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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.

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



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

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



Contents

Series Introduction William C. Koller
Foreword Philip L. Gildenberg
Preface

Contributors

1. Intracranial Stereotactic Surgery: Indications
Joseph C. T. Chen and Michael L. J. Apuzzo

2. Stereotactic Frames: Technical Considerations
Ashwini D. Sharan and David W. Andrews

3. Stereotactic Surgery with the Radionics Frame
Michael Schulder

4. Stereotactic Surgery with the Leksell Frame
Deon Louw

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



5. Stereotactic Surgery with the Zamorano-Dujovny
Frame
Lucia Zamorano, Ramiro Pérez de la Torre, and
Fernando Diaz

6. Stereotactic Surgery with the Patil Frame
Arun Angelo Patil

7. Frameless Stereotactic Systems: General
Considerations
Marshall T. Watson, Jr. and Robert J. Maciunas

8. Surgical Navigation with the BrainLAB System
Sagi Harnof and Roberto Spiegelmann

9. Surgical Navigation with the Voyager System
Gene H. Barnett

10. Surgical Navigation with the OMI System
William D. Tobler

11. Surgical Navigation with the StealthStation
Michael Schulder

12. Stereotactic Radiosurgery: Indications and
General Technical Considerations
Michael Schulder

13. Stereotactic Radiosurgery for Benign Tumors
Gerhard Pendl and Oskar Schrittner

14. Stereotactic Radiosurgery: Gliomas
Jay S. Loeffler and Alan C. Hartford

15. Stereotactic Radiosurgery: Arteriovenous
Malformations
Kelly D. Foote and William A. Friedman

16. Stereotactic Radiosurgery with the Gamma Knife

Douglas Kondziolka, L. Dade Lunsford, and
Todd P. Thompson

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



17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Stereotactic Radiosurgery with the X-Knife
System
David W. Andrews and M. Beverly Downes

Stereotactic Radiosurgery with the Linac Scalpel
Sanford L. Meeks, John M. Buatti,

Edward C. Pennington, Francis J. Bova,

William A. Friedman, and Thomas H. Wagner

Stereotactic Radiosurgery with the BrainLab
System
M. Raphael Pfeffer and Roberto Spiegelmann

Stereotactic Radiosurgery and Intensity
Modulation Radiotherapy
Antonio A. F. De Salles and Timothy Solberg

Stereotactic Radiosurgery with the Cyberknife
Steven D. Chang, David P. Martin, and
John R. Adler, Jr.

Movement Disorders: Indications
Ahmed Alkhani and Andres M. Lozano

Technical Considerations in Movement Disorders
Surgery
Philip Starr

Intractable Tremor: Ablation Versus Stimulation
Emad N. Eskandar and G. Rees Cosgrove

Parkinsonism: Ablation Versus Stimulation
Brian Rankin Payne and Roy A. E. Bakay

Surgery for Other Movement Disorders
Zvi Israel and Kim Burchiel

Functional Neurosurgery Using the Radionics
Stereoplan System
James M. Schumacher

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



28.

29.

30.

31.

32.

33.

34.

3s.

36.

37.

38.

39.

Computer-Assisted Image-Guided Stereotaxis in
Movement Disorder Surgery
Paul House and Robert E. Gross

Movement Disorder Surgery with the Leksell System
Ron L. Alterman

Movement Disorders Surgery Using the Zamorano-
Dujovny Localizing System
Lucia Zamorano and Ramiro Pérez de la Torre

Functional Radiosurgery with the Gamma Knife
Ronald F. Young

Functional Radiosurgery with a Linac
Robert Smee

Classification of Pain
2Zvi Israel and Kim Burchiel

Percutaneous Techniques for Trigeminal Neuralgia
Edward J. Zampella, Jeffrey A. Brown, and Hooman Azmi

Percutaneous Surgery for Atypical Facial Pain
G. Robert Nugent

Epidural Spinal Cord Stimulation: Indications and
Technique
Konstantin V. Slavin

Thalamic Stimulation Versus Thalamotomy
Krishna Kumar and Denny Demeria

Intrathecal Narcotics: Spinal and Intraventricular
Konstantin V. Slavin and Angelyn M. Solko

Cordotomy for Pain
Yiicel Kanpolat

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



40.

