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Preface

xi

“Nel mezzo del cammin di nostra vita “Midway upon the journey of our life
entrai per una selva oscura I found myself in a forest dark
che la dritta via era smarrita” For the straightforward pathway had been lost”

Dante Alighieri (1265–1351), Divina Commedia, Inferno, Canto I, I

The number of neurosurgeons practicing image-guided techniques is growing rapidly. Image- guided stereotactic
neurosurgery has evolved into a discipline that every neurosurgeon should know as the concept of “minimally inva-
sive surgery” is endorsed by most practicing surgeons.

Although image-guidance allows surgeons to maintain the “straightforward pathway”, there is increasing evidence
that the use of this technique offers several other advantages. Image-guided brain and spine surgery can make neu-
rosurgical procedures more efficient, minimize the size of the exposure and the invasiveness of the surgery, allow an
approach through the least eloquent path, define resection boundaries that may not be apparent to the surgeon’s
eye, optimize placement of hardware in spinal surgery, and decrease the manipulation of nervous tissue outside the
pathological process in both cranial and spinal cases. Thus, it is not surprising to envision image-guided neuro-
surgery being used by the majority of neurosurgeons and considered the “standard of care.”

This book represents the fruit of the effort of several neurosurgeons that have significantly contributed to the evo-
lution of the field of image-guided surgery. The intention of this text is to review the current state-of-the-art tech-
niques of image-guided brain and spine surgery. The current and future applicability of the current available sys-
tems is reviewed. This book provides neurosurgeons with modern concepts and serves as an exceptional resource
for basic, practical, and advanced information on this field. For the residents in training, this publication can sup-
plement areas that might not be covered in depth in the training program.

This book is divided into three sections. The first section is an overview of the principles and technology of image-
guided neurosurgery, including description of the instrumentation. Each chapter contains an individual perspec-
tive of a different technology used for image-guided neurosurgery. The second section contains seven chapters on
different applications of image-guided cranial procedures. These chapters describe the use of the image-guided
technology for intracranial procedures, such as cerebrovascular, tumor, epilepsy, and movement disorders. The au-
thors of each chapter share with the reader their experience with this technology, outlining benefits and limitations.
The third section describes, in six chapters, the clinical applications of image-guided technology for spine surgery.
The reader will find that each chapter contains the best, current assessment of the covered topic.

I would like to express my deepest appreciation to each contributor for the work involved in compiling these
chapters and for their willingness to share their experience with the reader.

Isabelle M. Germano, M.D., F.A.C.S.
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It is an essential aspect of neurosurgery that every cra-
nial procedure must be conducted with the utmost pre-
cision. The brain, as opposed to any other organ in the
body, is highly organized into structures that serve spe-
cific and irreplaceable functions. Collateral damage to
these structures in the surgical pursuit of a deep target
carries obligatory neurological deficits that are often
permanent, and inexcusable. Further the external ap-
pearance of the brain gives little in the way of clues to
the function subserved within, providing neurosurgeons
with a formidable challenge to achieve intraoperative lo-
calization. The duration of training of every neurosur-
geon is testimony to the challenge of achieving a sense
of precise cranial navigation that is based in a firm com-
prehension of the three-dimensional (3-D) organization
of the human brain. However even a perfect and ency-
clopedic knowledge of the normal functional anatomy
of the brain is inadequate when confronted by the need
to operate upon a brain altered either through normal
variation or the presence of a disease process. Given the
ability of the brain to compress, shift, and distort in the
presence of disease it follows that neurosurgeons rely
upon preoperative imaging more than any other surgi-
cal subspecialty in preparation for a procedure upon the
brain to contort their concept of normal anatomy to
match the distorted anatomy of the patient.

Neurosurgeons have been the beneficiaries of a rich
variety of choices in the imaging of the brain. Computed
tomography (CT), followed by magnetic resonance imag-
ing (MRI), has most recently provided detailed 3-D im-
ages to guide cranial procedures. Even before the ad-
vent of these inherently three-dimensional techniques,
neurosurgeons developed and were the first to use con-

trast techniques that improved the ability of two-dimen-
sional radiographs to depict the position of the brain.
Dandy’s use of pneumoencephalography, and Muniz’s
development of cerebral angiography serve as testimony
to the dependence of even veteran and experienced
neurosurgeons to alter their well-developed visualiza-
tion of the brain to match the actuality of a specific pa-
tient. In a very real sense neurosurgeons have always
sought, and even striven, to be guided by images as they
take on the challenges of operating on the brain. In-
deed the apparent novelty of the concept of image guid-
ance is a non sequitur, in that all surgery is image guided
as surgeons operate guided by images of the surgical
field formed on their retinas. It would therefore appear
to be presumptuous to suggest that the history of image
guidance is somehow distinct from the history of neuro-
surgery itself, as the two are essentially inseparable and
likely synonymous. However, as recent developments in
diagnostic imaging offer the potential of extending the
vision of the surgeon far beyond the surface of the surgi-
cal field, the true power of image guidance will become
increasingly apparent.

If a distinction can be made between the histories of
image guidance and neurosurgery it can be found
within the technology underlying image guidance, and
the individuals who adapted said technology to fit the
environment of an operating room. Given the chal-
lenges of neurosurgical procedures, it is to be expected
that neurosurgeons, in addition to the ability to think in
three dimensions, have strong personalities. Only indi-
viduals confident in their own abilities could enter the
brain, address a problem within this most complex and
least understood structure known in the universe, and

1
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tolerate horrific and disabling complications that would
strip less confident individuals of any desire to take on
such a challenge again. Given the confidence and self-
reliance integral to their personalities it is common for
many veteran neurosurgeons to dismiss intraoperative
technological advances as being the unreliable infra-
structure required by less confident, and perhaps less
talented, surgeons to bolster their attempts to perform
cranial surgery. Just as the microscope was seen as an un-
needed operative toy when it was first employed intraop-
eratively, the proponents of image guidance and its pre-
decessor stereotactic surgery were ostracized from the
mainstream of neurosurgical history. This phenomenon
was perhaps most notable in Europe, where entire de-
partments of stereotactic surgery were founded outside
existing departments within neurosurgery. Therefore, if
image guidance has a history separate from that of neu-
rosurgery, it is one created by the enmity of the majority
of the neurosurgical community toward individuals who,
rather than being uncertain of their surgical skills were
beholden to the tremendous responsibility of operating
on the seat of a patient’s psyche.

The history of image guidance consists of the stories
of individuals confident not only in their surgical capa-
bilities but in their ability to apply technological ad-
vances to reliably assist in navigation through the brain.
These individuals could see beyond the limitations of
existing techniques and apply untested technology to
remove these limitations. As a result, neurosurgical pro-
cedures became more complex as new techniques and
instrumentation supplanted preexisting technology.
This increased complexity of cranial procedures, albeit
a drawback, diminishes the discomfort and complica-
tions of conventional surgery and therefore is justified
by the improved outcome for patients. Indeed, the ma-
jority of neurosurgeons have adopted these techniques.
Just as any contemporary neurosurgeon would reject re-
placement of modern and complex powered drills by
the simple trephines of yesteryear, so will the neurosur-
geon of the future refuse to operate without the pres-
ence of an operative computer. (As all recent advances
of new imaging technologies are based on the use of
computers, the computer has become a new instrument
in the operating room. Thus, an alternative name for
the field could be computer-assisted surgery, although
this appellation stresses the means over the benefits of
this technique.) As minimally invasive procedures are
more broadly adopted, there will be less opportunity
for conventional orientation during surgery and a
greater reliance on guiding technology and its inherent
complexity.

This chapter defines the processes unique to image
guidance—periprocedural information acquisition, in-
formation registration, and intraprocedural tracking—
and uses this structure to recount the history of their de-

velopment and provide a brief indication of the proba-
ble future of each process.

Periprocedural Information Acquisition

The name image-guided surgery implies the coupling of
some form of imaging to the surgical act and is the first
essential component of such procedures. The history of
image guidance is therefore inherently intertwined in
the history of radiology as successive imaging advances
underwent modifications to allow their use either prior
to or during surgery. A history of radiology is beyond the
scope of this chapter; but these modifications of imag-
ing technology are central to the history of the topic.

It is important to note that the term image-guided sur-
gery is at best a misnomer. Surgeons are not necessarily
guided by images themselves, but rather by the informa-
tion contained therein. Therefore, a more appropriate
term for the field would be information-guided therapy, ac-
knowledging not only the role of information but also
the fact that many therapies that would benefit from
such a coupling are not surgical in nature. Because
these techniques can be used broadly with any invasive
therapy that produces local effects with minimal collat-
eral damage, newer forms of radiation therapy, such as
particle beam therapy, can benefit by the use of identical
visualization techniques. Further, the nature of the in-
formation employed can be quite diverse. The custom-
ary means of acquiring information is to subject the pa-
tient to a process that extracts the information from the
anatomy of the patient. Usually the information ex-
tracted is organized in a 3-D virtual structure matched as
precisely as possible to the anatomy of the patient, such
as a CT or MRI scan. In other less demanding situations
it is sufficient to employ two-dimensional information
obtained by projecting the anatomy of the patient onto
a single plane. In either situation, the resultant informa-
tion can be categorized as an information data set, em-
phasizing the fact that the extraction process renders
data that are an incomplete representation of the reality
of the patient. The fidelity of the extraction process
largely determines the utility of the resultant informa-
tion to guide therapy. Given these considerations the
term information-guided therapy will be used throughout
the rest of this chapter to describe this field.

An important alternative to the extraction of data
from the patient is to match the patient to a preexisting
source of information obtained through the study of
prior individuals. This preexisting repository of infor-
mation is usually organized three-dimensionally and is
termed an atlas. Atlas-based interventions suffer inaccu-
racy due to improper matching of the patient to the
atlas or to inherent variability between individuals that
diminishes the resolution of the atlas-based informa-
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4 Principles and Technology

tion. As our ability to extract information from patients
improves, it can be anticipated that atlas-based interven-
tions will be replaced; but in the early history of the
field, atlases were the only source of information avail-
able. Because atlas-based interventions do not employ
any data extraction from the patient, the history of the
field actually predates the invention of imaging as we
currently use the term.

The history of atlas-based interventions starts in 1889
with Dr. Zernov, a Russian surgeon who proposed the
first device that superimposed a coordinate system on
the patient’s head for localization of brain structures.1 It
is of great interest that the information employed con-
sisted of a phrenological atlas relating the contour of
the patient’s head to prior patients with known psycho-
logical conditions. Dr. Zernov hoped to employ this
matching process to guide the production of lesions
within the brain to resolve the psychological condition
implied by this matching process. Although his confi-
dence in the technology did not allow him to employ
the device clinically, his use of contour matching was the
first instance of a registration technique that is enjoying
a resurgence of interest in contemporary systems. In
1873, another early investigator, Dr. Dittmar, created the
first device designed to develop a stereotactic atlas.2 He
proposed investigating the function of the spinal cord in
the rat by using his apparatus to insert a blade into the
structure and recording the subsequent neurological
deficit. Once again it was hoped that by matching the
patient’s anatomy to the resultant atlas, information
about the deficit experienced by the patient could be
obtained, with essentially no concept of imaging being
employed in the process. Atlas-based technology reached
its zenith after 1952 when Spiegel and Wycis published
the first stereotactic brain atlas for operative use.3 Subse-
quently numerous other stereotactic brain atlases have
been produced since the early days of stereotactic neu-
rosurgery. This topic is reviewed in Chapter 19 of this
book.

As imaging techniques became available and progres-
sively refined, neurosurgeons employed them to lessen
the inherent inaccuracies of atlas-based interventions.
All imaging technologies tend to be cumbersome and
expensive in their first incarnations prior to advances
that allow miniaturization. In early applications the act
of imaging would therefore traditionally be employed in
a suite that contained the necessary equipment, and sur-
gery would be performed afterward in a setting less de-
manding in terms of capital outlay and more consistent
with the demands of surgical asepsis. Hence a significant
number of procedures employed information obtained
preoperatively and were matched to the anatomy of the
patient through a process of registration, which will be
discussed subsequently. However, as the underlying as-
sumption that the therapeutic process does not alter the

anatomy of the patient is obviously untenable in the ma-
jority of cases, there will always be a need to perform in-
formation extraction during the delivery of therapy, as
exemplified in the use of intraoperative MRI. Further, as
an individual patient’s outcome can itself be a source of
information, postoperative information extraction, if
carefully preserved and organized into a highly resolved
data set, could be employed as an atlas for subsequent
patients. The history of information guidance has been
determined in part by the timing, and adoption, of
imaging techniques to make them usable within the op-
erating room.

Just as the timing of information extraction has
evolved over the history of the field, the nature of the in-
formation extracted is also undergoing intense develop-
ment. Given the difficulty in determining the position of
specific functions within the brain, surgeons assumed
function to be consistent between individuals and would
therefore assume in the development of early systems
that anatomy would precisely depict function. By tracking
the deformation of anatomy, as depicted by structural
imaging such as CT or MRI, it was assumed that function
would be deformed in a lockstep fashion. Once again, at-
lases of function, assembled by experience with prior pa-
tients, were employed in these deformation attempts to
depict the location of function within the patient. This as-
sumption is rendered imprecise once again to the vari-
ability between patients, and to lack of specific knowl-
edge as to how a particular deformation was produced. It
would be expected that deformations caused by an intrin-
sic malignant glioma or a meningioma that appear struc-
turally similar would have quite disparate effects on the
eventual location of function, as one process consists of
invasion of tissue, as opposed to pushing tissue away.
Technologies currently becoming available that provide
information about the location of function in a specific
patient are now being employed to guide therapeutic in-
terventions. Many of these technologies, such as magne-
toencephalography, do not result in the production of
images, emphasizing once again that information, and
not imaging, is the key to new advances in the field.

Kelly was a true pioneer in the effort to use a variety of
information sources during the performance of cranial
surgery.4 He was the first to describe the use of CT im-
ages, computer-generated stereotactic atlases, and, sub-
sequently, MRI for tumor and functional procedures. Sub-
sequently, Berger5 and Zamorano et al6 reported the use
of intraoperative ultrasound and endoscopic images used
in conjunction with frame-based stereotactic equipment.

Information Registration

The advent of digital scanning techniques has resulted
in medical images of exquisite detail and has revolution-
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ized the planning of neurosurgical operations. Although
these images are compelling, it must be stressed that
they are only representations, or pictures, of the rele-
vant anatomy. Without a frame of reference by which
one can register this image space to the physical space of
the patient’s anatomy, the use of such images to guide
surgery employs their subjective interpretation by a clin-
ically experienced neurosurgeon. Superimposing a frame
of reference or coordinate system upon the preopera-
tive images and using the same frame of reference dur-
ing the therapeutic procedure can apply the full advan-
tage of the fidelity of these sophisticated pictures to the
real-time guidance of neurosurgical procedures. The use
of a coordinate system during information extraction
and therapy delivery is the second essential component
of information-guided therapy.

Given the distortion and time constraints of early
imaging technologies it was key to establish a rigid coor-
dinate system that could mechanically survive both the
imaging and the surgical process. The construction of
most stereotactic frames is based on a system of rectilin-
ear coordinates for determining a specific target point
in the human brain. This coordinate system was devised
by a French mathematician, René Descartes, in the sev-
enteenth century and is known as the Cartesian coordi-
nate system. Descartes stated and proved that any point
in 3-D space can be defined by its relationship with
three intersecting planes, designated as x, y, and z coor-
dinates, that are oriented at 90 degree angles to each
other. This superimposition of a Cartesian coordinate
system onto human anatomy was first accomplished by
the application of an external frame of reference to the
patient’s cranium and is known as “frame-based” stereo-
tactic neurosurgery. In 1947, Spiegel and Wycis intro-
duced the first stereotactic frame to be used clinically
for humans.7 In addition to the challenge of localizing
intracerebral structures based on skull landmarks, calci-
fied pineal gland, and ventriculography, the other prob-
lem facing neurosurgeons was the variability of the
human brain.

Given advances in imaging technology as well as the
availability of more powerful computer software and
hardware, frame-based registration methods have been
supplanted by less invasive “frameless” techniques. Con-
ventional frame-based registration is perceived to be
more accurate than frameless techniques by many sur-
geons and is therefore used by the vast majority of neu-
rosurgeons performing procedures designed to restore
function. These procedures can be categorized by their
requirements for extreme accuracy because the thera-
peutic target is usually quite small. Most conventional
neurosurgical procedures have relatively large targets
and are well served by frameless technology that is less
invasive for the patient. Given the lower risk and de-
mands of other surgical subspecialties it can be contem-

plated that frameless registration techniques will be uti-
lized by all of the nonneurosurgical surgical specialties.

Intraprocedural Tracking

The third essential component of information guidance
is the technique by which the surgeon either visualizes
the specific relation of information to the anatomy of the
patient or is confined to a specific location within the
patient. Either function can be accomplished by track-
ing the surgeon; that is, determining the exact location
of the surgical instruments within the body of the pa-
tient employing a reference system that can be related
to that of the information data set. As this need to track
the movement of an operating surgeon is relatively
unique to information-guided therapy, the history of
these technical advances is unique to the field and not
paralleled by the history of other medical fields.

As would be expected, early devices confined the sur-
geon to a specific surgical path rather than taking on the
more complex task of locating a surgeon moving freely.
In 1908, Horsley and Clarke introduced the first linear
stereotactic apparatus for use in animal experimental
surgery.8 This mechanical device was used to introduce a
lesion probe into the cerebellar nuclei of a monkey. Di-
rect electrical current, producing electrolysis at the
anode made the lesions.

Mussen, a Canadian surgeon, conceived the first
stereotactic instrument designed for human use at the
beginning of the twentieth century (Fig. 1–1).9 However,
he could never convince other neurosurgeons to use it
clinically. Subsequent stereotactic systems place the tar-
get at the center of a semicircular arc, and the coordi-
nates are entered by adjusting mechanical knobs at-
tached to the frame on the patient’s head. There are
basically four types of stereotactic apparatuses that can
be categorized by how the tool carrier (such as an elec-
trode holder or guide tube) is mounted on the frame.
These systems are called translational, arc, and burr
hole systems. A fourth type, known as an interlocking
arc system, was developed following the advent of CT. In
a translational system the tool carrier is held vertically
and moved by a translational stage system in two dimen-
sions, with a microdriver employed to advance the elec-
trode in the third dimension. Examples of this system in-
clude the original Spiegel–Wycis apparatus,7 along with
its six modifications, and the Talairach10 system. In con-
trast, the arc system consists of an arc or polar coordi-
nate system employing a tool carrier fitted to an arc in
such a way that it always points to the center of the arc.
Examples include the Leksell11 system and the Todd–
Wells apparatus.12 Burr hole mounted systems consist of
a fulcrum attached to a burr hole made in the skull, to
which is fixed a tool carrier with angular adjustments to

12851C01.pgsI  2/28/02  10:42 AM  Page 5
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FIGURE 1–1. Dr. Mussen’s stereotactic frame.
(Courtesy of Dr. André Olivier, Montreal Neuro-
logical Institute, Montreal, Canada.)

point to the target and a microdrive to advance the tool.
The interlocking arc system, such as the Brown–Roberts–
Wells (BRW)13 and Cosman–Robert–Wells (CRW)14

frames, position the tool holder using multiple arcs.
Due to the complexity of adjusting the individual arcs of
these systems, a computer is necessary to define the co-
ordinates of the target point and the adjustment neces-
sary to reach the target.

The advantages of mechanically based stereotactic sys-
tems are their accuracy, simplicity of use, and stability. A
distinct disadvantage of a rigid system is lack of flexibil-
ity. The more rigid the frame and the tool holder, and
the greater the precision of the positional adjustments
used in setting the device coordinates, the greater the
accuracy of the device in positioning the tool. However,
those very properties make changing the settings to
move a tool holder to a second site difficult and tedious.
Therefore a mechanical stereotactic system is optimally
suited to confining a surgeon to a preselected path, but
is very poor at determining where a surgeon’s instru-
ment is during freehand surgery. In addition, the hard-
ware partially obscures the surgical field, and the deter-
mination of tools positioned intraoperatively usually
requires a phantom pointing device and manual entry
of coordinates into a computer system. These consider-
able limitations have relegated mechanical systems to
use in functional procedures and needle biopsies of
deeply seated small lesions.

To overcome some of the limitations of frame-based
stereotaxy, in the 1980s several neurosurgeons investi-
gated electronic alternatives to mechanical devices to
determine intraoperative position while maintaining
reasonable accuracy. All of these systems can be catego-
rized as three-dimensional digitizers, devices that are ca-
pable of reading out position accurately in three dimen-

sions using some sort of electromagnetic or resistive in-
formation. Because these devices were developed while
improvements in CT and MRI scanning removed the
need for framed imaging, they were called “frameless”
stereotactic systems. Developments in this area followed
two paths, one in which the virtual “eye” of the surgeon
was tracked, such as systems that followed the move-
ments of endoscopes or microscopes, and another in
which the position of surgical instruments was related to
the position of the body part undergoing surgery.

In 1986, Roberts et al replaced the mechanical local-
ization of a microscope with a sonically based digitizer
thereby fabricating the first freely adjustable “neuronavi-
gational” device.15 The digitizer embedded in their sys-
tem consisted of sonic emitters mounted on an operat-
ing microscope with a detector array consisting of
microphones mounted on the operating room walls.
The location of sound emission was calculated by deter-
mining the time of flight of sound from the emitters to
the detectors. By using a multiplicity of sound emitters
the position and orientation of the microscope could be
precisely determined and coupled to an image display
system to guide intracranial procedures. Additional work
using the operating microscope as a navigational tool
stemmed from the work by Kwoh et al,16 who described
an alternative technique to position a microscope using
a PUMA industrial robot (Westinghouse Electric, Pitts-
burgh, PA) for CT-directed framed-based stereotactic
surgery. Drake et al published clinical results describing
the use of this technology in 1991.17 Although several
advantages of using this technique were outlined in the
paper, the bulk of the robotic arm was felt to be restric-
tive in the surgical setting. Subsequently, the Zeiss Cor-
poration (Thornwood, NY) coupled a robotic arm within
the surgical optic microscope, eliminating some of the

12851C01.pgsI  2/28/02  10:42 AM  Page 6



Historical Perspective of the Components of Image-Guided Neurosurgery 7

FIGURE 1–2. Early version of the optical digitizer station in
1993 (Stealth, Medtronic SNT, Louisville, CO).

drawbacks. In 1992, Heilbrun et al18 described the use of
the “machine vision” whereby cameras placed above the
surgical field were able to determine the position of any
object in the surgical work space, including surgical in-
struments. Finally, the use of a robot to improve conven-
tional stereotactic neurosurgery by Young19 in 1987
should be mentioned.

Within the area of neuronavigation using a digitizer,
two different concepts were pursued: a digitizer using a
mechanically linked arm and a digitizer using a nonme-
chanically linked device. The latter are based upon mag-
netic field detection or triangulation of sound or light.
It is important to notice that advances in all of these
areas gave birth to numerous sophisticated devices cur-
rently still used in neurosurgical practice and described
in great detail throughout this book.

The first description of a “frameless,” nonmicro-
scope-based tool for frameless neurosurgery was in 1987
by Watanabe.20 He described the use of an intraopera-
tive device other than the microscope for intracranial
procedures. This device consisted of an articulated arm
with six joints, a personal computer, and an image-
display monitor. The position of the tip of the arm was
determined by digitizing the angles at each of the arm
joints. In 1992, Olivier and Germano21 participated in
the preclinical testing of the Viewing Wand System (ISG
Technologies, Toronto, Ontario, Canada) subsequently
used by numerous surgeons.22 This system consists of a
mechanical arm and utilizes custom-designed computer
hardware and software for surgical planning and intra-
operative localization. In 1992, Maciunas et al23 re-
ported on the use of high-resolution optical encoders
for extreme accuracy of the mechanical arm. During
the same period, Guthrie and Adler24 reported on a se-
ries of localization arms with counterbalancing of the
joints.

Although the use of an articulate arm was shown to
add significant advantages to intraoperative localization,
several neurosurgeons investigated devices that were not
dependent upon a mechanically linked localizer. In par-
ticular, the use of digitizers based on magnetic field,
sound, and light were explored. Magnetic field deflec-
tion was introduced by Kato and colleagues in 1991.25

This was subsequently used by other neurosurgeons.26 In
1993 Barnett et al27 reported on the use of a sonic digitiz-
ing wand for intracranial procedures. In 1993 Bucholz et
al28,29 introduced the use of the optical digitizer. This
technology uses light emitting diodes (LED) on surgical
instruments and on fixed references constantly emitting
infrared light that is being triangulated by linear-charged
cameras arrays. After its creation at St. Louis University,
Michigan, this technology was released for experimental
clinical work and first used in the United States by Ger-
mano (Fig. 1–2).30,31 Over the past 10 years, this method-
ology has been proven to have significant advantages as

shown by the fact that most commercially available
image-guided systems are currently based on LEDs.

In essence the field of image-guided neurosurgery
had a phenomenal explosion of ideas and technologies
in the past decade. At the present time, this armamen-
tarium is no longer an experimental device, and it is
considered standard of practice by most neurosurgeons.

The Future of Information-Guided
Therapy

When writing about the past it is inevitable to speculate
about the future. At the beginning of the twentieth cen-
tury, technology was considered magic by most people,
including physicians, as expressed by Dr. Arthur Clark:
“Sufficiently advanced technology is indistinguishable
from magic.” Nowadays, however, the advances in tech-
nology are understandable to most neurosurgeons and
not confused with magic. Industry, engineers, and sur-
geons are working together to elevate the standard of
current care. The use of computers, micro-engineering,
and molecular biology technology most likely will lead
the continued development of image-guided neuro-
surgery in the next decade.

Computers are currently used as a widespread means
of communication. In particular the Internet is and will
be used in more ways and by more individuals. It is not
inconceivable to think that neurosurgeons could share
intraoperative information in real time and “consult”
with each other during surgery by computer. At the time
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FIGURE 1–3. Transatlantic telesurgery per-
formed by the laparoscopic surgeons at Mount
Sinai Medical Center in New York on a patient in
Strasbourg, France. (Courtesy of Dr. Michele
Gagner, Mount Sinai Medical Center, New York,
New York.)

of preparation of this chapter telesurgery is being per-
formed. At Mount Sinai Medical Center in New York, a
68-year-old patient underwent gallbladder surgery in
Strasbourg, France, by a team of laparascopic surgeons
in Manhattan, New York. The surgeons used specialized
equipment to manipulate a robot by transoceanic fiber-
optic cables and watched the procedure on a video mon-
itor (Fig. 1–3). During the procedure, a local surgeon
who was in attendance and could intervene if necessary
closely monitored the patient. The surgery was com-
pleted in less than 1 hour, and the patient was dis-
charged from the hospital 2 days later.

The fields of engineering, optics, biomaterials, artifi-
cial vision, and miniaturization will contribute to the
conceptualization and realization of flexible robots ca-
pable of driving themselves through delicate structures.
These robotic devices will be focused on overcoming the
limitations of human dexterity during surgery.

Advances in molecular biology of the brain allow the
understanding of various physiological and pathological
processes. Using this new knowledge, neurosurgeons
can combine the technological aspects of image guid-
ance with prevention or early intervention of degenera-
tive diseases such as Parkinson’s disease, or pathologies
such as ischemia and brain tumors.
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Registration is the process of computing a mapping be-
tween coordinates in one space and those in another,
such that points in the two spaces that correspond to the
same anatomical point are mapped to each other. Regis-
tration of multimodal images makes it possible to com-
bine different types of structural information [e.g., x-ray
computed tomography (CT) and magnetic resonance
(MR) images] and functional information [e.g., positron
emission tomography (PET) and single photon emission
tomography (SPECT) images] for diagnosis and surgical
planning. Registration of images acquired with the same
modality at different times allows quantitative compari-
son of serial data for longitudinal monitoring of disease
progression/regression and postoperative follow-up.
Registration of preoperative images with the physical
space occupied by the patient during surgery is a funda-
mental step in interactive, image-guided surgery (IGS)
techniques. Surgical navigation systems use the image-to-
physical registration (IPR) transformation to track in
real time the changing position of a surgical probe on a
display of the preoperative images. Stereotactic proce-
dures use the transformation to direct a needle (stereo-
tactic biopsy) or energy (stereotactic radiosurgery) to a
surgical target (e.g., tumor) visible in the images.

Many methods have been used to register medical im-
ages. Image-guided stereotactic surgical procedures
have been performed since the early 1970s using stereo-
tactic frame systems. Such systems generally include a
reference frame that provides rigid skull fixation using
pins or screws and establishes a stereotactic coordinate
system in physical space, a method for stereotactic
image acquisition, and a system for mechanical direc-
tion of a probe or other surgical instrument to a defined

intracranial point. Most current systems relate image
space to the physical coordinate space established by the
reference frame by attaching a localizing system consist-
ing of N-shaped fiducials during image acquisition.
Frames permit neurosurgeons to perform biopsies and
to resect deep-seated and previously inaccessible lesions.
Frame-based techniques, however, have several limita-
tions. The frames are bulky and may interfere with the
surgical exposure. Patients complain about the weight
of the frame and the pain associated with its application.
The surgeon is typically limited to target points on a
linear trajectory. And, perhaps most importantly, frame-
based stereotactic systems do not provide real-time feed-
back to the surgeon about anatomical structures en-
countered in the surgical field. To address these
limitations, a number of frameless IGS systems have
been developed over the last decade.

For most types of monomodality and multimodality
image-to-image registration (IIR), research has demon-
strated that the most effective and accurate algorithms
are those based on intensities. Point-based and surface-
based methods can also be used for these applications,
but they require a greater degree of user interaction and
typically exhibit lower accuracy than intensity-based
methods. Techniques based on points and surfaces do,
however, play an important role in IPR, which is impor-
tant in IGS and radiosurgery because the internal infor-
mation necessary for intensity-based registration is typi-
cally unavailable in physical space intraoperatively.

In this chapter, we make a few general comments
about image registration, note how it is related to image
fusion, and present several applications of IIR and IPR
transformations. Then we discuss three sources of error

2

Sources of Error in Image Registration 
for Cranial Image-Guided Neurosurgery
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FIGURE 2–1. Concept of registration. Registration is the determination of a one-to-one mapping
or transformation between the coordinates in one space and those in another, such that points in
the two spaces that correspond to the same anatomical point are mapped to each other. The left
picture shows the physical space occupied by the patient’s head during surgery. The middle and
right pictures show CT and MR image slices of the head, respectively. The arrows represent the
one-to-one mapping between the same anatomical point—in this case a point on the cortical sur-
face in the left hemisphere—in physical space, CT, and MR.

in image registration—geometrical distortion in preop-
erative images, error inherent in the registration pro-
cess, and intraoperative brain deformation. We limit our
discussion to frameless image registration (i.e., point-
based, surface-based, and intensity-based registration).

Registration, Fusion, and Surgical
Navigation

As already described, registration is the determination
of a one-to-one mapping or transformation between the
coordinates in one space and those in another, such that
points in the two spaces that correspond to the same an-
atomical point are mapped to each other. This concept
is illustrated in Figure 2–1. The left picture shows the pa-
tient’s head during surgery; the middle and right pic-
tures show CT and MR image slices of the patient’s
head, respectively. The arrows represent the one-to-one
mapping between the same anatomical point—in this
case a point on the cortical surface in the left hemi-
sphere—in physical space, CT, and MR. The simplest
mappings are rigid-body transformations, which are
transformations in which the distances between all pairs
of points are preserved. A rigid-body transformation can
be decomposed into a rotation and a translation. Most
methods used to register head images compute a rigid-
body transformation, which assumes that the head is ap-
proximately a rigid body, or a rigid-body plus aniso-
tropic scaling transformation, which is used to correct
for scaling error (image voxel dimension error).

To make the registration beneficial in terms of med-
ical diagnosis or treatment, the transformation or map-

ping that the registration produces must be applied in a
clinically meaningful way by a system that will typically
include registration as a subsystem. For IIR, the larger
system, which might be an IGS system, may combine the
two registered images by producing a reformatted ver-
sion of one image that can be combined or fused with
the other. Image reformatting is the mapping of image
intensities onto points in a space that has been rotated
and/or translated relative to the space in which the
image was originally acquired. A common example is
the creation of sagittal and coronal image slices from an
image volume that was acquired with transverse slices.
Another example is the reformatting of an image after it
has been registered to some target image such that each
voxel in the reformatted image represents the same ana-
tomical location as the corresponding voxel in the target
image. Fusion of one image with another image to
which it has been registered and reformatted may be ac-
complished, for example, by simply summing intensity
values in the two images voxel by voxel, by superimpos-
ing outlines from one image on the other image, or by
encoding one image in hue and the other in brightness
in a color image. Regardless of the method employed,
image fusion should be distinguished from image regis-
tration, which is a necessary first step before fusion can
be performed successfully. Nonetheless, several manu-
facturers of IGS systems refer to image registration as
image fusion. Alternatively, the larger system may use
the registration simply to provide a pair of movable cur-
sors on two views linked via the registering transforma-
tion so that the cursors are displayed at corresponding
points.

Image registration and fusion is useful for combining
complementary structural information (e.g., soft tissue
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from MR with bone from CT). This is illustrated in Fig-
ure 2–2. Image fusion is also very useful for interpreting
functional imaging and incorporating it into an IGS sys-
tem for navigation.1 When functional images such as
PET, SPECT, functional MR (fMRI), and MR spec-
troscopy (MRS) are coupled with high-resolution ana-
tomical images through image registration and fusion,
the functional, metabolic, and biochemical properties
can be linked to the anatomic structures in which they
occur. Surgical navigation with an IGS system can then
be employed to resect lesions on the basis not only
of their structural abnormalities but also of their
functional characteristics. Applications for structural–
functional image fusion include the ability to differen-
tiate between recurrent tumor and radiation necrosis,
accurately identify a tumor’s boundaries (particularly
those surrounded by edema), and determine a particu-
lar pathology’s relationship to eloquent cortex. The abil-
ity to identify eloquent cortex accurately is extremely
beneficial, as these areas are often shifted greatly in the
presence of a mass lesion. Registration of images ac-
quired with the same modality at different times allows
quantitative comparison of serial data for longitudinal
monitoring of disease progression/regression and post-
operative follow-up.

Surgical navigation systems use the IPR transforma-
tion to track in real time the changing position of a sur-
gical probe on a display of the preoperative images, to
direct a needle (biopsy) or energy (radiosurgery) to a
surgical target located in the images, or to augment real-
ity by superimposing information derived from the im-
ages (e.g., tumor contour) on the surgical scene viewed
through a microscope2 or head-mounted display.3 Plan-
ning for a surgical procedure can be performed preop-
eratively with an IGS system. Intraoperatively, the sur-
geon can travel along the predetermined pathway to the
desired target. Surgical navigation facilitates the use of
smaller craniotomies for the complete resection of le-
sions. The location and size of the craniotomy can be de-
termined exactly, and structures such as the frontal
sinus, mastoid air cells, venous sinuses, and large drain-
ing veins can be avoided or at least anticipated. Once
the bone flap is removed and the dura is opened, the
IGS system can direct the surgeon to the area of the
tumor, which may not be apparent from the overlying
cortical surface. During cortical dissection to a tumor,
vital vascular anatomy that is not necessarily grossly obvi-
ous can be identified and preserved. During gross total
resection of a tumor, surgical navigation can demon-
strate depth in relation to an instrument’s position (i.e.,
anatomy deep to the area of dissection) so that vital vas-
cular and neural structures can be avoided; display the
actual extent of the tumor on the basis of its contrast en-
hancement or metabolic activity in three dimensions,

which may not be appreciated when the tumor is infil-
trating and grossly resembles normal brain parenchyma;
and provide a frame of reference to help with intraoper-
ative orientation during dissection. During resection of
an arteriovenous malformation (AVM), surgical naviga-
tion using an MR angiography (MRA) image can help
identify arterial feeding vessels.

Figure 2–3 illustrates two surgical navigation applica-
tions of the IPR transformation. The top row shows a sam-
ple screen from an IGS system in which the IPR transfor-
mation is used to display in real time the changing
position and orientation of a tracked endoscope on tripla-
nar reformatted preoperative CT image slices (bottom
three panels), the endoscope video image (top right
panel), and a synthetic (virtual) perspective rendering
generated from the same viewpoint as the endoscope
using the CT image (top left panel). By changing opacity
values when generating the rendering, the physically visi-
ble surface can be made transparent and structures below
the surface can be visualized. In this case, the synthetic
rendering shows the optic nerve (arrows). The bottom
row shows two images obtained at different orientations
from an augmented reality (AR) system.3 In the AR sys-
tem, virtual objects, in this case a texture-mapped dot pat-
tern representing the surface of a tumor segmented from
an MR image and a cylinder representing an interactively
manipulated biopsy needle, are overlaid on video images
of the real-world scene viewed by the surgeon. Depth per-
ception is provided by stereo disparity (each of these im-
ages is only one of a stereo pair seen by the surgeon in a
head-mounted display), motion parallax, and perspective.

The application of a transformation produced by
image registration for image fusion and surgical naviga-
tion is clinically useful only if coordinates in the two im-
ages or in the image and physical space that correspond
to the same anatomical point are accurately mapped to
each other. Registration error is the error of this map-
ping (registration error is defined more carefully in the
section Error Inherent in the Registration Process). In
Figure 2–3, the IPR transformation is used to correctly
place internal anatomical objects onto the video images
of the real-world scene. If there is error in the IPR trans-
formation, the anatomical objects will appear in the
wrong location. The rest of this chapter is concerned
with three important sources of error in image registra-
tion: (1) geometrical distortion in preoperative images,
(2) error inherent in the registration process, and (3)
intraoperative brain deformation. There will always be
some error. It is important for the surgeon to know the
possible sources of registration error to minimize this
error, to know the magnitude of registration errors typi-
cally obtained with different registration methods, and
to better understand how IGS systems work and what
some of their limitations are.
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A B

C D

FIGURE 2–2. Example of image fusion. This is an application of the transformation determined
by image-to-image registration (IIR). (A). A slice from an MR image (T1-weighted gradient-echo
sequence) of a patient with an acoustic neuroma. (B). A slice from a CT image from the same pa-
tient that has been registered (i.e., the transformation from CT to MR has been determined), and
reformatted (i.e., a new slice has been interpolated from the original image such that each voxel
in the reformatted CT slice represents the same anatomical location as the corresponding voxel
in the MR slice). (C). A fusion of the MR and CT images. The bone was segmented from the re-
formatted CT image by thresholding and combined with (added to) the MR image. (D). A magni-
fied image of the region inside the box highlighted in (C). Arrow 1 points to the tumor. Arrow 2
points to the acoustic nerve and tumor running through the auditory canal in the petrous bone.
Arrow 3 points to the petrous bone. Arrow 4 points to one of the semicircular canals in the bone.
The fused image is useful because it combines complementary image information—soft tissue
from MR with bone from CT. (Adapted from Rohlfing T. Multimodale Datenfusion fur die bildges-
teurte Neurochirugie und Strahlentherapie [Ph.D. thesis]. Berlin: Technical University Berlin;
2000.)
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A
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FIGURE 2–3. Applications of the transformation determined by image-to-physical registration
(IPR). (A). A sample screen from a surgical navigation system in which the IPR transformation is
used to display in real time the changing position and orientation of a tracked endoscope on tri-
planar reformatted preoperative CT image slices (bottom three panels), the endoscope video
image (top right panel), and a synthetic (virtual) perspective rendering generated from the same
viewpoint as the endoscope using the CT image (top left panel). By changing opacity values
when generating the rendering, the physically visible surface can be made transparent and
structures below the surface can be visualized. In this case, the synthetic rendering shows the
optic nerve (arrows). (B,C). Two images obtained at different orientations from an augmented re-
ality (AR) system.3 In this AR system, virtual objects, in this case a texture-mapped dot pattern
representing the surface of a tumor segmented from an MR image and a cylinder representing
an interactively manipulated biopsy needle, are overlaid on video images of the real-world scene
viewed by the surgeon. Depth perception is provided by stereo disparity (each of these images is
only one of a stereo pair seen by the surgeon in a head-mounted display), motion parallax, and
perspective. The IPR transformation is used to correctly place internal anatomical objects on the
video images of the real-world scene.
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aIt is possible with an image processing algorithm to determine the
centroid of a fiducial marker in an image with subvoxel accuracy (e.g.,
Wang et al4). Such an algorithm can exploit knowledge about the
marker (e.g., its shape and size). But it is generally not possible to
manually identify a surgical target with accuracy better than the voxel
dimension.

Geometrical Distortion 
in Preoperative Images

The medical images we are interested in are three-
dimensional (3-D) arrays of elements called voxels. Each
voxel has an intensity value associated with it that repre-
sents the average value of some quantity. In CT, for ex-
ample, the intensity represents the average x-ray attenu-
ation coefficient over the region covered by the voxel.
Spatial sampling (discretization) of the underlying con-
tinuous image constitutes a loss of information by partial
volume averaging; structural information on the scale of
the voxel dimension and smaller is lost. Point-based reg-
istration error is proportional to fiducial marker local-
ization error, which decreases as the ratio of the fiducial
marker size to voxel dimension increases. The effective
total system accuracy, sometimes referred to as applica-
tion accuracy, cannot be better than the voxel resolu-
tion.a Thus it is helpful to acquire images for IGS that
have small voxel dimensions. Fortunately, current CT
and MR scanners can easily produce images with voxel
dimensions on the order of 1 mm or better in each
direction.

Geometrical distortion in CT images

There are two common types of intensity artifacts in CT
images. The first is streak artifacts, which are caused by
the presence of electron-dense materials with such high
x-ray absorption that the attenuation is outside of the dy-
namic range of the scanner. Thick bone such as the skull
base, dental fillings, and the pins of some stereotactic
frame systems often cause such artifacts. The other is
beam hardening artifacts, which are a consequence of
the fact that the x-ray beam is composed of a spectrum
of photon energies. As the polychromatic x-ray beam
transits through the patient and is increasingly attenu-
ated, the lower energies are preferentially removed,
causing an increase in the effective or average energy of
the beam, thereby decreasing the calculated attenuation
coefficient. These artifacts do not affect the geometrical
fidelity of the image, but they can interfere with fiducial
marker localization or surgical target identification.

The spatial fidelity of CT image slices is determined
largely by the number, position, and operating charac-
teristics of detecting sensors, and is, therefore, relatively
constant between studies and independent of the spe-
cific patient imaged. Slice thickness is determined from

bThe N-shaped fiducial localization systems typically used in stereo-
tactic frame systems are immune to image voxel dimension error and
tilt angle error. The development and success of point-based and sur-
face-based frameless IGS systems is due in large part to substantial im-
provement in the geometrical fidelity of images produced by current
scanners.

the table positions corresponding to the image slices.
Table position is accurately measured and recorded in
current CT scanners. In our experience at several major
university hospitals, quality assurance testing of CT scan-
ners is very good and geometrical distortion in routinely
acquired clinical CT image slices is very low. Nonethe-
less, we have on rare occasions observed problems with
linear scale distortion (image voxel dimension error) or
tilt angle error.b

A CT image volume is a stack of two-dimensional
(2-D) image slices. If a CT image is acquired with the
gantry tilted, and the image slices are simply stacked
without accounting for the nonzero tilt angle, then the
image volume will have a type of geometrical distortion
called shear. If the tilt angle is known, it is straightfor-
ward to generate an image volume that is free of shear
distortion. Most, if not all, current CT scanners produce
image file formats that contain the gantry tilt angle in
the image header. Unfortunately, many current IGS sys-
tems cannot account for a nonzero tilt angle in their
software, and for such systems it is important to acquire
a CT image without gantry tilt.

Because CT image volumes are stacks of sequentially
acquired slices, any patient movement between slices
distorts the image. In addition to the normal difficulties
of keeping a person still, head movement can be caused
by inertial jerking during each table advance in conven-
tional CT image acquisition. Helical CT image acquisi-
tion involves continuous patient translation during x-ray
source rotation and produces a complete image volume
in a relatively short period of time. Some current CT
scanners feature multiple detector arrays; multislice he-
lical CT image acquisition is extremely fast. These scan-
ner improvements reduce the risk of significant head
movement during scanning and thus are quite useful for
cranial IGS scan acquisition.

Geometrical distortion in magnetic 
resonance images

A detailed description of MR imaging is beyond the
scope of this chapter; however, some fundamental un-
derstanding of spatial encoding is required to under-
stand the source of geometrical distortion in MR im-
ages. Many excellent books and review articles exist for
the interested reader (e.g., Haacke et al5).

The resonance of hydrogen protons placed in a mag-
netic field produces radio waves. The frequency of the
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radio wave signal is proportional to the strength of the
local magnetic field. The amplitude of the signal is pro-
portional to the density of hydrogen protons. A large
sample placed in a static and spatially homogeneous
magnetic field produces a signal with only a single fre-
quency. Images are created by encoding the spatial posi-
tions of the precessing hydrogen protons. This is accom-
plished by applying linear, orthogonal gradients on a
static magnetic field. Because the resonant frequency
is proportional to the strength of the local magnetic
field, impressing a linear gradient on a static magnetic
field will result in a proportional gradient of resonant
frequencies.

Three different spatial encoding methods are used.
The most important in terms of geometrical distortion is
frequency encoding. A linear magnetic field gradient is
applied while the MR signal is received. This gradient
is commonly referred to as both the frequency-encoding
gradient and the readout gradient. The spatial positions
of precessing hydrogen protons are encoded by the fre-
quencies of their emissions; the change in frequency is
proportional to distance. The amplitudes (densities)
and positions of the hydrogen protons in the object are
decoded from the received signal using a Fourier trans-
form.5 Inhomogeneity in the static magnetic field causes
an error in the frequency at that position and thus re-
sults in a spatial error in the frequency-encoding gradi-
ent direction. The magnitude of the geometrical distor-
tion is proportional to the error in the static magnetic
field: �x = �B0/Gx, where �x is the spatial error in the
frequency-encoding direction, �B0 is the error in the static
magnetic field, and Gx is the strength of the frequency-
encoding gradient.

Phase encoding is another spatial encoding method.
In this case, a linear magnetic field gradient is applied,
but instead of being applied while the MR signal is re-
ceived, it is applied momentarily just before the signal is
received. MR signals are complex quantities (i.e., they
possess both magnitude and phase). The briefly pulsed
gradient alters the phase of the signal; the change in
phase is proportional to distance. The densities and po-
sitions of the hydrogen protons in the object are deter-
mined by applying multiple pulses of gradually increas-
ing amplitude and receiving a signal for each pulse.5
Theoretically, there is no geometrical distortion due to
static field inhomogeneity in the phase-encoding gradi-
ent direction. This is because the position of a hydrogen
proton source depends on the difference in phase be-
tween pulsed phase-encoding gradients, which in turn
depends on the difference in the strength of the mag-
netic field at that location. This change in the strength
of the field is due only to the step increase in amplitude
of the phase-encoding gradient and is independent of
the strength of the static magnetic field at that location.

