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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, WENS 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. Sakas', I. G. Panourias', and B. A. Simpson?

I'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
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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
¢) 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



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-
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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.
Mclntyre 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



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
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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
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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].
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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
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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
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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,
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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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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

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
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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
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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-
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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, 1 mg 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 30 mins 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-
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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 ef al., in
a comparison with mesencephalic tractotomy, was 52%
[14], cancer pain was the main diagnosis treated. Two
recent 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.
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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
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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.

S. Canavero and V. Bonicalzi

Fig. 1. SPECT pre- (leff) and post-cortical stimulation
(right) showing renormalization of SI rCBF
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Fig. 2. SPECT pre- (top) and post-cortical (bottom) stimulation show-
ing renormalization of thalamic rCBF

Prognostic factors

The following factors have been found to predict
analgesia by CS:

1) intact or almost intact corticospinal motor function
(201,

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].
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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 2cm in length, having the upper limit of 5cm
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
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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 20 msecs 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
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of MR activation areas and results from cortical map-
ping is high (94%), with a mean interdistance between
targets defined by both techniques of 4 mm; considering
that an electrode has an activation area of 5 mm, 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 30secs alternating acti-
vation and rest are repeated a few times. Generally, a
focal cortical activation area (diameter 5—10 mm) 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 45 min). We
make an oblique linear skin incision (6—10cm) parallel
to and 1cm ahead of or behind the projection of the
central sulcus and then drill two burr holes at a distance
of 2-4cm. 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 x 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 20 mm or rostrally by
20 mm 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-
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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

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 400-800 msecs
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—-60 Hz (but it may be more
or less), 60-200 msecs (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 900-1200ohms. 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
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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 4h
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 30 mm.
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
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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 3 mA, 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)
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Pain syndrome

Number
of patients

% of pts with excellent/  Follow-up
good pain relief

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]
712]
12 [3]
11 [4]

6 [5]
39 [68]
42 [7b]
31 [8%)

.. [9d]
45 [10]
31 [11§]
2 [13]
1[14]

8 [15]

2 [16]
7[17]

8 [18]
1[19]

19 [20]

1 [21]

1 [22]

1 [231]

2 [24]

1 [25s]

1 [26t]

2 [27]

12 [28]
6 [29§v]
18 [305w]
7 [31§x]
20 [32§z]
16 [338y]
16 [348y]
27 [35§z]
8 [368]
13 [375A]
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]  >7 mos. [1]
85% [171] >1yr [3]
~75% [1, 4, 6a, 8xc,
144, 27, 298, 308, 2yr [4]
33§, 34§, 40] 4 mos. [5]
~65% (3, 5, 328, 358, 1yr [6]
378, 44, 47D, 47] >2yrs [8]
2yrs [13]
5wks [14]
~45-50% [4x, 5, 6%, 4yrs [15]
8xc, 10e, 12g, 16m,
180, 20q, 298, 368, 1yr [16]
38x, 39, 40%, 42x, 45]
~40% [13h, 151, 31§] 1-3mos [17]
<40%[9d, 151, 17xn, 17 mos [18]
28u298, 33§, 348, <lyr [24]
36x8§, 378, 39x, 48]
0% [11f, 13h, 16m,
19p, 26t, 41B, 43] 9 wks—22 mos.
ref.35: [27]

70-99% pain relief: 3pts
40-69% pain relief: 10pts
0-39% pain relief: 14pts

3-50mos. [30]
2—-6mos [31]
12-74 mos [32]
27 mos. [33]

27 mos [34]

2—-104 mos [35]

3 wks—31 mos
[38]
2wks 4yrs [39]

2yrs [44]

4-60mos [47]
4-60 mos [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.

J Neurosurg 1998; 89: 585-591
[9] Katayama et al. Stereotact
Funct Neurosurg 2001; 77:
159-162 [10] Katayama et al.
Stereotact Funct Neurosurg
2001; 77: 183-186 [11] Fukaya
et al. Neurol Res 2003; 25:
153-156 [12] Katayama et al.
Acta Neurochir Suppl. 2003;
87: 121-123 [13] Canavero and
Bonicalzi. J Neurosurg 1995;
83: 1117; [14] Canavero et al.
J Neurosurg 1999; 91: 121-123;
[15] Canavero and Bonicalzi.
Clin J Pain 2002; 18: 48-55
[16] Migita et al. Neurosurgery
1995; 36: 1037-1040 [17] Fuji
et al. No Shinkei Geka. 1997;
25: 315-319 [18] Saitoh et al.
J Neurosurg 2000; 92: 150-155
[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

