncle (LITP). Conventional EEG recording from right and left frontopolar (FP2, FP1),

frontal (F4, F3), central (C4, C3), parietal (P4, P3), occipital (O2, O1), frontotemporal (F8, F7), anterior temporal (T4, T3), and posterior temporal

(T6, T5) scalp regions referred to ipsilateral ears (A2, A1). Left: Surface-negative recruiting-like responses produced by 6=sec unilateral supra-

threshold stimulation of Rtpo and ITP predominantly at bilateral fronto-polar regions. Right: Surface-negative DC-shifts and desynchronization

produced by 60=sec unilateral supra-threshold stimulation of Rtpo
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Summary

Chronic high frequency stimulation (HFS) of the posteromedial

hypothalamus (PMH) has been the first direct therapeutic application of

functional neuroimaging data in a restorative reversible procedure for the

treatment of an otherwise refractory neurological condition; in fact, the

target coordinates for the stereotactic implantation of the electrodes have

been provided by positron emission tomography (PET) studies, which

were performed during cluster headache attacks. HFS of PMH produced

a significant and marked reduction of pain attacks in patients with

chronic cluster headache (CCH) and in one patient with short-lasting

unilateral neuralgiform headache attacks with conjunctival injection and

tearing (SUNCT). The episodes of violent behaviour and psychomotor

agitation during the attacks of CCH supported the idea that the post-

eromedial hypothalamus could be also involved in the control of ag-

gressiveness; this has been previously suggested, in the seventies, by the

results obtained in Sano’s hypothalamotomies for the treatment of ab-

normal aggression and disruptive behaviour. On the basis of these

considerations, we have performed HFS of the PMH and controlled

successfully violent and disruptive behaviour in patients refractory to

the conventional sedative drugs. Finally, we also tested the same proce-

dure in three patients with refractory atypical facial pain, but unfortu-

nately, they did not respond to this treatment.

Keywords: Neuromodulation; posteromedian hypothalamus; cluster

headache; high-frequency stimulation.

Introduction

Positron emission tomography (PET) and functional

magnetic resonance imaging (fMRI) studies recently

demonstrated hypothalamic structural asymmetry and

ipsilateral activation of the postero-inferior hypothala-

mic gray matter during the attacks of chronic cluster

headache (CCH) [7, 15, 16].

Based on these neuroimaging data, electrical high

frequency stimulation (HFS) of this distinct brain struc-

ture was carried out by deep brain stimulation (DBS)

electrodes stereotactically implanted within the posterior

hypothalamus itself. DBS induced a remission of the

pain bouts and also of the autonomic dysfunction in pa-

tients with cluster headache. This was the first direct

therapeutic application of functional neuroimaging data

in a restorative reversible approach for the treatment of

an otherwise refractory condition [4]. Moreover, CCH

is the only facial pain syndrome in which violent behav-

iour and psychomotor agitation can develop during the

pain attacks [13, 24]. These observations support the

notion that focal inhibition of the posteromedial hypotha-

lamus could explain the results obtained in the seventies

in Sano’s hypothalamotomies for the treatment of ab-

normal aggression and disruptive behaviour [19, 22].

Subsequently, the indications for chronic hypothalamic

stimulation have been extended to the treatment of severe

behavioural disorders unresponsive to medical treatment.

In this chapter, we report results, problems and technical

suggestions collected during five years of experience in the

implantation of hypothalamic electrodes for the treatment

of CCH or refractory severe aggressive and disruptive

behaviour. The same procedure has been carried out in

other intractable facial pain syndromes including SUNCT

(short-lasting unilateral neuralgiform headache attacks

with conjunctival injection and tearing), and atypical facial

pain. The common factor in this heterogeneous clinical

series is the selected target for high frequency electrical

stimulation, namely the posteromedial hypothalamus.

Patients

Chronic cluster headache (CCH)

Sixteen patients, who fulfilled the International Headache Society cri-

teria for the diagnosis of CCH, were included in this study [8]. Fourteen



were males and two females. All suffered from CCH for at least one

year; two had CCH at onset, and in the remainder, the chronic form

evolved from episodic CH. The medical treatment for these patients

before referral to neurosurgery consisted of a regimen of the following

drugs, provided as a single treatment or in combinations: corticosteroids,

lithium, methysergide, ergotamine, calcium channel blockers, beta-

blocking agents, tricyclic antidepressants, melatonin, and non steroidal

anti-inflammatory drugs. All patients were hospitalized on various occa-

sions, during which pain attacks were witnessed and assessed; cycles of

high dose intravenous dexamethasone (12–20mg=day or more) were ad-

ministered, and two-to-four infiltrations of the ipsilateral sphenopalatine

ganglion with a preparation containing triamcinolone acetonide (40mg),

bupivacaine (1%), carbocain (2%), and adrenalin (0.0001%) were given,

without benefit. Patients eligible for DBS had normal neurological ex-

amination and brain MRI. They were also psychologically stable. Before

surgery, all patients were in poor condition: one had attempted suicide

on two occasions because of refractory pain, another had severe steroid

myopathy and coronary artery disease contraindicating the use of triptan,

and a third patient had severe steroid-myopathy and was unable to walk

upstairs, but improved after steroid withdrawal. The patients were unable

to work and their quality of life was severely affected. In 13 patients, the

pain attacks were strictly unilateral. Patients 1, 9, and 13 (18.7%) had a

history of attacks that affected each side alternately. Patient 1 received

implants on both sides on separate occasions [10]. Patients 9 and 13 each

received one implant on the most affected side (>95% of attacks). A

month after implantation on the left side, patient 7 developed uncontrol-

lable CH attacks on the right side, and subsequently received a right

sided implant. The clinical results in terms of reduction of the frequency

of attacks in CCH patients are reported in Fig. 1.

All patients were also informed of the classic surgical procedures

that were available in our Institute for the treatment of the intractable

CH namely open microvascular decompression, lesion of the fifth nerve

in the cerebellopontine angle, and percutaneous microcompression or

radiofrequency (RF) trigeminal rhizotomy [9, 14]. The first patient of the

series was successfully treated in July 2000 and was reported in 2001

[10]. The patients’ age at the time of surgery, in the whole series, ranged

from 24 to 70 years (mean 46 years).

SUNCT

A 66-year old female patient had a 14 years history of short-lasting

(2–20 seconds), severe, ‘‘piercing and burning’’ pain episodes in the

right labial commissure, sometimes radiating to the jaw, ear, and occi-

pital region. The attacks were strictly unilateral with no side shift, and

were always accompanied by ipsilateral eyelid edema, eye reddening,

unilateral nasal obstruction, and profuse lacrimation. Attacks were trig-

gered by talking, chewing, face washing, teeth brushing, neck move-

ments, or face touching, and often occurred for more than 100 times a

day (mean 70; maximum 300). In the 2 years preceding the implantation,

the patient experienced more than a thousand attacks per month. CT,

MRI, and MR angiography of the brain were normal with no vascular

ectasia observed at the cerebellopontine angle. A diagnosis of SUNCT

namely short-lasting unilateral neuralgiform headache attacks with

conjunctival injection and tearing was made. The patient was treated

with carbamazepine (1200mg=day), gabapentin (2400mg=day), oral

and intravenous valproate (1500mg=day), lamotrigine (300mg=day),

topiramate (200mg=day), indomethacin (oral 200mg=day; intramuscu-

lar up to 150mg=day) ketorolac, coricosteroids (methylprednisolone,

prednisone), and tramadol with only minimal symptom control. Cardiac

status and age contraindicated the use of verapamil. In July 2003, after

Ethical Committee approval and the patient’s informed consent, the

electrode implantation in the ipsilateral posterior hypothalamus was

performed. This case has been extensively reported by the neurologists

of our Institution [10].

Atypical facial pain

Three patients with atypical facial pain were treated by DBS of the

ipsilateral posteromedial hypothalamus.

The first patient was a 47 male with a diagnosis of an expanding right

posterior mandibular carcinoma. In August 2002, a radical transman-

dibular tumour resection was performed. A few days after surgery

hypoesthesia and burning pain developed in the II and III right trige-

minal branches that progressively increased; drug therapy with car-

bamazepine (1000mg), non steroidal anti-inflammatory drugs, local

anesthetics, and opioids were ineffective. After a few months, the burn-

ing pain was severe, continuous, with spontaneous paroxysms several

times a day. After six months, this condition was severe and the patient’s

quality of life (QOL) worsened dramatically. The neurological examina-

tion showed only moderate right hypoesthesia in the area innervated by

the third trigeminal branch. Radiotherapy was not performed and at two

years of follow up, no tumour recurrence was detected.

The second patient was a 52 year old female who had a 3 years history

of facial pain. The symptoms appeared after a minor dental procedure

and were described as a continuous disabling burning pain, localized to

the area innervated by the II and III right trigeminal branches. Daily

activities (i.e. talking, eating) were severely compromised. Attacks of

exceptionally severe paroxysmal pain were also reported. Carbamaze-

pine, lamotrigine and phenytoin at full dosages were ineffective. MRI

ruled out any abnormalities and a diagnosis of atypical facial pain was

made.

The third patient was a 55 year old male with a diagnosis of naso-

pharyngeal carcinoma. He underwent radiotherapy and few months later

developed a continuous severe burning right facial pain more intense in

the area innervated by the 1st and 2nd divisions of the trigeminal nerve.

Paroxysmal pain was provoked by peripheral stimuli and was resistant to

any kind of analgesic drug including opioids. Cerebral CTand MRI were

performed after radiotherapy and showed disappearance of the tumor

and ruled out any other pathology.

Disruptive behaviour

Two patients with learning disabilities affected by medically intract-

able impulsive and violent behaviour, as described elsewhere [2], were

treated by DBS of the posteromedial hypothalamus [5].

The first patient was a 36 years old male who had suffered birth

anoxia and developed progressive mental and motor retardation

and myoclonic epilepsy from early childhood. At the age of 16, the

cognitive impairment was found to be severe and precluded any

psychometric assessment. His behaviour was impulsive, violent,

and self-destructive. The medical treatment included neuroleptic

(chlorpromazine 200–400mg, thioridazine 100–300mg, clotiapine

100–200mg), and antiepileptic (carbamazepine 800–1200mg,

Fig. 1. Long-term results of deep brain stimulation of the posterior

hypothalamus in chronic cluster headache patients
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clonazepam 6–12mg) medication. Cerebral MRI showed mild T1

and T2 signal alteration of the basal frontal cortex. In the last two

years, the patient became more aggressive and the episodes of rage

increased in frequency. A severe cervical dystonia (anterocollis) also

began to develop. The blood tests suggested hepatotoxicity from

high-dose medication.

The second patient was a 37 year old male with congenital toxoplas-

mosis which resulted in labiopalatoschisis, chorioretinitis, and moderate

oligophrenia. Since early childhood, the patient exhibited aggression

against objects and people. The violent behaviour worsened in his teens

and admission at a psychiatric institution was required when he was

seventeen years old. In-patient psychiatric care was required for a long

time after many attempts at community living failed. His aggressive

behaviour did not allow any psychometric analysis. Occupational and

sedative drug therapy including high-dosage neuroleptic, antiepileptic

drugs, and benzodiazepines did not control his aggression. The neuro-

logical examination showed only mild weakness of the right leg.

Cerebral CT and MRI appeared normal. After 20 years of being drug

resistant with daily aggressive episodes, DBS of the posterior hypotha-

lamus was considered.

Surgical procedure

The stereotactic implantation was performed with

the Leksell frame (Eleckta, Stockholm, Sweden) under

local anesthesia. When sedation was required, low doses

of midazolam (0.05–0.1mg=kg) or propofol (0.5–

1mg=kg) were used. General anesthesia was offered

only in the two patients who were affected by behav-

ioural disorders. Perioperative antibiotics were admini-

strated to all patients. A preoperative MRI (brain axial

volumetric fast spin echo inverson recovery and T2

images) was used to obtain high definition images for

the precise determination of both anterior and posterior

commissures and midbrain structures below the com-

missural plane such as the mammillary bodies and the

red nucleus. MR images were fused with 2mm thick CT

slices that were obtained under sterotactic conditions by

using an automated technique that is based on a mutual-

information algorithm (Frame-link 4.0, Sofamor Danek

Steathstation, Medtronic, Minneapolis, MN). The work-

station also provided stereotactic coordinates of the

target: 3mm behind the midcommissural point, 5mm

below this point, and 2mm lateral from the midline.

The target planning that was based exclusively on the

midcommisural point caused electrode misplacement in

one patient as previously reported [4]. This kind of error

is due to the anatomical individual variability of the angle

between the brainstem and the commissural plane [35].

To correct this possible error, we introduced a third

anatomical landmark, which allowed the final target

registration. We called this landmark ‘‘interpeduncular

nucleus’’ or ‘‘interpeduncular point’’ and it is placed in

the apex of the interpeduncular cistern 8mm below the

commissural plane at the level of the maximum diameter

of the mammillary bodies (Fig. 2). The Y value of the

definitive target (anteroposterior coordinate to the mid-

commissural point in the classical midcommissural ref-

erence system) was corrected in our patients and the

definitive target coordinate was chosen 2mm posterior

to the interpeduncular point instead of 3mm posterior to

the midcommissural point.

Fig. 2. The three reference points which are used to calculate and standardize the stereotactic coordinates of the target. AC Anterior com-

missure, PC posterior commissure, IN interpeduncular nucleus. Left box Axial slice (5mm below the commissural plane) of the stereotactic

atlas registered to the AC-PC midpoint; the black circles represent the target on both sides, X lateral coordinate to the commissural line,

Y anteroposterior coordinate to the midcommissural point which varies between 1 and 5mm according to the interpeduncular nucleus coordinates,

Z the millimiters below the commissural plane
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A rigid cannula was inserted through a 3mm, coronal,

paramedian twist-drill hole and placed up to 10mm

from the target. This cannula was used both as a guide

for microrecording (Lead Point, Medtronic) and for

the placement of the definitive electrode (Quad 3389;

Medtronic) [3]. Macrostimulation was carried out in

patients operated under local anesthesia (1–7V, 60 msec,
180Hz). All patients, subjected to stimulus intensities

higher than 4V, showed conjugated ocular deviation that

was followed by verbal reports of a repeated severe

negative affective experience described as: ‘‘I feel very

close to death’’. No pupillary reaction or cardiovascular

effects were evoked. When other side effects were ruled

out at the standard parameters stimulation, the guiding

cannula was removed and the electrode secured to the

skull with microplates. A single unit recordings were

performed at the target chosen for stereotactic implanta-

tion of the stimulating lead in two patients. Microrecord-

ings began as soon as the microelectrode (9013-S-0842

microTargetingR electrode, Medtronic Inc., Minneapolis,

TN, USA) reached the presumed coordinates of the

target, and were performed by means of a Medtronic

LeadpointTM system (Medtronic Inc., Memphis, TN,

USA). The response properties of the isolated neurons

were obtained with the patients being fully awake.

Post-operative stereotactic CT was performed to

exclude any complications and was merged with the

pre-operative MRI to confirm the correct electrode

placement [5] (Fig. 3). Unilateral or bilateral implan-

table pulse generator (IPG) (Medtronic, inc.) was then

placed in the subclavicular area and connected to the

brain electrode for chronic continuous electrical stim-

ulation. During the period 1–7 days after surgery, an

additional MRI study was repeated in order to en-

sure the electrode’s position. Unilateral or bilateral

continuous bipolar and then monopolar (case positive)

180 Hz, 0.5 V, 60 msec stimulation was started using

the deepest contact in the target. Voltage was gradu-

ally increased up to the therapeutic effect. No side ef-

fects developed at the therapeutic levels of electrical

stimulation.

Results

Chronic cluster headache

The results of DBS on CCH patients in this study are

shown in Figs. 1 and 4. Two patients (Nos. 1 and 7) had

bilateral electrodes placement, one patient (No. 4) re-

quired electrode replacement after 9 months and the

Fig. 3. Sagittal CT and MRI slices showing the

active contact of the electrode stimulating the pos-

teromedial hypothalamus (white arrows). The in-

ferior box shows the target on the ventriculogram

registered to the bicommissural system

402 A. Franzini et al.



other patient (No. 1) one year after the second proce-

dure due to cranial migration of the electrode. A total of

20 electrode implantations were carried out. Unilateral

or bilateral continuous unipolar stimulation was ad-

ministered with the following parameters: frequency

180Hz, pulse width 60 msec, amplitude 0.6–3.3 V (mean

2.4). All patients with CCH achieved pain relief as

a result of the long term, high frequency, hypotha-

lamic DBS which continued to the follow-up evaluation.

The decrease in the frequency of attacks was never im-

mediate but it occurred between 1 and 86 days (mean

42 days). Moreover, the maximum improvement of the

pain in terms of intensity and frequency of the CH

episodes was achieved progressively in the next one to

five months. Abolition of pain or major improvements

occurred in 13 patients: 10 patients had a complete and

persistent pain-free state, and three patients (7, 11, and

13) had almost complete pain relief, although sporadic

attacks still occurred. It should be noted that the drugs

were completely ineffective before the surgical proce-

dure. For the remaining three (16.7%) patients (Nos. 4,

10, and 16) the CH attacks continued. In patient 4, the

attacks were reduced from seven per day to one every

two days; he requires verapamil as well as methyser-

gide for prophylaxis. In patient 10, the attacks have

been reduced in intensity from excruciating to mild

and the duration from 90 to 15 minutes; he injects suma-

triptan (which is effective) for only about 10% of the

attacks. In patient 16, the attacks have been reduced

from five to one per day after 20 days of stimulation.

In patient 3, it proved necessary to add long-term pro-

phylactic medication in order to keep this patient free

of attacks.

In four cases in whom the stimulation was turned

off to allow cardiological or MR evaluation, the pain

attacks recurred after few days and disappeared few

hours after reactivation of the IPG. When hardware

failure occurred, pain attacks recurred; following the

repair, the IPG was switched on and the CCH attacks

improved after a few days. At last follow up, on 16 CH

patients, the percentage of total number of days free

from pain was 71%. No major adverse effects of high-

frequency hypothalamic stimulation have been reported

or observed during the ongoing chronic stimulation.

Oculomotor or affective responses were frequently

observed in our patients particularly when the stimula-

tion amplitude was higher than 4V. A postoperative

asymptomatic complication occurred in one case; the

CT showed a mild hemorrhage in the posterior wall

of the third ventricle. There were no other acute com-

plications resulting from the implantation procedure.

There was no clinical evidence of autonomic effects

of hypothalamic stimulation during either acute opera-

tive electrical stimulation or chronic therapeutic stim-

ulation. Twenty-four hours of continuous monitoring

of the arterial blood pressure, in four patients evaluated

before and after surgery, revealed only asymptomatic

orthostatic hypotension triggered by the electrical stim-

ulation. There were no tolerance phenomena.

SUNCT

After 15 days of bipolar stimulation offered no im-

provement, unipolar stimulation was started (180Hz,

60 msec). The pain attacks subsided after 1 month of

stimulation at 0.9V but reappeared at month 4; the

amplitude was gradually increased to 1.8V, and again

the attacks subsided. After one pain-free month, in

month 8, the stimulator was turned off with the patient

being unaware of it; she remained pain-free for the next

3 months; in month 11, the attacks gradually reappeared

and persisted, and, hence, the stimulator was turned on

again at 0.9V. In month 13, the attacks gradually re-

appeared and the amplitude was progressively increased

to 1.8 V and the attacks disappeared. Fifteen months

after surgery, the patient started experiencing sporadic

attacks, and lamotrigine was given at 100mg=day; the

attacks then subsided. The patient remained unaware of

the stimulation status for 8 months. Stimulation was

always well tolerated; however, when amplitude was

increased up to 1.4V difficulties in conjugate eye move-

ments appeared and subsided few minutes to few hours

later. Blood pressure, heart rate, electrocardiogram, hor-

mone levels, temperature, sleep-waking cycle, body

weight, and behaviour remained normal from implanta-

tion to the latest checkup.

Fig. 4. Increase of number of days free from pain attacks (ordinates) in

18 patients (abscissas) after deep brain stimulation of the posteromedial

hypothalamus
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Atypical facial pain

After surgery, the three patients had no reduction in

pain. The stimulation parameters were the same as for

CCH and SUNCT patients (180Hz, 60 msec, mean vol-

tage 1.3). After four months of continuous stimulation

(6, 8, and 10 months, respectively) the continuous pain

was the same as preoperatively. Increase of amplitude

did not offer any pain relief. Amplitude higher than 3V

induced dizziness and oculomotor symptoms in all

cases. Bipolar stimulation did not offer any improve-

ment. When the IPG was switched off with the patient

being unaware of it, the episodes of paroxysmal pain

were described by the patient as being slightly more

intense than those that occurred during stimulation.

Disruptive and aggressive behaviour

HFS of the posteromedial hypothalamus offered con-

sistent improvement of disruptive behaviour in both

patients at last follow-up.

Case 1

After two weeks from the beginning of stimulation,

neuroleptic medication was withdrawn; at that time the

patient appeared much more calm and more cooperative.

Few weeks later, he was able to stand and walk and to

interact easily with the examiners. One year later, the

therapeutic effect of stimulation was still present at the

same parameters (180Hz, 60 msec, 1V) without any side
effects. The patient regained a normal circadian rhythm,

and had complete resolution of his disruptive behaviour.

Therefore, he was able to provide for his self-care, un-

derwent rehabilitation and became ambulatory; the dys-

tonic neck posture also improved slightly. The patient’s

relationships with his family members and his social

activities improved greatly. The frequency of epileptic

seizures was reduced from 7–10 to 4–7 per day. At the

follow up of 18 months, the results were stable.

Case 2

One month after the beginning of stimulation (180Hz,

60msec, 1V), the aggressive behaviour completely disap-

peared and the neuroleptic medication was reduced. After

3 months, no behavioural changes were observed; increase

of stimulation amplitudewas done (180Hz, 60msec, 1.5V)
with no side effects. Three months later, the psychiatric

condition was stable and the patient was then transferred

to an occupational therapy center. After 15 months of

DBS, the aggressive behaviour remains well controlled.

Microrecording

Two cells were recorded with a mean firing discharge

rate of 14.35 and 24.77Hz, respectively. Both neurons

generated isolated action potentials during most of re-

cordings. The inter-spike interval histograms (ISIHs)

have shown the highest concentrations of intervals in

the 10–15ms range, and the percentage of ISI shorter

than 5ms. In one patient during surgery, it was possible

to deliver somatic stimulation to the face, and to record

the evoked firing discharge. Postoperative data analysis

of the spontaneous and evoked neural discharge was

performed by the Spike 2 analysis package (Cambridge

Electronic Design, Cambridge, UK). Single unit events

were identified, and confirmed as arising from a single

neuron, using template-matching spike sorting software.

This recorded neuronal activity around our target is of

uncertain origin as it does not correlate with any pre-

viously anatomically described central gray matter focus;

we could only confirm that neurons are present on this

target.

Finally, the postoperative fused CT-MR images and

controls showed the correct placement of the elec-

trodes in all cases confirming that the ‘‘interpeduncular

nucleus’’ or ‘‘interpeduncular point’’ is more strictly

related to our target than the conventional midcommis-

sural point (Fig. 3).

Discussion

The hypothalamus is a core structure of the limbic

system that connects two large limbic domains: the

mesial temporal structures and the orbito-frontal cortex

[23]. The hypothalamus is a central component of the

Papez circuit; it is connected with the hippocampus,

amygdala, and limbic thalamus on one side via the

mamillary bodies and the fornix and on the other side

via the cingulate gyrus and the entorhinal cortex.

The connection with hippocampus, amygdala, cingulate

gyrus, and the entorhinal cortex could explain the role of

hypothalamus in learning, memory, emotions, motiva-

tion, affiliative behaviour, and autonomic and endocrine

functions [17]. The alleged activation of hypothalamus

during CCH attacks is considered the origin of some

other symptoms which often appear during the attack

itself such as abrupt rise of the arterial pressure, psycho-

motor agitation, hypersexuality, hyperphagia, insomnia,

aggression and focal vasomotor alterations. These obser-

vations and the results obtained in our series of patients

suggest that the posterior hypothalamus is a major part

of a neural network, which controls different interlaced
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functions. These data suggest that hypothalamic stimu-

lation could potentially have future applications such as

in the treatment of severe sleeping disorders, malignant

arterial hypertension, and eating disorders; notably, the

patients submitted to hypothalamic stimulation showed

increase of sleeping time, normalization of arterial blood

pressure and significant weight loss. Unfortunately, cur-

rent pathophysiological findings are insufficient for

drawing any conclusions about the mechanisms of hypo-

thalamic HFS; moreover, certain proposed applications,

nowadays, seem too distant from becoming a sound sci-

entific proposal. Nevertheless, the analysis of our patients

allows a few solid remarks and considerations.

First, chronic neurostimulation of the posterior hy-

pothalamus did not produce any behavioural effects in

CCH patients while it produced cessation of disruptive

behaviour in the two cases of severe refractory aggres-

siveness [4, 5, 12]. In other words, neurostimulation

of the same target induced different effects in different

brains in different clinical conditions [1, 6]. Similar

observations were reported in Sano’s series; this includ-

ed patients with facial pain and psychiatric conditions

who benefited by RF lesions in the same target, namely

the posteromedial hypothalamus [20]. In accordance

with Sano’s series, one of the two reported psychiatric

patients had a 50% decrease in the frequency of drug

refractory multifocal epileptic seizures; it should be

noted that the considerable amount of neuroleptics that

were administered before the stimulation could facili-

tate the development of multifocal epileptic seizures.

Secondly, neuropathic facial pain was completely unaf-

fected by HFS of the posteromedial hypothalamus. This

data suggests that the pathophysiological mechanisms

giving rise to continuous pain of the face due to fifth

nerve lesions does not involve the hypothalamus. Simi-

larly in the Sano’s series, patients affected by neuro-

pathic facial pain had poor results after radiofrequency

(RF) hypothalamotomy [19]. Thirdly, the involvement of

the autonomic system has been confirmed in our patients

by the dramatic and sudden disappearance of the neuro-

vegetative dysfunction associated with CH [5, 21]. HFS

of the PMH did not produce clinically relevant modi-

fications in the blood pressure profile and in cardiac

activity in any of the treated patients. More refined

investigational instruments revealed only a delay in

orthostatic pressure adjustments.

In conclusion, our data suggests that HFS of the PMH

interacts with the mechanisms involved in episodic

facial pain, behavioural disease, and neurovegetative

system regulation. Future HFS of this target could be

considered in the treatment of diseases which show, on

imaging, hypothalamic activation. Considering the large

number of involved functions, the target volume is small

and the stereotactic procedure has to be very precise.

This statement applies to all stereotactic procedures,

but because of the potentially misleading anatomical

variability of the PMH, any targeting error may result

in clinical failure requiring reposition of the electrode

[5]. Moreover, a recent report of a fatal outcome indi-

cates that the procedure is not entirely free of risks [21].

The reversibility of the procedure and the absence of

side effects during chronic continuous and even bilateral

PMH DBS should be stressed; this made this technique

ethically acceptable in these otherwise untreatable pa-

tients whose quality of life consistently improved by this

neuromodulation technique. The potential therapeutic

role of stimulation of this distinct brain structure is prob-

ably greater than it has been previously thought.
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Summary

Treatment-resistant depression (TRD) is a major public health con-

cern due to its high costs to society. One of the novel approaches for the

treatment of depression is the vagus nerve stimulation (VNS). Thera-

peutic brain stimulation through delivery of pulsed electrical impulses to

the left cervical vagus nerve now has established safety and efficacy as

an adjunct treatment for medication-resistant epilepsy and has recently

been approved as an adjunct long-term treatment for chronic or recurrent

depression. There is considerable evidence from both animal and human

neurochemical and neuroimaging studies, that the vagus nerve and its

stimulation influence limbic and higher cortical brain regions implicated

in mood disorders, providing a rationale for its possible role in the

treatment of psychiatric disorders. Clinical studies (open-label and com-

parator with treatment in naturalistic setting) in patients with TRD have

produced promising results, especially when the response rates at longer-

term (one- and two-year) follow-up time points are considered. Ongoing

research efforts will help determine the place of VNS in the armament of

therapeutic modalities available for major depression.

Keywords: Vagus nerve stimulation; major depressive disorder;

treatment-resistant depression.

Introduction

Major depressive disorder affects 19 million United

States residents with 9.5 million people undergoing treat-

ment annually [22], costing the United States economy

more than $40 billion per year [39]. It is the second most

disabling condition in the United States, most disabling

condition for females in the United States, and the fourth

most disabling worldwide [61]. It increases mortality

due to suicides [28] and more than 50% of suicides

occur in the context of an episode of major depression

[6, 24]. The large majority of depressed patients with or

without a history of suicide attempts are inadequately

treated for depression [65].

Despite a variety of treatments available for major de-

pressive disorder, significant percentage of patients does

not respond adequately to treatment. Depression that

does not respond, lacks remission, relapses while patient

is receiving an adequate dose of an antidepressant med-

ication for sufficient duration with good adherence [76],

or fails to respond to two adequate trials of different

classes of antidepressants [86] is often referred to as

treatment-resistant depression (TRD). TRD is a major

public heath problem in that 20–40% of patients in a

major depressive episode fail to show substantial clinical

improvement, at least a 50% reduction in symptom score,

to their first treatment with an antidepressant medication

[76], thus resulting in rising medical and mental health

care costs and personal suffering [47, 89]. However,

many advances have been made in the management of

major depression, including TRD, with the introduction

of new classes of antidepressants and mood stabilizers as

well as novel approaches for treatment [86].

One of the novel approaches for treatment of depres-

sion stems from non-pharmacological, somatic interven-

tions affecting brain functions. Eight years after the U.S.

Food and Drug Administration’s approval of intermittent

electrical stimulation of vagus nerve via a surgically im-

planted programmable prosthesis for medically-refrac-

tory partial-onset seizures in 1997 [34, 82], the use of

vagus nerve stimulation (VNS) was also approved as an

adjunctive long-term treatment of chronic or recurrent

depression for patients 18 years of age or older who are

experiencing a major depressive episode and have not

had an adequate response to four or more adequate anti-

depressant treatments. Over the past eight years, VNS



has become one of the most promising new forms of

therapeutic brain stimulation fulfilling the need for a

long-term treatment of disabling TRD. It also represents

the application of new technologies in treating mental

illness for the future. Thus, the rationale, anatomical and

physiological basis of efficacy as well as future pro-

spects of VNS for depression will be discussed.

Rationale

The rationale for investigating VNS as a possible

treatment for TRD is based on 1) the preclinical inves-

tigation of VNS in animal models demonstrating the di-

rect effects of VNS on central cortical function, 2) the

neuroimaging data demonstrating that VNS affects the

metabolism and thus function of various important

limbic structures, 3) the demonstrated efficacy of anti-

convulsant medications as mood stabilizers in mood dis-

orders [5, 16, 38, 69], 4) the similarities between VNS

and electroconvulsive therapy (ECT), considered most

effective antidepressant treatment, 5) the observed mood

effects of VNS in patients with epilepsy, and 6) the

neurochemical studies in both animals and humans

revealing that VNS alters concentrations of neurotrans-

mitters implicated in mood disorders, i.e. serotonin, nor-

epinephrine, gamma aminobutyric acid, and glutamate

within the central nervous system [8, 18, 94]. These

considerations, along with the known anatomical projec-

tions of the vagus to the brain regions involved in mood

regulation provided a rationale for studying VNS in a

new population of subjects for treatment of TRD.

VNS, central cortical function

and anticonvulsant action

In 1938, Bailey and Bremer [4] described the syn-

chronized activity of the orbital cortex produced by

VNS in cats, a first published report suggesting that

VNS directly affected central function. Dell and Olson

also noted slow-wave response in anterior rhinal sulcus

and amygdala to VNS in awake cats with high cervical

spinal section [21]. Primate studies also provided fur-

ther evidence of VNS effects on basal limbic structures,

thalamus, and cingulate [54]. Based on these findings,

Zabara hypothesized and further investigated in dogs

that VNS would have an anticonvulsant action [96, 97].

Zabara postulated that the antiepileptic mechanisms of

action of VNS would involve both direct termination of

an ongoing seizure as well as seizure prevention when

he observed VNS-induced cortical electroencephalogram

changes and seizure cessation in dogs [98].

Neuroimaging studies

The effects of VNS on the brain have been studied

using a variety of neuroimaging techniques, such as

positron emission tomography (PET), single photon

emission computed tomography (SPECT) and functional

magnetic resonance imaging (fMRI) [18, 19]. Garnett

et al. [33] showed, using PET, that left VNS in epilepsy

caused increased regional cerebral blood flow (rCBF) in

the ipsilateral anterior thalamus and the cingulate gyrus.

Ko et al. [51] reported increased blood flow in the con-

tralateral thalamus and posterior temporal cortex, and

ipsilateral putamen and inferior cerebellum with left

VNS. Henry and colleagues studied both acute and

chronic effects of VNS on the brain [43–46]. High level

(500 ms, 30Hz, 30 s on, 5min off, mean 0.5mA) left

VNS stimulation increased the blood flow to the rostral

and dorsal medulla oblongata as well as bilateral orbi-

tofrontal gyri, right entorhinal cortex and right tem-

poral pole. Both high and low level (130 ms, 1 Hz, 30 s
on, 180min off, mean 0.85mA) stimulation increased

the blood flow to the right thalamus, right postcentral

gyrus, bilateral inferior cerebellum as well as bilateral

hypothalamus and anterior insula [43–45]. VNS stimu-

lation also decreased blood flow to the bilateral amyg-

dala, hippocampus, and posterior cingulate gyrus [43–45].

Recently, Conway et al. also found acute VNS-induced

rCBF changes consistent with brain structures associated

with depression and the afferent pathways of the vagus

nerve [19].

Various SPECT studies [71, 92, 93] demonstrated de-

creased thalamic activity, possibly reflecting the chronic

changes in the brain or the acute off effect of the VNS

since SPECT was performed immediately after it was

turned off or during the period when VNS was mostly

off [18]. Also, Devous [23] demonstrated in six depressed

patients receiving VNS in the open-label study that the

patients had reduced rCBF to the left dorsolateral prefron-

tal, anterolateral temporal, and perisylvian temporal struc-

tures, including posterior insula. Zobel and colleagues

[100] have also demonstrated rCBF changes in multiple

limbic structures following 4 weeks of VNS in 12 patients

with TRD.

Decreased activity in cingulate gyrus, an area known

to be implicated in depression, with antidepressant re-

sponse, has been reported in various studies [12, 26,

56, 95]. Therefore, modulation of activity in the cingu-

late gyrus by VNS, along with VNS altering the activ-

ities of the brainstem, limbic system and other central

nervous system areas, implicates VNS with antidepres-

sant activity [34].
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Mood stabilizing effects of anticonvulsants

Antiepileptic drugs are now frequently utilized for

their beneficial mood effects in the pharmacological

treatment of mood disorders. Initially, incidental find-

ings of psychiatric improvements during clinical trials

of anticonvulsant therapies have provided the rationale

for further investigating the potential utility of other

drugs, such as carbamazepine, in the management of bi-

polar disorder [5]. In patients with bipolar disorder, both

carbamazepine and valproic acid have been shown to be

effective in the treatment of acute mania as well as in the

prevention of recurrent manic and depressive episodes

[11, 20, 68]. Other antiepileptic drugs such as gabapen-

tin [37, 50, 57, 84] and lamotrigine [15, 16] have been

shown to be effective as mood stabilizers or have dem-

onstrated favorable positive effects in treatment of de-

pression. In light of the growing number of modern

anticonvulsant agents demonstrating beneficial effects in

mood disordered patients, a possible role for VNS in the

treatment of depression seemed worthy of investigation.

VNS and ECT

Electroconvulsive therapy (ECT) is considered the

most effective available antidepressant treatment. In

controlled comparisons with antidepressant medications,

ECT has demonstrated superior clinical outcome [31, 32,

48, 58] with remission rates after ECT of approximately

70–90%, far exceeding any other form of antidepressant

treatment [2, 3, 67, 78, 79]. Interestingly, ECT is known

to have both antidepressant and anticonvulsant actions

[75, 77]. Physical, somatic and non-pharmacological in-

tervention modalities, and the similarities between VNS

and ECT support the hypothesis that VNS may have

primary antidepressant properties. It is reasonable to

hypothesize that an effective antiepileptic device might

also have antidepressant or mood-stabilizing effects.

The concurrent, safe use of both ECT and VNS has

been described in recent literature [14].

Mood effects of VNS in epilepsy patients

During the early epilepsy trials of VNS, patients fre-

quently stayed in the same Gainesville, Florida hotel

during follow-up visits at the study site where a hotel

clerk made an astute observation. He reported to VNS

investigator B. J. Wilder that the VNS patients seemed to

be in better spirits as time passed. Anecdotal reports of

mood improvements, apparently unrelated to reduction

in seizure frequency, further inspired the VNS investi-

gators to systematically assess mood and anxiety symp-

toms [7, 40]. Both retrospective data analysis [85] and

prospective assessments during epilepsy trials [27, 41]

suggested that VNS was associated with reduction in

depressive symptoms, even in the absence of improve-

ment in seizures. Furthermore, the improvement in sei-

zure frequency in the VNS group was not related to the

improvement in mood for the individuals, further sug-

gesting that VNS may improve mood independent of

improvement in seizure frequency [41].

Neurochemical changes in central nervous system

Although basic mechanisms of action of VNS are

unknown, clinical and animals studies have shown that

VNS induces neurochemical changes in the central ner-

vous system, thus providing possible mechanisms of

antiseizure and neuropsychiatric effects of VNS [64].

Studies in rats, undergoing VNS, reveal increases in cel-

lular activity, as measured through the oncogene C-fos

level, in amygdala, cingulate, locus ceruleus (LC), and

hypothalamus [63]. Studies have also demonstrated

modulation of serotonin [8], norepinephrine [52], �-

aminobutyric acid (GABA), and glutamate [94]. Also,

a study of lumbar cerebrospinal fluid (CSF) components

in epilepsy patients sampled before and after 3 months

of VNS showed significant increases in CSF concentra-

tions of GABA and trend-level decreases in glutamate

[8]. Other provocative findings from the CSF study were

trends toward VNS-induced increases in the levels of the

major metabolite of dopamine, homovanillic acid, and

the major metabolite of serotonin, 5-hydroxyindoleacetic

acid [8]. The modulations by VNS of neurotransmitters

implicated in mood disorders, the same neurotransmitters

through which many of the current treatment of mood

disorders have been shown to work, further support the

hypothesis that VNS has antidepressant activity.

Anatomical and physiological basis of efficacy

Anatomy of the vagus nerve

The vagus (cranial nerve X), Latin for ‘‘wandering’’,

is well known for its parasympathetic efferent functions,

such as autonomic control and regulation of the heart

and the gut viscera. However, the vagus is actually a

mixed sensory and motor nerve with approximately

80% of which is sensory fibers carrying information to

the brain from the head, neck, thorax, and abdomen [30].

The cell bodies of the sensory afferent vagus are located
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in the nodose ganglion and relay information to the

nucleus tractus solitarius (NTS). Through the sensory

afferent connections in the NTS, the vagus has extensive

projections to brain regions that are thought to modulate

activity in the limbic system and higher cortex [4, 21,

54]. The NTS sends the sensory information to the rest

of the brain via an autonomic feedback loop, direct pro-

jections to the reticular formation in the medulla, and

ascending projections to the forebrain through the para-

brachial nucleus (PB) and the locus ceruleus (LC)

[34, 88]. The pathways of the vagus connecting the NTS

with the PB and its adjacent neighbor LC [52] carry

afferent vagal input to norepinephrine-containing neu-

rons, reaching the amygdala, hypothalamus, insula, thal-

amus, orbitofrontal cortex, and other limbic structures

[90]. However, the connections to the amygdala and the

bed nucleus of the stria terminalis are significant since

these structures are implicated in emotion recognition

and mood regulation [49, 90]. The NTS also has direct

connections, bypassing PB and LC, to the amygdala

[66, 70, 99] and hypothalamus [88, 91]. Therefore, the

vagus and its sensory afferent input project to numerous

brain regions implicated in neuropsychiatric disorders

including mood disorders [34, 35].

Neurobiology of VNS in depression

Research in the neurobiology of direct actions VNS

has on brain regions and neurotransmitter systems, im-

plicated in mood disorders, is one of the most rapidly

advancing areas of research. Emerging data appear to

provide converging lines of evidence that VNS exerts

measurable effects in brain regions and neurotransmitter

systems implicated in mood disorders [64].

In an open-label study of VNS on six depressed pa-

tients, SPECT showed that patients had rCBF in the left

dorsolateral prefrontal, anterolateral temporal, and peri-

sylvian temporal structures, including posterior insula,

at baseline, compared to normal controls [23]. After a

10-week trial of VNS, these depressed patients showed

increased rCBF in the superior frontal gyrus, right me-

sial (posterior hippocampus) and lateral temporal cortex,

apparently leading to the resolution of classic rCBF ab-

normalities in depressed patients, especially among those

showing favorable clinical response. In seven patients

with TRD after 10 weeks of VNS therapy, a PET study

found that compared to baseline, metabolic activity was

significantly higher in the bilateral orbitofrontal gyrus,

left amygdala and parahippocampal gyrus, bilateral thal-

amus, left insula and right cingulate gyrus and lower in

the bilateral cerebellum and right fusiform gyrus. This

data represents a combination of the effects of acute

VNS stimulation and chronic effects of VNS on blood

flow over 10 weeks of therapy in depressed patients [18].

Also in depressed patients, the synchronized blood oxy-

genation level-dependent (BOLD) fMRI response to

VNS, a technique developed to detect signal from an

implanted device and link it to fMRI image acquisition

[10], was shown activity changes in areas regulated by

the vagus nerve: the orbitofrontal and parieto-occipital

cortex bilaterally, the left temporal cortex, the hypothal-

amus, and the left amygdala [18]. The BOLD fMRI

technique was also used to confirm that acute immediate

regional brain activity changes vary with the frequency

or total dose of stimulation [53].

In the placebo-controlled study, lumbar CSF samples

collected before and after VNS therapy in 18 patients had

findings consistent with the CSF findings reported for a

group of seizure patients receiving 3months of VNS, dem-

onstrating 21% increase in the concentration of homova-

nillic acid, a major dopamine metabolite, in the depressed

group when compared to the placebo group [17]. On the

other hand, no change in CSF GABAwas detected.

Dorr and Debonnel [25] recently published their find-

ings of increased basal firing rates of dorsal raphe nu-

cleus and LC following long-term VNS treatment in a

rodent electrophysiology study confirming the notion of

a novel mechanism of antidepressant action.

Future prospects

VNS and its safety

The VNS TherapyTM system, commercially manufac-

tured by Cyberonics, Inc., includes a pocket watch-sized

generator implanted subcutaneously into the left chest

wall and bipolar electrode coils wrapped around the left

vagus nerve near the carotid via a neck incision [1]. The

coil leads are subcutaneously tunneled and connected to

the programmable generator. The stimulation parameters

can be assessed and controlled by a telemetric wand

connected to a portable computer and held to the chest

over the patient’s clothing.

In 1988, patients with medication-resistant epilepsy

who were not candidates for neurosurgery were im-

planted with the cervical VNS in a pilot study [80].

Collective data from these epilepsy trials showed that

after 2 years of continuous VNS, categorical response,

defined as 50% or greater reduction in seizure frequency,

reached 43% and this was maintained after the 3-year
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mark [60]. In addition, these epilepsy studies demonstrat-

ed that cervical VNS was well tolerated, with adverse

events rarely leading to discontinuation of VNS ther-

apy [83]. Combined data from epilepsy clinical studies

(n¼ 454) show minimal surgical complications associ-

ated with implantation: infection without explantation of

the device (1.8%), infection with subsequent explantation

(1.1%), hoarseness or temporary vocal cord paralysis

(0.7%), or hypesthesia or lower left facial paresis (0.7%)

[13]. In most cases, the side effects due to intermittent

stimulation, such as voice alteration or hoarseness,

cough, paresthesia, dysphagia, and dyspepsia, were con-

sidered mild or moderate, and decreased over time with

continued VNS at the same stimulation level. Often, the

stimulation-related adverse events could be diminished

by reprogramming the device to deliver a lower level

stimulation or output current [87]; also the patient could

completely abort a stimulation-induced adverse event by

holding or taping a small magnet over the pulse genera-

tor. The treatment has been judged by the Technology

and Therapeutics Committee of the American Academy

of Neurology as having ‘‘sufficient evidence . . . to rank

VNS for epilepsy as effective and safe, based on a pre-

ponderance of Class I evidence’’ [29].

Published studies of VNS for patients with TRD also

demonstrated that VNS was also well tolerated, with few

patients discontinuing the study due to an adverse event.

The most common adverse events, hoarseness, cough-

ing, shortness of breath during exercise, headache, and

neck pain, were considered mild, intermittent, and asso-

ciated with stimulation [72, 73].

Open-label study of VNS for TRD

In an open-label study of VNS for non-psychotic,

chronic or recurrent TRD in 30 patients who had failed

trials for at least two classes of medications during the

current depressive episode, the efficacy and safety of

VNS was first studied at four United States academic

sites [72]. All subjects underwent a two-week, single-

blind recovery period after their implant surgery,

followed by a two-week period where the VNS was ac-

tivated and the output current was progressively in-

creased to the maximum tolerated level. Subsequently,

the output level of the stimulator was fixed and stimula-

tion continued for an additional eight weeks. All patients

in the trials were continued on stable psychotropic med-

ication regimens for the entire course of the trial.

The study showed that 12 of the 30 (40%) of the

patients were considered ‘‘responders’’ having a 50%

or greater reduction in baseline on the Hamilton Rating

Scale for Depression after 12 weeks of VNS treatment

with substantial functional improvement also demon-

strated by increased average score on the Global Assess-

ment of Function from 40.6 to 61.9 during the same

study period. A second cohort of 30 patients with TRD

meeting the similar inclusion and exclusion criteria,

were added to the study with only 6 of 29 (20.7%)

patients, completing the study, meeting the criteria for

a ‘‘responder’’. The overall acute response rate was 18

of 59 (30.5%) patients, with 9 of the 59 (15%) patients

meeting the criteria for full remission of the depressive

episode. VNS was also associated with improvements in

vitality, social function, and mental health domains,

based on Quality of Life assessment, even among pa-

tients who were considered VNS acute phase non-

responders [81]. These results were impressive given the

study population with average participant having un-

successfully tried over 16 interventions prior to the trial.

Data analysis also revealed no dose-response relation-

ship with final output current, and neuropsychological

tests indicated neurocognitive improvements after VNS

relative to baseline, especially in those who experienced

decreased depressive symptoms [80, 81]. Also, the iden-

tifiable predictor of response was the degree of treatment

resistance, as measured by the number of failed antide-

pressant trials. In general, more severely refractory pa-

tients experienced poorer responses to the 10-week VNS

therapy.

Long-term data on VNS in TRD were more encour-

aging. After one year of VNS, 10 of 11 (91%) acute

responders, from the first group of 30, had maintained

their response, but more importantly 3 of 17 (18%)

of the initial non-responders had achieved a reduction

of depressive symptoms thus meeting the ‘‘responder’’

criteria [55]. For the entire study (n¼ 59), the re-

sponse rate was 45% and the remission rate was 27%

at the one-year mark and the response rate was 42%

and the remission rate was 22% at the two-year mark

[62]. Also at two-year mark, 39% of the initial non-

responders showed substantial benefit from VNS [62].

Changes in dose or type of psychotropic medication

and VNS stimulation parameters were not controlled

after the exit from the initial 12-week acute phase

study thus introducing the possibility that the observed

improvements were not entirely attributable to the

VNS. The association of adjunct VNS with sustained

depressive symptom reduction and improved functional

status after two years is suggestive of antidepressant

efficacy.
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Placebo-controlled study of VNS for depression

Encouraged by the positive results of the open-label

study, a double blind placebo-controlled study investi-

gated the efficacy of the VNS in the treatment of depres-

sion. The study design was similar to the original study

and the patients were randomized in a double-blind fash-

ion to either active VNS or a sham condition. At the end

of the twelve week-long acute study period, if patients

assigned to the sham arm of the study were still de-

pressed, they crossed over to the active stimulation arm,

and the long-term data were collected on all patients in

the study. The investigators also revised the study exclu-

sion criteria to exclude those with the highest levels of

treatment resistance (six or more failed trials in the de-

pressed episode), since they appeared to have the worst

response rate in the previous open-label study. Two hun-

dred and thirty five patients received VNS through this

double-blind study, with placebo (sham) response rate of

10% and active VNS response rate of 15%, which failed

to statistically confirm the short-term antidepressant effi-

cacy of the VNS therapy [73].

Possible explanation for the different findings be-

tween the placebo-controlled and open-label study may

be the inadequate dosing of the VNS in the placebo-

controlled study. A preliminary comparison of the

output current, delivered in the placebo-controlled de-

pression study versus the initial open-label depression

study and the epilepsy studies suggests that stimulation

set at 1.0mA or higher is associated with the higher rates

of clinical response. Stimulation parameters were set at

lower settings in the placebo-controlled study, compared

to those used in the initial open-label depression studies

and the epilepsy trials. Another possible explanation for

the failure to see VNS separate from sham might be

inadequate duration of the trial.

Naturalistic study of VNS for depression

Two hundred and five patients were in a naturalistic

follow-up study with the same enrollment criteria as the

randomized placebo-control trial to better delineate the

long-term efficacy of VNS as an adjunct to ongoing an-

tidepressant treatment, to determine whether statistically

significant and clinically meaningful symptom reduction

occurs with VNS [74]. One group who initially received

10 weeks of active VNS received 9 additional months of

stimulation whereas the second group initially assigned

to the sham group received 12 months of VNS. The

study demonstrated a response rate of 27.2% with remis-

sion rate of 15.8%, revealing a statistically significant

reduction in depressive symptoms [74]. A comparison

of 1-year outcomes in VNS patients (n¼ 205) and a

matched TRD group (n¼ 124) receiving ‘‘treatment as

usual’’ revealed superior antidepressant benefits for

those receiving adjunct VNS [36]. Categorical response

rates were 27% for the VNS group and 13% for those

receiving standard available treatments in a naturalistic

setting [36].

Long-term outcome of VNS

As previously mentioned, there is an apparent gradual

accumulation of more VNS responders over time in the

open-label study. For instance, 3 of 17 (18%) of the

initial non-responders had achieved a reduction of de-

pressive symptoms thus meeting the ‘‘responder’’ cri-

teria at the one-year mark with VNS [55]. In addition,

long-term response rates from the above study showed

that VNS has a sustained effect, with 70% of those clas-

sified as ‘‘responders’’ at three months continuing to be

classified as ‘‘responders’’ at two years. These data sug-

gested that VNS might require longer than standard

pharmacotherapies to manifest an antidepressant effect.

The longer-term data on VNS in depressed patients have

helped in determining the placement of VNS in the

armament of therapeutic modalities available for major

depression.

Practical considerations

Surgical implantation of the VNS TherapyTM system

requires a procedure of low technical complexity for a

surgeon with experience in the head and neck area. The

surgery typically takes less than one hour in the operat-

ing room, often performed on an outpatient or day-sur-

gery basis. General anesthesia is used in the majority of

cases, but regional and local anesthesias can also be used

[42]. A device ‘‘programmer’’ who is knowledgeable

with the operation of the VNS TherapyTM system must

be present in the operating room to perform lead testing

before surgical incisions are closed. The battery life of

the pulse generator model is approximately six to ten

years and the entire pulse generator must be surgically

replaced once the battery expires.

Whole-body MRI is contraindicated in patients who

have the VNS pulse generator implanted because of the

potential for heating of the electrical leads. Special

‘‘send–receive coils’’ can be used to concentrate mag-

netic fields away from the neck area when MRI of the

brain is necessary. Patients with the VNS TherapyTM

system should carry identification cards and should be

412 M. C. Park et al.



aware of the risks related to being in close proximity to

strong magnetic fields.

The cost of the VNS TherapyTM system and its sur-

gical implantation is approximately $24,000, making it

roughly comparable to the cost of a course of ECT for

depression in an inpatient setting. Early success in estab-

lishing adequate terms of coverage and reimbursement

by third party payers has contributed to the wide-scale

availability of VNS for patients with epilepsy in the

United States. Until recently, VNS as a treatment for

depression has been investigational in the United States,

and as such, was offered only at academic centers con-

ducting approved research protocols. The optimal stim-

ulation parameters for antidepressant effects are still

unknown. While it is tempting to imagine that VNS

may someday replace psychotropic medications along

with many undesirable side effects, it is notable that in

the majority of cases to date, VNS has been investigated

as an adjunct therapy rather than as a monotherapy.

Therefore, the expectations of the depressed patients

for dramatic symptom recovery or even cure from severe

psychiatric illness may be fueled by the introduction of

new technology and the highly interventional nature of

the device implantation surgery. Management of such

expectations should be undertaken with great care, par-

ticularly in depressed patients who are at heightened risk

for acting impulsively and self-destructively on feelings

of disappointment and hopelessness.

VNS for treatment of TRD

In July, 2005, the use of VNS was approved by the

U.S. Food and Drug Administration for the adjunctive

long-term treatment of chronic or recurrent depression

for patients 18 years of age or older who are experien-

cing a major depressive episode and have not had an

adequate response to four or more adequate antidepres-

sant treatments. Such milestone opens the door for the

greater availability of VNS in the treatment of TRD,

which will inevitably broaden our experience with VNS.

Ongoing preclinical and clinical studies of VNS should

further refine the role of VNS in the treatment of TRD.

VNS for treatment of other neuropsychiatric disorders

In addition to advancing our understanding of the

pathophysiology of various neuropsychiatric disorders,

VNS may have other therapeutic applications, which are

guided by the known anatomy of vagus connections and

may shed some light into the mechanism of action of

VNS. For example, as vagus nerve plays an important

role in relaying information into the CNS, several the-

ories on anxiety disorder hypothesize that faulty inter-

pretation of the relayed peripheral information into the

CNS or unreliable availability of the information may be

the underlying cause. Therefore, it is possible that mod-

ulation in the flow of information into the CNS by VNS

could have therapeutic potential in anxiety disorders or

irritable bowel syndrome [34]. Also, since the vagus also

carries hunger satiety and pain information, VNS may

be considered for the treatment-resistant obesity [9],

addictions, or pain syndrome. In addition, since NTS

sends fibers into the dorsal raphe and areas that are

known to control levels of alertness, potential treatment

for sleep disorders, coma or narcolepsy may also be pos-

sible. Recent pilot data suggest a possible role for ad-

junct VNS in the treatment of Alzheimer’s disease [59].

Conclusion

TRD is a major public health concern, thus demon-

strating a tremendous need for a better, long-term treat-

ment. In that regard, VNS has emerged as one of the

most promising new forms of therapeutic brain stimula-

tion, an application of new technology in treating mental

illness. As clinical studies provide encouraging positive

results towards the efficacy in treatment of TRD with

VNS, VNS will continue to establish and refine its role

in the treatment of TRD.
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Summary

The discovery of active mechanisms in the cochlea and the efferent

auditory pathways from the brain to the cochlea demonstrated the exis-

tence of a modulation of the auditory input in the central nervous system

(CNS). Otoacoustic emissions (OAEs) are weak signals that can be

recorded in the ear canal and are considered a byproduct of an active

process from the outer hair cells (OHCs) to the basilar membrane. The

efferent auditory system plays an inhibitory role on the activity of OHCs;

its stimulation reduces auditory nerve response, basilar membrane motil-

ity and OAEs amplitude. Indirect stimulation by contralateral sound is

also inhibitory; a reduction of OAEs amplitude can be recorded and such

an effect disappears after olivocochlear bundle section. The efferent

system seems to play a role in detection of signals in noise, protection

in noise-induced cochlear damage, development of hearing and processing

of complex auditory signals. With respect to clinical application, OAEs

suppression after contralateral auditory stimulation seems to be the only

objective and non-invasive method for evaluation of the functional

integrity of the medial efferent system, and, therefore, for evaluation

of the structures lying along its course, at least up to the level of inferior

colliculi.

Keywords: Efferent auditory system; otoacustic emission; olivoco-

chlear bundle.

Introduction

The mammalian cochlea is an extraordinarily sensi-

tive mechanoceptor able to separate complex acoustic

stimuli into their frequency components and to encode

them into meaningful patterns of nerve impulses in pri-

mary afferent neurons of the auditory nerve. Progressive

and sequential information processing takes place along

the auditory afferent pathways, from the auditory nerve

to the cerebral cortex. However, this hierarchical orga-

nization is superimposed upon a parallel arrangement of

auditory reciprocal descending projections that may be

specialized in processing particular aspects of acoustic

information. The discovery of active mechanisms in the

cochlea and the efferent auditory pathways from the brain

to the cochlea demonstrated the existence of a modula-

tion of auditory input before it reaches the brain [19, 22].

Anatomy and physiology of the efferent auditory

system

Historical background

The basic understanding that the cochlea converts

sound waves into nerve impulses, which are transmitted

into the brain, has existed for more than 200 years. The

classical auditory theory, established by von B�eek�eesy,

assumed the rise of the travelling wave in a mechani-

cally passive and linear system, which delivered sound

energy of different frequencies to different parts of the

cochlea [21]. The discovery of otoacoustic emissions

(OAEs) by Kemp demonstrated the cochlea capabil-

ity of an active, non-linear, retrograde transmission of

sound [11].