Spatial position in the third direction is achieved in
two different ways. In the first way, a slice of interest is

defined by applying a radio frequency (RF) excitation
pulse while a slice-selection gradient is applied in the
slice direction. The slice-selection linear magnetic field
gradient defines a gradient in frequency that corre-
sponds to a gradient in slice position. An RF pulse is ap-
plied with a range of frequencies that corresponds to the
spatial range (position and thickness) of the image slice
to be excited. An alternative method is to excite a thick
slab (the size of the image volume) and encode position
in the slice direction using phase encoding. In the first
case, static field inhomogeneity causes a spatial error in
the slice-selection gradient direction, and the magni-
tude of the geometrical distortion is: �z = �B0/Gz, where
Gz is the strength of the slice-selection gradient. How-
ever, the strength of the slice-selection gradient is typi-
cally much higher than the strength of the frequency-
encoding gradient, and geometrical distortion in the
slice-selection gradient direction is generally less than
1 mm, unless there are very large static field inhomo-
geneities. Slice position phase encoding has the same
absence of geometrical distortion due to static field in-
homogeneity that in-plane phase encoding has.

Accurate spatial localization requires a static and spa-
tially homogeneous magnetic field and linear, orthogo-
nal gradients. Spatial inhomogeneity in the static field
causes geometrical distortion in the frequency-encoding
gradient direction. Current clinical MR scanners are de-
signed and manufactured such that they have a very uni-
form static magnetic field when no object is present in
the scanner. Static magnetic field inhomogeneities and
gradient nonlinearities can be corrected, or at least min-
imized, by using shims and electronic compensation cir-
cuits.6 The presence of an object in the scanner can
cause static field inhomogeneity in several ways. Metal
causes severe local warping of the static field, especially
if the metal is ferromagnetic or has a ferrous compo-
nent, as is the case with some types of stainless steel.
Common sources of metal artifact in MR images of the
head include dental fillings and appliances, implants
(e.g., aneurysm clips), and shrapnel.7 An area of zero or
low signal is generally prominent near the metal, and is
often surrounded by a region with visually obvious spa-
tial distortion. The intensity distortion gradually returns
to normal, and far from the metal the image may appear
spatially accurate. Nonetheless, there can be subtle yet
clinically significant geometrical distortion in areas of
the image that appear normal. A stereotactic targeting
error of approximately 20 mm has been reported in a
patient with dental braces.8 Severe geometrical distor-
tion caused by a needle accidentally left in the scalp has
been observed.9 Spatial distortion due to static magnetic
field inhomogeneity caused by a metal hairpin located
in the magnet has been noted.10

Objects consisting of media with different magnetic
susceptibilities induce perturbations in the static mag-
netic field. The object-induced static field inhomogene-
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cA bone-implanted marker typically has a base or post that is screwed
into the outer table of the skull of the patient (see Fig. 2–5). An image
marker, which is attached to the base during image acquisition, is lo-
cated at or near the air–skin interface.

ity causes geometrical distortion in the frequency-encod-
ing gradient direction.11–12 Air and tissue have different
magnetic susceptibilities, and the object-induced effect
is strongest in regions near air–-tissue interfaces. This in-
cludes the scalp and areas near air-filled cavities (e.g.,
the frontal sinus, ethmoidal air cells, sphenoid sinus,
mastoid air cells, and nasopharynx). Object-induced sta-
tic field inhomogeneity at the scalp surface can distort
the image position of skin-affixed and bone-implantedc

fiducial markers and the skin surface, and thus increase
the error of point-based and surface-based registration
methods that use this information. Figure 2–4 shows an
example where the basilar artery is misregistered by ap-
proximately 3 mm because of geometrical distortion in
the MR image. The cause of the registration error is
probably object-induced geometrical distortion of both
the fiducial points used to register the images and the
position of the basilar artery. Since the magnitude of the
distortion is inversely proportional to the frequency-
encoding gradient strength, increasing the strength of
the gradient will reduce the spatial error. The frequency-
encoding gradient magnitude for this example was 1.5
mT/m. Many current MR image pulse sequences use a
substantially higher gradient strength than that used for
the image in Figure 2–4. Gradient-echo MR images are
often acquired with frequency-encoding gradient mag-
nitudes of approximately 5 mT/m; the object-induced
geometrical distortion for such images would be approx-
imately one-third of the distortion observed for the
image in this figure. Spatial distortion due to magnetic
susceptibility differences can also occur in the region
surrounding a cavernous hemangioma because of he-
mosiderin deposits.15 

Hydrogen protons in fat have slightly lower MR fre-
quencies than protons in water molecules because of the
influence of neighboring carbon atoms. Such differ-
ences in resonance frequencies are the basis for MRS,
but in standard clinical MR images these differences
cause spatial error in the frequency-encoding gradient
direction that is analogous to the error caused by static
field inhomogeneity. The spatial error of fat relative to
water is often referred to as chemical shift. Because the
distribution of fat is relatively homogeneous throughout
the brain, chemical shift is generally not important in
MR images of the brain (the chemical shift of subcuta-
neous fat is visually obvious, but is rarely, if ever, impor-
tant for cranial neurosurgery). However, it is important
not to use fiducial markers containing fat (e.g., vitamin
E capsules) because the position of such markers will be
shifted relative to the brain. When chemical shift is im-
portant, selective saturation or selective excitation MR

imaging methods can be used to produce water-only
(fat-suppressed) or fat-only images.

To minimize the problem of spatial distortion in the fre-
quency-encoding direction due to static magnetic field in-
homogeneity and chemical shift, there are several simple
guidelines to follow when acquiring MR images for IGS:

1. Use the highest frequency-encoding (readout) gradient
strength possible. Since the magnitude of geometri-
cal distortion due to static field inhomogeneity is
inversely proportional to the frequency-encoding
gradient strength, increasing the strength of the
gradient will reduce the spatial error. Using the
smallest field of view and highest matrix dimension
possible will help maximize the gradient strength.
There is a trade-off between gradient strength and
signal-to-noise ratio (SNR) (i.e., increasing the
strength of the gradient will increase the image
noise). Though the SNR in an MR image is gener-
ally a more important factor than spatial fidelity in
diagnostic imaging, the opposite is true for thera-
peutic imaging, and it is sometimes acceptable to
sacrifice some SNR to improve spatial fidelity.

2. Consider using a volume gradient-echo pulse sequence.
Theoretically, no geometrical distortion due to sta-
tic field inhomogeneity is expected in the phase-
encoding gradient direction. Such sequences apply
phase encoding in two directions.

3. Use a global shim before each patient is scanned. Global
shimming will reduce static field inhomogeneity
and thus geometrical distortion. Current MR scan-
ners provide automatic global shim procedures
that are fast and reliable.

4. Avoid using fiducial markers containing fat or oil.

Several methods for correcting geometrical distortion
in the frequency-encoding gradient direction due to
static field inhomogeneity are available. One general ap-
proach involves creating a map of the static field in-
homogeneity. This can be accomplished by acquiring
two gradient-echo images with slightly different echo
times (TE) and calculating the phase difference be-
tween the two images.16 The inhomogeneity map is used
to compute the spatial error at each voxel and thereby
undistort the image. This approach, which has been im-
plemented at several institutions,17–19 requires an addi-
tional image and special software that is not commer-
cially available and thus is not widely used. A different
approach requires two spin-echo images that are ac-
quired with the identical imaging parameters, except
that the frequency-encoding gradient is reversed.14 A
practical alternative to these correction methods is to ac-
quire an MR image such as SPAMM (spatial modulation
of magnetization).20 This imaging method uses special
pulse sequences to superimpose a grid on the image.
Static field inhomogeneity distorts the grid lines, which,
without distortion, are parallel and perpendicular to
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FIGURE 2–4. Example of the effect of geometrical distortion in MR on registration error. (A).
Transverse CT and (B) MR image slices. The images were registered using five bone-implanted
markers.13 The arrows point at the basilar artery. (C–F). Enlargements of the region about the
artery, which lies ventral to the pons. The position of the artery was manually identified in CT, where
the artery appears slightly brighter than its surroundings. Periscope cursors were drawn at the
user-identified position in CT (C) and at the corresponding positions (computed using the IIR trans-
formation) in MR (D–F), where the artery appears darker than its surroundings. (D,E). A distorted
pair of normally acquired MR images that were acquired with identical imaging parameters except
that the frequency-encoding gradient (oriented in the anterior–posterior direction) was reversed.
(F). A rectified image generated from (D) and (E) using the method in Chang and Fitzpatrick.14 The
cursor center is clearly anterior (D) or posterior (E) to the artery in the original (unrectified) images.
It appears to be closer to the artery in the corrected image (F). The magnitude of TRE at the basilar
artery due to geometrical distortion in the original (unrectified) MR images is approximately 3 mm.
Geometrical distortion is substantial in this T2-weighted spin-echo MR image primarily because the
frequency-encoding gradient magnitude is relatively low (1.5 mT/m). (Modified from Maurer CR Jr,
Aboutanos GB, Dawant BM, et al. Effect of geometrical distortion correction in MR on image regis-
tration accuracy. J Comput Assist Tomogr 1996;20:666–679. With permission.)
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dSeveral examples of clinically relevant scaling error have been re-
ported: 1.0% in-plane and 1.9% axial mean error, with a maximum
error in one patient of 3.7%,21 a range of 0.4 to 1.7% in-plane and 1.3
to 3.0% axial error,22 a maximum error of approximately 1%.23 For
eight patients who underwent stereotactic radiosurgery at the Univer-
sity of Rochester, scaling error determined using a nine DOF MR-to-
CT image registration ranged from 0.6 to 1.9% in-plane and 0.9 to
2.4% axial error (unpublished data).

each other. Although this type of image can be used for
correcting geometrical distortion, it can also be used to
quickly visually assess whether substantial static field in-
homogeneity and the associated spatial distortion is
present in the therapeutic image.

Another type of geometrical distortion is scaling error
(i.e., error in the image voxel dimensions), which results
from error in the magnitudes of the linear gradients used
for spatial encoding (miscalibration). This type of error is
not uncommon and is extremely important when it oc-
curs. The voxel dimensions of diagnostic images do not
need to be known very accurately, and this may be why
clinical MR scanners are sometimes poorly calibrated. In
our experience with a variety of MR scanners at several in-
stitutions, scaling errors of 1 to 2% are not uncommon,
and errors of 2 to 3% are not rare.d A scaling error leads
to errors in the distances between points in the image.
For example, if there is a 2% scaling error in an image
with a 200 mm field of view, there is very little error in the
distance between adjacent points, but an error of 4 mm
between points at either side of the image. Scaling error
is generally anisotropic (i.e., the scaling errors in the
three dimensions are different from each other).

There are two major approaches for correcting scal-
ing error in MR images. One obvious idea is to image a
phantom (test object) of known shape and size.22–24 It is
important to use the identical scanning parameters for
the patient and phantom images. This method is
straightforward to implement, but it requires custom
software and an extra phantom scan for each patient,
and thus is not widely performed. Another approach,
which is possible when both CT and MR images are ac-
quired, is to register the MR image to the CT image and
calculate the scaling factors as part of the registration
procedure.22 Typically, image volumes of the head are
assumed to differ only by the position and orientation of
the head in the scanner when the images were acquired,
and thus algorithms that register head images fre-
quently determine a six degree-of-freedom (DOF) rigid-
body transformation that consists of three rotation and
three translation parameters. In this approach, the regis-
tration algorithm determines a nine DOF transforma-
tion that consists of the six rigid-body transformation pa-
rameters plus three scale factors, one for each of the MR
image axes. Several commercial IGS and radiosurgery
planning systems implement this approach and calcu-
late MR image scale factors, or equivalently, calculate

eBecause software for correcting geometrical distortion due to static
field inhomogeneity is not widely available, a practical alternative is to
use available pulse sequences for screening and visual assessment. In
this case, if substantial geometrical distortion is detected, the user will
not be able to correct the distortion but will at least know that the MR
image data cannot be fully trusted and will have an approximate esti-
mate of the magnitude of the distortion.

correct voxel dimensions, as part of the MR-to-CT image
registration process (though the fact that the system is
doing this is often invisible to the user).

It is clear that MR images are useful for IGS and can
provide accurate target localization. However, as dis-
cussed above, there are many causes of geometrical dis-
tortion in MR images, and it is prudent to use caution
when performing IGS using only an MR image. Hardy
and Barnett8 recently stated, “At present, it is probably
unwise to use conventional MR stereotaxy alone for
stereotactic guidance unless the lesion is large (i.e., 2 cm
or more); MR localization is used as an adjunct to con-
ventional visuotactile definition of brain anatomy; or a
means for detecting and/or correcting MR spatial dis-
tortion is part of the imaging protocol.” For a variety of
logistical and economic reasons, cranial IGS procedures
at many institutions are commonly performed using
only an MR image, and few sites perform distortion cor-
rection procedures. This is probably adequate for plan-
ning skin flaps and craniotomies, especially if the treat-
ment MR image is acquired with a pulse sequence that
minimizes geometrical distortion due to static field in-
homogeneity. But for procedures that require high ac-
curacy (e.g., stereotactic biopsy of lesions that are small
or near critical structures, functional procedures, and
radiosurgery), it may be helpful to acquire a static field
inhomogeneity map or a screening MR image such as
SPAMM for visual assessment of spatial distortion due to
static field inhomogeneity, and to detect, and if neces-
sary correct, scaling distortion in the treatment MR
image either by scanning an appropriate test object or
by obtaining a CT image of the patient and correcting
scaling distortion as part of the MR-to-CT registration
process.e Although some groups report that the use of
appropriate MR scans can keep geometrical distortion
below 1 mm,25 the potential for clinically unacceptable
distortion is sufficiently high to justify the time and ef-
fort necessary to obtain extra scans to detect and/or cor-
rect for spatial distortion in MR images for certain IGS
procedures.

Error Inherent in the 
Registration Process

Point-based registration

Points are simple geometrical features that can be, and
frequently have been, used for medical image registra-
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FIGURE 2–5. Fiducial markers. (A). Skin-affixed markers (multimodality radiographic markers,
IZI Medical Products, Baltimore, MD) on a patient. (B–D). A bone-implanted marker system.13
The image markers are constructed from hollow plastic cylinders that are filled with an aqueous
solution of iothalamate meglumine and gadopentetate dimeglumine and sealed (B, left; C). The
physical space markers (localization caps) are manufactured with a hemispherical divot whose
position corresponds to the centroid of the image markers (B, right; D). The threaded ends of
plastic marker bases or posts (B, center) are screwed into the outer table of the skull of the pa-
tient. (C). The image markers are attached to the bases during image acquisition. (D). The phys-
ical space markers are attached to the bases intraoperatively.

tion. Point-based registration involves determining the
3-D coordinates of corresponding points in two images
(for IIR), or in an image and physical space (for IPR),
and computing the transformation that best aligns these
points. Because such points are taken to be reliable for
the purpose of registration, they are often called fiducial
points, or simply fiducials. A comprehensive introduc-
tion to point-based registration can be found in Fitz-
patrick et al.26

Fiducials can be anatomical landmarks, skin-affixed
markers, or bone-implanted markers (Fig. 2–5). Ana-
tomical landmark localization is a manual, interactive
process in which the fiducial points are defined in three
dimensions. The landmarks must be visually identifiable
in both spaces. For IIR, internal landmarks are generally

used. Hill et al27 suggest several possibilities, including a
point anatomical structure (e.g., the apical turn of the
cochlea); the intersection of two linear structures (e.g.,
a blood vessel bifurcation or confluence); a particular
topographic feature on a surface structure (e.g., an
identifiable part of a sulcus or gyrus); and the intersec-
tion of a linear structure with a surface structure (e.g.,
where a nerve passes through a foramen). For IPR, ex-
ternal landmarks are necessary (e.g., the nasion, the me-
dial and lateral canthi, the tragus, and the tip of the
nose). Alternatively, the fiducial may be a characteristic
point within a fiducial marker that is attached to the
patient (e.g., affixed to the skin or implanted in the
cranium). For example, a common imaging fiducial
marker is a hollow sphere or cylinder filled with contrast
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material, and the fiducial point for such a marker is gen-
erally defined as the centroid of the spherical or cylin-
drical cavity. Marker-based registration has two consider-
able advantages over landmark-based registration—the
fiducial is independent of anatomy, and automatic algo-
rithms for locating fiducial markers in images can take
advantage of the marker’s shape and size to accurately
and robustly compute the fiducial point (e.g., Wang et
al4). In our experience, manual localization of both ana-
tomical landmarks and fiducial markers is easier and
produces more accurate results when three orthogonal
views, instead of one or two, are used simultaneously
during the interactive visual identification process. A
rendering is frequently provided for helping locate
markers in the image, but manual localization is defi-
nitely more accurate when the position obtained using
the rendering is refined using image slices. For localiza-
tion of anatomical landmarks, intra-observer precision is
always better than inter-observer precision.28 An observer
may have a clear idea of what to look for but is often not
able to precisely communicate the localization proce-
dure used (i.e., the cues that he or she is looking for) to
another observer. Thus manual localization of anatomi-
cal landmarks typically produces more accurate registra-
tion results if the same person localizes the landmarks in
both the image and the other image or physical space.

There are several error measures associated with
point-based registration:

1. Fiducial localization error (FLE). This is the distance
between the true position of a fiducial and its mea-
sured position (i.e., the error of localizing the fidu-
cial point).

2. Fiducial registration error (FRE). This is the distance,
after registration, between the measured position
of the fiducial in one view and its measured posi-
tion in the other view.

3. Target registration error (TRE). This is the distance,
after registration, between the position of an ana-
tomical location (e.g., a surgical target) in one view
and the corresponding anatomical position in the
other view.13,29,30

Figure 2–6 illustrates these errors. Of these three error
measures, TRE is the most clinically relevant. For IIR,
TRE indicates how well corresponding anatomical loca-
tions are aligned in registered images (e.g., in the fused
image shown in Fig. 2–2). For IPR, TRE indicates how
accurately the positions of tracked instruments are dis-
played on preoperative images (e.g., in the surgical navi-
gation example shown in Fig. 2–3). Although FLE, FRE,
and TRE are actually vector quantities, they are gener-
ally reported as scalar values that are the lengths of the
vectors. The quantity FLE is almost always used to mean
the statistical root-mean-square (rms) average of the lo-
calization error, which is the square root of its expected
squared value (i.e., rms[FLE] � , where the2�FLE2 �

A B

FIGURE 2–6. Illustration of point-based registration and the various types of errors. (A). One
view (e.g., an image) of the head with four fiducial markers (solid circles) outside the head and
one target (filled circle) inside the head. (B). A different view (e.g., another image or physical
space) of the same head. For the second view, the fiducial markers are solid squares and the
target is a filled square. The fiducial localization error (FLE) for each fiducial is the distance be-
tween the true position (center of solid circle or square) and the measured position (center of
dashed circle or square) of the fiducial. Point-based registration is the determination of the trans-
formation that best aligns the two sets of measured positions of the fiducials. (C). The fiducial
registration error (FRE) for each fiducial is the distance, after registration, between the measured
position of the fiducial in one view and its measured position in the other view. The target regis-
tration error (TRE) for the target is the distance, after registration, between the position of an an-
atomical location (e.g., a surgical target) in one view (center of filled circle) and the correspond-
ing anatomical position in the other view (center of filled square).

C
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brackets denote the expected value). The quantity FRE
can refer to the registration error of an individual fidu-
cial, in which case a subscript is often added. But FRE is
almost always used to mean the rms average of the indi-
vidual registration errors. The quantity TRE depends on
the position of the target point. Generally TRE(r) is
used to mean the registration error at a particular posi-
tion r, and TRE is used to mean the registration error av-
eraged over a set of target points or a volume of interest.
Sometimes the subscript m is added (TREm) to denote
that TRE was measured. The TRE using one registration
method can be measured by using the transformation
obtained using a different, and presumably more accu-
rate, registration method as a reference gold standard.

Fiducial localization has error in both spaces. In phys-
ical space, the value of FLE depends on the tracking sys-
tem and on the design of the fiducials. In an IGS system
that uses optically tracked probes and instruments, the
physical space FLE depends on several factors, including
the type of optical position sensor and the number, con-
figuration, and type [e.g., infrared light emitting diodes
(IREDs), retroreflective spheres] of tracking fiducials.31

In image space, factors that contribute to FLE include
the shape and size of the fiducial marker, the voxel di-
mensions of the image (localization error decreases as
the ratio of the fiducial size to voxel dimension in-
creases32,33), the digital nature of the image (spatial and
intensity quantization), the SNR of the image, the con-
trast of the fiducial relative to its background in the
image, and geometrical distortion in the image. In the-
ory, FLE adds in quadrature between the two spaces
(i.e., the square of the “total FLE” of the system is ap-
proximately statistically equivalent to the sum of the
squares of the FLE in each space).

There are statistical relationships among the expected
values of FLE, FRE, TRE, the number of fiducials, and
the shape of the fiducial configuration (see Appendix).
The expected value of TRE is proportional to FLE. This
means that the accuracy of the registration obtained
when using fiducials (anatomical landmarks, skin-affixed
markers, or bone-implanted markers) depends on the
accuracy with which the fiducials are localized. It is thus
very important to be careful when manually identifying
fiducials in the image as well as when localizing the fidu-
cials in physical space.

The statistically expected value of TRE depends on
the shape of the fiducial configuration, but FRE does
not. To illustrate some characteristics of the expected
value of TRE, Figure 2–7 shows three different configu-
rations of four fiducial markers, along with iso-TRE con-
tours in midcoronal, midsagittal, and transverse image
slices, for a patient with a lesion in the right or-
bitofrontal lobe. The iso-TRE contours were derived
using Equation 2–2 in the Appendix by assuming
rms[FLE] = 1.4 mm, for which rms[FRE] = 1.0 mm. This
is representative of the situation when bone-implanted

fWhen anatomical landmarks or skin-affixed markers are used for IPR
in cranial IGS, FRE values between 1 and 3 mm are typical for 8 to 10
landmarks or markers. When bone-implanted markers are used, FRE
values are generally 1 mm or less for three to five markers.

markers are used for cranial IGS.f The head image in
this figure is a T1-weighted gradient-echo MR image sim-
ilar to those typically acquired for frameless cranial IGS.
These images illustrate that TRE is smallest at the fidu-
cial configuration centroid, that TRE increases as the
distance of the target from the centroid increases, and
that the iso-TRE contours are ellipsoidal.

Because TRE depends on the shape of the fiducial
configuration, the configuration can affect the accuracy
of navigation in IGS systems using fiducials to perform
point-based IPR. The nature of the statistically expected
value of TRE revealed by Equation 2–2 and illustrated in
Figure 2–7 suggests several simple guidelines for fiducial
marker placement:30

1. Use as many markers as is feasible. A minimum of
three noncollinear fiducials is mathematically nec-
essary to compute a 3-D image transformation. Ad-
ditional markers improve the registration, which is
clear given that TRE is inversely proportional to
the square root of the number of fiducials. How-
ever, using more than 8 to 10 markers will provide
little additional accuracy gain per extra marker.

2. Place markers so that the centroid of their configuration is
near the regions that are most critical during surgery.
TRE has its minimum value at the fiducial configu-
ration centroid. Keeping the target close to the
centroid minimizes dk and thus minimizes the rota-
tional component of TRE.

3. Distribute the markers as far apart as is possible. This
helps maximize fk and thus minimizes the rota-
tional component of TRE. Markers placed in the
field of the craniotomy itself will need to be re-
moved during surgery, preventing re-registration
in the event of a registration failure. Distributing
the markers helps avoid placing them in the field
of the craniotomy.

4. Avoid linear, or almost linear, fiducial configurations. If
markers are placed in a near-collinear configura-
tion, one of the principal axes will be oriented
through the long axis of the configuration, the fk
value associated with that axis will be small, the
ratio dk/fk will be large, and the rotational compo-
nent of TRE will be large.

5. Avoid placing markers on mobile areas of the scalp. One
of the assumptions in the TRE analysis is that local-
ization error at each fiducial is identically distrib-
uted and uncorrelated. In the case of skin-affixed
markers, deformation of the skin may cause corre-
lated localization errors in the markers.
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FIGURE 2–7. Effect of fiducial configuration on statistically expected TRE distribution. (A,E,I).
Three different configurations of four fiducial markers. (B,F,J), (C,G,K), and (D,H,L). Iso-TRE
contours (1, 2, 3, 4, 5, 10, and 20 mm) in midcoronal, midsagittal, and transverse image slices,
respectively. These images illustrate that TRE is smallest at the fiducial configuration centroid,
that TRE increases as the distance of the target from the centroid increases, and that the iso-
TRE contours are ellipsoidal. The top row demonstrates that a widely separated fiducial configu-
ration produces smaller TRE values than a clustered configuration. The middle row shows that a
cluster of fiducials produces small TRE values only near the cluster. The bottom row illustrates
the danger of using linear or near collinear fiducial configurations. The iso-TRE contours were
generated for rms[FLE] = 1.4 mm, for which rms[FRE] = 1.0 mm. Missing contours indicate that
TRE is above the value of the missing contour [e.g., in (G), contours for 1 and 2 mm are missing],
which means that TRE values inside the 3 mm contour range between 2 and 3 mm. (Modified
from West JB, Fitzpatrick JM, Toms SA, Maurer CR Jr, Maciunas RJ. Fiducial point placement
and the accuracy of point-based, rigid-body registration. Neurosurgery 2001;48:810–817. With
permission.) (Continued on pages 24 and 25)
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FIGURE 2–7. Continued on page 25

For cranial image-guided neurosurgery, Barnett34 de-
scribed a routine system of placing nine skin-affixed
markers that adheres to these principles: “a pair just
above the lateral aspect of the eyebrows, a pair on the
lateral upper forehead, a pair on the asterions, one at
the vertex, and a pair between the area just above the lat-
eral aspect of the eyebrows and the vertex.” This system
produces a fiducial pattern for which the risk of marker
displacement by head fixation devices and imaging
headholders is minimized, and uses a sufficiently large
number of markers so that there are still enough mark-
ers to obtain an accurate registration even if one or two
of them cannot be used (e.g., if a marker falls off the
skin because the adhesive does not stick, if a marker is

gAn even more serious problem is that some commercial IGS systems
report an error measure, but the vendor does not explain what the
measure is or how it is calculated.

not within the image field of view). An advantage of hav-
ing a routine system of placement of a large number of
markers (typically 8–10) widely distributed about the
head is that a nurse or technician can easily apply the
markers without regard to lesion location.

Of the three error measures discussed above, the most
clinically relevant is TRE, but the only feedback cur-
rently available to the surgeon in most commercial IGS
systems is FRE.g Because FRE is not dependent on the
shape of the fiducial configuration, but TRE is, FRE is

FE-1
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FIGURE 2–7. Continued from pages 23 and 24

often a poor indicator of TRE. This is clearly demon-
strated in Figure 2–7 for three different fiducial configu-
rations that have the identical value of FRE but produce
very different values of TRE. Until commercial vendors
incorporate statistical expected TRE distributions into
their IGS systems, we believe that it is prudent to view
the displayed FRE value with caution and to place fidu-
cial markers according to the guidelines listed above.
Also, at the risk of stating the obvious, one of the best
measures of TRE is the surgeon’s qualitative assessment
of how accurately known external landmarks can be lo-
calized with the system after registration. We believe that
it is extremely important that the surgeon identify and
locate several external anatomical landmarks to visually

assess and verify that the IGS system is working properly
and that the registration is sufficiently accurate for the
surgical procedure before using the system for surgical
navigation.

The clinical accuracy of a bone-implanted marker sys-
tem (see Fig. 2–5) was investigated using data acquired
in a prospective clinical trial by six neurosurgeons at
four medical centers from 63 patients undergoing cra-
niotomies to resect cerebral lesions.13 Using four bone-
implanted markers as fiducials for registration and a
fifth marker as a target for assessment of registration ac-
curacy, the CT-to-physical TREm was found to be and
1.0 � 0.5 mm (mean � SD), with a 95% TREm of 1.8
mm. It is statistically expected that 1 out of every 20 pa-

J

K
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TABLE 2–1. Target registration error

Type of Registration Method Mean � SD 95%

CT-physical Point-based, 10 anatomical landmarks 3.6 � 1.6 6.3
CT-physical Point-based, 10 skin-affixed markers 2.6 � 1.2 4.5
CT-physical Point-based, four bone-implanted markers 1.0 � 0.5 1.8
CT-physical Surface-based, skin surface 3.2 � 1.4 5.6
CT-MR Intensity-based, mutual information 0.8 � 0.4 1.4

The bone-implanted marker-based TRE values were reported in Maurer et al13 using data from 63 patients. The remaining values were
calculated in an unpublished study with 40 patients, using five bone-implanted markers as a gold standard for assessment of registra-
tion accuracy. The 95% TRE values were calculated as mean � 1.645 SD by assuming that the TRE values are normally distributed. All
values are in units of mm.

tients will have an error worse than the 95% value. In a
study with 40 patients, using five bone-implanted mark-
ers as a gold standard for assessment of registration ac-
curacy, we found that for the head, the CT-to-physical
TREm for a registration performed using 10 anatomical
landmarks was 3.6 � 1.6 mm, with a 95% TREm of 6.3
mm (unpublished data). The CT-to-physical TREm for a
registration performed using 10 skin-affixed markers
(multimodality radiographic markers, IZI Medical Prod-
ucts, Baltimore, MD) was 2.6 � 1.2 mm, with a 95%
TREm of 4.5 mm (unpublished data). These error values
are summarized in Table 2–1. The relatively poor accu-
racy and precision of registration performed using skin-
affixed markers is probably due to deformation of the
skin surface between the time of scanning and the time
of treatment. The relatively poor accuracy of registra-
tion performed using anatomical landmarks is probably
due to deformation of the skin surface, and also the dif-
ficulty in accurately determining the same anatomical
landmark in the image and on the patient. Nonetheless,
there are several neurosurgeons who routinely use ana-
tomical landmarks for cranial IGS procedures and be-
lieve that they generally obtain registration errors of 2.0
mm or less. The relatively high accuracy of registration
performed using bone-implanted markers (see Fig. 2–5)
is due to the fact that the markers are anchored to the
rigid cranium, and also to the fact that the markers can
be localized accurately in both the image (by using a
semiautomatic algorithm for finding the imaging marker
centroid with subvoxel accuracy4) and physical space (by
placing a ball-tipped probe in the hemispherical divot of
the localization cap whose position corresponds to the
centroid of the image markers).

Surface-based registration

The 3-D boundary or surface of an anatomical object or
structure is an intuitive and easily characterized geomet-
rical feature that can be used for medical image registra-
tion. Surface-based image registration methods involve
determining corresponding surfaces in different images
and/or physical space and computing the transforma-

tion that best aligns these surfaces. Whereas point-based
registration involves aligning a generally small number
of corresponding fiducial points, surface-based registra-
tion involves aligning a generally much larger number
of points for which no point correspondence informa-
tion is available.

The skin surface (i.e., the air–tissue interface) and the
outer cranial surface are obvious choices that have been
frequently used for both IIR and IPR of head images
(Fig. 2–8). The surface representation can be simply a
point set (i.e., a collection of points on the surface), a
faceted surface (e.g., a set of triangles approximating
the surface), an implicit surface, or a parametric surface
(e.g., a B-spline surface). The skin surface is generally a
high-contrast boundary in most image modalities, with
the important exceptions of nuclear medicine scans
with certain tracers and some echo planar MR images,
and thus, not surprisingly, segmentation of the skin sur-
face is relatively easy and fairly automatic for most types
of images. The bone surface (e.g., the outer cranial sur-
face in head images) is also an easily segmented high-
contrast boundary in CT images. Extraction of many
soft-tissue boundary surfaces is generally more difficult
and less automatic. Segmentation algorithms can gener-
ate 2-D contours in contiguous image slices that are
linked together to form a 3-D surface, or they can gener-
ate 3-D surfaces directly from the image (e.g., Gueziec
and Hummel37). In physical space, skin surface points
can be easily determined using laser range finders;
stereo video systems; and articulated mechanical, mag-
netic, active and passive optical, and ultrasonic 3-D local-
izers. Bone surface points can be found using tracked A-
mode38 and B-mode46 ultrasound probes. The computer
vision sensors, 3-D localizers, and tracked A-mode probes
produce surface point sets. Tracked B-mode probes pro-
duce a set of 2-D images (or a single compounded 3-D
image) from which bone surface points need to be
segmented.

There is a large body of literature in computer vision
concerned with the surface-based registration problem.
The approach normally used in the medical image pro-
cessing community (and which is referred to in com-
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FIGURE 2–8. Illustration of surface-
based registration of the head using
the facial skin surface. The dots repre-
sent skin surface points acquired with
a four-camera photogrammetry sys-
tem. The surface rendering represents
a triangle set model of the skin surface
extracted from an MR image volume.
(A). The initial position of the data sets.
(B). The data sets after registration.
The registration was performed using
an independent implementation35 of
the iterative closest point algorithm.36

The surfaces overlap only partially,
which is a common situation in sur-
face-based registration. The problem
of partial overlap was dealt with by set-
ting the weights of outliers to zero after
the first search converged before run-
ning a second search.

hMany variations of the cost (disparity) function are possible. For ex-
ample, mean distance can be used rather than root-mean-square dis-
tance (i.e., L1 norm versus L2 norm).21 Outliers can be handled using
a thresholded distance, or by using a sigmoidal distance function
(which is essentially a gradually tapered thresholded distance).
iThe terms data and model arise from an industrial application: regis-
tration of digitized data from unfixtured rigid objects obtained using
high-accuracy noncontact devices with an idealized geometrical (e.g.,
computer-aided design) model prior to shape inspection.36

puter vision as the “free-form” surface matching prob-
lem) is to search for the transformation that minimizes
some disparity function or metric between the two sur-
faces. The disparity function typically used for surface-
based image registration is the mean squared, and op-
tionally weighted, distanceh between points on one
surface (the “data” point set) and corresponding points
on the other surface (the “model” surface).i The princi-
pal difference between point-based registration, which
minimizes the mean squared distance between two sets
of corresponding points, and surface-based registration
is the availability of point correspondence information.
Whereas point-based registration can be solved using
any of several algorithms with closed-form solutions, the
lack of exact point correspondence information causes
surface-based registration algorithms to be based on it-
erative search. Most algorithms calculate approximate
point correspondence information for the current trans-
formation at each iteration of the search. A detailed
summary of surface-based registration algorithms can be
found in in Fitzpatrick et al.26

Typically one surface contains more information than
the other. The surface from the image that covers the

larger volume of the patient or has the higher resolution
is generally picked as the model shape. For example,
when using the skin surface to perform CT-to-physical
space registration, the triangle set representation of the
CT skin surface typically contains � 104 to 106 vertices,
whereas the number of physical space skin surface
points typically is � 102 to 104. In this case, the CT trian-
gle set is chosen as the model surface shape, and the
physical space point set is chosen as the data point set.

All surface-based registration algorithms must search
for the transformation that minimizes the disparity func-
tion or a variation thereof. This is a general nonlinear
minimization problem that is typically solved using one
of the common gradient descent techniques (e.g., see
Press et al39). The search will typically converge to, or very
close to, the correct minimum of the disparity function
minimum if the initial transformation is within about 20
to 30 degree rotation and 20 to 30 mm translation of the
correct solution. Thus it is very important that a good ini-
tial value of the transformation be provided to the algo-
rithm (e.g., by using an interactive manual registration
software interface or by manually identifying several ana-
tomical landmarks and performing a point-based regis-
tration). To help minimize the possibility of the search
getting stuck in a local minimum, many investigators per-
form the search in a hierarchical coarse-to-fine manner.

Point-based registration performed using skin-affixed
or bone-implanted fiducial markers requires an addi-
tional scan for the image-guided surgical procedure.
Surface-based registration, like point-based registration
performed using anatomical landmarks, can potentially
be used with historical (retrospectively acquired) images
that typically were originally acquired for diagnosis. This

A B
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aspect is frequently discussed as an advantage of these
techniques, partly because it reduces the logistical diffi-
culties of scheduling and acquiring an additional scan
for treatment, but more importantly because of the eco-
nomic benefit realized by not rescanning the patient.
However, it is important to note that, although the eco-
nomic consideration may be substantial, it does not alter
the highly variable ways in which diagnostic images are
acquired. Typically successful and accurate image regis-
tration is best obtained using prospectively acquired im-
ages following a protocol specifically designed for IGS.
Examples of important image acquisition factors are
field of view, voxel dimensions (especially slice thick-
ness), and considerations that impact geometric fidelity.
For CT this might include performing a spiral scan to
minimize patient movement during image acquisition;
for MR this might include using specific pulse sequences
that minimize geometrical distortion due to static field
inhomogeneity.

Surface-based registration techniques are currently
used in several commercially available IGS systems for
IPR. (The use of surface-based registration methods for
IIR has recently been replaced in most systems by the
use of intensity-based registration approaches.) For
head applications, the skin surface is generally used for
registration. The “model” skin surface is typically a trian-
gle set that is relatively easily and fairly automatically
generated for most types of images. The “data” surface
points can be acquired by moving a tracked probe along
the skin surface40,41 or by using computer vision tech-
niques (e.g., stereophotogrammetry using multiple cali-
brated cameras).42,43 Several commercial vendors have
recently demonstrated the use of lasers to acquire sur-
face points. In one system, the optical tracking system,
which is used for tracking surgical instruments by find-
ing the positions of IREDs on the instruments, is also
used to find skin surface points that are illuminated by
shining a beam from what is essentially a laser pointer
that emits both infrared as well as visible red light (the
latter so that the user can see where the beam is being
pointed). One of the commonly reported problems with
surface-based IPR methods is that they take substantially
more technical support and operator time to make
them work, compared with fiducial point-based IPR
methods. The new laser-based skin surface point acquisi-
tion methods may make data acquisition substantially
easier and faster. Nonetheless, one of the main prob-
lems with skin surface-based IPR is accuracy and preci-
sion. In a study with 40 patients, using five bone-im-
planted fiducial markers as a gold standard, we found
that for the head, the skin surface-based CT-to-physical
TREm was 3.2 � 1.4 mm (mean � SD), with a 95% TREm
of 5.6 mm (unpublished data). In a blinded evaluation
of retrospective intermodality head image registration
techniques, which also used bone-implanted fiducial

markers as a gold standard, the mean skin surface-based
CT-to-MR TREm was slightly greater than 5.0 mm, and
more than 10% of the registrations had a TREm greater
than 10.0 mm.44,45 The probable reason for the relatively
poor accuracy and precision of surface-based registra-
tion performed using the skin surface is deformation of
the skin surface between the time of scanning and the
time of treatment. The skin, especially in obese and
older patients, is easily deformed, and skin thickness can
change with the use of diuretics and steroids. The skin is
often substantially deformed at the back of the head
where it rests on the scanner table, on the sides of the
head in MR images where ear pads are used for passive
head restraint in the MR scanner head coil, and near the
sites where Mayfield head clamp pins are implanted for
head restraint in the operating room.

One possible approach to overcome this limitation is
to perform surface-based IPR using a bone surface (e.g.,
the outer cranial surface). In pulse echo ultrasound, a
short pulse of energy is transmitted into the body.
Echoes in the received signal represent sound reflected
at interfaces between regions of different acoustic im-
pedance. The intensity reflection coefficient, which is
the ratio of the pressure reflected to the pressure inci-
dent, is less than 0.1 for most soft-tissue interfaces, and
is approximately 0.6 to 0.7 for bone–tissue interfaces.
Thus echoes corresponding to bone–tissue interfaces
have high signal amplitude and are easily identified.
The distance from the transducer to the interface corre-
sponding to an echo is easily calculated as d = ut/2,
where d is the distance, u is the speed of sound, and t is
the time interval between the initial sound pulse and the
received echo. By tracking the position of an A-mode
ultrasound transducer, it is possible to calculate the posi-
tion of a bone surface point as the position of the ultra-
sound transducer face plus the distance to the bone–
tissue interface along the ultrasound beam axis. Recent
preliminary results on a phantom and several volunteers
suggest that it is possible to achieve a bone surface-
based CT-to-physical TRE � 1 to 2 mm using a tracked
A-mode ultrasound-based system.38 Bone surface points
can also be found using tracked clinical B-mode ultra-
sound scanners.46

Intensity-based registration

Intensity-based registration involves computing a trans-
formation between two images using image voxel values
rather than geometrical features such as points or sur-
faces derived from the images. The term intensity refers
to the scalar value of an image voxel. The physical mean-
ing of the voxel intensity value depends on the image
modality. The registration transformation is determined
by iteratively optimizing some similarity measure com-
puted from all voxel values. Because the images are gen-
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jThere is a humorous anecdote regarding the origin of the term en-
tropy.49 Apparently Shannon asked von Neumann what name he
should give to his measure of uncertainty. Von Neumann answered,
“You should call it ‘entropy,’ and for two reasons: first, the function is
already in use in thermodynamics under that name; second, and more
importantly, most people don’t know what entropy really is, and if you
use the word ‘entropy’ in an argument, you will win every time!”

erally 3-D images such as CT, MR, and PET, these mea-
sures are often referred to as voxel similarity measures.

A detailed description of intensity-based image regis-
tration is beyond the scope of this chapter; a good intro-
duction can be found in Fitzpatrick et al.26 But it is help-
ful to have some understanding of the most commonly
used and successful algorithms, which are based on joint
histograms and information theory. A joint histogram is
a useful tool for visualizing the relationship between the
intensities of corresponding voxels in two or more im-
ages. Such histograms are widely used with multispectral
data (e.g., dual echo MR images). For two images A and
B, the joint histogram is 2-D and is constructed by plot-
ting the intensity a of each voxel in image A against the
intensity b of each voxel in image B. Thus the axes of the
histogram are the intensities in each image, and the value
at each point in the histogram is the number of corre-
sponding voxel pairs with that particular combination of
intensities in the two images. Hill and Hawkes47 ob-
served that the appearance of joint histograms changes
in a visually obvious way as correctly registered images
are intentionally misaligned. Example joint histograms
for MR and CT images and MR and PET images are
shown in Figure 2–9. These joint histograms are func-
tions of the two images and also of the registration trans-
formation. The figure shows histograms for a correct
registration and a translational misalignment of 5.0 mm.
Although the appearance of the histograms for the two
combinations of image modalities is quite different,
there is an important similarity. Specifically, the intensity
histograms are sharpest for the registered images, and
they become noticeably blurred with misalignment. These
plots provide insight into a concept of image registration
that is based on entropy and information theory.

Information theory dates back to the pioneering work
of Shannon in the 1940s.48 Shannon, who was working at
Bell Laboratories on the transmission of information
along a noisy telephone line, devised a theory around a
new measure of information. Its mathematical form is
the same as the entropy defined in statistical thermody-
namics, so he called this measure entropy. j Entropy is a
measure of disorder. Its value can be computed from the
joint histogram. Entropy increases with increasing mis-
alignment as can be observed in the visual appearance
of both a fused pair of images and the joint histogram
(see Fig. 2–9). Minimizing the joint entropy, computed
from a joint histogram, has been used as the basis for
image registration.50,51 However, joint entropy by itself

does not provide a robust measure of image alignment.
The use of this measure involves the implicit assumption
that large regions in the two images being registered in-
crease their degree of overlap as the images approach
the correct alignment. If the overlap between large re-
gions of the images is not maximal when the images are
correctly aligned, then generally the joint entropy will
not be minimal at this point. Intermodality image regis-
tration frequently involves registering images with very
different fields of view, and usually the correct align-
ment will involve only part of each image. A solution to
the overlap problem from which joint entropy suffers is
to consider the information contributed to the overlap-
ping volume by each image individually (the marginal
entropies) as well as the combined information ( joint
entropy). Communication theory provides a technique
for measuring the joint entropy with respect to the mar-
ginal entropies. This measure, introduced by Shan-
non,48 is known as mutual information. Mutual informa-
tion can qualitatively be thought of as a measure of how
well one image explains the other, is generally relatively
insensitive to the overlap problem, and is maximal at, or
very close to, the correct alignment.

Intensity-based registration methods in general do
not require that geometrical features such as points or
surfaces be segmented from the images. The great at-
traction of mutual information in particular as a voxel
similarity measure for image registration is that it makes
no assumption about the relationship between the in-
tensity of a particular anatomical structure in the modal-
ities being aligned. As a result, it can be used for both in-
tramodality registration and intermodality registration
and is far more generally applicable than any other auto-
matic IIR algorithm yet proposed. There is a consider-
able literature showing that mutual information is ro-
bust and accurate.44,45,52–56

As is the case for surface-based registration algorithms
as discussed in the previous section, intensity-based algo-
rithms require an iterative search for the transformation
that minimizes the similarity measure (e.g., mutual in-
formation). Parameter spaces for intensity-based algo-
rithms frequently have multiple local optima, and regis-
tration can fail if the optimization algorithm converges
to the wrong optimum. Thus it is very important that a
good initial value of the transformation be provided to
the algorithm (e.g., by using an interactive manual regis-
tration software interface or by manually identifying sev-
eral anatomical landmarks and performing a point-
based registration).

In a comparative study of retrospective intermodality
brain image registration techniques, intensity-based algo-
rithms frequently registered CT and MR images with an
accuracy of better than 2 mm, but such algorithms some-
times failed, leading to errors of 6 mm or more.44,45 Thus
a quality assurance method must be used to distinguish
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A

C

FIGURE 2–9. Examples of joint probability
distribution functions (histograms) of image
intensity. (A,B). Histograms for identical
MR images of the head. (C,D). Histograms
for MR (vertical axis) and CT (horizontal
axis). (A,C). Histograms for registered im-
ages. (B,D). Histograms for images mis-
registered by a translation of 5 mm. The in-
tensity histograms are sharpest for the
registered images. The histograms are ob-
viously blurred by the misregistrations.

between registration transformations that are clinically
satisfactory and those that are not. As a result of efforts to
quantify the accuracy of visual inspection as a means of
failure detection in intermodality registration, it appears
that when suitable interactive image viewing software is
available, visual inspection can reliably detect a TRE
greater than 2 mm for MR–CT registration57 and 4 mm for
MR–PET registration.58,59 Figure 2–10 illustrates several
methods of visual assessment for MR–CT registration.

Mutual information has been used successfully to reg-
ister CT; many types of MR, including T1-weighted, T2-
weighted, and proton density spin-echo and gradient-
echo; and PET images. But there are situations where
mutual information does not work very well. One exam-
ple is the case where one of the images has a small num-
ber of slices (i.e., the image field of view is a thin slab).
In this case the joint histogram is quite sparse and there
can be too few voxels to compute mutual information
accurately. Another example is the case where one of
the images (e.g., MR) has severe intensity inhomogene-
ity (shading artifact). Mutual information is fairly robust
to mild intensity inhomogeneity, but in severe cases, the
relationship between the intensity values of anatomical
structures in the two images is not spatially invariant. Al-
though good results have been obtained for PET images
acquired using [18F]-fluorodeoxyglucose (FDG) as a
tracer, it is not clear whether similarly good results will
be obtained for nuclear medicine scans acquired using
receptor-specific tracers.