[28] Nguyen et al. Acta
Neurochir Suppl (Wien) 1997;
68: 54-60 [29] Garcia-Larrea
et al. Stereotact Funct
Neurosurg 1997; 68: 141-148

(continued)
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Table 1 (continued)

Pain syndrome = Number % of pts with excellent/ Follow-up  Other findings References (sorted by date)
of patients  good pain relief

experience of supernumerary  [30] Nguyen et al. Pain 1999; 82:
painful phantom arm [14] 245-251 [31] Garcia-Larrea et al.
adverse cognitive effects [36] Pain 1999; 83: 259-273 [32] Mertens

no prognostic sign found, et al. Stereotact Funct Neurosurg
10-39% relief may be 1999; 73: 122-125 [33] Nguyen et al.
acceptable for some Neurochirurgie 2000; 46: 483-491
patients [35 [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; § pts also reported elsewhere or duplicate paper.

# Excellent/good results in 71% of T+ or K+ and M— pts, in 50% of T+ or K+ and M+ pts, in 13% of T— and K— and M— pts and 0% of T— and K—
and M+ pts; ® Study on MCS effects on post-stroke involuntary and voluntary movement disorders during stimulation for pain control.;
¢ 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 SSEP N20 wave plus stimulation-induced paresthesias, or
motor performance improvement ¢ SCS vs DBS (thal. VC n.) vs MCS. SCS first, if failed, then DBS and /or MCS. DBS and MCS in 4 pts: better result:
MCS 1/4 pts; DBS 2/4 © SCS vs DBS (thal. VC n.) vs MCS. DBS and cortical pre- post-central or pre-frontal stimulation can produce painful
sensations, | Experimental study on conscious somatosensory responses. MCS unsuccessful in 2 pts reporting abnormal pain sensation after
stimulation, & Review on DBS and MCS for post-stroke movement disorders an post-stroke pain. " Pain relief only in syringomyelia pt with parietal
somatosensory stimulation. Contralateral spreading of pain and vanishing of analgesia at 2yrs. ' Short-term (5wks) pain relief (allodynia
disappearance, 50% reduction of burning pain). Experience of painful supernumerary phantom arm during MCS (lasting 6 mos. after stimulator
was switched off) ! Effective SI stimulation in 1 pts (MCS responsive too). Overall efficacy: 3/7 CP pts, all propofol-responsive. Ineffective in 4 /7CP
pts, all propofol-unresponsive, 16 ™ TMS study; MCS effective in a barbiturate and morphine unresponsive pt, uneffective in a barbiturate responsive,
morphine unresponsive pt " satisfactory/unsatisfactory results © fair to good results. +4 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 ¢ Modified MCS
protocol: subdural MCS within the central sulcus. Implants in: interhemispheric fissure: 5 pts (lower limb pain), within central sulcus: 5 pts (area 4 and
area 3b stimul) + surface of the precentral gyrus. Area 4 within central sulcus optimal stimulation point * pain relief with ipsilateral to pain BA4
stimulation ® +5 PNP pts; Evaluation of intensive reprogramming for recapture of the beneficial effects of MCS ' +9 PNP pts; MCS ineffective in CP
* 1 pt 70% pain reduction in the right arm + hemi-trunk; no pain relief on the right leg; 1 pt 20-60% pain relief in leg (subdural medial MCS) " Best
results in pts with parietal lobe infarct, thalamic abscess/infarct pts (almost normal life, drugs markedly reduced). Pain relief <40% in SCI* +3 PNP
pts. Correlation rCBF increase /analgesic efficacy ¥ +12 PNP pts. * Investigational study on rCBF/electrophysiology ¥ identical patients “ some pts
already reported * +18 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 during MCS ® no effect In spite of multipolar electrode grid or paddle relocation © Evaluation of clinical usefulness
of a frameless stereotactic system, neuronavigation, single burr hole and vacuum headrest ® including syrinx pts. +9 PNP pts © + 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—10 V) 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.
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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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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. [S0] 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
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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].
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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 4 mm in diameter spaced 10 mm 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 (10 mA 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: 1 msec,
low frequency: 1-3 Hz, intensity: 5—10 mA, 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-
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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: 40 Hz (25-55 Hz), pulse width:
120 psec (60—180 psec).