41.

42.

43.

44.

45.

46.

47.

Dorsal Root Entry Zone (DREZ) Lesioning
for Pain
Eben Alexander Il and Deepa Soni

Dorsal Rhizotomy for Spasticity
Randa Zakhary, Matthew Smyth, and
Warwick J. Peacock

Intrathecal Baclofen for Spasticity
Allen H. Maniker

Classification of Seizure Disorders
David A. Marks

Anterior Temporal Lobectomy: Indications and
Technique
Thomas L. Ellis and Steven N. Roper

Corpus Callosotomy: Indications and Technique
Theodore H. Schwartz

Vagal Nerve Stimulation: Indications and Technique
Arun Paul Amar, Michael L. J. Apuzzo, and
Michael L. Levy

A Note on Intraoperative Imaging
Michael Schulder and Danny Liang

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



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



Contributors

John R. Adler, Jr.,, M.D. Department of Neurosurgery, Stanford Univer-
sity School of Medicine, Stanford, California, U.S.A.

Eben Alexander III, M.D. Department of Neurosurgery, University of
Massachusetts Medical School, Worcester, Massachusetts, U.S.A.

Ahmed Alkhani, M.D. Division of Neurosurgery, University of Toronto,
and Toronto Western Hospital, Toronto, Ontario, Canada

Ron L. Alterman, M.D. Division of Stereotactic and Functional Neuro-
surgery, The Hyman-Newman Institute for Neurology and Neurosurgery,
Beth Israel Medical Center—Singer Division, New York, New York, U.S.A.

Arun Paul Amar, M.D. Department of Neurological Surgery, Keck
School of Medicine, University of Southern California, Los Angeles, Cali-
fornia, U.S.A.

David W. Andrews, M.D. Department of Neurosurgery, Thomas Jefferson
University, Philadelphia, Pennsylvania, U.S.A.

xvii

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



Michael L. J. Apuzzo, M.D. Department of Neurological Surgery, Keck
School of Medicine, University of Southern California, Los Angeles, Cali-
fornia, U.S.A.

Hooman Azmi, M.D. Department of Neurosurgery, New Jersey Medical
School, Newark, New Jersey, U.S.A.

Roy A. E. Bakay, M.D. Department of Neurological Surgery, Rush Med-
ical College, Rush-Presbyterian-St. Luke’s Medical Center, Chicago, Illinois,
U.S.A.

Gene H. Barnett, M.D., F.A.C.S. Brain Tumor Institute, Department of
Neurological Surgery, The Cleveland Clinic, Cleveland, Ohio, U.S.A.

Francis J. Bova, Ph.D. Department of Neurosurgery, University of Florida
Brain Institute, Gainesville, Florida, U.S.A.

Jeffrey A. Brown, M.D. Department of Neurological Surgery, Wayne
State University School of Medicine, Detroit, Michigan, U.S.A.

John M. Buatti, M.D. Department of Radiation Oncology, University of
Iowa Health Care, lowa City, Iowa, U.S.A.

Kim Burchiel, M.D., F.A.C.S. Department of Neurological Surgery,
Oregon Health and Science University, Portland, Oregon, U.S.A.

Steven D. Chang, M.D. Department of Neurosurgery, Stanford University
School of Medicine, Stanford, California, U.S.A.

Joseph C. T. Chen, M.D., Ph.D. Division of Neurosurgery, Department
of Surgery, University of California at San Diego, San Diego, California,
US.A.

G. Rees Cosgrove, M.D., F.R.C.S.(C) Department of Neurosurgery, Mas-
sachusetts General Hospital, and Harvard Medical School, Boston, Massa-
chusetts, U.S.A.

Denny Demeria, B.Sc., M.D. Division of Neurosurgery, Department of
Surgery, University of Saskatchewan, and Regina General Hospital, Regina,
Saskatchewan, Canada

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



Antonio A. F. DeSalles, M.D., Ph.D. Department of Neurosurgery, UCLA
School of Medicine, Los Angeles, California, U.S.A.

Fernando Diaz Department of Neurosurgery, Wayne State University, De-
troit, Michigan, U.S.A.

M. Beverly Downes Thomas Jefferson University, Philadelphia, Pennsyl-
vania, U.S.A.

Thomas L. Ellis, M.D. Department of Neurosurgery, Wake Forest Uni-
versity School of Medicine, Winston-Salem, North Carolina, U.S.A.

