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Series Introduction

The Handbook of Stereotactic Neurosurgery provides comprehensive infor-
mation regarding the use of this important therapeutic maneuver in the treat-
ment of neurological disease. Technical aspects are discussed in stereotactic
with frames, frameless stereotactic, and stereotactic radiosurgery. Localiza-
tion techniques are described in detail. The clinical use of stereotactic neu-
rosurgery in movement disorders, particularly Parkinson’s disease, is thor-
oughly discussed. There are many important advances in this area. The
various surgical approaches are discussed by the leading authorities in the
field.

Stereotactic neurosurgery is outlined for other indications as well, such
as chronic pain, spasticity, and epilepsy. Indications, approaches, and tech-
niques are covered. This book provides a comprehensive approach to ste-
reotactic neurosurgery, both for the neurosurgeon who needs technical details
and for the neurologist who must refer patients to the neurosurgeon and
evaluate the results of neurosurgical intervention. For all those involved in
the care of patients who undergo functional stereotactic neurosurgery, this
handbook will provide detailed information to which they can refer. This is
indeed a landmark book for functional neurosurgery, which clearly has
gained importance in the treatment of a variety of neurological diseases in
recent years.

William C. Koller
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Foreword

This is an exciting time to be in stereotactic surgery. In a little more than
50 years, it has developed from a concept used in the animal laboratory to
a technique that promises to permeate all of neurosurgery.

Before human stereotactic surgery was born, functional neurosurgery
consisted of a few adventurous procedures confined to interrupting pathways
that were conveniently located superficially and were not overlain by other
eloquent tracts. The only functional operations that were generally practiced
were open anterolateral cordotomy and pain procedures involving cutting of
peripheral or cranial nerves. Interrupting pain pathways within the brainstem
was practiced by a relatively small group of neurosurgeons. Surgery for
movement disorders often was directed to ablation of the motor cortex or
pyramidal tracts, with acceptance of paralysis as a necessary trade in
exchange for involuntary movements. The few neurosurgeons who attacked
the extrapyramidal system recognized the great morbidity and mortality of
their operations. Perhaps the most common functional procedure was pre-
frontal lobotomy, which involved separating the anterior frontal lobe path-
ways with a back-and-forth motion of a knife, spatula, or icepick.

It was the abhorrence of prefrontal lobotomy as it was then practiced
that motivated Ernest A. Spiegel, a Jewish neurologist born in Vienna who
had fled to Philadelphia, to adapt to patients a technique developed for use
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in laboratory animals half a century before by neurosurgeon Sir Victor Hor-
sley and engineer Robert Clarke. Spiegel recruited Henry T. Wycis, a former
student and neurosurgical colleague at Temple Medical School, to develop
with him techniques to allow stereotactic targeting to be used in patients.
They developed a procedure that used intracerebral landmarks visualized by
intraoperative X-ray, rather than skull landmarks as had been used in
animals.

Human stereotactic surgery was born in 1946, when Spiegel and Wycis
injected alcohol stereotactically into the globus pallidus and dorsomedial
thalamic nucleus of a patient for treatment of Huntington’s chorea. During
the next decade, other eminent neurosurgeons entered the field, including
Lars Leksell, Traugott Riechert, Jean Talairach, Gerard Guiot, Hirotaro
Narabayashi, Blaine Nashold, Sixto Obrador, B. Ramamurthi, Georges
Schaltenbrand, Keiji Sano, Sir John Gillingham, and Manuel Velasco Suarez.
That decade saw the most exciting and productive development of new
surgical indications that has ever been seen. The field was launched with a
series of empirically determined targets for almost all the indications we still
use. One pervading philosophy was that every insertion of an electrode into
the human brain was a unique opportunity to study human neurophysiology
and pathophysiology. That led to better understanding of the human brain
and, in turn, to better targets for more indications.

By the 1960s, stereotactic surgery was commonly used, mainly as the
major treatment for Parkinson’s disease. When L-dopa became available in
1968, activity in the field almost ceased, and it was only the dedication of
a handful of neurosurgeons that kept the field of stereotactic surgery alive.

During the 1960s and 1970s, stereotactic techniques expanded signif-
icantly. Leksell had experimented with using stereotaxis to focus radiation
to small targets within the brain, and introduced the Gamma Knife in 1968.
The field of stereotactic radiosurgery was practiced at only a few centers
with the Gamma Knife or proton beam technology until the 1990s, when
computers made it possible to administer the focused radiation with a com-
monly available linear accelerator. Meanwhile, the Gamma Knife became
available commercially and has proliferated, so that stereotactic radiosurgery
is now commonly available.

In the 1980s, when there was a dearth of surgery for Parkinson’s dis-
ease, fetal or adrenal tissue was transplanted into the caudate nucleus, with
limited success. It was not until 1992 that Lauri Laitinen reawakened ste-
reotactic surgery by resurrecting Leksell’s technique for pallidotomy. As in-
terest reawakened in stereotactic surgery, the use of thalamotomy for tremor
also increased.

Also in the 1980s, implantable stimulators were developed for long-
term stimulation of various sites for pain management, but this activity
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waned as difficulties with patient selection and establishing benefit became
apparent. However, when Alim Benabid and Jean Siegfried reported that the
use of those same stimulators in the same pallidotomy target provides a
benefit similar to that of pallidotomy with perhaps less risk, the door opened
to the use of implanted stimulators for other indications at other sites. Long-
term stimulation of the thalamus for treatment of tremor has emerged as
well, such as stimulation of the subthalamic nucleus for Parkinson’s disease.

It was also in the 1980s that computed tomographic scanning was
introduced. A marriage between imaging modalities and stereotactic surgery
was only natural, as both were based on spatial orientation of specific targets
within the brain. The first image-guided procedures involved biopsy or as-
piration of abscesses. As imaging improved and magnetic resonance imaging
became widespread, the use of stereotactic guidance for tumor resection
developed. The use of a three-dimensional volumetric target depended on
the availability of adequate computer power, and was pioneered by Pat
Kelly. Tumor resection became more accurate, and injury to surrounding
areas was avoided. Such volumetric display of a tumor volume also made
brachytherapy more efficient and practical, although it was subsequently
largely supplanted by stereotactic focused external beam radiation. Such
image-guided neurosurgery is an immediate outgrowth of computer science.
The revolution in computers has had more impact on stereotactic surgery
than on any other branch of neurosurgery, and perhaps any other surgical
field. Because computer science will undoubtedly continue to mature at an
ever more rapid pace, stereotactic surgery promises to follow that same
pattern.

We have crossed the threshold of a new millennium. Stereotactic sur-
gery has become the most rapidly advancing field within neurosurgery, and
the future promises even more. As computer science moves ahead at a diz-
zying rate, new techniques in imaging and image guidance will be incor-
porated into image-guided surgery. Chronic stimulation techniques are be-
coming more widespread, and new targets and new indications are being
sought. Stereotactic radiosurgery and stereotactic radiotherapy are now com-
monly available, and with new experience will come sophistication in the
use of these modalities, particularly for treatment of tumors.

The seeds are being planted for the use of stem cells or genetically
modified cultured cells for the treatment of degenerative diseases and move-
ment disorders. For the first time we will treat the underlying disease process
or neurochemical abnormality and not merely suppress the symptoms. The
genetic abnormalities that allow tumors to grow are being identified, so they
might be corrected to treat or prevent brain tumors. The delivery of radiation
is becoming more sophisticated, so lesions might be treated more effectively
with less radiation to normal tissues. The physiological abnormalities that
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produce seizures are being identified, so they might be corrected. Stereotac-
tic surgery will be increasingly important to obtain tissue to study these
techniques, to prepare treatment tissues, or to deliver the cells to their site
of action.

The fields of functional neurosurgery and stereotactic surgery are di-
verging. Functional neurosurgery will, for the foreseeable future, remain a
subspecialty that requires additional training in the neurological and com-
puter sciences. Stereotactic surgical guidance will be used for every neuro-
surgical procedure by every neurosurgeon to make neurosurgery safer and
more effective. Image guidance is rapidly becoming indispensable to every
neurosurgical operation.

This is indeed an exciting time to be in stereotactic surgery! And the
future promises to be even more exciting.

Philip Gildenberg, M.D., Ph.D
Houston Stereotactic Center,

Houston, Texas, U.S.A.
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Preface

The Latin derivation of ‘‘stereotaxy’’ refers to a system in physical space;
the term ‘‘stereotactic’’ means to touch in space. Both concepts apply well
to the expanding field of stereotactic neurosurgery. The history of stereotaxis
began with the development of the experimental Horsley-Clarke apparatus
in 1908. The adaptation of this system by Spiegel and Wycis in the 1940s
spurred the growth of functional stereotactic surgery, which was used pri-
marily for the treatment of patients with parkinsonism. With the advent of
L-dopa in the late 1960s, stereotactic surgery became a relatively obscure
part of neurosurgical training and practice, limited to a few centers.

Digital sectional imaging—computed tomography and then magnetic
resonance imaging—has fueled a renaissance in stereotaxis, and then some.
In the last 15 years, for instance, stereotactic biopsy has gone from being a
‘‘high-tech’’ procedure reserved for academic institutions to a routine part
of daily neurosurgery. The incorporation of frameless stereotaxy has been
even more rapid. Radiosurgery, a subject that at first drew little interest
(mostly negative) at major meetings, is now performed at hundreds of sites
in the United States and is discussed avidly in large international forums.

Functional stereotaxy has made a comeback as well, as the limitations
of chronic medical therapy for parkinsonism became apparent and the sur-
gical technology improved. The advent of implantable stimulators has made
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nonablative functional stereotactic surgery a realistic possibility for com-
munity neurosurgeons. In part, this and other technological advances have
spurred interest in surgery for patients with other movement disorders, pain,
spasticity, and epilepsy.

Several excellent textbooks now provide detailed descriptions of the
underlying theory and outcomes for the various subsets of stereotactic pro-
cedures. Perhaps because of their heft, however, they have not served as a
practical guide for neurosurgeons. This book hopes to address that need. It
is meant as an adjunct to the above-mentioned textbooks and monographs,
which contain important information that any stereotactic neurosurgeon must
thoroughly understand. A handbook such as this reflects the ongoing devel-
opment of stereotaxis as part of every neurosurgeon’s treatment arsenal.

Michael Schulder
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Intracranial Stereotactic Surgery:
Indications
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1 INTRODUCTION

The indications for stereotactic neurosurgical methods have, at one point or
another, encompassed all major categories of differential diagnoses. Stere-
otactic techniques, introduced in the early 20th century, applied instrumen-
tation in a minimally invasive, precise, and reproducible manner for research
purposes. The first report of a stereotactic device in the English language
literature is the report of Horsely and Clarke, which described a device for
accessing the dentate nucleus of the cerebellum in monkeys [1]. Despite this
early start, stereotactic methods were not attempted in humans until nearly
40 years later when Spiegel and Wycis inaugurated the era of human ste-
reotaxis for ablative neurosurgical procedures [2]. They developed the par-
adigm of contemporary stereotactic technique, combining the use of a ste-
reotactic device, radiographic imaging, and a quantitative anatomic atlas.
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Since then, stereotactic methods have been progressively refined and are
now applied for a wide range of indications to accomplish both diagnostic
and therapeutic goals. This chapter provides a brief outline of the wide
indications for stereotaxis in both historical and contemporary neurosurgical
practice.

2 NEOPLASTIC

2.1 Diagnostic

Biopsy is the most common indication for the use of stereotactic methods.
Before the introduction of modern stereotactic methods, biopsies involved
free-hand needle aspiration or craniotomy guided by indirect radiographic
procedures, such as angiography or ventriculography. Modern imaging and
frame-based stereotactic procedures rapidly obtain diagnostic material with
minimal patient mortality and morbidity [3,4]. The vast majority of brain
lesions visible on imaging studies can be safely biopsied with high diag-
nostic yield [5]. Lesions with possible vascular pathology and those with
significant associated mass effect, however, should be excluded from consid-
eration.

2.2 Radiosurgery

Perhaps no more important method of treating brain tumors has been intro-
duced in the last 20 years than stereotactic radiosurgery. Radiosurgery uses
precise delivery of energy in the form of convergent beams of high energy
photon or charged particle radiation to tumor tissue on a hypofractionated
basis. Devices designed to deliver radiosurgical doses include the Leksell
Gamma unit and a number of linear accelerator-based devices. Radiosurgery
has been found to yield survival rates comparable to open surgical interven-
tion for metastatic tumors of the brain [6,7]. Radiosurgery may also be used
as effective adjuvant or primary treatment of carefully selected extra-axial
tumors, such as meningiomas of the skull base or vestibular schwannomas
[8,9]. It is imperative that neurosurgeons become familiar with the tech-
niques and indications for stereotactic radiosurgery to maintain leadership
in this field.

2.3 Brachytherapy

Use of brachytherapy has gradually declined since the introduction of con-
formal radiation therapy and radiosurgical methods. Brachytherapy, using
the stereotactic implantation of radioactive seeds into the mass of tumor
tissue, has the advantages of allowing delivery of highly concentrated ra-
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diation energy with a tighter dose fall-off than radiosurgical methods [10–
12]. In practice, however, brachytherapy has several disadvantages that have
contributed to its disuse. These include hazards incumbent on the use of
radioactive materials in the operating suite and the invasive nature of the
procedure. At our center, since the advent of radiosurgical methods, brachy-
therapy is no longer used.

2.4 Other Indications for Neoplasms

Approximately 3% of gliomatous tumors may be associated with a signifi-
cant cystic component. Cyst drainage by stereotactic techniques can provide
an important means of palliation for these patients. Colloid cysts have been
treated with similar techniques, although recurrence rates remain high [13].
Craniopharyngiomas have been treated with stereotactic techniques using
aspiration and the instillation of radioactive isotope into the cyst cavity in
selected cases [14,15].

3 STEREOTACTIC CRANIOTOMY

Recent advances in imaging coupled with the availability of high-perfor-
mance computing has made possible the introduction of stereotactic-assisted
craniotomy for tumor, vascular, and other mass lesions. These stereotactic
methods were initially introduced by Kelly, using a frame-based stereotactic
system [16,17], and have since been moved to so-called frameless systems
by a number of other groups [18,19]. Frameless systems differ fundamentally
from their frame-based counterparts. Frame-based systems are designed to
mechanically constrain instrumentation to a direct path to tumor tissue.
Frameless systems are, by design, unable to provide mechanical constrain-
ment of an operative corridor. Frameless systems instead report back the
location of a freely mobile pointing device. Such frameless systems should,
therefore, not be considered as replacements for frame-based stereotactic
devices, as their roles are different.

Currently, stereotactic craniotomy is used for a variety of indications
and should be a part of every neurosurgeon’s armamentarium. Stereotactic
craniotomy is most useful for small, deep-seated lesions where reliance on
surface anatomic landmarks can be misleading. Furthermore, for convexity
lesions, stereotactic guidance can allow for smaller, more localized crani-
otomies than would be possible with the use of surface landmarks coupled
with eyeball evaluation of radiographic studies.

Despite the advantages of stereotactic craniotomy, these methods are
still not pervasively used. Several factors account for this. First, most devices
of the present generation are complex, with poor user interfaces and cum-
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bersome if not outright awkward set-up requirements. The complexity of
these devices often necessitates additional operating room staff expressly for
the use and care of this equipment. Second, the devices continue to be very
expensive, making access to this technology feasible for higher volume ser-
vices only. This situation, however, may only be transitory, as evolution of
these products will likely remedy many of the present shortcomings.

A separate issue from the shortcomings of the devices themselves is
that use of these devices demands a different style of operating to minimize
the occurrence of intraoperative brain shift and subsequent loss of registra-
tion. Experienced users of these devices minimize use of diuretics and dis-
sect tumor tissue out circumferentially rather than internally debulking the
mass [17].

The future direction of stereotactic craniotomy will likely see it in
combination with intraoperative imaging technologies capable of updating
images during the surgical procedure, thereby rendering unnecessary the
need to control brain shift [20].

4 FUNCTIONAL NEUROSURGERY

Access to small, deep-seated targets for the purpose of effecting a change
in the function of the brain, whether for treatment of movement disorders,
pain, or psychological disorders, represents the earliest indications for stereo-
taxy.

4.1 Movement Disorders

Movement disorder surgeries were widely practiced in the 1950s. Targets
included thalamic nuclei as well as the pallidum. With the introduction of
L-dopa, however, surgical interventions for movement disorders fell by the
wayside, reaching a nadir in the late 1970s. The eventual development of
dyskinesias, on-off phenomena, and other side effects in long-term patients
with Parkinson’s disease led to a re-exploration of surgical techniques for
the treatment of movement disorders. Furthermore, the discovery of the
Methyl-phenyl-tetrahydropyridine (MPTP) model of Parkinson’s disease led
to the development of animal models and a re-evaluation of the pathophy-
siology of movement disorders, allowing for a rationalized surgical approach
to this set of diseases.

Ablative surgeries have been the core of stereotactic surgery for move-
ment disorders since Spiegel and Wycis undertook their procedures. Ablation
includes physical methods, such as use of a leukotome; chemical methods,
such as alcohol or glycerol injection; radiofrequency coagulation; and freez-
ing methods. Of these methods, radiofrequency ablation methods are gen-
erally safer and more reproducible.
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Recently, deep brain stimulation (DBS) has revolutionized the field of
movement disorders surgery. Deep brain stimulation, utilizing classic targets
for movement disorders including the ventralis intermedius (VIM) nucleus
of the thalamus for tremor [21,22], globus pallidus for dystonia [23,24], and
the subthalamic nucleus of Luys for Parkinsonism [25] has shown significant
promise in recent years. Subthalamic nucleus stimulation, in particular, re-
sults in long-term amelioration of all the cardinal signs of Parkinsonism.
Deep brain stimulation has a number of advantages over ablative surgery,
including the ability to adjust stimulation parameters to titrate effect and
reversibility of the procedure.

Biological approaches, including gene therapy, stem cell and tissue
transplant for movement disorders are a nascent technology that promises
applicability to a wide range of neurologic disorders, including degenerative
and demyelinating disease. Early results from these approaches, however,
have been disappointing thus far. Currently tissue transplant has not yielded
results comparable to either DBS or ablative procedures [26,27]. Despite
these early disappointments, it is a virtual certainty that these technologies
represent the near future of neurologic treatment. Many groups, in both
academics and industry, have been actively involved in the development of
these methods.

4.2 Psychiatric Disorders

After the introduction of classic physiologic methods to the study of the
forebrain, interest turned to how the results of these studies could be applied
to the clinical realm. Because of the horrid conditions within psychiatric
facilities at the time and the primitive nature of nonsurgical therapies (e.g.,
insulin and electric shock), the advent of psychosurgery held great promise.
Stereotactic variants of psychosurgical procedures have included cingulot-
omy [28], anterior capsulotomy [29], tractotomy [30], and others.

Evaluation of the psychosurgical literature is difficult, partly because
of reporting methods, partly because diagnostic categories in psychiatry have
changed greatly over the years. It appears, however, that certain categories
of illness do respond to surgical intervention (e.g., obsessive compulsive
disease, anxiety), whereas others do not (e.g., schizophrenia).

As with movement disorders, the introduction of effective drug therapy
led to the demise of psychosurgery. Furthermore, political trends as well as
the lack of a sound theoretic scientific basis for these procedures made con-
tinued widespread use of these methods untenable. Nevertheless, a few cen-
ters have continued these procedures on a limited basis. Advances in neu-
roscience research may, in the near future, provide a more firm basis for the
re-exploration of surgical interventions for psychiatric disease.

Copyright 2003 by Marcel Dekker, Inc. All Rights Reserved.



4.3 Seizure Disorders

Stereotactic methods, as applied to seizure disorders, encompass both the
diagnostic and therapeutic realm. From the standpoint of diagnosis, implan-
tation of stereotactic depth electrodes for localization of seizure activity in
mesial temporal structures is a common technique. In some centers, espe-
cially in Europe, arrays of stereotactically implanted depth electrodes are
used in preference to the surface grids commonly used in North America.

Ablative stereotactic procedures have been used in the treatment of
seizure disorders in highly selected patients [31,32]. It is unlikely, however,
that these techniques will replace the current strategies of resective surgery,
especially given high rates of success and safety with open surgery. Recently,
work has been done with stimulation of deep brain structures for the treat-
ment of seizure disorders. This work, still unpublished as of this writing,
appears to be promising. The efficacy of such procedures remains to be
investigated in the coming years.

4.4 Pain

The current generation of deep brain stimulation electrodes was initially
conceived and devised for use in treatment of chronic pain. Currently, DBS
is limited to a few specialized centers treating pain syndromes unresponsive
to all other modes of therapy. Because of the subjective nature of pain and
the pervasive coincidence in these patients of significant psychiatric over-
lays, objective analysis of the results from surgical intervention is extraor-
dinarily difficult. Most of the published data suggest that modest improve-
ments can be realized in highly selected patients [33]. An emerging modality
is cortical stimulation, whereby primary motor cortex is chronically stimu-
lated by implanted strip electrodes placed with stereotactic guidance and
electrophysiologic localization [34]. These technologies hold hope for a late
recourse for patients with chronic localized upper limb and facial pain. Other
modalities used in chronic pain have included cingulotomy and thalamic
ablative procedures with mixed success.

5 OTHER INDICATIONS

5.1 Hematoma

Stereotactic aspiration on intracerebral hemorrhage is a method practiced in
some centers for removal of both acute and subacute lesions. It has been
suggested that superior results can be obtained after aspiration of these le-
sions [35,36].
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5.2 Abcess

Intracranial infection can, in many instances, be treated successfully by ste-
reotactic abscess aspiration. Lunsford et al. have reported good results with
overall bacteriologic identification of 97% and cure rates of 72% for patients
presenting with a wide range of diagnoses and underlying illnesses [37,38].

6 CONCLUSION

In the more than 50 years during which stereotactic brain procedures have
been practiced, gifted neurosurgical pioneers have applied these methods to
virtually all major diagnostic categories. The reason for this is simple: ste-
reotactic devices are the only means by which one can efficiently target and
access any arbitary volume within the space occupied by the brain.

As the basic medical science of the brain yields discoveries leading to
treatments for currently uncurable disorders of the brain, it is likely that
stereotactic methods will be the vehicles of treatment for these therapeutic
modalities. Stereotactic methods are already sufficiently powerful to be ap-
plied on a daily basis to the majority of neurosurgical practice.
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Considerations
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1 INTRODUCTION

The term stereotaxis, derived from the Greek stereo- for ‘‘three-dimensional’’
and -taxic for ‘‘an arrangement,’’ was coined by Horsley and Clarke in 1908
[1]. It was their use of a three-dimensional Cartesian coordinate system that
provided the basis for all stereotactic systems used in modern day neuro-
surgery. Human stereotaxy was initially developed for the placement of deep
lesions in patients with Parkinson’s disease but lost favor with the devel-
opment of dopamine agonist medications. The introduction of computed
tomography (CT) renewed interest in stereotaxy and, together with the sub-
sequent introduction of magnetic resonance imaging (MRI), broadened in-
dications for stereotactic approaches dramatically as deeper areas of the brain
could now be targeted with great accuracy. As radiosurgery developed, in-
dications for the use of stereotactic frames broadened further. A thorough
review of the history of stereotaxy and the development of frame-based
systems can be found in Gildenberg and Tasker’s definitive textbook [2].
This chapter will be devoted to three current frames systems, including tech-
nical aspects of frame application and target localization. Other frames will
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be described elsewhere in the book; our goal is to describe some of the
theoretical underpinning for the use of stereotactic frames in the era of digital
imaging.

2 GENERAL PRINCIPLES

The stereotactic approach to intracranial targets involves the rigid application
of a stereotactic frame, a localizer, and an image data set derived from either
CT, MRI, or angiography. With a fixed relationship between the patient’s
head and the fiducial localizers [3], any intracranial target can be reached
with an optimal trajectory and great accuracy. The standard performance
specifications for cerebral stereotactic systems, specified by the American
Society for Testing and Materials, stipulate a mechanical accuracy below 1
mm [4]. Within a Cartesian coordinate system, the x- and y-axes refer to a
medial–lateral and anterior–posterior location, respectively, whereas the z-
axis refers to a base–vertex location. Many methods have been outlined to
determine the z-axis, but the most popular method uses posts with an ‘‘N’’
shape configuration where the position of the oblique rod relative to the
vertical rods defines the z plane of the slice [3]. Once the target is localized,
the arc method is used to direct a probe to the selected target and carry out
the remainder of the procedure. These features are discussed in more detail
below.

2.1 Frame Application

With experience and assistance, a stereotactic frame application should take
minimal time. Before applying the frame, the neurosurgeon must have a
clear idea of the anatomical localization of the lesion and should bear in
mind a suitable entrance point for the probe. When applying a Leksell frame
for radiosurgery, the frame must be shifted as much as possible to center
the lesion in Leksell space (Fig. 1A). Failure to do so may result in a col-
lision with the collimation helmet. When using CT data, the surgeon must
remember that the headpins may cause significant artifact, which may ob-
scure the target if small, as might the beam-hardening artifacts of the tem-
poral bone if the lesion is located in a low temporal or posterior fossa
location. Frame application may be performed at the bedside or in the op-
erating room and is most easily accomplished with the patient in the sitting
position. Our preference is to sterilize the scalp with an alcohol or betadine
prep without shaving hair. The assistant stands either behind or on the side
of the patient and stabilizes the ring. The ring should be applied parallel to
the cranial floor through the use of ear bars, but some frame parallax is
acceptable. As one exception, Leksell frame application must be within 3�

Copyright 2003 by Marcel Dekker, Inc. All Rights Reserved.



T
e
c
h

n
ic

a
l

FIGURE 1 A, Axial gadolinium-enhanced T-1-weighted image with field-of-view including Leksell stereotactic
coordinates. The frame was shifted to the patient’s left to center an acoustic tumor in the stereotactic field for
radiosurgery. Note the annotations that depict x, y, and z measurements. B, Axial gadolinium-enhanced T-1-
weighted image with field-of-view including Leksell stereotactic coordinates for treatment of a right frontal
brain metastasis.
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of the coaxial imaging plane of Leksell Gamma Plan rejects further attempts
at treatment planning for radiosurgery. We anesthetize the scalp and peri-
osteum with a mixture of 9 parts 0.5% Marcaine (bupivicaine) and 1 part
sodium bicarbonate, which reduces the burning sensation of the local an-
esthetic. With adequate local anesthesia, we have obviated the need for se-
dation. We prefer to place the two posterior pins first and then we place the
anterior pins and hand tighten all four pins, before using the wrench, with
a two-fingers method. During the frame application, the patient may be in-
jected with intravenous contrast if the localization scan is to be performed
immediately after the procedure. Otherwise, the patient can return to the bed
with a pillow under the neck for comfort.

2.2 Target Localization for Stereotactic Biopsy

Imaging modality should depend on the modality that best demonstrates the
lesion: either CT, MRI, or angiography. Basic principles that should be ap-
plied when planning a trajectory to target. The instrument’s trajectory should
avoid eloquent brain and breach only one pial surface to minimize the
change of hemorrhage. This is particularly true for lesions near the sylvian
fissure or pineal region. When possible, the instrument should penetrate the
brain parallel to white matter tracts, especially when interested in brainstem
lesions. Generally, the majority of the cerebrum, basal ganglia, thalamus,
and brainstem can be approached with entry points anterior to the coronal
suture. For lesions in the occipital, parietal, temporal lobe or the pineal
region, a superior parieto-occipital approach is better. Temporal lesions may,
additionally, be approached laterally and cerebellar lesions approached
posteriorly.

With the patient still in the scanner, it is important to ensure that all
fiducial markers are visible on all images. With the advent of MRI-compat-
ible localizers, MRI has provided superior target identification. Typically an
axial T-1-weighted gadolinium-enhanced image will provide enough spatial
information for target localization. For deep grey matter lesions, coronal and
sagittal images provide ring and slide angles for isocentric frames (Fig.
2A and B). For brainstem lesions near midline, we recommend frontal lobe
entry points with long-axis trajectories to avoid additional pial planes. For
such cases, we obtain fiducial and target coordinates in all three orthogonal
planes and average the three paired coordinates with the greatest spatial
accuracy, eliminating the coordinate in each orthogonal plane which is, by
definition, less accurate because of volume averaging. We always select a
contrast-enhancing target if present, or abnormal signal visualized in a
FLAIR sequence, if not.
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FIGURE 2 Patient with a small punctate contrast-enhancing lesion near speech that was discovered during eval-
uation for a new-onset seizure disorder. This lesion was biopsied and diagnosed as a pilocytic astrocytoma. A,

Coronal gadolinium-enhanced T-1-weighted image with annotation reflecting coronal angle of trajectory, which
will establish the slide angle on the CRW stereotactic frame. B, Sagittal gadolinium-enhanced T-1-weighted image
with annotation reflecting sagittal angle of trajectory, which will establish the ring or trunion angle on the CRW
stereotactic frame.
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2.3 The Leksell Frame

After an inspiring visit with Spiegel and Wycis in Philadelphia, Leksell
developed his first stereotactic frame [5]. His design included an arc system
that was attached to a patient’s head with pins such that the center of the
arc corresponded to the selected target. The radius of the arc in the Leksell
system is 190 mm, and stereotactic space is designated in a Cartesian co-
ordinate system with center established, in millimeters, at x = 100, y = 100,
and z = 100 and zero, by convention, is right, posterior, and superior. This
elegant system allows the surgeon the opportunity to quickly and easily
establish the target’s coordinates on the MRI or CT monitor. The frame
center at x and y = 100 is determined at the center of the intersecting lines
drawn from the fiducial points at the corners of the localizing frame, as long
as the frame is maintained in an orthogonal relationship with the scanner
table. This may be confirmed with a carpenter’s level; periodic adjustments
of the frame attachment to the table may be needed. The Leksell z coordinate
is established by measuring the distance from the ipsilateral superior fiducial
coordinate to the diagonal coordinate and adding 40 mm (Fig. 1A and B).
Alternatively, the images can be transferred by tape or ethernet to a surgical
planning system. For Gamma Knife radiosurgery, we cross-check the treat-
ment planning software determination (Leksell Gamma Plan) with the man-
ually derived coordinates. If a lesion is left, posterior, and superior, for
example, its location should be associated with x > 100, y < 100, and z <
100. For stereotactic surgery, the arc can be moved in the x, y, and z direc-
tions to allow for any entry point above the head ring, and the titanium
frame is both CT and MRI compatible. Additionally, there is a localizer that
can determine coordinates for angiographically obtained targets. Finally,
there is no phantom frame with this system.

2.4 BRW/CRW Frames

In 1977, Theodore Roberts and a third-year medical student, Russel Brown,
were responsible for developing the Brown-Roberts-Wells System (BRW)
at the University of Utah [6]. This originally CT-based system consists of a
skull base ring with carbon epoxy head posts that offers minimal CT inter-
ference. The ring is attached to the patient with screws that are tightened
into the skull. The localizer unit is secured to the ring with three ball-and-
socket interlocks and consists of six vertical posts and three diagonal posts,
creating an ‘‘N’’ shaped appearance [7]. It is this latter ‘‘N’’ construct that
establishes the axial CT plane relative to the skull base by calculating the
relative distance of the oblique to the vertical rods. Target coordinates are
established by first identifying the axial slice that best features the lesion.
The x and y coordinates for each of the nine fiducial rods are identified on
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the CT or MRI monitor, as are the x and y coordinates for the target. All
coordinates are entered into a laptop computer (the SCS1), which computes
the target coordinates in BRW stereotactic space. The BRW system then
further includes a movable arc and a probe holder. The arc guidance frame
has four motions that create infinite different probe pathways, but for any
trajectory, the computation must include entry coordinates [8]. Additionally,
this system included a phantom base onto which the stereotactic frame in-
cluding the arc could be placed to test the accuracy of the settings.

In the 1980s, Wells and Cosman simplified and improved the BRW by
designing an arc guidance frame similar to the Leksell frame. The arc system
directs a stereotactic probe isocentrically around the designated target, thus
obviating a fixed entry point. The Cosman-Roberts-Wells (CRW) system
included some of the same design elements as the BRW system, including
a phantom frame, the same CT localizer, and the same probe depth fixed at
16 cm (Fig. 3A–C). New innovations included the introduction of MRI-
compatible frames and localizers (Fig. 3A), and versatility in arc-to-frame
applications that enabled inferior trajectories into the posterior fossa or lat-
eral routes into the temporal lobe. For institutions with the Radionics OTS
frameless image guidance system, target and trajectory calculations can now
be performed with the OTS intraoperative workstation, which provides more
flexibility than the SCS1 laptop.

2.5 COMPASS

The COMPASS system is specifically designed for volumetric tumor surgery
and evolved from the Todd-Wells frame [9]. A removable head frame can
be accurately replaced. This is particularly helpful if data acquisition and
surgery are performed on separate days. There is, similarly, an arc frame
with a 160-mm radius and 2� of freedom to allow a multitude of trajectories.
There are localizer frames that are compatible with CT, MRI, and angiogram.
Finally, the most unique aspect of the COMPASS system is that the head
frame fits into a motor-controlled slide, which can move the head within a
fixed arc-quadrant and allow computer control and volumetric surgery. This
specialized frame-based system is discussed in much greater detail in Gil-
denberg and Tasker’s Textbook of Functional and Stereotactic Neuro-
surgery [2].

3 WHICH FRAME IS ‘‘BEST?’’

The quotes around the last word sum up the answer succinctly—there is no
one ‘‘best’’ system or concept. Neurosurgeons or institutions seeking to pur-
chase their first stereotactic frame may find various reasons for making a
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FIGURE 3 Cosman-Roberts-Wells (CRW) stereotactic system. A, MRI-
compatible headring with attached Universal Compact Localizing Frame
(UCLF). B, Rectilinear phantom pointer (RLPP) with CRW stereotactic
frame calibrated to phantom target. The RLPP is also used for isocenter
verification in the X-knife stereotactic radiosurgery system. C, Intraoper-
ative view of CRW-based stereotactic biopsy for lesion in the right frontal
lobe.
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choice. These might include a factor as simple as familiarity with one device
from one’s training. Service from a vendor may be better in a particular
region for a certain system. Also, as noted, this chapter does not provide a
comprehensive list of all commercially available stereotactic frames. With
the Leksell and Radionics CRW frames being the most commonly used
devices, neurosurgeons may keep in mind the following:

1. The Leksell frame has a simpler system for instrument insertion
to the desired target. No special measurements are necessary, as
the zero point on the arc carrier is 19 cm from the target. It is
lighter than the CRW frame. X, y, and z coordinates can be derived
quickly from a two-dimensional image without a computer.

2. The CRW frame is accurate without the need for orthogonal po-
sitioning of the frame; patients may be scanned without rigid at-
tachment of the frame to the table (although this may be desirable
for other reasons, such as, eliminating head motion during a ra-
diosurgical scan). It has a phantom base that can be sterilized and
used in the operating room to confirm that accurate targeting has
been planned. Although not the standard method, stereotactic co-
ordinates can be derived directly from an image IF the scan was
done with the frame in an orthogonal position.

3. These systems may be used as part of surgical navigation systems,
wherein the stereotactic scans and frame coordinates are automat-
ically read by the dedicated computer workstations, and target co-
ordinates derived by clicking on the desired point on a particular
image.

4 CONCLUSION

Modern CT and MR-guided stereotactic frames provide spatial accuracy for
both stereotactic instrumentation and stereotactic radiosurgery. Despite the
development and widespread use of frameless image-guidance systems,
frame-based systems will remain an important tool in neurosurgical practice.
For speed, ease, accuracy, and reliability, frames are the best method for
performing point stereotaxis for biopsy and functional stereotactic
neurosurgery.

REFERENCES

1. Horsely V, Clarke R. The structure and functions of the cerebellum examined
by a new method. Brain 1908;31:45–124.

2. Tasker P, Gildenberg P, eds. Textbook of Functional and Stereotactic Neurosur-
gery. New York: McGraw-Hill, 1998.

Copyright 2003 by Marcel Dekker, Inc. All Rights Reserved.



3. Alker G, Kelly PJ. An overview of CT based stereotactic systems for the lo-
calization of intracranial lesions. Comput Radiol 1984;8:193–196.

4. American Society for Testing and Materials Committee F-4.05: Standard per-
formance specifications for cerebral stereotactic instruments. Annual Book of
ASTM Standards, F 1266-89. Philadelphia: 1990, pp 1–6.

5. Lunsford LD, Kondziolka D, Leksell D. The Leksell stereotactic system. In:
Tasker PL, Gildenberg P, eds. Textbook of Stereotactic and Functional Neuro-
surgery. New York: McGraw-Hill, 1998, pp 51–64.

6. Roberts TS. The BRW/CRW stereotactic apparatus. In: Tasker PL, Gildenberg
P, eds. Textbook of Functional and Stereotactic Neurosurgery. New York: Mc-
Graw-Hill, 1998, pp 65–71.

7. Cosman E. Development and technical features of the Cosman-Roberts-Wells
(CRW) stereotactic system. In: Pell F, Thomas DGT, eds. Handbook of Stere-
otaxy Using the CRW Apparatus. Baltimore: Williams and Wilkins, 1994, pp
1–52.

8. Chin LS, Levy ML, Apuzzo MLK. Principles of stereotactic neurosurgery. In:
Youmans JR, ed. Neurological Surgery. Philadelphia: WB Saunders, 1996, pp
767–785.

9. Kelly PJ. Stereotactic craniotomy. Neurosurg Clin N Am. 1990;1:781–799.

COMPANY INFORMATION

Radionics, Inc., USA Headquarters, 22 Terry Avenue, Burlington, MA
01803, (888) RSA-SERV, www.radionics.com

Elekta Instruments, Inc., 3155 Northwoods Parkway NW, Norcross,
GA 30071, (800) 535-7355, www.elekta.com

COMPASS International, Inc., (formerly Stereotactic Medical Systems,
Inc.), Cascade Business Park, 919 37th Avenue NW, Rochester, MN 55901,
(507) 281-2143, www.compass.com

Copyright 2003 by Marcel Dekker, Inc. All Rights Reserved.

http://www.radionics.com/
http://www.elekta.com/
http://www.compass.com/


3
Stereotactic Surgery with the
Radionics Frame

Michael Schulder

New Jersey Medical School, Newark, New Jersey, U.S.A.

1 INTRODUCTION

In the early 1980s Radionics, Inc. (Burlington, MA) was approached with
a design for an innovative stereotactic frame that used computed tomography
(CT) to directly target points within the brain. This device, the Brown-
Roberts-Wells (BRW) frame, used a polar coordinate concept to define ste-
reotactic space. A small computer with a simple menu was part of the sys-
tem, thereby eliminating the need for strict orthogonality of the CT scan (a
requirement of the Leksell arc-centered concept). The ‘‘picket-fence’’ con-
figuration of the localizer was the key feature in this regard, as it allowed
for calculation of the Z-coordinate (the height from the frame base, as op-
posed to the X and Y coordinates, which can be derived directly from a CT
image).

The BRW frame was a great success, but further change was spurred
by certain limitations. A direct approach to the posterior fossa was difficult
because of the round base of the head ring. The polar coordinate system
required the setting of four different angles on the arc itself, a process that
could be cumbersome. A separate calculation was required for each new
entry point. In 1988, introduction of the Cosman-Roberts-Wells (CRW)
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frame solved these problems, and the CRW design became the standard
stereotactic frame made by Radionics [1].

At about the same time, a separate head ring for use with magnetic
resonance imaging (MRI) scanners was introduced. Although functional, this
tool was somewhat clumsy to use, and Radionics now makes one frame that
is suitable for CT and MRI targeting. Application of the head ring, imaging,
and use of the arc in the operating room are essentially the same as with
the CRW frame, and these will be described in this chapter.

2 FRAME APPLICATION

In this era of frameless stereotaxy and emerging intraoperative imaging tech-
nologies, stereotactic frames still have their place. They are necessary for
the performance of functional surgery, including placement of deep brain
stimulators [2]. Brain biopsies arguably are done with the most accuracy
and least time using a frame. Stereotactic radiosurgery is always done with
a frame except in the unique case of the CyberKnife [3]. Craniotomies may
be done in the frame, although frameless stereotaxy is much more suitable
for this purpose [4].

The CRW frame is applied to awake adult patients (children younger
than age 12 and the rare uncooperative adult are given general anesthesia).
Oral sedation (2 tablets of Percocet and 5 mg of Valium) are administered
30 minutes before the procedure. The patient remains alert with this regimen,
which usually eliminates much of the discomfort of frame application. The
scalp is cleaned with alcohol swabs and the patient sits up. An assistant
stands behind the patient, holds the stereotactic base ring, stabilizing his
hands on the patient’s shoulders. It is important to ensure that the patient’s
nose will clear the ring and the overlying localizer after application is com-
pleted. The surgeon must keep the target in mind and adjust the frame lo-
cation accordingly. Local anesthesia (1% lidocaine without epinephrine) is
injected through the posts, and the pins are inserted until finger tight. A
gentle tug on the frame checks the placement.

3 IMAGING AND TARGETING

Scanning, most often with CT, is done. An adapter to the scan table, needed
for radiosurgery image acquisition, is not necessary but may make scan
interpretation and targeting easier. Axial scans with 3-mm slice thickness
are obtained; if a lesion is known to enhance with contrast, this is given as
well. Imaging for localization for functional surgery (e.g., targeting the Vim
nucleus of the thalamus) should use the thinnest possible slices, usually 1
mm [5]. The scan field of view should be 34.5 to ensure inclusion of the
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FIGURE 1 Patient positioned.

localizer rods in the image. Gantry tilt should be avoided if a surgical nav-
igation (SN) computer or the Radionics Stereo Calc program is to be used
for image processing; if the dedicated Radionics ‘‘mini-computer’’ (MC) is
used, then the gantry may be angled to optimize target visualization. This
will be of use mainly for identifying the AC-PC line for functional targeting.

4 SURGERY

The images are transferred to the operating room computer and the rods
identified. If the MC is used, then the surgeon must enter the coordinates
for each rod and for the target on the slice of interest. If need be, registration
with a nonstereotactic digital image [MRI, functional MRI, position emission
tomography (PET), etc.) is done. Anteroposterior, lateral, and vertical set-
tings for the stereotactic arc are derived. In the meantime, the patient is
positioned, usually supine (or lateral for an occipital or posterior fossa ap-
proach) (Fig. 1). Local anesthesia with intravenous sedation is preferred for
most patients, although children will require general anesthesia.
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FIGURE 2 The arc on the phantom base in the operating room.

Use of the phantom base will add 5 or 10 minutes to the procedure
but will give the surgeon assurance that the target will be reached using the
spatial settings (Fig. 2). Sterilizing the base adds a measure of protection
against infection. Coordinates are set on the phantom and arc, and a pointer
is adjusted to the fixed depth from the probe holder to the target (17 cm).
When the accuracy of the targeting is verified and the surgical field prepped
and draped, the arc is transferred to the base ring. The arc-centered design
of the CRW system allows for any entry point to be used, as long as it can
be accessed through the arc and instrument holder. (Note that for temporal
approaches, mounting the arc 90� to the usual orientation will give complete
exposure of the area of interest).

A twist drill hole, burr hole, or craniotomy is then made, depending
on the target and the surgeon’s preference. The biopsy cannula or other
instrument is fixed to the appropriate length, possibly shorter or longer than
the arc radius, again depending on the clinical situation. The instrument is
introduced to the desired depth and the patient is examined to rule out new
neurological deficits (Fig. 3). Biopsies are then taken, or other manipulations
(e.g., stimulation of a functional target) are done. To move the stereotactic
instrument a set depth, measure to the protruding top of the tool from a
fixed object, such as the instrument holder; then with a ruler held in place,
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FIGURE 3 Insertion of a DBS electrode.

advance or withdraw the tool until the desired level is reached. Re-examine
the patient after each change of instrument position. If a new deficit is noted,
withdraw the instrument, close the incision, and obtain an emergency CT
scan.

If a stereotactic biopsy is being done, frozen section confirmation that
a lesional area has been targeted should be obtained; if not, specimens should
be taken from different depths. If a different site needs to be targeted, this
can be done quickly with an SN computer. Of course, the biopsy instrument
must be withdrawn and the settings adjusted on the arc, although reconfir-
mation with the phantom base is not necessary. If the minicomputer was
used, coordinates will need to be obtained during the surgery from the CT
console—doable but cumbersome and time-consuming.

If bleeding is encountered during the procedure, irrigate patiently
through the cannula. Periodically reinsert the stylet to dislodge any clot that
may have formed at the cannula tip and that might falsely indicate that the
hemorrhage has stopped. After the incision is closed, the patient is observed
for several hours in the recovery room, a CT scan is obtained, and if no
untoward findings are seen, he or she is observed in a regular hospital room
overnight.

5 CONCLUSION

The CRW frame from Radionics remains a durable, versatile tool for ste-
reotactic neurosurgery. Attention to detail, from frame application through
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imaging and the completion of surgery, will ensure a system that is safe and
user friendly.
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the Leksell Frame
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1 LARS LEKSELL

It is well to reflect on the seminal contributions of Lars Leksell as we em-
brace new technology as a matter of course in the 21st century. A flurry of
recent articles has appeared, for example, on the use of radiosurgery in
trigeminal neuralgia. Few contemporary clinicians are aware that Leksell, in
fact, pioneered this procedure in 1951, obtaining good results. He was also
the first to perform intracavitary treatment of cystic craniopharyngiomas with
phosphorus-32 [1]. Leksell is best known among stereotactic surgeons for
developing the accurate and versatile frame that bears his name [2]. This
was the result of ideas incubated under the influence of Spiegel and Wycis,
with whom Leksell studied in 1947. He returned to Stockholm and furthered
the already formidable reputation of the Karolinska Institute. During the next
three decades, he continued to refine radiosurgery, developing the Gamma
Knife with Borje Larson. His stereotactic frame was modified and updated
until it became a standard neurosurgical tool. No less a luminary than Sugita
felt that radiosurgery, stereotactic surgery and the operating microscope were
the greatest neurosurgical technical advances of the 20th century. That Lek-
sell pioneered two of these areas is a measure of his revolutionary influence
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FIGURE 4.1 Leksell G base frame.

and serves as sobering inspiration to those who wish to follow in his foot-
steps.

2 FRAME AND COMPONENTS

Leksell’s eloquent description of his system, as quoted by Lundsford et al.
[3], is difficult to improve on. Essentially, it consists of a semicircular arc
with a movable probe carrier. The arc is fixed to the patient’s head in such
a manner that its center corresponds with a selected cerebral target. The
electrodes are always directed toward the center and, hence, to the target.
Rotation of the arc around the axis rods in association with lateral adjustment
of the electrode carrier enables any convenient point of entrance of the
electrodes to be chosen, independent of the site of the target [4].

The model G base frame is rectangular and has dimensions of 190 mm
� 210 mm (Fig. 1) [5]. A straight or curved front piece can be used; I prefer
the latter, as it allows airway access in emergencies. Y coordinates are de-
fined by supports attached to the y axes. Z coordinates are measured on
vertical rings that are secured through the y supports. X coordinates are
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FIGURE 4.2 Z rings and arc attached to base frame.

entered on the arc, which in turn rotates around the z rings (Fig. 2). X, y,
and z axes on the frame recapitulate the CT and MRI axes. The frame center
coordinates are 100, 100, 100, whereas a hypothetical frame origin (x, y and
z = 0) resides in the upper posterior right side of the frame. The semicircular
arc attached to the base frame has a radius of 190 mm. Probes that are
attached to the arc probe carrier, therefore, have a working distance of 190
mm, to ensure target access. Target coordinates can be confirmed by a lateral
X-ray through the Z rings, the probe tip terminating at their center.

A variety of technical aids are available to attach to the arc. A twist-
drill craniotomy set is widely used. Biopy systems, hematoma evacuation
kits, and lesion-generating devices are available. There are also accessories
for microsurgery, including laser beam localizers, endoscopic adapters, and
brachytherapy catheter arrays. A software program called SurgiPlan has been
allied to a computer workstation, allowing simulation of probe trajectories
and verifying their safety [5]. The cost of the system we use in Calgary was
US $82,000 in 1996, without any of the above accessories.

3 APPLICATION

General preoperative precautions are followed as in any stereotactic opera-
tion [6]. In particular, normal coagulation profiles are clearly required. An-

Copyright 2003 by Marcel Dekker, Inc. All Rights Reserved.



ticoagulated patients receive intravenous heparin for 5 days before surgery.
The frame is placed orthogonally to the midsagittal plane by advancing the
ear bars symmetrically through the lowest side holes into the external au-
ditory meati. Salcman suggests placing the frame off center, with the ear
contralateral to the target abutting the side bar of the frame, if increased
lateral travel is needed on the arc [7]. The meati are routinely inspected for
the presence of microhearing aids before ear bar insertion. Ear bar insertion
may cause the patient considerable discomfort. This can be reduced if as-
sistants are available to stabilize the frame for the surgeon. This obviates
the need to maximize ear bar penetration and allows the frame to freely
rotate. Application of foam strips (Reston, 3M) to the ear bars before their
insertion also reduces pain considerably [5]. The frame is tilted 15 degrees
to the orbitomeatal plane and is inclined 6 degrees from the horizontal plane
to parallel the plane of the anterior commissure-posterior commissure (AC-
PC) line. Balancing the frame on a finger placed on the tip of the patient’s
nose is usually adequate approximation. Another useful guide to the AC-PC
plane is a line drawn from the nasion to the inion.

The scalp is infiltrated with a 50:50 mixture of 1.0% lidocaine with
1:100 000 epinephrine and 0.5% plain bupivacaine. A 27-gauge needle is
used to inject 3 to 5 ml of this solution through the pinholes. I have tried
applying topical local anesthetic to the pin site areas 1 hour before scalp
infiltration to minimize discomfort and have had an approximately 50%
response rate so far. Mild sedation with midazolam or fentanyl may be
needed, remembering that confusion should be avoided at all costs. Alter-
natively, propofol offers rapid emergence and is an excellent choice. It does
require the availability of a dedicated anesthesiology team. After adopting
the ear bar foam as championed by Lundsford et al., I apply the majority
of frames without intravenous sedation. Of great practical importance is that
the fiducial channels on the magnetic resonance (MR) localizer require fas-
tiduous filling with a copper sulphate solution on a regular basis (Fig. 3).
These channels are imperfectly sealed and lose enough fluid every few
months to entrain air bubbles, which are capable of corrupting the fiducial
markers on the MR images. It is imperative that the localizer be checked
before application, as it is a costly and time-consuming exercise to discover
degraded images after they have been generated. A table adaptor is also
required for MR. This is secured to the base frame and fits into a slot in the
MR table head. The objective is to stabilize the head and avoid excessive
movement.

Unfortunately, this system does not work well for patients with thoracic
kyphosis (not uncommon in elderly patients), as their limited neck extension
precludes secure fixation in the table head slot. The best method to deal
with this is to place one or more pillows under the patient’s buttocks and
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FIGURE 4.3 MR localizer.

hips, effectively flattening the kyphus. The head coil is then slid over the
adaptor. It is vital that the MR alignment beam lights are then symmetrically
superimposed on the lateral and anterior fiducial channels. Rotation of the
adaptor screws is often required to accomplish this.

4 MR STRATEGIES

In general terms, attempts should be made to minimize distortion. Any hid-
den clips buried in long hair should be identified and removed. Impulse
generators for deep brain stimulators should have their amplitude reduced
to zero to prevent side effects. Higher field magnets are preferable, especially
1.5 Tesla and above. A protocol should be in place with the radiology de-
partment to ensure frequent calibration to minimize field heterogeneities.
The Leksell frame is engineered to very high standards, and Burchiel et al.
have indicated that its metallic purity is such that it induces little distortion
relative to other commercially available frames [8].

Specific MR sequences are available in many articles and are beyond
the purview of this chapter. T1-weighted sequences (thin cuts) reduce spatial
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distortion, and inversion recovery images sharply demarcate anatomical
structures. Axial images are used to determine the x(lateral) and y(an-
teroposterior) target coordinates, whereas coronal scans define the x and
z(vertical) coordinates. Cartesian principles are, therefore, used to create a
three-dimensional address for a specific target. In functional cases in partic-
ular, it is helpful to generate axial images parallel to the AC-PC plane.
Ideally, an image that contains both the AC and the PC in the same plane
is available for study. The distance between the middle and basal fiducials
is measured, and a discrepancy of 2 mm between the two sides of the frame
is tolerated. Greater distances mandate frame realignment to the gantry. Di-
agonal lines between opposing anterior and posterior fiducials are drawn on
the MR console, their crossing point indicating the frame center. A cursor
is placed at this point and the coordinates recorded. A target is then selected
(tumor or physiological) and its coordinates noted. The x and y frame co-
ordinates for the target are then calculated by subtracting the frame center
from the target coordinates. The z coordinate is determined by adding a
constant of 40 to the distance between the basal and middle fiducials at the
target plane. Frame coordinates can be confirmed using SurgiPlan software
or a digitizer (Elekta Instruments, Atlanta, GA).
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5
Stereotactic Surgery with the
Zamorano-Dujovny Frame

Lucı́a Zamorano, Ramiro Pérez de la Torre,

and Fernando Dı́az

Wayne State University, Detroit, Michigan, U.S.A.

1 INTRODUCTION

Modern stereotaxis implies that application of all space-defining devices to
reach the selected target. The Zamorano-Dujovny (Z-D) stereotactic head
frame (F. L. Fischer, Freiburg, Germany) was developed for several reasons:
to provide a stable referencing system for several types of imaging studies,
such as conventional X-rays, computed tomography (CT), magnetic reso-
nance imaging (MRI), or digital subtraction angiography (DSA); freedom
of choice for the surgeon on a patient’s intraoperative position; fully sterile
draping; and an unobstructed approach for using conventional neurosurgical
and microsurgical intraoperative techniques [1,2].

Open stereotaxis provides a wide variety of applications with varying
degrees of sophistication, ranging from a simple localization tool up to a
highly complex system for surgical automation and robotic applications.
Since its inception, continuous improvements and accessories have become
necessary to accommodate evolving technology in the field of image-guided
stereotaxis.
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FIGURE 1 The carbon fiber ring, along with the posts and pins in pre-
mounting position.

2 THE ZAMORANO-DUJOVNY STEREOTACTIC SYSTEM

The Z-D stereotactic system consists of an arc-centered frame, a carbon fiber
base ring, and a localizer arc, also called an aiming bow. The system also
accommodates multiple accessories and instruments, as well as optional soft-
ware (Figs. 1 and 2).

2.1 Base Ring

The base ring acts as a reference system and intraoperative head holder. The
base ring can be made of aluminum, which is CT and X-ray compatible,
carbon fiber, which is compatible with all imaging modalities (CT, X-ray,
MRI, positron emission tomography (PET), or titanium, which is CT, X-ray,
MRI, and convergent beam irradiation (CBI) compatible. The Z-D unit in-
cludes an open base ring, three or four pin holders that can be positioned at
any desired location, and a set of 18 pins in five different lengths. The ring
opening and different pin lengths make it possible to place the ring in any
chosen position (Fig 3). When the unit is in place on the patient’s head the
surgeon is provided with an unobstructed area within which to perform the
craniotomy.
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FIGURE 2 Phantom showing the superimposition of the retractors and
the localizing unit for targeting.

2.2 The Localizer Arc

This unit consists of an arc quadrant that can be mounted in any of four
positions on the base ring: at 0�, 90�, 180�, or 270�. The arc settings include
three linear scales (a, b, c) and two angular scales (d, e). The first three
correspond to the traditional x, y, and z spatial orientations. The last two
are for modifying the entry point of the surgical trajectory according to the
location of the lesion, vascular structures, and skull bone. The arc has two
types of instruments holders, one for instruments 2 mm to 4 mm in diameter,
and one for instruments 4 mm to 7 mm in diameter. The holders have a
scale for depth adjustment. Several instruments can be adapted to the arc,
including biopsy instruments (side-cutting and cup forceps), cannulae, he-
matoma evacuators, electrodes, endoscopes, brachytherapy plates, and es-
pecially important for open stereotaxis, stereotactic brain retractors (cylinder
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FIGURE 3 Surgical approaches with the Zamorano-Dujovny (Z-D) sys-
tem. Notice the versatility of the system for standard neurosurgical
approaches.
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and speculum types). The biopsy instruments include forceps 1.4 mm in
diameter, a probe with a lateral cutting edge, a Backlund spiral probe, and
a biopsy and seed applicator set.

The stereotactic brain retractors consist of 2-cm and 3-cm diameter
cylinders and 3-cm and 6-cm length specula that open from 0 to 5 cm in
diameter; a reading displays the actual opening diameter. Both bivalve and
quadravalve specula are available, as well as a bayonet-type design that
allows free access to the surgical corridor (Fig. 2).

2.3 Attachments

The concept of the stereotactic head frame as a localization device has
evolved into the head frame as a sophisticated carrier-equipment unit. The
ease with which the frame, along with the arc quadrant, can be manipulated
allows the integration of different devices according to surgical necessity.
The most basic attachment, the biopsy needle, can share an instrument holder
with biopsy forceps. The inner guide of the needle biopsy can be applied as
a stylet through which to position ventricular catheters for hydrocephalus
and, at same time, for brachytherapy. The rigid endoscope (Chavantes-
Zamorano Neuroendoscope, Karl Storz, Tuttlingen, Germany) can be
adapted to the stereotactic arc, along with rigid and flexible endoscopic
instrumentation. Laser fibers can access the surgical corridor from the arc
and be advanced to reach targets for specific applications.

3 IMAGING

During image acquisition, the base ring provides the attachment for the
image localizers. Intraoperatively, the base ring acts as a head holder when
used in conjunction with the Mayfield head holder and/or the Sugita adapter.
For CT and MR imaging, adapters provide an isocentric relationship with
the CT gantry and the MR imaging head coiler. Independent of the type of
interfacing method selected between the imaging studies and the base ring
(isocentric or localizing), the reference for target localization will be the
center of the ring, which defines the point origin of the stereotactic space.

3.1 X-ray Localization

X-ray localization is performed using orthogonal X-ray tubes, which are
securely mounted in a lateral and anteroposterior (AP) position and are
aligned with the head ring of the stereotactic system. When the system is
installed, the lateral AP tubes are positioned so that their central beam passes
through the holes of the head ring at 0� and 180� (AP) and at 90� and 270�
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(lateral). In order to limit magnification, the X-ray tubes should be mounted
at a relatively large distance from the head ring. After the X-rays have been
taken and developed, the coordinates for the x and z axes are obtained from
the AP X-ray and the coordinates for the y and z axes for the target and
trephination points are taken from lateral X-ray.

3.2 Angiographic Localization

Four quadrangular localizer plates are positioned and screwed to the head
ring to allow X-ray views for localizing vascular structures. A fifth plate is
used intraoperatively; when the Z-D localizer arc is mounted on the head
ring, it takes the position where a localizing plate could be fastened. The
Z-D setting module has two additional holes in which to insert localizer
plate #5. After the X-ray films are taken, they are placed on a digitizing
tablet; the desired target and trephination points are digitally determined and
transferred automatically to a personal computer (PC) using the Angioloc
650 056 computer program. The program compensates for magnification
error and determines the angle of incidence obtained from visible points on
X-ray or angiographic films.

The Angioloc program includes an Angiorev program that accepts ste-
reotactic coordinates already determined from CT or MRI scans and adds
them to the X-ray/angiographic image. This proves important for stereotactic
biopsy in a highly vascular area. The Angiorev program allows the surgeon
to determine if the biopsy needle is likely to pierce a vessel on its way from
the entry point to the target point.

3.3 CT, MRI, and PET Localization

For CT and PET localization, the head ring is attached to the CT adapter.
Four specially designed plates are mounted and screwed to the ring (Fig.
1). The CT scan usually includes the alignment of the cursor of the gantry
to the top of the arc in axial direction generating image acquisition in pos-
itive or negative direction according to the specific circumstances. Our set-
up parameters are to position the table at 175 mm, zeroing the gantry, and
proceeding 200 mm forward.

For MRI localization, localizing plates are attached to the four quad-
rants that define the anatomical space, yielding a set of coordinates. Se-
quences and protocols can be flexible, according to the specific circum-
stances, but in general the authors use T1-, T2-, proton densities, and 2-mm
slice thickness for tumor surgery with extra three-dimensional flash in func-
tional cases.
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4 SOFTWARE: THE PREOPERATIVE

PLANNING PROCESS

The original concept of applying the frame to approach tumor resection has
shifted to a more broad-based application in neurosurgery. Nevertheless, the
majority of neurosurgical procedures begin with the preoperative planning
process. We’ve developed PC-compatible software, the Neurosurgical Plan-
ning System (NSPS), that provides settings for mounting the Z-D localizer
arc in any position. The extensive capabilities of the software allow the
surgeon, during the preoperative planning process, to select imaging mo-
dalities interactively, define tumor volumes of interest, select entry and target
points, and calculate the stereotactic coordinates that translate into a physical
target.

The first set of coordinates are determined by the surgical approach,
surface vessel pattern, and cortical brain anatomy. The second set of coor-
dinates are chosen according to tumor pathology, biopsy specimen, and tis-
sue sampling that includes pathological tissue and its interface with normal
brain tissue.

5 ASSEMBLING THE Z-D FRAME-BASED SYSTEM

FOR SURGERY

5.1 Mounting the Z-D Localizing Unit

The patient is prepared for mounting the Z-D unit: vital signs are monitored,
an intravenous (IV) line is placed for sedation with Versed� 2 mg and Fen-
tanyl� 100 mcg, and supplemental oxygen is provided. The ring is placed
in the clamps of the head holder. The patient is put on the stretcher and
carefully moved into the ring. The patient’s head is positioned such that the
ring is parallel to the obtitomeatal line.

The sites of pin placement are marked, and efforts are made to accom-
modate the frame at the same level. With the head frame in place, imaging
studies are taken with the patient maximally positioned with regard to the
lesion. The arc quadrant is mounted by fastening the basic carrier to the
head ring. Then the ring slides into the axle mounting cross so the 1.1
numbers are exactly opposite. The right-angled drum axle is also inserted
to the axle mounting cross. The aiming bow is positioned over the drum of
the axle mounting cross. The aiming bow is turned by slightly pushing it
until the guide pin locks in the guide groove. The instrument holder is
positioned onto scale ‘‘E’’ on the arc of the aiming bow. The instrument
carrier in inserted into the dovetail guide on the instrument holder and fas-
tened to ‘‘0’’ on the depth control. An additional carrier is attached to the
smaller dovetail guide and screwed down until it juts out at a 90� angle. A
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target point with a positive z coordinate (above the ring) is reached when
the F. L. Fischer label on the fixation rail points in this direction.

By loosening one screw (D) on the stereotactic ring, the neurosurgeon
can bring the localizer arc in and out of the surgical field to check the
localization and the depth of the resection (‘‘nonfixed’’ open stereotaxis).
This feature is especially useful for craniotomies to treat superficial lesions
located in eloquent areas of the brain. The nonfixed approach is also helpful
for craniotomies of deep lesions using a microsurgical approach, allowing
the neurosurgeon to operate using standard neurosurgical techniques while
evaluating the intraoperative target localization. In addition, when a nonlin-
ear pathway to a lesion is preferred, such as in transcallosal, lobe retraction,
transoral, and skull base surgery, the surgeon performs the approach using
microsurgical techniques and, when close to the target area, uses the d and
e screw to guide the probe further along the defined surgical pathway.

For ‘‘fixed’’ open stereotaxis, useful for removing deep-seated lesions
when a lineal transcortical or transcerebellar corridor is desired, the arc set-
tings on the Z-D localizer unit (a,b,c,d,e) are kept fixed during the intracra-
nial surgical procedure, and specially designed stereotactic brain retractors
are mounted in the instrument holders. These consist of 2- and 3-cm di-
ameter cylinders and a 6-cm long speculum; the last one opens from 0 to 5
cm in diameter. Both types of brain retractors are designed with a bayonet-
type holder that allows an unobstructed surgeon’s eye or microscope view
line, as well as ample room for conventional surgical instruments like mi-
croinstruments, a laser, an ultrasonic aspirator, and others. The instrument
holder scale allows continuous depth adjustment of surgical instruments
(Fig. 4).

6 THE MULTIPLE APPLICATIONS OF THE Z-D FRAME

6.1 Z-D Frame in the Resection of Gliomas

Needle biopsy using the Z-D unit significantly enhances the information
gathered by imaging studies regarding tumor dimensions, location, and
depth. During biopsy, the forceps are inserted through a guide cannula, and
the combined instrument is placed in the instrument carrier on the Z-D
localizing arc.

We use the Z-D system with a real-time intraoperative digitization
system to operate on gliomas [3]. Intraoperative digitizers are instruments
through which a physical correlation between the image modality data (CT
and MRI) and the patient’s neuroanatomy is made so that intraoperatively,
instruments can be tracked using an optoelectronic camera system. In the
operating room, interactive image-guided surgery begins with instrument
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FIGURE 4 Intraoperatively, mounting the localizing unit and positioning
the biopsy needle.

calibration using infrared cameras and a digitizing probe. When using the
stereotactic frame as a reference point, the probe touches predefined points
in circumferential fashion on the Z-D ring, establishing coordinates that
match those derived from imaging studies and plotted using the NSPS soft-
ware program during the preplanning process. Multiple trajectories can be
chosen to approach the tumor sequentially in the resection, to aspirate cystic
portions, for ventricular tapping, or to place a ventricular drain.

6.2 Brachytherapy

The planning process combines volume rendering and isodose planning to
calculate number of catheters and seeds loading. Radioactive seeds can be
placed subsequent to stereotactic biopsy. Inner coaxial catheters are pre-
loaded with the seeds. The introduction of an external ventricular guide is
accomplished following the guidelines. Subsequently, the catheter is glued
to the bone continuing with the inner coaxial placement. Hemoclips are
applied to secure it. Quality assessment protocols allows strict evaluation of
postoperative placement [4].
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6.3 The Z-D System in the Resection of

Vascular Lesions

From all the group of arteriovenous malformations, cavernous angiomas are
characterized by their clinical behavior, pseudocapsule formation, and from
an origin intermingled at any level of the white matter where accurate lo-
calization is cumbersome. The biopsy needle can be advanced to locate the
upper margin, depending on the size of the lesion, to continue with micro-
surgical dissection to resect in toto. Multiple lesions can be resected without
increased morbidity and especially for seizure control [5].

6.4 Z-D Stereotactic Frame in Ventricular Approaches

This category of approaches deserves special mention, given the frequent
distortion once the ventricle has been entered. The optimal approach is to
select the target for sampling, ventricular catheter placement, or to bring the
endoscope to the microsurgical field. We pay attention to the position of the
patient, neutral in coronal approaches and completely lateral in temporal
horn or occipital approaches. In the posterior fossa we use the prone position
specifically for midline approaches. Again it is very important not to open
the ventricle until we have available all equipment for the procedure. The
stylet is used to guide the catheters marking 19 cm from the tip to the upper
margin. We call attention to the fact that target zero is not in the tip of the
needle but in the center of the slit aperture [6].

6.5 The Z-D Stereotactic Frame in

Trigeminal Rhizotomy

Trigeminal neuralgia is another important application when targeting is es-
sential, especially in transfacial pretrigeminal cistern approaches. Computed
tomographic scan is the preferred imaging modality. The entry point can be
selected in the 1 foramen to direct the needle. Electrodes can be inserted to
confirm the position of the needle before lesioning with the radiofrequency
generator (Neuro50, F. L. Fischer, Freiburg, Germany).
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1 INTRODUCTION

The Patil frame is designed to allow surgeons to measure coordinates di-
rectly on the scanner screen and obtain intraoperative images to confirm
accuracy of the procedure. It is a center of the arc system and modification
of the original Patil frame [1].

The frame (Fig. 1) consists of a fiducial plate, a head-ring, a base
frame, two side stanchions, two pivot blocks, a yoke, an arc, several probe
holders (for probes of different diameters) and several head pins (of different
lengths). The fiducial plate is made of acetyl resin, the head holder of poly-
carbon, the head pins of titanium, and the remainder of the frame of anodized
aluminum. The inferior surface of the fiducial plate has two grooves that
serve as fiducial markers for computed tomography (CT) images: an outer
groove that is parallel to and along the left margin of the plate, and an inner
groove that is 45� to the outer groove and meets the outer groove at its
caudal end. For magnetic resonance (MR) images, two tubes filled with
paramagnetic solution (that serve as fiducial markers) are inserted in these
grooves. The superior surface of the fiducial plate has attachments for the
head ring and the base frame. The attachment for the head-ring is an elevated
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FIGURE 1 The Patil stereotactic system. A, arc; PH, probe holder; Y, yoke;
S, side stanchion; P, pivot block; B, base frame; C, caudal cross bar; CR,

cranial cross bar; PN, pin connecting the cranial cross bar to the fiducial
plate; F, fiducial plate.

bracket. The head ring, which is C-shaped, is inserted into this bracket and
secured by means of a screw. The base frame is attached to the fiducial plate
by inserting its caudal crossbar into the transverse groove on the superior
surface of the fiducial plate, and by means of two pins that connect the
cranial crossbar of the base frame and the fiducial plate. The side stanchions
are mounted on the sidebars of the base frame, the pivot blocks on the side
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stanchions, the yoke on the pivot blocks, and the arc on the yoke. The arc
has a probe carrier into which the probe holder is inserted. The latter can
slide along the length of the probe holder to change the depth of the probe.
The system is arc centered and the radius of the arc is 21 cm. A 21-cm
length probe is, therefore, used with this system. Zero for the Z coordinate
(craniocaudal distance) is at a point where the two fiducial markers meet,
zero for the Y coordinate (anterior-posterior distance) is the horizontal plane
in which the two fiducial markers are located, and zero for the X coordinate
(lateral distance) is in the vertical plane in which the left (outer) fiducial
marker is located. Because the inner fiducial markers is at 45� to the outer
fiducial marker, the distance between the two markers at any given point is
equal to the perpendicular distance of that point from the meeting point of
the markers.

2 METHOD

The procedure can be performed in the operating room or on the CT table.
The head holder is attached to the fiducial plate, which in turn is attached
perfectly horizontal and parallel to the CT table by means of a CT table
interface. The head is fixed in the head holder by three head pins (Fig. 2).
Special care is taken to avoid attaching the head pins in the plane in which
the target is present. The CT table is set to a height at which the head and
fiducial markers are both visible on a single CT image. The table height is
noted and used for subsequent procedures. Serial CT images 3 mm in thick-
ness at 1.5-mm intervals with a 25-cm field of view are then obtained
through the area of interest. The gantry is not tilted. The image with the
target is chosen (Fig. 3). Using the cursor of the scanner and measure dis-
tance mode, the angle of the coronal trajectory with the vertical is measured.
Then the Y (perpendicular distance of the target from the horizontal plane
of the fiducial markers), X (perpendicular distance of the target from the
outer fiducial marker), and Z (distance between the two fiducial marker)
coordinates are measured (Fig. 4). The base frame is then connected to the
fiducial plate, the coordinates are adjusted, and the probe holder on the arc
and the yoke on the pivot block are set at angles to allow safe passage of
the probe. These angles can be chosen based on surface anatomy or on
reconstructed images. A burr-hole is then made, a probe is placed at the
target, and intraoperative scans are obtained to confirm accuracy of probe
placement. When the procedure is performed in the operating room (e.g.,
during stereotactic craniotomy), after the coordinates are obtained, the fi-
ducial plate is detached from the CT table and attached to the operating
table interface.
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FIGURE 2 Scout image with the patient’s head in the head holder (at-
tached to the fiducial plate and computed tomographic table). F, fiducial
plate; T, table interface.

During MR stereotaxis, MR fiducial markers are inserted into the fi-
ducial grooves. Scans are obtained using the head coil of the MR scanner
with the head holder and the fiducial plate attached to the patient’s head.
Coordinates are measured using the same technique used for CT images.

During linear accelerator radiosurgery, after coordinates are measured,
the fiducial plate (with the head holder and the patient’s head in it) is at-
tached to the Linac table. The remainder of the frame is then attached to
the fiducial plate, the coordinates are adjusted, the probe holder is set at
zero position on the arc and the yoke is set perfectly vertical. The vertical
positioning light is then aligned with the hole in the probe holder, and the
side positioning lights are aligned with the center of the pivot blocks. This
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FIGURE 3 Computed tomographic image shows the thalamic target for
deep brain stimulator (DBS) implant marked by a cursor. The coronal
trajectory is marked by the line. The angle of this trajectory is displayed
at the bottom of the image. The arrows mark the inner and outer (left)

fiducial markers.

sets the target at the isocenter. The base frame (together with the components
attached to it) are detached from the fiducial plate, and irradiation is started.

3 INDICATIONS FOR USING THE SYSTEM

The system can be used for functional neurosurgical procedures includ-
ing implantation of deep brain stimulators, biopsy of intracranial lesions,
brachytherapy, aspiration of cysts, aspiration of brain abscesses, stereotactic
craniotomies, and radiosurgery.
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FIGURE 4 Computed tomographic image with coordinate measure-
ments. The two arrows mark the fiducial markers. 1-Y coordinate (per-
pendicular distance from the target to the horizontal line joining the two
fiducial markers), 2-X coordinate (perpendicular distance of the target
from the outer fiducial marker), and 3-Z coordinate (distance between
the two fiducial markers).

4 AREAS ACCESSIBLE BY THE SYSTEM

Intracranial areas including brainstem and other posterior fossa struc-
tures, pituitary fossa, all skull base structures, and C1 and C2 vertebra
are accessible by this frame. The frame can be used in prone, lateral, or
supine positions; transoral and transnasal procedures can be performed
as well.
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5 ACCURACY TESTING

Intraoperative scans can be obtained with this system because it is compact.
Therefore, accuracy testing can be performed with each procedure. During
coordinate measurements the scanner cursor is left on the screen to mark
the target point. On the intraoperative image, the position of the probe tip
in relationship to the cursor is viewed to determine the accuracy.

6 DISCUSSION

This is an arc-centered system in which the center of the arc is positioned
on the target. It is, therefore, possible to approach the target using any de-
sired trajectory, including transnasal and transoral trajectories, and to reach
skull-base structures [2–4]. Because CT images used for the procedure are
obtained with the gantry vertical, which is the vertical plane of the frame,
coordinates can be directly measured on the scanner screen without need of
a special computer or calculator, or the need to transfer data from the scanner
to other computers. In addition, the scanner computer can be used for re-
constructing images in different planes for complex trajectory planning. Be-
cause the system fits easily in the gantry of a CT scanner, it is feasible to
obtain intraoperative scans to detect errors and correct them, thereby guar-
anteeing stereotactic accuracy [5,6]. Because of its compactness, it is pos-
sible to use CT images with a field of view of 25 cm. These images are
larger than those obtained with the wider field of view required for other
frames, and, therefore, have better accuracy and higher resolution. The sys-
tem has a C-shaped open head holder, which makes it ideal for stereotactic
craniotomy. Because of the simplicity of the system it is relatively inexpen-
sive. In summary, this is a simple, accurate, versatile, and inexpensive
system.
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1 INTRODUCTION

Neurosurgeons continuously strive to improve the safety and effectiveness
of their interventions. Stereotactic neurosurgery uses imaging modalities
such as computed tomography (CT) and magnetic resonance imaging (MRI)
to serve as spatial guides for the surgeon. These spatial guides provide pa-
tient-specific anatomical roadmaps which, although not a replacement for
knowledge of neuroanatomy, aid the surgeon in successfully treating the
patient.

The theory behind stereotactic neurosurgery is relatively simple. Three
points define a volume in geometric space. If the same three points can be
defined on a patient and on an image of that patient, then the three-dimen-
sional space of that patient and image are known and can be defined relative
to each other. Registration is the process whereby the location of any point
on or within the patient is defined on the image, and vice versa. Stereotactic
systems differ in the manner in which the spatial points are defined, the
geometric coordinate spaces used, and the method to register the patient and
image coordinate spaces.
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Frame-based systems involve fixing a structure to the patient’s head.
The patient and frame are imaged together and the two spaces (patient and
image) are registered. Points in the patient’s space were defined based on
how the frame hardware was designed, such as an x, y, z coordinate system,
a radius and angle system, or some variation of the two. Today’s frame-
based systems are highly accurate and have become the gold standard for
localization techniques. Frame-based systems are bulky and uncomfortable
for the patient, however, and frames can obstruct the operative field. Most
systems limit the surgeon to targets along a straight-line trajectory, and none
offer real-time feedback.

Roberts et al. [1] and Friets et al. [2] introduced frameless stereotactic
systems in the 1980s. Many different frameless stereotactic systems have
been developed since that time. Some aspects are universal to all systems,
frameless and frame-based alike. All systems must define points in the image
and the patient and be able to map the two groups to each other.

2 POINT DEFINITION AND REGISTRATION

Two common methods for defining points are surface-based and point-based
registration. Each offers a distinct set of advantages and disadvantages.

Surfaced-based registration fits a set of points from the contours of
one image to a surface model from contours of the patient’s head or from
other images. An advantage of this system is that it allows retrospective
registration from prior images. Its disadvantage, however, is that it is less
accurate. Point-based registration involves selecting corresponding points in
different images and on the patient. The coordinates of each set of points
are defined, and then a geometric transformation is calculated between them;
these points may be anatomical landmarks or may be applied artificial mark-
ers. Anatomical landmarks allow retrospective registration with existing im-
ages. Artificial extrinsic markers do not allow this, but have other advantages
that have made them common in stereotactic guidance.

Extrinsic point registration allows greater accuracy than other registra-
tion methods. In addition, a calculation of the accuracy for each registration
attempt is possible, giving the user a quantitated degree of accuracy. As long
as a detectable marker can be manufactured, registration can theoretically
be performed with any imaging modality.

Mobile markers and rigid markers are two types of extrinsic markers
that are currently available. Mobile markers, which are taped, glued, or oth-
erwise affixed to the patient’s skin, have the advantage of ease and speed
of application. They are, however, prone to error because the skin may move
relative to the skull and intracranial contents during registration. Rigid mark-
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ers eliminate this potential error, but are more difficult to apply and may be
more uncomfortable for the patient because they are anchored to the patient’s
skull or other bony structure.

Three noncolinear points define a volume in space. Computer studies
have analyzed the addition of more points to a registration system and its
effect on registration error. It was found that four points increased registra-
tion accuracy over three, but that adding further points did not significantly
improve accuracy [3]. However, if external mobile fiducials are to be placed,
additional markers offer the benefit of redundancy should one or more mark-
ers become displaced. Fiducials should encompass the intracranial volume
of interest and be noncolinear to ensure the most accurate registration pos-
sible. Small areas of hair shaving may be necessary.

3 IMAGING

Once the markers are positioned, the patient is imaged with one or more of
several possible modalities. The imaging need not be either on the day of
marker positioning or the day of surgery, although markers are more apt to
be dislodged with time. Fiducial markers are commonly filled with a material
that is visible on T1-weighted, T2-weighted, and proton-density MR images.
MR angiography and venography, functional MR, and MR spectroscopy
may be performed, as necessary. Fiducial markers for CT scans are easily
available, and thin slice CT images (such as 3 mm) are usually obtained.
Positron emission tomography (PET) and single photon emission computed
tomography (SPECT) scans may be performed with fiducials that contain
special materials.

4 INTRAOPERATIVE LOCALIZATION

It is necessary to determine the location of a point in space to register the
patient and image spaces. A variety of devices have been developed that
communicate the location of some device (wand, microscope, surgical in-
strument, etc.) relative to the patient to a computer, which then translates
that position into image space. The Zeiss MKM microscope (Zeiss Corpo-
ration, Jena, Germany) combines a robotic arm mechanism and an optical
microscope. The Neuronavigator (ISG Technologies, Toronto, Ontario, Can-
ada, and FARO Medical Technologies, Miami, Florida) uses a passive lo-
calization arm, as does the OAS System (Radionics, Burlington, Massachu-
setts). The PUMA Industrial Robot (Westinghouse Electric, Pittsburgh,
Pennsylvania) is an active robotic arm system. Stealth System (Bucholz;
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Surgical Navigation Technologies, Boulder, Colorado) and the ACUSTAR I
(Codman/JJPI, Raynham, Massachusetts) localize with infrared light-emit-
ting diodes. The Utah Machine Vision System (Heilbrun) and the VISLAN
System (Thomas; London, United Kingdom) use passive stereoscopic video
[4–15].

All localizing systems have their disadvantages. Mechanical arms
usually use either potentiometers, which are prone to drift, or digitizers,
which are expensive, to determine the position of the tip relative to a fixed
base. The arms, although simple, can be bulky. Sonic systems use the time
delay between a pulse emission and its detection to calculate position.
Although these systems are inexpensive and durable, they are prone to
ultrasonic noise and require an unobstructed ‘‘line-of-site’’ between emit-
ter(s) and detector. Magnetic systems detect position using magnetic waves
and fields and, like mechanical arms, do not require an unobstructed line-
of-site. A major disadvantage is the distortion that can be created by metal
objects in or near the operative field. Optical systems, whether infrared
emitters, fluorescent markers, or video cameras, all suffer from line-of-site
difficulties [16].

The patient usually requires repositioning intraoperatively, and a sys-
tem must be able to continuously monitor head positioning and adjust the
registered coordinates rapidly, accurately, and in a minimally invasive man-
ner. Detectors mounted to the table move with the head and fiducial markers
and provide a simple and inexpensive solution. These detectors are often
bulky and limit operative exposure and are not an ideal solution. Reference
markers that communicate with a remote sensor, thus allowing tracking of
the registered points, are another solution. If a marker is mounted on the
head or head-holding assembly directly (such as the Mayfield head fixation
device), head movement problems are minimized. A direct line-of-site must
be maintained between the reference marker and remote sensor [16].

5 INTRAOPERATIVE VIDEO DISPLAY

Once the images have been registered with respect to the patient, they must
be displayed in a meaningful manner. A high-resolution monitor with 512
� 512 pixel windows displays images in a variety of orientations and con-
figurations. Color graphic overlays that represent the localizer position and
trajectory are usually displayed relative to the on-screen images. The local-
izer position is usually updated on the screen at 20 frames per second. Real-
time displays have become more common with increases in image process-
ing speed and power and decreases in cost.
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6 ACCURACY AND ERROR

Certain terms should be defined in discussions of any stereotactic system.
Unbiasedness is a lack of skew. Precision is a tendency to approach a certain
value. Observations may be precise (minimal spread from a mean value) but
biased (that mean value is not the true value). Accuracy requires both un-
biasedness and precision. In an article about three-dimensional digitizers,
Wohlers describes the confusion about accuracy in his sidebar ‘‘How Ac-
curate is Accurate?’’

Comparing the accuracy of 3-D digitizers can be confusing. The
terms ‘‘accuracy,’’ ‘‘precision,’’ ‘‘resolution,’’ and ‘‘repeatability’’
are often misused, misunderstood, misleading or just plain omitted.
Buyer confusion also occurs when digitizer suppliers publish num-
bers related to the specific parts . . . that make up the system. This
can be misleading. The precision of the system’s mechanics does
not reflect the accuracy of the process. In fact, the precision of the
mechanics is . . . always better than the accuracy of the process [17].

The accuracy of any stereotactic system is influenced in an additive
manner by the error introduced at each step. A system must correctly identify
the location of each fiducial during the localization process and must then
accurately map patient fiducials onto image fiducials (or image fiducials to
image fiducials) during registration. The sum of the root mean square error
of each fiducial location can be calculated and is related to the fiducial
localization error. The surgeon needs to know that the structure he is pointing
to in the patient is the same structure displayed on the image. Any error in
this, the target registration error, cannot be calculated by the system and is
not directly related to the registration error. The registration error number
may be reduced by eliminating fiducial makers, but if the remaining markers
are distant from the operative site, the accuracy of target localization may
decrease. Anatomical landmarks, such as the lateral canthus, are useful
guides for checking the system and avoiding errors.

The effect of tissue displacement between imaging and surgery and
during surgery must also be considered. Movement of tissues is inevitable
during surgery, and studies have shown as much as 1 cm of displacement
of superficial brain tissues [18]. Deeper structures, such as those at the skull
base or along the falx shift less than superficial structures, improving the
accuracy of stereotactic systems at those regions. Steps can be taken to
minimize the error caused by tissue displacement. Displacement is often
greatest in the direction of gravity. Structures may shift downward along a
given trajectory. Minimizing diuretic use does not seem to have an appre-
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ciable effect on displacement. Cerebrospinal fluid shunting can cause shifts
of tissues in unpredictable directions, so its use should be avoided until after
the primary approach has been made, if possible. Debulking of tumors in
the ‘‘inside to outside’’ approach also yields significant tissue shifts; defining
the outer margins of a tumor before proceeding with debulking may help to
minimize this error [19–22].

Frameless stereotactic systems incorporate many of the advantages of
frame-based systems without the discomfort and bulkiness of the frame. The
systems differ in ease of use, cost, and availability, and at this time no one
system is clearly superior to the others. The continued improvement in pro-
cessor speed and cost and the advances in engineering promise exciting
future developments in frameless systems.

The neurosurgeon considering the frameless stereotaxy for his practice
has several options. Most commercially available systems (including those
made by Medtronic/SNT, BrainLab, Radionics, and Leibinger) use optical
infrared-based technology. By tracking a probe in a magnetic field, Cygnus
offers a frameless stereotaxy device at a lower cost than the IR-based sys-
tems, but concerns regarding interference with ferromagnetic materials and
resulting loss of accuracy have limited its appeal.

To make frameless stereotaxy a routine part of most neurosurgeons’
operating room, certain criteria should be met:

1. The system should accept standard CT and MRI scans from any
standard imager. Scan data should be transferable to the operating room
computer via portable media, such as optical disk, as well as over an ethernet
connection (which would be the preferred method). Ability to run the system
software on an office or home personal computer is useful to allow for
convenient preoperative planning. Image fusion of CT, MRI, and any other
appropriate digital studies (e.g., functional MRI or PET) should be possible.

Versatility is important as well. Most neurosurgical groups will want
the ability to use frameless stereotaxy in the placement of spinal instrumen-
tation; packages designed for ENT approaches may be useful for trans-
sphenoidal approaches.

2. The system should be as easy to use as possible. In practice, this
means that the neurosurgeon should not have to supervise the imaging and
data transfer himself; rather, a physician’s assistant, nurse, or other ‘‘ex-
tender’’ should be able to manage the downloading of the scan and at least
begin the registration process in the operating room. Ideally, the neurosur-
geon will confirm the accuracy of the registration and use the information
to plan the surgery itself.

During the operation, the system should be easily controllable from
the sterile field or be easily manipulated by other operating room personnel,
even those without significant experience in frameless stereotaxy.
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3. Cost must be kept in mind. A ‘‘fully-loaded’’ system typically will
run between $300,000 and $400,000. Few, if any, physician groups will want
to bear this cost themselves and will ask their affiliated hospital(s) to pur-
chase a frameless stereotaxy device. Therefore, caveat emptor, as this pur-
chase will have to service you for years to come. Note that the preoperative
scans almost always will be done before admission to the hospital, allowing
the facility to amortize the purchase costs of the unit by charging for these
studies.

7 A NOTE ON INTRAOPERATIVE IMAGING

The desire to compensate for brain shift and to obtain tumor resection con-
trol has led to a strong interest in intraoperative imaging, especially with
MRI (discussed elsewhere in this volume). Some of the intraoperative MRI
(iMRI) units that are commercially available or under development incor-
porate frameless stereotaxic technology. In time, they may prove to be pref-
erable to ‘‘standalone’’ units for certain operations, such as low-grade glioma
resections or transsphenoidal removal of pituitary macroadenomas. How-
ever, it is far too early to suggest that, for the bulk of stereotactic approaches,
the added cost and cumbersomeness of iMRI will make frameless stereotaxy
obsolete. In fact, for navigation to fixed structures where updated imaging
is relatively unimportant, such as parasaggital meningiomas and pituitary
microadenomas, frameless stereotaxy will remain the ideal technology for
the foreseeable future.
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1 INTRODUCTION

The need to precisely localize targets within the brain and to refer them to
important anatomical structures has occupied neurosurgeons since the early
years of intracranial surgery. Craniometry, developed by neuroanatomists in
the 19th century, was the first practical method of surgical navigation. It is
still being used today as a crude but useful means to correlate the position
of superficial brain anatomy with readily identifiable cranial hallmarks. Ste-
reotaxis, first introduced by Horsley and Clarke in 1908 [1], represented the
first big leap into deep brain localization. Advances in intracranial imaging
and computer science enabled the evolution of stereotaxis, from a method
that allowed the precise localization of a point in space in the human brain
[2], to the capability of defining the whole contents of the head in a three-
dimensional matrix [3–5]. This later development was crucial to intraoper-
ative navigation. Computer reconstruction of images in different planes and
three-dimensional rendering gave the neurosurgeon a display of anatomy
that helps in the planning of surgical trajectories to deep-seated lesions and
with the ability to ‘‘see’’ around the pathology to be treated. During the
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1980s and early 1990s, several makers of stereotactic equipment developed
computerized packages for volumetric stereotaxis in conjunction with ste-
reotactic frames. Any frame reduces the working space available to the sur-
geon, particularly when the trajectory involves the lateral or posterior aspect
of the skull. This limited the appeal of the newer computerized stereotactic
systems, leading to the development of new approaches to neuronavigation.

There are two major paradigms for image-assisted neurosurgery: (1)
real-time imaging, and (2) preoperative imaging. Real-time imaging is ob-
viously the ideal approach to navigation, as it can correct for perioperative
changes in the relative position and bulk of any pathology originated by the
surgical procedure itself. Developments in this direction are mostly based
on open MRI technology. Currently, these systems have disadvantages that
compromise their widespread application: they are costly, require special sets
of nonferromagnetic surgical instruments, and severely restrict the space
available for optimal patient positioning and the neurosurgeon’s freedom to
maneuver. Issues of safety resulting from prolonged exposure of medical
personnel to radiofrequency energy are still being debated. Preoperative im-
age-based systems have the advantage of relative simplicity, reasonable cost,
and the potential for hassle-free handling.

Methods for frameless stereotactic neuronavigation include encoder ar-
ticulated arms, ultrasonic digitizers, robots, and infrared active or passive
flash/camera systems. Their description is beyond the scope of this chapter.
All these systems have minor problems in their integration to the regular
operative suite environment.

Ideally, a neuronavigational system should allow the surgeon to work
transparently, not being distracted by issues of instrument compatibility, de-
tectors’ line of vision, etc. An ideal system would recognize immediately
any instrument handed to the surgeon, transforming it into a pointing device,
so that during its use, the computer display would continue to update its
anatomical rendering from the surgeon’s point of view. This ideal is yet to
be accomplished. The VectorVision system to be described here is a good
step toward this goal.

2 THE SYSTEM

BrainLAB VectorVision is an intraoperative, frameless, image-guided navi-
gation system. The system integrates preoperative computed tomographic/
magnetic resonance imaging (CT/MRI) digital data, with real-time move-
ment or position of surgical instruments. The navigation is based on
reflective markers detected by infrared cameras [6].

The surgeon is able to point targets dynamically selected, in a frame-
less environment.
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2.1 VectorVision Components

The whole system in use at our institution is contained within a trolley that
can be easily rolled in and out of the operating room. The trolley contains
the cameras, the cameras’ controller, and the computer workstation.
BrainLAB is now marketing a new version of the system (VectorVision 2).
This new version, also based on the principle of easy transportation, has,
aside from a sleek design, a touch-screen liquid crystal display that simplifies
its use during surgery.

2.1.1 Cameras

Two infrared-emitting cameras are mounted on a holder at a fixed distance
of 100 cm from each other (Fig. 1). Infrared detectors are arranged around
each camera, so that they act both as source and detector of the infrared
light. The angulation of each camera is adjustable, both in the horizontal
and vertical planes, so that the position of the trolley can be modified within
a certain range (90 to 200 mm).

2.1.2 Computer Workstation

The system is based on an alpha 433 MHz microprocessor (Digital Tech-
nologies), running on Windows NT� 4.0 operating system and containing
the VectorVision� software. A cameras’ controller represents the interface
between the cameras and the computer (Fig. 1).

2.1.3 Reflective Markers

Reflective markers are plastic spheres with a glass-grain coating (Fig. 2).
They reflect the infrared light emitted by the cameras. The detectors around
the cameras read the reflection. These passive-reflective markers, first in-
troduced by BrainLAB for navigation, are an important feature of the sys-
tem. The lack of cables adds freedom for the surgeon during active navi-
gation. These spheres can be mounted on any surgical instrument on a
number of three-arm adapters (Fig. 2) with different geometries, which
allow their separate recognition by the system. Thus, several instruments
can work as pointers simultaneously. There is a basic pointer (Fig. 2),
which is provided with two passive spheres and used for early registration.
It may also be used for navigation throughout the procedure. All the re-
flective markers can be sterilized by gas or plasma. They have a limited
lifetime of about ten procedures.

2.1.4 Mayfield Adapter

The Mayfield adapter has two components: a star-shaped tool to which three
passive spheres are screwed and a fastener for the Mayfield headrest (Fig.
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FIGURE 1 The working station.

3). The star-shaped tool locks into the fastener very precisely. This tool is
essential for the navigation procedure. It acts as a reference for the system,
provided that the patient’s head does not move in relation to the Mayfield
headrest during surgery. It has a calibration cone in its center, which allows
for registration of normal instruments during surgery. The fastener may be
applied to the Mayfield headrest under nonsterile conditions. The star-shaped
tool may then be sterilely applied to the fastener for primary registration,
and removed after registration is accomplished. The patient may be prepped
and draped, and then the star-shaped tool reapplied to the fastener.
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FIGURE 2 Reflective markers, skin markers, and Mayfield adapter.

2.1.5 Skin Markers

For preoperative imaging, skin fiducials are attached with double-sided tape
to the patient’s head. The fiducials have two components: a cone-shaped
plastic, and three different metal markers: spherical for either MRI or CT
scanning and hemispherical for registration in the OR (Fig. 2).

2.1.6 Microscope Interconnection

Only the Moller VM 900 microscope (J.D. Moller Optische Werke GmbH,
Wedel, Germany) may be actively connected to the VectorVision system.
The microscope is fitted with a special adapter containing reflective marker
spheres. With this connection, the focus of the microscope is directed au-
tomatically to any place pointed to by one of the surgical instruments, free-
ing the neurosurgeon’s hands from this task [7].