Intraoperative Brain Deformation

All IGS systems that use preoperative images assume that
the head and its contents behave as a rigid body—that
the intraoperative positions of anatomical structures of
surgical interest are related to the positions of these
structures in the preoperative image by a rigid-body
transformation (sometimes scaling is also used to ac-
count for incorrect image voxel dimensions). Brain de-
formation between imaging and surgery or during sur-
gery invalidates this assumption and consequently
introduces an important source of error that is not de-
tected by standard measures of registration error.

It is likely that brain deformation depends on many
factors, including anesthetic practice, steroid use, os-
motically active drug use, tumor size, tumor location,
craniotomy size, extent of resection, and amount of
cerebral atrophy. Debulking of tumors and aspiration of
cysts often cause the wall of the resulting cavity to col-
lapse. It is standard surgical practice to reduce intracra-
nial pressure (ICP) prior to performing neurosurgical
procedures. Steroids are often administered preopera-
tively to reduce inflammation. Intraoperatively, cerebral
blood volume can be controlled by manipulating venti-
lation to alter carbon dioxide concentration in the
blood and by tilting the bed to increase or reduce ve-
nous drainage. The water content of the brain can be re-
duced by administering an osmotically active drug (e.g.,
the sugar alcohol mannitol). Cerebrospinal fluid (CSF)

B

D
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A B

C D

E F

FIGURE 2–10. Visual assessment of registration accuracy. (A,B). Transverse slices from a CT
(left) and MR (right) image of the same patient. (C–H). Several image fusion methods for visually
assessing the accuracy of the CT-MR registration transformation. The left column shows images
that are correctly aligned; the right column shows images that are intentionally misregistered by
a lateral translation of 2 mm. (C,D). Bone edges extracted from CT and overlaid on MR. (E,F).
(Continued on page 32)
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G H

FIGURE 2–10. (Continued from page 31) Fused images with CT visible above an adjustable
horizontal line and MR visible below the line. (G,H). Bone segmented from the CT image by
thresholding and overlaid on the MR image. It is relatively easy to detect the 2 mm misregistra-
tion in all of these examples. 

volume can be altered by reducing CSF production or
by draining CSF (e.g., lumbar puncture). The effect
these parameters have on ICP is well documented (e.g.,
Doczi60), but little is known about the resulting volume
changes and brain deformation they cause in humans.
Several groups have recently reported quantitative mea-
surements of intraoperative brain deformation.61–65 For

craniotomies, deformation on the order of 10 mm has
been observed at the cortical surface and on the order
of 5 mm at subsurface structures such as the deep
tumor margin. There is considerable variability in de-
formation among patients. However, in one study,
regardless of the procedure, there was very little defor-
mation of the midline, the tentorium, the hemisphere

A B

FIGURE 2–11. Examples of intraoperative brain surface deformation. These panels show coro-
nal slices from MR image volumes of two patients that underwent intraoperative functional map-
ping of sensory, motor, or language areas using cortical stimulation. The brain surface was mea-
sured approximately 90 minutes after opening the dura but before performing resection of a tumor
(white line). The images have been rotated to indicate the intraoperative orientation of the patient,
with the direction of gravity vertical on the page. The patient’s left side is at the top in each image.
The inclination of the craniotomy for the patients was 6 degrees on the left and was 34 degrees on
the right. The ends of the white lines represent the edges of the craniotomies. In both patients, the
brain was sinking under much of the craniotomy, but in the patient shown on the right, there was a
slight protruding region at the lowest edge of the craniotomy. (From Hill DLG, Maurer CR Jr, Maci-
unas RJ, Barwise JA, Fitzpatrick JM, Wang MY. Measurement of intraoperative brain surface de-
formation under a craniotomy. Neurosurg 1998;43:514–526. With permission.)
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FIGURE 2–12. Intraoperative brain deformation. The top two rows show sagittal (A,C) and trans-
verse (B,D) slices through an MR image volume acquired intraoperatively. The boundary of the
brain obtained by thresholding a preoperative image is shown transformed and overlaid on the intra-
operative image using a rigid-body registration transformation (A,B) and a 3-D B-spline deformation
transformation (C,D). The results of the deformation algorithm provide substantially better alignment
of the brain surface in the right frontal lobe. E and F show contours of constant deformation magni-
tude computed from the 3-D B-spline transformation superimposed on the sagittal and transverse
slices from the preoperative image volume. The inner, middle, and outer contours represent defor-
mation magnitudes of 4.5, 3.0, and 1.5 mm, respectively. (Modified from Maurer CR Jr, Hill DLG,
Martin AJ, et al. Investigation of intraoperative brain deformation using a 1.5 Tesla interventional MR
system: preliminary results. IEEE Trans Med Imaging 1998;17:817–825. © 1998 IEEE. With permis-
sion.)

A

C

E

B

D

F

contralateral to the procedure, and ipsilateral struc-
tures except those that are within 10 mm of the lesion
or are gravitationally above the surgical site.64 The ab-
sence of deformation across the midline may be due to
mechanical support provided by the falx cerebri. Brain
movement is unlikely to be a problem for stereotactic
radiosurgery, procedures that involve twist drill open-
ings (e.g., stereotactic biopsy, functional procedures),

and procedures that involve nondeformable anatomy
(e.g., skull base surgery). Little deformation was ob-
served in one biopsy and one functional case.64 Figures
2–11 and 2–12 show an example of brain deformation.
Although in many patients the principal component of
intraoperative brain deformation is oriented in the di-
rection of gravity, in some patients the deformation is
quite complicated. 
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The problem of brain deformation can be addressed
by performing the IGS procedure using intraoperative
imaging. Several intraoperative modalities have been
used, including CT,66 MR,67–70 and ultrasound.71–73 But
brain deformation is also a concern for these systems if it
is desirable to make intraoperative use of preoperative
images (e.g., from other modalities) or information de-
rived from preoperative images (e.g., a surgical plan).
One approach to correct for intraoperative brain de-
formation is to acquire high-resolution images, in par-
ticular, MR, and compute a nonrigid deformation trans-
formation between the preoperative image and the
intraoperative image. Encouraging results have been re-
ported using 3-D B-splines64 and optical flow.74 Figure
2–12 shows an example of non-rigid registrations per-
formed using intraoperative MR image volumes. An-
other approach is to track an ultrasound probe and dis-
play the ultrasound image next to a reformatted image
slice from a preoperative CT or MR image.71 The two
views can be fused or compared using a pair of movable
linked cursors that are displayed at corresponding
points. The surgeon can use this information to visually
assess or quantitatively measure, and mentally compen-
sate for, brain deformation. This is frequently helpful,
although soft-tissue structures are often difficult to dis-
tinguish because of limited tissue contrast provided by
ultrasound. A third approach is to build a patient-
specific biomechanical model of brain tissue deforma-
tion based on segmentation of high-resolution preoper-
ative images and deform it according to the governing
equations of a mathematical description of tissue defor-
mation using sparse intraoperative data (e.g., the corti-
cal surface obtained using a laser rangefinder or stereo
video cameras, limited anatomical landmarks or bound-
aries obtained using intraoperative ultrasound) to con-
fine the deformation. Promising preliminary results
have been obtained using multiphase consolidation the-
ory, which considers the brain as a spongelike material
where tissue motion is characterized by an instanta-
neous deformation at the area of contact followed by ad-
ditional deformation resulting from exiting pore fluid
driven by a pressure gradient.75–77

Appendix: Point-Based Registration
Error Theory

Consider a set of N fiducial points that is registered to
another set of points that differs from the first set by po-
sition, orientation, and noise that is added to each point
(identical, independent, zero-mean, isotropic, normally
distributed noise). Let �2 be the variance of the coordi-
nate components of the random noise. In our case, the
random noise represents the error of determining the
positions of the fiducial markers. Thus �2 = �FLE2�/3,
and rms[FLE] = . Sibson78 showed using perturba-23s2

tion theory that if the points are registered in a least-
squares sense using a rigid-body transformation, then
FRE2 � �2�2

3N-6. This means that for a particular localiza-
tion error (i.e., a particular value of rms[FLE], or equiv-
alently, a particular value of �), there is a statistical dis-
tribution of FRE values for which the probabilities are
given by the chi-square (�2) distribution with 3N-6 de-
grees of freedom. It can be shown from this probability
distribution that there is a statistical relationship among
the expected value of FRE, FLE, and the number of fidu-
cials N, which is described by

. (2–1)

The expected value of FRE depends only on the ex-
pected value of FLE and the number of fiducials N, and is
independent of the shape of the fiducial configuration.

Fitzpatrick et al29 recently showed using perturbation
theory that there is a statistical relationship among the
expected value of TRE, FLE, the number of fiducials N,
and the position of the target relative to the fiducials,
which is described by

, (2–2)

where dk is the distance of the target point r from the kth
principal axis of the fiducial point set, and fk is the rms
distance of the fiducials from the kth axis (fk is effectively
the radius of gyration of the fiducial set about its kth
principal axis). The constant inside the parentheses in
Equation 2–2 represents the translational component of
TRE; the summation term represents the rotational
component. Several observations about the nature of
the statistically expected value of TRE can be made
based on inspection of Equation 2–2: (1) TRE (both its
value at a particular position as well as its average over a
region of interest) is proportional to rms [FLE]. (2)
TRE is inversely proportional to , assuming that
fiducials are added to the configuration such that their
rms distance to the three principal axes (fk) remains
constant. (3) TRE depends on the position r of the tar-
get point. (4) TRE has its minimum value at the fidu-
cial configuration centroid, and that value, which is
rms[FLE]/N, is purely the translational component of
registration error. (5) TRE increases as the distance of
the target point from the principal axes increases. (6)
The iso-error TRE contours are ellipsoidal. These ob-
servations are consistent with many published re-
sults.13,27,79–80
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Spinal Registration Accuracy and Error
IAIN H. KALFAS

Interactive frameless stereotactic technology has been
successfully applied to spinal surgery. By linking digi-
tized image data to spinal surface anatomy, image-
guided spinal navigation facilitates the surgeon’s orienta-
tion to unexposed spinal structures, thereby improving
the precision and accuracy of the surgery. It is typically
used to optimize the placement of spinal fixation screws
and to monitor the extent of complex decompressive
procedures. It can also be used as a preoperative plan-
ning tool.

The critical step in applying stereotactic technology to
spinal surgery is the registration process. Both paired
point registration and surface mapping techniques have
been applied to image-guided spinal navigation. This
chapter discusses the accuracy and errors of these regis-
tration techniques.

Over the last decade, the surgical options for manag-
ing complex spinal disorders have expanded through
the continued evolution of spinal instrumentation de-
vices as well as a variety of surgical approaches to the
spine. However, intraoperative orientation to unex-
posed spinal anatomy provides difficulties to even the
most experienced spinal surgeon. Regardless of the ap-
proach selected, much of the spinal anatomy in the sur-
gical field is not directly visualized in the operative field.
This is not problematic for routine decompressive pro-
cedures but can pose significant problems during the
management of complex disorders such as fractures,
neoplasms, and deformities.

Orientation to this unexposed spinal anatomy is criti-
cal to the success of complex spinal surgery. In particu-
lar, the variety of spinal fixation techniques that utilize
the placement of bone screws into the pedicles of the

thoracic, lumbar, and sacral spine; into the lateral
masses and across joints of the cervical spine; and across
the vertebrae of the thoracic and lumbar spine require a
thorough understanding of the spatial relationships of
the unexposed spinal anatomy to that portion of the
spine seen in the surgical field. Although standard intra-
operative imaging (i.e., fluoroscopy) can be helpful, it
does not provide an axial plane image. For most spinal
screw fixation procedures, the axial plane provides criti-
cal trajectory information that cannot be provided by ei-
ther a sagittal or a coronal image.

The development of image-guided technology for
spinal surgery was influenced by these difficulties of in-
traoperative spatial orientation during complex surgery
as well as by the limitations of standard intraoperative
imaging.1,2 The initial application of stereotactic princi-
ples to spinal surgery was not intuitive. Unlike intracra-
nial surgery, an external frame system was not practical
for spinal surgery. Furthermore, the use of surface land-
marks or fiducials could not be used because of skin
movement with respect to bony landmarks.3,4 This is less
of a problem with intracranial applications because of
the relatively fixed position of the overlying scalp to a set
of attached fiducials.

The application of stereotactic technology to spinal
surgery involves using the rigid spinal anatomy itself as a
frame of reference for registration of the image data to
the spinal anatomy. Two separate techniques of registra-
tion can be applied. Paired point registration involves
matching selected points in the image data set to their
corresponding points in the spinal anatomy.

Alternatively, the surface mapping technique involves
selecting multiple nondiscrete points only on the ex-
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FIGURE 3–1. Image-guided navigational workstation with in-
frared camera localizer system.

posed and debrided surface of the spine in the surgical
field. This technique does not require the preselection
of points in the image set, although several discrete
points in both the image data set and the surgical field
are frequently required to improve the accuracy of sur-
face mapping. The positional information of these points
is transferred to the workstation, and a topographic map
of the selected anatomy is created and “matched” to the
patient’s image set.

Typically, paired point registration can be done more
quickly than surface mapping. The average time needed
for paired point registration is 10 to 15 seconds. The
time needed for surface mapping is much longer, with
difficult cases requiring as much as 10 to 15 minutes.
This time difference can significantly impact the length
of the navigational procedure and the surgery itself.5

Regardless of the technique used, the registration pro-
cess represents the step during image-guided navigation
that can have the greatest effect on navigational accu-
racy. Registration accuracy is dependent on the surgeon
carefully selecting the correct reference points or per-
forming the surface mapping process. If properly per-
formed, registration will allow for the display of reformat-
ted, multiplanar CT or MRI images to assist the surgeon
with orientation to the unexposed spinal anatomy.

Navigational Technique

A variety of navigational systems have evolved over the
past decade. The common components of most of these
systems include an image-processing workstation inter-
faced with a two-camera optical localizer (Fig. 3–1). The
optical localizer tracks infrared light emitted by a series
of light-emitting diodes (LEDs) mounted on a custom-
ized handheld navigational probe or selected surgical
instruments (Fig. 3–2). Alternatively, the optical local-
izer itself can be the source of infrared light, which is
continuously reflected back to the camera system by pas-
sive reflectors attached to the probe or selected surgical
instruments.

The computer workstation knows the dimensions of
each navigational probe or customized trackable surgi-
cal instrument and also recognizes the spacing of the
LEDs or passive reflectors. The infrared light that is
transmitted from or reflected by these instruments is re-
layed to the computer workstation, which can then cal-
culate the precise location of the instrument tip in the
surgical field as well as the location of the anatomic
point on which the instrument tip is resting.

When applying navigational technology to spinal sur-
gery, the standard surgical exposure for a particular pro-
cedure is carried out. The registration process is per-
formed immediately after surgical exposure and prior to
any planned decompressive procedure. This preserves

the spinal anatomic landmarks that facilitate an easy and
accurate registration process.

The registration process establishes a precise spatial
relationship between the image space of the data and
the physical space of the patient’s corresponding surgi-
cal anatomy. If the patient is moved after registration,
this spatial relationship is distorted, which creates navi-
gational information that is inaccurate. This problem
can be minimized by the optional use of a spinal track-
ing device consisting of a separate set of LEDs or passive
reflectors mounted on an instrument that can be at-

FIGURE 3–2. Navigation probe with drill guide for spinal
surgery.
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FIGURE 3–3. Reference frame attached to spinal anatomy.
The reference frame monitors inadvertent movement of the
spinal anatomy that may interfere with navigational accuracy.

tached to the exposed spinal anatomy (Fig. 3–3). The
position of the reference frame can be tracked by the
camera system. Movement of the frame alerts the naviga-
tional system to any inadvertent movement of the spine.
The system can then make correctional steps to keep the
registration process accurate and eliminate the need to
repeat the registration process. The disadvantages of
using a tracking device are the added time needed for its
attachment to the spine, the need to maintain a line of
sight between it and the camera, and the inconvenience
of having to perform the procedure with the device
placed in the surgical field.

Alternatively, image-guided spinal navigation can be
performed without a tracking device.1,2,5,6 This involves
acknowledging the effect of patient movement on the
accuracy of image-guided navigation and maintaining
reasonable stable patient position during the relatively
short amount of time needed (i.e., 10–20 seconds) for
the selection of each appropriate screw trajectory. Pa-
tient movement can be caused by respiration, the surgi-
cal team leaning on the table, or a change of table posi-
tion. Movement associated with patient respiration is
negligible and does not require any tracking even in the
thoracic spine. Although movement associated with
leaning on the table or repositioning the table or the pa-
tient will affect registration accuracy, it can be easily
avoided during the short navigational procedure. If in-
advertent patient movement does occur, the registration
process can be repeated.

Repeating the registration process is far more prac-
tical with the shorter paired point technique than it
is with the more time-consuming surface mapping
technique.

Registration Accuracy

The ability to quantify and manipulate spatial informa-
tion to relate one set of data to another is fundamental
to surgical navigation. Accurately establishing the spatial
relationships between image data and surgical anatomy
is critical to the application of navigational technology
to surgical procedures. Before the current, relatively in-
expensive computing resources became available,
stereotaxy relied on frame-based instrumentation and
simple registration strategies. However, the advance-
ment of computational power in the operating room has
provided more efficient algebraic solutions to many of
the registration tasks required for surgical navigation.

In the early seventeenth century, Pierre de Fermat
and René Descartes independently recognized that two
perpendicular lines could be used to identify any point
within a plane.7 The distance along each of these lines,
termed x- and y-axes, from the origin (the intersection
of the axes where each is typically assigned a value of 0)
to a given point provides an ordered pair of numbers, or
coordinates, unique to that point. This is referred to as
the Cartesian coordinate system, in honor of Decartes,
and may be extended to three dimensions, with x-, y-,
and z-axes. This allows for each point in a given space to
be uniquely and quantitatively defined.

Applying the coordinate system concept to image-
guided spinal navigation involves recognizing the spinal
anatomy as well as its corresponding image data set as
two separate three-dimensional coordinate spaces. Each
point in the two coordinate spaces can be assigned a spe-
cific x, y, and z coordinate value. There are six separate
parameters relating these coordinates: the three angles
of rotation by which the x, y, and z coordinate axes can
be made parallel to one another and three distances
along each of the axes by which the origins of the two co-
ordinate systems can be superimposed. The spatial rela-
tionship between separate coordinate spaces can then
be established by the registration process.

The most common method of registration in the
spine involves determining a rigid-body transformation
with the assumption that the morphology of each indi-
vidual vertebra remains constant. The spatial relation-
ship of one point at a single vertebral level to another
point at that same vertebral level remains constant re-
gardless of changes in patient position between image
acquisition and operative alignment.

A series of complex mathematical calculations, termed
transformation matrices, define the registration pro-
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FIGURE 3–4. Navigational workstation screen demonstrating
a paired point registration plan. Three discrete bony land-
marks are selected at a single vertebral level. In this case the
tips of the two transverse processes and the spinous process
have been selected at the level to be instrumented. The
paired point registration process is complete when the sur-
geon precisely places the probe on each of the three corre-
sponding points in the surgical field.

cess.8,9 For each point existing in one coordinate space,
the analogous point in a second coordinate space may
be identified. Multiple matrices are required to account
for each rotation and translation about the three axes as
well as for scaling differences between separate coordi-
nate spaces. Current computational power allows for
these calculations to be done rapidly and accurately.

In the surgical setting, proper application of the regis-
tration process allows the surgeon to select a point in
the exposed surgical field and view the corresponding
point in the image data set on the computer worksta-
tion. Multiple planar images oriented either to the long
axis of the spine or, more commonly, to the long axis of
a selected trajectory are displayed in near real time as
the surgeon moves the navigational probe through the
field.

The accuracy of the registration process depends on
several variables. The acquisition of preoperative spinal
images can potentially affect accuracy, although stan-
dardization of image slice thickness, orientation, and
spacing has minimized these problems. Potential prob-
lems associated with image transfer, improper tool speci-
fication, and software errors have also been significantly
reduced.

Registration Techniques

Improper surgical technique is the primary source of
registration error. Successful application of image-
guided spinal navigation requires an understanding of
the principles of registration, and failure to provide the
necessary attention to detail assures less navigational
accuracy.

The simplest and most commonly used method of
achieving registration of separate coordinate spaces with
surgical navigational systems is that of matching a set of
ordered points visible to both the imaging study and the
intraoperative digitizer.10–14 With this paired point tech-
nique, a minimum of three such noncolinear pairs of
points is required for determination of the transforma-
tion, although many systems allow for the use of addi-
tional points. For image-guided spinal navigation, dis-
crete bony landmarks that can be identified in the
preoperative image set as well as the surgical field are
used as registration points. These points typically can in-
clude the tip of a spinous or transverse process, a promi-
nent facet or osteophyte, or any other reliably identified
feature. Ideally, these registration points, or fiducials,
should be confined to one vertebral level (Fig. 3–4). A
separate registration is performed for each vertebral
level undergoing navigation. This segmental registra-
tion process eliminates any potential distortion that can
occur between the patient’s preoperative scanned posi-

tion (supine) and the intraoperative position (supine,
prone, or lateral decubitus).

This paired point technique is limited in that it re-
quires the surgeon to precisely identify points in the sur-
gical field that correspond to those points selected in
the image data set. A casual approach to this step may
easily create significant registration errors. Points can be
selected at the wrong level, on the wrong side, or at the
wrong site on the correct landmark (i.e., 2–3 mm from
the apex of a spinous process). Points that are too close
together or are colinear or coplanar may also introduce
significant registration error. Paired point registration
may also be limited in its application to anterior spinal
surgery or prior posterior spinal surgery. In both cases it
may be difficult to identify the appropriate number of
discrete landmarks to serve as fiducials.

With the surface-matching registration technique, an
unordered set of points is used to match the surface of an
anatomic structure to its corresponding surface in the
image data set. A number of surface-matching techniques
have been developed, the best known being the “hat and
head” matching algorithm of Pelizzari and Chen.15,16 In
this method, the navigational probe is sequentially placed
on a series of arbitrarily selected points over the exposed
anatomic surface (Fig. 3–5). The position of each point is
subsequently relayed back to the workstation, which then
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FIGURE 3–5. Navigational workstation screen demonstrating
surface mapping registration. A series of points are selected
over the exposed surface of the spinal anatomy. “Matching” of
points with preselected data points in the image set is not
necessary. The navigational workstation receives the series
of selected points and creates a map of the registered spinal
anatomy.

creates a “topographic map” of the selected anatomy and
relates it to the stored image data.

This technique does not require the preselection of
anatomic landmarks in the image data set, which makes
surface mapping theoretically more easily applied than
paired point registration to anterior spinal surgery and
to the setting of previous posterior spinal surgery. Also,
the surgeon is not required to match corresponding
points in two separate coordinate spaces, which means
there is less potential for user error.

However, surface mapping requires more time to
complete than paired point registration, which necessi-
tates the use of a reference frame during the registration
and navigational steps. If a reference frame is not used
and the patient is inadvertently moved after registration,
the lengthy surface mapping technique must be re-
peated. This is not as much of a problem with the paired
point registration because this technique can be more
easily repeated than the surface mapping technique.

Another disadvantage of surface mapping is that it re-
quires a thorough soft-tissue debridement of the exposed
spinal surface. Without this debridement, false data
points may be entered resulting in an inaccurate registra-
tion of the anatomy. This preparation of the spinal sur-
face also contributes to the longer time needed for sur-
face mapping as opposed to paired point registration.

When either registration process has been completed,
most navigational workstations will calculate the error
(expressed in millimeters). This is not a linear error but
rather a volumetric calculation comparing the spacing
of registration points in the surgical field with those cor-
responding points in the image data set. This figure is, at
best, a relative indicator of accuracy.

Regardless of the registration technique used, a criti-
cal step of the navigational process in the spine is the
verification of registration accuracy. This step is typically
performed immediately after completing the registra-
tion process and is more of an absolute indicator of reg-
istration accuracy. The surgeon places the navigational
probe on a discrete landmark in the surgical field. With
the navigational system now tracking the movement and
position of the probe, the trajectory line and cursor on
the workstation screen will, if accurate registration has
been achieved, move to the corresponding point in the
image data set (Fig. 3–6A). If registration accuracy has
not been achieved, the cursor and trajectory line may
rest on something other than the point selected in the
surgical field (Fig. 3–6B). If this occurs to a significant
degree, the registration process must be repeated.

Glossop et al17 assessed the in vitro accuracy of various
registration techniques. The lumbar spine of a cadaver
was implanted with four steel beads measuring one mm
in diameter. A computed tomography (CT) scan of the
spine was obtained and transferred to a navigational
workstation. Registration was performed using either
the implanted fiducial beads, a paired point technique
(seven discrete anatomic landmarks), or a combination
of the paired point technique and a surface mapping
technique that involved the additional random selection
of 30 to 35 points over the exposed spinal anatomy.

Following registration with each of the three tech-
niques, guidewires were placed into the lumbar pedicles
using navigational guidance. A second CT scan was ob-
tained to determine the accuracy or wire placement
using each individual registration technique. As pre-
dicted, registration using the implanted fiducials pro-
vided the smallest degree of insertion error followed
by the combined paired point/surface mapping tech-
nique. The paired point technique had the highest
error although the differences between the three tech-
niques were small and within clinical tolerances.17

Clinical Application 
of Registration Principles

The practical clinical applications of strict registration
principles to spinal surgery can be difficult and restric-
tive. Although intuitively it seems that every attempt to
achieve greater navigational accuracy for spinal proce-
dures should be made, there comes a point where addi-
tional accuracy is no longer needed. The concept of
clinically relevant accuracy relates to the fact that only
enough accuracy to achieve a specific clinical task (i.e.,
placing a 6 mm diameter pedicle screw into a pedicle
that may measure 14–16 mm in diameter) is required.
Once clinically relevant accuracy has been reached,
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FIGURE 3–6. (A). Navigational work-
station screen demonstrating satisfac-
tory verification of registration accuracy.
While the navigational probe is posi-
tioned on the L4 spinous process in the
surgical field, the workstation screen
should show the cursor and trajectory
line in a correlative position in the CT
image set. (B). Navigational workstation
screen demonstrating an unsatisfactory
verification of registration accuracy. If
the navigational probe is positioned on
the L4 spinous process in the surgical
field but the workstation screen shows
the cursor and trajectory line is a non-
correlative position (i.e., not on the L4
spinous process), accurate registration
has not been achieved and the registra-
tion process needs to be repeated be-
fore proceeding with spinal navigation.
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more accuracy is not required. Attempting to achieve
additional accuracy above the clinically relevant thresh-
old requires more time and effort on the part of the sur-
geon in the operating room. This results in greater tech-
nical complexity of the navigational procedure, which in
turn increases the overall length of the surgery. It de-
feats the purpose of bringing new technologies to the
operating room, specifically to improve surgical preci-
sion, simplify the procedure, and reduce the operative
time and morbidity.

The key to optimizing the design and use of image-
guided navigational technology is to recognize realistic
clinical expectations. The threshold of clinically rele-
vant accuracy varies from one type of procedure to an-
other. For example, the degree of accuracy required for
placing C1–2 transarticular screws will be greater than
that required for positioning lumbar pedicle screws.
Clinical experience with navigational systems over the
past several years has helped define realistic expecta-
tions in an effort to streamline the technology and make
it as user-friendly as possible. Standardization and sim-
plification of new technologies ultimately improve their
rate of acceptance by surgeons. This is analogous to the
evolution of various spinal fixation systems. In general,
as each new generation of spinal fixation systems
evolved they became easier to use and more versatile
than the previous generations.

Registration is the critical step to image-guided spinal
navigation. It is also the step that can take the most time
to complete and introduce the most error to the pro-
cess. There is a fine line between simplifying the regis-
tration process and sacrificing clinically relevant accu-
racy. However, simplifying the registration process
simplifies the entire navigational procedure. This can
realistically be done in most cases by using the paired
point registration technique. This technique takes much
less time than surface mapping and, if done correctly,
provides the surgeon with enough accuracy for even
C1–2 transarticular screw fixation. In addition, paired
point registration gives the surgeon the option of using
a reference frame. The minimal amount of time needed
for the paired point technique also provides the surgeon
the ability to repeat the registration procedure if the pa-
tient has been inadvertently moved after the initial regis-
tration. As already mentioned, re-registration using the
surface mapping technique cannot be as easily and
rapidly repeated, making spinal tracking a necessity in
this case.

Conclusions

Image-guided spinal navigational technology has proven
to be a versatile and effective adjunct for managing pa-

tients with complex spinal disorders. The registration
process is the critical step for this technology to provide
useful clinical information. However, it is also the great-
est source of navigational error and time consumption.
It is necessary for surgeons using spinal navigation sys-
tems to have a thorough understanding of the principles
of spinal registration and to recognize the limitations of
registration and navigational techniques. Image-guided
spinal navigation is not a substitute for a surgeon’s
knowledge of the pertinent surgical anatomy or the cor-
rect surgical technique; it will not make an inexperi-
enced surgeon capable. However, by providing clinically
relevant accuracy for a variety of spinal procedures, it
can make an experienced surgeon more effective and
precise while minimizing or eliminating the need for in-
traoperative imaging, shortening the length of the pro-
cedure, and reducing the rate of patient morbidity.
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The Optical Digitizer
ISABELLE M. GERMANO AND HAREL DEUTSCH

Image-guided neurosurgery stemmed from the need to
maintain the advantages while overcoming the limita-
tions of frame-based stereotaxy neurosurgery. Accuracy,
the main benefit of a stereotactic system, is obtained by
employing a rigid coordinate frame that provides a sta-
ble frame of reference and an aiming arc assembly that
is mechanically stable as it holds the probe in position
along a trajectory. Unfortunately, these components also
produce the greatest limitations in the surgical space.
Thus, several investigators have pursued novel technolo-
gies of interactive image-guided neurosurgery to pro-
vide accurate intraoperative cranial navigation without
being constrained by the design limitations inherent to
stereotactic frame systems.

Interactive image-guided neurosurgical systems in-
clude four fundamental components: a method for reg-
istration of image space to physical space, an interactive
localization device, a computer and interface, and meth-
ods of real-time intraoperative feedback. Interactive lo-
calization devices include: mechanical arms, digitizers
(sonic, optical, magnetic), machine-video devices, real-
time ultrasonography, and intraoperative magnetic reso-
nance and computed tomography (MR-CT).

Bucholz and colleagues first introduced the use of the
optical digitizer for intracranial navigation in 1993.1,2

Since its introduction, this interactive localization device
has proved very helpful in image-guided neurosurgery.
Consequently, it became an integral component of sev-
eral currently marketed image-guided systems.3–9 The se-
nior author has been using the optical digitizer in her
clinical practice since August 1993.3,4 This chapter pro-
vides a brief technical overview of the optical digitizer

and other components needed for neurosurgical naviga-
tion, and reviews the basic steps of the optical digitizer’s
clinical use for intracranial procedures.

Technical Overview

Navigation systems utilizing the optical digitizer include
the following components: (1) the digitizer; (2) a light
detector array or “cameras;” (3) a reference frame host-
ing “fixed” light-emitting diodes (LEDs), (4) surgical in-
struments with LEDs that can be tracked by the digitizer,
and (5) a computer workstation and software to refor-
mat and display preoperative images and to render in-
traoperative localization of the surgical instrument(s)
overlapped to the preoperative images (Fig. 4–1). Addi-
tionally, some systems have a real-time intraoperative up-
dating of the images using ultrasound or magnetic reso-
nance imaging (MRI).10

Optical digitizer

The critical component of an image-guided system is the
three-dimensional (3-D) digitizer, which determines po-
sition. The accuracy of the intraoperative localization
will be limited by that of the digitizer used. Digitizers are
computerized systems that provide coordinate addresses
for any accessible point within their working volumes.
They can be classified into two broad groups: linked and
nonlinked. Linked digitizers require a mechanical link
between the digitizer and the pointer used intraopera-
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FIGURE 4–1. The computer workstation, optical
digitizer, camera array, and reference arc demon-
strating the intraoperative setup (StealthStation,
Louisville, CO).

tively to confirm localization.11 This type of digitizer is
typically a mechanical arm and relies upon angle detec-
tors located in joints within the arm to determine the
position. By determining the angle of each joint, the po-
sition of the tip of the device can be determined with
reference to its base. The base is connected with the pa-
tient’s head, and the tip is registered to the preoperative
images. Thus, by moving the tip of the arm one can de-
termine its location relative to the preoperative images.
The nonlinked digitizers, rather than relying on the link
just described, rely upon the detection of signals gener-
ated by emitters or receptor arrays. A variety of digitizing
technologies are currently available, including optical,
sonic, and magnetic digitizers.1,11–13 Most optical digitiz-
ers are based on multiple cameras fitted with linear-
charged coupled devices and cylindrical lenses that de-
tect LEDs or reflective devices within the surgical field.

Light detector array

The optical digitizer uses a camera array to detect the
position of infrared light emitted by LEDs. These cam-
era arrays are mounted on the reference frame and on
the surgical instruments (see the section, Surgical in-
struments). Usually the detector array is placed 3 to
4 feet over the patient’s lower extremities. There is a
“sweet” location spot for the detection array, and this

is displayed on the computer screen while the array
is being positioned (see the section, Positioning and
Registration).

Reference frame

The reference frame hosts a fixed set of LEDs, typically
four or five, and is usually mounted to maintain a fixed
relationship to the skull or spine throughout the sur-
gery. This can be accomplished by mounting the refer-
ence frame to the head holder for cranial procedures,
directly to the skull for skull base procedures, or to the
spinous process for spinal cases.

Surgical instruments

Almost any instrument can be equipped with LEDs. Be-
cause the coagulation forceps are the most frequently
used in microsurgery, the authors usually prefer to use
this instrument for cranial navigation. For most instru-
ments, a linear array of LEDs, typically three, is sufficient
to obtain accurate localization of the instrument in
space. For other instruments with a more complex 3-D
shape, the LEDs, typically four, are mounted on a butter-
fly-shaped structure to provide for redundancy and
allow for calibration of the instrument tip.
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Computer workstation and software

Computer workstations use commercially available hard-
ware. Examples include the StealthStation using a
UNIX-based work station (Indigo graphics workstation,
Silicon Graphics, Mountain View, CA) and the Cbyon
suite (Cbyon, Palo Alto, CA) utilizing a dual processor
PC running Windows 2000 software and its proprietary
graphic engine.

Images can be displayed using a variety of recon-
structed images. The three standard views, axial, sagittal,
and coronal, with a 3-D reconstruction are often used
for preliminary planning. Orthogonal views obtained in
the trajectory of the probe are particularly helpful in
planning a biopsy (Fig. 4–2).14 The “probe view” is an
interactive view that allows visualization of the planned
path of microsurgical dissection. Additionally, neuro-
physiological atlases can be overlapped to standard
views to facilitate surgical planning for movement disor-
ders (Fig. 4–3).15 Finally, image fusion using different
modalities, such as functional MRI (fMRI), CT, positron
emission tomography (PET), and others can be used to
improve planning for functional cases. The position of
the surgical instrument is represented by a crosshair on
the above described images. The monitor displaying the
images is usually kept to the surgeon’s side. Some sur-
geons, however, prefer not to move the head from the

operating field or microscope. Therefore, these views
can be incorporated to a head-mounted display or to the
optics of the operating microscope.16,17

Neuronavigation Procedure

Neuronavigation allows real-time feedback whereby the
position of surgical instruments is projected over the pre-
operatively acquired images. Additionally, intraoperative
update of the images can reflect the amount of resection
performed. The option to have intraoperative, real-time
feedback on the location of the surgical instruments adds
the following steps to the neurosurgical procedure: pre-
operative imaging and data transfer according to estab-
lished protocols, planning and virtual surgery, and regis-
tration (i.e., the process that allows “overlap” between the
imaging and physical spaces). Although a learning curve
is required to optimize the smoothness of such opera-
tions, they eventually become routine and do not inter-
fere significantly with the overall surgical procedure.

Preoperative imaging and data transfer

As just described, image-guided neurosurgery allows the
surgeon to obtain intraoperative real-time visualization

FIGURE 4–2. Intraoperative photo of the com-
puter screen displaying magnetic resonance
reformatted images used for surgical planning
and intraoperative guidance. Clockwise from
the upper left: coronal, sagittal, “trajectory” 1,
axial, 3-D, and “trajectory” two. Trajectory
views are images reformatted in planes or-
thogonal to the surgical instrument. These are
particularly helpful when planning for a biopsy
(StealthStation, Louisville, CO).
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FIGURE 4–3. Intraoperative photo of the
computer screen displaying magnetic
resonance images. Clockwise from upper
left: coronal, sagittal, axial, and 3-D. A
patient-fitted Schaltenbrand neurophysi-
ological atlas is displayed overlapped to
the triplanar images to further assist the
planning and intraoperative guidance of
placement of a deep brain electrode in
the subthalamic nucleus (StealthStation,
Louisville, CO).

of the surgical instruments overlapped on the patient’s
preoperative images. To accomplish this, preoperative
images need to be registered to the patient’s anatomy
and must be acquired using a specific protocol.3,4 Two
aspects must be taken into account prior to obtaining
preoperative images for neuronavigation: protocol for
image acquisition and use of fiducials.

Image acquisition
The protocol for image acquisition has a significant im-
pact on the accuracy of the frameless system used. In
particular the thickness and field of view of the preoper-
ative images dictate the ultimate accuracy of the neuro-
navigation. In fact, the accuracy of the information ob-
tained from the navigation system is equal to the
thickness of the images plus the error inherent to each
system used. Therefore, for a system that claims “one
millimeter” accuracy, in the best circumstances this
should be added to the 2, 3, or 4 mm thickness of the im-
ages used. Thus, when reading or hearing about the
publicized “submillimetric accuracy” of frame-based or
frameless systems the user should be aware that the
claimed accuracy must be added to the thickness of the
preoperative images. For this reason, it is advisable to
use thin sections for preoperative images. Additionally,
when planning the image acquisition scout, the surgeon
should make sure that the region of interest is included.
Thus, when planning for an entry point on the convex-
ity, this must be part of the scanned field to allow accu-
rate localization of the entry point intraoperatively.

Images are then transferred to the workstation over a
local network using a conventional DICOM protocol or
employing the archive media present on the scanners
used, typically a digital archive tape (DAT) or CD-ROM.

Fiducials or markers
A variety of registration techniques offer alternative
methods for mapping images to each other or to the
physical space. Point-based registration methods define
corresponding points in different images or physical
space, determine their spatial coordinates, and calculate
a geometric transformation between the volumes. These
points, known as fiducials, may be extrinsic and must be
applied to the patient prior to obtaining the preopera-
tive images, or intrinsic and based on patient-specific an-
atomical landmarks. Registration using the patient’s
own anatomical landmarks is an appealing concept be-
cause it obviates the need to have trained personnel ap-
plying the fiducials. This method is currently used
mostly for spine surgery. For cranial surgery, however,
studies and clinical experience have shown that this pro-
cess may be less accurate18 than extrinsic markers and
definitely more time consuming. Two types of markers
have been used for extrinsic registration: adhesive mark-
ers that are affixed to the scalp, and implantable mark-
ers that are anchored to the skull. In both cases, these
are applied before the acquisition of the images. We use
adhesive markers because they are well tolerated by the
patient and in our experience result in good accuracy.3,4

We apply the markers the day of the scan (IZI Medical
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Products, Baltimore, MD), and this is typically obtained
the day of the surgical procedure. The markers are usu-
ally applied around the circumference of the head to
achieve the highest accuracy. We apply 10 to 12 markers
to allow us the greatest degree of freedom during the
registration process (see discussion in the following
text).

Planning and virtual surgery

As part of the conventional routine surgery, the surgeon
displays x-ray films, CT and MRI slices, and even 3-D
image reconstruction on light boxes along the wall of
the operating room. These are used before and during
the surgery, with the surgeon stepping away from the op-
erating field as necessary to review where a particular
structure lies before continuing safely with the surgery.
After transferring and reformatting the preoperative im-
ages, the surgeon can use image-guided technology with
commercially available software to create special “win-
dowing” effects whereby layers of anatomy can be “cut
out” through the use of a “transparent” window.

The rapid evolution of computer software allows
ongoing improvement of the software used in neuro-
navigation. Surgical planning is performed using a mul-
timodular software application for planning and in-
teractive surgical assistance on intracranial or spinal
procedures. Traditionally, the computation-intensive and
time-consuming process necessary to create such images
has hampered the 3-D display of medical data set. Re-
cent advances in computer graphics have overcome
most of these limitations. Interactivity in 3-D reconstruc-
tion is important in that it allows the surgeon and the
physician in training to predict the desirable angle for

viewing pathological abnormalities. We perform surgi-
cal planning for all procedures; however, this is particu-
larly important for biopsies and functional cases where
the precision of the entry point and the accuracy of
the chosen trajectory determine the success of the
surgery.14,15

New advances in computer technology allow “virtual
surgery” before the operation by using sophisticated
software that enables the surgeon to see the anatomy of
interest and the structures beyond that anatomy. New al-
gorithms in computation technology and 3-D imaging
can generate a perspective volume rendering (PVR).18–20

Using PVR, the user can “fly” through and around the
data and generate virtual endoscopic views. This tech-
nique also allows viewing of tissues that would be inac-
cessible to conventional endoscopy. The main advantage
of PVR, in comparison with surface rendering, is the ac-
cessibility of the whole volume at any stage of the “fly
through” process. Figure 4–4 shows an example of vir-
tual planning using virtual endoscopy.

Virtual reality simulation is becoming a standard part
of the surgeon’s training. Although virtual surgery will
not replace current hands-on teaching about new surgi-
cal procedures, it will give surgeons a chance to learn
complex anatomy inside-out and gain extra practice be-
fore the surgery is performed. The technology can also
test surgical skills. Work in progress in different labora-
tories is exploring the possibility of developing reliable
simulation models for evaluating whether the surgeon
performs the steps of a procedure in the right order and
in an appropriate length of time. Preoperative planning
using virtual surgery is not only a powerful teaching
tool, it allows the surgeon to optimize the approach and,
thus, to perform minimally invasive and safer surgery.

FIGURE 4–4. Photograph of the computer screen demonstrating virtual surgery using Volumet-
ric Surgical Navigation software (Cbyon Inc, Palo Alto, CA). This navigation software allows for
the “fly-through” approach through the patient’s anatomy. Perspective volumetric images are up-
dated at 15 frames/sec, turning any surgical tool into a virtual endoscope. (A). 3-D rendering of
the patient’s face. (B). Magnified view of the patient’s nostril. (C). Virtual endoscopic view of the
turbinate. (D). The surgeon can “see beyond” the tip of the instrument where carodit and optic
nerves are located (arrows). (Courtesy of Ramin Shahidi, Ph.D.)
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Positioning and registration

The registration of image space onto physical space re-
quires a pointer with LEDs. By having three or more
LEDs attached to a surgical instrument, the instrument’s
position in space can be tracked over time by triangula-
tion techniques. These optical triangulation techniques
are highly accurate and precise.

A variety of techniques offer alternative methods for
achieving the mapping of images to the physical space.
The two most used techniques are point-based and sur-
face-based registration. The former is based on land-
marks or fiducials as already described. The latter is
based on fitting sets of points extracted from contours in
one image set to surface models extracted from con-
tours in other images or from physical coordinates of
the patient’s cranium. This technique, however, is less
accurate than point-based registration.21 Additional dis-
cussion on this topic can be found in Chapters 2 and 3
of this book.

The optical position sensor consisting of any array of
three linear charge-coupled devices is positioned over
the operating room table. In most units, the computer
software will help the surgeon find the “best” location by
determining the “sweet” spot of the camera alignment.
The camera array will visualize and triangulate on all
surgical instruments equipped with LEDs during the
surgery. After proper positioning of the patient and be-
fore registration, the reference emitter is attached to the
head holder (see Fig. 4–1). The reference emitter pro-
vides a fixed point in the physical space that covaries
with the patient’s head during any patient movement
and is independent of movement at anytime. By register-
ing image space through touching the fiducial markers
with the pointer, the frame of reference established by
the fiducial markers is calibrated and therefore continu-
ously reestablished relative to this fixed point of the ref-
erence emitter. As a result, the patient may be moved in
any surgically appropriate way throughout the course of
surgery, making table tilting possible without needing
re-registration.

After the patient is placed in the appropriate surgical
position, registration of image space to physical space is
carried out. Each marker has a central divot that corre-
sponds to the geometric center of the imaging fiducial
marker. The surgeon first recognizes and enters in the
computer the location of all markers on the images.
This is done by clicking with the computer mouse at the
center of each marker. Then the center of each marker
is touched by a nonsterile probe on the patient’s head.
By touching the markers with the pointer, the surgeon
touches the point that corresponds to the fiducial point
in the imaging fiducial marker. The registration is thus
completed. At the end of the registration process, the
surgeon must localize a few anatomical landmarks on

the patient’s head with the nonsterile probe and see in
real time the projection of the probe on the preopera-
tive images. This is necessary to visually confirm the ac-
curacy of the registration process. A discrepancy be-
tween the location of the pointer on the patient’s head
and its projection on the preoperative images requires
the registration process to be repeated until it is suffi-
ciently accurate for the surgery to proceed.

Intraoperative real-time feedback 
and navigation

After the registration process is completed, the surgeon
can visualize in real time the position of the surgical in-
struments overlapped on the computer-reconstructed
images (Fig. 4–5). By having three or more LEDs at-
tached to a surgical instrument, the instrument’s posi-
tion in space can be tracked over time by triangulation
techniques. The LEDs on each instrument must be visi-
ble to the camera array at all times to receive the intra-
operative feedback. We use mostly the bipolar cautery to
guide our open craniotomies and a probe guide to
guide the biopsies or functional cases. Various multipla-
nar display options are available to the surgeon.
Whereas when planning the surgery we find it interest-
ing to use multiple options, in most surgeries we deem it
sufficient to have triplanar and 3-D images. Additionally,
we use images displaying planes perpendicular to the
axis or along the axis of the instrument to optimize the
operative trajectory. Comprehension of such views, how-
ever, may sometimes be difficult and nonintuitive when
the surgeon is new to this technology.

The digital scan information retains historical data
and therefore is subject to becoming outdated during
the course of surgical manipulation of tissue. Thus, the
frameless equipment can be interfaced with image-
guided technology capable of updating the images.
Bucholz et al9 first introduced the concept of such cor-
rection using ultrasound. This topic is reviewed in
Chapter 15. Additionally, this information can be re-
trieved from intraoperative MR images, as described in
Chapter 16.