Cochlear micromechanics and generation of OAEs

Otoacoustic emissions are weak signals that can be

recorded in the ear canal and are considered to reflect

the cochlear activity. OAEs are emitted from the cochlea

as a byproduct of an active process from the outer hair

cells (OHCs) to the basilar membrane, and are respon-

sible for enhancing the basilar membrane vibration and

sharpening the frequency tuning. OAEs generation is

related to active, fast and slow, motility of the OHCs,

through the contraction of the actinomyosin complex in

the cytoskeleton of the OHCs. The fast contractions

follow sound-driven passive vibrations of the cochlear

partition; they stimulate the actinomyosin network of the



OHCs, acting to oppose viscous damping in the cochlea

and to enhance the oscillations of the basilar membrane

and, thus, the mechanical stimulation of the inner hear-

ing cells (IHCs), which are directly involved in the trans-

formation of mechanical energy into neural activity. The

slow, tonic contractions of the OHCs can alter the stiff-

ness of the cochlear partition in a sharply restricted area,

modifying the envelope of the travelling wave [25].

The vibrations of the stapes footplate in the oval win-

dow, driven by sound pressure waves, cause a dynamic

displacement of the cochlear partition in the shape of a

travelling wave. Since the walls of the endolymphatic

duct are flexible, the travelling waves are transmitted to

the scala tympani, and the wave-like distortion of the

endolymphatic duct causes Reissner’s membrane and

the basilar membrane to swing from one side to the other,

towards the scala tympani and scala vestibuli, alter-

nately. The site at which maximal displacement of the

endolymphatic duct occurs is the ‘‘characteristic’’ for

the frequency sound. Sound-driven passive mechanical

movements of the basilar membrane and OHCs are ac-

companied by additional induction of active, fast, me-

chanical movements of the OHCs and subsequent slow

movements, thus creating a highly non-linear and satu-

rating positive feedback system. The OHC fast motility,

which enhances the basilar membrane motion, is linearly

correlated with the intensity of sound stimuli. However,

with an increase in sound pressure level, the cochlea is

capable of correcting undesirable shifts of the basilar

membrane by the slow OHC movements, leading to a

reduction of the passive displacement, and non-linear

compression of cochlear dynamics. Thus, the OHCs act

as controlled mechano-amplifiers within the cochlea and

feed amplified mechanical oscillations to the IHCs,

responsible for transduction of mechanical energy into

neural activity [13].

OAEs can be divided into two classes: spontaneous

and evoked. Spontaneous OAEs (SOAEs) are continuous

narrow-band signals emitted by the cochlea in the ab-

sence of any acoustical stimulation. Evoked OAEs are

Fig. 2. TEOAEs recording in a normal

subject

Fig. 1. Main descending auditory pathways. Schematic representation

of the main descending auditory pathways susceptible for modulating

MOC system activity. AC Auditory system; IC inferior colliculus;

MOCC medial olivocochlear complex; NCo cochlear nucleus
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recorded following stimulation by different stimuli: tran-

sient evoked OAEs (TEOAEs) can be evoked by tran-

sient impulses, such as clicks or tone bursts, and distortion

product OAEs (DPOAEs) can be evoked by two simul-

taneously applied pure tones, f1 and f2, at two closely

spaced frequencies, which partially overlap the vibra-

tion fields in the cochlea, delivered into the ear canal.

TEOAEs and DPOAEs are both generated by normally

functioning OHCs, and can be recorded, essentially, in

all normally hearing subjects. However, DPOAEs are

more frequency-specific, and, due to the difference in

recording techniques, they provide responses at higher

frequencies than TEOAEs (Fig. 2).

The olivocohlear system: anatomy and physiology

The OHCs’ activity is controlled by the positive feed-

back mechanism, involving the efferent olivocochlear

(OC) system, which was first described by Rasmussen

[19]. The fibres of the OC system originate from the

superior olivary complex (SOC), in the medulla oblon-

gata, which consists of medial and lateral nuclei. The

two subsystems of the OC pathway are defined on the

basis of their origins in the brainstem, but also differ

with respect to their peripheral targets [12].

The lateral olivocochlear bundle arises from the lateral

nucleus and its unmyelinated axons, predominantly un-

crossed, synapse with the afferent fibres of the IHCs. The

fibres from the medial nucleus, thick and myelinated,

are arranged in the mainly crossed medial olivocochlear

(MOC) bundle, which travels along the vestibular nerve

and synapses directly at the basal surface of the OHCs

[15]. The MOC system is considered to be inhibitory and

responsible for the control of OHC motility (cochlear

micromechanics). The olivocochlear system is only a

part of the auditory efferent system and has multisinaptic

connections with the upper parts of the auditory system:

the main efferent projections come from the auditory

cortex, both to the medial geniculate body and to the

inferior colliculus; from the inferior colliculus they go

to both the cochlear nucleus and the superior olivary

complex (Fig. 1). It is interesting to note that, from the

superior olivary complex, neurons are in direct contact

with the outer hair cells of the cochlea and, in addition,

receive ascending tonotopically organized bilateral input,

both directly and indirectly, from the anteroventral coch-

lear nucleus [12].

It is known that direct electrical stimulation of the MOC

bundle suppresses endocochlear potential, increases the

amplitude of cochlear microphonics (CM), reduces audi-

tory nerve response (decreasing both action potential

amplitude and discharge of single auditory nerve fibres),

reduces IHCs receptor potentials [2] and basilar mem-

brane motility [8], with the same ultimate effect of reduc-

ing input to the central auditory nervous system [10].

Indirect stimulation by contralateral sound also is inhib-

itory but it reduces the afferent response much less than

does electrical stimulation [3], thereby the MOC bundle

seems to be the effector arm of a protective sound-

evoked reflex [23].

The role of auditory efferent system

The medial olivocochlear complex can be considered

to be as a crossroad in the auditory system: in fact, the

MOC bundle is involved in peripheral loops, as an effec-

tor arm of a sound-evoked reflex, with the aim of pro-

viding both an anti-masking effect of signal-in-noise and

a modulation of noise-induced permanent hearing loss,

but it also takes part in central loops, as it may be influ-

enced by feedback from higher auditory nuclei [12]. The

role of the efferent auditory system in normal hearing

has not yet been completely established, and different

hypotheses have been proposed.

Detection of signals in noise

The MOC system is the effector arm of a sound-

evoked reflex to the auditory periphery, which can be

elicited by sound in either ear; it acts by decreasing

OHC amplification of sound-induced motion in the

inner ear. Neurophysiological measurements show that

olivococochlear activation enhances the response of the

auditory nerve to a transient signal presented against

continuous noise [14]. The assumed mechanism for this

enhancement is that olivocochlear activation suppresses

the neural response to the ongoing noise, thereby redu-

cing neural adaptation; less adapted and also less busy,

the neural fibres respond more strongly to a transient

signal. The MOC system can improve the detectability

of high-frequency transient signals in high frequency

maskers, but it cannot contribute large anti-masking ef-

fects for low frequency noise. It is important to note that

the MOC system does not suppress the noise more effec-

tively than the signal because the noise is broad-band

whereas the signal is narrow-band. Rather, the important

difference is that the ‘‘noise’’ is continuous while the

‘‘signal’’ is transient. The MOC reflex acts to minimize

the response to long-lasting stimuli, while maximizing

the response to novel stimuli [14].

Experimental and clinical aspects of the efferent auditory system 421



Protective function in noise-induced cochlear damage

Activation of OC bundle can protect the ear from

noise-induced temporary threshold shift (TTS). The

experimental sectioning of the OC bundle, shows after

noise exposure, substantially greater permanent thresh-

old shift (PTS) and larger cochlear lesions of OHCs as

compared to control efferented animals receiving the

same noise exposure [26]. Furthermore, recent studies

show that de-efferented ears sustained greater decrease

in DPOAE and CM amplitude than efferented ears,

whereas the OHC loss was minimal in both groups, after

intense noise exposure. It has been hypothesized that,

decreased CM after de-efferentation is associated with

depolarization that, would increase the OHC’s excitatory

activity to acoustic stimulation. This, in turn, may in-

crease the OHC’s susceptibility to noise-induced dam-

age. Indeed, it has been shown that OC stimulation,

associated with hyperpolarization, could alleviate acous-

tic trauma by protecting the mechano-electrical trans-

duction of OHCs [26].

Role of the OC bundle in hearing

Several studies evaluated the hearing function after

vestibular neurotomy, performed in humans for the treat-

ment of Meni�eere’s disease. The ultimate result is that

hearing is not grossly affected; the only clear change

is an impaired ability to focus attention in the frequency

domain, however the deficit itself seems to have little

impact on basic auditory processing [20]. Perhaps a

strong efferent effect becomes apparent only for com-

plex patterns of sound. In fact, there is some evidence

suggesting that the MOC system enhances the frequency

resolving capacity, the vowel discrimination, especially

in a noisy environment and detection of interaural inten-

sity differences for higher frequency signals by increas-

ing, within the cochlea, the interaural disparity reaching

the lateral superior olivary complex [20]. Since the MOC

bundle is mainly inhibitory, there has been already sug-

gestions that dysfunction of the efferent auditory system,

at any level from auditory cortex to cochlea, may be a

basis for tinnitus generation, especially in noise-induced

tinnitus patients.

Development of hearing

It seems that the OC bundle is well developed at or

soon after birth so that it could be involved in whatever

changes in peripheral processing take place in the first

months and years of life. A reasonable conjecture is

that the OC bundle guides the development of the at-

tention or listening band during the first few years of

life under the pressure of the prevalent environmental

sounds; during this phase, the OC bundle would play

its most important role in setting the precise parameters

of the peripheral frequency selectivity. Such ‘‘auditory

imprinting’’ would mean that the cochlea comes to han-

dle some classes of sounds more efficiently than other

classes; one implication would be that in human infants,

a damaged or malfunctioning OC bundle may lead to

poorer or delayed auditory development [12].

Processing of complex auditory signals

Cortical regulation of this efferent system could be of

importance to hearing functions, such as those involved

in the processing of complex signals. The MOC system

seems to be impaired in central pathologies presenting

auditory abnormalities or communication difficulty, such

as autism.

The behavioural effects of olivocochlear activation on

auditory function are subtle, but they include enhance-

ment of selective attention and improved processing of

complex signals in noise. Issues that have been dis-

cussed include the difference between the ear’s function

in encoding the attributes of sounds, such as frequency,

intensity and temporal patterns and the contrasting role of

the central auditory system in analyzing the attribute of

sound sources, such as their location, distance and move-

ment. Several studies provide strong evidence that anal-

ysis of the spatial attributes of sound stimuli occurs

centrally, and specifically at the level of the superior oli-

vary complex (SOC) [12]. It has been described the case

of a patient where an extensive midline pontine lesion

would eliminate crossed input to both superior olivary

complexes, leaving only those coming from ipsilateral

ear. Testing revealed that the patient had no difficulty in

detecting frequency and amplitude modulation and no

general deficit in detection of auditory temporal informa-

tion; however, the patient was enable to determine, by

sound alone, the source of sound [9]. It might be imagined

that it is the function of the entire SOC, including both the

reorganization of ascending impulses occurring in the

main nuclei and the complementary integration provided

by the olivocochlear complex, that enables humans to

function efficiently in a three-dimensional auditory world.

Clinical applications

Clinical interest in the medial efferent system has been

awakened by the advances made in the field of OAEs.
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Since the micromechanical properties of the OHCs are

directly under the control of the medial efferent bundle,

it sounds logical that stimulating this neural pathway,

OHCs motility and, hence, OAEs should be affected.

OAEs find their extensive clinical application in the

evaluation of:

– cochlear (OHC) integrity

– neonatal hearing screening

– hearing screening of noise-exposed subjects and

– differential diagnosis of cochlear and retrocochlear

lesions

However, it has been recognized that they have an

important role in assessing the structural and functional

integrity of the MOC reflex arc. The discovery of the

existence of OAEs has allowed examination of the MOC

system in humans. It has been demonstrated that, in

normal subjects, contralateral acoustical stimulation of

the MOC system can alter the frequency and reduce the

amplitude of spontaneous OAEs and reduce the am-

plitude and shift the phase of transient evoked OAEs

(TEOAEs) and distortion product OAEs (DPOAEs)

[1, 5]. OAEs suppression test seems to be the only objec-

tive and non-invasive method for the evaluation of the

functional integrity of the medial efferent system, and,

therefore, for the evaluation of the structures lying along

its course, at least up to the level of inferior colliculi

(VIII nerve, cerebello-pontine angle and pons). In pre-

term babies (up to 40 weeks of gestation), no suppres-

sive effect has been evidenced, due to immaturity of the

efferent auditory pathway. In fullterm babies, a slight

effect has been shown. In the elderly, the suppressive ef-

fect is present but smaller than in young adults [18].

Although, literature data are rather poor and clinical

applications of the OAEs suppression test are still being

developed, the test may be useful in the evaluation of the

pathological states in which an abnormality of the MOC

system may exist including the following:

1. Vestibular nerve section: Vestibular nerve section is

accompanied by the section of the MOC bundle, result-

ing in the absence of a MOC suppressive effect [24].

2. Tinnitus=hyperacusis: The alteration of the MOC ef-

fect, predominantly reduced functioning, has been

observed in patients with tinnitus and hyperacusis,

suggesting that the MOC system may play a role in

dysfunction of the auditory system [4].

3. Central nervous system pathology: This may cause a

lesion of the MOC arc, with a subsequently absent=

reduced suppressive MOC effect. The suppressive test

could contribute to neuro-otological topographic

diagnosis, the identification of a lesion up to the

brainstem level, either extrinsic (acoustic neuromas,

meninigiomas, congenital cholesteatomas) or intrin-

sic (multiple sclerosis, ischemic infarcts, tumors).

4. Neuromuscular junction disease: Myasthenia gravis

(MG) is a disorder of neuromuscular junction, char-

acterized by early fatigue and weakness of skeletal

muscles, due to defects in cholinergic transmission

caused by a decrease in AChRs (acetylcholine recep-

tors) available at the neuromuscular junction. OHCs

receive direct axomatic innervation from the effer-

ent fibres of the MOC bundle, whose endings are

anatomically similar to those at the neuro-muscular

junction. Acetylcholine (ACh) represents the main

neurotransmitter involved in the efferent auditory

system; synapses between the neural endings of the

MOC bundle and the specific receptors present on the

basolateral membrane of OHCs seem to be purely

cholinergic [6, 16]. It has been shown that MG in-

duces a reduction in TEOAEs and DPOAEs, which is

reversed after administration of an acetylcholinester-

ase (AChE) inhibitor [17]; such a recovery is more

evident and highly significant for middle and high

frequencies due to a higher concentration of AChRs

in the basal and middle cochlear turns. Furthermore,

in basal condition, contralateral acoustic stimula-

tion (CAS) does not induce significant DPOAE am-

plitude changes; after drug administration, CAS

produces a significant decrease of DPOAE ampli-

tudes for middle frequencies. The increased acetyl-

choline availability following drug consumption seems

to partially restore outer hair cell function and en-

hance their electromotility; a further influx of ace-

tylcholine due to controlateral auditory suppression

yields to restoration of the controlateral suppression

[7]. These findings also suggest that DPOAEs and

suppression test may be useful in the diagnosis of

neuromuscular junction disease and for monitoring

the effectiveness of treatment.
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Summary

The auditory implant provides a new mechanism for hearing when a

hearing aid is not enough. It is the only medical technology able to

functionally restore a human sense i.e. hearing. The auditory implant is

very different from a hearing aid. Hearing aids amplify sound. Auditory

implants compensate for damaged or non-working parts of the inner ear

because they can directly stimulate the acoustic nerve. There are two

principal types of auditory implant: the cochlear implant and the audi-

tory brainstem implant. They have common basic characteristics, but

different applications. A cochlear implant attempts to replace a function

lost by the cochlea, usually due to an absence of functioning hair cells;

the auditory brainstem implant (ABI) is a modification of the cochlear

implant, in which the electrode array is placed directly into the brain

when the acoustic nerve is not anymore able to carry the auditory signal.

Different types of deaf or severely hearing-impaired patients choose

auditory implants. Both children and adults can be candidates for im-

plants. The best age for implantation is still being debated, but most

children who receive implants are between 2 and 6 years old. Earlier

implantation seems to perform better thanks to neural plasticity. The

decision to receive an implant should involve a discussion with many

medical specialists and an experienced surgeon.

Keywords: Hearing aid; neuromodulation; auditory brainstem

implant; ABI; cochlear implant.

Introduction and history of auditory implants

The history of auditory implants has been character-

ized by achieving a substantial growth in a relatively

short period of time. The cochlear implants, are the re-

sult of intensive research over the last four decades.

However, there is a long history of attempts to produce

a hearing sensation by the electrical stimulation of the

auditory system. The long-standing interest in the bio-

logical applications of electricity was the basis for the

development of cochlear implants. The interest in the

electrical methods of stimulating the hearing begins in

the late 18th century when Alessandro Volta discovered

the electrolytic cell. Volta was the first to stimulate the

auditory system electrically, by connecting a battery of

30 or 40 ‘couples’ (approximately 50V) to two metal

rods that were inserted into his ears. Crude applications

of electrical stimulation were described through the

18th and 19th century in Paris, Amsterdam, London,

and Berlin. The next step was taken by Duchenne of

Boulogne who, in 1855, stimulated the ear with an alter-

nating current that he produced by inserting a vibrator

into a circuit containing a condenser and induction coil.

In 1868, Brenner published a more extensive investiga-

tion that studied the effects of altering the polarity, rate

and intensity of the stimulus, and placement of the elec-

trodes, on the hearing sensation produced. The initial

optimism surrounding the bioelectrical approaches to

cure deafness was followed by a period of scepticism,

as the applications appeared to be invasive and required

an ongoing critical evaluation. However, in the 1930’s,

interest on reproducing hearing artificially was renewed,

due to the introduction of the thermionic valve, which

allowed for the auditory system to be stimulated elec-

trically with significantly greater precision.

Through the 1990s, clinical and basic science studies

have resulted in progress in implant technology and in

clinical approaches to auditory implants. Electrodes and

speech processors now produce coding strategies that are

associated with successively higher performance levels.

Over the years, patients with implants have become

more numerous and the risks have been minimized.

More people have accepted that implants are here to

stay, as implants are being increasingly recommended

[1, 12, 18, 22].

What is an auditory implant

There are two principal types of auditory implant: the

cochlear implant and the auditory brainstem implant.



They have common basic characteristics, but different

applications. The cochlear implants (CI) (Fig. 1) are

devices which replace damaged inner ear structures that

have caused profound hearing loss. In the past, profound

deafness was commonly referred to as nerve deafness.

This was incorrect because the problem was not the

hearing nerve, but the hair cells that line the cochlea.

These hair cells are able to transform mechanical sound

waves coming into the ear to electrical impulses that

travel through nerves to the brain and are interpreted

as sound. A cochlear implant, on the other hand, at-

tempts to replace a function lost by the cochlea, usually

due to an absence of functioning hair cells. In a normal

hearing ear, the hair cells within the cochlea act as trans-

ducers of mechanical and hydraulic vibration of the tym-

panic membrane, ossicles of the middle ear, perilymph

and endolymph of the inner ear, to chemo-electric en-

ergy capable of stimulating the eighth nerve. The de-

crease of hair cells results in the cochlea losing ability

to stimulate the eighth nerve and leads to a sensory

hearing loss. The cochlear implant replaces the func-

tion of the lost hair cells by converting mechanical

energy (sound waves) into electrical energy capable

of exciting the auditory nerve. Cochlear implants are

surgically placed within the inner ear to bypass the hair

cells of the cochlea and directly stimulate the endings

of the auditory nerve. Although there have been many

variations, the basic design of an implant system has

remained relatively stable over the years.

The auditory brainstem implant (ABI) (Fig. 2) is a

modification of the cochlear implant, in which the elec-

trode array is placed directly in to the brain. Such a

modified cochlear implant is intended to be used to stim-

ulate the cochlear nucleus in the brainstem in patients

who have had their eighth nerves severed during surgery

for removal of bilateral neurofibromas, as in patients

with Neurofibromatosis type 2. The cochlear implant

linear array of electrode contacts is replaced by a small

rectangular silastic paddle containing the 21 contacts.

This is surgically inserted into the lateral recess of the

fourth ventricle. The need for this device is rare, but

these patients are typically totally deaf and, although

the benefit is not comparable to the cochlear implant

results, most recipients derive significant auditory per-

ception [1, 7, 12, 17, 18, 20, 22].

Components of the implant

The implant consists of a microphone, a speech pro-

cessor that acts as the hair cells changing acoustic

energy into electrical signals (analog or digital), a trans-

mitter, and the implanted electrode component that

contains a microchip that decodes and distributes the

information along the cochlear nerve (CI) or on the

cochlear nucleus (ABI). Depending on the sounds, the

electrode delivers different stimuli to the VIII nerve or

brainstem making deaf people hear a variety of sounds

[18, 19, 22].

Fig. 1. Cochlear implant

Table 1. Most frequent complications of cochlear implants

Cause Frequency

(%)

Type of complications

Wound-

related

57 infections necrosis delay in wound

healing

Facial nerve-

related

19 incorrect

stimulation

nerve lesion

Electrode-

related

13 migration incorrect

position

incorrect

compression

Other 11

Fig. 2. Auditory brainstem implant
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Neural plasticity and the auditory implant

The brain of a newborn can be compared to a new com-

puter without its software or operating system installed.

During both early fetal life and infancy, the auditory por-

tion of the brain forms its neural connections, and learns

how to process incoming sounds. Neurophysiologists con-

sider the first few years of life as critical in establishing

these connections because the brain is highly receptive to

making new connections at this time; this is neural plas-

ticity. Originally, implants were first allowed only in

children four years of age or older. It has now become clear

that the window of greatest hearing development may be

the first two years of life, because of the high degree of

neural plasticity. Children who are implanted earlier than

two years of age seem to be able to ‘‘wire in’’ their neural

connections with greater facility; the early results of co-

chlear implantation in very young children now appear to

surpass those results obtained in older children. The age of

implantation is a very important factor with great impact

on each child’s progress with his=her cochlear implant.

Research and observation suggest that spoken language

performance results are best for those who are implanted

before the age of 3 years. This is the time when the brain

most readily adapts and masters language. For children

implanted at the youngest ages (prior to 18 months), spo-

ken language appears to emerge most naturally. Based on

the outcomes observed in many young implanted children,

it appears that the stimulated sense of hearing offered

through an auditory implant can offer an excellent oppor-

tunity for a child to progress in language ‘‘developmen-

tally’’ rather than ‘‘remedially’’. The neural plasticity in

children has a positive impact on the performance of a

cochlear implant or even of an auditory brainstem im-

plant; there are, however, many other factors impacting

on performance: pre-implant duration of deafness, pre-

vious listening experience, status of cochlea or status of

cochlear nucleus in the brainstem, cause of hearing loss,

family support and motivation, quality and consistency of

educational and rehabilitative environment [2, 3, 5, 15].

Candidate selection for auditory implant

Avariety of requirements are considered in children and

adults in order to determine candidacy for an auditory im-

plant. These requirements continue to change, especially in

relation to minimum age of implantation. Minimum age

continues to be reduced due to the limited surgical risks

and the improved outcomes of children implanted at

younger ages. It is recommended that the preoperative

process is based on a team approach that involves the

family and professionals from both the medical and edu-

cational settings who are involved with the child. This will

ensure that the child is an appropriate candidate for an

auditory implant, that the family has realistic expectations

regarding outcome, and that training and educational com-

ponents are in place to assist and help the child to actualise

the benefits from the implant. Obtaining accurate audiolo-

gical information is the core of making appropriate re-

commendations related to implant candidacy. Since some

audiological tests are more reliable and objective than

others, obtaining a precise description of a child’s hearing

level requires a comprehensive audiological test battery

completed by the examination of an experienced pediatric

audiologist. The most widely accepted test batteries in

auditory implant pre-operative patient assessment are:

1. Pure tone audiometry and=or behavioral audiometry

for the search of the audiometric threshold.

2. Impedance audiometry, to exclude any middle ear

pathology.

3. Speech discrimination test, to evaluate the intellig-

ibility of the patient (the intelligibility expresses the

intensity at whom the subject identifies 100% of pre-

sented words).

4. Otoacoustic emission, that verifies the sub-clinical

cochlear damage.

5. Auditory brainstem response testing (ABR) to assess

retrocochlear function.

6. Nuclear magnetic resonance imaging of the brain

(MRI).

In the case of a pediatric patient, who is not yet fully

collaborating, the Behavioral Audiometry Test may be

used instead of other tests, but above all we cannot be

put aside from the ABR and from the MRI. It is impor-

tant that the audiologist of the implant team is experi-

enced in fitting and facilitating hearing aid use, making

recommendations related to implantation, and fitting of

the implant device following implantation so that any

decision regarding implantation is made by the patient

or the relatives following their complete information

[1, 2, 4, 5, 7, 9, 10, 13, 14]. According to the results

of the audiological tests described, we can select cor-

rectly the candidates for the auditory implant.

Prerequisites of a candidate for a cochlear implant

1) Adults and children with severe to profound sensor-

ineural hearing loss in both ears.

2) Children who are 12 months (in certain cases,

younger children may be selected) to 18 years of

age and adults of any age.
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3) Individuals who receive insufficient benefit from

hearing aids, i.e. with intelligibility inferior to 30%.

4) Children who can receive family and educational

support, because participation in the educational=

training programs is necessary in order to actualise

benefit from the cochlear implant.

5) Individuals and families with appropriate expectations

and an understanding of the necessary follow-up.

6) Individuals who are willing to wear the external

apparatus.

Who is not a candidate for a cochlear implant

Certain characteristics of a child (or adult) make

them unsuitable candidates for a cochlear implant.

The unsuitable categories of children or adults include

those who:

1) do not have the eighth nerve (auditory), which carries

sound from the cochlea to the brain as determined by

magnetic resonance imaging (MRI) during the can-

didacy pre-operative process;

2) have significant residual hearing levels and receive

good benefit from traditional hearing aid devices;

3) have post-meningitis cochlear ossification or bilateral

schwannoma.

Who is a candidate for auditory brainstem

implant (ABI)

We consider an auditory brainstem implant (ABI)

medically necessary in patients older than 12 years

who have lost both auditory nerves due to disease

(neurofibromatosis or von Recklinghausen’s disease)

[5, 6, 10, 13, 15, 16, 18, 22].

Benefits and limitations of auditory implants

A sensorineural auditory lesion constitutes a deficit

only partially correctable with the acoustic prosthesis.

A cochlear or auditory brainstem implant can provide

access to sound by bypassing respectively the damaged

hair cells in the cochlea or the cochlear nerve, thereby

enabling the user to perceive sound; the implants convert

sound into electrical signals and send these signals to

the auditory nerve and to the brain; they provide more

access to speech information than traditional hearing

aids (digital or analogic) and provide improved speech

perception for many children. Cochlear implants and

auditory brainstem implants do not interpret sound

[1, 5, 7, 12, 18, 22]. However, with intensive training

they can offer useful hearing and speech to a significant

portion of profoundly deaf children.

Results

The outcomes of prelingually deaf children and post-

lingually deaf adults are fundamentally different. It is

right to distinguish between these two categories of sub-

jects: adults and children, because the procedure and the

purpose for which the cochlear implant is applied are

completely different. In adults with postlingual deafness,

i.e. deaf after the acquisition of language, (usually lan-

guage acquisition is complete after 4 or 5 years of age),

the implant has the assignment to re-acquire a function

previously possessed. In children deaf at the moment of

birth or in children who became deaf in the first 3 years

of life and were prevented from developing language

(prelingual deafness), the implant has the assignment

to support this development through a demanding and

prolonged logopaedical assistance. In any case, the rela-

tively older age in prelingually deaf children is not a

contraindication but the potential for rehabilitation is

smaller. Initially, implantations were usually performed

in those who had become deaf after they had acquired

speech (postlingual deafness). These individuals derived

significant benefit from their auditory implants. Conge-

nitally deaf children or adults, (deaf from birth), did not

have as much success with the first implants. Currently,

we are quite certain that prelingual deaf children or

adults are good candidates for an implant and the

younger a congenitally deaf child receives an auditory

implant, the better the long-term results will be. Parents

of children who receive CI or ABI, must appreciate the

considerable time commitment involved in the process

of implantation and the required ongoing educational

process. They must agree to return with the child to

the implant center for follow-up testing and monitoring

of the implant. The parents must also be willing to coop-

erate and work with the child’s educators to provide

appropriate re- habilitation [4, 8, 9, 11, 12, 20].

Complications

As with any surgical procedure, there are certain risks

associated with CI or ABI surgery. In a literature review,

the rate of surgical complications is about 2% in CI, and

higher in ABI surgery. Inner ear surgery carries the risk

of damage to the balance organs or the facial nerve; this

could lead to dizziness or a temporary or permanent

facial paralysis. After surgery, it is possible that pro-
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blems could occur with the implanted device. Although

the devices are extremely reliable, the electronic com-

ponents could malfunction, or the implanted component

could become infected or begin to extrude (come out

through the skin). There may also be complications

due to the electrical pulses delivered by the cochlear

implant, for example facial nerve stimulation or other

non-auditory sensation. This can usually be resolved

by adjusting the programming of the speech processor

[10, 13, 19].
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Summary

In this article, the authors describe the current state of the auditory

brainstem implant (ABI), comparing it to that of the cochlear implant

(CI). The CI restores hearing by stimulating the cochlear nerve in the

cochlea in patients whose deafness has been caused by inner ear disease;

the ABI restores hearing by stimulating the cochlear nucleus of the

brainstem in patients who are deaf because of bilateral cochlear nerve

dysfunction. Up to now, about 500 patients worldwide have undergone

ABI and had their hearing restored, most of whom suffer from neu-

rofibromatosis type 2. Hearing performance, however, is not as good as

that offered by the cochlear implant. To improve the quality of hearing,

new techniques such as advanced coding strategies and penetrating

electrodes, are now being introduced.

Keywords: Neuromodulation; restoration of hearing; auditory brain-

stem implant; neurofibromatosis type 2; bilateral cochlear nerve dys-

function; subtonsillar approach.

Introduction

Restorative neurosurgery proceeds in two ways, either

by exploiting new biological findings or by utilizing

nerve-computer interface technology. Stem cells are now

expected to repair the injured spinal cord and cochlear

implants (CI) have already restored hearing in many

patients. These examples represent each one of these

methodologies, respectively. The auditory brainstem im-

plant (ABI) is an extension of the CI technology. CI

restores hearing by stimulating the cochlear nerve, the

first neuron, instead of the cochlea, whereas the ABI

does it by stimulating the second neuron at the cochlear

nucleus in the brainstem. The first ABI procedure was

performed on a patient with neurofibromatosis type 2

(NF2) in 1979 at the House Ear Institute in Los Angeles,

USA [4, 6]. The ABI has subsequently developed along

with the CI and, up to now, it has been implanted in

about 500 patients worldwide. The authors describe its

current state and discuss possible future directions in

this field.

Basic structure

The ABI has the same structure as the CI except for

the shape of the electrode array. In both implants, a small

microphone, which is worn behind the ear, picks up

sounds in the environment. A thin cable conveys sounds

from the microphone to the speech processor, a ciga-

rette-case-sized mini computer, which converts sounds

into coded signals. The coded signals are then sent back

up the cable to the transmitting coil, which transmits

signals through the skin to the receiver=stimulator em-

bedded in the skull. The receiver=stimulator delivers the

correct amount of electrical stimuli, through its electro-

des, either to the cochlea with the use of CI or to the

cochlear nucleus with the use of ABI (Fig. 1). The elec-

trode array of the CI consists of 22 small rings on a thin

string carrier suitable for insertion into the cochlea, and

that of the ABI has up to 21 tiny discs arranged on a

several millimeter sized plate. Figure 2 shows a cranio-

gram of a patient with ABI [15].

Indications

The ABI is applied to patients deafened by bilateral

cochlear nerve dysfunction without involvement of the

auditory tract in the brainstem. Most of them suffer from

NF2, a genetic disorder characterized by bilateral acous-

tic schwannomas [3]. A few patients with unilateral cer-

ebellopontine angle tumor and contralateral cochlear



nerve injury are also candidates for ABI [18]. Table 1

shows the patient selection criteria in Europe [12]. In a

patient with deafness caused by inner ear disease and

contralateral cochlear nerve impairment, the CI precedes

the ABI because at present auditory performance of the

CI is superior to that of the ABI [10].

Surgical approaches for ABI

Neurosurgeons and neurotologists perform the implan-

tation of ABI via either translabyrinthine or retrosigmoid

approaches; in USA, most surgeons prefer the translabyr-

inthine approach, while in Europe, one third of the proce-

dures are done through a retrosigmoid approach [18].

Selection of the operative approach depends on the sur-

geon’s preference, which usually matches that for the

removal of an acoustic tumor. The lateral recess of the

4th ventricle is opened antero-laterally, so the translabyr-

inthine approach seems more suitable for the implantation

than the retrosigmoid one. However, surgeons cannot

visualize the entire surface of the cochlear nucleus, espe-

cially the medial portion, by either approach. To improve

the operative view, the authors proposed the subtonsillar

approach, a new midline route, which enables surgeons to

expose the entire area of the lateral recess and to apply

even the penetrating electrode safely (see below in ‘‘Future

directions’’) [16]. There is controversy over whether the

ABI should be placed after tumor removal in one-stage

surgery, or as a second procedure (two-stage surgery).

Most of the re-expansion of the brainstem after removal

of large tumors occurs as early as within 2 weeks [17].

Therefore, in small tumors, not accompanied by brainstem

Fig. 1. Diagram showing the relative position of cochlear implant (CI)

and auditory brainstem implant (ABI). The basic structure of ABI is

similar to that of CI except for the shape of the electrode array

Fig. 2. Plain X-ray craniogram of a patient with auditory brainstem

implant. Receiver=stimulator (large arrow) and 8-channel electrodes

(small arrow) are clearly visible

Table 1. Patient selection criteria for auditory brainstem implants in

Europe

1) Indications

– Life threatening bilateral tumors (cerebellopontine angle

tumor, e.g. NF2), head trauma

2) Age: 18 years or older

3) Surgical procedure on the first or second side either at the same

time with tumor removal or as a separate procedure

4) No previous history of stereotactic radiosurgery (e.g. gamma knife)

5) Unilateral ABI implantation

6) Suitable medical and psychological condition

Fig. 3. Surgical approaches for placement of auditory brainstem

implants. Lateral approaches such as tranlabyrinthine and retrosigmoid

do not expose the medial portion of the cochlear nucleus, whereas the

midline route, i.e. the subtonsillar approach, enables surgeons to view

the entire surface of the cochlear nucleus. Triangles indicate the

location of the cochlear nucleus
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deformity, one-stage surgery is preferable because it poses

fewer burdens on the patient. In large tumors, a two-stage

surgery seems better because it has a reduced risk of

sliding of the electrode array away from the position of

implantation during the early postoperative period. In

addition to the anatomical landmarks [8, 14], intra-opera-

tive monitoring of electrically evoked auditory brainstem

responses (EABRs) plays a cardinal role in proper place-

ment of the electrode array [20]. The EABRs typically

appear one to three peaks later than the wave II of the

ordinary ABR because, instead of click sounds, electrical

pulses directly stimulate the cochlear nucleus through the

electrode. Figure 3 shows examples of ABR from normal-

hearing, and EABRs though the CI or the ABI [19].

Operative results

Clinical trials of ABIs using either an 8- or a 21-

channel device (Cochlear Corp., Australia) were carried

out in a total of 144 patients among 10 institutes in USA

and 12 in Europe headed by Germany [2, 12]. Eighty-six

percent of the patients became able to perceive auditory

sensation; 14% demonstrated clinically significant open-

set sentence recognition scores at 3–6 months, and 93%

showed improved performance on sentence understand-

ing when the ABI was used in conjunction with lip-read-

ing. These performances almost correspond to those of

the prototype CI with a single pair of electrodes. When

some electrodes were initially stimulated, most patients

felt, as a side effect, a tingling sensation on the face,

extremities, or trunk, mostly ipsilateral to ABI, thus

inevitably limiting the number of available electrodes.

In European series using the 21-channel device, the

average of 9.4 electrodes became finally useful [18].

Sixty-five percent of the patients use the ABI for longer

than 8 hours a day [2].

Future directions

The cochlea is embedded in the temporal bone and

has a clear tonotopic organization, allowing the CI to

deliver a good auditory performance through its stable

electrode. In contrast, the ABI has the following disad-

vantages compared to the CI: 1) the number of available

electrodes is often limited due to the side effects men-

tioned above, 2) the tonotopic gradient on the surface of

the cochlear nucleus is not very clear, leading to insuf-

ficient frequency discrimination, and 3) the electrode

array can easily shift in the early postoperative period.

To overcome these difficulties, the use of a penetrating

electrode array is thought to be promising, not only

because of good anchoring of the electrode but also

because of better tonotopy from the surface towards

the inside in the cochlear nucleus (Fig. 4) [5, 11]. Devel-

opments in the coding strategies that transform sounds to

electrical signals in the CI, such as continuous inter-

leaved sampling (CIS) and advanced combination encod-

ers (ACE) [7], will also enhance the results obtained

from the ABI. Neural response telemetry (NRT) is a

method that enables direct measurement of auditory

tract compound action potentials from the ABI, just like

from the CI [1, 7]. Although negative report appeared

[13], NRT is still expected to assist with the placement

of the ABI electrode array intra-operatively and with

programming the sound processor postoperatively [9].

Closing remarks

Hearing, as well as vision, is sensed through a specia-

lized sensory system consisting of highly differentiated

cells. Hence, it is expected that restoration of hearing

with a computer-aided artificial organ, like the cochlear

implant, will precede restoration by biological technol-

ogy for the time being. The authors have summarized

the current state of the ABI, which is improving as an

evolution of the cochlear implant.

Fig. 4. Comparison of auditory brainstem responses from normal-

hearing, cochlear implant and auditory brainstem implant (Waring et al.

[19], with permission). Electrical stimulation through ABI induces 1–3

peaks within 4msec after stimulus onset
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Summary

The purpose of the auditory brainstem implant (ABI) is to directly

stimulate the cochlear nucleus complex and offer restoration of hearing

in patients suffering from profound retrocochlear sensorineural hearing

loss. Electrical stimulation of the auditory pathway via an ABI has been

proven to be a safe and effective procedure. The function of current

ABIs is similar to that of cochlear implants in terms of device hardware

with the exception of the electrode array and the sound-signal processing

mechanism. The main limitation of ABI is that electrical stimulation is

performed on the surface of the cochlear nuclei, thereby making imprac-

tical the selective activation of deeper layers by corresponding optimal

frequencies. In this article, we review the anatomical, and experimental

basis of ABIs and the indications, and surgical technique for their im-

plantation. To the best of our knowledge, we describe the first pathology

images of the cochlear nucleus in a patient who had received an ABI.

Keywords: Neuromodulation; hearing loss; auditory pathway; treat-

ment; ABI; rehabilitation.

Introduction

Since the initial applications in the early eighties,

electrical stimulation of the auditory pathway at the

cochlear nuclei, has proved to be an adequately safe

procedure for rehabilitation of the hearing-impaired

patients; the auditory brainstem implant (ABI) bypasses

the affected structures and provides an adequate ascend-

ing stimulus. The majority of patients benefiting from

ABIs suffer from neurofibromatosis type 2 (NF2), a

severe and disabling disease which is associated with

bilateral tumours in the cochleo-vestibular nerve, and

consequently, bilateral retrocochlear sensorineural hear-

ing loss (SNHL). The several disabilities induced by

NF2 and associated to SNHL in these patients may

affect the results of ABIs; the patient’s audiological con-

dition becomes an important selection criterion for this

procedure. Patient education and rehabilitation, and a

multidisciplinary approach to treatment, are of para-

mount importance in order to obtain the maximum ben-

efit of this prosthetic auditory stimulation procedure [15].

Although currently about 500 patients around the

world have received an ABI device, retrocochlear hear-

ing impairment remains a challenging clinical problem.

Given the clinical variety of retrocochlear SNHL,

patients’ performance with ABI cannot be predicted,

and, hence, the results are generally poorer and more

variable compared to those obtained with a cochlear

implant (CI) [27]. In general, the auditory results with

respect to word and sentence recognition in an open-set

context are limited [16]. Nevertheless, recent reports

show that ABIs are safe, have an acceptable ratio of

surgical morbidity, and allow most patients to improve

their communication abilities, especially lip-reading and

awareness of environmental sounds [15]. This is parti-

cularly important in an emerging group of candidates

who suffer from other causes of cochlear or retroco-

chlear SNHL namely cochlear ossification, and cochlear

agenesis [4].

ABI design

The ABI device was designed initially to be fitted

onto the cochlear nuclei, within the cerebellopontine

area, simultaneously or after translabyrinthine or sub-

occipital tumour removal, in NF2 patients. Since the

initial, single-channel, ball-type ABI electrode was de-

veloped in 1979, by Drs. House and Hitselberger at the

House Ear Institute (Los Angeles, CA), ABIs have un-

dergone substantial engineering modifications. Similarly

to CIs, currents ABIs are made of an implantable part

(electrodes and receiver-stimulator), and an external

part, i.e. a speech processor worn by the patient and a



transmission coil, placed over the skin, that transmits

sound to the implant. These devices use surface elec-

trodes for neural stimulation, built in platinum or

platinum–iridium. The number of electrodes varies in

the commercially available ABIs: 21 electrodes in the

Nucleus 24 (Cochlear Ltd., Australia), 15 electrodes in

the Digisonic (Laboratories MXM, France), and 12 in the

Combi 40þ (MED-EL, Austria). Surface contact elec-

trodes are disc-shaped, and are mounted on a silicone or

Silastic plate that faces the cochlear nucleus complex

(CNC). The other side of the plate is provided with a

stripe of Dacron or polyester mesh that favours encap-

sulation, and helps prevent migration of the device.

Clinical experience demonstrated the safety and bio-

tolerance of ABIs. It is important that when stimulation

is performed, according to existing recommendations,

the response of neural tissue to chronic electrical stim-

uli shows that no substantial damage occurs and that

ascending auditory activation is clinically safe [27].

Sound-coding strategies used by the speech processor

are similar to those currently used in CIs. The selection

of speech processing strategies is dependent on the

following variables: a) correct surgical placement,

b) degree of functionality of the auditory pathway,

c) number of active electrodes with different pitch per-

ception, d) type of speech processor, and e) type of

internally implanted device [15]. During programming

sessions, electrodes producing non-auditory sensations

are disconnected.

Neuroanatomical basis for ABIs

The target area for electrical stimulation of the as-

cending auditory pathway with ABIs is the cochlear

nucleus complex (CNC). The CNC has an intricate struc-

ture and is divided into 3 regions based on the cell-

morphology, and the structures with which they connect.

These subdivisions are the Anterior Ventral Cochlear

Nucleus (AVCN), the Posterior Ventral Cochlear Nucleus

(PVCN), and the Dorsal Cochlear Nucleus (DCN). The

CNC receives its ascending afferent input from the audi-

tory nerve, and is the first station in the auditory pathway

where neural processing occurs. The CNC contains a

variety of cell types encoding different auditory functions,

and consequently, for any given sound, there are multiple

neural representations of that sound in the outputs of the

CNC [2].

The CNC has a tonotopic organisation, which is

strictly projected by cochlear ascending frequency-

related fibers. Thus, apical cochlear fibers (transmitting

low-frequency sounds) project mainly to the ventral por-

tion of the AVCN, PVCN, and DCN, in contrast to basal

cochlear fibers (transmitting high-frequency sounds) that

project mainly to the dorsal portions of each subdivision

of the CNC [18]. This organisation is best defined in

the DCN, the most superficial and exposed part of the

CNC at the brainstem, where the axis of the tonotopic

gradient is oriented parallel to the brainstem surface

[14]. Although this issue might be a theoretical advan-

tage for electrical stimulation, most important ascend-

ing information is processed in the deepest part of the

AVCN, which is almost unexposed within the lateral

recess area. This relative inaccessibility of the tonotopic

axis of the CNC prompted some investigators to evalu-

ate the feasibility of intranuclear stimulation [19, 25].

Moreover, surface ABI electrical stimulation may be dis-

torted because of tumour-induced anatomo-physiolog-

ical changes of the area [4]. The above limitations can

contribute to the patient’s impaired perception of sound

frequency, intensity, and temporal cues, and may explain

in part why ABI-patients have limited auditory results

with the use of their devices [27]. Recent reports show

that in NF2 patients, either the tumor or the process of

its removal could cause irreversible CN damage, and

reduce speech understanding significantly [4]. Converse-

ly, this is not the case in non-tumour patients, whose

auditory performance is comparable to the most success-

ful CI users. Currently available ABIs are not inserted

inside the CNC. Instead, ABIs are placed onto the sur-

face of the CNC within the lateral recess of the fourth

Fig. 1. Macroscopic preparation of autopsy. Coronal section of the

brain from a successful patient of our ABI program, who died from

pneumonia 2 years after implantation. The ABI has been removed from

the implantation site, making visible the Dacron mesh integrated in to

the scar tissue. The brain and brainstem appear shrunken because of the

formalin fixation
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ventricle (Figs. 1, 2). Such placement increases the like-

lihood of electrical stimulation of other surrounding cra-

nial nerves or other neural structures. These unwanted

non-auditory side-effects can be programmed-out at

mapping sessions [31].

Experimental basis for ABIs

Similarly to what happened in other medical ad-

vances, the clinical rationale for ABI had been already

set up [10, 17] before any integrated experimental evi-

dence was available. This prompted us to start, in 1995,

an experimental research study using non-human pri-

mates that completed the existing knowledge on electri-

cal stimulation of CNC in the lower species [20, 28, 29,

35]. The research aimed at knowing the macaques nor-

mal neuroanatomy, the effects of surgical auditory trans-

labyrinthine deafferentation [3, 11, 12], and the changes

after ABI implantation [21, 22]. In a group of primates,

we used a dummy ABI to mimic the surgical-related

changes, and an active ABI. The ABI was similar, in

terms of materials and types of stimulation, to that we

used clinically on the CNC surface. A total of fourteen

non-human primates underwent a translabyrinthine bi-

lateral auditory deafferentation, and simultaneous uni-

lateral active ABI (n¼ 8) or dummy ABI (n¼ 6)

implantation. The ABI was connected via a cable to

an external stimulator in the 8 animals undergoing

chronic electrical stimulation.

In addition to the pathological examination, the

volume and number of neurons of the CNC were esti-

mated in both groups of animals. No mortality or major

complications occurred. Brainstem neuropathological

lesions or changes were observed in relation to the sur-

gical trauma, and were mainly located at the cerebellar

flocculus. The CNCs of the operated animals maintained

their gross structure and preserved their neuron types but

were reduced in size and showed changes associated

with degeneration of the cochlear nerve fibers. In all

implanted animals, we found a local superficial reaction

around the ABI. In one stimulated animal, an asympto-

matic brainstem abscess occurred. The electrical stimu-

lation protocol could not be completed in two animals

because of cable breaks or ABI extrusion. Nevertheless,

neuropathological and stereological studies did not re-

veal significant changes in the CNC morphology, its

volume or in the number of neurons. The most important

factor contributing to tissue damage seems to be the

intensity of the current. The duration of stimulation does

not seem to have an influence on the damage, and hence,

a prolonged period of stimulation does not seem to cause

further damage.

Surgical anatomy and procedures

In NF2 patients, most surgical teams encourage ABI

implantation at the time of first tumour removal. This

may allow them to gain experience with the device while

hearing is still present in the contralateral ear [15].

The choice on the surgical approach to the CNC-trans-

labyrinthine or retrolabyrinthine-depends on the surgi-

cal team’s preference and on the individual case, as the

approach itself is not a major factor influencing surgical

success [27]. A translabyrinthine approach is more com-

mon among otologists as it permits a complete control of

the facial nerve, does not require cerebellar retraction,

and provides a better access to the lateral recess,

facilitating the ABI insertion. A disadvantage of this

approach is a limited exposure and control of lower

cranial nerves and vessels of the posterior fossa. In our

opinion, this procedure is the first choice for patients

with a tumour near the fundus and normal anatomy of

the temporal bone. The suboccipital approach is tradi-

tionally preferred by most neurosurgeons, as it is per-

formed more quickly and enables an optimal exposure of

the posterior fossa, including cranial nerves and vessels.

Disadvantages of this approach are the limited control of

the lateral recess and fundus of the internal auditory

canal, the retraction trauma of the cerebellum, and the

Fig. 2. Scan of a microscopic slide of the brainstem (hematoxilin and

eosin stain). The section corresponds to the patient in Fig. 1. At both

sides of the brain stem, the fat tissue used in subsequent surgical

procedures is visible. On the left side of the section, the CNC is visible;

the ABI was placed on top of it. Between the cerebellum and the CNC,

a refringent material is present. This corresponds to Dacron fibers of

the mesh used for device stabilisation. The architecture of the CNC is

fairly well preserved, as both ventral and dorsal nuclei are rec-

ognisable, with typical cytology of the cochlear nuclei preserved.

There was no evidence of intranuclear damage due to either intolerance

of ABI materials, or to the electrical stimulation
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higher risk of injury to the facial nerve. Nevertheless, it

might be the choice for ABI candidates who have nor-

mal anatomical landmarks and no tumours.

The CNC is located superficially bulging in the dor-

solateral aspect of the brain stem, and forming the

‘‘acoustic tubercle’’. The ventral portion of the CNC lies

over the cerebellar peduncle, while the DCN is in con-

tact with the lateral recess of the IV ventricle. Anatomic

landmarks for intraoperative localisation of the CNC

include the stump of cranial nerve VIII, cranial nerves

VII and IX entering the brainstem, choroid plexus, and

tenia, which is a layer over the foramen of Luschka [1,

26]. Probably, the single best landmark – when present –

is the stump of the cranial nerve VIII as it can be followed

right into the medial surface of the foramen [15], and the

IX cranial nerve.

Continuous electrophysiological monitoring during

ABI surgery has become an established procedure [7].

Intraoperative monitoring should include at least facial

and glossopharyngeal nerves, and acoustic function if

present. Once the anatomical landmarks and far-field

electrical auditory brainstem responses (EABR) target

the site for implantation, the ABI is inserted with the

electrodes facing the CNC. The implant is to be stimu-

lated in situ to confirm correct placement over the CNC,

the integrity of the system, and also to determine the

necessary levels of stimulation for the auditory activa-

tion. These fine adjustments are achieved through re-

cording the EABR.

Indications for ABI

Currently, the main limitation of ABI-implantation is

that electrical stimulation is performed on the surface of

the cochlear nuclei, lacking the possibility of selectively

providing an optimum frequency activation of the co-

chlear nuclei. ABIs have limited access to the tonotopic

axis of the cochlear nuclei because ascending projec-

tions follow a strict frequency-related pattern affecting

both VCN and DCN. To improve the access to pitch

information, new developments the penetrating ABIs

(PABIs) are currently under investigation and in some

cases have been clinically tested. Similarly to cochlear

implants, selection criteria for brainstem implants con-

tinue to evolve, as experience is gained. Initial criteria

for clinical trials were quite strict [27], but they have

been broadened. Currently, the most commonly accepted

inclusion criteria are: NF2 or a traumatic lesion of both

auditory nerves, and age over 12 years [30]. A profound

bilateral SNHL is only required for patients with trau-

matic cochlear nerve avulsion, but is not a pre-requisite

for patients with NF2 [5]. These may have serviceable

hearing in one or both sides when implanted, depending

upon the natural history of the disease, and the surgical

approach for tumour removal.

Surgical implantation of the ABI in NF2 patients may

be done in the first or the second tumour-removal pro-

cedure, or in a separate one. Patients should be willing

to enrol in the ABI program, and should be in adequate-

ly good medical condition so that they can follow a

regular program of rehabilitation sessions. Previous con-

ventional otoneurosurgical or stereotactic radiosurgery

(gamma-knife) treatments of cerebello-pontine angle

tumours were initially exclusion criteria for ABI, due

to the concerns of some investigators about the degen-

erative effect these could have on the structure of the

cochlear nucleus and the reduced likelihood of elec-

trically induced auditory sensation [27]. Nevertheless,

increasing experience shows that such patients can also

be offered an ABI, and have similar auditory perfor-

mance to patients who have not been treated previously

by either surgical or radiotherapeutic methods [13, 34].

In addition, there is a patient population who suffer from

bilateral SNHL due to severe lesions of the cochlear

nerve (aplasia, nerve avulsion, neuropathy), or severe

cochlear abnormalities (malformations, acquired ossifi-

cation), in whom CI may be either impossible or very

demanding, or even useless [4]. In non-tumour patients,

the absence of distortion in the anatomy of the auditory

pathway allows an effective and fairly well organised

activation of the auditory pathway [5].

Another emerging indication for ABI is the fortu-

nately uncommon condition of bilateral cochlear agen-

esis. Besides the promising auditory results in these

children, one of the most important things that Colletti’s

group demonstrated was the presence of consistent in-

traoperative electrophysiologic central auditory activity

during ABI surgery for cochlear nerve aplasia [6],

making the classical axiom ‘‘function follows anatomy’’

invalid for the auditory pathway. Patients with extensive

bilateral ossifying labyrinthitis have poor and inconsis-

tent results after CI due to partial insertions and the

associated severe degeneration of peripheral sensori-

neural elements [9]. In cases of cochlear hypoplasia, in

severely ossified cochleae only a restricted number of

electrodes can be positioned within the cochlea or aside

the modiolus, thus providing a limited effective stimula-

tion. ABI can be an efficient mean of auditory rehabili-

tation in cases of bilateral SNHL with totally ossified

cochleae [8].
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Future prospects

Currently, the main limitation of ABI implantation

is that electrical stimulation is performed on the surface

of the cochlear nuclei, without the possibility of se-

lectively providing an optimum frequency activation of

the cochlear nuclei. ABIs have a limited access to the

tonotopic axis of the CNC. To improve the access to

pitch information, new developments like PABIs are

currently under experimental investigation. The group of

McCreery et al. [25] at the Huntington Medical Research

Institute (Pasadena, CA, USA) have successfully im-

planted a PABI device in cats. They demonstrated the

ability of the electrode arrays to evoke tonotopically

localised neural activation in the next auditory relay

station of the brainstem, the inferior colliculus; in some

cases, these devices have been already clinically tested.

The House Ear Institute (Los Angeles, CA, USA) and

the Huntington Medical Research Institute have started a

clinical trial approved by the FDA and have started to

report their results [33]. PABI may offer the following

additional advantages: a decrease of non-auditory side

effects given to more direct stimulation; an increase in

the number of electrode contacts providing more nu-

merous channels for stimulation, a reduction in power

consumption and the possibility to use faster speech

strategies. Since 2000, our group in the University of

Navarra has been working on experimental PABI using

the same macaque model we have used for ABIs; this is

done in collaboration with the Huntington Medical

Research Institute which provided the insertion tools

needed in surgery. In the first group of primates, we

have used a dummy PABIs, and our preliminary results

are very promising [23, 24]; the surgical procedure is

quite similar to ABI implantation and is well tolerated

by the animals (Figs. 3, 4). Currently we are working

on a second group of primates to study PABI electrical

stimulation.

Conclusions

The indications for ABI continue to evolve in parallel

with the growing experience of implant centres and the

improvements in technology. Amazing clinical advances

by reputed clinicians lead to emerging indications

and open new frontiers for physiological or anatomical

research and provide insights into auditory signal pro-

cessing in the nervous system [32].
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Summary

The auditory brainstem implant (ABI) provides auditory sensations,

recognition of environmental sounds and aid in spoken communication

in more than 300 patients worldwide. It is no more a device under

investigation but it is widely accepted for the treatment of patients who

have lost hearing due to bilateral tumors of the vestibulocochlear nerve.

Most of these patients are completely deaf when the implant is switched

off. In contrast to the cochlear implants (CI), only few of the implanted

patients achieve open-set speech recognition without the help of visual

cues. In the last few years, patients with lesions other than tumors have

also been implanted. Auditory perceptual performance in patients who

are deaf due to trauma, cochlea aplasia or other non-tumor lesions of the

cochlea or the vestibulocochlear nerve turned out to be much better than

in NF2 tumor patients. Until recently, the target region for ABI implan-

tation has been the ventral cochlear nucleus (CN). The electrodes are

implanted via the translabyrinthine or retrosigmoid approach. Currently,

new targets along the central auditory pathways and new, minimally

invasive techniques for implantation are under investigation. These tech-

niques may further improve auditory perceptual performance in ABI

patients and provide hearing to a variety of types of central deafness.

Keywords: Neuromodulation; auditory; ABI; AMI; brainstem; deaf-

ness; hearing; midbrain; neuroprothetics; implant; SAI; stereotaxy.

Functional neurorehabilitation

For centuries, physicians and engineers have had the

vision of implanting devices into humans to compensate

for a variety of disabilities of the nervous system.

Galvani and Benjamin Franklin conducted experiments

and applied electrical stimuli to paralyzed muscles. In

the last 30 years, the field of functional rehabilitation

with neural prostheses has evolved rapidly due to

progress in microelectronics. Currently, a considerable

number of bionic devices restore the connection between

sound, vision, and the central nervous system. The most

common prosthesis is the cardiac pacemaker, although it

does not actually stimulate nerve cells but muscle cells.

Another electrical device, the phrenic nerve stimulator

has been developed to help the function of breathing

in patients with upper spinal cord injury. Research on

motor prostheses that enable paralyzed patients to use

their hands or to walk is in progress; however, the long-

term benefits in these conditions are still unclear. The

most sensitive and problematic part of these devices up

to now is not the stimulating device itself, but the crea-

tion of an efficient and stable electro-neural interface.

By far the most successful neuroprosthetic device is the

‘‘bionic ear’’, i.e. the cochlear implant (CI) and the audi-

tory brainstem implant (ABI) [4, 5, 7, 9]. This is partly

due to the fact that auditory information is very much

based on temporal perception, which can easily be trans-

mitted by only few electrodes. Conversely, other senses

such as vision are dependent on high-resolution spatial

information, and require many more individual channels

to transmit information. Hence, the restoration of hear-

ing by CI or ABI is a motivating field for both oto- and

neurosurgeons. Sucessfull implantation programs are

dependent on very close collaboration of specialists

from these two disciplines.