3 PREOPERATIVE PROCEDURES

For neuronavigation, the following steps are followed before actual surgery.

3.1 Preoperative Imaging

Preoperative imaging is obtained usually on the evening before surgery. The
patient’s head is shaved in all places where skin markers are applied. At

Copyright 2003 by Marcel Dekker, Inc. All Rights Reserved.



FIGURE 3 Mayfield adapter. The clamp is attached to the Mayfield holder
under nonsterile conditions. The star-shaped tool may then be screwed
to the clamp with sterile gloves and detached if needed. Accuracy of
reattachment is within 0.1 mm.

least three markers should be used, but precision is enhanced with up to five
markers. The position of the markers is dictated by several considerations:
(1) Position of the lesion/target and the area of the planned skin incision;
(2) The planned position of the head relative to the cameras; and (3) The
prospective position of the Mayfield pins. Obviously, no skin fiducial should
be applied in the area where the Mayfield pins will be applied, as Mayfield
fastening (which is done before registration) will substantially displace the
skin around the pins. In addition, the headrest itself may interfere with vi-
sualization or registration of the fiducials. All the fiducials should be easily
seen by the cameras and, consequently, should be clustered on the side of
the head that will be uppermost.

3.2 CT or MRI Scans

Scans are obtained, usually with contrast enhancement. A number of con-
strictions in imaging acquisition should be taken into consideration, as the
BrainLAB software cannot recognize or process certain scanning formats.
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The scan should be acquired without tilt. For better three-dimensional re-
construction, the slices should be as thin as possible and the scan should
comprehend the entire head. The zoom factor should allow all skin markers
to be visible. Scan parameters and the patient’s head should remain constant
during the scan. Slice overlap should be avoided (VectorVision software will
not recognize overlapping slices as separate). The matrix should be set to
either 256 � 256 or 512 � 512.

It is recommended to place the patient’s head on a flat holder (such as
the body holder), instead of the round-shaped head holder. This will enhance
the usefulness of the three-dimensional view (the usual head holder will
obscure the outline of the posterior-lateral aspects of the head in the three-
dimensional reconstruction).

Imaging data are then transferred for processing to the VectorVision
workstation using digital media or a communication network.

3.3 Preoperative Data Processing

The software provides a variety of options. Either CT, MRI, or both may
be processed. An image-fusion module allows the surgeon to use both im-
aging modalities. In our experience, CT is sufficient for most navigations.
The lesion and other areas of interest may be outlined so that they can be
seen in 3D reconstruction. For the purpose of intraoperative navigation, the
outlines may be switched off, so that true anatomical imaging can be used.

4 THE OPERATING ROOM

4.1 Positioning

There are several ways to organize the operating room. We use the cameras
attached to the computer trolley, placing the trolley between the neurosur-
geon and the anesthesiologist.

In any position, the trolley should be in the surgeon’s visual field,
and the cameras about 1 to 2 m from the patient’s head. The two cameras
can be moved freely as a unit during surgery. The cameras ought to have
an unobstructed view of the star-shaped Mayfield adapter. When the oper-
ating microscope is to be used, the cameras are positioned as low as possible,
so that the microscope will not interfere with their line of view.

4.2 Calibration

Calibration of the cameras can take place any time, although it is desirable
to perform it in the final position for surgery. The procedure, which takes
only a few seconds, is done with a special tool having two reflective markers.
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As the tool is moved in front of the cameras, the software reads several
markers’ positions and displays the recommended working range.

4.3 Registration

The registration process includes digitizing the skin fiducials and the refer-
ence Mayfield headrest markers. This step is done after the Mayfield headrest
is fixed to the head. The procedure can be done in a sterile or nonsterile
manner (before or after the head is prepped and draped). We prefer the
nonsterile method: the sterile star-shaped tool is handled with sterilized
gloves, attached to the Mayfield headrest and angulated, so that the three
reflective spheres are well within the field of view of both cameras. This is
seen in an active window that opens in the computer display when the
registration prompt is selected in the software. The skin fiducials are then
digitized. The software gives a choice of automatic or manual registration.
In the automatic mode, the software auto-detects the placement of each
fiducial in the preoperative image and prompts the user to mark them on
the patient’s head. This is done with a nonsterile pointer. When the pointer
touches the fiducial, the software digitizes the position of the spheres in the
pointer. A color-coded window in the computer display changes color when
the digitization is done. When all the fiducials have been digitized, the com-
puter display becomes active, and an accuracy figure is given (if the accuracy
is less than 5 mm, the software will reject the digitization). The whole
procedure is completed in less than a minute. From this moment on, neu-
ronavigation is active. Anytime the pointer is brought into the cameras’ field
of view, the computer display will show reconstructed axial, coronal, and
sagittal images of the head centered at the pointer’s tip.

The skin fiducials are no longer needed once registration has been
completed. After their removal, the patient’s head is prepped and draped as
usual. The star-shaped tool is left above the drapes.

5 SURGERY

We use the split-screen mode during surgery, displaying coronal and sagittal
views, as well as a choice between axial and three-dimensional view (Fig.
4). The three-dimensional view is useful to design the craniotomy flap. The
other views are instrumental to navigation once the craniotomy is done.
Obviously, changes in the geometry of the brain during surgery reduce the
accuracy of the system. Common situations in which this may happen are
brain shift after tumor debulking, brain shift after aspiration of cysts, aspi-
ration or drainage of cerebrospinal fluid in hydrocephalic patients, and severe
brain swelling/edema during surgery. All these situations may change brain
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FIGURE 4 A typical display of the VectorVision system, with axial, coro-
nal, and sagittal reconstructions during surgery, while the pointer is be-
ing introduced through a sylvian fissure approach to the target, a left
basal ganglia cavernoma. The position of the internal capsule has been
outlined. Surgery was done with the patient fully conscious.

configuration and make the system unreliable. We usually abort navigation
under those circumstances. More unusual reasons for navigational failures
are movement of the patient’s head relative to the star-shaped tool and elec-
tric power shutdown during surgery. In the first situation, which takes place
when the head falls from the Mayfield headrest, navigation needs to be
aborted, unless another patient’s head-contained reference system has been
previously digitized [8]. In the event of an electric power shutdown, the
system has an option named ‘‘recover’’ that can allow continuation of the
procedure.
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6 SURGICAL APPLICATIONS

The VectorVision system is accurate enough for almost all surgical local-
ization procedures. We have not encountered a single case in which the
navigation failed to point to the target. The system advantages are the rapid
setup requiring only a few extra minutes in any procedure, the easy han-
dling of the pointer tools devoid of cables, and well-designed software
tools.

The pointer tool can be used to plan the skin incision and the bone
flap, and then to identify relevant anatomical structures. During tumor re-
section, it can help define tumor borders. Cavernous angiomas or small arte-
riovenous malformations deep in the brain are excellent cases for neuro-
navigation. With its three-dimensional and three-planar rendering, the
VectorVision system is of great help in designing and maintaining the best
approach to the target.

Attached markers can be used to guide catheter into ventricles. In this
situation, it is advisable to use the transfrontal route. When using the trans-
occipital route, the markers attached to the far end of the catheter can fall
beyond the cameras’ field of view.

We have found neuronavigation ideally suited to assess the progress
of surgery when dealing with large skull-base meningiomas. Because the
remaining tumor attachment does not change its geometry during surgery,
the pointing tool can show the exact position of the surgeon’s instruments
at any stage.

7 CONCLUSION

Neuronavigational systems such as VectorVision modestly increase the cost
and planning time of neurosurgical procedures by requiring additional im-
aging and hardware/software setups. They also require some time investment
in learning to deal with a computerized system. Nonetheless, the added
capabilities are worthwhile. The surgical procedure itself is better tailored
to the pathology: smaller skin incisions and craniotomy flaps result in less
postsurgical patient discomfort. This, in turn, may result in shorter hospi-
talization time. The surgeon enhances his/her confidence when dealing with
deep-seated intra-axial lesions, or large extra-axial tumors. There is no major
change in the immediate operative environment and no bulky added hard-
ware compromising the surgeon’s freedom.

The VectorVision system also has a spinal module useful in the
planning and execution of fusion instrumentation, such as transpedicular
screw placing and plating. Its discussion is beyond the scope of this
article.
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1 INTRODUCTION

Our early interest in development of a surgical navigation system arose from
our background in computer-assisted frame stereotaxy [1,2] and the early
development of ‘‘frameless stereotaxy’’ devices by Roberts et al. [3,4] and
Watanabee et al. [5]. Roberts’ group had devised a stereotactic surgical mi-
croscope using a sonic three-dimensional digitizer to locate the optical axis
and focal point of the microscope in space. Because of the great uncertainty
of each acquisition of the sonic digitizer, a stationary platform, such as the
microscope, allowed for multiple acquisitions that would average out the
‘‘noise’’ and lead to acceptable accuracy. On the other hand, the Watanabees
used a mechanical arm with analogue position sensors in the joints as the
input device. This allowed for hand-held navigation, but constrained the
user’s freedom by the mechanical linkage.

Don Kormos, Charles Steiner, and I set out to create a hand-held
‘‘wand’’ that did not require linkage but used sonic digitization as used by
Roberts. Through painstaking experiments, we discerned that by placing the
detectors (microphones) within a meter of the emitters (spark gaps) on the
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wand and using an internal speed of sound reference (to compensate for
temperature, humidity, etc.) we had a flexible, highly accurate digitizer suit-
able for use in the operating room [6–8]. Teaming up with Picker Interna-
tional (Highland Heights, Ohio), we developed the system into a Food and
Drug Administration (FDA)-approved product (ViewPoint�) that was the
first in North America to introduce wand-oriented views (i.e., orthogonal
planes oriented to the axis of the pointing device), a visual method of target
and trajectory guidance [9], and FDA approval for brain biopsy [10]. Ian
Kalfas made important contributions that led to the system also being ap-
proved for spinal navigation [11], with or without spinal tracking. The sys-
tem has proved versatile [12,13], cost effective [14], and useful for surgery
of intra-axial tumors [15–20], meningiomas [19,21–23], sellar tumors [24],
neuroendoscopy [25,26], brain biopsy [27], and related procedures [28].

Ultimately, the sonic digitizer was replaced by an active/passive infra-
red wand detected by a dual CCD camera; multiple and universal tools were
developed; Picker International became Marconi Medical Systems, Inc.
(Highland Heights, Ohio); and ViewPoint was renamed ‘‘Voyager.’’ Today
the Voyager system (Fig. 1) retains the ease of use that was the hallmark of
the ViewPoint system but extends its versatility with multimodality navi-
gation (i.e., image fusion), a more versatile display, and a more sophisticated
platform.

2 SYSTEM SETUP

Voyager is composed of the dual CCD camera stand, the equipment rack
with integrated flat panel light-emitting diode (LED) display and an (op-
tional) outboard flat panel liquid crystal display (LCD) [7]. The camera stand
houses a dual CCD infrared camera (Northern Digital Inc.) along with in-
frared emitters that allow for use of passive tools. The cameras may be
oriented either horizontally or vertically, the latter allowing for a narrower
line-of-sight corridor between the pointing devices and camera. Unlike some
surgical navigation systems, Voyager allows for the camera to be plugged
into the equipment rack after the computer has been ‘‘booted’’ up, without
damaging the camera. The camera is currently filtered to allow it to operate
in the presence of most commercial operating room and head lights.

The new equipment rack houses the system computer, uninterruptable
power supply, camera adapter, keyboard, mouse, and the main flat panel
display. System connections are also made here, including ethernet, camera,
foot pedals, and cabling for active LEDs. Atop the rack is an extension arm
that allows the display to be positioned close to the surgeon while keeping
the rack out of the way. A working display on the rack allows the sophis-
ticated software functions (beyond those performed with the foot pedals) to
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Voyager

FIGURE 1 Voyager system composed of dual CCD camera, equipment
rack with extendable flat panel liquid crystal display (LCD), and outboard
flat panel LCD display.

be operated by someone else without moving the surgeon’s display. As al-
ways, safety is paramount and the uninterruptable power supply serves to
electrically isolate the system and maintain function, even in the event of
external power loss. Even if the computer loses power, however, all regis-
tration information is retained and the surgery may proceed forward seam-
lessly.

3 SYSTEM USE

3.1 Image Loading

The initial step using the Voyager system is to load the patient’s images.
This is typically done over an ethernet system loading DICOM-compatible
image files. The operator chooses whether one or more image sets is to be
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FIGURE 2 Image loading display of Voyager system. More than one type
of image set may be imported for navigation.

loaded and identifies them; the images are then imported (Fig. 2). If the
images were previously loaded into Voyager, the patient file may be loaded
instead of the raw image data.

3.2 Multimodality Correlation (Fusion)

When one or more image datasets are loaded, they must be correlated. Voy-
ager allows for manual or automated fusion of data sets. The author prefers
manual fusion, as it is fast, accurate, and totally under his control. Briefly,
a 3 � 3 (or, optionally, a 2 � 2) workspace is presented in which one
column represents image set 1; the second, image set 2; and the third is
where the fusion is performed and displayed (Fig. 3). A useful technique is
to assign the second dataset a color profile while the first set is left as a
grayscale. Images may be magnified (‘‘zoom’’) to facilitate the process. Im-
ages are then translated to roughly center the ventricular system, then rotated
to align the ventricles and brainstem. This process is performed iteratively
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Voyager

FIGURE 3 Multimodality correlation screen (fusion). Left column repre-
sents dataset 1, middle is dataset 2, and right is where fusion is per-
formed and visualized.

until the desired result is obtained, usually in a few minutes or less. If the
area of interest is remote from the ventricles, the surgeon may focus on that
area, to locally refine the fusion, but this is rarely necessary.

3.3 Imaging and Registration

Voyager uses paired points to provide registration. For cranial use, these
may be anatomical landmarks, applied scalp fiducials, or implanted ‘‘Ac-
custar’’ skull fiducials. The latter routinely results in submillimetric registra-
tion accuracy. Fiducials and image acquisition may be performed from the
day of surgery to weeks earlier. Fiducials are typically placed in a stereo-
typical array that are widely spaced about the patient’s head, as this mini-
mizes navigation error, not just registration error.

Thin slice (1–2 mm) computed tomogram (CT) or volume acquisition
magnetic resonance imaging (MRI) (e.g., Siemens MPR) are preferred but
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FIGURE 4 Optional fixation of dynamic reference display (DRF) to mod-
ified C-arm of Mayfield head fixation device minimizes fidelity of head
tracking, as head may pivot with respect to main part of Mayfield device.

may be augmented with other image data using the fusion process (above),
such as nuclear medicine, other magnetic resonance imaging (MRI), MR
angiography (MRA), magnetic resonance ventilation (MRV), fMRI, and
medical radiation sciences (MRS). As such, if fiducials are used, only one
of the image methods need visualize the fiducials. Imaging from spinal sur-
gery typically is performed using thin slice CT.

Cranial surgery using Voyager should be performed using head track-
ing as provided by a dynamic reference frame (DRF). This allows the pa-
tient’s head to be followed if it moves with respect to the camera, or vice
versa. We routinely affix the DRF to a Mayfield head clamp that has been
secured to the patient’s head in such a way as to avoid displacing scalp
fiducials. Ordinarily, the Mayfield is then secured to the operating room table
to provide good surgical access while providing adequate cranial venous
drainage and spinal alignment. The DRF may be secured to the body of the
Mayfield or, uniquely, to a modified ‘‘C-arm’’ of the device, as the latter is
least likely to move with respect to the patient’s head during a case (Fig.
4). The DRF is positioned such that it is out of the surgeon’s way, maintains

Copyright 2003 by Marcel Dekker, Inc. All Rights Reserved.



Voyager

FIGURE 5 Setup for awake craniotomy. Mayfield clamp is not secured to
the table allowing some head movement during surgery while tracking
is maintained.

good line-of-sight with the camera, and will not be subject to undue traction
by draping. Awake craniotomy is performed using the same setup, except
that the Mayfield is applied using local anesthesia (Fig. 5), and the Mayfield
clamp is NOT secured to the table, thereby allowing the limited freedom to
move while maintaining accurate tracking using the DRF (Fig. 5). An un-
usual feature of Voyager is that it allows spinal surgery to be performed
with or without use of a spinal DRF.

After creation of a registration set, the anatomical or scalp fiducials
are defined. This is facilitated by visualizing the three-dimensional surface
representation of the head and clicking on its surface near the point of in-
terest. The actual location of the point is refined through use of the triplanar
display and stored. The process is repeated for the remaining reference
points. Each point is then touched with one of the wands [active infrared
(IRED) or passive]. Fiducials that cannot be accessed or have been displaced
can be inactivated. Spinal registration uses segmental (i.e., each vertebra)
anatomical fiducials in a similar process, often using the tips of the spinal
and transverse processes. Multiple registration sets may be created, including
intraoperative sets that may be used for re-registration.

Registration error is typically less than 2 mm or 3 mm and submilli-
metric when using the Accustar fiducials. Larger errors may be reduced by
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using the ‘‘Pin Point’’ function that tracks registration error as the user ad-
justs the position of the wand on the fiducial. Registration should always be
checked by activating the system and ensuring that fiducials and anatomy
are accurately localized.

3.4 Target and Trajectory Guidance

Voyager (then ViewPoint) was the first of the commercial surgical navigation
systems to incorporate an intuitive, graphical means of target and trajectory
guidance [9]. This was facilitated by its ability to display images oriented
to the pointing device (e.g., wand). A target (with optional entry) point is
defined by clicking on a point in the image and storing it as either a target
or trajectory. If an entry point is also selected, the trajectory may then be
previewed with two views, one showing the path of trajectory as it passes
through the tissue and the other showing a plane perpendicular to the axis
of the trajectory (Fig. 6). The depth of this plane is user selectable.

The method by which this technology is used to guide the surgeon has
been previously described [9]. Briefly, when using target guidance alone,
the one plane that is perpendicular to the pointing device (e.g., wand) and
that also contains the target point (presented as a colored circle) is displayed.
The projection of the wand is displayed as a different colored circle. One
need only adjust the direction of the wand such that the two circles are
concentric to be on target. The three-dimensional error (minimum distance
between the trajectory and the target) is continuously presented. The course
of the trajectory may be visualized on the two displayed planes that contain
the wand. When a trajectory has been created, the perpendicular plane also
shows the projection of the entry point, but more importantly, the wand-
oriented displays and the three-dimensional display show the planned tra-
jectory as well as actual axis of the wand. A few maneuvers are all that are
usually necessary to make the wand align with the planned trajectory.

3.5 Intraoperative Use

The patient is draped in a conventional manner except that the DRF must
have line of sight with the camera. We usually perforate the drape and apply
a sterile, clear plastic bag over it. Care must be taken that the draping does
not apply traction to the DRF during the case, even when the drapes become
laden with fluid and blood, and that the DRF will not be struck by equipment
or an assistant. The author prefers the scrub table to be placed to his right,
mediated by a draped Mayo stand, rather than with an overhead table. This
allows for placement of the camera at the patient’s feet and out of the way
of other equipment.
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Voyager

FIGURE 6 Display for target and trajectory guidance. Top left screen is
plane containing target point and perpendicular to pointing device. Bot-

tom row shows planes containing pointing device and projection of
planned trajectory. Top right shows surface representation of the head
with planned and actual trajectory. This system facilitates brain biopsy
and related procedures.

If active wands are used, they are coupled to the navigation system.
Passive wands are identified and then may be used. Universal adapters may
be applied to instruments, (drills, probes, etc.), calibrated, then used. Many
operating microscopes are used, but image injection is not supported.

Two general displays are used, irrespective of whether the case is cra-
nial or spinal. The first is a presentation of axial, coronal, sagittal and three-
dimensional surface images (Fig. 7). The cross-hairs show the position of
the tip with respect to the anatomy. The system may be set to run continu-
ously, or intermittently (such as when stepping on the foot pedal). The
oblique display (Fig. 8) presents images that are steered by the pointing
device—two contain the axis of the pointer, the other is the plane perpen-
dicular to the tip of the wand. This depth may be adjusted up or down by
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FIGURE 7 Typical triplanar display showing axial, coronal, and sagittal
planes. This display provides localization function.

the foot pedal or be fixed at the depth of the target (if saved). The true and
virtual positions of the tip are represented on the views that contain the
wands. Navigation is then a straightforward process. Warnings are given if
the wand, DRF, or both are out of view of the camera.

3.6 User Interface

The user interface may be customized so as to suit the different needs of
multiple surgeons. The colors, dimensions, and transparency of various items
may be individually selected and saved. For instance, a surgeon performing
predominantly spine surgery using CT may elect to use red for the wand
(i.e., virtual screw) for best visualization, whereas an intracranial surgeon
using MRI may prefer yellow to represent the wand.

Each panel has independent adjustments for the display attributes of
the various image datasets in use, or they may be applied to all displayed
planes. The attributes are ‘‘remembered’’ when switching between different
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Voyager

FIGURE 8 Typical oblique display where wand or pointing device
‘‘steers’’ the display. Bottom row shows two (orthogonal) planes includ-
ing axis of wand. Top left shows a plane perpendicular to axis of pointer.
Top right shows three-dimensional representation of head with projec-
tion of wand out of surface.

functions of the system. Each dataset may be individually windowed, lev-
eled, and colorized within a panel (Fig. 9). The zoom function for that panel
applies to all image sets displayed in that panel. Unlike some systems in
which use of fused datasets may only be manipulated or used during plan-
ning, Voyager allows the relative contribution of the image data sets to be
adjusted for better anatomical, physiological, or metabolic visualization dur-
ing navigation.

4 SUMMARY

The Voyager navigation system is the product of evolutionary development
that provides simple, yet flexible and powerful navigation in the head and
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FIGURE 9 Many screen parameters may be adjusted for individual win-
dows or the entire workspace. Colors and transparency of overlays may
be stored as user preferences.

spine. The system and its creators have contributed several firsts to the field
of surgical navigation and will continue to do so.
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1 INTRODUCTION

Over the past decade, image-guided surgery has become one of the most
exciting new technologies for the neurosurgeon. Advances in techniques and
instrumentation have been rapid [1–9]. The Mayfield� ACCISS� image-
guided stereotactic workstation (OMI system) has been developed to meet the
image-guided needs of the most demanding surgeons (Fig. 1). With the May-
field ACCISS, the surgeon can perform stereotactic-guided craniotomies,
transphenoidal and other ears, nose, throat (ENT)/skull-base procedures. The
Mayfield ACCISS has the most rigid stereotactic platform in the image-guided
field. The experienced stereotactic neurosurgeon can confidently use the May-
field ACCISS for stereotactic procedures, eliminating the need for a traditional
frame. Lastly, the requirements for spinal applications can be easily satisfied
with this system.

This chapter describes the system and its components, fiducial place-
ment, image acquisition, and surgical planning. It also defines its use in the
operating room. The author also describes his surgical experience and rec-
ommendations for applications of the Mayfield ACCISS system and its
unique components.

Copyright 2003 by Marcel Dekker, Inc. All Rights Reserved.



FIGURE 1 The Mayfield ACCISS system. Custom computer cart and in-
frared camera for optical tracking.

1.1 Description of the Mayfield ACCISS

The Mayfield ACCISS uses the Windows NT� operating system, which
provides the surgeon surprisingly fast and powerful computing capacity in
a familiar and easy-to-use format. Placed in a customized cart, the system
is positioned at the hand of the surgeon in the operating room. Its simple
and user-friendly format eliminates the need and expense of a dedicated
technician to run the system during surgery.

The Mayfield ACCISS is unique in the image-guided field because it
uses both the commonly known optical tracking technology and the only
small, light-weight (13.5 ounces) mechanical arm in the industry (Fig. 2).
Unlike its cumbersome predecessors, the Mayfield ACCISS arm is easy to
use. It has rigidity and stability, and eliminates the need for the infrared
camera with floor stand and the dynamic reference frame (DRF) required
with the more commonly used optical tracking systems.
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FIGURE 2 The Mayfield ACCISS dual digitizing system. Left, wireless ac-
tive optical tracking systems with infrared camera. Right, mechanical
arm system with the tip of the mechanical arm in the AccuPoint sphere
for stereotactic targeting.

An active optical tracking system is a standard component of the May-
field ACCISS. The power cable to the optical probes has been replaced by
a disposable battery. The wireless custom probe comes with an adaptor that
allows the interchange of multiple instruments, such as pointers and suction
devices.

The AccuPoint� sphere is a ball-and-socket device that can be used
for generation and rigid fixation of a stereotactic trajectory (Fig. 3). It can
be placed anywhere over the cranium for access to any stereotactic target.
It is designed to be close to the entry point, which minimizes the length the
probe must pass to reach its intended target.

The Mayfield ACCISS uses the Budde Halo� retractor system for
attachment of the mechanical arm, the optical tracking components, and the
AccuPoint stereotactic device for cranial applications. These components can
be placed anywhere around the 360� circumference of the halo to suit the
needs and convenience of the surgeon (Figs. 2 and 3). Alternatively these
components can be used without the halo retractor system.

2 FIDUCIAL PLACEMENT, IMAGE ACQUISITION, AND

SURGICAL PLANNING

Adhesive fiducial markers are used almost exclusively, although implantable
markers are commercially available. Anatomical landmarks can be used for
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FIGURE 3 The stereotactic platform for the Mayfield ACCISS. It includes
the rigid AccuPoint sphere which is attached to the Budde Halo retractor
system.

ENT and spinal applications but are not recommended for cranial applica-
tions. Adhesive fiducials for cranial procedures can be applied by a techni-
cian, and the scan can be performed up to 7 days before the procedure,
although no more than 2 to 3 days beforehand is recommended. The fiducial
markers are placed around the area of interest and prepped into the surgical
field so they can be easily accessed during the procedure to re-register or
recheck the accuracy of registration. The software program finds the best fit
between the location of the fiducials in patient space and the location of the
fiducials on the image dataset and compensates to some degree for move-
ment of an individual fiducial marker. Any fiducial marker identified with a
large registration error can be easily eliminated from the registration process.
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For this reason, five to seven fiducial markers are recommended for place-
ment for every procedure. This technique has led to satisfactory or very
good registration in nearly all cases including stereotactic procedures.

Computed tomography (CT) and magnetic resonance imaging (MRI)
are the usual modalities for most surgical procedures. Standard formatting
for CT requires image-acquisition with 3-mm contiguous slices and a 0�
gantry tilt, although in certain cases 1.5-mm cuts may be desirable to im-
prove accuracy. Volumetric MRI scans with contrast are usually performed
for most tumors. Computed tomography is the usual modality used for spinal
applications, because MRI poorly visualizes bone anatomy. Once acquired,
these images can be downloaded to digital audio type (DAT) or directly
transferred by ethernet to the workstation.

The Mayfield ACCISS uniquely coregisters images, which permits the
surgeon to simultaneously navigate with a CT and MRI image (Fig. 4). This
is especially advantageous in pituitary surgery, where identification of bone
surfaces and tumor margins is important. Coregistration permits the mea-
surement of postoperative stereotactic biopsy accuracy in a way never before
possible (Fig. 5).

The virtual screw program is a useful adjunct for preplanning pedicle
screw placement. One can measure and place the screws in a simulation of
the surgical procedure. The workstation can store up to eight screws on a
dataset.

2.1 Use of the Mayfield ACCISS in Surgery

With the Mayfield ACCISS system, the surgeon can choose to use either
the mechanical arm or optical tracking system, depending on individual
preferences. The mechanical arm system is ideal and the preferred digitizer
for long procedures where the microscope is used. The presence of the
microscope, assistant, scrub nurse, operating tables, and anesthesia setup
creates a crowded space at the operating table and usually makes placement
of the infrared camera and maintenance of unobstructed optical pathways
throughout the duration of the procedure difficult. In this crowded envi-
ronment, frequent disruption of optically tracked instruments occurs and
occasionally the microscope has to be moved out of position in order to
track the instrument. In this setting the mechanical arm functions in a
superior fashion to the optical system completely eliminating this often
frustrating problem.

The mechanical arm system is also preferred by the author for stereo-
tactic procedures because of its greater stability and ability to provide along-
the-probe views which display the trajectory to the lesion. By rotating the
probe tip of the mechanical arm after it has been positioned into the rigidly
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FIGURE 4 Coregistration of images for transphenoidal surgery allows
one to navigate simultaneously on axial, coronal, and sagittal magnetic
resonance imaging (MRI) and sagittal computed tomographic (CT) im-
ages. Any combination of images is possible. Note sagittal CT image
upper right and its precise correlations with the sagittal image.

fixed AccuPoint sphere the along-the-probe view plane can be rotated and
viewed at the workstation 360 degrees around the axis of the intended trajec-
tory (Figs. 2 and 6). This provides the surgeon with the most complete ana-
tomical understanding of the intended trajectory. This complete rotation
through the 360� axis cannot be done with optical tracking technology. The
AccuPoint sphere provides a rigid method for stereotactic targeting and is
brought close to the target, which minimizes the potential for deflection of
the probe and introduction of stereotactic error. Either the mechanical arm or
the optical probe can be placed into the AccuPoint sphere for trajectory
generation.

The Mayfield ACCISS can be adapted to the microscope. With the
microscope as a pointer, it is used initially to locate the cranial flap and plan
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FIGURE 5 Sterostatic biopsy with postoperative coregistration. Small
hemorrhage at biopsy site on postoperative computed tomographic (CT)
coronal and axial view on right correlates with preoperative axial mag-
netic resonance imaging (MRI) image on left.

a trajectory to the lesion. As soon as the surgeon desires to use an instrument
as pointer, the microscope ceases to function as a tracked instrument.

The optical tracking system is best used in cranial procedures in which
the microscope is used in a limited capacity or not at all. It can also be used
for stereotactic procedures. The optical tracking system is preferred for spi-
nal procedures. The elimination of the wire to the optical probes has pro-
vided an additional degree of freedom while maintaining the high level of
accuracy associated with active optical tracking systems.

The Mayfield ACCISS system has a distinct advantage imparted by its
dual digitizing capabilities. If there is a failure at any time of the optical
system because of malfunction of light-emitting diodes (LEDs), contami-
nation of optical components that should not be autoclaved, or other tech-
nical problems, the mechanical arm can be activated in a short couple of
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FIGURE 6 Along-the-probe views. One can rotate the view plane 360�
around the axis of the probe (solid yellow line). Two such views are
shown that provide the surgeon a clear picture of the trajectory to the
lesion, which was a moderate grade thalamic glioma.

minutes. It requires a standard endoscope drape, and all its components,
including pointer tips, can be autoclaved.

In addition, the availability of both tracking methods facilitates per-
forming three or four image-guided procedures in the same day.

2.2 Surgical Experience with the Mayfield

ACCISS System

Since its introduction in late 1994, the author has used the Mayfield ACCISS
in approximately 300 image-guided assisted procedures (Table 1). A wide
variety of applications has shown its versatility and dependability for the
full gamut of image-guided neurosurgery with little if any time added to the
procedure.
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TABLE 1 Image-Guided Experience with the
Mayfield ACCISS System

Craniotomy
Metastases 57
Primary tumors 53
Extra-Axial tumors 34
Transphenoidal 8
Vascular lesions 8

Sterotaxis
Tumor biopsy 67
Hematoma aspiration 16
Abscess aspiration 8
Catheter placement for shunt/cyst 10

Spine surgery
Pedical screws 30
Miscellaneous 1

Total Cases 292

Resection of metastatic lesions can be accomplished efficiently and
safely with image-guided surgery. A report of the first 41 patients operated
on using the Mayfield ACCISS system showed an average time for the
procedure of under 2 hours with minimal morbidity [10].

The Mayfield ACCISS for transphenoidal surgery eliminates the need
for fluoroscopy. One can track the probe in the axial and coronal views as
well as the sagittal view (Fig. 4). Even with the traditional use of fluoros-
copy, one often struggles tracking the surgical instrument in a large tumor
where the margins of the sella are poorly visualized. Both the CT (with its
superb bone windows) and MRI can be simultaneously tracked in all three
view planes. Removal of the fluoroscopy unit from the field is a welcome
relief.

Stereotactic applications can be performed with accuracy and confi-
dence. The rigidity of the AccuPoint sphere and the robust mechanical arm
approximate the rigidity of stereotactic frames. More than 100 stereotactic
procedures have been successfully performed with the Mayfield ACCISS
and the AccuPoint sphere [11,12]. This includes stereotactic biopsy in 67
cases, aspiration of hematomas in 16 cases, and aspiration of intracerebral
abscesses in eight cases. The diagnostic rates and complications for stereo-
tactic biopsy with the Mayfield ACCISS are equivalent to the best results
in the literature for stereotactic frames [11,13–16]. Coregistration of post-
biopsy images confirms the efficacy of this methodology and provides doc-
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umentation of stereotactic targeting in a way never demonstrated with ste-
reotactic frame technology (Fig. 5).

The use of image-guided surgery in spinal applications has been more
limited than cranial applications in the author’s experience of 31 cases. To
use the system for placement of pedicle screws, especially when a decom-
pression has been performed and the pedicle can be palpated, is probably
not helpful but may be a good place for the beginner to gain experience. It
is certainly more beneficial in cases where pedicle screws are placed and no
laminectomy is performed. Patients with degenerative scoliosis, and those
who require pedicle screws in the thoracic and cervical region, present a
more compelling need for image-guided surgery.

The Mayfield ACCISS image-guided system has been integrated into
the Mayfield� Mobile SCAN� portable CT, which provides the surgeon the
opportunity to obtain updated CT images during surgery. It also will allow
the surgeon to obtain spinal images in the prone position at the time of
surgery, eliminating concerns regarding spinal movement and the need for
segmental registration. The mechanical arm system has also been adapted
to and is compatible with intraoperative MRI systems. These adaptations
provide the surgeon solutions to many concerns about the limitations of
current image-guided surgery. These include the ability to obtain updated
images to correct for shift and to assess the amount of residual tumor in a
way that is superior to ultrasound.

3 CONCLUSION

Image-guided neurosurgery has many beneficial applications. The Mayfield
ACCISS has many unique features that distinguish it from others in addition
to its ease of use and economy for the neurosurgeon. First and foremost, it
is the only system with active, wireless optical tracking and mechanical arm
technology combined in one unit. This allows the surgeon to choose the
digitizer most suitable to the needs of an individual case. Second, the rigidity
of the AccuPoint sphere provides an unparalleled stereotactic capability for
an image-guided system. Third, the coregistration capability allows one to
use multimodality images during and after surgery. Fourth, the system is
reliable and so simple to use that additional personnel are not required to
operate the system for the surgeon. Lastly, the adaptation of the Mayfield
ACCISS to intraoperative CT or MRI ensures its utility as neurosurgeons
adopt these technologies.
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11
Surgical Navigation with
the StealthStation

Michael Schulder

New Jersey Medical School, Newark, New Jersey, U.S.A.

1 INTRODUCTION

The availability of powerful computer workstations the size of a personal
computer, along with new technology for tracking the position of a probe
in 3-dimensional space, spurred certain far-seeing neurosurgical investigators
to develop turnkey systems for navigation in neurosurgery. Dr. Richard
Bucholz, a neurosurgeon at St. Louis University, saw the surgical potential
in infrared digitizer tools. Together with a young engineer named Kurt
Smith, he developed the system known as the StealthStation�. As with other
frameless stereotactic (FS) devices, while the digitizing technology may be
similar, the image rendering, user interface, means of maintaining stereotac-
tic accuracy, essential hardware, and surgical tools are unique to this partic-
ular system.

2 SYSTEM DESCRIPTION AND USE

The StealthStation� system was designed by Surgical Navigation Technol-
ogies (Louisville, CO), now a division of Medtronic, Inc. (Minneapolis,
MN). It has been described by Kurt Smith [1] and was independently eval-
uated by Germano [2]. System components include: a Unix-based Silicon
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Graphics workstation, an infrared digitizer with active, infrared light emit-
ting diodes (IRLED) or with passive reflector spheres, and infrared cameras
(Polaris, Inc.); a dynamic reference frame that maintains registration accu-
racy even with movement of the patient or cameras; and a monitor with the
StealthStation proprietary user interface. Software packages are available for
cranial navigation, otolaryngological use (nasal sinus surgery, in essence),
spinal surgery (for instrument insertion), functional stereotactic surgery, and
certain orthopedic applications for limb surgery. These options make the
StealthStation more attractive to hospitals as the system is more likely to be
used and not gather dust—an important consideration for a device whose
retail price is above $300,000.

Use of the StealthStation begins with preoperative imaging. The scan
used for registration may be obtained with adhesive fiducial markers applied
to the scalp in a manner that encompasses the volume of interest. It is
possible to attempt registration with anatomical landmarks alone but at the
New Jersey Medical School we have not found this to be sufficiently reli-
able. (SNT is developing a tool called the Fazer� that will acquire a map
of the patient’s face using laser scanning, and provide registration; this may
avoid the need for fiducials in the future.) The choice of MRI or CT will
depend on the needs of the surgeon—when bony landmarks are the main
concern then CT may be sufficient or ideal, but for most intracranial appli-
cations MRI will be the modality of choice. A scan may be obtained well
in advance of surgery without fiducials and fused in the operating room
(OR) to a different scan acquired with fiducials the day before operation. In
any event, scans for the StealthStation must be obtained with zero gantry
tilt, a slice thickness of 3 mm or less, no slice overlap or skip, and a field
of view large enough to encompass the volume of interest.

Scan data is transferred to the OR workstation by an Ethernet connec-
tion or, if needed, by such removable media as optical disks (‘‘sneakernet’’).
Image fusion of CT and MRI scans is easily done using the automated fusion
program; functional data may be added in the same fashion [3]. Landmarks
for registration (scalp markers or anatomical points) are numbered on a 3-
dimensional image reconstruction. After the patient’s head is secured in the
head clamp, the dynamic reference frame (DRF) is attached to the clamp
(see Fig. 1). Registration is then done using at least four fiducials. The
program then provides an estimate of the accuracy of the mathematical
match between the scan and physical space. This number is not a true es-
timate of registration accuracy, which must be verified using anatomical
points before and during surgery. At this point, navigation may be used to
plan an incision and approach for craniotomy or stereotactic biopsy.

The DRF is removed and the patient prepped and draped. A sterile
DRF is placed (or the previous one sterilized and replaced), and maintenance
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FIGURE 1 Patient positioned for transsphenoidal surgery with the
StealthStation. Note placement of the dynamic reference frame, cam-
eras, and monitor.

of registration accuracy is confirmed. During surgery, navigation is per-
formed as desired. Draping the keyboard with a clear plastic sheet allows
the surgeon to operate the computer if necessary. The operating microscope
may be registered as a navigational tool, but often it is more convenient to
use a wand with IRLEDs. Hardware and software tools for needle biopsy
and functional targeting are available. Details are beyond the scope of this
chapter but are based on the concepts and techniques of registration de-

Copyright 2003 by Marcel Dekker, Inc. All Rights Reserved.



scribed above. Figures 2 and 3 show images from the StealthStation in use
for transsphenoidal surgery. Images in Figure 2 were created with the Cranial
program�, while Figure 3 shows the use of the Landmarx ENT� package,
which demonstrates the versatility of the StealthStation.

3 DISCUSSION

At the New Jersey Medical School we have used the StealthStation for over
six years. At first, use of the StealthStation seemed like a cumbersome ad-
dition to the OR and added at least two hours to any procedure. With further
experience the system became a completely routine part of surgery and its
use is transparent to OR and radiology staff. All of the neurosurgeons in our
group are comfortable with its use. Concerns have been raised that residents
will come to rely on this technology to the abandonment of fundamental
surgical principles; the obvious answer to this issue is that such fears have
not prevented the incorporation of other advances such as CT and MRI scans
into neurosurgical education.

The versatility of the StealthStation is one of its most appealing fea-
tures. In this it is not unique but not all commercially available systems
share this feature. The choice of using active IRLED probes or the passive
probes with reflector spheres gives the surgeon yet another degree of free-
dom. Cost is comparable to other navigational devices.

Limitations of the StealthStation are to some extent generic for
IRLED-based surgical navigation (SN) systems. A line of sight between the
reference arc and the probes and the IR cameras is required. Downloading
data may not go as smoothly as hoped in all cases. Shifting of the patient’s
scalp by positioning changes, or scalp pressure from the probe, may lead to
registration inaccuracies. The biopsy arm is bulky and unwieldy, although a
new device—the Vertek biopsy guide— will be released by the vendor and
many of the ergonomic problems in the old arm should be solved. And of
course, as with all SN systems that rely on preoperative datasets, brain shift
will often render the intracranial registration inaccurate as surgery proceeds.

In May 2000 we began our experience with intraoperative imaging
when we were the first North American site to install a PoleStar N-10 in-
traoperative MR (iMRI) MRI unit. This system, with its integrated naviga-
tional tool, provides the advantages of navigation updated by intraoperative
images that eliminate concerns related to brain and lesion shift [4]. The
promise of combining the best features of the StealthStation with the
capabilities of the PoleStar N-10 is a new and exciting development, as
surely SN in the near future will require the incorporation of new images.
However, the utility of a stand-alone surgical navigation device without
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FIGURE 2 Screen images from transsphenoidal surgery for pituitary
macroadenoma. (A) CT navigation shows probe at border of sella (OR
view seen in lower right). (B) Probe points to basilar artery, just in back
of eroded sella turcica.
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FIGURE 3 Endoscopic transsphenoidal navigation for microprolactinoma
using the noninvasive Landmarx frame. (A) Setup and surgery. (B) Mon-
itor view with probe in tumor bed on reformatted MRI.
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iMRI or intraoperative CT will remain for patients undergoing a wide variety
of surgery.

4 CONCLUSION

Surgical navigation with the StealthStation has become a routine part of
many operating rooms. Little time is added to the procedure and, as with
other advances in neurosurgical technology, a great deal of guesswork is
eliminated in intracranial neurosurgery. The versatility of the StealthStation
is a great advantage and in a relatively short time it can become a workhorse
tool for any neurosurgeon. Even with the eventual incorporation of intra-
operative imaging as an OR routine, the StealthStation will still have its
place in the management of patients in whom intraoperative imaging is
superfluous and as a system for updated navigation with newly acquired
images.
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Stereotactic Radiosurgery: Indications
and General Technical Considerations
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1 INTRODUCTION

In 1951 Lars Leksell coined the term stereotactic radiosurgery (SRS) [1]. A
ceaseless innovator, his goal was to develop a method for ‘‘the non-invasive
destruction of intracranial . . . lesions that may be inaccessible or unsuitable
for open surgery’’ [2]. The first procedures were done using an orthovoltage
X-ray tube mounted on an early model of what is now known as the Leksell
stereotactic frame, for the treatment of several patients with trigeminal neu-
ralgia. After experimenting with particle beams and linear accelerators, Lek-
sell and his colleagues ultimately designed the gamma knife, containing 179
cobalt sources in a hemispheric array (Figure 1). The first unit was opera-
tional in 1968 [3].

At the same time, work was continuing elsewhere with focussed heavy
particle irradiation. Raymond Kjellberg spearheaded the use of proton beam
treatments at the Harvard/Massachusetts General Hospital facility. A series
of patients with arteriovenous malformations and pituitary tumors was
amassed. Similar efforts were carried out in California (with helium ions)
and Moscow [3]. Particle beams have the advantage of depositing their en-
ergy at a distinct point known as the Bragg peak, with minimal exit dose.
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FIGURE 1 Schematic view of gamma knife.

FIGURE 2 Spreading and shaping of particle beam for SRS with a particle beam
accelerator. (From Ref. 57 with permission of The McGraw-Hill Companies.)

In practice, the beams must be carefully shaped and spread in order to treat
patients with intracranial lesions (Figure 2). The expense of building and
maintaining a cyclotron has limited the use of heavy particle SRS to a few
centers. (From Ref. 57 with permission of The McGraw-Hill Companies.)
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FIGURE 3 Diagram of linear accelerator, showing axes of rotation of
couch and gantry. (From Ref. 57 with permission of The McGraw-Hill
Companies.)

Through the 1970s SRS was used to treat intracranial targets that could
be defined by plain X-rays or tomograms (e.g. acoustic neuromas arterio-
venous malformations (AVMs), or the gasserian ganglion). The advent of
computed tomography (CT) in the mid-70s opened up the possibility of
direct targeting of tumors and other ‘‘soft tissue’’ targets inside the skull. As
the potential horizons of SRS broadened other investigators were able to
adapt linear accelerators (linacs) for SRS (Figure 3). These devices were
more available (and less expensive) than gamma knives or heavy particle
accelerators [4–7]. As clinical experience increased, publications appeared,
indications broadened, and vendors became increasingly interested. A debate
emerged regarding the merits of the gamma knife versus linac based SRS.
Clinical and physics studies seemed to have settled the issue that SRS could
be delivered effectively and accurately with either method [8–10].
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Currently, SRS is a routine part of neurosurgical practice, and should
be part of resident education. Below is an overview of the current indications
and technical considerations for SRS.

2 TECHNICAL CONSIDERATIONS

2.1 The Treatment Team

SRS, however it is delivered and planned, has a final common pathway—
the delivery of ionizing radiation to a well-defined, relatively small volume.
Many factors go into the safe and effective use of this technique, not the
least of which is a multidisciplinary team. Besides the neurosurgeon, the
active involvement of a medical physicist is required. This is the only person
with the expertise to translate the virtual computer based SRS plan into the
physical reality of irradiation. Quality assurance (QA) of the SRS device
must also be maintained by the physicist; otherwise the plans will not match
the actual treatment.

In the U.S. only radiation oncologists are permitted to sign off on a
plan of therapeutic irradiation. However, the oncologist has much more to
offer than a clerical role. Many patients undergoing SRS may have received
fractionated radiation therapy in the past, or may need it in the future. They
may have types of cancers that neurosurgeons have little experience with.
Furthermore, radiation oncologists view SRS as a form of focussed radiation
therapy as opposed to a form of ‘‘minimally invasive neurosurgery.’’ Radi-
ation oncologists can bring 100 years of radiation therapy experience to SRS
planning and treatment.

Other staff members are of critical importance in the performance of
SRS. A dedicated nurse, most often from the radiation oncology side, will
ensure that equipment and any needed medication is prepared. He or she
will sheperd the patient through the day, ensuring that discomfort is ad-
dressed as needed. Dosimetrists’, an invaluable help, may be actively in-
volved in treatment planning in a busy department where the physicists must
attend to other duties. The radiation therapists must be familiar with the
treatment equipment and understand the QA needs of the device. Their pro-
fessionalism is crucial in ensuring a smooth experience for the patient.

2.2 Imaging

SRS is based on imaging. The radiation must be aimed at a specific target
seen on CT and/or MRI. Some commercially available devices (e.g. Ra-
dionics X-Knife�) require the use of CT scanning even if other images are
used. This is due to the presumed greater stereotactic accuracy of CT scan-
ning [11]; however, other authors have demonstrated that MRI can be an
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accurate tool for radiosurgical targeting and use this method exclusively
[12]. A stereotactic phantom should be scanned and the accuracy of the CT
and MRI units verified. MRI is needed to adequately target lesions at the
skull base and in the posterior fossa. Coronal MRI is of particular value to
image the cerebral convexity and the optic chiasm.

Image fusion, available with most commercial systems, permits the
registration of CT and MRI scans. Thus, patients can undergo MRI scanning
in advance, limiting the length of time needed for scanning on the day of
the procedure, and making it easier to schedule the SRS. If a question re-
mains regarding the spatial accuracy of stereotactic MRI, image fusion can
combine the reliability of CT with the improved anatomical resolution of
MRI [13]. Any other digital image set can be incorporated, such as positron
emission tomography (PET) or functional MRI [14]. AVMs are often best
seen on contrast-enhanced CT [15]. For some patients catheter angiography
is still necessary for AVM visualization. In these cases digital angiography
can be used, but software to correct the spatial distortion inherent in digital
X-rays must be installed and verified for accuracy.

2.3 Treatment

Patients arrive the morning of treatment, and in most institutions will be
discharged at the end of the day. Oral sedation is administered (for instance
Valium 5 mg) and an intravenous angiocath inserted for contrast injection.
The stereotactic frame is then applied (unless treatment is planned with the
CyberKnife�; see Chapter 21). This placement must ensure that 1) the treat-
ment volume is above the base ring of the frame; 2) as much of the cranium
as possible is included within the bounds of the localizer, so that dosimetry
will be accurate; 3) there will be no obstruction to securing the frame to the
scanning and treatment couches, especially in the back of the head; 4) the
patient can eat and drink after the scan; 5) there is no scalp pressure from
any part of the apparatus. Symmetrical placement is ideal, but not essential.

Scanning is performed with CT and/or MRI. Attaching the frame to
the scan table prevents patient movement and ensures that the image will
be in an orthogonal plane. Contrast should be injected if this will help vi-
sualize the target. Scan slice thickness should be 3 mm and the field of view
adequate to encompass the localizer rods or panels. After the scan is done
the patient waits, preferably in a comfortable private area until treatment.

2.4 Treatment Planning

The stereotactic scan is transferred electronically to the SRS planning com-
puter. Image fusion is done if necessary, and the visual fit between scans is
confirmed in 3 planes. Each slice is checked. If the software requires, or
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allows for 3-dimensional contouring of anatomical structures, these virtual
models are used only to begin the planning—in the end the plan must be
based on the 2-dimensional CT and/or MR images themselves.

The two main technical goals of SRS planning are to achieve confor-
mality and a steep dose gradient. Conformality means that the prescription
dose of radiation will match the borders of the target as closely as possible,
so that the target/volume ratio (TVR) is as close to 1:1 as possible. This
number should be less than 2 and certainly not more than 3. Of course, if
it is less than 1 the target will be undertreated. A steep dose gradient means
that the falloff of radiation outside the target will be rapid. Thus, the volume
of brain receiving lower (but still significant) amounts of radiation will be
as small as possible. A steep dose gradient will also protect critical structures,
e.g. the optic chiasm, allowing for SRS use to treat lesions as close as 3
mm from the chiasm. Since more radiation falloff is inevitable, this can also
be aimed as needed in a safer direction. For example, in patients with acous-
tic neuromas, it is preferable to place additional doses in the temporal bone
rather than the brainstem by orienting beams in a craniocaudal fashion [16].

If SRS is administered using circular collimators (as with the Gamma
Knife� and ‘‘conventional’’ linac systems), a collimator large enough to
encompass the treatment volume should be chosen. As the Gamma Knife�
has a maximum collimator size of 18 mm, often this will not be possible,
in which case multiple treatment ‘‘shots’’ will be employed to fashion an
ideal plan (Chapter 16). The maximum linac collimator size should be 40
mm, beyond which the volume treated will likely be too large for SRS.
Rarely will a purely spherical treatment plan suffice, and even if a single
linac collimator can be used for treatment, the beams must be angled,
trimmed, or weighted in such a way as to conform to the target shape as
much as possible [15]. Devices that use inverse planning such as the Peacock
system (Chapter 20) or the CyberKnife� are not limited by collimator size
or shape; their quality assurance may be more complicated.

When the appearance of the treatment plan is satisfactory, as confirmed
in 3 planes and multiple slices of the 2-dimensional images, the prescription
dose is chosen. Here the goals are to deliver a dose that is safe and effective.
In general, complications of SRS are directly related to increasing dose,
volume, and target location, with volume the factor best understood [17,18].
Other factors, such as prior or anticipated fractionated radiation therapy,
should be considered as well.

Practically speaking, balancing safety and efficacy means that treat-
ment doses will lie somewhere between 10 Gy and 20 Gy for patients with
tumors; occasionally a higher dose can be aimed at a small metastasis. Func-
tional radiosurgical treatments will require a higher dose (such as maximum
of 70 Gy for patients with trigeminal neuralgia); the very small target volume
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permits this to be done safely [19]. The difference between prescription and
maximum doses must be kept in mind. The use of multiple collimators with
overlapping treatment spheres may result in a maximum dose much higher
than the prescription dose, depending on the SRS system being used. It must
be ascertained that any major areas of overlap remain within the target vol-
ume. Coordination with the medical physicist is crucial to ensure that the
translation from relative isodose shells, rendered in percentages of the max-
imum dose, and the actual, absolute dose in Gy is accurate. For patients
with malignant disease in whom other radiation is needed, input from the
radiation oncologist should be especially welcome.

2.5 Treatment

When it is time to turn the virtual treatment plan on the computer screen
into a physical reality of delivered radiation, the strictest QA measures must
be followed. The isocentric accuracy of any SRS system must be absolutely
ensured—otherwise the high dose of radiation will go somewhere other than
planned. Double and triple checking of stereotactic settings by multiple per-
sonnel is desirable. The physicist is responsible for verifying that the dose
output of the treatment device is predicted.

The patient should lie as comfortably as possible for the treatment to
avoid attempted head movement. Head fixation with the stereotactic frame
(or with the mask in case of the CyberKnife�) is mandatory. After comple-
tion of the treatment and removal of the head ring, the patient may be
discharged. Clinical and imaging followup will depend on the patient’s status
and the lesion treated. In general, patients with malignant disease will be
seen sooner and imaged more often than those with benign tumors, AVMs,
or with ‘‘functional’’ disorders.

3 INDICATIONS FOR SRS

SRS has evolved from an esoteric treatment to an option that should be
offered to many patients with intracranial lesions. The older or more med-
ically fragile the patient, the smaller the target. The more hazardous the
surgical option, the more SRS should be offered as an alternative to surgery,
or as the primary treatment. Radiobiology suggests that there is a particular
advantage for single-session irradiation of benign tissues [20]. Thus, certain
patients with AVMs, acoustic neuromas, and small cavernous sinus menin-
giomas are ideal candidates for primary SRS. Ample clinical evidence exists
that SRS is an effective treatment for such lesions, with a morbidity rate
less than surgery. The question is where to draw the line—e.g., should all
patients with acoustic neuromas be offered SRS, or should this be reserved
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only for those considered elderly or medically infirm? Thus, the debate is
not whether SRS is an effective treatment, but rather which patients are
candidates for treatment.

At this time, patient choice is considered as valid an indication as any
medical reason for SRS. However, it is up to the neurosurgeon to understand
when SRS is a reasonable choice before presenting it to the patient as an
option. For this reason some training in SRS and an understanding of the
underlying physics and radiobiology are essential; guidelines for this have
been published as a consensus statement by leading neurosurgeons, radiation
oncologists, and physicists [21].

Increasing experience and documentation of its efficacy has fueled the
expansion of indications for SRS. In truth the increase in SRS centers and
practitioners may have played a role as well. There are more patients with
malignant intracranial tumors than with benign lesions. There is evidence
that SRS increases survival with maintained quality of life for patients with
high grade gliomas, but this is an incremental improvement at best [22]. For
a patient in good clinical shape with a ‘‘recurrent’’ glioma that is small
enough to be targeted effectively and safely, SRS is a reasonable option. On
the other hand, patients with metastatic tumors, especially single ones, may
be better served by SRS compared to surgery. Tumors that are resistant to
fractionated RT (e.g. melanoma) may be controlled with SRS [23].

The role of SRS in functional neurosurgery is being explored. For
patients with trigeminal neuralgia, a condition where the target can be de-
fined with great precision on MRI, SRS seems to be an effective option. For
alleviation of pain or movement disorders, more uncertainty exists. Some
encouraging reports have been published [24,25]. However, direct physio-
logical target confirmation is lacking in SRS. For targets whose exact lo-
cation may not be predictable with anatomic imaging alone (e.g. the Vim
nucleus of the thalamus)—or more precisely, when effective lesion place-
ment depends on physiological feedback—the best technique and indication
for SRS remains to be determined.

The indications and technique of SRS with different tools and for dif-
ferent indications are discussed in detail in the chapters that follow.

4 CONCLUSION

SRS is an accepted and even ubiquitous part of contemporary neurosurgical
practice. For the appropriate patients and in the proper hands, it provides
minimally invasive, safe, and effective treatment. Neurosurgeons performing
SRS should have the necessary skills and understanding of the basic prin-
ciples underlying SRS, and be involved in every step of the procedure. With
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judicious use, SRS will remain an excellent primary and adjuvant treatment
modality for many of our patients in neurosurgery.
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1 INTRODUCTION

The use of stereotactic radiosurgery (SRS) to treat patients with benign tu-
mors is still debatable. However, a consensus exists in favor of SRS for
patients with high surgical and anesthesiological risk, patients of advanced
age, and those who refuse open surgery for other reasons. Benign tumors in
eloquent areas pose considerable surgical risks. Unrelated to a specific di-
agnosis, there are several important factors concerning patient assessment
and SRS that should be taken into consideration before treatment. In all
cases of radiosurgically treated tumors, the histological nature of the process
should be evaluated. Variations of radiosensitivity of tumors and radiation
tolerances of different structures within and outside the normal brain, mostly
important for dose planning in different tumor locations, have to be taken
into consideration. The volume of the tumor itself and the influence on the
normal brain tissue around are important factors. The patient must be aware
that the primary aim of treatment is to control the lesion and must be in-
formed about possible risks of SRS. For example, SRS is strictly contrain-
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FIGURE 1 A 64-year-old female with recurrent sellar meningioma after
open surgery 11 years before. Acute visual field defects within 6 weeks
will not allow radiosurgery. Note the compression of the chiasm.

dicated in patients with compression of the optic apparatus (Fig. 1), or with
signs of acute brainstem compression from cystic tumors.

All these factors should be borne in mind before using SRS to treat
benign tumors, including meningiomas, acoustic or trigeminal schwanno-
mas, benign tumors of the pituitary region, small, well-delineated, low-grade
gliomas, hemangioblastomas, and glomus jugulare tumors.

1.1 Meningiomas

Patients with residual or recurrent meningiomas are often ideal candidates
for radiosurgery especially those with skull base meningiomas in the para-
sellar region. For instance, many neurosurgeons still advocate extensive dis-
section for aggressive removal of cavernous sinus meningiomas (CSM),
yielding ‘‘acceptable levels’’ of morbidity and mortality [1–5]. With open
surgery, new neuropathies are reported in 18% to 43% of patients [4,6], and
extensive resection of the cavernous sinus region carries a risk of permanent
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FIGURE 2 A, Gradual shrinkage of a parasellar meningioma of a 69-year-
old female patient with VIth nerve palsy before treatment with 12 Gy at
the 30% isodose volume. Shrinkage with radionecrosis occurred after
slight enlargement 9 months after radiosurgery.

ocular palsy of about 20% [7]. The patient should be informed about these
risks and the alternative of SRS.

Our own series of SRS for patients with CSM found no further cranial
nerve deficit after treatment [8,9]; a report by Duma noted 6% transient
deficits [10]. Although it is, of course, almost mandatory to have histological
proof of the nature of a lesion to be treated by SRS, as computed tomography
(CT) or magnetic resonance imaging (MR) may be misleading [11], such
proof should not be obtained if this involves an unacceptable risk to the
patient. This holds mainly for elderly or clinically disabled patients who
are precluded from an open microsurgical approach. Figure 2A,B presents
a case of a 69-year-old patient who refused open surgery despite VIth nerve
palsy.

The radiosurgical prescription dose commonly used for meningiomas
varies between 12 and 16 Gy. Decreasing the tumor dose to less than 12 Gy
may defeat the therapeutical purpose of the radiosurgical procedure [12].
Therefore, patients in whom the optic nerves, chiasm, or tract are stretched,
distorted, or displaced over the entire tumor surface should be excluded from
SRS, as safe and effective doses cannot be delivered simultaneously by a
single fraction dose plan under those circumstances [13]. Nevertheless, if
surgery is required for visual pathway decompression or some other reason,
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FIGURE 2 B, Magnetic resonance imaging control of patient in Figure 2A,
7 years after radiosurgery with a small cyst-like parasellar scar formation
unchanged for 3 years.

the option of SRS means that the surgeon may be less aggressive when
dissecting in the region of the optic apparatus or circle of Willis, leaving
residual tumor for treatment with adjuvant SRS. Moreover there is evidence
that SRS may control, even reduce, tumor size in meningiomas also with
suboptimal doses less than 10 Gy, suggesting a further option in selected
cases [14].

As some of the basal meningiomas are residual or recurrent tumors of
considerable size and the growth rate is rather low, even these large volumes
can be managed by SRS as a staged procedure separated by 6 months. By
this method, the complications that are expected in treatment volumes of
more than 3 cm in diameter will be minimized, if present at all—an option
that includes all other benign tumors as well.

For patients with hemispheric meningiomas, the indication for SRS
should be limited, as they have a greater risk of edema after treatment com-
pared with those with basal meningiomas [15–17]. In these patients, the
minimal risk of open surgery should be taken into consideration as well.
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FIGURE 3 A, A 68-year-old woman with a 1.5 � 1.0-cm large acoustic
schwannoma. Stereotactic radiosurgery with 12 Gy peripheral dose to
the 50% isodose volume was applied. B, No visible tumor 2.5 years after
radiosurgery. Useful hearing as before radiosurgery was preserved with
no further neurological deficit.

1.2 Acoustic Schwannomas

The typical imaging appearance of these tumors, along with the history of
signs and symptoms, allows for their reliable diagnosis without biopsy. In
dose planning for patients with these tumors, one must bear in mind the
proximity of the facial and trigeminal nerves to the tumor surface, mandating
a steep dose gradient of the marginal dose. Therefore, multiple small shots
should be applied. The marginal dose itself should be 15 Gy in very small,
12 Gy in medium-sized, and 10 Gy in large tumors, especially if hearing
can be preserved [18]. The growth of acoustic schwannomas can be con-
trolled by SRS in 95% of patients with tumors with diameters up to 3 cm
[18,19]. Figure 3 shows a 68-year-old woman with a medium-sized acoustic
schwannoma in whom no visible tumor could be detected 2.5 years after
SRS. Useful hearing was preserved.

The incidence of transitory facial and trigeminal nerve dysfunction
after SRS is currently less than 2%, which is superior to the results of
microsurgery [20]. After microsurgery, permanent trigeminal symptoms may
occur in 11% of patients, and the incidence of persistent facial nerve paresis
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FIGURE 4 A, A 16-year-old female patient with NF2 tumors. Radiosurgical
dose plan on the left neurofibroma: 10 Gy peripheral dose to 50% iso-
dose volume. B, One year after stereotactic radiosurgery and microsur-
gical partial resection of the right neurofibroma showing central radi-
onecrosis on the left side.

varies between 0 and 35% correlating with tumor size [21,22]. Transitory
hemifacial spasm, subsiding spontaneously, might occur as a side effect after
SRS [18].

Rates of useful hearing preservation in the immediate postoperative
period (defined as Gardner and Robertson classes I and II) are reported to
be 100%, but decline to 62% to 70% after at least 2 years of follow-up.
Similar rates of hearing preservation are reported only for selected small
volume schwannomas after microsurgery [19,23,24].

Patients with neurofibromatosis type 2 (NF2) who still have useful
hearing on both or either sides may be offered SRS as the optimal alternative
to open surgery. Long-term follow-up of these patients has demonstrated
that hearing loss may not be inevitable [24]. This is illustrated by our case
of a 16-year-old female with large NF2 tumors. Because on the left side
useful hearing was still preserved, SRS was applied on this side, followed
by microsurgery with only partial resection to exclude any risk on the right
side. Useful hearing could be preserved along with intact facial nerves on
both sides (Fig. 4). In general, risk factors involving radiosurgical injury to
cranial nerves increase with the irradiated length of the nerve, high total

Copyright 2003 by Marcel Dekker, Inc. All Rights Reserved.



peripheral dose, and decreased conformality of the prescription isodose shell.
This is especially the case in patients with intracanalicular tumors, in whom
the use of multiple shots and relatively low marginal dose radiosurgical
planning (on the order of 12 Gy) is mandatory [25,26].

Hydrocephalus induced by tumor compression may necessitate place-
ment of a shunt before radiosurgery. Patients with large intracranial acoustic
schwannomas who are not candidates for primary SRS because of brainstem
compression should undergo tumor resection before SRS. In cases of cystic
schwannomas, one should apply radiosurgery with caution, as the chance of
increasing the cyst volume after radiosurgery is high. This can result in acute
symptoms of brainstem compression, and open surgery for decompression
might be needed as an emergency [27]. Cyst formation may also develop
after SRS of larger acoustic schwannomas [28]. It may be appropriate to be
cautious in advising radiosurgery for any intracranial tumor with a major
cystic component [29].

Overall, however, the inevitable risks of open surgery—cerebrospinal
fluid (CSF) leak, intracranial infection, and intraoperative and postoperative
hemorrhage—can be avoided by SRS. Radiosurgery is also useful for treat-
ment of recurrent tumors after microsurgery. The problems in performing
microsurgery after SRS are sometimes discussed [22–30], although this has
not been our observation.

1.3 Tumors of the Pituitary Region

Using SRS to treat patients with pituitary tumors is a challenging task. There
is a risk of radiation damage to optic nerves, optic chiasm, or the hypo-
thalamus, especially with larger tumors. The possibility of control of tumor
growth and pituitary endocrinopathy without producing pituitary failure is a
relatively new but promising aspect of radiosurgery [31].

Although SRS is not the preferred primary treatment for patients with
hormonally active tumors, it has a role to play as an adjunct to treatment
after failed microsurgery. Tumors may invade the cavernous sinus relatively
far away from the optic apparatus. This makes a surgically awkward location
a reasonable and safe indication for SRS. The carotid artery and nerves in
the wall of the cavernous sinus tolerate those radiosurgical doses that are
effective for controlling tumor growth. Residual tumors in this region can
be controlled very reasonably by SRS [32–34]. Figure 5 presents a case of
a 37-year-old man with a large recurrent prolactinoma after transsphenoidal
surgery. After 3 years, no evidence of tumor was apparent, and his prolactin
level was normal.

There is now evidence that a marginal dose of at least 25 Gy may
normalize elevated hormone levels relatively soon after SRS [35–37]. Nev-
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FIGURE 5 A, Large tumor mass of a prolactinoma with 45.2 cc volume.
Dose plan with 10 Gy. B, Magnetic resonance imaging follow-up 3 years
after stereotactic radiosurgery. No further evidence of vital tumor struc-
tures in the sellar region in accordance with the endocrinological
situation.

ertheless, special heed must be taken of sparing critical structures from ex-
cessive radiation. Therefore, the radiosurgical dose plan has to be created
with exact visualization of tumor, in relation to the normal pituitary gland,
optic pathways, the cavernous sinus, and of the isodose lines and corre-
sponding doses tangent to these critical structures. Doses up to 10 Gy to the
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optic apparatus are reported to be acceptable [32], but to avoid optic neu-
ropathy, we recommend limiting this dose to no more than 8 Gy. If the
chiasm is stretched over the tumor edge and subject to compression, primary
microneurosurgery has to be performed for decompression; this can be fol-
lowed by adjuvant radiosurgery. Patients should be followed up after SRS
for at least 5 years to assess the effects on the endocrinopathy, to exclude
pituitary failure, and to check visual function.

The tumor control rate for patients undergoing SRS for inactive and
hormone-active pituitary adenomas (with peripheral doses ranging from 10
to 22 Gy) is as high as 98.3% [35,38–41]. The incidence of pituitary
dysfunction ranges from 15% to 55% [36,42–44]. In 11% of 73 cases,
improvement of pituitary function is reported [38]. Moreover, with so-
phisticated doses that deliver less than 9 Gy to the optic apparatus, patients
will avoid radiation-induced visual damage [38]. The endocrinological cure
rate in patients with hormonally active adenomas may be up to 57%
[36,38].

1.4 Craniopharyngiomas

For selected patients, in whom microsurgery may not be appropriate, SRS
may be a viable option [45,46]. In those with cystic craniopharyngiomas,
intracystic bleomycin, initially described by Takahashi in 1985 [47], has
proved effective in preparing these tumors for radiosurgery after shrinkage.
With SRS, the radiation field can be closely tailored to the tumor volume,
keeping the radiation dose to the surrounding hypothalamic region and op-
tical structures to a minimum. After bleomycin instillation, radiosurgery may
achieve volume reductions of the residual tumors in 74% of patients [48,49].
The prescription dose should be kept within 12 to 18 Gy. In these reports,
SRS resulted in no mortality and no significant morbidity. Figure 6 shows
a cystic craniopharyngeoma, which had been stereotactically punctured and
treated by instillation of bleomycin into the evacuated cyst. Shrinkage of the
craniopharyngioma could be observed 3 months later and SRS was then
applied. Four years later, only a small area of tumor tissue in front of the
chiasm could be noted, which is stable in size up to now. Vision has re-
mained normal since before evacuation.

1.5 Glomus Jugulare Tumors

With rare exceptions, glomus jugulare tumors are histologically benign, non-
secreting paragangliomas. They have a well-known predilection for local
invasion of the surrounding structures, such as the middle ear, jugular vein,
clivus, internal carotid artery, cavernous sinus and cranial nerves [50]. De-
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FIGURE 6 A, Craniopharyngioma cyst of 3.5-cm diameter, bulging into
the third ventricle. Calcified nodule at the base of the tumor cyst. B, Dose
planning for stereotactic radiosurgery of the remaining small volume of
the craniopharyngioma after bleomycin treatment to the evacuated cyst
with 9 Gy to the 50% isodose volume. C, Control magnetic resonance
imaging 4 years after stereotactic radiosurgery with residual calcified
small tumor nodule near the chiasm.
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spite advances in neuroimaging and microsurgical techniques, some of these
lesions defy radical resection because of their critical location. If complete
excision is inadvisable owing to concerns of postoperative morbidity, the
residual glomus tumor should be treated by SRS. The optimal dose for these
tumors has not yet been established. Nevertheless, we recommend using a
prescription dose above 18 Gy to achieve tumor control. This dose should
be delivered while minimizing the amount of radiation received by the brain-
stem [51,52]. With this strategy in mind, no complications are reported to
occur after SRS of glomus juglare tumors [52].

1.6 Miscellaneous Lesions

Stereotactic radiosurgery has become a well-accepted adjuvant or even pri-
mary treatment option to reduce risk and to improve outcome for patients
with midline lesions located within the thalamus, hypothalamus, pineal re-
gion, and even brainstem. In midline tumors, especially in the brainstem,
the marginal dose should not exceed 14 Gy [53]. Low-dose radiosurgery to
critically located hamartomas of the hypothalamus may be effective for tu-
mor arrest and suppression of epileptic activity [54]. In general, SRS may
be used in lesional epilepsy by incorporating epileptogenic areas outside the
tumor into the dose plan [55,56].
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1 INTRODUCTION

Stereotactic radiosurgery for the treatment of primary malignant gliomas is
counterintuitive. Radiosurgery provides a high dose of ionizing radiation to
a small, well-defined volume of tissue, whereas gliomas tend to be large,
diffuse, and infiltrating. Nevertheless, standard therapeutic approaches in the
management of gliomas yield discouraging results, with the majority of pa-
tients diagnosed with glioblastoma multiforme (GBM) suffering local re-
currence and dying within a year of diagnosis, and with survival beyond 2
years being rare. Nearly 80% of GBM recurrences occur within 2 cm of the
primary site after conventional therapies [1]. In this context, either by re-
tarding or preventing recurrence, dose escalation in areas with greatest tumor
cell density may offer significant benefit for the individual patient while
sparing normal functioning brain tissue lying on the periphery.

2 MANAGEMENT OF PRIMARY GLIOMAS USING

STEREOTACTIC RADIATION

Clinical experiences with focal boost techniques include trials of brachy-
therapy, stereotactic radiosurgery, and fractionated proton radiotherapy, each
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designed to escalate dose to well-defined volumes within the target tumor
tissue. Major series are summarized in Table 1.

2.1 Stereotactic Brachytherapy

During the 1980s, stereotactic brachytherapy yielded encouraging results as
a treatment for selected patients with recurrent disease. These results led to
the use of iodine-125 (I-125) brachytherapy as boost technique for primary
glioblastoma, with early results suggesting a substantial increase in survival
when compared with historical controls [2]. Larger series also demonstrated
encouraging results, with patients receiving additional median boost doses
between 50 and 60 Gy after surgical biopsy or resection and external beam
irradiation of 60 Gy in 30 to 33 fractions (Table 1).

A large series from the University of California at San Francisco
(UCSF) demonstrated a 3-year survival rate of 22% within median survival
of 20 months for 106 patients with primary glioblastoma [3]. A subgroup of
these patients was enrolled in the Northern California Oncology Group
(NCOG) Study 6G-82-2. These patients received hydroxyurea during the
external beam irradiation, and thereafter, adjuvant procarbazine, lomustine
(CCNU), and vincristine chemotherapy (PCV) for 1 year [4]. Although 30
of the 64 GBM patients on this trial were excluded from receiving brachy-
therapy, mostly because of intercurrent death or tumor progression, for all
enrolled patients the median survival was 67 weeks, with nine patients alive
after 2 years’ follow-up, and three alive after 3 years. Among the 34 GBM
patients who did receive brachytherapy, the median survival was 88 weeks.

Similarly, at the Joint Center for Radiation Therapy, 56 patients were
treated with surgery, limited field external beam radiotherapy to 60 Gy, and
brachytherapy for an additional 50 Gy. These were compared to a set of 40
historical controls with similar clinical and radiologic characteristics [5].
Median survival for the brachytherapy group was 18 months, compared with
11 months for the historical control group.

One randomized trial addressed the value of I-125 brachytherapy as a
boost for treatment for high-grade glioma. The Brain Tumor Cooperative
Group Trial 87-01, published in abstract form, demonstrated an improvement
in median survival for eligible patients who underwent stereotactic implant
boost [6]. More than 250 patients (87% with the diagnosis of GBM) were
randomized to receive 60 Gy brachytherapy or to be observed, after external
beam irradiation and carmustine chemotherapy (BCNU). The median sur-
vival for those randomized to receive I-125 brachytherapy was 16 months
versus 13 months for the control group, with the reoperation rates similar
for the two groups (50% and 42%, respectively).
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TABLE 1 Stereotactic Radiation Boost for Primary Glioblastoma Multiforme

Institution

Median
minimum

boost

Diameter
size limit

(cm)

Median
boost

volume
(cm3)

Patient
number

Median
survival

(months)

Survival
at 2 years

(%)
Reoperation

rate (%)

Brachytherapy
UCSF (3) 52.9 Gy < 6 cm N/S 106 20 39% 38%
JCRT (5) 50.0 Gy � 5 cm 22 cm3 56 18 34% 64%
BTCG (6) 60.0 Gy N/S N/S 125 16 N/S 50%

Sterotactic radiosurgery
JCRT, Wisconsin, and

Florida (14)
12.0 Gy � 4 cm 10.0 cm3 96 21 38% 29%

Pittsburgh (15) 15.5 Gy < 3.5 cm 6.5 cm3 45 20 41% 19%
Harvard (16) 12 Gy � 4 cm 9.4 cm3 78 20 36% 50%

Fractionated proton radio-
therapy (10 fractions/
week for 5 weeks)

MGH-HCL (19) 33.5 CGE (total
dose 93.5 CGE)

� 5 cm 36 cm3 23 20 34% 57%

N/S, not stated.
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2.2 Stereotactic Radiosurgery

The encouraging results of stereotactic brachytherapy, which enabled the
escalation of radiation dose within a well-defined volume beyond the ca-
pabilities of conventional external-beam techniques, led to several centers
applying techniques of stereotactic radiosurgery (SRS) to the management
of patients presenting with GBM tumors. Stereotactic radiosurgery provided
another radiation therapy technique for marked dose escalation while avoid-
ing some of the potential risks of the brachytherapy implant procedure in
patients with serious coexisting morbidities or tumors located in relatively
inaccessible or eloquent regions of the brain. This early experience with
SRS for GBM tumors suggested benefits comparable to those seen with
stereotactic brachytherapy, with several GBM patients surviving beyond 2
years at rates higher than what would be expected for conventional therapies
[7–9]. However, other data suggested the observed survival benefit accruing
from SRS for glioma patients might be ascribable to selection factors, par-
ticularly a smaller total target volume for the SRS boost, rather than to
improved outcomes after radiosurgery [10–12].

In the early 1990s, recursive partitioning analysis of several Radiation
Therapy Oncology Group (RTOG) studies yielded detailed information
about selection factors that influenced the prognosis for glioma patients (Ta-
ble 2) [13]. Given the importance of these selection factors in the survival
of conventionally treated patients—including age, performance status, and
extent of resection—subsequent studies of the efficacy of SRS boost treat-
ments controlled for these prognostic factors (Table 3) [14–16].

Using the RTOG analysis, one series from the Joint Center for Radi-
ation Therapy (JCRT), the University of Wisconsin, and the University of
Florida examined a combined group of 96 patients with GBM, along with
an additional 19 patients with anaplastic astrocytoma, partitioned into prog-
nostic classes III through VI [14]. As shown in Table 3, the relative risk of
death for SRS-treated patients was about half that of the RTOG patients, for
prognostic groups III through V.

Similarly, 65 patients at the University of Pittsburgh underwent SRS
as part of their initial management plans for histologically proven anaplastic
astrocytoma or glioblastoma [15]. The patients who were included had a
contrast-enhancing tumor diameter size (the disease targeted for SRS boost)
that was limited to less than 3.5 cm, although the study did include tumors
in sensitive locations such as the diencephalon and brainstem. Like the
JCRT/Wisconsin/Florida study, for patients with RTOG groups III, IV, and
V, SRS yielded about a doubling of the survival rate at 2 years (Table 3).
Although neither RTOG class nor extent of resection appeared predictive in
this study, multivariate analysis did show age, Karnofsky score of 70 or
higher, and histology to be important predictors of survival.
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TABLE 2 RTOG Definitions of Prognostic Classes for Malignant Glioma Patients with Estimated Survival Rates
Using Standard Therapies (13)

Prognostic
class GBM patients Anaplastic astrocytoma patients

Survival at
two years

I N/A Age < 50; normal mental status 76%
II N/A Age � 50; KPS � 70; more than 3 months

of symptoms
68%

III Age < 50; KPS � 90 Age < 50; abnormal mental status 35%
IV Age < 50; KPS < 90

—or—
Age � 50; KPS � 70; at least partial

surgical resection; able to work

Age � 50; KPS � 70; no more than 3
months of symptoms

15%

V Age � 50; along with:
KPS < 70; normal mental status
—or—
KPS � 70; at least partial surgical

resection; not able to work
—or—
KPS � 70; biopsy only and dose

> 54.4 Gy

Age � 50; KPS < 70; normal mental
status

6%

VI Age � 50; along with:
KPS < 70; abnormal mental

status
—or—
KPS � 70; biopsy only and dose

� 54.4 Gy

Age � 50; KPS < 70; abnormal mental
status

4%

RTOG, Radiation Therapy Oncology Group; KPS, Karnovsky Performance Status; GBM, glioblastoma multiforme.
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TABLE 3 Comparison of 2-Year Survival Rates (%), Stratified by RTOG-Defined Risk Groups: III, IV, V, and VI

Series stratified by risk group III IV V VI

Historical controls—RTOG standard risk
groups (13)

35% (175) 15% (457) 6% (395) 4% (263)

SRS—combined experience of Wisconsin,
JCRT, and Gainesville (14)

75% (24) 34% (35) 21% (43) (3 pts included
in class V)

SRS—Univ. of Pittsburgh (15) 73% (13) 24% (11) 26% (24) 0% (2)

SRS—JCRT (16) 58% (27) 23% (29) 23% (22) N/A

Fractionated treatment—MGH-HCL (19) 57% (7) 43% (7) 22% (9) N/A

Numbers of patients in each group at time of diagnosis are shown in parentheses. RTOG, Radiation Therapy Oncology Group;
SRS, Stereostatic Radiotherapy; JCRT, Joint Center for Radiation Therapy; MGH-HCL, Massachusetts General Hospital–Har-
vard Cyclotron Laboratory.
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Shrieve and coworkers found similar results for 78 patients with GBM
tumors treated with SRS boost after attempted surgical resection and stan-
dard postoperative radiation therapy [16]. Patients were eligible for SRS
treatment if tumors measured no more than 4 cm in diameter with contrast
enhancement, excluding edema. Seven patients showed no enhancing tumor
on the postoperative imaging studies, in which cases the surgical cavity was
treated with a 5-mm margin. Again, similar to the results from Pittsburgh,
SRS showed a substantial improvement in 2-year survival rates, when com-
pared with the RTOG historical control groups (Table 3).

2.3 Fractionated Stereotactic Radiotherapy

Although several studies have investigated alternative fractionation schemes
as attempts to achieve radiobiological advantages with high doses in the
treatment of glial neoplasms [17,18], only one study has investigated the
use of fractionated radiotherapy to boost gliomas beyond more conventional
dose levels to the higher levels that may be biologically comparable to
stereotactic radiosurgery or brachytherapy. A phase I/II protocol at the Mas-
sachusetts General Hospital (MGH) studied 23 GBM patients treated with
a mixture of photons and protons to doses above 90 cobalt gray equivalents
(CGE), treating two fractions a day with a minimum 6-hour interfraction
interval, for a total of 5 weeks [19]. Conventional volumes received a me-
dian dose of 64.8 CGE, and volumes considered at highest risk for harboring
residual disease were boosted to a median total dose of 93.5 CGE. Although
10 patients showed no residual gadolinium enhancement after resection and
another eight had residual enhancing volumes ranging from 0.1 to 1.0 cm3,
across all patients the median volume receiving the high-dose boost was 36
cm3. This high-dose boost volume encompassed the remaining surgical cav-
ity on the earliest postoperative imaging study, as well as any remaining
gadolinium-enhancing tissue.

Stratifying by RTOG prognostic group, the results of this study were
roughly comparable to the various SRS series (Table 3). The reoperation
rate, however, was relatively high (13/23 = 57%). Of these 13 patients five
underwent biopsies subsequent to radiation therapy, five underwent one re-
section, whereas three underwent multiple resections. Among the 15 patients
with pathological material available for analysis subsequent to radiation ther-
apy, all showed evidence of extensive tumor necrosis, but 60% also showed
evidence of tumor persistence or recurrence. The median survival for pa-
tients showing only tumor necrosis was 29 months, as compared with 16
months for those also with pathological evidence of tumor recurrence (P =
0.01). In only one of the nine pathologically documented recurrences was
tumor found within the 90-CGE volume, although among all 23 patients, 18
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(78%) developed new enhancement on MR imaging within the high-dose
target volume, suggesting that most of these imaging changes represented
tissue necrosis rather than tumor recurrence.

2.4 Indications for SRS in the Treatment of Primary

High-Grand Gliomas

In summary, in comparison with conventional radiation therapy, following
maximal surgical debulking with SRS provides a survival benefit for appro-
priately selected patients. Major series demonstrate survival rates that appear
almost double those achieved with conventional radiation therapy. This
likely benefit of SRS has persuaded the neuro-oncology community to pur-
sue a phase-III trial, RTOG 93-05, randomizing GBM patients with less than
4-cm tumors (all of whom receive BCNU chemotherapy) between (1) stan-
dard radiation therapy versus (2) radiosurgery followed by standard radiation
therapy. To date, more than 250 patients have been randomized, and the
results are pending.

Some commentators suggest that within each RTOG risk group, there
may be further patient selection effects that account for the observed differ-
ences in survival rates, particularly for patients with residual contrast-en-
hancing tumor volumes that are small or non-existent. However, the results
of the proton-dose escalation study argue against this objection. Among these
23 patients 10 (43%) had no postoperative gadolinium enhancement. There-
fore, in terms of residual enhancing tumor, this study represents a subgroup
more favorable than those patients in the study by Shrieve et al., in which
only 7 of 78 patients had no postoperative gadolinium tumor enhancement
[16], and more favorable than those in the study of Kondziolka et al., in
which (the authors imply that) all GBM patients evinced some enhancement
[15]. There was only one documented recurrence in the high-dose volumes
treated with protons. These treatment volumes were substantially larger than
the SRS median boost volumes in the two other studies, yet the survival
benefits by RTOG risk classification were comparable to those achieved with
SRS (Table 3). Thus, the clinical benefits that could be achieved with 90
CGE using fractionated therapy to larger volumes with smaller tumors—
benefits that were confirmed on pathological review—were comparable to
the clinical benefits achieved with SRS boosts to smaller volumes with
larger tumors. Together, these points argue against the suggestion that the
benefits to SRS boost treatment seen in Table 3 are ascribable only to se-
lection effects attributable to target tumor volume.

For very large targets with postoperative enhancement beyond 3.5 to
4.0 cm in diameter, the likelihood of radiosurgical complications increases.
For these cases, however, the MGH proton study demonstrates that frac-
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tionated conformal irradiation can be clinically delivered to larger volumes
while maintaining high pathologic complete response rates in the high-dose
volume. Further investigations are indicated in this regard, such as RTOG
98-03, a phase I/II radiation study investigating fractionated dose escalation
from 66 Gy up to 82 Gy, applying conformal radiation technologies to the
treatment of large supratentorial GBM tumors.

3 THE MANAGEMENT OF RECURRENT GLIOMAS

There are several treatment options for patients with recurrent malignant
gliomas, including reoperation, radiosurgery, interstitial implantation, and
chemotherapy [20]. Historically, chemotherapy has been the standard ther-
apy for recurrent gliomas, yet results are discouraging. For example, Levin
et al. reported a 55% response rate to combination chemotherapy for recur-
rent GBM disease with a median time to progression of 23 weeks [21].
Overall, tumor location, size, the patient’s overall condition, and the prior
therapeutic history each plays a role in the choice of appropriate modality.

3.1 Surgery for Recurrent Gliomas

One series from UCSF showed that in younger patients with higher Kar-
nofsky scores and with large, surgically accessible, recurrent tumors that
caused deficits from compression rather than infiltration, reoperation con-
tributed to high quality postoperative survival [Karnovsky Performance
Status (KPS � 70) as well as to overall survival, with a median overall
survival of 36 weeks after reoperation [22]. A more recent series confirmed
a median survival of 36 weeks for patients selected for reoperation, along
with a median high-quality survival period of 18 weeks, compared with total
median survival of 23 weeks after first tumor progression for patients not
undergoing reoperations [23]. Postoperative improvements in KPS scores
(28% of patients) were slightly more likely than declines in KPS scores
(23% of patients), with these improvements most likely in those patients
who had symptomatic recurrences.

3.2 Stereotactic Radiosurgery for Recurrent Disease

Stereotactic radiosurgery also has a role in the management of recurrent glial
tumors after standard therapeutic approaches. First presented in 1995, the
results of RTOG 90-05 demonstrated that the incidence of severe central
nervous system (CNS) toxicity in previously irradiated brain tissues subse-
quently treated with SRS for recurrence was a function of both the target
volume and the prescribed dose. Nevertheless, the incidence of complica-
tions could be maintained at an acceptable, low level while providing clin-
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ically meaningful doses to malignant tissues. There were chronic, severe
CNS toxicities in 14% of patients who had 3.1 to 4.0-cm tumors treated to
15.0 Gy, in 20% of patients who had 2.1 to 3.0-cm tumors treated to 18.0
Gy, and in 10% of patients who had up to 2.0-cm tumors treated to 24.0
Gy [24].

Similar to results from the reoperation series, studies of SRS for re-
current gliomas have shown median survivals after SRS treatment across all
treated patients that range from 7 to 10 months [25–29]. In a series from
Boston, comparison of patients undergoing SRS and those receiving stere-
otactic brachytherapy suggested the two modalities had similar survival ben-
efits [27]. For SRS, the median actuarial survival from time of treatment for
recurrence was 10.2 months, whereas for brachytherapy the median actuarial
survival after treatment was 11.5 months. Patients receiving SRS had some-
what smaller tumor volumes compared with brachytherapy (median 10.1 cm3

vs 29 cm3). Among the SRS patients, younger age and a tumor volume less
than 10.1 cm3 were predictive of better outcome; however, for brachytherapy
patients, patient age was predictive of outcome, whereas tumor volume,
interval from initial diagnosis, and tumor dose were not. Of 86 patients
treated with SRS, 19 (22%) required subsequent reoperation, whereas 14 of
32 patients (44%) required reoperation after brachytherapy; furthermore, the
outcomes after SRS were independent of a need for reoperation. This com-
parison suggests that, for patients qualifying for SRS at time of recurrence,
and particularly for younger patients with limited-volume tumor recurrences,
SRS is the preferred therapeutic option. For larger tumors or irregularly
shaped volumes, other modalities may be more appropriate.

3.3 Fractionated Stereotactic Radiation Therapy for

Recurrent Gliomas

Some recent data suggest that fractionated stereotactic radiation therapy
(SRT) may be of benefit for patients otherwise unsuitable for SRS. Cho and
colleagues evaluated 71 patients with recurrent high-grade gliomas: 46 pa-
tients received single-fraction SRS (median 17 Gy to the 50% isodose sur-
face), and 25 received fractionated SRT (37.5 Gy in 15 fractions to the 85%
isodose surface) [30]. Patients in the SRS group had more favorable prog-
nostic factors than those in the SRT group, including median age (48 vs 53
years), median KPS (70 vs 60), and median tumor volume (10 vs 25 cm3),
but median survival times were comparable for the two groups: 11 months
for the SRS group and 12 months for the SRT group. Late complications
developed in 14 (30%) of the 46 SRS patients but in only 2 (8%) of the 25
SRT patients, suggesting the SRT dose-fractionation schemes were less toxic
than the SRS plans.
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There may be a role for chemotherapy, in combination with fraction-
ated stereotactic radiation therapy (SRT), in the treatment of recurrent glial
tumors. One pilot study treated 14 patients with recurrent glioblastoma that
had median tumor volumes of 15.7 cm3, using fractionated stereotactic ra-
diation therapy along with Taxol as a radiation sensitizer [31]. Taxol was
given once per week for 4 weeks, with an SRT treatment delivered imme-
diately after each Taxol infusion. The median radiation dose per week was
6.0 Gy at the 90% isodose line, for a median total dose of 24 Gy in four
fractions. The median survival from time of treatment for recurrence was
14.2 months, but with a short minimum follow-up of 10 months. The frac-
tionated radiation dose appeared well-tolerated, with only four patients un-
dergoing reoperation. These data suggest that, for large volume recurrences
not surgically accessible or amenable to SRS, there may be a role for frac-
tionated SRT, perhaps in conjunction with systemic chemotherapy. Further
studies are required.

4 CONCLUSION

Stereotactic radiosurgery is effective in the treatment of selected primary
and recurrent glial neoplasms. After maximal tumor resection, in conjunction
with a standard course of radiation therapy, SRS boost likely improves sur-
vival for patients in RTOG risk classes III, IV, and V. We anticipate RTOG
93-05 will confirm this survival benefit. For primary tumors with anatomi-
cally amenable, well-defined postoperative residual volumes less than 4 cm
in diameter, SRS is the preferred radiation boost technique, whether using
Linac radiosurgery, the Leksell Gamma Knife, or proton radiosurgery. For
larger lesions, irregular volumes, or difficult anatomical constraints, other
boost techniques may be considered, including brachytherapy, fractionated
stereotactic irradiation, or proton radiotherapy. For focally recurrent GBM
disease, patients with small (less than 3 cm in diameter), radiographically
distinct lesions may benefit from SRS. Larger lesions, especially those ad-
jacent to eloquent cortex or critical white matter pathways, must be evalu-
ated with caution. Although SRS offers another tool in the treatment of high-
grade gliomas, these tumors continue to present a serious therapeutic
challenge, and overall results are still dismal. Further innovations in dose-
delivery, targeting, and adjuvant treatments are required.
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Stereotactic Radiosurgery:
Arteriovenous Malformations

Kelly D. Foote and William A. Friedman

University of Florida, Gainesville, Florida, U.S.A.

1 INTRODUCTION

The most devastating presentation associated with arteriovenous malforma-
tions (AVMs) of the brain is intracerebral hemorrhage. Numerous natural
history studies have demonstrated a substantial (3% to 4% per year) risk of
hemorrhage in patients harboring AVMs [1–5]. Several treatment modalities
(microsurgery, radiosurgery, or endovascular therapy) are available that may
eliminate the lesion before a hemorrhage can occur—or recur, in the case
of a hemorrhagic presentation. When an AVM is amenable to safe micro-
surgical resection, this therapy is preferred because it offers immediate cure
and elimination of hemorrhage risk. When the surgical morbidity is judged
to be excessive, radiosurgery offers a reasonable expectation of delayed cure.

When an AVM is treated with radiosurgery a pathologic process ap-
pears to be induced that is similar to the response-to-injury model of ath-
erosclerosis. Radiation injury to the vascular endothelium is believed to in-
duce the proliferation of smooth-muscle cells and the elaboration of
extracellular collagen. This leads to progressive stenosis and obliteration of
the AVM nidus (Fig. 1) [6–10], thereby eliminating the risk of hemorrhage.

The advantages of radiosurgery—compared to microsurgical and en-
dovascular treatments—are that it is noninvasive, has minimal risk of acute
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FIGURE 1 Before and after radiosurgery for arteriovenous malformation
(AVM). A, This patient received 17.5 Gy to the margin of the nidus of
this left frontotemporal AVM. B, On follow-up angiography 3 years later,
the lesion has been completely obliterated.
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complications, and is performed as an outpatient procedure requiring no
recovery time for the patient. The primary disadvantage of radiosurgery is
that cure is not immediate. Thrombosis of the lesion is achieved in the
majority of cases, but it commonly does not occur until 2 or 3 years after
treatment. During the interval between radiosurgical treatment and AVM
thrombosis, the risk of hemorrhage remains. Another potential disadvantage
of radiosurgery is possible long-term adverse effects of radiation. Finally,
radiosurgery has been shown to be much less effective for lesions over 10
cc in volume. For these reasons, selection of an appropriate treatment mo-
dality depends on multiple variables, including perceived risks of surgery
and predicted lielihood of hemorrhage for a given patient.

2 AVM RADIOSURGERY TECHNIQUE

The technical methods of radiosurgery have been described at length in other
publications [11], but a brief description of radiosurgical techniques that
apply specifically to AVM treatment is in order. The fundamental elements
of any successful radiosurgical treatment include the following: patient se-
lection, head ring application, stereotactic image acquisition, treatment plan-
ning, dose selection, radiation delivery and follow-up. All of these elements
are critical, and poor performance of any step will result in suboptimal
results.

2.1 Patient Selection

Open surgery is generally favored if an AVM is amenable to low-risk re-
section (e.g., low Spetzler-Martin grade, young healthy patient) or is felt to
be at high risk for hemorrhage during the latency period between radiosurg-
ical treatment and AVM obliteration (e.g., associated aneurysm, prior hem-
orrhage, large AVM with diffuse morphology, venous outflow obstruction).