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 20-30 mm 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
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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 Patients number/ Follow-up in months Success rate at latest follow-up

(reference number) age range (years) (>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 Patients number/ Follow-up Success rate at latest follow-up

(reference number) age range (years) in months (>50% analgesia)

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

Herregodsts 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)

Brown and Barbaro [3] 8/37-73

satisfactory improvement (40-60%): 23% (5/22)
10 (mean) 75%
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Table 3. Published series on the results of MCS in neuropathic limb pain
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Authors Indications Patients Mean follow-up Success rate at latest

(reference number) number in months (range) 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%

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

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

Author Indication Patients Success rate
(reference number) number at latest
follow-up (%)
Nguyen et al. [33] post-trauma 4 75
paraplegia
Mertens et al. [27] post-trauma 3 100

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].



42

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
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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
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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, 0.5 ms, ISI 4 ms, 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
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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 O to 2.5 mm,
the load impedance decreases by 28%, and the stimula-
tion amplitude increases by 6.6 V for each mm of CSF.
Both anode and cathode should be considered active
because of the large anode-cathode distance (<10 mm).
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-

Table 1. Effect of MCS on facial neuropathic pain

Author Patients Acute Long-term  Follow up
responders responders
(%) (%)

Meyerson et al. [16] 5 100 100

Herrengodts et al. 5 80

(1995)

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 9 88 75 10 months

Barbaro [2]

47

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

Author Patients Type/cause Acute Long-term Follow up
of pain responders responders
(%) (%)
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 75 626 months
4 peripheral
deafferentation
Nuti et al. [19] 31 22 poststroke 52 48 months

4 brachial plexus

5 variuos
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Table 3. Personal experience

Type/cause of pain Patients Long-term results
Trigeminal neuropathy 8 1S
1 F, then S, then F
6 F
Post-stroke 4 1S then F
3F
Spinal cord lesion 2 1S
IF

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

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 ez 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
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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.
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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 r'TMS 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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Stimulation of primary motor cortex for intractable deafferentation pain
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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 (n=112) [12, 13, 32, 39], France

(n=97) [17, 20, 24, 36], Belgium (n=19) [8, 25], USA
(n=11) [7, 10], Sweden (n =10) [18], UK. (n=10) [2],
Germany (n =9) [4, 27, 28], and Italy (n =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-
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Patients (published cases)

Movement disorder (2)
Other central pain (14)
Peripheral nerve injury (5)
Spinal cord injury (8)

Brachial plexus avulsion (18)

Phantom-limb pain (19)

Trigeminal-neuropathic pain (45)

Fig. 1. Published cases of deafferentation
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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 (n=25) and
suprathalamic pain (n = 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
(n=15), ketamine (n =4), thiopental (n =4) or lidocaine
(n=3). The other 10 cases scoring “fair”’ or “poor”
pain relief had morphine (n=4) or thiopental (n=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,

120

32% peripheral pain. The two exceptions are
combinations of central pain and movement
disorders (listed here as movement disorders)

140 160 180

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 5 mm,
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 x5 array; 0.3cm 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].
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Percent (%) of patients improved by MCS (>50% pain relief)

Post-stroke pain

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

Trigeminal neuropathic
pain

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

%

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

60 70 80 (73%) of trigeminal neuropathic pain patients

showed improvement

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.

Percent (%) of patients improved by MCS (>50% pain relief)

Other central pain

Spinal cord injury

‘ Fig. 3. Other types of central pain and

Peripheral nerve injury

Brachial plexus avulsion |

Phantom-limb pain |

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

70 80 90 100
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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 150-1abeled 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
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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
MI. 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
10 mm, 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 (4 mm diam-
eter, I0mm center separation) mounted on a flexible
paddle (~38 mm 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—7 V, duration: 30-450 msec and rate:
20-110pps. In contrast to SCS, MCS is not accompa-
nied by the perception of paresthesia, thus allowing the
performance of double blind studies.
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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
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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)

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.

cathode (-)

anode (+)

non-excitable — <+— well excitable
| yparallel axony, |

well excitable non-excitable

4 perpendicular axon 4

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

In MCS, pulses are generally applied bipolarly with two
adjacent disc electrodes having a center separation of
10 mm. 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
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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—2.5 mm) 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 1 V by a 4 mm disc electrode in the epidural space,
centered on the convexity of the gyrus; models with cerebro-spinal fluid layers 0-2.5 mm; 55 equidistant iso-current density lines 5—60 pA/ mm?
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eiectrode
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centra:
Suicus
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Fig. 4. ‘Perpendicular’ fibres originating at different positions in the
precentral gyrus; fibre I in the center, fibre 2 in the lip of the anterior
wall, and fibre 3 deep in the anterior wall of the central sulcus

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.
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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 ez 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 0.9 msec. 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
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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
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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 5 mm diameter and 10 mm
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