Indications for auditory brainstem implants

Thousands of patients become deaf every year due

to various reasons. The loss of hearing is a significant

disability because it imposes limitations in commu-

nication and every day life. In most types of ac-

quired deafness, conventional hearing aids or CIs can

offer some degree of hearing and speech perception.

CIs provide a useful substitute for natural hearing to



thousands of deaf adults and children worldwide. These

devices stimulate electrically the nerve fibers in the

cochlea and enable most users to carry on a conver-

sation without any visual cues, such as over the tele-

phone. There are, however, many situations where

conventional hearing aids or CIs are not likely to be

effective. This is the case of patients with Neurofibro-

matosis Type 2 (NF2), a genetic disease that is typically

associated with bilateral tumors of the hearing nerve

(Fig. 2). ABIs have been developed for patients suffer-

ing from bilateral lesions that can cause complete mal-

function of the VIIIth nerves. In NF2-patients, a CI

is not effective. Approximately, one in every 40,000

people suffers from this chromosomal disorder, which

may be familiar or occur spontaneously. The disorder

itself causes the growth of tumors in the spine and the

head. Implantation of ABIs is also indicated to patients

who have two spontaneous acoustic neuromas or a

unilateral acoustic neuroma combined with contralat-

eral VIIIth nerve dysfunction due to a cogenital condi-

tion or head trauma. Several sites along the central

auditory pathway are potentially suitable locations for

electrical stimulation (Fig. 4). Until recently, the target

of rehabilitative functional neurostimulation of the

auditory system has been the ventral cochlear nucleus

(VCN), mainly, because its surface is easily accessible

during the surgical procedure for removing acoustic

neuromas.

ABI technology

The ABI works in the following manner. Sounds

are picked up by a small microphone located close to

the external ear. A thin cord carries the sounds from

the microphone to a miniaturized speech processor. The

speech processor filters and analyzes the sound, and

digitizes it into coded signals. The coded signals are

sent through a thin cable from the speech processor to

the transmitting coil. The transmitting coil sends the

coded signals as radio signals to the implant under

the skin. The implant delivers the appropriate electrical

signals to the set of electrodes (electrode array) on

the cochlear nucleus in the brainstem (Fig. 1). The

electrodes stimulate the cochlear nucleus, producing

responses that can be interpreted by the brain as sound.

The degree of environmental sound discrimination and

speech recognition is highly variable among ABI reci-

pients. While several ABI patients obtain a relatively

high level of sound-only speech perception, the major-

ity perform at lower levels. Even more than in cochlear

implantation, the perceptual performance of these pa-

tients is dependent on a variety of individual factors

such as the survival of neurons in the cochlear nuclei,

differences in surgical placement, anatomic variations,

experience, and the ability to capitalize on modest

auditory cues. As in CI, the performance of ABI reci-

pients also varies depending on the way the system is

programmed [10–13]. Not all ABI electrodes provide

auditory sensations without side effects, and most pa-

tients can use only a portion of the implanted electrodes

on the array.

Fig. 2. Magnetic resonance imaging (MRI) of the cerebellopontine

angle in the axial plane in a patient with NF2. A nucleus-24 multi-

channel brainstem implant is brought into the lateral recess of the 4th

ventricle at the left side of the picture. The electrode carrier is slightly

rotated so that the individual electrodes which are in contact with the

surface of the cochlear nucleus become visible. On the right side of the

picture, there is still a large tumor compressing the brainstem which

will be removed in another operation

Fig. 1. Nucleus-24 multi-channel electrode with monopolar pattern of

stimulation and recording used for the intraoperative mapping of

the electrode array with neural response telemetry. Electrode numbers

2–21 are shown with No. 20=21 being the most distal and No. 2=3

being the most proximal contacts. The T-shaped Teflon mesh is

intended to keep the electrode in place, once implanted. On the silicone

carrier 21 platinium electrodes are located, each measuring 0.7mm
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Audiological aspects

Speech perception is dependent on both temporal and

spectral (frequency) cues. In normal hearing, the differ-

ent frequencies of incoming sounds create a displace-

ment at different points along the basilar membrane of

the cochlea. This way the cochlea acts like a spectrum

analyzer. It decomposes complex sounds into their fre-

quency components. In auditory implants, the speech

processor and the individual electrodes have to take over

this task. Recently, there has been an intensive discus-

sion regarding how many individual channels of spectral

information are necessary to achieve good consonant

and vowel recognition. Although a limited degree of

word and sentence recognition is possible even in the

absence of spectral cues, a significant intra-individual

improvement of perceptual performance has been dem-

onstrated from single-channel to multi-channel electro-

des in CI recipients. Studies have shown that, in cochlear

implant listeners, spectral information has greater im-

portance in vowel than in consonant recognition. There

are relatively fewer differences in duration and ampli-

tude among vowels than among consonants. Consonant

recognition by implant users may be more dependent on

temporal cues than vowel recognition and therefore con-

sonants may be identifiable with less spectral informa-

tion, i.e. fewer electrodes. In CIs, group data have shown

significant improvements in speech recognition as the

number of electrodes was increased from 1 to 4 electro-

des. The present ABI patients showed a similar pattern

when tested for vowel, word, and sentence recognition

[9]. However, when tested for sound effect recognition,

consonants, and stress pattern recognition, no significant

correlation between perceptual performance and the

number of available electrodes (>4) was observed. In

these tests, performance above chance level was ob-

tained with only one functional auditory electrode. This

is probably due to the use of primarily temporal cues in

these tests.

The ABI is highly beneficial in most patients with

bilateral vestibular schwannomas who otherwise would

remain completely deaf. The limited effectiveness of

current ABIs in comparison to CIs is a consequence of

the architecture of the ventral cochlear nucleus. Within

the nucleus, different bands are represented by layers of

neural tissue stacked in parallel to the brain surface: the

deeper the layer, the higher the frequency. Therefore the

generated sound perceptions have a reduced pitch range.

Open-set comprehension of speech requires a minimum

of about four frequency channels [3, 6, 14, 17]. It is not

clear why some ABI listeners fail to utilize the total

amount of spectral information provided by multiple

electrodes. Several factors have been proposed to ex-

plain the high variability of speech performance and

the inability of implant listeners to utilize all spectral

cues: anatomic variations, survival patterns of neurons

in the cochlear nuclei, and differences in surgical place-

ment. Another factor that might limit the listener’s abil-

ity to understand speech is the current spread that occurs

between electrodes.

Channel interaction may reduce the effective tonotop-

ic selectivity of a multi-electrode array. In CI patients,

it has been shown that patients with more intense elec-

trode interaction have lower speech recognition scores.

Theoretically, electrical current spread should be greater

at higher stimulation levels and for monopolar stimula-

tion modes. However, other studies have shown that

equivalent or even better speech perception can be ob-

tained with monopolar stimulation modes. Increasing

the number of electrodes above a critical number on

the small ABI electrode array may increase the amount

of electrode interaction that limits ABI performance,

thereby resulting in an asynchronous or even deteriorat-

ing performance above a certain electrode number [3].

Although multiple channels of spectral information are

provided by the independently stimulated ABI electro-

des on the brainstem surface, the current fields produced

at the electrodes may spread broadly and result in con-

siderable interaction between neurons in the cochlear

nucleus.

ABI implantation: surgical technique

At the House Ear Institute, the translabyrinthine

approach (TLA) is used for tumor removal and ABI

implantation in all cases. Between 1979 and 2003, 131

patients with neurofibromatosis Type 2 (NF2) received

the Nucleus 8 electrode multi-channel ABI (Cochlear

Corporation, Englewood, CO). Implantation is per-

formed during the excision of the first-side or second-

side tumor [13–15]. The TLA provides a wide angle of

view posterior to the vestibulocochlear nerve and the

lateral recess. This is of special importance in ABI

operations since following tumor resection, the anatomi-

cal landmarks are sometimes not easy to identify. The

TLA requires minimal cerebellar retraction and allows

early identification of the facial nerve during the opera-

tion. Since this approach leaves the operated side com-

pletely deaf, it is not indicated when the patient has

usable hearing that possibly can be preserved. The

operation is performed with the patient in the supine
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position with the head turned away from the surgeon.

Via a postauricular incision, a mastoidectomy is carried

out with exposure of the middle fossa plate, the sino-

dural angle, the sigmoid sinus, the posterior fossa dura,

and the semicircular canals. The sigmoid sinus is uncov-

ered to allow extradural retraction with a surgical irri-

gator. A labyrinthectomy is carried out and the facial

nerve is identified by locating the vertical crest (Bill’s

bar) in the internal auditory canal. After this, the poster-

ior fossa dura is opened and the tumor and the cerebel-

lopontine angle (CPA) are exposed.

The standard TLA incision has been modified by

placing a postauricular incision far enough posteriorly

to allow sufficient flap coverage of the implant. The

receiver=stimulator (R=S) portion of the implant is

secured before placement of the electrode. A bony

depression is created for the R=S in the area just superi-

or and posterior to the bony defect. Suture holes are

made in the bone and the implant is then securely

sutured in position. A plane is developed between

the proximal portion of the cochlear nerve and the

choroid plexus. The cochlear nerve is followed medi-

ally as it enters the lateral recess of the fourth ventricle.

Confirmation of the foramen of Luschka is made by

observing the outflow of cerebrospinal fluid (CSF)

when a Valsalva maneuver is induced by the anesthe-

siologist. The tenia of the fourth ventricle is elevated

and the device is placed into the lateral recess over the

surface of the dorsal and ventral cochlear nuclei. The

two cochlear nuclei lie dorsal lateral (dorsal cochlear

nucleus) and ventral lateral (ventral cochlear nucleus)

to the inferior cerebellar peduncle at the rostral pole

of the medulla. The cell groups corresponding to the

vestibular division of the VIIIth nerve are located more

medially to the inferior cerebellar peduncle in the

brainstem. The choroid plexus and the taenia serve

as landmarks for the opening of the lateral recess.

Verification of appropriate electrode placement and

system integrity is accomplished, prior to closure,

through recording of the electrical auditory brainstem

response (EABR) [1, 22–24] and recording of com-

pound action potentials (CAP) with neural response

telemetry (NRT) (Fig. 3) [2, 16, 17, 21]. Neural integ-

rity of the seventh and ninth cranial nerves is also mon-

itored constantly with electromyography throughout

the procedure.

Fig. 3. Intraoperative neural response telemetry waveforms: The

electrically evoked whole nerve action potential relates to functions

that are obtained using the neural response telemetry system of the

Nucleus CI24M device (Cochlear corporation). The panel shows a

series of waveforms and the responses that have been offset from each

other. The parameter on this figure is the stimulation current level in

device programming units (top). In the amplitude growth function dis-

played below, the increasing amplitude of the NRT response is shown

with increasing stimulus amplitude (bottom)

Fig. 4. Central auditory pathways with 2¼ cerebral cortex, 7¼ inferior

colliculus, 16¼ cochlear nucleus (adapted from interBRAIN, Springer,

Heidelberg, Germany, 1998)
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Postoperative management

Patients are tested and programmed initially about six

weeks postoperatively and every 3 months in the first

year thereafter. The volume is slowly raised to the point

at which the patient first detects sound, then to a com-

fortable level, always paying attention for any possible

nonauditory sensations that might be associated with the

sounds. The device is programmed so that loud sounds

do not cause discomfort or nonauditory sensations.

Threshold and comfort levels are measured in monopo-

lar mode (receiver case ground) for each electrode, and

non-auditory side-effects (NASE) are ranked on a visual

analogue scale ranging from 0 to 4 with grade 1¼ slightly

noticeable and 4¼ intolerable. NASE can be managed in

most patients by altering (usually increasing) stimulus

pulse duration or by selecting a different ground elec-

trode [8]. If significant NASE (Grade 3–4) persist in

spite of processor reprogramming, the electrode is deac-

tivated even if it provides auditory sensations. Electrodes

are also excluded from the map when stimulation does

not evoke any auditory sensations. Although facial nerve-

associated motor side-effects (FASE) may occur in audi-

tory brainstem implants, they are a surprisingly rare

finding. We have noticed FASE in only 6 out of 119

implanted devices (4.89%) at the initial stimulation.

Most FASE are probably not due to direct stimulation

of the facial nerve in the brainstem but to antidromic

stimulation of the inferior cerebellar peduncle (ICP).

This anatomic structure is in close relation to the elec-

trode array in the lateral recessus of the fourth ventricle.

Direct stimulation of this ascending tract causes tingling

sensations while antidromic stimulation of the ICP may

induce motoric side effects like FASE.

Many anatomical and physiological factors may in-

fluence the perceptual performance and the prevalence

of NASE after ABI electrode implantation. Earlier

studies [14, 19, 21, 22] have shown that the electrodes

become fixed in the wall of the lateral recess by fibrous

tissue, during the first postoperative days. This encapsu-

lating tissue may significantly add resistance to the

transmission of current from the array to the stimulated

neurons and may be a contributing factor for elevated

thresholds or even system failure in some patients. On

the other hand, this fibrous capsule seems to provide

long-term stability for the implanted electrodes. Another

factor influencing the postoperative perceptual perfor-

mance is the number of viable, neurons in the cochlear

nucleus that can be stimulated after many years of deaf-

ness. We have not observed a clear relation between the

duration of preoperative deafness and post-implant per-

ceptual performance; hence, even long-lasting preopera-

tive deafness is not considered to be a contraindication

to ABI implantation. Recently, good results could be

also achieved in patients who underwent radiosurgery

for their vestibular schwannomas; this was previously

considered a contraindication to ABI implantation.

Although the audiological results are below average

and the operation may be more difficult than in non-

irradiated patients, preoperative radiosurgery should

not generally be considered a contraindication to ABI

implantation. A positive intraoperative EABR is asso-

ciated with good post-implant hearing even in patients

who have undergone convergent beam irradiation for

their vestibular schwannomas.

The number of functional electrodes providing audi-

tory sensation remained stable in most ABI recipients

when it was re-evaluated after 3–36 months. In 44 of 61

patients, there was no change in the number of func-

tional electrodes on the array over time. In 7 patients,

the number of usable electrodes increased by one and

in 6 patients it decreased by one electrode. In 4 of 61

patients, the number of functional electrodes increased

by more than 1. No patient ‘‘lost’’ more than 1 electrode

over time. Intra-individual changes in the number of

functional electrodes were not statistically significant.

Since the first clinical testing of the device was per-

formed around the sixth postoperative week, these

findings indicate that neither postoperative electrode

movement nor encapsulating fibrous tissue represent a

significant problem in the long-term. Nevertheless,

movement that is not detected by functional testing

may occur before the first audiological testing in the

sixth postoperative week.

New targets, new approaches

In general, ABIs perform less well than CIs, probably

because the surface electrodes of the present ABI are

only partially capable of accessing the tonotopic axis

of the cochlear nucleus (CN) [1, 2, 15, 16]. The CN con-

tains many anatomically and functionally distinct sub-

units with individual tonotopic organization. In contrast

to CI electrodes, which are spaced along the normal

tonotopic axis of the scala tympani, the ABI surface

electrode has only limited access to the tonotopic axis

of the CN. This issue is the primary motivating factor for

the development and clinical application of penetrating

ABI (PABI) microelectrodes for the CN. PABI can stim-

ulate the human CN in a more three-dimensional, spa-

tially selective manner than surface electrodes, thereby
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obtaining a better access to its individual tonotopic sub-

units. In functional neurostimulation with CN surface

electrodes, the appropriate ranking of spectral bands,

according to the individual pitch provided by each elec-

trode, appears to be of greater importance to a good

auditory performance than the absolute number of im-

planted electrodes. PABIs have been developed and

implanted to overcome some of the limitations asso-

ciated with surface electrodes and improve ABI per-

formance by providing a wider tonotopic range and

improved specificity. Until August 2005, 5 NF2 patients

have been implanted at the House Ear institute with a

14 channel surface electrode in combination with a 8-

channel PABI electrode. Patients who hear with this

penetrating device prefer a combination of surface and

penetrating electrodes. Due to the wider frequency spec-

trum, the subjective quality of the sounds perceived is

better in PABI compared to surface ABI. Up to now, no

significant improvement of perceptual performance was

found in the first PABI patients when compared to the

surface ABI patients. The long-term follow up will show

if the implantation of penetrating electrodes into the CN

represents a significant clinical progress when compared

to the surface electrodes only.

In Germany, two groups are working on new ap-

proaches to the central auditory pathways. In Hannover,

the ‘‘auditory midbrain implant (AMI)’’ was developed

for open implantation into the inferior colliculus. In

animal studies, the 5mm AMI electrode was inserted

via a suboccipital craniotomy (personal communica-

tion). At the University of Cologne, we have developed

the stereotactic auditory implant (SAI), a penetrating

deep-brain electrode for minimally invasive implantation

into the inferior colliculus (IC) and CN. Implantation

into the brainstem (CN) or midbrain (IC) may be per-

formed through a small burr hole under local anaesthe-

sia. Using stereotactic technique, minimally invasive

electrode placement can be achieved with a target ac-

curacy below 1mm (Fig. 5). The fully awake patient

allows the best possible functional neuromonitoring

and direct communication with the patient regarding

the effect of stimulation, i.e. hearing and side effects.

In 2001, in collaboration with Chris Schreiner from

the University of San Francisco and Dough McCreery

from the Huntington Memorial Research Institute in

Pasadena, USA, we recorded cortical responses after

electrical stimulation of the inferior colliculus. In the

future, minimally invasive implantation into the IC

seems to be a very promising method for providing a

considerable amount of hearing in patients deafened by

either tumor or non-tumoral lesions of the central audi-

tory pathways.
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Summary

Functional imaging techniques have demonstrated a relationship be-

tween the intensity of tinnitus and the degree of reorganization of the

primary auditory cortex. Studies in experimental animals and humans

have revealed that tinnitus is associated with a synchronized hyperac-

tivity in the auditory cortex and proposed that the underlying pathophy-

siological mechanism is thalamocortical dysrhythmia; hence, decreased

auditory stimulation results in decreased firing rate, and decreased lateral

inhibition. Consequently, the surrounding brain area becomes hyper-

active, firing at gamma band rates; this is considered a necessary pre-

condition of auditory consciousness, and also tinnitus. Synchronization

of the gamma band activity could possibly induce a topographical re-

organization based on Hebbian mechanisms. Therefore, it seems logical

to try to suppress tinnitus by modifying the tinnitus-related auditory cor-

tex reorganization and hyperactivity. This can be achieved using neu-

ronavigation-guided transcranial magnetic stimulation (TMS), which is

capable of modulating cortical activity. If TMS is capable of suppress-

ing tinnitus, the effect should be maintained by implanting electrodes

over the area of electrophysiological signal abnormality on the auditory

cortex. The results in the first patients treated by auditory cortex

stimulation demonstrate a statistically significant tinnitus suppression

in cases of unilateral pure tone tinnitus without suppression of white

or narrow band noise. Hence, auditory cortex stimulation could become

a physiologically guided treatment for a selected category of patients

with severe tinnitus.

Keywords: Neuromodulation; auditory cortex; deafferentation; neu-

rostimulation; phantom; tinnitus; auditory cortex; transcranial magnetic

stimulation; TMS.

Introduction

Tinnitus is a symptom of a similar high prevalence in

USA and Europe; in the population, 10–15% have chron-

ic tinnitus that requires medical attention [1, 41, 71, 87].

Severe tinnitus is age-related and afflicts 2% of the

population in their twenties, 6% in the fifties, and 10%

above the age of 70. Mild tinnitus that requires intermit-

tent or continuous treatment is more common; it afflicts

25% of the population in their twenties and up to 35% in

their seventies [94]. Severe tinnitus leads to depression

an approximate 50% of the sufferers, to insomnia a 40%

and to profound deterioration in the quality of life a 20%

[71, 83]. Among noise-exposed workers, the prevalence

increases up to 24% [2, 83].

Developmental and adult plasticity

and the pathophysiology of tinnitus

Any lesion along the auditory tract which interferes

with its ascending or descending pathways can generate

tinnitus [18]. The auditory system develops in two stages

[54, 112]. The first stage of synapse and auditory tract

formation seems to be genetically determined [97] and

requires the release of a chemotropic factor [54, 100].

This is followed by fine-tuning of the synapses leading

to the formation of a tonotopic structure [89, 97]. In

animals that are born deaf, the auditory system has a

rudimentary tonotopic organization [40, 63]. The de-

velopment of finely tuned tonotopy requires electrical

activity initiated by the auditory input during a critical

period [39, 58, 95]. It is the result of self-organization

[21] via apoptotic resorption of surplus synapses and

neurons [92, 100]. In addition to auditory input, elec-

trical stimulation of the cochlea can also modify the

rudimentary tonotopic organization in animals that never

have had any auditory input and hence, influence the

development of tonotopy [59, 60].



The mature auditory system demonstrates an impor-

tant capacity for reorganization and adaptations to the

changes in the auditory environment [32, 104]. Tinnitus

probably arises as a result of this reorganization [18, 74].

Magnetoencephalographic (MEG) data co-registered

with magnetic resonance imaging (MRI) aka magnetic

source imaging (MSI) has demonstrated this reorganiza-

tion of the auditory cortex in patients suffering from

tinnitus. A shift of the cortical representation of the

tinnitus frequency into an area which is adjacent to

the normally expected tonotopic location is noted in the

contralateral auditory cortex of patients with unilateral

tinnitus. Furthermore, a strong positive correlation has

been found between the intensity of the tinnitus and

the degree of cortical reorganization; these findings

are similar to earlier data in the somatosensory system,

which demonstrated that the intensity of phantom limb

pain is highly correlated with the degree of cortical

reorganization [30].

Deafferentation tinnitus and synchronized

auditory hyperactivity

When lesions are created in the cochlea, high-

frequency sound which enters the cochlea is split into

its different constituent frequencies. However, if the high-

frequency processing hair cells (for example 4000Hz),

have become non-functional, their associated auditory

nerve fibers will not fire anymore in response to the

high-frequency sounds. Due to their tonotopic structure,

immediately after lesioning, neurons in the entire high-

frequency section of the ascending auditory pathway will

not be firing anymore [49, 91]. However, neurons that

normally respond to frequencies, at the margins of the

response areas of affected neurons, will increase their

firing rate; this has been shown in the cochlear nuclei

[51, 53], inferior colliculus [91] [8], medial geniculate

body, and cortex [24, 91]. This hyperactivity reaches its

maximal level approximately 2 weeks after deafferen-

tation [91]. In tinnitus, firing rate and synchrony are

increased, in both the extralemniscal and lemniscal sys-

tems; burst firing is increased in the extralemniscal sys-

tem [8, 24, 25], inner hair cells [85, 86], auditory nerve

[73], dorsal and external inferior colliculus [8], thalamus

[47], and secondary auditory cortex [24, 25]. Further-

more, quinine, known to generate tinnitus, induces an

increased regularity in burst firing at the auditory cortex,

inferior colliculus and frontal cortex [34]. This fits with

the finding that in tinnitus, increased synchrony is found

in the cochlear nerve [7, 23, 69, 73] and auditory cortex

[78, 79]. In tinnitus, increased tonic firing rate is present

in the lemniscal system and, specifically, in the lemnis-

cal dorsal cochlear nucleus [5, 50, 52, 53, 117, 119],

inferior colliculus [33, 44–46], and primary auditory cor-

tex [57]. Interestingly, in primary auditory cortex (A1)

both burst firing and tonic firing are increased and gen-

erate tinnitus [79].

Neural correlate of tinnitus: 40Hz

thalamocortical firing

How does this increased firing in the lemniscal and

extralemniscal system lead to tinnitus? The electroence-

phalogram (EEG) power spectrum (i.e. firing rate) and the

level of consciousness are related [118]: the higher the

frequency and the lower the amplitude are in the EEG,

the higher the level of consciousness is. Low-frequency

delta waves between 0.5 and 4Hz with large amplitudes

are observed in deep sleep, anaesthesia, and coma.

Higher frequency theta waves and 4–7Hz are seen in

light sleep. Lower amplitude but higher frequency alpha

waves 8–13Hz are seen in the parietal and occipital sen-

sory areas in the resting state with the eyes closed. It has

been proposed that alpha waves are associated with a

scanning activity of the brain [93] and not with a mere

idling rhythm [77]. Beta waves at 13–30Hz are seen pri-

marily in frontal areas when people attend to something.

Data from the visual system suggests that beta activity

provides an excitatory background for the appearance of

oscillations in the gamma band [3], and increases the

information flow to the cortex. Synchronization of sep-

arate gamma-band activities, present in different corti-

cothalamic columns [102], is proposed to bind [36, 37]

dispersed neural gamma activity into one coherent au-

ditory perception [15, 48, 64, 65, 88, 105]. Coherent

gamma band activity in the cortex in general [37, 101],

and auditory cortex specifically, is normally present in

locally restricted areas for short periods of time [15, 66,

68, 70, 101]. It has been proposed that this temporal

coherence establishes feature specification and cognitive

binding through synchronization [13, 37, 101]. Gamma

oscillations after standard and target auditory stimuli

reveal an early (26–59ms) phase-locked gamma oscil-

lation. Around 200ms, a non-phase locked gamma re-

sponse is found for both standard and target stimuli in

temporal posterior electrodes. At about 360ms, a phase-

locked oscillation is observed only after target stimuli.

The first gamma oscillation may be a recognition [43],

the second a comparison with what is stored and the

third a context update (based on the new signal) [38].
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Thus, gamma activity per se is not synonymous with

tinnitus, but it is most likely an essential requirement

for tinnitus to be heard. This fits with what is known

on auditory consciousness: gamma band activity in the

auditory cortex correlates with the conscious perception

of auditory signals [48].

Thalamocortical dysrhythmia

Llinas who elaborated on the evidence that tinnitus

correlates with gamma band activity developed this

hypothesis further and proposed the ‘thalamocortical

dysrhythmia’ model [67]. This model can be summa-

rized as follows: the thalamus and cortex are intercon-

nected and act in a coherent way. In the sleeping state,

the thalamus fires at 4–7Hz and during slow wave sleep

at 1–3Hz. In the resting awake state, the thalamus fires at

around 10Hz, driving the cortex to fire at the same rate.

When auditory stimuli are presented, the thalamocortical

rhythm becomes activated and increases its firing rate to

approximately 40Hz. However, in a deafferented state,

the firing rate in the thalamocortical columns slows down

Fig. 2. Representative example of LORETA transformations [81] of filtered spontaneous theta and gamma activity represented on a standardized

MRI scan using a cortical solution space, demonstrating increased theta and gamma activity in the auditory cortex contralateral to the side to which

the unilateral tinnitus is perceived. The gamma band current density left=right ratio of the auditory cortex is a measure of asymmetric gamma

activity in the auditory cortex (CD ratio 1 means that gamma band activity in left and right auditory cortex is equal)

Fig. 1. Schematic representation of Llinas’ thalamocortical dysrhyth-

mia model [67] applied to tinnitus

Auditory cortex stimulation for tinnitus 453



in the awake state to 4–7Hz, decreasing lateral inhibi-

tion, with a resultant halo of 40Hz activity, known as the

‘‘edge effect’’. It has been proposed that this spontaneous

and constant 40Hz hyperactivity causes tinnitus [66].

Tinnitus is usually constantly present, which suggests

that the tinnitus-related gamma activity is constantly pres-

ent as well, in contrast to the normal physiological gamma

activity which waxes and wanes [15, 66, 68, 70, 101].

Therefore, it should be possible to visualize the tinnitus

associated constant, dysrhythmic theta-gamma activity

by doing quantitative EEG recordings, filtered at theta

(4–7Hz) and gamma (30–45Hz), and applying LORETA

(low resolution tomography) transformations [11].

LORETA transformations can demonstrate filtered EEG

activity of any desired spectrum and localize this ac-

tivity on a standard MRI; this process results in a func-

tional image of spontaneous cortical electrical brain

activity. Our first LORETA results do demonstrate that

it is indeed possible to visualize thalamocortical dys-

rhythmia (Fig. 2).

Repetitive stimulus presentation results in decreased

neuronal response to that stimulus; this is known as au-

ditory habituation at the single cell level [106] and audi-

tory mismatch negativity at multiple cell level [75, 106].

Tinnitus is usually present constantly, i.e. there is no

auditory habituation to this specific sound, at the tinnitus

specific frequency. As mentioned above, following co-

chlear injury, deafferented neurons become sensitive

to neighbouring intact edge-frequencies, and enhance

the central representation of these frequencies. Using

EEG-mismatch negativity, in tinnitus sufferers, abnor-

malities have been demonstrated that are specific to

the frequencies located at the audiometrically normal

region which is adjacent to the lesion edge [111]; this is

compatible with Llinas’ thalamocortical dysrhythmia

model [67].

Thalamocortical dysrhythmia and reorganization

Increased ‘synchronized’ firing (in the gamma band)

and decreased lateral inhibition after deafferenta-

tion may induce cortical reorganization by stabilizing

synchronized network activity and segregating non-

synchronized thalamocortical input [26]; synchronized

activity promotes establishment of new connections

(Hebbian plasticity) and desynchronized activity may

promote loss of connections. Thus, increased synchro-

nization of high-frequency gamma band firing could

induce cortical reorganization and through such activ-

ity expression of neural plasticity. Understanding these

mechanisms may promote development of treatments

for tinnitus.

Magnetic and electrical auditory cortex

stimulation for tinnitus

Based on the hypothesis that synchronized 40Hz ac-

tivity is the neural substrate for tinnitus, three approaches

are proposed for modifying this hyperactivity: transcra-

nial magnetic stimulation (TMS), intracranial electrical

stimulation and neurobiofeedback. These treatments are

based on the following hypotheses:

1. Tinnitus is the result of reorganization of neural net-

works which is induced by deafferentation (peripheral

or central lesion in the auditory system) and causes

synchronized hyperactivity in the auditory cortex.

2. This reorganization and the resulting synchronized

hyperactivity can be visualized using functional im-

aging techniques such as PET, SPECT, fMRI, MSI or

LORETA.

3. TMS can be used as a non-invasive test to verify

whether it is possible to modify the cortical reorga-

nization and the synchronized hyperactivity.

4. If it is possible to modify a patient’s tinnitus by TMS,

an intracranial electrode can be implanted on the pri-

mary or secondary auditory cortex in order to mod-

ulate neuronal hyperactivity and suppress tinnitus.

Visualizing tinnitus by visualizing cortical

reorganization and synchronized hyperactivity

In tinnitus sufferers, cortical reorganization and tinni-

tus intensity can be visualized using MSI [74]. However,

MEG is an expensive labour intensive technique, re-

stricted to a very small number of research centers.

Therefore, using fMRI as a method for visualizing tin-

nitus would be advantageous in routine clinical practise.

Recently, much progress has been made in the devel-

opment of scanning protocols which do not require the

special pre- and postprocessing techniques that are not

convenient in clinical settings. Activation of both corti-

cal and subcortical auditory structures can now be dem-

onstrated by an fMRI block design of 12 runs; in this,

frequency specific tones or narrow band sounds are

matched to the patient’s tinnitus and presented binau-

rally through headphones. The sound is alternated and

switched on for 50 seconds and off for 50 seconds. This

block design is combined with the clustered volume ac-

quisition (CVA) technique in which the acquisition time

(AT) is shorter than the TR, namely 3000ms; this allows
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a 2000ms silent gap in between each echo planar imag-

ing (EPI) volume acquisition [96], and hence, the imple-

mentation of this protocol in clinical practice.

Pathophysiology of tinnitus and fMRI

fMRI measures a relative difference in oxygen con-

sumption between a resting state and active state. This is

based on the fact that deoxyhemoglobin in venous blood

is a naturally occurring paramagnetic contrast agent.

Hence, in vivo contrast images of brain microvasculature

reflect the oxygen level in blood. This blood oxygena-

tion level-dependent (BOLD) contrast follows changes

in blood oxygen which are induced by altered metabolic

demand or blood flow. Thus, BOLD contrast can provide

in vivo real-time brain maps of blood oxygenation under

normal physiological conditions [80]. A focal area of

increased oxygen consumption can be depicted by sub-

traction of two MRI images, one at rest and one with

increased oxygen consumption that is induced by a

specific task. Increased oxygen consumption is related

to increased metabolic demands and the BOLD effect

is related to increased firing rates. Both EEG [31] and

MEG [4] event-related synchronizations (time-locked,

Fig. 3. fMRI activation of the auditory tract demonstrates activation of the inferior colliculus, medial geniculate body (thalamus) and auditory

cortices, both primary and secondary auditory cortex
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but not phase-locked) in the gamma band (32–38Hz)

correlate with the BOLD effect on fMRI; this suggests

that the gamma band synchronized activity associated

with tinnitus can be visualized on fMRI.

fMRI of tinnitus

The above scanning paradigm uses music as a stim-

ulus and visualizes adequately the auditory pathways in

tinnitus patients [96]. fMRI activation is symmetrical in

patients with bilateral tinnitus in all investigated areas of

the auditory pathways [auditory cortex (AC), thalamus

and inferior colliculus (IC)]. fMRI activation is signi-

ficantly decreased in the left primary AC and left IC

(in patients with right-sided tinnitus), and in the right

medial geniculate body (MGB) (in patients with left-

sided tinnitus). fMRI activation always represents a dif-

ference in neural activity, instead of the absolute neural

activity. In tinnitus patients, an increase of spontaneous

neural activity means that, in rest condition, the affected

brain area is more active than the unaffected side; in the

active condition, sound presentation will induce only a

limited increase in activity in comparison to the non-

affected side. This is known as the saturation model and

explains the finding that constant pathological neuronal

hyperactivity is related to hypoactivation in fMRI [96].

A similar study using tinnitus pitch and character spe-

cific stimuli is currently being conducted.

Effects of TMS on tinnitus

Transcranial magnetic stimulation (TMS) is a gen-

erally accepted method to study cortical plasticity

[14, 107, 108]. It delivers electrical current of up to

8Amp at the coil and induces a magnetic field pulse

of up to 2.5 Tesla. The changing magnetic field creates

an electrical field of 500V=m and this results in neural

activity [109]. The area that can be influenced directly

by TMS depends on coil configuration, and has an aver-

age diameter of 3 cm [12]. Only recently TMS has been

used in tinnitus [17, 27, 61, 84]. This followed devel-

opments in fMRI [17, 20], PET [27, 61, 62], and neuro-

navigation-guided TMS that made it possible to target

accurately the areas of abnormal brain functioning which

are associated with tinnitus. TMS at frequencies of 10Hz

or higher is capable of suppressing tinnitus transiently

[17, 84], whereas repetitive TMS (rTMS) at 1Hz for

33 minutes daily (2000 pulses) for 5 days results in tinni-

tus suppression for long periods [27, 61, 62]. Therefore,

rTMS can be used to study cortical plasticity [108], to

treat tinnitus [27, 61, 62, 84] and possibly as a prognos-

tic tool of the efficacy of an implanted electrode [17].

TMS is non-invasive and could be an ideal tool for

selecting patients that could benefit from the implanta-

tion of an electrical stimulating device over the audi-

tory cortex.

The mechanism of tinnitus suppression by TMS is

unknown; TMS could interfere with the neural correlate

of tinnitus, i.e. the constant, synchronized 40Hz thala-

mocortical hyperactivity. Low frequency TMS (<10Hz)

and high frequency (>10Hz) TMS probably suppress

tinnitus by a different mechanism. Indeed, it has been

demonstrated that low frequency stimulation has an op-

posite effect than that of high-frequency stimulation

[56, 99]. High-frequency TMS (�10Hz) increases meta-

bolic activity in the underlying cortex [55, 82, 98],

whereas low-frequency TMS decreases the metabolism

or does not induce a hypermetabolism [56, 99]. High

frequency (10Hz) TMS might induce a transient dys-

function (virtual lesion) in the underlying auditory cor-

tex [84]; this desynchronizes the 40Hz thalamocortical

activity temporarily, and results in a transient suppres-

sion of tinnitus [17, 20, 84]. Low-frequency TMS at

1 Hz, on the other hand, reduces cortical excitability

[10, 35] for periods of up to 30 minutes [9]; this corre-

lates with the longer suppression of tinnitus seen at

1Hz stimulation [27, 61, 62].

Effects of electrical stimulation of auditory

cortex on tinnitus

The abundant descending connections from the au-

ditory cortex to the medial geniculate body (thalamus)

[113, 115], inferior colliculus [114, 116], superior oli-

vary complex [22], and cochlear nuclei [110] are the

anatomical substrate for mediating electrical stimulation

of the cortex to subcortical structures. This means that

focal electrical stimulation of the auditory cortex may

activate the corticofugal system and result in a reorga-

nization of thalamus [103], inferior colliculus [120], and

auditory cortex itself [11, 90]. This electrical stimula-

tion evokes frequency shifts [11, 103, 104, 120] and re-

sults in a sharpened tuning of the auditory neurons. This

corticofugal system may operate as a positive feedback

mechanism which, in combination with lateral inhibi-

tion, adjusts and sharpens the tuning of neurons in the

thalamus and inferior colliculus (egocentric selection)

[11, 103, 104, 120]. In other words, the corticofugal sys-

tem could act as a mechanism for reorganization of the

thalamus and inferior colliculus, adjusting the frequency
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maps to the auditory experience [11, 32, 104]. Auditory

cortex stimulation at the cortical deafferented area could

therefore reverse thalamocortical dysrhythmia by the fol-

lowing mechanisms: a) induction of egocentric selection

of the deafferented frequencies which fire at 4–7Hz, or

b) suppression by lateral inhibition of the surrounding

hyperactive frequencies which fire at 40Hz. Electrical

stimulation of the auditory cerebral cortex can be done in

three different ways: 1) epidurally in an area overlying

the secondary auditory cortex, 2) intradurally, on the in-

trasulcal grey matter of the primary auditory cortex, and

3) inside the parenchyma in the white matter tracts.

Epidural secondary auditory cortex stimulation

In patients undergoing diagnostic implantations of re-

cording and stimulation electrodes for treatment of in-

tractable epilepsy, reciprocal functional pathways have

been demonstrated between Heschl’s gyrus (primary

auditory cortex, A1) and the acoustically responsive

posterior lateral superior temporal gyrus (PLST) [6].

Electrical stimulation of the PLST may reach the prim-

ary auditory cortex and suppress its hyperactivity that is

associated with tinnitus [16]. Before an implantation, the

patient first undergoes tinnitus matching tests to deter-

mine the pitch of tinnitus. Then, fMRI scans are used to

localize the auditory cortex area that corresponds to tin-

nitus. If TMS is capable of suppressing tinnitus transi-

ently, we implant the electrode epidurally, using fMRI-

guided neuronavigation [17, 19]. This technique has

been used in 12 patients suffering from unilateral tinni-

tus (n¼ 10) or bilateral tinnitus (n¼ 2). Tinnitus sup-

pression was highly dependent on the characteristics of

the tinnitus; in pure tone unilateral tinnitus, the average

suppression was 97%, in unilateral white or narrow band

noise was 24%, and in bilateral tinnitus the average

suppression was negligible [19] (Fig. 4). Interestingly,

in patients with unilateral tinnitus, characterized by the

presence of both white noise and pure tone tinnitus, only

the pure tone component of the tinnitus got suppressed.

Intradural intrasulcal grey matter stimulation

of the primary auditory cortex

The epidural application of electrodes for cortical

stimulation is preferred because it is simpler and safer.

In many patients, however, suppression of tinnitus can

be achieved for only shorts period of time (1–3 days);

after this, the effect wears off, despite several repro-

grammings of the stimulation. This might be due to the

plasticity of the secondary auditory cortex. It has been

suggested that the secondary sensory cortex may have

greater plasticity potential than the primary sensory cor-

tex. GAP-43 is a marker for neural plasticity. In mam-

mals, GAP-43 mRNA studies have demonstrated that

synaptic remodelling occurs more easily in secondary

[28, 42] and association [76] cortices than in the primary

cortex. In the thalamus, in the ventral part of the medial

geniculate body (MGB) there is less GAP-43 mRNA

expression than in the dorsal and medial MGB [29].

This suggests that the lemniscal thalamocortical system,

Fig. 5. Postoperative X-ray of epidural secondary cortex electrode

Fig. 4. Degree of tinnitus suppression achieved with implanted elec-

trodes. Suppression is very good in unilateral pure tone tinnitus (97%

average tinnitus suppression), poor in white or narrow band noise

(24% average tinnitus suppression) and absent in bilateral tinnitus in

this pilot study (Mann–Whitney test: U¼ 25, p<0.01)
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which has connections predominantly with the primary

auditory cortex, has smaller plasticity potential than

the extralemniscal system [72], which has connections

predominantly with the secondary auditory cortex [72].

In four patients, an electrode was inserted intradurally

in the Sylvian fissure in the primary auditory cortex. In

two patients, the objective was to obtain a stable tinnitus

suppression, because in previously performed epidural

stimulation the parameters had to be reprogrammed

every 2–3 days. In both these patients, the intradural

stimulation resulted in a stable suppression of tinnitus.

In two other patients with narrow band tinnitus, the epi-

dural electrode offered no suppression of tinnitus (0 and

10%, respectively); despite the intradural placement of

the electrode, both these patients failed to improve.

Intradural intraparenchymatous deep white matter

stimulation of the primary auditory cortex

In cooperation with Drs. Michael Seidman and Kost

Elisevich a third approach has been developed, the

MEG-based neuronavigation-guided deep white matter

stimulation below layer 6 of the primary auditory cortex.

Only one patient has undergone this type of implanta-

tion; notably, the electrode was capable of suppressing

the bilateral tinnitus completely. Further investigations

Fig. 6. Left: fMRI of tinnitus generator at 6000Hz. Right: intraoperative picture of electrode insertion

Fig. 7. Left: Magnetic source image showing the location of the structure that is presumed to generate the patient’s tinnitus, centered at 6000Hz.

Right: Intraoperative pictures of electrode insertion. Images courtesy of Dr. Seidman
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will demonstrate whether this technique could have

wider applications other than primary or secondary cor-

tex stimulation.

Side effects and complications

The stimulation parameters were chosen in order to:

a) suppress tinnitus without inducing side effects, and

b) keep the patient unaware of the stimulation. Side ef-

fects may occur when high frequency and high intensity

stimulation is used; these include a feeling of intoxica-

tion, altered spatial localization of external sounds, word

finding problems, dizziness, vertigo and hearing percep-

tion changes (hearing is perceived as being clearer, even

for their own voice) [19]. Certain patients who had their

tinnitus suppressed successfully used to suffer also from

a feeling of ‘‘aural pressure’’; this was decreased in all

those patients. However, the feeling of ‘‘aural pressure’’

and the tinnitus do not decrease with identical stimu-

lation programming [19]. In 2 of 12 patients, epileptic

seizures occurred. This was probably due to prolonged

stimulation without free intervals in patients having an

external stimulator; the latter cannot be programmed by

the investigator, but relies on patient cooperation. In pa-

tients implanted with an internal pulse generator (IPG),

no epileptic seizures were observed under the following

usual stimulation protocols: a) high frequency stimula-

tion (>10Hz) in cyclic mode, 5 seconds on, 5 seconds

off or b) low frequency stimulation (<10Hz) in a similar

cyclic mode of parameters or a cyclic mode of 1–15

minutes on, 30 seconds to 5 minutes off.

Conclusions

The treatment of tinnitus that is described in this

chapter is based on the hypothesis that pure tone tinnitus

perception correlates to focal neuronal hyperactivity

in the primary and=or secondary auditory cortices. This

hyperactivity can be visualized using magnetic source

imaging or functional MRI. The high resolution images

obtained can be used to guide epidural or intradural

neuromodulation by implantable electrodes. The results

of this study suggest that patients with unilateral pure

tone tinnitus, which can be suppressed by TMS, are

good candidates for stimulation by implanted electrodes.

Studies using TMS suggest that: a) the longer the tinni-

tus exists, the less tinnitus suppression can be achieved,

and b) high frequency stimulation is more efficient in

suppressing tinnitus of recent origin, while low frequency

TMS is more efficient in suppressing chronic tinnitus.
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Summary

Visual impairment and blindness is primarily caused by optic neuro-

pathies like injuries and glaucomas, as well as retinopathies like age-

related macular degeneration (MD), systemic diseases like diabetes,

hypertonia and hereditary retinitis pigmentosa (RP). These pathological

conditions may affect retinal photoreceptors, or retinal pigment epithe-

lium, or particular subsets of retinal neurons, and in particular retinal

ganglion cells (RGCs). The RGCs which connect the retina with the

brain are unique cells with extremely long axons bridging the distance

from the retina to visual relays within the thalamus and midbrain, being

therefore vulnerable to heterogeneous pathological conditions along this

pathway. When becoming mature, RGCs loose the ability to divide

and to regenerate their accidentally or experimentally injured axons.

Consequently, any loss of RGCs is irreversible and results to loss of

visual function. The advent of micro- and nanotechnology, and the con-

struction of artificial implants prompted to create visual prostheses which

aimed at compensating for the loss of visual function in particular cases.

The purpose of the present contribution is to review the considerable

engineering expertise that is essential to fabricate current visual prosthe-

ses in connection with their functional features and applicability to the

animal and human eye. In this chapter, 1) Retinal and cortical implants

are introduced, with particular emphasis given to the requirements they

have to fulfil in order to replace very complex functions like vision.

2) Advanced work on material research is presented both from the

technological and from the biocompatibility aspect as prerequisites of

any perspectives for implantation. 3) Ultimately, experimental studies

are presented showing the shaping of implants, the procedures of testing

their biocompatibility and essential modifications to improve the inter-

faces between technical devices and the biological environment. The

review ends by pointing to future perspectives in the rapidly accelerating

process of visual prosthetics and in the increasing hope that restoration

of the visual system becomes reality.

Keywords: Neuromodulation; visual prosthesis; neural implants;

microelectrodes; biocompatibility; surface modification; nerve

regeneration.

Introduction

Violations to central nervous system (CNS) pathways

are unlikely to be followed by substantial replacement of

cells or axonal regeneration; small frustrated acts of cell

renewal from adult stem cells or sprouting occur but do

not result in complete recovery of function. In addition,

topological relationships within the limited intracerebral

space hinder interventions [1] which are feasible in pe-

ripheral nerves. Difficulties in subsidiary surgery apply

therefore especially to the CNS where most surgical in-

terventions are not possible without destroying neigh-

bouring parts of the nerve tissue. Even smaller surgical

interventions may enhance the numbers of damaged

neurons by activating additional local cascades operated

by glial cells. Parts of these cascades are initialized by

microglial cells which are functioning as an intracere-

bral network obviously developed to efficiently remove

the sick neurons and therefore to preserve the remaining

structural and functional integrity of the tissue. In addi-

tion, astrocytes are responsible to fill the structural gaps

with proliferation and to communicate with all other

elements, thus balancing the deficits [3].

Like within the entire CNS, damage to the optic nerve

of higher vertebrates often has dramatic functional con-

sequences for vision. The first one is that the microen-

vironment of the optic nerve is inhospitable; the axonal

regrowth and inhibitory factors prevent the formation of

new growth cones at the stumps of injured axons [10].

Consequently, spontaneous regeneration of axons fails

within the optic nerve, and then retinofugal axons de-

generate both in anterograde and in retrograde direction

[10]. Concomitantly, ganglion cell bodies within the

retina undergo atrophy; due to atrophy, a pale optic

nerve head becomes visible in the weeks and months

that follow after injuries, with irreversible loss of vision.

The failure of functional visual recovery, together with

the inability of retinal ganglion cells (RGCs) to become

replaced by neurons after disposal is associated with



additional cascades of interactive events between neu-

rons and glial cells which result in glial proliferation [3]

and in inadequate tissue proliferative repair, called glio-

sis. Advances in various areas of microtechnology and

electronics together with large scale application of infor-

matics challenge us to develop visual prostheses which

may replace loss of visual function. The efforts to design

and microfabricate multichannel retinal prosthesis has

been considerably boosted by initial reports of success-

ful application [4–6, 9, 12, 13, 22]. Although these

appeared encouraging, most attempts fall short of offer-

ing a chance for vision. The goal of this work is to

critically review some aspects of these visual prostheses,

particularly the required functional abilities of implants,

and the design of microelectrode arrays (MEAs) for op-

timal function and bio-(neuro-)compatibility. In addi-

tion, the review summarizes the anticipated difficulties

we are faced with in view of the limited tools to create

bio-technological hybrids; these implantable devices

may share in common both the technologically, imposed

informatics and the biologically acceptable function.

Requirements for visual prostheses

In contrast to peripheral organs which offer opportu-

nities of both intrinsic tissue repair and prosthetic re-

placement, the nervous system is the most complex and

most vulnerable biological system. To this end, most

approaches to either replace or substitute neuronal ele-

ments within the CNS failed [1]. On the other hand,

recording of signals within the CNS, and in particular

within the optic pathway like electroretinogram (ERG)

and visually evoked potentials (VEP) are routinely per-

formed. However, stimulation in order to treat defects

in a proper way are under development and may en-

counter difficulties arising from the complexity and high

vulnerability of the tissue [2]. A number of proposed

ideas for electronic implants was based on a reductionist

view rather than considering the complexity of the neu-

ronal circuitries. Keeping in line with the fact that nerve

cells and fibres are vulnerable and different from the

‘‘microwires’’ or ‘‘microcables’’ used in electronics would

encourage to create multidisciplinary teams covering

these aspects, too. Nerve cells consist of complex bio-

logical membranes with integrated receptors and delicate

interactive elements for on-line sensing the environment

and transmitting information via molecules, action po-

tentials and changes in their chemo-electrical activity.

The principal requirements to any implantable structures

are therefore features mimicking essential biological

functions of nerves and replacing these functions de-

pending on the scope of implantation.

Besides of the clinical scope of neuroprosthetics in the

human visual system, one goal of using implants in basic

research is to understand fundamental principles of intra-

retinal circuitry, to analyse processing of visual infor-

mation, to unravel principles of connectivity within the

central visual relay nuclei and to study cell–cell interac-

tions in subsets of neuronal populations [7, 8, 16, 17].

Another goal is to replace functions which are lost due

to damage of photoreceptors, or ganglion cells or of whole

retinal areas. Fabrication of microarrays has provided

impressing capabilities, of course seen carefully under the

constraints of neuroanatomy and neurophysiology. In

fact, construction and implantation of electrodes for nerve

signal recording and nerve stimulation has accompanied

neurobiology over its entire evolution [1].

The success of visual prostheses depends basically on

their capability to record visual signals and=or to stimu-

late the retina or the optic nerve, or central visual nuclei.

It is therefore reasonable to assume that such implants

have to fulfil highly specialized requirements both in

relation to the electrodes and the insulating material

which carries the electrodes. Last not least, a further

prerequisite is the biocompatibility for retina- or nerve-

specific implants, or more strictly spoken, their neu-

rocompatibility. The choice of the material will also

depend on the possibilities and restrictions arising from

the fabrication process. In microelectronics, silicone is

most frequently used [10, 11]. However, in the majority

of implantation cases, it will be favourable to use more

flexible materials for the implants in order to limit me-

chanical damage of biological tissue. As one of these

flexible materials, polyimide attracted attention in recent

years [10, 11].

Retinal prostheses

Efforts to device a retinal prosthesis were undertaken

in the 1980s with interdisciplinary approaches. Retinal

prostheses are intended to mimic the function of lost

photoreceptor cells which are the first in the excitation

chain which follows an optical stimulus (Fig. 1). Con-

ceptually, an implanted prosthetic device applies light-

dependent electrical pulses to the RGCs which are then

transmitted as a series of action potentials to the brain to

result there in a meaningful image. Retinal implants can

reasonably be placed either ‘‘on top’’ of the retina (epi-

retinal implant), i.e. between the ganglion cell layer and

the vitreous [6, 12, 13, 22] or ‘‘underneath’’ the retina
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(subretinal implant), i.e. directly at the place of the lost

photoreceptor cells [4, 5, 23, 24] (Fig. 1). Both con-

cepts are being pursued over years and each of them

appears to show mechanical and biological advantages

and fundamental disadvantages. With an epiretinal im-

plant, the distance between electrodes and RGCs are

smaller (Fig. 1), and hence, they can be stimulated more

directly. In addition, the axons traversing from more

distant sites than the location of the implant may come

under the influence of the stimulating electric fields. Thus,

excitation of these axons markedly lowers local specifi-

city of stimulation at the site of implantation. With a

subretinal implant, the electrodes could perform directly

the function of photoreceptor cells by giving a stimulus

upon irradiation. Subsequent information processing

would be performed by the interneurons of the retina

and ultimately be inferred to RGCs.

With epiretinal implants, numerous experiments have

been performed to achieve excitation of RGC cell bodies

rather than axons [4–6, 22]. This task is complicated

because the detailed position of stimulating electrodes

relative to the cell bodies cannot be accurately con-

trolled. Perceptual testing has been performed in humans

with retinal stimulation from intraocular implants lasting

hours within the eye. Patterned electrical stimulation

induced patterned perceptions, thus encouraging to pur-

sue further engineering of geometrically adaptable im-

plants [4–6, 22]. The ultrathin microelectrode array that

has been used in human eyes is being modified with de-

velopment of low-power sophisticated electronics, while

encapsulation with stable polymers aims to protect them

from erosion. This may facilitate long-term implantation

in the future.

With subretinal implants, stimulation is supposed to be

more similar to the natural way because incoming light

would be applied as an electrical signal directly at the

place where it hits the retina, as it is done on the photo-

receptor cells [8, 21, 23, 24] (Fig. 1). Consequently, the

concept of most subretinal implants consists of an array

of photodiodes which directly supply an electrical pulse

upon light exposure. Further processing of these signals

would then be carried out by the neuronal layers of the

retina [18], and RGCs would finally transmit the visual in-

formation to the brain. Naturally, neuronal layers beneath

the ganglion cell layer are necessary for this concept

[18]. However, it must be expected that they degenerate

step by step because photoreceptors which supply stimu-

lating signals are lost. In fact, such a degeneration has

been observed in all retinal layers, but it is claimed that

remaining neurons should be sufficient for the application

Fig. 1. The mostly favoured visual implants. If the retinal ganglion cells (RGC) are still intact, then the stimulating implant can be implanted into

the eye, either onto the RGC layer (epiretinal implant) or by replacing photoreceptor cells (subretinal implant); nerve signals of stimulated RGC are

then forwarded into the brain. RP Retinitis pigmentosa; MD macular degeneration
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of a visual prosthesis [18]. Subretinal implants should

be energetically driven by incident light which may also

convey the natural form of visual images to the implant.

The suitable population of persons to be considered for

subretinal implants suffer of retinitis pigmentosa (RP).

However, the implants have not been successfully tested

yet, and initial approaches were performed in blind

individuals without improvement of sight. Yet, the

microfabrication, encapsulation and miniaturization of

these implants have gone over a long way and accept-

able multielectrode arrays have been created. These

have been tested in vitro and in various animal models

[8, 9, 16, 21, 23, 24].

Retinal implants are inserted through the anterior part

of the eye, and animal experiments are performed main-

ly with rabbits and cats [8, 21]. The whole surgery is

very delicate because the retina is very thin and vul-

nerable. The vitreous is removed using a vitrectomy-

instrument as used in retinal surgery. For epiretinal im-

plants, it is crucial to remove the vitreous completely at

the place of implant attachment because otherwise firm

adhesion cannot be achieved. For this purpose, it is

advantageous that the vitreous of the rabbit quickly

contracts and forms strands upon trauma, and therefore,

it can be grasped and removed. The epiretinal im-

plant can be now placed onto the retina. In subretinal

implants, the retina is incised, e.g. with a sharply edged

canule, and the inner retina may be separated from the

pigment epithelium. The subretinal implant can then

be inserted between the inner retina and the epithelium.

Finally, the detached parts of the inner retina must be

attached.

Biocompatibility and stability of retinal implants

Retinal implants have to meet very high requirements

with respect to their biocompatibility and long-term sta-

bility. Moreover, an implant within the eye must be es-

pecially compatible and stable because in such a delicate

organ an inflammation or extensive scar formation would

have catastrophic consequences, and surgical interven-

tions cannot be repeated for several times. It is clear that

a retinal implant should be flexible, tiny and without

sharp edges, particularly when implanted beneath the

retina. The shape of the implant must fit the convexity

of the eyeball that can be achieved by the use of flexible

materials, thus ultimately merging the electronic devices

with the eye. Chronic implantation will require chroni-

cally biocompatible interfaces in a reciprocal way that

ensures both preservation of the tissue from implant-

derived toxicity and of the implant material from tis-

sue-derived erosion. To date, long-term implantation

experiments with retinal implants have been performed

only on animals. The purpose of these experiments was

to evaluate biocompatibility and long-term stability of

the implants. Currently, cats [21] and rabbits with sub-

retinal implants measuring 3mm in diameter and 50–

100 mm thick are being kept for observation, and it seems

that the implants are well tolerated by the ocular tissue

[8, 23]. The means to evaluate function of implanted

electrodes is recording of cortical visually evoked poten-

tials (VEPs). They should appear in a similar manner as

if the stimulus would be given by an equivalent optical

signal. Electrical cortical responses could be elicited by

stimulating electrodes which were placed on the lens of

the eye in rabbits after chemically induced photorecep-

tor degeneration [12, 17]. Bipolar strip electrodes into the

subretinal space of adult rabbits were driven by external

photodiodes and, when flashed in a remote position,

cortical responses were obtained similar to the normal

light-induced VEPs produced by the pre-implanted eye

[5]. Small electrodes within the sclera of blind patients

resulted in phosphenes which could be elicited upon

application of short biphasic pulses [13]. Patients who

previously had been able to see were able to localise the

position of the phosphenes accurately according to the

retinal area stimulated, which indicates a certain conser-

vation of the visual map. Two subjects were able to rec-

ognise movement of electrodes by detecting movement

of the phosphenes, and they also could see two phos-

phenes when two electrodes were active. This is not

surprising since phosphenes can also be produced by

irritation of horizontal cells, whose localisation is de-

termined within the inner retina. Phosphenes are rather

‘‘tactile’’ signals, but may be well used as orientation

guides upon blindness.