Radiosurgery is favored when the AVM nidus is small (<3 cm) and
compact, when surgery is judged to carry a high risk or is refused by the
patient, or when the risk of hemorrhage is not felt to be extraordinarily high.

Endovascular treatment, although rarely curative alone, may be useful
as a preoperative adjunct to either microsurgery or radiosurgery.

The history, physical examination, and diagnostic imaging of each pa-
tient are evaluated, and the various factors outlined above are weighed in
combination to determine the best treatment approach for a given case.

2 Head Ring Application

The techniques for optimal head ring application for AVM radiosurgery are
no different from those for other target lesions, and are described in detail
elsewhere [11].
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2.3 Stereotactic Image Acquisition

The most problematic aspect of AVM radiosurgery is target identification.
In some series (see below), targeting error is listed as the most frequent
cause of radiosurgical failure. The problem lies with imaging. Angiography
very effectively defines blood flow (feeding arteries, nidus, and draining
veins), however, it does so in only two dimensions. Using the two-dimen-
sional data from stereotactic angiography to represent the three-dimensional
target results in significant errors of both overestimation and underestimation
of AVM nidus dimensions [12,13]. Underestimation of the nidus size may
result in treatment failure, whereas overestimation results in the inclusion of
normal brain within the treatment volume. This can cause radiation damage
to normal brain, which, when affecting an eloquent area, may result in a
neurological deficit. To avoid such targeting errors, a true three-dimensional
image database is required. Both contrast-enhanced computed tomography
(CT) and magnetic resonance imaging (MRI) are commonly used for this
purpose.

Diagnostic (nonstereotactic) angiography is used to characterize the
AVM, but because of its inherent inadequacies as a treatment planning da-
tabase, stereotactic angiography has been largely abandoned at our institu-
tion. We use contrast-enhanced stereotactic CT as a targeting image database
for the vast majority of AVMs. Our CT technique uses rapid infusion (1 cc/
sec) of contrast while scanning through the AVM nidus with 1-mm slices.
The head ring is bolted to a bracket at the head of the CT table, assuring
that the head/ring/localizer complex remains immobile during the scan. This
technique yields a very clear three-dimensional picture of the nidus. Alter-
native approaches use MRI/MRA, as opposed to CT. Attention to optimal
image sequences in both CT and MRI is essential for effective AVM radio-
surgical targeting.

2.4 Treatment Planning

The primary goal of AVM radiosurgery treatment planning is to develop a
plan with a target volume that conforms closely to the surface of the AVM
nidus while maintaining a steep dose gradient (the rate of change in dose
relative to position) away from the nidal surface to minimize the radiation
dose to surrounding brain. A number of treatment planning tools can be used
to tailor the shape of the target volume to fit even highly irregular nidus
shapes. Regardless of its shape, the entire nidus, not including the feeding
arteries and draining veins, must lie within the target volume (the ‘‘prescrip-
tion isodose shell’’), with as little normal brain included as possible (Fig. 2).

Another goal of dose planning is to manipulate the dose gradient so
that critical brain structures receive the lowest possible dose of radiation, to
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avoid disabling complications. In addition, many radiosurgeons strive to pro-
duce a treatment dose distribution that maximizes uniformity (homogeneity)
of dose throughout the entire target volume. A detailed discussion of the
methodology of dose planning is beyond the scope of this chapter, but can
be found elsewhere [11].

2.5 Dose Selection

Various analyses of AVM radiosurgery outcomes (described below) have
elucidated an appropriate range of doses for the treatment of AVMs. Mini-
mum nidal doses lower than 15 Gy have been associated with a significantly
lower rate of AVM obliteration, whereas doses above 20 Gy have been
associated with a higher rate of permanent neurological complications. We
prescribe doses ranging from 15 Gy to as high as 22.5 Gy to the margin of
the AVM nidus, nearly always at the 70% or 80% isodose line. The selection
of a dose within this range is made based on the volume of the nidus, as
well as the eloquence and radiosensitivity of surrounding brain structures.
Lower doses are prescribed for larger lesions and lesions in eloquent areas.

2.6 Radiation Delivery

The process of radiation delivery is the same for any radiosurgical target,
but careful attention to detail and the execution of various safety checks and
redundancies are necessary to ensure that the prescribed treatment plan is
accurately and safely delivered [11]. When radiation delivery has been com-
pleted, the head ring is removed, the patient is observed for approximately
30 minutes, and then discharged to resume her/his normal activities.

2.7 Follow-up

Standard follow-up after AVM radiosurgery typically consists of annual
clinic visits with MRI/MRA to evaluate the effect of the procedure and
monitor for neurological complications. If the patient’s clinical status
changes, she/he is followed more closely at clinically appropriate intervals.

Each patient is scheduled to undergo cerebral angiography at three
years postradiosurgery, and a definitive assessment of the success or failure
of treatment is made based on the results of angiography (see below). If no
flow is observed through the AVM nidus, the patient is pronounced cured
and is discharged from follow-up. If the AVM nidus is incompletely oblit-
erated, appropriate further therapy (most commonly repeat radiosurgery on
the day of angiography) is prescribed, and the treatment/follow-up cycle is
repeated.
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FIGURE 2 Treatment plan, contrast-enhanced computed tomography
(CT). This 43-year-old male presented with seizures and refused surgical
intervention in favor of radiosurgery. His treatment plan, based on a
contrast-enhanced CT database, is shown here (A, Axial; B, Sagittal; C,
Coronal). Note the conformality of the innermost (70%) isodose line to
the arteriovenous malformation (AVM) nidus in all planes. The 35% and
14% isodose lines are also shown. This 7-isocenter plan delivered 15.0
Gy to the 70% isodose shell. The total AVM nidus volume treated was
12 cc.

3 REPORTED EFFICACY OF AVM RADIOSURGERY

Many series have evaluated rates of AVM thrombosis after radiosurgery
[10,14–29]. Overall reported rates of successful angiographic AVM oblit-
eration range from 56% to 92% (Table 1). The rate of obliteration is strongly
correlated with AVM size. For example, among the 153 AVM radiosurgery
patients who have undergone 3-year follow-up angiography at the University
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FIGURE 2 Continued

of Florida, rates of angiographic cure according to AVM volume were as
follows: < 1 cc—82%; 1–4 cc—81%; 4–10 cc—73%; > 10 cc—42%.
Similar trends have been reported by most groups [14,15,20,24].

4 WHY DOES RADIOSURGERY FAIL?

Synthesis of the published studies addressing etiologies of AVM radiosurg-
ical failure [17,21,30–33] leads to several useful conclusions. The dose de-
livered to the periphery of the AVM (Dmin) is the most significant predictor
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TABLE 1 Major AVM Radiosurgery Series

First author Yamamoto
(28)

Pollock (21) Karlsson (17) Steinberg
(24)

Colombo
(16)

Friedman

Radiosurgical device Gamma Knife Gamma Knife Gamma Knife Proton beam LINAC LINAC

Number of patients 40 313 945 86 180 407

Angiographic cure
rate

65% 61% 56% 92% 80% 65%

Complications
Permanent radiation

induced
3 patients

(7.5%)
30 patients

(9%)
5% 11% 4 patients

(2%)
7 patients

(2%)

Hemorrhage None 8 fatal 55 patients 10 patients 15 patients,
5 fatal

26 patients,
5 fatal

When a group had multiple reports, the most recent results are listed.
AVM, Arteriovenous malformation.
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of successful obliteration, provided that the nidus is completely encompassed
by the prescription isodose shell (targeting error is an important cause of
failure and is commonly caused by inadequate imaging/angiography). Large
lesion volume and high Spetzler-Martin grade are also predictors of failure,
although less significant than Dmin. The importance of AVM location and
patient age are unclear. Based on our experience [30], lower rates of AVM
obliteration can be expected at peripheral doses below 15 Gy and for lesion
volumes greater than 10 cc.

5 COMPLICATIONS

5.1 Hemorrhage after Radiosurgery

The issue of AVM hemorrhage after radiosurgical treatment has been ex-
amined by several groups [14,16,20,22,24,34–38]. It has been reported that
radiosurgery decreases the risk of hemorrhage even with incomplete AVM
obliteration [34]; however, most reports have shown no postradiosurgical
alteration in bleeding risk [39,40] from the 3% to 4% per year expected
based on natural history [1–5]. This suggests that radiosurgery offers no
protective effect unless complete obliteration is achieved.

Several groups have reported an increased risk of AVM hemorrhage
with increasing AVM size or subtotal irradiation [16,34,39]. In our series
[39], a strong correlation between AVM volume and the risk of hemorrhage
was also found. Ten of the 12 AVMs that bled were more than 10 cc in
volume. It is also noteworthy that in this study, neither age nor history of
prior hemorrhage correlated with the incidence of hemorrhage.

Ten of the 12 AVMs that bled also had associated ‘‘angiographic risk
factors’’ for bleeding, including arterial aneurysms, venous aneurysms, ve-
nous outlet obstruction, and periventricular location. Pollock et al. [40] found
a significant correlation between the incidence of postradiosurgical hemor-
rhage and presence of an unsecured proximal aneurysm and recommended
that such aneurysms be obliterated before radiosurgery.

The Pittsburgh group [41] also recently studied factors associated with
bleeding risk of AVMs and found three AVM characteristics to be predictive
of greater hemorrhage risk: (1) history of prior bleed, (2) presence of a single
draining vein, and (3) diffuse AVM morphology. Based on the presence or
absence of these risk factors, they stratified AVM patients into hemorrhage
risk groups and recommended that predicted hemorrhage risk be used to
help determine appropriate management of patients with AVMs. For exam-
ple, patients with a high predicted hemorrhage risk would be considered less
attractive candidates for radiosurgery because of their greater risk during the
latency period between treatment and cure.
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5.2 Radiation-Induced Complications

Acute complications are rare after AVM radiosurgery. Several authors have
previously reported that radiosurgery can acutely exacerbate seizure activity.
Others have reported nausea, vomiting, and headache occasionally occurring
after radiosurgical treatment [42].

Delayed radiation-induced complications have been reported by all
groups performing radiosurgery. Observed rates of permanent postradiosurg-
ical neurological deficit range from 2% to 4%, and transient deficits have
been observed in 3% to 9% of patients [20,25,43,44]. Symptoms are location
dependent and generally develop between 3 and 18 months after treatment.
Symptomatic patients are commonly treated with a several-week course of
oral steroids, and nearly all improve. The use of peripheral doses greater
than 20 Gy have been associated with a higher frequency of permanent
neurological deficits [43].

In addition to the well-established correlation between increasing ra-
diosurgical target volume and increasing incidence of radiation necrosis
[36,45–47], the most important predictors of symptomatic radiation injury
are lesion location and dose [24,43,48]. Radiation induced changes appear
frequently (20% in the Pittsburgh series) on postradiosurgery MR images
[49–51]. These changes tend to be asymptomatic if the lesion is located in
a relatively ‘‘silent’’ brain area and symptomatic if the lesion is located in
an ‘‘eloquent’’ brain area. This is further evidence that lesion location is an
important consideration in radiosurgical treatment planning and dose selec-
tion [45].

6 CONCLUSIONS

Many reports indicate that approximately 80% of arteriovenous malforma-
tions in the ‘‘radiosurgery size range’’ will be angiographically obliterated
2 to 3 years after radiosurgical treatment. The likelihood of successful AVM
obliteration decreases with increasing lesion volume and decreasing periph-
eral target dose. Accurate targeting is critical to successful AVM radiosur-
gery, and a three-dimensional image database (e.g., CT or MRI) is an in-
dispensable element in the treatment planning process. Stereotactic
angiography alone is inadequate.

The major drawback of this treatment method is that patients are un-
protected against hemorrhage during the 2- to 3-year latent period after treat-
ment. Radiosurgery does not significantly alter the natural rate of AVM hem-
orrhage until the lesion has completely thrombosed. Increasing AVM volume
appears to be associated with a higher risk for hemorrhage, as are certain
angiographic findings such as proximal aneurysms, venous outflow restric-
tion, and periventricular location.
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Radiation-induced neurological symptoms occur in 5% to 10% of pa-
tients, but the majority of these are transient, responding to steroid therapy.
Permanent complications are rare (2% to 4%). The most significant predic-
tors of radiation-induced complications are AVM volume, lesion location,
and dose. Asymptomatic MRI changes are not uncommon.
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1 STEREOTACTIC RADIOSURGERY

Surgeons use energy in many forms to cure disease. Scalpels, lasers, and
electrocautery were the initial tools of the neurosurgeon. Recent advances
in neuroimaging, computer science, and stereotactic dose planning allow
neurosurgeons to use sculpted radiation fields to alter the biology of disease.
Stereotactic radiosurgery is the mechanically precise delivery of a potentially
cytostatic, obliterative, or functionally incapacitating single dose of radiation
to an imaging-defined target volume while minimizing risk to surrounding
tissues. The goal of radiosurgery is to alter the molecular physiology to effect
a positive change on the disease process. Radiation transfers energy to its
target, initiating a cascade of high-energy electrons that interact with matter
ultimately to arrest tumor growth, alter the blood supply of tumors or vascular
malformations, or ablate undesirable nerve conduction. The unique design of
stereotactic radiosurgery systems allows small areas of the brain to be treated
with high doses of radiation. The sharp fall-off of radiation dose prevents
brain outside of the target area from receiving deleterious doses.

Copyright 2003 by Marcel Dekker, Inc. All Rights Reserved.



Radiosurgery is a ‘‘patient friendly’’ procedure that does not require
open surgery and allows the patient to be discharged the day after surgery.
This does not imply that radiosurgery is noninvasive or risk free. Successful
radiosurgery requires a multidisciplinary team, including a neurosurgeon, a
radiation oncologist, a medical physicist, a nurse, and an administrator. We
review the current indications for Gamma Knife radiosurgery, treatment
strategies, results, and complications for common neurosurgical indications.

The Gamma Knife design is a unique tool for the neurosurgeon. Two
hundred and one sources of cobalt 60 radiation are directed to a focal point.
The Leksell stereotactic frame allows patients to be positioned within the
unit with 0.5-mm accuracy. Helmets with 201 collimators of 4, 8, 14, or 18
mm allow conformal shaping of the radiation field. The design is excellent
for treating targets within the skull, down to the foramen magnum. The
number of patients treated with the Gamma Knife has grown exponentially
since its innovation in 1967. Currently, there are 51 Gamma Knife units in
the United States, and 126 units worldwide. As of June 1999, more than
100,000 patients have been treated (Table 1).

2 FRAME APPLICATION AND IMAGING

The frame is applied in approximately 5 minutes in the stereotactic suite
using local anesthesia, occasionally supplemented by intravenous sedation
(midazolam and fentanyl). Children younger than age 12 generally undergo
general anesthesia for stereotactic procedures. Patients are positioned supine
on the stretcher with the head of the bed elevated 60�. The chest is supported
with several pillows to flex the body 90 degrees at the waist, allowing greater
access to the head. Ideally, two persons assist with frame placement. A nurse
helps to stabilize the head while the surgeon and assistant attach the frame.
After the head has been prepared with isopropyl alcohol and the patient is
comfortably sedated, ear bars are placed into the external auditory canal
with a 1-cm square foam pad on the end of the ear bar. The foam padding
alleviates patient discomfort during frame application. The ear bars are in-
tended to assist with symmetrical alignment and do not bear the weight of
the frame. The surgeon supports the frame throughout the application.

The frame is shifted toward the side of the lesion to position the lesion
as close as possible to the center of the frame and the collimator helmet.
Lidocaine (0.5%) and bupivicaine (0.5%) buffered with sodium bicarbonate
are injected into each pin site. The pin length is chosen to attach the frame
bars with finger-tight torque and without pin protrusion beyond the frame.
During imaging, a rigid frame adapter keeps the frame orthogonal to the
imaging plane.
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TABLE 1 Mean Marginal Doses and Results

Lesion
Marginal

dose range
Maximum

dose Results

AVMs (<4 cm3) 18–25 Gy [10] 88% obliteration at 3
years

Acoustic neuromas 12–14 Gy 97% tumor control at
10 years

Meningiomas 16 Gy 93% tumor control at
5–10 years

Metastasis 10–27 Gy 86% local tumor
control

Pituitary tumors 10–30 Gy 60%–90% tumor
control

Trigeminal neuralgia* 80 Gy 80% pain relief
Tremor* 120–140

Gy
80% reduced tremor

*The dose used for trigeminal neuralgia and tremor represents the maximal dose
within a single 4-mm isocenter.
AVM, Arteriovenous malfunction.

A sagittal localizing film is initially obtained. A contrast enhanced vol-
ume acquisition magnetic resonance imaging (MRI) scan is obtained with
1-mm slice thickness images, or 3-mm images for selected lesions. In im-
aging arteriovenous malformations (AVMs), contrast is given after the lo-
calizing sagittal image to assure a maximal contrast load during the axial
image acquisition.

3 DOSE PLANNING

Gamma Knife dose planning uses one or more (sometimes many) small
isocenters of radiation to create a conformal plan that encompasses the lesion
and minimizes the dose received by surrounding structures. The Gamma
Knife provides 4-, 8-, 14-, and 18-mm collimators. Similar conformal plans
can be designed from one or more large isocenters or from the combination
of a greater number of smaller isocenters. The plan created with the larger
isocenters will deliver an equivalent dose of radiation, but in a shortened
time because of the larger aperture of the collimator. Additionally, the ra-
diation falloff into the surrounding tissues may not be as steep with larger
collimators as compared with the smaller collimators. Conformal dose plan-
ning is particularly important when working near critical structures, such as
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the brainstem or optic nerves. Conformal radiosurgery is achieved through
judicious selection of appropriate isocenters, proper interpretation of imag-
ing, and dose selection.

The Gamma Knife provides the option of beam blocking as an addi-
tional tool for sculpting the fall-off pattern to protect surrounding structures,
or to eliminate the passage of beams through important structures such as
the ocular lens. Each of the 201 collimator ports on the helmet can be
blocked. Blocking a group of beams requires that a greater dose of radiation
be passed through the remaining beams to achieve the same target dose. As
a consequence, the fall-off is shifted along the axis of the remaining beams.
For example, blocking the entrance of beams entering from the left and right,
the fall-off is diminished in the left-right axis, and shifted to the rostro-
caudal, or antero-posterior axis. A limitless variety of blocking combinations
is possible to achieve the best result. The effect of various blocking patterns
is quickly evaluated on the planning software, before implementing the plan.
We most often use blocking patterns to protect the ocular lens optic
apparatus.

4 ARTERIOVENOUS MALFORMATIONS

The best AVM for radiosurgery is not necessarily the same AVM that is
treated by conventional surgery. The ideal candidate for radiosurgery is a
patient with a small, deep-seated AVM, not a patient with a larger AVM
who was considered unsuitable for microsurgery. In evaluating AVMs for
radiosurgery, the Spetzler-Martin scale may not apply, as it is not sensitive
to smaller volumes. The success of radiosurgery is not as limited as micro-
surgery by critical locations or the venous drainage. The major shortcoming
of radiosurgery for AVMs is the persistent risk of hemorrhage until the AVM
is obliterated. Before treatment, the risk of hemorrhage is estimated to be
2% to 4% per year. The risk of hemorrhage is not increased by radiosurgery.

Proper imaging of the vascular malformation is required for successful
radiosurgery. Imaging of AVMs includes a volume acquisition MRI as well
as conventional angiography. Both modalities are needed to distinguish the
nidus from draining veins and nearby critical structures. Embolization has
been evaluated in conjunction with radiosurgery and shown to have a 12.8%
morbidity, 1.6% mortality, and 11.8% 1-year recanalization rate [1]. Given
the morbidity and sometimes limited efficacy, we do not routinely advocate
embolization before radiosurgery.

The radiosurgical dose given to AVMs is a function of the volume,
location, and risk assessment. Giving a higher dose increases the probability
of AVM obliteration, but may increase the risk of side effects. University
investigators reviewed the histology of AVMs that were resected after ra-
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diosurgery and found that a dose of more than 20 Gy was necessary for the
desired histological effects (endothelial injury, hyperplasia, and thrombosis).
After 4 years, there was not much additional effect. In our own experience,
AVMs that have not occluded within 3 years of radiosurgery require addi-
tional treatment. The probability of AVM obliteration is approximately 98%
for volumes treated with a minimum dose of 25 Gy, and 90% with a min-
imum dose of 20 Gy. Arteriovenous malformations that are larger than 10
cm to 15 cm3 may require irradiation in staged volumes with a 3- to 6-month
interval between procedures (Fig. 1).

5 ACOUSTIC NEUROMAS

The goals of acoustic neuroma management include tumor control (radio-
surgery) or complete removal (microsurgery), preservation of facial nerve
function, and maintenance of ‘‘useful’’ hearing in appropriate patients. A
comparison of microsurgery and radiosurgery from 1990 to 1992 revealed
that hearing was preserved in 14% of microsurgery procedures and 75% of
Gamma Knife procedures [2]. Normal facial function was achieved in 63%
of microsurgical procedures and 83% of Gamma Knife procedures. Since
then, radiosurgery results have improved significantly.

Radiosurgery is performed with an axial volume acquisition contrast-
enhanced MRI. The treatment of acoustic neuromas at our institution has
evolved over the past 10 years. Initially, the tumor margin was treated with
approximately 18 Gy to 20 Gy, with the center of the tumor receiving up
to 40 Gy. The marginal dose has been gradually reduced to 12 Gy to 14 Gy,
allowing a significant reduction in complications and continued tumor con-
trol. We usually treat the tumor margin with 50% of the maximal dose. For
patients between 1987 and 1992, the 10-year tumor control rate was 98%
with normal facial function in 79% and normal facial sensation in 73% of
patients [3]. For patients managed between 1992 and 1997, the control rate
was 99%, and the facial nerve morbidity was 1%. More than 60% of patients
had a reduction in the volume of their tumor. We have treated 10 patients
with intracanalicular acoustic neuromas with 14 Gy or less to the margin
and preserved hearing for all patients (Fig. 2) [4].

6 MENINGIOMAS

Meningiomas of the falx, convexity, olfactory groove, and lateral spenoid
wing can be treated with radiosurgery, but they can also be resected with
low morbidity. Meningiomas that are not as easily resected, such as those
along the petrous apex and clivus or extending into cavernous sinus, are
often optimal radiosurgical cases. The steep fall-off of radiosurgical dose
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FIGURE 1 A 45-year-old man with a right temporal arteriovenous mal-
formation declined operative resection. The radiosurgery plan demon-
strates the use of both magnetic resonance imaging and angiography
for dose planning. The combined imaging allows more precise planning
and exclusion of the large anterior superior draining vein. A maximal
dose of 36 Gy and marginal dose of 18 Gy were used.

planning allows these difficult tumors to be treated with marginal doses of
13 Gy to 16 Gy, with a low risk of injury to the associated cranial nerves,
pituitary gland, or optic nerve. As for other indications, we generally pre-
scribe a marginal tumor dose that is 50% of the maximal dose.

Using an average marginal dose of 16 Gy, we have achieved long-
term tumor control in 93% of meningiomas, more than half of which had
been previously resected. Neurological deficits occurred in only 5%. Overall,
96% of patients surveyed believed that radiosurgery provided a satisfactory
outcome for their meningioma [5]. We believe that planned judicious mi-
crosurgery, when indicated, followed by radiosurgery may improve overall
clinical outcomes (Fig. 3).
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FIGURE 2 This 64-year-old woman had a gross total resection of a right
acoustic neuroma 8 years earlier. The recurrent tumor was treated a
maximal dose of 26 Gy, with a marginal dose of 13 Gy. The conformal
plan included seven 4-mm isocenters.

7 PITUITARY TUMORS

Microsurgery remains the procedure of choice for the rapid treatment of
pituitary tumors that are causing mass effect or secreting adrenocorticotropic
hormone or growth hormone. Stereotactic radiosurgery is an effective alter-
native for patients who do not require decompressive surgery, rapid nor-
malization of endocrine abnormalities, or who suffer from recurrent tumors
despite medical and surgical intervention. The treatment goals for pituitary
tumors are control of tumor growth, cessation of abnormal hormone secre-
tion, and avoidance of neurological injury. We have achieved tumor control
in 94% of tumors [6]. In our series, cortisol secretion was normalized or
reduced in 62.5% of patients. Growth hormone levels were normalized in
67% of patients and significantly improved in most of the remaining patients.
None of our patients developed pituitary insufficiency as a consequence of
radiosurgery.
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FIGURE 3 A petroclival meningioma in a 61-year-old woman who had
diminished hearing and dysequilibrium. The conformal plan with a max-
imal dose of 28 Gy and marginal dose of 14 Gy used one 14-mm iso-
center, six 8-mm isocenters, and one 4-mm isocenter.

The greatest risk in treating pituitary lesions with radiosurgery is dam-
age to the optic nerves and optic chiasm. We recommend radiosurgery only
for those tumors that are at least 1 mm to 2 mm away from the optic nerve.
The steep fall-off of radiosurgery units allows pituitary lesions to be treated
with 40 Gy to 50 Gy maximal doses (20–25 Gy marginal doses) while
exposing the optic nerve to less than 8 Gy. Lesions in the sellar area provide
an excellent demonstration of the unique radiation fall-off pattern for the
different Gamma Knife units. The ‘‘B’’ unit has a steeper fall-off in the
rostral–caudal dimension, whereas the earlier ‘‘U’’ or ‘‘A’’ unit has a steeper
fall-off in the left–right dimension. This differential can be exploited, de-
pending on the configuration of the tumor and the surrounding structures.
Additionally, some of the collimators on the helmets can be blocked to alter
the fall-off pattern.
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8 BRAIN METASTASES

More than 100,000 patients are diagnosed with brain metastasis annually.
The management of brain metastasis patients remains a challenge for on-
cologists, radiation oncologists, and neurosurgeons. Traditional therapy of
single metastasis has been either resection or whole brain radiation (WBRT),
with a boost to the affected region, or combined surgery with whole brain
radiation. The surgical resection of solitary metastasis with WBRT has been
shown to improve survival compared to WBRT alone [7]. The complications
of whole brain fractionated radiation include memory loss, alopecia, de-
mentia, and radiation necrosis.

Stereotactic radiosurgery is changing the long-standing management of
brain metastasis. Radiosurgery can achieve many of the same goals as re-
section, (tumor control, reduced mass effect), one of the goals of fractionated
radiation therapy (the treatment of multiple lesions), and effectively treat
deeply located tumors that are not considered for resection. For patients with
solitary metastasis, radiosurgery may allow the avoidance of WBRT and its
potential complications. In conjunction with WBRT, radiosurgery can pro-
vide rapid improvement in peritumoral edema, local tumor control, and pro-
longed survival compared with WBRT alone [8]. Radiosurgery provides
nearly equivalent tumor control rates for breast, lung, and renal cell carci-
noma, as well as melanoma. With control of brain metastasis, the manage-
ment of systemic disease becomes the survival limiting factor. Radiosur-
gery has the additional benefits of 1- to 2-day hospital stays and low costs
(Fig. 4).

9 OTHER LESIONS

Stereotactic radiosurgery can be used to manage effectively other intracranial
lesions, such as chordomas, chondrosarcomas, gliomas, and cavernous mal-
formations (CM). Stereotactic radiosurgery is an adjuvant therapy, providing
a radiation boost to the enhancing component of malignant glial neoplasms.
We have also obtained good results in the treatment of juvenile pilocytic
astrocytomas in children. Cavernous malformations are treated with radio-
surgery after a second symptomatic hemorrhage using the same dose algo-
rithm applied to AVMs. The baseline risk of hemorrhage for CMs is ap-
proximately 1% annually; however, the natural history of CMs suggests that
those with a second symptomatic hemorrhage have an increased tendency
toward hemorrhage (> 30% annually).

10 FUNCTIONAL RADIOSURGERY

Lars Leksell originally designed the Gamma Knife in 1967 to create func-
tional lesions for the treatment of psychiatric disorders. Today, radiosurgery
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FIGURE 4 A 56-year-old woman presented with this solitary metastasis,
2 years after a mastectomy for breast cancer. The dose plan was created
with two 14-mm isocenters and three 8-mm isocenters. The maximal
dose was 32 Gy. The marginal dose was 16 Gy.

is used to treat trigeminal neuralgia, essential tremor, parkinsonian tremor,
and selected psychiatric or epileptic disorders. In trigeminal neuralgia, a
maximum dose of 80 Gy is targeted to the proximal trigeminal nerve just
anterior to the pons, using a single 4-mm isocenter. Radiosurgical thala-
motomy (ventral intermediolateral thalamic nucleus) is performed with an-
atomical MRI localization. Tremor is improved in most patients after a la-
tency interval of 2 to 6 months.

11 CRITICISMS OF RADIOSURGERY

Radiosurgery was initially viewed as a competitor to traditional neurosur-
gical techniques. Common criticisms of radiosurgery included the following:
(1) The tumor is not removed; (2) There is no rapid reduction in mass effect;
(3) Future surgery will be more difficult; (4) Additionally, patients may have
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TABLE 2 Potential Complication Limits

Location Dose

Scalp—temporary epilation 3 Gy
Scalp—main erythema 6 Gy
Scalp—permanent epilation 7 Gy
Scalp—desquamation/atrophy > 10 Gy
Scalp—ulceration/necrosis > 15 Gy
Ocular lens 0.08 Gy
Optic nerve 8 Gy
Brainstem 14 Gy

a false sense of cure. It is true that the tumors often are not eliminated, but
the goal of radiosurgery is tumor control, not extirpation. A rapid reduction
in mass effect is often not required, and edema is often significantly reduced
after radiosurgery. It is unlikely that radiosurgery complicates future oper-
ations. One study of arteriovenous malformations that were resected after
radiosurgery found they were less vascular and easier to remove. One mi-
crosurgeon has noted that three of four tumors that he resected after radio-
surgery were no more difficult to remove compared with the average tumor.
Finally, patient misconceptions are addressed with education and long-term
follow-up. We obtain MRI scans at 6, 12, 24, 48 and 96 months after treat-
ment of benign lesions, and every 3 years or so thereafter. We obtain more
frequent follow-up for patients with malignant diseases.

12 COMPLICATIONS OF RADIOSURGERY

It is true that there are almost no immediate complications of radiosurgery,
but complications do occur. Such problems include small patches of alopecia
for tumors adjacent to the scalp, brain edema, radiation necrosis, neurolog-
ical deficits, and failure to achieve the intended goal. The risk of compli-
cations is a function of the tissue volume being treated, the dose delivered,
the location, and prior radiation treatments.

There is no absolute maximal tolerated dose that important neuroan-
atomical structures, such as the optic nerve, can tolerate, but our general
guidelines are included in Table 2. The maximum volume treated also de-
pends on the location, the radiosurgical indication, and prior therapies. Large
volumes are more easily treated in the frontal lobe, as compared with the
brainstem. In general, treating volumes larger than 10 cm3 increase the risk
of complications. A study by Flickinger et al. found that complications after
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AVM radiosurgery varied dramatically with location and the volume of tis-
sue receiving greater than 12 Gy [9]. Locations in order of increasing risk
for radiosurgery complications were frontal, temporal, intraventricular, pa-
rietal, cerebellar, corpus callosum, occipital, medulla, thalamus, basal gan-
glia, and pons/midbrain. Oncologic indications may dictate the use of higher
doses, accepting higher risk, than nononcological indications.

The risk-benefit ratio weighs heavily in favor of radiosurgery. In our
experience treating more than 3500 cases with the Gamma Knife, the risk
of significant morbidity is approximately 3%. The chance of successful tu-
mor control is more than 90% for most lesions. Long-term results now
demonstrate that radiosurgery is an important therapeutic alternative for pa-
tients who are ineligible for surgery because of deep-seated lesions or serious
medical conditions, or for patients who would like to avoid the risks of
microsurgery.
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1 INTRODUCTION

Linear acceleration (LINAC)-based stereotactic radiosurgery became feasi-
ble because of the pioneering efforts in the 1980s of Betti in South America
[1], Colombo in Italy [2], Barcia-Saloria in Spain [3], and in the United
States, Winston and Lutz at the Joint Center for Radiation Therapy in Boston
[4] and Friedman at the University of Florida at Gainesville [5]. These early
series reported the successful treatment of patients with intracranial lesions
on modified linear accelerators. In all such cases, the configuration of ret-
rofitted LINACs and the software necessary to plan and treat patients was
unique to each institution, and, as a result, the accuracy, precision, and ef-
ficiency of these early units varied widely.

This chapter will be devoted to the development and refinements of
X-Knife, the first commercially available treatment planning software for
LINAC-based radiosurgery, so named to reflect focused X-ray photon ra-
diation just as Gamma Knife reflects focused gamma-ray photon irradiation.
The original work of Winston and Lutz at the Joint Center provided one of
the first systematic approaches to a LINAC-based radiosurgery technique,
which was refined using software developed and named X-Knife by Kooy
[6]. Soon thereafter, the X-Knife software was commercially launched
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through the collaborative efforts of the Radionics Corporation. In its initial
version, it represented a robust and versatile treatment planning software
capable of providing a user-friendly interactive three-dimensional environ-
ment in which precise and complex stereotactic radiosurgery dose compu-
tations could be performed. The introduction of X-Knife immediately in-
creased the range of treatment-planning capabilities and the treatment
variables, such as a larger range of collimator aperture sizes for the treatment
of larger lesions, thus broadening the application and standardizing the prac-
tice of LINAC-based radiosurgery. With the advent of a noninvasive, relo-
catable frame introduced by Gill [7,8] and commercially developed by Ra-
dionics, later versions of X-Knife supported fractionated stereotactic
radiosurgery treatments, or what is now referred to as fractionated stereo-
tactic radiotherapy (SRT). A further advance in LINAC radiosurgery was
achieved when the first LINAC designed for and dedicated to stereotactic
radiosurgery was developed at the Joint Center in collaboration with the
Varian Corporation [9]. This LINAC was engineered to include more precise
couch and gantry rotational axes, minimal gantry sag with a fixed, lighter
primary and secondary collimation system, and perhaps most importantly, a
couch-mount system in which to immobilize the patient’s head. This feature
allowed, for the first time, 360� of gantry rotation around the head to opti-
mize noncoplanar arc beam configurations that conformed to the shape of
the intracranial target. These developments have provided a LINAC-based
treatment-planning platform unsurpassed in its versatility, which allows cli-
nicians to treat a broad array of intracranial lesions safely and effectively.

2 THE PRACTICE OF X-KNIFE STEREOTACTIC

RADIOSURGERY AND FRACTIONATED

STEREOTACTIC RADIOTHERAPY

Patient selection for radiosurgery treatment is of utmost importance, and one
must always judge whether a radiosurgical intervention better serves a pa-
tient when compared with microneurosurgery. As with any proposed treat-
ment of a patient with a brain tumor or arteriovenous malformation (AVM),
a thorough understanding of intracranial lesions, the contiguous central ner-
vous system tissue, and the response of both to a particular intervention
must be mastered and the array of risks and benefits discussed with the
patient. In the case of radiosurgery using X-Knife, mastery of radiobiological
principles must precede the practice of radiosurgery, as any one of an array
of techniques ranging from single fraction stereotactic radiosurgery (SRS)
to conventional fraction SRT might be best suited for an intracranial lesion.
Because radiobiological models, for example, ascribe a direct relationship
between late normal tissue damage and dose per treatment delivered to these
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tissues [10,11], recent published series from a growing number of institu-
tions, including our own, have explored the use of LINAC-based SRT for
the treatment of benign tumors, such as acoustic tumors. Although this ex-
perience is smaller and more recent, SRT data reflect comparable tumor
control rates, and higher rates of cranial nerve preservation, most notably
hearing preservation [12–14].

At our institution, we have established a stereotactic radiosurgery pro-
gram that includes the use of a LINAC designed for and dedicated to SRS
and SRT, the Varian 600SR [15]. Recognizing that most institutions have
general-purpose LINACS, we will describe our experience using both tech-
niques, which should be generally applicable to the typical practice of SRS
and SRT, and will include case treatments as examples of each.

2.1 General Principles and Procedures

As with any stereotactic technique, the cranium must be rigidly fixed with
a frame that associates a reference coordinate system to an intracranial target,
providing an accurate localization of the target using only computed tomog-
raphy (CT) or, additionally, either magnetic resonance imaging (MRI) or
angiographic data. All imaging data are either digitized first (angiographic
data) or directly electronically transferred to the treatment planning work-
station. We are currently using a Hewlett-Packard Visualize C3000 treatment
planning workstation. Either the Brown-Roberts-Wells (BRW) stereotactic
headring (with or without the MRI-compatible adaptor) or the Gill-Thomas-
Cosman (GTC) relocatable frame is used for rigid head fixation. The X-
Knife software always uses CT data as a primary imaging modality because
of its high spatial fidelity, and the BRW localizer is used for the CT scan.
Magnetic resonance imaging data, obtained before or after CT and without
the frame, can be fused to CT data using an image fusion algorithm devel-
oped by Radionics [16]. Fused images have the advantage of both high
spatial fidelity and anatomical detail. Angiographic data are obtained with
the angiographic localizer, and treatment planning for AVMs is primarily
based on digitized biplanar stereotactic angiographic data, although we are
currently exploring the use of MR angiography as an additional image data
file that promises to remove ambiguities created with two-dimensional an-
giographic images.

The case of interest is selected as a folder, which must include CT
data and additional fused or angiographic data sets, if obtained. Treatment
planning commences with the default CT file or, in the case of an AVM, the
digitized stereotactic angiogram. In the CT-based cases—typically tumors
—the nine fiducial rod coordinates are first manually identified in one axial
partial-screen CT image and subsequently autodetected throughout the axial
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CT file and reconstructed as a three-dimensional reformatted image in ‘‘X-
Knife space,’’ the three-dimensional treatment-planning workspace also fea-
tured as a larger partial-screen image. If treatment planning involves an
AVM, the fiducial coordinates in the angiographic localizer are identified.
For CT-based cases, if fusion data are desired for treatment planning, one
axial fused image slice is featured and the same nine fiducial rod coordinates
are again manually identified, autodetected throughout the remainder of the
axial slice file, reconstructed, and integrated into the pre-existing image es-
tablished from the CT file. The lesion is then identified by the neurosurgeon
in either CT or fused axial slices, as are any critical dose-limiting normal
structures or ‘‘anatomes,’’ and all contoured structures are reformatted, each
color-coded, as three-dimensional structures in X-Knife space. At our insti-
tution, AVMs are identified and manually contoured on the cut film with a
wax pencil by the neurosurgeon before digitization so the transferred images
feature the nidus in each plane. Because of the constraints imposed by two-
dimensional stereotactic angiography, other institutions have based AVM
treatment planning on either CT or MRI data.

Treatment planning then commences. This task is customarily per-
formed by the medical physicist but may include the neurosurgeon, the ra-
diation oncologist, or both. Treatment planning is constrained by the rela-
tionship between the volume of the lesion and the safe dose considered
effective in the treatment of the lesion. This relationship was originally es-
tablished by Kjellberg and serves as a fundmental treatment planning prin-
ciple in radiosurgery. The ideal treatment plan involves a dose that is per-
fectly configured to the target (dose conformality) and homogeneous (dose
homogeneity), although dose inhomogeneity remains a variable suggested
but not unambiguously related to treatment-related morbidity. Recent mea-
surements have been set forth by the Radiation Therapy Oncology Group
(RTOG), which serve to assess dose conformality and homogeneity. These
include the ratio of the prescription isodose volume to target volume as a
reflection of conformality (the PITV ratio), and the ratio of maximum dose
to prescribed dose ratio as a reflection of homogeneity (the MDPD ratio).
Neither of these objectives (ideally, in each case, a ratio of 1) can be prac-
tically achieved because of the comparatively small collimator sizes and the
limitations of circular collimators, particularly when used for the treatment
of large irregularly shaped lesions such as skull base meningiomas or large
AVMs, examples of which are discussed below. A more formal and detailed
description of target volumes and dose distributions within them can be
found in a recent report furnished by the International Commission of Ra-
diation Units and Measurements [17].

Tools provided by the X-Knife software maximize the likelihood of
optimizing these important treatment planning objectives, thereby maximiz-
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FIGURE 1 Simple treatment plan for an acoustic schwannoma. A, Three-
dimensional depiction of collimation sphere and noncoplanar arcs con-
verging on target in X-Knife space. B, Three-dimensional depiction of
volume dose covering target.

ing the therapeutic outcome and minimizing any treatment-related morbid-
ities. As illustrations, we will provide examples of simple and complex treat-
ment plans. A more detailed account of LINAC radiosurgery dosimetry can
be found in a recent chapter by Kooy and colleagues [18].

2.2 Simple Treatment Plan: Acoustic Schwannoma

Typically, an X-Knife radiosurgery system will include 12 to 14 collimators
ranging in size from 5 to 50 mm in bore diameter. An acoustic schwannoma
represents a typical spherical or near-spherical target and, therefore, is a
lesion requiring a simple, usually single isocenter treatment plan. An acous-
tic tumor and typical treatment plan are featured in Figures 1 and 2. After
the lesion is contoured and reformatted in X-Knife space, X-Knife will, at
the designation of the treatment planner, autoposition a default target iso-
center in the geometric center of the lesion. A collimator size is chosen from
a pop-up menu based on its depiction in X-Knife space as the smallest sphere
that covers the broadest diameter of the lesion (Fig. 1A). The treatment
planner must then designate a family of noncoplanar and nonoverlapping
arcs of radiation that intersect a target in a way that creates a highly con-
formal plan. An arc is a single angular sweep of the LINAC gantry through
space at a fixed couch angle. Different couch angles for each arc creates a
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FIGURE 2 A, Magnetic resonance imaging (MRI) scan of acoustic
schwannoma at pretreatment. B, Two-dimensional slice dose depiction
with color wash representation of dose gradient. C, Posttreatment MRI
scan at 18 months.

family of noncoplanar arcs (Fig 1A). Because only a single isocenter will
be used, hotspots from overlapping additional isocenters will not be an issue,
thus obviating the concern for dose inhomogeneity. The resulting three-di-
mensional dose is featured as a translucent ‘‘dose cloud,’’ as featured in
Figure 1B. If the target is near a dose-limiting structure, such as the optic
apparatus, arc beams should be placed to avoid passage through these struc-
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tures. X-Knife provides a means of visualizing the radiation path through
the brain with a tool called ‘‘beam’s eye view’’ (BEV), which allows the
treatment planner an efficient means of avoiding dose-limiting structures
with the appropriate gantry start and stop angles for each arc. As an effi-
cient starting point, the treatment planner may also elect to start a plan
with an X-Knife option called ‘‘autoplan,’’ which automatically configures
a family of arcs to optimize dose to target yet minimize dose to contiguous
critical structures using parameters designated by the treatment planner.
These tools increase the efficiency of the treatment planning process and
allow the radiosurgery team time to refine the plan with adjustments to
each arc.

2.3 Complex Treatment Plan: Skull Base Meningioma

With the exception of brain metastases, the shapes of many intracranial
targets are infrequently spherical and often not even elliptical, and target
size often exceeds the range of collimators available. Target size and shape,
therefore, often require multiple isocenter treatments. A common strategy
involves multiple isocenters that create a composite dose distribution ap-
proximating the target’s shape and size. This strategy maximizes confor-
mality but minimizes dose homogeneity. With techniques that include arc
beam shaping and differential beam weighting, fewer isocenters can be
used for complex shapes and sizes while maintaining a high degree of
conformality. Skull base meningiomas often represent complex three-
dimensional targets that require complex treatment plans. Unlike the single
shot treatment discussed above, hotspots from overlapping additional iso-
centers will now be a concern, thus requiring an effort to minimize dose
inhomogeneity, which can be achieved by weighting isocenters as well as
converging arcs differently. In the interactive three-dimensional X-Knife
environment, the evolving treatment plan can be continually assessed with
three-dimensional or two-dimensional depictions either in graphic form
(dose-volume histograms), or in tabular form (dose-volume summaries
with average dose, minimum dose, and maximum dose reported for each
anatome).

2.4 SRS Technique

X-Knife technique involves application of the BRW stereotactic headframe
with an attempt to center the lesion as much as possible in stereotactic space.
We routinely use a fused data set, so before frame application, patients are
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usually scanned in the MRI unit then sedated with Ativan, and the scalp is
anesthetized with 0.5% Sensorcaine (9 parts Sensorcaine: 1 part sodium
bicarbonate to minimize sting) for BRW frame application. After CT, pa-
tients are discharged to a room where they rest in the frame during treatment
planning.

Treatment planning proceeds as described above and when com-
pleted, the LINAC is prepared and each isocenter qualified before patient
treatment according to the printed treatment plan protocol. Qualification of
the LINAC begins as a routine before any patient treatments with verifi-
cation of mechanical isocenter. Because we use a couch-mount system, a
device referred to as a mechanical isocenter standard (MIS) is placed in a
floor housing and allows assessment of the alignment of four independent
aiming lasers (Fig. 3A). Any drift that may have occurred over a 24-hour
period is corrected and the MIS is then removed. The appropriate colli-
mator is installed and the couch mount microdrives are adjusted, guided
by the aiming lasers, to the first isocenter position, using the rectilinear
phantom pointer (RLPP, the same device used as a phantom in CRW-based
stereotactic surgery, Fig. 3B,C), which is inserted in the couch mount and
calibrated to isocenter coordinates by one technologist. To verify isocenter
colinearity and stability, we replace the RLPP target pointer with a spher-
ical tungsten ball and, with a film holder attached to the collimator housing
unit, expose a film strip at three different gantry positions (Fig. 3C). Each
developed film strip, therefore, represents a survey of gantry rotational
stability at a particular isocenter, and a variation less than 0.8 mm between
the ball center and radiation field center in all three exposures is considered
acceptable. As a redundant check of isocenter coordinates, a second device
called the laser target localizing frame (LTLF, Fig. 3D) which is calibrated
by a second technologist, is placed on the RLPP. This device has engraved
brass burnishments and an arcing steel burnishment, all of which align
with the aiming lasers when at isocenter. When placed on the RLPP, correct
alignment at isocenter is once again confirmed and the couch mount is
cleared of these devices.

When these quality assurance checks are complete, the patient is
brought to the LINAC suite and placed on the couch with the BRW head-
ring immobilized in the couch mount apparatus calibrated at isocenter.
Isocenter is once again verified with the patient in position with the LTLF,
which is now applied to BRW headring. We also verify that the BRW
headring has not moved from initial frame application by reassessing scalp
marks alignment made at frame application using a device called the depth
confirmation helmet which is discussed below. The patient is now ready
for treatment.
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FIGURE 3 Array of quality assurance devices for the X-Knife system. A,
Mechanical isocenter standard (MIS). B, Rectilinear phantom pointer
(RLPP) in couch mount apparatus. C, RLPP in couch mount apparatus
with film holder off tertiary collimator for tungsten ball film test. D, Laser
target localizer frame (LTLF). E, Depth confirmation helmet.

2.5 SRT Technique

Our SRT technique involve fractionation protocols based on radiobiology of
the lesion and associated dose-limiting structures. Historically, before the
installation of a dedicated Varian 600SR LINAC, we designed hypofrac-
tionation schemes involving 4 Gy fractions delivered twice a week, typically
Monday/Thursday or Tuesday/Friday, over 5 weeks for a total dose of 36
Gy. This fractionation method was designed to maximize tumor control and
minimize the risk of cranial neuropathy and radiation necrosis associated
with single fraction treatments. Without the logistical constraints of a ret-
rofitted LINAC, we additionally created a conventional fraction treatment
scheme designed to preserve special sensory cranial nerves in patients with
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tumors involving or near these critical structures [12]. This paradigm in-
volved the use of 1.8 Gy fractions delivered daily to a cumulative dose of
50 to 54 Gy over 5 weeks.

Imaging data include both CT and MRI data sets that are fused for
treatment planning and treatment. We use the Gill-Thomas-Cosman relocat-
able frame with Reprosil� to fashion a customized site-block for each pa-
tient. Single isocenters, infrequently two, and rarely three, are used and high
conformality is once again established with noncoplanar arc beam-shaping
and differential beam weighting.

For SRT treatment, we have developed a quality assurance program,
as previously described [12]. The accurate reproduceability of GTC frame
application is verified by assessing the relationship of the frame to the skull
contour through a device called a depth conformation helmet. This device,
designed by the Radionics Corporation, is a lucite spherical helmet which
attaches to the GTC frame. Its design includes 26 tube portals arrayed equi-
distantly at right angles to the sphere over its outer surface, which allows
the technologist to assess the distance from the top of each tube to the scalp
with a probe calibrated in millimeters (Fig. 3E). Each time the frame is
applied, serial measurements for each tube portal should agree within a
millimeter of previous measurements obtained before CT data acquisition.
We have successfully treated more than 600 patients with accuracy and
precision with this technique on the Varian 600SR.

All other quality assurance procedures for SRT treatments follow the
same protocols as outlined above for SRS.

3 FUTURE DIRECTIONS OF X-KNIFE TECHNOLOGY

This chapter has emphasized the open architecture of the LINAC-based X-
Knife treatment platform for both SRS and SRT. As this technology evolves
in its response to ineluctably broader applications, new refinements promise
to provide more effective treatments for challenging intracranial targets. As
examples, optic nerve sheath meningiomas were originally considered in-
operable and untreatable, but our initial experience with conventional frac-
tion SRT has suggested promising tumor control with preservation of vision
in the affected optic nerve. Similarly, large AVMs with complex three-di-
mensional shapes including difficult concave and convex facets were orig-
inally thought to be untreatable, but we have initiated a hypofractionation
SRT technique that has achieved high obliteration rates at a threshold frac-
tion dose of 6 to 7 Gy. All such lesions represent awkward spatial targets
perhaps better served by noncircular collimation techniques such as minia-
ture multileaf collimation couples with static-field/multiple subfield micro-
intensity-modulated radiation therapy, techniques that are currently being
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incorporated into the latest version of X-Knife. As this treatment planning
platform evolves with an increasing array of tools, we as treating clinicians
should be able to move seamlessly between different focused radiation treat-
ment strategies to arrive at optimal treatment plans for a variety of intracra-
nial targets.
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1 INTRODUCTION

Since Lars Leksell’s conception of stereotactic radiosurgery [1], the tech-
nology has proliferated, and this treatment technique is widely available
through both the Gamma Knife and modified linear accelerators (linacs).
One of the early linac radiosurgery groups was based at the University of
Florida [2]. The system they developed, the Linac Scalpel, included state of
the art dose planning software and a linear accelerator modification that
increases the accuracy of the linac to that of the Gamma Knife. This precise
delivery of radiation has remained the hallmark of Linac Scalpel radiosur-
gery, but recent developments in computer hardware and software have tre-
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mendously improved Linac Scalpel dose planning. Over the past decade,
radiosurgery dose planning has evolved from a little understood art into a
well understood process that can be described mathematically and efficiently
applied either manually [3–5] or automatically [6,7]. This new understand-
ing in dose planning has provided dramatic increases in dose conformality
to the target volume which, in turn, has translated into improvements in
clinical outcomes [8,9].

Rather than offer an extensive review of radiosurgery literature or de-
velopments, our purpose is to provide a guide to the current practice of
stereotactic radiosurgery using the Linac Scalpel system. The primary steps
in the process include imaging, dose planning, and dose delivery. The fol-
lowing sections present these steps in their order of execution during a ra-
diosurgery session.

2 STEREOTACTIC IMAGING AND LOCALIZATION

Imaging is one of the most important aspects in radiosurgery. The accuracy
achieved with stereotactic head rings and the Linac Scalpel treatment deliv-
ery system leaves the imaging modality used as the only uncertainty. Poor
imaging techniques increase this uncertainty and nullify efforts to improve
accuracy in treatment planning and delivery. Therefore, it is important to
understand stereotactic imaging techniques, the increased quality assurance
demands that are placed on the diagnostic imaging apparatus used, and the
limitations associated with each modality. Following are brief explanations
of the stereotactic imaging techniques used with the Linac Scalpel: computed
tomography (CT), angiography, and magnetic resonance imaging (MRI).

2.1 Computed Tomography

Computed tomography is the most reliable imaging modality for radiosur-
gery treatment planning. Computed tomography numbers correspond di-
rectly to electron density. This is important, because the knowledge of elec-
tron density within tissue is necessary for correctly calculating the X-ray
beam attenuation characteristics. Computed tomography also provides an
accurate spatial database that introduces little image distortion and provides
an accurate representation of the patient’s external contour and internal anat-
omy. Stereotactic CT images are obtained with a Brown-Roberts-Wells
(BRW) compatible CT localizer attached to the stereotactic head ring. Be-
cause the geometry of the localizer is known relative to the head ring, ste-
reotactic coordinates may be accurately calculated based on the CT scan of
the localizer. The characteristic N shape allows for a scanner-independent
calculation of stereotactic coordinates. In other words, the x,y,z coordinates
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of any point in space can be mathematically determined relative to the head
ring rather than relying on the CT coordinates. This method provides more
accurate spatial localization, and minimizes the CT scanner quality assurance
requirements [10].

To minimize the inaccuracies associated with the stereotactic imaging,
it is important to obtain all imaging studies with the best available spatial
resolution. With a BRW localizer, CT images must be obtained using a
minimum 34.5 cm field of view, which is just large enough to image all the
stereotactic fiducials. Using a 512 � 512 matrix with this field of view
results in an in-plane pixel, or picture element, dimension of 0.67 mm. The
vertical resolution of the image set, and thus the accuracy of determining
the axial coordinate of a pixel, is determined by the slice thickness. Again,
it is imperative to minimize the uncertainty associated with the vertical res-
olution, and we obtain 1-mm thick CT slices through the region of interest.

2.2 Magnetic Resonance Imaging

Magnetic resonance imaging often provides superior tumor visualization, but
MRI alone does not necessarily present a sufficient database from radio-
therapy treatment planning calculations, as the pixel intensity values are not
correlated with electron density. Furthermore, main magnetic field nonuni-
formity and patient-specific artifacts can introduce significant geometric im-
age distortions that affect the accuracy of treatment plans generated by MRI
alone. Introducing a stereotactic frame and localizer into the system further
perturbs the magnetic field, worsening the inherent field nonuniformity, pa-
tient-specific artifacts, and image distortion. These image distortions have
been shown to be on the order of 0.7 to 4 mm in each orthogonal plane
(axial, sagittal, coronal) of a stereotactic MRI [11–13]. Further complicating
stereotactic MRI localization is the size of the stereotactic head frame and
its compatibility with the MRI head coil. The standard BRW frame, for
example, is too large to place in a standard MRI head coil. Use of a larger
MRI coil, such as the standard body imaging coil, degrades the image quality
by reducing the signal-to-noise-ratio.

We use an image correlation technique to avoid these problems. A
three-dimensional volumetric MR scan is acquired before head ring place-
ment. For T1-weighted images, we typically use a spoiled gradient recall
fast pulse sequence using a General Electric 1.5 Tesla MR scanner. This
sequence allows us to acquire 1.5-mm thick slices throughout the entire head
in less than 15 minutes. After acquiring the stereotactic CT scan, this non-
stereotactic MRI dataset is mapped onto the CT image space. Anatomical
landmarks are selected in both the CT and MR image sets, and the MR
images are digitally manipulated to match the CT image coordinates. During
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treatment planning, the dose distribution may be displayed on either the MRI
or CT images, but dosimetry calculations are always performed on the un-
derlying CT database. This way, diagnostic information may be obtained
from the MRI database, but geometric and dosimetric information is ob-
tained from the CT database. The ability to obtain nonstereotactic MRI re-
moves one potential source of geometric distortion, namely perturbation of
the magnetic field by the stereotactic head ring and localizer. Furthermore,
because the images are acquired through the standard diagnostic head coil,
a high resolution image set is obtained. Careful review of the MRI and its
agreement with the CT database is essential, especially as all currently avail-
able image correlation routines consider the MR images as rigid bodies and
do not remove local image distortions that can exist in the MR data. This
comparison should focus on internal anatomy such as the ventricles, tento-
rium, sulci, among others. Basing the image correlation on external anatomy
leads to unavoidable errors, as the external contour can be shifted 3 to 4
mm on MR. This shift, known as the fat shift, is caused by the difference
in the resonant frequency of protons in fat relative to their resonant fre-
quency in water.

2.3 Angiography

Angiography is clearly the gold standard for diagnosis and anatomic char-
acterization of cerebral arteriovenous malformations (AVMs). Anteroposte-
rior (AP) and lateral films are obtained with contrast injected rapidly at the
point of interest, allowing excellent visualization of fine vasculature. Ste-
reotactic angiography uses 16 radiopaque fiducials imbedded in a localizer
that attaches to the stereotactic ring. Eight of these fiducials appear in both
the AP and lateral films. Because the geometry of these fiducials is known
relative to the head ring, the stereotactic coordinates of any point within the
localizer may be calculated very accurately. However, the use of stereotactic
angiography as the sole localization method for treatment planning leads to
unavoidable errors in determining the shape, size, and location of the AVM
nidus [14–16]. Angiography provides two-dimensional projections of a
three-dimensional object. These two-dimensional projections represent the
maximum target dimensions for that view. For a truly spherical nidus, its
shape and size may be correctly determined from these biplane projections.
As the target deviates from spherical geometry, however, these projections
provide insufficient information to reconstruct the actual three-dimensional
shape of the target volume. Further complicating the use of angiography for
treatment planning is that overlapping structures, such as feeding or draining
blood vessels, may obscure the view of the AVM. Including these blood
vessels as part of the targeted AVM results in unnecessary irradiation of
normal tissue.
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Given angiography’s limitations, radiosurgery treatment planning re-
quires the use of a three-dimensional image base in addition to, or in re-
placement of, stereotactic angiography. Because CT provides geometrically
sound three-dimensional information, it is the logical supplement to stere-
otactic angiography. A high-resolution CT scan is obtained with simultane-
ous infusion of intravenous contrast. One-millimeter thick slices are obtained
through the region of interest while contrast is injected at a rate of 1 cc/sec.
The resultant CT images provide a three-dimensional description of the AVM
nidus, along with the feeding and draining vessels.

3 RADIOSURGERY TREATMENT PLANNING

Subsequent to localizing the target volume from a three-dimensional ste-
reotactic database, these images are used to develop a radiosurgery dose
plan. Our philosophy is to design treatment plans in which the isodose shell
is tightly conformal to the target volume, while all normal tissue is excluded
from the high-dose region. Because radiosurgery is used to treat benign
lesions and as a boost for malignant disease, no margin is added to the gross
target volume to irradiate microscopic disease. Furthermore, every effort has
been made to remove all possible sources of error from our treatment deliv-
ery system, and no margin is added to account for setup uncertainty.

Linac Scalpel radiosurgery treatment planning and delivery uses non-
coplanar arc therapy delivered through circular collimators. The intersection
of multiple beams, each with unique entry and exit pathways, results in a
peaked dose at the isocenter and a very steep dose gradient outside of the
target volume. The use of noncoplanar arc therapy results in a dose fall-off
from the prescription isodose shell to half the prescription dose in approx-
imately 2 to 4 mm.

Radiosurgery treatment planning using the Linac Scalpel typically be-
gins with a standard nine arc set [3–5]. Each arc is 90� to 100� in length,
and the arcs are separated from one another by a 20� table rotation. The
80% isodose shell (normalized to the maximum dose in three-dimensional
space) is chosen for prescription because it achieves a steep dose gradient
outside of the target volume. When a spherical target is encountered, this
nine arc set is sufficient to produce a conformal treatment plan. Figure 1
demonstrates a nominally spherical meningioma that was treated using these
9 standard arcs. By carefully choosing the appropriate collimator, the 80%
isodose shell tightly conforms to the shape of the lesion, and the dose gra-
dient outside the target volume is very steep.

As the target shape deviates from spherical geometry, the treatment
planning parameters must be modified to generate a treatment plan that
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FIGURE 1 Using the appropriate collimator diameter with the standard
nine-arc set results in a highly conformal dose distribution. The 80%,
40%, and 16% of maximum isodose lines are shown on three orthogonal
MRI slices through the center of a nominally spherical meningioma.

conforms to the shape of the target. Linac radiosurgery provides several
treatment planning parameters that allow production of nonspherical treat-
ment plans. Arc weighting, collimator size, and arc length may all be altered
to produce ellipsoidal dose distributions while maintaining a single isocenter
plan. More irregular targets require multiple isocenter planning.

Linac radiosurgery treatment planning is a difficult skill to master. The
University of Florida radiosurgery planning algorithm, shown in Figure 2
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FIGURE 2 The University of Florida Treatment Planning Algorithm is a
decision tree that helps guide the radiosurgery treatment planner
through the planning process.

[3,4], provides the basis for use of the treatment planning methods outlined
in this section. This algorithm organizes the tools available to the radiosur-
gery planner to efficiently generate conformal radiosurgery plans that pro-
vide appropriate sparing of non-target tissues. The first step of the algorithm
is to determine whether the targeted lesion is adjacent to a radiosensitive
structure. If so, single isocenter arc parameters (presented in a later section)
are adjusted to steepen the dose gradient in the direction of the radiosensitive
structure, if possible. If the lesion is very irregular in shape or is an ellipsoid
with the major axis aligned along the anterior-posterior direction, multiple
isocenters are used to conform the dose distribution to the shape of the
lesion. Each of the tools encountered in the treatment planning algorithm is
explained in more detail in the following sections.
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FIGURE 3 In the case of acoustic neuromas, the target volume is directly
lateral to the brainstem. To steepen the dose gradient in the direction of
the brainstem, the most lateral arcs are removed from the nine-arc set.
In this example, the two most lateral arcs are removed, providing a steep
dose gradient in the lateral direction and a slight elongation of the dose
distribution in the superior-inferior direction. This improves the confor-
mality to the targeted lesion.

3.1 Arc Elimination

Eliminating arcs from the standard nine-arc set elongates the dose distri-
bution in the direction of the remaining arcs, thus producing an ellipsoidal
dose distribution. By carefully choosing the orientation of the eliminated
arcs, the dose distribution may be tilted to match any ellipse whose major
axis lies in the coronal plane. For example, in Figure 3, the dose distribution

Copyright 2003 by Marcel Dekker, Inc. All Rights Reserved.



is elongated in the superior-inferior direction by eliminating the two most
lateral arcs. The resultant dose distribution is ellipsoidal, as it is elongated
in the direction of the remaining arcs. When nine symmetric arcs overlap at
isocenter, the intersection of all nine arcs results in a spherical dose distri-
bution. If the contribution from the most lateral arcs is removed, the inter-
section of the more vertically oriented arcs is in a more superior-inferior
direction. For the acoustic schwannoma shown in Figure 3, this elongation
results in a highly conformal dose distribution.

A second consequence of arc elimination is that it improves the dose
gradient in the direction of the eliminated arcs while reducing the dose
gradient in the direction of the remaining arcs. Thus, arc elimination is often
used not for dose conformality to a lesion, but rather as a means of avoiding
critical neural structures in close proximity to the target. When treating
acoustic schwannomas, as in Figure 3, the most lateral arcs are often elim-
inated to minimize the dose to the medially located brainstem. This removes
the arcs that enter or exit through the brainstem, thus improving the dose
gradient in the direction of the brainstem. Because the remaining arcs are
more vertically oriented, the dose gradient in the superior-inferior direction
is worsened. This is typically acceptable, as it forces the low isodose lines
to bulge to a portion of the brain in which fewer radiosensitive neural struc-
tures are located. Similarly, arc elimination may be used to improve the dose
gradient in the direction of any critical structure located medial, lateral,
superior, or inferior to the target volume.

3.2 Differential Collimators

Choosing the collimator diameter separately for each arc within an isocenter
may be done in conjunction with, or as an alternative to, arc elimination to
produce a variety of ellipsoidal dose distributions. The general idea is to
select the collimator for each arc, such that the collimator diameter closely
matches the ‘‘beam’s-eye-view’’ (BEV) projection of the target in each arc-
ing plane. The superior-inferior dimension of the dose distribution (the
‘‘height’’) is determined primarily by the collimator diameter chosen from
the lateral arcs, whereas the lateral dimension of the dose distribution (the
‘‘width’’) is affected primarily by the diameter of the most vertical arcs. As
demonstrated in Figure 4, reducing the collimator diameter on the most
lateral arcs reduces the height of the dose distribution and results in an
ellipsoidal distribution that tightly matches an ellipsoidal metastasis.

Conversely, reducing the collimator diameter for the most vertical arcs
narrows the width of the distribution. The use of differential collimator sizes
within a single isocenter dose not result in as extreme an elongation of the
dose distribution as does arc elimination, and is generally used as a fine-
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FIGURE 4 Choosing smaller collimator diameters for the more lateral
arcs results in a highly conformal plan for this slightly ellipsoidal target
metastasis. Again the 80%, 40%, and 16% of maximum isodose shells
are superimposed on the MRI cuts through isocenter.

tuning mechanism. Furthermore, differential collimator sizes do not affect
the dose gradient as much as arc elimination and, therefore, are not useful
for avoiding critical structures.

3.3 Arc Start/Stop Angles

As can be seen in the previous figures, the standard arc configuration results
in a slight AP tilt of the dose distribution. This tilt is simply the result of
the geometry of irradiation; the sagittal arc is rotated 10� anteriorly, resulting
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in a 10� AP tilt in the low isodose lines. Often, the lesion has a different AP
orientation in the sagittal plane. The tilted dose distribution may be rotated
to more closely match the lesion orientation by altering the arc start and
stop angles.

More often, however, manipulation of the arc lengths is used to avoid
a critical structure that is directly anterior or posterior to a target. Removing
the anterior or posterior portion of the arcs improves the dose gradient in
the AP direction and worsens the dose gradient in the superior-inferior di-
rection. Similar to arc elimination, altering the length of the arc span is used
to eliminate beams that intersect a radiosensitive neural structure that is
anterior or posterior to the target, and to improve the dose gradient in that
direction.

3.4 Multiple Isocenter Planning

As the previous sections illustrate, manipulating the arcs within a single
isocenter can be used to conform the dose distribution to all spherical and
most ellipsoidal target volumes. Most of the targets encountered in radio-
surgery are neither spherical nor ellipsoidal, however, and multiple isocen-
ters must be used to conform the dose distribution to any target that deviates
from ellipsoidal geometry. Multiple isocenter planning requires packing
small spherical dose distributions within the target volume. Any arbitrary
shape may be achieved if these spherical dose distributions are placed cor-
rectly within the volume. In contrast to other radiosurgery modalities, linac
radiosurgery has the added ability to produce ellipsoidal dose distributions
by altering the previously discussed parameters. Therefore, both spherical
and ellipsoidal dose distributions may be placed within the target to mini-
mize the number of isocenters while still producing a conformal dose
distribution.

3.4.1 Isocenter Selection and Placement

To use multiple isocenters, the three-dimensional shape of the target must
first be ascertained. This is accomplished by viewing sequential axial CT or
MR images from the top to the bottom of the lesion. Alternatively, a three-
dimensional viewing window can simplify this task if the lesion has been
manually contoured. If the lesion is generally cylindrical, two isocenters are
used. If it is generally triangular, three isocenters are used. If it is shaped
like a rectangular solid, four isocenters are used. Occasionally, more isocen-
ters are necessary to conform to a lesion of very irregular shape.

Once the three-dimensional shape of the lesion and the number of
isocenters needed are determined, the isocenters must be positioned. For
multiple isocenter planning, a standardized, equally spaced five-arc set with
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a spherical dose distribution is used for each isocenter. The isocenters are
roughly positioned in the appropriate orientation and an appropriate colli-
mator size is selected for each.

3.4.2 Isocenter Spacing

Placing these isocenters such that the prescription isodose tightly conforms
to the surface of the lesion is important; it is also critical that the isocenters
are spaced correctly relative to one another, because insufficient interisocen-
ter spacing results in a large dose inhomogeneity, possibly increasing the
risk of permanent complications [17]. Overlap of the dose distributions in-
troduces some additional dose inhomogeneity, and multiple isocenter plans
are typically prescribed to the 70% isodose shell, normalized to maximum.
All dose distributions within this report are normalized to the point of max-
imum dose, as consistent normalization is important in the assessment of
the overall dose inhomogeneity. If dose distributions are normalized to iso-
center, 200% hot spots can easily result and are often undetected. The in-
homogeneity can be minimized by allowing adequate spacing between the
isocenters, but excessive interisocenter distance will force the isodose dis-
tribution to assume a characteristic dumbbell appearance with a significant
waist between the two isocenters. Thus, the optimal spacing between iso-
centers minimizes the additional dose inhomogeneity introduced, minimizes
the waist between the isocenters, and preserves the steep dose gradient out-
side of the target volume.

The effects of isocenter spacing on the overall dose distribution may
be seen in Figure 5, which shows 50% and 70% isodose curves in an axial
plane for two equally weighted isocenters at several interisocenter spacings,
each with a standard five arc set delivered with a 30-mm collimator. For
this discussion, it is helpful to consider each isocenter as a solid, 30-mm
sphere, corresponding approximately to the 70% isodose surface of a five
arc set. As a first approximation, one would expect a sphere separation of
about 30 mm (the sum of the radii of each sphere) to be correct. As will be
shown, this is approximately correct, but slightly more separation is optimal.

The 70% volume in the dose distributions shown in Figure 5 corre-
spond approximately to the geometrical coverage of a 30-mm diameter
sphere placed at each isocenter. At an isocenter spacing of 40 mm, the 70%
volume is slightly greater than the sum of two 30-mm spheres, and the 50%
volume (outer isodose line) is slightly larger. The ‘‘waist’’ between the 70%
isodose lines is so pronounced that the 70% isodose shells are actually sep-
arated from one another. As the isocenters are moved closer together, the
70% isodose shell more strongly resembles two 30-mm diameter spheres.
At approximately 32 to 33-mm interisocenter spacing, the isodose distribu-
tions are near ideal. As the isocenters are moved closer to one another for
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FIGURE 5 Effects of isocenter spacing on the multiple isocenter dose
distribution. The 70% and 50% isodose lines are shown in a transaxial
plane for two equally weighted 30-mm isocenters, each with a five arc
set.
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distances less than about 32 mm, the 70% isodose volume contracts dra-
matically. This is because each dose distribution is renormalized to 100% at
the point of maximum dose, so that as the hotspot where the two spheres
overlap one another becomes more intense, the volume covered by 70% of
this increasing maximum dose becomes smaller and smaller. This can be
seen by the rapid decrease in size of the middle 70% isodose region, from
59 mm across with a spacing of 33 mm, down to a region only 17 mm
across when the interisocenter spacing is reduced to 24 mm. The 70% iso-
dose region shrinks to less than one third of its initial size, whereas the 50%
isodose region shrinks much more gradually from 66 mm to 53 mm (a 20%
decrease). For this example of two 30-mm isocenters, the 70% isodose shell
may be approximated as two 30-mm spheres, if an interisocenter spacing of
at least 32 mm is maintained.

To achieve this optimal spacing of the isocenters relative to one an-
other, we use a computerized lookup table of predetermined values for each
collimator combination. The two collimator sizes are entered into the spacing
table, and the table returns an optimal spacing for the two isocenters. The
positions of the isocenters relative to one another are fine-tuned with the
help of an isocenter moving tool, which can be used to automatically move
one isocenter relative to another. In clinical application, the optimal isocenter
spacing from the table is used as a starting point for isocenter placement,
but iterative spacing adjustments are commonly required to optimize the
dose distribution conformality to a given target volume.

3.4.3 Isocenter Weighting

Conceptually, multiple isocenter planning is a simple sphere packing ar-
rangement, with each sphere size corresponding to the available collimator
diameters. In this simple paradigm, each radiosurgery isocenter would be
weighted equally (with respect to dose at its isocenter). However, when
attempting to obtain a dose distribution as uniform as possible throughout a
region containing several isocenters, it is usually beneficial to consider the
dose contribution to an isocenter from neighboring isocenters when selecting
an isocenter’s weight (intensity of dose).

Consider the following example of four 14-mm diameter isocenters
spaced equally in a line along the lateral direction, shown in Figure 6. Each
isocenter is equally weighted, such that each isocenter contributes 1.0 rela-
tive units of dose at its center. However, each of the two inner isocenters
receives a greater dose contribution from the other isocenters than do the
two outer isocenters, resulting in an uneven dose distribution. As shown by
the total dose curve in Figure 6, when the isocenters deliver equal doses,
they receive unequal doses; the two inner isocenters receive about 1.4 rel-
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FIGURE 6 Dose profile through four optimally spaced 14-mm isocenters,
each with an equally weighted five arc set. The dose profile for each
isocenter and the total combined dose profile are shown.

ative units of dose, whereas the outer isocenters receive about 1.2 relative
dose units.

Figure 7 shows the individual and total dose distribution after the iso-
center dose weighting has been adjusted to 1.17:0.94:0.94:1.17. Peripherally
weighting the isocenters in this fashion results in a uniform dose received
by each of the four isocenters. Although the total dose distribution is still
somewhat heterogeneous, it is more homogeneous than the total dose dis-
tribution in Figure 6. This is illustrated more clearly in Figure 8, which
shows the total dose distribution for both situations. The overall dose dis-
tribution after adjusting the weights is more homogeneous, in that the vol-
ume of the 70% isodose surface has been increased, and the ‘‘hot’’ volume
(hotspot) receiving more than 90% of maximum dose has been reduced.
Also, note that the prescription to half-prescription isodose gradient is
steeper for the adjusted weights distribution. The 35% isodose shell is almost
identical between the two plans, but because the 70% isodose shell is larger
for the adjusted weights plan, it is closer to the 35% isodose shell and offers
a steeper dose fall off. In most radiosurgery planning situations, the same
advantage holds for adjusting the isocenter weights to improve the dose
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FIGURE 7 Dose profile through four optimally spaced 14-mm isocenters,
each weighted to achieve equal total doses at each of the four isocen-
ters. The dose profile for each isocenter and the total combined dose
profile are shown.

homogeneity and gradient around the target volume. An automatic weighting
tool to perform this task has been implemented in the Linac Scalpel treat-
ment planning system. This tool iteratively adjusts the arc weights associated
with each isocenter to achieve a uniform dose to each isocenter.

In addition to automated isocenter weight optimization, this tool can
be used manually to fine tune the dose distribution. At times, it is desired
to have more or less contribution to the dose distribution from a particular
isocenter. The isocenter weighting tool can be used to adjust the weight
delivered to a particular isocenter while maintaining a constant weight de-
livered to all of the other isocenters in the treatment plan.

3.4.4 Limited Arc Isocenters

During the final stages of multi-isocenter treatment planning, it is common
to arrive at a prescription isodose contour that conforms closely to the target
lesion with the exception of very small volumes where the target protrudes
outside the prescription isodose. If the volume of target outside the prescrip-
tion isodose surface is small and is underdosed by not more than 5% to
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FIGURE 8 Axial plane dose distribution (70%, 35%, and 14% isodose lines
shown) for four 14 mm isocenters. (A) All weights equal, (B) Weights
adjusted to obtain equal isocenter doses.

Copyright 2003 by Marcel Dekker, Inc. All Rights Reserved.



10%, a single arc can be directed at a new isocenter near the periphery of
the volume that needs to be covered [18]. This results in ‘‘dose painting’’
that provides a small yet adequate expansion of the prescription surface to
cover the exposed target. It is important to select the orientation of this arc
such that it provides the least possible contribution to the existing isocenters.
If this orientation is selected properly, a limited arc isocenter will provide
the desired target coverage without affecting the conformality of the re-
mainder of the target volume.

3.4.5 Clinical Multi-Isocenter Planning

The general sequence of multiple isocenter treatment planning is illustrated
on an irregular metastasis shown in Figure 9. The general shape of the target
volume is assessed in all three dimensions. A standard five-arc set is then
placed, and the isocenter location and collimator diameter are chosen to treat
the largest possible volume of the target while not irradiating any normal
tissue. The dose distribution is then calculated for this single isocenter plan,
as shown in Figure 9. A second five-arc set is then placed, as shown in
Figure 10. Even with the correct spacing between the two isocenters, the
dose distribution may not be optimal because of dose contributions from
one isocenter to the other. This is particularly true when the collimator di-
ameter used on one isocenter is substantially larger than the diameter used
on another isocenter in the same plan. In Figure 10, for example, even
though the doses delivered by each isocenter are the same, the actual dose
received by isocenter number 2 is 20% higher than the dose received by
isocenter number 1. The isocenter weighting tool is then used to equalize
the two isocenter doses, resulting in the dose distribution shown in Fig-
ure 11.

Subsequent isocenters are then placed and weighted in a similar fash-
ion until a plan is achieved that closely corresponds to the target volume
with minimal irradiation of normal tissue outside of the target volume. Often,
a very conformal plan is achieved that has very small regions of target
volume outside of the prescription isodose shell, as shown in Figure 12. A
single arc can be directed near the periphery of this target region to provide
just enough dose to cover the underdosed region. After adding this single
arc, as shown in Figure 13, the dose distribution conforms to the target
volume without adverse effects to the overall dose gradient.

Using this systematic approach to multiple isocenter planning, a con-
formal treatment plan can be generated for any target volume. Clearly, a
great deal of expertise and practice are required to generate conformal plans
for highly complex target volumes. Therefore, an automated algorithm that
follows this systematic approach to multiple isocenter planning has been
developed [7].
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FIGURE 9 A five-arc delivered through a 20-mm diameter collimator
treats the largest possible target volume without unnecessary irradiation
of normal tissue. This isocenter serves as the starting point for a multiple
isocenter plan. In this and all subsequent figures, the 70%, 35%, and 14%
of maximum isodose are shown on the MRI scan.
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FIGURE 10 A second isocenter, delivered through a 10-mm diameter col-
limator is placed in the target volume. Even though the isocenters are
spaced properly relative to one another, dose communication between
the two isocenters causes a suboptimal dose distribution.

4 TREATMENT DELIVERY

As the preceding section demonstrates, highly conformal dose plans can be
generated using the Linac Scalpel. Therefore, it is important that the dose
delivery system is capable of accurately delivering these conformal plans.
Unfortunately, a standard radiotherapy linac is not necessarily capable of
achieving such accuracy; the basic acceptance criteria for a radiotherapy
linac requires that the gantry maintain a radiation focus about isocenter to
an accuracy of �1 mm. In other words, the gantry radiation isocenter must
remain confined to a 2-mm sphere. The generally accepted tolerance for
patient support rotation about isocenter is also �1 mm. It is generally as-
sumed that the rotation of the patient support system’s axis coincides with
that of the gantry. It is, however, possible that the centers of the two 2-mm
spheres will differ and that the combined tolerance will be greater than either
of the individual 2-mm tolerances. Therefore, care should be taken to prop-
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FIGURE 11 Using the isocenter weighting tool to equalize the doses de-
livered to isocenter results in a more homogeneous distribution for the
two isocenter plan.

erly evaluate the accuracy of any linac to be used as part of a radiosurgery
system.

The linac scalpel uses a special modification to the linac that enables
a treatment accuracy of 0.2 � 0.1 mm for rotation of both gantry and patient
about isocenter. This modification, known as a floor stand, uses a system of
bearings that allow the beam to stay focused on isocenter, effectively elim-
inating isocentric inaccuracies caused by the patient support system and
gantry sag [2].

4.1 Testing Procedure

Testing the linac radiosurgery system requires a local standard, known as
the phantom base. It is very important to test not only the center of the
stereotactic reference system but to also test points throughout the entire
stereotactic space that can be used for routine treatment. Our testing pro-
cedure is similar to that designed by Winston and Lutz [19,20]. In this test,
a coordinate is set on the phantom base and by means of mechanical transfer,
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FIGURE 12 After 11 isocenters have been placed in the target volume, a
very conformal dose distribution is achieved with the exception of a
small region at the inferior portion of the tumor.

a target sphere is placed on the linac. In our system, the phantom base has
been redesigned to eliminate the mechanical transfer, and the target sphere
may be placed directly on the linac. Films are obtained of the target with
the linac set at various gantry and patient support unit rotations. These films
are analyzed to establish the overall system accuracy. The system accuracy
may be ascertained by measuring the target’s displacement from the center
of the radiation field through all of the linac’s rotations. Most often, the
displacement is measured using a set of concentric circles in conjunction
with a 10X magnifier with internal 0.1-mm scale. The outer circle is 24 mm
in diameter, which corresponds to the collimator diameter used to expose
the films. The inner circle is 8 mm in diameter, which corresponds to the
target sphere diameter. These two circles are concentric to within 0.01 mm.
The outer circle is first aligned with the image of the collimator on the film.
If the target is perfectly centered in the radiation beam, the image of the
target will align perfectly with the inner circle. If there is a misalignment,
this is measured using the magnifier’s internal scale.
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FIGURE 13 Adding a single arc to isocenter number 12 covers the small
region of target and completes the very conformal plan.

For daily treatment, the preceding quality assurance procedure is fol-
lowed for each patient. This daily test is used to verify the stereotactic
coordinates rather than to test the system accuracy. This is important, as
studies have shown that errors are often made in setting the stereotactic
coordinates [21]. The isocentric coordinates obtained from the treatment
planning computer are set on the phantom base by one individual, and in-
dependently set on the patient support system by another. The phantom
target is transferred to the patient support system and a film is exposed. The
film is visually inspected to assure its quality. It has been our experience
that by inspection, any error greater than 0.5 mm is obvious to a trained
observed. Because this is a test to ensure that the target has been setup
without error, we feel that measuring each individual target film is not
necessary.

Subsequent to coordinate verification, the patient is treated following
a detailed checklist generated by the treatment planning computer. Following
such a list prevents errors in treatment execution. If a second isocenter is
required, the new isocenter coordinates are set on the isocentric subsystem.
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After the new coordinates are set, a blind read is conducted by two individ-
uals. If all readings agree, then the second isocenter is treated. This proce-
dure is repeated for all subsequent isocenters on that patient.

5 CONCLUSIONS

Stereotactic radiosurgery is a complex process that is most successful when
executed by a knowledgeable multidisciplinary team from neurosurgery and
radiation oncology. It is important that neurosurgeons involved in radiosur-
gery understand the entire treatment process, including diagnostic imaging,
stereotactic localization, treatment planning, and radiation delivery. Careful
attention to each of these details results in better target visualization, more
accurate target localization, more conformal treatment planning, and de-
creased overall uncertainty in radiation delivery.
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1 INTRODUCTION

The BrainLab stereotactic irradiation software, BrainScan, includes modules
for planning stereotactic irradiation (SRS) using dynamic noncoplanar arcs
or fixed conformal beams when the linear accelerator is equipped with a
beam-shaping tool, either a mini multileaf collimator (mMLC) or cylindrical
cerrobend collimators. We have been using BrainScan version 5.0 for the
last year. Our system includes both conventional circular collimators and a
computerized mMLC, allowing us the choice of either delivering traditional
radiosurgery (noncoplanar arcs) or conformal (fixed shaped beams combined
with an mMLC) stereotactic radiation, depending on the size and shape of
the lesion. We will describe here the basic principles and stages of planning
and delivery of both techniques, including the benefits and drawbacks of the
two methods. We will also highlight the strong and weak points of the
BrainLab radiosurgery system.
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2 DISPLAY

The BrainLab stereotactic planning system runs on Windows NT, and most
of the functions can easily be controlled from the computer mouse. In all
modes, the display consists of a main window and up to five smaller win-
dows. The initial (default) main window after loading the patient’s file is a
single axial image from the first data set [either computed tomography (CT)
or magnetic resonance imaging (MRI)]. This can be changed to show 4, 9,
or 16 consecutive axial slices of a predefined area of interest (usually the
target region). Buttons on the right of the main screen are used for zooming
in or out of the region of interest. Scrolling between images is achieved
either with a prior/next button or a scroll bar for rapid scrolling through
many images with a couple of mouse clicks. Alternatively, the main window
can show a three-dimensional display of the patient’s head that can be
zoomed or rotated in any axis. Beneath the main window are two smaller
windows that display both sagittal and coronal reconstructions or multiple
coplanar sets of CT and MR images. The multiple sets are useful for check-
ing the quality of the image fusion (see later) and for comparing structures
seen on both MRI and CT. On the left of the main window, there are three
more small windows for sketches, which assist in visualizing the treatment
planning. These displays differ depending on whether the stereotactic or
conformal modes are used, and are described later in the planning section.

3 IMAGE ACQUISITION

Magnetic resonance imaging and CT are obtained for all patients (except
for patients for whom MR imaging is contraindicated). The MRI is per-
formed before placing the stereotactic head ring. For convenience, we per-
form the MRI one to several days before the planned radiosurgery, although
it could be done on the same day as the radiosurgery before head-ring fix-
ation. Magnetic resonance imaging data can be acquired and transferred to
the planning system in axial, coronal, and sagittal planes, although in usual
practice axial MR images are obtained in 2-mm slices. When performing
the MRI, it is important to note that oblique (tilted) planes are not recognized
by the BrainScan software.

The BrainScan planning system can accommodate several commer-
cially available head ring localizers, including a proprietary BrainLab frame.
Computed tomography is carried out after fixing the head ring in place. The
appropriate localizer is attached and locked firmly to the head ring during
acquisition of the CT. We use the fixed BRW stereotactic frame for all our
single fraction treatments, and the relocatable BrainLab frame for fraction-
ated stereotactic irradiation.
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4 DATA TRANSFER

Datasets from the MRI and CT are transferred via network to the BrainScan
planning computer. A backup system of data transfer by optical disc or tape
is available in case online communication breaks down. Tape or disc data
transfer can be used by medical centers where direct data transfer is not
available. After transferring the MRI and CT data, the first planning step is
the identification and localization of the fiducial rods of the CT localizer.
The software requires manual identification of the fiducial rods on the first
CT slice, after which it proceeds with automatic recognition of the fiducials’
position on the remaining slices. The CT and appropriate MRI image sets
for each patient are stored in a single file and are now ready for contour
outlining in preparation for image fusion and treatment planning. The soft-
ware allows digitization of data from standard analog angiographic images
for planning radiosurgery of arteriovenous malformations (AVMs). Our in-
stitution has digital angiography equipment only (which cannot be used for
stereotactic localization because of inherent spatial inaccuracies), and we
use MRI and high-dose contrast-enhanced CT for all our patients, including
those with AVM.

5 STRUCTURE CONTOURING TOOLS

Contours of objects are drawn in the two-dimensional axial CT or MR im-
ages displayed in the main window, whereas coronal and sagittal reconstruc-
tions of the objects are simultaneously displayed in the smaller windows
below. Each completed object (defined in CT or MRI) is transferred to the
three-dimensional database. The target is defined on both CT and MRI. The
main drawing tool takes advantage of the three mouse buttons and consists
of a circular cursor that can be used as a brush either for drawing or for
erasing. The left mouse button is used for outlining and the right for erasing.
The middle button is used to accept the completed outline. Additional tools
are available in the Autocontour function and include a spherical contour
tool for outlining the eyes. This is positioned at the center of the eye on the
axial, sagittal, and coronal images. The size of the sphere is adjusted with
the mouse to match the size of the eye. An autocontour tool for automatic
outlining of volumes with a common density threshold is also available.
Only the first and list slices of the object need to be outlined manually (the
threshold can be adjusted to improve identification of the structure to aid in
outlining). This tool is useful for those who use the entire ventricles for
image fusion (see below), but in our experience, image fusion with the entire
ventricles is too laborious to achieve a good fit.

The completed objects are transferred to the three-dimensional data-
base, which lists all contoured objects (CT and MRI) in the patient file. All
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these images can be displayed on either CT or MRI slices such that a target
defined on MRI can be superimposed onto a CT image set for planning
purposes. One object from the three-dimensional database (usually either
MRI target or CT target) is designated as the planning target volume (PTV).
Several objects can be defined as organs at risk (RO). The isocenter cannot
be placed in an RO. In the planning stage, the three-dimensional database
is used to define which objects will be visible in the various planning
windows.

6 IMAGE FUSION

Image fusion on BrainLab version 5.0 is automatic. To shorten the process
time for the fusion, the CT and MR images are manually overlaid for a very
approximate match before automatic fusion. Automatic fusion then takes a
couple of minutes. A check of the fusion is carried out with the multiple
sets tool, in which a small rectangular window showing part of the com-
parable reconstructed MR image is superimposed over part of the CT image.
This rectangular MR window can be moved around the CT image for final
verification of the alignment of the CT and fused MR image. After the
automatic fusion, minor manual adjustments are sometimes required to ob-
tain a perfect match.

7 PLANNING

7.1 Conventional Stereotactic Arc Radiosurgery

The radiosurgery module is opened and the desired target (as defined on
either the CT or MR image) is selected. The RO to be displayed during
radiosurgery planning are selected from the three-dimensional database. Ei-
ther CT or MR images of the target area are chosen for the main screen
display, and the number of consecutive images that shows the entire target
(usually 9 or 16 slices) is selected. Coronal and sagittal reconstructions are
displayed below the main window and planning sketches, including an axial
arc collision map, a coronal sketch of arc planes in relation to the isocenter
and ROs, and a three-dimensional overview are shown in the left-sided
windows.

The first isocenter is added and automatically placed at the center of
the defined target. A pop-up window allows selection of the number and
range of treatment arcs. The default is five arcs with a range of table posi-
tions of 160� and a range of gantry start/stop angles from 30� to 130�. The
isocenter can be moved with the mouse by drag and drop on the axial,
coronal, and sagittal views and on the three-dimensional overview. Alter-
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natively the isocenter can be moved at 1-mm intervals at the click of a
button. Smaller increments are possible by typing the coordinates of the
isocenter position in the appropriate windows. The position of the isocenter
is confirmed with the middle button. A collision warning prevents selection
of incompatible arc-planes and table angles. A circle representing approxi-
mately the 80% isodose of the individual beam is displayed on each image
in the main window and is useful in positioning the isocenter and selecting
the ideal collimator diameter for each arc. For each isocenter, individual arcs
can be removed or added, and the table and gantry positions of each arc can
be modified by clicking on the axial arc sketch screen or using the arc plane
table on the left of the screen.

The main screen can be switched to a beam’s eye view (BEV), which
displays 16 consecutive images of the BEV of the arc at 10� intervals and
can be zoomed to improve clarity. The BEV includes sketches of the organs
at risk and enables alteration of the range of the arc to avoid the beam
passing through the ROs. It is possible to plan and deliver split arcs that
skip over the area of the RO, in such cases each portion gets half of the
original dose of the arc. The PTV can be made transparent to better visualize
the ROs.

The results of the initial planning are now reviewed. The isodose set-
tings have a limited color scheme. For single isocenter treatment, we usually
plan to treat to the 80% isodose, and we display the 80%, 40%, and 16%
isodose lines in planning. For multiple isocenters, a 55% to 70% isodose
line is usually selected. The two-dimensional axial planes throughout the
lesion and the sagittal and coronal reconstructions are examined to ensure
that the prescription isodose line covers the entire target. For elliptically
shaped targets, the table angles and arc ranges are modified so that the
prescription (80%) isodose line covers the entire target with minimal extra
tissue, allowing treatment with a single isocenter. Planning of a single iso-
center takes 15 to 30 minutes.

For irregular targets, additional isocenters can be added and positioned
manually with the mouse drag and drop using all three planes or by keying
in exact coordinates. Positioning and weighting of isocenters in multiple
isocenter plans requires experience and patience. Changing the weighting or
arc angles of one isocenter will affect the weighting of the other isocenter(s).
We try to avoid similar table angles for arcs of different isocenters to prevent
high-dose areas outside of the target caused by the coincident entry of sev-
eral beams.

After a plan is approved, the prescription dose is entered into the dose-
setting window. Planning and treatment of irregular targets is much simpler
with fixed conformal mMLC fields (see below) than with stereotactic arcs;
therefore, we rarely plan treatments with multiple isocenters, particularly as

Copyright 2003 by Marcel Dekker, Inc. All Rights Reserved.



the use of several isocenters requires many manual modifications of the
treatment plan. The isodose lines that are displayed on the screen, even after
minor modifications in the treatment plan, are relevant to the total dose
before the change in the plan. To see the actual dosimetry relevant to the
modified plan, it is necessary to perform two functions to normalize the
dose, and this can take several minutes for treatments involving multiple
isocenters. The first step requires setting the normalization point within the
target volume. After recalibrating to the normalization point, the second step
is to enter the dose prescribed to the 100% point. The system recalculates
the isodoses for the new prescription dose, preserving the relative weights
of the individual beams. The isodoses can now be re-evaluated and if sat-
isfactory, the plan is saved and printed for the actual treatment. The nor-
malization sometimes results in an unexpected change in isodose lines, as
it is not possible to immediately see the true change in prescription isodoses
on the screen images, requiring further manipulation of the beams or down-
ward adjustment of the prescription isodose to cover the entire target, and
then repeating the two-step normalization process. This is a major drawback
of the present BrainLab dosimetry software.

We usually plan multiple isocenters only if several targets are to be
treated (e.g., for a patient with several brain metastases). The isodose settings
of each target must be checked at completion of the plan to ensure that the
beams of the later targets did not interfere with the dosimetry of the earlier
targets.

A final check of the treatment plan is carried out by examining the
dose volume histogram. This reports the target volume and the volume of
normal brain within the prescription isodose and is useful to ensure that the
entire target is within the prescription isodose. The conformity index (CI)
of the plan is defined as the ratio between the total volume treated to the
prescription isodose and the target volume. Thus, any measure greater than
1 refers to normal brain within the prescription isodose. The ideal CI = 1,
although in practice the CI usually ranges from 1.5 to 2. This means that
the volume of normal tissue included in the prescription isodose is between
50% and 100% of the volume of the target. In cases with a large target
volume or a high CI, we will lower the prescription dose to reduce the risk
of complications.

7.2 Multiple-Shaped Fixed Beams

For irregularly shaped fields, we use the conformal radiosurgery module
together with the BrainLab mMLC. The mMLC is based on the Varian 52
leaf multileaf collimator. There are 26 leaves on each side, which cover an
area of up to 10 � 10 cm, with leaves 3-mm wide in the center of the field
and 5.5-mm wide at the edges.
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The main screen display for the conformal module is similar to the
display for conventional radiosurgery. As with the conventional stereotactic
arc module, the number of slices (usually 9 or 16) needed to show the entire
target is selected. The sketches show a spherical overview of the arc posi-
tions and a room’s eye view of the beam directions. A treatment target is
selected and the isocenter is placed automatically on its center. Beams are
added on the treatment plan and positioned with the mouse using the axial
sketches. The mMLC leaves are automatically adjusted to cover the target
area in the BEV. A predetermined margin can be used and is automatically
included in the BEV. For malignant lesions, we sometimes add a 1-mm to
2-mm margin, depending on the planning isodoses. The target and selected
ROs are displayed in the BEV in the planning sketches. We usually select
10 to 12 beams covering a wide range of angles, taking care to avoid beam
angles that cross ROs.