Emad N. Eskandar, M.D. Department of Neurosurgery, Massachusetts
General Hospital, and Harvard Medical School, Boston, Massachusetts,
U.S.A.

Kelly D. Foote, M.D. Department of Neurosurgery, University of Florida,
Gainesville, Florida, U.S.A.

William A. Friedman, M.D. Department of Neurosurgery, University of
Florida, Gainesville, Florida, U.S.A.

Robert E. Gross, M.D., Ph.D. Department of Neurological Surgery,
Emory University School of Medicine, Atlanta, Georgia, U.S.A.

Sagi Harnof, M.D. Department of Neurosurgery, The Chaim Sheba Med-
ical Center, Tel Hashomer, and The Sackler School of Medicine, Tel Aviv
University, Tel Aviv, Israel

Alan C. Hartford, M.D., Ph.D. Department of Radiation Oncology,
Northeast Proton Therapy Center, Boston, Massachusetts, U.S.A.

Paul A. House, M.D. Department of Neurosurgery, University of Utah
Health Sciences Center, Salt Lake City, Utah, U.S.A.

Zvi Israel, B.Sc., M.B.B.SD. Department of Neurosurgery, Hadassah Uni-
versity Hospital, Jerusalem, Israel

Yiicel Kanpolat, M.D. Department of Neurosurgery, University of Ankara
School of Medicine, Ankara, Turkey

Douglas Kondziolka, M.D. The Center for Image-Guided Neurosurgery,

University of Pittsburgh School of Medicine, Pittsburgh, Pennsylvania,
U.S.A.

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



Krishna Kumar, M.B., ML.S., F.R.C.S.(C), F.A.C.S., S.O.M. Division of
Neurosurgery, Department of Surgery, University of Saskatchewan, Sas-
katchewan, and Regina General Hospital, Regina, Canada

Michael L. Levy, M.D. Division of Neurosurgery, and Department of Sur-
gery, University of California San Diego, San Diego, California, U.S.A.

Danny Liang, B.A. Department of Neurosurgery, New Jersey Medical
School, Newark, New Jersey, U.S.A.

Jay S. Loeffler, M.D. Massachusetts General Hospital, and Harvard Med-
ical School, Boston, Massachusetts, U.S.A.

Deon Louw, M.D. Consultant Neurosurgeon, Foothills Medical Center,
Calgary, Alberta, Canada

Andres M. Lozano, M.D., Ph.D., F.R.C.S.(C) Department of Surgery,
University of Toronto, and Toronto Western Hospital, Toronto, Ontario,
Canada

L. Dade Lunsford, M.D. The Center for Image-Guided Neurosurgery,
University of Pittsburgh School of Medicine, Pittsburgh, Pennsylvania,
U.S.A.

Robert J. Maciunas, M.D. Department of Neurological Surgery, Case
Western Reserve University, Cleveland, Ohio, U.S.A.

Allen H. Maniker, M.D. Department of Neurological Surgery, New Jersey
Medical School, Newark, New Jersey, U.S.A.

David A. Marks, M.D. Department of Neurosciences, New Jersey Med-
ical School, Newark, New Jersey, U.S.A.

David P. Martin, M.D. Department of Neurosurgery, Stanford University
School of Medicine, Stanford, California, U.S.A.

Sanford L. Meeks, Ph.D. Department of Radiation Oncology, University
of Iowa Health Care, Iowa City, Iowa, U.S.A.

G. Robert Nugent, M.D. Department of Neurosurgery, Robert C. Byrd
Health Sciences Center, Morgantown, West Virginia, U.S.A.

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



Bryan Rankin Payne, M.D. Department of Neurosurgery, Louisiana State
University, New Orleans, Louisiana, U.S.A.

Arun Angelo Patil, M.D. Department of Neurosurgery, University of Ne-
braska Medical Center, Omaha, Nebraska, U.S.A.

Warwick J. Peacock, M.D., F.R.C.S. Department of Neurosurgery, Uni-
versity of California at San Francisco, San Francisco, California, U.S.A.