Clinical Applications

Clinical experience with image-guided surgery using the
optical digitizer has been growing over the past 10 years
as the principles of “minimally invasive surgery” become
general practice. The following is a brief overview of the
uses of this technology in neurosurgery; details on each
application can be found in Part II of this book.

Perhaps the most common application of frameless
navigation is resection of subcortical and deep lesions,
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A B
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FIGURE 4–5. Magnetic resonance images of the brain after contrast in a patient with a right
parietal cavernous angioma. (A). Before the surgery. (B). Twenty-four hours after image-guided
resection showing gross total removal of the lesion. (C). Intraoperative photo of the computer
screen displaying the views described in Figure 4–3. The crossing of the hairlines indicates the
position in real time of the bipolar forceps on the brain seen in (D) (StealthStation, Louisville,
CO). (D). Intraoperative photograph showing the pointer tip over the sulcus chosen to dissect to
navigate to the lesion.

such as tumors and vascular malformations.4,5,7,22 Image-
guided technology allows the surgeon to perform preop-
erative planning and choose the least invasive pathway
avoiding eloquent areas.23–24 The location, shape, and
size of the skin incision and bone flap can be tailored to
minimize the overall bone exposure. The surface of the
cortex can be predicted allowing exclusion of vascular
structures from the opening. When the cortical exposure

is completed, the real-time visualization of the surgical
instrument on the preoperative images (see Fig. 4–5) al-
lows the surgeon to choose the optimal cortical/sulcal lo-
cation for the microsurgical dissection toward the lesion.
Progress toward the lesion can be monitored dynamically
on the computerized imaging studies (see Fig. 4–5).
Upon arrival at the lesion, the resection can be guided by
the same techniques enhancing the surgeon’s assessment
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of complete resection and avoidance of normal tissue.
Additionally, by fusing fMRI data and intraoperative
mapping,25 the surgeon can derive real-time guidance
using electrophysiological information.

The use of frameless navigation for biopsies has in-
creased over the past 10 years.14,26 At the present time we
routinely use frameless technology for diagnostic biop-
sies because it is a reliable technique and is well toler-
ated by patients.

Another neurosurgical field particularly well suited
for image-guided neurosurgery is epilepsy surgery.27,28

The identification of a seizure focus by depth electrode
placement can be successfully performed using image
guidance. When performing cortical resections, the
identification of the seizure focus and preservation of
normal function are facilitated by fusion and co-registra-
tion of multiple preoperative images, such as PET, ictal
single photon emission computed tomography (SPECT),
fMRI, and intraoperative recording.

Most functional neurosurgeons would agree that a
rigid frame is necessary for accurate performance of ab-
lative procedures and for implanting deep brain elec-
trodes for surgical treatment of movement disorders.
Nonetheless, image-guided surgery serves in many cases
as an adjuvant for planning and intraoperative integra-
tion of neurophysiological recording.15

Neuronavigation has recently been used with more
frequency for spinal instrumentation cases.29,30 The goal
of surgical orientation in the spine, as in intracranial
work, is the localization and orientation of structures
not visible in the surgical field. This process has tradi-
tionally been done with the guidance of intraoperative
radiographs or fluoroscopy, but these technologies can
be time-consuming and inaccurate.31 Image guidance
obviates some of these drawbacks and improves final lo-
cation of the instrumentation.32

Clinical Benefits and Limitations

The number of neurosurgeons practicing image-guided
stereotactic techniques is rapidly growing. Most of the
commercially available systems employ the optical digi-
tizer for navigation, implying that this is a user-friendly
and helpful technology. In particular, the optical digi-
tizer has been shown by different authors to offer several
advantages compared with conventional techniques. Re-
view of the literature shows that most articles describing
the use of the optical digitizer for image-guided neuro-
surgery consistently report similar benefits such as in-
creasing the efficiency of the craniotomy, minimizing
the size of exposure and the invasiveness of the proce-
dure, allowing an approach through the least eloquent
path, defining resection boundaries that may not be ap-

parent to the surgeon’s eyes, and minimizing the manip-
ulation of brain tissue outside the pathologic process.

Several reports have linked the subjective advantages
of image guidance to more objective and quantifiable
factors. We have described a decrease in length of hospi-
tal stay.4 Additional described benefits include a greater
degree of lesion resection with less collateral dissection,
leading to improved clinical outcome and decreased
morbidity.33 The proper placement of the scalp incision
and craniotomy flap prevents the need for extensive
bone opening and thereby saves operative time. Direct-
ing and defining the approach to deep-seated subcortical
tumors allow a minimal and precisely directed corti-
cotomy, which might lessen perioperative neurological
morbidity. Working around and within the lesion is
greatly enhanced by spatial feedback reinforcing image-
based knowledge of the tumor’s relationship with elo-
quent areas and vascular structures. Even when the sur-
geon is dissecting along the surface of the capsular plane
of a meningioma or metastasis the ability to “see around
the corner” is beneficial toward anticipating potential
hazardous structures or disorienting tumor lobules.

Line-of-sight problems have proven to be surprisingly
minor during operative procedures with the optical digi-
tizer. Naturally, a clear path must be maintained be-
tween the reference arc and the camera array during the
procedure, which requires that the surgeon and nurses
not cross this path. This is true for all types of digitizer,
and several arrangements of the operating room table
and equipment have been proposed to overcome this
problem.4 Electromagnetic digitizers are based on the
detection of an electromagnetic field. Given that ferro-
magnetic material within the operating room environ-
ment can distort the electromagnetic field, a ferromag-
netic-free environment must be maintained around the
digitizer to ensure its proper functioning.34 Similarly,
the sonic digitizer needs an unobstructed acoustic path
between the emitter and the detector array to ensure
accuracy.35

Interference from surgical light sources has not
proven to be a problem; the infrared wavelength of their
emissions is not disruptive to surgery. The advantages of
using infrared light over other types of light include its
maximal accuracy, decreased sensitivity to ambient light,
and small emitter size.

Conclusions

Image-guided neurosurgery using the optical digitizer is
now widely applied for cranial and spinal procedures.
This technology has been proven to be user-friendly and
enables the surgeon to be minimally invasive. As the
twenty-first century brings tremendous development of
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new technology, image-guided neurosurgery will be in-
corporated in additional technical advances.
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Orientation is one of the most important factors in suc-
cessful intracranial surgery. Surgical plans are based
mainly upon images generated by computed tomogra-
phy (CT) or magnetic resonance imaging (MRI). They
are sometimes based on functional images such as func-
tional MRI (fMRI), magnetoencephalographs (MEGs),
and near infrared spectroscopic topography (NIRS) that
are obtained as part of preoperative examinations, espe-
cially when patients have lesions in the vicinity of elo-
quent areas. In such cases, the surgery is planned inti-
mately upon those images in determining the resection
line to protect eloquent areas such as the motor strip,
language area, or visual cortex.

However, transferring the surgical plan to the real op-
erating field presents a dilemma—one that the surgical
navigation system was developed to resolve. The first
navigation system was reported by Roberts in 1985.1 He
used an ultrasonic three-dimensional (3-D) localizing
system to detect the visual field of a microscope.2 In
1986, a navigating system using a mechanical arm and
dubbed “neuronavigator” was reported by Watanabe et
al.3 Figure 5–1 shows a recent model of our neuronaviga-
tor linked to a laptop computer.

Prior to the appearance of navigation systems, the
stereotactic surgical frame was used to guide the needle
into the brain. In 1947 Spiegel and Wycis4 developed the
first stereotactic frame. The needle control was based
upon a pneumogram that delineated only the shape of
the ventricles. Everything was located in relation to the
anterior commissure and posterior commissure that
were identified by the pneumoventriculograph. After
the development of CT and MRI, stereotaxy had been
guided by digital images. By means of these tomo-

graphic images, the targeting method has become more
direct and more accurate. However, the frame itself
became a hindrance for surgical procedures in open-
cranium surgery. Consequently, the need arose for a
frameless navigation system.

Method

As already mentioned, in 1987 Watanabe et al described
their “neuronavigator,” an arm-based, frameless guiding
system (so named for its similarity to a car-navigating sys-
tem designed at that time).3 Several mechanical arm
systems based on similar concepts were subsequently
developed.5–7

The system works in general as follows. A mechanical
arm system samples 3-D coordinates of the operating
point and transfers them to a personal computer. The
arm has six joints that allow the tip to be introduced into
the surgical field. Each joint has a potentiometer that
conveys the angle of the joint to the computer. The com-
puter, running on Windows 98, calculates the 3-D loca-
tion of the arm tip using these angles and arm length
with trigonometry.

Preoperative CT or MRI images were acquired with
three markers placed on the nasion and bilateral ear
tragi. Capsules (about 4 mm in diameter) containing
oily materials such as vitamin D are used as markers for
MRI, and metallic balls (3 mm in diameter) are used for
CT. These images are transferred to the computer via
Ethernet. After the patient’s head is fixed to the skull
clamp, the arm tip points to the three fiducial points to
register the 3-D location of these points on the com-

5

The Mechanical Arm System
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FIGURE 5–2. Designing of a craniotomy by the neuronavi-
gator using a virtual tip. The craniotomy is easily designed in
terms of proper size and placement using this method.

FIGURE 5–1. Basic construction of the neuronavigator, using
a laptop PC running Microsoft Windows.

puter. The computer then creates a conversion matrix
with which points in the surgical field are transferred
onto the CT/MRI coordinates.

We usually use series of two-dimensional (2-D) slice im-
ages in three coordinates (axial, coronal, and sagittal).
These triplanar images may be displayed in paging mode
or fixed mode. Crosshair cursors are displayed on the cor-
responding images indicating the position of the arm tip.

Applications in Neurosurgery

The navigator is most often used to detect the localiza-
tion of tumors. It is especially helpful when the tumor is
located deep in the brain. To guide the surgeon to the
target, the navigator tip is introduced from time to time
into the operating field to check the orientation during
the approach.

Virtual tip

Sometimes, it may be helpful when the system indicates
the location of the point some distance ahead to the ac-
tual tip. For example, when we are dissecting the white
matter toward the tumor, it is more informative when
the navigator indicates the location of the point before
we reach it, which allows us to know the existence of the

cistern of large vessels before we encounter them. To
achieve this function the navigator system is equipped
with a virtual tip that indicates a point located at a de-
sired distance ahead of the actual tip (Fig. 5–2). This is
realized by simply retracting the arm tip by the desired
length or by telling the computer to elongate the last
segment in the software.8–10

The virtual tip is helpful in several situations. As just de-
scribed, the virtual tip allows the surgeon to know the lo-
cation of important structures such as large vessels before
the surgeon actually encounters these structures. For this
purpose the virtual tip is usually located 5 to 10 mm
ahead of the actual tip. In cases where the tumor is lo-
cated on the surface of the brain, as in convexity menin-
gioma, the virtual tip helps to locate the tumor from the
scalp surface before the skin incision is made. In this way,
the craniotomy is easily designed in terms of desirable
size and location. For this purpose, the virtual tip is usu-
ally placed at 20 to 30 mm ahead of the actual tip.

Combination with magnetoencephalographs

Daily more surgeons are using magnetoencephalogra-
phy to measure the functional map of the brain such as
motor cortex, sensory cortex, and language area. When
we combine the functional mapping with the intraoper-
ative navigation system, we can enhance our ability to
protect functionally important areas during surgery.
With the 37-channel squid system, the sensory evoked
field is obtained, indicating the location of the sensory
cortex. The median nerve is stimulated at the wrist, and
the evoked magnetic field is averaged 200 times. The
primary somatosensory cortex (Brodmann’s area 3b)
and then the central sulcus are determined by the sen-
sory dipole. The sensory dipole is overlayed on the pa-
tient’s MRI images, which are used as a guide for the
navigator. When its location is transferred onto the pa-
tient’s cortex with the navigator, the central sulcus and
the motor cortex are easily recognized.
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Combination with near infrared 
spectroscopic topography

NIRS is a relatively new noninvasive method of measur-
ing the regional cerebral blood volume (rCBV) dynam-
ics coupled with neuronal activities. Details of NIRS are
described by Watanabe et al.10 Near infrared light with
wavelengths of 780 and 840 nm is used. The infrared
light is guided to the scalp surface through an optical
fiber bundle (2 mm in diameter). The reflection of in-
frared light is received by a probe placed on the scalp
30 mm away from the transmitting probe and is guided
to a silicon photodiode by an optical fiber. Signal inten-
sities of the near infrared light of the two wavelengths
for each channel are separated and analyzed to obtain
the relative change of total hemoglobin concentration
in the brain tissue. Twenty-four channels of NIRS
probes (12 on each side) are mounted on the scalp to
cover the prospective focus region. The rationale of this
method to detect the physiological activities of the
brain is evaluated using motor activation10 or language
activation.11

We use this method to detect the epileptogenic focus
for the resection surgery of intractable epilepsy.12 In
some cases, especially with neocortical foci, NIRS clearly
delineates the location of the focus. In such cases, the
navigator is used to locate the subdural grid electrode to
place it correctly on the assumed seizure focus.

Clinical Experience

A recent type of an arm-based navigator (Neuronaviga-
tor, Mizuho Company, Tokyo, Japan) was installed at the
Tokyo Metropolitan Police Hospital in 1990. Since then,
more than 400 surgeries have been performed using
navigator guidance. About 70% of these cases were
glioma surgery, 10% were epilepsy surgery (electrode
implantation or focus resection), and 10% were menin-
gioma.

The CT or MRI images are transferred through an
Ethernet connection by file transfer protocol (FTP).
Homemade software is used to convert CT/MRI images
into “bmp” image format. This procedure is usually
done on a second PC workstation with similar specifica-
tions, and reformatted images are transferred to the nav-
igator computer by optical disk.

The mechanical accuracy of the neuronavigator has
been evaluated by phantom testing as about 1.5 mm (0.8
mm SD). The overall accuracy in the surgery including
the errors in fiducial registration is about 2.5 mm. This
is the result when we use surface markers placed in na-
sion and tragi. Several authors report that the accuracy
becomes better when the bone pegs, which are fixed to
the skull, are used for fiducial points.12a

Illustrative cases

Case 1
This 42-year-old male was operated for a tumor in the
right parietal area (Fig. 5–3). Preoperative MEG showed
the sensory dipole, which was back-traced and projected
onto the MRI image (star in Fig. 5–3). The central sulcus
was identified according to the sensory dipole, showing
that the tumor was located in the primary sensory cortex.

Surgery was conducted under neuronavigator guid-
ance to remove the tumor while saving the motor strip.
The MEG-defined hand area and the MRI-defined tumor
boundary were projected onto the cortex after the dura
was opened. The cortical somatosensory evoked potential
(SSEP) after median nerve stimulation was recorded
from the cortical surface at several points around the
central sulcus. The inversion of N20 and P20 was docu-
mented at the sulcus that was identified as the central sul-
cus by the navigator. The motor strip was easily identified
and protected in the operating field. The tumor was suc-
cessfully removed inducing no motor paresis.

Case 2
This patient showed monoparesis in his right hand. MRI
revealed an enhanced mass lesion. MEG revealed the
sensory dipole indicating that the mass was lying in the
motor cortex (Fig. 5–4). During the operation, it was ex-
tremely difficult to detect the tumor with visual inspec-
tion or palpation. The tumor was partially excised pre-
serving the motor cortex just outside of the lesion. The
patient showed no worsening of preoperative hand pare-
sis. The histological examination showed oligodendro-
glioma grade II.

Case 3
An 8-year-old girl with intractable epilepsy was referred
to our clinic for surgical treatment. Her seizure started
with a tingling sensation in the right arm sometimes fol-
lowed by secondary generalization. Under electroen-
cephalogram (EEG) and NIRS monitoring, a seizure
monitoring was performed. A seizure began in the left
parietal area. Ictal single photon emission computed to-
mography (SPECT) showed the hyperperfusion in the
left postcentral area. NIRS showed rCBV increase in the
same area as that in ictal SPECT immediately after
the seizure onset lasting for about 25 seconds (Fig. 5–5).
The rCBV began to increase 5 seconds after spike dis-
charge in the left parietal area. The subdural electrodes
were implanted using the navigator to cover the hyper-
perfusion area detected by NIRS. Subdural recording
demonstrated the seizure spike onset in the left postcen-
tral area, which confirmed the findings in NIRS and
SPECT. The small corticectomy was done in the left post-
central area guided by a neuronavigator. Considerable
seizure reduction was obtained after the surgery.
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FIGURE 5–3. Case 1. The primary
sensory cortex was defined by magne-
toencephalograph (represented by the
star). The tumor and the central sulcus
were defined by the navigator and these
locations were confirmed by cortical so-
matosensory evoked potential.

FIGURE 5–4. Case 2. The dot indicates a sensory di-
pole measured by magnetoencephalograph.

Discussion

There are several possible methods to choose for naviga-
tion, including the mechanical arm system,5–7,13,14 elec-
tromagnetic system,15 or light emission guiding system.16

The major advantage of the mechanical arm system is its
simplicity. Lawton et al17 demonstrated that in one insti-
tution neurosurgeons preferred the mechanical arm sys-
tem to other types of navigating systems and that many
neurosurgeons appreciate its simplicity.
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FIGURE 5–5. Navigation system applied in epilepsy surgery in case 3. Near infrared spectro-
scopic topography and cerebral blood volume (NIRS-rCBV) were monitored during epileptic
seizure. (A). Ictal single photon emission computed tomography (SPECT) showed hyperperfu-
sion area in the left parietal area. (B). A hyperperfusion area was also depicted by NIRS sug-
gesting the location of the seizure focus. (C). NIRS map was overlaid on the magnetic resonance
image. (D). NIRS-rCBV time course indicates the abrupt increase of rCBV in the left parietal re-
gion. These image data were transferred onto the cortical surface by a navigator during surgery,
guiding the location of a subdural grid electrode.

Brain shift

We must be careful of the fact that the brain tissue devi-
ates when considerable amounts of cerebrospinal fluid or
tumor tissue are removed. In a practical sense, however, it
is often recognized that merely opening the dura mater
does not cause significant deviation of the intracranial tis-
sue. As long as we use the preoperative CT/MRI images
in navigation, this problem cannot be avoided. The easi-
est way to overcome this problem is to get orientation at
the earlier phase of the surgery. A fundamental solution
for this problem would be a real-time image-updating
technique such as intraoperative CT or MRI.

Conclusions

The mechanical arm system was one of the first frameless
stereotactic systems to demonstrate the usefulness of nav-
igational surgery. It has future promise for use in translat-

ing the information of functional mapping into the sur-
gical field. As has been shown here, MEG is one of the ef-
fective alternatives to localize the somatosensory cortex
of the individual brain. Using this type of guidance, we
could easily achieve lower postoperative morbidity in
shorter operation time. Functional MRI is also a power-
ful candidate for preoperative functional mapping,
which may be used in combination with navigation.

The neuronavigator has been proved helpful in rou-
tine neurosurgery. It is especially beneficial for tumor
surgery near eloquent areas or in epilepsy surgery. It is
expected that the mechanical arm system will continue
to be utilized as a basic technology of frameless stereo-
tactic surgery.
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6

The Magnetic System
CHRISTOPHER R. MASCOTT

Image-guided neurosurgery has rapidly evolved in recent
years, paralleling advances in computer technology and
computerized imaging. Guidance depends on correlat-
ing an imaging data set with real space at the time of sur-
gery. To accomplish this, surgical space needs to be de-
fined with regard to a frame of reference. Traditionally, a
stereotactic frame with rigid skull fixation has been used
at the time of image acquisition to define space on the
imaging data set as well as in real space at the time of sur-
gery. Greater computer power and volumetric imaging
have now made it possible to correlate volumetrically ac-
quired images with surgical space by using surface land-
marks on the patient’s head, rather than frame place-
ment, for imaging and surgery.1 However, surface
anatomical landmarks and skin markers do not have the
same accuracy as a frame with skull fixation.

Frameless Image-Guided Surgery

In the absence of a frame, surgical space must be de-
fined by rigid fixation of the head to the operating table
at the time of surgery using a head holder. Subsequent
surface registration of patient landmarks requires a
probe that can be tracked within the defined space. A va-
riety of methods have been employed to track probes in
space. Some systems use a probe on a digitized articu-
lated arm attached to the head holder.2–3 Others use ul-
trasonic emission and triangulation.4–6 Many systems use
optical tracking and triangulation of a probe that is ac-
tive (light emitting diodes)7 or passive (reflective mark-
ers).8 This requires an array of markers rigidly attached
to the head holder that function as a frame of reference.

An alternative is to define space within a magnetic field
by attaching a magnetic field generator to the head
holder and then tracking a probe with an attached mag-
netic receiver.9–10 This is the principle of the Cygnus-PFS
system (Compass International, Rochester, MN) de-
scribed in this chapter.

Magnetic Field Referencing 
of Stereotactic Space

A static magnetic field is used as a frame of reference
once the patient’s head is immobilized in three-point fix-
ation. The magnet is attached to the head holder and re-
mains immobile from the time of registration onward.
When the patient is draped, the magnet remains con-
cealed under the drapes. The receiver and probe are ex-
changed for an alternate sterile receiver and probe.
Defining space with a magnetic field allows excellent
continuous tracking of a probe during surgery because
there is no interference with probe tracking such as that
experienced with optical tracking systems where a line of
sight must be maintained between the tracking cameras,
reference markers, and probe markers. In theory, inter-
ference from metal objects within the surgical field may
compromise tracking accuracy. In practice, this has not
been an issue (see discussion of accuracy later in this
chapter).

Applications and setup

Because stereotactic space is defined in relation to a
magnet, the Cygnus-PFS system allows unprecedented
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FIGURE 6–1. Cygnus-PFS setup for surgery
illustrating magnet attached to head holder
via L-shaped bracket, laptop computer, and
magnetic control unit under computer (Com-
pass International, Rochester, MN).

portability—neither tracking cameras nor cumbersome
articulated arm systems are required. The core of the
Cygnus-PFS system is the magnet with a control unit and
a laptop computer (Fig. 6–1).9 This allows for easy trans-
port between hospitals. The magnet attaches to the
outer starburst of a three-point head holder via an ad-
justable L-bracket. An optional stand with a touch-
screen control panel/monitor is available for more
sedentary use (Fig. 6–2).

Data acquisition is very efficient and requires less than
5 minutes. This is accomplished via an ethernet card or
using an outboard digital archive tape (DAT) drive con-
nected to the small computer system interface (SCSI)
port of the laptop. The computer then builds three-
dimensional models of the head for registration of land-
marks in image space. A second data set can then be
correlated to the primary data set, [i.e., computed to-
mography (CT) with magnetic resonance imaging
(MRI)] thus allowing simultaneous use of two data sets
during surgery (Fig. 6–3). Under “Image Registration,”
landmarks and fiducials are selected on the imaging
data set for subsequent correlation with the homologous
landmarks in real space on the patient at the time of sur-
gery. This process of image and subsequent patient reg-
istration is similar in all commonly used image-guidance
systems. The Cygnus-PFS laptop allows all the preopera-
tive planning to be performed anywhere.

At the time of surgery, after the patient is positioned
and in three-point fixation, the Cygnus-PFS magnet is at-
tached to the head holder via an L-bracket. The laptop is
connected to the electromagnetic control unit and the
appropriate patient study is loaded. A nonsterile mag-
netic field receiver and probe are attached to the

Cygnus control unit, and patient landmarks are regis-
tered on the patient by touching these with the probe.
Following registration and draping, the receiver and
probe are exchanged for a sterile receiver and probe
and the system is ready for intraoperative use.

Features

The Cygnus-PFS has many of the same features as other
image-guidance systems, including target volume plan-
ning, trajectory planning, and image correlation (image
fusion). Image correlation can be used to correlate CT
with MRI (see Fig. 6–3), different MRI sequences [i.e.,
spoiled gradient echo (SPGR) with fluid attenuated in-
version recovery (FLAIR)], or functional imaging. Pre-
operative planning and image correlation with the
Cygnus-PFS are particularly user-friendly and usually
take less than 5 minutes.

Unique hardware features include not only a biopsy
needle holder, but different-length probes that can be
angled or straight and also used as suction probes. This is
particularly useful during surgery because suction is the
most commonly held tool during surgery. In this manner,
image guidance can continuously demonstrate the posi-
tion of the suction tip without the need to pick up a dedi-
cated probe. We find this more practical than tracking
bipolar cautery or any number of other surgical instru-
ments. The Cygnus-PFS probes, including the suction
probes, are all disposable, which is also a unique feature
of increasing importance in contemporary practice.

The Cygnus-PFS has a number of extremely intelli-
gent, useful, and instructive software features. Upon
completion of patient registration at surgery, a registra-
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FIGURE 6–2. Optional Cygnus-PFS stand featuring movable
touch-screen monitor (Compass International, Rochester, MN).

tion screen gives a calculated global accuracy (root
mean square error), as do all image-guidance systems. In
addition, a readout of the individual calculated error for
each correlation point is given (Fig. 6–4). This is not
readily available with many systems. Of particular inter-
est, a feature called Show Registration on Images dis-
plays side-by-side images of landmarks in “image space”
versus “real space” (Fig. 6–5). This feature has proven
very instructive for understanding the source of inaccu-
racies at the time of patient registration, leading to
higher true surgical accuracy.

During surgery there are a number of useful options.
In addition to three orthogonal views (axial, coronal,
and sagittal) a fourth “trajectory view” is available for si-
multaneous viewing (Fig. 6–6). Unlike trajectory views
of some other systems, the orientation of the trajectory
and the target can be altered by simply rotating the
probe and receiver until a more anatomically and surgi-
cally intuitive picture is obtained. This obviates the need
for multiple trajectory views. There is a simple one-step
magnification feature that provides ideal enlargement of
images (2� magnification) for smaller lesions. A single

icon click switches between the primary imaging set and
a second, correlated data set if this has been pre-
planned.

Lessons Regarding Accuracy 
in Image Guidance

Calculated accuracy

The relationship between image space and real space is
basically a topological one, where each point in one
needs to correspond to a point in the other. By selecting
a finite number of points in image space and correlating
these with equivalent points in real space, the image-
guidance system finds an algorithm of the best match be-
tween the two sets. If a point moves (e.g., a skin marker
near a head-holder pin site), the algorithm for the over-
all best match may or may not identify the true worst
point. This is very well illustrated when performing a pa-
tient registration with the Cygnus. At any time, re-regis-
tering a point or eliminating a point will change the cal-
culated accuracy values of all the other points because
the algorithm tries to find the best match for the entire
cohort of points and not points one at a time (see Fig.
6–4). We have found that having this information clearly
presented leads to a better understanding of image guid-
ance and does not really complicate the registration pro-
cess. As expected, calculated accuracy is higher when
using skull-implanted screw fiducial markers (Leibinger,
Freiburg, Germany) than with adhesive skin markers or
anatomical landmarks. The goal with most image-guid-
ance systems is to obtain a calculated accuracy of less
than 3 mm. Calculated accuracy usually improves to 1
mm or less when implanted skull fiducials are placed.
Cygnus calculated accuracy on registration with im-
planted screw fiducials was 1.0 mm ± 0.4 mm (n = 33) as
opposed to 2.0 mm ± 0.5 mm (n = 56) for skin markers.

True accuracy

It must be kept in mind that calculated accuracy does
not represent true surgical accuracy, which depends on
a number of factors. Stereotaxis with a frame and using
CT imaging, which does not have the field distortions of
MRI, can attain 1.0 mm accuracy at best.11,12 All informa-
tion regarding calculated accuracy must be compared
with true surgical accuracy, preferably by verification of
intraoperative anatomical landmarks. Visual verification
of true accuracy should be obtained by selecting clearly
recognizable anatomical landmarks during surgery. In
Figure 6–6, the probe is placed so that it is almost touch-
ing the dome of an anterior communicating artery
aneurysm seen on the images. This is an illustration of
good true surgical accuracy.
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FIGURE 6–3. Image correlation of magnetic resonance imaging with computed tomographic
data set.

Comparison magnetic/optic systems

Over the past 2 years we have conducted a study compar-
ing the accuracy of a magnetic system (the Cygnus-PFS)
with that of an optical tracking system (the Stealth-
Station, Medtronic Surgical Navigation Technologies,
Louisville, CO). Using a customized bracket, both sys-
tems were attached to the surgical head holder simulta-
neously in over 50 patients. Calculated accuracy at regis-
tration and true surgical accuracy were assessed and will
be the subject of a detailed report elsewhere. For this
chapter, the issue of true surgical accuracy is of the
greatest interest. In the first 50 patients of the study, ex-
cellent true surgical accuracy was noted in 42 cases. Ac-
curacy was poor with magnetic, but not with optical,
tracking in three cases. Conversely, poor accuracy was
noted with optical, but not with magnetic, tracking in
three other cases. Both magnetic and optical systems
had poor accuracy in the other two cases. Reasons for
lack of surgical accuracy were unclear except in the two
cases where inaccuracy was found using both systems. In

these cases, poor accuracy was explained by the prone
position, as discussed later in this chapter. With regard
to the possibility of inaccuracies introduced into the
magnetic field by metallic objects during surgery, we did
not find this to be a problem. The introduction of a
Budde Halo retractor system (OMI, Cincinnati, OH)
during surgery did not seem to adversely affect the
Cygnus-PFS. We did see some interference with the mag-
netic field when several large, self-retaining retractors
were placed within an incision. This was easily corrected
by removing all but one retractor, or by replacing retrac-
tors by traction sutures.

Overall, magnetic tracking and optical tracking ap-
pear to be comparable in terms of surgical accuracy.

Applications

The Cygnus-PFS has a number of practical applications
in cranial surgery and can well be used by neurosur-

12851C06.pgsI  2/28/02  10:43 AM  Page 63



64 Principles and Technology

FIGURE 6–4. Registration readout screen using five points (A). Modified registration of the
same patient after deactivating one point (B). The high calculated accuracy is a reflection of the
use of implanted skull fiducials.

geons, ophthalmological surgeons, and ear, nose, and
throat surgeons.

Neurosurgery

Tumors

The most obvious and common application of frameless
stereotaxis in cranial surgery is for brain tumors. Re-
gardless of the system that is employed, the principles
and applications are similar. Preoperative planning can
help determine the best surgical approach prior to sur-

gery. In the operating theater, following registration,
frameless stereotaxis can help center the incision and
bone flap. Dural opening can be image guided as well as
the approach and trajectory to deep-seated lesions.

Supratentorial
For small lesions, the advantages of image guidance for
localization are obvious. This is particularly evident for
small metastatic tumors, which are often not visible on
the cortical surface. Because there is no frame, perform-
ing multiple small craniotomies for multiple metastatic le-
sions becomes more feasible. For particularly small le-
sions, deep locations, or posterior head regions, we would

A

B
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FIGURE 6–5. Screen shot of “Display Registration on Images” feature. The left side of the
screen shows registration in image space. The right side of the screen graphically estimates the
error in real space of each registration point and displays a corresponding image.

strongly recommend implanting skull fiducial screws,
which, in our hands, results in framelike precision.

To preserve accurate image guidance, we usually try to
keep tumor intact for as long as possible. In large tu-
mors of softer consistency, this may not be possible. In
these cases, internal decompression of tumor, while re-
placing the resected mass with cotton balls (our prefer-
ence being Merocel surgical patties, Xomed Surgical
Products, Jacksonville, FL) retains a reasonable degree
of stereotactic accuracy. It is in this situation that the
Cygnus-PFS suction probes have a particular advantage,
giving constant imaging feedback. This can be illus-
trated with a recent case of a recurrent temporal lobe
glioma where the deep aspects of the enhancing tumor
were causing considerable shift of the midbrain and
basal ganglia. Although we normally see no particular
advantage to speed at surgery, the patient in question
had an onset of pronounced electrocardiogram changes
noted by the anesthesiologist shortly after dural open-
ing. Urgent closure was discussed in view of a possible

myocardial infarct. Prior to closure, a 5-minute temporal
lobectomy and tumor debulking were performed with
bipolar cautery and image-guided suction. Without
changing instruments, we were able to ascertain depth
of resection of the tumor in an essentially emergent situ-
ation. Postoperative imaging confirmed a 95% resection
of enhancing tumor volume, which matched our intra-
operative impression. Using another image-guidance
system under similar time constraints would not have
been realistic.

Infratentorial
We initially had very poor surgical accuracy in posterior
fossa approaches, both with magnetic and with optical
tracking systems, despite good calculated accuracies.
Further study demonstrated a significant displacement
of skin markers, which are imaged with the patient
supine. With a prone or three-quarter prone surgical
position, we were unable to obtain acceptable surgical
accuracy until we resorted to systematic implantation
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FIGURE 6–6. Intraoperative illustration of an interhemispheric approach to an unruptured ante-
rior communicating artery aneurysm (ACom). The patient had prior surgery of a ruptured left
middle cerebral artery (MCA) aneurysm with an ensuing left MCA stroke and aphasia that re-
solved over 1 year. The interhemispheric approach to the ACom artery was selected to avoid
compromise of potentially tenuous speech cortex. The trajectory view is seen on the lower right.

of skull markers (fiducials) for all posterior fossa
approaches.

Skull base
It may seem superfluous to employ image guidance for
skull-base lesions. We have never regretted having image
guidance available for these cases, however. Uses in-
clude defining the extent of a bone flap, determining
the extent of skull-base bone drilling, and the avoidance
of important structures such as arteries and nerves. We
have also been using image guidance in lieu of fluo-
roscopy for transphenoidal approaches.

Vascular

Arterovenous malformations
We have used image guidance to ascertain the extent
and depth of an arterovenous malformations (AVM)
nidus has proven very useful. Stereotactic accuracy is

usually maintained throughout the case because AVMs
are best resected in one piece. Large feeding arteries
and draining veins provide excellent intraoperative ana-
tomical landmarks.

Cavernous angiomas
Cavernous angiomas are analogous to tumors when dis-
cussing the usefulness of image guidance. Guidance for
localization is an issue for small or deep cavernomas,
and again we recommend skull-implanted markers for
these cases regardless of the type of image-guidance sys-
tem used. For larger lesions, volumetric feedback is use-
ful during surgery as with large tumors.

Aneurysms
Image guidance is rarely used during aneurysm surgery.
We have found a number of indications that have
proven useful and are linked to the advantages of
the Cygnus-PFS magnetic system. Most vascular neuro-
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surgeons would rightly consider image-guidance systems
to be a cumbersome addition to aneurysm surgery. The
Cygnus has a definite advantage here because of its ease
of setup and unobtrusiveness during surgery. We have
found image guidance to be particularly useful during
interhemispheric approaches to anterior communicat-
ing artery aneurysms. In this situation, it is often difficult
to assess the distance to the aneurysm despite the land-
marks of the pericallosal and callosomarginal arteries
(see Fig. 6–6). We have also employed image guidance
to locate middle cerebral artery (MCA) aneurysms
within the Sylvian fissure and to approach distal poste-
rior inferior cerebellar artery (PICA) aneurysms.

Epilepsy

We have used image guidance extensively for lesional
and nonlesional epilepsy surgery. In nonlesional cases,
image guidance has been very helpful in defining a tra-
jectory to find the temporal horn of the lateral ventricle
in the context of selective amygdalo-hippocampec-
tomies. The posterior extent of hippocampal resection
and the superomedial extent of amygdalar resection can
also be verified. Image guidance has also been a useful
adjunct during functional hemispherectomies13 and in
defining the extent of corpus callosotomies. We have
used the Cygnus to place intraoperative depth electrodes
and are currently developing instrumentation for place-
ment of chronically implanted depth electrodes as has
been described using other image-guidance systems.3,14

Catheter placement

Placement of ventricular catheters with image guidance
is not uncommon. The unobtrusiveness of the magnetic
system has led us to use it relatively frequently to opti-
mize routine shunt placement and also for placement of
Omaya reservoirs.

Ear, Nose, and Throat

In combination with our ENT colleagues, we have used
image guidance for approaches to the sphenoid and
maxillary sinuses.

Ophthalmology

With our ophthalmological surgeons, we have used the
Cygnus-PFS for image guidance during resections of or-
bital tumors with extraorbital invasion. They have also
used the Cygnus for imaging feedback during lateral or-
bital decompressions for proptosis.

Conclusions

The Cygnus-PFS (Compass International, Rochester,
MN) is a dedicated cranial image-guided system. It is
particularly unobtrusive and lends itself to a number of
cranial applications where other image-guidance sys-
tems would often be too cumbersome. The accuracy of
the magnetic system has been shown to be comparable
to that of an optical tracking system.
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The Passive Navigational System 
Application and Procedure 

for Use in the Operating Room
LISA TANSEY, DAVID DEAN, AND ROBERT J. MACIUNAS

The world of image-guided neurosurgery is constantly
changing and evolving. Several companies are market-
ing surgical navigation systems; each employs similar
steps to bring usable image guidance into the operating
room. These steps include preoperative imaging, surgi-
cal planning, surgical registration, intraoperative local-
ization, and intraoperative navigation.1–2 Optically
tracked systems are generally grouped into two cate-
gories with regard to the way in which they localize. The
first group uses active localization. This group uses ei-
ther light emitting diodes (LEDs) that flash, emitting
light or ultrasonic wave pulses, which are triangulated by
the camera.3 The second group uses passive optical navi-
gation. In this group specially designed reference sur-
faces reflect light. The light source in the passive group
usually comes from the camera or camera system and it
bathes the entire field looking for reflections.1,4 This
chapter describes the theory behind each step involved
in the surgical navigational system and discusses an im-
plementation procedure for the BrainLAB VectorVision
neuronavigation system (BrainLAB USA, Redwood City,
CA). The BrainLAB system uses a passive reference
frame for image localization and navigation.5

Description of Components

The BrainLAB VectorVision neuronavigation system is a
frameless, intraoperative, image-guided, localization sys-
tem. It consists of three main components: a computer
planning station, an intraoperative localization camera,
and an intraoperative computer display.5

The computer planning station, consisting of a dock-
ing station and a laptop, is the location of all the surgical
planning. The docking station is the site of network con-
nection and allows for an initial site for image transfer
and a constant battery supply. The laptop is an Intel Pen-
tium III processor running Windows NT.5

The intraoperative localization camera and intraoper-
ative computer display make up the single VectorVision
intraoperative, image-guided navigation system (Fig.
7–1). Both the camera and the computer screen are
mounted to individual arms that allow for flexible posi-
tioning in the operating room. The camera system con-
sists of two infrared emitting cameras arranged at a fixed
distance of 48 cm apart. The camera works by passively
detecting reflections of infrared flashes. The infrared
flashes are reflected by passive marker spheres that are
located in a fixed orientation in relation to the patient’s
head. The spheres are 8 mm in diameter. The markers
must be gas-sterilized and can be reused as long as the
reflective covering is intact. The spheres are simply
screwed onto different adapters that are used in the
field.1,5

Fiducial Placement

Proper fiducial placement can greatly increase the regis-
tration accuracy in the operating room. For the patient
to be registered during surgery at least four fiducial
markers must be visible by the camera.5 Therefore it is
useful to know where the surgeon is planning to make
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FIGURE 7–2. Z-touch registration instrument (BrainLAB,
Redwood City, CA). This instrument can be used to register a
patient in the operating room to images that do not have fidu-
cial registration markers. The red laser beam emits an infrared
beam of light that can be seen by the camera when the button
(shown here) is pushed all the way down. This beam of light
traces the structural features of the face, primarily picking out
the bridge of the nose and the structures around the eye.

FIGURE 7–1. BrainLAB VectorVision Navigation System
(Redwood City, CA). This device is the interface between the
image transfer and planning process and the operating room.
The computer is housed in the base of the machine, which is
also the point of zip disk insertion and processing. As shown
in the image, both the touch screen interface and camera are
on separate adjustable arms that allow for the greatest mobil-
ity in the operating room. The touch screen can be used non-
sterile by a circulator or technician or can be made sterile with
the use of a specially designed plastic drape. This feature al-
lows the surgeon to use image guidance without assistance.

the incision and to localize the fiducial markers where
they are most likely to be visible in the operating room.

We have found it is best to use at least six fiducial
markers per patient. Less than five or six markers pro-
vide reduced registration accuracy. Skin fiducial mark-
ers are by nature more mobile than bone implanted
markers. For this reason it is important to place markers
in locations where the skin is least likely to be deformed
or shifted during scanning. Accuracy can be greatly im-
proved by localizing fiducials around the midline and
away from muscles.6 In a general case the fiducials are
spread out over the head, placing two on the forehead,
two straddling the midline near the top of the head, and
two behind the ears, but avoiding any muscular tissue of
the mastoid.

Patient positioning is also important to keep in mind.
Not only can it be difficult to see the fiducial markers,
but also registration accuracy can change with position-
ing of the head. If the patient is scanned supine and the
case is going to be performed in the prone position the
surgeon risks a greater error in registration due to the nor-
mal shifting of the brain in response to gravity.6–7

Image Acquisition

There are several ways in which images can be used in
the operating room. At least one set of images must be
used as the registration image. The images can be regis-
tered using the standard registration system (fiducial
markers), landmark registration, or Z-touch (BrainLAB
USA, Redwood City, CA) registration (Fig. 7–2). The
fiducial registration system uses 5 to 6 marker sockets at-
tached to the surface of the head. These markers must
be on and visible during the scanning process and must
remain in the same location until the patient is ready for
surgery. Neither the landmark or Z-touch registration
systems require patient preparation prior to the operat-
ing room. The landmark registration system recognizes
user-defined landmarks on the patient to register the
images in the operating room. Z-touch uses an infrared
laser beam that scans across the structures of the face ac-
quiring reference points that are used by the system for
calibration.5
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The BrainLAB neuronavigation system allows for
image transfer of computed tomography (CT), mag-
netic resonance imaging (MRI), x-ray, single photon em-
mission computed tomography (SPECT), and positron
emssion tomography (PET) imaging techniques. For
preoperative imaging, we have been most successful in
using a base image set from either MRI or CT. Before
each scan using the standard registration procedure, the
skin fiducials must be affixed to the patient’s head. Each
fiducial consists of a plastic socket and one of three dif-
ferent inserts. The sockets are glued to the head of the
patient using double-adhesive tape. The markers must
be affixed directly to the skin of the patient, which fre-
quently requires shaving a small spot of hair, large
enough to place the marker.

The insert in the socket depends on what imaging
technique is being used and where the patient is at in
the surgery process. The green, organic, oil-based mark-
ers are for MRI. They are spherical in shape and com-
pletely disposable. The CT markers are also spherical,
but they are blue and made of aluminum. They can eas-
ily be cleaned and reused. The last set of markers is the
red registration markers. These markers are for register-
ing the patient in the operating room. They are made of
aluminum and are colored red. Their hemispherical
shape allows the computer to automatically triangulate
the center of the sphere and thus provide the highest
registration accuracy.5

Both the MRI and CT scanning techniques require a
base volumetric scan. Additional images can be fused to
the base image later using different protocols. Slice ori-
entation for MRI is preferably axial with slice thickness
of 1 mm and no gap between images. Oblique images
are only acceptable within 10 degrees of angulation. The
protocol for CT is similar although image slices of 2 mm
are usually used. Contrast medium can be used with
both imaging techniques if desirable.1,5

Surgical Planning

After scanning, the images are sent via the network to
the planning station. Each planning station is net-
worked with the radiology scanners to receive DICOM
image data. To successfully transfer the image to the
planning station it must be passed through PatXfer.
PatXfer is a Windows-based program that carries the
user step by step through the transfer process. It allows
for the selection of the imaging modality and the indi-
vidual patient that is to be transferred. It also allows for
the selection of specific image sets contained in the pa-
tient’s folder.

Following data transfer, the user will either open
@Target, if using a framed localizer and stereotactic arc,

or open the Planning software for fiducial registration
and surgical planning. Both software suites allow for the
simultaneous use of multiple sets of image data from
one operating room registration procedure via image
fusion. Image fusion is calculated by the computer to
match multiple sets of data to one another. In this way
the image sets can be registered off one base set and
then navigation can occur on all of the images.8 The
Planning and @Target software are Windows-based pro-
grams that are intuitively designed and easy to use. The
Planning software allows the user to pre-operatively se-
lect the six fiducial markers using the Automatic Marker
Detection and set both a target and and entry point for
the surgery. The images in this program allow for recon-
struction in a triplanar format (axial, sagittal, and coro-
nal), as well as three-dimensional reconstruction. The
patient’s image data is saved on a zip disk that can easily
be transported to the VectorVision navigation system in
the operating room.

Operating Room Positioning and Setup

In the operating room, the patient is positioned for sur-
gery. The head is fixed in a stationary position using the
Mayfield headrest. The VectorVision navigational sys-
tem is positioned in the room so as to give the surgeons
maneuverability while achieving the optimum camera
view of the patient’s head. The preferred distance for
the camera is approximately 1.4 m (4.5 feet) from the
patient’s head.5 Then the patient’s data is loaded onto
the navigation station via zip disk transfer from the
planning station. The touch screen on the computer al-
lows for easy access to imaging displays. Triplanar views
are available. In addition it is possible to view the im-
ages from the Probes eye view and to view inline with
the instrument in use, as well as three-dimensional
reconstructions.

Reference frame instrumentation

Attached to the Mayfield headrest is a stainless steel
clamp. The clamp allows for the attachment of a refer-
ence star. The reference star is actually a three-pronged
adapter with reflective marker spheres on each arm that
the computer recognizes as a point of reference within
the field (Fig. 7–3). This instrument must remain in the
same orientation to the head from the time of registra-
tion forward. Clamping the reference star to the May-
field headrest allows the surgeon to move the patient
around while maintaining registration because the ref-
erence star moves along with the head.4–5
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FIGURE 7–3. Mayfield clamp and reference star. This figure
shows how the stainless steal clamp to the Mayfield head
holder fits together with the reference star. The clamp tightens
directly to the Mayfield head holder and must remain in the
same reference frame in relation to the patient throughout the
procedure. The reference star is completely detachable from
the clamp so that the identical nonsterile and sterile stars can
be substituted during the surgery. The three silver spheres on
the three arms of the reference star are reflecting spheres.
They cause reflection of the infrared light source that is de-
tected by the cameras.

Pointer

What is most convenient about the BrainLAB Vector-
Vision Navigation System is its ability to link a freehand
pointer to the image-guidance system using tracking
from a passive marker sensor system. A nonsterile ver-
sion of the pointer is used for registration, and an identi-
cal sterile version can be used for navigation throughout
the surgery. The pointer has two reflective spheres at-
tached to it that are coaxial with the tip of the instru-
ment. The computer recognizes this known geometry
and can project the location of the pointer’s trajectory.4–5

Registration

For standard registration the conical registration mark-
ers replace the spherical MRI or CT markers. Registra-

tion is carried out under nonsterile conditions. The
computer instructs the user to touch the tip of the
pointer to the center of each of the conical registration
markers, in any order. If the computer is having difficul-
ties calculating an accurate registration it will ask the
user to reregister the patient by touching each fiducial
marker in a specified order. The computer will calcu-
late the error and allow the user to proceed with naviga-
tion if the error is less than 5 mm. Upon completion of
the registration process, the skin incision can be out-
lined on the scalp and the surgical approach can be de-
termined. Defining the borders of the lesion assures the
surgeon that the most minimally invasive procedure is
performed.