The isodose display is now examined on the axial CT or MRI slices
in the main window and on the coronal and sagittal reconstructions. With
conformal beams, the 80% prescription dose will adequately cover the target
as the target is included in the BEV of each field. When the target has a
highly irregular shape, the prescription isodose may include a significant
amount of normal brain tissue, which is in the path of several beams toward
the target or within the folds of the target, resulting in a large conformity
index (> 2). In such cases, we manually adjust the mMLC leaves to reduce
the normal tissue within the prescription volume without compromising the
target dose. This is achieved by outlining the area of normal tissue within
the prescription isodose on the CT or MRI images, and then moving them
to the three-dimensional database as ‘‘areas of regret,’’ which are made vis-
ible in the sketches windows. The target is made transparent to be able to
see the areas of regret clearly. All the beams are now examined. Beams that
show the area of regret at the edge of the target are selected, and the mMLC
leaves of these beams are manually modified to block off part of the area
of regret. Usually 3 to 4 beams are modified to significantly reduce the dose
in the area of regret. The plan is then re-examined. There may be remaining
areas of regret after the initial manipulation, or there may be areas of geo-
graphical miss beneath the manually adjusted leaves. The areas of geograph-
ical miss are now drawn on the CT slices in the main window and transferred
to the three-dimensional database. The mMLC leaves are readjusted to cover
the areas of geographical miss. We usually carry out 2 to 4 iterations of the
procedure of manually adjusting the mMLC leaves to reduce the dose in the
area of regret and to increase the dose in the areas of geographical miss
until a satisfactory plan is achieved. Each iteration adds 5 to 10 minutes to
the planning time. The entire manual dose optimization takes 20 to 45
minutes. The planning time of a simple conformal plan without manual
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optimization is around 15 minutes. The volume of normal tissue included
in the prescription isodose is reduced by up to 50% by this manual dose
optimization.

Different plans for each patient can be prepared and compared side by
side to select the best plan. This is most often useful when we are in doubt
whether the noncoplanar arcs plan is preferable to the fixed beam conformal
plan. After deciding on a treatment plant, the prescription is printed, together
with the target positioning films for aligning the patient on the treatment
couch.

7.3 Stereotactic Treatment Delivery

Stereotactic treatment is carried out on a Varian 2100 C linear accelerator
using a couch-mounted head fixation device. The couch-mount slides onto
the siderails of the treatment couch. The couch is equipped with stabilizers
to prevent couch displacement and vibration during treatment. Stereotactic
arc treatment is delivered using round collimators ranging from 10 cm to
40 cm in 2.5-cm intervals. These collimators are inserted into a collimator
mount fixed to the linear accelerator head. For conformal fixed beam treat-
ments, we use the BrainLab mMLC, which weighs 31 kg and is stored on
a mobile trolley until use. Before beginning a session of stereotactic con-
formal radiotherapy the mMLC is mounted underneath the linear accelerator
head. To mount the mMLC, the linear accelerator head is placed at the 180�
position and the mMLC slides from the trolley onto the accelerator head
and is secured in place. It requires about 30 minutes to insert and initialize
the mMLC.

Patient positioning for stereotactic treatment is achieved with three sets
of cross-haired lasers placed laterally at 90� and 270� and on the ceiling
above the patient at 360�. Before each session of stereotactic treatments, the
couch-mount attachment is fixed to the treatment couch and a phantom iso-
center pointer is attached to the couch-mount. The system is calibrated by
placing the phantom isocenter pointer at the point of coincidence of the
three sets of lasers. The position of the phantom is checked with the couch
at 0�, and the gantry at 0�, 90�, and 270�, and then with the couch at 90�
and the gantry at 0� and 90�. Fine adjustments of the couchmount are carried
out with a set of four screws for fine tuning of linear displacement in the
lateral, vertical, and superior/inferior directions. The couch stabilizers are
now fixed into place.

The target positioner is a perspex box that attaches to the stereotactic
frame and fits over the patient’s head. Target positioning films showing the
isocenter and incident beam positions are printed out for each stereotactic
treatment. They are carefully aligned on all four sides and at the top of the
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target positioner box. Before treatment, the target positioner box is attached
to the couch mount and the couch is positioned and fixed in place so that
the lasers pass through the isocenter marker on each film with the couch at
0�, and the gantry at 0�, 90�, and 270�, and then with the couch at 90� and
the gantry at 0� and 90�. Fine adjustment of the couch position is obtained
with the tuning screws. The target positioner is removed and the patient is
placed on the couch and the head ring is attached to the couch-mount. The
target positioner is attached to the head ring, and alignment is checked in
all directions. There is usually a slight sag in the target positioner from the
weight of the patient’s head, but this does not usually affect the position of
the isocenter.

For stereotactic arc treatments, the appropriate diameter collimator is
inserted into the collimator mount and the table is positioned at the appro-
priate angle for the specific arc. The arc range and requisite monitor units
are keyed into the treatment console and then delivered. Between each arc,
the technicians enter the treatment room to reposition the couch and gantry
to the appropriate angle for the next arc and to change the collimator if
necessary.

The leaf positions for fixed beam mMLC treatments are downloaded
from the stereotactic planning system and the data are transferred by diskette
to the computer controlling the mMLC so that for each field, the leaves are
adjusted automatically. In addition to the isocenter positioning described
above, the target positioner films show the shadow of each beam as it passes
the positioner film and we check the position and shape of the first beam
before beginning treatment. Between each beam, the technicians enter the
room to change the couch and gantry positions and to ensure that there is
no collision between the couch and gantry. For treatments with multiple
isocenters, the target positioner is replaced over the patient’s head and the
couch is fixed for each additional isocenter and accurately positioned with
the screw mounts without moving the patient.

8 CONCLUSIONS AND FUTURE DEVELOPMENTS

The BrainLab stereotactic planning system is versatile and can plan radio-
surgery with dynamic noncoplanar arcs or with conformal fixed beams. To
be able to plan and treat all kinds of lesions efficiently, it is necessary to
have the means of delivering both classic arcs and fixed conformal beams.
Most of the drawbacks of previous versions of the BrainLab planning system
have been corrected or improved in the present version, particularly the
image fusion process, which is now reported to be completely automatic.
The screen view with the MRI reconstruction overlying the CT image is
included in the fusion module, and it is no longer necessary to go back and
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forth between the treatment module and the fusion module for final approval
of the image fusion. It is still necessary to carry out a two-step dose nor-
malization after each modification of the treatment plan. Dynamic conformal
arc software and intensity modulated radiotherapy software are now avail-
able and these will increase the dose conformity and ease of planning ste-
reotactic treatments with the BrainLab system.
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Stereotactic Radiosurgery and Intensity
Modulation Radiotherapy

Antonio A. F. De Salles and Timothy Solberg

UCLA School of Medicine, Los Angeles, California, U.S.A.

1 INTRODUCTION

Stereotactic radiosurgery (SRS) is a well-accepted treatment for a large num-
ber of neurosurgical pathologies, including arteriovenous malformations, pri-
mary and metastatic brain tumors, several skull base tumors, and selected
chronic pain syndromes [Alexander et al, 1993; De Salles et al, 1993; Fried-
man et al, 1993; Kondziolka et al, 1991; Lunsford et al, 1992; Mehta et al,
1997; Selch et al, 2000; Solberg et al, 2001; Steiner et al, 1992]. During the
last 50 years and mainly during the last two decades, SRS has given neu-
rosurgeons and radiation oncologists the ability to maximize the dose of
radiation to the tumor with physical sparing of the normal brain. Most re-
cently, radiobiological sparing is also being explored in the form of stere-
otactic radiation therapy [Selch et al, 2000]. Despite the enormous devel-
opment on the techniques of conformal radiation, including multiple
isocenters [Goetch et al, 1993; Kondziolka et al, 1991], shaped beam [Sol-
berg et al, 2001], and pencil beam approaches [Chenery et al, 1999], afforded
by computerized imaging and three-dimensional treatment planning soft-
ware, the need to further improve the normal tissue sparing and enhance
dose of radiation to the pathologies remains important [Lax and Karlsson
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1996; Pollock et al, 1996]. This can be determined by the less than optimal
results of SRS when treating several pathologies [Flickinger et al, 1992;
Flickinger et al, 1998; Mehta et al, 1997; Selch et al, 2000].

The radiation dose response of solid tumors and arteriovenous mal-
formations has been demonstrated repeatedly [Betti et al, 1989; Colombo et
al, 1994; De Salles et al, 1996; Karlsson et al, 1997; Lunsford et al, 1992;
Steiner et al, 1992; Voges et al, 1996]. The delivery of higher doses of
radiation is associated with a higher probability of tumor and arteriovenous
malformation (AVM) control and cure, although accompanied by increased
risk of normal tissue complications [De Salles et al, 1999; Ellis et al, 1998;
Karlsson et al, 1997]. Intensity Modulated Radiotherapy (IMRT) offers a
potential solution to enhance significantly the efficacy of radiation delivery,
allowing higher control and cure rates in solid tumors or AVMs while si-
multaneously reducing morbidity. Although clinically in use with university
and commercially available platforms [Yu et al, 1996], IMRT has not been
developed fully for fine intracranial applications [Verhey, 1999]. The devel-
oped IMRT treatment system dedicated for intracranial applications promises
to improve efficiency in planning and delivery of the treatment [Cardinale
et al, 1998]. These advantages depend on enhanced integrations of treatment
planning software and radiation delivery systems capable of handling ma-
nipulation of beam intensity.

2 INTENSITY MODULATED RADIOTHERAPY

The term ‘‘intensity modulated radiotherapy’’ is relatively new, although the
concept of deliberately creating a non-uniform radiation beam to achieve a
superior dose distribution is not. Modulation of heavy particle beam with a
variable column of water or Lucite model in the beam pathway has allowed
the placement of the Bragg Peak in tumors and vascular malformations since
the early 1950s [Kjellberg et al, 1964; Koehler et al, 1977; Tobias et al,
1956]. These techniques are not effective, however, in modulating photon
beams.

Several techniques have been proposed and used to improve the dis-
tribution of radiation dose within a patient when a photon beam is used
[Grant and Cain, 1998; Khoo et al, 1999]. Physical compensators have been
used in limited fashion over the past four decades [Ellis, 1959; Hall et al,
1961; Khan et al, 1968]. Physical wedges are still used routinely in most
radiotherapy centers. Although these techniques can provide a more uniform
target dose, they in no way provide the optimal solution that IMRT can with
respect to avoiding important normal structures that cannot otherwise be
excluded from a radiation field. Anders Brahme first described the modern
IMRT concepts. He proposed in 1988 that the conventional trial-and-error
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paradigm for treatment planning be reversed, and that one derive the opti-
mum beam intensities from the desired dose distribution using deterministic
techniques [Brahme, 1988]. Since that time, several methods have been de-
veloped to both plan and deliver technology that allows the optimal intensity
to be determined and delivered. The basic IMRT paradigm is shown in
Figure 1.

With the advent of micromultileaf collimators (MLCs), an effective
mechanism now exists for the application of IMRT techniques to targets
within the brain, that is, intensity modulated radiosurgery (IMRS). The suc-
cess of IMRS hinges on the development and implementation of three key
components: (1) inverse planning—the calculation of optimal beam profiles,
given physical or biological constraints to a target and organs at risk; (2)
leaf sequencing—conversion of the beam profiles calculated by the inverse
algorithm into a series of leaf positions and corresponding monitor units that
are physically deliverable; (3) delivery—the administration of the IMRT
treatment delivered by a tightly integrated accelerator and MLC. In this
chapter, we present our efforts in each of these areas and discuss the clinical
implementation for cranial neoplasms. Some discussion of underlying theory
is necessary in this developing field.

2.1 Inverse Planning Techniques

The task of inverse planning is an optimization process whereby one spec-
ifies a desired dose distribution and searches for the beam intensity distri-
bution that will satisfy the request. This is generally found in the form of
an objective function that is subsequently minimized through a mathematical
operation. In theory and practice, there are a number of functions, both
physically and biologically based, that can be used as the objective function.
This process is shown diagrammatically in Figure 2.

Inverse planning solutions fall into three general classes. Several in-
vestigators have proposed the use of iterative techniques similar to methods
used in the reconstruction of tomographic images [Bortfeld et al, 1990; Bort-
feld et al, 1995; Holmes et al, 1993]. Although these solutions do produce
the desired dose distribution, the calculated intensity profiles can contain
negative beam weights. This is a major drawback, in that the delivery of
negative beams is not physically realizable. Several attempts have been made
to overcome this shortcoming. For example, negative beam weights can be
truncated to zero with the hope that the resulting distribution does not suffer
significantly.

The second class of solutions can be thought of as random-walk ap-
proaches. Simulated annealing, first applied to radiotherapy optimization by
Steve Webb in 1989, is such an approach [Webb, 1989]. With simulated
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FIGURE 1 The principles of intensity modulated radiotherapy (IMRT) are
illustrated in the two diagrams above. Wedge filters (left) can correct for
surface curvature and produce a uniform dose distribution within a tar-
get. Individually designed compensating filters (right) can correct for or-
gan shape as well as surface curvature. Intensity modulated radiother-
apy extends these concepts by providing a generalized way to achieve
the optimal dose distribution with respect to both target and normal
tissue.

FIGURE 2 Example of an objective function that can be minimized
through a mathematical operation. In theory and practice, there are a
number of functions, both physically and biologically based, that can be
used as the objective function.
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annealing, one seeks a global minimum through a series of pseudo-random
walks that seek to minimize the difference between a present value (distri-
bution) and that desired. Those paths that result in a smaller difference are
preferred, although to prevent the solution from finding a local minimum,
other paths may be selected. Simulated annealing has gained some popular-
ity within the radiotherapy field and was the first algorithm used in a com-
mercial system capable of inverse planning [Carol, 1995]. However, it suf-
fers from two major drawbacks, which subsequent methods have improved
upon. First, simulated annealing requires a dose calculation at each iteration.
Thus the implementation of a sophisticated dose algorithm that considers
scatter, divergence, and the effect of tissue heterogeneities—all in a three-
dimensional fashion—yields an inverse procedure that is extremely time
consuming. Second, because of the random nature of the optimization pro-
cess, simulated annealing results are very sensitive to optimization param-
eters. Without careful selection of the parameters, the process can easily
converge to a local minimum, which may be a significantly poorer solution
than the true optimum.

A third class of inverse planning solutions are the so-called gradient
techniques. In a standard gradient approach, the solution space is searched
along a path of steepest descent. The optimal solution, then, is one in which
the gradient no longer decreases. This approach, however, is also prone to
being trapped within local minima. An enhancement to the standard gradient
approach was proposed by Spirou and Chui [1998]. The conjugate gradient
method alternates between a steepest descent direction and a direction or-
thogonal (or conjugate) to the steepest descent. This allows an escape route
when local minima are encountered, although the size of the conjugate step
must be carefully chosen.

Most recently, a new approach based on the maximum likelihood es-
timator (MLE) used in imaging was proposed as a possible solution to the
inverse problem [Llacer, 1997]. In the basic MLE as follows, the likelihood
that a set of beamlets with energy fluency a (Fa) will produce a prescribed
dose distribution D is given by:

di(F a )ij j�F aij jP(D�a) = e�� � �d !ii j

where D is assumed to have elements that a Poisson distributed with a mean
of Fiaj. Fij is the matrix element that defines the dose delivered to anatomy
voxel i from beamlet j, and di is the desired (prescribed) dose in anatomy
voxel i. The inverse process is to maximize the likelihood function P to find
the beamlet fluences that will produce the desired dose distribution. Jorge
Llacer proposed the addition of a penalization term, which changes dynam-
ically, in an attempt to drive the dose to the organs at risk (e.g., brainstem)
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as low as possible while maintaining the constraints on the target volume
[Llacer, 1997]. The MLE with dynamic penalization [also known as the
dynamically penalized maximum likelihood (DPL) algorithm] has recently
been integrated into the commercial treatment planning system for inverse
planning of intracranial targets.

A key strength of the DPL approach is the ability to compute a number
of inverse plans simultaneously. This allows, for example, varying levels of
emphasis to be placed on the target and risk organs, with the clinician se-
lecting the appropriate plan for the individual tumor site and patient. As an
example, two plans for an ependymoma, abutting the inferior portion of the
brainstem, are shown in Figure 3. The plans, representing two extremes of
target coverage/brainstem avoidance, were calculated simultaneously along
with several others using the DPL algorithm. The accompanying dose-vol-
ume histograms show the trade-offs involved when choosing brainstem spar-
ing over target coverage.

2.2 Leaf Sequencing

Recently, algorithms for translation of intensity profiles determined during
inverse planning into physical multileaf segments that a treatment device
can deliver have been described (Bortfeld et al, 1994; Bortfeld and Boyer,
1995; Mackie et al, 1993]. Essentially the continuous intensity profiles are
segmented into discrete profiles, which can be defined by two opposed
leaves, the so-called leading and trailing leaves. To make the process effi-
cient, it is desirable to have the leaves proceed in one direction only and
not to backtrack. This is generally referred to as the sliding window tech-
nique. To accomplish this, the discrete profiles can be re-binned as a function
of time rather than position.

Another important consideration in the sequencing code involves the
resolution of the desired intensity profiles. If an intensity distribution has
significant structure, the delivery must obviously be broken into finer steps
(i.e., more segments). Rather than specifying the number of segments de-
sired, it is preferable to specify an RMS error between the calculated and
delivered profile. The translation algorithm will then determine the number
and size of steps necessary to achieve this.

Leaf sequencing algorithms must also consider a number of machine-
specific parameters. These include leaf speed, leaf transmission and leakage,
dose rate, delivery method [static multileaf collimator (SMLC) versus dy-
namic multileaf collimator (DMLC)] and tongue-and-groove effect. In gen-
eral, the number of monitor units required for an IMRT treatment is ap-
proximately two to three times greater than that for an equivalent open field
treatment. As a result, a significant portion of the delivered dose can come
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FIGURE 3 Two inverse plans for a patient with a spinal cord ependy-
moma. The plan on top emphasizes target dose homogeneity whereas
the bottom plan emphasizes sparing of the brainstem. The inset figures
show the intensity profile for a single beam superimposed over an out-
line of the anatomy. Clearly, the intensity of that portion of the beam
passing through the brainstem has been reduced in the bottom plan.
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from leakage and transmission sources, making it necessary to account for
and minimize radiation leakage between and transmission through the
leaves.

Similarly, the tongue-and-groove effect comes as a result of the manner
in which the MLC is constructed. This construction is meant to reduce the
leakage between neighboring leaves. However, when part or all of a neigh-
boring leaf is retracted, the tongue portion of a leaf can provide added
attenuation of the beam in regions where it is not anticipated. This can, in
turn, cause small regions of underdosing of as much as 15% to 20%. By
synchronizing the leaf motion, these effects can be minimized.

2.3 Intensity Modulation Delivery

As with inverse planning, several techniques have been proposed with regard
to radiation delivery of IMRT. The most common approach to IMRT delivery
is through the use of multileaf collimators. This can be performed in either
a static or dynamic fashion, as explained in Figure 4. The most simple to
implement and verify is the static technique, in which a treatment port is
divided into a number of smaller overlapping segments [De Neve et al, 1996;
Bortfeld et al, 1994; Boyer, 1997]. This type of approach is now referred to
as static MLC (SMLC) delivery. One shortcoming with the SMLC approach
is that in order to obtain a good representation of the desired intensity profile,
a large number (> 10) of segments may be required. This makes static IMRT
delivery with even a modest number of ports fairly inefficient. A more ef-
ficient approach is to allow the MLC leaves to move while the radiation
beam is on. This is referred to as dynamic MLC delivery (DMLC). Dynamic
MLC delivery presents several challenges that can make accurate imple-
mentation difficult [Boyer and Yu, 1999]. Multileaf collimator leaf speed
may not be adequate to deliver the intended profile, allowing more radiation
to be delivered in regions where it was not intended. In addition, dosimetric
verification and the accompanying quality assurance procedures are signifi-
cantly more complex with dynamic delivery.

Three techniques for IMRT delivery have been developed in which the
radiation source rotates about the patient while simultaneously modulating
the intensity with the leaves. The first is called intensity modulated arc
therapy (IMAT), proposed by Cedric Yu at the William Beaumont Hospital
in Detroit [Yu, 1995; Yu et al, 1995]. In IMAT, the conventional multileaf
is used to shape and modulate the beam as the linear accelerator rotates
about the patient. This presents the ultimate in treatment flexibility and ef-
ficiency but also in complexity. Three-dimensional dosimetric verification is
an absolute prerequisite.

A similar approach is that taken by the one commercial IMRT system
currently being marketed. The Mimic� (Nomos Corporation, Sewickley,
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FIGURE 4 The five diagrams demonstrate the principles of using a mul-
tileaf collimator (MLC) for intensity modulated radiotherapy (IMRT) de-
livery. A predetermined amount of radiation is delivered at each seg-
ment (leaf pattern) of a single portal. Associated with each segment is
a fraction of monitor units reflecting the relative amount of dose to be
delivered by each particular pattern. In static MLC (SMLC) delivery, the
beam is off as the leaves move between segments. In dynamic MLC
(DMLC) delivery, the leaves move continuously between segments while
the beam is on.

PA) is a device that attaches to conventional radiotherapy accelerators
[Carol, 1995]. It consists of two banks of 1 cm � 1 cm ‘‘leaves’’ and is a
binary device in the sense that its leaves can only provide collimation that
is either fully open or fully closed. The leaves are controlled by a com-
pressed air supply. It drives the leaves in and out of the field in less than
150 ms. The device is operated in a rotational fashion, but because it is
capable of treating only 2 cm at a time, the patient must be translated after
each of many rotations. This field-matching problem adds to the complexity
as well as the time required for treatment [Carol, 1996].
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FIGURE 5 The Mimic collimator (Nomos Corporation) mounted to a con-
ventional linear acclerator (top). The Mimic leaves produce individual 1
� 1 cm2 or 1 � 2 cm2 openings and are driven pneumatically.

The third rotational approach to IMRT delivery has been termed ‘‘to-
motherapy’’ or ‘‘helical tomotherapy’’ to distinguish it from the Mimic�
form of delivery. Rock Mackie and his colleagues at the University of Wis-
consin [Mackie, 1993] proposed helical tomotherapy. A prototype device is
currently under construction. Like the Mimic�, radiation is delivered in a
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FIGURE 6 The Novalis accelerator (BrainLAB GmbH) is capable of static
multileaf collimation (SMLC) and dynamic MLC (DMLC) IMRT. A close
up of the integrated MLC, with leaves projecting between 3.0 and 5.5
mm, is shown in the bottom frame.

‘‘strip’’ fashion, approximately 1 cm at a time, with a binary MLC in place
to provide the beam modulation. The helical tomotherapy technique has
several unique capabilities. It is built in a ring gantry configuration and the
patient is translated through the opening in a continuous fashion. Because
of this, the field-matching problem is eliminated. In addition, by incorpo-
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rating a bank of detectors, tomographic imaging can be performed while the
patient is treated.

3 DISCUSSION

Consider two examples. The first is an extremely aggressive primary malig-
nancy of the brain called glioblastoma [or glioblastoma multiforme (GBM)].
A diagnosis of GBM nearly always results in death within a matter of
months. Those tumors that can be removed through surgical means almost
always recur. Chemotherapy is of limited benefit because of the inability to
penetrate the blood-brain barrier. The delivery of an effective radiation dose
via conventional external beam arrangements is limited by the tolerance of
the surrounding normal brain. Brachytherapy, the use of implanted radio-
active materials, is a common approach to delivering higher doses in a lo-
calized fashion, and several investigations have demonstrated that the deliv-
ery of higher doses of radiation can have a significant impact on patients
with GBM. In the largest study to date, Sneed et al reported on 102 glio-
blastoma patients who received an implant boost using I-125 after standard
external beam radiotherapy [Sneed et al, 1996]. Their results demonstrated
a strong correlation between a longer freedom from local failure (FFLF) and
higher brachytherapy dose. In a smaller group of patients, Halligan et al
observed a 1-year survival rate of 59% from the time of implant in patients
presenting with recurrent GBM [Halligan et al, 1996]. The conclusion that
the use of 125-I brachytherapy results in improved survival compared with
historical controls is shared by a number of investigators [Fernandez et al,
1995; Halligan et al, 1996; Sneed et al, 1996]. Radiosurgery can make a
tremendous impact on the management of intracranial malignancy based on
its ability to increase the dose tumor/brain ratio.

The second example in which the delivery of a highly localized radi-
ation dose results in superior outcome is in carcinoma of the prostate. The
extension of stereotactic techniques developed by neurosurgeons into other
fields of medicine is natural and now becoming common. Examples are the
use of stereotactic techniques for breast and liver tumors biopsy. This allows
bringing outside of the intracranial arena the radiosurgical approach. Al-
though prostate cancer is less aggressive and more easily controlled, it is
much more common than primary brain tumors, and whereas the conse-
quences of improper treatment can result in mortality, most often the patient
is left with complications involving the adjacent organs at risk, namely the
bladder and rectum, and sexual impotency. Pollack and Zagars [1998] re-
ported on a series of 643 patients with early stage (T1/T2) prostate cancer
treated with external beam radiotherapy [Pollack and Zagars, 1998]. That
study demonstrated a significantly higher freedom from failure rate (87% to
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67%; P < 0.0001) in patients treated with radiation doses greater than 67
Gy. After a study of 232 patients treated with 3D conformal external beam
irradiation, Hanks et al [1998] have gone so far as to suggest that future
clinical trials use doses of 76 to 80 Gy.

Because radiation doses of more than 67 Gy delivered through con-
ventional field arrangements carry probabilities for acute and chronic com-
plication that are not insignificant, brachytherapy using temporary or per-
manent implants has been seen as a way to further enhance the target dose
while minimizing normal tissue complications. This approach is following
the same historical course as the treatment of brain tumors with brachy-
therapy in the early 1990s, when radiosurgery took the place of brachyth-
erapy for escalation of dose to tumors [Alexander et al, 1993; Selch et al,
2000].

Prostate implants have become widely used within the past 5 years. In
a study of 212 patients with localized (T1–T3) prostate cancer treated with
125-I implantation, Zeitlin et al. [1998] estimated a 5-year biochemical
[prostate specific antigen (PSA)] regress rate of 91%. Stokes et al. [1997]
observed 2 and 5-year disease free survival rates of 90 and 76 percent re-
spectively in 142 patients treated with 125-I implantation. In the largest
reported experience to date, Ragde et al [1997] observed an actuarial free-
dom from biochemical failure of 80% at 7 years in patients receiving implant
only and 65% at 8 years in a higher risk subgroup receiving implant plus
external beam irradiation. Wallner et al. [1996] have reported a 63% rate of
freedom from PSA recurrences at 4 years.

One issue with the use of radioactive implants is that the resulting
distribution of dose within the target is highly nonuniform. In the case of
brain tumor patients treated with brachytherapy, ‘‘hot spots,’’ that is, regions
of dose greater than the peripheral target dose, may result in localized areas
of necrosis that can be life threatening. These hot spots have been shown
to increase the complication rate when using stereotactic radiosurgery [Nedzi
et al, 1991]. Similar problems occur when implanting carcinoma of the pros-
tate. Zeitlin et al [1998] reported significant instances of impotence and
proctitis, 38% and 21.4% of patients respectively, as well as other compli-
cations, such as urinary incontinence and rectal wall breakdown. Other au-
thors also observed similar complications with similar frequencies, including
asymptomatic rectal bleeding or ulceration in 47% of patients and nocturia
in 45% of patients 12 months or more after implant.

It is important to re-emphasize the focal nature of the radiation dose
that is delivered through implant techniques. Only through the exclusion of
the normal tissues can higher and potentially more curable doses be safely
administered. The ideal focal radiation paradigm then would be to exploit
the localization properties of stereotactic radiosurgery in a manner that pro-
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duces a uniform dose within the target volume. Stereotactic radiosurgery
that uses multiple isocenters and small-diameter collimators suffers limita-
tions similar to the brachytherapy approach. Stereotactic intensity modula-
tion radiosurgery and radiotherapy promise to overcome this problem [Kra-
mer et al, 1998].

4 CONCLUSIONS

A bright future is ahead for the use of stereotactic external beam radiation
for treatment of pathologies of the central nervous system or elsewhere in
the body. Stereotactic techniques associated with intensity modulation par-
adigms and radiobiological sparing promise an increase in therapeutic ratio
of radiation.
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Stereotactic Radiosurgery with
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1 INTRODUCTION

Stereotactic radiosurgery combines stereotactic localization with multiple
cross-fired beams from a highly collimated radiation source. This noninva-
sive method has proven to be an effective alternative to conventional neu-
rosurgery, cranial irradiation, and brachytherapy for selected small cranial
tumors and arteriovenous malformations. Current stereotactic techniques rely
on a rigid frame fixed to a patient’s skull for head immobilization and target
localization. However, such a frame-based system results in numerous lim-
itations to treatment options, including: (1) existing cranial fixation systems
only allow treatment of intracranial or, at most, high cervical lesions, (2) a
fixed frame limits the treatment degrees of freedom, whereas the metal com-
ponents of current frames produce imaging artifacts on computed tomog-
raphy (CT) and magnetic resonance imaging (MRI) scans, and (3) the dis-
comfort associated with skeletal fixation makes treatment of children
difficult and fractionation cumbersome.

A fixed isocenter, where all beams converge on a well-defined point,
is the basis for standard radiosurgery instruments, such as the Gamma Knife
and conventional linear accelerators. This concept works well with spherical
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FIGURE 1 A picture of the Cyberknife showing the linear accelerator, the
robotic arm, the treatment couch, and the amorphous silicon x-ray cam-
eras (mounted on the floor). Reprinted with permission from Adler JR,
Murphy MJ, Chang SD, Hancock SL. Image-guided robotic radiosurgery.
Neurosurgery 44:1299–1307, 1999.

targets but is not ideal for complex or irregular shapes. To treat complex-
shaped tumors, these radiosurgery methods rely on multiple overlapping
spherical dose volumes, a method that results in target dose heterogeneity
and proportionately longer treatment times. A system that achieves shape
matching without significantly compromising dose homogeneity could im-
prove the treatment of many intracranial lesions. Furthermore, a frameless
stereotactic radiosurgery system with increased degrees of freedom would
allow treatment of extracranial (and even nonneural) tumors.

The Cyberknife (Fig. 1), developed by Accuray, Inc. (Sunnyvale, Ca-
lif., USA), uses noninvasive image-guided localization, a lightweight high
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energy radiation source, and a robotic delivery system, to address these
limitations [1]. This radiosurgical system has been used to treat intracranial
tumors and arteriovenous malformations (AVMs), as well as extracranial
targets within the spine and abdomen.

1.1 Image-Guided Radiosurgery

The present design of the Cyberknife derives from the original concept of
a frameless alternative to conventional intracranial radiosurgery. The system
presumes a fixed relationship between the target and the skull, as with other
forms of stereotaxy. A compact 130 kg, 6 MV X-ray LINAC is accurately
positioned by a robotic arm that can move and point the LINAC with 6� of
freedom. Two X-ray imaging devices (amorphous silicon detectors) are po-
sitioned on either side of the patient’s anatomy and acquire real-time digital
radiographs of the skull at repeated intervals during treatment. The images
are automatically registered to digitally reconstructed radiographs (DRRs)
derived from the treatment planning CT. This registration process allows the
position of the skull (and thus the treatment site) to be translated to the
coordinate frame of the LINAC. A control loop between the imaging system
and the robotic arm adjusts the pointing of the LINAC therapeutic beam to
the observed position of the treatment anatomy (target). If the patient moves,
the change is detected during the next imaging cycle and the beam is ad-
justed and realigned with the target.

The Cyberknife delivery treatment follows a sequential format. Once
the patient is on the treatment table, the imaging system acquires a pair of
alignment radiographs and determines the initial location of the treatment
site within the robotic coordinate system. This information allows initial
positioning of the LINAC. The robotic arm then moves the LINAC through
a sequence of preset points surrounding the patient. At each point the LINAC
stops and a new pair of images is acquired, from which the position of the
target is redetermined. The position of the target is delivered to the robotic
arm, which adapts beam pointing to compensate for a small amount of pa-
tient movement. The LINAC then delivers the preplanned dose of radiation
for that direction. The complete process is repeated at each point, for a total
of approximately 100 points.

1.1.1 Robotic Manipulator

A standard gantry-mounted LINAC moves in a planar arc and always points
at a fixed isocenter. In contrast, the Cyberknife can position and point the
LINAC anywhere in space. Because of this increased maneuverability, con-
sideration of the robotic arm’s ‘‘workspace,’’ defined as the total volume
within which the robot can maneuver without contacting any other object
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or interfering with any lines of sight for the imaging instrumentation, is
necessary during treatment planning and delivery. The workspace is defined
by a three-dimensional computer model of all the objects within the robotic
manipulator’s reach, including floor, ceiling, walls, and the patient. The ro-
botic arm avoids collisions while in motion by continually comparing its
position to the computer model.

The robot workspace for cranial radiosurgery occupies a hemispherical
volume centered on a coronal plane through the patient’s head. Portions of
this hemisphere are excluded by the lines-of-sight between the X-ray sources
and cameras and by the floor directly below the patient resulting in a geo-
metric coverage of about 1.6� steridians for the beam directions. When
moving from point to point, the robot follows planned trajectories, and thus
it is important not to reconfigure the workspace without updating the com-
puter model.

1.2 Targeting Precision of the Cyberknife

The principal innovation used by the Cyberknife is the use of radiographic
images of internal anatomical features or implanted fiducials to align the
treatment beam with the target volume. This advancement eliminates the
need for a stereotactic frame. The Cyberknife has several sources of dose
placement uncertainty comparable to conventional frame-based radiosurgery,
beginning with the process of treatment planning.

The Cyberknife requires DRRs generated from computed tomography,
so CT or CT/MR coregistration is the necessary basis for treatment planning.
A standard CT slice thickness of 1.25 mm introduces an uncertainty of
approximately 0.625 mm in the inferior/superior coordinate of the treatment
volume. Radiographic technical limitations, including edge softening from
attenuation of the diagnostic X-rays and blurring from the reconstruction
result in an uncertainty of about 0.5 to 1.0 mm in the other two planning
coordinates. However, this error is comparable to frame-based radiosurgery
[2].

The mechanical accuracy of the robotic arm also introduces some error.
The LINAC beam is pointed by the robotic arm at an isocenter from each
of about 100 different beam positions. The individual beams miss the iso-
center with errors that are randomly distributed around a zero mean for each
coordinate axis, with a net root mean square (rms) radial error of 0.7 mm
[3]. For a treatment that uses all beams, the effect of this source of error is
to blur rather than offset the dose distribution. This rms radial pointing error
of the Cyberknife is comparable to the deviation in the arc motion of a
LINAC moving along a gantry path, which has been reported to be approx-
imately 0.6 mm [4].
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Digital image-to-image correlation results in an additional small mar-
gin of error. The location of the patient’s anatomy within the coordinate
frame of the camera relative to the position in the CT coordinate frame is
measured by the image guidance system. This is accomplished by registering
a pair of digital radiographs acquired by the camera system with DRRs,
which are calculated from prior CT data in an exact emulation of the camera
perspectives. Differences in the position and orientation of the anatomical
images within the radiographs correspond to differences in the three-dimen-
sional position and orientation of the anatomy between the camera and CT
coordinate frames. Once this measurement is complete, a lesion visualized
on the treatment planning CT can be located within the workspace of the
robot, and the beam directed at this target. The precision of this registration
is analogous to the mechanical precision, stability, and stiffness of a stere-
otactic frame [5]. The imaging process currently used in the Cyberknife
measures the three translational degrees of position with an rms precision
of 0.3 to 0.6 mm per axis [3].

The above errors combine to produce a net radial offset of the deliv-
ered dose from the targeted site. If the individual sources of error contributed
randomly and independently, then the rms overall radial error is approxi-
mately 2.0 mm. A series of trials using a dosimetric phantom suitable for
radiographic imaging has shown an observed rms radial error of 1.8 mm.
This clearly demonstrates that the Cyberknife dose distribution is placed
with the same accuracy as a typical stereotactic frame-based radiosurgical
system [6].

1.2.1 Patient Movement

Because frameless radiosurgery allows some motion, it introduces a fifth
factor in the precision of dose placement. In the Cyberknife, patient position
is measured before delivering each dose, typically at approximately 20- to
40-second intervals. If the patient moves while the beam is on, that portion
of the dose will be misdirected. The patient’s changed position will be de-
tected and compensated for at the beginning of the next treatment point.
With more than 100 points, a single patient movement affects no more than
about 1% of the total administered dose in a single-fraction treatment. Clin-
ical experience with the Cyberknife has shown that in the vast majority of
patients, movements are few in number and small in magnitude.

1.2.2 Practical Considerations

Because the Cyberknife relies on DRRs a CT of the patient is required prior
to treatment, and provides the image basis for treatment planning. If MRI
is to be used for planning, then such images must be coregistered with the
CT. Furthermore, the system acquires a pair of positioning images 100 or
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more times in the course of a typical radiosurgical treatment, each exposing
the patient to X-rays. The imaging system is currently limited to an exposure
of less than about 5 rads during a treatment, or 25 mrads per image. This
is not a significant issue for cranial treatments, in which the skull silhouette
can be clearly imaged with an exposure of 1.5 mrads, but can become a
limiting factor when the system is to be used to locate extracranial sites.

1.2.3 Treatment Planning

The Cyberknife can be programmed to administer either spherical single or
overlapping multiple-isocenter doses. However, as with other radiosurgical
devices, the treatment of irregular tumor volumes with multiple isocenters
becomes time-consuming. The treatment planning system of the Cyberknife
exploits the robot’s six-degrees-of-freedom maneuverability, and allows an
array of overlapping beams to be superimposed without an isocenter. An
inverse planning procedure optimizes the set of beam directions and dose
to be used on lesions of arbitrary shape, and had been demonstrated to
deliver homogenous dose distributions (Figs. 2 and 3) that closely conform
to even highly irregular volumes [7,8].

The Cyberknife corrects for changes in patient position by preserving
the pattern in which both the beams traverse patient anatomy and intersect
within the target. If the patient’s treatment position in the camera coordinate
system is exactly the same as in the CT study, then the image-guidance
system makes no positioning correction and the robot moves the LINAC to
the original workspace nodes specified by the treatment plan. If the patient
moves during treatment or is displaced relative to the CT coordinates at
initial setup, then the robot adjusts the spatial position and orientation of the
nodal hemisphere in a way that keeps the position of the beams fixed with
respect to the targeting feature (bone or fiducials), thereby ensuring that all
beams not only continue to point at the planned target, but also pass through
the patient anatomy as prescribed.

1.3 Amorphous Silicon Detectors

The Cyberknife localization method can, in principle, be used wherever
radio-opaque features are associated with an anatomical target, a concept
that would allow the extension of radiosurgical technique to extracranial
sites. The Cyberknife has already been used to treat sites within the spine
[9–11], lung, and pancreas.

1.3.1 Limitations of Previous Cameras

There are multiple shortcomings to the prior imaging system used by the
Cyberknife. As previously configured, the X-ray sources used with the Cy-
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FIGURE 2 A graph showing a typical Cyberknife treatment plan for a
mesial petrous ridge meningioma.

FIGURE 3 The dose volume histogram for the tumor shown in the above
treatment plan showing excellent dose homogeneity throughout the ma-
jority of the target.
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berknife are positioned 365 cm from the cameras to allow the robot a large
workspace. Because this is approximately three times the conventional dis-
tance for diagnostic imaging, there is a resulting ninefold reduction in X-
ray level at the patient’s head. The prior X-ray cameras were fluoroscopes
consisting of a gadolinium oxysulfide screen viewed by a light-amplified
video CCD. Lens optics require that the CCD be 60 cm from the screen,
which results in (1) poor signal-to-noise at low exposure levels, (2) low
contrast, and (3) significant veiling glare. This design has made it difficult
to obtain good quality images of the skeletal anatomy within and around
the thorax and abdomen.

1.3.2 Advantages of the Amorphous Silicon Detectors

To overcome the above limitations, the previous cameras in the Cyberknife
have been replaced with flat-panel amorphous silicon X-ray cameras (dpiX,
Palo Alto, CA) [12,13]. These devices have a pixel pitch of 0.125 mm and
acquire flat images that avoid distortions inherent to lensed or X-ray image
intensifier techniques. When images from these sensors are processed by the
new 6D registration software, a tenfold improvement in spatial resolution is
achieved. The new imaging software and hardware have been specifically
designed to provide variable fields of view and magnification ranges that
can be adapted to multiple anatomical locations. For example, amorphous-
silicon X-ray sensors create a high-quality image of the lumbar spine using
the typical Cyberknife imaging geometry [10 mAs, 75 kV X-ray exposure
[12]. Such an exposure corresponds to a dose per image of approximately
25 mrads.

1.4 Cost of the Cyberknife System

The total cost for a Cyberknife radiosurgical system is $3.5 million U.S.
This fee includes delivery and installation of the system on site. It also
includes a 1-year service contract with respect to software and hardware,
with extended service contracts available for purchase. The total price also
includes the software upgrade necessary for the treatment of extracranial
radiosurgical targets.

1.5 Clinical Experience with Intracranial Lesions

As of August 2002, more than 3000 patients with benign and malignant
intracranial tumors have been treated with the Cyberknife at Stanford Med-
ical Center and other sites worldwide. In addition to the intracranial treat-
ments, spinal lesions, including intramedullary spinal cord tumors or vas-
cular malformations have been treated at Stanford. Radiosurgery of the spine
has been performed by using the vertebral bodies as points of radiographic
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reference and spatial location. To date, the outcome for all lesions, as defined
clinically and radiographically, appear to mirror that achieved with standard
radiosurgery.

1.6 Clinical Experience with Extracranial Lesions

A primary objective behind the development of image-guided radiosurgery
was the ability to treat extracranial lesions. With the implementation of an
amorphous silicon camera system, achieving this goal has become feasible.
Because most extracranial lesions within the thorax and abdomen typically
move with respiration, that is, are not fixed with respect to bony structures,
a system for target localization has been developed that relies on implanted
fiducials, respiratory gating, and target tracing using infrared transduced
chest and abdominal wall respiratory movement.

1.6.1 Targeting with Fiducials

Several metal implantable fiducials have been identified with the requisite
characteristics to be readily imaged by the Cyberknife. For example, gold
spheres 2 to 3 mm in diameter can be successfully sutured to soft tissue
within the abdomen, allowing the targeting of abdominal cancers. Alterna-
tively, smaller gold balls can be implanted with a 14-gauge needle [14], or
gold wires (1 mm diameter) have also been used [15]. For spine fiducials,
small bone screws can be anchored to the spine through stab incisions and
provide an acceptable level of contrast relative to bone. Fiducials fixed to
bone can be assumed to maintain their relative position, but it is unclear
whether, and if so over what time interval, markers attached to soft tissue
can migrate. Studies are underway to investigate the issue of fiducial mi-
gration within soft tissue.

1.6.2 Clinical Experience with Extracranial Cases

Thus far, 34 patients with spinal lesions have been treated with the Cyber-
knife. In contrast, 12 pancreatic tumor patients underwent implantation of
gold fiducial balls during a laparotomy for pancreatic carcinoma. These pa-
tients were treated with a highly conformal single fraction of 15 Gy using
breathholding throughout the procedure. This treatment, which was admin-
istered as part of a dose escalation protocol, provided significant palliation
from pretreatment symptoms.

2 CONCLUSION

Stereotactic radiosurgery has been evolving toward frameless technology
that is both less invasive and more flexible. However, all other widely avail-

Copyright 2003 by Marcel Dekker, Inc. All Rights Reserved.



able radiosurgical systems continue to use stereotactic frames for localization
and immobilization. Such frame-based radiosurgical systems can be adapted
to fractionated treatment, but some compromise in precision is necessary.
These devices are also not amenable to treatment outside the cranium, and
typically require prolonged general anesthesia when used in children. The
Cyberknife was developed in an attempt to overcome these restrictions, and
although the initial clinical system has been limited by the hardware used
for imaging and the software used in targeting, most of the original design
objectives have been accomplished. The Cyberknife does not use skeletal
fixation, its overall accuracy compares favorably with that achieved by con-
ventional LINAC and Gamma Knife systems that rely on invasive stereo-
tactic frames. In addition, treatment planning and delivery software has been
shown to allow delivery of homogeneous conformal dose distribution to
targets of irregular shape. Perhaps most importantly, this technology is fi-
nally making it possible to consider performing radiosurgery at almost any
location within the body.
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1 INTRODUCTION

Neurosurgical interventions for movement disorders have increased in the
last decade. Several disorders that are refractory to medical treatment are
now being considered for surgery. Progress in understanding the underlying
pathophysiology in these disorders and the anatomical and physiological
relationships of basal ganglia components has helped identify potential tar-
gets for surgical interventions. In addition, advancement in neuroradiology,
stereotactic localization, and intraoperative neurophysiological mapping has
facilitated the localization of the targeted structures. This has resulted in
improvement of surgical outcome and has made surgery a relatively safe
and valuable option in the treatment of these disorders.

Currently, essential tremor (ET), Parkinson’s disease (PD), and gen-
eralized dystonia (GD) are the three main movement disorders treated with
stereotactic neurosurgical interventions. In this chapter, we will discuss in-
dications for surgery, patient selection, rationale for surgery, and outcome
for each of these movement disorders.

Copyright 2003 by Marcel Dekker, Inc. All Rights Reserved.



1.1 Essential Tremor

Essential tremor is a relatively common inherited disorder, with an estimated
prevalence of 0.5 per 1000 persons older than the age of 40. Clinical symp-
toms usually start in early adulthood, with another peak of incidence in late
ages. The illness is characterized by a 5 to 10 Hz tremor, which appears
with maintenance of posture. Tremor amplitude may increase toward a target
at the termination of movement (intention) [1]. The Essential Tremor Rating
Scale is used to grade the severity of tremor: 0 = no tremor, 1 = slight, 2 =
moderate amplitude, 3 = marked amplitude, 4 = severe amplitude [2]. Like
most tremors, ET is worsened by emotion, fatigue, and exercise. It can be
temporarily suppressed in the majority of patients by using oral ethanol.
Beta blockers, such as propranolol, are usually helpful in controlling the
tremor. Other drugs, including primidone and clonazepam, have also been
effective [3]. Despite these medications, a small portion of ET patients con-
tinue to have severe tremor and significant motor disabilities. Patients with
disabling tremor who have failed medical treatment are candidates for sur-
gical intervention.

Neurons firing in synchrony with peripheral tremor are present in the
ventral intermediate (Vim) thalamic nucleus. These so called ‘‘tremor cells’’
receive kinesthetic and cerebellar inputs and project primarily to the motor
cortex. They can be identified intraoperatively through microelectrode re-
cordings techniques. Intraoperative stimulation at sites with tremor cells will
result in an immediate tremor arrest. Radiofrequency thalamotomy and tha-
lamic deep brain stimulation (DBS) of the Vim nucleus are used in the
treatment of ET.

Unilateral thalamotomy achieves 70% to 90% improvement in contra-
lateral tremor as measured with the Tremor Rating Scale [4]. Reported com-
plications of thalamotomy include paresthesia, dysequilibrium, and dysar-
thria. Thalamic DBS has been used in an attempt to avoid these permanent
complications. Unilateral DBS is reported to improve contralateral tremor
by 68% to 89%. Bilateral thalamic DBS has been advocated to help patients
with bilateral and axial tremor. Deep brain stimulation has many of the side
effects of lesioning, but these effects can usually be diminished or eliminated
by decreasing stimulation intensity. However, adjusting stimulation param-
eters may reduce the effectiveness of DBS in controlling tremor [5,6].

1.2 Parkinson’s Disease

Parkinson’s disease is a neurodegenerative disorder characterized mainly by
loss of dopaminergic pigmented neurons in the substantia nigra pars com-
pacta (SNc). The incidence of PD is 3/1000 and may reach as high as 3%
in individuals older than age 65 [7]. Early in the course of the disease,
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patients with PD usually have good control of their symptoms with medical
treatment. However, with time and disease progression, PD patients receive
fewer benefits in response to medication, and significant adverse effects can
appear. Further dose increases may not produce better control of symptoms
or may induce important side effects, including drug-induced dyskinesias.
Many patients continue to have profound motor disabilities despite the best
available pharmacotherapy. The unpredictable dramatic switching between
‘‘on’’ (good motor function) and ‘‘off’’ (akinetic, rigid, and tremor) states,
experienced by a large number of patients later in the course of PD com-
plicates the illness [8].

Stereotactic surgery for PD is not new. Stereotactic thalamotomy was
used to treat tremor in the 1950s and 1960s. However, the introduction of
L-dopa in the late 1960s and its striking benefits in PD symptoms resulted
in almost total disappearance of surgery. In the early 1990s, the surgical
option was re-explored. The promising results of radiofrequency lesioning
in the posteroventral part of the internal segment of globus pallidus (GPi)
(pallidotomy) in improving motor symptoms of PD and controlling drug-
induced dyskinesias opened the door for developments in surgical treatment
of PD [9–11].

1.2.1 Selection of Patients

Surgery is indicated for patients with PD who continue to have significant
motor disabilities despite best medical management. All efforts should be
exercised by a specialist in movement disorders to optimize the medical
treatment by adjusting doses and frequencies of medications before consid-
ering surgical intervention. Patients with idiopathic PD who respond to L-
dopa are good potential candidates for surgery. Patients with so called ‘‘Par-
kinson plus’’ syndromes, such as multiple systems atrophy or progressive
supranuclear palsy, are often less responsive to L-dopa and are generally
poor surgical candidates. Patients without significant disabling motor symp-
toms (grades 1 and 2) and those with end-stage (grade 5) PD are not the
best candidates for surgery (Table 1) [12]. Cognitive and psychiatric distur-
bances, autonomic disturbances, and speech and swallowing difficulties are
not uncommon in PD patients. These symptoms not only fail to improve,
but may worsen after surgery. Younger patients derive more benefits from
surgery, but advanced age is not a contraindication. Significant coexisting
medical conditions, psychiatric disease, or focal abnormalities on brain im-
ages are relative contraindications.

1.2.2 Surgical Techniques

Magnetic resonance imaging (MRI) (the most commonly used image
modality), computerized tomography (CT), or ventriculography can be used
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TABLE 1 Hoehn and Yahr Staging of PD

Stage 0.0 = no signs of PD
Stage 1.0 = unilateral involvement only
Stage 1.5 = unilateral and axial involvement
Stage 2.0 = bilateral involvement without impairment of balance
Stage 2.5 = mild bilateral involvement with recovery on retropulsion

(pull) test
Stage 3.0 = mild to moderate bilateral involvement, some postural

instability; still able to walk and stand unassisted
Stage 5.0 = wheelchair bound or bedridden unless added

Abbreviation : PD, Parkinson’s disease.

to localize surgical targets. Targets can be visualized directly on MRI or
indirectly as a function of their relationship to the anterior and posterior
commissures. A stereotactic frame is applied under local anesthesia before
imaging is used to determine target coordinates. During the procedure, in-
traoperative mapping is used to verify the anatomical data obtained from
images. Two forms of physiological mapping are available: macroelectrode
stimulation and microelectrode recordings and stimulation. With macroelec-
trode stimulation, a 1- to 2-mm diameter electrode is used to deliver a cur-
rent to the chosen target. Using voltage output of approximately 1 to 4 volts
at 2 to 300 Hz current, both clinical benefits and adverse effects of stimu-
lation are noted. Microelectrode recordings and stimulation permit the ac-
quisition of direct measures of the activity of single neurons. Spontaneous
and evoked single-unit activity is amplified and displayed on an oscilloscope
or heard on a speaker. This information permits unambiguous definition of
axonal and neuronal territories. These data are used to determine the bound-
aries of the targeted structure and to help in placing the lesion or electrode
more accurately. Stimulation can be used to identify important structures
close to the target. In targeting thalamic Vim nucleus, the thalamic soma-
tosensory relay nucleus (ventral caudalis) can be localized. For GPi, the
corticospinal and corticobulbar tract are identified, as well as the optic tract.
For the subthalamic nucleus (STN), oculomotor nerve, corticospinal, and
medial lemniscal sensory tracts can also be identified [13].

The two widely used techniques in functional neurosurgery currently
are lesioning and chronic deep brain stimulation. In lesioning, a radiofre-
quency generator produces a lesion at a chosen target using the exposed
electrode’s tip (Fig. 1). The size of the lesion depends on the time of ap-
plication (30 to 60 seconds), temperature at the electrode tip (45� to 90� C),
and size of the electrode used (1 to 3 mm) [13,14]. In DBS, an electrode is
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FIGURE 1 An axial cut T2 MRI scan for patient with DYT1 generalized
dystonia treated with bilateral radiofrequency pallidotomy.

placed at the target and connected to a subcutaneous internal pulse generator
fitted with a lithium battery (Figs. 2 and 3). Although radiofrequency le-
sioning induce immediate effects, which may last for years, DBS has the
advantage being adjustable and reversible. This is particularly important in
case of bilateral procedures. On the other hand, DBS is more expensive and
carries the risk of infection or mechanical failure like any other implanted
foreign body [15,16]. The widely used targets in the treatment of PD are
the thalamic Vim nucleus, GPi, and STN.

Thalamic Vim. Thalamotomy reduces or abolishes parkinsonian con-
tralatral tremor in 80% to 90% of patients or, using a different measure, it
improves tremor to grade 0 or 1 in about 75% of cases. Vim thalamotomy
in PD is not effective for rigidity, bradykinesia, speech, or gait. Complica-
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FIGURE 2 T2 axial magnetic resonance imaging (MRI) scan for a patient
with advanced Parkinson’s disease treated with bilateral subthalamic nu-
clei deep brain stimulation illustrating electrode positions.

tions of thalamotomy include paresthesias, ataxia, and aphasia. The inci-
dence of these complications is significantly increased in bilateral thala-
motomies. Because the benefits of thalamic procedures are restricted to
tremor, currently thalamotomy/DBS are reserved only for PD patients who
have tremor predominance [17].

Globus Pallidus (internal segment). According to current models, do-
pamine deficiency in PD causes hyperactivity of GPi and substantia nigra
reticulata (SNr) (basal ganglia output) (Fig. 4) [18]. Using the Unified Par-
kinson’s Disease Rating Scale (UPDRS) as an objective assessment for out-
comes, pallidotomy produces improvement in contralateral bradykinesia,
tremor, and rigidity during ‘‘off’’ state [10–12]. In a review analysis, pal-
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FIGURE 3 T2 coronal magnetic resonance imaging (MRI) scan for the
same patient as Figure 2.

lidotomy results in a 45.3% improvement in the motor components of
UPDRS during ‘‘off’’ state (range 0–108), 41.3% improvement in activity
of daily living (ADL) as assessed by the Schwab and England Functional
Scale for ADL, and 86.4% improvement in contralateral drug-induced
dyskinesias scores during ‘‘on’’ state [19]. A recent study on long-term fol-
low-up of pallidotomy illustrates sustained improvements for more than 5
years in ‘‘off’’ state symptoms and ‘‘on’’ state dyskinesias [20]. Cerebral
hemorrhages, visual field defects, and contralateral motor weakness are the
most significant morbidities, and these serious complications occur in 1% to
3% of patients. Postoperative morbidity occurs in 23.1% of cases. In 14%
of cases, the morbidity is persistent [19]. These adverse effects appear to be
more common with bilateral pallidotomies [21]. Deep brain stimulation
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FIGURE 4 Proposed simplified functional model of the basal ganglia.
This diagram illustrates only the main connections and surgical targets.
D1 receptor denotes neurons expressing predominantly D1 dopamine
receptors; D2 receptor denotes neurons with predominant D2 dopamine
receptors; SNc and SNr, the pars compactica and pars reticulata of the
substantia nigra, respectively; GPi and Gpe, the internal and external
portions of the globus pallidus; and BS, the brainstem. Plus signs indi-
cate excitation and minus signs inhibition. Stars indicate sites of surgical
interventions.

in the GPi may accomplish similar clinical benefits and has the advantage
that the stimulation-induced adverse events are reversible with stimulation
parameter adjustment [15,16].

Subthalamic Nucleus. The STN is in a unique position to influence
the activities of the entire output of the basal ganglia. The dopamine defi-
ciency state in PD is thought to change the physiology of the striatum and
external segment of the globus pallidus (GPe) to produce increased excita-
tory drive from the STN to the output nuclei of the basal ganglia (GPi and
SNr). Bilateral STN stimulation improves both the axial and appendicular
motor symptoms of PD [22]. Kumar et al. reported improvement in the total
motor UPDRS score during ‘‘off’’ state by 53.8%, bradykinesia 55%, tremor
92.9%, rigidity 49.5%, postural instability 43.6%, gait 30%, and dyskinesias
during ‘‘on’’ state by 41% after bilateral STN stimulation [23]. In addition,
subthalamic nucleus stimulation improves the unpredictable fluctuation be-
tween ‘‘on’’ and ‘‘off’’ states in these patients and reduces the daily doses
of anti-PD medications [23]. The long-term effect of STN stimulation is still
to be determined.
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1.3 Generalized Dystonia

Dystonia is a condition characterized by involuntary sustained muscle con-
tractions that cause abnormal movements and posturing and often are as-
sociated with pain. It is classified as primary, idiopathic, or inherited; or
secondary due to underlying brain pathology, metabolic disease, or drugs. It
is also classified according to the affected body part as generalized, seg-
mental, or hemidystonic. These conditions are often refractory to medical
treatment. Repeated local injections of botulinum toxin may help patients
with focal dystonias. However, its use is usually limited to small muscle
groups and can be complicated by development of antibodies to the toxin
with loss of efficacy. Thalamotomy has been used in the past, whereas more
recent reports described encouraging results in the use of pallidotomy and
pallidal stimulation in cases of primary generalized and segmental dystonias.
Globus pallidus interventions are thought to act through effects at down-
stream thalamic, cortical, and brainstem targets. In some reported cases,
clinical improvements may be delayed for days to weeks after surgery
[24,25]. The improvement can be especially striking in cases of hereditary
generalized dystonia like DYT1, an autosomal-dominant disease secondary
to trinucleotide GAG deletion in chromosome 9 [26]. Our knowledge of the
long-term use of these procedures for dystonias is still very limited.

2 CONCLUSIONS

Surgery is a useful method, and sometimes the only one, to treat patients
with various movement disorders. The advent of implantable DBS electrodes
has made this surgery much safer and probably has improved the control of
abnormal movements as well. For most patients at this time, DBS is pref-
erable to lesioning. Coupled with the other advances in stereotactic tech-
nology, it may be tempting to view these procedures as ‘‘routine.’’ However,
this is not so. The Vim nucleus is a relatively large and safe target that can
be localized with macrostimulation alone, but targeting the Gpi or the STN
is a more demanding task. For these cases, the most exquisite imaging pos-
sible is needed at a minimum, and the use of microelectrode recording is
ideal to ensure an adequate result. We would argue that microelectrode re-
cording (MER) is also of value for surgery aimed at the Vim nucleus in
patients with tremor.

At least as important as these technical considerations is the need for
careful patient selection. Before proceeding with any surgery for relief of a
movement disorder, patients should be seen by a neurologist with expertise
in this area, and standard measures for tremor or disability should be per-
formed. Careful follow-up will allow the surgeon to assess his results and
to provide the best possible care.
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1 INTRODUCTION

The major subcortical structures targeted for deep brain stimulation (DBS)
or lesioning for the treatment of movement disorders include the nucleus
ventralis intermedius (Vim) of the thalamus, the globus pallidus internal
segment (GPi), and the subthalamic nucleus (STN). The major technical goal
during surgery for movement disorders is to maximize both precision and
safety. The methods for localization of the Vim, GPi, and STN are evolving
and vary significantly between centers. Three types of methods may be used
to determine target location before lesioning or chronic stimulator place-
ment: image-guided stereotactic localization, microelectrode mapping, and
intraoperative test stimulation through the lesioning or DBS electrode, often
called ‘‘macrostimulation.’’ The first of these is based on anatomy, whereas
the latter two are based on physiology.

2 IMAGE-GUIDED LOCALIZATION

2.1 Targeting from the Commissures

Classically, image-guided localization has been based on identification of
internal landmarks, usually the anterior and posterior commissures (AC and
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TABLE 1 Approximate Anatomic Coordinates for Vim, GPi, and STN
with Respect to the Commissures

Target
nucleus Coordinates in mm Corresponds to: References

Vim Vertical = 0
Lateral = 11 from third

ventricle wall
AP = 6 anterior to PC

Anteroventral border
of Vim, in the arm
territory

[3,4]

Gpi Vertical = �2 to �8
Lateral = 18 from third

ventricular wall
AP = 2 anterior to

MCP

Inferior border of
motor territory of
Gpi, immediately
superior to optic
tract

[1,15,50,
89]

STN Vertical = �4 to �6
Lateral = 12
AP = 2 to 3 posterior

to MCP

Center of the STN [4,72]

Abbreviations : Vim, Ventralis intermedius; GPi, Globus pallidus internal; STN,
Subthalamic nucleus; AP, Anteroposterior; MPC, Midcommissural point.

PC), in reference to a coordinate system provided by a stereotactic frame
rigidly fixed to the patient’s head. The AC and PC may be visualized on
ventriculography, computed tomography (CT), or magnetic resonance im-
aging (MRI). Anatomical targets within motor thalamus, GPi, and STN may
all be localized indirectly by measuring fixed distances from these land-
marks, based on the location of the targets with respect to the AC and PC.

Table 1 provides reasonable initial anatomical coordinates for each
target, determined from standard brain atlases and clinical studies in which
the anatomical target coordinates have been verified physiologically [1–4].
Lateral coordinates for Vim and Gpi are best expressed in terms of distance
from the third ventricular wall rather then the midline. These anatomical
coordinates must be considered only an approximate guideline, however, for
the following reasons: (1) There is significant individual variability in the
spatial position of these targets in AC-PC based coordinates [1,3]; (2) The
optimal target point within each nucleus has not been determined with cer-
tainty, as very few studies correlate location of lesions or electrode leads
with outcome [5,6]; (3) Optimal location within a given target may be dif-
ferent for lesioning versus chronic stimulation [7]; (4) The exact initial target
position may also depend on the patient’s symptomatology. In targeting for
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TABLE 2 Some MR Pulse Sequences Commonly Used for Movement
Disorders Surgery

MR pulse sequence Sample parameters Comments

T-2 weighted fast spin
echo

TR = 2500, TE = 110 Excellent for STN visual-
ization, in the coronal
plane

Inversion recovery-
fast spin echo

TR = 3000, TE = 40,
TI = 200

Excellent for GPi visuali-
zation, in the axial
plane

Three-dimensional
acquisition gradient
echo

TR = 7, TE = 3.4, flip
angle = 30�, band-
width = 15 kHz

May be reformatted in
any plane with mini-
mal image
degradation

Abbreviations : MR, Magnetic resonance; STN, Subthalamic nucleus; GPi, Globus
pallidus internal.

thalamic surgery for tremor relief, for example, prominent leg rather than
arm tremor might dictate a slightly more lateral approach in Vim [8].

2.2 Use of MR for Stereotactic Targeting

Magnetic resonance imaging-based stereotactic localization has the advan-
tage of allowing direct visualization of at least some borders of the target
nuclei, in addition to excellent visualization of the commissures. The borders
of Gpi and STN, as well as the thalamocapsular border, are identifiable with
appropriate pulse sequences. Thus, MRI-based stereotaxy provides the op-
portunity to adjust target coordinates according to individual variation in the
positions of deep nuclei, resulting in improved accuracy over that which is
achieved using indirect, AC-PC based coordinates [1,9]. Some MR pulse
sequences useful for movement disorders surgery are listed in Table 2. In
general, contiguous (zero interspace) slices are necessary to cover the target
area. For two-dimensional-acquisition sequences, however, image resolution
is enhanced by acquiring the images noncontiguously, as two interleaved
sets. This avoids signal degradation that would otherwise occur when there
is zero slice separation and images are acquired as a single set [10]. The
field of view must be large enough to cover the fiducial markers; usually 26
cm is adequate. Typical matirx size is 256 � 256 or 256 � 512.
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Magnetic resonance imaging has the disadvantage, compared with CT
and ventriculography, of several types of image distortion effects [11]. Image
distortion may result in apparent positions of the target or fiducial markers
on the image that are different from their actual positions in real space.
Distortion effects can vary widely between different scanners, sequence pro-
tocols, and frame systems. Before using MRI as the sole modality for ana-
tomical localization, the degree of distortion should be estimated by per-
forming a phantom study [12]. Distortion effects may be partially corrected
using computational algorithms [11], or CT-MR image fusion techniques
[13,14]. Alternatively, some groups use a nonstereotactic MRI to plan ‘‘in-
dividualized’’ AC-PC based coordinates, then perform the actual stereotactic
localization with ventriculography or with CT [4,15].

2.3 Frame Placement

Stereotactic procedures begin with fixation of the frame to the patient’s head.
‘‘Scanner-dependent’’ frame systems, such as the Leksell (Atlanta, GA) se-
ries G frame or the Radionics (Burlington, MA) CRW-fn frame are fre-
quently used for functional stereotaxy. These frames are designed to be fixed
with the vertical axis parallel to the MR or CT gantry. Unless special surgical
planning software is used to calculate the target coordinates, scanner-depen-
dent stereotactic systems also require that images be obtained orthogonal to
the frame axes.

It is important to place the frame with its axes orthogonal to standard
anatomical planes of the brain. Frame misalignments are often described
using the terms ‘‘pitch,’’ ‘‘roll,’’ and ‘‘yaw,’’ following nautical terminology
[16]. Good frame placement is facilitated by the use of the earplugs provided
with most scanner-dependent systems. These align the frame with the ex-
ternal auditory canals. The use of the earplugs ensures that the mediolateral
(X) axis of the frame is perpendicular to the midsagittal plane of the brain,
thus avoiding any roll (lateral tilt) or yaw (rotation) of the frame with respect
to the brain. To adjust the pitch, the anteroposterior axis of the frame may
then be angled according to superfical landmarks so as to parallel the AC-
PC line. A line between the inferior orbital rim and the external auditory
canal is approximately parallel to the AC-PC [1], as is a line from the
glabella to the inion [17]. The eyes and mouth should remain unencumbered
by the frame, so as to allow visual field examination and airway access.
Once the frame is aligned in all dimensions, the skull pins are advanced
symmetrically. It is important to begin withdrawing the earplugs before the
pins are fully tightened, to avoid severe pain in the external auditory canals.
Intravenous sedation (such as 1–2 mg of Versed) is desirable when the
earplugs are used.
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Straight frame placement ensures that the preoperative images, as well
as maps made from intraoperative physiological exploration, are interpret-
able in terms of familiar anatomy corresponding to standard brain atlases.
In addition, the use of indirect targeting from the AC-PC line assumes that
there is no pitch, yaw, or roll of the frame with respect to the brain; such
deviations will reduce accuracy. When the frame is imperfectly aligned,
computational algorithms [16] or surgical planning software [18] may be
used to correct for this.

2.4 Surgical Planning Software

Surgical planning software is a useful, although not essential, adjunct to
frame-based stereotactic targeting and is available from a variety of com-
mercial sources including Elekta (Atlanta, GA), Radionics (Burlington,
MA), and Sofamor-Danek (Memphis, TN) [18]. Such software usually pro-
vides a variety of functions. Among the most useful is multiplanar visuali-
zation of the probe trajectory based on a given arc and ring angle, which
assists greatly in planning a trajectory that avoids large cortical vessels, sulci,
or ventricles. Another helpful feature is semiautomated registration of the
image set in stereotactic space as defined by the fiducial markers. This may
improve targeting speed and reduce human error. Other functions are useful
only in specific situations. Many software packages allow the user to refor-
mat MR images along standard anatomical planes orthogonal to the AC-PC
line and midsagittal plane. However, to preserve a high degree of resolution
in the reformatted images, the original image set should be acquired volu-
metrically. This limits the choice of pulse sequences and is generally not
necessary if the headframe is carefully placed orthogonal to standard ana-
tomical planes. Computational fusion of nonstereotactically acquired images
(usually MR) with stereotactic images (usually CT) is a useful function for
operators whose MR units suffer from spatial distortion. Superposition of a
‘‘deformable’’ human brain atlas onto MR or CT images is a function used
by many surgeons. However, accurately matching an individual brain to a
standard atlas may not be possible, even if the atlas is ‘‘deformable.’’ A
reasonable alternative is to use MR pulse sequences, which provides maxi-
mal visualization of the target nucleus.

2.5 Limitations of Anatomical Targeting

A number of factors limit the accuracy of anatomical targeting that is based
on historical data. These are summarized in Table 3. The accuracy of any
stereotactic system, regardless of imaging modality, is limited by mechanical
properties of the frame, and in CT- or MR-based stereotaxy by slice thick-
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TABLE 3 Factors Limiting the Accuracy of Anatomical Targeting

Method Factors limiting accuracy

Any method that uses historical
images in conjunction with a
frame-based coordinate system

1. Application accuracy of stereo-
tactic system

2. Brain shifts that may occur af-
ter imaging

MR-based targeting Image distortion

‘‘Indirect’’ targeting by measuring
fixed distances

1. Anatomic variability between
individuals

2. Requires perfectly straight
frame placement

‘‘Direct’’ targeting by visualization
of the target structure’s
boundaries

Imperfect visualization of the tar-
get structure

Any purely anatomical method Anatomy ≠ physiology. A given
physiological function may not
always occur in the same ana-
tomical structure

Abbreviation : MR, Magnetic resonance.

ness. The ‘‘application accuracy’’ of a stereotactic system is a term that
describes the accuracy of the system as it is used clinically. The application
accuracy of standard frame-based stereotactic systems, with 1-mm thick CT
slices, has been measured to be approximately 1.5 mm at the 95% confidence
limit [19]. The application accuracy of frameless systems is probably less
than this [18,20], explaining the continued widespread use of frame-based
systems for functional work, whereas tumor stereotaxis is now largely per-
formed with frameless systems.

In practice, the theoretical maximum accuracy of a stereotactic system
is rarely achieved, as many other factors in a given case can further decrease
the accuracy of anatomical targeting (Table 3). Thus, image-guided stereo-
taxis alone is usually adequate for placing a stimulator or lesion probe within
several millimeters of the target, but physiologic studies are important to
adjust or confirm final placement.

The use of intraoperative MR, currently under investigation for tumor
surgery [21], could improve stereotactic targeting for functional neurosur-
gery by providing a real time update of the actual probe position. Application
of this technique to basal ganglia surgery, however, awaits improvements in
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the image quality for these units, as well as the development of MR-com-
patible, low-artifact instrumentation for guiding probes into place.

3 MICROELECTRODE RECORDING AND

MICROSTIMULATION

3.1 Overview of Microelectrode Recording

Since its introduction by Albe-Fessard and Guiot [22] in the early 1960s,
microelectrode recording (MER) has been performed in the human thalamus
during surgery for parkinsonism and other movement disorders [23–33].
There is now a growing literature on microelectrode recording in the human
GPi [34–41] and the human STN [42]. The most common technique is
recording of single-unit, extracellular action potentials using high impedence
(0.1-1.0 Mohm at 1000 Hz) tungsten or platinum-iridium microelectrodes
[28,36,41,43].

The utility of microelectrode recording for target localization is based
on several principles [28,36,41,43]. Transitions between gray and white mat-
ter may be identified, as extracellularly recorded action potentials in gray
and white matter have distinguishable waveforms. Different basal ganglia
nuclei have characteristic patterns of spontaneous discharge, which are rel-
atively easy to identify. Some of these patterns are shown in Figure 1. Motor
subterritories of a region can be distinguished from nonmotor regions by
finding neurons whose discharge frequencies are modulated by movement.
Localization within a motor region can be accomplished by mapping the
receptive field of a movement-sensitive cell during motor examination of
the patient, then comparing the cell’s receptive field with the known so-
matotopic organization of the nucleus [36,41]. Microstimulation, or passing
current through the microelectrode, can evoke motor and sensory phenomena
and thus localize motor and sensory pathways. Finally, the spatial resolution
of microelectrode techniques is high; structural boundaries may be identified
with submillimetric precision [28,36,41,43].

‘‘Semimicroelectrode’’ recording refers to the use of slightly larger-
tipped, lower impedance electrodes that record from a small group of cells
but are not fine enough to resolve individual action potentials. This technique
may permit accurate identification of nuclear borders and movement-re-
sponsive cell regions [44], but does not allow detailed resolution of the
discharge rate and pattern, which is especially useful for globus pallidus
localization [36,41].

3.2 Hardware for Microelectrode Recording

Hardware for MER normally provides the following functions: amplification,
filtering, visual display and audio monitoring of the microelectrode signal,
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FIGURE 1 Microelectrode recordings from the thalamus and basal gan-
glia. Each trace represents a 1-second recording. Recordings are from
patients with Parkinson’s disease (upper 8 traces) or essential tremor (ET,
lowest trace).

microstimulation, and impedance monitoring. Optional additional functions
include data recording and storage, and on-line or off-line data analysis.
Systems approved by the Food and Drug Administration (FDA) for micro-
electrode recording in the human are commercially available [45]. Alterna-
tively, it is possible to put together one’s own recording rack from individual
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components. This is less expensive than purchasing a commercial system,
but is much more labor intensive [45].

In addition to good electronics, single-unit recordings require high
quality microelectrodes and a low-noise environment. We mainly use plat-
inum-coated tungsten microelectrodes, with 15 to 25 micron tip diameter
and impedance 0.2 to 0.6 m� at 1 KHz [43]. Similar microelectrodes for
extracellular single unit recording are commercially available from several
sources, including Frederick Haer (Brunswick, Maine) and Microprobe, Inc.
(Gaithersburg, Maryland). To reduce electrical noise at line frequency, it is
important to place the headstage of the preamplifier close to the microelec-
trode itself, which usually involves mounting it on the stereotactic arc [43].
Alternatively, an actively shielded cable between electrode and amplifier
may be used [43]. The best ground is usually the microelectrode guide tube
or the stereotactic arc. Finally, it may be necessary to unplug electrical de-
vices near the MER apparatus, such as an electrically powered operating
room table or coagulation units.

3.3 Microelectrode Localization of GPi

On a frontal approach to the pallidum, the microelectrode usually encounters
striatum, then the external globus pallidus (GPe), prior to GPi. The majority
of striatal neurons have very low (0–10 Hz) spontaneous discharge rates
(Fig. 1). Neuronal discharge patterns in GPe and GPi have characteristic
discharge patterns that are specific to the disease state. Most published phys-
iological data are for Parkinson’s disease (PD) (Fig. 1) [34–41,43], but some
data are available for dystonia and hemiballismus [46–48]. In PD, GPe
neurons have spontaneous discharge rates of 30 to 60 Hz and typically dis-
charge in ‘‘bursting’’ or ‘‘pausing’’ patterns. Globus pallidus internal neurons
in PD are faster than GPe cells, with spontaneous discharge rates of 60 to
100 Hz. In dystonia and hemiballismus, GPi discharge rates may be much
lower [46–48]. Cells with very regular discharge at 20 to 40 Hz, so-called
‘‘border’’ cells, are typically found in the white matter laminae surrounding
GPe and GPi [49]. The optic tract (OT) can be identified by light-evoked
fiber activity below the inferior margin of GPi [36,41].

Cells in GPi that are responsive to joint movements usually respond
to movement of one or a small number of joints in a restricted region on
the contralateral side of the body [36,37,41]. As the motor territory of GPi
is somatotopically organized, with leg representations tending to be more
dorsal and more medial than arm representations [41,50], the recorded dis-
tribution of neuronal receptive fields helps to determine the mediolateral
coordinate of an electrode track. In patients with tremor, cells with dis-
charges grouped at tremor frequency are often recorded [35,39]. Micro-
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stimulation can be used to localize both the corticospinal tract (CST) and
the OT [36,41]. The CST in the internal capsule is identified by evoking
muscle contractions (usually of the tongue, face, or hand) at low current
thresholds, such as 10 microamperes at 300 Hz, 200 microsecond pulse
width. The optic tract is identified when the patient reports visual phenomena
(focal scintillating scotomata) at low current thresholds.

3.4 Microelectrode Localization of the Motor Thalamus

During thalamic surgery, MER is especially useful to identify cells that re-
spond to active or passive movements and to identify sensory thalamus either
by microstimulation or by recording cells with cutaneous receptive fields.
Lenz et al detected 107 movement-related cells out of a total 1012 cells
recorded along electrode trajectories that included both motor and sensory
thalamus [30]. These cells usually respond to movements of one or a small
number of contralateral joints [30,51]. They are further classified as passive
or active cells according to whether their discharge frequencies are modu-
lated by passive or active movements [30]. In the subhuman primate, active
cells are more likely to be found in the pallidal receiving area (ventralis
oralis anterior and posterior, or Voa and Vop, in the Hassler terminology),
whereas passive cells are more likely to be found in the cerebellar receiving
area (Vim) [52]. This may be true in human PD patients but has not been
clearly confirmed [30].

As the microelectrode descends toward the thalamic target, the caudate
nucleus may be encountered first. The next structure traversed, the dorsal
thalamus, has relatively low spontaneous activity in the awake patient, but
may show occasional bursts. Microelectrode entry into motor thalamus is
often heralded by an increase in spontaneous activity, and can be confirmed
by the identification of movement-responsive cells and/or cells discharging
at tremor frequency. The posterior border of motor thalamus, formed by the
lemniscal receiving area of sensory thalamus, contains neurons whose sen-
sory receptive fields are extremely well localized [33]. This thin anterior rim
of the sensory ventrocaudal nucleus (Vcae) contains cells responding to deep
muscle pressure. The remainder of the ventrocaudal nucleus (Vcpe) responds
to extremely light cutaneous stimuli [33]. Recording cutaneous sensory cells
provides a precise, reproducible demarcation of the posterior edge of motor
thalamus. The mediolateral position of a microelectrode track can be esti-
mated by the somatotopic organization of motor and sensory cells, since
face/jaw, arm and leg representations are organized along a medial to lateral
axis. This is true of both cerebellar (Vim) and pallidal (Voa/Vop) receiving
areas [30], as well as for the sensory nucleus Vc [33].

Microstimulation can identify the posterior and lateral borders of Vim.
Laterally, low stimulation thresholds for evoked muscle contractions indicate
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that the electrode is at or has traversed the border between Vim and internal
capsule. Posteriorly, low thresholds for evoked paresthesias indicate that the
electrode has traversed the border between Vim and Vc [28].

3.5 Microelectrode Localization of STN

Single cell discharge characteristics in the human STN have been studied in
the parkinsonian state [42], and are similar to those observed in the parkin-
sonian monkey [53]. A representative trace is shown in Figure 1. Since cell
density in STN is extremely high, background noise is high and individual
cells are hard to isolate [42,53]. Single neurons discharge at 20–50 Hz [42].
However, typical recordings are of multiple cells and therefore the apparent
discharge frequency may be higher unless great care is taken to isolate in-
dividual cells. As the microelectrode passes through the inferior border of
STN into SNr, the discharge pattern changes abruptly. Background noise
diminishes greatly, single neurons again become easy to isolate, and the
discharge rate is high (50–70) (Fig. 1) [42]. Microstimulation up to 100
microamperes may occasionally evoke corticobulbar responses, paresthesia,
tremor arrest, or ocular deviation, but these effects are reported to be incon-
sistent [42].

3.6 Is MER Necessary?

The role of microelectrode recording during surgery for movement disorders,
and particularly for pallidotomy, is actively debated. Some centers argue that
it is essential [41,50,54], whereas others are adamant that it is not [55].
Rates of permanent morbidity have been similar, and relatively low, for both
groups. Many reports that have documented clear benefits from pallidotomy,
as measured by standard rating scales, come from centers that use micro-
electrode recording [56–61]. In some recent well-documented series, how-
ever, pallidotomy without microelectrode recording yielded similar short-
term results (up to 1 year) as centers that perform pallidotomy with
microelectrode recording [14,15,62,63]. In one of these series, longer term
follow-up produced a diminution in benefit [64], to a greater extent than the
long-term studies performed by the MER groups [58]. Thus, when used for
pallidotomy, MER may permit more complete lesioning of the motor terri-
tory of the target, which may be associated with more durable benefit.

4 IMPEDANCE MONITORING AND STIMULATION

THROUGH A MACROELECTRODE

Additional intraoperative physiologic confirmation of the brain target may
be obtained using the lesioning probe or deep brain stimulator. These

Copyright 2003 by Marcel Dekker, Inc. All Rights Reserved.



‘‘macroelectrodes’’ are typically about 1 mm in diameter and thus much too
large to record cellular activity, but they can be used for impedance moni-
toring or electrical stimulation. Because the macroelectrode has a low im-
pedance, the impedance of the surrounding brain tissue contributes signifi-
cantly to current flow in response to applied voltage. Gray and white matter
have different impedances, so it is possible to detect transitions between
gray and white matter if the impedance to a test pulse is measured as the
macroelectrode descends.

Electrical stimulation through the lesion probe or DBS lead, or
‘‘macrostimulation,’’ affects a larger volume of tissue than microstimulation,
as the probe tip and the current flow are several orders of magnitude larger.
Macrostimulation provides the final intraoperative check on target localiza-
tion just before lesioning or permanent stimulator placement, and has been
used during surgery for movement disorders for many years [65,66]. As with
microstimulation, macrostimulation can evoke visual, motor, and cutaneous
sensory responses by effects on structures that border the target. In GPi,
proximity of the probe to inferior and posteromedial borders is indicated by
the current thresholds for activating optic tract and corticobulbar/corticospi-
nal tracts, respectively [41]. In motor thalamus, proximity to posterior and
lateral borders is indicated by activation of sensor thalamus and cortico-
bulbar tract, respectively. In STN, proximity to posteromedial and lateral
borders may be indicated by activation of lemniscal fibers and corticobulbar
tract, respectively [4,67]. During STN surgery, macrostimulation may also
evoke oculomotor effects [67] or mood changes [68], although the exact
structures or pathways responsible for these effects are not yet clear.

For patients with tremor, intraoperative tremor suppression provides
another indication of adequacy of probe placement. This has long been
known for thalamic surgery [65,69–71], but appears to be true for surgery
of GPi and STN as well [72]. In STN, intraoperative suppression of rigidity
has also been used as a guide to placement of chronic STN stimulators
[4,73].

Caution is advised, however, when using acute stimulation to predict
the effects of lesioning or chronic stimulation. Symptoms other than tremor
may not respond immediately to acute intraoperative test stimulation. During
GPi pallidotomy, for example, bradykinesia often fails to improve with acute
test stimulation through the lesion probe, but this does not predict a poor
long-term effect of lesioning for bradykinesia [41]. After implantation of a
DBS lead into GPi, symptomatic benefit may require time (from hours up
to several weeks) to appear [74], again illustrating the point that failure to
improve with brief test stimulation does not necessarily imply an incorrect
lead placement. Pallidotomy and chronic pallidal stimulation for dystonia
are also associated with long delays (weeks or months) between surgery and
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symptomatic benefit [75,76]. With the exception of tremor control, therefore,
we use intraoperative macrostimulation mainly to confirm appropriate volt-
ages for adverse effects, rather than to assess for clinical benefit.

In any of the surgical targets discussed here, motor symptoms may be
partially or completely suppressed by simple placement of the macroelec-
trode, even before stimulation or lesioning. This ‘‘microlesion effect,’’ when
observed, provides evidence that the probe is within or has passed through
the motor territory of the target nucleus. Unless a permanent lesion is sub-
sequently made deliberately, this effect is generally temporary. For DBS
procedures, failure to observe a microlesion effect does not necessarily pre-
dict a poor outcome from chronic stimulation.

5 METHODS OF LESIONING

The most common technique for creation of a permanent lesion is that of
radiofrequency (RF) thermocoagulation, developed in the 1940s and 1950s
[77,78]. Alternating current at radiofrequency (approximately 500,000 Hz)
is passed through a monopolar electrode at the lesioning site, to a large
surface area dispersive electrode taped to the patient’s skin. In the immediate
region of the active electrode, the rapidly oscillating electrical field produces
movement of electrolytes that is sufficient to cause significant frictional heat-
ing [77]. The temperature at the lesion center is monitored with a thermistor
on the active electrode tip. In the brain, temperatures over 45� C produce
permanent tissue destruction. Acutely, RF lesioning produces a central zone
of coagulation necrosis surrounded by edema [79]. With a commercially
available RF electrode of active tip dimensions 1.1 � 3 mm (Radionics,
Burlington, MA), the diameter of the coagulum, in laboratory tests, varies
nearly linearly from 1 to 4 mm for temperatures from 60� to 80� C applied
for 60 seconds [41,77]. Thus, once the target site is selected based on ana-
tomical targeting and physiological confirmation, the size of the lesion can
be planned according to the predicted spread of the zone of coagulation at
different times and temperatures. The lesion may also be ‘‘shaped’’ to the
target structure by making multiple lesions, either along a single lesioning
track or multiple adjacent tracks [36,41].

Other techniques for lesion generation are being explored. Lesioning
of the thalamus and GPi by stereotactic radiosurgery has been reported
[55,80–82]. With this technique, the lesion is generated by radiation necro-
sis. There is a latent period between treatment and clinical effect. Only
image-based anatomical targeting is used to guide lesion location, without
physiological verification. Chemical lesioning of GPi, by infusion of exci-
totoxins, has been successful in a primate model of parkinsonism [83]. This
technique has the theoretical advantage of being axon-sparing, thus poten-
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tially avoiding damage to white matter structures surrounding the target.
Historically, however, the size of the lesion using chemical infusion tech-
niques has been difficult to control [84,85].

6 SPECIAL TECHNICAL CONSIDERATIONS FOR DBS

6.1 DBS Hardware

The most commonly used brain electrodes for DBS are the Medtronic (Min-
neapolis MN) model 3387 and model 3389 quadripolar leads. The leads
have four platinum-iridium contacts, 1.5 mm in length, separated by 3 mm
center to center (model 3387) or 2 mm center to center (model 3389). The
lead is connected to a battery-operated, programmable implanted pulse gen-
erator (IPG), which is placed subcutaneously in the infraclavicular area. The
pulse generator may be single channel for use with one DBS lead (Itrel II,
Medtronic) or dual-channel for use with bilateral DBS leads (Kinetra, Med-
tronic). Any one or any combination of the four lead contacts may be used
for monopolar stimulation (with the pulse generator as the cathode), and any
two contacts or groups of contacts may be used together for bipolar stimu-
lation. The pulse width, stimulation amplitude, and stimulation frequency
(up to 185 Hz), as well as the choice of active contacts and stimulation
mode (bipolar or monopolar) are all adjustable by the physician using an
external programming unit. The patient may turn the stimulator on or off at
any time using an external magnet. Stimulation parameters may vary but
typically range as follows: Pulse width = 60–210 �s, amplitude = 1–4 V,
and frequency 130–185 Hz.

6.2 Operative Techniques for DBS

Once the lead is in place, it must be anchored to the skull. The Medtronic
lead implant kit provides a burr hole cap with a groove for lead anchoring,
designed to fit in a 14-mm burr hole. The first-generation burr hole cap can
be difficult to use as it tends to alter the vertical position of the lead, often
necessitating intraoperative fluoroscopy to track and correct changes in the
lead position. Other anchoring techniques have been reported. Some sur-
geons anchor the lead in the burr hole with methylmethacrylate or hydroxy-
apatite bone source while the proximal end is still fixed in position on the
stereotactic arc or micropositioner [4]. After removal of the stylet and mi-
cropositioner, the lead may also be fixed to the skull with a miniplate [86].

After the lead is anchored, it may be temporarily externalized for sev-
eral days of in-hospital testing, or it may be immediately internalized and
attached to a lead extender and pulse generator. The lead extender attaches
to the DBS lead under the scalp, and is tunneled to an infraclavicular incision
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to attach to the IPG. A pocket is dissected bluntly over the pectoralis fascia
to hold the IPG. The connector on the lead extender should be positioned
over the skull and fixed into place with a suture or a groove drilled in the
bone. We place it behind the ear, superolateral to the mastoid. If the con-
nector is placed in the soft tissues of the neck, constant motion between the
lead and the connector may cause lead fracture, and tension on the lead
could easily cause failure of the anchoring system, resulting in lead migra-
tion.

6.3 MR imaging of DBS Components

The manufacturer of the Medtronic DBS system cautions against MRI of
their device outside of a limited range of imaging parameters and field
strengths. Nevertheless, MR imaging of DBS lead is important for postop-
erative documentation of exact lead location, as well as for preoperative
stereotactic localization in cases where a second lead is implanted in a pa-
tient who already has one pre-existing lead. Detailed testing of the Medtronic
DBS components (model 3387 lead and ITREL 2 pulse generator) for heat-
ing, movement, or large induced currents within an MR coil suggests that
MR imaging of these components is safe [87]. Many groups perform MR
imaging of these components, and no adverse events have been reported as
of late 1999 [87,88]. The strong magnetic field of the MR can turn the IPG
on or off, so the IPG should be set to zero volts before MR so that the
patient does not experience transient discomfort that may be associated with
alternation of the device between on and off states.

With any MR pulse sequences, the lead produces a metal artifact that
is larger than the actual lead size and may be irregular in shape. The use of
a fast spin echo MR technique may result in a smaller artifact in comparison
with inversion recover-fast spin echo or gradient echo techniques.
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Intractable Tremor:
Ablation Versus Stimulation
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1 INTRODUCTION

Tremor is defined as an involuntary rhythmical movement and is often cat-
egorized in three positions: hands in repose (rest), hands held up with arms
outstretched (postural), and during movement (intention). The amplitude,
frequency, and severity of the tremor may vary from patient to patient but
can cause severe functional disability.

Essential tremor (ET) is one of the most common movement disorders
and is characterized by disabling intentional tremor not secondary to Par-
kinson’s disease (PD) or other underlying neurological conditions. It is an
idiopathic disorder characterized by a 4 to 12 Hz tremor of the extremities
that is most prominent during purposeful movement. About half of the cases
are familial and transmitted in an autosomal-dominant mode with variable
penetrance [21]. This disorder has been termed ‘‘benign essential tremor,’’
because tremor is the only major symptom, but it can produce significant
disability including inability to feed or drink, control hand movements, or
even talk on a telephone. The onset is insidious and can occur at any age
but has a bimodal age distribution with peak incidence in the second and
sixth decades. The disease has a variable progression and most often affects
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the upper extremities. Recent studies have supported the finding that both
thalamotomy and thalamic stimulation can be quite effective in controlling
medically refractory essential tremor [3–5,9,13,14,17,19,25,27,38].

Essential tremor must be differentiated from a parkinsonian tremor,
which is generally present at rest with a frequency of 3 to 5 Hz and is
suppressed by movement. It can, however, be both postural and intentional
and is often resistant to dopamine replacement therapy. Parkinson’s disease
patients with unilateral disease or marked asymmetry in their symptoms and
in whom tremor is the predominant cause of disability may also benefit from
thalamotomy or thalamic stimulation [3–5,8,14–17,19,20,22,24,26,27,29,
41]. However, the effects of thalamotomy or thalamic stimulation on the
other cardinal symptoms of PD are much less predictable and may, in some
cases, cause worsening of symptoms. Therefore, PD patients with predom-
inant dyskinesias, bradykinesia, or rigidity should be considered for other
treatment modalities, such as pallidotomy, pallidal stimulation, or subthal-
amic stimulation. In addition, as PD is a progressive disease, it is reasonable
to expect that even patients with tremor-predominant PD will eventually
develop the more disabling symptoms of akinesia and rigidity.

Tremors secondary to other underlying neurological conditions must
also be differentiated from ET. These include disabling intention tremor
caused by damage of the cerebellum or cerebellar tracts from cerebrovas-
cular accidents, trauma, or multiple sclerosis [2,6,10,14,18,23]. These con-
ditions often imply more diffuse CNS pathology and therefore the outcome
of thalamic surgery is less predictable and complication rates may be higher.

2 ANATOMY AND PATHOPHYSIOLOGY

The role of the ventrolateral thalamus in movement disorders and the optimal
location for therapeutic lesions have long been the subject of debate. Part
of the difficulty lies in the fact that numerous anatomical classification
schemes are in use. The most widely used schemes are the Anglo-American
terminology and Hassler terminology. In the Anglo-American terminology,
the ventrolateral nuclei are divided from anterior to posterior into the ven-
tralis anterior (VA), ventralis lateralis (VL), and ventralis posterior (VP),
whereas in the Hassler terminology the same nuclei are divided into lateral
polaris (LPO), ventralis oralis anterior (Voa), ventralis oralis posterior (Vop),
ventralis intermedius (Vim) and ventralis caudalis (VC) (Fig. 1). The Hassler
nomenclature will be used in this discussion as it appears to correlate with
the relevant anatomy and physiology.

The main pallidal output pathways terminate in the ventrolateral thal-
amus, particularly the Voa nucleus, which in turn projects back to the pre-
motor cortex. In contrast, the Vop and Vim nuclei receive multiple inputs,
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FIGURE 1 Axial section through the thalamus at 1.5 mm above the AC-
PC plane. Abbreviations are as follows: Gpe—globus pallidus externa;
Gpi—globus pallidus interna; IC—internal capsule; VC—ventralis cau-
dalis; Vim—ventralis intermedius; Voa—ventralis oralis anterior; Vop—
ventralis oralis posterior. L, H, and F refer to the somatotopic represen-
tation of the leg, hand, and face in the VC and Vim nuclei.

including afferents from the contralateral cerebellum through the brachium
conjunctivum. The Vop and Vim nuclei then project to the motor and pre-
motor cortices. The VC nucleus is the primary thalamic relay for the medial
lemniscal and spinothalamic tracts, and projects to the somatosensory cortex.
Microelectrode recordings in the area of Vim reveal neurons that respond to
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kinesthetic stimulation, that is, movement of the joints and squeezing of
muscle bellies, whereas neurons in VC respond to tactile stimulation [8,38].
Furthermore, neurophysiological recordings have also revealed cells that fire
synchronously with the observed tremor (tremor cells), further implicating
the Vim in the pathology of tremor [38]. Whether the presence of these cells
indicates that the genesis of tremor lies within Vim, or that Vim is simply
part of a larger loop mediating tremor is not clear. In either case, there is a
considerable amount of clinical evidence that Vim lesions are effective in
alleviating tremor. Lesions placed more anteriorly, in the Vop nucleus, or
large lesions including both Vim and Vop lead to improvement in tremor
and rigidity, although bradykinesia is often unaffected or sometimes wors-
ened by such lesions [18,34,39,43]. These findings support the contention
that thalamotomy is best reserved for patients with Parkinson’s disease in
whom tremor is the predominant complaint or in patients with intractable
essential tremor.