Gerhard Pendl, M.D. Department of Neurosurgery, Karl-Franzens Uni-
versity Graz, Graz, Austria

Edward C. Pennington, M.S. Department of Radiation Oncology, Uni-
versity of lowa Health Care, lowa City, lowa, U.S.A.

Ramiro Pérez de la Torre Department of Neurosurgery, Wayne State Uni-
versity, Detroit, Michigan, U.S.A.

M. Raphael Pfeffer Department of Radiation Oncology, The Chaim Sheba
Medical Center, Tel Hashomer, and The Sackler School of Medicine, Tel
Aviv University, Tel Aviv, Israel

Steven N. Roper, M.D. Department of Neurological Surgery, University
of Florida, and Malcolm Randall VA Medical Center, Gainesville, Florida,
US.A.

Oskar Schrottner, M.D. Department of Neurosurgery, Karl-Franzens Uni-
versity Graz, Graz, Austria

Michael Schulder, M.D. Department of Neurosurgery, New Jersey Med-
ical School, Newark, New Jersey, U.S.A.

James M. Schumacher, M.D. Department of Neurological Surgery, Cen-
ter for Movement Disorders, University of Miami, Miami, Florida, and Neu-
roregeneration Laboratory, McLean Hospital, and Harvard Medical School,
Boston, Massachusetts, U.S.A.

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



Theodore H. Schwartz, M.D. Department of Neurological Surgery, Weill
Cornell Medical College, New York Presbyterian Hospital, New York, New
York, U.S.A.

Ashwini D. Sharan, M.D. Department of Neurosurgery, Thomas Jefferson
University, Philadelphia, Pennsylvania, U.S.A.

Konstantin V. Slavin, M.D. Department of Neurosurgery, University of
Illinois at Chicago, Chicago, Illinois, U.S.A.

Robert Smee, M.B., B.S., F.R.A.N.Z. Department of Radiation Oncology,
Prince of Wales Hospital, Randwick, New South Wales, Australia

Matthew Smyth, M.D. Department of Neurological Surgery, University
of California at San Francisco, San Francisco, California, U.S.A.

Timothy Solberg, Ph.D. Department of Radiation Oncology, UCLA
School of Medicine, Los Angeles, California, U.S.A.

Angelyn M. Solko, Pharm D. Harborview Medical Center and University
of Washington School of Pharmacy, Seattle, Washington, U.S.A.

Deepa Soni, M.D. Department of Neurosurgery, Brigham and Women’s
Hospital, Children’s Hospital, and Harvard Medical School, Boston, Mas-
sachusetts, U.S.A.

Roberto Spiegelmann, M.D. Department of Neurosurgery, The Chaim
Sheba Medical Center, Tel Hashomer, and The Sackler School of Medicine,

Tel Aviv University, Tel Aviv, Israel

Philip Starr, M.D., Ph.D. Department of Neurological Surgery, University
of California at San Francisco, San Francisco, California, U.S.A.

Todd P. Thompson, M.D. Department of Neurosurgery, Straub Clinic and
Hospital, Honolulu, Hawaii, U.S.A.

William D. Tobler, M.D. Department of Neurosurgery, University of Cin-
cinnati, and Mayfield Clinic and Spine Institute, Cincinnati, Ohio, U.S.A.

Thomas H. Wagner, Ph.D. Department of Neurosurgery, University of
Florida Brain Institute, Gainesville, Florida, U.S.A.

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



Marshall T. Watson, Jr., M.D. Department of Neurological Surgery, Uni-
versity of Rochester, Rochester, New York, U.S.A.

Ronald F. Young, M.D., FA.C.S. Gamma Knife Center, Northwest Hos-
pital, Seattle, Washington, U.S.A.

Randa Zakhary, M.D., Ph.D. Department of Neurological Surgery, Uni-
versity of California at San Francisco, San Francisco, California, U.S.A.

Lucia Zamorano, M.D. Departments of Neurosurgery and Radiation On-
cology, Wayne State University, Detroit, Michigan, U.S.A.

Edward J. Zampella, M.D. Chatham Neurological Associates, Summit,
New Jersey, U.S.A.

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



1

Intracranial Stereotactic Surgery:
Indications

Joseph C. T. Chen

University of California at San Diego, San Diego, California,
U.S.A.

Michael L. J. Apuzzo

Keck School of Medicine, University of Southern California,
Los Angeles, California, U.S.A.