Patient draping

Following the completion of registration the fiducial
markers should be removed from the head. They can re-
main on the patient during surgery, but are no longer vi-
able for re-registration because they will be covered up
by the sterile drapes. Removing them after registration
keeps them out of the surgeon’s way, and they can be
cleaned and put away for reuse.

Before the surgeon begins the patient’s cleaning and
sterilization, the nonsterile reference star should be de-
tached from the clamp. The patient then undergoes
draping as usual, with the stainless steel reference clamp
kept readily accessible under the drape. After complete
draping, the reference star is replaced with a sterile
copy. This is done by cutting a small incision in the
drapes and sliding the sterile reference star into the
clamp. To avoid contamination, a sterile cloth is
wrapped around the bottom of the reference star, assur-
ing the surgeon that the clamp stays underneath the
sterile field.

Intraoperative Three-Dimensional
Guidance

Once the patient has been draped and the incision
made, both a sterile reference star and a pointer are to
be used for the duration of the surgery. Other instru-
ments can also be used for navigation. A set of four in-
strument adapters is included in each kit of varying
sizes. Any instrument can be registered by touching the
tip into the center of the calibration cone of the refer-
ence star. The computer calculates the distance from the
instrument adapter to the center of the cone. It is im-
portant to understand that this calculation is a straight-
line distance. Although the calibration is possible with
curved instruments, it only guarantees exact placement
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of the tip of the instrument and can say nothing about
the trajectory.

The location of the tip of the instrument is constantly
being updated by the VectorVision system. Any instru-
ment can be virtually extended to project the direction
of the approach toward the lesion. In addition, the dis-
tance to the target lesion can be measured from the end
of the instrument.5

Patients

From the time of its installation in March 2001 until Au-
gust 2001, the BrainLAB system has been consistently
used in approximately five cases per week. Cases range
from brain biopsies and craniotomies to transphe-
noidals and deep brain stimulations. The biopsies and
craniotomies usually prefer the standard registration im-
plementation, whereas the transphenoidals prefer Z-
touch, and the deep brain stimulations use a stereotactic
arc and arc settings from the @Target software.

Many patients found the fiducial markers uncomfort-
able to wear and difficult to keep attached to their head
for more than a few hours. In response to this we begin
removing the markers from the head after the preopera-
tive scan and marking the outline of the socket location
with a blue sharpie marker. This procedure increases
the opportunity for error in replacement of the mark-
ers, but, in return, increases the probability that we will
have four usable markers for registration.

The operating room is governed by the ability to be
flexible and mobile. The BrainLAB VectorVision system
allows for constant adjustment throughout the surgery.
In the event of accidental power loss or blockage of the
camera’s view, the system can easily be unplugged and
moved about the room while still maintaining registra-
tion accuracy. The battery life is approximately 7 min-
utes.5 This has proved to be especially helpful when
using bulky instruments such as the microscope.

Conclusions

The BrainLAB VectorVision neuronavigation system has
proven to be a reliable and user-friendly tool in the oper-
ating room.9 The system is adaptable to many different
pathological conditions and surgical procedures. Image
guidance may increase the preparation time in the oper-
ating room, but it decreases the overall surgical time due
to more direct approaches and smaller incisions.

The BrainLAB system’s greatest advantages are its use
of wireless instruments and adapters and the system’s
mobility while maintaining registration. Capabilities
that would be useful additions would include the ability
to continually update the registration image by fusing it
to new intraoperative MRI images.10 Currently, once the
skull is opened accuracy decreases because the brain
naturally shifts to release pressure. This becomes ex-
tremely important when resecting a large tumor. The
brain may shift so much as to make the preoperative
image no longer viable.7
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The decade of the 1990s was a transition time for tech-
nological innovation in neurosurgery. Computer-
assisted surgery was introduced into the operating
room, and by the end of the decade it had become a
mainstream technology adopted by neurosurgeons
worldwide. The term frameless stereotaxy was casually ap-
plied to the use of image-guided navigational systems in
surgical procedures. Initially these systems were used as
navigational instruments to follow the progress of tumor
resection in open craniotomies. Recently, there has
been widespread promotion by the spine implant com-
panies to market these systems for use in the placement
of pedicle screws, another form of open navigation.
Today these systems continue to be used as open naviga-
tional tools in the great majority of cases. There has
been minimal activity regarding the use of these systems
for true stereotactic procedures; thus the term frameless
stereotaxy is a misnomer.

This chapter is devoted to an image-guided system ca-
pable of advanced stereotactic applications in image-
guided surgery. The Mayfield ACCISS system (Ohio
Medical Instrument Company, Cincinnati, OH) was de-
veloped with innovative hardware and software compo-
nents to successfully carry out and verify the precision of
frameless stereotactic image-guided procedures.

History and Development of Digitizers
for Image-Guided Surgery

The concept of surgical navigation was introduced by
linking computer systems and digitizing instruments.

These early computers had the capacity to process and
render a three-dimensional model of the magnetic reso-
nance imaging (MRI) or computed tomographic (CT)
image of the patient’s cranium. The digitizing instru-
ments use multiple technologies to locate a point in
three-dimensional physical space and to process that in-
formation in the computer.1 These digitizers include
sonic emitting probes, mechanical arms, infrared opti-
cal camera systems to track surgical probes embedded
with light-emitting diodes (LEDs), and probes moving
through electromagnetic fields.2–10 Using one of these
forms of digitizer, the surgeon matches or registers iden-
tifiable points on the patient to the same points on the
patient’s MRI or CT image reconstructed by the worksta-
tion. When this registration is successfully completed,
one can navigate around and within the patient’s anat-
omy using the digitizing probe and see the virtual repre-
sentation of the probe move about with respect to the
pertinent image in the workstation.

Development of Digitizing Technology

The decade of the 1990s saw an evolution of this digitiz-
ing technology and the continual development of faster,
more powerful, and less expensive computers. It be-
came apparent that each type of digitizing instrument
possesses certain drawbacks that make its use as a surgi-
cal instrument somewhat difficult at times. Sonic digitiz-
ers, because of ambient noise interference in the operat-
ing room, never achieved practical utility.2 Mechanical
arms enjoyed a brief period of popularity in the early
part of the decade, but the systems available at that time
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fell into disuse because of their cumbersome size and
weight, which made them difficult to use in surgery.4–9

They were also criticized because they had to be at-
tached to the table or headrest and this tethering was
undesirable. In spite of the opinion that mechanical
arm digitizers may be the most robust and accurate of all
digitizers, they were displaced by optical tracking sys-
tems. Electromagnetic systems have not gained wide-
spread acceptance because of the apparent inaccuracies
caused by contamination of the electromagnetic field by
all other necessary instrumentation in the surgical field.
Recent developments in this technology suggest that
electromagnetic tracking may overcome these problems
and has the potential to displace optical tracking in pop-
ularity because it eliminates the major drawbacks of op-
tical tracking.11 Specifically, with electromagnetic track-
ing there is no camera, and the need to maintain open
optical pathways is eliminated.

Optical tracking systems are currently the most popu-
lar form of digitizer accepted and promoted in the mar-
ketplace in spite of significant drawbacks to their use. It
is difficult to maintain an optical path free of interfer-
ence in a usually crowded environment around the op-
erating table. Placement of the camera in a strategic po-
sition over the field so that it can “see” the encoders on
the digitizing instrument at all times presents a constant
challenge. Turning or angling the probe out of the cam-
era’s range disrupts the tracking process, and the image
and the probe’s position on the computer screen are dis-
rupted until the probe is returned to the position so that
it can be “seen” again and the image restored. Other in-
terference is encountered by drapes and IV poles and
the movement of the hands and arms of assistants pass-
ing instruments. Introducing the microscope into the
operating field makes the unrestricted use of optical
tracking very challenging.

Many improvements have been introduced into opti-
cal tracking technology. The original probes required a
wire to electrically power the LEDs. Recently, wireless
probes have been introduced that contain a small nickel-
cadmium battery powering the wireless LED-containing
probes. Alternatively, passive optical tracking technology
was introduced. Multiple large reflecting spheres can be
attached to any pointing instrument, and an infrared
light source placed on the camera allows the camera to
“see” the reflection of the light from the spheres. This
passive technology eliminates the power cord and en-
ables the tracking of many different instruments, which
may be especially attractive for spinal applications. None-
theless, in spite of these improvements interference in
the optical pathways in a restricted and crowded operat-
ing environment presents a continuous annoyance.

Other problems associated with optical tracking in-
clude the need to maintain the integrity and working

order of all of the LEDs and to ensure that the reflective
spheres are clear of blood and debris, which can diminish
their ability to provide an accurate reflection. Trou-
bleshooting an optical system that is not functioning
properly when needed, usually after the operation has
commenced, can be time-consuming and frustrating and
may occasionally require discontinuation of the proce-
dure if an alternative digitizing technique is not available.

Common Applications of Image-Guided
Surgical Navigation Systems

Image-guided surgery is most widely utilized in the brain
and spine for tracking the probe’s position with respect
to the anatomy involved. These applications are fairly
straightforward. Commonly image-guided surgery is
used for locating a small craniotomy flap strategically
placed over a small tumor. It is used to track the progress
during open resection of intra-axial neoplasms such as
gliomas and extra-axial lesions such as meningiomas
and acoustic neuromas.12,13 In the spine the most com-
mon application is for the placement of lumbar pedicle
screws. More difficult and challenging applications for
open navigational procedures include the use of image-
guided surgery for the resection of pituitary adenomas
and the placement of thoracic pedicle screws and
transarticular screws at the C1–C2 level.

The Concept of Frameless Stereotaxis

The term frameless stereotaxis was used early to refer to
this new technology. More accurately described, these
devices are computer-assisted, image-guided surgical
navigation systems. The initial belief was that this tech-
nology would replace and make obsolete frame-based
stereotaxis. That has not happened and these systems
are still used largely as navigational devices for open sur-
gical procedures. Enthusiasm for the term frameless
stereotaxis may have reflected a hope to eliminate the cur-
rent method of frame-based stereotaxis. In frame-based
stereotaxis a bulky mechanical device surrounding the
cranial vault is affixed to the patient by screwing four
pins under high pressure while the patient is awake and
aware of what is being done. This technology requires
the patient to wear the device until the procedure is
completed. More recently, some surgeons have at-
tempted to perform true point-in-space stereotactic pro-
cedures by using image-guided systems and adapting ex-
isting hardware to facilitate this more complex level of
application of image-guided surgery and, thus, eliminat-
ing the stereotactic frame.14–16 Some image-guided man-
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FIGURE 8–1. The standard cabinet for the Mayfield ACCISS
system (Ohio Medical Instrument Co., Cincinnati, OH) houses
the computer system and the flat screen monitor.

FIGURE 8–2. The AccuPoint sphere (Ohio Medical Instru-
ments, Cincinnati, OH) rests in a housing that can be brought
to the entry point and affixed rigidly into position once the tra-
jectory to the tumor is determined. The biopsy catheter is
passed through the collar, and the trajectory is rigidly held
throughout the duration of the procedure.

ufacturers are adapting their computer programs to in-
tegrate stereotactic frames as if to indicate that true
frameless stereotaxis may not be achievable. There may
be widespread belief that image-guided systems cannot
match the level of accuracy believed to be inherently
present in stereotactic frames.

The Mayfield ACCISS, an image-guided, computer-as-
sisted surgical navigation system (Fig. 8–1), has both the
software capabilities and the custom-designed hardware
required for point-in-space stereotactic surgery that
eliminates the need to use traditional stereotactic
frames.12,13 Unlike other systems, which have tried to
adapt an existing gooseneck-style Greenberg retractor
arm to hold a stereotactic probe,14 the Mayfield ACCISS
system uses a custom-made device, the AccuPoint sphere
(Ohio Medical Instrument Company, Cincinnati, OH).
This sphere is capable of maintaining rigid fixation for a
stereotactic trajectory for the duration of the stereotac-
tic procedure (Fig. 8–2). The author has used the May-
field ACCISS in more than 100 stereotactic procedures

with demonstrable evidence of equivalence in accuracy
and outcomes to any published experience using frame-
based stereotaxis.

The image-guided workstation

The initial development of the Mayfield ACCISS work-
station began in 1992. Its current configuration uses a
733 MHz, 128 MB RAM Pentium III PC running the
Windows NT operating system. This combination pro-
vides rapid and powerful computing capacity in a form
most familiar and easy to use for surgeons. The com-
puter can be run by the operating surgeon and does not
require the assistance of a dedicated technician.

The Mayfield ACCISS system was originally developed
with a mechanical arm, which continues to be an impor-
tant component of the system. This arm was developed
to eliminate the undesirable characteristics of the early
mechanical arm systems. The Mayfield mechanical arm
is lightweight (13.5 oz) and small. It is anchored to the
Budde Halo retractor system (Ohio Medical Instrument
Company) and brought into the immediate vicinity of
the operative field, minimizing the sense of tethering
(Fig. 8–3). These features of the Mayfield ACCISS me-
chanical arm, along with its robustness and dependabil-
ity, make it a very attractive digitizing tool. There are no
line-of-sight issues when using the mechanical arm, and
it is most proficiently used when the microscope is
brought into the operating field. For surgeons who pre-
fer to use optical tracking technology or in clinical situa-
tions in which optical tracking is preferred, the Mayfield
ACCISS system employs both active and passive optical
tracking instruments. An important advantage of the
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FIGURE 8–3. The Mayfield ACCISS mechanical arm (Ohio
Medical Instruments, Cincinnati, OH) is placed within the op-
erative field and anchored to the Budde Halo.

FIGURE 8–4. Rechecking the registration accuracy with the
optical probe is easily accomplished when the fiducial mark-
ers are prepped into the field.

dual digitizing system lies in the fact that when the opti-
cal system fails to function properly, the mechanical arm
functions in a fail-safe way, eliminating lengthy delays
that can occur during surgery. This virtually ensures that
the image-guided procedure will never need to be aban-
doned because of failures of the optical system.

Stereotactic components of 
the image-guided system

Rigid fixation is the key to achieving point-in-space
stereotactic capabilities with an image-guided system and
must be maintained through the many steps necessary to
successfully complete the stereotactic procedure. These
steps include moving the targeting device into position
at the chosen entry point, generating the trajectory to
the target with the digitizer placed in the stereotactic tar-
geting device, making the opening through a standard
burr hole or via a twist drill, and passing the stereotactic
probe to complete the procedure. The AccuPoint sphere
has been designed specifically to meet the requirements
of stereotactic surgery. It is a stainless-steel sphere that
rotates in a socket that can be fixed rigidly once the tra-
jectory to the target has been established (see Fig. 8–2).
The trajectory is determined by simulating the proce-
dure on the patient and simultaneously at the worksta-
tion, where the computer becomes the electronic “phan-
tom.” The AccuPoint sphere can be attached to the
Budde Halo retractor system, to the Mayfield headrest,
or directly to the skull by placing it in a ring and securing
it with self-tapping screws to the skull. These three differ-

ent techniques can be used to satisfy the requirements of
the most demanding stereotactic procedures. All in-
tracranial targets can be accessed because there is no
frame or set of posts associated with traditional frames,
which can block access to certain entry or target points.

Image Acquisition and Surgical Planning

Adhesive fiducial markers are used ordinarily, although
implantable fiducial markers are available. The experi-
ence reported in this chapter has been acquired with ad-
hesive markers in most cases, supporting the notion that
satisfactory accuracy can be achieved without invasive
markers. Usually the author prefers to place five to seven
markers around the region of interest and to prep those
markers into the operative field so that accuracy can be
checked and rechecked throughout the procedure (Fig.
8–4). The Mayfield ACCISS has a software feature that
allows one to eliminate individually any fiducial marker
from the registration paradigm that demonstrates an
unsatisfactory registration error. Often excellent regis-
tration can be achieved with as few as three or four fidu-
cial registration markers.

Volumetric contrast-enhanced TI-weighted images are
the standard MRI sequences used. Occasionally T2-
weighted or flair sequences are helpful in more exten-
sively delineating the pathology, especially in glial le-
sions that exhibit poor enhancement characteristics. CT
scanning with contrast enhancement using 3 mm con-
tiguous slices with a 0 degree gantry tilt is required for
reconstruction in the workstation. Occasionally 1.5 mm
slices are used for improved accuracy. Images can be
transferred from the scanner to the image-guided work-
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FIGURE 8–5. (A). Co-registered preoperative
magnetic resonance imaging. (B). Postoperative
biopsy computed tomographic scans. The in-
tended biopsy target is marked. A small hemor-
rhage blush appears at the target site on the
postbiopsy images. The distance from the in-
tended target to the focal point of hemorrhage
can be measured.

station by ethernet connections or by any other suitable
media such as DAT tape or optical disc.

Evaluation of the Postoperative 
Image Sequence

With the Mayfield ACCISS workstation one has the ca-
pacity to co-register multiple images. Co-registration is
performed by registration of one image to the other. An
MRI can be co-registered to a CT scan; TI- and T2-
weighted images can be co-registered. Co-registered im-
ages appear side-by-side on the computer screen. A

point placed on one image appears at the same stereo-
tactic point on the co-registered image. Surgical naviga-
tion can be carried out simultaneously with multimodal
co-registered images. As one navigates with the digitiz-
ing probe, the virtual probe tip appears at the stereotac-
tic point on each of the co-registered images. For stereo-
tactic surgical procedures the co-registration feature
enables the surgeon to co-register the preoperative
image to the postoperative image (Fig. 8–5). Typically a
preoperative MRI is co-registered to a postoperative CT
to evaluate the accuracy of a stereotactic biopsy. The
stereotactic target chosen for the biopsy can be anno-
tated on the preoperative MRI, and its corresponding
stereotactic point appears on the co-registered post-

A

B
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biopsy CT. The image-guided computer can reproduce
the same image slice by slice on the pre- and postopera-
tive scans in both standard orthogonal and nonorthogo-
nal views. If the post-biopsy CT scans show an air bubble
or hemorrhagic blush, its location in relation to the in-
tended target can be measured (see Fig. 8–5). This co-
registration capability has not been possible with frame-
based stereotaxy. The Mayfield ACCISS workstation
enables one to evaluate the accuracy of stereotactic tar-
geting in a manner never before possible.

Stereotactic Experience with 
the Image-Guided System

A total of 110 stereotactic targeting procedures have
been performed at this time using the Mayfield ACCISS
and the AccuPoint stereotactic sphere. Most of these
procedures have been stereotactic biopsies in 82 pa-
tients. The other 28 cases involved stereotactic aspira-
tion of intracerebral hematomas, cyst aspiration, and
placement of ventricular catheters.

In 82 patients a total of 87 stereotactic targeting pro-
cedures were performed. In five patients two separate
trajectories were made to different targets. Eleven of the
cases demonstrated pathology other than neoplasia:
there were eight abscesses, two cases of demyelination,
and one infarct. Of the 71 patients in this series who had
brain tumors, three of the biopsies were nondiagnostic.
Two of these three pathology specimens showed hyper-
cellularity in cases that are probably low-grade gliomas.
The third nondiagnostic case showed normal brain, a
very early case in this series of a nonenhancing temporal
lobe glioblastoma, representing a failure of the neuro-
surgeon to choose the correct target rather than a fail-
ure of the image-guided system. The total nondiagnostic
rate of the 82 patients undergoing stereotactic biopsy
was 3.7%.

Complications occurred in three biopsy cases and
these were all biopsy-related hemorrhages. One re-
quired a craniotomy; the other two resulted in increased
motor deficits treated conservatively. There were no
other complications and no mortality associated with
these procedures. The overall complication rate for the
entire series is 2.7%, or 3.7% when applied to the biopsy
series alone.

Discussion

Stereotactic surgical procedures performed with image-
guided surgical navigation systems represent a more so-
phisticated application of this new technology. The abil-
ity to eliminate the stereotactic frame provides a

significant benefit to the patient and surgeon. Valuable
operating time is saved early in the morning while the
surgeon and staff are waiting for the scan to be com-
pleted. The frequent delays encountered while trans-
porting the patient to the operating room are elimi-
nated. The patient does not have to endure the pain and
anxiety that accompanies the placement of a frame, and
wait time with the frame in place is eliminated. Acquisi-
tion of the image before the day of surgery also allows
for adequate evaluation of the quality of the image and
avoids last-minute delays caused by the need to repeat
images.

Once in surgery unrestricted access to any entry point
or target is possible because there is no stereotactic frame
or posts, which can often be problematic with frame-
based stereotaxis. Additionally there are no issues for
anesthesia with respect to sterility and draping, as often
occurs with frame-based stereotactic procedures. The use
of the AccuPoint sphere and stereotactic software allows
one to adjust entry points and select the target with
greater ease compared with frame-based procedures.

Finally, in this series of stereotactic biopsies the diag-
nostic and complication rates, which are the only mea-
surable criteria of accuracy in frame-based stereotactic
surgery in the literature, are equivalent or better than
those reported for frame-based stereotaxis.17–21 Visual
demonstration of the accuracy of co-registered pre- and
postoperative images obtained with image-guided ste-
reotactic biopsy provides striking reassurance of the effi-
cacy of this technique.

Further refinements in technology will surely increase
the attractiveness of image-guided stereotactic surgery
for all neurosurgeons. Mastery of the image-guided sys-
tem, including hardware and software components, is
required for success at this level of application of image-
guided technology.
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When computed tomography (CT) and then magnetic
resonance imaging (MRI) were introduced, it was only
natural that such sophisticated imaging techniques be
combined with stereotactic surgery to allow surgeons to
target accurately in space any mass that could be visual-
ized.1 As computer graphics became more accessible,
techniques for reconstructing three-dimensional (3-D)
images of the brain and any mass therein allowed un-
precedented visualization of brain structures. The use of
sophisticated 3-D images for accurate localization in the
operating room is only now evolving, in part because of
the limited ability of 2-D computer displays to deliver
complex 3-D graphic images to the surgeon.

The programs described below address the problems
of (1) how to get the maximum amount of information
to facilitate surgical judgment, (2) how to process this in-
formation to define the target for resection as a unified
volume, rather than merely a series of single points in
space, and (3) how to display this information to the sur-
geon in an intuitive and useful manner, incorporating
the computer-generated guidance graphic into a real-
time view of the operating field throughout the resection.

The Exoscope program was developed to provide a
real-time image of the operating field with a superim-
posed, computer-generated image of the target volume,
usually a tumor. This augmented reality guides the sur-
geon to the tumor and demonstrates graphically the
preplanned resection line to facilitate accurate resec-
tion.2

9

Videotactic Surgery
A Volume as an Image-Guided Target

PHILIP L. GILDENBERG

Concepts of Defining a Target in Space

Since the advent of stereotactic surgery and then image-
guided surgery, it has been standard procedure to use a
point in space as the target. Stereotactic frames guide a
probe to a specific point localized in three dimensions.
Stereotactic procedures work because they superimpose
that point with the intended target. A stereotactic frame
is mechanically applied to the patient’s skull so that any
structure therein is registered to stereotactic space. The
images are then acquired, and any target or structure on
those images is likewise oriented stereotactically. Thus
the target might be a point from a CT- or MRI-visualized
mass to be biopsied, a point in an anatomical structure
such as the globus pallidus to be lesioned, or a point at
the center of a landmark such as the anterior or poste-
rior commissure from which an ultimate target is indi-
rectly localized. In all these cases, the target is one or
several points in space.3

Point-in-space targeting

Frameless image-guided surgery also uses a point in
space as a target, or, more commonly, a series of points.4
Even though the display of a frameless system might
show a beautifully rendered, 3-D picture of the volume
of the patient’s head and the tumor within, that impres-
sive image is generally not as useful to the surgeon as im-
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ages showing the position of a pointer’s tip in space. The
point is oriented to 3-D space by the simultaneous dis-
play of three CT or MRI reconstructed slices. Each 2-D
slice demonstrates the position of the probe tip. The
surgeon mentally combines the 2-D images to appreci-
ate the 3-D position of the tip of the pointer. By identify-
ing a number of points in space in this fashion, the sur-
geon builds a mental picture of the edge of the tumor
and consequently the volume within.5–6

Stereotactic frames can be used to define the outline
of a volume in a similar fashion. A series of points are se-
lected on the CT or MRI console or on the surgical plan-
ning workstation so that they represent the edge of the
volume, whether it is a tumor or a line of resection
around the tumor. Three-dimensional stereotactic coor-
dinates [anteroposterior (AP), lateral, vertical] are de-
termined for each point. By readjusting the stereotactic
frame repeatedly, each of those points can be defined in
the surgical field, and thus an approximation of the tar-
get volume can be obtained.

This principle can be illustrated by defining the vol-
ume of a cube in space. If you know it is a cube and you
define one point on each of the six surfaces, the volume
of that cube is accurately contained within those six
points. A similar technique using six points can be em-
ployed to approximate the volume of a tumor, although
errors are introduced because of irregularities in the
shape of the tumor.

Volume-in-space targeting

Even though it is possible to build or develop a 3-D vol-
ume as a virtual target, there remains the problem of de-
livering that information to the surgeon in the simplest
and most useful fashion. Such 3-D volumetric targeting
is necessarily used in stereotactic radiosurgery, where
the treatment volume must be defined. The actual tar-
geting is done by displaying individual slices through
the target volume, and the target or surface of the vol-
ume is designed slice by slice. The target volume or iso-
dose volume may be displayed as a translucent rendered
picture or on a 2-D display to provide the surgeon with
the perception of seeing either a 3-D volume or a series
of 2-D slices.7–8

Presenting three-dimensional information 
to the surgeon
How can 3-D volumetric information be presented to the
surgeon during an image-guided procedure in the sim-
plest and most useful manner? Because computer dis-
plays are 2-D, one possibility is to present the images in
multiple views and allow the surgeon to mentally recon-
struct the volume. Although this technique is simple

enough for point-in-space targeting, there is too much in-
formation for even a neurosurgeon to process efficiently.

Another possibility is to present the information
stereoscopically, to provide the surgeon with the percep-
tion of seeing a 3-D image. The problem then becomes
how to register that perception to its location in the sur-
gical field because it is a volume that is intuitively recon-
structed in the human brain and not necessarily a true
reflection of a solid. Such perceptions result from pre-
senting two 2-D pictures taken from a perspective several
degrees apart as viewed by each eye individually. That is
the basis for the nineteenth-century stereopticon and
the 3-D horror movies of the 1950s. One must be careful
that the pictures were taken from the same perspectives
as each of the viewer’s eyes, or the depth will be either
foreshortened or elongated.

The classical application of well-controlled stereo-
scopic vision is in the operating microscope, where a
magnified 3-D picture of the surgical field is visualized.
Not only does it permit an excellent view of the surgical
field, it is also possible to inject a superimposed image in
the surgeon’s line of sight with a so-called heads-up dis-
play. (Certain military aircraft have flight or target infor-
mation projected onto the windshield so that pilots can
receive the information without looking down to the
control panel—heads up). Such displays are 2-D, but the
display can consist of a series of slices that form a volume
when stacked one on the other.9–10

History

Kelly et al first introduced the concept of 3-D volumetric
image-guided neurosurgery in the mid-1980s.11 Kelly’s
Compass system at that time consisted of a large com-
puter workstation that allowed the surgeon to define the
tumor volume in three dimensions and a stereotactic
frame that made it possible to localize that volume in
stereotactic space.12 The surgeon outlined the border of
the mass in each CT or MRI slice. The computer stacked
the slices to define the volume and then interpolated be-
tween slices to render the surface so the picture of a vol-
ume could be seen on the console. Because the images
were taken with the stereotactic frame in place, it was pos-
sible to localize the volume accurately within the head.
The biggest problem was to present that information to
the surgeon. Kelly solved the problem by mounting a
cylindrical retractor on the stereotactic frame so it
pointed directly at the tumor. The computer displayed
the outline of the tumor and also a surrounding circle to
represent the retractor. When the operating microscope
was properly aligned, the outline of the tumor was seen
superimposed on the view of the surgical field. There
were problems in that the retractor restricted access, so
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FIGURE 9–1. The original Exoscope consisted of an endoscope mounted on a Cosman-Robert-
Wells (CRW) stereotactic frame so the surgical field was visualized. Superimposed on that view
was a computer-generated graphic outlining the target tumor volume.

most resection had to be done with a cardon dioxide
(CO2) laser. Most gliomas are larger than the retractor
diameter, so it was necessary to use several targets and
shift the retractor during the resection. The vertical
dimension or depth along the surgeon’s line of sight
was not initially indicated, but later versions outlined
only part of the tumor at a time to provide the third
dimension.12–13

Other systems have built on this concept and display
the targeting information through an operating micro-
scope. The Zeiss MKM system (Thornwood, NY) has
used similar display techniques but with more refine-
ment.10 The position of the microscope in space is iden-
tified using frameless localizing techniques, so it is not
necessary to use a stereotactic frame. The outline of the
tumor is updated as resection progresses, and only the
outline at a given depth is displayed.

Other systems, such as the StealthStation (Medtronic
Surgical Navigation Technologies, Louisville, CO), in-
corporate a heads-up display through a microscope lo-
calized in space through frameless technology, with
slice-by-slice visualization of the outline of the tumor.
(The recently introduced Mach 4 software incorporates
some of the concepts from the Exoscope described in
the following text, such as projecting the outline of the
mass on the scalp or bone surface, and defining the

depth under display by positioning a pointer in the re-
section field.)

One must recognize, however, that most glioma sur-
gery involves a target larger than is conveniently ad-
dressed through an operating microscope, and most
glioma surgery is probably done without operating mi-
croscope magnification.

The concept presented herein uses a video camera to
display a real-time image of the operative field showing
the tissues and the instruments at work. The surgeon
can look at the video monitor for guidance during the
surgery, just as one would do while performing endo-
scopic surgery. Because the original device had an endo-
scope stereotactically mounted on a frame outside the
tissue, rather than within, the device was originally
called an Exoscope (Fig. 9–1). The combination of the
video image of the surgery overlain with a computer-
generated image of the target volume provides the
augmented reality that has long been sought in
neurosurgery.

The version under development uses a frameless sys-
tem to identify the location of the video camera and
thereby register the video image to the computer
graphic of the volume to be resected. Portions of the
videotactic software have already been integrated into
the StealthStation operating microscope program.
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The Exoscope procedure

The Exoscope program allows the surgeon to look at an
image that merges a real-time view of the operative field
with a computer graphic to guide the extent of tumor
resection.14 The video view is enhanced by a superim-
posed view of the edge of the mass to be resected, as de-
fined preoperatively by the surgeon. Magnification, ori-
entation, and perspective are defined automatically, and
the depth as the resection proceeds is defined by the
surgeon updating the image. The surgeon resects along
the border of the tumor while looking at the video dis-
play, just as in an endoscopic procedure. The surgeon
can then look directly at the field to deal with tissue re-
section and hemostasis. Any conventional resection
technique can be employed, so the Exoscope image is
used as an adjunct to the surgeon’s usual technique,
rather than forcing the surgeon to modify the surgery to
conform to the requirements of the guidance system.
Retraction can be obtained by self-retaining retractors as
resection involves deeper layers. The problems inherent
with brain shift are present in the Exoscope program, as
in any image-guided surgery, and must be minimized by
the use of standard techniques, estimated and dealt with
accordingly.

Scanning
The Exoscope program was originally developed for use
with the Cosman-Robert-Wells (CRW) stereotactic
frame. The head ring is secured to the patient’s head in
the usual fashion. A CT or MRI scan is taken, using
whichever technique best defines the tumor boundary
and the stereotactic fiducials (and depending on what
was previously used to demonstrate the tumor). The
data are transferred to the computer workstation using
the ethernet, tape, or disk, in the usual fashion.

Surgical planning
The Exoscope program is grafted onto the Radionics
StereoPlan software (Radionics, Burlington, MA).15 A 3-
D reconstruction of the head is made by alignment of
the fiducials. Each 3-D structure may be built by seg-
menting according to the radiodensity of the structure
or by manually drawing the image on each slice on
which it appears. As a rule, it is better to draw the target
volume so the surgeon can make the best judgment
about the line of resection. For instance, it would be best
to define the margin of a metastatic tumor tightly
against the enhancing border. On the other hand, it
would often be best to extend the resection line gener-
ously away from the enhancing border when resecting
an infiltrating glioma. If a border abuts an eloquent
area, the resection line might coincide with the edge of
enhancement, or in a vascular area it may be best to
leave some of the enhancing tissue to be dealt with later

with stereotactic radiosurgery or radiotherapy. After the
resection line is drawn on each slice, the program uses
that data to reconstruct a 3-D volume as the target.

It may be desirable to define other structures as well.
A major blood vessel passing through the target volume
can be defined in a contrasting color so it can be antici-
pated and avoided or controlled. The ventricular wall
can be defined so the surgeon can tailor the resection to
lie as close to the ventricle as possible without actually
entering it. Other structures or an imaginary marker can
be introduced to provide the surgeon with orientation.

A reference point is selected, usually within the target
volume, and the 3-D Cartesian stereotactic coordinates
of that point are noted. This provides the setting of the
stereotactic frame so the arc-mounted video camera
points as efficiently as possible to the target.

The StereoPlan software allows the surgeon to visual-
ize the CRW arc. The arc is adjusted on the workstation
in the same orientation the surgeon will use in the oper-
ating room while standing at the head of the patient.
The arc can be aligned either transversely or in an AP
orientation to provide the least interference with the
surgical approach. The ring angle and slide angle are
adjusted to provide an ideal “surgeon’s-eye view” simu-
lating the view the surgeon will have in the operating
room. The angles and coordinates can be readjusted re-
peatedly until the surgeon is satisfied that the approach
will provide efficient access to the tumor while avoiding
eloquent areas. Final adjustments can be made in the
operating room when the surgeon addresses the actual
anatomy of the head, and the settings can be readjusted
throughout the procedure to afford efficient access to
all parts of the tumor. Once the ideal access to the
tumor has been noted in the preplanning session, the
arc settings are recorded so the apparatus can be ad-
justed accordingly.

The Exoscope program includes a video camera
holder that is offset 30 degrees from the arc. Thus the
arc is angled 30 degrees away from the surgeon’s-eye
view, which provides additional working area in the sur-
gical field with less interference from the stereotactic
frame. When the Exoscope program is entered, the sur-
geon is provided with the proper arc settings to main-
tain an identical approach with either the normal 0 de-
gree arc offset or the 30 degree offset used during
surgery, and both settings are recorded, even though
the settings are retained in the StereoPlan program.

Surgery
The CRW head ring serves as a head holder, being at-
tached to a standard Mayfield bracket, with the patient’s
head in the optimal orientation to the surgeon just as it
was in the preplanning session. The video monitor is
placed at a convenient location, similar to endoscopic

12851C09.pgsII  2/28/02  10:44 AM  Page 83



84 Principles and Technology

surgery, so the surgeon has a reasonable, close, unob-
structed view of the monitor. The computer workstation
is placed next to the video monitor so the computer-
generated image can be inserted into the video image
and the keyboard is accessible to the computer assistant.

Because the incision will be smaller than the conven-
tional craniotomy incision, a smaller area of the scalp is
shaved and prepped. The proposed opening would be
located at the highest point to minimize loss of spinal
fluid and consequent brain shift, as in any image-guided
surgery.

The CRW arc is secured to the head ring and set to
the same settings that had been determined in the pre-
planning session, with the arc in appropriate orientation
to the frame. The stereotactic coordinates are set on the
frame, and the ring angle and slide angle are adjusted.
The video camera is attached to the arc with the 30 de-
gree offset camera holder. The Exoscope program is
turned on.

The Exoscope program has three modules.16 The first
calibrates the position and orientation of the video cam-
era by aligning a small frame-mounted bracket with the
video outline of the bracket on the screen. The second,
Project Anatome, mode provides an image of the entire
tumor as seen from the perspective of the camera, which
allows the surgeon to select the best approach prior to
making any incision. The Operate mode is used during
surgery and provides only the outline of the tumor at
any desired depth, with a small window in the corner in-
dicating what depth is being displayed.

After the camera is calibrated, the Project Anatome
mode is turned on. The distance between the camera
and the patient’s head can be adjusted so the entire view
of the tumor fits just within the screen display, with the
camera closer for smaller lesions and further away for
larger tumors. Additional adjustments are made in the
approach by changing the ring angle or slide angle, care
being taken that the actual settings correspond with the
computer settings. The surgeon sees on the video screen
the surface of the scalp with the superimposed image of
the tumor within the brain. The outline of the tumor is
drawn on the scalp, which is used to fashion the best in-
cision. Because the opening need not be any larger than
the tumor border, a straight or “lazy-s” incision is usually
possible, and a flap is reserved only for particularly large
tumors.

After the scalp incision is made, the anatome is again
projected on the bone, and the smallest possible bone
flap is designed. Again, it is often possible to provide ex-
cellent access through a small craniotomy rather than
the usual oversized bone flap. Only the brain tissue
through which the approach is made is exposed, so
there is no exposure or trauma to any other cortex. My
impression, and that of other surgeons employing mini-
mally invasive techniques, is that such limited exposure

provides for a smoother postoperative course with fewer
neurological sequelae than conventional surgery.

Once the bone flap has been removed and the dura
opened, the Exoscope is placed in the Operate mode
(Fig. 9–2). A measuring rod is used to measure the
depth at which the image is displayed. The distance
from the camera to the surface of the brain is measured,
and the depth of the nearest surface of the tumor can be
displayed on the monitor and measured. As the resec-
tion progresses through the brain tissue, the distance
from the camera to the depth of the resection cavity is
repeatedly measured and the display updated.

When the plane that first intersects the edge of the
tumor volume is seen, the image of the tumor first ap-
pears on the screen indicating where the tumor resec-
tion itself begins. Contrary to the techniques employed
in conventional tumor resection, image-guided resec-
tion begins with the surgeon defining the resection
boundary; otherwise the resection boundary would col-
lapse into the resection cavity before it is marked. After
the resection line is freed, the center of the tumor is gut-
ted. For large tumors, this might be done in stages, each
perhaps 10 to 15 mm successively deeper.

The Exoscope provides guidance as the resection
boundary is defined. While looking at the video display,
the surgeon “cuts along the [dotted] line” that reflects
the edge of the tumor or the preselected resection line
(Fig. 9–3). Once the resection boundary is made, the
surgeon can look directly at the surgical field to remove
the tumor tissue, using the same technique that would
be employed conventionally.

As the resection proceeds deeper into the tumor, the
boundary further from the surgeon is displayed, as indi-
cated by an adjustment made with a depth gauge ruler.
When the boundary disappears from the screen, the re-
section is finished.

The Exoscope has been used in 73 craniotomies for
tumor resection. In all cases, it provided accurate local-
ization of the anatomical structures, tumor boundary,
and resection line as documented on postoperative
MRI. In many cases it assured more accurate resection
because it identified irregularities in the shape of the
tumor, or “flanges” of the tumor, that might have been
overlooked.

Videotactic Surgery—a module 
of the frameless neuronavigator

With the successful operation of the frame-based Exo-
scope system and the increased use of frameless sys-
tems, it was only logical to adapt the use of a video cam-
era to frameless technology. It is anticipated that the
Exoscope program will be incorporated into a frameless
system, where it will be renamed Videotactic Surgery.
Several of the concepts have already been incorporated
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FIGURE 9–2. The outline of the tumor is displayed on the monitor. A window at the lower right
displays the location of the demonstrated slice. The ventricle is also outlined for orientation. (A).
The first contact with the tumor. (B). A slice near the center of the tumor at the midpoint of the re-
section. (C). The slice demonstrating the farthest or deepest point of the tumor. (D). The resec-
tion is completed. The tumor outline is gone, but the outline of the ventricle remains.

into the Mach IV Stealth software for use with the
frameless operating microscope program. The profile
of the volumetric target can be projected on the field,
as in the Exoscope’s Project Anatome module. The
depth at which the volumetric target is outlined is se-
lected by a frameless pointer, which might be the resec-
tion instrument, comparable to the depth gauge used
in the Exoscope.

Positioning of the video camera with frameless local-
ization has other advantages. The camera can be placed
freely at the most convenient location so it is closely
aligned with, but just out of, the surgeon’s line of sight.
The camera position can easily be changed as require-
ments may change during surgery. Fiducials mounted
on the video camera identify the position of the camera,
so it is not necessary to set the coordinates or angles on

the frame and copy those settings to the computer—all
settings are adjusted automatically. The position of the
camera is known to the computer so it is possible to dis-
play the depth of resection by identifying the location of
the tip of a pointer or resection instrument by frameless
technology.

Fiducials are mounted on the video camera, which is
held above the operating field on a flexible cable arm,
similar to a system that holds self-retaining retractors.
The computer workstation also provides the video dis-
play, either in the entire screen or in a smaller window.
The video system is calibrated by successively centering
on several calibration marks on the localizing arc. The
video camera is then adjusted for the best line of sight,
and the distance is selected so the volume of the target
just fills the screen. A click of the foot pedal or mouse
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FIGURE 9–3. A real-time view of the resection instrument, a
bipolar suction-coagulator, with the outline of the tumor dis-
played.

locks the camera in its perspective. The procedure is
subsequently the same as for the Exoscope except that
the depth to be displayed is indicated by a frameless lo-
calized pointer rather than the depth gauge. The resec-
tion is identical, with appropriate safeguards to mini-
mize shift. The resection is completed when the image
of the target disappears from the video screen.

The future

Additional improvements can be anticipated as new
means are developed to visualize the computer screen. A
head-mounted video display may provide the same infor-
mation without the necessity of the surgeon looking away
from the surgical field, but only by moving the eyes
slightly upward (which may be an advantage for image-
guided surgery in general). The use of two cameras and a
different display in each eye may provide a true stereo-
scopic view of the target volume within the brain tissue. A
heads-up display may be mounted on the surgeon’s
glasses, with the surgeon’s head localized stereotactically.

Three-dimensional volumetric targeting continues to
advance with more sophisticated techniques for defin-
ing volumes and the enhanced ability to segment by
computer graphics various anatomical or pathological
targets. The addition of holography to image guidance
will allow the surgeon to see within the tissues even prior

to resection. The use of video to provide a real-time
image to merge with a computer-generated virtual tar-
get introduces enhanced reality into operative neuro-
surgery.
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Endoscopic Image-Guided Surgery
AMIT Y. SCHWARTZ AND WESLEY A. KING

Learning neuroendoscopy begins with familiarizing
oneself with the equipment. Early frustration often re-
sults from lack of understanding of the various neuroen-
doscopic components. A complete system includes the
endoscope, light source, camera, image-recording de-
vice, monitor, and transendoscopic instruments. Al-
though the specifics regarding the various equipment
options are beyond the scope of this chapter, the au-
thors cannot overemphasize the importance of becom-
ing so acquainted with the various components and that
working with the setup become second nature.

This chapter focuses on the cranial disorders in which
endoscopy plays a significant role. Some of the tech-
niques discussed here require significant experience be-
fore one can perform them safely, whereas other uses
for the endoscope can be more broadly applied using
basic skills.

Hydrocephalus

Shunt placement

Although ventricular shunting is a common procedure,
a fair percentage of catheters are suboptimally placed.
Poor placement may result in poor cerebrospinal fluid
(CSF) outflow necessitating repeated transparenchymal
passes or may contribute to early shunt failure. Theo-
dosopoulos et al1 have shown that endoscopic ventricu-
lar catheter placement significantly increases the percen-
tage of optimally placed catheters over the conventional
technique (100% vs 53%, P < 0.001).

In brief, the patient is positioned with the head
turned to the opposite side and a shoulder roll placed
ipsilaterally. The entry site is prepared in the standard
fashion. A ventricular catheter with an opening at the
tip is loaded onto the endoscope. The appropriate tra-
jectory is chosen and the catheter is passed into the ven-
tricle. Once the position of the catheter tip is confirmed,
the endoscope is removed and the shunt procedure is
completed. One must keep in mind that, because the
catheter is free to move within the ventricle, the ulti-
mate position of its tip is determined by the entry point
and the trajectory. Consequently, endoscopic “guidance”
of the catheter tip must be minimized.

Multiloculated hydrocephalus

Multiloculated hydrocephalus results from fibrous sep-
tations formed in response to infection or hemorrhage.
Such patients may require multiple shunts to adequately
drain the CSF spaces. Reducing the patient’s depen-
dency to one catheter minimizes the failure rate and
long-term morbidity.

Workup of these patients should include a computed
tomographic (CT) ventriculogram to identify the com-
munications between the loculations. Magnetic reso-
nance imaging (MRI) may demonstrate the septations,
but it would not provide information regarding the CSF
flow dynamics. If the studies demonstrate adequate com-
munication of most of the loculi with distention of just
one, it is reasonable to fenestrate the appropriate cyst
and attempt to leave the patient shunt free. Approxi-
mately 30% of patients with loculated hydrocephalus
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will not require extracranial CSF diversion following a
fenestration procedure.2

Although fenestration of the loculations may be ac-
complished via a transcortical or transcallosal cran-
iotomy, endoscopy offers a significantly less invasive op-
tion. The patient is positioned for either a frontal or
occipital approach depending on the location of the loc-
ulations. The endoscope is inserted through a burr hole
into the ventricular system. Ideally, the scope should
first enter a normal ventricle to allow for identification
of normal structures. A thin-walled, avascular site is cho-
sen for fenestration. Septal perforation can be per-
formed bluntly with the transendoscopic forceps or with
a laser. The communication is enlarged to approxi-
mately a 1 cm diameter with the use of a balloon cathe-
ter pulled retrograde through the perforation. Bleeding
can usually be controlled with irrigation, although occa-
sionally cautery may be needed. Shunting can then be
limited to a single intraventricular catheter positioned
in the frontal horn.

Lewis and Keiper3 reported a series of 34 patients with
uni- or multiloculated hydrocephalus who underwent
endoscopic fenestration using a steerable fiberscope
and laser fiber. During a mean 26-month follow-up pe-
riod, cyst fenestration reduced the shunt revision rate
from 3.04 per year to 0.25 per year. Patients with multi-
loculated hydrocephalus were at increased risk for shunt
malfunction and cyst recurrence versus patients with
uniloculated hydrocephalus. Furthermore, patients who
underwent a shunting procedure prior to endoscopy
were more likely to require a repeat endoscopic proce-
dure. Compared with craniotomy, endoscopy offers a
less invasive approach to treating patients with loculated
hydrocephalus, simplifying their shunt system and re-
ducing the rate of shunt failure.

Third ventriculostomy

Despite continued advancements in shunting hardware,
extracranial CSF diversion is associated with a significant
infection and failure rate that increases with each proce-
dure. Performing a third vetriculostomy is a minimally
invasive way of “internally” shunting patients with occlu-
sive hydrocephalus and obviating the need for hardware
placement.