In patients with ET, the goal of thalamotomy is to permanently abolish
tremor by placing a small lesion in the Vim nucleus of the thalamus. In
thalamic stimulation, the goal is to place the probe 2 to 3 mm anterior to
the junction of Vim and VC so that the stimulating current inactivates a
portion of Vim while avoiding stimulation of the VC nucleus or the internal
capsule.

3 INDICATIONS FOR THALAMIC SURGERY

The indications for thalamotomy or thalamic stimulation are similar. Patients
should have tremor that is refractory to medical therapy and represents the
predominant form of disability. The best candidates for thalamic surgery are
patients with incapacitating benign essential tremor and those with tremor-
predominant PD that is unilateral or asymmetric. Patients with PD who have
other motor signs should be considered for surgery aimed at other targets,
such as the globus pallidus internus (Gpi) or the subthalamic nucleus (STN).
Thalamic surgery may also be useful in patients with tremor secondary to
multiple sclerosis or trauma, although the results are less predictable because
of the associated injury to other brain structures inherent in these afflictions.

Patients being considered for thalamic surgery should be evaluated by an
experienced movement disorders team to ensure that they are good candi-
dates for surgery and that all appropriate medical therapies have been tried.
Medical therapy for patients with ET should include adequate trials of pro-
panolol, mysoline, and clonazepam, whereas therapy for patients with PD
should include Sinemet, dopamine agonists, and anticholinergics. An essen-
tial element of this evaluation is to determine the major cause of the patient’s
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disability so that realistic goals and expectations can be agreed on before
surgery.

It is important to confirm the clinical diagnosis of benign essential
tremor or idiopathic PD, as a variety of neurodegenerative diseases can
present with tremor in their early stages. Patients with these other neuro-
degenerative diseases appear to have a much poorer prognosis after thala-
motomy. Evidence of dementia or other cognitive decline, speech disorders,
serious systemic disease, and advanced age are also considered contraindi-
cations to surgery. As a final point, bilateral thalamotomies are generally
associated with a prohibitively high complication rate and should not be
undertaken.

4 OPERATIVE TECHNIQUE—THALAMOTOMY AND

THALAMIC STIMULATION

4.1 Anaesthetic Considerations

Patients are kept NPO on the evening before surgery and are generally ad-
vised to withhold their antiparkinsonian and antitremor medication on the
morning of surgery to ensure that the tremor will be evident throughout the
surgery. Surgery is performed under local anesthesia and requires the full
cooperation of the patient; therefore, the intraoperative use of sedating agents
should be avoided.

4.2 Stereotactic Imaging

A magnetic resonance imaging (MRI) compatible stereotactic frame is af-
fixed to the cranial vault after infiltration of the pin insertion sites with local
anaesthetic. Stereotactic sagittal T1-weighted MR images are obtained first
to identify the anterior commissure (AC) and the posterior commissure (PC)
and measure the AC-PC length. Text T1-weighted axial images are obtained
through the basal ganglia and thalamus parallel to the AC-PC plane. Addi-
tional images in the coronal plane with fast spin echo inversion (FSE IR)
recovery sequences to accentuate the gray-white matter borders of the thal-
amus and internal capsule can be used, depending on the experience of the
center. Alternatively, three-dimensional volumetric acquisition series can be
acquired that allow thinner sections and reconstruction in any plane, but
these series generally require 10 to 12 minutes and are thus subject to move-
ment artifacts.

A variety of MR sequences can be used for targeting, but it is imper-
ative that each center verify the spatial accuracy of their stereotactic frame
in their scanner with phantoms. At our center, we prefer to complement the
MRI targeting with computed tomographic (CT) images parallel to the in-
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FIGURE 2 Thalamotomy. Axial T2-weighted magnetic resonance images
after thalamotomy.

tercommissural line and through the area of interest. Computed tomographic
images, although geometrically accurate, do not provide the intrinsic ana-
tomical detail that MR images provide and should not be used alone for
targeting purposes. The target coordinates from both the MRI and CT images
are then compared for accuracy. Some centers have continued to use the
classic method of ventriculography to localize the target; however, recent
studies have shown that surgery guided by CT/MRI alone is just as effective
and may have a lower complication rate [8,11].

4.3 Target Selection

A variety of stereotactic atlases provide detailed anatomical representations
of thalamic and basal ganglia anatomy. There is some controversy regarding
optimal target location in the thalamus, but the following parameters are
generally agreed on. The initial target is located at a point about 5 mm
posterior to the mid AC-PC plane, 13.5 to 15 mm lateral to the midline, and
0 to 1 mm above the level of the intercommissural plane. When the third
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ventricle is dilated, it is wise to add 1 to 2 mm to the lateral dimension.
Alternatively, one can measure 11 mm lateral to the wall of the third ven-
tricle. The spatial resolution of modern MRI scanners continues to improve,
but the detailed nuclear anatomy of the thalamus is still impossible to dis-
cern. Therefore, intraoperative physiological confirmation of the lesion lo-
cation through stimulation or a combination of stimulation and microelec-
trode recording remains essential.

4.4 Surgical Technique

With the patient in a comfortable position, the scalp is infiltrated with local
anaesthetic and a parasagittal incision is made for a burr hole placed 2.5 cm
from the midline at the level of the coronal suture. The dura and pia is
coagulated, avoiding any cortical veins to allow for atraumatic introduction
of the electrode. At this point, the stereotactic arc is brought into position
and the electrode guide tube is lowered into the burr hole directly over the
pial incision. The burr hole is filled with fibrin glue or the skin is temporarily
closed around the guide tube with nylon sutures to prevent excessive loss
of cerebrospinal fluid (CSF) and brain settling.

4.5 Microelectrode Recording

Microelectrode recordings in the ventrolateral thalamus reflect the connec-
tivity of the various nuclei as reviewed by Tasker [34]. Recordings in the
Vop nucleus frequently reveal voluntary cells that are less noisy than those
in Vim or VC. These cells change their firing rate in advance or at the
beginning of their related movements [28]. Some cells may increase their
firing shortly before the movement, whereas others may show a decreased
rate or become rhythmic at the onset or completion of a movement. Re-
cordings in Vim reveal moderately noisy high voltage neurons that respond
to contralateral passive joint movement, squeezing of muscle bellies, or pres-
sure on deep structures such as tendons. In patients with tremor, kinesthetic
cells fire rhythmically at tremor frequency. Recordings in VC reveal very
noisy spontaneous activity and many high voltage cells. These cells gener-
ally respond to superficial light touch such as light brushing of the skin or
a puff of air. These cells respond faithfully without fatigue. The largest
volume of VC is occupied by tactile cells representing the face and manual
digits. The floor of the thalamus can be identified by the sudden loss of
spontaneous neuronal activity as the microelectrode leaves the gray matter
of the thalamus and enters the white matter of the zona incerta. A careful
analysis of the neuronal activity of these various cell types can confirm that
the appropriate target in Vim thalamus is selected.

Copyright 2003 by Marcel Dekker, Inc. All Rights Reserved.



4.6 Macrostimulation

Macrostimulation using an electrode with a 2-mm exposed tip can also be
used to delineate the optimal lesion location. Stimulation is performed with
square wave pulses at 0.5 to 2.0 volts at a frequency of 2 Hz to obtain motor
thresholds and at 50 to 75 Hz to assess for amelioration of symptoms or
sensory responses.

The typical thalamotomy target (Vim) is directly anterior to the appro-
priate somatotopic area in VC and just medial to the internal capsule. Oc-
casionally, the mere introduction of the electrode reduces the tremor, indi-
cating that the electrode is in good position. More often, because of
individual variation, targeting error, and the small size of Vim, the electrode
may be in a suboptimal position and require adjustment. If the electrode is
placed too anteriorly in the Vop nucleus, low frequency stimulation may
induce movement in the contralateral limbs. This movement is focal at
threshold, beginning at one joint and involving greater parts of the contra-
lateral limbs as stimulation intensity is increased [34]. Because VC is the
relay nucleus for superficial tactile sensation, high frequency stimulation can
induce parasthesias at much lower thresholds than that of the Vim nucleus.
Therefore, low threshold (0.25 to 0.5 volts) parasthesias of the fingertips or
mouth indicate that the electrode is too posterior and needs to be moved
anteriorly.

In addition to the anterior-posterior differences between the thalamic
nuclei, there is also a clear medial-to-lateral somatotopy within both Vim
and VC. Neurons in VC representing the face are found more medial; those
representing the lower limbs more lateral near the internal capsule; and those
representing the upper extremity and hand intermediate (Fig. 3). The defi-
nition of this somatotopic distribution is important as the lesion or the stim-
ulating electrode in Vim should be placed directly anterior to the appropriate
site in the VC nucleus [7,15]. Thus lesions for tremor involving the upper
extremity should be placed more medial than lesions for tremor involving
the lower extremities.

If the electrode is in good position, low frequency (2 Hz) stimulation
within Vim usually drives the tremor, whereas high frequency (75 Hz) stim-
ulation suppresses it. Suppression of tremor with 0.5 to 2.0 volts is the goal
and indicates accurate targeting. In addition, high frequency stimulation
should be used to ensure that there is no evidence of neurological impair-
ment such as motor, speech, or cognitive difficulties.

4.7 Lesion Generation

Once the target has been confirmed, a test lesion is made at 46� to 48� C
for 60 seconds. During this time, the patient is tested neurologically for
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FIGURE 3 Thalamic stimulator. Sagittal (top) and coronal (bottom) mag-
netic resonance images demonstrating a stimulator in the Vim nucleus
of the thalamus.
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contralateral motor dexterity and sensation along with verbal skills. If there
is improvement in tremor and no neurological deficits, then a permanent
lesion is made at 75� C for 60 seconds. During the lesioning, the neurological
status of the patient is continuously monitored and lesioning is halted if any
impairment or change is noted. If complete abolition of the tremor has not
been accomplished, then the lesion may be enlarged as guided by the intra-
operative physiological responses and recordings.

4.8 Stimulator Placement

Once the optimal target coordinates have been obtained, the deep brain stim-
ulating (DBS) electrode is introduced to the appropriate depth. By tempo-
rarily connecting the lead to an external stimulator, the inhibitory effect on
tremor can be assessed along with the presence of any side effects. If tremor
suppression is obtained, the probe is secured in place using the burr hole
cap or bone cement. The primary incision is closed and the patient is then
placed under general anesthesia. The infraclavicular pocket for the stimulator
is made and the leads are tunneled and connected. Some groups use fluo-
roscopic guidance to ensure that the electrode has not migrated during the
procedure.

5 RESULTS

5.1 Thalamotomy

The general finding that thalamotomy is an effective treatment for tremor in
patients with tremor-predominant Parkinson’s disease has been known for
some time (Table 1) [8,14–16,24,26,30,36,39]. In a study of the long-term
effects of thalamotomy on 60 patients, Kelly and Gillingham found that
contralateral tremor was abolished in 90% of patients undergoing unilateral
thalamotomy at the first postoperative evaluation [16]. Subsequent evalua-
tions revealed that the effect diminished somewhat over time so that at 4
years, 86% of patients remained tremor free, whereas at 10 years, 57% of
surviving patients remained tremor free. Rigidity was also improved by thal-
amotomy in 88% of patients initially and in 55% of patients at 10 years.
There was no effect of thalamotomy on bradykinesia or other manifestations
of Parkinson’s disease, such as mental deterioration or gait disturbance.
More recent series reflect a similar distribution. Jankovic et al reported a
series of 42 patients who underwent thalamotomy for intractable tremor [14].
Of these patients, 72% had complete abolition of tremor, whereas an addi-
tional 14% had significant improvement in tremor. There was a small but
statistically insignificant effect on rigidity and no effect on bradykinesia. In
another series reported by Fox et al, 34 of 36 (94%) PD patients had com-
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TABLE 1 Summary of Thalamotomy and Thalamic Stimulation Studies

Study

PD
patients
number

Good
outcome

ET
patients
number

Good
outcome

Thalamotomy
Fox et al, 1991 36 86%
Goldman et al, 1992 8 100%
Jankovic et al, 1995 42 86% 6 83%
Kelly et al, 1987 12 100%
Kelly et al, 1980 60 90%
Linhares et al, 2000 40 75%
Lund et al, 1996 53 94%
Nagaseki et al, 1986 27 96% 16 94%
Wester et al, 1990 33 79%

Thalamic stimulation
Benabid et al, 1996 80 86% 20 69%
Blond et al, 1992 10 80% 4 75%
Huble et al, 1996 10 90%
Koller et al, 1997 29 71% 29 90%
Limousin et al, 1999 73 85% 37 89%
Ondo et al, 1998 19 82% 14 83%

Abbreviations: PD, Parkinson’s disease; ET, essential tremor.

plete abolition of contralateral tremor, whereas 29 of 34 (85%) remained
tremor free at 1 year [8].

Similar results are obtained in patients with intractable essential tremor,
with 80% to 100% of patients having marked or moderate improvement
(Table 1) [9,14,25]. In a series of eight patients with ET treated with thal-
amotomy reported by Goldman et al, tremor was absent or markedly reduced
in all patients at a mean follow-up of 17 months [9]. Jankovic et al treated
six ET patients with thalamotomy. Overall, 5 of 6 or 83% of patients had
moderate to marked improvement in their tremor at a mean follow-up of 59
months [14]. Patients with intractable cerebellar intention tremor respond at
somewhat lower rates, with 60% to 80% of patients having significant im-
provement in tremor [10,14,23].

5.2 Thalamic Stimulation

Long-term studies of thalamic stimulation reveal results largely comparable
to thalamotomy. Patients with tremor-predominant PD have sustained re-
sponse rates of 80% to 95%, whereas patients with ET have response rates
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of 70% to 85% [3–5,13,17,19,27,29,38]. There have been two recent large
series looking at thalamic stimulation for the treatment of intractable tremor.
In a multicenter American trial reported by Koller et al, 29 patients with ET
and 24 patients with parkinsonian tremor were treated with high-frequency
unilateral thalamic stimulation [17]. Moderate to marked improvement oc-
curred in 90% of ET patients and 71% of PD patients. The effects were
largely maintained at 1 year. The results of a multicenter European trial were
similar. In this study, a total of 74 patients with parkinsonian tremor and 37
patients with ET were treated with thalamic stimulation [19]. Overall, there
was a moderate to marked improvement in 85% of treated sides in patients
with PD and in 89% of patients with ET. There are few studies directly
comparing thalamotomy and thalamic stimulation in the modern era. The
best recent study was a prospective randomized trial of 68 patients from an
experienced group in the Netherlands [29]. A total of 68 patients with either
PD (n = 45), ET (n = 13), or MS (n = 10) were randomized to receive either
thalamotomy or thalamic stimulation. The primary outcome measure was
functional improvement as measured by the Frenchay’s Activity Index. Sec-
ondary outcome measures included the severity of residual tremor, adverse
effects of intervention, and patient self-assessment of functional outcome.
All measures were obtained at 6 months after surgery. As expected, tremor
was either completely abolished or greatly suppressed in 27 of 34 (79%)
thalamotomy patients and in 30 of 33 (91%) thalamic stimulation patients.
However, the improvement in functional status was significantly greater in
the thalamic stimulation group than in the thalamotomy group. More than
twice as many patients undergoing deep brain stimulation reported that their
functional status had improved, as compared to those undergoing thala-
motomy. One patient died postoperatively from an intracranial hemorrhage
after thalamic stimulation (a risk inherent to both techniques), but the overall
neurological complication rate was better for the stimulator group (6/34, or
18%) than the thalamotomy group (16/34, or 47%).

This well-designed study confirms the prevailing clinical impression
that thalamic stimulation appears equally effective in controlling tremor as
thalamotomy and may be associated with fewer side effects. However, this
study also demonstrated that tremor control is not necessarily equivalent to
functional improvement. The greater functional improvement in the thalamic
stimulation group as compared to the thalamotomy group may be attributable
to reduced side effects, to the fact that the amount of current can be titrated
in the stimulation group to maximize benefit while avoiding side effects, or
to a different mechanism of action of stimulation. The limitations of this
study include the fact that assessments were not blinded. Furthermore, the
duration of the study is short, and more long-term studies will be needed
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before definitive conclusions can be reached regarding the duration of ben-
efit.

5.3 Complications of Thalamic Surgery

Thalamotomy shares the same general risks associated with other stereotactic
procedures, namely hemorrhage and infection, that occur in about 2% to 5%
of patients. The mortality rate is between 0.5% and 1%. Other specific com-
plications of thalamotomy are the result of inaccurate lesion placement or
overly large lesions. Lesions placed too laterally may result in contralateral
weakness caused by injury of the posterior limb of the internal capsule.
Many patients, about 25%, have transient contralateral facial weakness pre-
sumably secondary to edema involving the internal capsule [8]. The per-
centage of patients suffering from transient contralateral arm weakness
ranges from 3% to 30%, and 1% to 15% of patients go on to suffer mild
but persistent contralateral weakness [8,14,20]. Another major source of
morbidity relates to difficulties with speech. About 30% of patients have
transient dysarthria or dysphasia, whereas about 10% go on to have per-
sistent deficits [8,14]. Lesions placed too posterior may cause contralateral
hemisensory deficits caused by injury of the VC nucleus. Correspondingly,
there may be numbness or parasthesias of the mouth or fingers in 1% to 5%
of patients [7,35]. Transient confusion occurs in about 10% to 20% of pa-
tients, and mild cognitive and memory deficits may persist in about 1% to
5% of patients [14,35]. Older patients and patients with pre-existing cog-
nitive deficits or evidence of tissue loss on CT scan appear to be at a higher
risk for impaired postoperative cognition [7]. Left thalamic lesions are as-
sociated with an increased risk for deficits in learning, verbal memory, and
dysarthria, whereas right thalamic lesions are associated with impaired vis-
uospatial memory and nonverbal performance abilities [40]. Bilateral thal-
amotomies are associated with deficits in memory and cognition in up to
60% of patients along with increased risk of hypophonia (decreased speech
volume), dysarthria, dysphasia, and abulia [7].

The risk of intracerebral hemorrhage for thalamic stimulation is similar
to that for thalamotomy—between 2% and 5% [29]. In addition, specific
risks are associated with implanting hardware that are familiar to neurosur-
geons, such as infection, migration, and hardware malfunction. In a multi-
center American study of 53 patients, the complications included two peri-
operative hemorrhages that resolved without sequelae, one perioperative
seizure, two wound infections, one stimulator malfunction, and one instance
of hardware erosion [17]. In a multicenter European trial of 111 patients
treated with thalamic stimulation, complications related to the surgery in-
cluded three subdural hematomas, one thalamic hematoma (that resolved
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without sequelae), two infections, and one patient with transient cognitive
deficits [19]. Few studies directly compare the two techniques; however, as
mentioned above, the recent study by Schurman et al suggests that there
may be fewer neurological complications with thalamic stimulation [29].

6 DISCUSSION

The decision to use thalamotomy or thalamic stimulation is not clearcut. The
advantages of thalamotomy are that it is an established technique with which
there is considerable experience. The surgery is relatively more straightfor-
ward and is of shorter duration than thalamic DBS. Once the surgery is
complete, there are no further concerns about hardware infection, migration,
or malfunction. Furthermore, once the lesion is made, there are no adjust-
ments to be made to the stimulator. This can be an important consideration
for patients who live in remote areas or, for example, international patients
for whom frequent visits for adjustments are not practical. However, thala-
motomy creates an irreversible lesion and has the potential to cause per-
manent neurological deficits. If the lesion is too large or is not placed prop-
erly, there is no recourse. Of course, in experienced hands and with careful
attention to detail, the neurological risk should be small. Thalamotomy also
has a major disadvantage in that it cannot be safely performed bilaterally
because of the increased risk of severe neurological complications such as
hypophonia, dysarthria, and cognitive deficits.

Thalamic stimulation has been available for a relatively short period;
however, it is rapidly becoming an established technique. In an increasing
number of studies, thalamic stimulation appears to be at least as effective
as thalamotomy for the alleviation of tremor. One major advantage is that
stimulators can be placed bilaterally with less risk of neurological compli-
cations. Because the stimulators are adjustable, it should, in theory, be pos-
sible to titrate the magnitude of stimulation to achieve the maximal possible
benefit while avoiding side effects. As no lesion is made, the technique is
easily reversible, thereby leaving the door open for new restorative therapies
that may become available in the near future. In the only recent study pro-
spectively comparing the two techniques, patients undergoing thalamic stim-
ulation had similar tremor control, a better functional outcome, and fewer
neurological complications when compared with patients undergoing thala-
motomy. Nevertheless, thalamic stimulation has a number of disadvantages.
The surgery is more complex and requires general anesthesia for the inter-
nalization of the pulse generator. Patients with implanted stimulators require
a good deal more follow-up for adjustments, battery replacement, repair of
malfunctions, and so on. As with all implanted hardware, the stimulator is
subject to infection, migration, and malfunction. Finally, the equipment used

Copyright 2003 by Marcel Dekker, Inc. All Rights Reserved.



for thalamic stimulation is expensive and pulse generators typically need to
be replaced every 3 to 5 years.

Both thalamotomy and thalamic stimulation can impart useful func-
tional improvement in selected patients with intractable essential tremor or
tremor-predominant PD. Based on the available evidence, we recommend
stimulation as the first option because it appears to provide good relief of
tremor with potentially fewer side effects and does not create an irreversible
lesion. However, thalamotomy remains an effective and proven technique
that can be used when patients decide against a stimulator or when other
considerations mitigate against placement of a stimulator.

Given the rapid advances in functional neurosurgery, it is likely that
the treatment strategies for patients with intractable tremor will gradually
evolve over time. The optimal management of these patients will continue
to require a combined approach, with medical therapy providing the first
line of treatment and thalamic surgery providing an option for selected pa-
tients who can no longer be adequately managed with medications alone.
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1 INTRODUCTION

The surgical treatment of Parkinson’s disease (PD) has a storied history. The
end of the first chapter was in the 1960s and coincided with the introduction
of L-dopa, the first effective medical therapy for PD. The limitations of
pharmacotherapy with L-dopa for this disorder were known within several
years of its introduction, but the reintroduction of surgical treatment lagged.
Thalamic nucleus ventralis intermedius (Vim) lesioning for tremor continued
at a much reduced rate during the 1970s and 1980s, but pallidotomy was
rarely performed and, except for reference in neurosurgery textbooks, all but
disappeared. It was not until 1992 that Laitinen and colleagues published
the results of posteroventral pallidotomy for PD in drug-resistant patients
[1]. Initially described by Svennilson based on the work of Leksell [2], the
posteroventral pallidotomy relieved all the cardinal signs of PD (tremor,
rigidity, bradykinesia) and was found to be very effective in the alleviation
of drug-induced dyskinesias [1,3]. After this report there was a resurgence
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of interest in the procedure, and many centers around the world began per-
forming pallidotomies to treat drug-resistant PD.

The genesis of deep brain stimulation (DBS) in the treatment of PD
was the observation during preablative electrophysiological testing during
thalamotomies when stimulation at greater than 100 Hz led to tremor arrest
[3–5]. This observation and the recognition that bilateral thalamotomies
were associated with significant morbidity led several centers to try chronic
stimulation of the Vim in an attempt to minimize morbidity associated with
bilateral procedures [6–8]. The clinical success in alleviating tremor with
this approach was equivalent to lesioning and the incidence of dysarthria
was reduced. The natural progression of events led to chronic deep brain
stimulation of other targets historically lesioned for the control of other
symptoms of PD. Siegfried and Lippitz reported their results of chronic DBS
of the pallidum and demonstrated efficacy with this approach [9]. Since then,
many centers have reported their findings with chronic DBS of the pallidum
[10–12].

Advances in understanding the pathophysiology of PD suggested that
the subthalamic nucleus (STN) might also be a potential target for ablation
in the treatment of PD. The STN has excitatory connections with both output
nuclei of the basal ganglia [globus pallidus internal (GPi) and substantia
nigra reticularis (SNr)] and is overactive in PD [13,14]. Based on these
findings, Benabid and colleagues explored DBS of the STN for PD [15].
The dramatic success of STN DBS suggested this target as a possible site
for ablation. The results of several small series of unilateral and bilateral
subthalamotomies show that reduction of the cardinal symptoms of PD can
be achieved with this procedure [16,17].

Presented here is a brief description of the benefits and drawbacks of
the various ablative and DBS targets currently available. It should be noted
that many of these procedures, particularly DBS, are relatively new, and
long-term results and scientifically stringent studies are not available for
review. However, general guidelines can be stated with the caveat that new
information is becoming available at an astounding pace.

2 MECHANISM OF ACTION

The manner in which ablative lesions affect the pathophysiology of PD is
relatively straightforward. Abnormal activity of various nuclei within the
sensorimotor pathway of the basal ganglia-thalamocortical circuits is ame-
liorated by lesioning, thus removing the abnormal signal from the circuit.
This does not restore normal transmission from the surgical site but does
release the efferent target nucleus from the abnormal signal.
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The simplest way to conceive of DBS is as a physiological but not
anatomical lesion. This may be clinically accurate, but there is evidence that
other factors are associated with its mechanism of action. Depending on the
stimulation parameters of the electrode, distance from the electrode, and
baseline firing patterns, neurons may be inhibited or activated [18,19]. Sim-
ilarly, axons may be inhibited or activated, depending on their distance from
the electrode and their orientation to it [19]. Regardless, the clinical effects
of lesioning and chronic stimulation, as well as patterns of cortical stimu-
lation, are similar [20,21].

3 ABLATIVE LESIONS

3.1 Thalamotomy

Thalamotomy is one of the oldest procedures used in the treatment of PD.
Ablation of the Vim, ventralis oralis posterior nuclei (Voa) of the thalamus,
or both is associated with excellent tremor control of the contralateral limbs.
Reports have shown that several large series of patients exhibited excellent
and long-lasting tremor relief in the order of 73% to 93% of patients [3,22–
28]. Most authors also found some beneficial effect on rigidity. Akinesia and
bradykinesia are not affected, although drug-induced dyskinesias may benefit
if the anterior motor thalamus (Voa, Vop) is included.

A major drawback to thalamotomy, even in patients with PD domi-
nated by tremor, is the relatively high incidence of adverse effects in the
range of 9% to 23% of patients. This is particularly true after bilateral pro-
cedures. Bilateral thalamotomies are associated with irreversible speech dis-
turbances, dysarthria, dysphagia, or balance problems in more than 25% of
patients. Even unilateral procedures are associated with significant perma-
nent morbidity, including paresthesias (11%), gait disturbance (6%), dys-
arthria (3%), and hand ataxia (14%) [27]. Because of the high incidence of
significant complications associated with bilateral procedures, this approach
is seldom recommended. However, because of the ability to change stimu-
lation parameters with DBS and effectively avoid permanent complications,
this modality is preferable in cases requiring bilateral surgery. Thalamic DBS
stimulation has been demonstrated to have an equal efficiency and a de-
creased rate of complications [27,28], but a role will remain for unilateral
thalamotomy in situations of individual choice, economical exclusion, or
limited access to medical expertise for follow-up and maintenance (Table 1).

3.2 Pallidotomy

The reintroduction of the posteroventral pallidotomy for Parkinson’s disease
was a major step in establishing surgical intervention as an accepted treat-
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TABLE 1 Differences in Treatment Modalities

Ablation Dbs

Tissue
destruction

Yes Minimal and therefore
reversible

Effect Irreversible and per-
manent but can be
enlarged by a re-
peat procedure

Stimulator parameters are ad-
justable to maximize benefi-
cial effects and minimize
adverse effects. Effects also
reversible by turning off
stimulator.

Safety Procedural safety
similar until le-
sioning, where the
risks increase.
Rare infection
(<1%).

Adjustability and reversibility
add to safety. Infection rate
higher (�4%) and usually
requires removal of device.

Postoperative
maintenance

Minimal Frequent parameter adjusta-
bility better changes, and
repair of mechanical fail-
ures results in heavy post-
operative maintenance and
requires special expertise.

Bilateral
procedures

Second side carries
much higher risks,
especially for
speech.

Bilateral treatment relatively
safe because of
adjustability.

ment. All the cardinal symptoms of the disease are improved and drug-
induced dyskinesias are effectively eliminated [1,3,29–34]. A randomized
trial of unilateral pallidotomy demonstrated statistically significant improve-
ment in all the cardinal symptoms of PD as well as drug-induced dyskinesias
compared to best medical management at 6 months [29]. Refinement of
lesion location and maximization of lesion size with the use of microelec-
trode recording have allowed benefits to be maintained. The 2-year results
of pallidotomy demonstrate long-term benefit in studies using microelectrode
recording [29,30] and in one without microelectrode recording [31].

The relative benefit of pallidotomy over thalamotomy in PD is signif-
icant. Because PD is a progressive disease, the treatment of tremor with
thalamotomy, even if it is the predominant symptom, may be short sighted.
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The systematic improvement after unilateral pallidotomy results in a signif-
icant improvement in the quality of life in patients with advanced PD [34].
Unilateral pallidotomy, especially on the nondominant side, has the advan-
tage over DBS of being effective without requiring further intervention (DBS
parameter programming, battery replacement, etc.) on the part of physicians
or effort by the patient and his family. One study with short-term follow-up
on a small number of patients failed to demonstrate a difference in safety
or efficacy between unilateral pallidotomy and unilateral GPi DBS [35].
Further studies are needed.

Bilateral pallidotomies are performed with less risk than bilateral thal-
amotomies but are still associated with greater risk than a unilateral proce-
dure. The additional benefit of a second, contralateral pallidotomy is usually
less than the initial procedure if the two procedures are staged [32] and the
incidence of complications is higher. Possibly the reason less benefit is often
seen after a second procedure is because of persisting ipsilateral benefits
from the initial procedure. Also, the more severely affected side is usually
treated first. However, we have noted an improvement in axial symptoms
after a second, contralateral procedure (usually DBS for the second proce-
dure) that was significant. Some authors feel that bilateral pallidotomies can
be performed without increased risk of speech and swallowing difficulties
[1,33], but this is not the experience of most investigators [36]. Whether
there is a significant risk of cognitive or psychological changes after bilateral
pallidotomy is difficult to determine. In a large series of bilateral pallido-
tomies, there were no clinical changes of this type [33], but it was noted as
a complication in two of four patients treated in another series [37]. Lesion
location may play a role in determining cognitive changes after pallidotomy.
Some evidence suggests that lesions outside the sensorimotor pallidum may
be associated with these changes [38]. A DBS for the second side after a
unilateral pallidotomy is probably a better choice than a second pallidotomy.

3.3 Subthalamotomy

Subthalamotomy has theoretical advantage over other ablative lesions, but
these are mitigated by two factors. The advantages are that it would affect
both output nuclei of the basal ganglia (GPi and SNr). The disadvantages
are the risk of ablating the adjacent corticospinal and corticobulbar tracts,
and the risk of iatragenic hemiballismus, dyskinesias, or chorea. There are
limited reports of using the STN as an ablative target, and although symp-
tomatic improvement was reported, there were also incidences of induced
movement disorders [16,39]. However, positive outcomes after subthala-
motomy with a low incidence of adverse events have been reported [17,40].

Another factor working against development of the STN as an ablative
target has been the emergence of STN stimulation for the treatment of PD.
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Because stimulation parameter changes allow for minimization of risk, little
effort has been expended in developing the target for ablation. However,
there are advantages to ablative lesions, including the decreased risk of in-
fection (no foreign bodies), lower cost, less follow-up (no programming),
and no need for battery replacements. The ability to reverse adverse clinical
effects is a powerful incentive to use stimulation; however, further clinical
study is required before subthalamotomy can be rejected as an alternative.

4 DEEP BRAIN STIMULATION

4.1 Thalamus

For historical reasons, the Vim of the thalamus was the first DBS target
attempted in the treatment of PD [6]. Vim stimulation provides excellent
and stable contralateral palliation of tremor in more than 80% of patients,
with minimal risks [3,6,7,8,41,42]. In a randomized trial of thalamotomy
and Vim DBS, the efficiency was equivalent and the safety better with DBS.
There is little other clinical benefit in Vim DBS in PD. Stimulation of the
Vim is, in general, preferable to ablation, but the target itself has little ad-
vantage over the GPi and STN in the treatment of PD symptoms. Similar
to thalamotomy, most benefit is seen in tremor, with little change in other
cardinal PD signs. Globus pallidus interna and STN DBS both are effective
against tremor and STN stimulation may be equally effective as thalamic
stimulators. Motor fluctuations and dyskinesias develop over time in nearly
all PD patients, and thalamic stimulation is of little value in their treatment.
Rigidity and dyskinesias may benefit from a thalamic stimulator if the Vop
is included in the stimulation field (similar to thalamotomy), but this im-
provement is less than that of other stimulation targets [27]. At present, the
Vim of the thalamus is an attractive target for DBS in patients with essential
tremor, but it should be used sparingly in patients with PD because of the
limited number of symptoms effectively treated.

4.2 Globus Pallidus

Since first described in 1994 [43], several centers have reported results using
chronic GPi stimulation for PD [3,11,12,44,45]. The application of DBS in
the pallidum was a natural step after the success of chronic stimulation of
the Vim in reproducing the benefits of thalamotomy. Similar to lesions and
stimulation of the thalamus, DBS of the GPi produces clinical improvement
comparable to lesioning of the nucleus. The GPi lies just above the optic
tract and adjacent to the internal capsule. Because no lesion is created with
DBS, the risk of injury to these structures is minimized. In addition, changes
in stimulation parameters allow for fine-tuning of the stimulator to maximize
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benefit and permit changes during progression of the disease. There is also
evidence that bilateral stimulation is less likely than ablative lesions to affect
speech, swallowing, and cognitive functions, and may in some instances
improve or reverse them [37,46]. A significant drawback to chronic stimu-
lation is the limited ability to affect more than a portion of the posterior
GPi. This may be why there is variable improvement in gait after GPi DBS
[47]. The effective stimulation field is generally symmetrical and could affect
adjacent structures (internal capsule) before maximum clinical benefit is of-
ten reached. The relative benefits and drawbacks of various treatment mo-
dalities must always be considered and one only forms pallidotomy over
GPi DBS [48]. It is clear that the effectiveness of unilateral pallidotomy
diminishes with time [49], but it is not established that the same is true
of DBS.

4.3 Subthalamic Nucleus

The efficacy of using the STN as a target for chronic stimulation in the
symptomatic improvement of PD has been shown [3,15,50–52]. Because
the STN exerts control over both input nuclei (GPi and SNr) of the thalamus
in PD, it might be expected to be a superior target for stimulation than the
GPi if the development of involuntary movements could be prevented. This
has been shown to be possible; however, superiority over GPi stimulation
in general or for specific symptomatic indications remains to be demon-
strated. Similar to chronic stimulation elsewhere, the benefits are primarily
contralateral and like GPi stimulation, benefit all the cardinal symptoms of
PD. There is evidence that STN stimulation has only marginal or unpre-
dictable effect on the alleviation of drug-induced dyskinesias [52], but our
experience has been more positive.

Only short series directly comparing the effectiveness of GPi to STN
stimulation in the symptomatic control of PD are available [53]. Both Vet-
erans Administration and National Institutes of Health-funded studies are
underway, with the objective of determining if there are significant differ-
ences in the effectiveness of GPi and STN stimulation. At this time, it can
only be said that both targets are effective.

5 RELATIVE COST OF ABLATION VERSUS

STIMULATION

Many of the costs associated with the creation of an ablative lesion and
placement of a deep brain stimulator are similar (Table 2). These include
preoperative imaging, operating room time for burr hole creation and target
identification and hospital stay. The time difference between that needed for
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TABLE 2 Costs of Ablation Versus Deep Brain Stimulation

Initial Both Cost ($) Ablation Cost ($)
Deep brain

stimulation* Cost ($)

Capital
investment

Imaging station for
preoperative plan-
ning stereotactic
frame

Z-drive and x-y stage
Data collection station
(microelectrode
recording)

Costs vary
widely de-
pending on
supplier(s)

Lesion gener-
ator $35,000–
15,000

Costs vary
widely de-
pending on
supplier

Per
procedure

Preoperative imaging
OR time for intracra-
nial procedure

Postoperative imaging
Hospital stay

Variable Lead
Extension
Generator
OR time for
generator
placement

OR time for
generator
replacement

Generator
Lead
program-
ming

$1895
$495
$7245
Variable

Variable

$7245
ICP
#95970

*Costs for Medtronic’s Activa� system.
Abbreviation : OR, Operating room.
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creation of an ablative lesion and that for placement of a stimulator is prob-
ably negligible. Costs unique to an ablative lesion are the acquisition of the
radiofrequency lesion generator and associated electrodes. For a DBS, there
are the additional costs of the DBS lead, extension, and generator for each
patient. Additionally, there is a need for a second procedure under general
anesthesia to place the generator. After both procedures, there is routine
medical follow-up, but DBS requires a variable number of visits to program
the stimulator to maximize effectiveness. Deep brain stimulation also re-
quires replacement of the pulse generator when the battery runs down, and
the lead may need to be replaced occasionally. Additional costs are associ-
ated with deep brain stimulation relative to ablative lesions, but the revers-
ibility, flexibility, and lower risk of adverse effects currently make it a more
attractive procedure in general and especially when bilateral procedures are
required.
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1 INTRODUCTION

The main hyperkinetic movement disorders, dystonia, hemiballism, and cho-
rea are all characterized by reduced basal ganglia output to the thalamus,
leading to disinhibition of thalamocortical pathways and, thus, involuntary
movements.

2 PATHOPHYSIOLOGY

Using the most accepted model of parallel direct and indirect basal-ganglia
thalamocortical motor circuitry popularized by DeLong [1], a pathophysio-
logical basis for movement disorders has been proposed. Essentially, the
Globus pallidus interna (GPi) is innervated by both direct inhibitory input
from the putamen and indirect inhibitory/excitatory pathways from the pu-
tamen through the globus pallidus externa (GPe) and subthalamic nucleus
(STN). Putaminal activity is regulated by input from the substantia nigra
pars compacta (SNc) and by excitatory input from the thalamic centromedian
nucleus (CM).

The model for hyperkinetic disorders proposes that abnormally reduced
GPi output results in disinhibition of thalamocortical neurons. The precise
pathophysiological differences between the various hyperkinetic disorders
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may be secondary to differences in balance between the direct and the in-
direct striato-pallidal pathways. Thus, for example, hemiballismus results
from lesions of the subthalamic nucleus. In terms of the model, this would
leave the inhibitory direct pathway unopposed, thus reducing GPi output.

Dystonia is the most investigated but least understood of the hyper-
kinetic movement disorders. Supportive evidence for reduced GPi output in
dystonia comes from microelectrorecordings performed during pallidotomy.
Neuronal activity within the pallidal (Vop) and cerebellar (Vim) receiving
areas of the motor thalamus is also altered in dystonia. The degree to which
the changes in pallidal activity contribute to the changes in thalamic activity
may be different for the various etiologies of dystonia.

This description is necessarily somewhat simplified and recent obser-
vations, primarily from microelectrorecordings in primate models have chal-
lenged some of the concepts of this model (see the reference by Vitek for
a review of this evidence). Nevertheless, it does seem likely that in ballismus
and chorea, reduced STN input is the main factor determining reduced GPi
output, whereas in dystonia this results from a hyperactive putaminal input.

3 DYSTONIA

Dystonia is characterized by slow, involuntary, sustained, or intermittent
muscle contraction in agonist-antagonist and adjacent or distal muscle
groups, frequently causing twisting, repetitive spasmodic movements or ab-
normal postures [2,3].

3.1 Classification

Dystonia may be classified according to etiology as primary or secondary,
according to its age of onset and according to its pattern of distribution [4–
6] (Table 1) and is often described in terms of all three. Thus dystonia may
represent a disease entity, for example, idiopathic hereditary dystonia or a
symptom of another neurological disease. A number of hereditary patterns
of idiopathic (or primary torsion) dystonia have been described, although an
identical sporadic form occurs too. Several of the genes involved in various
forms of primary dystonia have been identified. Early-onset dystonia
(DYT1), for example, is associated with a gene at 9q 32-34 [7,8].

Dystonia as a symptom is secondary to a central nervous system (CNS)
insult such as trauma, toxin exposure, cerebrovascular accident (CVA), tu-
mor, infection, or certain drugs. Neurodegenerative diseases such as Parkin-
son’s disease, Huntington’s chorea, and Wilson’s disease may also include
dystonia as a symptom. Both primary and secondary forms of dystonia may
present in generalized or focal forms.
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TABLE 1 Classification of Dystonias

Etiology Primary Hereditary
Sporadic

Symptomatic Associated with hereditary neuro-
logical syndromes

Secondary to Birth injury
Postnatal head trauma
Encephalitis
Stroke

Associated with Parkinsonism
Age at onset Childhood

Adolescent
Adult

0–12 years
13–20 years
>20 years

Distribution Focal Spasmodic torticollis
Writer’s cramp
Blepharospasm
Oral facial dyskinesias

Segmental
Multifocal
Generalized

Dystonia musculorum deformans
Lesch-Nyhan syndrome
Drugs (phenothiazines, levodopa,

butyrophenones)
Hemidystonia

3.2 Clinical Features

The characteristic features of dystonia include:

1. excessive co-contraction of antagonist muscles during voluntary
movement

2. overflow of contraction to remote muscles not normally used in
that voluntary movement

3. spontaneous spasms of co-contraction

Dystonic movements are typically involuntary, slow, sustained, con-
torting, and ‘‘wrapping,’’ although superimposed rapid jerks and tremors
may also occur. Abnormal, disabling posturing occurs involving proximal,
appendicular, and axial muscles. Different subtypes of dystonia may give
rise to variable clinical patterns. Thus, the distribution, task-relatedness, and
other neurological conditions may all contribute to the specific clinical pic-
ture in an individual patient.

Primary dystonia mostly occurs in childhood. This typically begins as
a focal problem and progresses somatotopographically. Younger onset seems
associated with a more aggressive and prolonged course [9]. Secondary dys-
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TABLE 2 Etiology of Secondary
Dystonias of Neurosurgical
Interest

Birth injury
Postnatal head injury
Encephalitis
Meningitis
Stroke
Others

tonias of neurosurgical interest are listed in Table 2. Focal dystonias are
distinct and limited problems. They are not usually associated with a positive
family history, are of adult onset, and are managed quite differently. For
example, hemifacial spasm is best treated by microvascular decompression
of the facial nerve.

3.3 Treatment

3.3.1 Medical Management

Various drugs have been used to palliate dystonia. These include trihexy-
phenidyl, benztropine, clonazepam, baclofen, carbamazepine, levodopa,
bromocriptine, and amantadine. Certain subtypes of dystonia are remarkably
responsive to trihexyphenidyl (artane) or L-dopa. However, for the most part,
drug effects are unreliable, and anticholinergic side effects certainly can
become problematic at the high drug doses needed for improvement.

Torticollis can, in experienced hands, be treated with injections of bot-
ulinum toxin into the affected muscles. This interferes with neuromuscular
transmission, weakens the injected muscle, and relieves the focal dystonia.
This can be effective for up to 3 to 4 months, when injections need to be
repeated. Ultimately antibodies can develop to the toxin, which becomes
ineffective.

3.3.2 Stereotactic Surgery

Compared with Parkinson’s disease and tremor, dystonia is a relatively in-
frequent condition and few neurosurgeons have accumulated significantly
sized series. Furthermore, comparison and meta-analysis of results are re-
stricted because of the choice of different sites for lesions, differing tech-
niques, variable methods of assessing outcomes, and often-inadequate fol-
low-up.

Copyright 2003 by Marcel Dekker, Inc. All Rights Reserved.



3.3.2.1 Indications. Surgery is not useful for every dystonic patient
and indeed, in some, surgery is not indicated at all. Careful adherence to
selection criteria will prevent unrealistic hopes in the unsuitable candidate
and will likely improve overall outcome of surgical candidates. Tasker’s
experience has led him to suggest that surgery is most successful for dystonia
of distal limb musculature where the main disability is the dystonia itself
rather than any accompanying neurological deficits [9]. Progressive disease,
cognitive impairment, and pseudobulbar effects are considered to be contra-
indications. When ablative surgery is contemplated, speech and gait diffi-
culties are also relative contraindications.

3.3.2.2 Procedures. Stereotactic surgery for dystonia has until re-
cently consisted mostly of ablative lesions in either the thalamus or pallidum.
More recently, as experience with deep brain stimulation (DBS) for other
movement disorders has increased and the technique has been shown to be
safe, occasional reports using DBS for dystonia have also been appearing
in the literature [10–20].

3.3.2.3 Technique for Thalamotomy and Pallidotomy. In contem-
porary practice, the target is chosen using frame-based stereotactic locali-
zation. Magnetic resonance (MR) has largely replaced computed tomography
(CT) and ventriculography, although the latter is still in use in at least one
major European institution. Images are imported to a computer workstation.
Functional software is used to help select an optimal initial target. Targets
established from a human stereotactic atlas can be registered in the program
based on distances from the AC-PC (anterior commissure, posterior com-
missure) planes. These software programs also help correct for small frame
rotations (coronal roll, axial yaw, and sagittal pitch) and to some extent for
variable ventricular anatomy.

Microelectrorecording and stimulation are used to ‘‘map out’’ the target
area and assist in deciding on the ideal final target for lesioning or DBS
lead placement. Mapping techniques may use simultaneous microstimulation
electromyogram (EMG), and passive limb movements to define a thalamic
or pallidal homunculus and visual evoked potentials to localize the optic
tract. Finally, thermal lesions are made while continually assessing the pa-
tient’s neurological status. If deep brain stimulation has been chosen, the
electrode is introduced and its position verified with fluoroscopy.

3.3.2.4 Thalamotomy and Pallidotomy: Results. The published lit-
erature on the use of thalamotomy and pallidotomy in the treatment of dys-
tonia has been the subject of several excellent reviews [9,21]. Various nuclei
of the motor thalamus have been targeted, either alone or in conjunction
with other thalamic or extrathalamic nuclei for the treatment of dystonia. As
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mentioned previously, this diversity of approach makes analysis extremely
difficult. Furthermore, many patients were operated bilaterally, and this
clearly influenced the complication rate. Tasker’s own series, published in
1988 [22], described the results of Vim or Vop thalamotomy in 49 patients
with primary and secondary dystonia. Both phasic and tonic movements of
upper and lower limbs were markedly improved by 40% to 69%. Significant
improvement of 20% to 30% was noted for facial, neck, and trunk move-
ments. Speech, locomotion, and dexterity were also improved, but in a mi-
nority of patients. The main complication observed was dysarthria, primarily
in those patients operated bilaterally. However, approximately one-third of
his patients regressed over a period of up to 6 years postoperatively. This
may have occurred in patients whose disease was progressing preoperatively.

The major factors that determined the change of target from the thal-
amus to the pallidum for dystonia were the improved understanding of the
functional organization of the basal ganglia-thalamocortical circuitry and the
success of pallidotomy in the treatment of L-dopa-induced dyskinesias
(‘‘off’’ dystonia) in parkinsonian patients. Although pallidotomy has, since
the 1950s, been known to be effective for dystonia [23], analysis of the
results of early series is difficult, again because of a diverse choice of target,
differing lesioning techniques, small numbers of patients treated, and vari-
able follow-up. Since 1996, there has been renewed interest in pallidotomy
for dystonia [24–36]. However, the largest contemporary clinical series con-
sists of only eight patients [28], and thus, the relatively small numbers again
confound categorical conclusions concerning efficacy. In most patients, the
posterolateral (sensorimotor) part of the GPi has been targeted. Improvement
is evident immediately intraoperatively. All patients, including those with
primary or secondary dystonia, have been reported to benefit substantially
from pallidotomy. Motor functioning and activities of daily living improve,
whereas dystonic symptoms and disability decline. Contralateral, distal dys-
tonias seem to improve most. Axial dystonias appear more resistant and
probably benefit more from bilateral pallidotomy.

The trend toward deep brain stimulation and away from neuroablative
lesions has occurred at the same time as the trend from thalamotomy to
pallidotomy for the treatment of dystonia. It is, therefore, likely that there
will never be a large enough series of dystonia patients treated with palli-
dotomy to allow accurate analysis of pallidotomy for dystonia.

3.3.2.5 Deep Brain Stimulation. Working with thalamic DBS for the
management of parkinsonism and tremor, the early pioneers of DBS often
noticed symptomatic improvement of any accompanying dystonia. Sellal et
al implanted a DBS system in the contralateral ventroposterolateral thalamus
of a patient with postraumatic hemidystonia. The patient experienced im-
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proved posture and movement until the system was removed 8 months later
because of poor wound healing [10].

More recently, reports of pallidal stimulation for dystonia have been
appearing in the literature [11–18], but experience is very limited. In con-
trast to pallidotomy for dystonia, often no immediate intraoperative benefit
is reported, but rather, a slowly progressive clinical improvement may be
seen over a period of several weeks. Furthermore, upon turning off the DBS,
dystonia returns some hours later, but upon reactivation, can take days to
resolve.

Tronnier et al reported on three patients with generalized dystonia,
(two primary and one secondary) after bilateral pallidal stimulation and fol-
low-up times of between 6 and 18 months. All three patients experienced
significant relief in both axial and limb dystonia [19]. Loher et al have
published a case of one patient with secondary hemidystonia. This patient
had previously undergone thalamotomy with good tremor control but only
transient improvement of the hemidystonia. They implanted a contralateral
GPi DBS system. Reduced dystonic movements, posturing, and dystonia-
associated pain were associated with functional gain in a follow-up period
of 4 years [20]. One other report also describes the utility of GPi DBS in
managing intractable dystonia-associated pain.

4 CHOREA

Chorea describes brief, abrupt, irregular, unpredictable, involuntary muscle
contractions that are nonrhythmic, unpatterned, and have variable timing.
Commonly involved are the distal parts of the extremities and the orofacial
muscles. Chorea may appear as a symptom of Huntington’s disease or other
neurodegenerative disorders or may be secondary to other system diseases
(Table 3).

Early experience with a modest number of patients showed both pal-
lidotomy and thalamotomy to improve contralateral chorea [9]. More re-
cently, Vim-Vop thalamotomy has been reported to alleviate choreiform
movements [37]. Pallidotomy has been described in the contemporary lit-
erature as relieving contralateral chorea in a patient with Huntington’s how-
ever, the exact site of the lesion is unclear and may have included parts of
both the GPi and GPe [38]. One case of chorea treated with bilateral pos-
teroventral pallidotomy was reported to remarkably improve; however, fol-
low-up time was short (only 7 months) [39]. Only two groups have so far
reported experience with DBS for chorea. Thalamic Vim stimulation im-
proved contralateral symptoms in two children with modest follow-up of 4
and 18 months [40]. Choreoathetoid head movements were improved by
DBS of the pallidal GPi [41]. Thus, whereas both the thalamic vim and the
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TABLE 3 Etiology of Chorea

Neurodegenerative Diseases Huntington’s disease
Wilson’s disease
Ataxia telangiectasia

Infection Sydenham’s chorea
Autoimmune Systematic lupus erythematosus
Drugs Levodopa

Anticholinergics
Antipsychotics

Metabolic Disorders Hyperthyroidism
Oral contraceptive pill
Pregnancy

Vascular lesions
Idiopathic

pallidal GPi seem to be effective targets for both ablation and deep brain
stimulation in the control of contralateral chorea, experience is sparse.

5 HEMIBALLISM

Hemiballism consists of forceful, wide-amplitude flinging movements, usu-
ally only of one side of the body. Proximal musculature and associated axial
musculature are affected. Many patients also demonstrate additional distal
choreiform movements. Ballism is unique in that it is the only abnormal
involuntary movement disorder produced by a single, small lesion in a spe-
cific brain nucleus, the subthalamic nucleus. Thus, a primate model for ball-
ism could be studied. This elegantly demonstrated that the abnormal activity
sustaining the ballism was channeled through the medial GPi and the Vim
as lesions of both these nuclei could abolish the dyskinesia [42]. Globus
pallidus interna pallidotomy [43], Vim thalamotomy [44,45], and chronic
thalamic DBS [46] are all effective at controlling hemiballism in humans.
However, the best target is unknown, as the paucity of cases has not allowed
these techniques to be subjected to comparison by way of a modern ran-
domized trial.

6 CONCLUSIONS

Stereotactic surgery can undoubtedly significantly palliate some of the dys-
tonia syndromes and dystonia-associated symptoms. Vim thalamotomy is
effective for distal dystonic movements, but symptoms may recur over time.
More recently, lesioning or stimulating the sensorimotor area of the GPi has
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been shown to possibly be more effective; however, adequate follow-up has
yet to be documented. The surgical treatment of dystonia is a discipline that
is still evolving. Dystonia surgery should be subjected to analysis by way
of a modern, well-designed, randomized (and probably multicenter) trial to
determine the best site and best mode of therapy.

Surgeons considering operating for the relief of chorea or hemiballism
may choose a target for lesioning or stimulator placement based on review-
ing the literature and their own experience. However, they should be aware
that published experience for surgery on these patients is limited, and the
small targets often recommended (in the pallidum or STN) may be best
localized with the help of microelectrode recording. This is especially so in
these patients, whose movements often mandate the use of general anesthesia
and in whom macrostimulation will be of limited intraoperative benefit.
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1 INTRODUCTION

Since the early 1990s, there has been a renewal of interest in functional
neurosurgical techniques in Parkinson’s disease and other movement disor-
ders. A better understanding of the neuroanatomical and neurophysiological
basis of these disorders has fueled this renewal. Compared to the use of X-
rays and ventriculograms, the advent of computed tomographic (CT)-guided
stereotaxy was a godsend. With increasing need for accurate placement of
instruments in smaller nuclei, magnetic resonance imaging (MRI)-guided
techniques were used. The major disadvantage of using MRI alone was
evident in its inherent magnetic image distortion (Walton, 1996). Magnetic
resonance imaging provides a better target image, but when used alone it
can lead to misplacement of an electrode or needle.

The Radionics workstation incorporates CT/MRI image fusion, Stereo-
plan target planning, anatomical atlas, and the NeuroMap micro/semimi-
croelectrode recording system. This system provides the surgeon with a safe,
accurate, easy-to-operate system for functional techniques such as lesioning,
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biopsy, drug delivery, or placement of deep brain stimulators. Using early
versions of Image Fusion and Stereoplan, the Oxford Movement Disorder
Group demonstrated the system’s accuracy to 1 mm (Aziz, 1998). Today,
with later versions of the software and the use of the NeuroMap microelec-
trode recording systems, the software has become more user friendly and
the frontiers of precision have been pushed a step further.

2 IMAGE FUSION

In our clinical program at Neurological Associates Center for Movement
Disorders, all functional neurosurgical procedures are based on image fusion
using CT and MRI. The patient starts the day with an MRI using the Siemens
1.5 Tesla MP Range (3-mm axial cuts) program that provided good visual-
ization of nuclear groups in the basal ganglia and brainstem (Fig. 1). The
patient is placed under local anesthesia and the Radionics CT frame and
localizer are placed with the use of temporary ear bars. The frame is placed
with rough approximation to the AC-PC line from external auditory meatus
to the inferior orbital rim. A noncontrast CT scan is then done (GE scanner,
3-mm cuts). The MRI and CT data are stored on optical disc and transferred
to the Radionics workstation. Unlike previous software versions that fused
the MRI image to the CT bone density, the newer 2.0 version rapidly fuses
the two images pixel to pixel. Previous versions of Image Fusion required
that the MRI and CT images be nearly coplanar. The 2.0 fuses the images
rapidly, even if the scan images are not matched.

3 TARGET PLANNING

In the operating room, data from Image Fusion are transferred to Radionics
Stereoplan program and the CT fiducials are rapidly localized. The axial
fused MRI image is then brought to the screen and target planning begins.
For reference during target planning, the AC-PC line is used to fuse the
images with anatomical brain slices from the Schaltenbrand brain atlas
(Schaltenbrand, 1977). Targets in the basal ganglia are calculated roughly
using Guiot’s diagram (Guiot, 1968) and as modified by Benabid (Benabid,
1998). These targets are further refined directly on the MRI axial, coronal,
and sagital images in the Stereoplan program. Once anterior-posterior, lat-
eral, and vertical coordinates are determined, the ring and slide numbers are
entered into the system to provide the safest trajectory to the target, avoiding
sulci, fissures, and the ventricular system (Fig. 2). This technique is espe-
cially useful when working with a patient with some degree of atrophy and
large ventricles and sulci. Once the surgeon is satisfied with the target and
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FIGURE 1 Split images of magnetic resonance imaging and computed
tomography in Image Fusion. Good overlap of anatomical structures is
seen between the two studies. Patient has had a previous left subtha-
lamic nucleus stimulator.

trajectory, the coordinates are transferred to the Radionics Cossman, Roberts,
Wells (CRW) stereotactic frame.

4 NEUROPHYSIOLOGICAL LOCALIZATION

Before placement of chronic stimulating electrodes or lesioning a target,
neurophysiological localization is performed. At our center, we have shared
in the development of the Radionics NeuroMap neurophysiology station.
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FIGURE 2 Fused magnetic resonance image on the Stereoplan workstation showing trajectory
for placement of subthalamic nucleus stimulating electrode.
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FIGURE 3 a. Semimicroelectrode recording from the subthalamic nu-
cleus showing ‘‘pauser cells.’’ b. Semimicroelectrode recording from the
substantia nigra reticulata (SNr) showing fast activity.

This unit is a compact computer using a Windows NT workstation. The
workstation contains a series of amplifiers and filters that allow monitoring
and refinement of up to eight channels of electrophysiological data from the
patient. Data are displayed in real time and can be printed or archived for
later analysis. For a typical patient undergoing a basal ganglia procedure,
we use one channel only for semimicroelectrode recording and mapping of
the region of interest. A second channel can be used for simultaneous elec-
tromyographic (EMG) data in a patient with tremor or dystonia. The elec-
trode is mounted on the Radionics microdrive and connected to a pre-amp
mounted on the CRW frame. Recording from the brain is typically started
12 mm above the target. Either microelectrodes or semimicroelectrodes can
be used in this system.

For intraoperative recording, we are currently investigating the use of
semimicroelectrodes. The 40-micron tip tungsten semimicroelectrode, (1
megaOhm � 10% at 1 kHz) provides robust signals that accurately declare
the margins of the target nuclei. For example, characteristic firing patterns
of thalamic, subthalamic, pallidal, or nigral neurons can be identified and
recorded (Fig. 3). In some procedures, such as thalamic mapping, kinesthetic
response of neuronal activity can also be observed.
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FIGURE 4 Real-time fast Fourier transformation spectral analysis of neu-
ronal activity in the subthalamic nucleus. Predominant activity is noted
at 4 Hz and 75 Hz with harmonics in the far spectrum.

This technique has the advantage of allowing more precise mapping
of the target’s nuclear perimeter. With these data, one can then tailor the
placement of the chronic stimulating electrode. The greatest limitation of
semimicroelectrode recording is that one typically records from more than
one neuron at a time. Semimicroelectrode recording provides a strong and
reliable neuronal signal but makes determination of cell firing frequency
difficult. To quantify frequencies of neuronal groups, we are currently in-
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FIGURE 5 A. Patient with bilateral subthalamic nucleus stimulators (axial
image).

vestigating the use of real-time fast Fourier transformation (FFT) analysis
of semimicroelectrode signals (Fig. 4).

Once the nucleus of interest is mapped, the Medtronic Activa stimu-
lating electrode can be placed and tested in the awake patient. The Radionics
radiofrequency generator is used if a lesion such as a pallidotomy or thal-
amotomy is planned.

Macrostimulation, impedance calculations, and physical responses are
evaluated before placement of a permanent lesion. To evaluate the placement
of electrodes or lesions, all patients undergo postoperative magnetic reso-
nance imaging (MRI) (Fig. 5).
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FIGURE 5 B. Patient with a Gpi stimulator and a pallidotomy (coronal
image).

5 DISCUSSION

Safety is the most important part of any neurosurgical procedure. Functional
stereotactic techniques demand a high level of forethought, caution, and
preparation. A well-planned, successful procedure can modify the function
of the brain to the patient’s advantage. The surgeon should always work
toward making the procedure as precise and noninvasive to the patient as is
possible.

Second only to patient selection, the most critical part of stereotactic
surgery is initial acquisition of targets and accurate placement of electrodes.
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Technical advances in the field, such as image fusion, neuronavigation, and
neurophysiological analysis provide better clinical outcome. It is our opinion
that no stereotactic functional procedure should be based on MRI alone. The
inherent distortion in the MR image can lead the surgeon astray. As a fish-
erman trying to snare a fish in the stream knows the prey is not exactly
where it appears to be. To be successful, the thoughtful neurosurgeon must
learn how to deal with distortion. Fusion of MRI on a CT image corrects
this distortion and allows precise targeting.

Further confirmation of target is obtained through micro- or semimi-
croelectrode recording. The use of microelectrode recording is often debated,
but we feel it adds another degree of accuracy and allows mapping the
perimeters of the nucleus. Better placement of the chronic electrode is ob-
tained by this technique. In our center, we are finding that semimicroelec-
trodes are dependable and provide adequate confirmation of target. Further
advances with this technique, such as fast Fourier analysis, are promising
and should provide more information about the nucleus of interest.

One shortcoming of the Radionics system is the fusion of the patient’s
anatomy with the Scaltenbrand atlas. Because every patient’s anatomy is
different, the atlas provides only a rough approximation and should never
be used to plan target coordinates. Using the patient’s own brain anatomy
provided by MRI/CT fusion is reliable and accurate.

Some clear advantages of this workstation are accuracy, dependability,
and expediency. Image Fusion and Stereoplan allow ‘‘first pass’’ target ac-
quisition instead of multiple passes in an attempt to make up for MRI
distortion.

Single-cell recording is important for research investigations to define
functionality and cell firing frequency, but is a technical challenge because
of the nature of the tiny electrode tip. Semimicroelectrodes are easy to use
and give the surgeon a better map of the target nuclear boundaries. In ad-
dition, the developing Fourier analysis technique may help define the sig-
nature of the target nucleus and its predominant cell-firing frequencies.

As a tribute to the Radionics system, no patient in our center has thus
far required repositioning of an electrode or lesion. Future directions with
this system include real-time tracking of the probe along the workstation
trajectory with simultaneous NeuroMap data displayed on the workstation
screen
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1 INTRODUCTION

The field of functional neurosurgery has developed hand in hand with that
of stereotaxis. Although Meyer first performed ablation of basal ganglia
structures for control of tremor in 1942 as an open procedure, the safety of
these procedures was significantly improved by the development of the
stereotactic apparatus [1]. A number of stereotactic frames (and atlases) have
been developed, most notably by Spiegel and Wycis [2], Talairach [3],
Leksell [4], and Brown, Roberts, and Wells [5]. Successful placement of
percutaneous lesions and implants relies on the precise subcortical locali-
zation each of these devices affords.

A number of technological advances have further improved the accu-
racy and safety of stereotactic procedures. First have been the improvements
in imaging techniques, evolving from ventriculography to three-dimensional
(3D) computed tomography (CT) and magnetic resonance imaging (MRI).
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TABLE 1 Advantages of Using Computer-Assisted Image Guidance in
Functional Neurosurgery

Rapid fiducial localization
Referencial localization of every point in a three-dimensional volume
Rapid correction of tilt, twist and rotation of head and frame within the

scanner
Rapid correction of tilt, twist and rotation of frame in relation to the

ICL
Rapid formulaic targeting based on distance from the ICL
Ability to merge multiple data sets (such as different MRI sequences,

fMRI, PET)
Ability to superimpose (and morph) computer-based stereotactic atlas

for target selection
Ability to superimpose post-operative imaging on operative planning

to check accuracy

At the same time, the development of faster microprocessors has enabled a
symbiosis of advanced imaging techniques, computational technology, and
stereotaxis, leading to the advent of computer-assisted image-guided stereo-
taxis. This chapter will address the application of this technology to func-
tional procedures for movement disorders.

2 ADVANTAGES OF COMPUTER-ASSISTED

IMAGE GUIDANCE

Computer-assisted image guidance provides significant advantages for func-
tional movement disorder procedures (Table 1). These advantages improve
the accuracy of target localization by various methods (including anatomical
formulaic, and atlas-registration techniques), and significantly decrease the
number of steps and time required for target site calculation. The benefits
of computer assistance at various stages of the procedures are best exempli-
fied by a step-by-step analysis of the use of these techniques during a typical
procedure for movement disorders, the implantation of a subthalamic nu-
cleus (STN) deep brain stimulator for Parkinson’s disease.

3 STEREOTACTIC PROCEDURES FOR MOVEMENT

DISORDER SURGERY

3.1 Frame Application and Fiducial Localization

Under laboratory conditions, ‘‘frameless’’ computer-assisted image guidance
is capable of submillimeter targeting accuracy [6], but rigid frame fixation
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Computer

FIGURE 1 Screen from image-guided navigational workstation (Stealth,
Medtronic Sofamor Danek, Broomfield, CO) showing the reformation of
the volumetric data set parallel or orthogonal to the intercommissural
line (AC-PC) and the vertical midline. AC, anterior commissure, PC, pos-
terior commissure.

continues to be used for most functional intracranial neurosurgical pro-
cedures to provide the highest accuracy possible. Many stereotactic frame
systems are currently in production. However, this discussion will focus on
the Leksell G frame (Elekta Instruments, Atlanta, Georgia) used in conjunc-
tion with the StealthStation (Medtronic Sofamor Danek, Broomfield, Colo-
rado), one of several commercially available computer-assisted image-guid-
ance systems.

Frame-based stereotactic procedures first involve affixing the frame
with four skull pins under local anesthetic. The frame base is fitted with a
temporary fiducial-containing cage, the localizer. Imaging with CT, MRI
(one or more sequences), magnetic resonance angiography (MRA), or ve-
nography (MRV) is then undertaken with the frame resting rigidly on a
holder. More than one dataset can be merged before fiducial localization to
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FIGURE 2 Screen from image-guided navigational workstation showing
the positioning of a formulaically-calculated target for a pallidal proce-
dure using the workstation software.

allow estimation and consideration of potential image distortions (as with
MR), or to allow consideration of different types of information (paren-
chyma, vasculature, etc.) Computer workstations allow effortless shifting
between datasets.

Previous techniques that did not use computer assistance required that
the base ring be coplanar with the plane of the scanner gantry to maintain
the geometry upon which target-centered stereotactic devices rely. This is
not the case with computer-assisted techniques. The fiducials in any axial
plane (not necessarily the one in which the target lies) are imported into the
software using a cursor. Thereafter, the fiducials in each adjacent slice of
the scan are automatically detected, generating a complete volumetric repre-
sentation of the fiducial localizer. This registration allows the software to
know the precise geometry of the localizer within the scanner, thereby elim-
inating the need to adjust the fiducial localizer position during scanning and
leading to considerable economy of time.
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FIGURE 3 Screen from image-guided navigational workstation showing
the use of trajectory views to view the course of an implanted electrode
following trajectory planning. Only in the ‘‘trajectory view’’ is the entire
course of the electrode ‘‘in plane.’’

3.2 Target Localization

After fiducial localization, the potential stereotactic target is calculated. In
many instances, the target is calculated in relation to the intercommissural
line (ICL) using standard formulas as pioneered by Talairach [7]. Previously,
calculations required that the base ring lie parallel to the ICL to prevent
geometric errors in projecting distances perpendicular to the ICL (or the use
of complicated geometric calculations). This was accomplished by careful
placement of the frame on the patient’s head in relation to external land-
marks or repositioning of the frame after a sagittal scout. Computer-assisted
image guidance obviates this step by allowing reformation of the 3D
imaging volume in a plane parallel to the ICL (Fig. 1). Once the anterior
commissure and posterior commissure are marked, the image set is auto-
matically corrected for tilt and rotation. The midline is manually identified
at three points, and the software then automatically corrects for twist errors.
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FIGURE 4 Following registration of the Leksell� base ring to the arc of
the Stealth� frameless stereotactic system, using Framelink� software,
the coordinates in frame-space of any point on the patients skull can
be instantly determined. This might be used, for example, when you
want to plan a trajectory that enters through a patient’s previous burr
hole.

In movement disorder procedures, target identification usually takes
place using either coordinates referential to the ICL, or through the use of
coregistered brain atlases (Schaltenbrand and Wahren) [8]. The Stealth-
Station software facilitates the use of either method. Formulaic target co-
ordinates based on the ICL are preprogrammed, yet modifiable (Fig. 2). The
correction of tilt, twist, and rotation of the ICL allows rapid adjustments in
relation to the ICL, such as choosing a point that is at the same anterior/
posterior and vertical position as that generated by a formula, but that is
more lateral or medial in relation to the ICL. Additionally, a fully deformable
Schaltenbrand and Wahren atlas resides in the operating software for direct
overlay upon axial images, if atlas coregistration is the preferred technique.
Of course, a combination approach, or one incorporating direct anatomical
targeting (as, for example, of the STN), is easily accommodated. Further-
more, as all axial images are available in the volumetric space, choice of
multiple targets in different axial planes is easily done, even in the operating
room.
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FIGURE 5 The use of the image-guided surgery software to determine
the precise location of an implanted DBS lead postoperatively, in relation
to the intercommissural line (lower right). In this case, rather than using
the ‘‘pre-defined targets’’ function, the cursor was positioned over the
tip of the electrode, and the relationship of this point to the intercom-
missural (AC-PC) line is calculated (under ‘‘AC-PC coordinates’’).

3.3 Trajectory Planning

Once a target is selected, entry points can be determined. Here again com-
puter-assisted image guidance allows a great deal of flexibility in surgical
planning. Entry points can be determined preoperatively based on constraints
such as the location of sutures, blood vessels, sulci, and ventricles. More-
over, a trajectory that will lead to a particular orientation of a deep brain
stimulation (DBS) lead within a target structure can be chosen (for example,
double oblique orientation to match that of the STN). The pathway from the
entry to the target can be examined in detail using the ‘‘planned pathway’’
or ‘‘probe’s eye view’’ options, allowing virtual surgery before the patient
is taken to the operating room (Fig. 3).
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Entry points constrained by pre-existing scars or burr holes can be
determined in the operating room using the Framelink�, which allows the
registration of the stereotactic frame to the optic digitizer. The stereotactic
coordinates of the frameless pointer are instantly calculated and then easily
used in trajectory planning (Fig. 4).

3.4 Intraoperative Use

Frame coordinates corresponding to the desired trajectories are instantly cal-
culated and displayed, allowing trajectory revision to proceed quickly. The
Framelink� feature allows the procession of a microelectrode to be tracked
as it is introduced into the target structure and projected onto the preoper-
ative image set. The results of micro- or macroelectrode recording and stim-
ulation can be annotated onto the surgical plan to aid in choosing further
trajectories. Mirror-imaging of a trajectory from one side to the other is also
easily accomplished, as the reformatted dataset is parallel to the ICL. The
final position of lesions or implanted deep brain stimulator leads can be
saved for comparison to coregistered postoperative image sets (Fig. 5) to
confirm the stereotactic accuracy of the implantation or lesion procedure.

4 CONCLUSIONS

Computer-assisted image-guidance systems have the ability to simplify and
streamline surgical planning and execution, and accommodate a number of
different approaches to stereotactic targeting in movement disorder surgery.
The StealthStation is equipped with optical digitizers to allow ‘‘frameless’’
stereotaxy; however, we continue to use rigid frame fixation at our institution
to achieve the highest accuracy possible. The StealthStation has reliably
allowed safe trajectories to be planned and executed. Lesion and DBS elec-
trode placement have been found to correlate well with planned target loca-
tions.
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1 INTRODUCTION

Lars Leksell introduced his first stereotactic frame in 1949 [1]. Despite nu-
merous modifications over the intervening years, the design and function of
the Leksell frame continues to be based on the arc-centered principle [2].
Arc-centered frames position the surgical target in the center of an operating
arc. So positioned, the target can be reached from any entry point, as long
as the surgical probe is advanced the distance of the radius. This simple yet
effective design provides versatility, ease of use, and great accuracy.

The most current Leksell frame, the Model G, is compatible with both
magnetic resonance imaging (MRI) and computerized tomography (CT). The
G frame may be used for image-guided biopsy or tumor resection, radio-
surgery with the Gamma Knife, or so-called ‘‘functional’’ neurosurgical pro-
cedures. This chapter discusses the use of the Leksell Model G Frame for
performing movement disorder surgery. Space limitations restrict the dis-
cussion to a description of the author’s technique for performing MRI-guided
neuroablative and deep brain stimulation (DBS) procedures. An understand-
ing of the basic use of the Leksell frame is assumed. The uninitiated are
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referred to a previously published textbook chapter [2] that more fully de-
scribes the Leksell system, and the Model G instruction manual, which can
be obtained from the manufacturer (Elekta Instruments, Inc., Atlanta,
Georgia).

2 TECHNIQUE FOR MOVEMENT DISORDER SURGERY

Ideally, movement disorder patients are awake during surgery to facilitate
microelectrode recording (MER) and to permit constant monitoring of the
patient’s neurological status. If the patient has Parkinson’s disease (PD), anti-
parkinsonian medications are withheld, beginning 12 hours before surgery,
also to facilitate MER and to permit assessment of the patient’s response to
stimulation, ablation, or both. Cessation of levodopa/carbidopa preparations
may lead to rebound hypertension, and it is essential that the anesthesiologist
maintains strict blood pressure control, keeping the systolic pressure less
than 140 mm Hg, to minimize the risk of intracerebral hemorrhage.

2.1 Frame Application

The importance of careful frame application to the success of functional
neurosurgical procedures (especially if one foregoes the assistance of an
independent stereotactic targeting workstation) is often underestimated. Tar-
geting adjustments are most easily made when the axial targeting images
run parallel to the intercommissural (IC) plane and when there is no side-
ward tilt (roll) or rotation of the frame relative to the head (yaw). Only when
the frame is positioned in this manner do adjustments to one frame coor-
dinate translate into anatomical adjustments exclusively in that direction.
The ear bars provided with the fame assist greatly toward this end by holding
the frame steady relative to the head until it is fixed in place with the skull
pins. The ear bars are uncomfortable and the inner ear is difficult to anes-
thetize; however, the discomfort lasts only for the brief period required to
apply the frame (5 to 10 minutes) and is tolerated by most patients. Patients
with low pain tolerances or significant head tremor are sedated with propofol
for this stage of the procedure.

When targeting with MRI, it is best to use the lowermost pair of holes
provided for the ear bars, as this elevates the frame as much as possible
from the shoulders, allowing room for the bulky MRI adapter. In addition,
skull pins should be selected whose lengths do not extend beyond the mar-
gins of the MRI fiducial box. Pins that extend beyond this border may
prevent the frame from fitting within the head coil. The manufacturer sells
a set of reusable MRI-compatible pins of varying lengths to address this need.
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FIGURE 1 Application of the Head Frame. The head frame is secured to
the skull with fixation screws at four points. The head is centered in the
frame and the frame is aligned in the anteroposterior direction with the
zygoma, approximating the angle of the intercommissural plane.

Finally, the frame should be fixed to the head so that the lateral bars
of the base ring (i.e., the Y-axis) are parallel to the zygoma, the anteropos-
terior (AP) angle of which closely approximates that of the IC line. Many
human stereotactic atlases employ the IC plane as the central median to
which the deep brain structures are related. Therefore, by affixing the frame
parallel to the IC line, the acquired axial images will run parallel to the IC
plane, and atlas-derived measurements may be more reliably used for MRI-
based targeting. Figure 1 demonstrates proper fixation of the Leksell frame.

2.2 The Targeting MRI

The MRI fiducial box and MRI adapter are attached to the frame, and the
head is scanned with the frame aligned orthogonal to the scanner axis. A
midsagittal T1-weighted MRI is performed and the IC distance is measured.
Contiguous 3-mm thick, axial fast spin echo/inversion recovery (FSE/IR)
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TABLE 1 MRI Scanning Parameters for Stereotactic Targeting

Parameter Inversion recovery
Coronal T2-

weighted

Relaxation time (TR) 4000 4000
Echo time (TE) 17 102
Inversion time (TI ) 140 N/A
No. excitations 2 3
Echo train length 8 12
Field of view 24 cm 24 cm
Matrix 256 � 192 256 � 256
Slice thickness (mm) 3 2
Slice interval (mm) 0 0 (interleaved)
Scan type Fast scan Fast scan

Inversion recovery, 2D Flow compensation

Magnetic resonance image scanning parameters for stereotactic targeting for
functional neurosurgical procedures. Scans are performed on a General Electric
Echo Speed Scanner (1.5 Tesla).

images (Table 1) are obtained through the region of the IC plane. These
images beautifully display the deep brain structures and are reported to resist
distortion secondary to the magnetic susceptibility effect [3]. After image
acquisition, the ‘‘inverse video’’ function generates the image used for tar-
geting (Fig. 2). If the frame is applied correctly, the anterior and posterior
commissures (AC and PC, respectively) will be visible on the same or ad-
jacent slices.

The distances between the posterior and middle fiducial markers on
the lateral localizing plates are measured to confirm that the axial slices are,
in fact, orthogonal to the vertical axis of the frame. The difference between
these distances should be no more than 2 mm. If the difference is greater
than 2 mm, purely transverse images are not being obtained and the frame
should be repositioned in the scanner.

2.3 Determining the Stereotactic Coordinates of the

Surgical Target

Regardless of the site to be targeted, the author initially determines the
coordinates of the AC and PC at the midline. This is done for two reasons:
(1) to assess the degree of head rotation relative to the frame, and (2) because
the stereotactic coordinates of functional neurosurgical targets are deter-
mined by their known relationship to the commissures. The degree of head
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FIGURE 2 Fast Spin Echo/Inversion Recovery Magnetic Resonance Im-
aging. Axial image at the level of the intercommissural plane demon-
strating targeting of the ventrolateral (VL) nucleus of the thalamus. Di-
agonals connecting the opposing anterior and posterior fiducial markers
have been constructed to define the center of the targeting area. Ante-
rior/posterior and right/left axes (Y and X axes, respectively) have been
constructed with their origins at the center point. The difference in the
distance between the posterior and center fiducial markers on either side
of the head (segments 1 and 2) is less than 2 mm. The VL target is 5
mm anterior to and 14 mm lateral to the center point of the posterior
commissure, which is clearly visualized.

rotation relative to the frame is represented by the inverse tangent of the
difference in the X values of the AC and PC divided by the IC distance

�1Degree of Rotation = Tan (��X �/IC distanceAC-PC

When the frame is properly affixed, �XAC-PC is negligible (�2 mm).
Once the coordinates of the commissures have been determined, the

coordinates of the surgical target are calculated based on the anatomical
relationship of the target to the IC plane, as documented in various publica-
tions [4–9] and atlases of the human brain.
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2.3.1 Targeting the Ventral Lateral Nucleus for Medically
Refractory Tremor

The ventral lateral (VL) nucleus can be targeted exclusively with axial FSE/
IR images when performing thalamotomy or thalamic DBS lead insertions.
The image that best demonstrates the PC is selected. The target for tremor
suppression is located 20% to 25% of the IC distance anterior to the PC
(typically 5 to 6 mm), and 2 to 3 mm dorsal to the IC plane [4–6]. Target
laterality (i.e., the X coordinate) is selected according to the body part that
is to be treated. The ventrolateral nucleus of the thalamus is somatotopically
organized, medio laterally [4], such that the face is represented medially
(10–12 mm lateral of midline), the hand just lateral to the face (13–15 mm),
and the leg/foot most lateral, abutting the internal capsule (14–17 mm). The
third ventricular and thalamic widths also influence target laterality. When
a wide third ventricle is encountered (i.e., >5 mm), laterality should be
measured from the ipsilateral wall of the third ventricle and not the midline.

After determining the coordinates for the PC, the target coordinates
are calculated as follows:

X = X � 10–17 mm (subtract for a right-sided target; add for left)VL PC

Y = Y � 5 (or 6) mmVL PC

Z = ZVL PC

Even though the VL target is most commonly located 2 to 3 mm
superior to the ventral border of the thalamus [4], the author targets to the
depth of the PC to ensure that the surgical trajectory will pass completely
through VL. The final depth for lesion or DBS lead placement is based on
intraoperative neurophysiology.

2.3.2 Targeting Globus Pallidus Pars Internus (GPi)

The pallidum may also be targeted exclusively with axial FSE/IR images,
except that the coordinates for GPi are calculated relative to the mid-com-
missural point (MCP), the coordinates of which are determined by calculat-
ing the means of the coordinates of the commissures. The coordinates for
the posteroventral globus pallidus pars internus (GPi) (as originally de-
scribed by Leksell [7]) are then calculated as follows:

X = X � 18–22 mm (subtract for a right-sided placement;GPi MCP

add for left)

Y = Y � 2 mmGPi MCP

GPi = Z � 4 mm (i.e. ventral to the IC plane)MCP
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When targeting Gpi, one may also obtain coronal T2-weighted or FSE/
IR images to examine target depth relative to the optic tract, which lies
immediately inferior to GPi.

2.3.3 Targeting Subthalamic Nucleus for
Parkinson’s Disease

Unlike the thalamus and globus pallidus, the STN is poorly visualized on
FSE/IR images; however, the coordinates for STN can be reliably calculated
from its relationship with the MCP [9]. Alternatively, the STN may be vi-
sualized (although inconsistently), and directly targeted, on thin-cut coronal
T2-weighted images (Table 1). Consult the Leksell G Frame manual for
instructions on determining target coordinates from coronal MRI.

The coordinates for STN relative to the MCP are calculated as fol-
lows:

X = X � 12 mm (subtract for a right-sided placement;STN MCP

add for left)

Y = Y � 2 mmSTN MCP

Z = Z � 6 mm (base of STN).STN MCP

2.4 Operative Technique

After image acquisition and surgical planning, the patient is taken to the
operating room and positioned supine on the operating table, which is con-
figured as a reclining chair. The head is immobilized and prepped with
betadine, and the field is sterilely draped.

The MRI-derived coordinates and the surgical trajectory are set on the
frame. When targeting VL thalamus or STN, the AP angle of approach is
60� to 70� relative to the IC plane, as this approximates the angle of the
ventral intermediate nucleus (the subdivision of VL that is targeted for
tremor control) of the STN relative to the IC line. An AP angle of 50� to
60� is used for pallidal procedures. Ideally, the lateral angle of approach for
all of these procedures would be 90� (i.e., directly vertical), as this would
generate a pure parasagittal trajectory, allowing intraoperative neurophy-
siological data to be most easily correlated to the parasagittal sections pro-
vided in human stereotactic atlases. Moreover, because the somatotopic rep-
resentation of the contralateral hemibody in the thalamus is oriented in a
medial to lateral direction, a pure parasagittal trajectory reduces the risk of
crossing representational anatomical planes during a single recording trajec-
tory. Unfortunately, medial trajectories to medial targets such as VL thalamus
or STN pass through the ipsilateral lateral ventricle, posing a risk of intra-
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FIGURE 3 DBS Lead Placement. The deep brain stimulation lead is in-
serted under C-arm fluoroscopic guidance. The circles and cross-hairs
are aligned so that a pure lateral image, centered on the target point, is
generated.

ventricular hemorrhage. Therefore, lateral angles that are 5� to 10� lateral of
90� are typically used.

The arc is used to mark the desired entry point on the frontal scalp,
anterior to the coronal suture and 2 to 3 cm lateral of the midline. Lidocaine
(1%) is administered for local anesthesia. After skin incision and hemostasis,
a self-retaining retractor is inserted. A skull perforator (Codman, Inc., Rayn-
ham, Massachusetts) is used to make a 14-mm burr hole centered on the
entry point. The dura is coagulated and incised in a cruciate fashion.

The author uses a combination of MER and macroelectrode stimulation
to physiologically refine the anatomically selected target. The details of mi-
cro- and semimicroelectrode recording, as well as macroelectrode stimula-
tion for target localization in the thalamus [4–6, 10], globus pallidus
[8,11,12], and subthalamic nucleus [13] have been published elsewhere and
are beyond the scope of this report. Once proper targeting is confirmed
physiologically, the frame is set up for lesioning or DBS lead insertion.

When performing a neuroablation, the lesioning electrode (Radionics,
Inc., Burlington, Massachusetts) is inserted to the physiologically defined
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target and the lesion is made. When ablating GPi, the author performs 4 to
5 lesions along a single trajectory as defined by MER [8]. Thalamotomy
lesions are placed at that site where high frequency stimulation (i.e., >130
Hz) arrests tremor without persistent dysesthesia.

Deep brain stimulating leads are inserted under C-arm fluoroscopic
guidance (Fig. 3). The manufacturer sells ‘‘bomb sites’’ (i.e., circles and
cross hairs) that snap into the rings of the frame and allow the surgeon to
generate pure lateral fluoroscopic images that are centered on the frame’s
target point. When proper placement is confirmed fluoroscopically, the DBS
lead is secured at the level of the skull with a burr hole ‘‘cap’’ that is
provided with the lead (Model 3387 or 3389, Medtronics, Inc., Minneapolis,
Minnesota). The excess lead is encircled around the cap in the subgaleal
space. The incision is irrigated with bacitracin saline and closed in a standard
fashion.

A postoperative MRI is obtained before proceeding with implantation
of the pulse generator. The MRI confirms proper lead placement and dem-
onstrates any hemorrhage related to surgery. If a hemorrhage is found, pulse
generator implantation, which is performed under general anesthesia, is de-
layed. All patients are observed in the neurosurgical observation unit during
the evening after lead insertion or neuroablation. Most patients are dis-
charged within 1 or 2 days of surgery.
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1 INTRODUCTION

Movement disorders include essential tremor, chorea, dystonias, and all clin-
ical forms of Parkinson’s syndrome. Because of the prevalence of Parkin-
son’s as compared to other movement disorders, as well as its particular
neurological consequences, in this chapter we will focus mainly on stereo-
tactic surgical management of Parkinson’s disease. Surgical strategies in-
clude ablative procedures, such as thalamotomy or pallidotomy; nonablative
procedures, such as deep brain stimulation to the ventral intermediate nu-
cleus (VIM), internal globus pallidus (Gpi), and subthalamic nucleus (STN),
and neurologically restorative procedures such as brain tissue transplants.
We will focus on the first two types.

Stereotactic localizing systems contribute in crucial ways to the sur-
gical options, defining a specific target for the lesioning probe or deep brain
stimulator placement, and, just as importantly, help the neurosurgeon avoid
critical neurological structures during surgical treatment.

Conceptually, the Zamorano Dujovny (Z-D) stereotactic unit is an arc-
centered frame with a carbon fiber base ring as a reference system and a
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localizer arc. The localizer unit consists of an arc quadrant with three linear
scales (a, b, c) and two angular scales (d and e). The first three correspond
to the traditional x, y and z axes. The last two (d and e) define the trajectory
of the probe.

The carbon fiber head frame, or ring, is placed on the patient and
secured in place with pins of varying lengths, depending on ring position.
(For an in-depth discussion of ring fixation, please see the chapter titled
‘‘Stereotactic Surgery with the Zamorano-Dujovny Frame’’). The pins are
fixed and secured under local anesthesia with 1% lidocaine and marcaine.
The patient’s vital signs are monitored, an intravenous line is placed, and
supplementary oxygen is provided for the procedure. The head is positioned
such that the ring is parallel to the anterior-posterior commissure line (AC-
PC line).

2 IMAGE ACQUISITION

Computed tomographic (CT) scans and magnetic resonance imaging (MRI)
not only provide clear visualization of the target point, but using a fusion
protocol, in which the CT-MRI scans are correlated, provides a comprehen-
sive map of the patient’s brain anatomy. In particular, an MRI will show the
basal ganglia and the subthalamic nucleus in exquisite detail, which greatly
facilitates the preoperative planning process.

2.1 MRI with the Z-D Frame and Localizer

The Z-D frame can be used along with the specific localizer for MRI image
acquisition. It is extremely important to generate images parallel to the AC-
PC line for use in the planning process. In almost all cases, we recommend
CT and MRI scans for image correlation, using skin fiducial markers (IZI
Medical Products, Baltimore, Maryland) in several locations on the scalp.
The initial step includes taking a T1-weighted sagittal scout to identify both
anterior and posterior commissures and to obtain axial images parallel to
that line. A post-contrast CT is taken in 2-mm slice thickness, aligning the
gantry to the top of the frame to generate axial parallel images. The image
datasets are transferred to the operating room’s computer suite through the
hospital’s network to be used in the planning process.

2.2 MRI Sequences

The specific imaging sequences include post-gadolinium T1-weighted 2-mm
axial and coronal views, and T2-weighted 2-mm coronal views along with
T1-inversion recovery sequence, axial and coronal. Inversion recovery and
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FIGURE 1 Neurological Surgery Planning System (NSPS) functional sur-
gery module showing the correlation between the patient’s anatomical
imaging study and the Schaltenbrand’s stereotactic atlas.

T2-coronals are especially useful for locating the STN, and inversion recov-
ery is extremely helpful for delineating the Gpi.

2.3 MRI and Atlas Fusion

Image processing software is required during the preplanning process to
fuse the CT and MRI scans. The ideal software program calibrates an indi-
vidual patient’s imaging studies to three standard neurosurgical atlases, the
Talairach, Schaltenbrand, and Watkins, and ‘‘warps’’ the atlases until they
reflect the patient’s anatomy (Fig. 1). There are nomograms to correct for
individual variations in anatomy. This set of images can then be plugged
into any or all of several surgical planning modules that provide for com-
prehensive planning of trajectories, designed to optimize the intervention
and minimize damage to uninvolved tissue.

3 PLANNING

Without doubt, target localization is the most important step in movement
disorders surgery, the goal of which is to lesion the brain as effectively as
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possible or for stimulator placement. There are three methods for target
localization: direct and indirect, which are image-guided localizations, and
physiological, which includes microelectrode recording, macrostimulation,
or both.

3.1 Target Localization (Anatomical)

Target selection depends on the surgeon’s preferred surgical method and
chosen treatment option. The target site is always contralateral to the pre-
dominant symptoms [1]. There are three possible targets for Parkinson’s
disease, depending on the predominant symptomatology: the motor thala-
mus, Gpi, and STN [2]. All these structures may be localized indirectly by
measuring fixed distances from well-known anatomical structures, such as
the internal capsule, third ventricle, the optic tract, or the posterior commis-
sure [3,4].

The VIM of the thalamus [5,6] is the preferred target for thalamotomy,
and the internal segment of the Gpi for pallidotomy [7,8]. Subthalamic nu-
cleus stimulation effectively controls contralateral limb tremor in patients
with Parkinson’s disease, with a success rate similar to that achieved with
VIM stimulation [5].

3.1.1 Direct and Indirect Targeting

The direct method of targeting the lesion area involves using the imaging
studies to localize the target and generate the specific coordinates for that
target. However, indirect targeting is more commonly used in the surgical
treatment of Parkinson’s disease. Basically, all indirect methods rely on mea-
surements taken from the AC-PC line to locate the structures within which
lesioning occurs. The imaging modalities include ventriculography, CT,
MRI, and fusion CT-MRI. Ventriculography is rarely used since the advent
of CT and MRI scans.

3.1.2 VIM, Gpi, and STN Localization

Our suggested target for lesioning at the VIM is located 12 to 17 mm lateral
to the midline, 12 to 14 mm for face predominant tremor, 14 to 15 mm for
upper extremities, 15 to 17 mm for lower extremities, 4 to 5 mm posterior
to the midpoint of AC-PC plane and in the same plane of that line. Other
techniques localize the VIM with 25% of the AC-PC distance and anterior
to the PC, 11.5 mm lateral to the wall of the third ventricle, and at the
intercommissural line [5].

The Gpi is located 18 to 21 mm lateral to the midline of the third
ventricle, 2 to 3 mm anterior to the midpoint AC-PC line, and 5 mm below
the intercommissural line [9]. The suggested target for the STN is 10 to 12
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FIGURE 2 Microdrive mounted in the localizing unit of the Zamorano
Dujovny (Z-D) frame. The neurosurgeon can change the position of the
microelectrode intraoperatively.

mm lateral to the third ventricle, 3 to 4 mm posterior to the midpoint AC-
PC, and 3 to 4 mm inferior to that line.

4 PHYSIOLOGICAL LOCALIZATION

We strongly encourage electrophysiological monitoring for more accurate
delineation of the boundaries of these structures, but anatomical measure-
ments, such as described above, still play a very important role in this
surgery.

4.1 Microrecording and Microstimulation

For target localization we start with microrecording. The Z-D frame local-
izing unit has an adapter for the microdrive. The specific microelectrode is
gradually advanced through a guiding cannula until it reaches 20 mm above
the level of the desired target (Fig. 2). The microelectrode is connected by
short leads to a preamplifier, which increases the signal-to-noise ratio. The
signal from the preamplifier is then filtered, amplified, and passed through
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a discriminator. The window discriminator is an electronic device that con-
verts action potentials to digital pulses. These digital pulses can then be
stored and analyzed off-line. In addition, these pulses can be converted to
an audio signal, which is useful for listening to the activity of cells without
interference from background neuronal sounds.

4.1.1 Electrophysiological Monitoring in VIM

Once we reach 20 mm above the target, the microelectrode is gradually
advanced to record neuronal activity. For the most part, there is a good
demarcation between the white matter and the top of the thalamus. The
projected extension of the VIM in this place is approximately 11 mm from
top to bottom. It is very important to proceed in 2-mm increments until the
desired wave form and frequency corresponding to the target has been
reached. Rostrally to the ventral caudal (VC) nucleus, the VIM is detected
by its moderate high amplitude, noisy behavior, and its kinesthetic response
to passive movement of the extremities, again with somatotopic represen-
tation with lips and head at the medial edge and lower extremities to the
internal capsule. More rostrally there is the ventralis oralis anterior (VOA)
and ventralis oralis posterior (VOP) nuclei with tactile neurons intermingled
with some motor neurons.