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.
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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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Stereotactic Frames: Technical
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°
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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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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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FIGUrRre 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.
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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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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.

FIGURE 1 Patient positioned.
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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,

FIGURE 2 The arc on the phantom base in the operating room.

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



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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4

Stereotactic Surgery with
the Leksell Frame

Deon Louw
Foothills Medical Centre, Calgary, Alberta, Canada

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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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
X 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

FIGURE 4.1 Leksell G base frame.
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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, vy,
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-
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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

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



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).

Acknowledgments

I would like to thank Kim Burchiel for teaching me all I know about the
Leksell frame, and then some. Elekta also kindly provided us with images.

REFERENCES

1. L Leksell, K Liden. A therapeutic trial with radioactive isotopes in cystic brain
tumors. In: Radioisotope Techniques, vol 1: Medical and Physiological Appli-
cations. London: HRI Stationery Office, 1951.

2. L Leksell. A stereotactic apparatus for intracerebral surgery. Acta Chir Scan 99:
229-233, 1949.

3. LD Lundsford, D Leksell. The Leksell system. In: Modern Stereotactic Neuro-
surgery. Boston: Martinus Nijhoff Publishing, 1988, pp 27—-46.

4. L Leksell. Stereotaxis and Radiosurgery: An Operative System. Springfield, IL:
Thomas, 1971.

5. LD Lundsford, D Konziolka, D Leksell. The Leksell Stereotactic System. In: R
Tasker, P Gildenberg, eds. Stereotactic and Functional Neurosurgery, 1999, pp
51-63.

6. DF Louw, KJ Burchiel. Pallidotomy for Parkinson’s disease. In M Appuzo, ed.
Neurosurgical Care of the Elderly. Park Ridge, Il: American Association of Neu-
rological Surgeons, 1999, pp 75-86

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



7. M Salcman, EH Bellis, W Sewchand, P Amin. Technical aids for the flexible
use of the Leksell stereotactic system. Neurol Res 11:89-96, 1989.

8. Burchiel KJ, Nguyen T. MRI distortion and stereotactic neurosurgery using the
Cosman-Roberts-Wells and Leksell frames. Stereotactic Funct Neurosurg 66(1—
3):123-136, 1996.

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



5

Stereotactic Surgery with the
Zamorano-Dujovny Frame
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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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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.

FIGURE 1 The carbon fiber ring, along with the posts and pins in pre-
mounting position.
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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 O 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 T,-, T,-, 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 O 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
X 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].

LT3 ) 5

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
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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 X 256 or 512 X 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.

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



REFERENCES

1.

2.

Horsley V, Clarke RH. The structure and the function of the cerebellum ex-
amined by a new method. Brain 31:45-124, 1908

Spiegel EA, Wycis HT, Marks M, Lee AJ. Stereotaxic apparatus for operations
on the human brain. Science 106:349-350, 1947.

Kelly PJ. Computer assisted stereotaxis: A new approach for the management
of intracranial intra-axial tumors. Neurology 36:535-541, 1986.

Kelly PJ. Volumetric stereotactic surgical resection in intra-axial brain mass
lesions. Mayo Clin Proc 63:1186—-1198, 1988.

Kelly PJ, Alker GJ Jr, Goerss S. Computer-assisted stereotactic microsurgery
for the treatment of intracranial neoplasms. Neurosurgery 10:324-331, 1982.
BrainLAB. User Manual. BrainLAB GmbH. Germany, 1996-1997.
Gumprecht HK, Lumenta CB. The operating microscope guided by a neuro-
navigation system: A technical note. Minim Invasive Neurosurg 41(3):141-143,
1998.

Gumprecht HK, Widenka DC, Lumenta CB. BrainLAB VectorVision Neuro-
navigation System: Technology and clinical experiences in 131 cases. Neuro-
surgery 44:97-105, 1999.

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



9

Surgical Navigation with the
Voyager System

Gene H. Barnett

Brain Tumor Institute, The Cleveland Clinic,
Cleveland, Ohio, U.S.A.

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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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 X 3 (or, optionally, a 2 X 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

FIGURE 2 Image loading display of Voyager system. More than one type
of image set may be imported for navigation.
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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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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

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.
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Voyager

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

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

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



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

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

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.