One challenge towards creating chronically implanta-

ble electrodes is delivery of adequate quanta of energy

needed for stimulation. Photodiodes used for retina im-

plants are still to weak, that means voltage produced by

them upon irradiation with incident light is still insuffi-

cient. Therefore, it is tried to overcome this problem by

installation of a small infrared laser device which is

worn by the patient on eye glasses. The laser beam

directed onto the photodiodes is controlled by a computer-

assisted video camera. In one possible design, the photo-

diodes are situated directly on the MEA, and the most

straightforward concept is to combine one photodiode

with one electrode. In order to avoid damage of retinal

neurons by the laser beam, this design is applicable only
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for epiretinal implants. In an other design, the receiving

photodiodes are placed at the edge of the retina, and thin

wires lead to the stimulating microarray underneath or

above the retina. For the epiretinal implant, different

concepts for the encoding of the optic information are

developed [4–6, 17]. Finally, a subretinal implant should

not disrupt supply of oxygen and nutrients to the retina.

Therefore, MEAs have been designed with holes in

order to allow exchange of substances [23].

Implants along the ascending visual pathway

The term ‘‘cuff electrodes’’ applies to those devices

which engulf the entire circumference of the optic nerve.

The shape of these tube-like electrodes or of the array of

electrodes has to be adapted to the natural arrangement

and thickness of the nerve by also considering the vas-

cularisation at the site of implantation, which will be

preferably the intraorbital portion of the nerve. While

the length is varying from few to more than 10mm,

the width may be adapted to just contact the optic nerve

outline. Modern cuff electrodes try to avoid disturbance

of the vascularisation and to replace metallic devices by

the introduction of flexible materials and adaptable geo-

metries, like a helix-shaped electrode [1] which allows

adjustment of the implant to the actual diameter of the

nerve fibre bundle. The disadvantage of cuff electrodes

was that they do not accurately fulfil the requirements

for accurate measurements or stimulation, because they

only allow recording of superficial sum potentials with

the axons in the centre of the nerve cylinder to contri-

bute less significantly to the measured signal. In accor-

dance, the inner axons were less affected by stimulation

than the superficial axons of the bundle. A second dis-

advantage was proper fixation because the cuff may

rotate around the nerve or shift along the nerve, both

leading to loss of selectivity.

A different approach is performed by the so-called

‘‘electrodes for regenerative nerves’’ (Fig. 2). They are

designed as a microarray placed on a sieve-shaped (i.e.

perforated) plate which contains holes which can be

round or rectangular or even shaped as long narrow

slots. The microelectrodes are situated nearby the holes

or are part of the hole’s wall in order to optimally record

or to stimulate. The principal idea can be described very

briefly: The nerve is cut firstly, then the electrode array is

adapted into the expected path of the regenerating fibres

in a fashion that the nerve fibres are allowed to regen-

erate through the perforations of the device (Figs. 2, 3).

The distal stump of the cut nerve is aligned at the oppo-

site side of the electrode array in order to be used by the

axons exiting from the perforations as a guidance path

Fig. 2. Principal concept for the regenerating optic nerve electrodes.

Axons regenerating from the proximal stump of an incised optic nerve

grow through a permissible array of electrodes carried by a substrate.

The array may be designed as a kind of mesh or sieve. Latticed

arrangements are also possible. The apertures (holes) of the substrate

determine and fix the position of the regenerating axons relative to the

electrodes. The distal portion of the optic nerve is replaced by an

autologous peripheral nerve graft that is populated by regenerating

optic nerve axons traversing to the midbrain

Fig. 3. Scheme of proposed application of an ar-

ray for regenerative nerves in the optic nerve. The

implant is placed into the path of the regenerating

optic nerve. Axons grow through the holes into the

peripheral graft
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for further growth. In most cases, the perineural sheath

of the nerve can be replaced in the area of insertion with

polymeric tubes which act as mechanical stabilisers. In

the case of optic nerve, best choice is to replace the

distal portion of the nerve with a peripheral nerve piece

bridging the distance to the brain [20] (Fig. 3).

The advantage of this approach is that with this device

the electrodes are in intimate contact with the nerve fi-

bres, thus allowing both accurate recording and efficient

stimulation. Both procedures are expected to be per-

formed in a relatively reliable manner because with a

proper choice of the hole diameter a predictable number

of axons would regenerate through individual perfora-

tions. Moreover, the microelectrodes remain always in

the same position relatively to the nerve fibres because

the fibres are mechanically fixed by the holes they grow

through (Figs. 2, 3).

The obvious drawback of this method is that the nerve

has to be cut in order to regenerate through the im-

planted device. The success of the whole operation can

be evaluated only several weeks later, when the axons

have regenerated through the device. The second disad-

vantage is its applicability only in the optic nerve, be-

cause other central nerve pathways do not regenerate

spontaneously and are less accessible to replacement

strategies. The third disadvantage is that the device lim-

its the regeneration of some neurites, namely of those,

whose growth cones hit on the device and fail to elon-

gate within one of the pre-drilled holes. In spite of these

limitations, such electrodes display an elegant way of

application in the peripheral nerves [11, 14]. The biolo-

gical and technical aspects concerning the electrodes

with perforating paths are complex and do not permit a

simplification in use, neither a generalisation in terms of

their applicability, mainly because of the traumatic pro-

cedure of implantation. Although techniques of micro-

fabrication have been developing rapidly during the last

years, some problems arise if a large number of micro-

electrodes with the accompanying connections has to be

placed and fixed on a silicon chip. These problems are

enhanced in electrodes for regeneration, because the

holes occupy a large part of the total surface area and

limit per se the number of connections with individual

holes. The shortage of surface of a microchip limits both

the number and the size of holes for a given electrode.

According to current knowledge, the optic nerve may

receive a key role in the attempt to transfer the micro-

technology from peripheral nerves into the CNS. One

possible approach is sketched in Fig. 2. It is based on the

optic nerve regeneration model which was established in

the eighties [10, 20] and was studied extensively during

the last years [20]. After incision of the optic nerve, the

stump of the optic nerve is connected with an autologous

peripheral nerve graft which permits the axons of the

retinal ganglion cells (RGCs) to regenerate and leads the

regenerating axons into their natural area of destination,

e.g. the superior colliculus or the thalamus. Vision of the

animal could be restored partially, as could be shown by

the restoration of the pupilloconstriction reflex and by

behavioural and electrophysiological experiments [20].

Cortical prostheses

When the ascending visual pathway is interrupted, no

information can be conducted from the eye to the visual

cortex. The desire to reconstruct visual abilities by direct

stimulation of the visual cortex has been therefore pro-

posed [2, 9, 19]. Cortical implants consist of a micro-

arrays placed under the skull directly on the appropriate

site of the visual cortex, and the electrodes stimulate

cortical neurons to elicit visual sensations. In fact, pa-

tients with such implanted electrodes reported to ‘‘see’’

phosphenes. There have been numerous investigations

about necessary properties of such an electrode array.

On the other hand, useful information about the organi-

sation of the visual cortex, i.e. the retinocortical map,

could be gained by electrical stimulation experiments.

Several experiments were performed to correlate the po-

sition of the electrodes with the spatial positioning of the

phosphenes in the visual field. In order to enable the

patients to recognise more complex structures, e.g. let-

ters, a matrix of phosphenes must be created by simul-

taneous stimulation by many electrodes. Such a matrix

was simulated by a monitor covered with an opaque

perforated mask, and from the experiments was con-

cluded that a MEA consisting of 25�25 electrodes on

an area of 1�1 cm2 should produce a phosphene image

with a visual acuity of approximately 20=30, provided

that the MEA is implanted near the foveal representation

of the visual cortex [4]. Increase of the numbers of

implanted microelectrodes to 38 in the right visual cor-

tex of a 42-year-old woman who had been blind over 22

years also resulted in production of phosphenes [19].

Both within the retina and along the visual pathway

including the visual cortex, two-dimensional microelec-

trode arrays (MEAs) are required. Improvement of engi-

neering by the use of silicon and polyimide insulation

technology and encapsulation methods made it possible

to create not only planar two-dimensional MEAs but also

penetrating electrode structures. The substrate carrying
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the electrodes is either needle- or wedge-shaped to allow

penetration of the nervous tissue which makes possible

recording from and stimulation of axons not only on the

surface but also in a well-defined depth within the tissue,

e.g. within the optic nerve. Implanting such a device is

naturally associated with a partial damage of some struc-

tures within the tissue, i.e. some neurons will be de-

stroyed, and a certain portion of the axons will be

disrupted. Current efforts are directed to miniaturise the

penetrating parts of the implant and to use more flexible

materials, so-called ‘‘flexible nerve plates’’. The electrode

array was successfully applied for the recording of local

visually evoked responses in the visual cortex of cats at

sub-sets of 15 electrodes (see ref. 10 for review). One of

the disadvantages of MEAs is that, on the insulating sub-

strate (e.g. polyimide), conducting electrode sites and

leads must be positioned. A second problem is that

cross-talk between the leads has to be avoided. A third

drawback is that with increasing number of electrodes

the number of leads increases too, which demands an in-

tricate on-chip design and reliable connections and ca-

bles to electronic processing units. Ultimately, the whole

set-up must operate reliably over a long time period and

processing of a high number of channels requires a so-

phisticated microelectronics with high energy-consump-

tion that limits practical use.

Suitable electrode materials and interactions

with biological tissue

It is obvious that requirements towards implants within

the extremely sensitive nervous system are very high.

Nevertheless, there are certain materials (metals and poly-

mers) which meet these requirements at least to a big ex-

tent. Platinum is the electrode material of choice, because

it is stable and inert. The amount of platinum ions re-

leased into the surrounding tissue may be neglected even

after long-term of stimulation. During the last years,

iridium has become of increasing importance because a

stable oxide film can be formed on the surface of iridium

electrodes. This oxide film has a big charge delivery ca-

pacity and is, for this reason, well-suited for stimulating

electrodes. Carbon fibres or glassy carbon are also used

as electrode materials, and they are biocompatible and

stable, though they have a higher roughness than metals.

Platinum and iridium are established materials in micro-

electronics, and also carbon can be deposited onto micro-

electronic structures. Polymers are used as carrier material

and for encapsulation purposes. Most common materials

are epoxy resins, polytetrafluoroethylene (PTFE, Teflon+),

silicone rubbers and polyimide. These polymers are bio-

compatible, electrically insulating and stable. The bulk

properties of the polymers can be modified to a certain

degree, and also surface modification procedures are per-

formed in order to improve biocompatibility.

When a device is implanted, proteins may be depos-

ited onto the surface of the implant and interact with it.

A dozen proteins can be found in biological liquids at

concentrations higher than 1mg=ml, and certainly they

will form major parts of layers formed on the implant at

least in the initial state of adsorption. The details of this

process depend on the surface of the implant, the com-

position of the biological environment and the nature of

the adsorbed proteins. Adsorption of proteins such as

collagen or fibronectin can favour adhesion of tissue

cells. An encapsulation of the implant by autologous

material (astrocytes, protein layers, endothelial cells,

fibroblasts) is desirable in order to integrate the implant

into the organism and ‘‘mask’’ it in order to avoid unde-

sired reactions of the immune system, thus promoting

incorporation and acceptance of the implant. On the

other hand, it was reported that fibronectin and fibrino-

gen might enhance the adhesion of different bacteria.

Besides of protein deposition, inflammatory reactions

can be another consequence of an implantation. Inflam-

mations involve vascular, neurological, humoral and cel-

lular responses, and the following acute-phase response

is characterised by stress-induced changes in the neu-

roendocrine and immune systems.

In addition to subcellular and inflammatory responses,

when an implant is placed into the retina or brain, astro-

cytes can be observed to respond quickly to this injury as

they react to every damage [3]. They proliferate in the

vicinity of the implant and extend their processes towards

it forming a gliosis. In order to enhance biocompatibility

of implanted materials, reduce macrophage adhesion onto

the implants and prevent inflammatory reactions, surface

modifications of materials intended for implantation are

widely studied. These investigations are performed parti-

cularly with polymers because they are the main material

used for housing, encapsulation and insulation purposes.

Whereas attraction and adhesion of macrophages and

other white blood cells to an implant can favour inflam-

mations, inhibition of such an adhesion would be an im-

portant factor of biocompatibility.

Conclusions and future perspectives

Replacement of damaged or diseased retina and visual

pathway by artificial implants with recording and=or
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stimulating electrodes has been a goal of many efforts

for several decades. The construction and application of

a neuroprosthesis is a common matter of different fields

of research, such as neurobiology, medicine, computer

science, microelectronics, microtechnology, surface sci-

ence, electrophysiology and electrochemistry. The high

complexity of both structure and function of the nervous

system is, however, a real obstacle on the way to apply

simple neuroprostheses, whereas really functioning, easy-

to-handle and long-term stable neuroprostheses are still

not available yet.

In the field of replacement of sensory functions, be-

sides hearing by cochlear implants, visual prostheses are

the target of ongoing efforts. Since the visual system is

the most complicated sensory one, the natural impedi-

ments are particularly large. A satisfactory prosthetic

replacement of visual function can be the result of bio-

logical research to unravel the mechanisms of visual

function and microelectronic improvements which will

allow parallel processing of detectable photic stimuli. In

particular, the problems of energy supply to the implants

and the transmission of signals from technological trans-

plants to biological targets remain a challenge. How-

ever, retinal prosthetics may become a reality due to the

groundbreaking developments in the construction of min-

iaturized and multiarrayed implants which are just in the

stage of passing to the application in animal and human

eyes.
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Summary

Microsystem technologies offer significant advantages in the devel-

opment of neural prostheses. In the last two decades, it has become

feasible to develop intelligent prostheses that are fully implantable into

the human body with respect to functionality, complexity, size, weight,

and compactness. Design and development enforce collaboration of

various disciplines including physicians, engineers, and scientists. The

retina implant system can be taken as one sophisticated example of a

prosthesis which bypasses neural defects and enables direct electrical

stimulation of nerve cells. This micro implantable visual prosthesis as-

sists blind patients to return to the normal course of life. The retina im-

plant is intended for patients suffering from retinitis pigmentosa or

macular degeneration.

In this contribution, we focus on the epiretinal prosthesis and discuss

topics like system design, data and power transfer, fabrication, pack-

aging and testing. In detail, the system is based upon an implantable

micro electro stimulator which is powered and controlled via a wireless

inductive link. Microelectronic circuits for data encoding and stimula-

tion are assembled on flexible substrates with an integrated electrode

array. The implant system is encapsulated using parylene C and silicone

rubber. Results extracted from experiments in vivo demonstrate the

retinotopic activation of the visual cortex.

Keywords: Retina implant; visual prosthesis; retinitis pigmentosa;

neuromodulation; microsystem.

Introduction

Owing to the favourable trends in the field of semicon-

ductor technology, smart multi-functional microsystems

can be designed and developed for various applications.

Nowadays, it is viable to manufacture effective biome-

dical microchip implants due to technological progress

in the field of microelectronics, information engineer-

ing, computer science, medical engineering, microsys-

tem design, and fabrication during the last decade. High

functionality, miniaturisation, compactness, small size,

and low weight make a strong case for medical applica-

tions like neural prostheses. The emerging complemen-

tary metal oxide semiconductor (CMOS) technology

plays a major role in these cutting-edge applications.

One important advantage of CMOS technology is re-

lated with the power dissipation which is negligible

compared to other technologies.

All implants aiming at restoring neural functions

require a sensor such as a microphone or an imager

which records a signal of the environment. A signal

processing device makes those signals interpretable for

the neurons before carrying them to the place of interest,

and an interface stimulates the corresponding nerve

cells. The cochlear implant is indicative of realizing a

commercial neural implant for the first time. Cochlear

implants are hearing prostheses that can help people

with certain kinds of hearing impairment or people who

are entirely deaf. The implant imitates the tonotopic

organization of the basilar membrane of the inner ear.

The cochlear implant bypasses the damaged hair cells

and stimulates the cochlear nerves directly by means of

electrical impulses. This allows the brain to interpret the

frequency of sound as it would if the hair cells of the

basilar membrane were functioning properly. As a result

of the more complex structure of the retina and due to

the larger amount of information transfer, scientists have

to meet a serious challenge to realize a retinal implant,

even though experiments using electrical stimulation of

the retina to study its function were performed more

than 50 years ago [5].

Electrical stimulation of the retina has been consid-

ered as a possible new treatment in cases of blindness

associated with retinitis pigmentosa (RP) or other pro-

gressive degenerations of the retina. These diseases cause



degeneration of retinal photoreceptor cells, but the pro-

cess typically spares parts of the ganglion cell layer. This

remaining retinal network can be stimulated multi-

focally and electrically with electrodes, as it is already

proven in animal models.

By law, blindness is defined by via acuity and field of

vision: People whose visual acuity is less than 2% or

whose visual field is less than 5� are considered to

be blind. According to the World Health Organization

[19] more than 8 million people were legally blind

due to retinal degeneration in 1997, mostly caused by

macular degeneration (MD) and retinitis pigmentosa

(RP). Despite progressive retina degeneration, about

30% of the RP patient’s ganglion cells stay intact.

During the 60’s of the last century, researchers sug-

gested bypassing degenerated photoreceptors by means

of technical aid [4]. Initial experiments at that time did

not result in any applicable operating model due to

restrictions imposed by available technologies. In 1999,

Humayun et al. implanted epiretinal micro-contact de-

vices which were connected with a cable to a receiver

located outside the eye [6]. They have proven in mul-

tiple tests that an electrical stimulation of the retina

led to recognizable shapes as visual sensory percep-

tion in patients suffering from RP or MD. In contrast

to Humayun, Chow et al. used microphotodiodes driven

by light which they implanted in the subretinal space.

Here, patients also reported some visual sensation [1].

The Dobelle Institute pursued a different approach.

Their system, which remained experimental, uses a tiny

camera mounted on glasses worn by the blind person.

The camera images are relayed to a portable computer

and transmitted via cable to surgically implanted elec-

trodes attached to the brain’s visual cortex. Patients

reported that they could recognize large objects and

walk without help [21].

In 1995, the German government launched a program

to develop a completely wireless device for the electrical

stimulation of the inner retinal surface. Currently, two

different basic approaches are pursued in Germany: the

epiretinal system and the subretinal system. The first

system is made up of extraocular components for image

capturing, signal processing, power and signal transmis-

sion and it also consists of an intraocular electrode array

and an interface to receive power and signals to generate

current pulses for retinal stimulation [2, 15]. The sub-

retinal system uses microphotodiodes which are directly

implanted between the defective photoreceptors and the

ganglion cells [20]. In spite of all progress, a remotely

controlled implantable medical device for human appli-

cation is still not available for medical use. After con-

siderable progress in the fabrication of microsystems

based upon flexible substrates and further development

in the integration of functions in very small microchips,

the construction of such a device seems now to be pos-

sible. In the following paragraphs, the epiretinal ap-

proach is described.

System design and components

The epiretinal retina implant system provides visual

sensation by applying electro-stimulation to the intact

retinal ganglion cell layer. Like the cochlea implant, it

consists of an implant and an external part with image

sensor and a signal processing module. The architecture

of the retina implant system is shown in Fig. 1, the

components of the system are visualized in Fig. 2. A

CMOS image sensor which provides high dynamic

Fig. 1. Architecture of the retina implant

system
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brightness range similar to the human eye generates

images of the scenery, before passing them to the retina

encoder. The adaptive retina encoder undertakes all tasks

of the cell layers between photoreceptors and ganglion

cells with respect to signal processing, and computes

the receptive field function. Its output signal, which is

a spatially and temporarily resolved stimulation pattern,

is transmitted wireless to the implant via an inductive

link also responsible for power transmission.

The implantable stimulator has been realised in CMOS

technology and includes a highly flexible multi-electrode

array, a programmable stimulation pulse generator, and

the telemetry receiver which is responsible for data re-

covery and power reception. After data processing the

stimulation pattern is converted into electrical pulse

trains inside the stimulator unit. These pulses arrive

via the microelectrode array at the layer of ganglion

cells, which are then spatially resolved stimulated. Then,

these pulses are transferred to the visual cortex via the

optic nerve.

Data acquisition

In order to guarantee acuity and contrast at different

degrees of illumination the human visual system locally

adapts its sensitivity to the average brightness over more

than 160 dB. In detail, the human eye uses three different

mechanisms for adaptation: 1. varying the diameter of the

pupil, 2. control of neurons, and 3. change of photochem-

ical sensitization. According to the theory of image for-

mation the observable irradiance at a certain point of the

image plane is proportional to the product of the spatial

reflectance from the object surface and the irradiance illu-

minating this point. While the reflectance component con-

tains most of the visually relevant information about the

object characteristics, the spatial distribution and the in-

tensity of the illumination component are irrelevant in

most cases. The illumination component, however, makes

it generally difficult to extract the relevant image infor-

mation since the variation of reflectance within a scene

are low compared to temporal and spatial variations of

illumination. Assuming natural conditions the dynamic

range of surface reflectance is about less than 40 dB,

whereas scene illumination varies up to 9 decades. Hence,

dedicated artificial vision systems emulating human

eye should be able to compress the dynamic range of an

image signal by emphasizing the reflectance component

and suppressing the illumination component.

In the retina implant presented here, for image acqui-

sition a low-power image sensor is used (380�300 pixel

Fig. 2. Microsystem components of the retina implant system: (A) the CMOS imager, (B) the transmitter, (C) the receiver chip, and (D) two

stimulation chips to drive either 9 or 25 electrodes
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array with orthogonal grid structure, see Fig. 2). This

imager has a linear pixel characteristic, since it uses

photocurrent integration. A rolling shutter supersedes

any additional shutter transistor and storage capacitance

in each pixel. Well designed column readout amplifiers

significantly reduce the total power dissipation in order

to make the device suitable for battery-powered appli-

cations. The linear CMOS imager has a chip size of

88mm2, a pixel pitch of 17�17 mm2, and a power dis-

sipation of only 35mW at 14MHz pixel clock which

yields a 100 fps full frame readout. The imager exhibits

high sensitivity and a very low fixed pattern noise (FPN).

The imager can be addressed via Firewire interface [12].

Based on this chip, a miniaturized camera has been re-

alized to be used in the implant.

Data encoding

The ganglion cells expect suitable signals comparable

to the output of the photoreceptor cells. Therefore, an

encoder has to emulate the transduction, the dynamic

behaviour of pigment bleaching, the spatial and dynamic

behaviour of horizontal cell feedback, and the temporal

latency of cone cell responses. The information proces-

sing of parts of the 5-layered neuronal retina is simu-

lated via individually adjustable, spatio-temporal filters

with receptive field characteristics [3, 7]. The retina

encoder has been implemented on a digital signal pro-

cessor (DSP). The fast functional modulation of a retina

encoder (RE) with 256 receptive field filters which

means a high dimensional functional dimension was dem-

onstrated using neuronal nets and evolution strategies.

They are based on learning processes in dialogue with

normally sighted subjects.

Wireless RF energy and data transmission

Telemetry inductive powering is a simple alternative

to batteries in implantable devices that require small

size, low weight, and extended operation lifetime. The

telemetry link used here consists of a transformer-like

coupled pair of coils. In addition, this link can also

transfer data in order to cut complexity. Due to the rather

small size of the receiver coil, the power transmission

efficiency in these devices is expected to be rather low.

In order to supply enough power to the receiver, an

efficient class-E power amplifier is used. Unfortunately,

the transmission is susceptible to efficiency degradation

because of mismatch between switching frequency of

the transmitter and the resonant frequency of the im-

plant. This mismatch can cause excessive power loss

in the active device and may disturb data transmission.

To circumvent the mismatch problem the link is oper-

ated in weak coupling mode.

The transmitter module also seen in Fig. 2, contains

a parallel interface, a Field Programmable Gate Array

(FPGA) to realize the digital part, a bitstream generator,

a class E output amplifier, and an externally connected

antenna. After being imported from the DSP via stan-

dard interface, the image information is Hamming and

Manchester coded in the FPGA. For the clock recovery,

the data set is duplicated by the Manchester coding,

and for error detection, the set is again duplicated by

Hamming coding. Then, the bit stream generator con-

verts these parallel data into a serial signal. The FPGA

possesses multiple serial interfaces for inductive data

transmission. The class E output amplifier which pro-

vides extraordinarily high DC-to-AC efficiency of up to

96% generates the RF signal to feed the externally con-

nected coil. The retina implant employs the wireless

RF link both for power transmission and for transmis-

sion of data by ASK modulating the carrier frequency.

The inductive link operates at a carrier frequency of

13.56MHz in the open IMS band. The modulation factor

is kept low to ensure sufficient power transmission over

the required distance. At the moment, the data rate of

200 kbps is sufficient [8].

Power and data recovery

The retina implant is a wireless device, only con-

trolled by the RF signal. Inside the eye, the ASK data

must be separated from the RF carrier frequency by

demodulating and decoding the signal before being

sampled. Simultaneously, the operation power for both

the receiver and the stimulator must be recovered from

the RF signal. An intra-ocular, monolithic receiving coil

inside the eye acquires the electromagnetic signals and

passes them onto the microchip which operates as a

receiver. This receiver has been realized again in CMOS

technology. The wireless connection is implemented as

RF coupling using LC resonators. The CMOS receiver

carries out all tasks necessary for power and data recov-

ery. After subsequently limiting and rectifying the elec-

trical power is extracted from the carrier. After deriving

the internal clock from the Manchester code, the ASK

signals are demodulated, decoded and error-corrected

using Hamming code. These extracted signals, i.e. data,

reset and clock, are forwarded to the stimulator chip via

flexible integrated microcable [8].
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Electrical stimulation

As a principle task, the stimulation electronics have

to allocate enough current beyond a specific threshold

in order to trigger phosphenes in the visual cortex.

Since the implant is inductively powered, the maxi-

mum deliverable current is limited. Thus, the develo-

pers make high demands on micro-cables and on the

electrodes. In addition to biocompatibility due to close

contact to the ganglion cells, they should feature a

low impedance and a high charge-delivery capacity.

According to the received parameters, the electrical

stimulator unit generates bipolar stimulation pulses.

Two types of CMOS stimulator chips have been devel-

oped so far: a simple chip which can drive an array of

25 electrodes and another, a more advanced one, which

can separately drive a set of 9 electrodes plus an indif-

ferent electrode [8]. Both chips are shown in Fig. 2.

The bipolar pulses are adjustable with respect to pulse

widths from 20 to 1130 ms, pulse polarity, and pulse

current from 0 to 100 mA. Programmable pulse rates

of up to 500Hz can be selected.

Two types of microelectrode arrays have been devel-

oped. The first electrode type was manufactured by ap-

plying backside etching to a separation by implantation

of oxygen (SIMOX) silicon wafer with electrodes made

of titanium nitride. The second type, a flexible electrode

array, has been manufactured by structuring a polyamide

film [13]. This polyamide film can also be used as a

flexible base structure on which all electronic compo-

nents of the implantable device can be assembled. The

impedance is further improved by using a three-dimen-

sional electrode structure. By varying the shape of the

electrodes, the potential distribution can be influenced

significantly to optimize charge transfer. Since gold-pla-

ted 3D electrodes cannot deliver a sufficient amount of

charge, the electrode surface has been coated by a layer

of IrOx [10].

Assembly of the implant

A medical device like the retina implant which is used

for epiretinal stimulation of the ganglion cells has to

meet severe requirements with respect to weight and

size. On the one hand, ophthalmologic prostheses are

constricted by the dimension of the eyeball, on the other

hand the surgeons cannot place and fix heavy parts

inside the eyeball. Besides, the system itself must guar-

antee durability and biocompatibility, and it has to fea-

ture sufficient planar flexibility because the surgeon has

to adapt it to the eyeball and bend it into the retina shape

by applying a minimum force. As a result, all required

components have to be extremely miniaturised. In addi-

tion, electronic circuitry must be integrated into a mini-

mum volume.

In order to gain patients’ acceptance the extraocular

system has to be miniaturized to a magnitude that image

acquisition, image processing, retina encoder, transmit-

ter, and power supply can be integrated into a portable

unit. In order to fulfill all above mentioned requirements

the implant has been designed as a microsystem. All

components of the system were mounted onto a flexible

tape whose dimensions specify the extension of the

implant. The tape contains the wire lines between the

components and the electrodes for stimulation. Bending

and handling is assured during the implantation due to

its planar flexibility. Thus, the implant can be placed and

fixed with ease.

The devices have been completely coated with pary-

lene C, which has become the generic name of poly-

para-xylenes, using a vapour deposition polymerisation

process. Parylene C which has one chlorine atom on the

benzene ring offers favourable qualities due to its low

permeability to moisture and corrosive gases. This mate-

rial prevents short circuits and is non-cytotoxic accord-

ing to the international standard ISO 10993-12 [16].

Finally, the devices were encapsulated into shaping bio-

compatible silicon (poly-dimethyl-siloxane, PDMS) by

means of a vulcanization process. The second layer pro-

tects the electronics and serves as a further passivation.

The implant acts as an artificial intraocular lens after the

implantation.

The first generation of intraocular devices was de-

signed as a hybrid microsystem mounted on a tiny and

flexible foil which connects the microchips and the

electrode array. This insulating polyimide foil has a

thickness of 15 mm and is produced with a technique

compliant to the requirements for neural microimplants

[14]. The electrode array, the microcable and the elec-

tronic circuits were monolithically integrated CMOS

technology to reduce the size and to increase the yield.

The electrodes were made of platinum; their diameter

is about 70 mm and the inter-electrode distance about

750mm. The assembly with s-shaped connections ensures

three-dimensional flexibility and adapts to the shape of

the eye after implantation. As well, its size matches the

restrictions of the eye. A hybrid coil, a capacitor and a

diode were mounted by means of the surface mount

technology (SMT). The receiver and the stimulator elec-

tronics were assembled on the substrate with the Micro-

Flex Interconnection (MFI) technique [9] that reaches
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the integration density of flip-chip assembling without

the use of solder or any other additional material but

gold. For secure electrical insulation, the entire implant

except the electrodes was coated with parylene C. Finally,

the receiver and stimulator parts of the implant were

moulded into silicone, see Fig. 3. The receiver was de-

signed in the shape of an artificial intraocular lens with

a central 2�2mm aperture. In this way, already existing

implantation techniques can be adopted and the vitreor-

etinal surgical procedures can be visually monitored.

From the manufacturer’s point of view, the complex

and fragile hybrid assembly limits the yield of the pro-

totypes. In order to overcome this problem the second

generation of implants is integrated almost entirely using

a monolithic integration [10], see Fig. 3. Thus, the relia-

bility can be improved tremendously, and the integra-

tion density is further increased. The CMOS chips have

been fabricated using standard silicon wafers. Using

microsystem technology, the flexible structure including

biocompatibly insulated wiring, is then deposited straight

onto these wafers. The manually wound coil is replaced

by a planar coil embedded on the flexible polyimid-

carrier which was already described above. Like the coil,

the electrodes were fabricated using microelectro-plat-

ing of gold. The gold surfaces were than covered with

noble metals like platinum or iridium. In short, the

monolithic fabrication also reduces the number of time

and cost consuming assembly steps. The increased den-

sity of integration is important for the next generation of

implants, which will have 200 electrodes. While the

implants are still on a wafer, the functional test can

easily be performed.

Results

After fabrication, preliminary electrical tests were

performed which demonstrated the functionality of all

microsystem components. Then, these components were

assembled into a hybrid implant. Before performing ani-

mal experiments several in vitro tests were carried out to

check the functionality of the entire system. The struc-

tural biocompatibility of the approach was investigated

in chronic implantations of non-functional stimulation

arrays. The thin and flexible polyimide sheets did not

harm the retina. Neither they did not initiate any mor-

phological changes in the retinal layers, nor they did not

influence visually evoked potentials in the operated eye

in comparison to control measurements [11].

Then, the function of epiretinal implants was tested in

two appropriate animal models: minipig and cat. Since

the anatomy of the minipig’s eye is similar to the one of

a human those surgical experiences can be adopted to

clinical tests. Although the morphology of the cat’s eye

differs considerably from that of the human, the cat was

chosen for a functional test of the prosthesis because the

functional anatomy of the cat’s visual system is well

understood.

After anaesthetisation, the main part of the surgery

begins with a complete excision of the lens and the

vitreous body. Before inserting the implant into the

eye, the vitreous body is stabilized by a liquid with high

surface tension, and the back capsule is opened. After

the closure of the wound, the heavy liquid of the poster-

ior eye segment is replaced with a normal electrolyte

solution in order to slowly lower the electrode array onto

the retina. For further stabilization, the electrode array is

tacked with a titanium retinal nail [17]. Histological and

Fig. 4. Photo of an implanted device several weeks after eye surgery

Fig. 3. Two generations of implants: (a) top photo: the encapsulated

hybrid assembly and (b) bottom photo: the nearly monolithic implant

before encapsulation
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functional examination showed a good tolerance and an

intact retina structure underneath the implant. Figure 4

shows photos of an implant inside a minipig’s eye.

The hybrid version of the implant was successfully

implanted into three cat eyes [18] and several minipig

eyes. For the functional verification of the cortical activa-

tion via retina prosthesis, the configuration was slightly

changed. The camera and the retina encoder were re-

placed by a software-based pattern generator. In this

way, comparisons between different tests are simplified.

Wireless power and data transfer to the implanted micro-

system were demonstrated by recording stimulus arte-

facts from the animal sclera (see Fig. 5). As a standard

stimulation paradigm, charge-balanced pulse trains were

applied with a pulse width of 250 ms for each phase

(negative polarity first) and a stimulation amplitude of

about 100 mA for each polarity. In order to test the elec-

trical function of the prosthesis after the implantation,

recordings were performed with one silver electrode

placed episclerally at the implanted eye and an indiffer-

ent electrode at the forehead. By registrating cortical

evoked potentials via silver-chloride electrodes which

were epidurally fixed above the primary visual cortex

of one hemisphere the function of the implant system

has been successfully proven at a minipig. In a cat, the

spatial distribution of cortical neuronal activity in re-

sponse to retinal stimulation was monitored using the

method of optical imaging. Optical imaging of intrinsic

signals can reveal neuronal activity changes at high spa-

tial resolution across large cortical regions [3]. Cortical

potentials were recorded after both visual and electrical

stimulation with short biphasic charge-balanced currents

over a period of several hours.

Discussion

As the most important result, the presented epiretinal

prosthesis elicited cortical activation that had been

expected on the basis of previous investigations with

‘‘cable bound’’ electrodes and hand-held devices

[6, 11]. As far as we know, these data result from the

first successful experiments in which local cortical acti-

vation was generated by a wireless retinal prosthesis.

This prosthesis was completely implanted into the eye

and remotely controlled via an inductive link. Intrinsic

stimulation signals revealed a shift of cortical response

that was well correlated with a change in the position of

the activated retinal electrodes.

At last, only patients can tell whether electrically eli-

cited sensation can be really called vision.

For a successful clinical test, complex spatio-temporal

stimulus patterns are needed in order to adapt the sys-

tem to the patient’s specific perception. Since the devices

are implanted for chronic use they have to meet tough

demands on biocompatibility, and particularly signal and

power transfer should be reliable for a long-term use.
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Summary

Macular degeneration (MD) and retinitis pigmentosa (RP), two dis-

eases that cause degeneration of retinal photoreceptor cells, are the

leading causes of blindness in the United States. Anatomical studies

have shown that other retinal neuronal cells (bipolar cells, ganglion

cells) are preserved in these diseases and they are capable of eliciting

visual percepts when electrically stimulated. We describe the design of

a prototype 16-electrode retinal prosthesis, and the physiological and

clinical results on six blind patients with RP who had the device im-

planted. The US Department of Energy artificial retina program is

described. The goal of the program is construction of a 1000-electrode

retinal neuroprosthesis with the potential of enabling blind patients to

read large print and ambulate with ease.

Keywords: Macular degeneration; retinitis pigmentosa; blindness;

artificial vision; retina; neuroprosthesis; electrical stimulation;

neuromodulation.

Introduction

There are one million blind individuals in the United

States, the majority suffering vision loss as a result of

two diseases of the retina: macular degeneration (MD),

and retinitis pigmentosa (RP). MD is a common disease,

with increased incidence in the elderly that affects the

central (macula) region of the retina [14]. RP is a dis-

order that affects 1:4000 individuals and includes several

related but distinct genetic disorders [18]. RP primarily

affects peripheral vision [18]. In both conditions, the

cause of visual impairment is degeneration of the light-

capturing photoreceptive cells (rods and cones) located

in the outer cell layer of the retina. There have been

numerous clinical trials of pharmacological, biological

and physical therapies to reverse the progressive loss of

sight resulting from MD and RP, but to date, none have

been successful [15]. Recently a neuroprosthetic device

that replaces the lost function of retinal photoreceptive

cells and electrically stimulates remaining nerve cells

in RP has shown encouraging clinical results. In this

chapter, we review the anatomical and physiological

rationale for the retinal prosthesis, the design of the

16-microelectrode prototype device, and initial clinical

results. In conclusions, we describe the challenges in-

volved in constructing the US Department of Energy

(DOE) sponsored high-density multi-electrode array

which has the promise of enabling patients with retinal

blindness to ambulate with ease in every day life, and to

read large print – two important quality of life indicators

for the visually impaired.

The visual pathway in sighted individuals

and patients with retinal blindness

Light entering the eye is focused by the lens onto the

retina, a thin (0.5mm) tissue that lines the inside of the

eye. The retina consists of three discrete neuronal layers

separated by regions of synaptic connections (Fig. 1).

The outermost layer, photoreceptive cells, consists of

approximately, 100 million rods and cones. Photons are

absorbed by visual pigment (rhodopsin) in the rods and

cones and visual messages are passed by chemical neu-

rotransmitters through the vertical pathway in the retina

to the bipolar cells (inner nuclear layer) and then to the

ganglion cells. The axons of the ganglion cells make up

the optic nerve that transmits signals to visual centers in

the brain. Other cell types (amacrine and horizontal cells

in the inner nuclear layer), and numerous subtypes of

all the cells described above add to the complexity of

retinal organization [17]. Images from the outside world

are captured on the retina in a correct spatial orientation

(Fig. 1), and this ‘‘retinotopic’’ transmission of images is

maintained through the entire visual pathway.



There are two aspects of retinal structure which are of

particular importance in developing a functional retinal

neuroprosthesis:

1) Both anatomical and physiological experiments have

revealed that there is considerable image processing

that occurs in the neuronal networks of the retina be-

fore visual signals are sent to the brain cortex where

the final perception of sight occurs. Retinal process-

ing occurs with respect to color, image sharpening,

movement and other aspects of definition of a visual

image [23]. Retinal processing is illustrated by the ana-

tomical finding that there are more than 100 million

photoreceptive cells that capture photons but only

1 million ganglion cell axons that transmit those

visual signals to the brain.

2) While complex processing of visual images occurs in

the inner nuclear layer and ganglion cells of the ret-

ina, the final visual signals are transmitted to the brain

along ganglion cell axons in the form of a constantly

changing train of action potential spikes. The neural

code for this digital signal system is not completely

understood [13].

The optic nerve travels posteriorly to the brain where

there is a separation of the left and right visual worlds

at the optic chiasma. The tracts then synapse at the lateral

geniculate ganglion (LGG) in the thalamus. Neurons

leaving the LGG send their axons to the visual cortex in

the occipital lobe of brain. The visual cortex is separated

into modules which generate perceptions of the different

components of an image – contours, colors, motion, form,

texture, dimensionality, etc. The enormous contribution of

higher orders of brain function in vision is illustrated by

PET and fMRI scans that demonstrate at least ten discrete

anatomical and functional modules in the visual cortex

that interpret and integrate visual perceptions [22]. It

is relevant that deaf patients with implanted artificial

cochlears are able to learn to interpret the artificial sounds

generated by stimulating the cochlear nerve [5], and it is

anticipated that humans will learn, with time, to ‘‘see’’ the

outside world through the artificial visual percepts gener-

ated by a retinal neuroprosthesis.

It had been presumed that degeneration of pho-

toreceptive cells in RP patients would result in disuse

atrophy of downstream neurons. However, quantitative

anatomical studies have shown that patients with ex-

tensive photoreceptive degeneration had minimal to

50% loss of inner nuclear layer cells and ganglion cells

[19, 21]. Cell loss was greatest in the ganglion cell layer

but not nearly as extensive as that seen in the photore-

Fig. 1. An epiretinal prosthesis in contact with the retina. The three cell layers of the retina are depicted. The inner nuclear layer (bipolar, horizontal

and amacrine cells) is located between the photoreceptor and ganglion cell layers. The figure illustrates the retinotopic display of the letter ‘‘E’’ on

the electrode array. Reprinted with permission of the Doheny Institute
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ceptive layer. In RP, neuronal cells were preserved to the

greatest degree in the macula, the central 4�4mm re-

gion of the retina involved in high-acuity vision. Further,

in human volunteer experiments, electrodes were inserted

in the eye of patients with photoreceptive cell degenera-

tion [10]. Electrical stimulation of the electrode elicited a

visual percept, a sensation of streaks or dots of light

(phosphenes), as described in more detail below. These

findings raise the possibility of restoring some degree of

vision in patients with retinal blindness through perma-

nently implanted devices that electrically stimulate re-

maining intact ganglion and inner cell layer neurons. It

should be noted that the most successful neuroprosthesis

to date, the artificial cochlea, bypasses distal signal-trans-

ducing receptors to stimulate more proximal ganglion

cells. Stimulation of as few as 10% of the normal number

of ganglion cell can elicit auditory perceptions [8].

Electrical stimulation of the visual pathway

in patients with retinal degeneration

Studies on the electrical stimulation of the visual sys-

tem as a means of eliciting visual images have been on-

going for more than 70 years [1, 9]. Scientists have

placed stimulating electrodes in the visual cortex [6],

optic tracts in the brain [3], optic nerve [20], and retina

in an attempt to elicit visual percepts in normal and blind

individuals. Operative difficulties and risks to patients

have militated against electrode placement inside the

cranial cavity as a realistic therapeutic approach to cure

blindness. Further, the complex process of image recon-

struction in the post-retinal pathway indicates that the

retina is the structure of choice for implanting a visual

neuroprosthesis. Prototype electrodes arrays have been

placed in the orbit behind the eye (trans-scleral ap-

proach), directly beneath the retina and in the eye cavity

directly attached to the retinal surface (epi-retinal) [4, 7,

11, 25, 26]. The advantages of the epi-retinal approach

are the ease and safety of the surgical procedure and

the electrodes can be placed in close proximity to the

cells being stimulated, decreasing threshold currents and

avoiding diffusion of the stimulating current. The fluid

in the eye (vitreous) can also act as a heat sink.

A series of clinical experiments were conducted in

patients with MD and RP in which electrodes were sur-

gically introduced into the eye under local anesthesia

and placed in proximity to the retinal surface [10, 24].

Electrical stimulation resulted in the perception of phos-

phenes. Patients could discern multiple spots of light in

the correct spatial orientation when multiple electrodes

were stimulated. When the electrode was passed across

the retinal surface, the patient perceived movement of the

phosphene. One of the overriding questions in an elec-

trically-based visual neuroprosthesis is whether a patient

can interpret multiple spots of light into specific patterns

and shapes. Humayun et al. [11] have presented data

showing that patients can perceive simple forms in re-

sponse to patterned electrical stimulation using multiple

stimulating electrodes.

Studies of electrical stimulation of the retina in ani-

mals and humans have established safe and efficient

parameters of the current pulse that can elicit a visual

response (Fig. 2) (summarized in Ref. 11). A cathode-

first biphasic rectangular current pulse with an inter-

phase delay is preferred since monophasic pulses can

cause tissue injury after chronic stimulation. The inter-

phase delay ensures that the depolarization of the neuron

is not reversed; the 2nd phase pulse decreases the net

charge remaining on the electrode tip. The half-phase

amplitude found to elicit visual responses in patients

was in the range of 10–1000mA. Threshold currents

vary considerably among patients most likely because

of differences in electrode placement (proximity to

viable cells) and the physical state of the diseased retina

beneath the electrode. It will be advantageous to deter-

mine the current threshold for each electrode, even in

high-density electrode arrays, when placed in a diseased,

non-homogenous retina. This procedure will customize

the electrode array for each patient. The reported dura-

tion of the current pulse has been in the range of 1 to a

few msecs, at a frequency of 1Hz.

The platinum electrodes used in reported patient

studies had a tip diameter in the range of 100–200 mm.

Fig. 2. The biphasic current pulse delivered by electrodes to stimulate

the human retina
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Ganglion cells have a cell body diameter of 10–20 mm,

indicating that clusters of cells are undoubtedly be-

ing stimulated to elicit a phosphene. The threshold

charge density at the tip of the electrode (amplitude�
duration� frequency=tip surface area) has been shown

to be well below the safety limits for platinum electrodes

(100 microcoulombs=cm2) [2]. The charge density for

smaller diameter electrodes envisioned in 500–1000

electrode arrays will have to be determined experimen-

tally so that the higher charge densities do not generate

toxic electrochemical products at the electrode=neural

tissue interface.

The proto-type 16 electrode visual neuroprosthesis:

design and initial clinical results

An FDA-approved 16 electrode epi-retinal neuropros-

thesis has been developed by the Doheny Eye Institute

of the University of Southern California and Second

Sight, LLC of Valencia, CA and has been implanted into

six blind RP patients. The goals of the clinical trials

were to determine the safety of a long term, active epi-

retinal device and as a proof of principle that rudimen-

tal vision is possible with a device that contains a small

number of stimulating electrodes. The general concept,

depicted in Fig. 3, is that visual images captured by a

camera are converted to pixels and the image data trans-

mitted to an intra-ocular component that translates the

Fig. 3. The general concept of an epiretinal neuroprosthesis. The video camera sends an image to an image processing unit and then to an encoder

(not shown) before relaying signals to intraocular electronics stimulate the microelectrodes in defined patterns. Reprinted with permission from the

Annual Review of Biomedical Engineering, Volume 7, 2005 by Annual Reviews, www.annualreviews.org

Fig. 4. A simplified block diagram of the extraocular and intraocular

components of a prototype retinal prosthesis (derived from Liu et al. [16])
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signal into electrical pulses that stimulate the retina

through a two-dimensional electrode array [11]. The ad-

vantages of separate extra- and intra-ocular components

are that the surgeon is not constrained by the small size

of the orbit and upgraded electronics can replace the

extra-ocular system without the need for surgery. The

system is powered by a small replaceable battery worn

on the patient’s belt.

The extra-ocular system (Fig. 4) consists of a minia-

turized camera, embedded into a pair of eyeglasses that

captures black and white images and sends them to the

video processing unit (VPU). The VPU divides the image

into 16 pixels that are processed with respect to light=

dark, brightness and grey scale. The telemetry protocol

chip processes (encodes and modulates) the image data

and the modulated radio frequency carrier is then induc-

tively transmitted to the intraocular unit. A bidirectional

telemetry link is essential to send both data and power to

the implanted components and to relay data in the oppo-

site direction from the electrode array (e.g. changes in

electrode impedance).

The electronics in the implanted system [16] decodes

the data signal by reversing the processing used to en-

code it and the stimulating chip sends electrical current

pulses of the correct waveform to specific electrodes for

patterned stimulation of the retina. The electrode array is

composed of 16 platinum electrodes (200mu diameter)

embedded in silicone rubber. The electrode array is fixed

to the retina with a metal alloy opthalmologic tack. With

the exception of the inductive link, electrical signals are

transmitted through a multi-wired cable.

Clinical and physiological studies of the six patients

who have undergone implantation of the retina prosthe-

sis are yielding a wealth of information of safety, toler-

ability, and efficacy of the device [12]. It should be noted

that the patients studied had bare or no light perceptions

often for many decades. The most important findings are

described below:

1) The implantation procedure is well tolerated with no

major adverse surgical outcomes. The implanted de-

vices have caused no problems during the course of

the study to date; the first patient studied has a func-

tional device in place for three years.

2) A battery of stringent, standardized tests is repeat-

edly performed on all patients. Following device im-

plantation, patients were able to distinguish light

from dark and can detect visual percepts from each

electrode in the correct spatial orientation. Further,

patients were capable of finding and counting large

objects on a screen. Objects in the physical world

(e.g. cup, plate, and knife) were distinguished from

one another. Subjects could sense movement of ob-

jects across a screen.

3) Current threshold that elicited visual percepts varied

within and between patients ranging from �10 to

1000mA. However, the threshold and impedance

values remained stable over time.

Future challenges for development of dense

multi-electrode arrays

The clinical experiments described above demonstrate

that a retinal neuroprosthesis is safe over the short term

and can provide a rudimentary form of artificial vision.

Nevertheless, psychophysical data has shown that it

would be necessary to have an artificial visual system

with more than 500 pixels (electrodes) to navigate a

room, read large print and recognize faces; these are con-

sidered standard quality of life indicators for the visual-

ly impaired. With this in mind, the US Department of

Energy (DOE) embarked on an Artificial Retina Program

in 2002 with the goal of developing a 1000 electrode epi-

retinal neuroprosthesis. The program is a collaboration of

the Doheny Eye Institute of the University of Southern

California, Second Sight, LLC, five DOE National Labo-

ratories (Lawrence Livermore National Laboratory, Los

Alamos National Laboratory, Sandia National Laboratory,

Argonne National Laboratory, and Oak Ridge National

Laboratory) and three additional universities (The Uni-

versity of California at Santa Cruz, North Carolina State

University, and California Institute of Technology).

The problems inherent in scaling up a 16 electrode

device into one that contains 1000 electrodes are formid-

able. These include packaging additional microelectro-

nics that fit into the same physical space, developing

more advanced wireless telemetry to obviate the large

numbers of wires entering the eye, and applying new

classes of hermetic seals around the implantable micro-

electronics, wires and interconnects to avoid current

leakage. The implantable device must withstand a con-

stant saline environment at body temperature for de-

cades. Finding suitable materials to support the large

number of metal electrodes envisioned for the array is

a daunting problem. The material that holds the dense

array of metal electrodes as well as the high-density

cable containing wires must be flexible and conform-

able, biologically inert, able to withstand manipulation

by the surgeon, and demonstrate long-term integrity. It is

unlikely that materials used for low-density arrays (e.g.

rubber silicone, polyamide) will be useful. The mechan-
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ical and electrical lifetime of these materials must be in

excess of ten years. The goal of developing a 1000 elec-

trode retinal prosthesis will be reached in intermediate

steps (60, 200 electrode arrays) and technical innova-

tions will be integrated into the final device design. It

is anticipated that a high-density 1000 electrode retinal

prosthesis will be implanted into a patient by 2009.
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Summary

Degenerations of the outer retina such as retinitis pigmentosa (RP)

lead to blindness due to photoreceptor loss. There is a secondary loss of

inner retinal cells but significant numbers of bipolar and ganglion cells

remain intact for many years. Currently, no therapeutic option to restore

vision in these blind subjects is available. Short-term pattern electrical

stimulation of the retina using implanted electrode arrays in subjects

blind from RP showed that ambulatory vision and limited character rec-

ognition are possible. To produce artificial vision by electrical retinal stim-

ulation, a wireless intraocular visual prosthesis was developed. Images of

the environment, taken by a camera are pre-processed by an external

visual encoder. The stimulus patterns are transmitted to the implanted

device wirelessly and electrical impulses are released by microcontact

electrodes onto the retinal surface. Towards a human application, the

biocompatibility of the utilised materials and the feasibility of the sur-

gical implantation procedure were stated. In acute stimulation tests,

thresholds were determined and proved to be within a safe range. The

local and retinotopic activation of the visual cortex measured by optical

imaging of intrinsic signals was demonstrated upon electrical retinal

stimulation with a completely wireless and remotely controlled retinal

implant. Potential obstacles are reviewed and further steps towards a

successful prosthesis development are discussed.

Keywords: Retina implant; artificial vision; neuromodulation; visual

prosthesis; active implants; electrical stimulation; bionic eye; implanta-

tion technique; epiretinal implant; retinitis pigmentosa.

Introduction

Although there are many examples of electrical de-

vices that can support or mimic the function of defective

organs – such as pacemakers for individuals suffering

from heart disease or cochlear implants for the hearing

impaired – restoring vision, with electrical devices

implanted into the eye, is much more difficult [29, 33].

Sight is an extremely complex form of information pro-

cessing. The precondition of vision is an elaborated

interaction between the retina and the visual cortex.

The retina may be considered as the first ‘‘neuroproces-

sor’’ in the visual pathway. Roughly 130 million photo-

receptor cells (rods and cones) in the outermost layer of

the retina transform local luminance, colour patterns,

motions and other qualities of the visual perception into

electrical signals. The first remarkable data pre-proces-

sing of these signals is then performed by a network of

retinal neurons: horizontal cells, bipolar cells, amacrine

cells, and ganglion cells; due to its complexity, this pro-

cess is still not completely understood. Visual information

from the retina’s sensory neuroepithelium are transformed

into electrical signals carried by the ganglion neurons,

whose axons form the optic nerve. The optic nerve trans-

mits visual information via the lateral geniculate nucleus

to the primary visual cortex of the brain.

Despite all progress in surgical and medical therapy

there are still incurable diseases in ophthalmology.

Progressive retinal degenerations of the outer retina like

retinitis pigmentosa (RP) often end in total and un-

preventable blindness. RP is the leading cause for in-

herited blindness [3]. Gene therapy and growth factors

must be considered as experimental attempts for a

causal therapy. The utilisation of viral vectors implies

unpredictable risks [4, 28]. Recent studies on blind hu-

man subjects revealed that a large number of ganglion

cells remain intact and are capable of transmitting signals

to the brain to evoke partial visual perception [13, 15,

25, 35]. This provided hope to compensate for the visual

defects by bypassing the damaged photoreceptors with

retinal prostheses. In a first stage the aim is to regain a

moderate amount of vision such as perception of lo-

cation and shape of large objects and, subsequently, to

achieve reading quality [6].



In the early 1990s, researchers started developing

prostheses that could be implanted directly adjacent to

the retina. The breakthrough in the development of a

retinal prosthesis was only possible due to rapid progress

in microsystem technologies with its possibility of high

integration of electronic components on limited space.

In addition, current advancements in ophthalmic surgical

techniques and instruments have enabled us to handle

even complex situations [1, 22]. In such applications, it

is necessary that the utilised materials remain stable and

relatively inert to minimise their impact on remaining

retinal tissue. Furthermore, electrical parameters for the

stimulation of retinal nerve cells must be determined and

electronic circuits to accommodate the large brightness

and contrast variances of the environment have to be

developed. Before retinal implants can be tested in

patients, surgical techniques for implanting, fixing, and

removing these electronic prostheses in the eye must be

developed. In addition, suitable animal models for test-

ing retinal prostheses must be found, ethical questions

addressed, and regulatory matters considered [2, 5, 10,

17, 18, 20, 21, 26, 36, 40]. There is also the question of

which patients are best suited to receive retina implants

[41, 42]. Up to now, a remotely controlled implantable

medical device for human application is still not avail-

able. Prototype devices for short term electrical stimula-

tion of the retina have already been implanted in humans

suffering from RP-related blindness. Humayun et al.

[12, 13, 14, 16] and Rizzo et al. [23, 24] implanted

epiretinal microcontact devices connected with a cable

to a pulse generator outside the eye. In both groups, pa-

tients reported some visual sensations. In the following

sections the principle of the German retina implant,

operation techniques and first functional results on acute

stimulation trials in animals will be discussed.

General principle of the retina implant

In 1995, a German research team for the development

of an epiretinal implant (EPI-RET) launched a program

to develop a completely wireless device for the electrical

stimulation of the inner retinal surface. The system con-

sists of extraocular components for image capturing,

signal processing and energy and signal transmission.

The completely implantable intraocular device com-

prises a receiver for energy and data, a current generator

and the electrode array coupled to the ganglion cells for

retinal stimulation [6, 8, 11, 30, 38]. The general design

of the system is shown in Fig. 1 of the Chapter by Krisch

and Hosticka.

The intraocular device, shown in Figs. 2a, b, is de-

signed as a hybrid microsystem mounted on a flexible

foil carrying and connecting the microchips and the

electrode array. The foil is made of polyimide with a

thickness of 15. It’s production fulfils the requirements

for neural microimplants [27, 31]. The electrode array,

the microcable and the electronic circuits are mono-

lithically integrated to reduce size and to increase func-

tional reliability. The electrodes are made of platinum

with a diameter of 70 mm and an inter-electrode distance

Fig. 1. General concept of the epiretinal retina implant approach. The CMOS-camera unit, integrated into a spectacles frame, captures scenes of the

environment which are then analysed by a so called retina encoder (RE), representing a tiny ‘‘pocket processor’’ to calculate the stimulation

sequences [6]. The data are transferred to a transmitter module. Energy to drive the implant is transmitted wirelessly by magnetic coupling together

with a radio frequency signal, encoding the stimulation pulse parameters for each of 25 retinal microelectrodes into the receiver module of

intraocular implant. After separating energy and data signals from the RF-field, the decoded information is transferred via a microcable to the

stimulating unit. The retina stimulator itself represents a microelectrode array on a flexible polyimide foil adherent to the retinal surface applying the

electrical pulses
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of 750 mm. The substrate containing the individual elec-

trodes comprises three rings with s-shaped connections

in order to ensure a good three-dimensional flexibility

and to adapt to the curvature of the eye after implanta-

tion (Fig. 2b). A combination of hybrid and monolithic

integration technology was chosen to implement a com-

plex system that matches the restricted size of the eye

[32]. Awire coil, a capacitor and a diode were connected

by means of the surface mount technology (SMT). The

receiver and the stimulator electronics were fabricated

as ‘‘application specific integrated circuits’’ (ASICs)

using silicon technology. They were assembled on the

substrate with the MicroFlex Interconnection (MFI)

technique [19] that reaches the integration density of

flip-chip assembling without the use of solder or any

other additional material but gold. For final electrical

insulation, the entire implant except the electrodes was

coated with poly-para-xylylene parylene C using a

vapour deposition polymerisation process. This material

prevents short circuits and is non-cytotoxic according to

the international standard ISO 10993-12 [34]. Finally,

the receiver and stimulator part of the implant were

moulded into polydimethylsiloxane (PDMS). The re-

ceiver was designed in the shape of an artificial intra-

ocular lens with a central 2�2mm aperture (Fig. 2a).