Patients with radiological studies consistent with ob-
structive hydrocephalus are the ideal candidates. How-
ever, patients with a combined communicating and non-
communicating picture may also benefit. The arachnoid
villi are capable of increasing their absorptive capacity in
response to an increase in CSF load. CSF isotope clear-
ance studies have been used to predict the absorptive ca-
pability of the arachnoid granulations but suffer from a
significant false-negative rate.2 In light of the benefits of
third ventriculostomy and its low complication rate, we

advocate performing the procedure in patients with an
obstructive component to their hydrocephalus.

After induction of general anesthesia, the patient’s
head is placed in the vertical position on a doughnut. A
frontal burr hole is placed 1 cm anterior to the coronal
suture and 3 cm to the right of midline. The endoscope
is passed transparenchymally into the lateral ventricle
(Fig. 10–1). The third ventricle is entered through the
foramen of Monro by following the choroid plexus and
thalamostriate vein. A blunt forceps is used to perforate
the tuber cinerum at the third ventricular floor between
the infundibular recess and the mammillary bodies. The
pulsation of the basilar artery can usually be identified
through the transparent floor and is thus avoided. The
perforation is then enlarged with a balloon catheter to
maintain patency. The membrane of Liliequist must
then be fenestrated to create a communication between
the supratentorial and infratentorial cisterns.

Ventricular size does not necessarily correlate with
clinical improvement.4,5 Although an MR flow study may
demonstrate a flow void at the floor of the third ventri-
cle,5 we elect to follow patients clinically. Patients who
fail to improve despite patency of the third ventricu-
lostomy undergo a standard shunting procedure.

Hopf et al6 reported a series of 100 patients who un-
derwent endoscopic third ventriculostomies. Of the 100
procedures, 98 were completed. The overall clinical suc-
cess rate in the series, which included multiple etiolo-
gies, was 76%. The highest success rate was seen with be-
nign space-occupying lesions, although resection of the
lesion may have contributed to resolution of the hydro-
cephalus. Notably, 63% of patients whose etiology for
the hydrocephalus was intraventricular hemorrhage
responded to third ventriculostomy. The complication
rate in this series was 6% with no mortalities. Others,
however, report a lower long-term success rate7 and the
potential for devastating complications must be kept in
mind.5

Third ventriculostomy also may be an alternative to
shunt revision in the management of shunt failure in pa-
tients with obstructive hydrocephalus. Up to 76.7% of
patients may become shunt independent.8 Any preexist-
ing shunt catheter should be removed or ligated to max-
imize CSF flow through the stoma and maintain its pa-
tency. Failures are usually manifest within days and a
shunt revision is then performed.

Colloid Cysts

Colloid cysts are benign lesions that usually arise from
the roof of the third ventricle near the foramen of
Monro. They can be found, however, throughout the
third ventricle, or they may involve the septum pellu-
cidum or fornices.9–12 They contain a gelatinous center
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A B

FIGURE 10–1. (A). Endoscopic view within the right lateral ventricle. The choroid plexus can be
followed to the foramen of Monro. The thalamostriate vein (TSV) can also be identified. (B). Vi-
sualization of the floor of the third ventricle demonstrates the optimal site for performing an en-
doscopic third ventriculostomy (asterisk). The posterior cerebral arteries (arrows) and the mam-
millary bodies should be positively identified before penetrating the floor.

of variable viscosity. Although some patients present in-
cidentally, most complain of headaches, nausea, vomit-
ing, memory loss, personality changes, difficulty with
gait, or visual deterioration.13

The treatment of asymptomatic patients remains con-
troversial. Patients managed by conservative observation
must be followed with frequent imaging and should be
informed of the early warning signs of obstructive hydro-
cephalus. We recommend against such a course in pa-
tients with lesions greater than 1 cm and those with
hydrocephalus. Symptomatic patients clearly require
surgical intervention.

Surgical options include transfrontal or transcallosal
craniotomy, stereotactic aspiration, ventricular shunt-
ing, or endoscopic resection.14 Ventricular shunting is
reserved for patients not medically fit to undergo a
more definitive procedure. Minimally invasive tech-
niques have been developed to reduce the operative
morbidity associated with craniotomy. Stereotactic aspi-
ration is initially effective, but the high recurrence rate
has led to this procedure falling out of favor.15

Endoscopic resection of colloid cyst is a minimally in-
vasive method of effecting a definitive treatment. Pa-
tients are positioned supine with the head secured in
three-point fixation and flexed 15 degrees. A burr hole
is placed 1 cm anterior to coronal suture and 4 cm off
midline. The right side is chosen unless the left lateral
ventricle is unilaterally dilated or the lesion is grossly
asymmetrically deviated toward the left. An outer can-

nula is passed into the lateral ventricle and secured to
the operating room table. The zero-degree endoscope is
used to determine the relationship of the cyst to the
foramen of Monro, choroid plexus, fornices, septum
pellucidum, and third ventricle (Fig. 10–2). Small cysts
can occasionally be grasped and removed entirely as a
single specimen. Excessive traction, however, must be
avoided to prevent vascular injury. Larger lesions are
punctured and the cyst contents are evacuated via aspi-
ration or intracystic irrigation. If the cyst wall does not
separate easily, it is coagulated with bipolar cautery
or neodymium:yttrium-aluminum-garnet laser and re-
moved piecemeal using scissors and biopsy forceps.
Gross total removal can be achieved in 85% of patients
with a > 95% resection in the remainder where complete
resection would unnecessarily risk vascular injury.13 We
routinely fenestrate the septum pellucidum with a grasp-
ing instrument and dilate the opening with a 3F Fogarty
balloon catheter. Unlike others,16 we do not leave a ven-
tricular catheter in place. Patients are monitored over-
night in the neurosurgical intensive care unit and trans-
ferred to the ward the following morning.

We believe that endoscopic resection should be con-
sidered the treatment of choice for patients with colloid
cysts. Operative time is significantly reduced when com-
pared with craniotomy. In addition, duration of hospital
stay is reduced as is the time before returning to work.14

In our series, there were no mortalities or permanent
morbidities.13 Furthermore, with a mean follow-up
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FIGURE 10–2. (A). Coronal magnetic resonance imaging (MRI) demonstrates a colloid cyst at
the foramen of Monro (arrow). (B,C). Endoscopic exposure through the right lateral ventricle
demonstrates the cyst, which can be excised in a piecemeal fashion. Care must be taken not to
injure the thalamostriate vein (TSV) and anterior septal vein (A. Septal V.). (D). Postoperative
MRI shows complete tumor removal (arrow).

greater than 4 years, there have been no recurrences
even in patients with known residual cyst wall.

Arachnoid Cysts

Arachnoid cysts are intra-arachnoid CSF collections
usually of congenital origin. They are often found inci-
dentally, although they can produce mass effect and pro-
duce symptoms through neural compression.17 Sympto-
matic cyst should be surgically treated barring medical
contraindications. Although many surgical options have
been described including stereotactic aspiration and
cyst excision,18 the more accepted treatments involve
either shunting the cyst to the peritoneum or creating
a communication between the cyst and another CSF
compartment.

Prior to the advent of endoscopic surgery, shunting
the cyst to the peritoneum offered a minimally invasive

therapeutic option with a low morbidity. Fenestration re-
quired a craniotomy with its increased risk. However,
with endoscopic techniques, the arachnoid cyst could be
fenestrated with minimal morbidity thereby avoiding
the need for shunt catheter placement. Although peri-
toneal shunting is effective, the shunt failure rate is as
high as 10% and shunt dependency may occur.19

Middle fossa arachnoid cysts

The patient is placed in the supine position with the
head turned to the contralateral side. A temporal burr
hole is placed above the zygomatic arch. Care is taken
when introducing the trocar and endoscope not to allow
excessive egress of CSF because that would lead to cyst
collapse and poor visualization. For orientation, one fol-
lows the Sylvian veins or middle cerebral artery toward
the basal cisterns. A blunt forceps is used to puncture
the arachnoid membrane between the frontal and tem-
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poral lobes at the most proximal extent of the Sylvian fis-
sure. A Fogarty catheter is inserted into the cistocister-
nostomy to enlarge the fenestration. Partial resection of
the cyst wall and arachnoid membrane may further pre-
vent delayed occlusion and cyst recurrence. Some au-
thors17 advocate insertion of a fimbrial ventricular cathe-
ter to maintain patency.

Suprasellar arachnoid cysts

Patients are positioned supine and a right precoronal
burr hole is placed. The right lateral ventricle is cannu-
lated and the endoscope is passed through the foramen
of Monro. If the third ventricle is preserved, the fenes-
tration is performed with the blunt forceps through the
bulging floor of the third ventricle anterior to the
mamillary bodies. With large cysts that completely dis-
tort the third ventricle, a ventriculocystostomy is per-
formed into the lateral ventricle and enlarged with a
fogarty catheter. Caemaert et al20 advocate additional
fenestration of the cyst into the basal prepontine cis-
terns to prevent recurrences. In their series, all patients
experienced initial symptomatic relief, but one of four
patients required a second procedure for failure of the
cyst to remain decompressed. Buxton et al21 reported
good results in three patients after performing a ven-
triculocystostomy alone. There were no recurrences
after a 24- to 28-month follow-up. They believe that a
second fenestration into the basal cisterns is risky and
unnecessary. The authors advocate a single fenestration
with efforts focused on maximally enlarging the open-
ing to prevent recurrences.

Posterior fossa cysts

For cysts in the cerebellopontine angle the patient is
placed in the supine position with the head maximally
turned to the contralateral side. A retromastoid suboc-
cipital burr hole is placed and the cyst is endoscopically
inspected from within. A cystocisternostomy is per-
formed into the prepontine cisterns between the cranial
nerves. Patients with posterior midline arachnoid cyst
are placed in the prone or semisitting position. Supra-
cerebellar cyst can be fenestrated into the quadrigemi-
nal cistern. More caudal cysts are fenestrated into the
cisterna magna.

In the series reported by Choi et al,22 36 consecutive
patients with congenital arachnoid cysts underwent en-
doscopic fenestration procedures. Seven patients early
in their series underwent additional shunting proce-
dures. Although one patient suffered an intraventricular
hemorrhage, there were no permanent morbidities or
mortalities. With a 4.2-year mean follow-up, there were
no recurrences except for the patient who suffered the
hemorrhage. This and other studies23–25 have proven

that endoscopic fenestration of arachnoid cysts is an ef-
fective minimally invasive technique that offers a low
morbidity without the complications associated with per-
manent shunt catheter placement.

Intraventricular Lesions

Accessing intraventricular tumors through a microsurgi-
cal approach often requires significant brain dissection
and retraction. Endoscopic surgery, however, provides
excellent tumor visualization with no brain retraction. In
addition to tumor removal, the associated hydrocephalus
can often be treated during the same approach.

The ideal lesion is small, less vascularized, soft, and
obstructs the CSF outflow producing ventriculomegaly.
The enlarged ventricles provide the space necessary for
endoscope insertion and instrument manipulation. Al-
though tumor biopsy is often easily obtainable, com-
plete tumor resection can become very time-consuming
with increased tumor size. Gaab et al26 advocate endo-
scopic tumor resection in tumors smaller than 2 cm be-
cause with larger lesions the benefits of endoscopic sur-
gery are outweighed by the duration of the operation.

Lateral ventricular tumors

Frontal horn and ventricular body tumors are well visu-
alized via the standard parasagittal burr hole 2 cm ante-
rior to the coronal suture. Posterior lesions in the tri-
gone are better approached through a burr hole placed
4 to 6 cm anterior to the coronal suture.

Orientation is achieved by examining the course of
the choroid plexus. Following tumor inspection the at-
tachment to the choroid plexus is coagulated. Tumor re-
section proceeds with intracapsular debulking via a
piecemeal removal performed with the grasping and bi-
opsy forceps. Visualized vessels are cauterized prior to
resection. Hemostasis can usually be achieved with irri-
gation alone. If at the completion of the resection one
foramen of Monro remains blocked, a septum pelluci-
dotomy is performed to restore CSF flow.

Third ventricular tumors

Although many microsurgical approaches to the third
ventricle have been described,27–31 all involve significant
brain dissection and retraction with risk to vital neural
structures such as the corpus callosum, thalamus, and
fornices. The endoscopic approach minimizes the risk
of brain injury related to tumor exposure. Anterior
third ventricular tumors are approached through a burr
hole at the coronal suture, whereas more posterior le-
sions are approached through a more anteriorly located
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entrance. Following tumor resection, one must ensure
that CSF outflow pathways are patent. Septum pellucido-
tomy, stenting of the Sylvian aqueduct, third ventricu-
lostomy, or a combination of techniques may be em-
ployed to avert postoperative hydrocephalus.

Fourth ventricular tumors

Fourth ventricular tumors often cause obstructive hy-
drocephalus with enlargement of the lateral and third
ventricles. Endoscopic third ventriculostomy may play a
role in alleviating the hydrocephalus. On rare occasions,
tumor-related obstruction leads to an isolated enlarged
fourth ventricle, and tumor resection via an endoscopic
approach through the foramen of Magendie becomes
feasible.32

Gaab and Schroeder33 reported a series of 30 patients
with endoscopically treated intraventricular tumors. Two
cases required conversion to microscopic resection sec-
ondary to the firm consistency of the tumor and their
large size. They therefore do not advocate endoscopic
resection in lesions larger than 2 cm. Hydrocephalus-
related symptoms resolved in all 22 patients with CSF
obstruction. Complications included one case of menin-
gitis, one of mutism, two of memory loss, one of tran-
sient trochlear palsy, and one of transient confusion.
There were no endoscopy-related deaths. With proper pa-
tient selection, minimally invasive techniques could be
successfully employed in tumor resection and relief of hy-
drocephalus without the need for extracranial shunting.

Transsphenoidal Surgery

The sublabial–transseptal approach to transsphenoidal
resection of sellar lesions is associated with local compli-
cations that include numbness of maxillary dentition,
loss of nasal tip projection, and nasal perforation.34 Pa-
tients may complain about recurrent nasal bleeding,
breathing difficulty, and crust formation.34 The trans-
nasal approach has been developed to avoid some of
these complications. The size of the nares may restrict
the insertion of a nasal speculum necessary for micro-
scopic resection through a transnasal approach. Fur-
thermore, tumor out of the direct line of sight may be
missed when relying on microscopic resection. Endo-
scopic resection addresses these issues.

After induction of general anesthesia cottonoids
soaked with 4% cocaine are applied to the nasal cavity
for 10 minutes. Under endoscopic guidance, the middle
turbinate is bluntly lateralized. The nasal septum at the
sphenoid rostrum is fractured and pushed contralater-
ally. The sphenoid ostium is enlarged with a Kerrison

rongeur. The 0- and 30-degree endoscopes provide a
panoramic view of the sphenoid sinus facilitating identi-
fication of the optic and carotid protuberances, clival in-
dentation, and anterior sella. The sella and dura are
then opened and the tumor is removed using pituitary
curettes. The parasellar region along both cavernous si-
nuses as well as the suprasellar region can easily be in-
spected for residual tumor. At the completion of tumor
resection, the sphenoid fossa is packed with gelfoam. A
fat graft harvested from the abdomen together with fi-
brin glue is used to pack the sphenoid sinus whenever a
CSF leak is seen during surgery. Nasal packing is not
routinely used.

When compared with the sublabial approach, the en-
doscopic transnasal approach is associated with a
shorter operative time35,36; absence of recurrent epi-
staxis, snoring, and denture problems; and a lower inci-
dence of septal perforation, synechia, and crust forma-
tion.35 Furthermore, the loss of nasal tip projection was
only found in the group that underwent the sublabial
technique. Some advocate the use of the endoscope for
the approach alone, and following insertion of a specu-
lum, proceed with standard microscopic resection.34

The aforementioned benefits are realized while provid-
ing the surgeon a three-dimensional microscopic view
for tumor resection.

Endoscopic tumor resection, however, provides for a
more complete view of the sella contents and can effect
a surgical cure.37 In a series by Jarrahy et al,38 residual
tumor was found endoscopically in three of nine pa-
tients who underwent microscopic resection. Helal39 re-
ported finding residual tumor in 15 of 37 patients. In
theory, the enhanced endoscopic view should allow for a
more complete tumor resection, but there have been no
randomized controlled studies to date demonstrating
higher cure rates.

Acoustic Neuroma Surgery

Although microsurgery has allowed safe resection of
acoustic neuromas with high rates of cranial nerve preser-
vation, CSF leak has remained a significant morbidity
with reported rates as high as 20%.40–43 Additionally,
residual tumor within the internal acoustic canal (IAC),
not identified intraoperatively during a retrosigmoid ap-
proach, remains a problem. Neuroendoscopic tech-
niques have been employed to address these two issues.

When the retrosigmoid approach is utilized, a suboc-
cipital craniectomy is first performed in the standard
fashion. Following microscopic tumor resection the
rigid endoscope is brought into the field. The IAC is in-
spected with the 0- and 30-degree endoscope to look for
residual tumor and exposed air cells not identified with
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the microscope. Any residual tumor is resected and
bone wax is applied to the air cells. A muscle graft from
the wound margins is then placed over the bony defect
in the IAC.

Following a translabyrinthine approach, the endo-
scope aids in visualizing the undersurface of the stapes
footplate to be certain that the stapes was not displaced
from the oval window. Additionally, further inspection
of the bony resection is performed to uncover open air
cells not identified on microscopic examination. All air
cells are sealed with bone wax, and fascia and fat are
used to cover the bony defect. Similar inspection of the
bone for open air cells can be performed following a
middle cranial fossa approach.

In the series by Wackym et al,44 the endoscope was uti-
lized as an adjunct in 78 patients. There were no compli-
cations related to the endoscope. Following microsurgi-
cal resection, endoscopic inspection identified residual
tumor in the fundus of the IAC in 11 patients and com-
plete tumor resection was achieved in all. Endoscopic
examination revealed exposed air cells not identified on
microscopic examination in 24 cases. Those air cells
were subsequently individually waxed. No displacement
of the stapes footplate was identified in patients who un-
derwent the translabyrinthine approach. Although two
patients developed CSF leakage through the skin inci-
sion, there were no cases of CSF rhinorrhea. Other stud-
ies40 have confirmed the lower CSF rhinorrhea rate with
the adjunctive use of endoscopy.

Aneurysm Surgery

Inadequate clipping remains a problem associated with
aneurysm surgery. Incomplete clipping occurs in ap-
proximately 5.9% of cases45 leaving residual that may re-
sult in delayed aneurysm growth. Furthermore, inadver-
tent inclusion of perforating vessels within the clip may
produce devastating neurological deficits (Figs. 10–3
and 10–4). Lastly, direct pressure of the aneurysm clip
on vital neurological structures such as cranial nerves
may lead to avoidable clinical deficits. Endoscopy pro-
vides additional information that may lower the inci-
dence of the aforementioned complications.

Following microsurgical dissection of the appropriate
vessels and surrounding structures, the endoscope pro-
vides a more detailed view allowing one to see around
corners. After aneurysm clipping, the endoscope is once
again introduced to confirm complete lesion oblitera-
tion and avoidance of normal vessels and surrounding
neural structures. We prefer the 0- and 30-degree en-
doscopes when operating in narrow spaces adjacent to
vital structures. Although some advocate the 70-degree

scope,46 we avoid its use in the skull base. Not visualizing
structures in the direct line of the endoscope may lead
to inadvertent injury. Even if the endoscope is intro-
duced under microscopic view, gazing at the monitor
and away from the microscope ocular creates a time in-
terval during which the endoscope is held blindly in the
surgical field. Picture-in-picture technology potentially
curtails the blind moment thereby reducing the risk of
accidental injury.

In a series of 48 patients operated upon for 54 cere-
bral aneurysms,46 the endoscope provided additional in-
formation that further clarified the regional anatomy in
81.5% of cases. The aneurysm clip was reapplied on the
basis of the endoscopic view in five cases (9.3%). These
included two instances of incomplete neck obliteration,
two cases of involvement of the perforating vessels
within the clip, and one case where the clip compressed
vital neural tissue. Additionally, there was a case where
the surgical strategy was changed from clipping to wrap-
ping after endoscopy demonstrated a perforating vessel
tightly adherent to the aneurysm.

We have found the endoscope most useful in lesions in-
volving the anterior communicating artery, basilar apex,
and posterior circulation where neurovascular relations
can be confusing and visualization of contralateral struc-
tures is essential. Although it is technically possible to clip
aneurysms endoscopically, with the available technology
we advocate using the endoscope as an adjunct to the op-
erative microscope. Newer technologies such as an endo-
scopically equipped clip applicator47 may in the future
allow clipping under endoscopic view alone.

Stereotactic Endoscopic Surgery

The benefits of endoscopic surgery stem from its being
minimally invasive to the brain. However, poor placement
of the burr hole may necessitate traction on neural tissue
to adequately visualize the target. Such maneuvers may
lead to unintended injury. Stereotactic techniques have
been adopted to more accurately plan the ideal trajectory.

Frame-based techniques

The Brown-Roberts-Wells and the Cosman-Roberts-
Wells systems have both been modified to employ en-
doscopy.48–50 All that is required is a guiding block and
fixation device that accommodates the endoscope. The
trajectory is established by choosing two points along
the ideal path and extrapolating the trepanation point.
For third ventriculostomies, target points are selected
at the foramen of Monro and the floor of the third ven-
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FIGURE 10–3. Endoscopic pituitary surgery. (A).
The endoscope is inserted through the nares and ei-
ther handheld or secured with a holder. (B). The mid-
dle turbinate (MT) is initially identified and displaced
laterally. (C). The sphenoid sinus ostea (arrow) is
usually seen adjacent to the superior turbinate (ST)
and posterior nasal septum (S). (D). Within the sphe-
noid sinus the prominences of the optic canal, sella
turcica, and internal carotid arteries (ICA) should be
identified. (E). Once the tumor is excised the endo-
scope can be inserted into the tumor cavity to in-
spect for hidden residual fragments.
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FIGURE 10–4. Endoscope-assisted aneurysm sur-
gery. (A,B). Endoscopic view of an anterior communi-
cating artery aneurysm through a right pterional ap-
proach. The A-1 and A-2 segments of the right anterior
cerebral artery as well as the left A-1 segment and re-
current artery of Heubner are seen. (C). The endo-
scope can be used to confirm optimal clipping.

tricle just dorsal to the dorsum sellae and in front of the
basilar artery. Burr hole placement in line with this tra-
jectory minimizes endoscopic manipulation of the neural
structure bordering the foramen of Monro and their po-
tential injury. Frame-based techniques can similarly be
applied during endoscopic biopsies.50

Frameless techniques

The specifics of the various systems available may vary,
but the general concepts of the frameless stereotactic
endoscopic systems remain similar. A camera system lo-
calizes the head and various instruments in three-dimen-
sional space. By knowing the location of the tip of the
surgical instrument relative to the attached markers, the
computer can demonstrate the multiplanar MR views
and their relation to the surgical instrument. Various
adapter systems have been utilized to attach reference
markers to the endoscope to allow for its localization in
three-dimensional space.51–54

Frameless neuroendoscopic techniques have been em-
ployed for a variety of surgical interventions, including
third ventriculostomies, tumor biopsy and resection, and

multiloculated hydrocephalus. We and others55 feel that
for most endoscopic procedures in hydrocephalic ventri-
cles, the freehand technique suffices. The dilated ventric-
ular system provides room for maneuverability and well-
known landmarks within the ventricles allows for proper
orientation. Some feel that the frameless navigation sys-
tem is helpful in maintaining orientation when the CSF
turns bloody.56 We prefer to continuously irrigate the CSF
space and clear the endoscopic view rather than rely on
the navigation system for orientation. Schroeder et al55

found that the frameless system was most useful in pa-
tients with cystic lesions lacking clear anatomical land-
marks such as loculated hydrocephalus, intraparenchy-
mal cysts, cavum veli interpositum, and isolated fourth
ventricle. One can plan the most appropriate trajectory
and maintain orientation utilizing the navigation system.
Furthermore, one can also more appropriately position
the entry point when approaching the third ventricle
through a small foramen of Monro. Stereotactic tech-
niques applied to neuroendoscopy have not only served
to enhance the safety of previously performed proce-
dures but have also expanded the indications for mini-
mally invasive endoscopic surgery.
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The ability to plan and perform complex neurosurgical
procedures depends on the practical ability to navigate.
Neuronavigation has progressed from a mental render-
ing of indirect anatomic reference points to a precise
technology dependent on complex computational ability
(i.e., computers). Like other types of navigation, neuro-
surgical navigation consists of two important elements.
The first is the ability to plan a safe route from a starting
point to a target destination. The second is the ability to
determine current location in relation to the target and
in relation to potential high-risk areas. In ocean naviga-
tion, the current location refers to the ship’s position. In
most neuronavigational systems, the current location
refers to the tip of a pointer. When a navigational micro-
scope is used, the current position refers to the tip of a
virtual pointer, the location of which is at the focal point
of the microscope optical system.

The progression of computer science has allowed
frame-based stereotaxy to evolve into frameless methods1,2

based on simple skin- or skull-based fiducial markers.
Neural images, in the form of two-dimensional data such
as computed tomographic (CT) scans, magnetic reso-
nance imaging (MRI) scans, positron emission tomogra-
phy (PET), or functional MRI (fMRI) can be obtained
with a high degree of precision. These data can then be
restructured into three-dimensional (3-D) views of the
head and brain that can be registered for spatial orienta-
tion and manipulated by the surgeon. The surgeon can
thus plan the starting point, target, and safest route prior
to the actual surgery. This is equivalent to producing a
navigational map for each procedure that can be individu-
alized for the patient’s particular anatomy and pathology.

A robot is a mechanical device that follows instruc-
tions to accomplish a task usually done by a human. Ro-
bots are particularly appropriate when repetitive actions
or extreme precision is needed. The advantage of a ro-
botic microscope combined with frameless stereotaxy is
that a number of functions normally dependent on the
operator can be performed by computer-driven mecha-
nisms. These actions, such as moving to the planned
starting position, following a planned course, focusing
accurately on the target point, and avoiding a pre-
planned risk area can all be done automatically with
great precision. Further, the robotic control mecha-
nisms allow specific movement patterns such as rotating
the microscope around a predetermined focal point or
rotating the viewing axis around a preselected point
along the optical axis thus maximizing the amount of
visible area through a small opening. This chapter de-
scribes the design and use of robotic microscopes with
particular emphasis on the multicoordinate manipula-
tor (MKM) robotic microscope and navigational system
developed by the Carl Zeiss Corporation.

Technical Features

The four principal components of a robotic stereotactic
microscope system are the computer-based workstation,
the robotic arm, the microscope itself, and the localizing
system that allows monitoring of head or instrument lo-
cation (Fig. 11–1).

At the heart of the system is the computer and work-
station. It is the high-speed computer that allows manip-

11

Robotic Microscopes
ADNAN H. SIDDIQUI AND CHARLES J. HODGE

12851C11.pgsII  2/28/02  10:45 AM  Page 98



Robotic Microscopes 99

FIGURE 11–1. Some of the components of a robotic system. (A). The base
of the microscope and the robotic arm used to position the microscope at
the desired site. (B). The microscope, which is not unusual except for the
two arms that are illustrated in C and D. (C). The left-hand grip of the robotic
scope. This allows the user to leaf through many of the user menus, dis-
played in the heads-up display in the right ocular, without removing atten-
tion from the microscope. (D). The joystick, which allows operator move-
ment of the microscope using the motors built into the robotic arm.
Additionally, this handle contains a button that instructs the microscope to
autofocus at the point of the crosshairs and buttons that allow operator-
controlled focus and operator-controlled zoom (MKM Zeuss, Thornwood,
NY).

ulation of the 3-D image data in relation to the micro-
scope virtual pointer. Additionally, merging or fusion of
different types of images can be done to take advantage
of the differing kinds of information available through
different imaging modalities (i.e., CT, MRI, fMRI, PET).
The workstation allows image manipulation and thus de-
termination of complex volumetric shapes and precise
spatial definition of anatomy and pathology. Using this
image-based information, anatomically safe approaches
can be developed. The computational power of the
MKM system is provided by a DEC Alpha workstation,
running STP software (Leibinger, Freiburg, Germany),
on a UNIX-based platform or a PC Windows-based sys-
tem. These systems are equipped with digital audiotape
(DAT) drives and optical drives thus allowing image
data entry when direct line connection is unavailable.

The second component is the robotic mechanism.
This is a positioning arm with six degrees of freedom
(i.e., base rotation; translation in three primary axes: x,
y, z; and two other rotational axes). The positioning
mechanisms are motor driven and can be controlled ei-
ther by an operator-maneuvered joystick or by com-
puter-generated instructions. The operator-generated
movements can be devolved into only orthogonal x, y,
and z movements or only rotational movements cen-
tered on the focal point of the microscope system using
permissive-selection buttons located on the joystick. The
position of the arm is continually relayed back to the
computer. The MKM microscope, base, and arm are mo-
torized and internally encoded with an inherent accu-
racy of up to 0.75 mm. The robotic nature of the micro-

scope also allows the scope to pivot around a point of
focus, orient itself at any time along a planned trajec-
tory, pivot around a cylinder (keyhole) to allow exami-
nation of a larger area when the surgical corridor is
narrow, or go to any predetermined position under
computer control.

The third component is the microscope itself, which
is mounted on the robotic arm. The most important as-
pect of the microscope mechanism is the ability to accu-
rately focus in response to operator-generated com-
mands. This mechanism, based on laser matching,
allows extremely precise and accurate focus. Currently,
the Surgiscope by Leica (Allendale, NJ)3 and the MKM
by Zeiss (Thornwood, NY)4 both use laser beams to pro-
vide the location of the focal point to their robotic mi-
croscopes. The MKM uses a Class I laser as its autofocus
system with an accuracy of within 0.3 mm of its critical
focus and with the 0.75 mm accuracy of the robotic arm
gives an overall accuracy of 1.05 mm. The dynamic focus
has a working range of 200 to 400 mm. This focal point
location is relayed to the computer, which in turn com-
putes the location of the area under focus and displays it
on the monitor in the form of crosshairs on the three or-
thogonal planes of the image (CT or MRI) forming the
navigational basis of the case as well as a 3-D rendering
of the head. An added benefit is the ability to display the
planned surgical approach, distance to target points,
and outlines of predetermined important pathological
or risk structures at the current plane of focus in one of
the eyepieces as a heads-up display (HUD). This allows
clear orientation for the surgeon without the need to
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continually look up from the point of surgical concen-
tration. The microscope has a zoom ratio of 1:6. It is
mounted with a stereo beam splitter to provide stereo-
scopic vision and 12.5� eyepieces. The microscope also
has an attached microphone for verbal commands that
can be programmed for up to 15 surgeons and allows
manipulation of the microscope without removing ei-
ther hand from the operative field. The microscope uses
a xenon light source for constant temperature regard-
less of intensity. In addition to the microscope’s manual
controls, there are foot controls allowing another means
of altering focus, zoom, and movement. All that is then
required for the system to be functional is a constant, or
at least measurable, spatial relation between the target
and the robotic arm base. This is accomplished by fixing
the position of the microscope base and registering the
spatial location of the head using fiducial markers.

The fourth component is a localization system that
will allow the locations of various tools to be determined
and will also allow changes in head position to be deter-
mined. Several different types of systems are currently
available to locate the fiducial markers and pointing de-
vices. There are magnetic systems,5,6 which develop a
magnetic field around the head and, based upon its in-
terference or modulation, reconstruct the 3-D localiza-
tion data. However, they are subject to position degrada-
tion by nearby ferromagnetic materials such as most
surgical instruments. Ultrasonic detectors7 have been
used in a similar capacity with emitters based around the
microscope objective along with receivers that calculate
the speed and modification of returned sound waves to
reconstruct the area under observation and obtain local-
izing data. This methodology is also fraught with compli-
cating factors such as interference with reflectors or
other objects in the operative field. In addition, the tem-
perature of the room and its relative humidity may influ-
ence sound velocity and, thereby, the computational ac-
curacy of this system. The sound transmitters and
receivers can be influenced by the draping methods
around the microscope. Mechanical arms can also be
used as pointer devices.1,2,8,9 They rely on mechanical
determination of position of the arm based on their ar-
ticulated joint positions. Several systems are now avail-
able that rely on the optics of operating microscopes
and their proximity to the intraoperative region of inter-
est to generate localizing data that can be interpreted by
the computing system and provide the surgeon with
knowledge of his or her current position.10–14 As in the
microscope system we describe, localizing technologies
are frequently combined and used to advantage.

Optical digitizers use information from light that can
be emitted and then captured using infrared or laser
cameras.10,12–15 This avoids optical interference from am-
bient sources such as operating room lights. Infrared

systems10,12,15,16 utilize light-emitting diodes (LEDs),
which emit pulsed infrared signals and are attached to
the patient’s head through the head clamp. This allows
continuous monitoring of the head’s position in space.
Similar systems have been used with nonrobotic micro-
scopes such as BrainLAB’s VectorVision system.10,12,16

The initial head position in relation to the microscope is
determined by registering the fiducial markers placed
on the scalp or implanted in the skull. The registration
can be done using either the microscope focal point as
the virtual pointer or a real pointer located with at-
tached LEDs. Once registration is completed, the rela-
tive position of the microscope to the head in space and
hence all the points in the images are known. Like other
navigational systems, it is this spatial relation that allows
accurate use of the stereotactic information.

Neuronavigation Procedure

Skin fiducials are placed on the patient’s scalp on the af-
ternoon or evening before surgery. Bone-based fiducials
are also available and have the apparent advantage of
slightly higher accuracy. Positioning the fiducials is im-
portant. There should be at least six and preferably eight
fiducials placed. They should be as widely separated on
the head as possible, remembering that if the microscope
is to be used to register the fiducials, they must be in a vis-
able position (i.e., the person placing the fiducials must
be aware of the head position to be used during surgery).
Fiducials should not be placed in the low suboccipital
area because the patient will be lying on this part of the
head during scanning and thus may distort the positions
of the fiducials. At this point appropriate images are ob-
tained. If fMRI routines are to be performed, they must
be accomplished prior to contrast administration.

Imaging Protocols

At our institution we typically use MRI images for neu-
ronavigation; only rarely do we supplement this with CT
scans. MRI images are obtained as fast inversion recov-
ery sequences in the form of gadolinium-enhanced 3-D
gradient echo, axial images (TE � 1–10 msec, TR � 10
msec, and TI � 400 msec). The slices are 1.2 mm thick
without any gap. The entire head is scanned, usually re-
quiring about 124 slices using a 256 � 256 matrix with a
field of view of 24 � 24 cm. The average scan time is
about 10 minutes. The most common functional scans
we use are devised to activate either language cortex or
sensorimotor hand cortex around the central sulcus. At
times electrical stimulation of the median nerve, as in so-
matosensory evoked potential generation, will be used.17

12851C11.pgsII  2/28/02  10:45 AM  Page 100



Robotic Microscopes 101

FIGURE 11–2. Images taken from the workstation il-
lustrating the steps in developing a surgical plan. (A).
An axial scan showing a left hemisphere tumor, the
volume of which has been outlined by the surgeon.
(B). An axial image with a functional magnetic reso-
nance imaging scan merged with an anatomic scan.
The vertical arrow points to language area in the pos-
terior left temporal lobe, which can also be outlined by
the operator for later identification. (C). An axial image
that shows outlines of both the tumor (T) and lan-
guage area (L). (D). A coronal image illustrating the
tumor volume (T), a portion of the language area (L),
and a surgical approach, which is indicated by the
arrow.

Patient Setup

Following anesthesia induction, or sedation if awake
mapping is to be done, the patient is positioned with the
head fixed in a three-point head clamp. The MKM base
is then moved into position and fixed by raising the re-
tractable wheels. Minor changes in position are easiest
to accomplish by moving the operating couch. A three-
LED localizing array is connected to the head clamp so
that changes in head position can be detected by the in-
frared camera system.

The surgeon will have numbered the fiducials on the
images presented on the workstation. Additionally, the
lesion will be outlined and important risk areas out-
lined (Figs. 11–2 and 11–3). At this time functionally
important data such as the locations of language,
motor, or sensory cortices are added using the fusion
function. An entry point and at least one target point
are identified. This defines a straight surgical trajectory
to be followed. Alternatively, a multilegged course can
be constructed.

The head is registered in space in relation to the mi-
croscope (Fig. 11–4). This is done by using the micro-
scope focal point by autofocusing on the center of each
fiducial under maximum magnification. This allows the
workstation to perform a mathematical transformation
of the microscope coordinates for each fiducial and
match them with the location of the fiducials on the
workstation images. This allows the workstation to cre-
ate a spatial environment in which the patient’s head,

the microscope-based pointer, and all the additional
information such as lesion and risk area locations are
registered. The fiducials can also be registered using an
optically tracked pointer. A mean deviation error is cal-
culated based on the registered fiducial position com-
pared with the positions expected from the fiducial loca-
tions selected on the images. This can then be reduced
by selectively eliminating certain fiducial points that
seem inaccurate. Once the surgeon is satisfied with the
calculated error between the real and the image-based
fiducial locations (usual range is between 1 and 3 mm) a
landmark test is done. The surgeon focuses the micro-
scope on some external structure on the patient’s head,
such as the tragus, and confirms that the area under
focus is accurately depicted by the location of the
crosshairs on the three orthogonal planes displayed at
the workstation. The robotic aspects of the system are
used to align the microscope with the planned trajectory
so that an appropriately placed flap can be marked. The
microscope can then be used as a simple pointing device
to label the scalp structures or venous sinuses and to
plan for tailored skin incision and craniotomy flap. If a
head-tracking device is not used, internal fiducials using
bone divots or small screws are placed immediately after
the skin incision is made and recorded so that any head
movement can be compensated for by re-registration.
Once the operation has begun, the microscope can be
used like any other microscope, albeit with the major ad-
vantage of having localizing data available both on the
computer monitor (in the form of crosshairs on tripla-
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FIGURE 11–4. Registration using skin fiducial markers.
(Upper). Fiducial markers placed on the operative side of the
head. Note the wide spatial dispersion of the fiducials.
(Lower). A triplanar image combination used to identify indi-
vidual fiducial markers. The crosshairs indicate the focal point
of the virtual pointer.

FIGURE 11–3. Operative procedure. (Left). The view through the microscope demonstrating the
heads-up display outline of regions of interest. L is the outline of the language area determined
by functional magnetic resonance imaging. T is the outline of the tumor at the depth of the expo-
sure. PT is the planned trajectory for approach to this lesion. (Right). This axial scan shows the
virtual pointer location indicated by the crosshairs over the right hemisphere. The planned trajec-
tory is demonstrated by the oblique line pointing at the tumor.

nar views) and as projected contours and point of focus
information in the HUD. The current position of the vir-
tual pointer is updated by pressing the autofocus button
on the joystick hand piece.

Another robotic feature is that the microscope can be
instructed to pivot around any point along the optical
axis, which allows maximum visability of cavities through
a small opening. At any time the autofocus function up-
dates the surgeon’s current location and allows the sur-
geon to refresh orientation without the need to remove
eyes or hands from the operative field.

Accuracy

Frame-based neuronavigation has an accuracy error of
0.7 to 1.8 mm.18,19 However, this accuracy comes at the
cost of restricted surgical maneuverability and the
added step of frame placement. Frameless system accu-
racy relies on three different components: the precision
of radiographic data that are obtained, the precision of
translation of skin fiducial markers into registration
points, and the inherent accuracy of the system under
use. This last component is determined by the accuracy
of the robotic arms as well as the optical or other digitiz-
ing systems that form the hardware of the system. Based
on fusion of pre- and postoperative images depicting bi-
opsy sites, the mean error was 2.3 mm for CT-directed
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frameless stereotaxy compared with 2.6 mm for MR-de-
rived images.20 Using phantom accuracy models this
error was 1.1 mm for CT-derived images versus 1.4 mm
for MR-derived images.20 The second component requi-
site for accuracy consists of the skin fiducial markers and
their registration. Translation due to skin distortion can
lead to inaccuracies, and some authors have suggested
the routine use of bone-based fiducials to circumvent
such error.21 The placement of bone fiducials though
adds to presurgical invasiveness of the procedure and
has shown no consistent overall effect on the accuracy
needed to perform surgery. An interesting study by
Kaminsky et al21 looked at the accuracy of the MKM sys-
tem; as a part of their experiment they positioned the
skin fiducials along a straight line, triangle, or square.
They noted errors in the range of centimeters with the
straight line, which were reduced to � 2 mm using a tri-
angular or square pattern of fiducial placement. Accu-
racy increases as the distance between the registration
points increases, and it declines with increased fiducial-
target distances. The accuracy is in the range of 0.3 mm
when the microscope is positioned over the center of
the fiducial field and 1.2 mm when it is 200 mm away
from center of the fiducial field. The final determinants
of system accuracy are the hardware components of the
system such as the robotic arm, which the manufacturer
states is accurate to within 0.75 mm, and the laser-di-
rected optical focusing system, which is accurate to
within 0.3 mm. The laser-guided optical digitizer was
noted to be accurate to 0.04 mm at maximum magnifica-
tion and 0.1 mm at minimum magnification. The ro-
botic arm was noted to be accurate to 0.4 mm at maxi-
mum magnification and minimum angular deviation of
the microscope from perpendicular to the plane of the
fiducials.21 Increasing this angle increased the error
measured.

In another study, the MKM system accuracy tested at
0.3 mm using a geometric model.14 Similar testing for
the MKM in cadaver skulls after 3-D CT-scan reconstruc-
tion yielded an accuracy of 0.6 to 0.7 mm.22 Operative
accuracy was reported to be 2.2 mm after gaining experi-
ence with fiducial placement and registration in a re-
cently reported clinical series using the MKM.23 In all,
these figures are similar to frame-based systems. The dif-
ference between a 1 mm and a 2 mm error is of uncer-
tain clinical significance. The underlying dilemma of
intraoperative brain shift and failing accuracy with pro-
gression of surgery remains a concern with all current
neuronavigation systems including the robotic micro-
scopes. The solution appears to be intraoperative imaging
and updating neuroradiographic data using implant-
able fiducials, brain surface landmarks, or even intraop-
erative scanning techniques. A recent study by Wirtz et
al reported a mean accuracy of 0.8 mm after intraopera-

tive re-registration using intraoperative MRI and the
MKM microscope.24

Clinical Utility

Roessler et al23 were one of the first groups to publish
their series of patients on whom they used the MKM sys-
tem for frameless stereotactic neuronavigation. The pro-
cedures were done primarily for tumor resection (64%)
but were also done for resection of cavernomas and
epileptic foci. They reported a learning curve in terms
of fiducial placement and increased registration accu-
racy from 4.8 mm in their first 25 cases to 2.2 mm for
their last 50 cases. They also reported the deterioration
of accuracy as the cases progressed secondary to brain
shift. The advantages of the system in their view in-
cluded the ability to make smaller, tailored incisions and
craniotomies, as well as utility of lesion contours pro-
jected into the eyepiece of the surgeon allowing a con-
tinuous view of the surgical bed. This enabled the sur-
geon to perform a more complete resection of gliomas,
avoid eloquent areas during dissection, and minimize
brain injury secondary to less retraction and more direct
approach to deep-seated lesions.

Zamorano et al25 presented their results on 15 pa-
tients with cavernomas where they used both infrared
handheld pointers as well as the MKM robotic micro-
scope. Their view was similar to Roessler’s, in that deep-
seated lesions could be approached in and around
eloquent areas through more direct routes and with
minimal brain retraction, which resulted in optimal neu-
rological outcome. They did however perform awake
craniotomies for patients with lesions in and around elo-
quent cortex. Ungersbock et al26 compared MKM based
resection of cavernomas with frame-based resections.
They describe the difference between target-point
stereotaxis and contour-guided stereotaxis. Thus, with-
out loss of accuracy they had more surgical liberty in
terms of patient positioning and approach, and the
MKM system obviated the need for additional pointer
devices to be introduced into the surgical bed for local-
ization. Roessler et al27 utilized pointer based systems as
well as the MKM to locate small enhancing areas within
nine large, presumed low-grade supratentorial gliomas
to identify the heterogeneous nature of these lesions
and to avoid undergrading of the tumor. They were
equally successful with both methodologies and re-
ported the utility of frameless stereotaxis to avoid sam-
pling error in these lesions. Lévesque and Parker28 oper-
ated using MKM on two diffuse brainstem neoplasms
extending from the third to the fourth ventricle, a he-
mangioblastoma, and a malignant ependymoma in pa-
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tients who were deemed to be inoperable after radiation
and previous debulking and biopsy and were in a state of
coma vigil. They were able to obtain gross radiographic
resection in both patients with long-term survival and re-
versal of deficits. Nakamura et al29 reported on four pa-
tients with deep-seated arteriovenous malformations
(AVMs) that were resected using the MKM. They re-
ported on the utility of the procedure with improved lo-
calization and directed approach. However, confirma-
tion of the complete removal still required angiography.

Conclusions

Stereotactic navigation is now the standard of care for
many types of intracranial neurosurgery. By the late
1980s frame-based stereotactic approaches were clearly
superior to nonstereotactic surgery for deep-seated le-
sions.19 Current large-volume studies establish that
frameless stereotaxy is comparable to frame-based meth-
ods.1,2 The last 10 years have seen the trial of multiple
technological innovations to increase the operative effi-
ciency and accuracy of frameless stereotaxy. These have
been primarily directed at development of digitizers
that transform the operative spatial environment onto
preoperative neuroradiographic imagery to provide the
surgeon with a 3-D view of the patient’s intracranial
anatomy. The available systems utilize magnetic fields,5,6

ultrasound,7 mechanical arms,2,13 and optical digitizers
using infrared11,12 and laser14,21,22 sources. These tech-
nologies were incorporated into pointer devices that
could be placed on areas under question while the com-
puter would display 3-D information on the screen. A
logical next step has been the development of micro-
scopes to complement digitizers, be it in construction of
mechanical arms8 or through conjunction with optical
digitizers.10,14–16 Adding robotics to these systems has
been an important development affecting this rapidly
changing field. The earliest attempts were with mechan-
ical arms8; however, two current systems employ both
mechanical arms and optical digitizers to enhance oper-
ability and accuracy.3,4

Germano et al12 reported significantly shorter hospi-
tal stays for patients undergoing frameless stereotaxy
versus conventional procedures. They speculated cases
done with frameless techniques were less invasive due to
smaller craniotomies and less retraction resulting in less
perioperative morbidity and faster recuperation. In a
study on operating time Alberti et al30 reported that
neuronavigation was time neutral for most conventional
cases and actually time saving when used for biopsy pro-
cedures. These two considerations are a valuable indica-
tion that, more than just assisting the surgeon in the op-

eration, neuronavigation results in possibly better eco-
nomic and health based outcomes.