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

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



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].

SECONDARY
COLLIMATOR

4\
TURNTABLE RO™

FIGURE 3 Diagram of linear accelerator, showing axes of rotation of
couch and gantry. (From Ref. 57 with permission of The McGraw-Hill
Companies.)
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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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Stereotactic Radiosurgery for
Benign Tumors

Gerhard Pendl and Oskar Schrottner
Karl-Franzens University Graz, Graz, Austria

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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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

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.
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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,

20.3.92 9.11.92 4.5.93 18.10.9

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.
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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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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

FIGURE 3 A, A 68-year-old woman with a 1.5 X 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.
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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

FIGURE4 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.
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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-cmn 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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Stereotactic Radiosurgery: Gliomas
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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

Median
Median Diameter boost Median  Survival
minimum size limit volume Patient survival at 2 years Reoperation

Institution boost (cm) (cm®  number (months) (%) rate (%)
Brachytherapy

UCSF (3) 52.9 Gy <6cm N/S 106 20 39% 38%

JCRT (5) 50.0 Gy =5cm 22cm® 56 18 34% 64%

BTCG (6) 60.0 Gy N/S N/S 125 16 N/S 50%
Sterotactic radiosurgery

JCRT, Wisconsin, and 12.0 Gy =4cm 10.0cm?® 96 21 38% 29%

Florida (14)
Pittsburgh (15) 15.5 Gy <35cm 6.5cm? 45 20 41% 19%
Harvard (16) 12 Gy =4cm 9.4 cm?® 78 20 36% 50%

Fractionated proton radio-
therapy (10 fractions/
week for 5 weeks)
MGH-HCL (19) 33.5 CGE (total =5cm 36 cm?® 23 20 34% 57%
dose 93.5 CGE)

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 Survival at
class GBM patients Anaplastic astrocytoma patients two years
| N/A Age < 50; normal mental status 76%
Il N/A Age = 50; KPS = 70; more than 3 months 68%
of symptoms
1l Age < 50; KPS = 90 Age < 50; abnormal mental status 35%
v Age < 50; KPS < 90 Age = 50; KPS = 70; no more than 3 15%
—or— months of symptoms
Age = 50; KPS = 70; at least partial
surgical resection; able to work
\Y Age = 50; along with: Age = 50; KPS < 70; normal mental 6%
KPS < 70; normal mental status status
KPS = 70; at least partial surgical
resection; not able to work
KPS = 70; biopsy only and dose
> 54.4 Gy
VI Age = 50; along with: Age = 50; KPS < 70; abnormal mental 4%
KPS < 70; abnormal mental status
status
KPS = 70; biopsy only and dose
= 54.4 Gy

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: I, IV, V, and VI

Series stratified by risk group ] v \% Vi

Historical controls—RTOG standard risk 35% (175) 15% (457) 6% (395) 4% (263)
groups (13)

SRS—combined experience of Wisconsin, 75% (24) 34% (35) 21% (43) (3 pts included
JCRT, and Gainesville (14) 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 cm’,
across all patients the median volume receiving the high-dose boost was 36
cm’. 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 cm’
vs 29 cm’). Among the SRS patients, younger age and a tumor volume less
than 10.1 cm’ 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 cm’),
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 cm?, 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 AVMSs. 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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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

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 AVYM nidus volume treated was
12 cc.
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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 (D,,;,) is the most significant predictor

FIGURE 2 Continued
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TaBLE 1 Major AVM Radiosurgery Series

Yamamoto Pollock (21)

(28)

First author

Radiosurgical device Gamma Knife Gamma Knife

Number of patients 40 313
Angiographic cure 65% 61%
rate
Complications
Permanent radiation 3 patients 30 patients
induced (7.5%) (9%)
Hemorrhage None 8 fatal

Karlsson (17)

Gamma Knife

945

56%

5%

55 patients

Steinberg
(24)

Proton beam
86

92%

11%

10 patients

Colombo
(16)

LINAC
180

80%

4 patients
(2%)

15 patients,
5 fatal

Friedman

LINAC
407

65%

7 patients
(2%)

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 D,;,. 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.
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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 Kbnife radiosurgery, treatment
strategies, results, and complications for common neurosurgical indications.