Hereby the vitreoretinal surgical procedure can be visu-

ally monitored.

Surgical implantation procedure

The surgical procedure consisted of modified standard

techniques of human ophthalmic surgery. It was demon-

strated that the implantation of such complex structures

is technically demanding but feasible [17, 39]. Experi-

mental implantations were successfully conducted in

cats, rabbits and pigs by our group. The surgical method

comprised a lensectomy and a vitrectomy. Therefore

the conjunctiva was opened along the temporal limbus.

A corneal incision was made and a viscoelastic fluid

was injected into the anterior chamber to maintain it’s

depth and to protect the corneal endothelium. After a

capsulorhexis of the anterior leaf of the lens’ capsular

bag the clear crystalline lens was removed in standard

phacoemulsification procedure. An infusion cannula

was inserted into the anterior chamber and the posterior

leaf of the capsula was opened. The central vitreous

was removed by a transplanar port-hole vitrectomy

Fig. 2b. Magnified photograph of the stimulator unit (SU) with the

electrode array before assembly of the stimulator chip (pad array on the

right). The SU is composed of a thin and flexible polyimide foil as

substrate, microwires and a parylene C coating, except on the stimula-

tion electrodes. For electrical stimulation, different inner electrode dots

can be used as cathode and anode, or inner dot and outer ring can be

used as electrode pair, respectively. Electrode diameter (inner dot):

70 mm, electrode distance: 750mm

Fig. 2a. Photograph of the EPI-RET intraocular device. At left is the artificial lens (made of Polydimethylsiloxane; PDMS) with the receiver unit

(RU) and the receiver microchip (RC) for data and energy transfer. The right part shows the stimulator unit (SU) with an array of 25 microelectrodes.

SU and RU are connected via a flexible microcable (MC). The programmable current sources (PCS) can drive up to 25 electrodes simultaneously

and the bipolar current pulses are adjustable to pulses from 0 to 1130ms with currents from 0 to 100mA at a pulse rate up to 500Hz
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(via corneal approach in the cat due to increased risk

of scleral bleeding) and the globe was filled with

Perfluordecalin (PFD) as vitreous substitute. Next, the

corneal incision was enlarged, the anterior chamber

filled again with viscoelastics and the prosthesis was

carefully inserted into the anterior chamber. The cor-

neal incision was sutured. With a small hook the mi-

crocable and the retina stimulator were pushed through

the opening of the posterior capsula and placed onto the

PFD surface. Thereafter, the receiver unit was carefully

inserted into the capsular bag of the removed lens or

into the sulcus ciliaris. The central aperture of the re-

ceiver unit allowed visual inspection of the retina so

that manipulations within the posterior segment of the

globe were possible with the receiver already in place

(Fig. 2a). Then, the PFD was slowly removed and ex-

changed to balanced salt solution. Simultaneously the

stimulator was placed onto the retinal surface in the

region of the Area Centralis (AC). Finally, the stimulator

was affixed with a titanium retinal tack at the appropriate

location.

Biocompatibility of retina implants

To ensure the long term safety of the utilised materials,

biocompatibility tests were conducted. Therefore retinal

stimulators and microcontact foils were implanted by

the above mentioned technique in rabbits (Fig. 3a, b).

Clinical and electrophysiological data throughout 6

months of follow-up did not indicate any adverse effect

of the surgery, the implant or the tack itself. Fluorescein

angiography showed that the entire retina including the

implantation area remained well perfused (Fig. 3c). No

change in retinal architecture underneath the implant

was found by light microscopy (Fig. 3d, e). In all cases

the implant was stable at its original fixation area.

Fig. 3. Biocompatibility tests on the pin fixation of inactive retina stimulator micro contact foils. In rabbits vitrectomy (removal of the vitreous) was

performed. Retinal tacks (RT) were inserted transretinal into the sclera to immobilise the retina stimulator (RS) close to the location of the visual

streak (VS) (a). Follow up of six months after surgery showed no significant adverse affects to the retina (b). The RT and the RS remained firmly

affixed to the retina throughout the follow-up period. Hypopigmentation of the retinal pigment epithelium was observed only around the site of

retinal tack insertion. No fibrous encapsulation of the implant, intraocular inflammation or uncontrolled bleeding was visible. Fluorescein

angiography showed that the entire retina including the area under the electrode array remained well perfused (c). Similarly, histologic evaluation

revealed near total preservation of the retina underlying the electrode array (d, HE staining). The retinal tack proved to be biocompatible, producing

only insignificant damage to the adjacent retina (e, HE staining)
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Acute stimulation experiment with telemetrically

driven retina implants

To evaluate the functional efficacy of the implant on

spatial neuronal activation of the visual cortex upon tele-

metric stimulation, the technique of optical imaging of

intrinsic signals was used. This technique reveals neuro-

nal activity changes, both subthreshold and spike-related

two-dimensionally and at high spatial resolution across

large cortical regions [9]. Hereby, the shift in light

absorption maxima is registered between oxygenated

hemoglobin and deoxyhemoglobin as a parameter for

glucose metabolism representing the grade of cortical

activation.

After intraocular implantation of the retina implant

device into the cat’s eye, basic stimulation tests with

recording of episcleral stimulus artefacts showed that

the implant remained functional throughout surgery. A

craniotomy was made over the central representation of

the primary visual cortex in the hemisphere ipsilateral

to the retinal implant. Cortical activity images were

collected with a CCD camera and processed by special

software. The prosthesis was wirelessly powered by mag-

netic coupling and maintained with stimulation data by

an external Radiofrequency (RF) field. Two different

stimulation protocols were used. For control, monocular

(non-operated eye) visual stimuli were used and resulted

in expected cortical activity patterns. In the test protocol,

cortical activity was recorded before, during and after

activation of the retina implant without visual stimu-

lation (both eyes occluded). We found that telemetric

stimulation of a single electrode pair gave rise to an

increased activation of the visual cortex extending sev-

eral millimetres parallel to the cortical surface (Fig. 4).

Activation of a neighbouring electrode pair caused a

predictable positional shift of the activated cortical zone

[37]. This phenomenon is illustrated in Fig. 4 showing

a case where nine electrodes of the implant were tested.

Discussion

Due to advances in the fabrication of flexible, highly

integrated microsystems, the development of a visual

prosthesis became a realistic option in the future treat-

ment of currently untreatable conditions leading to blind-

ness. We were able to demonstrate that a complex device

for electrical stimulation of the inner retinal surface can

be fabricated using hybrid and monolithic integration

technologies even for the restricted space within the

eye. This requires a highly dynamic collaboration of

different specialists in engineering, micro technology,

electronic engineering, neurophysiology and ophthal-

mology. As a first step toward the goal of a completely

wireless human retina implant, the biocompatibility and

the feasibility of surgically implanting an inactive elec-

trode array in the vertebrate eye by modifying estab-

lished ophthalmic surgical procedures were tested. The

platinum and silicone arrays as well as the titanium

tacks were biocompatible and the underlying retina

showed insignificant damage and remaining perfusion.

As a next step we could demonstrate that well defined

cortical regions can be activated by epiretinal electri-

cal stimulation from electrodes of a wireless and bat-

tery-less retinal prosthesis in an animal model. These

tests not only comprised qualitative responses to elec-

trical stimulation, but achieved cortical activation in

the expected and retinotopically correct cortical area.

A latero-medial shift of the peak of cortical activation

was in line with the spatial separation of the retinal

electrodes and the cortical magnification factor [37].

Future experiments are planned with more complex

stimulus patterns. Chronic implantations to test long-

term biocompatibility of materials, signal and energy

transfer, and the stability of long-term electrical stimu-

lation in terms of stimulation thresholds and retinotopy

Fig. 4. Optical imaging of the visual cortex after electrical stimulation

of the inner retina with a completely implanted retinal prosthesis in the

cat. The figure shows a scheme of the electrodes overlying a fundus

image. The electrode array was positioned in the lower nasal hemi-

retina of the left eye overlapping partially with the area centralis (AC).

The electrodes are numbered 1–25. The nine small images outline the

visual cortex with the region exposed for optical recording. Each

photograph represents activity images during telemetric activation of

the corresponding electrode pair. Dark zones represent strongly active

regions and light zones represent less active regions. Each stimulation

of a single electrode resulted in a predictable shift in the maximum of

cortical activity
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will be conducted. Further steps in the development of

implants will comprise a higher integration of electrical

components, an increased number of electrodes up to

patterns resembling ganglion cell density and the fabri-

cation of 3D structured stimulation electrodes to opti-

mise charge transfer to the tissue. A bi-directional data

stream is desirable, allowing to read out functional param-

eters of the implant itself, like e.g. electric impedance of

the electrodes or other information on the internal state

of the implant. These data may modify its action and

save energy by adapting stimulus currents for each

single electrode. From the surgical aspect alternative

fixation techniques should be discussed. In conclusion,

there has been substantial progress toward an electronic

retinal prosthesis. The proof of principle has been dem-

onstrated, but further milestones in the development to-

ward a human application are necessary.
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Summary

Motor cortex stimulation (MCS) is a promising clinical technique

used to treat chronic, otherwise intractable pain. However, the mechan-

isms by which the neural elements that are stimulated during MCS

induce pain relief are not understood. Neither is it known which of

the main neural elements, i.e. cell bodies, dendrites or fibers are imme-

diately excited by the electrical pulses in MCS. Moreover, it is not

known what are the effects of MCS on fibers which are parallel or per-

pendicular to the cortical layers, below or away from the electrode. The

therapy and its efficacy are less likely to be improved until it is better

understood how it may work.

In this chapter, we present our efforts to resolve this issue. Our

computer model of MCS is introduced and some of its predictions are

discussed. In particular, the influence of stimulus polarity and electrode

position on the electrical field and excitation thresholds of different

neural elements is addressed. Such predictions, supported with clinical

evidence, should help to elucidate the immediate effects of an electrical

stimulus applied over the motor cortex and may ultimately lead to op-

timizations of the therapy.

Keywords: Neuromodulation; motor cortex stimulation; chronic

pain; anode; cathode; neurostimulation; computer modeling.

Introduction

Electrical stimulation of the motor cortex was pro-

posed in 1993 by Tsubokawa and his colleagues [23]

as a treatment modality for chronic pain syndromes

that were irresponsive to medications and for which

other neuromodulative techniques were unsuitable or

ineffective. Stimulation of the motor cortex gave better

analgesic results than sensory cortex stimulation in

Tsubokawa’s series of patients. Since Tsubokawa’s pro-

posal, several centers have applied motor cortex stimu-

lation (MCS) for chronic pain treatment. A total of about

350 patients have been reported world-wide until now

[14]. Central and trigeminal chronic pain syndromes

have been identified as main indications, but other pain

syndromes such as phantom limb pain, brachial plexus

injury, pain related to paraplegia and quadriplegia etc.

have also shown responsiveness to MCS [3, 16]. Apart

from chronic pain treatment, MCS has been used for

the treatment of movement disorders [18]. In addition,

an improvement in rehabilitation outcome has been re-

ported when MCS was used concurrently with physical

therapy in stroke patients [4].

Because the electrode is implanted epidurally (in the

majority of cases), the brain is not exposed, resulting in

little invasiveness of the surgical procedure and few

complications [3, 16]. However, since the dura mater

is not transparent, locating the central sulcus and motor

cortex and subsequently mapping the topography of the

motor cortex for each individual patient may be cumber-

some and requires application of electrophysiological

recording techniques (somatosensory evoked potentials,

motor evoked potentials and electromyograms) and

neuro-navigation (using CT-scans and fMRI) techniques

[16, 26]. The use of these techniques is indispensable in

order to ensure the positioning of the active contact(s)

over the representation of the painful body area in the

motor cortex; this is essential for the success of the

therapy [15]. In most cases, the stimulation mode is

bipolar across the central sulcus, with the cathode pro-

grammed on the motor cortex side at a stimulus ampli-

tude at �50% of the motor threshold. The ResumeTM

paddle with four contacts is most commonly used nowa-

days for chronic stimulation. The stimulus parameters

(pulse duration, amplitude, frequency and cycling mode)

are chosen for each patient empirically based on the

subject’s feedback on pain relief and side effects [3].

The mechanisms by which MCS induces pain relief

are not known. PET studies showed that the neural



pathways descending to the thalamus and the brainstem

as well as the cingulate gyrus and insula exhibit an in-

crease in activity during MCS; these structures are

known to be involved in pain perception and processing

[5]. It is, however, unclear which neural elements within

the motor cortex represent the input stage of the analge-

sic chain in MCS and are activated by stimulation. An

increase of our knowledge on the neural elements which

are immediately activated by a stimulus pulse will help

us to determine stimulus parameters and to shorten the

trial stimulation period and to optimize the electrode

design. Several research centers have been performing

computer modeling in order to explain the effects of

neurostimulation. The focus of our group has been the

modeling of clinical neuromodulation techniques. As a

result, a model of spinal cord stimulation (SCS) has been

developed and validated in the past. This modeling work

helped to understand some mechanisms of SCS such as

the influence of the electrical field on the stimulation of

nerve fibers in the spinal cord region [8]. An increase of

this knowledge led to a better understanding of which

anatomical and electrode parameters are essential for the

stimulation effects [10] and, consequently, to proposals

for the optimization of electrode design [9] and ideas

about new electrodes [11]. Using the same approach,

we recently developed a model of MCS [12]. Although

this modeling work is in an early stage and many param-

eters of the model are not well known, it can be expected

that the model will give similar predictions as in SCS

and that, consequently, proposals solutions can be sug-

gested in order to improve efficacy of MCS. This chapter

aims to introduce our MCS model and discuss its useful-

ness and the challenges that it faces.

Modeling methods

As in our SCS models, the MCS model consists of:

1) 3D volume conductor model with a stimulating elec-

trode and 2) nerve fiber=neuron models. These parts of

the MCS model are only briefly described here. For

detailed descriptions and explanations see our previous

publication [12].

Volume conductor model

The precentral gyrus which hosts motor cortex on its

superior and posterior aspect and the adjacent precentral

and central sulci constitute the central part of the model

(Fig. 1). A layer of cerebrospinal fluid (CSF) separates

the cortical surface from the dura mater. In our model,

the dura is pressed towards the cortex by the implanted

electrode paddle and the overlaying skull. The dimen-

sions of the anatomical compartments were taken from

the literature and our own measurements on cortical prep-

arations. The thickness of CSF was set at 1.1mm thus

representing a value resulting from subtraction of the

mean pre-implant CSF thickness (¼3.1mm) obtained

from our measurements on MRI images and the thick-

ness of the electrode paddle insulation (¼2.0mm). The

values of electrical conductivity of the modeled tissues

were obtained from literature and most of them were

inherited from our SCS model.

The results presented in this chapter were obtained

from models that had the electrode paddle orientated

perpendicularly to the central sulcus; this is the orienta-

tion most commonly encountered in clinical practice.

This is different from the models presented in our pre-

vious publication which had the electrode lead posi-

tioned in parallel to the central sulcus [12]. Monopolar

stimulation with a single cathode=anode positioned over

the center of the precentral gyrus or over the central

sulcus was modeled. The potentials at the boundary of

the model were set at 0V (Dirichlet boundary condi-

tion); this boundary provides the return path for the

stimulation current. The distribution of the electrical

field potentials in the 3D space of the model, resulting

from the applied stimulus pulse, was calculated by

solving a discrete form of the Laplace equation using

numerical techniques.

Nerve fibre=neuron models

The modeled neural elements are shown in Fig. 2. The

neural elements designated with ‘A’ and ‘E’ represent

the nerve fibers whose orientation is parallel to the

Fig. 1. Antero-posterior cross-section of the 3D volume conductor

model. The anatomical compartments and the electrode contact are in-

dicated. The cross-section was made through the center of the electrode
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cortical layers and the neurons whose fibers are perpen-

dicular to the cortical layers, respectively.

The electrical model of the fibers parallel to the cor-

tical layers is the same as previously used in SCS and

consists of nodal compartments with membrane kinetics

as described by Wesselink et al. [25]. In an attempt to

account for the presence of the cell body and apical

dendrite in neurons perpendicular to the cortical layers,

the fiber model has been expanded with 1 somatic and

15 dendritic compartments attached at the fiber end

proximal to the electrode site. The additional compart-

ments were considered to be passive and the membrane

resistance was chosen in order to obtain a membrane

time constant of 10msecs; this has been based on mea-

surements in pyramidal cell bodies [24]. The size of the

cell body compartment was chosen such that its volume

matched mean value measured by Rivara et al. in human

Betz cells [22]. The diameter of the apical dendrite was

set at 8 mm and its length at 1mm. The axial direction of

the cell body and dendrite coincided with the direction

of the fiber (perpendicular to the cortical layers).

Simulations

The shape of the electrical potential field depends on

the characteristics of the volume conductor (geometry

and electrical conductivity of the anatomical compart-

ments) and the position of the stimulating electrode in

the model. Whether a given stimulus will stimulate a

neural element depends on its position and orientation

within the imposed potential field and its excitability

(electrical and geometrical properties of the membrane

compartments). The calculated stimulus-evoked poten-

tial field at the positions of the membrane compartments

drives the membrane voltage behavior. The response of a

neural element to this field was simulated by solving a

system of differential equations that describe the mem-

brane kinetics. In the simulations presented, the stimulus

amplitude needed to excite the modeled neural elements

(excitation threshold) was calculated. In addition, the site

of stimulation, being either a fiber node or a somatic=

dendritic compartment, was reported. The criterion of

successful excitation was the occurrence of action poten-

tial (AP) generation and propagation.

Model predictions

In order to demonstrate what kind of predictions a

MCS model can provide, the following results have been

selected:

Electrode impedance and impressed current

When the electrode was shifted from a position over

the precentral gyrus to a position over the central sul-

cus the electrode impedance decreased from 758 to

746Ohms (1.5% change). With a voltage of 1V applied

to the electrode in both positions, a current of 1.32 and

1.34mA, respectively, was calculated using Ohm’s law.

Therefore, the influence of the electrode position on the

impedance and impressed current is negligible.

Iso-lines

Iso-potential lines (connecting points of equal poten-

tial) for anodal stimulation with the electrode centered

over the precentral gyrus and over the central sulcus are

shown in Fig. 3A and B, respectively.

Cathodal stimulation had the same distribution of the

lines, but with a reversed polarity. Although the stimulus

applied was equal in both cases and the same number of

lines is shown for the same voltage range (0.45–0.8V),

the penetration of the lines into the precentral gyrus was

remarkably different. When the electrode was positioned

over the precentral gyrus the iso-lines were symmetrical

with regard to the gyrus (Fig. 3A). With the electrode

positioned over the central sulcus, a penetration of the

iso-lines deep into the sulcus and sulci walls was ob-

served (Fig. 3B). The direction and the density of the

lines in the region where they overlap (anterior lip of the

Fig. 2. Cortical neural element models. ‘A’ fiber parallel to the cortical

layers; ‘E’ neurons perpendicular to the cortical layers; ‘E1’ neuron on

top of the precentral gyrus, ‘E2’ neuron in the lip of the central sulcus,

‘E3’ neuron in the anterior wall of the central sulcus. The cell bodies

and apical dendrites of the ‘E’ neurons are indicated
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sulcus) are different in Fig. 3A and B. Bearing in mind

that the current density vectors are perpendicular to the

iso-potential lines and the vector intensities are larger if

the adjacent lines have a smaller spacing, the stimulation

of those neural elements that extend perpendicularly to

the iso-potential lines in the region of higher line density

would be favored. Therefore, it is expected that different

neural elements will be stimulated when the electrode is

at one or the other position.

Excitation threshold voltages and sites of stimulation

Calculating the deflection of membrane potentials

caused by a stimulus pulse of given amplitude is the most

exact predictor of the response of the neural element. By

varying the stimulus amplitude iteratively between two

preset values and simulating the neural element responses

for each stimulus, the amplitude needed to elicit an action

potential was determined. A pulse amplitude up to 60V

and a pulse width of 210msec were used in all simula-

tions. The excitation threshold voltages of the neural ele-

ments with fiber diameters varying between 5 and 15mm
are shown in Fig. 4 for the two electrode positions with

stimuli of both polarities.

Cathode centered over the precentral gyrus

When a cathode was centered over the precentral

gyrus, the fiber parallel to the cortical layers (Fig. 2,

‘A’) had the lowest threshold (Fig. 4a). The site of exci-

tation was always at the node of Ranvier close to the

center of the cathode. Assuming that the fiber diameter

remains the same, the neurons in the wall and the lip of

the sulcus (Fig. 2, ‘E3’ and ‘E2’) were excited at higher

voltages. Their thresholds had similar values (Fig. 4a).

The excitation always took place in the fiber, some

nodes away from the cell body. The fiber of the neuron

in the center of the gyrus (Fig. 2, ‘E1’) was always

hyperpolarized by a cathodal stimulus and therefore

these elements could not be excited.

Anode centered over the precentral gyrus

With an anode in the position over the precentral

gyrus, the fiber parallel to the cortical layers (’A’) and

the neuron in the center of the gyrus (’E1’) had compar-

able excitation thresholds when fibers of the same di-

ameter were compared (Fig. 4b). The neurons in the

sulcus wall and lip (‘E3’ and ‘E2’) were stimulated at

significantly higher voltages. The threshold of the ‘A’

fiber was 2–3 times higher than in the cathodal stimula-

tion. The site of excitation was located away from the

center of the electrode, in the lip of the sulcus where the

fiber orientation changes. For the ‘E1’ neuron, the excita-

tion site was in the fiber at the 3rd–4th node away from

the soma. The threshold to excite this neuron anodally

was somewhat higher than the threshold to excite the ‘A’

fiber (of the same diameter) cathodally (compare Fig. 4a

and b). The thresholds to excite ‘E2’ and ‘E3’ neurons

were higher in anodal than in cathodal stimulation (see

Fig. 4a and b), the difference being larger for the ‘E3’

neuron. The stimulation site of these neurons was always

located at one of the nodes in the fiber, but further away

from the cell body than in cathodal stimulation.

Cathode centered over the central sulcus

When the cathode was centered over the central sul-

cus, only the fiber parallel to the cortical layers (‘A’)

could be excited. The threshold was slightly higher

than in cathodal stimulation over the precentral gyrus

Fig. 3. Iso-potential lines in a plane through the center of the anode

with the electrode over the precentral gyrus (A) and over the central

sulcus (B). 150 iso-lines in the range 0.45–0.8V are shown with the

stimulus amplitude of 1V. The outermost line connects the points

having the potential 0.45V. The increase in the potential value is

�2.3mV (¼0.35V=149) for each inner line
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(compare Fig. 4a and c). The site of stimulation shifted

along with the electrode and was at one of the nodes in

the lip of the sulcus where the fiber changes its orienta-

tion. The fibers of the ‘E’ neurons were hyperpolarized

and could not be excited within the simulated range

of amplitudes (up to 60V). Therefore, their threshold

curves are missing in Fig. 4c. However, if the neuron

‘E3’ were displaced deeper in the sulcus it became exci-

table (results not shown).

Anode centered over the central sulcus

If anodal stimulation over the central sulcus was

simulated, the neuron ‘E2’ had the lowest threshold,

whereas neuron ‘E1’ had the highest value, but was still

excitable. The thresholds to excite the neuron ‘E3’ and

fiber ‘A’ were ranging in between, with ‘E3’ having the

higher threshold (Fig. 4d). The site of action potential

generation in the ‘A’ fiber was at the nodes near the bend

of the fiber on the opposite side of the precentral gyrus.

The ‘E’ neurons were stimulated at one of the nodes of

the fiber. The site of stimulation roughly matched the

site when the cathode over the precentral gyrus was

used, thus it was closer to the cell body than in anodal

stimulation over the precentral gyrus.

Discussion

In this chapter, our computer model of MCS has

been introduced and explained. A number of model

predictions have been shown in order to demonstrate

what kind of results can be expected. The most im-

portant issues with respect to the validation and limi-

tations of our results are described in the following

sections.

Field iso-lines

As shown by the iso-lines, a change in the electrode

position altered the shape of the electrical field but

the electrode impedance was influenced only slightly.

Therefore, impedance measurements cannot be used to

control the position of the active electrode in respect to

the central sulcus. In clinical practice, not only contacts

anterior to the central sulcus are used, but also those in

the vicinity or even posterior to the central sulcus [16].

Owing to the different shapes of the imposed electrical

fields, the population of neural elements stimulated at

applied voltage level can be different for the two elec-

trode positions. In addition, programming a particular

contact as an anode or a cathode can vastly influence

the stimulation outcome.

Fig. 4. Excitation threshold voltages for the modeled neural elements as a function of their fiber diameters. Results for the stimulation with the

cathode (a) and anode (b) over the precentral gyrus and the cathode (c) and anode (d) over the central sulcus are shown. The legend explains the

traces for the modeled neural elements and is valid for all four subfigures. Some of the data points are missing because the thresholds of maximum

60V are shown
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Excitation thresholds

As shown in the Model Predictions, anodal stimula-

tion over the precentral gyrus will preferably stimulate

neurons perpendicular to the electrode in the convexity

of the gyrus and nerve fibers parallel to the cortical

layers. Cathodal stimulation with the same electrode will

most easily stimulate nerve fibers parallel to the cortical

layers. With the electrode centered on the central sulcus,

cathodal stimulation will most easily stimulate nerve

fibers parallel to the cortical layers (without stimulating

perpendicular ones), whereas anodal stimulation will

excite both neurons in the lip of the sulcus (nearly per-

pendicular to the electrode) and also nerve fibers parallel

to the cortical layers. These comparative predictions

were based on the assumption that the nerve fibers had

the same diameter. To our knowledge, the diameters of

human cortical nerve fibers (both efferents and afferents

and their arborizations) are not well known. Better

knowledge of the diameters of these nerve fiber types

is essential in order to determine exactly which neural

elements are excited at a given stimulus amplitude.

Nerve fibers which are parallel to the cortical layers

may have a diameter distribution different from the

nerve fibers which are orientated perpendicular to the

layers; moreover, it is likely that the diameters of

the nerve fibers vary with cortical depth and with the

position of the cell body in the motor cortex; these may

vary not only between different body part representa-

tions but also between different positions within the

same body part representation [22].

The modeling results are in accordance with the old

experimental results on baboons and cats: anodal thresh-

olds that evoke motor potentials are lowest [1, 7, 19, 20].

In those experiments, cathodal stimulation required a

higher amplitude and induced more complex events with

larger latencies, implying that presynaptic elements

were stimulated. The results of cathodal stimulation

can be explained from our results, namely by the stimu-

lation of nerve fibers parallel to the cortical layers,

which likely synapse with the dendritic trees of perpen-

dicular neurons. Conversely, Hanajima et al. [6] found

that cathodal stimulation needed less voltage to induce

motor potentials in some cases of subdural stimulation

of human motor cortex. The difference in results may be

explained by the influence of the electrode position.

Site of excitation

With anodal stimulation, neurons perpendicular to the

cortical layers were stimulated in the nerve fiber, several

nodes distal to the cell body and thus likely to be located

in the white matter. This is in accordance with conclu-

sions based on measurements of the latencies of motor

evoked potentials [1, 7, 19]. With cathodal stimulation,

the site of stimulation was shifted closer to the cell body

(provided that the neuron was stimulated). Our model

confirmed that unlike anodal stimulation, cathodal stim-

ulation may hyperpolarize the axon of a neuron perpen-

dicular to the cortical layers and depolarize the dendrite

especially when the neuron is perpendicular to the cath-

ode [2]. Experiments based on the difference in chron-

axie values between the soma-dendritic and axonal

membrane [6, 17] and results on modeling stimulation

of other parts of the central nervous system [13, 21]

showed that axons and not cell bodies or dendrites are

most likely excited by stimulation. Similarly, our mod-

eling results show that generally, the depolarized part of

the axon was the site of excitation. If no fiber part was

depolarized (or depolarization was insufficient), depolar-

ization of the dendrite did not result in action potential

generation.

Model limitations

In order to draw conclusions from data such as in

Fig. 4, it is essential to know the diameter of the nerve

fibers as well as their location and orientation. The

degree of myelination is unknown for certain fibers.

The conductivities of several tissues are unknown (e.g.

dura mater) and the transition between gray and white

matter may not be as sharp as in our model. The thick-

ness of the CSF layer separating the cortical surface

from the dura below the electrode are still hard to assess

due to artifacts in postoperative images and insufficient

resolution. Furthermore, the nerve fiber model we used

is a model of human myelinated sensory fiber whose

characteristics may be different from the cortical nerve

fibers. These are only a few challenges that our model

faces. Due to uncertainties about some of these factors,

the predicted excitation thresholds of several neuronal

elements are beyond the output range of the pulse gen-

erators used and may be overestimated.

Usefulness of the model

So far, the terms ‘parallel’ and ‘perpendicular’ to the

cortical layers were the only descriptions used when

referring to the cortical nerve fibers. Parallel fibers

may represent: a) bifurcations of either thalamo-cortical

or cortico-cortical fibers, b) collaterals of descending
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pyramidal tract fibers. On the other hand, nerve fibers

perpendicular to the cortical layers may be either as-

cending thalamo-cortical fibers up to their branching

point (in which case the termination with a cell body

and dendrite is not valid) or descending fibers of either

the pyramidal (cortico-spinal), cortico-thalamic tract

or cortico-cortical tract. Understanding which cortical

nerve fibers are actually represented by these models

together with the model predictions of their excitation

with different stimuli may help to elucidate the input

elements of the pain relieving chain. Once the neural

targets of chronic stimulation are better understood,

modeling might also suggest improvements to optimize

the therapy.

Future steps

In the future, present limitations of the model should

be resolved, questions about the sensitivity of the model

predictions with respect to CSF thickness, gray matter

thickness, relative position and orientation of the neuro-

nal elements, electrode size and spacing in bipolar=dual

stimulation should be answered. Nevertheless, computer

modeling is a theoretical and exact tool that can help

to understand the neurophysiological phenomena taking

place during MCS. This is an important step in the com-

mon goal to improve the therapy and establish it as an

efficient treatment.
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Summary

Modeling of the basal ganglia has played a substantial role in gaining

insight into the mechanisms involved in the computational processes

performed by this elusive group of nuclei. Models of the basal ganglia

have undergone revolutionary changes over the last twenty years due

to the rapid accumulation of neuroscientific data. In this chapter, we

present distinct modeling approaches that can be used to enhance our

understanding of the functional dynamics of information processing

within the basal ganglia, and their interactions with the rest of the brain.

Specific examples of recently developed models dealing with the ana-

lysis of computational processing issues at different structural levels of

the basal ganglia are discussed.

Keywords: Neuromodulation; basal ganglia; computer modeling;

computational neuromodulation; computational neurobiology; compu-

tational neuroscience; neuroinformatics.

Introduction

The study of the brain is inevitably characterized by

the complexity of structures and functions and the huge

amounts of data produced. This, together with the evo-

lution of computational algorithms and computational

resources and the constant enhancement of data acquir-

ing technologies make the development of models of

the brain both a necessity and a cause. In what particu-

larly concerns the basal ganglia, because of their broad

diversity of neuron types and nuclei and their assumed

role in several aspects of cognition and motion, they rep-

resent a very challenging and significant field of mod-

eling effort. Especially during the last twenty years, a

major progress in the understanding of the basal ganglia

has been achieved, which has been accompanied by an

increasing interest in computational modeling. Thus,

various modeling approaches have been published con-

sidering various aspects of basal ganglia function. The

qualitative information-flow (box-and-arrow) models of

microcircuitry, of internal connectivity between basal

ganglia nuclei and of their interactions with external

brain structures have been useful for interpreting a wide

range of experimental data and have guided much of

the recent basal ganglia research [2, 16, 21, 31]. How-

ever, due to the rapidly increasing amount of available

neuroscientific data, quantitative models of all aspects

of basal ganglia biology are being developed. The mod-

els deal with computational issues at several structur-

al levels of basal ganglia description, from the level of

neuronal membranes to the system-level, where the nu-

clei that constitute the basal ganglia are acknowledged

as a functional subsystem within the wider brain archi-

tecture. In this chapter, lower level, that is, cellular- and

network-level models of the basal ganglia function are

first presented, while particular emphasis is placed on

the highest-level systems models that have sought to

understand the computational role of the basal ganglia,

as a whole.

Cellular-level models

At the cellular level, computational models of single

neurons have been developed that try to capture the es-

sential patterns of their behaviour. Usually, the models

try to reproduce the firing rates and the shape of the

action potential using ion channels. Every approach of

this kind has its roots in the classic Hodgkin-Huxley

model of the action potential [23]. The usual method

is to represent different parts of a neuron by compart-

ments, in which the membrane currents are examined.



In the basal ganglia, a wide range of different types of

neurons exist. Each nucleus has specialized neurons

and even in the same nucleus several types of neurons

are present.

Striatal medium spiny neurons are the most exten-

sively studied. Some experimentally observed non-linear

characteristic behaviours of the medium spiny neurons

of the striatum e.g., the general low firing frequency and

the time-dependent increase in excitability, have been

examined [30], by means of a set of voltage-gated po-

tassium and sodium currents, based on the standard

Hodgkin-Huxley modeling technique. The main conclu-

sion of the model is that the kinetics of a potassium-

current channel is the major reason for the observed

behaviour of the medium spiny neurons. The hypothesis

that striatal medium spiny neurons’ activity depends

on dopamine modulation has been also investigated

[17], by means of a model that examines the modulation

of voltage-dependent ionic currents through Hodgkin-

Huxley based equations. The model leads to the con-

clusion that dopamine causes a bistability in the beha-

viour of the medium spiny neurons. Furthermore, the

presence of two separate peaks in spike latency histo-

grams, corresponding to a characteristic for the medium

spiny neurons up or down state, has been demonstrated

by the agreement between simulated and experimental

data [27].

The dopaminergic neurons of the substantia nigra rep-

resent another pole of modeling attraction. The hypoth-

esis that sodium dynamics drive the generation of a slow

oscillation has been investigated with doubtful results by

means of a multicompartmental model of a dopaminer-

gic neuron [9]. The effects of pharmacological agents on

the behaviour of the model have also been examined. A

single compartment model of the dopaminergic neuron,

defined by calcium dependent channels and a leak chan-

nel, has been presented, along with a multicompartmen-

tal model representing the dopaminergic neuron as a set

of electrically coupled oscillators with different natural

frequencies [42]. The latter model is able to take into

account additional features of the dopaminergic neuron.

Midbrain dopamine neurons have also been examined

in a model that tries to understand the mechanisms un-

derlying two types of calcium-dependent firing patterns

that these cells exhibit in vitro [3].

A limited number of modeling approaches have been

developed for neurons of the globus pallidus and the

subthalamic nucleus. Concerning the globus pallidus,

the hypothesis that dendritic sodium channels may facil-

itate the effect of excitatory inputs has been examined

by means of a multicompartmental model [22]. The

findings indicate a prominent role of the subthalamic

nucleus in the control of globus pallidus activity. A

computational model of the rat subthalamic nucleus pro-

jection neuron [15] has been developed using electro-

physiological and morphological data. A restricted set of

ion channels is used according to the Hodgkin-Huxley

formulation. The model reveals that three channels have

a primary role in distinguishing behaviours.

Network-level models

At the network level, the functional properties of

small intra- and inter-nuclei circuits have been exam-

ined. Kotter and Wickens have modeled the interaction

of glutamate and dopamine in the striatum [28]. They

have constructed a network of biologically realistic stria-

tal neurons that receive glutamatergic and dopaminergic

synapses and have mutual inhibition connections be-

tween each other. Normal and parkinsonian conditions

have been simulated and biological explanations of ri-

gidity and akinesia have been given. A similar technique

has been used for the development of a model of the

neostriatum [20] that is based on anatomical facts such

as the inhibitory lateral recurrent links between medium

spiny neurons, the presence of inhibitory fast-spiking

interneurons and gap junctions between them. The simu-

lation results demonstrate selective abilities and sug-

gest some crucial points for the mechanisms involved:

First, the selection depends on the interaction strength

between cell populations and on the gap junction weight-

ing and further, the selection is achieved with low inter-

neuron density.

The effect of local connectivity on striatal function

has also been examined [41]. Various topologies have

been considered and it has been shown that symmetric

connectivity leads to stationary spatial activity while

asymmetric connectivity produces slow traveling wave

activity. The latter is assumed to have a link to the

Huntington’s disease. Gillies and Willshaw have stressed

the importance of the intranuclear connectivity of the

subthalamic nucleus in its functionality [14]. An overall

suggestion is that this nucleus of the basal ganglia is

likely to operate in switch- or pulse-like manner, while,

under abnormal conditions, the interaction of the sub-

thalamic nucleus and the external segment of the globus

pallidus can produce oscillatory patterns of activity. The

functioning of the loop between the subthalamic nucleus

and the external segment of the globus pallidus is

thought to be an essential and key factor in the overall

506 K. S. Nikita and G. L. Tsirogiannis



functioning of the basal ganglia. The functionality of the

loop has been examined by a conductance-based com-

putational model [38], where the cells of the nuclei are

modeled as single compartments and their activation is

described according to the Hodgkin-Huxley formalism.

Various architectures are examined that lead to either

rhythmic activity or irregular autonomous patterns of

activity. The same loop is the subject of another compu-

tational modeling study [16], which reveals that the two

nuclei can be switched between states of high and low

activity or can generate oscillations consisting of bursts

of high-frequency activity repeated at a low rate.

System-level models

The models of this category try to grasp the overall

physiology of the basal ganglia. Single pathway models

have been introduced, ranging from the hypothesis of

maintained parallel segregation through each cortico-

basal ganglionic-thalamo-cortical loop [2] to the hypoth-

esis of complete convergence from each information

source of the cortex to the basal ganglia [34]. In 1989,

Albin et al. [1] proposed the famous ‘‘box-and-arrow’’

model of the basal ganglia connectivity and physiology

(Fig. 1), which is known as direct and indirect pathways

model and is still the most widely accepted and used

assumption. However, obvious drawbacks of the model

[33] have led to the consideration of more complex ap-

proaches that embody additional pathways [39]. All these

models are called pathway models and they are rather

qualitative since they do not define mathematically and=or

computationally the firing mechanisms and the interac-

tion among pathways. Nevertheless, they form the basis

for the subsequent development of quantitative models.

In contrast to the pathway models that are mainly based

on anatomical considerations, the prominent system-

level computational approaches are based on functional

hypotheses about the basal ganglia’s physiology. These

models have generally considered high-level aspects of

action selection, sequence generation, dimensionality re-

duction and reinforcement learning.

Action selection

The observation that has led to the assumption of

the action selection role of the basal ganglia is based

on the direct pathway of the basal ganglia connectivity.

According to that, when the striatal neurons fire, the

pallidal neurons do not fire. Then, the corresponding

thalamic neurons are released from inhibition. By that,

it seems as if the striatum controls, or selects, through

the internal segment of the globus pallidus, the activa-

tion of the thalamus [31]. Based on this idea, it has been

demonstrated that the results of a series of psychological

experiments can be explained by an action selection

model [29].

Gurney et al. have extended the original idea and

have presented extensive computational studies support-

ing the action selection hypothesis [18, 19]. The authors

explain why behavioural action selection can be reduced

to signal selection and then they quantify the latter pro-

cess. Next, they formulate the core computational ar-

chitecture, namely a specially organized neural network

that implements signal selection. The original architec-

ture of that neural network is then evolved by the incor-

poration of both assumptions and biological facts. The

final form of the network’s architecture points to a new

functional architecture of the basal ganglia, which holds

some resemblances to the classic direct-indirect path-

ways model but it is different in essence. It is divided

into two pathways, the selection pathway and the con-

trol pathway. The architecture formulated in [18] is sim-

ulated in [19] using a computational network where

the neurons are modeled as leaky integrators and their

synapses as numerical weights. The network can finally

demonstrate selective behaviour while an important side-

result of the model is the role of the external pallido-

subthalamic loop which seems to constrain the operating

limits of the output nuclei, independently of the number

of competing channels. When the loop is absent, the

network’s ability to select actions is ceased. Competition

among active channels is generally a core idea in the

action selection framework. This notion has also been

used in a model [10] that consists of a number of dif-

ferent experts (adaptive modules) corresponding to the

multiple parallel pathways of the basal ganglia. All

the experts implement independent selection strategies.

Action control is performed by selecting among the var-

ious possible actions proposed by each expert.Fig. 1. Direct-indirect pathways model
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Sequence generation

According to the sequence generation hypothesis, the

basal ganglia are thought to have a crucial role in the

learning and reproduction of series of individual actions.

Berns and Sejnowski [8] have implemented a form of

‘‘loser-takes-all’’ action selection mechanism in an ana-

tomically inspired model that is used to simulate the

learning and reproduction of sequences of actions. The

model is comprised by processing units representing

groups of neurons and connections between them accord-

ing to the known basal ganglia connectivity. The hall-

mark of the model is the recurrent connection between

the external globus pallidus and the subthalamic nucleus

which acts as a short-term memory for action sequence

generation. Mathematical equations rule the behaviour

of the model: the neurons are modeled as leaky integra-

tors and the learning process exercised by dopamine is

hebbian. The simulation includes two phases, first learn-

ing of a sequence of actions and then reproducing it,

when asked. Pathological conditions are emulated with

specific changes in the values of some parameters.

In contrast to the previous model, Fukai [12] has as-

sumed that the serial order of the sequence’s components

is stored in the cortex and is extracted by one class of

striatal neurons by means of a ‘‘winner-takes-all’’ mech-

anism. Another class of striatal neurons retains the cur-

rent component in the cortico-basal ganglionic-thalamic

loop. The subthalamo-pallidal network is assumed to be

useful in triggering the transition to the next component

of the sequence. Beiser and Houk [7] have also sup-

ported the idea that the cortex stores the sequences and

propose a cortical input classification role for the stri-

atum. Wickens and Arbuthnott [40] have demonstrated

how lateral inhibitory connections in the striatum can be

the biological base for the generation of spatiotemporal

patterns. On the other side, Dominey [11] has used dif-

ferent sub-networks to formulate a sequence generation

mechanism. There, the striatum is thought to identify

sequences instead of actions.

Dimensionality reduction

Awhole different and radical assumption for the basal

ganglia’s physiology has started by the observation of

the funnel-like view of the basal ganglia (Fig. 2a). This

anatomical feature inspired the physiological hypothesis

of dimensionality reduction. This is an engineering algo-

rithm used to reduce the amount of data needed to repre-

sent a mathematical feature space (Fig. 2b). Under this

assumption, the basal ganglia act as a central switch that

receives information from all the regions of the cortex

and, after proper compression, transfer the information

to the frontal cortex. Dimensionality reduction is per-

formed by the basal ganglia in order to decrease the

amount of information needed to encode activity patterns.

Bar-Gad et al. [4] have presented a neural network

model that performs dimensionality reduction. The net-

work has two layers, the input layer with N processing

elements and the output layer with M processing ele-

ments, where typically N>M. A scalar reinforcement

signal is present to modulate a hebbian learning rule.

Lateral inhibitory synapses also exist. The network im-

plements the well-known Principal Component Analysis

(PCA) algorithm for dimensionality reduction, which

determines the values of the weights. Finally, the net-

work is capable of selecting the M most representative

features out of the original N. The authors also present a

more complex network architecture, which is more bio-

logically plausible and can ultimately fit as an assump-

tion for basal ganglia’s physiology.

Reinforcement learning

The common feature of every basal ganglia physiolo-

gical assumption is the role of dopamine in their func-

tionality [21]. Dopamine is considered to modulate the

cortico-striatal synapses and, thus, to biologically imple-

ment a learning scheme. It has been assumed that this

scheme is reinforcement learning. Reinforcement learn-

ing uses the notion of reward to force the behaviour

of the learning system to the desired direction. When

the action undertaken by the system is positive (in some

Fig. 2(a, b). Dimensionality reduction hypothesis for the basal ganglia
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sense) it produces high amount of reward. For the basal

ganglia, the flow of dopamine is considered to be the

reward. Based on this idea, several models of basal gang-

lia physiology have been proposed [5, 24]. The most

widely used model is the actor-critic architecture [26].

This tries to solve the temporal credit assignment problem

[5] rising because the consequences of actions are not

immediately obvious in the biological system (the reward

delays). The actor is the part of the basal ganglia that

performs an action while the critic is another part that

tries to predict the reward for this action and assign it

to the actor before the actual reward comes [37]. An an-

ticipated property of the dopaminergic system is that when

the predicted reward is correct, there is no actual release

of dopamine but in cases of false predictions, dopamine

flow gives positive or negative response [32]. This obser-

vation is consistent with high-level behaviour.

Further, it has been shown that the actor-critic algo-

rithm can be combined with various functional hy-

potheses about the basal ganglia. The implications of

reinforcement in learning and reproduction of sequences

of actions have been examined by a neural network im-

plementation of an actor-critic architecture [36]. The

network learns a pre-composed sequence of stimulus-

action pairs with reinforcement learning according to

the temporal difference algorithm. Then, the sequence

can be reproduced at any time. The model suggests that

the role of the critic can be played by the nigral dopa-

minergic neurons while the actor can be the striatum.

Furthermore, goal-directed behaviour, which the basal

ganglia are thought to contribute to, has been simu-

lated by means of an actor-critic architecture. In a spe-

cially selected environment, it has been shown that the

combination leads to better performance. Far from the

actor-critic architecture, a computational model, con-

sidering the relation between dopamine and its recep-

tors in the striatum, has tried to account for a range of

experimental evidence suggesting that ventral striatal

dopamine D2 receptor manipulation selectively modu-

lates motivated behavior for distal versus proximal out-

comes [35]. The model is based on the assumption that

an animal builds an internal representation of action-

outcome relationships. Based on these, an agent learns

to maximize reward through trial-and-error interaction

with its environment.

Concluding remarks

The structural complexity of the basal ganglia can

foster important modeling approaches at every hier-

archical level of description. Cellular-level models deal

with the intrinsic properties of the various types of

neurons of the basal ganglia. Significant attention has

been paid on the striatal medium spiny neurons and the

dopaminergic neurons of the substantia nigra. This is

justified by the widely realized functional importance

of the striatum and dopamine in the functionality of the

basal ganglia. Network-level models have been pre-

sented, with the striatum being at the center of the re-

lated efforts. The models of this category are usually

restricted into small circuits within the nuclei or be-

tween two adjacent nuclei.

System-level models of the basal ganglia are follow-

ing four major hypotheses. The action selection assump-

tion is relatively well-developed and widely supported.

In many cases, it is based on the intrinsic properties of

the striatum while it remains unclear how exactly the

other nuclei of the basal ganglia contribute to this func-

tion. On the other hand, though the sequence generation

hypothesis seems to be an extension of the action selec-

tion, it has been proved much more difficult to follow

and there is no prominent modeling assumption to lead

to clear conclusions. The assumption of dimensionality

reduction seems very interesting because an efficient

handling of the huge amount of information that flows

among the various modules of the brain should be ex-

pected. Basal ganglia may be responsible for that, which

might explain their central position and their vast in-

nervations from the cortex. However, this function could

even be considered to be complementary to others.

Finally, reinforcement learning is the most concretely

developed hypothesis and the models considering it are

the most mature at this point.

Generally, the computational modeling of a biologi-

cally observed behaviour of the basal ganglia is useful in

providing a mechanistic explanation that will possibly

lead to further in silico experimentation that may reveal

the role of hidden factors in the production of the beha-

viour or clarify the dependencies between them. How-

ever, the computational modeling of the brain function

restricts the relationship of the hypothesis-model couple

because of the necessity of biological plausibility in the

construction of the latter. In almost every modeling ap-

proach that we presented about the physiology of the

basal ganglia, a hypothesis preceded and then a model

tried to confirm it. In low-level models, such as single-

cell models, it is relatively easy to maintain some form

of biological plausibility. Almost every approach is

based on the classic Hodgkin-Huxley formulation, so

the modeling procedure lies on the selection of the ionic
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currents and their parameters. On the network- and system-

levels, however, this is not the case. The computational

hypotheses about the basal ganglia can be supported

by approaches that are not necessarily based on known

anatomical facts or on any anatomical facts whatsoever.

Despite that, the retention of the biological plausibility

is almost always favoured.

Finally, a key issue in computational modeling of

the basal ganglia (and the brain in general) is the con-

sistence between low- and high-level models. Low-level

models must be capable of producing the functional

characteristics of higher-level approaches when con-

nected together. High-level models must be able to de-

compose their function in simpler modules that will

correspond to lower-level unit function. Models, at any

structural level, are expected to shed additional light on

the mysterious and obscure functions of the basal gang-

lia in health and disease. These insights should in turn

lead to experimental predictions, which, when proved or

disproved, can then form the basis for better basal gang-

lia models.
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Summary

Cognitive functions, such as memory, attention, and perception,

decline with age. Besides other neuroanatomical changes, the level of

dopamine also attenuates during aging. We review how computational

modeling can provide insights in how these lifetime changes in dopa-

mine levels are expressed at the behavioral level yielding a bridge across

different levels. Results indicate that attenuation of dopamine lowers the

signal to noise ratio providing a less distinctive neural representation,

and detrimental cognitive performance.

Keywords: Dopamine; neuromodulation; noise; aging; cognitive

functions; neural networks.

Introduction

An important goal in studies of cognitive aging is to

link behavioural changes to underlying age-related mod-

ifications in the neural system. However, this endeavour

is difficult because it is not clear how the behaviour

typically found in older adults (cognitive impairments)

relates to mechanisms at the neurological level. Here, we

review how computational models may serve as a tool to

study how changes at the neurobiological level can lead

to a wide range of observable behaviour changes. In

particular, we focus on how dopamine, a neuromodula-

tor known to attenuate with age, influences performance.

A link is made between attenuation of dopamine, in-

creased internal neural noise, less distinct cortical repre-

sentation, cognitive deficits, and increased intra- and

inter-variability in cognitive tasks.

Aging is accompanied with a general decline in cog-

nitive functions, involving episodic memory, working

memory, prospective memory, inhibition, attention, ex-

ecutive functions, sensory perception, and sensorimotor

skills [14, 18, 22, 42, 47]. Cross-sectional studies indi-

cate that the decline in cognitive function starts as early

as in the 20s and 30s and performance declines as much

as a standard deviation at the age of 60, and two standard

deviations at the age of 80 [33, 34]. However, longi-

tudinal studies show that some of this decline can be

attributed to a cohort-effect, and that performance in

young and middle age groups are rather stable and that

reliable and accelerated decline occurs for older age

groups [49].

Among various neuromodulators (e.g., dopamine,

serotonin, and catecholamine), dopamine is a particulary

promising correlate for cognitive aging. During normal

aging there is a 7–11% attenuation of dopamine D2

receptors per decade starting from an age of about

twenty in extrastriatal regions [24] and in the nigrostria-

tal region [48]. Loss of D2 receptors has also been found

in cortex [15] and striatum [21]. There is also more

direct evidence that dopamine influence performance.

Working memory function in old monkeys has been

improved by drugs that facilitate dopaminergic modula-

tion [2]. Response speed and reaction time variability

has been associated with dopaminergic modulation in

old rats [30]. Age-related attenuation in processing speed

and episodic memory has been statistically related to

decreased levels of striatal D2 receptors binding mech-

anism in humans [7, 17]. Finally, the prefrontal lobe has

been implicated to play a significant role in the cognitive

deficience in aging [47], and at the same time dopamine

have been shown to modulate cortical representation,

attention, and appropriate response to stimulus in the

frontal lobe [1].

Modeling dopamine’s impact on the signal-

to-noise ratio

Neuromodulation can be modeled at different levels

of detail. Detailed biological models offer fidelity to the



underlying biological system, but are often more diffi-

cult to connect to the behavioral level. A general feature

of the dopaminergic system can be modulated without

biological details by changing the gain parameter in the

sigmoid function [37]. This parameter determines the

responsiveness of a neuron to external inputs. Further-

more, it alters the signal-to-noise relation that is the

output from a cell, given a certain input. This change

in gain, in combination with a change in the negative

bias term, captures the stimulus response pattern of the

non-linear gain that is modulated by catecholamines

[11]. Although, the impact of dopamine on cells has

been modeled with other approaches, and with various

levels of details [16], these models share the basic fea-

ture of tuning the signal-to-noise ratio.

Reducing the gain parameter in a neural network sim-

ulates attenuation of dopamine transmission associated

with cognitive aging. This yields a more linear relation-

ship between input and output of neural cells for an

aging network, whereas young networks are character-

ized by a non-linear, threshold-like behavior. It is well

known that non-linearity is a crucial mechanism neces-

sary for solving certain problems in neural networks. For

example, the simple logical function ‘‘exclusive or’’ (i.e.,

a function that is true if one, but not if both, inputs are

active) requires non-linearity to be solved. Furthermore,

non-linear activation function has been shown to be an

essential mechanism to account for certain features of

episodic recognition memory [38]. In particular, in the

back-propagation algorithm, a decrease in the gain para-

meter is equivalent with either an increase in the initial

weights or a decrease in learning rates [44]. This indi-

cates that a low gain is associated with larger initial

weights or more internal neural noise.

Simulations studies have further shown that lower

levels of dopamine lead to a less distinct neural repre-

sentation [25, 27]. A low distinct representation means

that the neural units have a similar level of activity,

whereas a distinct representation means that some units

are highly active and other units are strongly inactivated.

This may be linked to the hypothesis that older people

process information less elaborative than young due to

lower attentional resources [13]. In a simulation study,

Li and Sikström in 2002 [27] investigated Stroop inter-

ference in aging, using a dual model resembling the

Cohen et al. model [10]. Verbal and spatial memory

was implemented in different input layers and the task

demand, i.e. to attend to either verbal or spatial informa-

tion, was controlled by units connected to the hidden

layer. The results show that a reduced gain in the old

network yielded an overlapping representation in the

verbal and spatial representations, whereas the young

network had distinct representation in either of these

modules that depended on the task demands. These

results are consistent with neuro-imaging data of young

and olds, where young subjects have a more distinct

neural representation compared to old. In spatial and

working memory tasks, old participants had showed

activity in both the left and right hemispheres, whereas

young had a more lateralized activity pattern [8]. The

view proposed here is complementary to the prevail-

ing idea that increased bi-lateral activation is a way to

compensate for neuro-cognitive deficits. Another study

found that the sensorimotor neural representations in

the pawn of rats are large and highly overlapping and

associated with behavioral deficiencies compared to

young rats [41].

Beyond influencing the noise level, the gain parameter

also influences the performance variability. A change in

the gain parameter, of a fixed size, influences the per-

formance more when the gain parameter is small com-

pared to when it is large. That is for large gains the

activation function will approximate a threshold func-

tion and is little influenced by small changes, whereas

for small gains the activation function is approximately

linear, and a change in gain scales approximately linearly

to the output. The probabilistic nature of transmitter re-

lease, and other noise in the neural system leads to

changes in dopamine level. Thus, even if the stochastic

fluctuations are of a similar magnitude for old and young

networks, the overall impact of behavior will be larger

for an old than a young network.

Consistent with this theoretical framework, age-re-

lated increase in cognitive variability within subjects

has also been empirically found. Old rats with decreased

dopamine density receptors in nigrostriatum show an

increased reaction time variability and slower responses

[30]. Furthermore, as aging progresses the variability

also increases between individuals, for example indivi-

dual differences in sensorimotor performance increase

with age [26].

Stochastic resonance (SR) and dopamine

In a recent computational framework, dopamine and

aging has been related to the phenomena of stochastic

resonance [28]. Stochastic resonance (SR) is the empiri-

cal finding that a signal that is presented below the

detection threshold, for example the threshold for gen-

erating action potentials in neural cells, can be detected

514 S. Sikström



in presence of noise. Stochastic resonance is found in

a variety of physical and neurobiological systems. In

particular adding noise to a signal has been found to

improve performance in sensory detection [12] and

visual perception [39]. The enhancement of neural activ-

ity though SR has also been studied using fMRI [40].

Li et al. [28] investigated how noise influences

performance in young and old adults. The reduction in

dopamine with aging reduces the gain parameter in

neural cells. Computational modeling shows that this

reduction in gain modulates the SR-curve in several

aspects. First, more noise is required for maintaining

optimal performance. Second, the overall detection in

the SR-curve is lower in old associated with a low gain

in comparisons to young adults. Earlier studies using

noise in tactile sensation and balance have provided

indirect empirical support for these computational pre-

dictions in old [29] and young [12] adults in separate

studies. A recent study directly compared young and

old vibrotactile sensitivity and indeed found that old

required more noise for optimal performance compared

to young adults [46].