To confirm the location, we proceed with microstimulation through the
same microelectrode. The patient should report shock-like sensations in dif-
ferent parts of the body that represent the humunculus of the area. The
microdrive allows us to change the location of the microelectrode. The pa-
rameters are 0.3 to 1.0 mA, 60 to 100 Hz. Any mismatching in this moni-
toring mandates repositioning of the microelectrode.

4.1.2 Electrophysiological Recording in Gpi

During pallidotomy, recordings usually proceed from the putamen and ex-
ternal globus pallidus (Gpe) through the Gpi and then close to the optic
tract. Neurons in the Gpi of Parkinson’s patients have a higher baseline firing
rate than neurons in the Gpe (mean 80 Hz). Most commonly, Gpi neurons
respond to contralateral movements with an increase in firing rate. In ad-
dition, some neurons have been found that respond in synchrony with the
patient’s tremor.

4.1.3 Recording in the Subthalamus Nucleus

In this region, background noise is high and individual cells are difficult to
isolate. Single neurons discharge at 20 to 30 Hz, but typical recordings are
of multiple cells, and therefore the discharge frequency is higher. As the
microelectrode passes through the inferior border of the STN into the sub-
stantia nigra reticulata (SNR), the discharge pattern changes abruptly. The
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medial and lateral borders of the STN, formed by the lemniscal and corti-
cospinal fibers, are respectively identified by microstimulation-evoked sen-
sory and motor responses [3].

4.2 Macrostimulation

We recommend confirming the location of the target with macrostimulation
using the standard stimulator (Neuro50, F. L. Fischer Leibinger, Freiburg,
Germany), given the fact that the mere introduction of the needle generates
microsignals that can be somewhat confusing. The setup parameters of the
stimulator are square waves of 2 to 100 Hz, 1 to 10 mV, 1 ms of duration.
Once the accuracy of the target has been confirmed, we proceed with per-
manent lesioning. In the case of deep brain stimulation, the permanent elec-
trode is left in place and secured, and the corresponding protocol is followed.

5 PROCEDURES

5.1 Ablative Procedures (Lesioning)

When the patient is fitted with the Z-D head ring, given sedation, and the
imaging studies are completed, as mentioned previously, he or she is trans-
ferred to a preoperative holding area for anesthetic evaluation (the patient’s
heart rate, blood pressure, and oxygen saturation are continually monitored).
Thalamotomies and pallidotomies are usually performed under local anes-
thesia so that the patient can participate during treatment by performing
specific tasks relative to the type of procedure selected.

The setup of the operating suite is crucial to maintaining maximum
feedback between the patient and surgical team. Anesthesia staff are posi-
tioned on the contralateral side of the surgical approach to be able to monitor
the clinical status. The patient is placed in supine position, same as in the
imaging scans, to prevent any target shifting. The head is attached to the
Mayfield headholder in neutral position. Padding is provided to protect pres-
sure points. Oxygen supply is maintained throughout the procedure to keep
optimal saturation levels. Dexamethasone is given intraoperatively along
with cefazolin. We avoid mannitol and furosemide because of the possibility
of brain shift causing a loss of stereotactic accuracy, especially in these very
small targets. A urinary catheter is placed along with an intravenous central
line. Shaving is done only in a 4-cm diameter area on the site of the coronal
suture.

The localizing arc, along with the instrument carrier, is mounted on
the frame to define the entry point on the scalp, selected in the planning
process. A small linear incision opens the scalp to the bone, and a burr hole
is made to expose the dura mater. This is opened in ordinary fashion, to
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initiate the electrophysiological monitoring. The final corroboration of the
patient’s target is the clinical assessment of sensory, motor, and speech areas.
The neuropsychologist evaluating the patient must have a comprehensive
understanding of complex sensory and speech processing functions. Certain
tasks like complex linguistic expressions are encouraged to evaluate the
speech apparatus. If the clinical examination excludes potential risk, the next
step is permanent lesioning or deep brain stimulator placement. There are a
variety of lesioning methods. Because of its reproducibility and precision,
radiofrequency is the preferred choice in most medical centers. Once the
target is selected, lesioning is subsequently performed using the Neuro50.
The usual parameters we follow are 60�C for 60 seconds, three times.

Afterwards, the electrode is withdrawn, and dura covered with Gel-
foam. The incision is closed with Vicryl and nylon sutures. The patient is
given dexamethasone 10 mg postoperatively every 6 hours, along with an-
tiparkinsonian agents within 24 hours postoperatively, to evaluate the patient
before he is discharged from the hospital. An MRI with T1-, T2-, and proton
densities is done the same day to confirm the lesion location.

6 FOLLOW-UP

Parkinsonian patients are clinically evaluated every 3 months using the Par-
kinson’s clinical scales along with an MRI, usually performed in 6-month
intervals. Radiologically, lesioning appears as a hollow space in the target
location. Perilesional brain edema around the target is very often observed
and implies postgliotic changes. Long-term follow-up is, in fact, recom-
mended for staged bilateral procedures.

7 SUMMARY

The versatility of the Z-D stereotactic frame makes it a suitable system for
surgery of patients with movement disorders. The frame is stable enough to
support microelectrode recording and to allow passage of lesioning elec-
trodes and is compatible with the Medtronic DBS system. As other tech-
niques, such as transplantation, become available, we anticipate that the
Z-D frame will remain an excellent choice for functional neurosurgeons.
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1 INTRODUCTION

Radiosurgery has been used to treat several functional conditions of the
brain. These include (1) chronic pain; (2) trigeminal neuralgia (TN); (3)
movement disorders; (4) epilepsy; and (5) psychiatric disorders. With a few
minor exceptions, all radiosurgical experience in treating functional dis-
orders has been with the Gamma Knife.

2 CHRONIC PAIN

Chronic pain was among the first conditions treated with the Gamma Knife
[1]. In the 1990s, we developed a technique to perform medial thalamotomy
using stereotactic magnetic resonance imaging (MRI) localization and the
Gamma plan computer dose planning system [2]. The target includes por-
tions of the medial dorsal, intralaminar, center median, and parafascicular
thalamic nuclei. Lesions are now made with a single isocenter using the 4-
mm secondary collimator helmet of the Gamma Unit and maximum radio-
surgical doses of about 140 Gy. These parameters produce, on the average,
a spherical lesion of about 90 mm3 in volume that develops over a period
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of 3 to 6 months after treatment. Coincident with development of the lesion
gradual reduction in chronic pain occurs in the contralateral body and face
without any loss of normal sensory function in about two thirds of patients.
Nociceptive pain responds better than neuropathic pain to medial thala-
motomy. Larger lesions may be made with two or three adjacent isocenters,
which results in a higher success rate in terms of pain relief, but also a much
higher rate of complications caused by excessively large lesions. We do not
recommend multi-isocenter medial thalamotomies any longer.

Radiosurgical cingulotomy or hypophysectomy has been used in a very
limited number of patients for treatment of chronic pain with a strong anx-
iety component or for pain resulting from metastases from prostate or breast
cancers.

For cingulotomy, bilateral lesions are made in the cingulum bundle at
a point 25 mm posterior to the anterior end of the frontal horns of the lateral
ventricles, as determined on stereotactic MRI scans. We have tried both the
4-mm and 8-mm secondary collimator helmets of the Leksell Gamma Unit
for making such lesions at various radiosurgical doses. At this point, our
experience is not sufficient to make a firm recommendation about radio-
surgical dose.

For hypophysectomy, multiple 4-mm isocenters are directed at the an-
terior pituitary gland. The maximum safe radiosurgical dose is determined
by the dose to the optic apparatus, which we believe should generally not
exceed 8 Gy.

3 TRIGEMINAL NEURALGIA

Leksell first described radiosurgical treatment of trigeminal neuralgia in
1971 [3]. Our experience now includes more than 450 patients treated for
TN with the Gamma Knife [4]. In our treatment protocol, the trigeminal
root is identified on axial, coronal, and reconstructed sagittal stereotactic
MR images at its point of entry into the pons. Treatment is delivered using
the 4-mm secondary collimator helmet of the Gamma Unit. The treatment
isocenter is placed over the trigeminal root such that the 50% isodose line
is tangential to the pontine surface. A maximum radiosurgical dose of 87
Gy1 directed to this target results in relief of TN in more than 90% of patients
with a latency of 1 day to 6 months after treatment. Long-term follow-up
(median 49 months, range 6–108 months) indicates that recurrent pain will
reduce the long-term success rate to about 78%. Retreatment of failed initial
treatment or recurrences with similar parameters, except for a reduced max-

1 Output factor 0.87 compared with 18-mm collimator output.
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imum radiosurgical dose of 45 Gy, will result in pain relief in an additional
80% of patients, for a total relief rate of about 96%. Delayed facial sensory
loss has been seen in about 15% of patients and is usually mild or moderate
in severity and transient. Permanent, severe loss of facial sensation has been
seen in 1% to 2% of treated patients.

For et al. described effective treatment in a series of six patients with
severe, uncontrolled cluster headache using a radiosurgical technique iden-
tical to that used for the treatment of trigeminal neuralgia [5]. Our limited
experience confirms Ford’s report. Pollock also reported successful radio-
surgical treatment of sphenopalatine neuralgia with the Gamma Knife [6].
Recurrent pain in this patient was successfully treated with a second radio-
surgical procedure.

4 MOVEMENT DISORDERS

We have used radiosurgical thalamotomy or pallidotomy to treat the move-
ment disorders of Parkinson’s disease, essential tremor, and tremor after
stroke, encephalitis, or head injury [7]. For thalamotomy to treat tremor, the
target is the ventral intermediate (VIM) thalamic nucleus contralateral to the
tremor, which is identified on stereotactic MRI scans. The lesion is created
using the 4-mm secondary collimator helmet of the Gamma Unit with a
radiosurgical dose maximum of 141 Gy. Tremor is relieved within 6 months
of treatment in nearly 90% of patients coincident with development of the
thalamotomy lesion. Less than 2% of treated patients have developed side
effects from the treatment, such as contralateral sensory loss, weakness, or
dysphasia, all of which are usually transient.

Pallidotomy is performed for treatment of bradykinesia, rigidity, and
L-dopa induced dyskinesias in patients with Parkinson’s disease. The lesion
is placed in the internal segment of the globus pallidus (GPi), as identified
on stereotactic MRI scans. Lesioning parameters are identical to those for
thalamotomy. Short- and long-term follow-up indicates that complete or
nearly complete relief of rigidity and bradykinesia was seen in about two
thirds of treated patients, with the magnitude of improvement varying from
about 20% to 40%. As with radiofrequency pallidotomy, the maximum im-
provements in rigidity and bradykinesia were seen in the ‘‘off state,’’ that
is, when the effects of L-dopa were at a minimum. Two patients experienced
permanent homonymous hemianiopsias 10 months after pallidotomy. No
other complications of any kind were seen.

5 EPILEPSY

Radiosurgical treatment results in marked improvements in the case of so-
called ‘‘lesional epilepsy’’ caused by structural lesions, such as tumors or
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arterior venous malformations. Regis and colleagues have pioneered a
Gamma Knife protocol for treatment of nonlesional temporal lobe epilepsy
related to mesial temporal sclerosis [8]. Significant reduction in seizure fre-
quency with no significant permanent complications has been reported by
Regis’ group, but the number of patients so far reported is small and follow-
up periods are too limited to make a recommendation about the place of
radiosurgery in the surgical treatment of epilepsy.

6 PSYCHONEUROSIS

Kihlstrom et al. described a radiosurgical technique for bilateral anterior
capsulotomy for the treatment of obsessive compulsive disorder based on
an earlier radiofrequency technique [9]. Once again, the number of patients
treated was small and the study was neither randomized nor blinded, so the
favorable results are open to question. A cooperative, randomized, prospec-
tive study of this technique currently underway at Brown University and
Yale University should provide more objective data.

7 SUMMARY

Functional neurosurgery with the Gamma Knife has an established place in
the treatment of trigeminal neuralgia. Its role in the treatment of chronic
pain and movement disorders is promising, based on preliminary clinical
data. Other functional procedures, such as for the treatment of psychoneu-
rosis and epilepsy, should prove amenable to radiosurgical treatment.
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Functional Radiosurgery with a Linac
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1 HISTORY

1.1 Functional Neurosurgery

This concept goes back to 1946 when Spiegal and Wycis treated a patient
with Huntington’s chorea by injecting alcohol into the globus pallidus and
medial thalamus, using their own stereotactic reference system [1]. This
provided short-term benefit but enabled the technique to be applied to other
functional conditions, such as intractable pain, anxiety, and aggressive dis-
orders, as well as movement disorders.

1.2 Radiosurgery

1.2.1 DXR

The theoretical concept of stereotactic radiation delivery had its genesis in
1951 when Lars Leksell mounted a 280 Kv X-ray source on an arc device
so that the source could move along the arc, always being directed at the
center of rotation of the arc system (the treatment isocenter) [2]. The first
patients treated by this technique had trigeminal neuralgia and the target was
the gasserian ganglion.
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1.2.2 Cyclotron

Leksell then applied the same principal of stereotactic localization using as
his radiation source: a 185 MeV cyclotron delivering charged particles (pro-
tons) [3]. After some animal experimentation, this treatment approach was
applied to a selected group of patients in whom the aim was again to create
a small, well-demarcated lesion in the thalamic nuclei for the treatment of
movement disorders and intractable pain. In 1959, Kjellberg first considered
the concept of pituitary ablation [4] by a focused proton beam from a 186
MeV cyclotron as a form of hormone manipulation for pain relief in women
with metastatic breast cancer. This was reported in 1962 by Kjellberg as
having good short-term results. Leksell had to abandon the concept of the
cyclotron, as the treatment site was 150 K from his neurosurgery center in
Stockholm. However, the principle of stereotactic localization and treatment
delivery to a functional target was now well and truly established.

1.2.3 Cobalt

Leksell developed his own device, the Gamma Knife, using multiple (ini-
tially 170, and then finally 201) cobalt 60 sources arranged around a hemi-
sphere focused on the isocenter [4]. In Spain, Barcia-Salorio rotated a stan-
dard cobalt machine under stereotactic conditions to treat patients with
acoustic tumors and carotid/cavernous fistulas. In 1985, he described the use
of this approach to treat patients with intractable epilepsy [5].

1.2.4 Linear Accelerator

Leksell considered the concept of a linear accelerator (Linac) as his radiation
method because of the limited depth dose characteristics with the 280 kV
machine; however, problems with collimation and the size of the Linac re-
sulted in abandoning that approach. Betti, in 1983 [6], provided the first
description of stereotactic radiosurgery (SRS) performed using a linear ac-
celerator, where the machine remained stationary with the patient being ro-
tated through the various arcs in a rotating chair. Colombo [7] and Hartman
[8], both in 1985, reported the technique of isocentric rotation of the Linac
gantry around the patient, as is the standard now. This concept has been
further modified with miniature linear accelerators being either attached to
a robotic arm (the CyberKnife, Ch. 10), or on a rotating gantry as is used
in computed tomography (CT).

2 PATIENT SELECTION

The majority of patients with some type of functional condition will be
managed surgically. However, some patients will have persistent problems
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despite surgery or for medical or personal reasons, will decline the surgical
approach. As the benefits of a radiosurgery approach become better publi-
cized, patients and clinicians will become more aware of this approach and
may select it as the primary mode of treatment for certain conditions. For
example, in patients with movement disorders, the open surgical approach
would still be preferable, as radiofrequency stimulation of the target region,
with feedback from the awake patient, provides the best demonstration of
the target site. However, with trigeminal neuralgia, the argument for a pri-
mary radiosurgery approach becomes more attractive, given that the trigem-
inal nerve is surrounded by cerebrospinal fluid and is readily visualized on
high-resolution magnetic resonance imaging (MRI).

3 DOSE AND COLLIMATOR SIZE

Doses used for functional stereotactic radiosurgery have traditionally been
high and the volume small [9]. This has stemmed from two concepts: (1) a
high dose is needed to create a well-defined lesion with an area of necrosis
with a short time-frame to benefit, and (2) the nerve tracts to be treated are
usually small in diameter and, consequently, in volume. Kihlstrom, in re-
porting the Karolinska experience [10], of SRS for obsessive compulsive
and anxiety neuroses, noted that when using a dose of 186 Gy marginal
dose (typically 50% of the maximum dose), the use of the 8-mm collimator
has resulted in significant edema, not seen when the 4-mm collimator is
used. Thus Kondziolka [11] advocates that when using a 4-mm collimator
with the Gamma Knife, a marginal dose of 128 Gy can be safely delivered,
whereas if the 8-mm collimator is used, necrosis is evident from 50 Gy
upward. Therefore, the standard dose for treatment of trigeminal neuralgia
is 70 Gy to the target margin, with good to excellent benefit rates of 50%
to 90% reported. Interestingly, in the treatment of intractable epilepsy, Bar-
cia-Salorio used doses as low as 10 Gy [5], Regis [12] used 25 Gy, and in
both series the majority of patients reportedly gained benefit. The difficulty
in defining the epileptic focus in these two series may have been the main
determinant of the doses used.

4 LINAC EXPERIENCE

Functional SRS will constitute only a very small proportion of the treatments
rendered in any Linac-based radiosurgery program. Few articles has been
published on it over the last 5 years in the English literature [13]. In our
own experience of more than 530 cases in 8 years, we have treated six
patients for primary trigeminal neuralgia (TN) (excluding those whose pre-
sentation related to, for example, a petrous ridge meningioma). Thus, the
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description of treatment procedure will focus on that for TN. However, the
principles enable the method to be extrapolated to other functional con-
ditions.

5 IMAGING

5.1 MRI

Referrred patients come with a diagnostic scan that excludes any type of
tumor condition that could be causing the patient’s pain. For image planning,
all patients have a T1-weighted, gradient echo MR scan [MP Rage magnet-
ization prepared rapid acquisition gradient echo] on a Siemens 1.5 Tesla
Vision scanner. Images are acquired in three dimension and reconstructed in
1-mm thick axial and coronal slices with 1 mm separation. This scan is
downloaded onto an optical disc and transferred to the planning computer,
although ethernet transfer, if available, is also appropriate. For best dem-
onstration of the course of the trigeminal nerve, a CISS MR scan is also
performed [CISS (constructive interference with the steady state) a fine slice
three-dimensional volume T2-weighted scan] in axial planes.

5.2 CT

After application of the Radionics BRW headring, we obtain a noncontrast
helical CT scan with 1-mm slice thickness through the upper posterior fossa
and 3-mm slice thickness through the remainder of the brain.

6 DOSE PLANNING

6.1 Target Localization

All CT and MR data are loaded onto a workstation for planning using the
Radionics program X Knife-4. Before planning, CT and MR datasets are
registered using Radionics Image Fusion software. After registration, out-
lines drawn on the MR scans are automatically transformed to the coordinate
system of the CT dataset, which is stereotactically defined through the BRW
frame. It is our standard practice that the optic chiasm and brainstem are
outlined as critical structures and, consequently, dose volume histograms
allow assessment of the dose given to these structures. The root entry zone
of the trigeminal nerve into the pons is chosen as the site of treatment
delivery. A point within that structure thus becomes the isocenter.

6.2 Collimator Size

We initially used a 5-mm collimator for treatment delivery; however, con-
cern about the inaccuracies (including imaging, headring localization, plan-
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ning, and delivery) prompted introduction of a 6.5-mm collimator for this
purpose. Furthermore, dose homogeneity near the isocenter is higher with
the 6.5-mm collimator, as an increasing degree of electronic disequilibrium
results at these small collimator sizes.

6.3 Arc Selection

The dose-limiting structure is the brainstem, along with the constraint im-
posed by the dose rate of the Linac. Thus, to give 70 Gy with a maximum
of 10 MU (monitor units) per degree of arc and less than 1 cGy per MU at
isocenter, a total of more than 700� of arc rotation is required. This results
in multiple short arcs [7–10], given the small collimator size. Some of the
arcs may need to be treated more than once because of the large MU per
degree required. This situation is exacerbated by the low output of the small
cone. As each start point of an arc needs to be reset within the room, the
duration of the procedure is lengthened by the requirement to re-enter the
room on multiple occasions. This can be overcome by two means: first, some
Linacs offer a high dose rate ‘‘research’’ mode, and second, gantry rotation
may be able to be reset from the Linac console. These modifications are
available only on certain modern accelerators.

7 MACHINE PREPARATION

7.1 Floor Stand

A nondedicated Linac is available at the end of its normal treatment day.
The floor stand to which the headring is attached is screwed onto the base
plate of the arc rotation system at a predetermined point. The isocenter will
be determined from the planning computer, and by matching with the BRW
phantom base, the x,y, and z coordinates on the floor stand will be set.
Having a floor stand prevents full arc rotation underneath the couch, thus
limiting the way structures in the posterior fossa can be treated. The floor
stand provided greater rigidity of fixation and accuracy than earlier couch-
mounted systems. However, currently available couch mounts are as accu-
rate as floor mounts and are the preferred method.

7.2 Ball Film Check

This is performed with a double-exposure radiograph film with a 1-cm lead
ball at the isocenter of the gantry rotation. Eight radiographs are taken with
the machine gantry and couch rotated at various angles. The projection of
the circular collimator on the film should be concentric with the projection
of the ball, indicating that the X-ray source is focused on the isocenter
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throughout gantry rotation. Unsatisfactory performance would be indicated
by any significant asymmetry in any direction.

7.3 Record and Verify

While machine preparation is taking place, all the parameters relating to
dose delivery (e.g., start and stop angle, the arcs, position of the arcs, mon-
itor units per degree of arc, etc.) are downloaded onto the record and verify
(R and V) system for that Linac. All the parameters for the treatment are
independently checked by a physicist, along with all the data entered onto
the R and V system.

7.4 Isocenter Setup

The angiogram localizer box is attached to the floor stand and the computed
isocenter for treatment is set and verified by laser lights. When the headring
(and patient) are ‘‘docked’’ to the floor stand, the angiogram localizer box
is reattached and positioning verified with the laser lights. Any variation will
then be from patient movement. Patient position is adjusted then to ensure
that the laser lights realign to the initially designated isocenter.

8 TREATMENT

8.1 Accelerator

All single-dose treatment is delivered on a Varian Clinac 1800 (Varian, Palo
Alto, USA), with 6 MV X-rays the designated energy.

8.2 Headring Check

With the patient lying supine, the treatment couch is raised and the headring
is ‘‘docked’’ to the floor stand, making the patient as comfortable as possible.
Using the arc attachment of the BRW headring, the check is then performed
using four points at 45� intervals away from the pin sites to ensure that the
headring has not moved, as all measurements are in relationship to the ring,
not to the patient’s head.

8.3 Isocenter Check

Double-exposure radiographs are taken of the patient’s head with the angi-
ogram localizer box attached to the headring, using a 1-cm collimator. An-
teroposterior (AP) and right lateral radiographs are taken of the patient’s
head and the respective fiducial marks on the box then digitized to obtain
AP, lateral, and vertical coordinates. This verifies that the isocenter set-up
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for treatment corresponds to the planned isocenter. Typical variations be-
tween the two sets of coordinates would be less than 0.5 mm.

8.4 Beam On

As the point of fixation of the BRW headring to the floor stand is by two
posteriorly located couplings, there is the possibility that the patient may
‘‘rock’’ on the floor stand during the 50 to 60 minutes it takes for treatment.
Thus, an independent fixation device secures the anterior point of the head-
ring through a T-shaped coupling to the couch. This prevents any inadvertent
headring movement. For couch-mounted systems where the attachment of
the ring to the couch is through two laterally based fixation points, this may
not be necessary. During the multiple short-arc treatment procedure, the
patient is constantly monitored. At least twice through the procedure, the
angiogram localizer box is reattached to the BRW headring, and the laser
lights are used to verify headring alignment. Two of our patients, who were
mildly demented, required the procedure to be done under a general anes-
thetic (GA). Thus, while each couch movement was taking place, the an-
esthetic equipment also needed to be moved, ensuring that the monitors
could be viewed through the closed circuit television while the anesthetist
sat at the control panel during beam-on time.

9 POST TREATMENT

Once treatment is concluded, the headring is removed. The patient is advised
to use ice packs to the anterior pin sites two times per day for the ensuing
48 hours. As the area postrema would have received a small dose during
the treatment, a precautionary standard dose of dexamethasone 4 mg is given
to all patients. With this, there has been no significant nausea or vomiting
after the procedure. All patients other than those who are having a GA for
the procedure are treated as outpatients and are able to go home immediately
after the procedure.

10 FOLLOW-UP

All patients are seen about 4 weeks after the procedure. The response typ-
ically is that there is no change for the first 1 to 2 weeks, then 1 to 2 weeks
of some improvement, after which intensity and frequency of attacks are
reduced. Only one of the patients so treated has gained no benefit; it is
relevant that she had had seven prior surgical procedures before being re-
ferred. One patient, for the first time in many years, was totally pain free
for 3 months but had recurrence of the pain. The patient was retreated, with
a dose of 60 Gy being given to a different point along the nerve.

Copyright 2003 by Marcel Dekker, Inc. All Rights Reserved.



REFERENCES

1. EA Spiegel, HT Wycis. Stereoencephalotomy. Part 1. New York: Grune &
Stratton, 1952.

2. L Leksell. Stereotaxic radiosurgery in trigeminal neuralgia. Acta Chir Scand
137:311–314, 1971.

3. L Leksell. Stereotaxis and Radiosurgery: An Operative System. Springfield, IL:
Charles C. Thomas, 1971.

4. RN Kjellberg, AM Koehler, WM Preston, WH Sweet. Stereotaxic instrument
for use with the Bragg peak of a proton beam. Confin Neurol 22:183–189,
1962.

5. JL Barcio-Salario, H Roldant, G Hernandez. Radiosurgical treatment of epi-
lepsy. Appl Neurophysiol 48:400–405, 1985.

6. O Betti, V Derechinsy. Irradiation stereotaxique multifasceaux. Neurochirurgie
29:295–298, 1983.

7. F Colombo, A Benedetti, F Pozza. External stereotactic irradiation by linear
accelerator. Neurosurgery 16:154–160, 1985.

8. G Hartmann, W Schegel, V Sturm. Cerebral radiation surgery using moving
field irradiation at a linerar accelerator facility. Int J Radiat Oncol Biol Physiol
2:1185–1192, 1985.

9. C Lindquist, L Kihlstrom, E Hellstrand. Functional neurosurgery: A future for
Gamma Knife? Stereotact Funct Neurosurg 57:72–81, 1992.

10. L Kihlstrom, WY Guo, C Lindquist. Radiobiology of radiosurgery for refrac-
tory anxiety disorders. Neurosurgery 36:294–302, 1995.

11. D Kondziolka, B Perez, JC Flickinger, LD Lunsford. Gamma Knife brain sur-
gery. Prog Neurol Surg 14:212–221, 1998.

12. J Regis, JC Peragut, M Rey. First selective amygdalohippocampic radiosurgery
for mesial temporal lobe epilepsy. Stereotact Funct Neurosurg 64(suppl) 193–
201, 1995.

13. AA De Salles, WW Buxton, T Solberg, P. Medin, V Vassilev, C Carbatan-
Awang. Linear accelerator radiosurgery for Trigeminal neuralgia. Radiosurgery
1997. Radiosurgery 2:173–182, 1998.

Copyright 2003 by Marcel Dekker, Inc. All Rights Reserved.



33
Classification of Pain

Zvi Israel

Hadassah University Hospital, Jerusalem, Israel

Kim Burchiel

Oregon Health and Science University, Portland, Oregon, U.S.A.

‘‘They can rule the world while they can persuade us
our pain belongs in some order.
Is death by famine worse than death by suicide,
than a life of famine and suicide . . .?’’

Adrienne Rich (b. 1929), U.S. poet. [1]

1 INTRODUCTION

Many difficulties hinder a unifying nosology of pain. Among these is the
fact that pain is of interest to many disciplines, each approaching pain man-
agement with its own biases, different viewpoints, and languages, such that
no single classification will satisfy all. In fact, many major textbooks of pain
management do not even attempt such classification. The multidisciplinary
committee on the taxonomy of pain of the International Association for the
Study of Pain (IASP) went some way to solving this problem in 1986 [2].

2 CLASSIFICATION

One useful way for neurosurgeons to classify pain is based on inferred neu-
rophysiological mechanisms (Fig. 1). Such a classification is practically use-
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FIGURE 1 A simplified classification of pain.
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ful because it tends to promote a uniform approach to pain management.
Pain can be further described in terms of etiology, the region of the body
affected, or its temporal aspects.

2.1 Nociceptive Pain

When pain is considered to be compatible with tissue damage associated
with an identifiable somatic or visceral lesion or injury, it is known as no-
ciceptive. Nociceptive pain originating from somatic structures (skin, mus-
cle, connective tissue) is typically well localized, sharp, aching, or throbbing.
In contrast, visceral pain is generally less well localized but may have a
specific referral pattern. If a hollow viscus is obstructed, the pain may be
gnawing or cramping in nature, whereas if an organ capsule or mesentery
is involved, it may be sharp and throbbing.

Nociception is conveyed through primary afferent neurons responsive
to noxious stimuli. Nociceptive pain usually will respond to intervention that
ameliorates or denervates the offending peripheral lesion and to analgesic
medication, especially opioids.

2.2 Neuropathic Pain

In contrast, neuropathic pain is believed to be associated with sustained
activity at a site of aberrant somatosensory processing in the peripheral or
central nervous system resulting from neural injury or irritation. Typically,
neuropathic pain persists long after the precipitating event.

Neuropathic pain is clinically diverse. Patients may describe unfamiliar
burning, electric shock-like or shooting dysesthesias, which may be spon-
taneous or evoked by movement. Examination may reveal allodynia, hypal-
gesia or hyperalgesia, hypesthesia or hyperesthesia, or hyperpathia. There
may be other focal neurological deficits, including weakness or autonomic
changes, such as swelling or vasomotor instability. Trophic changes in the
form of alterations of skin, subcutaneous tissues, hair, and nails may also
occur. However, neuropathic pain is not always dysesthetic. The neurological
deficit may be very subtle, thus the diagnosis is not always straightforward.

Neuropathic pain may result from a variety of central and peripheral
mechanisms that can interact in complex ways. The observation that some
patients with neuropathic pain have disorders that appear to be primarily
sustained by processes within the central nervous system (e.g., pain precip-
itated by stroke) and others by peripheral processes (e.g., a painful peripheral
neuroma) allows an extended classification based on inferred pathophysiol-
ogy. Neuropathic pain syndromes are usually refractory to traditional anal-
gesics. ‘‘Adjuvant’’ analgesics are often prescribed, such as anticonvulsants
or antidepressants. Chronic narcotic usage has been especially controversial;
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however, it is now clear that a significant proportion of neuropathic pain
patients with diverse diagnoses do indeed respond to systemic or intrathecal
narcotics.

2.2.1 Deafferentation Pain

The response characteristics of central neurons in the pain pathway may
change if the peripheral input is partially or completely damaged. This is
known as ‘‘central sensitization’’ and is essentially the result of abnormal
signal amplification, such that nonnoxious stimuli can now trigger pain. The
neural pathways that lead to the sensation of pain have not been clearly
delineated. The mechanistic substrate is thought to involve both functional
and structural changes at the cellular level and is poorly understood. Ex-
amples of specific central deafferentation syndromes include central pain,
pain associated with plexus avulsion injuries, spinal cord injuries, post-her-
petic neuralgia, and phantom pain.

‘‘Central pain’’ generically includes a large number of deafferentation
pain syndromes that can occur after injury to the central nervous system.
These include thalamic pain, post-stroke pain, pain caused by multiple scle-
rosis, parkinsonism, and syringomyelia. Phantom pain is the neuropathic
pain that may occur after the amputation of any body part (limb, breast,
tooth).

Certain of these syndromes can be successfully treated by ablative
procedures (paradoxically accentuating the deafferentation), notably plexus
avulsion, and some spinal cord injury (SCI) pain syndromes by dorsal root
entry zone ablation (DREZ procedure).

2.2.2 Sympathetically Maintained Pain

Sympathetically maintained pain (SMP) is a subtype of neuropathic pain
that appears to be sustained by release of norepinephrine caused by efferent
activity in the sympathetic nervous system. There is controversy concerning
the mechanisms involved, which pain syndromes may be included in this
category, and even whether such an entity truly exists. Furthermore, there
has been considerable confusion between the diagnosis of SMP and complex
regional pain syndrome (CRPS). Sympathetically maintained pain may also
simultaneously exist with sympathetically independent pain.

Both peripheral and central mechanisms have been implicated in the
generation of SMP. Campbell considers SMP to be a complication of a
neuropathic pain trigger, rather than an entity in itself [3]. Sympathetically
maintained pain may be diagnosed by way of a sympathetic ganglion block
or by intravenous administration of the �-adrenergic antagonist, phentol-
amine. These tests may also give an indication of whether pharmacological
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sympatholysis or surgical sympathectomy is likely to palliate the pain syn-
drome.

Complex regional pain syndrome is a term adopted by the IASP to
refer to disorders that have the clinical characteristics of reflex sympathetic
dystrophy (RSD), (CRPS type I) or causalgia (CRPS type II). Patients with
CRPS are assumed to have neuropathic pain that may or may not have an
SMP component. Similarly, a patient with SMP may or may not meet the
criteria for CRPS. Thus, although there is a clear association between CRPS
and SMP, they are considered to be independent entities.

2.2.3 Peripheral Nerve Pain

Both central and peripheral mechanisms contribute to neuropathic pain, and
CNS changes can be demonstrated secondary to peripheral nerve pathology;
however, a predominant peripheral generator may be implicated for certain
entities. Peripheral nerve disease is associated with loss of function (motor,
sensory, or both) and is typically nonpainful. Certain neuropathic diseases
however, characteristically are associated with pain. Most painful polyneu-
ropathies are axonopathies. These may be associated with diabetes or with
nutritional deficiencies of thiamine, niacin, pyridoxine, or others. For the
most part these have little neurosurgical relevance. Painful mononeuropa-
thies are thought to be always associated with a peripheral nerve injury.

Lancinating neuralgias. Dysesthetic pain associated with lancinating
neuralgias is typically short-lived and shock-like. An attack may consist of
a single ‘shock’ or several runs of variable duration. Occasionally this is
associated with a more constant background burning pain or dull ache in
the same distribution. Pain may be spontaneous or triggered by benign sen-
sory or motor stimuli in the receptive field of the affected nerve. Patients
may experience pain-free periods of days, weeks, or months and will usually
initially respond well to an anticonvulsant such as carbamazepine or gaba-
pentin.

Most commonly affected are the trigeminal, glossopharyngeal, vagal
(superior laryngeal branch), and geniculate nerves. One inferred mechanism
involves compression of these nerves by a tortuous vascular loop, such that
decompression is curative or significantly palliative.

For intercostal neuralgia and ilioinguinal neuralgia, a nerve injury is
usually implicated. The mechanism responsible for occipital neuralgia re-
mains essentially unknown. Invasive therapies often afford significant pal-
liation. Decompression and electrical stimulation are preferred over ablative
procedures, such as rhizotomy or ganglionectomy.

Nerve compression. ‘‘Entrapment neuropathy’’ implies compression
of a nerve in a specific location as determined by local anatomy (bony or
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fibrous tunnel), changes in tissue consistency (metabolic disease), trauma
(accidental or occupational), or congenital anatomical variations. The neu-
ropathy is thought to occur as a result of decreased neural blood supply.

A diagnosis of nerve compression or entrapment should be entertained
whenever no other pathological lesion is found in a patient with chronic
pain. Often the pain will follow a classic distribution associated with a spe-
cific nerve, but occasionally pain is referred and may involve an entire limb.
Pain tends to be a constant deep ‘‘nerve’’ ache. It may vary according to
position or movement. Typically, the severity of the pain is disproportionate
to the relatively trivial extent of any neurological impairment; however, care
must be taken not to miss a subtle neurological deficit, as this is often a key
to the diagnosis. Local tenderness is often accompanied by a Tinel’s sign
over the point of compression, thought to represent ectopic excitability of
the nerve in response to the slowing of axonal transport.

Electrodiagnostic tests are useful adjuncts to the clinical syndrome.
Treatment is by surgical decompression.

Peripheral nerve trauma. The normal reaction to any peripheral
nerve injury involving axonotmesis (disruption of axonal continuity) or
worse, involves some degree of neuroma formation. Neuroma formation
cannot be prevented. Neuromas are bulb shaped and consist of scar tissue
intermingled with neuronal elements. Fortunately only a minority of neu-
romas are painful, and this seems to occur when the neuroma is easily or
repeatedly traumatized in a subcutaneous position or near a joint. However,
when they are painful, they may be exquisitely allodynic. A Tinel’s sign
over the neuroma is characteristic. There is an accompanying neurological
deficit associated with the dysfunctional nerve.

Infiltrating around the neuroma with local anaesthetic in the outpatient
clinic gives a good indication as to the utility of surgery for any individual
case. The goal at operation is to remove the neuroma and implant the cut
nerve deep within muscle or bone, away from scar tissue or a joint. If the
neuroma is in-continuity and some crucial motor function remains, the sit-
uation is more problematic. External neurolysis is probably the best initial
option before considering excision of the neuroma with grafting.
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1 INTRODUCTION

Nicholas Andre recognized trigeminal neuralgia as a definite clinical entity
in 1756 [1]. In 1773, John Fothergill described 14 cases of what he termed
tic douloureux [2]. He noted that the pain in these patients was paroxysmal
and sudden in its onset, the condition was more common in men than in
women, and that it occurred more often in older people. His description of
the symptoms is still used to make the diagnosis of trigeminal neuralgia.
Despite various advances in neuroimaging and clinical electrophysiology,
this remains a clinical diagnosis in which the patient’s history is the most
important factor.

Characteristically, the patient with trigeminal neuralgia suffers from
severe facial pain that occurs suddenly and is brief, at the most lasting a
few minutes. The pain is very often described by the patient as knifelike,
and may also be likened to an electrical shock. Some patients may develop
an additional constant aching component upon which the knifelike pain is
then superimposed. The pain is unilateral in more than 95% of cases, is
confined to one or more of the distributions of the trigeminal nerve, and
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involves the lower face (second or third division) more frequently than the
eye or the forehead. Bilateral trigeminal neuralgia may occur, but more often
the patient will have symptoms first on one side of the face and then the
other, rather than having simultaneous bilateral pain. The onset of pain may
be set off by stimulation of a trigger point, or sometimes by the mere move-
ment of, or any contact with, the skin over the face or mouth. The patient
may experience symptom-free intervals between paroxysmal periods of pain.
Women are affected more often than men and the disease is most commonly
seen in patients older than age 50.

2 TREATMENT

A single, completely satisfactory method of treating trigeminal neuralgia in
all patients has yet to be described. In all cases the initial therapy should be
medical. Carbamazepine (Tegretol) and phenytoin (Dilantin) are the two
drugs that have traditionally shown the greatest promise for patients with
trigeminal neuralgia. Baclofen (Lioresal) may be useful in the treatment of
patients whose pain has become refractory to treatment with carbamazepine
or phenytoin [3]. Treatment with gabapentin (Neurontin) in recent years has
become common in patients with trigeminal neuralgia, even though there
are no large scale controlled studies of this drug’s efficacy in this disease
[4]. When control of the patient’s symptoms is no longer possible with
nontoxic levels of drugs, operative management should be considered.

The surgical treatment of patients with trigeminal neuralgia can be
either nondestructive or destructive. The nondestructive procedure most fre-
quently used is microvascular decompression of the trigeminal nerve root
entry zone. The modern procedure, developed by Peter Jannetta, is based on
observations made by Walter Dandy that in patients with trigeminal neural-
gia, vascular compression of the trigeminal root at the pons is the etiology
of the pain. By elevating the vessel off the nerve root entry zone, the pro-
cedure aims to produce pain relief without causing dysfunction of the tri-
geminal nerve. Microvascular decompression is a very effective treatment
giving long-term pain relief in more than 90% of patients who undergo the
procedure. It may not be appropriate, however, for patients in poor health
or in elderly patients who would not tolerate a craniotomy. It is also not
appropriate in patients whose symptoms are caused by multiple sclerosis.

The goal of the destructive procedures is partial disruption of the sen-
sory pathway to eliminate painful input. Peripheral neurectomy, retrogasser-
ian neurotomy, and trigeminal tractotomy have, for the most part, been sur-
passed by the percutaneous procedures. These include retrogasserian
glycerol rhizolysis, retrogasserian radiofrequency zhizotomy, and percuta-
neous compression of the gasserian ganglion. All three of these procedures
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can be performed percutaneously and meet the goal of modern surgical ther-
apy, that is, long-term pain relief, minimal neurological deficit, and negli-
gible morbidity.

3 INDICATIONS

A percutaneous ablative approach is indicated for patients with trigeminal
neuralgia who no longer benefit from medical therapy or for whom the side
effects of such medical therapy are no longer tolerable.

Glycerol rhizolysis or balloon compression may be indicated for pa-
tients with multidivisional pain. Selective radiofrequency rhizotomy may be
indicated, especially in patients with isolated third division pain because it
is possible to limit the nerve injury to the region of the jaw. Balloon com-
pression, because it selectively injures large myelinated fibers, can be helpful
for patients with first division pain.

The advantage of a percutaneous procedure over a craniectomy for
microvascular decompression is that it is usually performed as an outpatient
procedure. The risk of injury to the brain, other cranial nerves, or intracranial
blood vessels is much less. The total hospital cost is less. Balloon compres-
sion and glycerol rhizolysis require less of an investment in equipment than
radiofrequency rhizotomy. Balloon compression does not require the patient
to be awake, whereas radiofrequency rhizotomy, and to some extent, glycerol
rhizolysis, do require cooperation. Elderly patients in discomfort and under
some sedation may find it difficult to provide such cooperation, and thus
may be better candidates for balloon compression.

4 PREOPERATIVE STUDIES

Imaging studies performed before any of the percutaneous procedures should
include a magnetic resonance imaging (MRI) (with and without contrast) of
the brain and skull base to exclude a skull base tumor, and a submentovertex
view of the skull, to ascertain any anomalous anatomy and the relative size
of the foramen ovale. Serum clotting studies (prothrombin time, partial
thromboplastin time, International Normalizing Ratio (INR), and platelet
count) should be performed preoperatively, as abnormalities of clotting are
contraindications to the percutaneous procedures.

5 PROCEDURES

5.1 Approach: General Technique

Local infiltration anesthesia combined with intravenous (I.V.) sedation
should be adequate for all of the percutaneous techniques. In the past, short-
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acting barbiturates, such as Brevitol, have been recommended. Diprivan ad-
ministered as a continuous infusion may also be reliable in obtaining a
controlled and adequate sedation. Supplemental O2 is administered by nasal
cannula. Cardiovascular monitoring with I.V. access is essential as significant
increase in blood pressure and bradycardia are often seen with stimulation
of the trigeminal root fibers.

Intraoperative fluoroscopy (lateral) is required for localizing the tip of
the rhizolysis needle. Biplane fluoroscopy [anterior-posterior (AP)/lateral]
with a submentovertex projection allows the surgeon to both direct the nee-
dle toward the foramen ovale and gauge its course without repositioning the
patient or the unit.

Ablative percutaneous procedures directed at the retrogasserian fibers
share a common approach. This approach has been previously described by
Hartel [5]. The usual site of needle insertion is approximately 2.5 cm lateral
to the corner of the mouth on the symptomatic side. The entry site is more
lateral and inferior for first division pain and more medial for third division
lesions. Two additional landmarks are marked on the skin before starting
the procedure. The first of the additional landmarks is a point directly be-
neath the midpoint of the ipsilateral pupil with the eyes looking straight
ahead; the second is a point one third of the distance along the line drawn
from the external auditory canal to the lateral canthus of the eye (Fig. 1).
The intersection of the parasagittal and coronal planes drawn through these
points is the approximate location of the foramen ovale and is the target of
the needle tip (Fig. 2). The needle or cannula is directed to a point on a
plane with the zygomatic arch, 2.5 cm anterior to the external auditory canal,
and with the medial aspect of the pupil. Fluoroscopic guidance is always
used when penetrating the foramen ovale. When the neurosurgeon is using
the lateral view, the needle is directed just inferior to the lateral pterygoid
wing. The surgeon should place a finger in the mouth to assure that the oral
mucosa is not punctured. On the lateral radiograph the needle is seen to be
directed toward the radiographic intersection of clivus and petrous bone. It
is possible to puncture the internal carotid artery with this approach, as the
artery is only protected by thinned bone at the skull base.

Once the foramen is entered, an anterior-posterior image can be ob-
tained. With this image, the petrous bone is positioned in the radiographic
center of the orbit. The trigeminal nerve forms a groove in the petrous bone
as it enters Meckel’s cave. The radiofrequency electrode, balloon catheter,
or spinal needle must be directed toward this groove to create a lesion in
the retrogasserian fibers. When seen on a lateral view, the needle is directed
at the radiographic intersection of the clivus and petrous bone.
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FIGURE 1 Surface landmarks for penetration of the foramen ovale: nee-
dle of entry 2.5 cm lateral to the mouth, directed to the intersection of
midpupillary line and a point one third of the distance from the tragus
to the lateral canthus.

5.2 Retrogasserian Glycerol Rhizolysis

Results from the first series of patients treated by glycerol rhizolysis were
published by Hakanson in 1981 [6]. Previously, glycerol was used in mix-
tures containing ethanol or phenol for the rhizotomy procedure. The obser-
vation that glycerol alone was effective for the treatment of trigeminal neu-
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FIGURE 2 Point of needle in the foramen ovale. A gloved finger prevents
penetration of the oral mucosa.

ralgia eliminated the need for other substances in the procedure. Glycerol is
a demyelinating agent that reduces sensory input to the trigeminal system [7].

It may be easier to perform glycerol rhizotomy with the patient posi-
tioned on the transport stretcher rather than the operating room table (thereby
decreasing the risk of displacing the glycerol during transfer of the patient
from the table to the stretcher). Before starting the procedure, as a matter
of patient comfort, the patient’s buttocks should be aligned with the fold in
the table (as the patient will be in a sitting position for approximately 4
hours after injection).

An 18-gauge/4-inch Quincke needle with a 22-degree bevel and trocar
(Popper and Sona, New Hyde Park, NY) is used after noting the above
landmarks. After prepping the skin with an antiseptic solution, with the pa-
tient in the supine position, the entry point is anesthetized and the rhizotomy
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needle is used to puncture the skin of the cheek. The index finger of the
surgeon’s gloved hand is placed in the patient’s mouth to guide the needle
through the soft tissues of the cheek, taking care not to puncture the oral
mucosa.

As the needle tip punctures the foramen, a slight contraction of the
masseter muscle is often felt as a gentle bite on the surgeon’s gloved finger.
Intravenous sedation is given for this step. As the trocar is removed from
the needle, cerebrospinal fluid may drip from its lumen, but this finding is
not essential for correct placement and may occur even if the needle is lateral
to the intended target. Indeed if glycerol has been previously injected,
cerebrospinal fluid may not flow from the trigeminal cistern at all.

The foramen ovale is entered while the patient is positioned supine.
The location of the needle tip in the foramen ovale may be confirmed by
instilling a small bolus of nonionic radiopaque contrast slowly under con-
tinuous fluoroscopy, with the patient in the semisitting position (Fig. 3). The
volume of the contrast that can be instilled before overflow can be used as
a rough estimate of the volume of Meckel’s cave. The average volume is
0.24 ml (0.1–0.5 ml). An X-ray is taken at this time for inclusion in the
patient’s record. With the needle in place, the patient is moved from semi-
sitting to supine position then back to the operative position (to spill the
contrast out of Meckel’s cave). At this point if glycerol rhizolysis is the
intended technique, the patient should be placed in as close to a 90-degree
sitting position as possible; he or she may be moved to a stretcher if need
be, so that head movement after injection is minimized. A small volume
(0.25–0.75 cc) of sterile anhydrous glycerol is injected slowly and the needle
subsequently withdrawn.

With injection of the glycerol, many patients have marked blood pres-
sure elevation. Tearing of the ipsilateral eye and a flushing of the skin of
the cheek may also be seen. Depending on the level of sedation, patients
may complain of pain during and immediately after the injection. They
should be reassured that this is normal. After the needle is withdrawn, the
patient is transported to the recovery room in a sitting position where he or
she remains for 2 to 4 hours. To minimize movement and reduce the risk
of displacing the glycerol, the patient’s head may be taped to the stretcher
with a pillow folded in half behind it.

Selective lesioning of the trigeminal branches may be obtained by
positioning the patient’s head. When the head is in a neutral position (chin
on the horizon), a lesion of the second and third division of the trigeminal
nerve can be produced. With the head slightly flexed (chin below the hori-
zon), first division lesions can be produced. Partial filling of the trigeminal
cistern can also cause selective damage. For third division pain, half the
cistern is filled. For second and third division pain, two thirds is filled.
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FIGURE 3 Lateral fluoroscopic projection: needle in the trigeminal cis-
tern.

Glycerol may be ‘‘floated’’ on top of iodine contrast for selective injury of
the first division.

Glycerol rhizolysis will produce pain relief in a high percentage of
patients within hours of injection. Diminished sensation in the involved root
distribution is not essential for relief of pain, but its presence often correlates
with a longer duration of the pain-free period. A few patients may not ex-
perience relief after glycerol rhizolysis. For these patients who do not re-
spond within 7 to 10 days, the procedure may be repeated or other tech-
niques may be used.

Jho and Lundsford reported 90% early pain relief with 55% of patients
pain free without need for medication [8]. Other reports indicate a 30% to
50% recurrence rate over 2 to 10 years. Moderate to severe sensory deficit
has been reported in 19% of patients, more often in patients who underwent
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multiple procedures. It is a matter of concern that it is difficult to predict
the degree of sensory loss for each patient [9].

5.3 Selective Radiofrequency Rhizotomy

Radiofrequency trigeminal rhizotomy depends on a differential vulnerability
of pain and touch fibers to thermocoagulation. The A-delta and C fibers that
relay pain are more susceptible to injury than the A-alpha and beta fibers
that carry touch sensation. There are two electrode types. Either a thin
cordotomy-type electrode or a larger, curved electrode with temperature
monitoring capabilities are available [10,11]. Thermistor controlled radio-
frequency lesion generators are available from several sources (Radionics,
Burlington, MA). Lesions are made sequentially with a temperature-moni-
toring electrode at 60 degrees to 90 degrees. The temperature is increased
by 5-degree intervals, and the patient is re-examined after each lesion. When
using a cordotomy-type electrode, the lesion is made at 10 V and 60 mA
for 20 seconds, increasing gradually toward a maximum of 18 to 20 V and
90 to 100 mA [12].

The technique of needle placement is essentially the same as for glyc-
erol rhizolysis but upon entering the foramen, sedation is stopped, as it is
necessary for the patient to be awake for the prelesioning testing. The first-
division fibers are located superomedially, as seen on both the lateral and
AP views. Third division fibers are located in the lateral portion of the
entrance to Meckel’s cave on the AP view, with the electrode just short of
the edge of the petrous bone. On the lateral view, the electrode should be
seen lying parallel to the petrous bone. It may be necessary to reposition
the needle entry site to redirect the electrode tip appropriately. Third-division
fibers are reached by redirecting the electrode curve inferiorly, with its tip
lying 5 mm proximal to the clival line [13].

An insulated electrode is passed through the needle, and stimulation
at approximately 50 Hz is used when adjusting the position of the electrode.
Optimum position of the electrode is ascertained when a nonpainful pares-
thesia is produced in the distribution of the intended trigeminal division at a
low threshold (0.2–0.3 volts). If masseter muscle contraction is observed at
less than 0.5 volts, the electrode is too close to the motor root and the needle
should be repositioned laterally. An initial radiofrequency lesion can be made
at 60 mA for 10 seconds, followed by a 20-second and then a 30-second
lesion. It is important to test the patient in between each of the lesions.

If insufficient sensory loss is determined, the current can be increased
by 10 to 70 mA and a series of three lesions made again. This can be
repeated to a maximum of 110 mA. If a lesion cannot be produced by a
maximum of 110 mA for 30 seconds, the needle is not in the appropriate
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position, and the procedure should be either terminated or the needle repo-
sitioned. The endpoint of lesion production is deep hypalgesia in the division
or divisions of the trigeminal nerve where the pain arises. The patient should
experience the prick of a safety pin as touch but not as pinprick.

5.4 Retrogasserian Balloon Compression

Balloon compression of the trigeminal ganglion was described by Mullan
and Lichter in 1983 [14]. Balloon compression is performed under general
anesthesia and does not require patient cooperation, yet it can selectively
treat pain limited to specific divisions [14–17]. Compression is especially
helpful in first-division pain because the unmyelinated fibers that mediate
the blink reflex are preserved by the mechanical injury generated by the
balloon. Compression is also helpful for multidivisional pain. It is relatively
inexpensive, with disposable units costing less than $500.

The balloon catheter is introduced through a #14-gauge blunt cannula
that is directed to the foramen ovale. Straight or curved guiding stylets
(Cook, Inc., Bloomington, IN) are positioned within the entrance to Meckel’s
cave 18 mm beyond the foramen ovale. Anterior-posterior and lateral fluo-
roscopic views provide guidance. The catheter is then directed to the site
where the trigeminal nerve traverses the edge of the petrous bone through
a small elliptical opening in the dura. The balloon is inflated for 1 minute
to a pressure of 1.3 to 1.6 atmospheres, as measured by an insufflation
syringe with an attached transducer (Merit Medical, Inc., Salt Lake City,
UT). Alternatively, approximately 0.5 to 0.7 ml of radiopaque contrast is
placed through the needle and the balloon distended.

When properly positioned, the tip of the balloon compresses the retro-
gasserian trigeminal nerve against the petrous bone and the firm medial edge
of the dura. Radiographically, the balloon will have a ‘‘pear’’ shape caused
by its position at the Meckel’s cave entrance. The balloon is allowed to
remain full for approximately 1 minute and subsequently, the balloon is
deflated and the entire needle catheter assembly removed as a unit to avoid
shearing off the tip of the catheter. During inflation, a significant trigeminal
reflex response causes bradycardia. This indicates appropriate compression.
If this is a concern, especially in the more elderly or medically unstable
patient, the patient may be fitted with an external pacemaker set to trigger
should the heart rate drop below 40 beats/minute.

By adjusting the angle at which the balloon catheter is inserted and
the position of the catheter tip in the ‘‘porus trigeminus,’’ the entrance to
Meckel’s cave, selective divisional injury can be obtained. By using a curved
stylet to direct the catheter tip toward the medial portion of the porus, the
first division is favored. Directing the catheter toward the lateral porus and
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angling the cannula so that it lies parallel to the petrous ridge favors third-
division fibers.

Balloon compression has a higher incidence of masseter and pterygoid
muscle weakness than other percutaneous techniques. This weakness usually
resolves, but patients may experience temporomandibular joint discomfort
until it does. This discomfort may be treated with anti-inflammatory medi-
cation. The recurrence rate for balloon compression is comparable to that in
other percutaneous techniques, and the procedure can be repeated for recur-
rence without greater technical difficulty.

5.5 Complications and Recurrence

Complications seen from percutaneous ablative therapy for trigeminal neu-
ralgia have been extensively documented. The oral mucosa may be pene-
trated during the approach, resulting in bacterial meningitis or brain abscess.
A carotid-cavernous fistula may result from injury to the internal carotid
artery. There is a possibility of otalgia from eustacian tube dysfunction, or
temporomandibular joint tenderness along with jaw weakness. Aseptic men-
ingitis has been reported, as well as intracranial hemorrhage from acute
hypertension. Other reported complications are bradycardia with subsequent
hypotension, neurokeratitis, temporary diplopia, optic nerve injury, subdural
hematoma, postoperative herpes simplex activation, bothersome facial sen-
sory loss and dysesthesias, and anesthesia dolorosa [18,19]. These potential
morbidities need to be discussed with patients as part of the preoperative
meeting even though the risk of their occurrence is 2% or less.

As long as the surgical endpoint selected is mild to moderate hypes-
thesia, there will be a recurrence rate of 20% to 25%, depending on the time
elapsed after surgery, with recurrence rates being twice as high for trigeminal
neuralgia associated with multiple sclerosis. Recurrent pain occurs either
because of regeneration of injured myelin or from progression of the disease
to include untreated trigeminal sensory divisions.

Each of these ablative procedures can be safely repeated for recurrence,
as long as the goal remains the creation of mild to moderate hypesthesia.
There is no evidence to suggest that patients who have undergone a per-
cutaneous ablative procedure are at any disadvantage should they later un-
dergo microvascular decompression for recurrence. However, the success
rate for treatment by a repeat procedure is lower than that for a primary
procedure and the recurrence rate is higher.

6 DISCUSSION

Glycerol rhizolysis, radiofrequency rhizotomy, and balloon compression of
the trigeminal ganglia are all effective, simple, and attractive techniques for
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treating trigeminal neuralgia in patients for whom medical therapy has be-
come ineffective or drug-related toxicity has occurred; patients in whom a
craniotomy and microvascular decompression is contraindicated because of
age or poor health; patients who have been previously treated with micro-
vascular decompression and have now experienced recurrence of pain; and
a select group of patients with trigeminal neuralgia secondary to multiple
sclerosis or nerve injury distal to the dorsal root ganglion. All of the pro-
cedures share the risk of complications related to needle placement. As a
general rule, however, the incidence of complications is low. Satisfactory
relief of pain should be obtained in more than 90% of patients for periods
extending from 6 months to several years with these techniques. In cases in
which pain relief is not satisfactory with a single procedure, a second attempt
at that procedure or a different technique may be performed. It is important
to remember that most patients can gain relief at the hands of a persistent
surgeon.
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35
Percutaneous Surgery for Atypical
Facial Pain
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1 INTRODUCTION

Without question, the treatment of atypical facial pain can only be addressed
by defining the term. It means different things to different people. Under
this heading there are: atypical facial neuralgia; pain from damage to the
trigeminal nerve, often from trauma, dental, and ear, nose, and throat (ENT)
procedures; trigeminal neuropathy; atypical trigeminal neuralgia; anesthesia
dolorosa; as well as a host of other ill-defined face pain problems. In general,
it is prudent to think long and hard before making permanent sensory deficits
(lesions proximal to the gasserian ganglion) in this group of patients. whose
problem may be difficult to define or understand.

‘‘Atypical facial neuralgia,’’ or ‘‘facial pain not fulfilling criteria of
previously described groups,’’ as described in the International Headache
Society classification, to most is a pain that is psychogenically determined.
The pain may be considered to be a ‘‘somatization disorder,’’ a ‘‘conversion
disorder,’’ the result of ‘‘hypochondriasis,’’ or a ‘‘body dysmorphic disor-
der.’’ [1] The pain is usually constant (‘‘I’ve had this pain day and night for
3 years’’), often bizarrely described, migrates, and has a predilection for
women. It radiates beyond the trigeminal distribution, is frequently associ-
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ated with depression, and the underlying psychopathology is often obvious.
The Minnesota Multiphasic Personality Inventory (MMPI) is often strikingly
abnormal in these patients and no surgical intervention is indicated. My
approach to this problem is to sympathetically inform the patient that as a
surgeon I can do nothing to help them and to guide them, when possible,
to psychotherapeutic workers. If they are not already on narcotics or have
had no surgery, it is important to counsel and warn them of: (1) the fre-
quency and hazards of drug addiction, and (2) the often unnecessary surgery
that well-meaning but misguided clinicians may recommend.

Trigeminal neuralgia is a classic and stereotyped clinical entity and
usually easily diagnosed, but there are occasions when certain atypical fea-
tures creep into the picture, raising the question of whether one is dealing
with true trigeminal neuralgia. If true trigeminal neuralgia is not the under-
lying problem, creating permanent sensory deficit in the face may make the
matter worse, because the pain is not relieved and now the patient has an
unwanted numb face. In this case, peripheral radiofrequency (RF) blocks
may be helpful in clearing the air [2]. If it is not true tic, the sensory deficit
will fade in months to a year—or more if a dense block is obtained, and
no bridges have been burned. It is important to inform the patient that the
sensory deficit from these extracranial blocks is usually more dense than
that obtained from retrogasserian RF blocks and that he or she will most
likely be happier with the central lesions should that be the ultimate ap-
proach.

The third division can be blocked by the subzygomatic approach,
reaching the mandibular nerve as it exits from the foramen ovale. It is better
to block the mandibular nerve with radiofrequency than with alcohol because
of the reported spread of the alcohol up into the ganglion and cerebrospinal
fluid with sometimes disastrous results. Furthermore, the use of a small
cordotomy-type electrode, which is bent at its tip, facilitates the localization
of the nerve by directing and redirecting the electrode to the lowest threshold
for stimulation. When the electrode is on the nerve, the stimulation threshold
is usually around 0.1 volt. A thin-walled 18-gauge lumbar puncture (LP)
needle is used with a marker set on the needle at 5 cm. The landmark for
needle introduction under local anesthesia is a point 2 cm anterior to the ear
canal with the needle oriented below the zygoma perpendicular to the skull
in the anteroposterior dimension and angled 115 degrees superiorly (Fig. 1).
The LP needle usually slides across the base of the middle fossa impinging
on the mandibular nerve at a depth of 5 cm. When the electrode is on the
nerve, the patient is put to sleep with 35 to 40 mg of methohexital (Brevital).
A maximal lesion is made, the current gradually raised until boiling occurs
as evidenced by a sudden drop in the voltage reading. If the nerve is not
readily reached, a submento-vertex radiograph may help in orientation by
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FIGURE 1 The needle orientation for a subzygomatic block of the man-
dibular nerve at the foramen ovale. From B. Stookey and J. Ransohoff.
Trigeminal Neuralgia. Its History and Treatment, 1959. Courtesy of
Charles C. Thomas, Publisher, Ltd., Springfield, Illinois.

revealing the foramen ovale. Remember that the search is in an anteropos-
terior direction with the nerve passing straight inferiorly at this point.

The maxillary nerve usually has to be blocked more centrally in the
pterygomaxillary fissure. The approach here is to place the marker on the
LP needle at 6 cm and introduce the needle beneath the zygoma 3 cm
anterior to the ear canal. The orientation is 110 degrees anteriorly and 115
degrees superiorly (Fig. 2). The needle usually strikes the pterygoid plate at
about 5 cm. It is then walked anteriorly until it falls into the fissure. The
maxillary nerve is usually right there. In a small percentage of patients,
anatomical variation prevents the maxillary nerve from being reached by
this approach. Remember that the search here is in a superior-inferior direc-
tion, as the nerve is passing horizontally in the fissure. A lesion is made, as
described above.

A frequent atypical face pain problem seen by the neurosurgeon is the
pain resulting from an injury to the trigeminal nerve, whether it is from
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FIGURE 2 The needle orientation for a subzygomatic block of the max-
illary nerve in the pterygomaxillary fissure. From B. Stookey and J. Ran-
sohoff. Trigeminal Neuralgia. Its History and Treatment, 1959. Courtesy
of Charles C. Thomas, Publisher, Ltd., Springfield, Illinois.

trauma, sinus disease, or surgical procedures on the face. Some refer to this
as ‘‘trigeminal neuropathic pain’’ [3]. This pain is localized to this nerve,
most often in the second division and is the result of injury to the nerve
peripherally. There may be no overt sensory loss and usually there is no
relief from anticonvulsants such as carbamazepine. This injury may, in time,
lead to the development of central self-generating and self-perpetuating neu-
ronal discharges that are perceived as chronic face pain [4]. That this central
mechanism may be at play is supported by the observation that destructive
lesions proximal to more peripheral lesions, which could be reasoned to
interrupt afferent discharges, are often ineffective in relieving the pain.
Therefore, although extracranial RF blocks, as described above, can easily
be performed, they should only be attempted if the neurosurgeon sees the
patient early after the onset of the pain and before central mechanisms be-
come established. Unfortunately, this is rarely the case and the neurosurgeon
more often first sees the patient many months or years after the onset. Thor-
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ough informed consent is necessary if RF blocks are to be used in these
patients. An alternative and nondestructive approach to be considered in
these patients is the use of chronic electrical stimulation of the gasserian
ganglion by the percutaneous insertion of electrodes by way of the foramen
ovale. Approximately 50% of patients so treated obtain good relief with
acceptable complications. Several reports outlining the results and technique
are available [5–7].

The stereotaxic approach to the nucleus caudalis has been used to treat
with RF various atypical face pain problems [8]. This is a complicated tech-
nique not used by many at this time and the complications of ataxia and
severe dysesthesias have dissuaded many from its general use. Similarly, RF
mesencephalic tractotomy should be reserved for those familiar with the
technique and aware of the significant complications: oculomotor dysfunc-
tion and 5% mortality. These techniques are best for those with chronic face
pain from cancer, not for the ‘‘garden variety’’ of atypical face pain. The
same can be said regarding the use of RF thalamotomy, which has primarily
been used to treat post-herpetic neuralgia and anesthesia dolorosa, often with
inconsistent results.

Akin to trigeminal neuropathic pain is the pain limited to areas of the
trigeminal nerve that is unrelated to peripheral injury. It is of unknown origin
and spontaneous in onset. This is a most difficult area to understand or treat,
and the best advice would be to avoid any RF destructive procedures.

A difficult and atypical pain problem refractory to analgesic medication
is chronic ocular pain, usually secondary to glaucoma, penetrating injury, or
previous retinal detachment surgery. Radiofrequency lesions to the retrogas-
serian first-division fibers were successful in immediately and completely
relieving this pain in all nine patients [9].

To treat these patients, the retrogasserian rootlets are approached by
the previously described techniques for RF thermocoagulation [2,10,11]. Us-
ing this approach, graded incremental lesions in the first division can be
made by treating the first division fibers while the patient is awake. It is
important to appreciate that RF lesions in the first division are often asso-
ciated with little, or sometimes no discomfort, facilitating treatment in the
awake patient but, at the same time, providing no clue to the surgeon that
he is indeed making a lesion. Corneal sensation can be lost if the awake
patient is not constantly monitored while the lesion is being made. The
lesioning is accomplished by making multiple incremental thermocoagula-
tions of increasing voltage (and milliamperage) while constantly observing
the eyelash blink reflex. This reflex is tested by flicking the eyelash with
the twisted corner of a single layer of facial tissue. As the lesion creeps into
the first division, there is first a diminution of the consensual blink followed
by a decrease in the direct blink. With this technique, the lesioning can then
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be stopped when there is some loss of corneal sensation but with preser-
vation of the corneal reflex. It would appear that this treatment for this
clinical entity is largely unknown and underutilized.

Although not properly an atypical facial pain, chronic migrainous neu-
ralgia, a form of cluster headache, can be intractable and unresponsive to
medical therapy. These patients may be desperate for relief. The pain is
usually centered and most severe in the region of the eye. Radiofrequency
thermocoagulation has been used to treat patients with this syndrome. The
results were excellent in eight patients in a University of Minnesota series
[12]. Seven of these eight patients had an analgesic or hypalgesic cornea.
In a Mayo Clinic series, the results were excellent in 11 and good in two
of 24 patients in who analgesia of the first division was obtained [13]. The
results were poor in seven patients in whom little sensory deficit was ob-
tained in V1, and two patients with 75% loss of sensation had a poor result.
In a third series of 27 patients with this disorder, RF retrogasserian rhizolysis
produced excellent results in 15 patients, very good in 2, good in 3, fair in
1, and poor in 6 [14]. The complications were mild and transient and the
benefits of surgery far outweighed the discomfort from the complications.
Thus, if sensory deficit in the first division can be obtained, RF treatment
of this difficult entity may offer lasting relief. This treatment is also probably
underutilized.

It is important to appreciate that an anesthetic cornea only rarely leads
to serious complications, keratitis in particular. A review of 100 patients
with anesthetic corneas as the result of alcohol injections into the trigeminal
sensory root found that only five patients became blind [15]. One of these
patients was ‘‘mentally not normal,’’ one was an alcoholic, one had pre-
existing corneal scarring, and one was ‘‘a rather simple man’’ who did not
seek early treatment. The fear of blindness from keratitis would seem to be
somewhat overrated and should not deter the patient or surgeon from pur-
suing RF treatment when indicated. Early treatment of keratitis is most
important.

In summary, the use of destructive RF thermocoagulations to treat
atypical facial pain is limited and the surgeon must prudently and cautiously
heed the advice of those with experience in this area and suppress the com-
pulsion to pursue a seemingly sound, but misguided, course of treatment.
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1 INTRODUCTION

Spinal cord stimulation (SCS) is probably the most commonly performed
surgical procedure for pain treatment in the United States, although the exact
mechanism of its action remains largely unknown [1]. Several theories have
been proposed to explain the pain suppressive effect of SCS. The most
commonly accepted of these is the well-known ‘‘gate-control’’ theory of
Melzack and Wall [2], which postulates the existence of a ‘‘gate’’ mechanism
in the central nervous system that controls the processing and transmission
of sensory information, including the nociceptive input. According to this
theory, the impulse transmission in the nociceptive afferent pathway is mod-
ulated by activity in large-caliber myelinated non-nociceptive A-fiber affer-
ents. Therefore, electrical stimulation of these large fibers anywhere along
their course in the peripheral nerves or in the dorsal columns of the spinal
cord can block central pain signaling.

An alternative theory explains the suppression of pain by a frequency-
related conduction block that takes place at the branching point of the pri-
mary myelinated afferents into dorsal horns and dorsal column fibers [3]. In
addition, clinical and experimental studies indicate that SCS may inhibit
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TABLE 1 Indications for Spinal Cord Stimulation

Common indications
Failed back surgery syndrome
Chronic arachnoiditis
Painful peripheral neuropathy
Postamputation stump pain
Complex regional pain syndromes (types 1 and 2)
Radiculopathy
Spinal cord injury pain

Questionable indications
Intercostal neuralgia
Phantom limb pain

Additional indications
Peripheral vascular disease
Intractable angina

ischemic pain by improving regional blood flow [4] or decreasing tissue
oxygen demands [5].

Whatever the underlying principle of SCS, the stimulation of the dorsal
columns of the spinal cord produces pain relief in certain subsets of patients,
and its success seems to correlate well with the production of stimulation-
related paresthesias in the painful region [6].

2 INDICATIONS

The generally acceptable indication for SCS is neuropathic pain caused by
injury to the nervous system either at or distal to the spinal cord (Table 1).
This includes pain originating from peripheral nerve injury, neuropathies,
postamputation stump pain, or complex regional pain syndromes (CRPS)
types 1 and 2 (previously known as reflex sympathetic dystrophy and cau-
salgia, respectively). Pain originating from the nerve roots, as in arach-
noiditis or radiculopathies, also responds well to SCS. Patients with end-
zone pain after spinal cord injury and those with intercostal neuralgias may
benefit from SCS as well.

However the main group of patients considered to be candidates for
SCS are those with a combination of neuropathic and nociceptive pain, a
condition that is usually referred to as ‘‘failed back surgery syndrome.’’
Practical experience suggests that patients with predominantly radicular pain
radiating to one or both legs respond better to SCS than those with predom-
inantly axial low back pain.

A separate set of indications consists of pain syndromes resulting from

Copyright 2003 by Marcel Dekker, Inc. All Rights Reserved.



tissue ischemia. Two conditions—lower extremity pain caused by occlusive
vascular disease and intractable angina—appear to respond so well to SCS
that they have become the primary indications for SCS in Europe. Interest-
ingly, SCS does not mask the pain of acute myocardial infarction, making
this therapeutic modality safer [7].

In regard to the general selection of patients for SCS, the basic rules
of pain surgery apply: patients should have failed less invasive therapeutic
approaches and should have favorable psychological evaluations (ruling out
somatization, major depression, and other psychological and psychiatric ab-
normalities). Also, in most cases one would prefer to know the exact diag-
nosis and underlying medical problem, although this may not be possible in
some patients (eg, CRPS type 1). General contraindications to surgery or
implantation of hardware, such as generalized infection, coagulation abnor-
malities, and serious concurrent medical diseases that would prevent even
the brief general anesthesia necessary for the system implantation, need to
be considered before the operation. Relative contraindications, such as ad-
vanced age, relatively short life expectancy, history of drug abuse, and the
presence of other implanted electronic devices (eg, pacemakers), should also
be taken into consideration. A separate condition for SCS surgery is the
patient’s ability to perceive paresthesias in the painful area; this limits SCS
use in patients with painful anesthesia. The final decision about permanent
implantation of the SCS system depends on the results of the SCS trial; this
will be further discussed in this chapter.

3 TECHNICAL CONSIDERATIONS

Spinal cord stimulation technology has evolved from the relatively simple
monopolar electrodes used in the original studies during the mid-1960s [8,9]
to sophisticated multielectrode arrays for monopolar, bipolar, and tripolar
stimulation that may be attached either to a completely implantable system
for impulse generation or to a radiofrequency-coupled system with an im-
plantable receiver and externally attached antenna controlled by a battery-
powered impulse generator (Table 2).

The configuration of the electrode determines the ability to vary stim-
ulation parameters, the position of the active electrode, and the direction of
the stimulation. Therefore, more contacts are generally better, allowing more
freedom in the selection of stimulation paradigms. However, the program-
ming process may become cumbersome, and standard implantable genera-
tors may not be able to handle complex electrode configurations, which
raises the second (and opposing) principle of ‘‘the simpler the better.’’ In
most cases, the choice between the somewhat simpler, easier-to-use quad-
ripolar electrodes and the more complicated, but also more versatile, 8- or
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TABLE 2 Spinal Cord Stimulation System
Components

Electrodes
Percutaneous

Four-contact leads
Verify (temporary) (Medtronic 3862)
Pisces-Quad (Medtronic 3487A)
Pisces-Quad Compact (Medtronic 3887)
Pisces-Quad Plus (Medtronic 3888)
Quatrode (ANS)

Eight-contact leads
Octad (Medtronic 3898)
Octrode (ANS)

Laminectomy (paddle) electrodes
Four-contact leads

Resume II (Medtronic 3587A)
Resume TL (Medtronic 3986)
TTL lead (Medtronic)
SymMix (Medtronic 3982)

Eight-contact leads
Lamitrode-8 (ANS)
Specify (Medtronic 3988)

Sixteen-contact electrodes
Lamitrode-88 (ANS)

Implantable impulse generators
ITREL-II (Medtronic 7424)
ITREL-3 (Medtronic 7425)
Genesis (ANS)
Synergy (Medtronic 7427)
Synergy Versitrel (Medtronic 7427V)

Radiofrequency receivers
Renew (ANS, MNR908/MNR916)
X-trel (Medtronic 3470)
Mattrix (Medtronic 3271/3272)

The equipment listed in this table is manufactured by
Medtronic, Inc., Minneapolis, MN, and Advanced Neu-
romodulation Systems (ANS), Inc., Plano, TX

16-contact leads depends on each particular patient’s symptoms, pain distri-
bution and patterns, and the results of prior treatments with SCS.

Selection of electrode type may also be affected by prior surgical in-
terventions and individual anatomical variations. Percutaneous electrodes are
easier to insert, but they have a greater tendency to migrate in the epidural
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space. Laminectomy (paddle or plate) electrodes require a larger surgical
opening and allow less freedom in axial placement, but their rate of dis-
placement is definitely smaller compared to that of the percutaneous (wire)
electrodes. In addition to that, they seem to require less energy to achieve
the same results as the wire electrodes, as their metal contacts face only the
dura and are isolated from the posterior epidural space, whereas percuta-
neous electrodes are in circumferential contact with the surrounding tissues.

When it comes to choosing the power supply and programming equip-
ment, here again each option has its own pitfalls and benefits. Fully im-
plantable devices [implantable pulse generators (IPG)] are more convenient
for patients because the entire SCS system is placed inside the patient’s body
and the need for external attachments is eliminated. Patients can swim or
shower without stopping the stimulation and do not have to worry about
poor contact between the antenna and receiver. Implantable pulse generator
systems, however, have only limited internal battery power, and, therefore,
must be replaced every several (1–7) years, depending on the system usage
and stimulation parameters. This obviously increases the long-term cost of
the hardware. Also, the currently available IPGs have only limited options
for electrode configurations and generally provide only single-channel stim-
ulation. Patients with IPGs have fewer options for adjusting their stimulation
parameters; however, this feature makes the devices somewhat safer.

Radiofrequency (RF)-coupled devices may, at least theoretically, serve
forever without additional surgical interventions. The receiver is implanted
subcutaneously and connected to the electrode(s). The power source/pro-
gramming module is usually worn externally and communicates with the
receiver through an externally applied flexible pancake-shaped antenna that
is placed over the receiver. The battery change process is extremely simple,
and the programming module is significantly more versatile than that of an
IPG. In addition to the ability to change some or all of the stimulation
parameters, some modules have integrated computer chips that memorize
certain electrode configurations and stimulation paradigms and change from
one to another with a simple push of a button. Most RF-coupled systems
allow operations with two or more independent channels and are capable of
covering 4, 8, or 16 electrode contacts. This becomes especially important
in patients with complex pain patterns and in those cases where pain areas
change with time. On the other hand, RF-coupled systems require a signif-
icantly higher degree of patient participation, which may be difficult for
some patients. In addition, some patients develop dermatitis or other local
skin reactions that prevent them from wearing the antennas for extended
periods. Also, some patients state that having a permanent external device
limits their freedom, and the are often willing to trade some of the benefits
of RF-coupled systems for a completely implantable system.
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Over the next few decades, technological advances will allow us to
overcome most of these pitfalls. The SCS system of the future will combine
all of the benefits mentioned here in one smaller and more versatile unit.

4 SCS TRIAL

Once the decision of whether to proceed with SCS is made, the surgeon
must determine the type of the electrode and length of the SCS trial. There
are two general approaches to SCS trials, each with its own advantages.

The first route assumes that the lead used for the trial will have to be
discarded, regardless of the trial results. The trial starts with insertion of the
screening electrode (which is usually less expensive but otherwise very sim-
ilar to a permanent percutaneous electrode). The insertion does not require
an incision and can be done in the doctor’s office; the lead is removed and
discarded before the final implantation. An X-ray image of the temporary
electrode is usually taken before its removal so the landmarks for permanent
electrode insertion can be identified. This decreases the infection rate. The
procedure can be done on an outpatient basis with a minute amount of local
anesthetic, but there are some obvious drawbacks. First, there is the cost of
the discarded electrode. Second, one has to enter the epidural space twice,
even if the first electrode was placed perfectly and provided excellent pain
relief. In addition, the surgeon must be confident that the second electrode
will be inserted into the same position as the first, allowing a comparable
degree of pain relief without an additional trial (as the second part of the
surgery is usually done under general anesthesia). The idea of ‘‘screening’’
is, however, attractive, and many surgeons use this technique to evaluate the
general responsiveness of the patient to SCS or as a prelude to the insertion
of a laminectomy (‘‘surgical’’) lead.

Another approach assumes that the electrode used for the trial will
subsequently be connected to the rest of the SCS system. The initial insertion
of the electrode is performed so that it can be internalized, thereby elimi-
nating the need for reinsertion. To minimize the risk of infection, the elec-
trode is connected to a temporary extension wire, which in turn is tunneled
under the skin and brought to the surface a few inches from the original
incision. This extension wire is subsequently discarded, whereas the elec-
trode itself stays in place and is connected to the permanent extension wire
during internalization. To minimize the risk of displacement, the electrode
is anchored to the fascia with nonabsorbable sutures. A radiographic image
is obtained after the initial insertion and then again during internalization to
rule out inadvertent electrode displacement. An obvious advantage of this
method is that the final electrode position is tested before system internali-
zation, allowing the second stage of surgery (IPG/receiver implantation and
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passage of the long extension wires) to be done under general anesthesia.
On the other hand, the initial insertion has to be done in the operating room
and if the trial fails, the patient has to be returned to the operating room to
have the electrode removed.

5 ELECTRODE IMPLANTATION TECHNIQUE

The procedure of electrode implantation for SCS is fairly straightforward.
Percutaneous (wire) electrodes are inserted through a needle. A standard 18-
Ga Tuohy needle is supplied with the electrode and comes with a stylet. The
needle is inserted into the epidural space under fluoroscopic guidance after
the tissues are infiltrated with a local anesthetic solution. Usually, a slightly
paramedian entry point is preferred to avoid midline placement of the fragile
electrode, where it may be damaged by the hard spinous processes. The aim
of needle insertion is usually a point just below the spinous process one or
two levels cephalad to the point of skin penetration. This allows the electrode
to be placed in the central posterior epidural space and guides the needle at
about 5� to the skin surface, making the electrode passage somewhat easier.
Entrance into the epidural space is best confirmed by the well-known ‘‘loss-
of-resistance’’ technique: resistance against injection of air or sterile water
through a glass syringe suddenly disappears when the needle penetrates the
ligamentum flavum and enters the epidural space.

The level of electrode placement is chosen preoperatively based on the
patient’s pain distribution. Previous experience shows that maximal pares-
thesias from SCS follow a somatotopic distribution. Positioning the active
electrode at the T11-12 level results in paresthesias in the foot; T10-11, the
anterior thigh; T4-5, the abdomen; C7-T1, the upper chest; and C4-6, the
forearm and hand [10,11]. The low back region is probably the least re-
sponsive to SCS; the optimal position of the electrode to produce paresthe-
sias in this region is usually at the T8-11 vertebral level [11].

Once the epidural space has been entered, the percutaneous electrode
is introduced through the needle and then advanced in a cephalad direction
under fluoroscopic guidance (Fig. 1). The electrode becomes relatively rigid
with the guidewire inside; it is possible to manipulate the electrode inside
the epidural space and advance it up to the desired level by gently pushing
and rotating the electrode shaft. A slight curve of the guidewire tip allows
minimal steering, which is especially important when passing through ste-
notic levels or epidural scar tissue. It is generally advisable to place the
percutaneous electrode one level higher than the final target and then opti-
mize the electrode position based on the intraoperative trial by pulling the
electrode down.
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FIGURE 1 Intraoperative images of percutaneously inserted spinal cord
stimulation electrodes. Each electrode has four contacts that may pro-
vide stimulation with a variety of configurations, including monopolar
and bipolar stimulation modes. A, Pisces-Quad electrode (Medtronic); B,
Pisces-Quad Plus (Medtronic).

If the subarachnoid space is entered during needle manipulation (man-
ifested by cerebrospinal fluid outflow from the needle hub), the procedure
does not need to be aborted. Most surgeons prefer to withdraw the needle
and change the level of insertion so the electrode does not accidentally enter
the dura through the hole made by the needle. In these cases, the patient
should be warned of the possibility of spinal headaches and advised to stay
flat for several hours and consume extra fluids, but the need for additional
intervention, such as epidural blood patching, is rare.

The goal of the intraoperative trial is not to eliminate the pain nor to
quantify the degree of pain relief, but to test the location of paresthesias and
adjust the electrode position for optimal coverage. The electrode is con-
nected to the screening device either directly or through a temporary exten-
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sion wire, and the various electrode configurations are tested while the pa-
tient is asked about his/her sensations. The use of multiple contacts allows
one to move the active (negative) contact along the electrode without ac-
tually repositioning the device. Stimulation-induced paresthesias follow the
general somatotopic map; induction of paresthesias superior (cephalad) to
the desired area requires repositioning of the electrode more inferiorly (cau-
dal) and vice versa. It may also be necessary to shift the laterality of the
electrode depending on the patient’s pain patterns and paresthesia thresholds.
This is usually accomplished by carefully pulling the electrode one or two
levels down and then advancing it with some rotational steering using the
guidewire curvature. Obviously, when it comes to axial advancement, the
percutaneous electrodes provide much more freedom to manipulate, with
their flexibility and ease of insertion up to six or seven levels from the target
location.

Once the intraoperative trial is completed, a fluoroscopic image of the
electrode position is obtained and saved on the screen so it may be later
compared with the final electrode position. The electrode is then anchored
to the overlying fascia. This is done through small incisions above and below
the point of needle insertion. The needle itself is removed after the incision
is made but before the anchoring procedure. The electrode kit usually con-
tains several anchors; some of them are soft and flexible, with lower profiles
and less tensile strength. Others are made of hard plastic; these have higher
profiles, but are more reliable for holding the electrode in place. It is advis-
able to place the anchor as close as possible to the point where the electrode
passes through the fascia so that movement of the electrode is minimized.
After that, a temporary extension wire is passed subcutaneously and brought
to the skin surface 10 to 15 cm from the original incision. The entire path
of the extension wire and the site of its exit through the skin is infiltrated
with local anesthetic. Advance consideration of the final position of the
implanted system allows the surgeon to tunnel the temporary wires on the
side opposite the final position of the IPG/receiver, so the track of the per-
manent extension wires does not cross that of the temporary ones. The con-
nection between the electrode and the temporary extension wire is then
secured with all four screws and covered with a silicone sleeve. If this
connection is placed close to the midline, it is easy to identify during the
internalization procedure. The excess wire is usually coiled above the fascia
but below the connection with the temporary wire to protect the electrode
during internalization or revision.

The incision is then irrigated with antibiotic solution and closed in
standard fashion. It is not necessary to place an additional suture at the site
where the temporary wire exits. Coiling of the wire on the skin surface and
adhesive dressing may be sufficient to prevent dislodgement, but one may
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TABLE 3 Considerations for SCS Lead Implantation

• Avoid bending or kinking the lead. If there is any excess lead body,
create gently coiled loops of no less than 2 cm.

• Use fingers or a rubber-tipped bayonet forceps when handling the
lead.

• Do not tie a suture directly to the lead body. Use the anchor
supplied in the lead kit.

• Avoid placing tension on the lead during surgery. Leave the lead
body as loose as possible after connecting the extension to avoid
unnecessary tension on the lead.

• Do not force the lead up the epidural space. Use the guidewire
packaged in the lead kit to clear a path for the lead.

• Be extremely careful with sharp instruments around the lead.
• Should any system component become damaged during implant,

remove it and replace it with another component for permanent
system implantation.

Reprinted with permission from ‘‘Spinal Cord Stimulation. Percutaneous Lead
Implantation Guide.’’ Medtronic, Minneapolis, 1997.

still want to add a purse-string stitch to minimize the risk of infection. In
general, however, long tunneling of the temporary wire, short duration (1
week or less) of the outpatient trial, and careful observation of sterile tech-
nique during all stages of surgery may lower the infection rate to zero. The
general rules for electrode handling are listed in Table 3.

In some patients who have undergone prior surgical interventions and
have extensive epidural fibrosis or a multilevel posterior fusion, it may be
very difficult to enter the epidural space or manipulate inside it. In these
instances, the open approach—surgical exposure of the epidural space and
insertion of laminectomy electrodes—may be the only choice even at the
trial stage.

The procedure for laminectomy electrode insertion is similar to the
percutaneous placement, but the opening of the epidural space is done by a
limited laminectomy immediately below the target level for stimulation. The
generally accepted approach involves a midline opening of the spinal canal
with removal of the spinous process, visualization and transection of the
ligamentum flavum, and identification of the underlying dura mater. A spe-
cial plastic template and curvilinear spacer are used to dissect the epidural
plane and prepare the area for electrode insertion. Once again, intraoperative
fluoroscopy is used to monitor electrode advancement and position (Fig. 2).
It is also possible to insert the laminectomy-type electrodes through a uni-
lateral spinal exposure. With this method, a small hemilaminotomy is per-
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FIGURE 2 Intraoperative images of surgically implanted laminectomy
electrodes (courtesy of Dr. Kim J. Burchiel, Portland, Oregon). A, Resume
four-contact electrode (Medtronic). B, Specify eight-contact electrode
(Medtronic). Specify electrode allows for either simultaneous stimulation
with identical configuration of contacts using an implantable generator
or independent stimulation with different configuration of contacts using
radiofrequency-coupled systems.

formed immediately lateral to the spinous process, and the root of the spi-
nous process is undercut with rongeurs. This approach minimizes surgical
trauma and is better tolerated by the patients, which is particularly important
as most procedures are done under local anesthesia.

The surgical lead may be placed either above or below the laminec-
tomy/laminotomy level and the position of the lead is adjusted based on the
intraoperative trial results. The procedure for anchoring and tunneling the
surgical lead is essentially identical to that for percutaneous electrodes, ex-
cept in some cases the lead may be anchored to the interspinous ligament
before layer-by-layer closure of the incision. It is important to note that
sometimes surgical leads may be hard to remove, especially after they have
been in the epidural space for a long time, and therefore it may be necessary
to remove the wire but leave the paddle inside.
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6 ELECTRODE INTERNALIZATION

If the stimulation trial is satisfactory, achieving at least 50% pain relief
without intolerable side effects such as unpleasant paresthesias, the patient
is prepared for electrode internalization. The final system selection (IPG vs
RF receiver), which depends on optimal stimulation parameters and patient
preferences, can be made before internalization. The internalization proce-
dure is usually performed under general anesthesia, as IPG/receiver insertion
and especially wire tunneling are very painful and poorly tolerated by awake
patients. It is possible to implant the generator/receiver in the superior glu-
teal area, but most surgeons prefer to place it in the anterior abdominal wall.
Posterior placement allows the patient to remain in the prone position for
internalization, whereas anterior placement is usually performed with the
patient in the lateral decubitus position, which permits access to both lumbar
and anterior abdominal regions. For SCS systems that focus on the cervical
or upper thoracic spinal cord (as in cases of arm pain or intractable angina),
the IPG or receiver may be implanted in the subclavicular area, as is done
with pacemakers or deep brain stimulators. When placing RF receivers, one
must consider the patient’s convenience in applying the antenna and avoid
areas that are covered with body hair or that may subject the antenna to
excessive sweating. It is also a good idea in all cases to discuss the insertion
site with the patient before the surgery and to avoid the belt line, which may
irritate subcutaneously placed hardware.

The internalization procedure starts with cutting the temporary exten-
sion wire with sterile instruments at the skin level after the entire area has
been disinfected and sterilized. Both the lumbar and the anterior abdominal
areas are prepped and draped in standard fashion after the patient is placed
in the lateral decubitus position (with the operative side up) and padded/
secured with a deflated ‘‘bean bag.’’ The original incision is then reopened,
taking care to avoid cutting the electrode lying above the fascia. The con-
nection of the electrode and the temporary extension wire is exposed, the
silicone sleeve is removed, all screws are unscrewed, and the remainder of
the temporary extension wire is discarded. A second incision is then made
in the anterior abdominal area, taking care to ensure that the IPG/receiver
will not overlay the bony structures (ribs, iliac crest). A pocket for the IPG
or receiver is made above the fascia, but not too far under the skin, because
the thick layer of tissue above the IPG/receiver may interfere with program-
ming or RF coupling. Generally, RF receivers should be placed within 1 cm
of the skin’s surface to maintain a good connection with the external antenna.

Once the pocket is prepared, a permanent set of extension wires is
passed subcutaneously using a special passer that usually comes sterilely
prepacked with an appropriate extension wire kit. In most cases, it is nec-
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essary to move the passer in a posterior-to-anterior direction, so the exten-
sion wire can be brought from the abdominal incision to the lumbar one.
The connection between the extension wire and the electrode is secured with
all four screws, an additional silicone sleeve, and several nonabsorbable
sutures. The electrode is coiled under the connection site so it will be better
protected from accidental damage if the patient requires electrode revision.
Anteriorly, the extension wire is connected to the IPG/receiver, and the con-
nection is secured with built-in screws. The IPG or receiver needs to be
secured to the underlying fascia with one or more nonabsorbable sutures.
Excess extension wire is coiled behind the IPG/receiver, not only for cos-
metic reasons but also to avoid interference with programming or RF cou-
pling. It also allows easy identification of the IPG when it needs to be
revised/replaced (ie, when the battery is exhausted).

After the implantation is complete, both incisions are irrigated with
antibiotic solution and closed in a standard layer-by-layer fashion. Sterile
dressings are placed over the incisions and changed during the postoperative
period as necessary. Sutures are removed after all incisions are healed.

7 POSTIMPLANTATION PROGRAMMING

The programming of the SCS system may be performed soon after the pa-
tient’s awakening from the general anesthesia. Obviously, stimulation param-
eters similar to those that were tested during the trial may be used. Some
electrode configurations, however, are technically impossible during the
stimulation trial. The best example is ‘‘monopolar’’ stimulation, when one
of the electrode contacts is active and the IPG case serves as a reference.
This mode allows for a lower stimulation voltage compared with the bipolar
configurations and should be tried first when a completely internalized sys-
tem is used.

Stimulation settings need to be checked regularly during the postop-
erative period. It is often necessary to adjust not only the amplitude of the
stimulation, but also the frequency and the pulse width and even the elec-
trode configuration, months or years after system implantation. This may be
explained in part by the dynamic character of pain syndromes and by the
development of tolerance to the stimulation or possible movement of the
electrode in the epidural space.

Patient education is extremely important and should be started before
surgical implantation. Patients with fully implanted SCS systems must un-
derstand how to use the handheld programmer or the magnet to turn the
stimulator on and off and to change certain stimulation parameters. Patients
with RF-coupled systems should be even more carefully educated about the
power source/programming module because it allows more freedom in ad-
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justing the stimulation parameters. In all cases, patients need to clearly un-
derstand the signs of system malfunction and should be able to contact the
neurosurgeon (or other implanting physician) or their clinical personnel at
any time. Spinal cord stimulation is unlikely to cause life-threatening com-
plications (except perhaps a systemic infection); however, these patients
must be closely followed, both to check the SCS status and functionality
and to monitor response to SCS therapy.
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1 INTRODUCTION

Chronic pain is a debilitating affliction whose successful treatment continues
to challenge physicians and surgeons alike. Its damaging effects are perva-
sive, affecting both the socioeconomic and psychological status of an indi-
vidual. Chronic pain treatments are often refractory to pharmacological and
other nonsurgical treatments. Thalamotomy can deliver modest pain relief
but is often associated with various undesirable side effects, like dysarthria,
gait disturbance, and cognitive dysfunction, especially if performed bilater-
ally. This led to the development of stimulating techniques. The current
interest in the field is derived from pioneer animal stimulation studies by
Reynolds [1] and Mayer [2], and subsequent perfection of these techniques
in humans by Adams [3], Richardson and Akil [4], Hosobuchi [5], and Turn-
bull [6]. Deep brain stimulation (DBS) effectively mimics a lesion but is
reversible in nature.