The Gamma Khnife 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

Marginal Maximum

Lesion dose range dose Results

AVMs (<4 cm?) 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 80% reduced tremor

Gy

*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 cm® 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 I 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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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 cm’ increase the risk
of complications. A study by Flickinger et al. found that complications after

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
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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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X-Knife System
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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 Khnife 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

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



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-

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



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

(a) (b)

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.
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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 X 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

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



University of Florida
Treatment Planning Algorithm for Optimization

Is target adjacent to very radiosensitive neural structure?

Yes No
Maximize dose gradient: Maximize conformality:

Lesion shape is:

r'd “x

Spherical Non-ellipsoidal {irregular)
9 equally spaced Use multiple isocenters
arcs

1. Critical structure inferior, superior,
medial or lateral to target - use
arc elimination tool

2. Critical structure anterior or
pasteriar to target — use arc
start and stop angle

l

Maximize conformality
* without degrading optimized
dose gradient

Ellipsoidal

w/principal axis in the:

1. Coronal plane — use are
weighting {elimination tool or
differential collimator sizes)

2. Sagittal plane — use arc
start and stop angle tool

3. Axial plane - use multiple
isocenters

Dose selection

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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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

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.
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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

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



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 lIsocenter 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 lIsocenter 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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40 mm spacing

35 mm spacing

33 mm spacing

32 mm spacing

31 mm spacing

29 mm spacing

26 mm spacing

24 mm spacing

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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Four 14mm isocenters spaced at 14mm, all weights equal.
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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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Four 14mm isocenters spaced at 14mm, isoc. weights adjusted 1.17 : 0.94 : 0.94 : 1.17

13 T T I
E \Totaléose '
i . SEpTEEETETE (T =
af----o-- S — i e
. Unequal iouculwhlwelglta\‘--_l ‘ H
12}-------- L B £ NU—— L I P
: INTSAL !
o ' Y ( | '
8 - ' e %
2 : \ AN
B 08f-------- Rl e e tecdenanbonnnnn-s
(2]
x : II :
- — : ‘/}
X P
04f-------- " - f-j-J.----
02f-------- bee i ifes K\ :
L} A [}
- A N,
1] 25 50 75

Lateral distance (mm)

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.
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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-lsocenter 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-mmm 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-
vals. 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 MRYI, 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
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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 X 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.

Objective Function

Local Minima ——p

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:

where D is assumed to have elements that a Poisson distributed with a mean
of Fia;. F; is the matrix element that defines the dose delivered to anatomy
voxel i from beamlet j, and & 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 X 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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FIGURES5 The Mimic collimator (Nomos Corporation) mounted to a con-
ventional linear acclerator (top). The Mimic leaves produce individual 1
X 1 cm?or 1 X 2 cm? 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 125-1 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
125-1 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 125-1 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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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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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

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.
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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

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



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 1.67 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.
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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-
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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.
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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 (GP1)
(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 O 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-

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



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 (GP1i), 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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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

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 Anteroventral border [3,4]
Lateral = 11 from third of Vim, in the arm
ventricle wall territory
AP = 6 anterior to PC
Gpi Vertical = —2 to —8 Inferior border of [1,15,50,
Lateral = 18 from third motor territory of 89]
ventricular wall Gpi, immediately
AP = 2 anterior to superior to optic
MCP tract
STN Vertical = —4 to —6 Center of the STN [4,72]

Lateral = 12
AP = 2 to 3 posterior
to MCP

Abbreviations: Vim, Ventralis intermedius; GPi, Globus pallidus internal; STN,
Subthalamic nucleus; AP, Anteroposterior; MPC, Midcommissural point.
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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 X 256 or 256 X 512.

TABLE 2 Some MR Pulse Sequences Commonly Used for Movement
Disorders Surgery

MR pulse sequence Sample parameters Comments

T-2 weighted fast spin TR = 2500, TE = 110 Excellent for STN visual-

echo ization, in the coronal
plane
Inversion recovery- TR = 3000, TE = 40, Excellent for GPi visuali-
fast spin echo TI = 200 zation, in the axial
plane
Three-dimensional TR =7, TE = 3.4, flip May be reformatted in
acquisition gradient angle = 30°, band- any plane with mini-
echo width = 15 kHz mal image

degradation

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