Excessive dopamine harms cognitive performance

Most research has emphasized that behavioral per-

formance increases with the levels of dopamine; later

research has shown that too much dopamine may also

be harmful. Too high values of dopamine D1 receptors

impair prefrontal memory performance [31]. Taken

together with earlier findings of moderate dopamine

levels, this indicates an inverted U-shaped curve of per-

formance as a function of dopamine levels. Computa-

tional modeling of the dopamine levels in the back

propagation algorithm show a similar pattern of results,

where too low and too high gains show lower perfor-

mance compared to a moderate gain. The low perfor-

mance for too high gain can be related to a less distinct

neural representation, where more units are more likely to

be active for different stimulus. The mechanism account-

ing for this phenomenon is that the backpropagating algo-

rithm scales the learning rate with the derivative of the

sigmoid function, so that units for excessive high gains

operates in a regime where this derivative is near zero,

yielding a low learning rate. Looking at the entire lifespan

there is also a U-shaped relation between age and perfor-

mance where children, as well as old age adults, perform

worse than young adults [19]. However, the role of neu-

romodulation in children is less known and further

research is required before drawing firm conclusions.

Dopamine and the prefrontal cortex

Dopamine extrinsically modulates the prefrontal cor-

tex though mesencephalic neurons (in ventral, teg-

mentum, and substantia nigra) in a diffuse manner [9].

Prefrontal dopamine levels increase during working

memory task [45] and phasic burst of dopamine occurs

following the onset of such task [35]. Blocking of dopa-

minergic input to the prefrontal cortex, or D1 receptors

blocking within the prefrontal cortex, interferes with

working memory performance [36]. The influence of

dopamine on prefrontal cortex has been simulated in

detailed neural networks models [16]. These simulations

indicate that D1 modulation deepens and widens the

basin of attraction of neural network while suppressing

background activity. This leads to a more self-sustained

activity that is persistent to noise and environmental

distracters, which may enhance the ability to sustain

attention to the current goal.

The computational role of dopamine in the prefrontal

cortex during aging has been emphasized [5]. More spe-

cifically, it has been argued that successful performance

is related to updating of contextual information and

maintenance of the internal representation to exert con-

trol over thoughts and behavior. There are three main

components in the model. First, active maintenance of

context information is maintained though recurrent exci-

tatory connections. These connections maintain the con-

text even in absences of external inputs. Second, context

serves as bias to either suppress or enhance competing

inputs from the external stimuli. Third, the dopamine

system serves as modulator of the contextual informa-

tion maintained in the dorsolateral prefrontal cortex,

thus acting as a gating mechanism. When the gate is

open, which occurs during the phasic activity of the

dopamine system, incoming information can gain access

to the contextual information and update the current

state of context representation. When the gate is closed

the context is protected from interfering noise and irre-

levant inputs. An important insight from this model is

how a single model might subserve three different func-

tions, which are typically regarded as being independent;

namely attention, active memory, and inhibition. Atten-

tion, is maintained by projection of the contextual infor-

mation, a process that otherwise typically is associated

with working memory. In a similar way, the contextual

representation suppresses irrelevant stimulus, and thus

there is no active mechanism for inhibition. Context

information is also used to maintain active memory from

interfering following noise. In this framework, healthy

cognitive aging can be simulated by impairing the dopa-
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mine projections to the dorsolateral prefrontal cortex,

which disrupts the contextual representation so that per-

formance on attention, inhibition, and working memory

are attenuated.

This model have been empirically tested in a contin-

uous performance task where participants are required

to respond ‘X’ when it is preceded by an ‘A’, but not

when it is preceded by a ‘B’. Using this task, the model

has been validated on the neurobiological level by several

findings. Consistent with the idea of maintaining context,

the dorsolateral prefrontal cortex shows greater activity at

long cue target delays during active maintenance, com-

pared to short inter-trial intervals [6]. The performance on

this task improved during administration of low-dose

D-amphetamine, which acts as a stimulator for dopamine

release [4]. Furthermore, the performance is differently

affected by the delay between the cue and the target

so that very old adults show a decline in performance

of ‘B’–‘X’ cue target pair with delay, whereas ‘A’–‘Y’

improved. These results suggest that context representa-

tion, and maintaining of context, reflect dissociable cog-

nitive functions that are differently affected by age.

Event related negativity and dopamine

When participants commit an error in a reaction time

task and receive feedback an error-related negativity

(ERN) is evoked in the event-related potentials (ERP)

[20]. It has been proposed that the ERN functions as an

evaluative control so that behavior is adapted following

feedback. In a neurocomputational model Holroyd and

Coles [23] suggested that phasic dopamine release may

serve as a reward signal, so that ERN adapts behavior

depending on predicted rewards. In particular the mes-

encephalic dopamine system increases the phasic re-

sponses if the rewards are better than predicted and

attenuates if the rewards are worse than predicted. This

is accomplished by using the temporal difference algo-

rithm [43], a reinforcement learning rule for learning the

earliest predictor of reward or punishment. The mesen-

cephalic dopamine is projected to the anterior cingulated

cortex (ACC) and is related to the ERN. Thus, if an error

occurs dopamine is released in the ACC though mes-

encephalic projections activating a strong ERN leading

to adaptive learning. The ERN has been found to

be attenuated in old adults compared to control [3].

Nieuwenhuis et al. [32] applied the Holroyd et al. [23]

model to account for the attenuated ERN in old adults.

According to their framework, weaker phasic dopamine

responses in old adults results in a smaller ERN.

Conclusion

Aging is associated with a number of neurophysiolo-

gical and behavioral changes. For example the level of

dopamine, among other neurophysiologic changes, at-

tenuates across the adult lifespan. Behaviorally, aging

is associated with loss in performance in various cogni-

tive abilities, such as working memory, attention, sen-

sorimotor integration, inhibition, executive function etc.

A major goal in cognitive neuroscience is to achieve an

understanding of the complex relation between the neu-

rophysiological and the behavioral levels. Computational

modeling using neural network is an essential tool in

this enterprise, which may bridge the gap between these

levels.

The modeling perspective has a number of advan-

tages. First, computational modeling allows us to study

the interaction between a large number of small low-

level processing units and a global behavioral response.

Second, modeling allows studying vastly complex sys-

tems. In particular neural network models are recurrent

non-linear systems that behave in ordered but at the

same time chaotic way. Characteristic of these chaotic

systems is that it may not be possible to make predic-

tion of particular events; nevertheless, emergent proper-

ties arise from neural networks that may be studied.

Furthermore, even if the behavior of the system is very

complex, the underlying rules that govern the system

may be relatively simple and thus afford the possibi-

lity of being intellectually tractable. Third, the behavior

arising from simulated neural networks yields beha-

vioral predictions. These predictions are empirically tes-

table so that the underlying modeling system can be

confirmed or rejected. Fourth, although modeling may

be seen as a method, the basic building blocks in the

model may regarded as a theory of behavior. Fifth, suc-

cessful models can be further tested by conducting com-

putational lesioning studies were the results may be

compared with an equivalent empirical lesioning studies.

For example, a model that has been successful in

describing behavioral data in young adults may be

damaged by attenuation dopamine levels to provide pre-

diction of old adult’s behavior. Sixth, computational

modeling should always be conducted in close mutual

interaction with empirical studies. In the same way as

modeling is driven by empirical data, empirical studies

may also gain momentum by feedback from computa-

tional modeling.

Current literature on computational models of dopa-

mine to account for the effect on cognitive aging is

converging on a complex but coherent picture. Age-re-
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lated decrease in dopamine levels alters the signal-to-

noise ratio in neural cells, which can be simulated by

decreasing the gain parameter in the sigmoid function in

relatively abstract neural network models or by detailed

biophysical models. The decrease in dopamine increases

the internal neural noise resulting in cognitive deficits,

for example lower and slower performance on episodic

memory task. Beyond decreasing performance, com-

putational modeling predicts an age-related increase in

performance variability, both within participants and

between participants. In addition, the neural representa-

tion becomes less distinct, leading to a diffuse pattern of

neural activation as seen in bilateral activation in fMRI

studies.

The mesencephalic sources of dopamine project

mainly to the prefrontal cortex that is particularly impor-

tant for maintaining attention on task related activities.

Attenuation of these systems leads to poorer performance

in go-nogo and Stroop tasks. Age-related decrease in

dopamine is also expressed in stochastic resonance by

the counterintuitive phenomenon that addition of mod-

erate noise improves performance in threshold based

systems. Modeling efforts predict that old networks

require more noise for optimal performance, which later

have been confirmed in studies using vibrotactile sen-

sory systems. Computational modeling of reinforcement

learning rules have also been applied to task with feed-

back and been linked to the Error-Related Negativity

component of the ERP.

The examples listed above suggested that the last few

years, we have witnessed a major progress in modeling

of neuromodulation mechanisms in aging. This progress

has been made possible by a tight connection between

computational modeling on one hand and neurophysiol-

ogy and behavioral data on the other hand. However,

several challenges remain open in the field. This review

has largely focused on age-related changes in dopamine;

however, several other neurophysiologic changes occur

across the lifespan. For example, changes in other

neuromodulators, cell death, etc. Future computational

studies should incorporate experimentally quantifiable

measures of these age-related changes in their models

so that main and interaction effects can be studied. Cur-

rent neurocomputational models typically investigate the

interaction of a few cortical regions. By incorporating

larger structures computational models may gain in

accuracy. Furthermore, new modeling efforts could gain

considerably by constraints from multiple sources and

techniques, for example by simultaneously accounting

for evidence from fMRI, ERP, and single cell record-

ings. Collaborative research and computational model-

ing on multiple levels may bear intriguing results in the

future.
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Summary

In this chapter, we report that blood pressure can be increased or

decreased depending on whether an electrode is in ventral or dorsal

PAG. We also describe that it is theoretically possible to treat orthostatic

hypotension. These are exciting developments not only because they

provide an example of direct translational research from animal re-

search to humans but also because they highlight a potential for future

clinical therapies. The control of essential hypertension without drugs

is attractive because of the side effects of medication such as precipita-

tion of heart failure [10]. Similarly, drug treatment of orthostatic hypo-

tension cannot differentiate between the supine and standing positions

and can therefore lead to nocturnal hypertension [22, 29]. A stimu-

lator could be turned off at night or contain a mercury switch that

reacts to posture.

Keywords: Neuromodulation; deep brain stimulation; DBS; peria-

quaductal grey area; periventricular grey area; cardiovascular system;

orthostatic hypotension.

Introduction

The periaqueductal grey area (PAG) is well known to

be important in the modulation of pain and is an area

where deep brain stimulating electrodes are often placed

for the treatment of chronic, intractable neuropathic pain

[6, 16, 25]. However, in mammals, this region is known

to be an important component in the defence reaction

[7]. The defence reaction is an integrated response from

the forebrain down to the cardiovascular system that

is associated with survival in the wild [19]. For example,

if escape from danger is a possibility, the response in-

volves a ‘fight or flight’ reaction that includes raised

blood pressure and heart rate, non-opioid mediated an-

algesia and emotional effects such as fear [9]. On the

other hand, if escape is unlikely, the reaction consists of

lowered blood pressure, opioid-mediated analgesia and

‘passive’ behaviour as well as fear [12, 21]. Electrical

stimulation of the PAG in animals will elicit these

defence reactions and thus, it is likely that stimulation

of the same area in the human will affect not only the

pain modulation pathways, but also the cardiovascular

components of this system. As we have patients with

electrodes implanted into the rostral part of the PAG,

we are in an ideal position to study the effect of PAG

stimulation in the human.

A limited amount of previous evidence exists to sug-

gest that stimulation of the human PAG causes cardio-

vascular changes in humans [36]. Here, we characterise

these effects in detail.

Alteration of blood pressure with PAG stimulation

We have shown that electrical stimulation of the

human PAG alters blood pressure [17]. In this study of

fifteen chronic neuropathic pain patients (17 electrodes),

blood pressure and ECG were continuously measured in

the laboratory whilst stimulation parameters were al-

tered (either 10 or 50Hz i.e. in the frequency range used

to treat chronic pain). We found that cardiovascular

responses to stimulation were consistent (on at least

three occasions) for any pair of electrode contacts used.

Overall, arterial blood pressure significantly decreased

in seven pairs of electrode contacts in seven patients

(significance was determined using one-way analysis of

variance of blood pressure with time – ANOVA). Con-

versely, blood pressure significantly increased in six pairs

of contacts. These results are summarised in Fig. 1.

The average reduction in SBP (for those in whom BP

was reduced) was 14.2	 3.6mmHg (range 7–25mmHg),

or 13.9%, after 300 s stimulation. Figure 1A shows that

the drop in SBP is accompanied by a fall in diastolic



BP (DBP) of 4.9mmHg	 2.9 (p¼ 0.03, single factor

ANOVA, n¼ 7, range 1.5–9.3), equivalent to 6%. This

implies a degree of peripheral vasodilatation. However, as

the systolic drops more than the diastolic BP (leading to

a reduction in pulse pressure), the mechanism is unlike-

ly to be related simply to peripheral vascular changes.

We therefore measured the change of SBP with time

(maximum dP=dt i.e. the slope of the blood pressure

curve). This is known to be a marker of cardiac contrac-

tility [8] as the harder the myocardium contracts, the

steeper the slope of this curve. This revealed a mean

reduction of 222mmHg=s	 126 (19.8%, p¼ 0.06). This

is suggestive, but not absolute proof that the contrac-

tility of the myocardium was reduced. On the other

hand, R–R interval (a measure of heart rate) did not

change significantly throughout the stimulation period

(mean change¼ 0.01s	 0.04, range 0–0.08). As heart

rate is controlled via the vagal nerve, this implies that

there was no change in parasympathetic activity.

For those with an increase in BP, the mean rise in SBP

was 16.73mmHg	 5.9 (p<0.001, single factor ANOVA,

n¼ 6, range 16–31mmHg), equivalent to 16.4% at the

end of a 400 s periodwhere stimulation was started at 100 s

(however, the maximum rise of 22.23mmHg occurred

just before this – see Fig. 1B). Stimulation parameters

required to raise BP were the same as with the episodes

of reduced BP (i.e. 10Hz, 120ms and up to 3.0V), except

that 50Hz did not have the same effect in any patient.

As with BP reduction, increases were accompanied by

a smaller rise in DBP of 4.9mmHg	 2.8 or 6.4%

(p¼ 0.04, single factor ANOVA, n¼ 6, range¼ 2.4–

12.1mmHg). There was also an increase in mean pulse

pressure and again, the maximum rise of 17.33mmHg

occurred just before 400 s. Maximum dP=dt increased by

212	 97mmHg=s (p<0.03, single factor ANOVA). As

with reduction in BP, there was no significant change in

R–R interval. Thus, it appears that increasing BP is ac-

companied by a mirror of the changes that occur during

reduction in BP.

Six control patients were investigated (six thalamic

electrodes, one spinal cord stimulator). Despite extensive

investigation using a variety of frequencies and voltages,

as well as a variety of electrode contact configurations,

we were unable to modulate the BP in any of these

patients. In addition to the control electrodes that had

no effect on BP, four patients with PVG electrodes (six

electrodes in total) also had no effect.

Electrode location

Because blood pressure changes in animals depend on

whether the electrode is in ventral or dorsal PAG, we

Fig. 1. (A) Changes in cardiovascular

parameters associated with reduced blood

pressure. Patterned area Period of stimu-

lation. Grey area 	 one standard error of

the mean. SBP Systolic blood pressure,

DBP diastolic blood pressure, PP pulse

pressure, RR interval time period be-

tween R waves on electrocardiogram,

dP=dt change of systolic blood pressure

with time. (B) Changes in cardiovascular

parameters associated with increased

blood pressure (see text for details)
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looked at electrode position. These were plotted on a

brain atlas [23] using the post-operative MRI and a ma-

nipulation program (MRIcro version 1.38 build 1, Chris

Rorden). The results are shown in Fig. 2. This shows that

those electrodes that reduced blood pressure were placed

ventrally, as compared to the dorsal electrodes that in-

creased blood pressure. Patients with no blood pressure

changes are not shown for clarity. However, we plotted

electrode positions for five of these six electrodes (one

had not had a post-operative scan). Four of the five elec-

trodes were dorsal to the group that raised BP and were

therefore probably outside the PAG=PVG. The remain-

ing electrode was in mid-PVG.

Changes in BP were compared between the two groups

of ventral and dorsal electrodes (n¼ 8 and 9, respec-

tively – unlike the changes described above, this included

all patients, even those without significant changes in BP).

The mean peak change in SBP was �10.3	 2.8mmHg

for the ventral group and þ10.8	 3.1mmHg for the

dorsal group. Comparison using one way ANOVA

showed significance (p¼ 0.003). Similarly, the mean peak

change in DBP was �4.6	 1.2 and þ3.5	 0.8mmHg,

respectively (p¼ 0.007). Mean peak change in pulse

pressure ranged from �8.6	 3.5mmHg for the ventral

to þ7.4	 2.1mmHg for the dorsal group (p¼ 0.01).

dP=dt ranged from �181.6	 28mmHg=s for ventral

and þ82	 26mmHg=s for dorsal electrodes (p¼ 0.007).

Comparison of RR interval between the two groups did

not reveal any significant difference (p¼ 0.13).

Power spectral analysis of systolic blood pressure

It is possible to elucidate underlying mechanisms of

blood pressure changes by looking at the dominant fre-

quencies in the blood pressure wave-form [26]. Activity

in the range just under 0.1 Hz is associated with activity

of the sympathetic nervous system – a wave known as

Meyer’s wave [28, 13]. We, therefore, performed auto-

regressive power spectral analysis of the blood pressure

waveform in all patients. Frequencies below 0.02Hz

were filtered out to remove the trend in the signal (see

[33] for methodology). Figure 3A shows a typical exam-

ple in a patient whose blood pressure could be increased

or decreased depending on which contacts were used. It

can be seen that with an increase in blood pressure, there

was a large increase in the low frequency wave in the

0.1Hz region. With a reduction in blood pressure, there

was a corresponding decrease. This implies that increase

in blood pressure is associated with an increase in sym-

pathetic activity, and vice versa.

Fig. 2. (A) Sagittal positions of the electrodes in patients in whom there were changes in blood pressure. (B) Coronal positions. For clarity, patients

with no changes are not shown. Note that patients #1–7 all had reduction in BP (black contacts) and have the most ventral electrodes. Conversely,

#8–11 and the upper 2 contacts of #1 and #6 had a rise in BP (patterned contacts). Gray contacts are those that, when stimulated, had no effect

on BP. AC Anterior commissure, PC posterior commissure, PVG periventricular gray, PAG periaqueductal gray, SC superior colliculus (the level

of which is depicted by the dotted circle in 1B), RN red nucleus, III third ventricle, Aq aqueduct. Inset of A shows the AC–PC plane, inset of B

shows the slice position
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To look at the group results, we calculated the power

of the low- and high-frequency components as the inte-

gral of the power spectra between 0.05 and 0.15Hz and

between 0.15 and 0.4Hz. The logarithm of the low- and

high-frequency power for the two groups of patients

(blood pressure increase or decrease) ON and OFF stim-

ulation were analysed using a paired t-test (Fig. 3C, D).

This revealed that for the group as a whole, there was

a change in low-frequency power spectra that corre-

sponded to blood pressure changes. There were also

changes in high-frequency power, but these were not

significant (this may be due to small numbers).

Can we treat essential hypertension?

We have demonstrated that it is possible to increase

or decrease blood pressure in humans with electrical

stimulation of the PAG. Furthermore, the direction of

blood pressure change can be controlled by placing the

electrode in either ventral or dorsal PAG. Essential hy-

pertension is a significant clinical problem that has a

skewed distribution and can lead to stroke or myocardial

infarction [2, 34]. Approximately, 3% of these patients

are refractory to treatment [1]. Reducing blood pressure

with deep brain stimulation is theoretically possible but

in itself poses a risk; there is approximately one in three

hundred risk of stroke as well as other less serious, but

nevertheless troublesome complications such as infec-

tion and hardware problems [5]. Therefore it is un-

likely that deep brain stimulation could be justified at

the present time. As well as further elucidating the

mechanisms of DBS on blood pressure, the risk of the

procedure needs to be reduced for what is essentially a

prophylactic operation. This may come about with ad-

vances in technology such as nanotechnology etc. that

may lead to smaller, less invasive electrodes. However,

Fig. 3. Changes in low- and high-frequency power spectra of systolic blood pressure. (A) Example in one patient, in whom blood pressure could be

increased or decreased, depending on which contacts were used. A change in the low-frequency component was associated with change in blood

pressure, implying changes in sympathetic nervous system activity. (B, C) Changes for the groups in whom blood pressure decreased (n¼ 7) or

increased (n¼ 6), respectively. Error bars denote 	1 SEM
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Gotoh et al. [15] have shown that it is theoretically

possible to control blood pressure at a given value by

altering electrical stimulation of cardiovascular centres

in the medulla according to blood pressure measure-

ments made via an arterial line. This shows proof of

principle.

Can we treat orthostatic hypotension?

We have shown that we are able to increase as well as

decrease blood pressure with PAG stimulation. This

raises the possibility that we might be able to treat ortho-

static or postural hypotension (OH). In the normal sub-

ject, assumption of an upright posture leads to pooling of

venous blood in the lower extremities and splanchnic

circulation [14]. The resulting decrease in venous return

to the heart leads to a compensatory, centrally mediated

increase in sympathetic and decrease in parasympathetic

activity (known as the baroreceptor reflex). This activ-

ity usually results in a transient fall in systolic blood

pressure of 5–10mmHg, a small rise in diastolic blood

pressure (5–10mmHg) and a rise in heart rate of

10–25 beats per minute. In orthostatic hypotension, pa-

tients suffer troublesome low blood pressure on standing

or symptoms of cerebral hypoperfusion [32]. It is pre-

sent in up to 20% of people over 65 and its treatment

may lead to troublesome raised blood pressure [29, 22].

Ascending projections of barosensitive adrenergic cells

in the rostroventrolateral medulla project to PAG [18].

There is evidence that chemical stimulation of the PAG

inhibits baroreflex vagal bradycardia in rats [20]. Thus

it is conceivable that stimulation of this area in the

Fig. 4. Blood Pressure and Heart Rate changes on standing. (A–C) Mean changes in systolic blood pressure for subject #1, MOI group, and non-

MOI group, respectively. (D–F) Changes in heart rate for the same groups. All traces include the mean of three sessions, averaged every ten seconds.

MOIMild orthostatic intolerance group, nonMOI no mild orthostatic intolerance group. Grey area Period when patient was sitting, white area (from

0 seconds) period of standing. & Stimulation ‘OFF’, œ stimulation ‘ON’. Error bars show 	1 standard error of the mean
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human may affect the baroreceptor reflex. We performed

a study in eleven patients with PVG=PAG stimulators

for neuropathic pain, in which we continuously re-

corded blood pressure while sitting for 100 s, followed

by 280 s of standing. Subjects were grouped into three

categories as follows; subject #1 had a history of

orthostatic hypotension that had resolved after the stim-

ulator was inserted (whilst it was on). The second

group (five subjects) had mild orthostatic intolerance

(MOI-group) that was defined as a fall in systolic blood

pressure of >20mmHg on standing, but no clinical

symptoms. The third group (five subjects) had no sig-

nificant postural effects on blood pressure (non-MOI

group). We showed that stimulation in subject #1 sig-

nificantly reduced the postural drop in blood pres-

sure (from 28.2 to 11.1%, p<0.001, t-test) and in the

MOI group, completely reversed it (p<0.001, t-test)

(Fig. 4A, B). In the control group (non-MOI), there

was no significant difference in blood pressure between

the two groups (Fig. 4C).

Figure 4D–F shows that absolute heart rate changes

on standing were not significantly altered with stimula-

tion. However, Fig. 4D shows that with stimulation, the

heart rate variability appears to be increased (there is a

greater oscillation in heart rate with stimulation). To

formally assess this, we looked at the power of RR in-

terval spectra. The power of RR interval spectra in the

high frequency band (0.15–0.4 Hz) has been shown to

be a marker of cardiac vagal control [27, 31]. The low

frequency band (0.04–0.15Hz) has been associated with

cardiac sympathetic activity, although it has been shown

to be affected by both vagal and sympathetic nerves

[4, 31]. Previous research has shown a reduction in both

of these components of heart rate variability power

with head up tilt in patients with autonomic neuropathy

[37] compared to the increase in low-frequency power

seen on standing in normal subjects [30]. We performed

auto-regressive power spectra analysis of RR interval

on all patients in the study. In the MOI and Non-MOI

groups, baseline low-frequency power of RR interval

significantly increased with stimulation (t-test, p¼ 0.021

and p<0.001, respectively, Table 1). However, baseline

high-frequency power in these groups was not signifi-

cantly altered by the stimulation (p>0.1, t-test). In the

MOI group and subject #1, the reduction in both low

and high frequency power associated with standing was

prevented with stimulation (p¼ 0.008, t-tests, ‘ON’ vs.

‘OFF’). These results suggest that stimulation may in-

crease the cardiac sympathetic activity and enhance its

response to standing.

Another way of elucidating mechanisms of the ef-

fects of stimulation on postural changes is to look at

baroreflex sensitivity. In young and middle-aged healthy

subjects, baroreflex sensitivity decreases on standing

[11, 30, 35]. In autonomic neuropathy, such as that of

diabetes, it has been shown that it is lower in the supine

position and there is less further reduction on stand-

ing than in normal subjects [30]. We calculated the

baroreflex sensitivity index from the transfer function

of systolic blood pressure and RR interval signals using

bivariate autoregressive modeling [3, 35]; RRðnÞ ¼
Pp

k¼1 a11ðkÞRRðn� kÞþPp
k¼1 a12ðkÞSBPðn� kÞþwðnÞ.

We showed that the baroreflex sensitivity in subject #1

(i.e. orthostatic hypotension) and MOI groups were

similar to those with a mild autonomic neuropathy

(Table 1). We also showed that stimulation signifi-

cantly raises sensitivity in the sitting position (t-test,

p¼ 0.018, <0.001 and 0.002 for subject #1, MOI and

Table 1. Changes in heart rate variability and baroreflex sensitivity while sitting and standing, with stimulation ON or OFF

Group Subject #1 MOI group Non-MOI group

Stimulation OFF ON OFF ON OFF ON

Low frequency (ms2)

Sitting 5.2 4.7 69.8 (1–285) 136.2� (1–474) 208.1 (81–330) 466.3� (298–489)

Standing 1.6 4.9 7.0 (0.1–20) 135.0� (1–520) 313.5 (63–603) 346.9� (86–636)

High frequency (ms2)

Sitting 6.9 7.4 176.0 (3–730) 182.1 (1–757) 224.6 (10–618) 341.4 (9–727)

Standing 4.2 7.6 122.4 (1–600) 181.8� (1–751) 247.5 (6–521) 464.6� (5–1280)

Baroreflex sensitivity index (ms=mmHg)

Sit 3.6 11.1 6.6 (2.5–10.7) 8.6� (7.2–11.1) 9.9 (2.9–17.3) 15.3� (6.9–23.8)

Stand 0.13 5.41 0.7 (0.1–2) 4.3� (0.5–9.2) 4.5 (0.1–8.3) 14.7� (4.2–26)

MOI Mild orthostatic intolerance. Ranges shown in brackets. �Indicates significant difference between OFF and ON conditions within each group.
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non-MOI groups, respectively) and reduces the magni-

tude of reduction on standing in orthostatic hypotension

(p¼ 0.024 subject #1, p<0.001, MOI). This suggests

that the reversal of postural changes in blood pressure

are associated with increased baroreceptor sensitivity.
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Summary

In this article, an overview of some of the latest developments in the

field of cerebral cortex to computer interfacing (CCCI) is given. This is

posed in the more general context of Brain-Computer Interfaces in order

to assess advantages and disadvantages. The emphasis is clearly placed

on practical studies that have been undertaken and reported on, as

opposed to those speculated, simulated or proposed as future projects.

Related areas are discussed briefly only in the context of their contribu-

tion to the studies being undertaken. The area of focus is notably the use

of invasive implant technology, where a connection is made directly with

the cerebral cortex and=or nervous system. Tests and experimentation

which do not involve human subjects are invariably carried out a priori

to indicate the eventual possibilities before human subjects are them-

selves involved. Some of the more pertinent animal studies from this

area are discussed. The paper goes on to describe human experimenta-

tion, in which neural implants have linked the human nervous system bi-

directionally with technology and the internet. A view is taken as to the

prospects for the future for CCCI, in terms of its broad therapeutic role.

Keywords: Neuromodulation; brain-computer interface; biological

systems; implant technology; feedback control.

Introduction

Much research is being carried out in which biologi-

cal signals of some form are measured, are acted upon

by some appropriate signal processing technique and are

then employed either to control a device or as an input

to some feedback mechanism [17, 21]. In most cases,

electroencephalogram (EEG) signals are measured ex-

ternally to the body, using externally adhered electrodes

on the scalp [26] and are then employed as a control

input. However, reliable interpretation of EEG data is

extremely complex – partly due to both the compound

nature of the multi-neuronal signals being measured and

the difficulties in recording such highly attenuated sig-

nals in the first place. Recently, interest has grown in the

use of real-time functional magnetic resonance imaging

(fMRI) for applications such as computer cursor control.

This typically involves an individual activating their

brain in different areas by reproducible thoughts [28]

or by recreating events [27]. Alternatively fMRI and

EEG technologies can be combined so that individuals

can learn how to regulate slow cortical potentials (SCPs)

in order to activate external devices [12].

It is worth noting that external monitoring of neural

signals, by means such as EEG analysis, currently leaves

much to be desired. In almost all cases, the measuring

techniques considerably restrict the user’s mobility and,

as is especially the case with fMRI, the situation far from

presents a natural or comfortable setting. Such systems

also tend to be relatively slow, partly because of the

nature of recordings via the indirect connection, but also

because it takes time for the individuals themselves to

actually initiate changes in the signal. As a result of this,

distractions, both conscious and sub-conscious, can re-

sult in false indicators, thus, preventing the use of such

techniques for safety–critical and=or highly dynamic

applications. Despite this, the method can enable some

individuals who otherwise have extremely limited com-

munication abilities to operate some local technology in

their environment, and, in any case, it can serve as a test

bed for a more direct and useful connection. The defi-

nition of what constitutes a cerebral cortex=computer

interface (CCCI) or, even more so, a brain-computer

interface (BCI) can be extremely broad. Indeed, a stan-

dard keyboard could be so regarded. It is clear however

that various wearable computer techniques and virtual

reality systems, e.g. glasses containing a miniature com-

puter screen for a remote visual experience [15], are felt

by some researchers to fit this category. Although cer-

tain body conditions, such as stress or alertness, can be



monitored in this way, the focus of this paper is on

bidirectional CCCIs and is more concerned with a direct

connection between the human and technology.

In vivo studies

Non-human animal studies are often considered to be

a pointer for what is potentially achievable with humans

in the future. As an example, in one particular animal

study the extracted brain of a lamprey, retained in a

solution, was used to control the movement of a small

wheeled robot to which it was attached [19]. The lam-

prey innately exhibits a response to light reflections on

the surface of water by trying to align its body with

respect to the light source. When connected into the

robot body, this response was utilised by surrounding

the robot with a ring of lights. As different lights were

switched on and off, so the robot moved around its cor-

ral, trying to position itself appropriately. Meanwhile in

studies involving rats, a group of rats were taught to pull

a lever in order to receive a suitable reward. Electrodes

were then chronically implanted into the rats’ brains

such that the reward was proffered when each rat

thought (one supposes) about pulling the lever, but

before any actual physical movement occurred. Over a

period of days, four of the six rats involved in the experi-

ment learned that they did not in fact need to initiate any

action in order to obtain a reward; merely thinking about

it was sufficient [2]. In another series of experiments,

implants consisting of microelectrode arrays have been

positioned into the frontal and parietal lobes of the

brains of two female rhesus macaque monkeys. Each

monkey learned firstly how to control a remote robot

arm through arm movements coupled with visual feed-

back, and it is reported that ultimately one of the mon-

keys was able to control the arm using only brain

derived neural signals with no associated physical move-

ment. Notably, control signals for the reaching and

grasping movements of the robotic arm were derived

from the same set of implanted electrodes [3, 16]. Such

promising results from animal studies have given the

drive towards human applications a new impetus.

Human application

The more general class of brain-computer interfaces

(BCIs) for humans, of one form or another, have been

specifically developed for a range of applications includ-

ing military weapon and drive systems, personnel mon-

itoring and for games consoles. However, by far the

largest driving force for BCI research to date has been

the requirement for new therapeutic devices such as

neural prostheses. The most ubiquitous sensory neural

prosthesis in humans is by far the cochlea implant [7].

Here, the destruction of inner ear hair cells and the

related degeneration of auditory nerve fibres results in

sensorineural hearing loss. As such, the prosthesis is

designed to elicit patterns of neural activity via an array

of electrodes implanted into the patient’s cochlea, the

result being to mimic the workings of a normal ear over

a range of frequencies. It is claimed that some current

devices restore up to approximately 80% of normal hear-

ing, although for most recipients it is sufficient that they

can communicate to a respectable degree without the

need for any form of lip reading. The typically modest

success of cochlea implantation is related to the ratio of

stimulation channels to active sensor channels in a fully

functioning ear. Recent devices consist of up to 32 chan-

nels, whilst the human ear utilises upwards of 30,000

fibres on the auditory nerve. There are now reportedly

over 10,000 of these prostheses in regular operation.

Historically, studies investigating the integration of

technology with the human central nervous system have

varied from merely diagnostic to the amelioration of

symptoms [29]. In the last few years, some of the most

widely reported research involving human subjects is

based on the development of an artificial retina [20].

Here, small electrode arrays have been successfully

implanted into a functioning optic nerve. With direct

stimulation of the nerve it has been possible for the

otherwise blind recipient to perceive simple shapes and

letters. The difficulties with restoring sight are though

several orders of magnitude greater than those of the

cochlea implant simply because the retina contains

millions of photodetectors that need to be artificially

replicated. An alternative is to bypass the optic nerve

altogether and use cortical surface or intracortical stimu-

lation to generate phosphenes [4]. Unfortunately, pro-

gress in this area has been hampered by a general lack

of understanding of brain functionality, hence, im-

pressive and useful short-term results are still awaited.

Electronic neural stimulation has proved to be extremely

successful in other areas, including applications such

as the treatment of Parkinson’s disease symptoms. In

Parkinson’s disease, diminished levels of the neurotrans-

mitter dopamine cause over-activation in the globus

pallidus internus and the subthalamic nucleus, resulting

in slowness, stiffness, gait difficulties and hand tremors.

By implanting electrodes into the subthalamic nucleus

to provide a constant stimulation pulse, the over-activity
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can be inhibited allowing the patient, to all external

intents and purposes, to function normally [18]. Mean-

while, ongoing research is investigating how the onset of

tremors can be accurately detected in the initial stages

such that merely a stimulation current burst is required

rather than a constant pulsing [10]. Clearly, this has

implications for battery inter-recharge periods as well

as limiting the extent of in-body intrusive signalling.

In a more general sense, most invasive CCCIs monitor

multi-neuronal intracortical action potentials, requiring

an interface which includes sufficient processing in order

to relate recorded neural signals with movement intent.

Problems incurred are the need to position electrodes as

close as possible to the source of signals, the need for

long term reliability and stability of interface in both a

mechanical and a chemical sense, and adaptivity in sig-

nal processing to deal with technological and neuronal

time dependence. However, in recent years a number of

different collective assemblies of microelectrodes have

been successfully employed both for recording and stim-

ulating neural activity. Although themselves of small

scale, nevertheless high density connectors=transmitters

are required to shift the signals to=from significant

signal processing and conditioning devices and also for

onward=receptive signal transmission. A line of research

has centred around patients who have suffered a stroke

resulting in paralysis. The most relevant to this paper is

the use of a ‘3rd generation’ brain implant which enables

a physically incapable brainstem stroke victim to control

the movement of a cursor on a computer screen [13, 14].

Functional magnetic resonance imaging (fMRI) of the

subject’s brain was initially carried out to localise where

activity was most pronounced whilst the subject was

thinking about various movements. A hollow glass elec-

trode cone containing two gold wires and a neurotrophic

compound (giving it the title ‘Neurotrophic Electrode’)

was then implanted into the motor cortex, in the area of

maximum activity. The neurotrophic compound encour-

aged nerve tissue to grow into the glass cone such that

when the patient thought about moving his hand, the

subsequent activity was detected by the electrode, then

amplified and transmitted by a radio link to a computer

where the signals were translated into control signals to

bring about movement of the cursor. With two electrodes

in place, the subject successfully learnt to move the

cursor around by thinking about different movements.

Eventually, the patient reached a level of control where

no abstraction was needed – to move the cursor he sim-

ply thought about moving the cursor. Notably, during the

period that the implant was in place, no rejection of the

implant was observed; indeed the neurons growing into

the electrode allowed for stable long-term recordings.

Some of the most impressive human research to date

has been carried out using the microelectrode array,

shown in Fig. 1. The individual electrodes are only

1.5mm long and taper to a tip diameter of less than 90

microns. Although a number of trials not using humans

as a test subject have occurred [1], human tests are at

present limited to two studies. In the second of these, the

array has been employed in a recording only role [5, 6,

8], most notably, recently as part of the ‘Braingate’ sys-

tem. Essentially, activity from a few neurons monitored

by the array electrodes is decoded into a signal to direct

cursor movement. This has enabled an individual to

position a cursor on a computer screen, using neural

signals for control combined with visual feedback. The

first use of the microelectrode array (Fig. 1) will be

discussed in the following section as this has consider-

ably broader implications, which extend the concept of

therapy. A key selection point at the present time are

what type of implant to employ, as several different

possibilities exist, ranging from single electrode devices

to multielectrode needles which contain electrode points

at different depths to multielectrode arrays which either

contain a number of electrodes which penetrate to the

same depth (as in Fig. 1) or are positioned in a banked=

sloped arrangement. A further key area of consideration

is the exact positioning of a CCCI. In particular, certain

areas of the brain are only really useful for monitoring

purposes whilst others are more useful for stimulation.

Actually deriving a reliable command signal from a

collection of captured neural signals is not necessarily

a simple task, partly due to the complexity of signals

recorded and partly due to time constraints in dealing

Fig. 1. A 100 electrode, 4�4mm microelectrode array, shown on a

UK 1 pence piece for scale
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with the data. In some cases, however, it can be rela-

tively easy to look for and obtain a system response to

certain anticipated neural signals – especially when an

individual has trained extensively with the system. In

fact, neural signal shape, magnitude and waveform with

respect to time are considerably different to other signals

picked up.

If a greater understanding is required of neural signals

recorded then this will almost surely present a major

problem. This is especially true if a number of simul-

taneous channels are being employed, each requiring a

rate of digitization of (most likely) greater than 20 kHz

in the presence of unwanted noise. For real time use, this

data will also need to be processed within a few milli-

seconds (100ms at most). Further, although many stud-

ies have looked into the extraction of command signals

(indicating intent) from measured values, it is clear that

the range of neural activity is considerable. Even in the

motor area, not only are motor signals present but so

too are sensory, cognitive, perceptual along with other

signals, the exact purpose of which is not clear – merely

classifying them as noise is not really sufficient and

indeed, it can be problematic when they are repeated

and apparently linked in some way to activity. It is worth

stressing here, that the human brain and spinal cord

are linking structures, the functioning of which can be

changed through electronic stimulation such as that

provided via a microelectrode array arrangement. This

type of technology, therefore, offers a variety of thera-

peutic possibilities. In particular, the use of implanted

systems when applied to spinal cord injured patients,

in whom nerve function is disordered, was described

[22] as having the following potential benefits (among

others):

1. Re-education of the brain and spinal cord through

repeated stimulation patterns.

2. Prevention of spinal deformity.

3. Treatment of intractable neurogenic and other pain.

4. Assisting bladder emptying.

5. Improving bowel function.

6. Treatment of spasticity.

7. Improvement of respiratory function – assisting

coughing and breathing.

8. Reduction of cardiovascular maleffects.

9. Prevention of pressure sores – possibly providing

sensory feedback from denervated areas.

10. Improvement and restoration of sexual function.

11. Improved mobility.

12. Improved capability in daily living, especially through

improved hand, upper limb and truncal control.

Sensate prosthetics is another growing application area

of neural interface technology, whereby a measure of

sensation is restored using signals from small tactile

transducers distributed within an artificial limb [7].

The transducer output can be employed to stimulate

the sensory axons remaining in the residual limb which

are naturally associated with a sensation. This more

closely replicates stimuli in the original sensory modal-

ity, rather than forming a type of feedback using neural

pathways not normally associated with the information

being fed back. As a result, it is supposed that the user

can employ lower level reflexes that exist within the

central nervous system, making control of the prosthesis

more subconscious.

One final noteworthy therapeutic procedure is func-

tional electrical stimulation (FES), although it is debat-

able if it can be truly referred to as a BCI, let alone a

CCCI, however it aims to bring about muscular excita-

tion, thereby enabling the controlled movement of limbs.

FES has been shown to be successful for artificial hand

grasping and release and for standing and walking in

quadriplegic and paraplegic individuals as well as restor-

ing some basic body functions such as bladder and

bowel control [11]. It must be noted though that control-

ling and coordinating concerted muscle movements for

complex and generic tasks such as picking up an arbi-

trary object is proving to be a difficult, if not insurmoun-

table, challenge.

In the cases described in which human subjects are

involved, the aim on each occasion is to either restore

functions since the individual has a physical problem of

some kind or it is to give a new ability to an individual

who has very limited motor abilities. In this latter case,

whilst the procedure can be regarded as having a ther-

apeutic purpose, clearly it is quite possible to provide an

individual with an ability that they have in fact never

experienced before. On the one hand, it may be that

whilst the individual in question has never previously

experienced such an ability, some or most other humans

have – in this case it could be considered that the ther-

apy is bringing the individual more in line with the

‘‘norm’’ of human abilities. It is though also potentially

possible to give extra capabilities to a human, to enable

them to achieve a broader range of skills – to go beyond

the ‘‘norm’’. Apart from the, potentially insurmountable,

problem of universally deciding on what constitutes the

‘‘norm’’, extending the concept of therapy to include

endowing an individual with abilities that allow them

to do things that a perfectly able human cannot do raises

enormous ethical issues. Indeed, it could be considered
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that a cochlea implant with a wider frequency response

range does just that for an individual or rather an indi-

vidual who can control the cursor on a computer screen

directly from neural signals falls into this category.

Hence, the possibilities of extended therapy, in an area

that can be considered as augmentation, are enormous.

In the next section, we consider how far things could be

taken, by referring to relevant experimental results.

Extended therapy

The interface, through which a user interacts with

technology, provides a distinct layer of separation be-

tween what the user wants the machine to do, and what

it actually does. This separation imposes a considerable

cognitive load upon the user that is directly proportional

to the level of difficulty experienced. It appears that the

main issue is interfacing the human motor and sensory

channels with the technology. One solution is to avoid

this sensorimotor bottleneck altogether by interfacing

directly with the human nervous system. It is certainly

worthwhile considering what may potentially be gained

from such an invasive undertaking. Advantages of

machine intelligence are for example rapid and highly

accurate mathematical abilities in terms of ‘number

crunching’, a high speed, almost infinite, internet knowl-

edge base, and accurate long term memory. Additionally,

it is widely acknowledged that humans have only five

senses that we know of, whereas machines offer a view

of the world which includes infra-red, ultraviolet and

ultrasonic. Humans are also limited in that they can only

visualise and understand the world around them in terms

of a limited dimensional perception, whereas computers

are quite capable of dealing with hundreds of dimen-

sions. Also, the human means of communication, essen-

tially transfering an electro-chemical signal from one

brain to another via an intermediate, often mechanical

medium, is extremely poor, particularly in terms of

speed, power and precision. It is clear that connecting

a human brain, by means of an implant, with a computer

network could in the long term open up the distinct ad-

vantages of machine intelligence, communication and

sensing abilities to the implanted individual.

As a step towards this more broader concept of

human-machine symbiosis, in the first study of its kind,

the microelectrode array (as shown in Fig. 1) has been

implanted into the median nerve fibres of a healthy

human individual in order to test bidirectional function-

ality in a series of experiments. A stimulation current

directed onto the nervous system allowed information to

be sent to the user, while control signals were decoded

from neural activity in the region of the electrodes [9,

23]. In this way, a number of experimental trials were

successfully concluded [24, 25]: In particular:

1. Extra sensory (ultrasonic) input was successfully

implemented and made use of.

2. Extended control of a robotic hand across the internet

was achieved, with feedback from the robotic fingertips

being sent back as neural stimulation to give a sense of

force being applied to an object (this was achieved

between New York (USA) and Reading(UK)).

3. A primitive form of telegraphic communication di-

rectly between the nervous systems of two humans

was performed.

4. A wheelchair was successfully driven around by

means of neural signals.

5. The colour of jewellery was changed as a result of

neural signals – as indeed was the behaviour of a

collection of small robots.

In each of the above cases, it could be regarded that the

trial proved useful for purely therapeutic reasons, e.g.

the ultrasonic sense could be useful for an individual

who is blind or the telegraphic communication could

be very useful for those with certain forms of motor

neuron disease. However, each trial can also be seen

as a potential form of augmentation for an individual.

The question then arises as to how far should things be

taken? Clearly, extended therapy by means of CCCIs

opens up all sorts of new technological and intellectual

opportunities, however, it also throws up a raft of dif-

ferent ethical considerations that need to be addressed

directly.

Conclusions

External input-output interfaces with human and

animal brains have been studied for many years. These

are sometimes referred to as brain-computer interfaces

even though the interface is external to the body and its

sensorimotor mechanism. Systems based on EEG output

with external contact electrodes would appear to be the

closest implemented technology to an actual BCI or

CCCI. In this article, an attempt has been made to put

such systems in perspective. Emphasis has been placed

on CCCIs as can be obtained by means of implanted

devices through invasive surgery. In particular, a number

of recent trials in this area have clearly shown the pos-

sibilities of monitoring and stimulating brain function-

ing. Although there is no distinct dividing line, it is
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quite possible to investigate CCCIs in terms of those

employed for direct therapeutic means and those which

can have a more extended therapeutic role to play.

It is clear that the interaction of electronic signals with

the human brain can cause the brain to operate in a dis-

tinctly different manner. Such is the situation with the

stimulator implants that are successfully used to counter-

act, purely electronically, the tremor effects associated

with Parkinson’s disease. Such technology can though

potentially be employed to modify the normal function-

ing of the human brain and nervous system in a number

of different ways. Perhaps, understandably invasive

CCCIs are presently far less well developed than their

external BCI counterparts. A number of animal trials

have though been carried out and the more pertinent

have been indicated here, along with the relevant human

trials and practice. The potential for CCCI applications

for individuals who are paralysed is enormous, in cases

where cerebral functioning is assisted to generate func-

tional command signals, despite the motor neural path-

ways being in some way impaired – such as in Lou

Gehrig’s disease. The major role is then either one of

relaying a signal of intention to the appropriate actuator

muscles or to reinterpret the neural signals to operate

technology, thereby acting as an enabler. In these situa-

tions, no other medical ‘‘cure’’ is available, something

which presents a huge driver for an invasive implant

solution for the millions of individuals who are so af-

fected. Clearly though, bidirectional signalling is impor-

tant, not only to monitor and enact an individual’s intent

but also to provide feedback on that individual’s resul-

tant interaction with the real world. For grasping, walk-

ing and even as a defensive safety stimulant, feedback is

vital. This article has therefore focussed on such studies.

Although most prevalent in the field of CCCIs, where

invasive interfaces are employed in human trials, a

purely therapeutic scenario exists, as was detailed in

section 3. In a small number of instances, such as use

of the microelectrode array as an interface, an individual

has been given different abilities, something which

opens up the possibilities of an extended view of therapy

as was described in section 4. These latter cases, how-

ever, raise more topical ethical questions with regard to

the need and use of a CCCI. What might be seen as a

new means of communication for an individual with an

extreme form of paralysis or a new sensory input for

someone who is blind, opening up a new world for them,

can also be seen as an unnecessary extra for another in-

dividual, even though it may provide novel commercial

opportunities. Indeed, what is therapy for one person

may be regarded as an upgrading=augmentation for an-

other. Whilst there are still many technical problems to

be overcome in the development of CCCIs, significant

recent experimental results have indicated that a suffi-

cient technological infrastructure now exists for further

major advances to be made. Although a more detailed

understanding of the underlying neural processes will be

needed in the years ahead, it is not felt that this will

present a major hold up over the next few years, rather

it will provide an avenue of research. Many new results

will shortly appear through trials and experimentation,

possibly initially through animal studies, although it must

be recognised that it is only through human studies that a

full analysis can be made and all encompassing conclu-

sions can be drawn. Nevertheless, the topic opens up

various ethical questions that need to be addressed and

as such, research in this area should only proceed in light

of a pervasive ethical consensus.
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Trimodal nanoelectrode array for precise deep brain stimulation:
prospects of a new technology based on carbon nanofiber arrays

J. Li and R. J. Andrews
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Summary

Although deep brain stimulation (DBS) has recently been shown to

be effective for neurological disorders such as Parkinson’s disease, there

are many limitations of the current technology: the large size of current

microelectrodes (�1mm diameter); the lack of monitoring of local brain

electrical activity and neurotransmitters (e.g. dopamine in Parkinson’s

disease); the open-loop nature of the stimulation (i.e. not guided by brain

electrochemical activity). Reducing the size of the monitoring and stim-

ulating electrodes by orders of magnitude (to the size of neural elements)

allows remarkable improvements in both monitoring (spatial resolution,

temporal resolution, and sensitivity) and stimulation. Carbon nanofiber

nanoelectrode technology offers the possibility of trimodal arrays (mon-

itoring electrical activity, monitoring neurotransmitter levels, precise

stimulation). DBS can then be guided by changes in brain electrical

activity and=or neurotransmitter levels (i.e. closed-loop DBS). Here,

we describe the basic manufacture and electrical characteristics of

a prototype nanoelectrode array for DBS, as well as preliminary

studies with electroconductive polymers necessary to optimize DBS

in vivo. An approach such as the nanoelectrode array described here

may offer a generic electrical-neural interface for use in various

neural prostheses.

Keywords: Neuromodulation; bionanotechnology; carbon nanofi-

bers; deep brain stimulation; nanoelectrode array; Parkinson’s disease.

Introduction

High-frequency deep brain stimulation (DBS) of the

thalamus, subthalamic nucleus, or basal ganglia has been

demonstrated as an effective clinical technique for the

treatment of medically refractory movement disorders,

such as Parkinson’s disease [25], essential tremor, and

dystonia [4], as well as other neurologic and psychiatric

disorders, e.g. epilepsy [11], obsessive-compulsive dis-

order (OCD) [8], and major depression [18]. However,

the scientific understanding of its mechanisms of action

is far behind the clinical applications [19]. Current tech-

niques in DBS mainly use open-loop macroelectrodes as

represented by Medtronic (Medtronic Inc., Minneapolis,

MN, USA) devices. Such techniques emphasize the ob-

servation of the therapeutic effectiveness of DBS, which

have several significant drawbacks:

1. Only open-loop stimulation is available, i.e. the elec-

trical stimulation is constant and not influenced by

the ongoing electrical activity of the brain. Details of

improvements in terms of closed-loop DBS (utilizing

feedback from continuous monitoring of brain elec-

trical activity), which are currently in early clinical

trials for the treatment of intractable epilepsy, are

detailed elsewhere in this Volume. Generally it is dif-

ficult to separate the electrical recording from the in-

terference of the stimulation current.

2. No monitoring of other likely relevant parameters

(beyond brain electrical activity) is available. For ex-

ample, in Parkinson’s disease, it is likely that mon-

itoring of dopamine levels would improve the ability

to stimulate specific regions of the brain in a manner

which takes into account the fluctuating dopamine

levels in different regions (paralleled by fluctuating

Parkinson’s symptoms throughout the day). Other ex-

amples include intractable epilepsy (where monitor-

ing glutamate and or GABA may assist in tailoring

closed-loop DBS to seizure control) and mood dis-

orders (where monitoring neurotransmitters such as

serotonin may improve DBS efficacy).

3. The macroelectrode currently employed, 1.27mm di-

ameter (dia), is much too large to permit more than a

few electrodes being implanted in a given patient’s

brain. Being able to stimulate multiple regions of the

brain with a much larger number of electrodes (of

necessity much smaller in size) is likely to improve

neuromodulation for various disorders.



4. The size (circular contacts 1.27mm in diameter by

1.5mm in length) is orders of magnitude larger than

the cells (neurons) and cell processes (axons and den-

drites) being stimulated. Thus, anatomic precision of

stimulation is lost.

5. The characteristics of the electrical-neural interface

of the current macroelectrode for DBS are subopti-

mal. The transfer of charge from the electrode to the

neural tissue can be vastly improved, with increase in

both efficacy and safety.

These disadvantages may be solved by the introduc-

tion of new technologies and methods. We intend in this

chapter to illustrate the potential of a close-loop multi-

plex system based on a novel nanoelectrode platform

with triple modalities, e.g. microelectrical stimulation,

microelectrical recording, and local neurotransmitter

monitoring.

As discussed elsewhere in this volume, there are sev-

eral hypotheses regarding the therapeutic benefit of DBS.

One might expect, on basic physiological principles, that

DBS results in excitation of the neural elements (axons

and cell bodies) surrounding the tip of the electrode, and

thus increases firing of the axons projecting away from

the region stimulated. Indeed, DBS was first used to acti-

vate a descending pain inhibitory pathway originating in

the periventricular gray [10]. Neural fiber bundles are

excited at both low and high frequencies [3]. On the other

hand, in all target nuclei so far stimulated, DBS effects

mimic those of lesions made during thalamotomy, palli-

dotomy or even subthalamotomy, suggesting an inhibition

of at least the neuronal network containing the target, if

not of the target itself [3, 7].

Four general hypotheses for the mechanisms of DBS

have been proposed [19]: (1) depolarization blockade;

(2) synaptic inhibition; (3) synaptic depression, and

(4) stimulation-induced modulation of pathologic net-

work activity. In reality, the therapeutic mechanisms

for DBS are likely a combination of all these hy-

potheses. Currently, many techniques are employed to

validate these hypotheses, including neural model-

ing, neural recording, microdialysis, and imaging tech-

niques such as positron emission tomography (PET) and

functional magnetic resonance imaging (fMRI) [19].

By combining results from several modalities, a more

complete understanding of the effects of DBS can be

developed.

The fundamental question for DBS is: ‘‘What is being

stimulated?’’ Since the current intensity decreases with

distance from the electrode tip, the types of neural ele-

ments excited will differ depending on their distance

from the electrode [7]. The excitability of axons is much

higher than cell bodies, and large myelinated axons are

much more excitable than unmyelinated axons [24, 27].

Thus, the predominant effect of stimulation of brain

nuclei is likely activation of large axons, both the pro-

jection neurons and the axons of the afferent inputs to

the nucleus (as well as fibers of passage in or near the

nucleus). In these cases, both orthodromic and antidrom-

ic action potentials would be evoked. The clinically

observed effects could thus be due to activation of affer-

ent inputs onto neurons in the nucleus, direct effects

on the output neurons and=or effects mediated at other

regions by means of initial antidromic activation of

axons in the nucleus and then release of neurotransmit-

ters from axon collaterals in other nuclei [7]. Since the

nuclei are not homogeneous, stimulation effects are likely

to differ depending on the electrode location within the

nucleus.

The need for multimodal DBS

There are several reasons why a nano-sized, multi-

modal electrode array can represent a substantial ad-

vance in DBS:

1. For a closed-loop system in Parkinson’s disease, mon-

itoring dopamine levels in the basal ganglia – possibly

in multiple locations – is very likely to be the best

parameter to guide stimulation (e.g. of the STN).

2. Research on subthalamic nucleus (STN) DBS in a rat

model, using microdialysis to measure GABA and

glutamate (Glu) in the globus pallidus (GP) and the

substantia nigra reticulata (SNr), found STN stimu-

lation to increase Glu in the GP and SNr, but to in-

crease GABA in the SNr only [33]. More recently, the

same group has shown the effect of STN DBS to

be stimulation frequency-dependent [34]. Optimizing

the effect of STN DBS is likely to be achieved when

neurotransmitter levels can be monitored rapidly and

continuously along with STN stimulation.

3. It has been shown in rats that DBS results in Glu

release [1], and in thalamic and subthalamic slices,

that high frequency stimulation (HFS) releases both

excitatory and inhibitory neurotransmitters (presum-

ably Glu and GABA, respectively) [12, 13].

4. There is research evidence in both animals and hu-

mans, from both epilepsy and Parkinson’s disease,

that STN DBS may involve changes in cortical elec-

trical activity, likely glutaminergically-mediated. A

closed-loop system will likely need multiple mul-

timodal arrays in both the cortical and STN loca-
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tions, with neurotransmitter monitoring capabilities

[2, 6, 30].

5. DBS for OCD, like DBS for epilepsy and other ap-

plications, is thought to work in part because of desyn-

chronization of oscillatory neuronal activity [29]. It

is suggested that the stimulating and recording elec-

trodes in DBS for OCD may be in physically distant

parts of the brain, e.g. the former in the nucleus accu-

mbens and the latter in the orbitofrontal cortex [29].

Again, micro-sized electrodes with multimodal capa-

bilities are likely to be optimal for such applications.

A potential closed-loop trimodal chip for DBS

Due to the complexity discussed above, multiplex

electrodes that can perform precise microstimulation as

well as multiple electrical recordings at subcellular sites

such as cell bodies and axons are desirable for DBS.

Stimulation may activate neuron terminals to release

neurotransmitters such as dopaminergic, glutamatergic,

and gamma-aminobutyric acid (GABA)ergic afferents,

which may lead to excitatory or inhibitory postsynaptic

neuron activities. Continuous monitoring of these neuro-

transmitters is also desirable for DBS. It is possible to

integrate all three modalities into a close-loop electrode

based on the carbon nanofiber (CNF) technology under

development at NASA Ames as shown in Fig. 1.