The exact mechanism by which DBS achieves pain control is not well
understood. There is evidence of increased concentrations of �-endorphins
and met-enkephalins in the cerebrospinal fluid (CSF) after periventricular
gray (PVG) stimulation [7–9]; this effect, however, is not seen with sensory
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thalamic nucleus (STh) or internal capsule (IC) stimulation [7]. This suggests
an opioid-mediated mechanism of pain relief with PVG stimulation. The
pain relief on STh or IC stimulation is hypothesized to be achieved by
depolarizing blockage or jamming of the neurons, the axonal tracts, or both.

2 INDICATIONS AND PROGNOSTIC FACTORS

The conditions that respond favorably to DBS include failed back syndrome,
causalgia, radiculopathies, peripheral neuropathies, trigeminal neuropathies,
and phantom limb pain [10–12]. Conditions that respond poorly to DBS
include paraplegic pain, thalamic pain syndromes, and postherpetic neural-
gia. In general, nociceptive pain responds more favorably to PVG stimula-
tion, whereas neuropathic pain responds to STh stimulation. Patients with
pain syndromes who have had multiple operations to a given body area
experience a greater degree of benefit than those without prior surgical in-
tervention. Gender and age do not statistically affect the degree of pain relief.
Depression is a very common accompaniment to chronic pain syndromes
and needs to be treated before undertaking definitive surgery. We have found
that patients who did not require therapy for depression had a better prog-
nosis than those who did.

3 PATIENT SELECTION

Before being considered for DBS, patients are funneled through a multidis-
ciplinary pain clinic setting where the conservative methods for pain control
were initially tried but failed. They are assessed psychologically and treated
for anxiety, depression, and somatization. Patients should meet the following
basic criteria to be considered for DBS: (1) known organic cause of pain;
(2) failure of conventional pain management methods; (3) absence of major
psychiatric pathology or secondary gain; (4) ability to provide informed
consent; (5) cessation of inappropriate drug use; (6) a favorable response to
a morphine-naloxone test, which is helpful in evaluating nociceptive pain,
thus aiding in target site selection [12,13]. These are not an absolute criteria
for patient selection, they have a positive predictive value of 0.8, thus in-
creasing the confidence in PVG stimulation [12]. We continue to favor its
use.

3.1 Clinical Evaluation

For the purpose of evaluating the benefits of DBS or thalamotomy, a McGill
Pain Questionnaire [14] and visual analog scale [15], are used both pre- and
postoperatively to quantify pain levels. The use of a disinterested third party
aids in eliminating bias when evaluating results.
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FIGURE 1 Electrodes used for deep brain stimulation. A, Schreiver-type
four-contact point electrode. B, Coaxial electrode. (Courtesy of Med-
tronic, Inc.)

4 TARGET SELECTION

The sites commonly selected for DBS include PVG, specific STh, and IC.
The type of pain a patient presents with dictates the anatomical target se-
lection. Nociceptive pain, which is usually diffuse, midline, deep, boring,
and may be bilateral with one side being more painful than the other, re-
sponds best to PVG stimulation. Neuropathic pain, which is usually char-
acterized as being localized, burning, and felt on the surface, often unilateral,
is amenable to STh stimulation. Deafferentation pain of thalamic origin,
where little viable thalamic tissue is available for stimulation, is treated by
IC stimulation.

5 EQUIPMENT AND PROCEDURES

5.1 Electrode Use

Until 3 years ago, a four-contact Schreiver-type electrode (Fig. 1A) was
used, which required a unique carrier for its introduction. Today, a four-
contact coaxial lead (Medtronics, Inc., MN; model 3387) is used (Fig. 1B).

Copyright 2003 by Marcel Dekker, Inc. All Rights Reserved.



FIGURE 2 Fully implantable and programmable pulse generator, Itrel-II
with its extension cord. (Courtesy of Medtronic, Inc.)

Each stimulating contact is cylindrical, made of a platinum-iridium alloy,
1.5-mm long and spaced 3.0 mm apart. The multipolar organization of the
electrode allows for a number of bipolar combinations to be explored intra-
operatively and during the subsequent trial period.

5.2 Surgical Technique

For the purposes of implantation of a deep brain electrode, any of the several
commercially available stereotactic frames can be used. In North America
today, the most popular stereotactic frames are CRW (Radionics, Burlington,
MASS) and Leksell (Electa, Atlanta, GA). The procedure is completed in
two stages. The initial stage is dedicated to implanting an electrode at the
desired target site, and at a second stage, after a trial stimulation, the system
is internalized using a fully programmable and implantable pulse generator
(Fig. 2).

The first stage is performed under local anesthesia where a stereotactic
frame is fixed to the patient’s head. The frame should be applied such that
it is parallel to the line joining the anterior (AC) and posterior commissures
(PC). For this purpose, a line extending from the external auditory meatus
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to the lateral canthus will approximate this AC-PC line. The patient is then
submitted either to computed tomography (CT) or magnetic resonance im-
aging (MRI), with an appropriate localizer box. Coordinates for the target
are acquired from appropriate computed tomographic or magnetic resonance
imaging slices. Atlases that are commonly used for plotting target sites in-
clude those compiled by Emmers and Tasker [16], or Schaltenbrand and
Wahren [17]. Until the advent of high-resolution CT scanners or MRI, ven-
triculography was used for target localization. Currently, MRI is the pre-
ferred imaging technique.

5.2.1 Anatomic Target Localization

The target site for PVG stimulation is 2 mm anterior to the posterior com-
missure on the line joining the anterior and posterior commissures, and 2 to
3 mm lateral to the posterior third ventricle, within the parafascicularis-
center-median complex (Fig. 3).

Sensory thalamus electrodes are implanted in the region where the
medial lemniscus enters the sensory thalamus. The final location for elec-
trode placement is determined by the anatomical location of the pain—for
instance, for facial pain, the nucleus ventralis posterior medialis (Vpm) is
used; for arm, upper, or lower extremity and trunk pain, the nucleus ventralis
posterior lateralis (Vpl) is chosen. The Vpm is located 8 to 10 mm lateral
to the midline, and 8 to 10 mm posterior to the midpoint of the line joining
the anterior and posterior commissures. The Vpl nucleus is located 14 to 16
mm lateral to the midline and 10 to 12 mm posterior to the midpoint of the
line joining the anterior and posterior commissures.

For patients selected for internal capsule implantation, the target site
is located within the posterior limb of the IC, located approximately 25 mm
lateral to the midline, and 12 to 14 mm posterior to the midpoint of the
intercommissural line.

5.2.2 Surgical Procedure

After the coordinates of the target site have been determined, the patient is
returned to the operating room, where the stereotactic frame is fixed to the
operating table, with the help of a Mayfield clamp. Under local anesthesia,
a burr hole is made 3 cm parasagittally, at the level of the coronal suture,
on the side contralateral to the maximum pain. The dura is coagulated and
incised in a cruciate fashion. The pial surface is also coagulated and incised,
avoiding surface vessels. The target coordinates, which have been selected,
are then mounted and a search probe with a tip diameter of 1.1 mm (Ra-
dionics) is introduced into the brain parenchyma, to a point 5.0 mm proximal
to the chosen target. Physiological localization is commenced at this time,
with the aim of correlating physiological and anatomical findings. Physio-
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FIGURE 3 Horizontal section of the brain at the level of the intercommis-
sural line. A, Anterior commissure; B, Posterior commissure; C, Periven-
ticular gray; D, Internal capsule; Th, Thalamus. (Reproduced from Schal-
tenbrand G. Wahren W: Atlas for Stereotaxy of Human Brain. 2nd ed.
Stuttgart: George Thieme, 1977). By permission.
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logical correlation can be achieved either with microelectrode recording and
stimulation, or macrostimulation. Microelectrode stimulation is more pre-
cise, as it provides definitive physiological identification of receptive fields
and neural firings. However, it is time consuming and requires special train-
ing in neurophysiology. Macrostimulation is rapid and requires minimal
equipment. For treatment of pain patients, macrostimulation serves equally
well.

The probe is then advanced toward the target site in increments of 1.0
mm. For physiological confirmation, stimulation is initiated 5.0 mm above
the target and is continued to 3 to 5.0 mm below the target. Final electrode
placement is determined by a positive physiological response. For PVG stim-
ulation, a warm or cold feeling, felt contralaterally or over the body gen-
erally, during intraoperative stimulation, is considered a favorable prognostic
sign. These feelings are described as relaxing, pleasurable, and likened to a
post-orgasmic state. Because of the proximity of the Edinger-Westphal and
third cranial nerve nuclei to the target area, the patient may experience
blurred vision at the initiation of stimulation. At greater amplitudes, this may
progress to oscillopsia, nystagmus, or upward-gaze deficits. This tends to
disappear when the amplitude is decreased or stimulation is ceased. A few
patients may experience contralateral paresthesia on the face, which is at-
tributed to current spreading to the medial lemniscus. Patients often report
pain reduction after 10 minutes of successful intraoperative stimulation. An-
terior placement of the electrode more than 3.0 mm could lead to sympa-
thetic responses, such as anxiety and fear, whereas posterior and deeper
placement in the periaqueductal gray matter or brainstem could cause ad-
verse responses such as vertigo, smothering, or nausea.

For IC or STh implantation, lower voltage stimulation at 100 Hz will
yield paresthesia in the area encompassing the entire painful region, when
the proper target site is reached.

5.2.3 Implantation of the DBS Electrode

Once the physiological confirmation of the target site is achieved, the search
probe is removed and replaced by the stimulating electrode. To confirm the
final position and trajectory of the DBS electrode, the use of intraoperative
fluoroscopy is mandatory. This ensures that during subsequent manipula-
tions, the lead does not migrate dorsally or ventrally from its intended po-
sition. Once final electrode placement has been achieved, trial stimulation
is initiated with a handheld pulse generator device (Screener, Medtronics).
If the physiological confirmatory signs are reproduced, the stylet of the elec-
trode is removed and the stem of the electrode is then fixed to the skull with
the help of a burr hole ring and cap (Medtronics). External percutaneous
lead extensions are connected to the distal end of the deep brain electrode,
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which is brought out through a separate stab incision, and the wound is
closed.

6 TRIAL STIMULATION

Trial stimulation begins 2 to 3 days after implantation and continues for 5
to 7 days. During this period, the neuromodulation team ascertains the best
electrode combination, frequency, pulse width, and amplitude for optimal
pain control. Periventricular gray stimulation yields best results with a fre-
quency of 50 to 75 Hz, voltages from 1 to 5 V and a pulse width of 120 to
210 �s. Conversely, STh stimulation is optimized at 75 to 100 Hz, 2 to 8
V, and 210 to 330 �s.

7 PULSE GENERATOR IMPLANTATION

AND PROGRAMMING

Those patients achieving greater than 50% pain relief as compared to pre-
surgical levels have their systems internalized under general anesthesia.
Those patients who do not achieve this degree of pain control have their
electrodes removed.

The distal end of the deep brain electrode is connected to an implant-
able and programmable pulse stimulator (Itrel II or III, Medtronic), which
is placed in a subcutaneous pocket in the infraclavicular region. For this
purpose, a connector cord has to be tunneled through the subcutaneous tis-
sues in the neck and scalp. The proximal female end of the connector cord
is connected to the distal end of the deep brain electrode. The distal end of
the connector cord, which has two pins, is inserted in the proper sockets of
the pulse generator and is secured by tightening the Allen screws. The pulse
generator is returned to the infraclavicular subcutaneous pocket, and the
wounds are closed. The pulse generator is activated the next day, and the
optimum stimulator parameters are programmed using a command module.
The patient can also activate or deactivate the unit by holding a magnet over
the pulse generator for 3 seconds.

Sensory thalamus implant patients require more stimulation per day as
compared to PVG implant patients. To prolong battery life, the pulse gen-
erators are used in a cycling mode. The PVG implants have an ‘‘on’’ period
for 40 to 50 seconds every 10 to 15 minutes. Sensory thalamus stimulators
are activated for at least 60 seconds every 10 minutes.

8 COMPLICATIONS

Hardware-related issues are the most common complications (9.4%) [12].
These include electrode fracture, electrical leakage at connector sites or re-
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sulting from insulation breaks, and hardware malfunction. These are cor-
rected by replacement of the appropriate part. Wound infections, when su-
perficial, are treated with antimicrobial therapy, and failing this, may require
removal of the system. Other complications include seizures and intracere-
bral hematomas. Bendok and Levy [18] report a meta-analysis of 649 DBS
patients, in which the incidence of intracerebral hemorrhage was 1.59% to
4.1%. Fourteen of 649 patients suffered neurological deficits as a result of
intracranial hematoma. Stimulation can induce migraine-like headaches,
which has been reported to have an incidence of 8.6 to 23% [19,20]. It has
been observed to occur more frequently in PVG stimulation, although it has
been reported in STh stimulation as well.

During the follow-up period, tolerance may develop. Tolerance is a
major cause of loss of pain control in the follow-up period and is defined
as a progressive loss of effective pain control in spite of a functioning stim-
ulation program. It is much more frequent with PVG stimulation [21,22],
although it has been reported in STh implants as well [12,23]. Tolerance is
treated initially by a 3- to 4-week stimulation holiday, introduction of phar-
macotherapy, such as amitryptiline, and if this fails, contralateral hemi-
spheric electrode implants will alleviate tolerance in PVG implants, but not
STh implants [11,12].

9 DISCUSSION

Thalamotomy has been used for the alleviation of chronic pain [24,25].
When used in the treatment of chronic benign pain, it has a low success rate
of approximately 30% [25]. Bilateral procedures have a serious drawback
of producing ataxia, dysarthria, and cognitive deficits. Tasker’s [26] review
of medial thalamotomy cases for central and deafferentation pain gives an
average success rate of only 29%, but produced cognitive disturbances in
54.2% of patients with unilateral medial thalamotomy and in 75% of patients
with bilateral lesions. Dorsal median thalamotomy is preferred for the treat-
ment of chronic malignant pain, in which early pain relief reported by up
to 80% of patients [27]. However, it has the serious disadvantages of pro-
ducing profound changes in personality and depression. In spite of low suc-
cess rates and high complication rates, there may be a place for lesions in
the medial thalamus in the treatment of central and deafferentation pain,
especially for allodynia and hyperpathia, when chronic electrical stimulation
of the ventral caudal nucleus fails [26].

The leading advantage of DBS is that it is adjustable and reversible
and allows for maximum efficacy while minimizing complications. The stim-
ulation program achieves an average long-term success rate of 59% for no-
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ciceptive pain when treated by PVG stimulation [18]. The long-term benefits
in STh stimulation for neuropathic pain achieve 56% long-term success [18].

The major concern in neurostimulation programs is the cost of the
equipment implanted. In the United States, the total cost of the implantable
equipment is approximately $11,000 (the breakdown of costs being approx-
imately: lead $2,000; pulse generator Itrel-II or III $8,000; extension cord,
burr hole ring and cap, etc. $1,000). To this, one needs to add the costs
associated with screening the patient pre- and postoperatively, and the cost
of regulating and optimizing the pulse generator in the postoperative period.
The battery life of the pulse generator varies from 4 to 5 years depending
on usage. As the pulse generator is a sealed unit, it will require replacement
at the end of its life.

In spite of these costs, neurostimulation is superior to ablative surgery,
both in terms of degree and duration of pain control. The complications are
few and acceptable with little by way of cognitive deficits. Thus, it remains
the treatment of choice for chronic benign pain in a select group of cases.

It is regrettable that this procedure has not yet received approval by
the Food and Drug Administration for use in the United States, but is ap-
proved in Canada and European countries.

10 CONCLUSIONS

Our combined success rates involving PVG and STh nuclei stimulation ap-
proaches 63%, in a mean follow-up period of 78 months [12]. Properly
placed electrodes have acceptable complication rates, with few cognitive
deficits. It is recognized that the cost of this modality could be an inhibiting
factor, but it is far superior to the destructive procedure of thalamotomy, as
this can lead to cognitive deficits, especially when bilateral lesions are made.
Deep brain stimulation is a viable alternative for patients with benign chronic
pain in whom conventional measures have failed.
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1 INTRODUCTION

A scientific basis for the application of intrathecal opioids was first laid
in 1970s when highly specific opioid receptors were discovered in the ner-
vous system of rats and primates [1]. Subsequently, opioid receptors were
identified in the substantia gelatinosa of the dorsal root entry zone of the
human spinal cord [2]. Clinical effectiveness of intrathecal morphine was
demonstrated by Wang [3] in 1979 and since then, the idea of intrathecal
drug delivery for pain control has gained wide acceptance in medical circles.

Chronic pain is estimated to affect 15% to 30% of the general popu-
lation of the United States, which translates into considerable healthcare
expenditures. Ten years ago, low back pain alone was estimated to cost $25
billion a year in medical care expenses. Although staggering, this figure still
fails to include the loss of productivity of affected individuals and the de-
crease in their quality of life (and that of their families). All this makes it
very important to evaluate the array of available therapeutic options to max-
imize patient comfort while minimizing adverse effects.

The best example of a constructive approach in pain management is
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an algorithm suggested by the World Health Organization (WHO) for treat-
ment of cancer-related pain [4]. This straightforward, three-step ladder ap-
proach advocates progressively stronger analgesic combinations until the
patient is free from pain. Application of WHO guidelines may well control
more than 80% of cancer-related pain syndromes. Intraspinal regimens are
not currently included in the guidelines, but many authors have proposed
the addition of a fourth step to incorporate the use of intrathecal opioids and
surgical interventions [5].

2 INDICATIONS

Clinical and experimental data show that the analgesic effect of neuraxial
opioids is achieved through action at spinal and supraspinal receptors with
minimal influence on motor, sensory, or sympathetic reflexes. The exclusive
location of opioid receptors involved in nociception and pain transmission
within the central nervous system results in the ability to achieve similar
analgesic action (equianalgesia) with the use of significantly lower doses of
the opioid medication when administered directly into the cerebrospinal
fluid. Secondary to this, equianalgesic doses of intrathecally administered
opioids produce fewer side effects than systemic administration.

A patient’s responsiveness to pain management modalities frequently
depends on the type(s) of pain that he or she experiences [5]. Nociceptive
pain that arises from actual or potential tissue injury may be generally di-
vided into visceral and somatic. Visceral nociceptive pain is seen in patients
with pancreatic, lung, and liver cancers; it is described as a constant, dull,
aching pain, diffuse in nature and often difficult to localize. Somatic noci-
ceptive pain may be pain that is observed, for example, in patients with bone
metastases and muscular injury; it also can be constant and aching but takes
on a more localized and throbbing nature. Neuropathic pain originates from
injury to the nervous system itself and represents a pathological phenomenon
that, as far as we know, does not carry any useful or protective function.
This type of pain is characterized as a burning, shooting pain. Traditionally,
intraspinal narcotic therapy for neuropathic pain has been considered less
effective, but recent studies have proven its validity as a more conservative
therapeutic option compared with irreversible neuroablative surgery. Mixed
neuropathic and nociceptive pain is also a possibility and often requires a
combination of narcotic and adjunctive medications.

Intrathecal opioids were originally limited to pain from a cancer eti-
ology, but their use in pain of nonmalignant origin is rapidly gaining accep-
tance [6]. Some of the current ‘‘benign’’ (non-cancer-related) disease states
treated with intraspinal administration of opioids include failed back surgery
syndrome [7], postherpetic neuralgia [8], phantom limb pain [9], lumbar
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arachnoiditis, multiple sclerosis, rheumatoid arthritis, amyloidosis polyneu-
ropathy [10], reflex sympathetic dystrophy, and vertebral collapse caused by
osteoporosis.

3 PATIENT SELECTION

A patient with chronic pain that is expected to persist for more than 6 months
should be considered for intrathecal opioid therapy. The ideal candidate is
one who has already failed conventional narcotic treatment, experienced
intolerable side effects, or failed other pain management modalities such as
spinal cord stimulation.

A thorough physical assessment, psychological evaluation, and test
dose trial must be performed before scheduling the actual surgery for pump
placement. Medical history, physical assessment, and appropriate imaging
tests allow one to determine the type of pain that the patient is experiencing.
Baseline pain rating can be assessed with a visual analogue scale (VAS),
numerical pain rating, verbal pain scale, patient and caregiver questionnaires,
and pain drawings.

Disease states that would preclude pump implantation should also be
identified. Contraindications to implantation generally consist of aplastic
anemia, systemic infections, allergies to the metal or plastics used in the
pump or catheter, active intravenous drug abuse, and coagulopathies [11].
Psychological contraindications can be identified by commonly used tests,
such as the McGill Pain Questionnaire, Minnesota Mutiphasic Personality
Inventory (MMPI-2), and the Beck Depression Inventory. Formal psychiatric
consultation should be considered.

A trial of intraspinal opioid, either epidural or intrathecal, is used as a
mechanism to predict long-term success. A positive response is usually de-
fined as a 50% reduction in baseline pain scores without the presence of
intolerable side effects. The trial can be performed by a bolus injection or
as a continuous infusion. The exact technique generally depends on the
clinician’s comfort level and judgment. One of the most common techniques
involves insertion of an epidural catheter and gradual titration of continuous
morphine infusion until the desired effect is achieved. A trial with continuous
infusion mimics a pump more closely. Because the epidural route is asso-
ciated with larger dosing requirements and more extensive systemic uptake,
an intrathecal trial may result in fewer side effects. However, so far there is
no evidence that either approach (epidural vs intrathecal, continuous vs bolus
administration, opioid only vs placebo controlled) results in higher predict-
ability of subsequent treatment success [12].
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TABLE 1 Types of Intrathecal Drug Delivery Systems

1. Short-term intraspinal (epidural or intrathecal) catheters
2. Long-term tunneled catheters (externalized)
3. Intraspinal catheters connected to implantable (injection/infusion)

port
4. Intraspinal catheters with implanted bag/reservoir and manual

pump
5. Implanted systems with constant flow-rate pumps
6. Implanted systems with programmable pumps

4 PUMP SELECTION AND SURGICAL TECHNIQUE

There are many different techniques for long-term intrathecal drug admin-
istration (Table 1). The simplest methods include external and tunneled cath-
eters and subcutaneous ports. These are often inserted by anesthesiologists
and serve best for intra-axial trials and short-term management of intractable
pain. Neurosurgeons may be called to help with insertion of these catheters
if patients have complicated spinal anatomy and need laminectomy for in-
traspinal access. More commonly, however, neurosurgeons use intra-axial
drug administration techniques that involve implantation of the drug pump
system. The pumps that are used for intrathecal drug administration are
divided into continuous flow and programmable types, and each type has its
own benefits and disadvantages.

Pumps with continuous flow can deliver opiates and other medications
intrathecally and epidurally at a fixed preset rate. These pumps are connected
to standard intraspinal catheters and require refilling every few weeks, de-
pending on pump volume and flow rate. Medication refills are performed by
percutaneous access of the pump reservoir. The flow rate is maintained by
constant pressure of compressed freon gas onto reservoir bellows. The de-
livered dose of medication may be adjusted by changing the concentration
of the injected solution. The reservoir holds between 30 and 50 ml of fluid,
and the flow rate is calibrated and preset at 1.0 ml to 6.0 ml per day [13].
Some pumps in this category have sideports that allow bolus injections using
special needles. The most commonly used fixed flow rate pump in earlier
clinical studies was the Infusaid� Model 400, manufactured by Infusaid
Corp. [14]. Other models include IP 35.1 made by Anschütz, and model
4000 manufactured by Therex Corp. [15]. Currently, Arrow International
manufactures and markets a 30-ml constant flow implantable pump with
bolus safety valve (model 3000) and similar 16-ml pump (model 3000-16).
Both models are available with high-, medium- and low-flow infusion rates.
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A programmable variable rate pump provides multiple options that are
not available with other systems. This system is also fully implantable and
is refilled percutaneously. The programmable pump is manufactured by
Medtronic, Inc.; it contains an 18-ml collapsible drug reservoir with a center
fill port equipped with self-sealing silicone septum and a needle stop. A
battery-driven miniature peristaltic pump delivers medication from the res-
ervoir to the intrathecal catheter through a 0.22-�m bacterial retentive filter.
The rate of infusion may be changed using a pump programmer that com-
municates with the pump through a two-way radiofrequency link. The te-
lemetry process also allows assessment of battery status and remaining vol-
ume of medication inside the reservoir, adjustment of the infusion mode,
and setting alarms for low battery power and low drug volume. In addition
to this information, the electronic module of the pump stores the date and
time of latest prescription change, patient identification, name and concen-
tration of medication, infusion parameters, and alarm settings. Available in-
fusion modes include continuous, complex continuous, single bolus, and
periodic bolus modes. Infusion rates may vary between 0.1 and 1.5 ml/day.
Programmable pumps have gained wide popularity during the last 15 years
primarily because of their versatility and reliability.

All types of intrathecal delivery systems require the presence of an
intrathecal catheter. Such a catheter is usually made of silicone and can
tolerate a certain degree of kinking without obstructing its lumen. The tech-
nique of catheter insertion into the intrathecal space is similar for all system
types. For catheters that are connected to the implantable pump, we rec-
ommend anchoring the catheter to the lumbar fascia before catheter tunnel-
ing. For this purpose, a vertical incision is performed to accommodate the
anchor and to expose the fascia. For short-term catheters, anchoring is not
needed because it may interfere with catheter removal.

If the insertion is performed in the operating room, fluoroscopic control
using a C-arm is recommended. Midlumbar placement of the needle is pre-
ferred. A standard 16-gauge Tuohy needle may be inserted paramedially at
the L3-4 level, aiming slightly in a cephalad direction. Once the dura is
penetrated, the needle stylet is removed, and cerebrospinal fluid backflow
confirms subarachnoid position of the needle tip. After that, an intrathecal
catheter with a guidewire in it is inserted through the needle and carefully
advanced in a cephalad direction under fluoroscopic guidance. Absence of
resistance during advancement of the catheter usually indicates correct po-
sitioning in the intrathecal space. Slight rotation of the spinal needle may
help in guiding the catheter.

After the catheter is advanced to the desired level, the guidewire and
the spinal needle are removed and patency of the catheter is checked by
observing flow of the cerebrospinal fluid from the catheter tip. If the catheter
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is intended for connection to an implantable pump, it needs to be anchored
to prevent its dislodgement. Variously shaped anchors are usually supplied
with intrathecal catheters. They may be sutured to the underlying fascia with
nonabsorbable sutures before the tunneling of the catheter. After the an-
choring, the catheter is tunneled toward the pump pocket using a special
tunneling rod that is passed subcutaneously from the pocket to the lumbar
incision.

Pumps for intrathecal drug administration are usually inserted into the
anterior abdominal wall, most commonly into the left upper quadrant. The
exact location of the pump is chosen after consideration of the patient’s belt
line, wheelchair arms, prostheses, other implantable devices (e.g., spinal cord
stimulators), scars from previous surgical interventions, ostomies, etc.

A straight skin incision is made over the planned pump site. The sub-
cutaneous pocket is created so that the pump is covered by a soft tissue
layer no more than 2.5 cm in thickness. The pump is fitted into the pocket
and appropriate enlargement of the pocket is performed so that neither the
central reservoir port nor the sideport rests under the skin incision. Metic-
ulous hemostasis is a must.

Once the intrathecal catheter is tunneled to the pump pocket using a
tunneling rod, the catheter is connected to the pump attachment. The con-
nection is covered with a silicone sleeve and secured with nonabsorbable
sutures. Pump attachments are available in straight and right-angle config-
urations that fit different pump models.

Before the attachment of the catheter to the pump, the pump needs to
be tested and filled with medication. The programmable pump needs to be
interrogated using a pump programmer. The calibration constant is checked
and compared to the pump label. Pump settings are then changed from
factory preset slow continuous infusion to a complete ‘‘stop.’’ A small
‘‘purge’’ bolus is started so that the internal tubing of the pump may be
cleared. At the same time, the alarms are turned on and the residual volume
of the pump reservoir is checked. Once the purging bolus is completed, the
pump reservoir is entered with a noncoring needle and emptied by gentle
aspiration of the fluid from the reservoir using a 20-ml syringe. It is usually
possible to aspirate 14 to 16 ml of fluid from an 18-ml pump and 6 to 8 ml
from a 10-ml pump. The prescribed medication is then injected into the
reservoir through the central refill port. Detailed instructions for pump prep-
aration and filling are typically supplied with the pump. For a fixed rate
pump, the rate of infusion has to be checked by observing the flow from
the silicone extension tubing that is an integral part of the pump. A drop of
fluid should form at the tubing tip if a filled pump is kept at temperature of
90� to 95� F (32�–35� C) for 10 minutes.
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TABLE 2 Approximate Equianalgesic Dose

Oral Parenteral

Morphine 30 mg 10 mg
Hydromorphone 7.5 mg 1.5 mg
Levorphanol 2 mg 4 mg
Methadone 20 mg 10 mg
Oxycodone 30 mg 15 mg
Codeine 200 mg 120 mg

Once the pump is tested and its reservoir is filled, the catheter is at-
tached to the catheter connector or extension tubing of the pump. All tubing
connections are secured with nonabsorbable sutures. The pump is then
placed into its subcutaneous pocket, and excess catheter tubing is coiled
behind the pump. Suturing of the pump to the underlying fascia is performed
with nonabsorbable sutures that are passed either through metal loops on
the pump surface or through a Dacron sock that is supplied with the pro-
grammable pump. After additional irrigation, final hemostasis is achieved
and incisions are closed in standard fashion.

5 INITIATING INTRATHECAL THERAPY

Morphine is the most commonly used intrathecal medication for pain relief
and is currently the only drug approved by the U.S. Food and Drug Admin-
istration (FDA) for intrathecal pain therapy. Its long duration of action, pre-
dictable receptor affinity, and well-studied dosage titration and side effect
profile make it the ideal narcotic to start with when initiating intraspinal
analgesia in the majority of patients. The patient’s average daily dose of
narcotics from all sources needs to be converted to an equianalgesic intra-
venous morphine dose (Table 2). From there the epidural dose is one tenth
of the intravenous dose and the intrathecal dose is one tenth that of the
epidural dose. Therefore, a patient that requires 300 mg of continuous release
oral morphine each day would need approximately 100 mg intravenously,
10 mg epidurally, and only 1 mg intrathecally per day.

Drug properties, such as receptor affinity and lipophilicity, and patient
factors, such as age, pain severity, and the presence of neuropathic pain, can
make predicting the effects of the preliminary infusion rate challenging. To
avoid overdosing, only 50% of the calculated dose should be programmed
when initiating therapy, changing to other narcotics, or adding adjunctive
medications. Breakthrough narcotics with a short onset of action, adminis-
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tered orally, should be continued until intrathecal therapy is effective. Dose
increases of 20% to 30% are generally made every 5 to 7 days. A specific
ceiling dose has not been defined, but hyperanalgesic syndrome can occur
at high intrathecal doses (more than 25 mg per day of morphine) [16]. These
high-dose-related symptoms include acute severe pain, hypersensitivity, au-
tonomic abnormalities in the lower extremities, myoclonus, and piloerection.
The morphine metabolite morphine-3-glucuronide is thought to be respon-
sible. It binds to the glycine receptor producing strychnine-like effects on
the spinal cord. Therefore, caution is necessary at high doses because of the
unpredictability of this syndrome.

6 ALTERNATIVE DRUGS

6.1 Opioids

When intrathecal morphine has been titrated to ceiling effect levels or when
other intolerable side effects arise, switching treatment to another opiate may
prove advantageous (Fig. 1). Although not FDA approved for use in the
United States, hydromorphone is the second narcotic of choice for intrathecal
installation. It is a mu agonist that is five to ten times more potent than
morphine [17]. Hydromorphone has less rostral spread in the cerebrospinal
fluid (CSF), causing less stimulation at the chemoreceptor trigger zone,
which may translate into less nausea and vomiting.

Meperidine, a phenylpiperdine derivative, has been used in intrathecal
pumps as well. It is more lipid soluble than morphine or hydromorphone
and has a quicker onset of action. However, one of meperidine’s metabolites,
normeperidine, is associated with neurostimulant side effects, such as psy-
chosis and seizures. More data on its use may prove beneficial, as meperi-
dine has displayed some additional, local, nonopioid receptor-dependent,
anesthetic properties [17].

Intrathecal methadone is approximately 18 times less potent than in-
trathecal morphine [17]. The subsequent need for frequent refills and this
drug’s high side effect profile make its use limited. Both sufentanil and
fentanyl have been tried, but more studies are needed.

6.2 Adjunctive Anesthetics

Synergistic antinociceptive activity has been displayed by the addition of
local anesthetics to intraspinal opioids. They act by different mechanisms,
primarily blunting neuroexcitability within the spinal cord. Bupivacaine is
most frequently used because of its long duration of action, but tetracaine
[18] and lidocaine also have been studied. The addition of bupivacaine not
only improves pain control but can decrease morphine requirements, thereby
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FIGURE 1 Initiating intrathecal therapy.

reducing side effects and the need for frequent pump refills [19]. High doses
of bupivicaine (e.g., more than 30–60 mg per day) have been associated
with sensory deficits, motor complaints, autonomic dysfunction, and neu-
rotoxicity [17].

6.3 Adjunctive Alpha Agonists

When the use of the spinal anesthetics in a patient with chronic pain is
ineffective or intolerable, changing the adjunctive therapy to an alpha-2-
adrenergic agonist may prove successful [18]. Within this drug class, clon-
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idine, tizanidine, and dexmedotomidine have been used, but clonidine is the
most common of these agents. It is thought to produce analgesic effects by
inhibition of substance P release, thereby inhibiting nociceptive neurons
[18]. Clonidine has been found to potentiate the antinociceptive effects of
morphine approximately fivefold. It is especially effective in cases of neu-
ropathic pain. Dose-limiting side effects include hypotension and bradycar-
dia. Abrupt withdrawal may result in rebound hypertension.

It is important to analyze future intrathecal data for more than just
efficacy. Without proper attention to osmolality, pH, preservatives, and im-
purities, many substances used may result in neurotoxicity. The stability and
compatibility of combination drugs should also be addressed [20]. These
pharmacological considerations will especially hold true as the use of intra-
spinal administration expands to include more therapies.

7 COMPLICATIONS

Complications of intrathecal drug delivery pumps can be categorized into
three areas: surgical complications both during the initial procedure and the
postoperative healing phase, technical or system failures in the catheter and
the pump itself, and medication-related.

7.2 Surgical Complications

Infection risks are probably the most feared complication with the use of
intraspinal opioids. Infection can occur at the pump insertion site, along the
catheter track, and within the intrathecal space. The hardware must be placed
under sterile technique according to manufacturer recommendations with the
use of perioperative antibiotics and intraoperative antibiotic irrigation. After
the initial pump filling before implantation, the first puncture to refill the
pump should not be earlier than 10 days after implantation. While bacteri-
ostatic filters are present in the pump and the catheter tubing, great care
should be taken by trained practitioners to not introduce bacteria during
subsequent refills. Meningitis, although rare, should be suspected in the pres-
ence of fever, headache, stiff neck, rigors, and photophobia. If an infection
develops, normal skin flora, such as Staphylococcus aureus and S. epider-
midis, are the most common offenders.

Excessive bleeding is another surgical complication. The procedure
does not involve highly vascular areas, but the blind nature of the tunneling
rod and catheter placement may prove problematic. Postsurgical formation
of a small epidural hematoma can create a medium for bacterial growth; a
large clot can compress the spinal cord or cauda equina. As mentioned
above, if patients have bleeding disorders or are anticoagulated, these rep-
resent an absolute contraindication to pump placement.
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Tissue damage resulting in neurological sequelae such as radiculitis,
myelitis, paralysis, and incontinence may also occur [16]. Intrathecal gran-
uloma formation at the catheter tip can present as intractable pain or weak-
ness and have devastating effects [21]. Cerebrospinal fluid leakage and the
formation of CSF hygromas is also possible.

7.3 Drug Delivery System Complications

Complications involving the intrathecal hardware itself are most often re-
lated to the catheter, and pump malfunction is rare. The catheter can become
kinked, obstructed, dislodged, or disconnected, and it can leak or break [22].
Interestingly, some data indicate that the majority of catheter system com-
plications are related to implantation technique at the time of surgery and
not the catheter tubing itself [22]. The patient who reports a sudden loss of
pain relief or acute withdrawal symptoms should be evaluated radiographi-
cally for a catheter dysfunction. Patients who exhibit signs of narcotic over-
dose, either secondary to pump malfunction or miscalculation during refills,
should also have the reservoir drained and scanned. It is important to use
only radiocontrast agents that have been approved for use intraspinally to
avoid additional adverse effects. Naloxone, an opiate antagonist, may also
be required to reverse the analgesic.

The rapid acceptance of implantable pumps can likely be linked to the
improvements in the technology of the pumps themselves. Side ports ac-
cessible by small 25-gauge needles, batteries with longer half-lives (36 to
60 months), and catheters reinforced with a titanium coil, have decreased
the likelihood of problems and have made intrathecal pump placement a
more feasible alternative.

Typical narcotic side effects include pruritus, nausea, vomiting, urinary
retention, constipation, sexual dysfunction, and respiratory depression. The
exact mechanism of pruritus is unclear. Histamine release is not thought to
be the etiology, but antihistamines, such as diphenhydramine, are often ef-
fective. Nausea and vomiting are common with intrathecal opioids. It is
thought that the side effects result from interaction with opioid receptors in
the area postrema. Nausea could also be caused by unresolved constipation.
These symptoms tend to be dose-related and are usually relieved by anti-
emetics, such as metoclopramide, prochloroperazine, and ondansetron. Uri-
nary retention is an adverse effect most commonly found in elderly men
with enlarged prostates. It is not a dose-related phenomenon, but rather a
drug interaction with opioid receptors in the sacral spinal cord. Their stim-
ulation causes detrusor muscle relaxation and an increase in bladder capacity.
Adjunctive treatment with terazosin may be helpful. Constipation from
opioids is caused by decreased gastric motility and prolonged intestinal tran-
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sit time. To increase gastrointestinal motility, stimulant laxatives, such as
bisacodyl, are beneficial. Increased retention time allows for greater fluid
extraction and stool softeners, such as docusate, or bulk-forming laxatives,
such as psyllium, counteract these effects. Sexual dysfunction is another
adverse effect that should be monitored in both men and women. Levels of
thyroid functioning, cortisol, and testosterone or estrogen should be obtained
and followed if loss of libido, difficulty achieving or maintaining an erection,
or amenorrhea develops. Some patients may require hormone replacement
and the use of steroids.

Respiratory depression occurs most often in the opioid-naı̈ve after ini-
tiation or dose increase. It can occur early (within hours) or late and is the
result of interaction at the medullary respiratory center within the brain.
Caution should be exercised with coadministration from any route of other
central nervous system depressants. Tolerance to this side effect develops
with continued narcotic exposure.

7.4 Tolerance/Addiction

Many practitioners are hesitant to resort to intrathecal opioid administration
because of unrealistic fears of tolerance, physical dependence, or addiction
development. Analgesic tolerance is defined as a situation in which exposure
to the opioid itself causes higher dosages to maintain the same level of
analgesic effect. Early intrathecal animal models have shown that after only
7 days of repeated bolus doses of intrathecal morphine in primates, no effects
of the drug could be seen [23]. Clinical practice, however, does not exhibit
such rapid tolerance. In fact, it is difficult to distinguish opiate tolerance
from increased pain requirements resulting from disease progression.

Physical dependence and addiction, although often referred to inter-
changeably, are actually very different. Physical dependence occurs after
chronic use of narcotics by all routes of administration. The term refers to
signs of withdrawal upon abrupt discontinuation of opioids. Addiction, on
the other hand, is a psychological dependence on narcotics, displayed by
drug-seeking behavior without regard to harm to self or others. The likeli-
hood of development of addiction in a person with no history of drug abuse
is low. Narcotic abuse represents a relative contraindication to pump place-
ment; however, the dose cannot be altered without an external programmer.
A thorough patient history and common sense must be used to determine
the best course of action.

8 INTRAVENTRICULAR OPIOID ADMINISTRATION

The presence of intracerebral opioid receptors forms the scientific basis for
direct administration of opioid analgesics into the cerebral ventricles for

Copyright 2003 by Marcel Dekker, Inc. All Rights Reserved.



control of intractable pain [24]. The clinical experience indicates that in-
traventricular administration of morphine is most useful for cancer patients
with pain in the upper body, particularly the head and neck, and for patients
with diffuse pain [25].

Medication may be administered into the temporal horn of the lateral
ventricle or into the cisterna magna, but the most commonly used route
involves catheterization of the lateral ventricle or the third ventricle using a
precoronal burr hole [25]. The intraventricular catheter is connected to a
reservoir placed into the subcutaneous space. Both standard Ommaya res-
ervoirs (2-ml capacity) and smaller pediatric miniports with self-sealing elas-
tomer membrane have been used for intraventricular access ports [25].

Through these implantable access ports, intraventricular morphine is
administered by regular injections of sterile preservative-free morphine so-
lution percutaneously into the reservoir. The injections are usually done
daily, but in some cases maximal analgesia was achieved by dividing the
total daily dose of morphine into two equal doses administered every 12
hours. This technique provided good results in several clinical series with
duration of treatment up to 40 months [25]. Continuous infusion of morphine
by means of externally worn battery-powered infusion pumps connected to
a ventricular reservoir was also described [26].

It is also possible to administer intraventricular morphine using an
implanted pump. Both fixed rate pumps and programmable pumps have been
used for this purpose. The pump is usually connected to a convertible Om-
maya reservoir attached to the intraventricular catheter [27].

The main side effect of intraventricular opioid administration is nausea
requiring regular use of antiemetics. Other side effects include drowsiness,
somnolence and mental clouding, visual hallucinations, miosis, headache,
dizziness, pruritis, diaphoresis, urinary retention, and constipation [25]. Drug
overdose results in respiratory depression [28] that may be reversed with
naloxone. Infections occur with both implanted ports and pumps, sometimes
necessitating removal of hardware with systemic or intraventricular antibi-
otics. Additional reported complications include intracerebral hemorrhages
from chronic reservoir use, reservoir leakage, and epileptic seizures [29].

From published experience with more than 450 patients with intra-
ventricular morphine administration [25,29], it appears that this modality
may be highly effective and is relatively safe for the treatment of head,
neck, upper body, and diffuse pain of neoplastic origin.

9 CONCLUSION

The effective care of a patient with chronic pain may often prove challeng-
ing. However, with intraspinal and intraventricular opioid therapies, this pa-
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tient population may achieve exceptional pain control with a minimal degree
of adverse effects. Development of new drug delivery technologies and new
analgesic agents will make chemical neuromodulation a better means of pain
management, with further decrease and possible elimination of neurode-
structive procedures in the future.
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1 INTRODUCTION

Cordotomy is a procedure based on sectioning of the lateral spinothalamic
tract (LST). Edinger first identified the LST in 1889, and in 1905, Spiller
reported that pain and temperature sensations ascend in the anterolateral
spinal cord based on autopsy findings of tuberculoma patients at the thoracic
level of the spinal cord [1,2]. In 1910 Schüller sectioned the anterolateral
tract in monkeys and named the procedure ‘‘chordotomie’’ [3]. The first
cordotomy in man was carried out by Martin at Spiller’s instigation, with
many technical difficulties [4]. Cordotomy operations were classically per-
formed using the open technique through the cervical and upper thoracic
region by a posterior approach.

As cordotomy patients are typically in poor health and do not tolerate
open surgery well, clinicians have long sought noninvasive treatments to
accommodate them. Percutaneous cordotomy (PC) is a relatively new treat-
ment modality performed using a needle electrode system and, convention-
ally, X-ray guidance. This procedure was first described and performed by
Mullan in 1963 using a radioactive-tipped strontium needle [5]. Thereafter,
Mullan began making unipolar, anodal, electrolytic lesions in 1965 [6]. In
the same year, Rosomoff described a PC technique using a radiofrequency
(RF) electrode system [7], which allows the making of a small, discrete
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lesion in the pain-conducting system of the spinal cord. With the help of
impedance measurements and stimulation, evaluation of the target’s neuro-
physiological function became possible. The percutaneous method was per-
formed in the lower cervical region by an anterior approach by Lin and
Gildenberg in 1966 [8]. X-ray, the conventional visualization system in ste-
reotactic pain procedures, cannot demonstrate patients’ spinal cord mor-
phology. In 1988, Kanpolat et al published the first experience with com-
puted tomography (CT) visualization in a stereotactic pain procedure, later
using CT-guidance as a visualization method in PC [9,10]. Computed tomo-
graphic visualization offers the advantage of topographic orientation. Mor-
phological orientation and neurophysiologic evaluation of the target allowed
the use of this truly stereotactic method with radiofrequency energy [11,12].

2 PERTINENT ANATOMY

The target in cordotomy is the LST (Fig. 1A), which is located in the an-
terolateral part of the spinal cord [13–16]. This ascending tract carries in-
formation chiefly about pain and temperature and relays some tactile infor-
mation. The distribution of the pain-conducting fibers within the
anterolateral spinal tract is such that the small, ventrally located fibers
mainly conduct pain sensation. The organization of fibers from the outside
inwards is: superficial pain, temperature, and deep pain [16]. The antero-
lateral sensory system has a somatotropic relationship, with fibers from
higher levels laminating medially and ventrally, and fibers from lower levels
laminating laterally and dorsally within the LST [14–16]. Segmentation of
the fibers provides the opportunity for selective cordotomy, given that an-
teromedial lesions denervate the contralateral arm and upper chest region,
whereas posterolateral lesions denervate the sacral and lumbar area (Fig.
1B).

Morphometric studies of the spinal cord at the level of the surgical
approach have provided critical information pertaining to anatomical ori-
entation for cordotomy. We measured the spinal cord diameters of 63 pa-
tients who underwent computed tomographic (CT) guided PC at the C1-C2
level at 7.0 to 11.4 mm (mean 8.66 � 0.72 mm) anteroposteriorly, and 9.0
to 14.0 mm transversely (mean 10.9 � 1.56 mm) [17].

Between the anterior extent of the pyramidal tracts and the posterior
aspect of the lateral spinothalamic tracts is a narrow ‘‘safety zone’’ of white
matter. The pyramidal tract is usually located posterior to the dentate liga-
ment. It must be remembered, however, that in rare instances the dentate
ligament is located posterior to its normal place [15]. Moreover, there is
much variation in the size and location of the ventral corticospinal tract; for
example, sometimes it does not decussate at all. Because motor decussation
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FIGURE 1 A, Schematic representation of the needle in lateral percutaneous cordotomy at the C1-C2 level. B,
Ideal position of needle electrode system in the target (LST). (Copyright).
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may extend from the obex to the C1 level, contralateral leg weakness may
also occur if the lesion is made too high [16]. The ventral spinocerebellar
tract is located in the lateral part of the LST. Lesions of this tract cause
ipsilateral ataxia of the arm. Autonomic fibers related to bowel and bladder
function are found in the lateral part of the lateral horn of gray matter.
Immediately posterior to the autonomic fibers are vasomotor fibers, bilateral
lesioning of which causes hypotension [16]. The most important region re-
lated to upper cervical cordotomy practice is the medial aspect of the LST,
where the descending respiratory pathway is located [18]. Bilateral lesions
of this pathway may cause sleep-induced apnea, the most important com-
plication of bilateral cordotomy.

3 INDICATIONS FOR PERCUTANEOUS CORDOTOMY

Cordotomy is the preferred method if the surgeon is certain that the patient’s
intractable pain is transmitted in the LST. The best candidates for cordotomy
are patients with unilateral somatic cancer pain and compression of the
plexus, roots, or nerves [19]. Tasker defined two types of pain as indications
for cordotomy: one is intermittent, neuralgia-like, shooting pain into the legs
associated with a spinal cord injury typically at the thoracolumbar level; the
other type is evoked pain—allodynia or hyperpathia—associated with neu-
ropathic pain syndromes that arise from peripheral neurological lesions
[19,20].

The indications for open and PC involve the same types of patients.
Percutaneous cordotomy is generally preferable, but open cordotomy is rec-
ommended if the necessary equipment is not available or the surgeon’s ex-
perience is inadequate to perform PC. If the patient has anomalies or other
diseases of the upper cervical region, open cordotomy is again recommended
[19,20]. Contrary to popular opinion, unilateral upper body pain (secondary
to lung carcinoma, mesothelioma, or Pancoast tumors) and bilateral somatic
intractable pain in the lower body and extremities can be controlled by CT-
guided, unilateral, or bilateral selective cordotomy [11,12]. Nowadays, with
the help of imaging techniques and the recent contribution of electrode tech-
nology, cordotomy can be performed safely and effectively. Thus, CT-guided
PC should be considered the treatment of choice even before morphine ther-
apy [11,12]. Cordotomy is contraindicated in patients with severe pulmonary
dysfunction, those who are unable to stay in a supine position for 30 to 40
minutes, and those whose partial oxygen saturation is less than 80%. For
patients with bilateral intractable pain of the chest and arms, bilateral high
cervical cordotomy is not recommended by the author.
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4 PERCUTANEOUS CORDOTOMY TECHNIQUE

Percutaneous cordotomy is routinely performed using an RF system con-
sisting of a generator, specially designed needles, and electrodes. The di-
ameter and length of the uninsulated tip of the electrode are critical, because
the lesion size is directly related to these parameters. The author uses an
electrode kit (KCTE Kanpolat CT Electrode Kit, Radionics, Inc., Burlington,
MA) with 20-gauge, thin-walled needles and plastic hubs designed to avoid
imaging artifact problems. Demarcations on the cannula indicate the depth
of insertion (Fig. 1A). The kit also includes two open-tip thermocouple elec-
trodes with 2-mm tips and diameters of 0.30 mm and 0.40 mm (one straight-
tip electrode and one curved tip). The smaller-caliber electrode (0.30 mm)
is usually used for bilateral cordotomy, whereas the larger electrode is pre-
ferred for unilateral cordotomy [21].

The patient should have been fasting for 5 hours preoperatively. In CT-
guided PC, contrast material should be administered into the subarachnoid
space of the spinal cord by lumbar puncture (7–8 ml of 240 mg/l Iohexol)
20 to 30 minutes before the operation. If lumbar puncture cannot be toler-
ated, contrast material (5 ml Iohexol) is injected at the C1-C2 level. The
patient is placed in the supine position, and the upper cervical spine must
be kept in a horizontal position, particularly for X-ray-guided cordotomy
(Fig. 1A, B). In conventional lateral and anterior cordotomy, the head is
flexed and fixed. In CT-guided cordotomy, the procedure is performed in the
CT unit with the patient in the supine position. The head is placed on the
head holder, flexed and fixed with a fixation band. Local anesthesia is usually
adequate, but neuroleptic anesthesia may be used if necessary. General an-
esthesia is used by some surgeons [22], although rarely, but is not recom-
mended by the author because of the need for communication with the
patient during the procedure.

The electrode system is placed on the anterolateral aspect of the an-
terolateral spinal cord with the assistance of an imaging method (Fig. 2, Fig.
3). Computed tomography shows the morphology of the spinal cord segment
directly, whereas X-ray allows only indirect visualization of the spinal cord
without demonstration of the relationship between the spinal cord and the
needle electrode.

In conventional C1-C2 lateral cordotomy, the needle is inserted per-
pendicularly, 1 cm below and behind the mastoid process after deep local
anesthetic infiltration (Fig. 1A, B). The local anesthetic needle is used as a
guide needle before the initial puncture if an X-ray or CT image is taken.
As a safety precaution the author uses a cannula (Kanpolat cannula, Ra-
dionics) with demarcations demonstrating the amount penetrated.

In CT-guided cordotomy, the skin-dura distance and needle direction
must be monitored. The needle is then placed 1 to 2 mm anterior to the
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FIGURE 2 Stages of CT-guided left C1-C2 percutaneous cordotomy. Po-
sition of needle at C1-C2 level on lateral scanogram.

FIGURE 3 Final position of the needle on axial computed tomographic
scan.
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FIGURE 4 Incomplete insertion of the electrode.

FIGURE 5 Final position of electrode in the target on axial computed
tomographic scan.

dentate ligament. As lateral puncturing of the dura usually causes pain, local
anesthetic infiltration is recommended. The needle position is seen at every
step of manipulation on lateral scanogram and axial CT scans using a 1-mm
slice thickness (Figs. 2, 3). Multiple maneuvers under CT guidance may be
needed to fix the needle in this position. The active electrode is then inserted
into the cannula using one insertion. The location of the electrode in the
spinal cord, as well as displacement or rotation of the spinal cord, can be
visualized (Figs. 1C, D; 4, 5).
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If conventional cordotomy is performed using X-ray guidance, use of
an image intensifier is recommended. Visualization of the dentate ligament
in the lateral X-ray is mandatory. Because water-soluble dyes do not dem-
onstrate the dentate ligament [19,20], oil-based contrast material must be
used; however, the risk of arachnoiditis with such dyes remains a problem.
Theoretically the anterior part of the spinal cord could be visualized by air
myelogram, and the posterior part by oil-based contrast material. Antero-
posterior imaging is usually used to demonstrate the position of the needle
just in the lateral margin of the odontoid process.

In the anterior approach, the skin, subcutaneous tissues, and paraver-
tebral fascia are infiltrated with local anesthetic. An 18-gauge, thin-walled
spinal needle is inserted opposite the cordotomy site, medial to the carotid
sheath and lateral to the trachea and esophagus at the C4-C5, C5-C6 or C6-
C7 level. With the help of X-ray imaging or CT, the needle is observed as
it passes through the disc space and is placed in the anterior lateral part of
the spinal cord [23–25]. After reaching the subarachnoid space, only the
anterior part of the spinal cord can be visualized indirectly on air myelogram
[23,24].

To confirm whether the electrode is in the cerebrospinal fluid (CSF)
or the spinal cord, the surgeon obtains impedance values and determines the
neurophysiologic response of the compartment where the electrode is lo-
cated. Impedance measurements are an important indication of passage into
a new medium along the path of the electrode. Impedance values are ap-
proximately 400 Ohms in the CSF; an increase of approximately 200 Ohms
is observed when there is contact between the electrode tip and the pia. The
value is almost always greater than 1000 Ohms after insertion into the spinal
cord.

Real neurophysiologic confirmation of the target is obtained by stim-
ulation, necessitating that the patient be alert to cooperate. As a rule of
functional neurosurgery, stimulation must be initiated at minimum voltage
values: 2–5 Hz stimulation with 0.4 to 1.5 volts causes ipsilateral trapezius
muscle contraction, indicating that the electrode is within or near the anterior
gray matter of the LST. Ipsilateral motor responses in the arm or leg indicate
that the electrode is in the corticospinal tract; 100 Hz stimulation with 0.2
to 1.5 volts causes pain, paresthesia, or warmth in the LST. Use of a curved
electrode allows the surgeon to rotate the needle 0.5 mm anteriorly or pos-
teriorly to place the electrode in a specific part of the tract in the lateral-to-
medial plane. In CT-guided cordotomy, the position of the electrode must
be confirmed by new CT images. The author believes that if stimulation is
confirmed by the CT image, the effectiveness, safety, and selectivity of PC
are gained in this golden state. This is currently only obtained with CT
imaging and stimulation. The final step of the procedure is to make con-
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trolled radiofrequency lesions. A test lesion should be made at 55� to 60� C
for 60 seconds before making the final lesions. The author then recommends
making two to three lesions at a temperature of 70� to 80� C for 60 seconds,
checking the patient’s neurological function, particularly analgesia level and
motor function, after making each lesion.

Bilateral PC is usually performed with a 1-week interval. Bilateral
procedures may present technical difficulties, but we recommend using bi-
lateral selective cordotomy for intractable pain in the lower Th10 dermatome.
If the pain is located in the upper segment, C1-C2 percutaneous lateral
cordotomy is performed on one side and percutaneous anterior cordotomy
is performed on the other [23–25]. The author prefers to use a small-caliber
electrode for CT-guided bilateral cordotomy only in cases with somatic
lower body pain. The pain-dominant side is selected for the first denervation.
After the test lesion is made, one or two lesions are made at a temperature
of 70� to 80� C.

The patient is kept in the supine position with the head elevated for 1
hour after the procedure. After an observation period of 6 hours, unilateral
cordotomy patients may go home if conditions permit, but bilateral cordo-
tomy patients must be observed in the intensive care unit. Blood pressure
must be monitored carefully because of the risk of hypotension, especially
on the day of the procedure. Other important problems are related to lesions
of the reticulospinal tract, which controls the rhythm and depth of ventila-
tion. Blood gases must be evaluated and sleep patterns monitored. Patients
with respiratory complications are kept in the hospital for 2 to 3 weeks. The
surgeon who performs cordotomy and controls pain successfully must re-
member not to stop morphine therapy suddenly. Most patients reduce their
dosages progressively and discontinue morphine use over time.

5 RESULTS AND COMPLICATIONS

Results depend on the volume of the destroyed part of the spinal cord at the
approach level, whereas complications are related to spreading of the lesion
in the area surrounding the target. With percutaneous techniques, controlled
lesions are made with the help of morphological and functional monitoring
of the target. Sindou [26] reviewed 37 series in the literature comprising
5,770 cordotomy cases. Among patients with cancer (2,022 cases), early pain
relief was achieved after open anterolateral cordotomy in 30% to 97% of
patients (mean 70.9%), and after percutaneous anterolateral cordotomy in
76% to 100% of patients (mean 88.3%). Long-term pain relief was experi-
enced by 75% of patients at 6 months and 40% after 1 year. Among non-
cancer patients, Sindou reported 21.4% to 75% pain relief (mean 47%). The
best results were obtained in lower spinal cord pain or cauda equina injuries
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and in painful amputation stumps or phantom limbs. Long-term results have
not been described by many authors (26). Cordotomy results after 3 months
to 10 years, as reported by Rosomoff, were as follows: the success rate was
84% at 3 months (495 patients), 61% between 3 months and 1 year (185
patients), 43% for years 1 to 5 (127 patients), and 37% for years 5 to 10
(32 patients) [27].

The outcome and complication rate associated with cordotomy are re-
lated to proper placement of the lesion and the lesion diameter. Lahuerta et
al [30] reported that the best results were obtained by creating lesions that
extended 5 mm into the cord and destroyed about 20% of the hemicord.
This is a critical aspect of the success and complication rate of cordotomy.
The author believes that if the location of the destruction is established
through a direct imaging technique such as CT, confirmed by stimulation
and destroyed with controlled lesions, the best results can be obtained with
no or minimal complications. The mortality rate of cordotomy is related to
the level of the procedure and whether it is unilateral or bilateral. This rate
has been reported as 5.1% for open and 3% for percutaneous procedures in
collected series [26]. Mortality is particularly increased in bilateral cervical
cordotomy cases above the C4 level. Death occurs most commonly with
destruction of a large portion of the anterolateral column of the reticulospinal
tract, especially in bilateral lesions at the C1-C2 level [26–28]. This group
of patients usually dies because of sleep-induced apnea. Motor weakness is
another important complication and usually occurs when lesions are made
in the posterior part of the target area. The complication rate is higher in
the open cordotomy group, especially in bilateral cordotomy patients. The
overall motor complication rate in collected percutaneous series is 3.5%
[26]. Two percent of patients in Lipton’s series of 710 patients, and 3% of
Rosomoff’s series did not recover motor function [27,28]. Ataxia usually
occurs as a result of destruction of the spinocerebellar tract. In PC, ataxia
usually disappears within 2 weeks. Permanent ataxia was reported at a rate
of 3% by Rosomoff and 0.5% by Lipton [26,29]. Post-cordotomy dysesthesia
is a real complication of cordotomy caused by sectioning of the LST, es-
pecially for patients with intractable pain in benign disorders, because of
their extended life-spans. The incidence is given as 1% in large series
[27,29]. Horner syndrome is frequently observed in cervical cordotomies but
usually disappears in the long term [26]. Orthostatic hypotension, as well as
urinary and sexual disturbances, is usually seen in bilateral lesions.

The author believes that these series and figures do not provide suffi-
cient documentation of the real status of cordotomy, as most cordotomies
were performed 30 to 40 years ago. The author thus presents his series of
169 CT-guided percutaneous lateral cordotomies performed since 1987 in
151 patients at the C1-C2 level. Of these, 144 patients had intractable pain
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caused by malignancy. Contrary to conventional criteria, most patients had
intractable pain in the chest or arm region and were considered poor can-
didates for X-ray-guided PC. The majority of patients (77 cases, 53.4%) had
malignancy of the chest, breast, including pulmonary carcinoma (40 cases,
27.7%), mesothelioma (18 cases, 12.5%), Pancoast tumor (13 cases, 9%),
breast carcinoma (6 cases, 4.2%), and others (64 cases, 46.6%).

In the group with cancer pain, pain control was obtained in 139 pa-
tients (96.5% initial success rate). Pain relief was obtained selectively in
79.2% and nonselectively in 20.8% of cases. Bilateral selective cordotomy
was performed on 10 patients with intractable pain in the lower trunk and
lower extremities, with achievement of pain control in nine of them (90%
initial success rate). Computed tomographic-guided PC was performed in
seven patients who had some form of intractable pain originating from be-
nign pathological states, such as painful rhizopathy after disc surgery, gun-
shot, sciatic nerve injury, and spinal cord injuries. Complete pain control
was obtained in four patients, partial pain control in two, and the procedure
was ineffective for one patient with C5 root avulsion. Overall, short-term
complications included transient paresis in five cases (3.4%) and transient
ataxia in five cases (3.4%). Postcordotomy hypotension was observed in
three patients (two of which were bilateral), but the patients stabilized with
medical treatment on the first postoperative day. In two patients who un-
derwent bilateral cordotomy, urinary retention was observed within 2 days.
The only true postcordotomy complication was dysesthesia, which was ob-
served in four patients (2.6%).

6 CONCLUSIONS

The goal of cordotomy is to interrupt pain transmission in the LST. Con-
ventionally, the procedure has been performed with open techniques, and
some experienced surgeons continue to use these methods. If used safely
and effectively, the open technique can be acceptable, but has two main
disadvantages: first, open approaches, whether anterior or posterior, are not
well tolerated by patients in poor health; second, this functional procedure
is performed under general anesthesia. Current technology enables us to
monitor some spinal cord functions but does not permit the surgeon to co-
operate with the patient during the operation. The percutaneous application
is performed under local anesthesia, which allows cooperation with the pa-
tient during the procedure and facilitates neurophysiological monitoring and
controlled lesioning of the target. In conventional PC, the most critical prob-
lem is that the visualization system—X-ray imaging—demonstrates the spi-
nal cord indirectly. Even with the use of contrast material, only the dentate
ligament plus the anterior and posterior borders of the spinal cord are vi-
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sualized, not the spinal cord segment at the approach level. With X-ray
imaging, individual spinal cord diameters, which are necessary for calibra-
tion of the depth of the inserted part of the active electrode, are not mea-
sured. The needle direction cannot be superimposed on the target, which
facilitates insertion of the active electrode using morphological orientation.
Finally, the target-electrode relation is indirectly demonstrated.

The new version of cordotomy—CT-guided, percutaneous cordotomy
—is a stereotactic, real-time, functional procedure. Three-dimensional ste-
reotactic localization is obtained by the CT image. Each patient’s spinal cord
diameters are measured and used to adjust the depth of the inserted part of
the active electrode for each case [18]. Direct visualization averts the need
for multiple maneuvers when placing the electrode with the help of impe-
dance measurements. Functional evaluation of the target with stimulation
allows selective cordotomy to be performed unilaterally or bilaterally using
controlled lesions made in close cooperation with the patient. Cordotomy is
indisputably an effective procedure in neurosurgery practice and is still used
by surgeons. A tremendous number of patients worldwide could benefit from
PC with CT guidance. The best results are obtained in properly selected
patients using the appropriate technique.
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1 INTRODUCTION AND BACKGROUND

The dorsal root entry zone (DREZ) operation was originally developed by
Dr. Blaine S. Nashold, Jr. based on laboratory and clinical observations
concerning deafferentation pain. The initial clinical indications were intrac-
table, persistent pain resulting from plexus avulsion, for example, brachial
plexus and lumbosacral plexus avulsions resulting from trauma. The first
operations for DREZ lesioning were performed by Dr. Nashold on patients
at Duke University Medical Center beginning in 1976 and provided sub-
stantial relief for patients with intractable pain secondary to plexus avulsions.
Although Marc Sindou of Lyons had described and performed ‘‘selective
posterior rhizotomy’’ as early as 1972, the DREZ operation was unique in
that it was designed to interrupt completely the sensory pathways by de-
stroying the second order neurons in the dorsal horn rather than preferen-
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tially destroy only the small-diameter nociceptive fibers as in Sindou’s
rhizotomy.

Since its introduction almost a quarter of a century ago, the indications
for DREZ lesioning have expanded to include the treatment of many types
of intractable pain including traumatic plexus avulsions, conus medullaris and
cauda equina lesions, postherpetic pain, postamputation pain, brachial plexus
radiation injuries, brachial plexus stretch injuries, cancer pain, postoperative
(postrhizotomy and postthoracotomy) pain, and peripheral nerve injury pain.
In addition, a specialized variation of the spinal cord DREZ lesion, the nucleus
caudalis DREZ operation, was developed to treat intractable facial pain and
is often indicated for other refractory cranial pain [Nashold, 1992], including
trigeminal neuralgia that has failed other procedures, anesthesia dolorosa com-
plicating prior procedures, peripheral nerve pain after infection or trauma (in-
cluding dental procedures), cluster headaches, and others.

The clinical results after DREZ lesioning, in those patients who have
the classic indications of traumatic plexus avulsions as well as for other pain
syndromes, especially some with facial pain, continue to be substantial and
durable.

2 NORMAL ANATOMY AND NEUROBIOLOGY

2.1 Spinal Cord Dorsal Horn

The dorsal root entry zone refers to the interface between the central and
peripheral nervous systems in the spinal cord and specifically includes
Rexed’s laminae I–V, located in the posterior dorsal horn of the spinal cord.
It is the pathway through which sensory afferents enter the central nervous
system (CNS) during development and the area in which the first synaptic
relay and integrative center for nociceptive afferents are located. Although
laminae I–V each has a unique and discrete neuronal and cellular make-up,
they all serve as anatomical endpoints for primary sensory afferents in which
nociceptive impulses from the periphery are received, modified, and relayed
by second order neurons projecting to supraspinal levels.

Nociceptors in laminae I–V can be classified as mechanical, thermal,
or chemical and receive input from a number of sensory afferents, including
A�, A�, A�, and C fibers. A� and C fibers are fine-diameter fibers that pri-
marily terminate in laminae I, II, and V on nociceptive mechanoreceptors.
The majority of unmyelinated primary afferents or C fibers that carry pain
modalities pass through the first order synapse in lamina II (ie, the substantia
gelatinosa).

The second order neurons also reside in this region, specifically in
Rexed’s lamina II for the pain pathways. Among the cell types in lamina II
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are Golgi type I neurons or relay neurons and Golgi type II cells, which
primarily have an integrative function. Primary afferents carrying pain mod-
alites synapse on either Golgi type I or type II cells, which in turn integrate
that information and project axons that extend through the dorsal horn, cross
the midline of the spinal cord over the course of two ascending segments,
and then project rostrally to the thalamus by way of the ascending anterior
and lateral spinothalamic pathways. Dorsal root entry zone lesioning, there-
fore, includes creating a lesion that extends across laminae I–V, through the
entire dorsal horn.

2.2 Nucleus Caudalis

The nucleus caudalis is an elongated structure located on the dorsolateral
surface of the cervicomedullary junction. It extends from the level of C2,
in the upper cervical cord, rostrally to a region approximately 1 cm above
the obex. It is anatomically homologous with the substantia gelatinosa in
the dorsal horn of the spinal cord and harbors the second order neuronal
cell bodies that project axons carrying pain and temperature sensation from
facial sensory dermatomes, supplied by the branches of the trigeminal nerve,
to the thalamus.

The nucleus caudalis has two main somatotopic organizations. The
most fundamental organization is lateral-to-medial corresponding with tri-
geminal divisions V1, V2, and V3, respectively. A less obvious organization,
but one that is critical to the clinical success of the nucleus caudalis DREZ
operation, is a rostral-to-caudal organization with a corresponding concentric
target, or so-called ‘‘reptilian’’ or ‘‘onion skin’’ dermatomal distribution. The
perioral portions of V2 and V3 are found at the most rostral aspects of the
nucleus, above the obex; whereas, the more peripheral facial regions away
from the mouth are located progressively more caudally directed down to
C2. Pain afferents from cranial nerves VII, IX, and X project to the most
medial aspect of the caudalis nucleus, adjacent to the cuneate fasciculis.

3 PATHOPHYSIOLOGY OF NEUROPATHIC PAIN

Many theories have been proposed for explaining the pathophysiology of
chronic pain after injury to peripheral nerves, dorsal roots, or dorsal root
ganglia. The various proposed mechanisms of chronic pain production re-
main controversial, but it is generally accepted that hyperactivity in noci-
ceptive pathway neurons as well as neuronal hypersensitivity to abnormal
discharges from injured peripheral ganglia or neurons are involved in the
pathophysiology of chronic neuropathic pain.

When a patient sustains a traumatic plexus avulsion, as in the case of
a motorcyclist striking a tree impacting mainly over the lateral chest and
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shoulder, the sudden and forceful impact avulses some of the nerve roots
directly from their attachments at the posterolateral spinal cord. The second
order neuronal cell bodies in the posterior horn of the spinal cord are thus
‘‘deafferented,’’ removing their normal input. In many cases, these deaffer-
ented cell bodies progress, over a variable period, to spontaneously fire im-
pulses along their axons toward the third order neurons in the thalamus. A
similar situation occurs after traumatic hemipelvectomy with resultant lum-
bosacral plexus avulsion.

The DREZ lesion was designed to coagulate and destroy these second
order neuronal cell bodies in the substantia gelatinosa of the posterior horn.
It, eliminates the firing of pain impulses along the spinothalamic axons and
often rids the patient of pain. One typically generates a zone of hypalgesia
into the previously painful region, but this is rarely cause for complaint. The
exact mechanisms by which chronic pain is produced have yet to be eluci-
dated and remain somewhat controversial; the phenomenon, however, is real
and DREZ lesioning has provided effective results in eliminating chronic
pain of various etiologies.

4 INDICATIONS

The DREZ lesion has been used for a wide variety of pain syndromes in
addition to deafferentation pain. Dr. Nashold and several of his trainees from
Duke have published their results using the spinal cord DREZ lesion to treat
patients with pain of multiple etiologies, including paraplegia-associated and
spinal cord injury pain, postherpetic neuralgia, phantom limb pain, reflex
sympathetic dystrophy and causalgia, chronic low back pain, and various
refractory peripheral nerve pains In more recent years, DREZ lesioning has
shown some efficacy in the treatment of a number of other centrally medi-
ated pain syndromes, including pain resulting from conus medullaris nerve
root avulsions, pain from spinal cysts, spasticity, and hyperactive bladder.

Pain associated with syringomyelia was not originally felt to be ame-
nable to the DREZ operation because the etiology is based in damage to the
axons stretched around the syrinx rostral to the dorsal horn neurons. Recent
results indicate that syrinx pain can respond well to the DREZ, presumably
by eradicating the cell bodies that initiate the pain signal transmission.

The nucleus caudalis DREZ procedure is a specialized form of the
operation that is used mainly for facial pain, or occasionally for other cranial
discomfort [Nashold, 1992]. In general, it is not indicated for routine facial
pain, or tic douloureux, unless the pain has been refractory to other proce-
dures, such as glycerol injection, radiofrequency rhizotomy, or microvascular
decompression. The nucleus caudalis DREZ operation is especially useful
in these refractory cases, or in pain related to failure of these procedures
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(such as anesthesia dolorosa, which was the indication for DREZ in ap-
proximately half of the original series from Duke).

5 OPERATIVE NEUROANATOMICAL AND TECHNICAL

DETAILS OF THE DREZ LESION

5.1 Neuroanatomical Localization of Lesion

The use of intraoperative neurophysiological measurements in neurosurgical
procedures is not a new practice. In fact, a variety of neurophysiological
recording techniques are commonly used to reduce the incidence of irre-
versible CNS damage during surgery. Less common, however, has been the
use of neurophysiological intraoperative recordings for anatomical locali-
zation in the nervous system. Dorsal root entry zone lesioning has been one
of the few instances when neurophysiological methods, primarily the mea-
surement of somatosensory evoked potentials (SSEPs) and impedance, have
been used to ensure correct anatomical localization of the dorsal horn and,
more importantly, of the pyramidal tract so that it can be avoided. Other
intraoperative techniques used to localize the dorsal horn include electro-
myogram (EMG) recordings peripherally while the pyramidal tract is stim-
ulated by the DREZ electrode, myotome localization by simultaneous cord
stimulation and recording over the peripheral muscle, recordings of cord
dorsum potentials that have been evoked by stimulation of the dorsal roots,
and spinal cord mapping with evoked responses for accurate DREZ local-
ization.

5.2 Intraoperative Measurements of Impedance

Since its introduction into neurosurgery by Meyer in 1921, when impedance
was measured while performing freehand brain biopsies in humans, imped-
ance measurements have evolved as an invaluable intraoperative tool in
many neurosurgical procedures. As defined by Ohm’s Law— Z = E/I, (Z =
impedance, E = electrical potential or voltage, and I = electrical current)—
tissue impedance is a passive electrical property that measures the resistance
to electrical current through a medium. As early as 1969, the utility of im-
pedance measurements in determining the transition zone from cerebrospinal
fluid (CSF) to spinal cord parenchyma in spinal cord cordotomies was re-
ported by both Taren et al. and Gildenberg et al. The importance of using
impedance measurements was recognized early in the course of DREZ le-
sioning as a means of differentiating normal and damaged spinal cord tissue,
thus aiding in the identification of the target dorsal root entry zone. In a
repeat DREZ operation, it can also assist in localizing a region of prior
DREZ lesioning.
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In DREZ lesioning, the voltage required to produce a current flow
between the DREZ electrode and a distant reference electrode, such as the
Radionics RFG-3B RF Lesion Generator (Radionics, Inc., Burlington, MA),
constitutes the impedance measurement. Before lesioning, the tissue imped-
ance of the dorsal horn in the human has been determined to range from
900 to 1200 ohms. The impedance value decreases after a DREZ lesion. In
addition, impedance values are markedly decreased in areas of spinal cord
pathology and thus can provide a boundary for DREZ lesioning as imped-
ance values decrease in the transition from normal cord to an area of dam-
aged dorsal horn.

5.3 The Lesion: Radiofrequency versus Laser

The classic DREZ lesion operation is performed using a radiofrequency
electrode to heat the target tissue to 75�C for 15 seconds. Lesions are made
approximately 1 mm apart, with great care to avoid disrupting the small
vessels over the surface of the spinal cord or brainstem. Earlier investigators
attempting to use CO2 lasers for DREZ lesioning found significant problems
with small vessel disruption.

Different electrodes are used for the spinal cord DREZ as opposed to
the nucleus caudalis DREZ. The RFG-3B lesion generator (Radionics, Inc.,
Burlington, MA) was the original lesioning source for the Duke series of
Dr. Nashold, but has recently been replaced by the improved RFG-3C and
other radiofrequency lesioning systems.

5.3.1 Spinal Cord DREZ Lesions

The standard spinal cord lesion is performed through the entire length of
the affected painful dermatomes. The spinal cord DREZ electrode is inserted
into the cord, at the level of the dorsal root entry zone, at a lateral to medial
angle of 20 to 30 degrees off a perpendicular vertical to the cord surface.

The DREZ lesions in the spinal cord are performed using the straight
Nashold DREZ electrode. One measures impedance on electrode insertion,
with relatively high values indicating possible penetration into posterior col-
umns and relatively low values suggesting possible penetration into a cyst
or syrinx.

5.3.2 Nucleus Caudalis DREZ Lesions

Fortuitously, this elongated sensory relay nucleus provides the surgeon with
the opportunity to preferentially limit the thermal lesion to involve primarily
pain fibers, a feat that cannot be performed in the microscopic region of
Rexed’s lamina II in the spinal cord. This specific lesion is of great benefit
for patients with facial pain, as corneal responses can be spared even if
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painful impulses originating from V1 and V2 dermatomal distributions are
eliminated, because of preservation of light touch pathways synapsing at
more rostral levels. The widespread observation that the nucleus caudalis
DREZ operation is more successful at eradicating atypical types of pain may
also be linked to this microscopic separation of various pain modalities and
the ability to more completely lesion a broad dermatomal pain region. In
contrast, the spinal cord DREZ lesion is mainly useful for true deafferen-
tation pain, as is encountered with plexus avulsions.

For the nucleus caudalis DREZ lesion, one performs a suboccipital
craniectomy biased 5 mm toward the side of the pain, approximately 3-cm
wide and 2.5-cm high. The initial lesion is performed at the level of the C2
dorsal root ganglion, with mediolateral location in the root entry zone. The
entry vector is in the transverse plane with approximately 20 to 30 degrees
lateral-to-medial direction. From 1982, when the nucleus caudalis DREZ
lesion was first introduced, the standard lesion was made for 15 seconds at
a temperature of 75�C. For the first 5 years, the Nashold spinal cord DREZ
electrode was used for making lesions in the nucleus caudalis. Dr. El-Naggar,
working in conjunction with Dr. Nashold, redesigned the electrode to be
used for the nucleus caudalis DREZ. His initial modifications called for two
electrodes with different distal angles and lengths of exposed electrode tip
for cord penetration. This design was the result of a careful anatomical study
of the variable relationship of the shape and size of the nucleus caudalis
analyzed from C2 to a centimeter above the level of the obex.

5.4 Complications

Complications related to DREZ lesioning fall into two major categories:
underlesioning and overlesioning. Underlesioning is a problem that contin-
ues to be addressed and, with continued improvement in the electrodes and
RF lesion generator, are decreasing in frequency.

Overlesioning, on the other hand, can have serious consequences, es-
pecially in the case of the spinal cord DREZ lesion. Complications of over-
lesioning range from sensory deficits to severe motor deficits, including para-
plegia and death. Sensory and motor deficits are often not the result of
imprecise anatomical placement of the electrode, but rather from scattering
effects from the thermal injury itself. For this reason, special attention should
be given to the impedance measurements intraoperatively, and the use of
SSEPs during DREZ lesioning is imperative. Other common complications
include infection, syrinx formation, limb ataxia, and weakness.

One reason for the failure of a DREZ lesion to be permanent may
be the ability of sensory axons to regenerate after injury. The peripheral
nervous system (PNS)/CNS junction, as found in the dorsal root entry zone,
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is especially supportive to axonal regeneration. In fact, the tendency of
DREZ lesions to be temporary rather than incomplete may be the result of
the temporal ability of sensory neurons to regenerate their axons and re-
establish appropriate connections. In other words, DREZ lesions, when tech-
nically adequate, often produce complete relief of pain, indicating sufficient
disruption of peripheral sensory input as well as the disruption of the neurons
responsible for the relaying of nociceptive input to higher centers. However,
with the return of pain at some later date, the regeneration of sensory axons
and their subsequent re-establishment with nocieptors is likely.

6 LONG-TERM RESULTS

Spinal cord DREZ lesioning has been used to successfully treat a number
of neuropathic pain syndromes refractory to conventional treatment, includ-
ing deafferentation syndromes, brachial and lumbar plexus avulsions, and
pain secondary to spinal cord injury. In addition, nucleus caudalis DREZ
lesioning has been successful in treating facial pain. Several clinical series
demonstrate the utility of DREZ lesioning in the treatment of many intrac-
table neuropathic pain syndromes and illustrate some of the limitations of
the procedure.

Bernard reviewed the records of the first 18 patients with intractable
facial pain treated with nucleus caudalis dorsal root entry zone lesions at
Duke. The pain etiology varied, but the largest group was that of postherpetic
neuralgia. In the immediate postoperative period, 90% of patients had sat-
isfactory pain relief in comparison to 58% on subsequent follow-up. Sev-
enty-one percent of those with postherpetic neuralgia had satisfactory relief
on subsequent follow-up. Favorable results correlated with (1) a lesser pre-
operative sensory deficit, (2) pain restricted to trigeminal distributions, and
(3) pain of a burning or lancinating/penetrating quality [Bernard, 1987].

Bullard and Nashold have reported their results in 25 patients under-
going nucleus caudalis DREZ lesions for refractory trigeminal neuralgia,
atypical headaches or facial pain, multiple sclerosis, brainstem infarction,
postherpetic neuralgia, posttraumatic closed head injuries, cancer-related
pain [Rossitch, 1989] and postsurgical anesthesia dolorosa. Initial postsur-
gery results were impressive for such usually refractory indications, with 24
of 25 patients having good to excellent pain relief at the time of discharge.
Good to excellent results were maintained in 19 of 25 patients (76%) patients
at 1 month and 17 of 25 patients (60%) at 3 months. Follow-up at 1 year
included only 18 patients, but 12 of 18 (67%) maintained good to excellent
pain relief, two reporting fair and four reporting poor pain relief. Because
of disruption of the spinocerebellar pathway directly overlying the nucleus
caudalis in the brainstem, 15 of 25 (60%) of patients had significant transient
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postoperative ataxia which resolved, in most, at 1 month. Minimal ataxia
remained in three of 18 (17%) of patients at 1 year, although none of them
considered it disabling. The other complications included transient diplopia
in two patients and increased corneal anesthesia in 3. One general advantage
of the nucleus caudalis DREZ lesion is that light touch is often preserved
in the cornea so that keratitis is a very infrequent complication. Bullard and
Nashold [1997] reported one case of keratitis in their 25 patients. Their
manuscript confirmed prior reports indicating that the nucleus caudalis
DREZ offers significant benefit in managing very difficult pain in these
patients.

At a meeting commemorating the 50th anniversary of Neurosurgery in
Egypt, held in Cairo in March 1999, Drs. el-Naggar and Nashold discussed
their results with alterations in the maximum temperature and anatomical
extent of the nucleus caudalis DREZ lesions. Specifically, a lesion temper-
ature of 80�C was used to obtain a more complete lesion of the nucleus
results in a higher initial success rate and more durable pain relief. Previ-
ously, the eradication of perioral V2 and V3 pain required the rostral-most
lesion be performed 10 to 12 mm above the obex. However, by increasing
the lesion temperature from 75�C to 80�C, they have obtained satisfactory
relief of perioral pain without lesioning above the obex. Further clinical
studies are required before this fundamental change in lesioning parameters
is widely recommended. However, their early results are promising.

In general, the nucleus caudalis DREZ operation has allowed for more
robust management of varied pain syndromes, including those resulting from
peripheral nervous system etiologies, than has the original spinal cord
DREZ. Perhaps this is because of the difference in anatomical distribution
of pain pathways relative to other sensory pathways. All the sensory relay
nuclei are localized in 1- to 2-mm region of the posterior horn in the spinal
cord, whereas they are spread through a much larger vertical nucleus ex-
tending from the level of C2 up through the medulla, with clear anatomical
separation into surgically accessible zones in the trigeminal nuclei (the nu-
cleus caudalis being the most caudal).

7 SUMMARY

The DREZ operation has provided substantial relief of pain for thousands
of patients who otherwise would have continued to suffer from their con-
dition. Many pain syndromes previously deemed ‘‘untreatable’’ have become
more manageable. Even anesthesia dolorosa, the dreaded complication of a
minority of trigeminal neuralgia procedures, can yield to the nucleus caudalis
DREZ operation in a significant number of cases. The DREZ is generally
not useful for peripheral etiology pain in the spinal cord (eg, chronic back
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pain, postherpetic neuralgia, neuropathic pain, and causalgia), although it
has a more reliable effect for such peripheral pains in the trigeminal distri-
bution (ie, pain after dental procedures, infections, or trauma) through the
nucleus caudalis.
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1 INTRODUCTION

Spasticity arises from a variety of neurologic disorders, including cerebral
palsy, multiple sclerosis, cerebrovascular accidents, spinal cord injury, and
head trauma.

Selective posterior rhizotomy is now an accepted procedure for reliev-
ing spasticity in carefully selected patients with spastic cerebral palsy (CP).
Recent developments in electrophysiologic monitoring and refinements in
surgical technique have led to a resurgence in the use of this procedure for
patients with spastic cerebral palsy [1–7]. Dorsal rhizotomy is performed
through bilateral L2 to S1 laminectomies or laminotomies to allow selective
division of lumbosacral posterior spinal rootlets with electromyographic
(EMG) guidance. In patients with cerebral palsy, judicious patient selection,
intraoperative monitoring, and intensive postoperative physical and occu-
pational therapy are essential for successful surgical outcome [1,8]. Ambu-
latory patients with spastic diplegia and those with pure spasticity without
motor weakness or severe contractures show the greatest functional improve-
ment [1,8,9].
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2 SPASTICITY AND CEREBRAL PALSY

Spasticity in childhood is most commonly encountered as a feature of ce-
rebral palsy, which results from an insult to the developing brain. Cerebral
palsy may be classified by the type of motor involvement (spastic, dystonic,
or mixed), or by the distribution of involvement (quadriplegia, diplegia,
hemiplegia). Loss of fine motor control, impaired balance, weakness, and
delayed motor milestones also occur. The progressive, deforming forces of
spasticity can lead to secondary muscle contractures and orthopedic defor-
mities, such as hip dislocation and scoliosis [10,11]. This disorder varies
widely in severity and may be associated with other problems such as hy-
drocephalus, seizures, learning disabilities, language problems, or sensory
processing disturbances. Developmental delay is often but not always a fea-
ture of CP. Spasticity in children is particularly problematic because of the
interference with normal growth.

2.1 Patient Selection

When considering the goal of neurosurgical intervention, spastic cerebral
palsy patients can be divided into two groups. The first group is composed
of those patients in whom functional improvement is expected. An example
would be a spastic diplegic 5 year old who walks independently with a
scissoring gait, flexed hips and knees, and an equinus foot posture. There
should be no evidence of dystonia and minimal fixed contractures. Although
range of motion may be limited in straight leg raising because of tight
hamstrings, in hip abduction because of tight adductors, and in ankle dor-
siflexion because of tight gastrocnemius-soleus muscles, a large portion of
the restricted movement may be caused by dynamic tightness rather than
structural shortening. By reducing spasticity, range of movement and stride
length should increase, posture should improve, and walking speed may be
accelerated. The second group is composed of those nonfunctional, severely
affected spastic quadriplegic patients in whom functional gains are unlikely,
but reduction of spasticity is expected to improve patient comfort, ease pa-
tient care, and reduce the risk of developing contractures, bony deformities,
and joint dislocations.

Rhizotomy is not effective in patients with severe, fixed contractures.
Tendon-lengthening procedures of structurally shortened muscle groups such
as hip adductors, gastrocnemius-soleus, and hamstring muscle groups by the
orthopedic surgeon may be indicated. In cases in which the patient has
already undergone tendon-lengthening procedures, rhizotomy is often con-
traindicated, as a reduction in tone may adversely affect posture.

Assessment of strength and control of voluntary movements are es-
sential. Some patients have little voluntary control and rely on the increase
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in tone to maintain posture. For them, reducing spasticity may actually be
detrimental. Identifying certain features can help in the difficult differenti-
ation between spastic patterns and voluntary movement. A voluntarily con-
trolled movement can be initiated and halted several times throughout its
range, whereas spastic movements tend to occur in gross patterns that, once
initiated, cannot be interrupted. If adequate voluntary power cannot be con-
firmed, then selective posterior rhizotomy is contraindicated.

Other factors to evaluate are truncal control, isolated muscle control
and the presence of primitive reflexes. If the goal is to improve gait and
truncal control is poor, then reduction of spasticity in the lower extremities
is unlikely to help. In severely affected spastic, quadriplegic children, rhi-
zotomy is unlikely to improve function, but it may help to prevent contrac-
tures or aid in positioning and posture.

The role of spasticity relative to the degree of clinical disability should
be considered. If weakness is minimally present and spasticity predominates,
selective dorsal rhizotomy may improve function. The procedure is contra-
indicated in patients with significant weakness (particularly postural mus-
cles), extrapyramidal disorders such as dystonia, athetosis, or rigidity, poor
truncal control, overlengthened tendons, severe contractures, or fixed spinal
deformities.

3 OPERATIVE TECHNIQUE

Intact neuromuscular activity is essential for intraoperative monitoring;
therefore, no neuromuscular blocking agents are used during the procedure
after the laminectomy or laminotomy has been performed. If excessive mus-
cular response to posterior nerve rootlet stimulation is encountered, deep-
ening the level of anesthesia with inhaled agents decreases the abnormal
excitability, preventing overt movements and facilitating the electrophysio-
logical evaluation.

After induction of general anesthesia and placement of an indwelling
Foley urinary catheter, the patient is placed prone on the operating table
with bolsters under the chest and pelvis to enable the abdominal wall to
move freely. This facilitates respiratory movements and prevents elevated
venous pressure in the epidural veins and thus minimizes blood loss. The
knees, feet, and elbows are supported and padded carefully with soft foam.
The patient is positioned with the feet near the lower end of the table, with
the head turned to the side on a soft circular headrest. The intercristal line
between the posterior iliac crests is used as a reference to locate the level
of the fourth lumbar spinous process. Alternatively, a cross-table lateral ra-
diograph may be used for localization. Counting from the L4 spinous pro-
cess, the skin is marked from L1 to S2. Local anesthetic is injected through
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the marked incision. After careful skin preparation, the surgical drapes are
arranged over a Mayo stand positioned above the patient’s feet and legs to
provide access for the EMG team. A transparent drape can be used to allow
visualization of the lower extremities by the surgeon. The EMG team places
needle electrodes into the muscle groups of interest at this time. Standard
electrode placement includes five muscle groups (hip adductors, quadriceps,
tibialis anterior, hamstring, and gastrocnemius) and the external anal sphinc-
ter muscle bilaterally.

After making the midline skin incision, self-retaining retractors are
placed. The lumbodorsal fascia is incised on either side of the supraspinous
ligament, which is preserved. The paraspinal muscles from L1 to S1 are
retracted laterally using subperiosteal dissection. The lowest mobile spinous
process is identified, usually L5, but in young children may be S1. The
ligamentum flavum is incised with a No. 15 blade below the laminae of L5
to expose the epidural fat. A laminectomy may be performed, but in most
cases a laminotomy from L5 to L2 is preferred. The laminae from L5 to L2
are cut bilaterally with a high-speed drill with a foot-plate attachment. The
facet complexes are carefully preserved and the width of the laminotomy
need not exceed 10 mm. The supraspinous and interspinous ligaments are
divided between L5 and S1 and the entire segment is retracted rostrally,
hinged on the interspinous ligaments between L1 and L2. In similar fashion,
the laminae of S1 are cut and the S1 segment is retracted and secured cau-
dally, thereby preserving the supraspinous ligament and exposing the upper
sacral dura (Figure 1). Hemostasis is achieved by applying bone wax to the
bone edges and bipolar cautery to epidural veins, and the epidural fat is
cleared away to expose the dura. The dura is incised using a fresh No. 15
blade, preserving the arachnoid membrane. The dural incision is extended
cephalad and caudad using a grooved director and the No. 15 blade. The
dural edges are tacked laterally with fine suture. The arachnoid membrane
is then incised, exposing the cauda equina. Cerebrospinal fluid is aspirated
through a cottonoid to protect the nerve roots.

Attention is then directed toward accurate identification of the nerve
root level by stimulating the anterior roots of S1 and S2. Two specially
insulated rhizotomy electrodes with blunt hooks (Aesculap Surgical Instru-
ments, Burlingame, CA) are connected by sterile wires to the electrical stim-
ulator. The S1 nerve root, which is usually the largest in the cauda equina,
is isolated and by gentle manipulation, the cleft between its anterior and
posterior roots is identified. The posterior root is broad and flat, while the
anterior root is round and smaller (Figure 2). The anterior root of S1 is
stimulated, and characteristic flexion at the knee and plantar-flexion at the
ankle are observed. Similarly, stimulation of the anterior root of S2 should
produce plantar-flexion at the ankle and flexion at the toes. At this point,
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FIGURE 1 Exposure for selective posterior rhizotomy. The L5 to S1 seg-
ment has been reflected rostrally, and the S1 segment is reflected cau-
dally. This preserves some blood flow to the posterior elements and
provides for rapid and efficient bony closure. The dura mater and arach-
noid membranes have been incised, revealing the cauda equina. (Printed
with permission M. Smyth, Batjer, ed., Textbook of Neurological
Surgery.)

FIGURE 2 Separation of a spinal root into its round anterior root, and
broad, flat posterior root. (Printed with permission M. Smyth, Batjer, ed.,
Textbook of Neurological Surgery.)
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FIGURE 3 Microscissors are used to section a rootlet generating an ab-
normal response. (Printed with permission M. Smyth, Batjer, ed., Text-
book of Neurological Surgery.)

the anatomical levels have been identified by using (1) bony landmarks, (2)
the size of the S1 root, and (3) the motor responses from the anterior roots
of S1 and S2.

Counting cephalad, the L2 root is identified and separated into its an-
terior and posterior components. The posterior root is then picked up with
the blunt hook electrodes and initially stimulated with a single 0.1 msec
stimulus, which is increased incrementally until the threshold for muscular
contraction is reached. The rootlets comprising the posterior root of L2 are
then carefully separated and stimulated. After a threshold muscular contrac-
tion to a single-pulse stimulus is determined, each individual rootlet is stim-
ulated with a 1-second-duration subthreshold 50 Hz tetanic stimulus, and
the muscular response is monitored. The selection of rootlets for division or
preservation is discussed in greater detail in the following section on intra-
operative monitoring. The assistant gently retracts the rootlets associated
with a normal response on a separate noninsulated nerve hook. Those root-
lets associated with an abnormal response are divided using neurosurgical
microscissors (Figure 3). The stimulation and recording are repeated at each
level from L2 down to S2. The surgeon works with the rootlets on the
contralateral side and moves to the other side of the table to repeat the
procedure when the first side is completed. In a typical rhizotomy procedure,
between 50 and 75 rootlets are stimulated and, depending on the degree of
spasticity, between 25% and 50% are subsequently divided.

Throughout the procedure, accumulated cerebrospinal fluid is aspirated
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through a small cottonoid. There are typically between two and four pos-
terior rootlets at the L2 level, with an increasing number at each subsequent
level down to S1, where there are usually between 8 and 11 rootlets. The
S2 root is the first to be smaller than the preceding root and usually contains
two to six very fine rootlets. When identifying the S2 root, it is important
to also visualize the S3 root, which may be adherent to the S2 root and
inadvertently stimulated with an S2 rootlet and divided.