An interesting analysis of 208 cases using frameless
stereotaxy by Roessler et al31 showed that pointer based
systems did not necessarily compete with microscope
based systems. They used the EGN pointer (Phillips
Medical Systems, the Netherlands) for 114 patients, in-
cluding nine spinal cases, and the MKM for 92 cranial
cases. It was their opinion that in cases where the lesions
were deep seated and microscopes had to be used, MKM
was clearly the choice. However, for cases such as cyst
fenestrations or when the lesions were cortically based,
such as meningiomas, the EGN system was very effective.
It is therefore reasonable to state that microscope based
systems and pointer based systems are complementary.

The benefits of any neuronavigational system are: (1)
allowing for detailed preoperative planning including a
tailored skin incision, craniotomy, and smaller corticec-
tomy with minimal brain retraction and (2) allowing to
use the most direct route to the lesion with avoidance of
critical/eloquent areas. The major advantages of robotic
microscopes include the precision made available by
mechanical arms. The preoperative planning allows the
surgeon to instruct the microscope in the planned tra-
jectory, and this can be very useful in keyhole ap-
proaches when the surgeon is operating through a long,
narrow corridor. The microscope can maneuver itself
around either a focal point or a cylinder rim of the corri-
dor to increase the operative viewing angles. The optical
digitizing system within the microscope’s optics obviates
the need for introduction of additional instruments into
the operative field for localization. The HUD allows the
surgeon to maintain concentration on the microscopic
field without turning toward the screen to obtain cur-
rent position. The display updates the contours of pre-
defined lesions and areas and the current focus informa-
tion as well as distances to targets with either verbal or
tactile commands. In addition the controls of the micro-
scope, including menu options, can also be seen in the
HUD. Other technologies that are currently becoming
incorporated with robotic microscopes include endo-
scopes and radiation delivery systems.

The robotic microscopes are not as flexible as tradi-
tional microscopes,9 and the special joystick controls of
the MKM do require a learning period. Similarly, place-
ment of fiducials, although fairly simple, is something
that can result in errors, and again a learning curve is
noted by many studies.23,32 The neuronavigational sys-
tem can fail due to technical problems, such as com-
puter crashes, which were reported to occur in 2.6% of
cases.23 We have noted an improvement in crash occur-
rence with software updates that have taken place over
the past several years. There can be differences in visual
focus and laser auto focus that can lead to discrepan-
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cies,21 and therefore the navigational tool has to use the
autofocus and not the current visual focus of the sur-
geon. One of the biggest drawbacks of the current tech-
nology has to be accommodation of brain shift. Clearly
this is a bigger problem for larger lesions causing mass
effect than smaller ones. This deterioration was re-
ported to be as great as 5 mm at the end of the case in
up to 29% of patients.23 This is worrisome, especially
when the targeted goal is complete removal of a glioma
or a large metastatic lesion. Some of these effects are
countered by good surgical skills that are based on the
surgeon’s ability to distinguish tumor tissue from nor-
mal brain tissue based on texture and vascularity. In
edematous brain this certainly becomes more difficult.
Inaccuracies are compounded in these situations be-
cause the brain is more mobile, and it shifts after cran-
iotomy due to altered intracranial pressure dynamics.
The current neuronavigational technologies are all
equally ineffective at ameliorating this drawback. The
solution has to be real-time intraoperative re-registra-
tion. The intraoperative MRI or CT scan has recently
been promoted for this reason. Intraoperative imaging
and incorporation of ultrasound techniques are the
only known solutions to the problem of brain shift. The
current systems are fairly accurate for most discrete le-
sions; however, larger mass-producing lesions are clearly
still problematic. 
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Radiosurgery combines principles of stereotactic local-
ization with multiple cross-fired beams from a highly col-
limated high energy radiation source.1 This noninvasive
technique has proven to be an effective alternative to
conventional neurosurgery and irradiation for selected
small cranial tumors and arteriovenous malformations.
Because virtually all existing stereotactic techniques rely
on rigid target fixation, almost all cases treated with ra-
diosurgery to date have involved intracranial lesions. Re-
cent improvements in high-speed computing, radio-
graphic imaging, and lightweight linear accelerator
design have led to the development of the Cyberknife: a
frameless image-guided robotic stereotactic radiosurgi-
cal system. The Cyberknife has overcome many of the
limitations of existing radiosurgical systems.

Constraints of Existing 
Radiosurgical Systems

Current stereotactic radiosurgery systems have several
constraints. Existing cranial frame-based systems only
allow access to intracranial or the highest cervical le-
sions. Previous attempts at extracranial stereotactic ra-
diosurgery involved spinal tumors, and these have in-
volved prototypes that require either open surgery2 or
transcutaneous placement of clamps3 to fix bony pro-
cesses. A more recent report reviewed 19 patients with
spine metastases treated with modified linear accelera-
tor radiosurgery using the surgical placement of metal
clamps for rigid fixation.4 However, this surgery, along

with the necessary prolonged anesthesia, subjects a pa-
tient to potential complications (two wound infections
noted in the above 19 patients) and a lengthy procedure
when the open procedure is combined with the radio-
surgical treatment. Fixed frames also limit the treatment
degrees of freedom, and the metal components of
current frames produce imaging artifacts on computed
tomographic (CT) and magnetic resonance imaging
(MRI) scans. Finally, the discomfort associated with
skeletal fixation makes fractionation impractical and the
treatment of children difficult.

Standard radiosurgical instruments such as the Gamma
Knife (Elekta, Atlanta, GA) and conventional linear accel-
erators utilize a fixed isocenter to which all radiation
beams converge. This design works well with spherical tar-
gets but is not ideal for complex or irregular shapes. To
treat nonspherical lesions, these radiosurgery methods
rely on multiple overlapping spherical dose volumes. The
disadvantage of this approach is dose heterogeneity; some
portions of the target are overdosed whereas other regions
are underdosed. A system that involves both shape match-
ing and increased dose homogeneity would improve treat-
ment. Furthermore, a frameless stereotactic radiosurgery
system with greater degrees of freedom would allow treat-
ment of extracranial and even nonneural tumors.

To address these limitations, the Cyberknife, a radi-
cally new technology that uses high-speed computers,
noninvasive image-guided localization, a lightweight
high-energy radiation source, and a robotic delivery sys-
tem has been developed by Accuray, Inc. (Sunnyvale,
CA, USA). The Cyberknife has been used to treat all
types of intracranial lesions, but more importantly, has
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expanded the use of radiosurgery to treat extracranial
lesions within the spine, thorax, and abdomen.

The Cyberknife: Technical
Characteristics

The Cyberknife (Accuray, Palo Alto, CA) (Fig. 12–1) com-
bines three advanced technologies to deliver frameless
conformal radiosurgical doses. The first is a lightweight 6
MV X-band linear accelerator (LINAC), designed espe-
cially for radiosurgery and mounted to a highly maneu-
verable robotic manipulator (GMFanuc, Auborn Hills,
MI, USA). Because the Cyberknife operates at an RF fre-
quency of about 7.5 GHz, compared with 2.9 GHz for a
typical medical S-band LINAC, the dimensions of the
6 MV accelerator cavity are decreased by a factor of 2.5.
Less shielding is required, and the collimators for narrow
radiosurgical fields are much smaller than those re-
quired for large therapeutic fields. This leads to an X-
band accelerator head that measures 25 cm by 45 cm by
70 cm and weighs only 130 kg. A LINAC of this size can
be carried by the robotic arm, whereas the heavier clini-
cal S-band accelerators are far beyond the load limits of
robotic arms and require a substantial gantry mecha-
nism, which limits their positioning capability. The robot
can position and point the LINAC with six degrees of
freedom and has a pointing precision of 0.3 mm.

The second innovation incorporated in the Cyber-
knife is real-time image guidance, which eliminates the
need to position and rigidly immobilize the target via

skeletal fixation (e.g., with a frame). This imaging sys-
tem acquires radiographs of skeletal features associated
with the treatment site, uses image registration tech-
niques to determine the treatment site’s coordinates
with respect to the LINAC robot, and transmits the tar-
get coordinates to the robot, which then directs the
beam to the treatment site. If the target moves, the pro-
cess detects the change and corrects beam pointing.
This process is rapid enough that the system reacts in
near real time to changes in the patient’s position.

The third innovation has been the development of
amorphous-silicon detectors, which has allowed im-
proved radiographic imaging. The Cyberknife localiza-
tion method can in principle be used wherever radio-
paque features are associated with an anatomic target, a
concept that allows the extension of radiosurgical tech-
nique to extracranial sites. Frameless radiosurgery has
already been used to treat sites within the cervical
spine5–8 prior to the use of amorphous silicon detectors.
Earlier x-ray cameras were fluoroscopes consisting of a
gadolinium oxysulfide screen viewed by a light-amplified
video charge-couple device (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 ab-
domen. To overcome these limitations, the previous
cameras in the Cyberknife have been replaced with flat-
panel amorphous-silicon x-ray cameras (dpiX, Palo Alto,
CA).9 These devices have a pixel pitch of 0.125 mm and
acquire flat images that avoid distortions inherent to

FIGURE 12–1. A schematic of the image-guided
radiosurgery system, identifying the major system
components. The 6 MV X-band linear accelerator
(LINAC) (a) is mounted on the arm (b) of the robotic
manipulator. The treatment couch (c) is positioned
between the two x-ray cameras (d) and their re-
spective diagnostic x-ray tubes (e) (Cyberknife, Ac-
curay, Palo Alto, CA).
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lensed or x-ray image intensifier techniques. When im-
ages from these sensors are processed by the new six-
dimension registration software, a tenfold improvement
in spatial resolution results. This imaging software and
hardware have been specifically designed to provide
variable fields of view and magnification ranges that can
be adapted to multiple anatomic 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 exposure9). Such
an exposure corresponds to a dose per image of approx-
imately 25 mrads.

Target Localization 

The components of the imaging system are fixed at
known positions within the treatment room. This pro-
vides a stationary frame of reference for locating the pa-
tient’s anatomy, which in turn has a known relationship
to the reference frame of the robotic arm and LINAC.
As with conventional forms of brain stereotaxy, this ap-
proach assumes a fixed relationship between the target
and the skeletal system. Once the skeletal system has
been located within the imaging system’s coordinate
frame, the position of the lesion is known. The Cy-
berknife determines the location of the skull or spine in
the coordinate frame of the radiation delivery system by
comparing digitally reconstructed radiographs (DRRs)
derived from the treatment planning CT study with radi-
ographs acquired by the real-time imaging system.

The DRRs are produced using a computer model that
replicates the actual fluoroscope geometry and optics,
so that if the patient’s skeletal anatomy is positioned in
the coordinate frame of the treatment room in precisely
the same way as in the treatment planning CT study, the
radiographs and the DRRs will be identical. If the posi-
tioning is not the same, the system calculates the dif-
ferences using either of two different computational
algorithms. One algorithm uses a large database of pre-
computed DRRs to simulate the full range of possible
positions during treatment. The acquired radiographs
are correlated with each of the precomputed DRRs to
obtain a measure of their similarity. The degree of corre-
lation with each DRR is used to interpolate to the most
probable actual position of the cranium or spine in the
imaging reference frame. DRRs are computed prior to
the beginning of treatment; an array processor com-
putes the correlation in near real time during treat-
ment. This algorithm makes accurate measurements of
the translational position but cannot determine all rota-
tional effects. Consequently, a noninvasive head re-
straint maintains the patient’s head and neck orienta-
tion when using this algorithm.

The latest Cyberknife software utilizes a more ad-
vanced algorithm10 that measures both translation and
rotation of the anatomy by iteratively changing the posi-
tion of the anatomy in the DRR until an exact match of
the two radiographs and two DRRs is achieved. This al-
gorithm does not require the database of precomputed
DRRs or the array processor and eliminates the need to
fix the orientation of the patient during treatment.

Once the skeletal position has been determined, the
coordinates are relayed to the robotic arm, which ad-
justs the pointing of the LINAC. The speed of the imag-
ing process and the maneuverability of the lightweight
LINAC on the robotic arm allow the system to detect
and adjust to changes in target position in near real time
(less than a second). With this capability, the rigid
stereotactic frame is not needed as either a method of
positioning the treatment site at a fixed beam isocenter
or a patient restraint.

Treatment Methodology

The Cyberknife operates in a set sequence in which the
LINAC is moved to a prescribed position, the imaging
system acquires target position information, any neces-
sary adjustments are made to beam pointing, and the ra-
diation beam is turned on. A predetermined number of
monitor units is delivered for a set time, and then the
beam is turned off. The LINAC is then moved to a new
position where the process is repeated. This treatment
method accommodates two features of the system: (1)
positioning images are optimally taken with the LINAC
beam off, (2) the robot path from point to point is not
sufficiently well defined to allow the beam to stay on
while the LINAC is in motion.

A unique treatment planning process has been inte-
grated into the treatment delivery system to take advan-
tage of the point-and-shoot scenario used by the Cy-
berknife. The treatment site is taken to be near the
center of a sphere of 80 cm radius. The sphere’s center
is fixed with respect to the patient’s anatomy. Approxi-
mately 300 equally spaced points are defined on the sur-
face of the sphere. The robotic arm moves the LINAC
through space in such a way that the x-ray source stops at
these particular points, which are called nodes. At each
node the robot pauses, the beam is aimed at the treat-
ment site, and irradiation begins as already described.
Although the LINAC stops at fixed nodes on a sphere,
the beam is not constrained to point at the center of the
sphere but can be aimed anywhere within a volume
around the center. Treatment planning consists of se-
lecting from among the fixed nodes and developing a
dose distribution involving beams from each of the se-
lected nodes. Each node has variable dose intensity and
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beam direction, allowing for the delivery of nonisocen-
tric treatment plans.

Programming the LINAC to visit only fixed nodes sim-
plifies the problem of planning the robotic manipulator
paths around the treatment site. The center of the nodal
sphere is nominally located at a fixed point within the
treatment room. Each node is then identified as a point
that the robot can reach without collisions or interfer-
ence from obstacles in the room. This reachability analy-
sis needs to be done only once during system installation
and is unaffected by details of individual treatment
plans. The analysis recognizes that an actual treatment
site, and thus the center of the nodal sphere during
treatment, will not necessarily remain at a fixed point in
the treatment room (given that there is no mechanical
fixation of the patient to an isocenter and the patient
can make small movements during treatment). To ac-
commodate this possible variability in position the
reachability analysis allows latitude for up to 2 cm trans-
lation and/or 5 degree rotation of the nodal sphere in
any direction away from the nominal home position of
the sphere. Thus the treatment plan is unaffected by
small variations in patient position.

In the step-and-shoot patient treatment sequence, a
change in target position during irradiation will not be
detected and compensated for until the beginning of
the next irradiation cycle. Because a minimum of 50 to
100 nodes are utilized, with positioning updates between
each, only 1 to 2% of the total dose fraction is delivered
before a pointing correction is made. Clinical experi-
ence has shown that in the vast majority of patients,
movements are few in number and small in magnitude.
Total treatment time depends on the complexity of the
plan and delivery paths but approximates that of a stan-
dard LINAC treatment. The Cyberknife is capable of
emulating a gantry-mounted LINAC or a Gamma Knife.
It can also produce a wide array of dose distributions for
complex-shaped lesions, which is unachievable with con-
ventional radiosurgery systems. Critical structures adja-
cent to the target can be mapped out and accounted for
during treatment planning, and, by selecting nodes and
optimizing the weight of the radiation dose delivered
from each node, these structures can be spared. Given
that skeletal fixation is not required, fractionation is pos-
sible with minimal patient discomfort.

Accuracy of Dose Placement

The Cyberknife has a dose placement precision compa-
rable to existing frame-based radiosurgery systems. Its
dose placement accuracy has been measured in a series
of tests that simulate both intracranial and spinal treat-
ment scenarios.11,12 The mean total radial error ob-
served was 1.6 mm, with a mean positioning error along

each coordinate axis of ± 0.9 mm. This accuracy incor-
porates all sources of error in the treatment process, in-
cluding uncertainties in target localization during treat-
ment planning, the pointing precision of the robotic
arm, and the positioning accuracy of the image-guid-
ance process. Similar measurements of the application
accuracy of stereotactic frames show an overall probe
targeting error of 1.2 to 2.7 mm that includes treatment
planning error, frame flexure, and other mechanical tol-
erances in the use of the frame.13–15

Treatment Planning

The flexibility of the Cyberknife with respect to beam
placement creates new opportunities for treatment plan-
ning. Because tumors vary in size and shape, as well as
location with respect to critical structures, planning algo-
rithms must be adaptable to a variety of treatment situa-
tions. Conventional radiosurgical systems (e.g., LINAC-
based or the Gamma Knife) are limiting in that their
restrictive kinematics allow only for isocentric based
treatments whereby all radiation beams converge at a
single point. Because the resulting region of high dose is
necessarily spherical,15–18 treatment of nonspherical le-
sions is problematic. The use of multiple isocenters re-
sults in some measure of both overtreatment in normal
tissue and undertreatment within the target. The Cy-
berknife, however, enables the delivery of more complex
treatments in which beams originate at arbitrary points
in the workspace and target arbitrary points within the
lesion. Such flexibility makes it possible to generate
highly conformal treatment plans for irregularly shaped
tumors.

The Cyberknife treatment planning system (TPS) was
developed to take advantage of the kinematic flexibility
of the system. This allows specification of the treatment-
planning problem in terms of geometry (size, shape,
and location of the tumor and critical structures), set of
constraints on the dose distribution, and maximum
number of allowable beams. The system’s output is an
optimal set of beam configurations that will produce a
treatment plan that satisfies the input constraints. The
system considers the geometric relationship among the
tumor, critical structures, and beams of radiation in de-
termining beam configurations. It does not rely on
isocenter-based treatments, nor does it attempt to ap-
proximate the tumor shape with a few basic shapes.

Treatment planning with this system begins by outlin-
ing target volume and other critical structures on CT or
MR images, and the amount of radiation that each can
tolerate is specified. Next, the system uses the contour
data to create a three-dimensional representation of the
tumor geometry, and based on this the system defines an
initial set of beam configurations such that the beams

12851C12.pgsI  2/28/02  10:45 AM  Page 110



Image-Guided Robotic Radiosurgery 111

aim from random orientations at points that are evenly
spaced over the surface of the tumor. Finally, optimiza-
tion techniques are used to determine dose weighting of
the beams to satisfy the specified dose constraints. If the
constraints cannot be satisfied in the context of initial
beam selection, information gained during optimization
is used to select a new set of beam configurations more
likely to satisfy the constraints. This iterative process of
beam selection and optimization continues until the sys-
tem finds a feasible set of beams and weights. The Cy-
berknife then calculates the dose distribution and pre-
sents the plan for review prior to patient treatment.

The Cyberknife’s TPS has two features that enable it to
generate conformal treatment plans for arbitrary tumor
shapes. First, the TPS exploits the Cyberknife’s flexibility
in beam positioning to choose beams based on the spe-
cific geometry of the case being treated. The ability to
generate conformal treatment plans is independent of
tumor shape. It is not based on any a priori classification
of the tumor into “typical” cases, such as spheres or ellip-
soids. Second, the planner uses linear programming to
evaluate the contribution of each beam to satisfy the
dose constraints. It iteratively refines the set of beam con-
figurations to contain only those beams important to the
solution. The iterative nature of the algorithm allows the

system to learn about a problem and eventually deter-
mine an appropriate set of beam configurations.

Clinical Experience—
Intracranial Lesions

Treatment of intracranial tumors with the Cyberknife has
been performed for over six years. As of January 2002,
over 500 patients with intracranial tumors and arteriove-
nous malformations have been treated at Stanford with
doses ranging between 12 and 26 Gy. Worldwide, over
1800 intracranial lesions have been treated at ten cen-
ters, and an additional 80 to 90 patients per month un-
dergo treatment by the Cyberknife. Treatment outcome
in terms of radiographic and clinical response closely
parallels that achieved with standard radiosurgery.19

Clinical Experience—Spinal Lesions

Twenty-one patients with spinal tumors and arteriove-
nous malformations have been treated with the Cy-
berknife at Stanford University to date (Figs. 12–2 and
12–3). These include spinal hemangioblastomas (n = 2),

B

A C

FIGURE 12–2. A 35-year-old male presented with onset of numbness and paresthesias in his
upper extremities. Evaluation revealed a C5 cervical spinal cord arteriovenous malformation,
which was considered to be unresectable using conventional neurosurgical techniques. The pa-
tient underwent Cyberknife stereotactic radiosurgery using a total dose of 21 Gy delivered in
three 7 Gy fractions. The patient’s treatment plan with 80, 70, and 50% isodose lines is shown in
(A) axial, (B) sagittal, and (C) coronal views.
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FIGURE 12–3. A 73-year-old female presented with back pain from a breast metastasis to the
L4 vertebral body. She had received external beam radiotherapy to this site 6 years earlier, with
pain relief for approximately 6 months. Over the past 5 years the pain increased in severity, and
a positron emission tomography scan showed hypermetabolism at the L4 level. A percutaneous
biopsy confirmed active adenocarcinoma. She was treated with Cyberknife stereotactic radio-
surgery to the involved vertebral bone, with the treatment plan shown in (A) axial, (B) sagittal,
and (C) coronal views. Six months following treatment, the patient had significant improvement
in her back pain.

arteriovenous malformations (n = 7), metastases (n = 7),
schwannoma (n = 2), chordoma (n = 1), meningioma (n
= 1), and ependymoma (n = 1). Lesion location varied
from C2 to S1. Results have been promising: no treated
tumor with more than 6-month follow-up has increased
in size, and some have shown dramatic decreases in vol-
ume. None of the spinal patients treated on the Cy-
berknife to date have exhibited clinical or radiographic
evidence of radiation-induced complications.

Conclusions

The Cyberknife was developed to provide state-of-the-art
radiosurgery. Whereas early results with intracranial tu-
mors, arteriovenous malformations, and unresectable
spinal lesions have been promising in themselves, they
also demonstrate the technical feasibility of treating with
image-guided stereotactic radiosurgery. Homogeneous

irradiation of tumors with complex shapes, improved
patient comfort, and the delivery of fractionated therapy
are benefits of this robotically controlled system. Even
though the Cyberknife does not use skeletal fixation,
overall accuracy compares favorably with invasive stereo-
tactic frames.

Decades of clinical experience has established radio-
surgery as an important surgical tool for managing a
diverse set of lesions. From a radiobiological or onco-
logical perspective, there is no fundamental reason the
same principles cannot be applied with equal efficacy to
lesions outside the brain. The current status of radio-
surgery comes about only by happenstance; precision lo-
calization (stereotaxis) was first developed by neurosur-
geons for treating disorders of the brain where accuracy
is of critical importance. Furthermore, the relative so-
phistication of brain imaging prior to the arrival of CT
and a skeletal structure of the cranium that allows at-
tachment of simple external frames of reference were
critical factors in the development of stereotaxy. The

12851C12.pgsI  2/28/02  10:45 AM  Page 112



Image-Guided Robotic Radiosurgery 113

Cyberknife promises to radically change current notions
of the types of tumors and body locations that can be
treated with radiosurgery. In the future this technology
will be applied to small tumors throughout the body in-
cluding the spine, prostate, kidney, liver, and lung.
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Over the past two decades, image-guided needle biopsy
has become an indispensable tool in modern neurosur-
gical practice.1–8 Just as image-guided stereotactic brain
biopsy using reference frames largely replaced freehand
techniques, biopsy using contemporary surgical naviga-
tion systems is gradually displacing frame technologies.
This chapter reviews the principles of stereotactic nee-
dle biopsy, as well as advanced methodologies.

Image-Guided Freehand Stereotactic
Brain Biopsy

The advent of computed tomography (CT) in the 1970s
marked the beginning of the modern era of brain bi-
opsy. Surgeons could for the first time directly “see” the
lesion they wished to sample on an image rather than
infer its location by displacement of cerebral vessels or
ventricular structures. Early efforts to exploit this infor-
mation generally relied on “freehand” methods, often
performed in the CT suite.9–11 A burr hole would be
strategically placed and a biopsy instrument, sometimes
just an angiocatheter, would be advanced to the target
area while intermittently obtaining scans to check on its
proximity to the target. On the rare occasion when the
trajectory was within the plane of the image plane, this
could be a relatively simple procedure, although the ap-
proach may not have been optimal with regard to inter-
vening structures. When the approach crossed image
slices, however, this could be a daunting, time consum-
ing, and often hazardous procedure. Although the tech-
nique still has its advocates,9,12 most practitioners were

eager to adopt a technique that offered unambiguous,
rigid guidance to the lesion.

Image-Guided Frame Stereotactic 
Brain Biopsy

In the late 1970s, it became recognized that CT scans
harbored spatial information that could be mathemati-
cally extracted and applied to existing (or newly devel-
oped) stereotactic frames.5,13 This process usually re-
quired that a frame would be rigidly applied to the
patient’s head prior to imaging, and would remain in
place throughout the entire procedure, literally serving
as a “frame of reference” for all that followed. Some
type of adapter that served as a CT scan encoder was
then secured to the frame in a stereotypical manner
(Fig. 13–1), producing reference marks, or “fiducials,”
on each image slice. The pattern of fiducials on the
slice of interest could then be decoded to derive a coor-
dinate, usually in Cartesian space (i.e., x, y, z) with re-
spect to the frame. A guidance jig could then be set to
direct the biopsy instrument (or other device) to that
coordinate, when affixed to the reference frame (Fig.
13–2). Image-guided frame stereotactic brain biopsy
(IGFSBB) set new standards for low morbidity and diag-
nostic success for brain biopsy.1,4,14–15 Also, the ratio-
nales for targeting and trajectory selection were estab-
lished, better biopsy instruments developed, means of
managing hemorrhage devised,16 and target imaging
extended to magnetic resonance imaging (MRI) and
other imaging techniques.17

13
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FIGURE 13–1. Three-dimensional surface rendering of
Brown-Roberts-Wells (BRW) stereotactic localizer (Radion-
ics, Burlington, MA), used to encode CT scans for stereotactic
localization.

FIGURE 13–2. Brown-Roberts-Wells (BRW) frame atop its
phantom.

Despite the clear advance over freehand techniques,11

IGFSBB was practiced by only a small fraction of neuro-
surgeons and became a niche procedure. Several reasons
probably accounted for this, including that stereotactic
frames were foreign to most practicing neurosurgeons
and that the procedures were often logistically cumber-
some, requiring frame application and imaging prior to
the biopsy later that day, or use of invasive frames capa-
ble of reapplication.

Image-Guided Frameless Stereotactic
Brain Biopsy

Almost a decade after the development of IGFSBB,
three technological developments occurred that, to-
gether, allowed for accurate neurosurgical guidance
without reliance on a stereotactic reference frame: (1)
the three-dimensional (3-D) spatial accuracy of both CT
and MRI substantially improved, allowing for volumes,
not just slices, of image data to be used for guidance; (2)
inexpensive, spatially accurate 3-D digitizers were be-
coming available using sonic or multiarticulated arm
technologies; (3) high-speed, reasonably inexpensive
computers became available that could accurately pres-
ent the location and orientation of a pointing device on
displays of the image volume data.18–20

The procedure remains largely unchanged from the
original descriptions, although the technology has dra-
matically improved. A volume of image data is acquired
that incorporates the target area as well as a reference
region (which may be applied markers to the scalp or
skull, anatomic landmarks, or surfaces with distinctive
features). This imaging may be done days or weeks
prior to the procedure as long as the reference region
and target are not expected to change in that time
frame. At surgery a pointing device that is part of a 3-D
digitizer is used to inform the navigation system of the
location of the patient’s head in the operating room
(Fig. 13–3). Most contemporary systems use passive or
active infrared technology—a stereoscopic charge-cou-
ple device (CCD) camera “sees” reflective or infrared
emitting diodes on the pointing device, which is of
known configuration. As such, the navigation system
can determine the location of the point and axis of the
pointing device within the camera’s field of view. When
using applied or anatomic reference markers, they are
frequently identified in the image volume, then physi-
cally touched with the pointing device. So-called
matched-pair co-registration is among the most accu-
rate ways of achieving registration of image and operat-
ing room space—indeed, when skull-applied fiducials
are used the accuracy may exceed that achieved with
stereotactic frames. This process is usually achieved in
but a few minutes and thereafter allows for real-time
display of the tip of the pointing device and its axis on
the image set. Unless the digitizer is mechanically at-
tached to the head (directly or indirectly), a “dynamic
reference frame” with digitizer-compatible technology
is generally affixed to the head holder to allow the
navigation system to track and compensate for head
motion.

The early capabilities of these systems lent themselves
to use for open craniotomy navigation. It was not until
various schemes evolved for target and trajectory guid-
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FIGURE 13–3. Representation of three-dimensional digitizer
used with many surgical navigation systems. Active or pas-
sive infrared markers on a pointing device are “seen” by dual
charge-coupled devices serving as a stereoscopic camera.
As the physical dimensions of the pointer and camera are
known, the computer can determine the location of the pointer
and its orientation in space.

FIGURE 13–4. Biopsy of this deep-seated pontine metasta-
sis was possible using ultra-accurate skull fiducials with surgi-
cal navigation.

ance, however, that surgical navigation systems became
practical as a means of image-directed brain biopsy.21 In
1999 we published our series of brain biopsies using sur-
gical navigation and scalp fiducials as reference marks.2
The biopsy instrument was stabilized by a flexible instru-
ment holder that is positioned using the SNS, then
locked in place. This provided diagnostic results in
96.3% of cases while limiting sustained neurologic, in-
fectious morbidity and death to 1.4%, 1.4%, and 1.0%
respectively. Results for lesions in the posterior fossa,
however, were substantially worse. It may be that use of
skull fiducials, which provide accuracy superior to that
of stereotactic frames,22–23 may overcome this problem
(Fig. 13–4).

When properly performed, frame or frameless stereo-
tactic brain biopsy may be safely performed as an outpa-
tient procedure when certain management guidelines
are followed. For supratentorial brain biopsy, patients
may be safely discharged if there was not excessive intra-
operative bleeding, the postoperative neurological
exam is unchanged compared with the preoperative
exam, and there is absence of hemorrhage (� 1 cm) on
a nonenhanced CT scan of the brain obtained 2 hours
after the procedure.24

Intraoperative Magnetic 
Resonance Imaging

The development of MRI systems for neurosurgical pro-
cedures allows for a new dimension in stereotactic brain
biopsy.17,25 Preoperative navigational scans are no longer
required because they may be obtained intraoperatively.
More importantly, the location of an MRI-compatible bi-
opsy instrument can be visualized prior to obtaining tis-
sue. This may prove valuable when the target is small
and deep or when it is located near vascular structures.
In this setting we have chosen to use a scalp-mounted
guidance device (Navigus, Image-Guided Neurologics)
that allows for biopsies through a simple scalp puncture
and twist-drill hole (Fig. 13–5).25 By attaching passive or
active markers to the biopsy instrument, the plane(s) of
image acquisition can be oriented to the wand, showing
its orientation throughout its trajectory (Fig. 13–6).

Summary

Image-guided stereotactic brain biopsy continues to
evolve, with the state of the art being navigation-based
biopsy with MRI guidance and monitoring. Multimodal-
ity imaging may assist with optimum target definition
using magnetic resonance spectroscopy (MRS), positron
emission tomography, or other methods of physiological
imaging combined with conventional anatomic data.
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FIGURE 13–5. Navigus guidance device (Image-Guided
Neurologics, Melbourne, FL) allows for guidance in intraoper-
ative magnetic resonance imaging.

With adherence to proper guidelines, biopsy may often
be safely performed in the outpatient setting.

Acknowledgment

The author thanks Ms. Martha Tobin for her assistance
with manuscript preparation.

REFERENCES

1. Apuzzo MLJ, Chandrasoma PT, Cohen D, Zee C, Zelman V. Com-
puted imaging stereotaxy: experience and perspective related to
500 procedures applied to brain masses. Neurosurgery 1987;20:
930–937.

2. Barnett GH, Miller DW, Weisenberger J. Brain biopsy using frame-
less stereotaxy with scalp-applied fiducials: experience in 218
cases. J Neurosurg 1999;91:569–576.

3. Bernstein M, Parent A. Complications of CT-guided stereotactic
biopsy of intra-axial brain lesions. J Neurosurg 1994;81:165–168.

4. Gomez H, Barnett GH, Estes ML, Palmer J, Magdinec M. Stereo-
tactic and computer-assisted neurosurgery at the Cleveland Clinic:
review of 501 consecutive cases. Cleve Clin Med 1993;60:339–410.

5. Kelly PJ, Earnest F IV, Kall BA, Goerss SJ, Scheithauer B, Earnest F.
Surgical options for patients with deep-seated brain tumors: com-
puter-assisted stereotactic biopsy. Mayo Clin Proc 1985;60(4):
223–229.

6. Lunsford LD, Martinez AJ. Stereotactic exploration of the brain in
the era of computed tomography. Surg Neurol 1984;22:222–230.

7. Whiting DM, Barnett GH, Estes ML, et al. Stereotactic biopsy of
nonneoplastic lesions in adults. Cleve Clin J Med 1992;50:48–55.

8. Whittle IR, Denholm SW, Elshunnar K. CT-guided stereotactic
neurosurgery using the Brown-Roberts-Wells system: experience
with 125 procedures. Aust N Z J Surg 1991;61(12):919–928.

9. Goldstein S, Gumerlock MK, Neuwelt EA. Comparison of CT-
guided and stereotactic cranial diagnostic needle biopsies. J Neuro-
surg 1987;67:341–348.

10. Hahn JF, Levy WJ, Weinstein MJ. Needle biopsy of intracranial le-
sions guided by computerized tomography. Neurosurgery 1979;5:
11–15.

11. Lee T, Kenny BG, Hitchock ER, et al. Supratentorial masses:
stereotactic or freehand biopsy? Br J Neurosurg 1991;5(4):331–338.

12. Di Lorenzo N, Esposito V, Lunardi P, Delfini R, Fortuna A, Can-
tore G. A comparison of computerized tomography-guided stereo-
tactic and ultrasound-guided techniques for brain biopsy [see
comments]. J Neurosurg 1991;75(5):763–765.

13. Brown RA. A computerized tomography-computer graphics ap-
proach to stereotaxic localization. J Neurosurg 1979;50:715–720.

14. Chandrasoma PT, Smith MM, Apuzzo MLJ. Stereotactic biopsy in
the diagnosis of brain masses: comparison of results of biopsy and
resected surgical specimen. Neurosurgery 1989;24:160–165.

15. Kulkarni AV, Guha A, Lozano A, Bernstein M. Incidence of silent
hemorrhage and delayed deterioration after stereotactic brain bi-
opsy. J Neurosurg 1998;89:31–35.

16. Chimowitz MI, Barnett GH, Palmer J. Treatment of intractable ar-
terial hemorrhage during stereotactic brain biopsy with thrombin:
report of three patients. J Neurosurg 1991;74(2):301–303.

17. Black PM, Moriarty T, Alexander E III, et al. The development and
implementation of intraoperative MRI and its neurosurgical appli-
cations. Neurosurgery 1997;41:831–842.

18. Barnett GH, Kormos DW, Steiner CP, Weisenberger J. Intraopera-
tive localization using an armless, frameless stereotactic wand. J
Neurosurg 1993;78:510–514.

19. Roberts DW, Strohbehn JW, Hatch JF, Murray W, Kettenberger H.
A frameless stereotaxic integration of computerized tomographic
imaging and the operating microscope. J Neurosurg 1986;65:
545–549.

20. Watanabe E, Watanabe T, Manaka S, Mayanagi Y, Takakura K.
Three-dimensional digitizer (neuronavigator): new equipment for
computed tomography-guided stereotaxic surgery. Surg Neurol
1987;27:543–547.

21. Barnett GH, Steiner CP, Weisenberger J. Target and trajectory
guidance for interactive surgical navigation systems. Stereotactic
and Functional Neurosurgery 1996;66:91–95.

FIGURE 13–6. Intraoperative magnetic resonance imaging
confirms location of biopsy instrument before sample is taken.

12851C13.pgsI  2/28/02  10:45 AM  Page 119



120 Cranial Applications

22. Galloway RL, Maciunas RJ, Latimer JW. The accuracies of four
stereotactic frame systems: an independent assessment. Biomed In-
trument Tech 1991;25:457–460.

23. Wang MY, Maurer CR Jr, Fitzpatrick JM, Maciunas RJ. An auto-
matic technique for finding and localizing externally attached
markers in CT and MR volume images of the head. IEEE Trans Bio-
med Eng 1996;43:627–637.

24. Kaakaji W, Barnett GH, Bernhard D, Warble A, Valaitis K, Stamp S.
Clinical and economic consequences of early discharge after
supratentorial stereotactic brain biopsy. J Neurosurg 2001. In press.

25. Hall WA, Liu H, Truwit CL. Navigus trajectory guide. Neurosurgery
2000;46(2):502–504.

12851C13.pgsI  2/28/02  10:45 AM  Page 120



121

14

Cerebrovascular Applications 
of Image-Guided Surgery

JOSHUA BEDERSON

The majority of treatments for patients with cerebrovas-
cular disease involve modern neuroimaging techniques.
The term image guidance therefore has broad applica-
tions in the fields of cerebrovascular neurology and neu-
rosurgery. The cerebrovascular applications of image
guidance can be separated into four different cate-
gories. These include pretreatment evaluation and plan-
ning, surgical rehearsal, lesion localization, and intra-
operative navigation.

This chapter focuses on selected conditions for which
neurosurgical or endovascular treatments are being con-
sidered. These include intracranial aneurysms, cranial
base lesions, cavernous angiomas, and arteriovenous
malformations.

Pretreatment Evaluation 
of Intracranial Aneurysms

Radiological studies used in evaluating intracranial an-
eurysms include “invasive” studies: catheter cerebral an-
giography, rotational three-dimensional catheter angi-
ography (3-DA), and “noninvasive” studies: computed
tomographic angiography (CTA), magnetic resonance
imaging (MRI), and magnetic resonance angiography
(MRA).

Catheter cerebral angiography and 3-DA provide su-
perior resolution of small vascular structures. Catheter
cerebral angiography remains the gold standard for de-
tection of intracranial aneurysms and is the study of
choice for this purpose, whereas 3-DA provides detailed

anatomical information about aneurysm morphology
and the relationships between the lesion and adjacent
normal vasculature. The level of detail that can be
achieved by catheter cerebral angiography and 3-DA re-
mains unrivaled by the noninvasive methods. However,
catheter cerebral angiography also has disadvantages.
The majority of patients find that despite all precautions
the procedure is painful and uncomfortable. Many
describe postprocedural pain at the femoral artery
puncture site. Although serious complications are rare,
catheter cerebral angiography is associated with a neu-
rological complication rate of as much as 2.0%, leading
to persistent neurological deficits in 0.07 to 0.8%, and
nonneurological complications in 14.7% of patients.1–3

The longer injection of intra-arterial contrast required
by 3-DA adds additional discomfort and may therefore
require heavy sedation that is frequently not tolerated by
sensitive patients.

A number of investigators have recently reported on
the considerable utility of 3-D reconstruction of CT, MR,
and angiographic data for preoperative evaluation of pa-
tients with cerebrovascular disease.1,4–24

Case 1: Pretreatment evaluation of 
a posterior communicating artery aneurysm

Rationale
Surgical planning can be facilitated by visualizing the
craniotomy necessary to expose the aneurysm. This is
particularly valuable for residents and students who are
less familiar with the surgical anatomy. In addition it
may be helpful to understand the anticipated degree of
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proximal control, and the vicinity of the aneurysm to the
anterior clinoid process.

Case description
A 58-year-old female was evaluated for a new left third
nerve paresis, and a left posterior communicating artery
aneurysm was discovered (Fig. 14–1A). Preoperative
CTA with 3-D reconstruction of the volume-rendered
surface was manipulated to simulate the pterional cran-
iotomy required to expose the aneurysm. The preopera-
tive simulation in Figure 14–1B and C predicted the ap-
pearance of the aneurysm and adjacent structures found
at surgery, and facilitated uneventful clipping (Figs.
14–1D and 14–1E).

Discussion
Preoperative simulation of the craniotomy is a useful tool
for teaching neurosurgical residents and students. It can
be helpful to surgeons in predicting the relevant surgical
anatomy such as the degree of proximal control, the
proximity of the anterior clinoid process, and the like.

Limitations
Important soft-tissue structures such as the dura of the
tentorial edge, the optic and occulomotor nerves, and
brain parenchyma are not visualized on the preopera-
tive CTA. Estimating the amount of proximal internal
carotid artery (ICA) control with the pterional exposure
must take this into account.

Case 2: Pretreatment evaluation 
of a middle cerebral artery aneurysm

Deciding whether to clip or coil an intracranial aneu-
rysm depends on several anatomical and clinical factors.
In patients whose clinical status supports both treatment
options the decision is based primarily on anatomical
features such as the size, shape, and location of the
aneurysm; its relation to surrounding anatomical struc-
tures; and the precise configuration of the parent and
perforating vessels. For middle cerebral artery (MCA)
aneurysms, long-term success rates for coiling are high-
est for small aneurysms with small necks, and lowest for
large aneurysms with large necks. It is important to know
the relationship of the aneurysm neck to the M1 and M2
segments, and for clipping, it is helpful to visualize the
structures in relationship to the planned craniotomy.

Case description
A 50-year-old female was evaluated for an intracranial
aneurysm discovered on MRI done to evaluate left-sided
headaches. Catheter angiography revealed three aneu-
rysms of the left MCA: a small lenticulostriate aneurysm,
an anterior temporal artery aneurysm, and a large multi-

lobulated MCA trifurcation aneurysm (Fig. 14–2A). Pre-
operative CTA with 3-D reconstruction and surface ren-
dering defined the anatomy of the three aneurysms
(Fig. 14–2B) and their relation to a standard pterional
opening (Fig. 14–2C). The preoperative simulation in
Figure 14–2C closely predicted the appearance of the
aneurysm and related vasculature that was found at sur-
gery (Fig. 14–2D) and facilitated uneventful clipping
(Fig. 14–2E).

Discussion
In this case preoperative noninvasive imaging with 3-D re-
construction provided additional information about the
anatomy of the aneurysms and their relationship to adja-
cent vascular and bony structures. Preoperative simulation
gave an excellent estimation of the surgical appearance.
However, limitations in the resolution of CTA using single-
slice CT scanners mean that important vessels that are visi-
ble on catheter angiograms and at surgery, such as the
anterior temporal artery, are not seen on the CTA. This
limitation must be considered during surgical planning.

Case 3: Pretreatment evaluation 
of a paraclinoid aneurysm

Case description
A 27-year-old female was found to have a right paracli-
noid aneurysm, demonstrated with a carotid angiogram
(Fig. 14–3A). Preoperative CTA with 3-D reconstruction
and surface rendering defined the anatomy of the aneu-
rysm and its relation to the anterior clinoid process (Fig.
14–3B). The CTA predicted that only minimal drilling of
the anterior clinoid would be required for exposure and
proximal control. The preoperative simulation in Figure
14–3B closely predicted the appearance of the aneurysm
and related vasculature that was found at surgery (Fig.
14–3C) and facilitated uneventful clipping (Fig. 14–3D).

Discussion
In this case preoperative imaging gave a good indication
of how much drilling would be required for proximal
control. Key features of the surgical anatomy (e.g., the
optic nerve and the dura covering the clinoid process)
were not visualized preoperatively.

Case 4: Pretreatment evaluation 
of a paraclinoid aneurysm

Case description
A 47-year-old female was evaluated for an intracranial
aneurysm discovered on MRI done to evaluate left retro-
orbital pain. Catheter angiography demonstrated a
broad-based carotid-ophthalmic aneurysm projecting
superiorly (Fig. 14–4A). Preoperative CTA with 3-D
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FIGURE 14–1. (A). Preoperative left carotid angiogram
demonstrating an inferiorly projecting posterior communicat-
ing artery aneurysm. (B). Preoperative CTA with 3-D recon-
struction and surface rendering. The anatomy of the aneu-
rysm and its relationship to a simulated pterional craniotomy
are shown. (C). The relationship of the aneurysm (a) to the in-
ternal carotid artery (b), the anterior clinoid process (c), and
the posterior cerebral artery (d) is well defined by the recon-
struction. (D). Intraoperative photo during exposure, demon-
strating the surgical anatomy and the position of the clip (E).
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FIGURE 14–2. (A). Preoperative left carotid angiogram demonstrat-
ing three aneurysms of the middle cerebral artery (MCA): a small
lenticulostriate aneurysm (a), an anterior temporal artery aneurysm
(b), and a large multilobulated MCA trifurcation aneurysm (c). (B).
Preoperative CTA with 3-D reconstruction and surface rendering. The
anatomy of the three aneurysms (the labels a, b, c correspond to
those in Fig. 14–2A) and their relationship to the parent arteries are
well defined by this study. (C). The MCA and aneurysms are shown in
relation to a simulated pterional opening, with the head positioned to
approximate the intraoperative view of the aneurysms after exposure.
(D). Intraoperative photo during exposure, demonstrating the surgical
anatomy (labels a, b, and c correspond to the labels in Figs. 14–2A
and 14–2B). Aneurysm is still hidden by a portion of the frontal cortex.
Note that the anterior temporal artery (Ant Temp A.), which is approx-
imately 900 microns in diameter, was not visualized on the preopera-
tive CTA in Figure 14–2B or 14–2C. (E). Postoperative angiogram.
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FIGURE 14–3. (A). Preoperative right carotid angiogram demonstrating a small, inferiorly pro-
jecting paraclinoid aneurysm. (B). Preoperative CTA with 3-D reconstruction and surface render-
ing. The anatomy of the aneurysm (a), in relation to the anterior clinoid process (b), is well visu-
alized and suggests that only a small amount of drilling will be required. The optic canal (c) is
seen, but not the optic nerve. (C). Intraoperative photo during initial exposure demonstrating the
aneurysm (a). In contrast to the preoperative image the anterior clinoid process is hidden by
dura (b), and the optic nerve fills the optic canal. (D). As predicted by the preoperative studies
minimal drilling of the anterior clinoid process was required to secure the aneurysm.

reconstruction and surface rendering defined the rela-
tionship of the aneurysm to the distal internal carotid
artery and the anterior clinoid process (Figs. 14–4B and
14–4C). In contrast to Case 3, these studies indicate that
the aneurysm is surrounded by bone and will require ex-
tensive removal of the anterior clinoid process and
medial sphenoid wing to obtain exposure. Although the
internal carotid artery distal to the aneurysm is well de-
fined by the CTA, the proximal artery and aneurysm
neck are obscured by the surrounding bone. In addition
the ophthalmic artery is not visualized. In this case pre-
operative simulation assists the surgeon in predicting

how much drilling will be required before local proxi-
mal control can be obtained. The surgical anatomy (Fig.
14–4D) closely reflects what was visualized preopera-
tively, which facilitated uneventful clipping (Fig. 14–4E)
and demonstrated angiography (Fig. 14–4F).