As described in previous papers [14, 15], vertically

aligned CNFs can be grown precisely on prepatterned

microcircuits on a silicon (Si) wafer. Typically, multi-

plex individually addressed contact pads such as the

3�3 pattern can be fabricated using ultraviolet (UV)

lithography and standard metallization techniques. The

size of the contact pads can be varied from a few mi-

crons to macroscale. For DBS applications, the desired

size is less than 20 microns, the size of the body of a

neural cell, so that an individual cell or even a local node

of Ranvier of myelinated axons can be directly excited

by extracellular stimulation. The low limit is defined by

the impedance of the electrode and the capability to de-

liver a current over the excitation threshold. The CNF

array on a particular contact pad may be constructed into

one of the two configurations for different modalities.

In the first configuration, the CNF array remains as a

three-dimensional (3D) open structure and serves as mi-

croelectrical stimulating and microelectrical recording

electrodes. In the second configuration, the CNF array is

embedded in insulating dielectrics such as SiO2 leaving

only the very end exposed. Such inlaid nanoelectrode

array allows extremely sensitive electrochemical record-

ing of the release of neurotransmitters in the local ex-

tracellular space. The principles of such device as a

closed-loop trimodal chip and the potential benefits for

DBS application are addressed in the following sections.

Fig. 1. (a) The schematic of an implantable close-loop trimodal chip for DBS. Scanning electron microscopy images of (b) a 3�3 CNF

nanoelectrode array each with an independent metal contact line, (c) one of the microelectrodes configured with an open CNF array for

microelectrical stimulation and microelectrical recording, and (d) an embedded low-density CNF array used for electrochemical neurotransmitter

recording. The size of the microelectrode pads can be varied from a few microns to hundreds of microns. The scale bars in (b)–(d) are 200, 1, and

2mm, respectively
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Benefits for electrical stimulation and recording

using CNF arrays

Properties of CNFs

Carbon nanotubes (CNTs) and CNFs belong to a

family of materials that have attracted extensive interest

in nanotechnology over the past 15 years. A CNT is a

cylindrical form of carbon, configurationally equivalent to

a two-dimensional graphene sheet rolled into a seamless

tube [21]. A CNT consisting of a single graphene sheet,

known as a single-walled carbon nanotube (SWCNT),

can be as small as 0.7 nm dia and over tens of microns

long. A multi-walled carbon nanotube (MWCNT) con-

sists of a concentric cylindrical arrangement of multi-

ple nanotubes with a typical wall separation of 0.34 nm

around a central hollow core. The diameter can vary

from a few nanometers to about 200 nm and the length

can be hundreds of nanometers to tens of microns. CNF

is a defective form of MWCNT, where the sidewalls

are not perfectly parallel to the tube axis, resulting in

a structure similar to a stack of cups [21]. Such defects

were induced by the plasma enhanced chemical vapor

deposition (PECVD) process. However, the PECVD pro-

cess has the advantages of producing the free-standing

vertically aligned structure as well as the low processing

temperature which is compatible with microelectronic

devices. These two advantages are the main reasons that

we use CNF arrays for the current applications.

CNTs and CNFs have very strong mechanical strength:

they can maintain the rigid fiber structure at high aspect

ratio with the diameter reduced down to a few nano-

meters. The Young’s modulus of CNTs is around 1 TPa

and the maximum strain is about 10%, which is higher

than any other material. The strength to weight ratio is

about 500 times greater than that of aluminum. CNTs

and CNFs have a very high electrical conductivity

(orders of magnitude higher than electronic conductive

polymers (ECPs)), i.e. close to the conductivity of metals.

These superb mechanical and electrical properties are

essential requirements for nanoscale elements of the

implantable DBS devices.

3D electrical-neural interface

Since the brain consists of neurons and glial cells

connected through the 3D neurite network, an efficient

electrical neural interface needs to accommodate such

complexity. Currently, used DBS electrodes are nor-

mally solid metal over 1mm in size, where the elec-

trical neural interface is essentially a 3D network on a

solid plane. Efforts have been made to cover the solid

surface with a porous hydrous metal oxide film [32] and

fuzzy ECPs [5]. The vertically aligned CNF array as

shown in Fig. 1c has a large open space between neigh-

boring CNFs and thus would be ideal to create a 3D

electrical-neural interface.

However, the CNF has a large surface to volume ratio.

For any implantable application, the capillary force ex-

erted by the physiologic solutions and pressure from the

surrounding tissue would be tremendous. As shown in

Fig. 2a, although CNFs have extremely high mechanical

strength, the as-grown CNF array will collapse into

microbundles after it is submerged into aqueous solu-

tion. This is exactly the reason why other materials were

not able to be used to form a reliable 3D electrical-

neural interface. With CNF array, the bunching problem

can be solved by coating each CNF with a thin con-

formal ECP film. As shown in Fig. 2b, even a 20 nm

polypyrrole (PPy) film can dramatically improve the

mechanical strength of the CNF array so that the free-

standing vertically aligned structure can be maintained

in the water solutions [23]. PPy is one of the commonly

used ECPs to improve the performance of implantable

neural devices [5].

Fig. 2. Scanning electron microscopy images of (a) an as-grown CNF array after submerging into water solutions and (b) a similar CNF array after

coated with a thin layer of polypyrrole film. (c) The schematic of the 3D electrical-neural interface. The scale bars in (a) and (b) are 1mm and

500 nm, respectively
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Figure 2c shows the schematic of how such a stable

3D structure may be used for high-efficacy stimulation.

As reported before, in extracellular stimulation, the ex-

citability of axons is much higher than cell bodies and

large myelinated axons are much more excitable than

unmyelinated axons [24, 27]. Extremely high stimula-

tion efficacy can be achieved if one can bring the elec-

trode close to the node of Ranvier of myelinated axons.

This may be donewith the vertically aligned CNF array as

shown in Fig. 2c. Our preliminary data also show that

CNFs can easily penetrate the membrane of the cell

body without destroying its integrity. Hence it is possi-

ble to use CNF arrays for intracellular stimulation in the

future.

Miniaturization and multiplexing

Ideally one would like to reduce the size of each

contact pad below 20 mm, e.g. the size of the cell body,

so that individual neuron can be excited. Many of such

electrodes in a multiplex form for simultaneous stimu-

lation and recording may map out the activity of the

neural network. However, the reduction of the electrode

size will increase the impedance of the electrode and

limit the current that it can deliver to the brain to stim-

ulate the neural network. Extensive efforts have been

made to reduce the impedance by porous metal oxides

[20, 32] and fuzzy ECPs [5]. The 3D CNF structure in

Fig. 2b consists of a highly conductive and mechanically

stable template on which an ECP film is coated. This

improves both the electrical and mechanical properties

of the fuzzy ECP structures on solid electrode surface

[5]. A thin PPy film is able to add a pseudo capacitance

over 1000 times higher than a solid electrode and thus

dramatically decreases the impedance [23]. This makes

it possible to decrease the electrode size to single neu-

rons. The ECP coating may be also used as a media for

surface modification to gain some advantages in multi-

plexing. Different electrodes can then be modified with

different ligands to control the attachment of the type of

cells, i.e. neurons vs. glial cells, or the subcellular enti-

ties such as the cell body or myelinated axons.

Potential for monitoring neurotransmitters

While the signal is transduced as electrical pulses

inside a neuron, it is carried through the release of chem-

ical messengers i.e. neurotransmitters, into the synapse

between neurons as shown in Fig. 3. Most neurotrans-

mitters are electrochemically active molecules (e.g. cate-

cholamines such as dopamine), which can be directly

measured with electrochemical sensors. Microelectrodes,

where conductive microfibers are sealed in capillary

glass tubes pulled down to about 10 microns in diameter,

are commonly used to detect the changes of extracellular

neurotransmitters in the brain as shown in Fig. 4. It has

been reported that microfiber electrodes can measure

subsecond processes with minimal tissue damage. In

the past decade, microfiber electrodes have revealed in-

valuable information despite that the sensitivity and time-

resolution barely meet the requirements for real-time

measurements [31].

Among various neurotransmitters, dopamine has been

most intensively studied due to the ease of detection as

well as the biomedical importance. In particular, defi-

ciency of dopamine in the basal ganglia is a well known

finding in Parkinson’s disease (PD). Dopamine neuro-

transmission in the rat brain has been studied using a

Fig. 3. Schematic of a dopaminergic neuron. (a) The dendrites of the

dopaminergic neuron receive information from other cells. An action

potential then propagates down the axon to the terminals, where

neurotransmitters relay information to target cells. (b) Enlarged view

of a dopamine terminal. Dopamine (grey circles) is synthesized from

tyrosine and packaged into vesicles. In response to an action potential,

vesicles release their contents into the synapse. Dopamine can then dif-

fuse out of the synapse, to play a role in the interaction with receptors,

or be taken up by the dopamine transporter (Adapted with permission

from [31])
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glass-encased carbon fiber microelectrode (>5 mm dia)

[31]. Using fast-scan cyclic voltammetry (FSCV), the

extracellular dopamine level can be monitored in tem-

poral resolution down to �0.1 sec at a concentration

down to 100 nM. Electrically evoked dopamine release

was measured in brain slices, anesthetized rats and mice,

and freely moving rats in real time. Naturally occurring

dopamine pulse release in freely moving rats during

behavioral situations was also measured, indicating that

a behavioral stimulus can evoke a transient dopamine

increase [26]. Dopamine acts as a reward for behavior

that precedes its release, and subsequently it triggers

pursuit of the same reward after its release. Correlation

of dopamine signal with DBS is to be established in the

future.

The challenges for realtime neurotransmitter record-

ing during DBS lie in the extremely high requirements

for both sensitivity (�10 nM) and temporal resolution

(<0.1ms). The state-of-the-art technology using carbon

fiber microelectrode does not meet these requirements

even though it is much better that macroelectrodes.

There have been long-standing interests to develop elec-

trodes with smaller size – down to a few nanometers –

for higher sensitivity and better temporal resolution. In

previous studies [15], we have demonstrated that inlaid

CNF nanoelectrode arrays as shown in Fig. 1d indeed

provide much higher sensitivity (with the detection limit

down to �10 nM) and potentially a submillisecond tem-

poral resolution. This may be used for dopamine mon-

itoring during DBS.

In the brain nuclei normally involved in DBS, glu-

tamate and GABA are the relevant neurotransmitters.

Glutamate is responsible for excitatory synaptic trans-

mission, and GABA is for inhibitory synaptic transmis-

sion. It would be very useful to specifically measure all

of these neurotransmitters simultaneously in the local

area that is stimulated. Many studies have measured

glutamate electrochemically using a glutamate oxidase

modified electrode [35], where H2O2 generated by enzy-

matic oxidation of glutamate is measured and used as

an indirect measure of glutamate concentration. This

method can be applied to the inlaid CNF nanoelectrode

array sensor. A glucose sensor with very similar mech-

anism has been recently demonstrated on such nano-

Fig. 4. FSCV with a carbon-fiber microelectrode for dopamine detection. (a) The electrode potential is scanned from �0.4 to þ1.0Vand back every

100ms at 300V=s. (b) At the cylindrical carbon-fiber microelectrode, dopamine is oxidized to dopamine-o-quinone and then reduced back to

dopamine. (c) A large background charging current at the electrode (black line) is produced. When dopamine is present (grey line), only small

changes in the current are detected. (d) The characteristic chemical ‘‘fingerprint’’ cyclic voltammogram for dopamine is obtained by subtracting the

black line from the red line in (c). (e) The current at the oxidation potential, converted to concentration using an in vitro calibration value, can be

plotted versus time to monitor dopamine concentration changes after a short electrical stimulation (4 pulses delivered at 100Hz, indicated by hash

marks) (Adapted with permission from [31])
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electrode arrays [16]. Current studies of GABA release

during DBS mainly rely on microdialysis or HPLC in

conjunction with electrochemical detectors. Certainly,

GABA may be electrochemically detected either directly

or through the enzymatic reaction in the future.

Future aspects of nanoelectrodes

for neuromodulation and monitoring

The 3D structure of a CNF array is similar to the 3D

fibrous network structure of extracellular matrix (ECM),

which forms the necessary basement structure to support

tissue growth. The surface of the CNF may be modified

to induce the growth of neurites to form an interdigi-

tized interface. Such interpenetration of the 3D solid-

state structure into the 3D soft biological tissue would

in principle form an improved electrical neural interface.

Future work will focus on the biocompatibility and tis-

sue engineering issues so that the CNF array can be

optimized for implantable applications.

Biocompatibility and toxicity

With the rapid growth in bionanotechnology has come

intense interest in the potential toxicity of implanted

nanomaterials [28]. The main biocompatibility concern

for CNTs and CNFs lies in the hydrophobic graphite

basal plane-like structure of the sidewall that likely in-

duces denaturation of biomolecules such as proteins

when implanted in the human body. The resistance to

degradation may also pose a problem in that these mate-

rials may accumulate in the human body. Carbon ma-

terials, however, are among the most commonly used

biocompatible materials. The introduction of a biocom-

patible coating may further improve the biocompatibil-

ity. As shown in Fig. 2b, an ECP such as PPy coating can

be applied to modify the surface properties of CNTs

and CNFs as well as to improve the mechanical and

electrical properties of the nanostructure. PPy is an

FDA-approved biocompatible material for implantable

devices. The ECP coating converts the hydrophobic

sidewall into a hydrophilic surface. All CNTs and CNFs

are encapsulated inside the ECP coating and are unlikely

to come in contact with body fluids. During electrical

stimulation, Cl� ions can be loaded into the ECP film or

released from the ECP film into the physiologic environ-

ment. These processes convert the electrical current in

the solid-state circuit into ionic current in the body fluid.

The major current carrier, Cl� ion, is compatible with

the physiologic environment, and thus can avoid the

dramatic pH value change incurred with other metal or

metal oxide electrodes [20]. The third toxicity concern is

that the metal catalysts such as Ni, Co, and Fe used for

CNT or CNF growth may dissolve into solution to reach

a toxic metal ion concentration. This problem is nor-

mally solved by dissolving the metal catalysts away in

strong acid solutions before coating with ECP films. No

evidence of toxicity due to the trace metal residues has

been observed, but it is worthy of further investigation.

Tissue engineering

CNTs and CNFs are a class of new materials which

may provide many opportunities for implantable devices

[9]. Studies have found that the fibrous template of

CNTs and CNFs may promote the growth of neurites

and boost neuronal network activity [17]. Research on

optimizing tissue engineering and realizing the appeal-

ing concepts of 3D interfaces has just started. The small

dimension of CNTs and CNFs minimizes tissue damage

during implantation. However, these nanostructures are

attached to a solid Si substrate which will unavoidably

face the same problem as other solid electrodes. One

advantage of the CNF array is that it can form an inter-

face with open 3D structure between the tissue and solid

substrate. The ECP coating further makes the electrode

surface even softer and more compatible with the biolog-

ical tissue. Anti-inflammatory drugs and neurochemicals

such as nerve growth factors can be loaded in the ECP

film, which are then released by tuning the electrode

potential. These chemicals may reduce the lesion and

enhance neuronal survival and=or regrowth near the

implanted electrode arrays. The surface of the ECP film

can be also covalently attached with proper ligands to

regulate the relative growth rate of neurons and glial

cells, which was recently found to be critical for a good

electrical neural interface [22].

Conclusion

We have introduced a multiplex trimodal chip using

CNF arrays as a 3D electrical-neural interface or elec-

trochemical sensor. The unique mechanical, chemical,

and electrical properties of the vertically aligned CNF

array make it possible to reduce the size of the stimu-

lating electrode for DBS to less than that of the cell

body – so that individual cells may be excited by elec-

trical stimulation at many sites. The open nanostructure

also makes it possible to interdigitize with neurites and

to deliver currents near the node of Ranvier of mye-
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linated axons, which should have much higher excitation

efficacy. In addition to monitoring local electrical activ-

ity, neurotransmitters such as dopamine, glutamate, and

GABA may be detected and monitored in the nearby

extracellular space. The 3D open structure, the ability

to modify the surface chemistry, and controllable release

of chemicals from the ECP coating are other attractive

properties desired for implantable neural devices. In

combination, these features should provide a much bet-

ter understanding of the mechanisms of DBS as well as

provide much more efficacious closed-loop DBS for ap-

plications such as movement disorders (e.g. Parkinson’s

disease), epilepsy, and depression. If successful, the

techniques used for the multiplex trimodal nanoelec-

trode array described here may be generally applied to

other neural prosthetic devices such as a generic elec-

trical-neural interface.
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Summary

One type of future, improved neural interfaces is the ‘cultured probe’.

It is a hybrid type of neural information transducer or prosthesis, for

stimulation and=or recording of neural activity. It would consist of a

micro-electrode array (MEA) on a planar substrate, each electrode being

covered and surrounded by a local circularly confined network (‘island’)

of cultured neurons. The main purpose of the local networks is that they

act as bio-friendly intermediates for collateral sprouts from the in vivo

system, thus allowing for an effective and selective neuron electrode

interface. As a secondary purpose, one may envisage future information

processing applications of these intermediary networks.

In this chapter, first, progress is shown on how substrates can be chem-

ically modified to confine developing networks, cultured from dissociated

rat cortex cells, to ‘islands’ surrounding an electrode site. Additional coat-

ing of neurophobic, polyimide coated substrate by tri-block-copolymer

coating enhances neurophilic-neurophobic adhesion contrast. Secondly,

results are given on neuronal activity in patterned, unconnected and

connected, circular ‘island’ networks. For connected islands, the larger

the island diameter (50, 100 or 150mm), the more spontaneous activity is

seen. Also, activity may show a very high degree of synchronization be-

tween two islands. For unconnected islands, activity may start at 22 days

in vitro (DIV), which is two weeks later than in unpatterned networks.

Keywords: Live neural networks; neural network patterning; cultured

neural probe.

Introduction

Efficient and selective electrical stimulation and re-

cording of neural activity in peripheral, spinal or central

neural pathways requires multielectrode arrays at mi-

crometer or nanometer scale. At present, wire-arrays in

brain, flexible linear arrays in the cochlea and cuff-

arrays around nerve trunks are in experimental and=or

clinical use. Two- and three-dimensional brush-like mi-

cro arrays and ‘sieves’, with around hundred electrode

sites, have been proposed, fabricated in microtechnology

and=or tested in a number of laboratories. As there are

no ‘blueprints’ for the exact positions of fibres in a per-

ipheral nerve, or motor neurons in a ventral root region,

an insertable multielectrode has to be designed in a redun-

dant way. Even then, the efficiency of a multielectrode

will be less than 100%, as not every electrode will contact

one neural axon or soma. Therefore, ‘cultured probe’

devices are being developed, based on cell-cultured

planar MEA’s (multi-electrode arrays) (Figs. 1 and 2).

They may enhance efficiency and selectivity because

neural cells have been grown over and around each elec-

trode site as electrode-specific local networks. If, after

implantation, collateral sprouts branch from a motor

fibre (ventral horn area) and if they can each be guided

and contacted to one specific ‘host’ island-network, a

one-to-one, i.e. very selective and efficient stimulatory

interface will result.

The islands perform the function of a bio-friendly

surrounding for the sprouts, producing neuro-attractive

proteins to guide the sprouts towards them. A number of

aspects relevant to the successful development of a cul-

tured probe have been studied in our group intensively

during recent years. Among them are the electrical be-

haviour of the neuron-electrode contact [1, 3, 4], the

capability to record and stimulate neuron activity of

cells positioned on top of MEA-electrodes or closely

beside them [2], and the chemical surface modification

of flat substrates into neurophilic and neurophobic

� This paper has been published under the title ‘Cultured neural

networks: optimization of patterned networks adhesiveness and charac-

terization of their neural activity’. In: Applied Bionics & Biomechanics

3(1) (2006), pp. 1–7, DOI 10.1533=abbi.2005.0027; with permission.



regions [11, 12]. In summary, these studies resulted in

understanding of the neuron-electrode contact and the

wave shapes of recorded action potentials, the discovery

of a stimulation current ‘window’, and the discovery of

chemical coatings suited for patterning of host islands.

As stated, the local island networks serve only to pro-

vide a bio-friendly surrounding for the sprouts. How-

ever, it is well established that (large) developing

cortical neuron networks will start to exhibit sponta-

neous activity after about one week in vitro. It has been

shown that the patterns resemble those seen in vivo [7].

Recording of the firing activity of individual neurons has

become established, since the pioneering work of Gross

and Pine [8, 9], as a useful technique, as is also shown

by Jimbo et al. [10] in a study of activity-dependent

plasticity at the synaptic level. The question is whether

smaller networks, like our islands, will become sponta-

neously active also. Is there a minimal network size?

In the following sections of this chapter we report

latest progress regarding two of the aforementioned

aspects: 1) enhanced neurophilic=neurophobic contrast

and 2) spontaneous and synchronised activity of pat-

terned host islands.

Enhanced neurophobic=neurophilic contrast

Essential properties of the probe are that cells must

adhere to the surface of the substrate and develop into

Fig. 2. MEA (multi-electrode array) device with culture dish (diameter 30mm) on top. The MEA is based on a glass substrate (5�5 cm), it has

61 embedded electrodes. The 61 electrode tips (tip diameter 10mm) lie in the center of the chamber (magnified in right-top figure). The figure right

below shows a detail of one tip, surrounded by a 4 DIV (Days In Vitro) old developing cortical cell culture

Fig. 1. Schematic impression of a ‘cultured probe’-type of neural in-

formation transducer=prosthetic device. The black circular ‘stand-alone-

islands’ are cultured neuronal networks, separated from each other, at

and around each electrode, acting as bio-friendly hosts=attractors for the

sprouts. The primary goal is selective stimulation of neuronal sprouts

(motor fibers). The series of stars stand for information flow from one

electronic stimulus channel to one neural fiber, via one electrode site
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networks of somata and outgrowing neurites=axonal fas-

cicles, within a predefined area around the electrodes.

The goal should be also to keep the networks flat and

confined as long as possible, so to delay the natural ten-

dency of neurons to aggregate, or island networks to

become connected by ‘neural cables’. For that, chemical

modification of the substrate and electrode areas with

various coatings, such as neurophilic polyethyleneimine

(PEI) and neurophobic fluorocarbon (FC) monolayers is

applied, to promote or inhibit adhesion of cells.

Then, one of the key problems in long-term neuronal

patterning studies on MEAs is the biofouling of the back-

ground material with cell-adhesive proteins, which on

turn promote the random overgrowth with neuronal tissue

[6]. Polyethylene oxide (PEO)-coated surfaces are known

for their ability to inhibit the adsorption of proteins and

are promising alternatives as neurophobic background

surfaces. The methods to fabricate PEO-coated surfaces

can be divided in two different subgroups, e.g. covalent

bonding of relatively short polyethylene oxide chains

(PEO also termed poly-ethylene-glycol PEG) and ad-

sorption of polyethylene oxide-polypropylenoxide (PEO-

PPO) block-copolymers onto hydrophobic materials [13].

The advantage of covalent coupling of PEO chains to

surfaces is the initial stability of the layer and the pro-

hibited displacement of PEO by proteins in solution.

However, the physiological environment in time could

dissociate the chemical bonds between the PEO chains

and the underlying substratum. Another important point is

the fact that the chemistry involved should be transferable

onto multi-electrode arrays, which are usually vulnerable

to more laborious chemistry. For instance, cleaning of

MEAs with aggressive acids before chemical modifi-

cation is prohibited because the conductive metal leads

would be dissolved. Therefore, it is relevant to test more

simple modification routes as potential methods to be

used onMEAs. Thus, adsorbed layers of PEO-PPO block-

copolymers on hydrophobic surfaces were investigated as

potential neurophobic background surfaces in patterning

studies, over a time period of 30 days (commercially

available PEO-PPO-PEO triblock copolymers, called

Synperonics F108 and F127 were tried). Background

adhesion results are shown over a period of 30 days for

neurophobic Polyimide and Fluorocarbon coated sur-

faces, each supplemented by F108 or F127 Synperonics.

Spontaneous activity of patterned islands

It is well known that large unpatterned (‘random’)

cultured networks of cortical neurons start to fire spon-

taneously after about a week in vitro. The implications

of such firing for the proper functioning as host has to be

considered. In first instance, the cultured probe is meant

for stimulation purposes. In that case, electrodes deliver

stimuli directly to the sprouts (antidromic propagation)

and the activity of the network itself is of no importance

(antidromic stimulation of sprouts by natural synaptic

connections between axonal sprout and network is im-

possible). Secondly, if one would consider, for future

two-way interface applications, the use of the cultured

probe for recording purposes, the spontaneous activity of

networks may seriously distort the information from the

sprouts. For smaller networks, like the patterned islands

of the cultured probe, it is not known yet what the mini-

mum network size and cell density conditions are for the

occurrence of spontaneous activity. It may be that small

diameter islands show no activity at all. Therefore, it

is very interesting to investigate whether the patterned

islands of a cultured probe indeed show spontaneous

activity. Part of this paper is devoted to that topic, to

answer questions such as: do islands also become spon-

taneously active after a week ? With the same charac-

teristics as unpatterned (random) networks? Is there a

minimum diameter, above which networks become

spontaneously active? If stand-alone networks become

interconnected, do firing patterns synchronize?

Materials and methods

Cortical neuron isolation=culturing and MEA fabrication

Dissociated (Trypsin=EDTA) cortical neurons (1 day postnatal rats)

were seeded onto patterned structures with a plating density of 5000

living cells=mm2. Cells were allowed to adhere onto the surfaces during

a time period of 4 hours. Samples were rinsed with NaCl (0.9%) solution

to remove non-adherent cells. Neurons were cultured in chemically

defined R12 medium (DMEM=HAM’s F12, Gibco) without serum.

The cultures were stored in a CO2 incubator with a constant temperature

of 37 �C, and a constant CO2 level of 5%. The culture medium was

refreshed half, 3 times a week.

In short, multi-electrode areas (MEAs) were fabricated from 5�5 cm

glass plates with gold deposited tracks leading to 61 hexagonal ordered

electrodes. MEAs were isolated with a sandwich layer of SiO2–Si3N4–

SiO2 (ONO) using a plasma enhanced chemical vapor deposition

(PECVD) process. Electrode tips were deinsulated with a Sulfur Hexa-

fluoride 6 (SF6) Reactive Ion Etching (RIE) technique and platinised to

reduce the electrode impedance down to 200 k� at 1 kHz.

Neurophilic islands were created by PEI microstamping of circular

patterns.

Recording of action potentials

Electrode signals were amplified, filtered between 0.3 and 6 kHz

(first order) and captured by a 16-channel 12 bit National Instruments

PCI-6023E Data Acquisition PC-card. The input range as well as the

sampling frequency was software controlled by a Labview program. The

real time data processing software reduced the data stream by rejection
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of data which did not contain bioelectrical activity. Artefact rejection

was severe: if activity is measured at the same time in different channels,

the waveforms are rejected. In each channel, the rms noise level was

constantly monitored and determined the setting of a level detector to

detect spike activity. The threshold was set at 6 times the noise level

(typically 7mVrms). Each time bin of 10ms with recorded activity was

stored and analysed with Matlab computer software. Before further

processing, wave shapes were classified to distinguish multi-unit from

single unit activity [15].

Fabrication of neurophobic background materials

1) Polyimide: Polyimide (PI, Probimide 7510+, Arch Chemicals N.V.,

Zwijndrecht, Belgium) was spin-coated (4000 rpm, 30 s) onto 25 cm2

glass plates (Glaverbel, Belgium). PI was diluted in n-methyl

pyrolidon (1:1 v=v), dried on a hot plate (120 �C, 5min), exposed

to ultraviolet (UV)-light, and baked (300 �C, 90min). Then plates

were cut into square pieces of approximately 2.6 cm2.

2) Plasma-coated Fluorocarbon (FC): In a reactive ion etching (RIE)

system, spin-coated polyimide samples were treated with an etching

CHF3=O2 plasma (25 sccm CHF3, 5 sccm O2, 150 mTorr and

2.1�10�1 W=cm2) for 20 s, a depositing CHF3 plasma (25 sccm

CHF3, 150 mTorr, and 2.1�10�1 W=cm2) for 40 s, and a final depos-

iting CHF3 plasma treatment at 1.2�10�1 W=cm2 for 8min.

3) Synperonics F108 and F127: The triblock copolymers Synperonics

F108 (EO127–PO48–EO127; ICI, Holland BV, Rozenburg) and F127

(EO95–PO62–EO95; ICI, Holland BV, Rozenburg) were dissolved in

0.1M phosphate buffered saline (1% w=w) and adsorbed onto Poly-

imide- and Plasma-coated FC samples over a time period of 24h.

Subsequently, samples were rinsed twice with sterile water (Aqua

Purificata, Bufa BV, Uitgeest, The Netherlands). Surfaces were dried

by aspiration of residual water with a glass pipette connected to a

vacuum pump.

Preparation of polydimethylsiloxane (PDMS) microstamps

Sylgard 184 silicone (Mavom bv, The Netherlands) was mixed with

the curing agent in a 10:1 ratio. Air bubbles were removed from the

mixture by evacuation with a water jet pump. Collapse of air bubbles

was promoted by following a cycle of evacuation and pressure release

for 6 times. A metal ring with an inner diameter of 4.3mm (height

0.8mm) was placed around the central area of a Polyimide mould

containing 3 different regions of 20 microwells (12 um deep) with

diameters of 50, 100, and 150mm at the bottom. The spacing distance

between the wells was fixed at 90mm for all 3 regions. The ring was

filled with the mixed silicone, covered with a 76mm microscope slide,

and crosslinked at room temperature in the mould for 4 days. Finally,

stamps were carefully removed from the mould and stored in plastic

tubes until use.

Quantification of background adhesion

Microphotographs were taken on 2 separate subsections of each

pattern after 1, 4, 8, 15 and 30 days with a digital photo camera

(AxioCam HR, Carl Zeiss, Germany) attached to an inverted phase

contrast microscope (Nikon Diaphot-TMD, Tokyo, Japan). The images

were first corrected for non-uniform illumination. Secondly, they were

converted into black-and-white images by a threshold operation: white

pixels for the cell areas, black for the background material. The calcu-

lated fraction F of white pixels in the image now represented a quanti-

tative measure for the adhesion on the background material only

F ¼ Number of white pixels

Number of white pixelsþ black pixels

Results

Improved neurophobic=neurophilic contrast

Figure 3 shows the results of cell adhesion in the

neurophobic (called ‘background’) areas. It can be

clearly observed that adhesion in the neurophobic

regions decreases with time for poly-imid-only (first

column), but remains equal or varies a bit for all other

coating conditions. The only exception is the F108-FC

coating, which shows an increase of cells in the neuro-

phobic parts. The conclusion from Fig. 3 is that FC

coating is better than PI coating, also after 30 days in

vitro (DIV). Additional coating of PI or FC layers with

triblock-copolymers synperonics F108 or F127, repels

cells even better, as well for PI as for FC, but not after

30 days in the F108-FC case. Best results are obtained

Fig. 3. Quantified background adhesion fraction F (see section II D) of

neuronal tissue on 6 different background surfaces (neurophobic part)

after 1, 8 and 30 days. Mean 	 S.D. (n¼ 6). PI Poly-imid coating only;

F108-PI superonics F108 coating on top of PI layer; F127-PI supero-

nics F127 coating on top of PI layer; FC Fluoro carbon coating only;

F108-FC superonics F108 coating on top of FC layer; F127-FC

superonics F127 coating on top of FC layer
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for the two coatings on the PI basic layer, with only a

few % of neurophobic layer area taken by cells after

30 days, see Fig. 3. (full report is in Ref. [13]).

Spontaneous activity of patterned islands

On 1 MEA, with unconnected islands, spike rates in

a particular island were observed after 22 DIV. Neurons

fired at a rate of 8 spikes=s at 22 DIV, and 4–5

spikes=s at 28 DIV. A second, more systematic, search

for spontaneous activity in patterned, but connected,

islands was done on 2 MEA’s, each with 60 stamped

circles of PEI, diameters 50, 100 ad 150 mm (20 each).

Activity started at normal age, 8 DIV, and could last

until the last observation day, 35 DIV. Almost no activity

Fig. 4. Scanning electron micrograph of cortical neuronal tissue

(30 days) present on a pattern of PEI circles microprinted onto FC.

Diameter of the circular islands is 150mm. Spacing distance between

circles is 90 mm. Scaling bar¼ 50 mm. The micrograph shows a con-

nected pair of islands in detail

Table 1. Cell coverage, network activity and connectivity for three

island diameters

Diameter PEI circles 50mm 100mm 150mm

N (�) 16.4 	 2.7 45.6 	 5.0 81.2 	 15.1

1 day (n¼ 20) (n¼ 20) (n¼ 20)

PAC-EL (%) 0.7 	 1.9 2.8 	 3.9 10.7 	 12.7

8 days (n¼ 7) (n¼ 7) (n¼ 7)

PCOV-EL (%) 70.0 	 23.3 93.6 	 8.0 93.6 	 9.0

8 days (n¼ 6) (n¼ 6) (n¼ 6)

NC (�) active – 6.0 	 0.0 3.5 	 2.6

8 days (n¼ 0) (n¼ 3) (n¼ 7)

NC (�) non-active 2.0 	 2.1 2.9 	 2.4 2.7 	 2.5

8 days (n¼ 36) (n¼ 34) (n¼ 31)

PAC-EL (%) 0.8 	 2.0 5.0 	 7.7 10.0 	 13.8

15 days (n¼ 6) (n¼ 6) (n¼ 6)

PCOV-EL (%) 64.2 	 23.8 93.3 	 8.8 95.8 	 5.9

15 days (n¼ 6) (n¼ 6) (n¼ 6)

NC (�) active – 6.0 3.3 	 2.2

15 days (n¼ 0) (n¼ 1) (n¼ 4)

NC (�) 2.0 	 2.0 2.7 	 2.4 2.4 	 2.3

non-active 15 days (n¼ 36) (n¼ 35) (n¼ 33)

N The number of neurons adhering on microprinted PEI-circles with

diameters of 50, 100, and 150mm after 1 day. PAC-ELThe percentage of

corresponding electrically-active electrodes on MEAs after 8 and 15

days. PCOV-ELThe percentage of electrodes covered with neuronal cells

on MEAs after 8 and 15 days. NC The number of neuronal connections

with the surrounding electrodes for electrically-active electrodes and

non-active electrodes after 8 and 15 days.

Fig. 5. Example of spontaneous bioelectrical activity from cortical neurons seeded onto a PEI-microprinted multi-electrode array (12 DIV). Two

islands at electrodes 34 and 40 were spontaneously active after a week. Electrode separation is 190mm. Islands became interconnected later and

showed synchronized behaviour (Fig. 6). Details on the right show the two clusters and the derived averaged spike waveform (top: electrode 40,

4198 spikes. bottom: el. 34, 1276 spikes)
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was seen for the 50 mm diameter islands. Five percent of

the 100 mm diameter islands showed spontaneous activ-

ity and 10% of the 150 mm diameter islands. Spike rates

were much higher than in the unconnected island, ran-

ging from averages (	1 SD) of 17 (12), 302 (199), 229

(192), 95 (�) and 248 (�), at 8, 12, 14, 19 and 35 DIV,

respectively (number of active electrodes=islands was 5,

3, 4, 1 and 1, respectively).

The experimental results are summarized in Table 1.

On 150 mm PEI circles, the neuronal connectivity Nc

between neuronal clusters (defined as the average num-

ber of surrounding electrodes, connected to a single PEI-

coated island through neurite fascicles) was only slightly

higher for Nc-active than for Nc non-active electrodes.

However, on 100 mm circles the connectivity was signif-

icantly higher on the active electrodes. An example of

connected clusters is given in Fig. 4. It shows the result

of outgrowing neuronal tissue as observed after 30 days

on a microprinted pattern of PEI circles onto FC. Cells

initially migrated toward the center of the circles (not

shown) and allowed free space for the outgrowth of

neurites around the aggregates and within the borders

of the PEI circles. The tissue on the two circles were

interconnected by a bundle of neurites and=or axons.

Synchronized activity of patterned islands

Figure 5 gives a typical example of two connected

islands at 12 DIV. They fired synchronously during per-

iods of typically 120 s, with regular silent intervals

between these 120 seconds-epochs. Figure 6 presents

the spike rates of these islands, first as a spike rate plot

Fig. 6. Analysis of the spike activity of the two connected islands at

electrodes e34 and e40 of Fig. 5. Top: Spikes=s during 120 s of bursting

period. Vertical scale: spikes=s. The two curves are for electrode 34

(upper, dark grey curve) and 40 (light grey). The two curves clearly

resemble the same oscillating pattern of bursts, pointing at synchro-

nization between the two networks. Spearman correlation coefficient

�¼ 0.61. Below: Inter electrode (same electrodes 34 and 40) interval

time (Tint) histogram, bin-width is 1ms. This second representation of

the same data also illustrates clearly synchronization between the firing

patterns of the two island-networks
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over a time interval of 120 s, then as a inter-electrode

interval histogram. It is clearly observed that the two

clusters fire in a highly synchronized way, with periodic

bursting. In the peaks, spike rates go up to 30 spikes=s

in one channel, and about 20 spikes=s in the other.

Discussion

Activity in patterned MEA’s will be briefly compared

to unpatterned (random) network activity, as reported in

Ref. [14]. In the latter, activity starts around one week

after seeding, i.e. 7 DIV. Spike rate, summed over all

61 electrodes, develops gradually from zero to 32 spi-

kes=s between 9 and 42 DIV. This implies a maximum

of about 0.5 spikes=s per electrode, at 42 DIV. How-

ever, in time, and per electrode, spike rate may differ

considerably, for example 22 spikes=s was observed

maximally, in one electrode (lasting a few days). Com-

paring unpatterned networks with patterned islands,

activity seems to start at the same age, 7–8 DIV. The

variability in the random networks, and absence of sta-

tistics sofar in the unconnected island case, makes it

hard to draw a comparison. A cautious observation may

be that the spike rate in unconnected islands is in the

same range as in the random network, i.e. 4–8 spikes=s

at 22–28 DIV. It is, however, clear that the connected

clusters fire at a very high spike rate, much higher than

that observed in the unpatterned network [14].

Another comparison can be made with regard to the

probability that spontaneous firing develops in unpat-

terned large networks and in patterned ones. In unpat-

terned networks, it was found [14] that 16 out of 24

experiments (each consisting of 7 cultured MEA’s) were

selected (on several grounds, but not presence=absence

of activity) for longitudinal measurements. A number of

47 (40%) out of this set of 112 cultures (i.e. 112 MEA’s

with 60 electrodes each) exhibited spontaneous activity

at 7 and 8 DIV, of which 16 had 4 or more active elec-

trode sites. This means that 60% had no active electro-

des at all, 26% (n¼ 31) showed activity at less than

4 electrodes, and 14% (n¼ 16) at 4 or more electrodes.

So, one can estimate conservatively that the average

probability that an electrode is active is in the order of

one percent (under the assumption that the electrodes

behave ‘independently’, so we do not consider the burst-

ing periods, in which many of the available electrodes

show activity). Clearly, this percentage is of the same order

or lower as found for the patterned islands, as we saw

in Table 1, i.e. 2.8 and 10.7% for the 100 and 150 mm
islands, respectively, at 8 DIV. However, as the number

of elements in each sample is only 7 and the standard

deviations are considerable (Table 1), these figures are

only indicative.

The start of activity at diameter 100 mm and onwards

in circular islands probably indicates a minimum num-

ber of neurons needed to develop spontaneous activity.

However, also other variables will play an essential role

in that process, like number and density of synaptic

connections and density of cells. Control of local density

was done by Chang et al. [15] on hippocampal neurons

showing that alternating line patterning (40 mm wide

lines) of substrates gave control over local density of

neurons, 100–500 cells=mm2, and did enhance the activ-

ity compared to randomly plated networks with about

the same density. The data give some indication that

small islands, diameter 50 mm, develop hardly any spon-

taneous activity. This may be advantageous for the use

of a cultured probe as a recording device. As stated in

the introduction, for the stimulatory use of a cultured

probe, spontaneous activity is unimportant as long as

axonal sprouts grow from the host tissue towards the

implant. Other types of cultured probes may do the

reverse, i.e. ‘send out’ axons to the host tissue. In that

case, spontaneous activity of the intermediate cultured

networks is undesirable.
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Summary

Brain-computer interface (BCI) is a system that records brain activity

and process it through a computer, allowing the individual whose activ-

ity is recorded to monitor this activity at the same time. Applications

of BCIs include assistive modules for severely paralyzed patients to

help them control external devices or to communicate, as well as brain

biofeedback to self regulate brain activity for treating epilepsy, attention-

deficit hyperactivity disorder (ADHD), anxiety, and other psychiatric

conditions, or to enhance cognitive performance in healthy individuals.

The vast majority of BCIs utilizes non-invasive scalp recorded electro-

encephalographic (EEG) signals, but other techniques like invasive

intracortical EEG, or near-infrared spectroscopy measuring brain blood

oxygenation are tried experimentally.

Keywords: Neuromodulation; brain-computer interface; neurofeed-

back; EEG; near-infrared spectroscopy; seizures; paralysis.

Introduction

Human brain activity has fascinated not only the neu-

roscientists but also science fiction novelists and cine-

matographers. The former typically try to understand

how the mind really works whereas the latter two typi-

cally fulfill the human fantasy to control others’ minds

or extend one’s own mind capacity. Applied neuro-

science is a field that merges the wish to extend our

mind’s capacity with the knowledge we have already

acquired on how the brain works. Brain-computer inter-

faces (BCIs) are two such applications that attempt to

improve paralyzed individuals’ capacity to communicate

and to control external devices, as well as to help indi-

viduals with or without pathology to exercise control on

their own brains.

BCIs take advantage of technology to record brain

activity directly from the brain. During the first interna-

tional meeting for BCI technology that took place in

June of 1999 at the Rensellaerville Institute near Albany,

New York, BCI was defined as ‘‘. . . a communication

system that does not depend on the brain’s normal out-

put pathways of peripheral nerves and muscles’’ [29].

Two major functional signals are recorded from the

brain, electrical activity and metabolism or blood flow.

Electrical activity can be recorded either invasively with

implanted electrodes from single neurons (intracellular)

and multiple neurons (extracellular), or non-invasively

from the scalp, via electroencephalography (EEG).

Metabolism and blood flow can be recorded with various

techniques, including positron emission tomography

(PET), single-photon emission tomography (SPECT),

functional magnetic resonance imaging (fMRI), and

near-infrared spectroscopy (nIRS), with various degrees

of invasiveness. A major restriction of BCIs is that the

technology used must record and analyze brain signals

fast enough for reasonable speed of communication or

control. Other restrictions include cost, size, invasive-

ness, and mobility of the equipment used.

Neuromodulation

Neuromodulation is a general term that refers to the

alteration of activity in the central, peripheral, or auto-

nomic nervous systems. A very close and related term,

neurostimulation is most commonly used to emphasize

the stimulation of nerves by injecting automated electri-

cal control signals. Usually there is an one-way commu-

nication between devices based on this technology and

the nervous system. On the contrary, BCI establishes a

two-way communication with emphasis on the extrac-

tion, recording, and analysis of the signal from the ner-

vous system. Depending on the kind of feedback that

the system provides to the user, the modification of the

neural activity is usually done interactively.



Assistive applications for computer control

in rehabilitation

Non-invasive EEG-controlled computer operations

Non-invasive EEG-controlled computer operations

use scalp electrodes that record the summed activity of

thousands of neurons. Signals are amplified and then

digitized with analog-to-digital (A=D) converters. Scalp-

recorded EEG signals vary in frequency from under 1 to

more than 50Hz [19]. With the use of analog filters or

complex mathematical algorithms like the Fast-Fourier

Transformation (FFT) for digital signals we can isolate

the amplitudes or other characteristics of limited fre-

quency bands that typically represent different brain

functions [19]. For example, the ‘‘alpha’’ EEG rhythm

is recorded over the occipital cortex in the range of 8–

12Hz, and is usually seen when individuals close their

eyes. It is presumed that this rhythm reflects temporary

inactivity or idling of a cortical area that is ready to be

active again.

Since the 1970’s, several published studies have

shown the ability to learn, via operant conditioning,

how to self-regulate the EEG in the alpha, theta, ‘‘sen-

sorimotor’’ (sensory motor rythm (SMR), 12–15Hz),

and ‘‘beta’’ (15–30Hz) frequency bands, as well as di-

rect current (DC) voltage below 1Hz, called ‘‘slow cor-

tical potentials (SCPs) (for a review, see 16). These

observations have led to two different applications: brain

self-regulation (EEG biofeedback, also neurofeedback,

discussed later) [16], and non-invasive BCI for control

and communication in patients with severe or total

motor paralysis (‘‘locked-in syndrome’’) due to severe

neuromuscular disorders, such as amyotrophic lateral

sclerosis, brainstem stroke, and spinal cord injury [11].

The ‘‘Thought Translation Device’’ (TTD) is an EEG

non-invasive BCI for communication via self-regulation

of slow cortical potentials (SCPs) in severely paralyzed

patients [11]. Patients learn to control a cursor in a

computer screen and this may be used to control external

devices (e.g., turn lights on=off), or to communicate

verbally with the Language Support Program (LSP)

[21]. Electrodes are placed on the scalp over the vertex

(Cz in the International 10–20 system) and EEG is

recorded against mastoid reference. The signal is digi-

tally filtered and amplitude and polarity (positive vs.

negative) of SCPs control the screen cursor. In the

LSP, letters and symbols are presented in a dichotomous

manner, in groups and subgroups, so the patient can

select one of two. To increase typing speed, the software

includes ‘‘smart’’ spelling by suggesting frequently used

words form a dictionary. For the same reason, the

thought translation device (TTD) can also be used to se-

lect from a menu of standard expressions or commands.

These investigators have shown that patients with

late-stage amyotrophic lateral sclerosis were able to

learn control of this BCI after 3–8 weeks of training

[12]. Moreover, they showed that healthy individuals

could control such BCIs with auditory feedback alone,

although with less accuracy than with visual feedback

[8]. Still, this may be the only solution to paralysed

patients with visual impairments. One problem with

severely paralysed patients is the uncertainty regarding

their cognitive awareness, since they may appear as be-

ing in a vegetative state. For this reason, Hinterberger

and associates [9] incorporated in the TTD a diagnostic

tool using evoked-response potentials (ERPs) of the EEG,

and were able to classify two out of five severely brain-

injured patients in persistent vegetative state (previously

diagnosed as unresponsive) as trainable for the TTD.

Others have shown BCI control driven by different

EEG frequencies. McFarland and associates [14] show-

ed that trainees were able to control a BCI by manipu-

lating amplitude of either alpha (or in this case ‘‘mu’’,

since this 8–12Hz activity is recorded over the sensor-

imotor cortex) or beta (18–25Hz) frequency bands.

Adding more variables to control, such as more fre-

quency bands or more scalp areas, may increase the

complexity of control possible in BCIs. Alternatively,

combining more EEG variables in multivariate linear

algorithms has been shown to improve BCI control

accuracy [15].

Invasive EEG-controlled computer operations

Non-invasive recording of the EEG signal proved im-

portant for the initial development of BCIs but according

to Donoghue it has several limitations. In particular ‘‘it

is impossible for these BMIs to obtain a direct readout of

movement intent because neural spiking that carries this

information is lost by averaging and filtering across the

scalp [5]’’. Most important, ‘‘EEG as control signals are

slow to engage or modulate (over 1 second), they require

mental concentration to the exclusion of other activities

and continuous control beyond 1 dimension is difficult

to achieve [23]’’. As an alternative technology, direct

brain-machine interfaces are based on the implantation

of intracortical electrode arrays. Such an array had been

implanted in the motor cortex area in a Macaca mulatta

monkey [30]. In the first trial, the monkey controlled the

position of a cursor on a video monitor using its hand to
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track a continuously moving visual target. In subsequent

trials, hand control of the cursor was substituted with

neural control to test the reconstruction of hand trajec-

tory. The experiment showed that the neural output from

the motor cortex can be used to control a computer

cursor almost as effectively as a natural hand.

In June 2004, a 4�4mm, 100-channel sensor was

implanted on the surface of the motor cortex, in the

precentral gyrus immediately posterior to the superior

frontal sulcus [18]. The surgical procedure consisted of

an incision and 3 cm diameter craniotomy located above

the right primary motor cortex. The patient was a

25 year-old quadriplegic ventilator-dependent male

who was unable to move either upper extremity due to

a C4 spinal cord injury; he is actively participating in a

pilot study of the BrainGate system at the Sargent Reha-

bilitation Center. Using the BrainGate system, the parti-

cipant gained control of a computer interface, with no

special training, and managed to operate the cursor

while performing other voluntary motor tasks, e.g. the

patient was able to have full control over a TV while

having a discussion with a nearby attendant.

Therapeutic applications

Brain biofeedback

Neurofeedback (NF; also EEG Biofeedback) is a tech-

nique that helps individuals self-regulate their EEG

activity based on operant-conditioning. It utilizes the

same principles and technology that BCIs use to record

and analyze cortical electrical activity, but instead of

being used for communication or control of external

utilities it feeds the analyzed information back to the

individual, in order to control the very source that pro-

duced the signal. NF is based on the principle that brain

function can be self-regulated and altered with appropri-

ate exercise in a similar fashion that muscle exercise can

reshape a muscle. Just like body-building uses mirrors to

provide information about muscle activity, NF uses BCIs

as brain mirrors to make individuals aware of specific

brain functions and their direction.

NF was found and developed by independent re-

searchers for the treatment of different disorders.

Sterman and his colleagues are responsible for develop-

ing a NF protocol to treat epilepsy by increasing 12–

15Hz activity over their rolandic cortex [24], whereas

Rockstroh and associates have developed an alternative

protocol for the same purpose by suppressing negative

SCPs [22]. Lubar and colleagues have found a NF pro-

tocol to treat Attention Deficit Hyperactivity Disorder

(ADHD) by suppressing theta activity and increasing

SMR or low beta [13], whereas Heinrich and colleagues

have recently developed an alternative ADHD proto-

col by augmenting negative SCPs [7]. Peniston and

Kulkosky [20] have shown amplitude increases in the

alpha (8–13Hz) and theta (4–7Hz) frequency bands to

assist in the treatment of alcoholism, whereas Hardt and

Kamiya [6] illustrated the potential of increasing alpha

amplitude to reduce anxiety. Other researchers have also

shown the potential of NF to enhance cognitive perfor-

mance in healthy adults [27].

NF is being used worldwide to either treat neurologi-

cal and psychological disorders, or to expand the cogni-

tive potential of healthy individuals. Routine conditions

treated with NF include ADHD, anxiety, epilepsy, and

addictive disorders, whereas traumatic brain injury

(TBI), learning disabilities, depression, and schizophre-

nia are currently being investigated as potential candi-

dates (see review by Monastra, 2003).

The rationale for the development of NF protocols

has been based upon EEG and neuroimaging research

on correlates of brain pathology (ADHD, depression,

TBI); accidental discovery (epilepsy); or neurophysiolo-

gical correlates of cognitive states (anxiety, substance

abuse). Sometimes more than one NF protocols are

found effective for the same syndrome (see above).

Some propose the comparison of patients’ EEG to nor-

mative EEG databases in order to individualize NF

according to each patients’ abnormalities [25]. This is

partly based on the rationale that identical symptoms

may be due to different underlying primary pathologies,

like for example attentional problems being due to

ADHD or depression. However, EEG abnormality does

not equal pathology, just as normal EEG does not guar-

antee healthy brain function. Therefore, caution and

experience must be applied in such decisions, just as

with any other medical or psychological treatment. A

combination of standardized protocol, EEG normative

database comparison, experience, and expert consulta-

tion will maximize the probability of treatment success.

NF sessions last for approximately one hour, includ-

ing preparation and cleaning, 20–40min of NF, and are

usually administered twice per week. The number of

sessions needed for treatment varies substantially from

individual case to case, depending among other things

on the condition being treated, the client’s learning suc-

cess, and the severity of the condition. Sterman [24]

reports having used 25 sessions to treat epileptic sei-

zures, Lubar [13] suggests that 40–80 sessions are
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needed to treat ADHD, whereas improvement of patients

with anxiety disorders have been reported with only

8 NF sessions (see 17, for a review).

Clinical efficacy of NF varies among studies, but epi-

lepsy and ADHD seem to have the strongest experimen-

tal support, with anxiety and substance abuse following,

and depression, schizophrenia, TBI, learning disabilities,

Tourette’s and chronic fatigue syndromes, and autism

being under investigation [16]. Long term-effects of NF

have been reported after six-month and up to 10-year

post-treatment follow-ups [16, 13]. However, NF is not

considered a panacea or sufficient treatment for all

symptoms of the conditions treated, and other concur-

rent forms of care are recommended, including psycho-

therapy, family therapy, group support, and medication,

whenever needed [13]. The existing research suggests

that NF is a promising technique to treat a number of

disorders. However, there is need for more research to

further support the specificity of NF versus placebo, as

well as the specificity of EEG frequency and scalp loca-

tion to maximize or even attain therapeutic results.

Lubar [13] reports more than 1200 organizations

worldwide (including private clinics and research

centers=laboratories) applying NF for ADHD alone,

based on information from NF equipment manufactures.

There are several professional organizations that pro-

mote education and research on NF, including the

International Society for Neuronal Regulation and its

chapters worldwide (iSNR, www.isnr.org), the Associa-

tion for Applied Psychophysiology and Biofeedback

(AAPB, www.aapb.org), the Electroencephalography

and Clinical Neuroscience Society (ECNS, www.ecns.

com), and the Biofeedback Society of California (BSC,

www.biofeedbackcalifornia.org) based in the U.S., as

well as the Society for Applied Neuroscience (SAN,

www.applied-neuroscience.org) based on Europe.

Additionally, the Biofeedback Certification Institute of

America (BCIA, www.bcia.org) tests and certifies clin-

icians who provide NF services to the public.

Research applications

(NIRSI)-driven BCIs & biofeedback

Recent attempts investigate the possibility to control

BCIs via hemodynamic self-regulation. A non-invasive

and inexpensive technology to measure cerebral blood

flow (CBF) is using near-infra-red spectroscopy imag-

ing (NIRSI), also referred to as hemoencephalography

(HEG) [26]. Developed in the late 1970’s [10], this tech-

nique uses near-infra-red light transmitters and respec-

tive sensors placed on the scalp, and can record blood

oxygenation changes approximately 1–1½ cm under the

scalp [1]. In contrast to light of different wavelengths,

nIR light can pass through living tissue for short dis-

tances and be differentially absorbed and reflected back

by different concentrations of oxy- and deoxy-hemoglo-

bin. The rationale for using nIRS in BCIs is that nIRS

self-regulation is faster to learn than EEG, and thus

reduces patient frustration and possible withdrawal [3].

A few case studies have shown that HEG-biofeedback

training to increase blood oxygenation in prefrontal cor-

tex may improve sustained attention in children and

adults with various pathologies including ADHD, stroke,

depression, and TBI [26] or reduce migraines [2]. How-

ever, since these were not controlled studies, more sys-

tematic research has to follow to illustrate the potential

of this method.

fMRI biofeedback

Others have shown the possibility to feedback blood

oxygen level-dependent (BOLD) response with fMRI,

with a delay of less than 2 s from image acquisition.

Weiskopf and associates successfully trained an indi-

vidual to self-regulate BOLD of the rostral-ventral and

dorsal part of the anterior cingulate cortex (ACC) [28]. In

a controlled study, deCharms and colleagues showed that

volunteers who got fMRI feedback (but not others who

did not get such feedback) were able to learn enhanced

voluntary control over the somatomotor cortex [4].

Conclusions

BCIs show great potential in medical applications.

Severely paralyzed ‘‘locked-in’’ patients can use BCIs

to control their environment and communicate with

others, a radical change in their life quality. Self-regula-

tion of brain function with NF provides a very promising

alternative for the treatment of psychiatric and neurolo-

gical disorders such as epilepsy, ADHD, and anxiety,

as well as the opportunity for healthy individuals to

improve their cognitive performance. Researchers are

currently investigating new applications for BCIs, such

as treatment of depression or TBI, new technologies for

BCIs like nIRS, implanted EEG electrodes, or even

fMRI biofeedback, that will expand or improve current

applications. Improved BCIs will provide better control

accuracy, more complex communication, faster learning,

and benefit for a broader patient range. However, it is
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a complex field that requires combined efforts and

serious further research. As experts in this field note,

‘‘BCI development depends on close interdisciplinary

cooperation between neuroscientists, engineers, psy-

chologists, computer scientists, and rehabilitation spe-

cialists’’ [29].
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Summary

Stereotactic neurosurgery and neurophysiological microelectrode re-

cordings in both humans and monkeys are typically done with conven-

tional 2D atlases and paper records of the stereotactic coordinates. This

approach is prone to error because the brain size, shape, and location of

subcortical structures can vary between subjects. Furthermore, paper

record keeping is inefficient and limits opportunities for data visualiza-

tion. To address these limitations, we developed a software tool (Cicero-

ne) that enables interactive 3D visualization of co-registered magnetic

resonance images (MRI), computed tomography (CT) scans, 3D brain

atlases, neurophysiological microelectrode recording (MER) data, and

deep brain stimulation (DBS) electrode(s) with the volume of tissue

activated (VTA) as a function of the stimulation parameters. The soft-

ware can be used in pre-operative planning to help select the optimal

position on the skull for burr hole (in humans) or chamber (in monkeys)

placement to maximize the likelihood of complete microelectrode and

DBS coverage of the intended anatomical target. Intra-operatively,

Cicerone allows entry of the stereotactic microdrive coordinates and

MER data, enabling real-time interactive visualization of the electrode

location in 3D relative to the surrounding neuroanatomy and neurophy-

siology. In addition, the software enables prediction of the VTA gener-

ated by DBS for a range of electrode trajectories and tip locations. In

turn, the neurosurgeon can use the combination of anatomical

(MRI=CT=3D brain atlas), neurophysiological (MER), and electrical

(DBS VTA) data to optimize the placement of the DBS electrode prior

to permanent implantation.