62

that the amplitude of the D-wave increased when the
bipolar distance was increased (from 10 up to 30 mm).
(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 [-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—30 mm 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 10 mm 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
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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

Area 4 6 (Premotor)  Prefrontal area

Toes

Perineal
muscles

Eyelids

X Abduction
~~~~ . Vth finger

Inferior limb

Thorax

b

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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< anterior
a
Bipoles Vo-p
Cathode Anode [mV] %
0 1 19 21
1 2 52 57
2 3 14 15
0 2 91 100
1 3 34 37
4 6 50 55
5 7 22 25
2 6 55 60
b
Bipoles Vo-p
Cathode Anode [uV] %
5 6 56 20
6 7 278 100
0 2 14 5
4 6 237 85
5 7 179 64
2 6 44 16
3 7 110 40

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. Vj_,: peak—peak amplitude of MEP in microVolt and
percentage of highest value of each muscle

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
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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 (V,_)
of the MEPs are shown. The electrode numbers are indi-
cated on top of this table and V,_, 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 (Vp,x), whereas V,_, 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 V,_, values exceeding 70% of V.. 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 x 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 Viax, and the corresponding electrodes are gray and
black, respectively. Moreover, the approximate position
of CS with respect to the 2 x4 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 V,_, 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.
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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)

oro fdi

O @ 060 O] OO 0 e
O O O 0] @06 OO0

Cathodes

OOO/O OOO/O
O O

b ] ‘CS Anodes
6
5 | @ Cathodes
4 O Anodes
3
2
O n
0.4
C

Electrode nrs.

Fig. 7. Electrodes of 2 x4 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; ¢ distribution of largest cathodal and anodal MEPS
of all 9 muscles

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 V,_, (<100%).
The most probable explanation is that V,_, varies with
the anode-cathode distance in bipolar stimulation (see

Patient Pain relief MEPs
Cathode(s) Anode(s) Vpp 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

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 6 mm space is
present between the edges of the 4 mm 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 6 mm 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
Smm apart from the centre of one electrode and less
than 5 mm 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 (2 mm), 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
5Smm anterior to the boundary between areas 4 and 6
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(as indicated in Fig. 5b by the thin line 5 mm 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 30 mm (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 V,_, in combination with electrode 0 (91 V) than
with electrode 1 (52uV) as the cathode, and anode
3 gives a larger V,_, with electrode 1 (34 uV) than with
electrode 2 (14 uV) as the cathode. From Fig. 6b it is
shown that anode 6 evokes a larger V,,_, when electrode
4 is the cathode (237 uV) than with 5 (56 uV) or 2
(44 1V). 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
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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,
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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],
¢) 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].
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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 (1-3 Hz) are recorded in deep sleep, anaesthesia
and coma, and theta waves (4—7 Hz) are noted in light
sleep. Alpha waves (8—12 Hz) 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
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as early as 30-70 ms from stimulus onset. The cortical
processing of consciously perceived and unperceived
somatosensory stimuli is thought to be identical during
the first 100—120 ms after stimulus onset [64]. Subsequent
(>200 ms), nonstimulus-locked gamma band (28—50 Hz)
oscillatory activity reflects consciously perceived stim-
uli. Somatosensory event-related and phase-ordered
gamma oscillations (38—42 Hz), are elicited by the onset
of painful stimuli over the corresponding scalp site, and
are linearly related to pain perception [16]; gamma?2
(38—42 Hz) and gamma3 (42-46 Hz) 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
(4-7 Hz) 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
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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 (r=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
(32-38 Hz) 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

D. De Ridder et al.

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
8 Amp at the coil and induces a magnetic field pulse
of up to 2.5 Tesla. The changing magnetic field creates
an electrical field of 500 V/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 20 Hz)
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)



Somatosensory cortex stimulation for deafferentation pain

TMS somatosensory cortex

100 + T 160
5 4 + 140 §
e 80T 1120 E
@ S 3
© , 60T + 100 € &
g o 1lgo £ 8
SE 40+ R
H . 160 S @
- 20 \ 4 40 g £
I T — 1420 @
o o v
0 : : L T— 0
1Hz 5Hz 10 Hz 20 Hz placebo
TMS frequency

Pain suppression ==#= Residual inhibition ‘

Fig. 3. Illustrative case of TMS effect on the somatosensory cortex; it
demonstrates a dose response curve both for pain suppression and
residual inhibition. The lower the frequency is the longer the clinical
effect on pain suppression lasts

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—7 Hz); this results in more pronounced
lateral inhibition [48] of gamma band hyperactivity, at

71

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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Localization of precentral gyrus in image-guided surgery

for motor cortex stimulation
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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 ef 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



76

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].

W. Tirakotai et al.

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.
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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
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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
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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 right side 75 good
brainstem cavernoma)

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.

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 100 Hz, and amplitudes vary
from 1.5 to 10 V. Pulse width can be adjusted from 90 to
450 msec. 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.
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Anatomical and physiological basis, clinical and surgical
considerations, mechanisms underlying efficacy and future
prospects of cortical stimulation for pain
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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