After completion of the stimulation and rhizotomy stage, the dura is
closed with either a continuous locking or interrupted suture. Before place-
ment of the last stitch, sterile preservative-free saline is injected into the
intrathecal space with a blunt needle. The anesthesiologist performs a Val-
salva maneuver and any sites of leakage are oversewn until a watertight
dural closure is confirmed. The previously rotated posterior elements are
brought back into position and the medial and lateral cut edges of the li-
gamentum flavum are sutured at each level. Next the spinous process of S1
is sutured to that of L5 after replacing the S1 spinous process in its anatom-
ical position. The paraspinous muscles are reapproximated through the in-
terspinous ligament using interrupted suture. This brings the muscles into
good alignment with the bone and ligaments before the supraspinous liga-
ment is sutured to the lumbodorsal fascia. The skin is closed in two layers,
the first with subcutaneous interrupted absorbable suture and the outer layer
with a continuous locking nylon suture. A sterile, occlusive dressing is ap-
plied and the patient is taken to the recovery room or directly to the pediatric
intensive care unit.

3 INTRAOPERATIVE MONITORING

Rootlet selection for division is based on the electromyographic response to
electrical stimulation and visible muscle contraction. The overall clinical
picture is considered, and sacral-level rootlets associated with anal sphincter
activity are spared. Recordings from the muscles are made from 2.5 cm.
stainless-steel needles, placed two each in the anal sphincter and in five
muscle groups of each leg: hip adductors, quadriceps, tibialis anterior, ham-
strings, and gastrocnemius. This allows bipolar recording of each muscle
group, with tracings displayed on an electroencephalography chart recorder
at 30 mm/sec for simultaneous viewing of activity from all 11 muscle
groups.

Sterile, insulated rhizotomy electrode hooks are used to stimulate the
nerve roots with an electrical stimulator that allows delivery of both single
pulses and trains of stimuli. A constant-voltage electrical stimulator is used
because the voltage range remains fairly constant despite rather large dif-
ferences in the cross-sectional area of rootlets, whereas the amount of current
required would be greater for thicker rootlets than for thin ones. The roots
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may then be stimulated in a bipolar manner by gently lifting the root away
from the cerebrospinal fluid and applying a stimulus. The stimulating con-
tacts are separated by 5 to 10 mm, and the voltage is varied throughout the
testing procedure. Typically, between 0.2 and 5 volts are required for anterior
roots and 20 to 100 volts for posterior roots. The whole posterior root at
one level is first stimulated with single pulses to identify its threshold, which
usually corresponds to the rootlet threshold. Next, the root is subdivided into
its rootlets, which are stimulated in turn. Initial stimulation for each rootlet
uses single pulses, delivered individually at gradually increasing voltages
until the threshold for muscle contraction is reached. Next, 1-second trains
of stimuli are applied at voltages reduced to 30% to 50% of the single pulse
threshold, and gradually increased until the threshold for muscle contraction
is achieved. Next, at the train threshold, several repetitions are applied to
evaluate the pattern of muscle contraction and to assure reproducibility of
the findings for each rootlet. Suprathreshold stimulation is avoided because
diffuse spread of muscular contraction is usually produced inappropriately
and may be interpreted as an abnormal response.

Several patterns of EMG response are seen during trains of stimulation
(Fig. 4). ‘‘Squared’’ responses show a uniform amplitude of EMG across the
entire 1-second interval of train stimulation. ‘‘Decremental’’ responses either
gradually decrease in amplitude across the 1-second interval or decrease
mainly in the first 100 msec and remain squared thereafter. The squared and
decremental responses are considered normal. ‘‘Incremental,’’ ‘‘multi-
phasic,’’ ‘‘clonic,’’ ‘‘sustained,’’ ‘‘spread,’’ and ‘‘contralateral spread’’ pat-
terns are considered abnormal. The EMG amplitude of incremental responses
rises abruptly or gradually during the train of stimuli. Clonic responses in-
volve repeated bursts of EMG activity, often 5 to 12 bursts within a 1-second
train. Multiphasic responses have several phases of incremental and decre-
mental patterns within the same period of stimulation. Sustained responses
show persistence of the EMG activity beyond the 1-second of 50 Hz stim-
ulation. Equivocal responses fall outside the above categories, lying some-
where in between squared and clonic responses. Spread describes responses
in which stimulation produces contraction of other muscle groups than the
one being stimulated on the ipsilateral side, and contralateral spread refers
to contraction of contralateral muscle groups (Figs. 5 and 6). Ongoing back-
ground muscle activity may be present and should be disregarded in the
evaluation of responses. If excessive background firing is present or if higher
voltages are needed to obtain responses, adjustments in the level of anes-
thesia may alleviate the problem.

Generally, between 25% and 50% of rootlets are cut, but slightly more
may be divided in a severely affected patient. Division of all the rootlets at
any level should be avoided, and a more conservative approach should be
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FIGURE 4 Examples of single-channel electromyogram recordings seen
intraoperatively. The decremental and decremental-squared responses
are considered normal, whereas the incremental, sustained, multiphasic,
and clonic responses are abnormal. (Printed with permission M. Smyth,
Batjer, ed., Textbook of Neurological Surgery.)

used in a root undergoing division of multiple consecutive rootlets (usually
greater than three). At sacral levels, particularly S2, any activation of anal
sphincter activity is a contraindication to sectioning of that rootlet, even
with abnormal lower extremity responses. The decision to divide or spare a
rootlet is based primarily on the EMG response pattern to trains of stimuli,
but clinical judgment is also used. The behavior of the leg assessed visually
or by palpation is considered, as are factors such as the number of rootlets
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FIGURE 5 Examples of ipsilateral and contralateral spread. Stimulation
of an S1 rootlet on the right demonstrating proximal ipsilateral spread.
(Printed with permission M. Smyth, Batjer, ed., Textbook of Neurological
Surgery.)

previously cut at that level, the distribution and severity of the spasticity,
and the functional level of the child.

4 POSTOPERATIVE CARE

The patient is kept in a flat or lateral recumbent position for the first 5
postoperative days to prevent leakage of cerebrospinal fluid. Patients are
logrolled without rotation of the spine to prevent strain on the incision, the
lumbar muscles and the dura, and to protect the skin and mobilize respiratory
secretions. Typically, intravenous narcotics are used for analgesia for the
first 2 postoperative days, during which the patient remains in the pediatric
intensive care unit. The Foley catheter is kept in place until at least the third
postoperative day. Intra- and postoperative antibiotics are by choice of the
surgeon. On postoperative day number 3, bedside physical therapy is insti-
tuted for bed mobility, range of motion, and family teaching. To avoid el-
evated cerebrospinal fluid pressure at the dural incision, elevation of the
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FIGURE 6 Stimulation of a right L3 rootlet demonstrating contralateral
spread to the merged quadriceps/adductor and tibialis anterior/gastroc-
nemius channels. (Printed with permission M. Smyth, Batjer, ed., Text-
book of Neurological Surgery.)

head is not allowed until the third postoperative day, whereas sitting and
assisted transfers are initiated on day five. Regular, intensive physical ther-
apy is provided on an outpatient basis after discharge to help patients regain
previous strength and to improve their functional skills beyond the preop-
erative levels.

5 OUTCOMES

Reduction of spasticity can be appreciated on clinical examination imme-
diately after surgery [12]. Multiple studies have documented decreased spas-
ticity and improvements in functional ability, sitting and standing balance,
and ambulation [1,2,13–22]. Assessment of function and documentation of
outcome after treatment are difficult to standardize in patients with cerebral
palsy because of the wide range of variability in the population as well as
ongoing development and maturation. Standardized assessments, such as the
Gross Motor Function Measure (GMFM), have only recently been developed
[23,24] and used in evaluating treatment outcome [14]. Other measures, such
as the Pediatric Evaluation of Disability Inventory [17] and the Chattecx
Balance System [15] have been systematically applied to evaluation of treat-
ment outcome, with demonstrated improvements in functional ability and
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sitting balance, respectively. Gait analysis has demonstrated improvements
in hip and knee range of motion, stride length, and speed of ambulation
[25,26], and in joint motion and foot placement [5,20,27–30]. Foot-floor
contact pattern evaluation frequently demonstrates a change from primarily
forefoot only at initial contact during ambulation to a heel or flatfoot position
[28]. Occasionally excessive knee flexion, likely related to decreased calf
muscle strength, requires orthotic intervention; however, selective posterior
rhizotomy has been shown to decrease the overall rates of orthopedic pro-
cedures required in children with spastic cerebral palsy [31]. Other unex-
pected benefits, so-called ‘‘distant effects,’’ such as decreased seizure fre-
quency [32], greater bladder control [32,33], improved speech, and greater
upper extremity range of movement have been observed [2,3,32]. Improve-
ments in cognitive function [34], behavior, and emotional control [32] have
also been reported.

6 COMPLICATIONS

Potential long-term neurosurgical problems include sensory loss, increased
weakness, persistent spasticity, bowel or bladder dysfunction, sexual dys-
function, and spinal instability or deformity. Surgical complications such as
hemorrhage, infection, or cerebrospinal fluid leakage, or anesthetic compli-
cations such as pulmonary problems are possible. The most frequent post-
operative complications are fever, postcatheterization cystitis, and marginal
oxygen saturation. Transient hyperesthesias are commonly noted after rhi-
zotomy, although it has been the observation of the author that these are
seen less frequently and resolve more quickly when the percentage of root-
lets sectioned is kept to a minimum. After reduction in tone by rhizotomy,
muscle weakness may become more apparent, either unmasked or exacer-
bated by the procedure. This weakness tended to improve with physiotherapy
[32]. Clinically significant residual spasticity limiting improvements in func-
tional outcome may persist. This is probably the result of an insufficient
percentage of rootlets being sectioned [35,36].

Excellent outcomes and a low complication rate can be achieved
through a multidisciplinary team approach combining careful patient selec-
tion, intraoperative EMG monitoring with judicious sectioning of dorsal
rootlets, and intensive postoperative physical and occupational therapy.
These patients should have coordinated follow-up and management with
both the pediatric orthopedist, neurosurgeon, and urologist if indicated. Pre-
existing structural deformities are not addressed by the rhizotomy procedure,
and children with neuromuscular disorders should have regular, ongoing
orthopedic assessments as development progresses.
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Intrathecal Baclofen for Spasticity
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1 INTRODUCTION

The treatment of spasticity by the direct infusion of intrathecal baclofen
(ITB), first proposed by Penn and Kroin in 1984, has met with significant
success in treating patients with this condition [1]. To apply this therapy
successfully, the surgeon must have a clear understanding of the definition
of spasticity and the criteria with which to select appropriate patients. In a
narrow physiological sense, spasticity may be defined as a motor disorder
characterized by a velocity-dependent increase in muscle tone with exag-
gerated tendon jerks resulting from hyperexcitability of the stretch reflex [2].
The presence of spasticity can be thought of as pathognomonic of an upper
motor lesion and is the result of both a facilitation and a disinhibition of the
stretch reflex from a lack of input from descending cortical and spinal tracts
[3]. The fact that it is defined as velocity dependent helps to distinguish it
from other forms of rigidity, such as that caused by contractures, dystonias,
or Parkinson’s disease. The condition of spasticity may result from many
disease states originating in either the spine or the brain. Spasticity of spinal
cord origin may occur with spinal cord injury, multiple sclerosis, spinal
ischemia, spinal dysraphism, degenerative myelopathy, transverse myelitis,
syringomyelia, spinal tumor, cervical spondylosis, and familial spastic para-
paresis. Spasticity of cerebral origin may result from cerebral palsy, trau-
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matic brain injury, cerebrovascular accident, anoxic injury, brain tumor, and
metabolic diseases of the brain [4,5]. This list is by no means complete. The
end result is that spasms, rigidity, and clonus interfere with the normal ini-
tiation and completion of a smooth movement and ultimately result in weak-
ness with a loss of mobility and dexterity.

The most effective use of oral baclofen had been in the treatment of
spasticity caused by spinal cord injury or multiple sclerosis. The initial in-
trathecal studies were done on these patient groups after oral medications
had been unsuccessful or the side effects intolerable. In these patients it was
found that a small intrathecal bolus dose of baclofen was able to significantly
reduce muscle tone and spasms. The effect achieved by the bolus dose could
then be maintained for the long term by a continuous infusion mode. The
delivery of baclofen intrathecally by a continuous infusion through a pump,
in the appropriate patients, has been shown to help alleviate spasticity that
may then result in improved function.

2 PATIENT SELECTION AND TEST DOSING

Baclofen, which is gamma-amino-butyric acid (GABA), acts as an agonist
at the intraspinal inhibitory sites along the stretch reflex pathway, thereby
effecting a decrease in the patients spasticity. Baclofen may be administered
orally; however, it is water soluble and, therefore, only small amounts cross
the blood-brain barrier effectively [6]. Too often maximum oral doses may
not sufficiently control the patients spasticity, and patients may even expe-
rience unpleasant side effects, such as nausea, drowsiness, mental confusion,
ataxia, and headache. The rationale, therefore, for administering baclofen
intrathecally is that it concentrates the drug at the dorsal gray matter of the
spinal cord where it is required for therapeutic effect. Furthermore, when
introduced directly into the intrathecal space, effective cerebrospinal fluid
(CSF) concentrations of baclofen are achieved with plasma concentrations
100 times less than those occurring with oral administration, thereby avoid-
ing any unwanted side effects.

To assess a patient for suitability of ITB, several factors must be taken
into account, including severity of spasticity, goals of the patient and family,
patient responsibility to return for regular evaluations and refills, patient age,
previous treatments and results, and other complicating medical conditions.
Appropriate patients should be refractory to orally administered baclofen or
in a situation in which their spasticity is controlled but with intolerable side
effects to the drug. They should be at least 1 year posttrauma if the spasticity
is of cerebral origin. A patient should initially be evaluated by the Ashworth
scale (Table 1) to help quantify the severity of spasticity and for use as a
baseline to determine the response to therapy. Elbow flexion and extension,
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TABLE 1 Ashworth Scale

Score Degree of Muscle Tone

1 No increase in tone (normal)
2 Slight increase in tone, giving a ‘‘catch’’ when affected part(s)

moved in flexion or extension
3 More marked increase in tone but affected part(s) easily flexed
4 Considerable increase in tone; passive movement difficult
5 Affected part(s) rigid in flexion or extension

wrist flexion and extension, hip abduction, knee flexion and extension, and
ankle dorsiflexion are all joint functions that should be evaluated and graded
on the Ashworth scale. When a patient is deemed to be an appropriate can-
didate, as judged by the above criteria, he or she should next undergo in-
trathecal test dosing.

An intrathecal test dose is administered by standard lumbar puncture.
Once good CSF flow is obtained through the spinal needle, a 50-microgram
bolus dose is administered intrathecally. Barbitaged into the CSF over sev-
eral minutes, the onset of action will generally be 30 minutes to 1 hour after
administration. The peak spasmolytic effect will occur approximately 4
hours after dosing and effects may last for 4 to 8 hours. Patients are generally
observed in a monitored bed setting, as adverse reactions or overdose may
be life threatening. If the patient is already taking oral baclofen, this should
be continued through the trial dosing, as abrupt withdrawal may result in
seizures, hallucinations, and hyponatremia. If the initial dose of 50 micro-
grams is ineffective in alleviating spasticity (in general, at least a 2-point
reduction on the Ashworth scale is considered a good response), the test
dose may be repeated after 24 hours with a 75-microgram dose. If 75 mi-
crograms is again ineffective in reducing spasticity, then a third test dose
may be administered 24 hours later with 100 micrograms. If there is no
response after a third test dose of 100 micrograms, then the patient should
be considered a nonresponder and an inappropriate candidate for ITB.

3 OPERATIVE PROCEDURE

Once the preliminary test doses have established therapeutic efficacy, the
patient may be scheduled for implantation of the pump. The patient must
be free of any potential infectious sources, including urinary tract infections
and open decubitus ulcers—conditions frequently found in this patient
group.
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FIGURE 1 Synchromed� pump.

Implanting a Synchromed� Infusion System (Medtronic) is a sterile
surgical procedure taking approximately 2 hours (Fig. 1). It may be per-
formed under general, regional, or local anesthetic. The patient is typically
placed in the lateral decubitus position with the right flank up. Care must
be taken to pad all areas well including knees, ankles, elbows, and wrists.
An axillary roll is used. The sterile field must include enough room on the
anterior abdominal wall over the right upper and lower quadrants to develop
a subcutaneous pocket to accommodate the pump. The field must also in-
clude the area of the lumbosacral spine at the level of L3-4.

An approximately 4-cm incision should be laid out on the lumbosacral
area centered over L3-4 landmarks (Fig. 2). Dissection should continue
down to expose the spinous processes. With a 15-gauge Touhy needle, the
thecal sac is entered. Good CSF flow is verified and sent for routine labo-
ratory tests and cultures. The intrathecal catheter is threaded through the
needle and its placement at the T10 level should be confirmed with fluo-
roscopy. The Touhy needle is withdrawn and the catheter clamped to prevent
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FIGURE 2 Location of lumbar incision.

additional CSF leakage. The subcutaneous pocket is developed on the an-
terior abdominal wall, above the rectus fascia. The pocket should be posi-
tioned sufficiently below the rib cage and above the iliac crest so that when
the patient bends, the pump will not strike up against the lowest ribs or
crest, causing discomfort. A larger pocket is desirable, so that the edge of
the pump does not place undue pressure on the incision and precipitate an
incisional dehiscence. A tunneling rod is then used to pass the proximal
catheter from the pocket to the lower back incision. The catheters are then
connected with the metal and Silastic connectors provided with the kit. The
proximal catheter is secured to the pump, and the pump is placed within the
pocket (Fig. 3). The pump may be placed in a Dacron pouch to promote
fibrosis to the underlying fascia, or alternatively, newer pump series have
metal loops through which the pump may be secured to the underlying
fascia. One of several anchoring devices may be used to secure the distal
catheter to the lumbar fascia to help prevent catheter migration. The areas
are copiously irrigated with an antibiotic solution and the incisions closed
in layers. Any lengths of catheter that have been trimmed away must be
handed off and saved, so that the initial priming dosage may be accurately
calculated. The initial dose for 24 hours is generally set at double the amount
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FIGURE 3 System in place.

of the bolus dose shown as effective in the testing phase. The pump is then
programmed with a percutaneous wand while the patient is waking up from
anesthesia. The procedure for programming takes a minute or 2 to accom-
plish. (Refer to company manuals for exact instructions for calculating dos-
age rate and programming the pump.) Once the appropriate initial dosage is
calculated, it should remain at this level for at least 24 hours without further
changes. Thereafter, the amount delivered may be increased by 10% to 15%
every 24 hours until the desired reduction in spasticity is achieved.

4 POSTOPERATIVE CARE

The patient is generally kept in the hospital for an additional 24 hours for
administration of intravenous antibiotics, and a program for tapering off any
oral baclofen is begun. This taper off oral medications should be accom-
plished gradually as the side effects of abrupt withdrawal, as mentioned
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above, are severe. Sutures are removed at 10 days after operation. Depending
on the amount of drug required by the patient, the pump is refilled, usually
by a home nursing service, every 4 to 6 weeks. Evaluation and programming
of the pump function and dosage are accomplished through a percutaneous
computer system on regularly scheduled patient visits. The patient should
have at least a yearly evaluation by the implanting surgeon. The pump bat-
tery is expected to last between 4 to 6 years. A low battery alarm will sound
with an audible beeping noise approximately 4 to 6 weeks before battery
failure. Caution should be exercised in interpreting the low battery alarm,
as instillation of cold medication into the pump may also trigger its sound-
ing. If confirmed as a true battery failure, then the patient should be sched-
uled for a prompt revision and replacement of the pump unit. This can
usually be accomplished under local anesthetic.

5 COMPLICATIONS

5.1 Infection

Infection, as can be expected with any implanted device, can be problematic.
The usual signs of redness, pain, swelling and fever should be watched for
closely in the immediate postoperative period. Occasionally an infection is
heralded by the development of a large amount of serous fluid build-up in
the subcutaneous pocket of the pump. This may be treated with aspiration
of the fluid and aggressive antibiotic therapy [7]. If headache and neck
stiffness develop, this may signal meningitis, and the pump system may then
require removal.

5.2 Overdosage

Overdoses of intrathecal baclofen have been reported in the literature [8].
Symptoms may include drowsiness, lightheadedness, dizziness, somnolence,
respiratory depression, seizures, rostral progression of hypotonia, and loss
of consciousness progressing to coma. As always, emergency procedures to
maintain airway, breathing, and circulation are instituted immediately. In-
tubation and respirator support may be required. The pump reservoir is emp-
tied and the pump disabled. Unless contraindicated, as in patients with heart
conduction defects, physostigmine is administered intravenously. In adults,
1 to 2 mg may be administered over 5 to 10 minutes. If not contraindicated,
30 to 40 ml of CSF are also withdrawn to reduce CSF baclofen concentra-
tion. The patient should respond to the physostigmine relatively rapidly but
may require additional doses if the overdose was especially large. The cen-
tral effects of an overdose should clear in 24 to 48 hours; however, the
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patient should be observed in an intensive care setting until all vital signs
and mental status return to baseline.

5.3 Tolerance

Tolerance to baclofen develops in most patients over time. Over the first 6
to 12 months, the intrathecal dose may be double that of the initial dose
needed to achieve the same clinical result. However, after this period the
dosage will usually stabilize [9]. In a few patients, tolerance may require a
drug holiday for several weeks and may be switched to intrathecal morphine,
which has some of the spasmolytic effects seen with baclofen. Abrupt with-
drawal of baclofen may cause seizures and hallucinations; therefore, if a
patient is begun on an intrathecal drug holiday, he or she should be restarted
on an oral dosage of baclofen. Furthermore, a rebound effect may be noted
in which spasticity returns to an even worse level than before the start of
intrathecal therapy. This effect is, however, short lived and resolves in sev-
eral days.

6 CONCLUSION

Intrathecal baclofen delivered by a subcutaneously implanted programmable
pump can result in a significant improvement in spasticity, as measured by
Ashworth scores, and an improved quality of life for these patients.
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1 INTRODUCTION

An epileptic seizure is a behavioral event that is caused by an abnormal
neuronal discharge. Epilepsy refers to the condition of recurrent seizure.
Certain metabolic or medical conditions, including hypoglycemia, hypona-
tremia, and alcohol withdrawal may predispose an individual to a single
seizure, but not recurrent seizures (epilepsy). In the United States, epilepsy
affects approximately 6% of the population. Approximately 4% of individ-
uals living to age 75 may experience a single unprovoked seizure, and if
provoked seizures are included, the incidence approaches 10% [1].

It is important to classify seizure disorders. Anticonvulsant treatment
differs for the various seizure types, and before initiating a treatment plan,
seizure type must be classified. For example, certain generalized seizures
respond best to valproate, and control may be aggravated by certain gaba-
nergic drugs, including gabapentin. The type of seizure may influence the
patient’s ability to work, and different seizure types have different natural
histories. Accurate classification helps with prognostication.

Currently, there is both a seizure and an epilepsy classification. In
1981, the International League Against Epilepsy (ILAE) developed a de-
scriptive classification of seizures that used both the electroencephalogram
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TABLE 1 ILAE Classification of Epileptic Seizures

I. Partial (focal) seizures.
A. Simple partial seizures (consciousness not impaired)

1. With motor signs (examples include a jacksonian march, loss
of tone, versive movements)

2. With sensory symptoms (examples include visual, auditory,
somatosensory, olfactory, and gustatory symptoms)

3. With psychic symptoms (involves a disturbance of higher cor-
tical functions, eg, deja vu, hallucinations, and aphasia)

4. With autonomic symptoms (examples include epigastric sen-
sations, flushing, piloerection, pupillary changes)

B. Complex partial seizures (consciousness is impaired)
1. With simple partial onset followed by impaired consciousness
2. With impairment of consciousness at the onset
3. Impairment of complex partial seizures with automatisms

C. Partial seizures evolving to secondary generalized seizures
1. Simple partial seizures evolving to generalized seizures
2. Complex partial seizures evolving to generalized seizures
3. Simple partial seizures evolving to complex partial seizures

evolving to generalized seizures
II. Generalized seizures (no focal onset, convulsive or nonconvulsive)

A. Absence seizures
1. With impaired consciousness
2. Impaired consciousness with additional features including

atonic or tonic activity, automatisms.
B. Myoclonic seizures characterized by single or multiple jerks
C. Tonic-clonic seizures
D. Tonic seizures
E. Atonic seizures
F. Clonic seizures

III. Unclassified epileptic seizures

(EEG) and clinical symptoms to define the seizure type (Table 1) [2]. The
Classification of Epilepsies and Epileptic Syndromes of the International
League Against Epilepsy, developed in 1989, incorporates etiological, bio-
logical, and genetic considerations [3]. This chapter will concentrate on the
former descriptive classification of epileptic seizures.

The principle feature of the seizure classification is to determine
whether seizures started focally (partial seizures) or have a diffuse onset
(generalized seizures). It is usually possible to make this distinction from an
accurate history, but certain focal seizures spread very rapidly, and it may
not be possible to make this distinction. If a focal onset is determined, the
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next issue is to establish whether there is an alteration in consciousness. If
consciousness is not affected, seizures are classified as simple partial sei-
zures. Conversely, if consciousness is altered, seizures are classified as com-
plex partial seizures. Generalized seizures are divided according to their
motor characteristics. It is important to determine whether the subject ex-
perienced predominantly tonic, tonic-clonic, or generalized motor activity.

Classifying seizures depends on an understanding of neuroanatomy.
The initial clinical symptom, or aura, is extremely helpful to localize seizure
onset. For example, visual hallucinations suggest occipital onset, whereas a
deja vu feeling suggests temporal lobe onset. Patients with partial seizures
may not report an aura if (1) the seizure spreads rapidly and generalizes,
and consciousness is rapidly altered, (2) the individual is amnestic after the
seizure (3), seizures begin in a clinically silent cortical region. Examples of
‘‘silent’’ areas include certain frontal and association cortical regions.

2 PARTIAL SEIZURES

When onset is focal, seizures are referred to as partial seizures, but the term
focal is still used. Partial seizures occur when electrical activation begins in
a localized region of one cerebral hemisphere. Partial seizures are classified
primarily on the basis of whether consciousness is altered. When conscious-
ness is preserved, seizures are referred to as simple partial seizures. When
consciousness is altered or impaired, seizures are classified as complex par-
tial seizures. If the electrical discharge spreads to involve deep subcortical
structures, a partial seizure will evolve to a secondary generalized seizure.

2.1 Simple Partial Seizures

Simple partial seizures result when the ictal discharge remains localized to
a restricted cortical region within one hemisphere and does not spread to
the opposite hemisphere. The electrical changes may not be seen on surface
EEG. Because electrical spread is limited, there is no alteration in con-
sciousness, and the clinical manifestations will depend on the properties of
the activated cortical region. Most simple partial seizures can be grouped
into four clinical groups: motor, sensory psychic, and autonomic.

Simple motor seizures involve an electrical discharge activating the
motor cortex. Patients will typically experience contralateral clonic activity
that may be localized or spread. Focal motor seizures may be predominantly
versive with contraversive head turning. When the motor activity spreads, it
is referred to as a jacksonian march. Focal motor activity does not usually
exceed 60 seconds. After a focal motor seizure, patients may experience
transient weakness, which is referred to as a Todd’s paralysis. The paralysis
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may lasts minutes to hours, and the clinician needs to differentiate a Todd’s
paralysis from a stroke. Focal motor activity may be very localized, and may
persist hours to days. These seizures are referred to as epilepsia partialis
continua.

Seizures occurring with activation of the sensory cortex produce so-
matosensory seizures. Clinical features reported include pins and needles,
numbness, novocaine-type tingling, and the sensory symptoms commonly
march. Involvement of the visual cortex may present with elementary or
elaborate visual hallucinations. Activation of the primary visual cortex is
accompanied by simple, elementary visual hallucinations, such as flashing
lights, sparkles, and colors. When the association visual cortex is involved,
visual symptomatology is complex, and patients may report complex shapes,
illusions, and distortions. The occipital cortex has direct frontal connections,
and the initial clinical manifestations may be tonic eye deviation and blink-
ing. Involvement of the auditory cortex usually produces simple auditory
hallucinations, including tinnitus and buzzing sensations. Complex auditory
hallucinations, such as a fixed music tune are less common, and when pa-
tients report hearing voices, the etiology is usually psychiatric and not neu-
rological. With activation of the temporal region, simple partial seizures may
present with gustatory or olfactory sensations.

Simple partial seizures with psychic symptoms usually progress to
complex partial seizures leading to impairment of consciousness. These sei-
zures are associated with a disturbance of higher cortical function. Symp-
toms include aphasia, visual illusions, and complex structured hallucinations.
Patients often complain of a deja vu experience. Affective symptoms include
fear and anger.

Autonomic symptoms may be the most prominent seizure manifesta-
tion. A common autonomic symptom is a rising epigastric sensation and is
associated with a temporal lobe seizure focus. Flushing, sweating, piloerec-
tion, pupil dilatation, and incontinence may occur as simple partial seizures.

2.2 Complex Partial Seizures

During a seizure, it is important to determine whether the subject experi-
ences an alteration or loss of consciousness. This implies spread of the epi-
leptic discharge across the corpus callosum to the opposite hemisphere.
Patients may describe a subjective feeling or aura before losing conscious-
ness. If the epileptic discharge does not progress, the aura constitutes the
simple partial seizure. Common temporal lobe auras include a rising epi-
gastric sensation, fear, deja vu, jamais vu, and a feeling of detachment.
Alteration of consciousness has important clinical relevance, and patients
should not drive, operate heavy machinery, or partake in certain sporting
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activities unsupervised. Complex partial seizures may be clinically bland,
and it is not always possible to determine whether consciousness was im-
paired. At most epilepsy centers, nurses are trained to question patients dur-
ing a seizure to determine whether the patient can learn and incorporate new
information. Failure to follow simple instructions (ictal unresponsiveness)
implies loss of consciousness. It is extremely difficult to determine whether
consciousness is affected in neonates and young children. After a complex
partial or generalized seizure, patients are amnestic and confused, and the
postictal state may last minutes to hours. Without EEG monitoring, it is not
possible to determine the transition from the ictal to the postictal state.

During a complex partial seizures, patients may carry out ‘‘automatic’’
behaviors or motor activities, referred to as automatisms. An automatism
may be the continuation of an activity that preceded the onset of the seizure.
Common automatisms include eating movements (lipsmacking, chewing,
and swallowing), simple or elaborate gestures, verbal automatisms consisting
of forced ictal speech, and ambulatory automatisms. Gestures include fum-
bling with objects and picking at one’s clothes, and patients are unaware of
these behaviors. Oropharyngeal and gustatory automatisms are usually as-
sociated with seizure spread to the insula and amygdala. Automatisms may
occur with a prolonged generalized absence seizure, and the EEG differen-
tiates between these two seizure types. Both simple and partial complex
seizures may rapidly evolve to a generalized tonic-clonic seizure and are
referred to as secondary generalized seizures. The majority (70%–80%) of
partial complex seizures arise from the temporal lobe, followed by the fron-
tal lobe.

First-line anticonvulsants for simple and complex partial seizures with
or without generalization are carbamazepine, phenytoin, and valproic acid.
Adjunctive agents include gabapentin, lamotrigine, tiagabine, and topi-
ramate.

3 GENERALIZED SEIZURES

Generalized seizures are characterized by an abrupt loss of consciousness.
Generalized seizures with motor activity include tonic-clonic seizures, my-
oclonic seizures, tonic, or clonic seizures. Generalized seizures without
motor activity includes absence and atonic seizures. Generalized seizures
frequently have a genetic basis, and it is important to ask about a family
history. The type of generalized seizure is age dependent. Absence seizures
occur in children younger than age 10, myoclonic seizures present later in
the teenage years, and tonic clonic seizures typically begin in the teens. The
typical EEG pattern associated with generalized seizures is a generalized
spike or polyspike and slow wave discharge. In contrast, partial seizures
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(with or without secondary generalization) is associated with focal EEG
abnormalities, including focal spike discharges, and focal slowing.

3.1 Absence Seizures

The essential feature of an absence seizure is the sudden, abrupt loss of
consciousness. Seizure onset is characterized by immediate behavioral arrest,
and patients are noted to have a brief motionless stare. An absence seizure
typically lasts several seconds, but may last up to 30 seconds. Speech is
interrupted momentarily, and the subject will then resume speaking. The
attack may be influenced by sensory input, and may terminate when the
individual is spoken to.

Absence seizures occur in those with a strong family history. Symp-
tomatic children will show the classic generalized three per second spike
and wave pattern, but the EEG of asymptomatic siblings may show a similar
spike and wave. The course of absence seizures is variable, and absence
seizures usually remit by mid-adolescence. Rarely, absence seizures will
persist, and children may subsequently develop myoclonic or tonic-clonic
seizures in their teenage years.

The sole manifestation of an absence seizure may be loss of conscious-
ness with no other activity. Additional clinical features frequently accom-
pany absence seizures. During the attack, myoclonic movements, which
commonly involve eyelid fluttering or facial twitching, may occur.

Additional manifestations include atonic components. Examples are
brief loss of neck and postural tone, leading to drooping of the head or
slumping of the body. When diminution in tone is severe, the subject may
fall. If the absence seizure is prolonged for more than 15 seconds, patients
may exhibit simple or elaborate automatisms similar to the automatisms seen
during complex partial seizures. An absence seizure with automatisms will
have an EEG with the classic generalized spike and wave pattern. The treat-
ment of choice for absence seizures is ethosuximide.

3.2 Myoclonic Seizures

Myoclonic seizures usually begin during the early teenage years. A my-
oclonic jerk is a brief shock-like contraction of an individual muscle or a
muscle group. These jerks usually involve the limbs but may be confined to
the face or trunk. Generalized myoclonic jerks or jerks involving the legs
can be disabling, because they are associated with violent falls and frequent
fractures. Myoclonic seizures have a circadian pattern and commonly occur
in the morning shortly after awakening. Patients may drop or throw objects
held in their hands. Myoclonic seizures are very brief, lasting approximately
1 second, and the EEG during the myoclonic jerk will show a generalized
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spike or polyspike and slow wave discharge. A flurry of myoclonic seizures
may evolve to a generalized tonic-clonic seizure.

It is important to emphasize that not all myoclonus is epileptic. Myo-
clonic jerks may occur with focal spinal disease or inherited degenerative
diseases. The treatment of choice for myoclonic seizures is valproate. Al-
ternative effective anticonvulsants include lamotrigine and topirimate.

3.3 Tonic-Clonic Seizures

This is the most commonly encountered generalized seizure and is also
referred to as a grand mal seizure or convulsion. Generalized seizures may
occur in either childhood or adult life, and are often preceded by a flurry of
myoclonic seizures. Typically, no warning precedes the seizure, although
patients may complain of vague premonitions (examples include nervous-
ness or irritability) minutes to hours before the seizure. Abrupt tonic con-
tractions of muscles result in the patient falling to the ground in a tonic
state, which may result in injury. Sustained contractions of the respiratory
muscles result in stridor and a loud moan. Patients are rigid during the tonic
phase, and cyanoses may occur. Patients may bite their tongue or become
incontinent. The tonic phase typically lasts 30 seconds and is followed by
clonic motor activity lasting 60 to 90 seconds. Shallow breathing may occur,
and patients are at a risk for aspiration. The clonic phase is followed by
deep sighing respiration, muscles are hypotonic, and the gag reflex is re-
duced, increasing the risk for aspiration. Patients may remain unresponsive
for minutes to hours after a tonic-clonic seizure, and then go into a deep
sleep. Patients may be amnestic for several hours after a tonic-clonic seizure
(similar to the amnesia after electroconvulsive shock therapy). Sustained
muscle contractions result in painful muscles and fatigue, and severe head-
aches are common. Patients may experience rib and vertebral fractures, and
elderly women with osteoporosis are especially vulnerable. It is important
to determine whether the tonic-clonic seizure was secondary generalized or
occurred with no prior aura. Focal onset will suggest a structural brain lesion.
Partial seizures may spread rapidly and may be difficult to distinguish from
primary generalized seizures. An EEG is helpful in distinguishing between
these two seizure types. Primary generalized seizures have a generalized
spike and wave pattern, and they respond to valproate. Secondary general-
ized seizures are associated with focal interictal spikes and respond to those
drugs used to treat complex partial seizures.

Absence, myoclonic, and tonic-clonic seizures are the common gen-
eralized seizure types, but generalized atonic clonic and tonic seizures do
occur. Atonic seizures are very disabling, and patients experience frequent
drop attacks, leading to severe injuries and bone fractures. Patients with
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atonic seizures need to wear a helmet to prevent severe head injuries. Atonic
seizures are brief, and consciousness may be lost. Tonic seizures are also
brief, and are associated with violent muscle contractions, and extensor pos-
turing. The head and eyes may deviate, and the body may rotate. Generalized
seizures may not have a tonic component, and may present as generalized
clonic seizures, consisting of repetitive generalized clonic jerks. Tonic and
atonic seizures do not have a familial inheritance component. These two
seizure types usually occur in patients with severe underlying brain disease
and are very refractory to anticonvulsants. When standard anticonvulsant
therapy fails, patients may need more invasive treatments, including a corpus
callosotomy or vagal nerve stimulation.
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1 INTRODUCTION

Anterior temporal lobectomy (ATL) is the most commonly used and the
most successful surgical treatment for intractable epilepsy. It is designed to
treat a specific surgically remediable epilepsy syndrome: unilateral medial
temporal lobe epilepsy. The specific characteristics of medial temporal lobe
epilepsy were outlined in two papers from Yale University [1,2]. They in-
clude antecedent febrile convulsions in childhood, auras (abdominal/visceral,
autonomic, emotional, and olfactory sensations are most common), partial
complex seizures, characteristic memory deficits, and seizure onsets in the
anterior temporal region. Hippocampal sclerosis is the pathological substrate
of medial temporal lobe epilepsy and is present in about 80% of surgical
specimens from ATL if foreign tissue lesions are excluded. It consists of a
characteristic pattern of neuronal loss that is most severe in area CA1 with
relative sparing of the dentate granule cells and area CA2. Axonal sprouting
of the mossy fibers of the dentate granule cells into the dentate inner mo-
lecular layer is also seen. The etiology of hippocampal sclerosis and the

Copyright 2003 by Marcel Dekker, Inc. All Rights Reserved.



exact relationship between the structural changes and seizure initiation re-
main to be completely understood. Other surgical resections for epilepsy
may take place in the temporal lobe, such as foreign tissue lesionectomy or
neocortical resections of the temporal cortex, but this chapter will describe
the standard ATL for medial temporal lobectomy as modified by Spencer
[3].

2 PATIENT SELECTION

Surgical success is largely dependent on proper patient selection. Intractable,
disabling seizures are documented by seizure diaries and trials of antiepi-
leptic medications. The number of antiepileptic drugs (AEDs) for partial
complex seizures is growing, but a large percentage of patients remain in-
tractable to medical therapy. Vagus nerve stimulation should not be consid-
ered an alternative to ATL, as seizure-free rates between the two procedures
are not comparable. All patients undergo history and physical examination,
neuropsychological testing, video-electroencephalographic (EEG) monitor-
ing documenting seizure onsets, and magnetic resonance (MR)-imaging with
special attention to the hippocampus. All patients undergo Wada testing prior
to ATL to confirm language lateralization and the adequacy of the opposite
temporal lobe to support memory. Additional imaging tests may also be
helpful, and these include ictal single photon emission computed tomogra-
phy (SPECT), interictal positron emission tomography (PET), and magne-
toencephalography. To proceed directly to ATL, we require that two major
tests localize to the same temporal lobe with no discordant information from
any of the other tests. In the event that temporal lobe onsets have been
clearly identified but the laterality is uncertain, bitemporal depth electrodes
and frontotemporal subdural strip electrodes are placed for extraoperative
monitoring of ictal activity. If the seizure onsets are well lateralized but
frontal cannot be clearly differentiated from temporal onsets, we will place
unilateral frontotemporal subdural grid and strip electrodes.

3 SURGICAL TECHNIQUE

Preoperative treatment is similar to many craniotomies. Preoperative labs
are limited to a complete blood count and AED levels, unless age or other
medical conditions indicate additional tests. Patients are instructed to take
nothing by mouth after midnight and to take any morning AEDs when they
awaken. Patients are admitted to the hospital on the day of surgery. They
are given a dose of prophylactic antibiotics in the preoperative holding area.
All efforts are made to maintain therapeutic AED levels throughout the sur-
gical period. If patients are taking only oral AEDs, they are loaded with
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phosphenytoin intraoperatively after electrocorticography (ECoG), with the
assumption that changes in gastrointestinal motility and vomiting may de-
crease absorption of oral medications in the early postoperative period.

At the University of Florida, a standard anesthetic regimen is given to
reduce variability in intraoperative ECoG. We use a combination of isoflor-
ane, nitrous oxide, and a narcotic agent at the beginning of the operation.
Throughout the case, we hyperventilate (PCO2 = 30–35 mm Hg) but do not
use mannitol for nonlesional cases. After the bone work is completed, iso-
florane is stopped and the rest of the surgery is carried out under nitrous/
narcotic anesthesia. We do not perform awake cortical stimulation mapping
when performing standard anterior temporal lobectomies.

After induction of anesthesia and intubation, the patient’s hair is
clipped and shaved in the frontotemporal area. The Mayfield headholder is
applied and a bump is placed beneath the contralateral shoulder. The head
is turned 60 degrees from vertical with the vertex flat. Placing the vertex
down is more common for craniotomies, but this angle makes the hippo-
campal resection slightly more difficult. The skin incision is a typical ‘‘ques-
tion mark’’ that extends back to the level of the external auditory canal. The
skin incision is marked, the area is sterilely prepared and draped, and the
incision is made. We carry the scalp dissection full-thickness through the
temporalis muscle and elevate the muscle with the scalp flap. The muscle
dissection is extended so that 1 cm of the root of the zygoma in front of
the ear and 1 cm of the zygomatic process of the frontal bone are exposed.
The muscle and scalp flap are retracted using fish hooks and rubberbands
after first wrapping the flap in a wet laparotomy pad to prevent an exces-
sively acute angle of the scalp flap that could produce ischemic necrosis of
the flap. The bone flap is made by placing burr holes above and below the
pterion and over the posterior temporal lobe. The bone flap needs to provide
very little frontal exposure but should be extended as low as possible over
the middle fossa. Additional portions of the pterion and squamous temporal
bone are removed with a Leksell ronguer. Mastoid air cells may be entered
at this time and are filled with bone wax. The dura is opened in a C-shaped
fashion based on the pterion. The dural flap is retracted and covered with
moist gelatin sponge to prevent drying.

We perform intraoperative ECoG if no invasive monitoring has been
performed previously. The results of the ECoG do not alter the boundaries
of the standard resection, but we feel that it may provide additional infor-
mation in the event that the patient is not seizure free after surgery. Two 4-
contact strips are placed along the inferior surface of the temporal lobe. If
placed correctly, the medial contacts of the strips will lie directly beneath
the parahippocampal gyrus and give good recordings of medial temporal
activity. A 9- or 20-contact grid is then placed over the lateral temporal lobe.
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FIGURE 1 A. Photographs of a fixed brain demonstrating the extent of
cortical resection in anterior temporal lobectomy. The lateral neocortical
resection extends 3 cm posterior to the tip of the temporal pole in the
dominant hemisphere and 4 cm in the nondominant hemisphere.

If interictal activity is extremely quiet, we will administer 20 mg of
methohexital sodium to activate interictal spikes.

After completion of ECoG, the lateral resection margin is then mea-
sured over the middle temporal gyrus. We use 3 cm for the dominant hemi-
sphere and 4 cm for the nondominant one (Fig. 1A). The superficial incision
is then made over the lateral aspect of the temporal lobe and in the inferior
aspect to the level of the collateral sulcus. We angle posteriorly as we work
along the inferior surface to provide better exposure of the medial temporal
structures (Fig. 1B). We then incise the pia just beneath the Sylvian fissure
and coagulate and cut any anterior temporal branches of the middle cerebral
artery that are confined to the area of resection. Care is taken to preserve
any arteries or veins near the posterior resection margin that might be ser-
vicing tissue outside of the planned resection. The superficial Sylvian vein
is also preserved as it enters the sphenoparietal sinus. The anterior portion
of the superior temporal gyrus is then removed in a subpial fashion over the
Sylvian fissure. Controlled, gentle suction is used so that the integrity of the
pia is maintained. This dissection is continued until the lymen insulae is
identified as the area of gray matter extending deep to the Sylvian fissure.

Next, the lateral cortical incision is carried out through the temporal
white matter with the anterolateral temporal cortex retracted anteriorly. This
dissection is extended until the temporal horn of the lateral ventricle is en-
tered about 1 cm deep to the superior temporal sulcus. The wall of the
temporal horn is heralded by the small ependymal veins running through
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FIGURE 1 Continued. B. The inferior resection angles posteriorly and the
medial resection (defined laterally by the collateral sulcus) is carried back
to the level of the quadrigeminal plate.

the white matter in an anterior-posterior orientation. Once the temporal horn
is entered, the dissection is carried anteriorly through the temporal stem to
connect with the previous dissection over the Sylvian fissure. In this way
the temporal horn is completely unroofed. The inferior surface of the amyg-
dala will be appreciated forming the roof of the anterior temporal horn at
this time. The anterolateral temporal specimen is then retracted laterally. The
floor of the temporal horn is defined by two hemicylindrical structures run-
ning in an anterior-posterior orientation. The medial one is the dorsal aspect
of the hippocampus. The lateral one is the collateral eminence. The dissec-
tion is carried through the collateral eminence to the deep surface of the
collateral sulcus. The pia of the collateral sulcus is then cut, and this dis-
section is carried anteriorly through the rhinal sulcus. At this point, the
anterolateral temporal specimen is completely separated from the brain. Any
bridging veins over the surface are coagulated and cut, and the specimen is
removed.

Next, the operative microscope is sterilely draped and brought into
position. The Greenberg retractor system is used to retract the choroid plexus
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of the temporal horn superiorly and the posterior temporal cortex posteriorly.
A third retractor may be used to retract the hippocampus and parahippocam-
pal gyrus laterally as the dissection proceeds. The choroidal fissure is ex-
posed and the fimbria is identified as a flap of white matter extending me-
dially from the hippocampus. The fimbria is teased from the choroidal fissure
with a microball dissector. Retracting the fimbria medially (or removing it)
exposes the hippocampal sulcus. This sulcus is defined by two layers of pia
with the hippocampal arteries running between them. The pial sleeves and
the small arteries are coagulated and cut. This dissection is usually started
over the body of the hippocampus. As the dissection is extended anteriorly,
the pial sleeve will appear to extend laterally. At this point, the dissection
is carried through the pes hippocampus and adjacent parahippocampal gyrus.
Similarly, suction is used to transect the hippocampus and parahippocampal
gyrus posteriorly. An effort is made to remove all the hippocampus except
for the posterior tail. Next the dissection is carried in a subpial fashion over
the subiculum and parahippocampal gyrus. When the dissection is lateral to
the incisura, the pia over the parahippocampal gyrus is cut longitudinally.
Anterior and middle temporal arteries from the posterior cerebral artery are
coagulated and cut. The medial temporal specimen consisting of the hip-
pocampus and parahippocampal gyrus is then removed. The lateral amygdala
and the uncus are then removed subpially using gentle suction. During the
medial resection, care is taken so that the integrity of the pia adjacent to the
crural and ambient cisterns is preserved at all times. The resection bed is
lined with a single layer of oxidized cellulose. Closure of the craniotomy is
carried out in the usual fashion.

Postoperatively, patients are observed in the intensive care unit over-
night. Decadron is started on the morning of surgery at 4 mg every 6 hours.
On subsequent postoperative days it is reduced to 3, 2, and 1 mg every 4
hours, and then discontinued. Patients are continued on the usual AEDs. If
intravenous phenytoin or phosphenytoin was initiated intraoperatively, it is
continued until the patient demonstrates good oral intake. Patients are en-
couraged to get out of bed on postoperative day 1. Most patients return
home on postoperative day 3 or 4.

4 OUTCOME

Many classification schemes have been proposed to assess outcome after
surgery for intractable seizures. Perhaps the most popular is the four-tiered
classification scheme developed by Engel [4]. The class 1 patients include
those who are seizure-free for 2 years since surgery, those with occasional
nondisabling simple partial seizures, and those with generalized convulsions
only in the setting of antiepileptic medication withdrawal. Class II patients
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have rare (< 2–3 per year) disabling seizures. Those patients in class III
have ‘‘worthwhile improvement,’’ generally defined as a more than 90%
reduction in seizure frequency. Lastly, patients in class IV are those with no
change in seizure frequency, increased seizure frequency, or a reduction in
seizure frequency without an improvement in the patient’s disability. In
many, the simpler scheme of seizure-free, improved, or not improved is used.

Early reports of the success of surgery in the treatment of epilepsy
include those of Rasmussen in 1983 [5]. This report included 894 patients
with anterior temporal lobe resections between 1928 and 1980 and docu-
mented that 37% of the patients were seizure free after 2 or more years and
that 26% were improved. From the same institution, Olivier [6] more re-
cently reported on a series of 221 patients and found that 65% were either
seizure free or had a maximum of three seizures per year.

In 1989, Dasheiff [7] reviewed the available literature of reports with
a minimum 2-year follow-up and found that in those reports with primarily
temporal lobe resections, 40% to 62% of the patients were seizure free. An
additional 21% to 35% were improved and 14% to 35% showed no im-
provement. In 1992, Engel [8] published the collected results of 3410 pa-
tients from 91 centers who underwent anterior temporal lobectomies and
found that 67% were seizure-free, 24% were improved and 9% were not
improved.

In a separate analysis, Engel [8] demonstrated the importance of fol-
lowing year-by-year outcomes for more than 2 years after surgery. In a group
of 106 patients who underwent anterior temporal lobectomy between 1961
and 1983, only 81% of the patients who were seizure-free at 2 years re-
mained seizure-free at 5 years, and 57% remained seizure-free at 10 years.
Conversely, of those patients experiencing rare seizures after 1 year of fol-
low-up, 57% became seizure free for at least 2 years by the end of the fifth
year of follow-up. This study highlights the fact that late failures do occur
and that early outcomes are not always predictive of late outcomes. Signif-
icant changes in patient outcomes continue for at least 5 to 10 years
postoperatively.

Many studies have analyzed factors that may affect seizure outcomes
after anterior temporal lobectomy. Dodrill et al. [9] identified patients with
interictal epileptiform activity confined to the anterior temporal lobe as being
likely to be seizure free. Jeong et al [10] analyzed 93 patients with mesial
temporal lobe epilepsy to identify the preoperative prognostic factors that
may predict good outcome after surgery. They found that 78 (84%) of the
patients were seizure free at 2 years. Using multivariate analysis, they dis-
covered that age at surgery and the presence of ipsilateral hippocampal scle-
rosis on MRI were the most statistically significant independent prognostic
factors predictive of good outcome. This supported multiple earlier studies
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that identified the presence of hippocampal sclerosis, either in pathologic
specimens or in preoperative MRI, as predictive of good outcome.

Foldvary et al [11] examined 79 patients who underwent anterior tem-
poral lobectomy between 1962 and 1984. Patients were followed up for an
average of 14 years, with patients having less than 2 years of follow-up
being excluded from the study. Using Engel’s classification, 65% of patients
were class I, 15% were class II, 11% were class III, and 9% were class IV.
Using Kaplan-Meier survival analysis, it was discovered that higher preop-
erative seizure frequency was associated with poor seizure outcome. In ad-
dition, seizure-free status at 2 years was found to be a better predictor of
long-term outcome than the status at 6, 12, or 18 months.

Favorable outcomes after temporal lobectomy also have been corre-
lated with the presence of abnormalities seen on PET scan [12], with non-
specific abnormalities of the mesial temporal lobe on MRI [13,14], and with
functional deficits produced on intracarotid injection of amytal [15].

In patients with bitemporal abnormalities seen preoperatively on EEG,
several factors may predict seizure-free status. Holmes et al [16] examined
44 patients with bitemporal, independent, interictal epileptiform patterns on
EEG who underwent anterior temporal lobectomy. All patients underwent
preoperative intracranial monitoring. Twenty-two (50%) of patients were sei-
zure-free at 1 year, 14 (32%) had at least 75% reduction in seizures, and
eight (18%) had less than a 75% reduction in seizures. A seizure-free out-
come was associated with three independent factors: a history of febrile
seizures, concordance of MRI abnormality and side of operation, and 100%
lateralization of intracranially recorded ictal onset to the side of the
operation.

Complication rates for ATL are about 5% in most series [17]. Possible
complications that are relatively specific for ATL include verbal memory
deficits and visual field defects. Removal of language-dominant medial tem-
poral structures is associated with decreased verbal memory [18]. Most pa-
tients with dominant hippocampal sclerosis will demonstrate these deficits
preoperatively (it is an integral part of the preoperative evaluation) so that
few to no new deficits are seen after surgery. If a patient has normal pre-
operative verbal memory, increased verbal forgetting can be demonstrated
in postoperative testing. This may show a maximal effect of a loss of about
10% to 20% of preoperative ability. Patients may notice this as increased
word-finding difficulties. Testing for nondominant medial temporal deficits,
both pre- and postoperatively, have been relatively unrewarding, but newer,
computer-based tests of visuo-spatial memory show promise in this area.
Early series reported high rates of visual field defects in the contralateral
superior quadrant. The incidence of this deficit has declined with ATLs that

Copyright 2003 by Marcel Dekker, Inc. All Rights Reserved.



Temporal

limit the lateral temporal cortical resection, and noticeable visual field de-
fects are now rare.
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1 HISTORY

Division of the corpus callosum for the treatment of patients with seizure
disorders dates back to the observations of Van Wagenen in the 1930s [1].
He noticed that patients with strokes affecting the corpus callosum often had
improvement in the frequency of their attacks. Experimental evidence for
the importance of commissural fibers for the spread of epilepsy was dem-
onstrated in the primate by Erickson, lending further support for this ther-
apeutic approach [2]. Additional reports by Bogan in adults [3] and Lues-
senhop in children [4] established corpus callosotomy (CC) as a standard
technique in the surgical treatment of epilepsy.

2 INDICATIONS

2.1 Adults

Candidates for CC include patients with medically intractable primary gen-
eralized epilepsy or partial epilepsy with rapid secondary generalization that
is either unlocalized or localized to unresectable cortex. Differentiation be-

Copyright 2003 by Marcel Dekker, Inc. All Rights Reserved.



tween these two groups is often difficult, although relevant, in that patients
with lateralized electroencephalographic findings often have a better out-
come [5,6]. The most common generalized epilepsies treated with CC are
characterized by atonic or akinetic seizures, often involving sudden drop
attacks. Patients with predominantly tonic or tonic-clonic seizures also re-
spond to CC and, in fact, most patients considered for CC have multiple
seizure types.

2.2 Children

In the pediatric age group, one must balance the potential disruption of
cortical reorganization mediated by the intact corpus callosum with the po-
tential excitotoxic injury of persistent frequent seizures in the developing
brain [7]. The consensus is that early surgery is indicated, depending on the
severity of the seizures [7]. Indications in this age group are similar to the
adult, although there is a higher proportion of patients with hemispheric
disease, such as infantile hemiplegia, forme-fruste infantile hemiplegia, and
Rasmussen’s syndrome. Although CC can be used as a substitute for hem-
ispherectomy, if the source of the seizures can be localized and hemispher-
ectomy can be performed, this is preferable. Corpus callosotomy to treat
hemispheric disease should be reserved for children with residual neurolog-
ical function in the damaged hemisphere and in whom hemispherectomy is
contraindicated. Children with Lennox-Gastaut show a significant improve-
ment in seizure control and quality of life [8,9].

2.3 Contraindications

Patients in whom a resectable focus can be identified are clearly not can-
didates for CC. Surgical cure after successful resective surgery is much
higher than for CC. Bilateral synchronous epileptiform abnormalities do not
necessarily imply a worse outcome; however, the discovery of bilateral in-
dependent foci should raise concern. Age, mixed hemisphere dominance,
and mental retardation have also been considered contraindications in some
series; however, many surgeons do not automatically exclude such patients,
although successful outcome is less likely [10]. One third of children with
severe mental retardation may benefit from CC, particularly if focal or hem-
ispheric damage is documented [7]. Patients with multifocal, bifrontal asym-
metric epilepsy may be at higher risk of developing more intense seizure
foci postoperatively.

3 TECHNIQUE

Complete section is approximately twice as effective as partial section in
controlling seizure frequency [6,10]. Nevertheless, most centers currently
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perform a partial section initially to avoid a potential acute disconnection
syndrome, although even partial CC may disrupt cortical function, particu-
larly in patients with mixed dominance (see below). Completion of CC is
then performed as a second operation if seizure control is inadequate. Initial
posterior CC has been described; however, anterior section with sparing of
the anterior commissure and fornix is the preferred first operation unless
clearly posterior epileptogenic abnormalities are documented. Preoperative
evaluation for coagulopathy, including a bleeding time, is essential, as pa-
tients are generally on multiple anticonvulsants.

3.1 Anterior 2/3 Callosotomy

The surgery is performed under general anesthesia. Electroencephalogram is
not necessary, but if used, requires appropriate anesthetic agents that do not
interfere with the recording. Mannitol, decadron, and prophylactic antibiotics
are administered intravenously. The patient is placed supine on the table
with the head turned toward the nondominant hemisphere, a shoulder roll
under the contralateral shoulder and the vertex elevated by 30 to 45 degrees
(Fig. 1). This position permits a minimum of retraction, as the dependent
hemisphere is retracted by gravity and the operating microscope retains ste-
reoscopic vision in the horizontal plane. A partial bicoronal incision is made
2 cm in front of the coronal suture, of sufficient length to permit the cra-
niotomy, which extends 4 cm in front of, and 2 cm behind, the coronal
suture and from 1 cm over the sagittal suture to the temporal insertion of
the dependent side of the cranium (Fig. 2). Reviewing the angiogram from
the Wada test or obtaining a Magnetic Resonance Venogram (MRV) may be
helpful in surgical planning but it is usually possible to work around any
draining veins. The dura is reflected over the sinus and the interhemispheric
dissection is performed using loupes or the surgical microscope (Fig. 3). If
gravity alone does not supply sufficient retraction, additional force can be
attained either with two rolled up cotton paddies or gentle pressure from a
self-retaining retractor. The glistening white corpus callosum is identified
and exposed along its length, as are the two pericallosal arteries. Division
of the corpus callosum is best performed under the operating microscope by
dividing a small portion of the callosum and identifying the midline cleft
between the ventricles where the septum pellucidum inserts. The use of
frameless stereotaxy can be helpful in distinguishing the callosum from the
cingulate gyri and defining the depth of the callosum, depending on the
degree of brain shift. Without entering the ventricle, this cleft is followed
first anteriorly around the genu and down to the rostrum. Additional posterior
division can be performed with the help of frameless stereotaxy to achieve
a 2/3 division. Alternatively, a metal clip can be placed at the back of the
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FIGURE 1 The patient is placed supine and the head is elevated to 30 to
45 degrees. The head is turned to the right so that gravity can help
retract the nondominant hemisphere and the microscope can maintain
stereoscopic vision.

callosal division and a lateral radiograph obtained to ensure that the callo-
sotomy has been carried out behind the line bisecting the glabella-inion line.
A final metal clip is then placed at the posterior margin of the callosotomy
to demarcate the limits of the resection in case a second operation is required
to complete the callosotomy. Anticonvulsants are continued postoperatively.

3.2 Posterior 1/3 Callosotomy

At least 3 months after the first procedure, decision is made regarding com-
pletion of the callosotomy. The patient is placed in a similar position with
slightly more head flexion. A partial bicoronal skin incision is placed over
the parietal eminence, sufficient to expose the craniotomy. The bone flap
extends from 1 cm behind the lambdoid suture to 4 cm in front and from 1
cm over the sagittal suture to 4 cm lateral in the direction of the nondominant
hemisphere. Division of the posterior callosum is performed down to the
arachnoid to preserve the arachnoid overlying the pineal and quadrigem-
inal cisterns. The posterior hippocampal commissure is divided with the
callosum.
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FIGURE 2 A partial bicoronal skin incision is performed and the tempo-
ralis muscle is not violated. A burr is used to drill slots over the sinus
and a craniotomy is elevated 2/3 in front and 1/3 behind the coronal
suture, extending just over the midline.

3.3 Postoperative MRI

All patients should undergo postoperative magnetic resonance imaging
(MRI), and sagittal images must be reviewed to assess the extent of the
callosal section.

4 RESULTS

4.1 Seizure Frequency and Intensity

The best results occur in patients with nonlocalizable but focal hemispheric
disease [7]. Seizure onset before age 5 has been associated with a better
outcome, and mental retardation with a worse outcome [6,9]. For all patients,
secondarily generalized seizures are controlled in 70% to 80% of patients,
whereas only 25% to 50% of patients find relief from complex-partial sei-
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FIGURE 3 Interhemispheric dissection exposes the corpus callosum be-
tween the pericallosal arteries.

zures. Corpus callosotomy is not intended as a curative procedure, but re-
ports of complete cessation of seizures can occur in 5% to 7% of patients
[11]. In one series, greater than 80% reduction in seizure frequency was
found for major seizures in 65% of patients, focal motor seizures 38%, atonic
seizures in 76%, and absence in 68% [10]. For all seizures together, the
percentage of patients obtaining better than 80% reduction in generalized
seizures improves from 29% after anterior section to 62% after completion
of callosal section [10]. Up to 30% of patients may develop more intense
or newly patterned seizures postoperatively from removal of callosally me-
diated inhibitory interhemispheric connections, particularly in patients with
bilateral independent frontal foci [12]. On the other hand, development of a
lateralized focus may also occur after CC, which may be amenable to cure
after further resective surgery [13,14].

4.2 Neuropsychology

Patients with early onset central nervous system (CNS) disease and signs of
severe lateralized CNS dysfunction, including a structural lesion, impaired
memory, neurological deficit, and contralateral speech function tend to have
a good neuropsychological outcome [15]. In such patients, the preserved
functions are subserved almost entirely by the intact hemisphere. In patients
with mild to moderate CNS dysfunction, surgery can disrupt callosally me-
diated interhemispheric compensatory mechanisms causing a decrease in
manual dexterity postoperatively [15]. If the speech-dominant hemisphere is
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contralateral to the hemisphere controlling the dominant hand, which can
occur in a late-onset, left hemisphere seizure disorder, postoperative speech
deterioration can occur [15]. Other forms of mixed dominance, such as mem-
ory function contralateral to speech or hemianopsia contralateral to language,
may result in postoperative mutism or alexia without agraphia respectively
[16]. Isolated posterior callosal section can produce a syndrome of sensory
disconnection with the language-dominant hemisphere not having access to
stimuli presented to the contralateral hemisphere [10]. In the pediatric age
group, several authors have noticed significant improvements in behavior
and attention in up to 81% of children after callosotomy [17,18].

5 COMPLICATIONS

Ventriculitis, meningitis, and death have been reported from earlier series of
CC. More recent reports have noted fewer complications, including subdural
hematoma, asymptomatic venous infarctions, and wound infections. Tran-
sient postoperative leg weakness and a decrease in spontaneity of speech is
not uncommon after anterior 2/3 section, either from acute disconnection or
retraction injury [7].

5.1 The Future of CC

The vagal nerve stimulator (VNS) has been proven efficacious at reducing
seizure frequency for partial seizures [19–21] and may be useful in primarily
generalized epilepsy as well [22]. Long-term results appear promising [23].
Data are lacking on the relative success of VNS compared with CC for
controlling generalized epilepsy, but the advantage of the VNS is a signifi-
cant reduction in operative morbidity and decreased neuropsychological se-
quelae. Although seizure control will probably not be as effective, the VNS
may be used as a first operative intervention, before CC, for unresectable
foci.
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1 INTRODUCTION

Vagus nerve stimulation (VNS) by the implantable neurocybernetic prosthe-
sis (NCP) from Cyberonics, Inc. is emerging as a novel adjunct in the man-
agement of patients with medically refractory seizures. This device delivers
intermittent electrical stimulation to the left cervical vagus nerve trunk,
which secondarily transmits rostral impulses to exert widespread effects on
neuronal excitability throughout the central nervous system (Fig. 1). We have
comprehensively reviewed the theoretical rationale, practical background,
and clinical application of VNS in previous publications [1–3]. The opera-
tive procedure for implanting the NCP device has also been presented in
detail elsewhere [4–6]. This chapter summarizes pragmatic issues pertaining
to VNS, such as patient selection and surgical technique.

2 CLINICAL UTILITY OF VNS

2.1 Review of Safety and Efficacy

Clinical experience with vagus nerve stimulation began in 1988 with the
first human implantation of the NCP system. Since then, more than 1,000
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FIGURE 1 Schematic representation of VNS therapy. A pulse generator
inserted in the subcutaneous tissues of the upper left chest delivers in-
termittent electrical stimulation to the cervical vague nerve trunk via a
bifurcated helical lead. Reproduced with permission from Cyberonics,
Inc.

patients have participated in seven clinical trials throughout 26 countries,
and more than 3000 patient-years of data have accrued. These studies con-
firm the long-term safety, efficacy, feasibility, and tolerability of VNS, as
well as the durability of the NCP device [1,7].

Vagus nerve stimulation gained approval by the United States Food
and Drug Administration (FDA) in 1997. Post-marketing experience with
more than 7,000 patients validates the earlier clinical trials, and in 1999, the
Therapeutics and Technology subcommittee of the American Association of
Neurology declared VNS ‘‘effective and safe, based on a preponderance of
class I evidence’’ [8]. Although VNS requires a large initial investment be-
cause of the price of the device itself as well as its surgical insertion, cost-
benefit analysis suggests that the expense of VNS is recovered within 2 years
of follow-up [9].

Recently, a meta-analysis was performed of the 454 patients enrolled
in one of five multicenter clinical trials conducted in the United States before
FDA approval [7]. For the study population as a whole, the median reduction
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in seizure frequency was 35% at 1 year, 43% at 2 years, and 44% at 3 years.
An important observation is that the response to VNS is maintained during
prolonged stimulation, and unlike chronic medication therapy, seizure con-
trol actually improves with time.

The response of individual patients to VNS varies widely. Although
1% to 2% of subjects enjoy complete seizure cessation, others derive no
benefit whatsoever. The remainder experience intermediate results. In the
collective study experience, the proportion of patients who sustained a 50%
reduction in baseline seizure frequency was approximately 23% at 3 months
and 43% after 2 years. These improvements occurred in a highly refractory
population of patients who typically had an average of 1.7 seizures per day
despite administration of more than two antiepileptic medications.

In spite of the well-known functions of the vagus nerve as the principal
efferent component of the parasympathetic nervous system, VNS has not
been shown to adversely affect any aspect of physiological function, includ-
ing cardiac rhythm, pulmonary function, gastrointestinal motility, and secre-
tion. Unlike many antiepileptic medications, VNS therapy does not impair
cognition, balance, or emotion. Plasma concentrations of antiepileptic med-
ications remain unchanged.

Side effects are typically transient, mild, and limited to cycles of stim-
ulation. Initially, patients may experience voice alteration (20%–30%), par-
esthesias (10%), or cough (6%), but the incidence of these adverse effects
diminishes greatly over time. Surgical complications are rare, and device
failures are also uncommon.

2.2 Indications and Contraindications

The selection criteria for insertion of the NCP system remain in evolution
and reflect current governmental standards, as well as institutional biases
and general guidelines from prior clinical trials [1,2]. Currently, the device
is only approved by the FDA ‘‘as an adjunctive therapy in reducing the
frequency of seizures in adults and adolescents over 12 years of age with
partial onset seizures which are refractory to antiepileptic medications’’ [1].
However, favorable results have been obtained with off-label use among
children as young as age 3 and among patients with Lennox-Gastaut or other
primarily generalized seizures syndromes [10]. Preliminary experience with
infantile spasms has been disappointing, however. Patients with both idio-
pathic epilepsy and seizures of structural etiology are considered appropriate
candidates. Of note, VNS has been used successfully among patients who
have failed previous surgical procedures, confirming the potential efficacy
of VNS in highly refractory patient populations.

The definition of medical intractability varies from center to center.
Standards from previous studies commonly required a frequency of at least
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six seizures per month and a seizure-free interval of no longer than 2 to 3
weeks despite therapy with multiple medications [1,2]. However, seizure
frequency, seizure type, severity of attacks, drug toxicity, and overall impact
on quality of life must all be considered before a patient is deemed refractory
to pharmacotherapy. Adequate monitoring of patient compliance and suffi-
cient trials of investigational drugs must also be assured.

As noted above, the response to VNS is highly variable, and previous
clinical trials have failed to characterize the demographic factors that predict
a favorable outcome [1,2]. Furthermore, VNS is rarely curative. Therefore,
at present, we do not consider the NCP device an alternative to conventional
methods of epilepsy surgery that offer a higher likelihood of seizure cessa-
tion, and we generally reserve VNS for patients in whom such operations
are not indicated. These include those patients whose seizure focus is bilat-
eral, not associated with a structural abnormality, or cannot be completely
resected because of overlap with functional cortex.

The NCP system cannot be inserted in patients who have undergone
a prior left cervical vagotomy. Furthermore, the safety of VNS has not been
tested in several conditions in which impairment of vagus nerve function
might produce deleterious effects. Thus, relative contraindications include
progressive neurological or systemic diseases, pregnancy, cardiac arrhyth-
mia, asthma, chronic obstructive pulmonary disease, active peptic ulcer dis-
ease, and insulin-dependent diabetes mellitus [1].

3 PRACTICAL BACKGROUND

3.1 Anatomy and Physiology of the Vagus Nerve

The vagus nerve is generally regarded as an efferent projection that inner-
vates the larynx and provides parasympathetic control of the body; however,
the majority of its fibers are special visceral and general somatic afferents
leading towards the brain [1]. The latter originate from receptors in the
viscera and terminate in diffuse areas of the central nervous system, many
of which are potential sites of epileptogenesis. These include the cerebellum,
diencephalon, amygdala, hippocampus, insular cortex, and multiple brain-
stem centers. Some of these projections relay through the nucleus tractus
solitarius, whereas others form direct, monosynaptic connections with their
targets. It remains unclear which of these pathways underlies the mechanism
of VNS action, but the locus coeruleus and raphe nucleus appear to be key
intermediaries, as bilateral lesions of these centers abolish the seizure-sup-
pressing effects of VNS therapy in animal models [2].

Several branches of the vagus nerve arise cephalad to the midcervical
trunk, where the VNS electrodes are applied [5]. These include projections
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to the pharynx and carotid sinus, as well as superior and inferior cervical
cardiac branches leading to the cardiac plexus. Both the right and left vagus
nerves carry cardiac efferent fibers, but anatomical studies in dogs suggest
that those on the right side preferentially supply the SA node of the heart,
whereas those on the left side preferentially innervate the AV node. For this
reason, the NCP system is generally inserted on the left side. Nevertheless,
stimulation of the left vagus nerve rarely may cause bradycardia or asystole,
even at FDA-approved settings.

As mentioned, the NCP device is generally applied to the midcervical
portion of the vagus nerve trunk, distal to the origin of the superior and
inferior cervical cardiac branches; this may represent another reason why
the incidence of bradycardia is low [5]. Nonetheless, the diameter, appear-
ance, and location of the cardiac branches may approximate those of the
nerve trunk itself, and care must be taken to avoid mistaking the two. If the
cardiac branches are stimulated directly, small currents as low as 0.8 mA
may produce significant bradycardia [5].

The midcervical portion of the vagus nerve is relatively free of
branches [5]. The superior laryngeal nerve arises rostral to the carotid bi-
furcation before descending toward the larynx, and high currents applied to
the midcervical nerve trunk may recruit these fibers, leading to tightness or
pain in the pharynx or larynx. The recurrent laryngeal nerve travels with the
main trunk and branches caudally at the level of the aortic arch before
ascending in the tracheo-esophageal groove. As a result, hoarseness is a
common occurrence during periods of stimulation or after VNS implan-
tation.

3.2 Regional Anatomy of the Carotid Sheath

In addition to branches of the vagus nerve trunk, several other nerves in the
vicinity of the carotid sheath risk hazard from the implantation procedure
itself or from subsequent stimulation. The hypoglossal nerve arises cephalad
to the midcervical region, making unilateral tongue weakness an infrequent
complication of VNS implantation. The phrenic nerve lies deep to a fascial
plane beneath the carotid sheath, and hemiparalysis of the diaphragm has
been reported with stimulation at high output currents, although not as an
operative complication.

The sympathetic trunk lies deep and medial to the common carotid
artery. It gives off fibers that ascend with the internal carotid artery (ICA)
toward the intracranial contents. We are aware of one case of Horner’s syn-
drome after insertion of the VNS device, caused either by manipulation of
the sympathetic plexus itself or by traction on the sympathetic fibers around
the ICA.
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Weakness in the muscles of the lower face may result from injury to
branches of the facial nerve, which ramify through the caudal aspect of the
parotid gland. In general, hypoglossal and facial nerve injury are more com-
mon sequelae of carotid endarterectomy incisions, which tend to be higher
than those used for placement of the VNS device.

4 NCP DEVICE COMPONENTS

Figure 1 depicts a schematic representation of VNS therapy. A pulse gen-
erator inserted in the subcutaneous tissues of the upper left side of the chest
delivers intermittent electrical stimulation to the cervical vagus nerve trunk
through a bifurcated helical lead.

In addition to the implantable lead and pulse generator, the NCP sys-
tem includes a number of peripheral components, such as a telemetry wand
that interrogates and programs the pulse generator noninvasively. This pro-
gramming wand is powered by two 9V batteries and is interfaced with an
IBM-compatible computer that runs a menu-based software package fur-
nished by Cyberonics. The system also includes a hand-held magnet that
patients may carry with them to alter the character of stimulation that the
generator delivers.

The pulse generator has approximately the same size and shape as a
cardiac pacemaker. It contains an epoxy resin header with receptacles that
accept the connector pins extending from the bifurcated lead. The generator
is powered by a single lithium battery encased in a hermetically sealed
titanium module. Under normal conditions, the generator has a projected
battery life of approximately 6 to 8 years. Once it has expired, the generator
can be replaced with the patient under local anesthesia during a simple
outpatient procedure.

The generator contains an internal antenna that receives radiofrequency
signals emitted from the telemetry wand and transfers them to a micropro-
cessor that regulates the electrical output of the pulse generator. The gen-
erator delivers a charge-balanced waveform characterized by five program-
mable parameters: output current, signal frequency, pulse width, signal
on-time, and signal off-time. These variables are titrated empirically in the
outpatient setting, according to individual patient tolerance and seizure fre-
quency. Altering the parameters of stimulation will have various conse-
quences on VNS efficacy, side effects, and battery life.

The generator has two accessories. One is a hairpin-shaped resistor
used during preliminary electrodiagnostic testing before implantation, to test
the internal impedance of the generator. The other is a hexagonal torque
wrench used to tighten the set screws that secure the lead connector pins to
the epoxy resin header of the generator.
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The generator is still contained within its package, but it can be inter-
rogated by the telemetry wand. The generator must pass this system check
before it is opened onto the sterile field. The failure rate of the generator is
extremely low, but it is recommended that a backup generator be available
in the operating room at all times.

The bipolar lead is insulated by a silicone elastomer, and can thus be
safely implanted in patients with latex allergies. One end of the lead contains
a pair of connector pins that inserts directly into the generator, whereas the
opposite end contains an electrode array consisting of three discrete helical
coils that wrap around the vagus nerve. The middle and distal coils represent
the positive and negative electrodes, respectively, whereas the most proximal
one serves as an integral anchoring tether that prevents excessive force from
being transmitted to the electrodes when the patient turns his neck. The leads
come in two sizes, measured by the internal diameter of each helix. The
majority of patients can be fitted with the 2-mm coil; however, it is desirable
to have the 3 mm one available in the operating room as well.

Each electrode helix contains three loops. Embedded inside the middle
turn is a platinum ribbon coil that is welded to the lead wire. This shape
permits the platinum ribbon to maintain optimum mechanical contact with
the nerve. Suture tails extending from either end of the helix permit manip-
ulation of the coils without injuring these platinum contacts. Damage to the
vagus nerve itself is greatly reduced by the self-sizing, open helical design
of the NCP electrode array, which permits body fluid interchange with the
nerve. Thus, compared with cuff electrodes, mechanical trauma and ischemia
to the nerve are minimized. The electrode is intended to fit snugly around
the nerve while avoiding compression, thus allowing the electrode to move
with the nerve and minimizing abrasion from relative movement of the nerve
against the electrode.

The hand-held magnet performs several functions. When briefly passed
across the chest pocket where the generator resides, it manually triggers a
train of stimulation superimposed on the baseline output. Such on-demand
stimulation can be initiated by the patient or a companion at the onset of an
aura, in an effort to diminish or even abort an impending seizure. The pa-
rameters of this magnet-induced stimulation may differ from those of the
prescheduled activation. Alternatively, if the device appears to be malfunc-
tioning, or if the patient wishes to terminate all stimulation for any other
reason, the system can be indefinitely inactivated by applying the magnet
over the generator site continuously. Finally, patients are instructed to test
the function of their device periodically by performing magnet-induced ac-
tivation and verifying that stimulation occurs. Most patients can perceive
the stimulation as a slight tingling sensation in the throat.
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5 SURGICAL CONSIDERATIONS

5.1 Operative Procedure

Insertion of the NCP device takes less than 2 hours and is typically per-
formed under general anesthesia, thus minimizing the possibility that an
intraoperative seizure might compromise the surgery. However, regional cer-
vical blocks have also been used in awake patients. It can be performed as
an outpatient procedure, but it may be desirable to observe patients overnight
for vocal cord dysfunction, dysphagia, respiratory compromise, or seizures
induced by anesthesia, even though these complications are rare. Prophy-
lactic antibiotics are administered preoperatively and maintained for 24
hours postoperatively.

The patient is positioned supine with a shoulder roll beneath the scap-
ulae to provide mild neck extension. This facilitates passage of the tunneling
tool that connects separate incisions in the neck and chest. The head is
rotated 30 to 45 degrees toward the right, bringing the left sternocleido-
mastoid muscle into prominence.

Many options exist for placement of the skin incisions. Often, a 5-cm
transverse chest incision is made approximately 8 cm below the clavicle,
centered above the nipple. The underlying fat is dissected to the level of the
pectoralis fascia, and a subcutaneous pocket is fashioned superiorly. Others
have suggested a deltopectoral incision with inferior dissection to create the
pocket, but we believe that the scar tissue formed beneath the pectoral in-
cision helps prevent caudal migration of the generator. Recently, we have
been using a lateral incision along the anterior fold of the axilla, which
affords better cosmetic results, especially among women.

Next, a 5-cm longitudinal incision is made along the anterior border
of the sternocleidomastoid muscle, centered over its midpoint. Generally,
this incision is a little lower than that for an endarterectomy. Alternatively,
a transverse skin incision at C5-6, similar to the approach for an anterior
cervical discectomy, can be made. For the inexperienced surgeon, the lon-
gitudinal incision permits a wider exposure, which facilitates electrode
placement through this aperture.

The platysma muscle is divided vertically, and the investing layer of
deep cervical fascia is opened along the anterior border of the sternoclei-
domastoid, allowing it to be mobilized laterally. After palpation of the ca-
rotid pulse, the neurovascular bundle is identified and sharply incised to
reveal its contents. Self-retaining retractors with blunt blades expedite this
stage of the procedure. Care is taken to limit the exposure between the
omohyoid muscle and the common facial vein complex, thus minimizing
potential hazard to adjacent neurovascular structures.

Within the carotid sheath at the level of the thyroid cartilage, the vagus
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nerve is generally encountered deep and medial to the internal jugular vein,
encased in firm areolar tissue lateral to the common carotid artery. Great
variability exists in the relative position of these structures, however, and
the strategy by which the nerve is isolated from the remainder of the
neurovascular bundle must account for such individual diversity. We at-
tempt to minimize direct manipulation of the nerve itself. Instead, we prefer
to mobilize the vessels away from the nerve. Dissection generally com-
mences with isolation and retraction of the internal jugular vein using ves-
sel loops.

Next, the nerve trunk is identified and dissected with the aid of the
operating microscope or surgical loupes. At least 3 to 4 cm of the nerve
must be completely freed from its surrounding tissues. At this stage, we
have found that the insertion of a blue background plastic sheet between the
nerve and the underlying vessels greatly facilitates the subsequent steps of
the procedure. The technique of mobilizing the vessels away from the nerve
usually preserves the vasa nervosum. This nuance may reduce the incidence
of postoperative complications, such as hoarseness.

A tunneling tool is then used to create a subcutaneous tract between
the two incisions. The tool is directed from the cervical to pectoral sites, to
minimize potential injury to the vascular structures of the neck.

Depending on the relative size of the exposed nerve, either a small or
large helical electrode is then selected for insertion. The lead connector pins
are passed through the tunnel and emerge from the chest incision, whereas
the helical electrodes remain exposed in the cervical region. Before applying
the electrodes, the lead wire should be directed parallel and lateral to the
nerve, with the coils occupying the gap between them.

Each coil is applied by grasping the suture tail at either end and stretch-
ing the coil until its convolutions are eliminated. The central turn of this
unfurled coil is applied either obliquely or perpendicularly across or beneath
the vagus trunk and wrapped around the surface of the nerve. The coil is
then redirected parallel to the nerve as the remainder of its loops are applied
proximal and distal to this midpoint (Fig. 2). The memory within the elon-
gated coil will cause it to reassume its helical configuration and conform to
the nerve snugly.

While all these maneuvers are taking place, additional electrodiagnos-
tic testing of the generator is simultaneously carried out between the neu-
rology team and the scrub technician. With the hairpin resistor inserted into
the receptacles for the lead connector pins, the telemetry wand interrogates
the device from within a sterile sheath to measure its internal impedance.
Once the generator passes this preimplant diagnostic test, it is ready for
insertion.
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FIGURE 2 Technique of helical electrode placement. A, Each coil is ap-
plied by grasping the suture tail at either end and stretching the coil
until its convolutions are eliminated. B, The central turn of this unfurled
coil is applied either obliquely or perpendicularly across or beneath the
vagus trunk and wrapped around the surface of the nerve. C, The coil is
then redirected parallel to the nerve as the remainder of its loops are
applied proximal and distal to this midpoint. Modified with permission
from Cyberonics, Inc.

The lead connector pins are connected to the pulse generator and se-
cured to their receptacles with set screws, using the hexagonal torque
wrench. It is important to completely insert the hex wrench into its socket
in the epoxy header, to decompress the backpressure that builds up as the
connector pins enter the receptacles. This step is essential to form a good
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contact between the lead and the generator. If the connector pins fail to
make such contact, the generator may attempt to overcome the resulting
increased impedance by augmenting the output current, leading to intermit-
tent symptoms of overstimulation.

Additional electrodiagnostic examination is then performed to appraise
the coupling of all connections and to verify the integrity of the overall
system. Then, a 1-minute lead test is performed at a frequency of 20 Hz
with an output current of 1 mA and a pulse width of 500 microseconds.
During this test stimulation, the responses of the patient’s vital signs and
electrocardiogram are monitored. Rarely, profound bradycardia will result,
necessitating the use of atropine. The incidence of this event is thought to
be less than 1 in 1000 [11]. If it occurs, attention should be directed to the
lead to assure that the electrodes encircle the vagus nerve trunk itself, rather
than one of its cardiac branches [5]. After the test stimulation, the generator
is restored to its inactive status until 1 to 2 weeks postoperatively. This
waiting period allows for resolution of postoperative edema and proper fix-
ation of the electrode to the nerve.

The redundant portion of the lead between the generator and electrode
is secured to several areas of the cervical fascia with Silastic tie-downs.
The objective is to form superficial and deep-restraint configurations that
help prevent excessive traction from being transmitted to the electrodes
during repetitive neck motion. First, a U-shaped strain relief bend is made
inferior to the anchoring tether, and the distal lead is secured to the fascia
of the carotid sheath. Next, a strain relief loop is established by securing
the lead to the superficial cervical fascia between the sternocleidomastoid
and platysma muscles. Care is taken not to sew the lead directly to the
muscle.

Finally, the generator is retracted into the subcutaneous pocket and
secured to the pectoralis fascia with O-Prolene or similar nonabsorbable
suture, using the suture hole contained within the epoxy resin header. Any
excess lead is positioned in a separate pocket at the side of the generator.
To prevent abrasion of the lead, however, it should not be placed behind the
pulse generator. Wound closure then proceeds in standard multilayer fashion,
using a subcuticular stitch for the skin. The cosmetic results are generally
very good.

5.2 Lead Removal or Revision

In some circumstances, it may become necessary to remove or replace the
electrodes that encircle the vagus nerve trunk. Fibrosis and adhesions may
develop in the vicinity of the vagus nerve; however, Espinosa [12] has dem-
onstrated that the spiral electrodes may be safely removed from the nerve,
even years after they were implanted.
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5.3 Complication Avoidance and Management

In the meta-analysis mentioned above [7], the most commonly observed
surgical complication was infection of either the generator site or lead im-
plantation site. The overall infection rate was 2.86%, but more than half
these patients were successfully treated with antibiotic therapy alone,
whereas only about 1.1% required explantation of the device.

Transient vocal cord paralysis is the second most common surgical
complication of VNS implantation. The incidence of this event in the col-
lective study experience was only 0.7%. However, because video strobos-
copy and formal swallowing assessments are rarely performed after surgery,
it is possible that more cases went undetected, and the true prevalence of
vocal cord paresis is poorly understood [5]. Fortunately, most reported cases
resolve clinically.

Temporary lower facial hypesthesia or paralysis occurred in another
0.7% of patients in the meta-analysis. As stated above, excessively high
surgical incisions could have been a cause.

To date, of more than 7,000 implantation procedures, only four cases
of intraoperative bradycardia or asystole have been reported during the lead
test, accounting for an incidence of less than 0.1%. Asconape [11] has an-
alyzed the factors that potentially contribute to this event and the means of
their prevention. As mentioned, the superior or inferior cervical cardiac
branches might be mistaken for the vagus trunk itself, and correct position-
ing of the electrodes on the intended nerve must be verified. Proper place-
ment of the skin incision, centered over the midcervical portion of the nerve,
will also help avert this complication. Current spread to the cardiac nerves
can be minimized by measures that insulate them from the midcervical trunk
during the lead test, such as placement of a Silastic dam beneath the nerve
trunk and removal of pooled blood or saline from the vicinity. Finally, the
current should be ramped up in small increments during the lead test, starting
with 0.25 mA.

As stated above, we have found it preferable to mobilize the vascular
structures away from the nerve trunk, thus minimizing direct manipulation
of the nerve itself. We believe that this practice may improve the efficacy
of subsequent stimulation and diminish the incidence of surgical complica-
tions, such as hoarseness. Other precepts of good surgical technique, gained
from experience and familiarity with the implantation procedure, will also
contribute to improved outcomes.
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47
A Note on Intraoperative Imaging

Michael Schulder and Danny Liang

New Jersey Medical School, Newark, New Jersey, U.S.A.

1 INTRODUCTION

Imaging is the cornerstone of stereotactic surgery. With the advent of digital
sectional imaging and its integration with stereotactic devices, imaging has
come to mean computed tomography (CT) or magnetic resonance imaging
(MRI) (described extensively in this book). Specifically, it means preoper-
ative scanning and use of a stereotactic frame or ‘‘frameless system.’’ Im-
aging technology has become increasingly sophisticated—new frames, fas-
ter computers, more versatile software, fancier graphics, and Ethernet
connections are all means of improving the manipulation of preoperative
images. A scan(s) is obtained before surgery, image fusion is done as needed,
the plan is made, and surgery completed. Then, the surgeon waits until a
postoperative scan confirms that the surgical goals were obtained.

This paradigm is about to change. The ability to acquire high quality
neuroimaging in the OR exists, and is becoming increasingly available. Neu-
rosurgeons may resist this technology, citing the supposed expense, the lack
of significant added value, etc. But we are not strangers to intraoperative
imaging. Stereotactic surgery was first done with this technology, in the form
of ventriculography. Now that we can perform modern neuroimaging in the
OR there seems little reason not to fashion stereotaxis around this capability.
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Of course, disagreement exists regarding intraoperative imaging technology,
as is expected with the introduction of any new technology.

2 INTRAOPERATIVE MRI

Intraoperative imaging with MRI (iMRI) is being accomplished with systems
that meet the needs of the neurosurgical OR in different ways. The ideal
iMRI will provide the best possible images, create the least amount of in-
terference with the OR as possible, include a means of stereotactic naviga-
tion, and be as versatile as possible.

The first iMRI was built at the Brigham and Women’s Hospital in
Boston as a collaborative effort between the Neurosurgery and Radiology
departments and General Electric Medical Systems [1]. This system, the
Signa SP, employs two vertically oriented magnet poles in a 0.5 T super-
conducting magnet. The patient is always positioned within the magnet and
stereotactic space is defined as such. The Signa SP includes an integrated
infrared-based navigational device. A full set of MRI compatible OR equip-
ment was designed for use with this system, which is installed in a specially
constructed suite. Other services may use the Signa for such procedures as
nasal sinus surgery, breast biopsy and hyperthermic treatments, and prostate
implants.

The Siemens corporation developed a 0.2 T iMRI known as the Mag-
netom Open [2]. It has 2 horizontally oriented poles with a 25 cm gap and
using the ‘‘fringe field’’ concept regular OR instrumentation can be used,
with the patient rotated into the magnet for imaging [3]. Positioning options
are limited and navigation is not available. Siemens has developed a newer
system, with a 1.5 T magnet, that will allow for any patient position and
includes an infrared navigational tool (Falhbusch, personal communication,
2002). The fringe field concept will be used and the OR table, mounted on
a special pedestal, will be rotated towards the gantry for imaging.

Other investigators have developed 1.5 T iMRI units that have been
in use for several years. Sutherland spearheaded a project in Calgary
whereby a ceiling mounted device is stored in an alcove adjacent to the OR
and moved in on a track for imaging [4,5]. The patient and table are enclosed
in a copper shield during image acquisition, so the Calgary system allows
for the use of regular OR equipment. It also has an integrated IR navigational
tool. Hall and Truwit, at the University of Minnesota, adapted a Philips 1.5
T MRI for shared use—on one side of the bore is an OR, and on the other
side patients can be brought in for the full gamut of image acquisitions [6].
On the OR side, most of the surgery can be done far enough from the magnet
to allow for the use of regular instrumentation; still, there are limits to
positioning and navigation is not available. The authors have developed a
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very useful skull-mounted device (Navigus, Image-Guided Neurologics,
Melbourne, Florida) for stereotactic targeting using MR images acquired at
the time of surgery [7].

The shared use concept was also employed at the University of Cin-
cinnati, where a 0.2 T Hitachi MRI with a horizontal magnet gap was
adapted for OR use and at other times for diagnostic imaging [8]. Despite
the low magnet field strength, routine brain and spine imaging can be done
with this system. However, navigation is not integrated and patients must
be transported from the main OR to the MR suite for imaging.

A lower magnetic field was employed in the development of the Odin
PoleStar iMRI. Hadani and collaborators designed a system using a 0.12 T
magnet, built from scratch primarily to enhance intracranial neurosurgery
[9]. This device is meant to function in a regular OR; radiofrequency inter-
ference is eliminated by shielding the room or more recently, by using a
‘‘local shield’’ that surrounds the patient during imaging. Scanning and other
functions are controlled by the surgeon or the OR staff. The field of view
is 16 cm by 11 cm, more than enough to image most intracranial lesions.
The magnet poles typically sit under the OR table and are raised when
imaging is done. A navigational probe using passive infrared reflecting
spheres is integrated in this system, and updating stereotactic accuracy is
done simply by acquiring a new scan.

These systems represent the various approaches to iMRI that are avail-
able today and whose uses are being investigated. Clearly, there are major
conceptual differences between these devices, which also range widely in
price from about $750,000 to $4,000,000. A neurosurgical department con-
templating implementing iMRI will need to examine carefully what its needs
are and, how much they want to spend on installing a new technology. There
is some new data that suggest that iMRI guidance yields shorter stays in the
ICU and the hospital, which may help to justify purchase prices to some
extent [10].

3 INTRAOPERATIVE CT

Digital imaging in the neurosurgical OR was first done using CT, where a
dedicated unit was installed at the University of Pittsburgh [11]. In general,
CT scanners are less expensive than MRI units, but acceptance of this tech-
nology has been limited by several factors. These include the lower soft
tissue contrast compared to MRI, bone hardening artifact in the posterior
fossa, the use of ionizing radiation, and likely need for a dedicated tech-
nologist to operate the system. Nonetheless, the rapid scan times and the
potential applications for spine surgery make iCT potentially useful, and
investigators have continued to evaluate its use [12].

Copyright 2003 by Marcel Dekker, Inc. All Rights Reserved.



4 ULTRASOUND

Ultrasound (US) has been used in neurosurgery for over 20 years [13]. Its
major limitation has been image quality and the need to image through the
open skull. Neurosurgeons accustomed to interpreting CT and MR images
may not readily understand the US images that reflect echogenicity, and
items such as cottonoids that have an echo must be removed before imaging.
Interpreting the two dimensional images in a 3D manner may also pose
problems.

Still, a useful iUS system is attractive because it has a lower price tag
than iMRI or iCT. Also, ionizing radiation would not be used, and room
shielding or instrument modification would not be needed. As a result, in-
vestigation of iUS imaging and navigation technology continues [14].

5 CONCLUSION

It is natural to question the utility of intraoperative imaging, especially as
the available methods range considerably in price. Some cost benefit needs
to be demonstrated, keeping in mind that much of contemporary neurosur-
gical technology has become part of the routine without demonstrating cost
benefit (the operating microscope, deep brain stimulation, intensive care, and
stereotactic frames and frameless systems, for instance).

The logic of imaging in the OR is unavoidable. It is another step
towards eliminating guesswork in neurosurgery, the process that began with
neurological localization 150 years ago, and that is represented by the con-
cept of stereotaxis itself. Debate regarding the best technology and device
is healthy. It is unlikely that one single solution will be found as ‘‘best’’ for
intraoperative imaging. As the methods and devices mature, neurosurgeons
will be able to choose which system best suits their needs. It is hard to
imagine that in the near future stereotactic surgery will be done without the
ability to plan, adjust, and confirm based on images acquired in the operating
room.
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