Keywords: Neuromodulation; movement disorders; Parkinson’s dis-

ease; neurostimulation; electrical stimulation; electrode; stereotactic

neurosurgery; surgical planning.

Stereotactic neurosurgery and deep

brain stimulation

Stereotactic neurosurgery has been used in research

for over one hundred years and it has gained acceptance

into clinical practice since the 1950s [15]. The precision

of target localization using stereotactic frames has im-

proved since the inception of image-guided (MRI and

CT) methods based on internal landmarks [17, 22, 27].

However, even with the increased accuracy of image-

guided stereotactic targeting, it is often necessary to use

neurophysiological microelectrode recordings (MER),

and electrical stimulation to confirm and further explore

the target [12, 13, 18, 26, 30]. In turn, stereotactic neu-

rosurgical procedures typically require the integration of

anatomical, neurophysiological, and electrical data to en-

able the neurosurgeon to make the most informed deci-

sions possible.

Stereotactic neurosurgery is particularly relevant to

deep brain stimulation (DBS). Over the last two decades

DBS has evolved from a highly experimental technique

to a well established therapy for a range of medically

refractory neurological disorders [2]. To date, the most

effective application of DBS technology is for the treat-

ment of movement disorders. Surgical interventions for

movement disorders have a long history, beginning with

early studies that used lesions to eliminate activity in

localized brain regions. Surgeons using stimulating=

recording electrodes for target confirmation during ab-

lative surgery found that high-frequency stimulation

(�100Hz) of the brain had behavioral outcomes similar

to lesioning [3]. This realization transformed the world

of functional neurosurgery, and DBS has become the

surgical intervention of choice for Parkinson’s disease

(PD), essential tremor, and dystonia. In addition, DBS

shows promise in the treatment of other neurological

disorders such as epilepsy, obsessive-compulsive disor-

der, Tourette’s syndrome, and depression. Currently the

most common DBS procedures are for PD and they

depend on precise localization and electrode insertion

into the globus pallidus internus (GPi) or subthalamic



nucleus (STN), small structures deep within the basal

ganglia.

In current clinical practice, MRI-based surgical navi-

gation systems are used in concert with stereotactic

frame systems to target the nucleus of interest and select

the initial electrode trajectory for DBS surgeries [7–10,

16, 21, 28, 29]. The anatomical target is identified by

direct visualization of the nucleus in the MRI and=or a

brain atlas co-registered with the MRI [24]. The stereo-

tactic coordinates of the anatomical target are calculated

relative to the fiducial markers of the stereotactic frame

present in the image. In turn, the mechanical adjustments

of the frame system can be calibrated to enable a surgi-

cal trajectory that follows the desired path [26]. Many

believe that accurate placement of DBS electrodes for a

maximal therapeutic outcome requires neurophysiologi-

cal definition of the anatomical borders of the nucleus

and identification of areas where stimulation causes side

effects [23, 25]. Therefore, the target area is commonly

explored with several microelectrode penetrations dur-

ing which extracellular unit recording and microstimu-

lation data are collected.

The final DBS electrode placement is selected after a

review of the gathered anatomical and neurophysiologi-

cal data. This crucial decision is often based on paper

records which are inefficient and limit opportunities for

data visualization. Traditional 2D brain atlases are typi-

cally used to estimate electrode position with respect to

the anatomy by superimposing the atlas over plots of the

microelectrode recording data. However, these atlas slices

are not customized to each patient and they are often

spaced at large and irregular intervals, so the closest

available slice may not accurately capture the neuro-

anatomy of the given electrode trajectory. This is espe-

cially true when the surgical trajectory is at an oblique

angle relative to the sagittal and coronal planes used in

2D brain atlases. More importantly, the fundamental pur-

pose of DBS is to modulate neural activity with applied

electric fields, but current neurosurgical navigation sys-

tems do not allow for visualization of the spread of

stimulation.

To address these limitations, we developed the

Cicerone software system for stereotactic neurosurgical

planning, neurophysiological data collection, and deep

brain stimulation visualization. This research tool inte-

grates the vast array of data used in the implantation of

DBS electrodes, with the goal of improving the ther-

apeutic outcome of the surgery. Cicerone provides in-

teractive 3D visualization of co-registered MRI=CT

images, subject-specific 3D anatomical brain atlas, and

neurophysiological data from microelectrode recordings.

Furthermore, it displays predictions of the volumes of

tissue that would be activated by DBS for any given elec-

trode position and orientation in the brain. Cicerone can

be used to define a pre-operative target location and

trajectory for the DBS electrode placement and help

select the location on the skull for burr hole (in humans)

or chamber (in monkeys) placement. Intra-operatively,

Cicerone allows entry of the microdrive coordinates and

MER data, enabling real-time interactive visualization of

the electrode location in 3D relative to the surrounding

anatomy. In addition, the user can simultaneously visua-

lize the DBS electrode and its predicted stimulating

effects in relation to the neuroanatomy and neurophy-

siology. In turn, stereotactic placement of the DBS elec-

trode can be optimized prior to permanent implantation

with the combination of anatomical, neurophysiological,

and electrical data.

Cicerone was developed to integrate the various data

sets used in our scientific analysis of human and monkey

DBS research studies. The human and monkey versions

of Cicerone are conceptually similar, but due to differ-

ences in the surgical procedures they have been developed

as two separate software applications. Both systems

were written using VTK (Visualization Toolkit; Kitware,

Clifton Park, NY) and Tcl=Tk (Tool Command Lan-

guage; http:==tcl.sourceforge.net) making them portable

across platforms, including Windows. Version 1.0 of

Cicerone is self-contained on a single CD, and auto-

installs on a PC similar to any traditional Windows soft-

ware. Cicerone is currently a research tool and not

commercially available or intended for clinical use out-

side of IRB approved studies. Individuals interested in

using Cicerone in their own research are encouraged to

contact CCM.

Human Cicerone

The Cicerone system was developed to address three

issues. First, improve the intra-operative management of

MER data. Second, provide the neurosurgeon with the

ability to interactively visualize the stimulating influence

of the DBS electrode in the target location before per-

manent implantation. Third, provide a common visualiza-

tion platform to simultaneously analyze the anatomical

(MRI=CT=3D brain atlas), neurophysiological (MER),

and electrical (DBS VTA) data pertinent to the surgery.

In general, the MRI=CT scans with the stereotactic

fiducial makers necessary for a human DBS procedure

are acquired on the day of the surgery. Therefore, we
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developed our human Cicerone system to directly read

in and interact with DICOM imaging data via a simple

user interface; thereby decreasing the time needed to set

up the system. When the user starts the program, they

are prompted to enter any necessary patient=study iden-

tification data. Next, they navigate to the appropriate

directory and load the patient’s DICOM imaging data.

A fundamental requirement of any stereotactic neurosur-

gical navigation system is the definition of a common

coordinate system. In turn, the user must position a

virtual replica of the frame fiducial system within the

context of the MRI; thereby defining the stereotactic

coordinate system relative to the imaging data (Fig. 1A).

Version 1.0 of Cicerone has been designed to work with

the Leksell stereotactic frame (Elekta Corp., Stockholm,

Sweden). Following definition of the stereotactic frame

coordinate system in the MRI, the user is prompted to

select the right or left side of the brain for analysis. The

user then orients the MRI along the midline using cor-

onal and axial views, and defines the anterior commis-

sure (AC) and posterior commissure (PC) in the image.

The next step in the process consists of scaling and po-

sitioning 3D anatomical representations of nuclei of

interest (e.g. subthalamic nucleus, globus pallidus, tha-

lamus, etc.) (Fig. 1B). The anatomical nuclei are origin-

ally positioned within the context of the MRI based on

the definition of the AC and PC. However, the user has

the option to translate and=or scale the anatomical nuclei

along the anterior=posterior, dorsal=ventral, and med-

ial=lateral axes to enable the most accurate match pos-

sible with the MRI (Fig. 1B).

Once the Cicerone anatomical model has been defined

relative to the MRI and stereotactic coordinate system, a

preliminary target location and trajectory for the DBS

electrode can be defined. This information can be used

in conjunction with additional neurosurgical navigation

systems and the stereotactic frame system to define the

mechanical parameters of the frame apparatus (e.g. arc

angle, collar angle, etc.). After a burr hole has been

placed, the microdrive attached to the frame, and a can-

nula inserted along the initial trajectory to a speci-

fied depth above the target (15mm at our institution),

Cicerone can be used to visualize and record MER data

(Fig. 1C). The user has the opportunity to identify each

encountered cell as belonging to various anatomical

nuclei and notes can be entered describing various elec-

trophysiological characteristics (somatotopy, firing prop-

erties, background activity, etc.). The microelectrode

recording (or stimulation) locations are displayed as

small spheres and color-coded according to their user

defined characteristics (Fig. 1C). The user can pan=

zoom=rotate the view, adjust the display properties of

the 3D brain atlas, and scroll through the MRI in three

orthogonal planes. The recording markers and brain atlas

can also be viewed in 2D, one slice at a time, which is

sometimes preferable to a 3D view.

The fundamental advance of Cicerone over previous

neurosurgical navigation software systems is the ability

to predict the volume of tissue activated (VTA) by DBS

for a given electrode position and stimulation parameter

setting (Fig. 1D). This offers a great potential benefit to

clinicians and researchers, enabling them to anticipate

stimulation effects before the actual electrode implan-

tation. The user can plan the electrode trajectory to

achieve the desired interaction between the VTA, MER

data, and 3D neuroanatomy (Fig. 1D). The computation-

al details of generating VTA predictions are presented in

our previous publications [4–6, 20]. Briefly, Cicerone

employs pre-compiled solutions of the response of multi-

compartment cable models of myelinated axons to elec-

tric fields generated by finite element models of DBS

electrodes. The theoretical VTA predictions used in

Cicerone explicitly account for the effects of electrode

capacitance, electrode impedance, and the stimulation

parameter settings (contact, voltage, pulse width, fre-

quency) [4–6] (Fig. 1D).

Simultaneous interactive visualization of the anatomi-

cal, neurophysiological, and electrical data pertinent to the

DBS surgery allows definition of an optimal placement

for the permanent DBS electrode. In turn, the stereotactic

coordinates of the Cicerone-derived optimal placement

can be applied to the surgical frame and the DBS elec-

trode can be implanted. Once the user has finished their

data entry and analysis, the stereotactic coordinate system

transfer functions, brain atlas scaling=positioning, MER

data, and DBS electrode placement are saved to a text file

that can be re-imported into the program at a later time or

stored to a central database.

Monkey Cicerone

The laboratory of Jerrold Vitek pioneered a parkinso-

nian non-human primate model of DBS that represents a

powerful tool for experimental investigation on the ther-

apeutic mechanisms of DBS [8, 14]. However, neurosur-

gical navigation systems customized for non-human

primates are effectively non-existent. Therefore, we de-

veloped a monkey version of Cicerone (Fig. 2). It pro-

vides the same general features as the human version;

however, differences in the stereotactic frame systems

564 S. Miocinovic et al.
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and surgical procedures require several differences in the

software set-up. In monkey stereotactic neurosurgery, it

is common to use a head frame and an atlas referenced

to the orbitomeatal plane. This plane is defined by the

interaural line (line between tips of the earbars) and the

inferior orbital ridges. The origin is defined as the mid-

point of the interaural line and the orbitomeatal plane

(Frankfurt zero). For use in primate research, a CT is

needed to visualize the skull and the external landmarks

(ear canals and orbital ridges) so that the stereotactic

head frame can be registered with the internal brain

structures. The MRI is used to customize the 3D brain

atlas and to locate internal landmarks on the CT.

The MRI and CT are co-registered in Analyze 6.0

(AnalyzeDirect, Lenexa, KS) and imported into Cicero-

ne as VTK volume files. Using the skull rendering

extracted as a contour from the CT data, the user can

position ear bars and orbital ridge bars to define the

orbitomeatal plane (Fig. 2B). Cicerone enables the user

to switch from the ‘AC-PC coordinate system’ to the

‘stereotactic coordinate system’ (i.e. orbitomeatal plane).

When moving to the ‘stereotactic coordinate system’,

rotation around mediolateral axis is performed so that

the orbitomeatal plane is horizontal and the origin is

shifted to Frankfurt zero.

The 3D brain atlas for non-human primates used in

Cicerone was created from the University of Washington

digital atlas of the longtailed macaque (Macaca fascicu-

laris) brain [18] (Fig. 2A). A subject specific 3D brain

atlas is constructed by warping 2D digitized atlas tem-

plates to the corresponding MRI slices using Edgewarp

[1, 19]. Edgewarp applies a nonlinear warping function

to atlas templates based on manual landmark selection.

The warped atlas slices are converted into 3D volumes

using the graphical modeling program Rhinoceros v 3.0

(McNeal & Associates, Seattle, WA). The customized

3D atlas is imported into Cicerone based on its registra-

tion with the MRI (Fig. 2A). Cicerone provides tools to

interactively position up to three recording chambers on

the animal’s skull (Fig. 2B). This makes it possible to

ensure, prior to surgery that the electrodes can reach the

desired target areas and that the chambers and electrodes

will not interfere with each other once placed on the

skull. The user can also evaluate several chamber shapes

to find the one that best fits the skull contour in a chosen

location. The chamber placement coordinates provided

by Cicerone can be applied directly to the stereotactic

head frame. Cicerone’s algorithm for coordinate calcu-

lation is designed for use with Kopf frame (model 1430

and electrode manipulator model 1460; David Kopf

Instruments, Tujunga, CA). After the chamber place-

ment surgery, it is advisable to perform another CT scan

to verify the chamber position and angle on the skull.

During neurophysiologic data recording, the monkey

and human versions of Cicerone are effectively the

same. The user can interactively view the electrode

position within the 3D anatomical environment by

entering microdrive coordinates into Cicerone (Fig. 2C),

MER data can be displayed (Fig. 2E and F), and DBS

electrode positions can be evaluated with VTA pre-

dictions (Fig. 2D). One difference is the DBS electrode

design used in the monkey. Our experimental monkey

DBS electrodes are approximately one half the size of

human DBS electrodes [8, 14]. In turn, the monkey

Cicerone system has been customized to account for

VTAs generated by monkey DBS electrodes (Fig. 2D).

And similar to human Cicerone, the stereotactic coor-

dinate system transfer functions, brain atlas scaling=

positioning, MER data, and DBS electrode placement

data are saved to a text file that can be re-imported

into the program at a later time or stored to a central

database.

Conclusions

The Cicerone software system represents the first

neurosurgical navigation system to integrate electri-

cally accurate predictions of neurostimulation-gen-

erated by DBS electrodes. In addition, it allows the

neurosurgeon to simultaneously visualize the anatomical

(MRI=CT=3D brain atlas), neurophysiological (MER),

and electrical (DBS VTA) data pertinent to the implan-

tation of DBS electrodes. Therefore, pre=intra-opera-

tive optimization of the stereotactic trajectory and

placement of the DBS electrode can be performed with

results derived from theoretical characterization of the

stimulating effects of DBS and patient-specific charac-

terization of the brain region targeted for implantation.

Further, Cicerone provides a platform for integrated

analysis of the interaction between the neuroanatomy,

neurophysiology, neurostimulation, and behavioral out-

comes of DBS.
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StimExplorer: deep brain stimulation parameter selection software system
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Summary

StimExplorer is a Windows-based software package intended to aid

the clinical implementation of deep brain stimulation (DBS) technology.

StimExplorer uses detailed computer models to provide a quantitative

description of the 3D volume of tissue activated (VTA) by DBS as a

function of the stimulation parameters and electrode location within the

brain. The stimulation models are tailored to the individual patient by

importing their magnetic resonance imaging (MRI) data and interac-

tively scaling 3D anatomical nuclei to fit the patient anatomy. The user

also inputs the DBS electrode orientation, location, and impedance data.

The software then provides theoretically optimal stimulation parameter

suggestions, intended to represent the start point for clinical program-

ming of the DBS device. The software system is packaged into a

clinician-friendly graphical user interface that allows for simultaneous

interactive 3D visualization of the MRI, anatomical nuclei, DBS elec-

trode, and VTAs for a wide range of stimulation parameter settings

(contact, impedance, voltage, pulse width, and frequency). The goals of

the StimExplorer system are to educate clinicians on the impact of stim-

ulation parameter manipulation, and improve therapeutic outcomes by

providing quantitative anatomical and electrical information useful for

customizing DBS to individual patients.

Keywords: Neuromodulation; movement disorders; Parkinson’s dis-

ease; Neurostimulation; electrical stimulation; electrode; magnetic reso-

nance image; diffusion tensor image.

Deep brain stimulation

The realization that chronic high-frequency electrical

stimulation generates clinical benefits analogous to those

achieved by surgical lesioning has transformed the use

of functional neurosurgery for the treatment of move-

ment disorders. Deep brain stimulation (DBS) is an es-

tablished therapy for essential tremor [3], Parkinson’s

disease (PD) [18], and dystonia [23]. In addition, DBS

shows promise in the treatment of other neurological

disorders such as epilepsy, obsessive-compulsive disor-

der, Tourette’s syndrome, and depression. However, the

clinical successes of DBS are tempered by our limited

understanding of the effects of DBS on the nervous sys-

tem. Converging theoretical [12, 13] and experimental

results [1, 9] suggest that the therapeutic mechanisms of

DBS may rely on activating axons surrounding the elec-

trode, resulting in an override of pathological neural

activity patterns [8, 16, 20]. However, no quantitative

measures of the size and shape of the 3D volume of

axonal activation generated by DBS currently exist with-

in the clinical arena.

DBS parameter selection

The clinical outcomes of DBS are a testament to the

efficacy of the current technology and programming

strategies. DBS for movement disorders can provide

more than 50% improvement in clinical ratings of motor

symptoms in appropriately selected patients [26]. How-

ever, programming DBS devices for maximal clinical

benefit can be a difficult and time-consuming process

that typically requires a highly trained and experienced

individual to achieve acceptable results. It has been

found that the total time spent programming the stimu-

lator and assessing DBS patients ranged from 18 to 36

hours per patient [10]. One current limitation in DBS

programming is that these procedures are typically done

with no visual reference of the electrode location in the

anatomy, or current spread as it depends on the stim-

ulation parameters. While guidelines exist on stimula-

tion parameter settings that are typically effective [24], it

is infeasible to clinically evaluate each of the thousands

of stimulation parameter combinations that are possible.

As a result, the therapeutic benefit achieved with DBS is

strongly dependent on the intuitive skill and experience

of the clinician performing the programming. In addi-

tion, application of DBS technology to disorders such

as epilepsy, dystonia and obsessive-compulsive disorder



are especially problematic because the beneficial effects

of stimulation can take weeks to months to manifest.

Further, it remains unclear what stimulation paradigms

are optimal for these different disorders. Therefore, syn-

ergistic combination of clinical experience and scientific

characterization of the effects of DBS on the nervous

system should enable more efficacious application of

DBS technology to patients.

The fundamental purpose of DBS is to modulate neu-

ral activity with applied electric fields, but most clini-

cians implementing DBS technology do not have a

quantitative understanding of the effects of manipulating

the various stimulation parameters on the neural response

to the stimulation. To address this limitation, we devel-

oped detailed computational models that accurately esti-

mate the volume of tissue activated (VTA) by DBS as a

function of the stimulation parameters (contact, imped-

ance, voltage, pulse width, frequency) and electrode

location in the brain [4–6, 13]. However, the computa-

tional power and computer science skills necessary to

effectively implement such models are not available to

most clinicians. Therefore, we developed a Windows-

based, clinician-friendly software package we call

StimExplorer that is intended to aid the post-operative

programming of DBS technology.

StimExplorer system

The purpose of the StimExplorer system is to integrate

our theoretical understanding of the effects of DBS into

clinically useful tools for the analysis and customization

of stimulation parameters for individual patients (Fig. 1).

Our patient-specific models of DBS consist of three fun-

damental components: 1) Anatomical Model, 2) Electri-

cal Model, and 3) Stimulation Prediction. These three

components are co-registered within a common coordi-

nate and visualization system to enable analysis of the

position of the electrode in the brain and the VTA gener-

ated by DBS as a function of the stimulation parameters.

A fully functional StimExplorer system (version 1.1) cur-

rently exists for DBS of the subthalamic nucleus (STN).

StimExplorer systems for pallidal and thalamic DBS

are nearing completion. StimExplorer was written using

VTK (Visualization Toolkit; Kitware, Clifton Park, NY)

and Tcl=Tk (Tool Command Language; http:==tcl.

sourceforge.net). Version 1.1 of StimExplorer is self-con-

tained on a single DVD, and auto-installs on a PC similar

to any traditional Windows software. StimExplorer is cur-

rently a research tool and not commercially available or

intended for clinical use outside of IRB approved studies.

Individuals interested in using StimExplorer in their own

research are encouraged to contact CCM.

The anatomical model developed for each patient in

StimExplorer is created from pre- and=or post-operative

anatomical magnetic resonance imaging (MRI) data.

When the user starts the StimExplorer program they

are presented with the option of using a patient MRI

data set or an atlas brain. If the user selects the option

of a patient MRI data set, they navigate to the directory

containing the DICOM files of interest, and load the

images into StimExplorer. The user is prompted to select

the right or left side of the brain for analysis. The user

then orients the image along the midline, using coronal

and axial views of the MRI, and defines the anterior

commissure (AC) and posterior commissure (PC) in the

image. The next step in the process consists of scaling

and positioning 3D anatomical representations of the

various nuclei of interest (thalamus, subthalamic nucle-

us, pallidum, etc) (Fig. 1A). The anatomical nuclei are

originally positioned within the context of the MRI

based on the definition of the AC and PC. However, the

user has the option to translate and=or scale the anatom-

ical nuclei along the anterior=posterior, dorsal=ventral,

and medial=lateral axes to enable the most accurate

match possible with the MRI (Fig. 1A).

Once the anatomical model has been customized to

the individual patient, the user must define the posi-

tion and orientation of the DBS electrode in the brain

(Fig. 1B). During the patient customization of the ana-

tomical model, the user defined the AC=PC plane as well

as the sagittal and coronal planes perpendicular to the

AC=PC plane. In turn, StimExplorer defines a coordinate

system with the mid-commissural point (MCP) as the

origin, the X-axis representing medial=lateral, the Y-axis

representing anterior=posterior, and the Z-axis repre-

senting dorsal=ventral. To define the electrode position,

1

Fig. 1. StimExplorer graphical user interface. (A) After aligning the image data set and defining AC=PC, volumetric representations of the

anatomical nuclei of interest are translated and scaled to best fit the patient MRI. In this example, axial, coronal, and sagittal views are displayed

with the thalamus (yellow volume) and subthalamic nucleus (green volume). (B) The position of the DBS electrode (blue shaft and pink contacts) in

the brain is defined relative to the mid-commissural point and it can be interactively positioned within the MRI. (C) Following definition of the

patient anatomy, electrode position, and impedance of each contact, theoretically optimal stimulation parameters are calculated and displayed. The

VTA (red volume), for the theorectially optimal or any other stimulation parameter setting, is displayed with the anatomical volumes and=or MRI in

an interactive 3D visualization window
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the user inputs the X, Y, and Z location of the electrode

tip relative to MCP (Fig. 1B). To define the electrode

orientation, the user inputs the electrode trajectory an-

gles relative to the sagittal and coronal planes (Fig. 1B).

The angles are labeled as arc (angle relative to sagittal

plane) and collar (angle relative to the coronal plane) to

provide loose correspondence to the angles utilized in

the stereotactic surgical frame. If a post-operative MRI

is available, the user can interactively place the DBS

electrode in the electrode artifact of the image data set

(Fig. 1B).

The electrical model utilized in the StimExplorer sys-

tem is derived from our previous work characterizing the

electric field generated by DBS and neural response to

applied electric fields [4–7, 13]. The foundation of the

electrical model is a high-resolution diffusion tensor

MRI brain atlas [25]. The electric field generated by

DBS is dependent on the stimulus waveform, electrode

capacitance, electrode impedance, electrode geometry

(monopolar=bipolar), and the electrical conductivity of

the surrounding tissue medium. Diffusion tensor imag-

ing (DTI) characterizes the diffusion behavior of water

in tissue on a voxel-by-voxel basis [2]. Conductivity and

diffusion in biological media are related by mutual

restriction of the ionic and water mobility by the geom-

etry of the medium [22]. In turn, we utilize DTI for

estimating the inhomogeneous and anisotropic electrical

conductivity of the tissue medium surrounding the STN,

thereby allowing for the generation of anatomically and

electrically accurate models of the electric field gener-

ated by DBS electrodes [4, 13].

The development of detailed models of the electric

field and neural response generated by DBS requires a

number of advanced computational tools, including fi-

nite element models (FEM), multi-compartment cable

neuron models, and workstation computers capable of

running the simulations. It is unrealistic to expect a tra-

ditional clinician to have these tools at their disposal.

Therefore, we designed the StimExplorer system to em-

body these advanced computational tools in a Windows

software application by using pre-compiled solutions

from our supercomputer simulations.

All of the DBS VTA calculations utilized in

StimExplorer were performed on an 8 processor SGI

(Silicon Graphics Inc., Mountain View, CA) Prism with

36 GB of shared memory. The conductivity tensors from

the voxel-based DTI data were dynamically mapped to

individual elements in a tetrahedron-based 3D FEM of

the electrode and surrounding tissue medium [4, 13]. The

FEM solutions generated a potential distribution (Ve) in

the tissue medium that depended on the stimulus wave-

form, stimulus amplitude, electrode capacitance, elec-

trode impedance, and electrode contact selected. The

neural response to extracellular stimulation can be accu-

rately predicted using the second spatial derivative of the

extracellular potential distribution along a given neural

process (@2Ve=@x
2) [7, 15, 19]. Therefore, we perform-

ed thousands of simulations of axonal activation with

DBS electrodes to develop quantitative relationships that

describe the threshold @2Ve=@x
2 for axonal activation as

a function of distance from the DBS electrode [7, 13, 14].

These relationships were developed for a range of stim-

ulation parameters applicable to DBS. In turn, we cal-

culated the @2Ve=@x
2 within the context of our human

DBS FEM and defined 3D surfaces that encompassed

the volume where @2Ve=@x
2 was suprathreshold for

axonal activation for the given stimulation parameters

(contact, impedance, voltage, pulse duration, frequency).

In turn, each electrode position, electrode orientation,

and stimulation parameter setting has a unique VTA that

can be displayed in StimExplorer (Fig. 1C).

Each VTA prediction included in StimExplorer was

generated within the context of the DTI brain atlas; how-

ever, the anatomical geometry of each patient is unique.

To addresses this issue, StimExplorer uses a series of

transfer functions to appropriately visualize the VTA

predictions within the context of the given patient’s

MRI. These transfer functions are defined by the trans-

lation and scaling of the anatomical nuclei to fit the

patient’s neuroanatomy. Therefore, once the user has cus-

tomized the anatomical nuclei to the patient and placed

the DBS electrode, they can simultaneously visualize the

MRI, anatomical nuclei, DBS electrode, and VTAs for a

wide range of stimulation parameter settings (Fig. 1C).

In addition, the user can pan=zoom=rotate the view,

adjust the display properties of the 3D brain atlas, and

scroll through the MRI in three orthogonal planes.

Several studies have determined that clinically effec-

tive STN DBS for PD is typically achieved with elec-

trode contacts located at or near the dorsal border of the

STN [17, 21]. Based on these results and our own clin-

ical evaluations of stimulation prediction with our mod-

els, we defined a 3D target VTA for STN DBS for PD.

Our target VTA for version 1.1 was an ellipsoid that

contained the dorsal STN and the fields of Forel. For

each electrode position and orientation option provided

in StimExplorer, we employed a volume-based optimi-

zation algorithm to define stimulation parameter settings

representative of the theoretically optimal VTA [11]

(Fig. 1C). This theoretically optimal VTA is provided to
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the clinician as a suggested starting point for the DBS

programming process. StimExplorer also provides the abil-

ity to visualize the VTA for any range of stimulation pa-

rameter settings for additional clinical analysis (Fig. 1C).

Once the user has customized the StimExplorer system

to an individual patient, they can save the MRI orienta-

tion, anatomical nuclei scaling, DBS electrode place-

ment, and stimulation parameter settings to a file. The

user can then revisit any given patient with StimExplorer

by simply loading the appropriate file when starting the

program.

Conclusions

StimExplorer uses pre-compiled results from our su-

percomputer simulations of the neural response to DBS

that explicitly account for the effects of electrode capac-

itance, electrode impedance, electrode placement, and

the 3D tissue electrical properties of the human brain.

The stimulation results are coupled to 3D anatomical

models of nuclei surrounding the electrode, and enable

the clinician to interactively evaluate the effects of elec-

trode location and stimulation parameter adjustments on

the VTA. To customize the StimExplorer system to an

individual patient, the user inputs MRI data, electrode

position and orientation information, as well as the im-

pedance of each electrode contact. Definition of a target

VTA for DBS of the given anatomical nucleus and dis-

ease state allows StimExplorer to provide suggested the-

oretically optimal stimulation parameter settings for a

given patient’s implanted electrode. This theoretically

optimal setting can represent the start point of clinical

programming of the DBS device, thereby focusing the

clinical customization of DBS to an anatomically and

electrically logical parameter space. The intended ben-

efits of using the StimExplorer system are decreased

time and effort needed to adjust the stimulation param-

eters to achieve the desired clinical results from the

therapy. In addition, StimExplorer may decrease the lev-

el of intuitive skill necessary to perform DBS program-

ming, provide a teaching tool on the effects of DBS, and

enable a degree of standardization in programming prac-

tices across centers.
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Summary

The basal ganglia are best known for their role in motor planning and

execution. However, it is currently widely accepted that they are also

involved in cognitive and emotional behaviors. Parts of the basal ganglia

play a key role in reward and reinforcement, addictive behaviors and

habit formation. Pathophysiological processes underlying psychiatric

disorders such as depression, obsessive compulsive disorder and even

schizophrenia involve the basal ganglia and their connections to many

other structures and particularly to the prefrontal cortex and the limbic

system. In this article, we aim, on the basis of current research, to de-

scribe in a succinct manner the most important connections of the basal

ganglia with the limbic system which are relevant to normal behaviors

but also to psychiatric disorders. Currently, we possess sufficiently power-

ful tools that enable us to modulate brain networks such as cortex stim-

ulation (CS) or deep brain stimulation (DBS). Notably, neuromodulation

of basal ganglia function for the treatment of movement disorders has

become a standard practice, which provides insights into the psychiatric

problems that occur in patients with movement disorders. It is clear that

a sound understanding of the currently available knowledge on the

circuits connecting the basal ganglia with the limbic system will provide

the theoretical platform that will allow precise, selective and beneficial

neuromodulatory interventions for refractory psychiatric disorders.

Keywords: Basal ganglia; limbic system; neural networks; neuromod-

ulation; neuroanatomy.

Introduction

The basal ganglia consist of four main nuclei: the

neostriatum or dorsal striatum, consisting of the caudate

nucleus and the putamen, the globus pallidus, the sub-

thalamic nucleus, and the substantia nigra. In addition,

certain thalamic relay nuclei, mainly of ventral and cen-

tral complexes, as well as the pedunculopontine nucleus

are generally included as components of the basal gan-

glia [28]. The dorsal striatum is a separate entity from

the ventral part which is named ventral striatum. The

concept of the ventral striatum was introduced in order

to include in an integrated system the ventral extension

of the striatum, the nucleus accumbens, the medial and

ventral portions of the caudate, the putamen, the striatal

cells of the olfactory tubercule, and the anterior perfo-

rate substance. The putamen and the globus pallidus

arise at the junction of the diencephalon and telencepha-

lon and both constitute the lenticular nucleus. The glo-

bus pallidus is subdivided into an external (GPe) and an

internal (GPi) segment. The ventral pallidum is located

ventral to the anterior commissure and extents rostral in

vicinity with the ventral striatum from which it receives

its inputs [51, 104].

The subthalamic nucleus (STN) arises from the lateral

hypothalamic cell column of the diencephalon [99] in a

region located under the thalamus and above the mesen-

cephalon [140]. The substantia nigra is a mesencephalic

structure that on the basis of cytoarchitectonic and

chemical criteria comprises two main subdivisions, the

pars compacta (SNc) and the pars reticulata (SNr).

It extends between the subthalamic region, where it is

located beneath the STN, and the mesencephalon where

it lies along the dorsal aspect of the base of the cerebral

peduncle [148].

Although the basal ganglia are best known for their

participation in motor planning end execution, their in-

volvement in cognitive and emotional behaviors is now

well accepted. Middleton and Strick [91], reported that

about one-third of the total output from the basal ganglia

is directed to the medial and lateral area 9, dorsal and

ventral area 46 and lateral area 12 of the prefrontal

cortex. It has been suggested that the ventral regions of

the basal ganglia play a key role in reward and reinforce-

ment, [38, 42, 120, 129] and are also important in the



development of addictive behaviors and habit forma-

tion. Thus, diseases affecting mental health including

schizophrenia and obsessive compulsive disorder (OCD)

are in relevance with the pathophysiology of these struc-

tures [66, 75, 127].

Connectivity and functional properties of basal

ganglia

The main information to the basal ganglia system

arises from the cerebral cortex [69]. Fronto-striatal in-

puts form a functional gradient from the ventromedial

through dorsolateral striatum, with the medial and orbi-

tal prefrontal cortex terminating in the ventromedial part

and the motor cortex terminating in the dorsolateral

region. Other cortical areas, including the temporal lobe,

project throughout wide areas of the striatum sharing

characteristics of the functional gradient of the frontal

lobe: inferior temporal areas terminate in the more ven-

tral parts of the caudate nucleus, than the superior tem-

poral gyrous [151]. The ventral part of the striatum also

receives a prominent projection from the amygdale [121]

and hippocampus [46].

Striatal information is transferred to the GPi [22, 53,

111, 150], and SNr [14, 83, 107] then to ventral anterior

and ventral lateral (VA=VL) nuclei of the thalamus

[30, 106, 109] and from there to the frontal cortex [5],

supplementary motor area (SMA) for pallidal output

[62], and dorsolateral prefontal cortex for nigral output

[61]. This corticocortical loop passes through the ‘‘direct

pathway’’ of the basal ganglia circuitry as modeled by

Albin and colleagues in 1989 [1]. The ‘‘indirect path-

way’’ in this model, involves the GPe, then the STN, and

from there the GPi and the substantia nigra pars reticu-

lata. The striatum [55, 60] and to a lesser degree, the

globus pallidus [63] and STN [44, 52, 54] receive a

major dopaminergic input from the substantia nigra pars

compacta. This control is essential to balance the activ-

ity of the direct and indirect pathways [1, 29, 59, 145].

Both direct and indirect circuits modulate input to the

thalamus. Direct and indirect pathways modulate circuit

activities in response to different inputs. Dysfunction in

Fig. 1. Schematic diagram of the functional anatomy and connectivity of basal ganglia (see text for references). GP Globus pallidus; STN

subthalamic nucleus; PPN penduculopontine nucleus; centromedian (Cm), parafascicular (Pf), ventrolateral (VL) thalamic nuclei; SN substantia

nigra; with red excitatory connections, blue inhibitory connections
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the direct circuit causes abnormal thalamic inhibition,

whereas indirect circuit dysfunction leads to disinhibi-

tion and thalamic overactivity. Finally the pedunculop-

ontine nucleus has prominent projections to the basal

ganglia, mainly the pars compacta of the substantia nigra

and the STN [77–79]. It receives its principal input from

the GPi. Each set of circuits is present in each hemi-

sphere (Fig. 1).

Limbic component of the basal ganglia

As noted, the origins of the limbic structural concept

go back to Broca in 1878 [18] and, more recently, to

MacLean [84, 85]. It has become obvious from the key

functional studies of Kluver and Bucy [72], and the

theoretical anatomical presumptions of Papez [103] that

the limbic system plays a major role in emotional and

motivational activity and other basic psychological func-

tions of the brain. The limbic system comprises both

cortical and subcortical systems including the hippocam-

pal formation, amygdaloid complex of nuclei, hypotha-

lamus, nucleus accumbens, certain parts of subthalamic

nucleus, ventral pallidum, cingulate cortex, ventral teg-

mental area, major areas of the prefrontal cortex and

limbic midbrain areas. The term ‘‘limbic brain’’ encom-

passes these formations and their distributions to fore-

brain, midbrain and hypothalamus. In particular, it also

encompasses significant medial components of the mid-

brain including the nucleus raph�ee dorsalis, nucleus raph�ee

medianus, central gray, and dorsal and ventral nuclei of

Gudden. These formations are strongly interconnected,

usually by reciprocal pathways, e.g., reciprocal limbic

forebrain=limbic midbrain loops [97] showed that large

areas of the midbrain and posterior midline brainstem

receive especially strong limbic forebrain projections,

hence the term ‘‘limbic midbrain area’’ (Fig. 2).

Many motivated goal-directed behaviors are thought

to be regulated by glutamate projections that originate

in limbic frontal cortical regions (collectively anterior

‘‘limbic forebrain’’), including the basolateral amygdala,

the hippocampal formation and the medial prefrontal

cortex, which converge on spiny neurons of the nucleus

accumbens [56]. The output of nucleus accumbens is

conveyed through projections to the ventral pallidum,

which is likely responsible for motor execution of these

goal-directed behaviors. Thus, it has been postulated that

the nucleus accumbens (ventral striatum) is an interface

between limbic and motor systems [49, 57, 68, 94, 98].

Various studies have revealed that dopamine inner-

vation of the nucleus accumbens is related to reinforce-

ment, choice and reward [20, 116, 128] as well as

actions of addictive drugs and aspects of schizophrenia

[65, 70, 147]. Drug-seeking behavior appears to depend

upon glutamate transmission in the nucleus accumbens

[31, 132, 147]. Normally, descending projections from

the prefrontal cortex to nucleus accumbens, as well as

other limbic regions, exert inhibitory control over reward-

seeking behaviors. Existing data support the involvement

Fig. 2. Neuronal systems of the limbic forebrain interconnected with multiple limbic areas in cortical and subcortical level (limbic midbrain). Note

the key role of nucleus accumbens (NAcc). VTA Ventral tegmental area; DRN dorsal raphe nucleus; MRN median raphe nucleus (Adopted with

permission from Morgane et al., ref. 95)
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of nucleus accumbens in behavioral inhibition, includ-

ing both impulsive and compulsive forms of responding

[21]. Ventral striatum (nucleus accumbens) implica-

tion in OCD has been suggested by many investigators

[23, 100, 133, 140, 142]. Breiter et al. examined the

effects of cocaine infusion in cocaine addicts on mag-

netic resonance imaging (MRI) signal change in com-

parison to saline infusion [16]. They found activation in

a distributed circuit that included cortical and subcortical

regions. There was observed a strong activation in re-

gions of the ventral striatum which includes the caudate,

putamen and the nucleus accumbens. Activation in this

latter region is consistent with a large corpus of non-

human data demonstrating the critical role played by

the mesolimbic dopaminergic pathway in positive af-

fect and addictive behaviors [73, 74, 137]. In the first

functional MRI (fMRI) study of the effects of nicotine

on regional brain activation in cigarette smokers, it was

also found that activation of the nucleus accumbens

does occur during infusion of nicotine compared with

saline. Davidson and Irwin [27], in a positron emission

tomography (PET) study, described that when they used

pleasant and unpleasant pictures during an extended

picture paradigm, they observed activation in a region

including the nucleus accumbens during the picture-

induced positive affect. Recently, it has been observed a

remarkable improvement of OCD in two patients who

underwent subthalamic nucleus deep brain stimulation

(STN-DBS) for advanced Parkinson’s disease [86].

In addition, data from various sources support the

view that like striatum, both STN and GP are involved

not only in motor control but also in cognitive, emotion-

al and motivational processes sharing certain ‘‘limbic’’

characteristics. This notion is in consistency with reports

that relevant anatomo-functional subdivisions are pres-

ent also at the pallidal level: the sensorimotor area

which is located ventrolateraly, the associative region

which is located dorsomedially and the limbic part that

extends to anterior and ventromedial pallidum. The GPi

projects also via collaterals, to the central part of the

thalamic complex (centromedian, intralaminar, and para-

fascicular nuclei) [40, 43, 76, 112, 122, 123]. The

regions of the pallidum that receive sensory-motor in-

puts from the striatum project to the ventrolateral thalam-

ic nucleus, those that receive afferent inputs from

association areas of the striatum project to the ventral

anterior and mediodorsal thalamic nuclei, and those that

receive inputs from limbic striatal regions project to the

mediodorsal nucleus and the lateral habenular nucleus

[40, 106]. All these functional territories of the pallidal

complex correspond to the respective sensorimotor,

associative and limbic of the above mentioned cortico-

striatal circuits [50, 55, 110].

The subthalamic nucleus (STN) is a good target for

symptomatic improvement of advanced Parkinson’s dis-

ease motor deficits by high frequency DBS [12, 13, 71,

81], and is involved also in cognitive and emotional

functions [6, 7]. STN has been implicated in improve-

ment of depression but also induction of apathy and

aggressive behavior [11, 124]. It seems that the func-

tional characteristics of STN can be seen in the context

of the same compartmentalization of neostriatum and

globus pallidus. STN receives pallidosubthalamic pro-

jections originating in the limbic regions of the GPe in

topographically arranged fashion with the sensorimotor

part of the STN occupying the dorsolateral half, the

associative part its medioventral half and the limbic part

the most anterior and medioventral portion [67]. It

seems also that the subthalomopallidal projections share

the same topographical and functional characteristics.

Emotion, anxiety and basal ganglia function

Functional and structural changes have been observed

in frontal cortical regions such as orbital (OrC) and me-

dial prefrontal cortex (mPFC), anterior cingulate cortex

(ACC) insular cortex (InC), as well as in subcortical re-

gions, which receive inputs from the above cortical

areas; similar changes have also been noted in amygdala

(Am), thalamus (Th), ventral striatum (VeS) and pallidum

(VeP), and all have been implicated in the pathophys-

iology of mood and behavioral disorders (depression,

anxiety, OCD, mania, bipolar disorder, and addiction)

[33, 35, 37, 82, 89, 95]. Further support for the hypoth-

esis that frontal-subcortical pathways are involved in the

aforementioned pathological conditions is revealed from

animal models [80] along with advances in functional

neuroimaging [32, 34] in human subjects. In addition,

regional neuroimaging and neuropathological abnor-

malities seen in primary mood disorders are found

in the regions implicated in depression, neurodegen-

erative diseases, and syndromes like Parkinsonism,

Huntington’s disease, Tourrette’s syndrome, Wilson’s

disease [47, 88, 92, 117, 118, 120, 143], and cerebro-

vascular disease [135].

Obsessive-compulsive disorder (OCD) is a chronic

anxiety disorder characterized by recurrent, intrusive,

and distressing thoughts (obsessions), together with

repetitive ritualistic cognitive and physical activities

(compulsions). The clinicopathological, functional and
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structural imaging studies support the involvement of

frontal-subcortical circuit structures in the pathogenesis

of OCD. Patients with OCD have difficulty in inhibiting

irrelevant information, like obsessive thoughts and im-

pulses and reduced ability to selectively attend to relevant

information, while simultaneously ignoring irrelevant

competing information (gating) [4, 24, 25]. The critical

process of gating has been linked to frontal-striatal func-

tion [64, 113]. Impaired frontal-striatal function is con-

sidered to be of etiological importance in the affective,

behavioral, and cognitive characteristics of OCD [127].

Neurobiological models suggest that OCD is character-

ized by excessive activity in frontal-striatal circuits of

the brain, with hyperactivity observed in orbitofrontal

cortex (OFC), anterior cingulate cortex (ACC), thala-

mus, and caudate [9, 17, 115, 126]. F18 fluoro-2-deoxy-

glucose positron emission tomography (PET) studies

demonstrate abnormally increased activity in orbitofron-

tal cortex and caudate regions in patients with OCD

[9, 10]. These areas show increased functional activity

when OCD symptoms are provoked. The anterior cingu-

late gyrus, which has limbic connections and close asso-

ciations with the orbitofrontal cortex, also exhibits

increased activity in studies of OCD [8]. When patients

are treated with serotonin reuptake inhibitors, the func-

tional activity in the orbitofrontal cortex and caudate

nucleus declines towards normal. Patients with OCD

show decreased right caudate and left orbitofrontal

region functional activity also following behavioral

therapy techniques including methods of exposure and

response prevention [130]. PET studies also suggest

altered cortical-subcortical interactions in Gilles de la

Tourette (GTS) syndrome. Patients with GTS show in-

creased metabolism in the frontal motor regions and

decreased glucose utilization in paralimbic prefrontal

cortex and the ventral striatum [15]. Dopamine (DA)

dysfunction in the caudate nucleus is thought to mediate

ideational and motor symptoms of GTS.

Depression has been observed in patients with lesions

in the frontal cortex and the caudate nucleus. Functional

imaging studies in patients with Alzheimer’s disease and

depression show decreased metabolism in the orbito-

frontal and dorsolateral prefrontal cortices. Similarly,

depression in Parkinson’s disease, Huntington’s disease

and epilepsy are correlated with reduced metabolic ac-

tivity in the orbitofrontal cortex and the caudate nucleus

[87, 88]. Depression may follow strokes in the dorsolat-

eral prefrontal area and the basal ganglia. Recently, a

model for depression has been proposed involving dys-

functional coordination of limbic-cortical pathways. In

this model, a dorsal compartment composed of superior

limbic structures is thought to regulate attentional and

cognitive symptoms of depression including apathy, psy-

chomotor retardation, impaired attention and executive

dysfunction. A ventral compartment formed of limbic,

paralimbic and subcortical structures is proposed to me-

diate the vegetative and somatic aspects of depression,

such as sleep, appetite and endocrine disturbances.

Rostral cingulate area has a regulatory role for the inter-

actions between the two compartments. Dysfunction of

this coordinating area may result in disintegrated mood,

cognitive, somatic and autonomic responses [141].

A core feature of depression is a pervasive absence

of behavioral incentive. This is clinically manifested

by apathy, anhedonia, amotivation, and loss of interest

in hobbies, socialization, work, food, and sex. These

symptoms appear to be phenomenologically related to

the putative functions of the mesolimbic dopaminergic

projections from the ventral tegmental area (VTA)

into the ventral mPFC, amygdala, and ventral striatum

[41, 138]. These projections are thought to subserve a

‘reward-related system’ that mediates hedonia, motiva-

tion, behavioral reinforcement and psychomotor activity

[39, 58, 101, 134]. DA release into the ventral striatum

modulates afferent synaptic transmission from non-

dopaminergic projections into the ventral striatum,

PFC, amygdala, hypothalamus, and other limbic struc-

tures that may play more critical roles in maintaining

behavioral reinforcement [41, 93, 102, 134]. The anhe-

donia, amotivation and psychomotor slowing of de-

pression, and the euphoria, hypermotivational state and

psychomotor restlessness of mania, have led to the

hypothesis that mesolimbic DA function is decreased

and increased, respectively, in the depressed and manic

phases of bipolar disorder (BD) [41, 138, 146]. This

hypothesis is corroborated by pharmacological evidence

and cerebrospinal fluid (CSF) DA metabolite concen-

trations [139, 146]. Anhedonia is also evident in depres-

sive syndromes arising secondary to conditions such as

Parkinson’s disease or cocaine abstinence (in cocaine-

dependent individuals) that are putatively associated

with deficits of DA function [41, 144]. Moreover certain

‘‘atypical’’ antipsychotic drugs included risperidone, a

mixed 5HT2=D2 receptor antagonist, with beneficial ef-

fects in the negative symptoms of schizophrenia seems to

continually increase the dopamine turnover in PFC [136].

Substance abuse and addiction have also been asso-

ciated with neurobiological alterations in the thalamus,

orbitofrontal cortex and limbic parts of basal ganglia.

The mesocorticolimbic dopaminergic system has been
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the main focus of research in the neurobiology of ad-

diction. Important structures in the drug reward circuit

are the ventral tegmental area, frontal cortex, nucleus

accumbens and amygdala. The anterior cingulate and

amygdala link substance addiction to motivational and

reward systems in the brain. Neurochemical changes in

these areas by chronic drug exposure lead to neuroadap-

tations underlying the substance addiction [19].

Functional territories of the basal ganglia

from the emotional and behavioral perspectives

It has been proposed [3] that the basal ganglia parti-

cipate in five defined frontal-subcortical parallel circuits.

They are named according to their function or site of

origin in the cortex: motor, oculomotor, dorsolateral pre-

frontal, lateral orbitofrontal, and a limbic circuit origi-

nating in the anterior cingulate cortex. In this scheme,

each circuit remains segregated as it passes through the

relay nuclei of the basal ganglia and has no interaction

with the others circuits [2, 3]. Today, even though zones

of overlap exist between adjacent regions, the basal gan-

glia system is more often subdivided into three functional

territories: 1. sensorimotor territory (the putamen) re-

ceiving bilateral projection from the motor cortex, and

projecting back to motor cortices (primary motor cortex,

supplementary motor association (SMA) and premotor

cortex), 2. associative territory (the dorsolateral cau-

date nucleus) receiving homolateral projections from

the frontal (dorsolateral), parietal, temporal, and occipital

cortices and projecting to the prefrontal cortex, [48] and

3. limbic territory (ventral striatum) projecting to the

anterior cingulate cortex and medial orbitofrontal cor-

tices [105, 108]. The projections from each level are

progressively connected to smaller areas as they proceed

from cortical to subcortical structures, but each circuit is

preserved as a largely distinct anatomical structure, con-

sistent with its functional segregation. These territories

process motor, cognitive, and emotional or motivational

information, respectively.

It has been hypothesized that emotion and behavior

are subserved by two interacting systems [114]. First, a

ventral system, including the amygdala, insula, ventral

striatum, and ventral prefrontal regions (rostral ACC,

VLPFC, OFC), is mainly important for the identification

of the emotional significance of a stimulus and the

generation of an autonomic, unconscious emotional re-

sponse. Second, a dorsal system, consisting of the para-

hippocampal gyrus and dorsal regions of the frontal

cortex (dorsal ACC, aPFC, DLPFC, and medial PFC), is

engaged in additional regulation of the initial emotional

response by combining cognitive and emotional input.

These territories can be best seen within the context of

the frontal lobe functional compartmentalization [26].

Five corticostriatal circuits with pallido-subthalamic

and thalamic relays, including that of parietal and tem-

poral origin, have been implicated in mood and anxiety

disorders (Fig. 3). In addition to these closed frontal-

Fig. 3. Anatomical circuits implicated by neuroimaging and neuropathological studies in familial mood and anxiety disorders. PFC Prefrontal cortex;

Orb orbital; VL ventrolateral; SG subgenual; PAC pregenual anterior cingulated; DM dorsomedial; DAL dorsal anterolateral, NTS nucleus tractus

solitarious; VTA ventral tegmental area; LC locus ceruleus; BSTN bed nucleus of stria terminalis (Adopted with permission from Drevets, ref. 33)
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subcortical loops, there are open connections of the

circuits that integrate information from anatomically

distant but functionally related brain areas. The open

afferent and efferent connections mediate coordination

between functionally similar areas of the brain and the

frontal-subcortical circuits. These circuits are described

below.

1. The dorsolateral prefrontal circuit originates in

Broadmann’s areas 9 and 10 on the lateral surface

of the anterior frontal lobe and projects to the dorso-

lateral head of the caudate nucleus. Neurons from

this site project to the lateral part of the mediodorsal

globus pallidus interna and rostrolateral substantia

nigra pars reticulata as the direct pathway. The fibers

from the basal ganglia project to parvocellular portions

of the ventral anterior and mediodorsal thalamus. The

mediodorsal thalamus sends fibers back to the origin

of the circuit in the dorsolateral frontal cortex. In

addition major cortical afferents to the dorsolateral

frontal-subcortical circuit are Broadman area 46

and parietal area 7a [131]. They are also strongly

interconnected with each other. Area 7a has a role

in visual processing. There are also minor afferents

to limbic structures. Main efferents of dorsolateral

prefrontal circuit are to Broadmann areas 46 and 8,

which comprise the frontal eye fields. The dorsolat-

eral prefrontal circuit is involved mainly in executive

function. It includes abilities to solve complex prob-

lems like learning new information, planning ahead,

activating remote memories, regulating actions ac-

cording to the environmental stimuli, shifting behav-

ioral sets appropriately, generating motor programs

and temporal ordering of recent events.

2. The lateral orbitofrontal circuit originates in

Broadmann’s areas 10 and 11 and sends fibers to the

ventromedial caudate nucleus. Neurons form this re-

gion of the caudate project to the medial part of the

mediodorsal globus pallidus internus and to the ros-

tromedial substantia nigra pars reticulata. Fibers from

substantia nigra and globus pallidus connect to the

ventral anterior and mediodorsal thalamus. The circuit

then is closed by fibers projecting back to the orbito-

frontal cortex from thalamus. In addition, the orbito-

frontal subcortical circuit receives open afferents from

the superior temporal cortex, substantia nigra, dorsal

raphe and midbrain tegmentum. These afferents share

a heteromodal sensory and paralimbic component.

3. The medial division of the orbitofrontal circuit origi-

nates in the gyrus rectus and the medial orbital gyrus

of Broadmann’s area 11 [90]. The projections go to

medial aspects of the accumbens, to medial ventral

pallidum and reach the mediodorsal thalamic nu-

cleus. Among all three circuits, the medial part of

the orbitofrontal circuit also has the strongest asso-

ciation with amygdala. The amygdala sends efferents

to the brainstem and hypothalamus, allowing the

medial orbitofrontal circuit to participate in modula-

tion of endocrine, autonomic and involuntary behav-

ioral responses. The orbitofrontal circuit connects

the frontal monitoring systems to the limbic system.

Dysfunction of the circuit is characterized by person-

ality change including behavioral disinhibition and

emotional liability.

4. The anterior cingulate circuit originates in the ante-

rior cingulate cortex (Broadmann’s area 24a–c). The

neurons project to ventral striatum, which includes

the ventromedial caudate, ventral putamen, nucleus

accumbens and olfactory tubercle and which also

receives input from medial orbitofrontal cortex, lim-

bic and paralimbic cortices, hippocampus, amygdala

entorhinal cortex, and superior and inferior temporal

cortices [96]. Projections from the ventral striatum

pass to the rostromedial globus pallidus internus,

ventral pallidum and rostrodorsal substantia nigra.

The ventral pallidum connects to the ventral anterior

nucleus of the thalamus [51]. The anterior cingulate

circuit is closed with projections from ventral ante-

rior thalamus back to the anterior cingulate cortex.

Limbic system connections involve both the anterior

cingulate and medial frontal regions. The anterior

cingulate circuit also receives major afferents from

the perirhinal area and hippocampus and sends ef-

ferents to substantia nigra, lateral hypothalamus and

subthalamic nucleus. While the orbitofrontal cortex

mediates information concerning the internal envi-

ronment, the anterior cingulate circuit facilitates the

intentional selection of environmental stimuli based

on their internal relevance [141]. The anterior cin-

gulate mediates motivated behavior; dysfunction as-

sociated with lesions in this area reflects decreased

motivation (akinetic mutism, aboulia, apathy).

5. The subgenual prefrontal circuit involves Broadmann

area 24 and 25 and projects to medial caudate nu-

cleus, nucleus accumbens, medial parts of GPi, med-

ial thalamic nuclei, amygdale (lateral parvocellular,

basal accessory and magnocellular basal nuclei) [45],

lateral hypothalamus and brainstem; it has been sug-

gested to play an heuristic role in pathological guilt

and anxiety in depression and in the rapid shifts be-

tween euphoria and anger in mania [36].
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Limbic-basal ganglia networks

and neuromodulation

In the previous sections, we attempted to describe in a

concise way important information on the connections

of the basal ganglia with the limbic system. A sound

understanding of the currently available knowledge on

the circuitry connecting the basal ganglia with the limbic

system can provide the theoretical platform that will

allow very precise and highly selective neuromodula-

tory interventions for refractory psychiatric disorders.

Currently, DBS or cortical stimulation techniques allow

us minimally invasive, safe and reversible procedures in

the nervous system. Advanced neuroimaging can verify

postoperatively whether the electrodes have been in-

serted in the ideal location in order to have the best

possible effect. This methodology has the potential not

only to improve the lives of patients suffering from neu-

ropsychiatric conditions but also to promote research,

provide insights and enhance our understanding of the

neural systems whose activities underlie and subserve nor-

mal behavior. Once we acquire a better understanding, it

would be easier to hypothesize how the deregulation or

loss of ‘‘autoregulation’’ of these networks can lead to psy-

chiatric disorders. Therefore, it is important that we ac-

quire a refined knowledge of neurochemical anatomy and

develop detailed concepts on anatomical models. These

could be subjected to computerised processing in order

to develop sophisticated computer models of relevant

neuronal circuits. These models may help us ultimately

to develop and test hypotheses about the networks and

their relay structures where neuromodulatory interventions

using electrical stimulation methods would be beneficial.

Recently, we proposed one such a hypothesis [125]; this

field is certainly going to expand by the theoretical ap-

proaches, concepts and hypotheses that will be proposed

by many neuroscientists and related investigators.

The relationships of the basal ganglia with the limbic

system are metaphorically, the relationships of ‘‘motion’’

with ‘‘emotion’’. This topic is currently the new frontier

of neuromodulation. The anatomical interrelationships

of the basal ganglia with the limbic system and their

role in the mechanisms of depression or OCD can be

studied well not only when we face these conditions as

separate clinical entities but also when these disorders

occur in the context of chronic pain, dystonia, Parkin-

son’s disease, epilepsy, Gille de la Tourette syndrome,

etc. It becomes increasingly clear that we can learn a lot

about psychiatric disorders by studying psychiatric pro-

blems occurring in the context of the aforementioned

conditions which are treatable by DBS.
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