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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
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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 craniotonty

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 x4cm? 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.
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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 (iISEP) 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 (5 mm space tips bipolar stim-
ulator probe; isolated square-wave pulses with a duration
of 1 ms; 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 ps; 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

B. Pirotte et al.

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 0'°-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
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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.
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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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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)

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
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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 0.9 mm, 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 0.9 mm, 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
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Fig. 1. Conventional x-ray of the skull (lateral view) showing the
electrodes in the cerebellopontine angle (CPA)

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 0.7 mm (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.

J. H. Mehrkens and U. Steude

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 0.7 mm 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 1.0 mm in order to prevent uncomfor-
table or painful dysaethesias. Finally, in 1997, a new electrode with a
diameter of 0.9 m 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

I

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. Smm) skin incision, 2.5cm 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 0.9 mm, custom-made),
implantable pulse generator (IPG) Itrel III® (right), and patient hand-
programmer ITREL EZ® (leff)
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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

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
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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 130pps 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
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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 CO,
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 30 min of stimulation, the threshold in
the directly stimulated division had increased from 20 to
200 pA. 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-
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Fig. 5. Electrophysiological proof of pain modulation; (/) Complete suppression of pain-evoked potentials after painful CO,-insufflation and
painful pulpal stimulus (left diagram). (2) Increase of pain threshold from 20 to 200 pA in the trigeminal branch (V3 left) stimulated directly (right

diagram)
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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 (It-TGES). The
patients reported significant pain relief after 1t-TGES
(»p=0.006). After st-TGES, changes in regional cerebral
blood flow (rCBF) without significant pain relief were
observed. Furthermore, comparison of 1t-TGES and
st-TGES increases in rCBF, which, after 1t-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 0.7 mm 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 0.9 mm 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-
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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., Eon™ 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 0.9 mm 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
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Table 1. Differential diagnosis of trigeminal autonomic cephalalgias
(TACs)

Primary Similar secondary Secondary

TACs headaches TACs

Cluster Tolosa-Hunt cranial artery dissection [19,
headache syndrome 78, 86] or aneurysm [140]

Paroxysmal  maxillary sinusitis pseudoaneurysm of
hemicrania intracavernous carotid

artery [69]

SUNCT temporal arteritis aneurysm anterior

syndrome' communicating artery [55]

Raeder’s paratrigeminal basilar artery aneurysm [36]
neuralgia [41]
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]

t SUNCT Short lasting unilateral neuralgiform headache attacks with
conjunctival injection and tearing.

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-
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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-

Trigeminal-autonomic system

peripheral neuron

. dura mater

Fig. 1. The trigeminal-autonomic system: SSN superior salivatory nucleus
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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]

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.
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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

Table 2. Clinical features of trigeminal autonomic cephalalgias (TACs)

Cluster Paroxysmal SUNCT
headache hemicrania syndrome
Sex F:M 1:4 2:1 1:2
Pain
— Type stabbing, boring  throbbing, burning,
boring, stabbing,
stabbing sharp
— Severity severe to excruciating ~ moderate
excruciating to severe
Site orbit, temple, orbit, temple  periorbital
face
Attack 1/alternate 1-40/day 1/day-30/hour
frequency day-8 daily
Duration of 15-180 min 2-30 min 5-240sec
attack
Autonomic yes yes yes (prominent
features conjunctival
injection and
lacrimation)
Migrainous yes yes yes
features™
Alcohol trigger  yes occasional no
Indomethacin - ++ -
effect

* Nausea, photophobia or phonophobia (often ipsilateral to the pain).
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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 THS-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 30 min 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 THS

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—180 min 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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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 10 min

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)

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 4 min
long, paroxysmal hemicrania from 2 to 30 min and clus-
ter headache from 15 min 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.
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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
45-90 min but can range from 15min to 3h. 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



104

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 three months. 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-
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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 6 mg by injection [29], or nasal spray
20mg, and zolmitriptan 5 mg by nasal spray [15], each
been shown to be effective within 30 min 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 960 mg 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
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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 250sec [114],
although attacks lasting up to 2h 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 cra