Discussion
Preoperative imaging studies provided critical informa-
tion about the bony anatomy and lack of local proximal
control, and facilitated surgical planning. Only the cath-
eter angiogram demonstrated the ophthalmic artery,
and no study fully defined the surgical anatomy.
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FIGURE 14–4. (A). Preoperative left carotid angiogram demonstrating a broad-based paraclinoid aneurysm. (B). Preoperative
CTA with 3-D reconstruction and surface rendering. The anatomy of the aneurysm neck (a) is obscured by surrounding bone.
The optic nerve and ophthalmic artery are not visualized. However, the aneurysm’s relationship to the distal internal carotid
artery (b) and the anterior clinoid process (c) is well defined. (C). Lateral view of the CTA, showing simulation of the operative
approach. (D). Intraoperative photo during initial exposure demonstrating the dome of the aneurysm (a) projecting through the
dura adjacent to the anterior clinoid process and its relation to the internal carotid artery (b), which is partially hidden by arach-
noid. (E). Surgical view after clipping demonstrating the aneurysm (a), the internal carotid artery (b), and the optic nerve (o). Al-
though removal of dura and mobilization of the optic nerve are critical to the success of the procedure, neither structure is visu-
alized by the preoperative imaging studies. (F). Postoperative angiogram.
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Case 5: Pretreatment evaluation 
of a paraclinoid aneurysm

Case description
A 45-year-old female was evaluated for an intracranial
aneurysm discovered on MRI done to evaluate left non-
specific visual complaints and headache. Catheter angi-
ography demonstrated right-sided carotid-ophthalmic
aneurysm projecting superiorly (Fig. 14–5A). Preopera-
tive CTA with 3-D reconstruction and surface rendering
defined the relationship of the aneurysm to the distal
internal carotid artery and the anterior clinoid process
(Figs. 14–5B and 14–5C). As with Case 4, the internal ca-
rotid artery distal to the aneurysm is well defined by the
CTA, but the proximal artery and aneurysm neck are
obscured by surrounding bone. In addition the optic
nerve, the ophthalmic artery, and the dura that encase
the region are not visualized. In this case, although pre-
operative simulation assisted in uneventful clipping and
in predicting how much drilling would be required,
most of the critical structures exposed at surgery (Fig.
14–5D) were not visualized preoperatively.

Discussion
Preoperative imaging studies provided critical informa-
tion about the bony anatomy and lack of local proximal
control, and facilitated surgical planning. Only the cath-
eter angiogram demonstrated the ophthalmic artery,
and no study fully defined the surgical anatomy.

Case 6: Evaluation of postoperative patency 
of a carotid bypass vein graft

Case description
A 62-year-old male presented with panhypopituitarism
from mass effect caused by an enlarging giant aneurysm
of the left internal carotid artery (Fig. 14–6A). The an-
eurysm was treated with a saphenous vein bypass graft
from the common carotid artery to the MCA and proxi-
mal occlusion of the internal carotid artery, as docu-
mented on the postoperative angiogram (Fig. 14–6B).
The surgery and postoperative course were unremark-
able, and the patient returned for radiological follow-up
14 months after surgery. The follow-up CTA demon-
strated patency of the vein graft with no filling of the an-
eurysm (Fig. 14–6C and 14–6D).

Discussion
Noninvasive follow-up imaging confirmed patency of
the graft, occlusion of the aneurysm, and additional de-
tail about the postoperative anatomy. Noninvasive radio-
logical imaging was useful in this patient because surgi-
cal clips and endovascular coils had not been used near

the distal MCA anastomotic site. Had they been used,
the anatomy would have been obscured by artifact.

Case 7: Intraoperative navigation 
for a cavernous malformation

Case description
A 47-year-old female presented with sudden headache
and new seizures. Radiological evaluation led to the di-
agnosis of a right frontal cavernous malformation (Fig.
14–7A). Frameless steretotaxic navigation (Fig. 14–7B)
was used to localize a small frontal craniotomy during
exposure (Fig. 14–7C) and for highly accurate intraop-
erative navigation and lesion localization (Fig. 14–7D).

Discussion
Like its applications in neuro-oncology and diagnostic
stereotaxy, frameless stereotaxy for intraoperative navi-
gation and lesion localization is extremely useful. It per-
mits smaller, less invasive openings, facilitates defining
accurate trajectories, and aids considerably in lesion
localization.

Summary

Noninvasive imaging with CTA and other modalities
that permit 3-D reconstruction is a superb planning tool
with great potential for future development. Current
technologies provide excellent differentiation of major
arteries to demonstrate aneurysm morphology. This in-
formation can be useful in making treatment decisions,
in deciding about optimal treatment (e.g., coiling vs
clipping), and in planning surgical approaches. Defin-
ing arterial structures in relation to the bony anatomy is
also useful in many situations for preoperative surgical
rehearsal. However, lack of true segmentation capabili-
ties means that vascular structures that are surrounded
by bone cannot be readily defined. CTA and other non-
invasive imaging techniques are also useful for follow-up
of known lesions that are treated conservatively. Post-
operative evaluation when clipping or coiling has been
performed usually requires catheter angiography be-
cause of artifact introduced by the clips and coils.

Currently, intraoperative lesion localization and naviga-
tion, although possible with existing technology, are not
generally useful in the treatment of intracranial aneu-
rysms. Preoperative noninvasive imaging is useful for le-
sion localization and navigation for cavernous malforma-
tions and for selected tumors of the cranial base. In these
cases smaller craniotomies and less invasive procedures
are facilitated by stereotaxic intraoperative navigation.
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FIGURE 14–5. (A). Preoperative right carotid angiogram demonstrating a paraclinoid
aneurysm (a) and its relation to the parent internal carotid artery (b) and the oph-
thalmic artery (c). (B). Preoperative CTA with 3-D reconstruction and surface render-
ing. The anatomy of the lateral aspect of the aneurysm neck is obscured by surround-
ing bone. Lateral view of the CTA showing simulation of the operative approach. (C).
Anteromedial view of the preoperative CTA with 3-D reconstruction and surface ren-
dering. The optic nerve and ophthalmic artery are not visualized though the optic
canal is seen (c). However, because the lesion is not surrounded by bone, the aneu-
rysm anatomy (a) and its relation to the internal carotid artery (b) are well visualized.
(D). Intraoperative photo demonstrating the dome of the aneurysm (a), the internal
carotid artery with temporary clips placed proximally and distally (b), the ophthalmic
artery (c), and the optic nerve (d). As with the previous case, although removal of
dura, mobilization of the optic nerve, and exposure of the ophthalmic artery are criti-
cal to the success of the procedure, these structures are not visualzed by the preop-
erative imaging studies. (E). Postoperative angiogram.
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FIGURE 14–6. (A). Preoperative left carotid angiogram demonstrating the giant internal carotid
artery aneurysm. (B). Postoperative angiogram demonstrating initial patency of the bypass graft
and absent filling of the aneurysm. (C). Fourteen-month delayed follow-up CTA demonstrating
patency of the vein graft. (D). Higher-magnification view of the delayed postoperative CTA,
demonstrating the anatomy of the vein graft in relation to branches of the middle cerebral artery.
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FIGURE 14–7. (A). Preoperative magnetic resonance imaging (MRI) demonstrating a right
frontal cavernous malformation. (B) Intraoperative frameless MRI data set, demonstrating local-
ization of the craniotomy and selection of surface landmarks and surgical trajectory. (E). Intraop-
erative photo demonstrating a small craniotomy chosen using image guidance. (D). Intraopera-
tive photo during exposure demonstrating the high degree of correlation between the surgical
surface anatomy and the preoperative images (Fig. 14–7B).
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Image-Guided Brain Tumor Resection
ISABELLE M. GERMANO AND SEIJI KONDO

Surgical treatment of primary brain tumors remains a
considerable challenge for the neurosurgeon. None-
theless, surgery is the mainstay of glioma therapy be-
cause it provides the means of obtaining absolute tis-
sue diagnosis, mapping tumor margins, mechanical
cytoreduction, and guidance of adjuvant therapy such
as brachytherapy, gene therapy, or radiosurgery. Re-
cent developments in computation technology have
fundamentally enhanced the role of medical imaging,
from diagnosis to computer-aided surgery. Today, com-
puter-assisted methods provide real-time information
for dynamic navigation, analysis, and inspection of
three-dimensional (3-D) image structures for preop-
erative surgery, virtual surgery, and intraoperative
localization.

Kelly’s pioneering work to establish volumetric stereo-
tactic resection techniques has provided a basis for as-
sessing the benefits of surgical resection of deeply seated
parenchymal tumors.1 These techniques allow for
proper diagnosis and definitive resection of benign and
circumscribed gliomas as well as for radical cytoreduc-
tion of the bulk of high-grade tumors. Advances in
image-guided technology greatly enhance a surgeon’s
ability to create a plan prior to surgery, to follow it dur-
ing surgery, and to modify the surgical approach based
on intraoperative information.

Although extent of resection of gliomas has not been
analyzed as an influence on outcome in a prospective
randomized trial, recent studies suggest improved
length of survival after aggressive surgical resection.2–7

Berger et al8 have demonstrated that the degree of re-
section and amount of residual tumor are significantly

related to the incidence of recurrence and to the tumor
grade at recurrence. In the past, the task of correlating
preoperative and intraoperative imaging studies was
left to surgeons and depended on their knowledge of
human anatomy. Stereotaxy enabled neurosurgeons to
effectively correlate preoperative images with the pa-
tient’s physical anatomy during the operation. Image-
guidance technology allows the use of “frameless
stereotaxy,” offering accuracy similar to that of stereo-
tactic neurosurgery while obviating some of the limita-
tions.9–10

This chapter reviews the use, advantages, and limita-
tions of frameless image guidance for neurosurgical
treatment of brain tumors using the optical digitizer.
Image guidance for biopsy and minimally invasive resec-
tion of brain tumors is reviewed as is the use of this tech-
nology for the administration of adjuvant treatment. Fi-
nally, the steps of these procedures as conducted at the
authors’ institution are described.

Needle Biopsy

Frameless, image-guided surgery can be successfully
used for brain needle biopsy previously performed
with frame-based stereotaxy. As part of the initial evalu-
ation for an intracranial mass, patients may undergo
stereotactic biopsy, given that numerous studies indi-
cate that presumptive diagnoses based on preoperative
clinical information and imaging studies alone are in-
correct in as many as 25% of cases. With the use of
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image-guided techniques the surgical risk of biopsy has
significantly declined. Therefore, empirically pre-
scribed cytotoxic therapy with radiation or chemother-
apy is usually no longer justified. Image-guided brain
needle biopsy, because of its lesser risk, higher yield,
and greater cost effectiveness, has superseded the for-
mer practice of performing an open craniotomy for
biopsy.11

A hallmark of malignant gliomas is heterogeneity.
Thus, careful planning is imperative to achieve satisfac-
tory results. This includes tissue diagnosis and tissue
sampling that are representative of the whole tumor. A
typical example is that of a primary brain tumor nonen-
hancing after contrast on magnetic resonance (MR) im-
ages except in one or multiple small areas. Studies cor-
relating imaging and histology have shown that the
enhancing areas most likely contain tumor cells with
anaplastic features and possibly of higher tumor grade.12

Obtaining serial biopsies through the bulk of the tumor
in a stepwise fashion increases the likelihood of accurate
diagnosis. To that end, computer-assisted treatment
planning programs are invaluable in selecting a safe and
effective trajectory for biopsy. Frozen section analysis
provides reassurance of a diagnostic biopsy prior to end-
ing the procedure but should never be considered as
sufficient to guide further therapy.

Fusion of positron emission tomography (PET) and
MR spectroscopy (MRS) images has been reported to be
useful in several areas of neurosurgery.13 In most image-
guided systems commercially available, these images can
be fused to the routine preoperative MR images. This
feature offers a promising role for MRS and especially
for PET to enhance the intraoperative accuracy of
image-guided stereotactic biopsy by intraoperatively
guiding the biopsy to the regions of maximal metabolic
rate and presumably highest tumor grade.

When planning a routine diagnostic biopsy a few tech-
nical aspects must be remembered. In particular, it is im-
portant to acknowledge that the radiographic appear-
ance of glioblastomas and metastasis in some cases is
characterized by a ring-enhancing appearance after con-
trast on preoperative images. The center of the lesion
may consist of fluid or necrosis. In either case, when tar-
geting the lesion, care should be taken to avoid the cen-
ter of the lesion as the first or only target. If fluid is pres-
ent within the lesion, drainage of it will cause brain
shifting, and any additional biopsy at the same setting to
obtain diagnostic tissue will most likely be unsuccessful.
On the other hand, if necrotic tissue is obtained, it
would not be diagnostic. Thus we advocate targeting the
periphery first.

The senior author performs all diagnostic biopsies
using the frameless equipment as previously reported.11

Exceptions include brain stem biopsies when using a

supratentorial approach and biopsy of lesions less than
1.5 cm in maximum longitudinal diameter.

Minimally Invasive Craniotomy 
and Open Resection

Intraoperative navigation allows the surgeon to locate a
minimally invasive craniotomy flap, thereby reducing
the size of the opening and optimizing the center of the
craniotomy window. It is important to stress that en-
doscopy and ultrasound lack this important first step in
preparing for resection of a brain tumor.

Although the benefit of aggressive resection of pri-
mary brain tumors, particularly high-grade malignan-
cies, remains controversial, there is increasing clinical
evidence that “complete” resections can prolong the pa-
tient’s quality of life and extend survival.2–8 It should be
emphasized that when talking about volumetric resec-
tion or gross-total resection of a primary brain tumor,
this is pertinent only to the “bulk” of the tumor. It is well
known that gliomas have infiltrative cells beyond the
limit of the resection that require adjuvant treatment in
addition to surgery. Thus the image-guided navigator is
helpful in allowing volumetric resection of the “ring-
enhancing” lesion, typical of high-grade gliomas (Fig.
15–1), or the circumscribed area of “decreased signal in-
tensity,” typical of low-grade gliomas on MR images (Fig.
15–2).

Prior to beginning the operation, we perform “virtual
surgery” on the computer screen. This step is usually
conducted during the induction of anesthesia. When
planning for resection of gliomas it is very important to
have a precise understanding of the cortical eloquent
areas surrounding the tumor (Fig. 15–3). In most cases,
eloquent areas such as Broca’s area and motor and sen-
sory cortex can be visualized by the help of the recon-
structed triplanar and 3-D images14 (see Figs. 15–1B and
15–2B). Additionally, functional MRI can be fused to the
anatomical views to increase the accuracy of functional
localization. Although in our experience image guidance
provides a very accurate identification of eloquent areas,
we confirm our preoperative impression with intraopera-
tive electrophysiological cortical mapping (see Fig.
15–3).

After the craniotomy flap is elevated and prior to be-
ginning the corticotomy, it may be appropriate to per-
form cortical mapping with bipolar electrical stimula-
tion. Intraoperative motor mapping may be used to
minimize the risk of transversing the primary motor cor-
tex. More importantly, functionally eloquent regions of
the secondary motor associational cortex can be identi-
fied intraoperatively using mapping techniques. The
phase reversal seen in somatosensory-evoked potential
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FIGURE 15–1. Brain magnetic resonance (MR)
images after contrast of a 54-year-old woman pre-
senting with left upper-extremity weakness. (A).
Preoperative MRI shows the presence of a ring-
enhancing lesion in the right frontal premotor cortex
suggestive of a glioblastoma. (B). Three-dimensional
reconstruction used for preoperative planning and
intraoperative guidance, showing the cortical sur-
face with the sulci, veins, and tumor (the arrow indi-
cates the central sulcus determined preoperatively
and confirmed intraoperatively) (CBYON system,
Palo Alto, CA). (C). Postoperative MRI performed
24 hours after image-guided surgery showing volu-
metric resection of the tumor bulk. Histology con-
firmed the presence of glioblastoma. Postoperatively,
the patient regained full strength of the left upper
extremity.

recordings obtained from electrode arrays placed across
the sensorimotor cortex is also very helpful in determin-
ing eloquent sensory-motor areas (see Fig. 15–3). Addi-
tionally, this technique does not require the patient’s co-
operation, and it is less time-consuming. Visual-evoked
responses are occasionally employed to variable effect.
Expressive language is tested using counting, alphabeti-
cal naming, and sentence-generation tests.

The use of the ultrasonic aspirator at low settings has
been crucial to assure adequate resection of gliomas
without overmanipulation of surrounding edematous
and functionally compromised parenchyma. Image
guidance benefits from the “inside-out” approach to de-
bulk and to develop a pseudocapsular plan between the
tumor bulk and the surrounding parenchyma.

At the conclusion of the resection procedure, the sur-
gical work space is again sequentially sampled to con-
firm accomplishment of the planned surgical task (Fig.
15–4). On numerous occasions, a reappraisal is in order
to reevaluate subjective intraoperative impressions re-
garding resectional volumetric estimates. The surgical
judgment as to how to interpret these data is informed
by numerous considerations not necessarily demon-
strated on imaging studies.

Image-guided technology improves the extent of re-
section by better directing the approach to the lesion
by clarifying the margins for resection when they are ir-
regular or ill defined, by speeding resection and limit-
ing surgeon fatigue, by identifying residual tumor after
initial resection efforts, and by minimizing surgical
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FIGURE 15–2. Brain magnetic resonance
(MR) images after contrast of a 37-year-old
woman presenting with new onset of seizure
disorder. (A). Preoperative MRI shows the
presence of an area of low-signal intensity in
the right frontal area suggestive of a low-grade
glioma. (B). Three-dimensional reconstruction
used for preoperative planning and intraopera-
tive guidance (CBYON system, Palo Alto, CA).
(C). Postoperative MRI performed 24 hours
after image-guided surgery showing volumetric
resection of the tumor bulk. Histology con-
firmed the presence of an oligodendroglioma.

morbidity when related to navigational disorientation.
This leads to fewer reoperations, better results from
adjuvant therapies, and more predictable clinical
outcomes.

Image-Guidance Caviats during
Resection of Brain Tumor: 
Brain Shift and Images Updating

The surgeon should be familiar with the limitations and
potential sources of error of the navigation system in
use. Additionally, other sources of error, in particular
brain shift and lack of real-time updating of images,
should be kept in mind when using image guidance for
tumor resection.

Intracranial shifts encountered during evacuation of
cerebrospinal fluid from enlarged ventricles associated
with centrally located tumors may prove to be a chal-
lenge to image guidance in terms of refining the surgi-
cal approach to the lesion. Shifts of intracranial soft
tissue over the duration of the operation have been doc-
umented.15 However, these have proven to be of remark-
ably less concern than initially feared. Nonetheless, dif-
ferent algorithms have been investigated to address
these issues, including automated intraoperative, non-
rigid body re-registration.

Brain shift has long being documented. This is most
pronounced over the convexity and the poles, and it is
minimal for the deep structures and structures in conti-
nuity with the dura, such as the corpus callosum and
hippocampus.16 Several strategies have been devised to
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FIGURE 15–3. (A). Brain magnetic resonance (MR) im-
ages after contrast of a 51-year-old woman presenting
with expressive dysphasia and dysarthria showing a
left frontal enhancing lesion suggestive of high-grade
glioma. Arrow indicates the central sulcus as determined
preoperatively using the image-guided planning software
(StealthStation, Medtronic SNT, Louisville, CO) and con-
firmed intraoperatively by cortical mapping. (B). Intraop-
erative photograph showing the craniotomy window,
dural opening, and electrode strip used to perform corti-
cal mapping to confirm the location of the central sulcus.
Note the fullness of the brain (see text). (C). Postopera-
tive MRI performed 24 hours after image-guided surgery
showing volumetric resection of the tumor bulk. Histology
confirmed the presence of glioblastoma. The patient’s
dysphasia improved significantly after surgery.

minimize shift.1,17–19 In our practice, we follow the steps
listed in Table 15–1 to minimize brain shift. When
preparing to resect an intracranial tumor we avoid the
use of mannitol and other diuretics. Hyperventilation
is usually sufficient to significantly decrease the in-
tracranial pressure and allow safe opening of the dura.
The patient undergoes hyperventilation with a pCO2 in
the low twenties (20–25) torr. Typically, a greater “full-
ness” of the brain is tolerated when opening the dura
to minimize “shift” secondary to massive diuresis (see
Fig. 15–3). Naturally, the aggressive debulking of the
tumor will decrease the intracranial pressure and ren-
der dural closure possible without any additional ma-
neuver. In fact, in most cases, hyperventilation is re-
duced as soon as the bulk of the tumor is removed. We
also carefully avoid the placement of lumbar or ventric-
ular drains to avoid cerebrospinal fluid (CSF) diver-

sion. Should postoperative CSF diversion be necessary,
the drain is inserted prior to the surgery and kept
clamped during the resection. When possible, surgery
near the cyst is deferred until the end to avoid punc-
ture of the cyst. En bloc resections are preferable to
piecemeal resections for minimizing brain shift. Picket
fencing techniques19 are used prior to the resection to
determine the depth of the tumor (see the section, In-
traoperative Procedure).

Despite the registration of image space to physical
space, digital scan information remains historical data
and it is subject to becoming outdated during the course
of surgical manipulation of the tissues. By digitizing the
video output from intraoperative visualization tech-
niques, such as ultrasonography, endoscopy, tomogra-
phy, and electrophysiological recordings, these images
can be treated as another source of spatially registered
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FIGURE 15–4. (A). Intraoperative computer
screen photograph showing in clockwise
fashion from the upper left panel coronal,
sagittal, three-dimensional, and axial refor-
matted magnetic resonance (MR) images.
The real-time location of the bipolar forceps
used in (B) is indicated by the hairline cross-
ing on the triplanar images. (B). Intraopera-
tive photograph showing the bipolar forceps
holding a silk suture while demarcating the
periphery of the tumor with real-time feed-
back from the computer screen (see text).
(C). Intraoperative computer screen photo-
graph showing the real-time location of the
bipolar forceps on the preoperative MR im-
ages at the end of the resection, checking
for accuracy of extent of resection. From the
upper left panel in clockwise fashion the fol-
lowing MR images are shown: coronal, sagit-
tal, trajectory 1, axial, three-dimensional, and
trajectory 2. Trajectory views are images re-
formatted in planes orthogonal to the bipolar
forceps. (StealthStation, Medtronic SNT, Louis-
ville, CO)

TABLE 15–1. Strategies to minimize brain shift during
aggressive resection of brain tumor

Use hyperventilation
Avoid diuretics, including Mannitol
Avoid CSF diversion by spinal drain/ventricular tap/opening of

ventricles
Mark tumor margins before resection
Remove tumor en bloc
Avoid puncture of tumor cyst(s)

medical information.20–21 We have used the ultrasound
(Aloka 5000, Wallington, CT) interfaced with the
StealthStation (Medtronic SNT, Louisville, CO) to guide
the resection of over 100 gliomas. This technique was
deemed helpful in most instances (Fig. 15–5) to update
the preoperative images. Additional details of our work
on this topic will be published elsewhere. This topic also
is covered in Chapter 16.
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FIGURE 15–5. Brain magnetic reso-
nance (MR) images after contrast of a
64-year-old woman with recurrent glio-
blastoma undergoing gene therapy (see
text). (A). Preoperative MRI. (B). Post-
operative MRI performed 24 hours after
image-guided surgery showing volumet-
ric resection of the tumor bulk. (C,D).
Intraoperative computer screen photo-
graph showing the preoperative MR im-
ages in the upper and left lower panels
and the updated intraoperative ultra-
sound in the right lower panel (C) before
tumor resection and (D) after tumor re-
section. The crosses on the ultrasound
image correspond to the crosses delin-
eating the tumor on the MR image re-
constructed in the plane of the ultra-
sound probe (left lower panel). Note the
lack of an echogenic mass in (D) on the
ultrasound image, indicatating a gross
total resection of the tumor bulk. (Stealth-
Station, Medtronic SNT, Louisville, CO;
Aloka 5000, Aloka, Wallingford, CT.)
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Gene Therapy and Adjuvant Treatment

Adjuvant treatment after aggressive resection of primary
brain tumor or without surgery in combination with
conventional radiation has long been used for treatment
of gliomas. Perhaps the first report of the use of stereo-
tactic techniques for adjuvant treatment of brain tumors
was by Murtagh et al in 1956.22 These authors instilled
32P into the cyst of a craniopharyngioma.

In the past decade, image-guided surgery became in-
creasingly important in targeting administration of adju-
vant treatment for brain tumors. Although there are sev-
eral modalities that have been reported to be of value in
the treatment of brain tumors, the combination of tech-
niques seems to show the most promising results.2–7,23–24

We recently presented our results on administration of
gene therapy in 11 patients with recurrent glioblastoma
(NIH-R03-CA-82804–01). Intraoperative image guid-
ance was essential in this clinical study to ensure the ac-
curacy of resection and treatment delivery. A detailed re-
port will be published elsewhere.

Intraoperative Procedure

Intraoperative data display, planning, 
and virtual surgery

Details on image acquisition are described in Chapter 4.
After the preoperative images are transferred to the
computer, the software planning system allows the sur-
geon to create an intraoperative display semiautomati-
cally to achieve optimal presentation of relevant surgical
data. The surgeon selects those images deemed to be
most beneficial for intraoperative viewing. Multiple im-
ages can be simultaneously displayed in separate display
quadrants of the planning system. The display may in-
clude a 3-D rendering of the cranial contents as well as
reformatted scan sets with triplanar and 3-D reconstruc-
tion (see Fig. 15–4A) or reconstruction based on an or-
thogonal approach view (see Fig. 15–4C). As the patient
is being prepared for surgery and anesthesia is induced,
we proceed with simulation of the procedure on the
computer. This allows the neurosurgeon and the neuro-
surgeon-in-training to optimize the size and location of
the craniotomy. Additionally, the location of eloquent
areas can be visualized (see Fig. 15–3) and a surgical
plan constructed to avoid them. Additional details on
virtual surgery can be found in Chapter 4.

Registration and intraoperative navigation

After adequate anesthesia is achieved by general anes-
thesia or intravenous sedation, the patient’s head is im-

mobilized in a pinion head holder to maintain the regis-
tration relationship between the fiducial markers and
the reference frame throughout the operation. When
intravenous sedation is used, local anesthesia is used
prior to placement of the head holder. After proper po-
sitioning of the patient and before registration of image
space to physical space, a reference emitter is attached
to the head holder. Registration of image space to physi-
cal space is then accomplished (see Chapter 4). At this
point, the surgeon can use any surgical instrument with
light emitting diodes (LEDs) to localize in real time on
the preoperative images the location of the surgical in-
strument in relation to the patient’s anatomy (see Fig.
15–4). Typically, we localize the tumor on the patient’s
scalp. This helps us to tailor a centered and minimally
invasive bone flap. After the dura is opened, for tumors
abutting the surface, tumor boundaries are established
using the neuronavigator before starting the resection.
Different techniques for marking the tumor perimeter
have been described—we prefer the simple method of
depositing a silk suture on the cortex while observing on
the computer screen the location of the forceps holding
the suture superimposed on the presurgical images (see
Fig. 15–4). To establish the depth, picket fencing tech-
niques are used.19 The senior author uses the ultrasonic
aspirator at low setting (25%) as a cutting knife to per-
form en bloc resections when feasible.

Conclusions

Current image-guided techniques provide the surgeon
with new tools to plan and execute accurate and mini-
mally invasive surgery for brain tumors. When coupled
with good clinical judgment, they provide guidance in
determining what is safely operable and may maximize
the extent of the surgical resection. Intraoperative ultra-
sound may expand the utility of this technology by pro-
viding real-time updating of the images and allowing the
surgeon to compensate for shift caused by positioning
and resection. Cost-effectiveness evaluation of this tech-
nology has indicated that the use of this equipment is as-
sociated with a shorter hospital stay10 and other poten-
tial financial benefits.25 Because of these advantages, the
authors have no doubt that image-guided resection of
brain tumors will be considered standard-of-care in the
near future.
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Intraoperative Image Update 
by Interface with Ultrasound

MITCHEL S. BERGER AND G. EVREN KELES

Despite advances in medical imaging techniques and
their routine preoperative use, real-time intraoperative
information regarding anatomy remains of significant
importance to the neurosurgeon. Accurate localization
of neurosurgical targets is essential to minimize surgical
morbidity. To reach this goal, ultrasound was extensively
used in neurosurgical procedures during the last quar-
ter of the twentieth century, and the echogenic charac-
teristics of various lesions were defined.1 In addition, the
quality of ultrasound images has improved significantly
with newer technologies, and greater penetration at
higher frequencies is achieved with new signal encoding
techniques.

Ultrasound’s most important advantage is its capabil-
ity to depict in real time the anatomical characteristics
of the surgical field. Furthermore, it does not require ra-
diation, it is easy to use, and it is relatively inexpensive.
Real-time information obtained from ultrasound images
is helpful during both cranial and spinal procedures. In-
traoperative ultrasound has been used to localize sub-
cortical and deep lesions including tumors, abcesses,
and hematomas; to define tumor margins; to evaluate
the completeness of resection; and to determine the
presence of surgical complications. During spinal proce-
dures, a higher-frequency ultrasound probe may be used
to verify that the bone removal is adequate to expose the
entire solid component of a tumor. In addition, intra-
medullary lesions as well as pathologies located anterior
to the spinal cord may be visualized by intraoperative
ultrasonography.2

Neuronavigation

The development of neuronavigation systems was an-
other major technical advance in neurosurgery. Neuro-
navigation methods help the neurosurgeon in planning
surgery and approaching the tumor as well as during re-
section and in evaluating the extent of resection. Al-
though conventional neurosurgery training and subse-
quent experience enable the surgeon to navigate safely
within the brain parenchyma, additional intraoperative
anatomical information is valuable, especially in situa-
tions where individual anatomical variations or prior
treatment complicates the anatomy. Tumors, together
with their surrounding edema, often distort normal ana-
tomical relationships and thus pose a significant chal-
lenge to the neurosurgeon trying to navigate using con-
ventional landmarks. Intraoperative image guidance
may also provide critical information during resection
of tumors with a consistency similar to normal brain tis-
sue by delineating T2-weighted imaging margins.

The primary components of any contemporary navi-
gational system include registration of the surgical tar-
get with respect to surrounding structures and physical
space, interacting with a localization device, integration
of real-time data, and interfacing with a computer.3 Data
from multiple images can be integrated using either nat-
ural landmarks or external fiducial markers. Frameless
stereotactic navigation systems include ultrasonic digi-
tizer systems, magnetic field digitizers, multijointed en-
coder arms, infrared flash systems, and robotic systems.
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Multiple registration techniques are available to map
images with respect to each other and to the surgical
field. Regardless of the preferred registration method,
frameless systems may provide an advantage over frame-
based systems in defining precise localization because
distortions of imagery are likely to be reflected in the
landmarks as well as in the anatomy of interest. In addi-
tion, because frameless systems do not require fixation
to an immobile frame, they may be used for cran-
iotomies and spine surgeries. Several frameless stereo-
tactic systems are now available for use in procedures
together with ultrasound and light-emitting diode
(LED)-based localization or with magnetic field-based
tracking systems.4–5

Accuracy of a frameless stereotactic system using an in-
strument holder was assessed for images acquired using
magnetic resonance (MR) or computed tomography
(CT) scans.6 In the first phase of the study, which con-
sisted of 258 laboratory measurements on phantom
frameless stereotactic procedures, a mean error of 1.1 ±
0.5 mm was found for CT-guided procedures, whereas the
mean error rate was 1.4 ± 0.7 mm for MR-based stereotac-
tic procedures. The clinical phase of the study, conducted
on 21 procedures for intracranial mass lesions, revealed a
mean linear error of 2.6 ± 1.9 mm and 2.5 ± 0.7 mm for
MR and CT, respectively. In another study, the authors
evaluated target-localizing accuracy of a neuronaviga-
tional system with passive optical tracking where reflec-
tion of infrared flashes from reflectors placed on surgical
instruments was tracked by camera arrays.7 In a study pop-
ulation of 125 patients with mostly tumor patients, a
mean error rate of 4 ± 1.4 mm was detected.

Sononavigation

Alteration of the surgical anatomy of the lesion and sur-
rounding structures may be the result of intraoperative
displacement of the brain tissue due to surgical retraction
or the resection cavity itself, as well as the shift caused by
cerebrospinal fluid leakage. Roberts et al8 reported their
quantitative analysis of intraoperative cortical shift and
deformation resulting in loss of spatial accuracy in the
surgical field co-registered to preoperative imaging stud-
ies. Their results, based on 28 operative cases, showed a
displacement of an average of 1 cm, with the dominant di-
rectional component being associated with gravity. The
authors concluded that this loss of spatial registration
with preoperative images, which did not correlate with
the position, orientation, or size of the craniotomy, must
be taken into account to achieve success during surgery.

The combination of neuronavigation systems with
data obtained from intraoperative ultrasound has pro-
vided the opportunity to partially overcome errors due

to tissue movement. Ultrasound has the unique distinc-
tion among other imaging modalities of producing real-
time images. However, images are often difficult to in-
terpret because echogenic structures cannot reliably
discern normal from abnormal tissue. Additionally,
blood products in the surgical field may cause misin-
terpretation of ultrasound images. Intraoperative ultra-
sound is controlled by a workstation that is attached to
a transducer connected to a tracking attachment that
tracks the position and orientation of the transducer
and reports this information to the workstation. The po-
sition of the transducer is then recorded in coordinates
with respect to both patient and physical space. These
coordinates are then transformed onto maps created by
MR or CT images.4,9–10

At our institution, for neuronavigation we use the
StealthStation Image-Guided Surgery Platform (Surgical
Navigation Technologies, Louisville, CO). Real-time in-
traoperative ultrasound data are provided by the SSD-
2000 ultrasound machine (Aloka Company, Walling-
ford, CT) (Fig. 16–1). The 5 MHz ultrasound probe is
attached to a frame with four LEDs (Fig. 16–2). As the
probe is turned in any plane, the image corresponds di-
rectly to the same plane on MR. The registration accu-

FIGURE 16–1. Operating room view with the Stealth naviga-
tion system (Medtronic SNT, Louisville, CO) (left) and the con-
nected ultrasound setup (right).
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FIGURE 16–2. Image depicting the 5 MHz ultrasound probe
with the attachment necessary for tracking by the Stealth neu-
ronavigation system.

racy between MR and ultrasound is between 1 and 2
mm. The first step is to align landmarks that typically do
not shift (e.g., falx, choroid plexus) to make certain the
ultrasound image corresponds to the same MR anatomy
(Fig. 16–3). The boundaries of the lesion on ultrasound
are marked and this also appears on the MR scan (Fig.
16–4). As the resection proceeds, the brain shift at dif-
ferent depths can be calculated, and this is configured
when using the navigation probe to correct for the de-
gree of shift (Fig. 16–5). Color Doppler may be used to
visualize arteries (Fig. 16–6).

One of the earlier neuronavigation systems based on
intraoperative ultrasonography for the verification of lo-
calization was developed at the University of Oulu, Fin-
land.11 The Oulu neuronavigator system enabled detec-
tion of brain shift and delineated contrast-enhancing
tumor regions by overlaying the MR images onto the in-
traoperative ultrasound image.

Use of a hands-free stereotactic ultrasonic device ef-
fectively monitored volume changes and anatomical
shifts in a study reported by Giorgi and Casolino.4 In an-
other study, ultrasonographic registration was utilized in
conjunction with a frameless stereotactic neuronaviga-
tion system.12 The authors used a computer system
where CT or MR data were reconstructed in a new plane
according to the location and orientation of the ultra-
sound probe. Subsequently, reformatted CT or MR data
were superimposed with intraoperative information ob-
tained by the ultrasound, allowing real-time adjustment
of preoperatively acquired imaging data.

Comeau and colleagues13 reported their experience
with mapping intraoperative ultrasound information to
preoperative MR and CT data. In a recent report by the
same group, the authors showed that homologous points
may be mapped from the intraoperative to the preopera-
tive image space with an accuracy of better than 2 mm.14

A similar accuracy of 1.36 mm was also reported by Palla-
troni et al.15 However, the greatest potential error is
caused by intraoperative brain shift and not by recon-
struction of the target. To eliminate this problem, Roberts
et al16 suggested the use of a computational method

FIGURE 16–3. Preresection image dem-
onstrating that the falx is in perfect align-
ment on both ultrasound and magnetic
resonance, indicating excellent registra-
tion accuracy.
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FIGURE 16–4. Preresection intraopera-
tive ultrasound demonsrating the margins
of the lesion.

based on data from intraoperative ultrasound and by
tracking cortical displacement with digital images.

Conclusions

Despite extensive developments in image-guided sur-
gery, it is still unclear whether patients harboring brain

tumors benefit from the use of neuronavigation tech-
niques in terms of lower morbidity, quality of life, and
overall disease control. These issues, in addition to cost-
effectiveness, have yet to be evaluated in prospective
randomized studies. With their current use, intraopera-
tive image-guidance techniques help the neurosurgeon
in planning and performing surgery as well as in evaluat-
ing the extent of resection. In addition, the refinement

FIGURE 16–5. Following resection, the
cortical surface has shifted.
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FIGURE 16–6. MR (left) and Doppler
(right) demonstrating an artery in the sub-
arachnoid space seen on the Doppler
image (arrow).

of surgical navigation methods will enable the precise
delivery of multimodal therapies including cell trans-
plants, chemotherapeutics, and molecular tools for gene
therapy.17–19
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Magnetic resonance imaging (MRI), in comparison to
computed tomography (CT) and ultrasound, provides
multiplanar imaging with a high soft-tissue resolution. It
is generally accepted that MRI is the method of choice
for the preoperative diagnostic evaluation of intracra-
nial tumors. However, the closed-bore superconducting
cylindrical design of MR scanners, with relatively long
imaging times and difficult patient access, prevented
their intraoperative application when MRI was intro-
duced in clinical diagnostics. As a result, intraoperative
imaging for evaluation of the resection completeness of
a tumor was first investigated by ultrasound1–3 and CT,4–8

but the initial imaging quality and lesional resolution
were not very satisfactory.

The development of MR systems with an open config-
uration has initiated the adaptation of these systems to
the operating room (OR). Black and colleagues intro-
duced a dedicated MRI system for intraoperative use in
neurosurgery at Boston’s Brigham and Women’s Hospi-
tal.9 Their MR scanner was developed in collaboration
with the General Electric Company. The GE scanner
(0.5 Tesla Signa SP) has solved the problem of patient
access in a cylindrical MR system with the so-called dou-
ble doughnut design. The central segment of the cylin-
drical system is removed, allowing patient access
through this vertical gap. An alternative to the design of
a dedicated MR system for intraoperative use was our
adaptation of an open MR scanner that was originally
designed for diagnostic use only. The 0.2 Tesla Magne-
tom Open scanner (Siemens AG, Erlangen, Germany)
was adapted for intraoperative implementation in coop-
eration with the Siemens company and the departments

of neurosurgery at the Universities of Heidelberg and
Erlangen.10–11 The unit has a biplanar magnet design
that uses a resistive magnet. The C-shaped design with a
horizontal gap allows wider access for patients.

The initial Erlangen concept,12 developed in 1994,
was based on the installation of the MR scanner in a
twin-operating theater in combination with two neuro-
navigation systems, which allowed intraoperative imag-
ing in combination with frameless stereotaxy, so-called
neuronavigation. Subsequently the Magnetom Open
was installed in our OR in 1995. Soon thereafterafter, we
incorporated magnetoencephalography (MEG) and func-
tional MRI (fMRI), which allowed intraoperative identi-
fication of eloquent brain areas, a method also known as
functional neuronavigation.13–16

Rubino et al17 were the first to report on the extension
of this concept of surgery in the fringe field of the Mag-
netom Open scanner, which we had introduced for
transsphenoidal procedures. They performed open cra-
nium procedures directly on the MR table, with the
head placed near the 5 Gauss line but without using ad-
ditional neuronavigation guidance. In spring 1999, we
began performing open cranium surgery in the fringe
field of the MR scanner using the new NC4 navigation
microscope (Carl Zeiss AG, Oberkochen, Germany),
which could be operated in the low-magnetic field
and rendered lengthy intraoperative patient transport
unnecessary.18

To date, intraoperative MRI has been investigated in
over 300 patients. Like other groups of investiga-
tors9,11,17,19–23 we have not observed any negative effects
of intraoperative MRI. In our experience, intraoperative
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FIGURE 17–1. Operating theater setup with a 0.2 Tesla Magnetom Open MR scanner. There
are three possible operating sites: (I) inside the scanner for interventional procedures, (II) at the
5 Gauss line for transsphenoidal surgery and craniotomy procedures using the NC4 navigation
microscope, and (III) in the adjacent conventional operating room using the robotic MKM micro-
scope (Zeiss, Oberkochen, Germany).

MRI is indicated in the surgical treatment of gliomas, es-
pecially low-grade gliomas, ventricular tumors, epi-
lepsy,24 and complicated pituitary tumors. Furthermore,
intraoperative MRI could be used to compensate for the
effects of brain shift, if in complicated cases tumor rem-
nants were to be localized in the surgical field and ongo-
ing neuronavigational guidance was needed.25,26 Further
indications, not yet investigated by our group, may be
biopsy procedures with additional therapy control pro-
vided by the scanner (e.g., temperature monitoring in
cryo- or laserablation).19,21 This chapter focuses on our
experiences using intraoperative MRI for resection con-
trol in transsphenoidal pituitary surgery and in glioma
surgery.

Operating Room Setup for Intraoperative
Magnetic Resonance Imaging

The initial setup of the twin-operating theater (Fig.
17–1) included a conventional OR allowing surgery with

magnetically incompatible instruments and micro-
scopes. Two neuronavigation systems could be used in
this conventional OR: a pointer-based system (Stealth-
Station, Medtronic SofamorDanek, Boulder, CO, USA),
and a microscope-based system (MKM, Carl Zeiss AG,
Oberkochen, Germany). The MR scanner (0.2 Tesla
Magnetom Open, Siemens AG, Erlangen, Germany) was
placed in an adjacent radio frequency-shielded OR that
was specially designed for the requirements of intraop-
erative MRI. With this setup the patient could be placed
in three basic positions for surgery: (1) directly inside
the scanner, used in interventional procedures such as
biopsies only; (2) on the extended table of the MR scan-
ner in the fringe field, which was initially used in
transsphenoidal surgery or for catheter placements
only; and (3) in the adjacent conventional operating
theater, necessitating intraoperative patient transport. A
specially designed air-cushioned OR table allowed intra-
operative movement (over a distance of 4 to 5 meters) of
a patient with an open cranium from the conventional
OR to the MR scanner for imaging. This separation of
operating site and imaging site was necessary because in
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1995, microscope-based neuronavigation was available
only in the form of the MR-incompatible MKM micro-
scope. Since the introduction of the NC4 neuronaviga-
tion microscope, which can be used in the fringe field of
the scanner, nearly all surgeries are performed in the
radio frequency-shielded OR near the 5 Gauss line.18

Rather than lengthy intraoperative patient transport for
imaging, the MR table itself is moved into the center of
the MR scanner in less than half a minute.

Intraoperative Magnetic Resonance
Imaging in Transsphenoidal Surgery

Until now, only anecdotal reports on the use of intraop-
erative MRI in transsphenoidal pituitary surgery were
published.10,22,27–29 We investigated a series of 50 patients
with large intra- and suprasellar, mainly hormonally in-
active, pituitary tumors (44 adenomas, 6 craniopharyn-
giomas), which were operated using a transsphenoidal
approach.30 The patient was lying directly on the MR
table of the scanner; a standard flexible coil was placed
around the patient’s head, which was embedded in a
cushion. To obtain images in coronal and sagittal
planes, T1-weighted spin echo sequences (slice thick-
ness: 3 mm, TR: 340 ms, TE: 26 ms, FOV: 200 mm, ma-
trix: 192 � 256) were measured. Optionally a T2-
weighted turbo spin-echo sequence (slice thickness: 3
mm, TR: 5700 ms, TE: 117 ms, FOV: 230 mm, matrix:
224 � 256) was applied, allowing better delineation in
cystic lesions and in cases where there was blood in the
resection cavity.

In 72% of these 50 patients, intraoperative MRI al-
lowed an ultra-early evaluation of tumor resection,
which is normally only possible 2 to 3 months after sur-
gery. A second look (i.e., a repeated inspection of the
surgical field, n = 24) for suspected tumor remnants in
the adenoma patients led to further resection in 15
patients (34%) (Fig. 17–2). However, image artifacts
caused by metal debris from drilling or by blood accu-
mulation in the resection cavity presented some chal-
lenges. Intraoperative MRI undoubtedly offered the op-
tion of a second look within the same surgical procedure
if incomplete tumor resection was suspected. This im-
proved the rate of procedures during which complete
tumor removal was achieved. Furthermore, for those
with incomplete tumor removal, additional treatments
could be planned early—immediately following surgery.
In contrast to intraoperative imaging, early postopera-
tive MR studies performed a few days after surgery failed
to show reliably the extent of the resection. In a signifi-
cant proportion of cases, the extent of the mass lesion
even exceeded its presurgery dimensions.31 Therefore
both early CT and early MR investigations are unsuitable

means to assess the extent of tumor resections. Intraop-
erative imaging is advantageous in that it is comparable
to delayed postoperative investigations, which are gener-
ally accepted as the standard diagnostic postoperative
procedures.

Intraoperative MR in transsphenoidal surgery is most
indicated for large tumors with a distinctive suprasellar
extension. In the case of drilling artifacts, which may im-
pede proper image interpretation, it is possible to evalu-
ate the extent of the suprasellar resection, but intra- and
parasellar structures may not be easily identified. Imme-
diately following the resection of a pituitary tumor a
swelling of the cavernous sinus may occur due to the
movement of the compressed sinus into the resection
cavity. This can impede proper interpretation of the ex-
tent of intrasellar resection. Small intrasellar lesions or
lesions that invade the cavernous sinus are not ideal can-
didates for intraoperative MRI because it is very difficult
to differentiate between remaining tumor, normal pitu-
itary gland, structures of the cavernous sinus, and blood
remaining in the resection cavity. Perhaps in these diffi-
cult cases intraoperative sonography will be of further
help. Furthermore, intraoperative Doppler sonography
offers the possibility to visualize the relation to vascular
structures in real-time mode.32–33

Restricted visibility of the supra- and parasellar tumor
extension in transsphenoidal surgery initially led to the
development of mirrors to enhance the visual field. En-
doscopes used in transsphenoidal surgery34–35 further
enhance the extent of the visual field and are a classic
means of intraoperative imaging. But tumor remnants
located in, for example, a suprasellar fold may not be vis-
ible, even with modern sophisticated endoscopic tech-
niques. In these selected cases intraoperative MRI pro-
vides a reliable possibility to assess the extent of the
tumor resection and may further improve the high effi-
cacy of transsphenoidal microsurgery.

Intraoperative Magnetic Resonance
Imaging in Glioma Surgery

All groups using intraoperative MR in recent years have
shared the view that investigations in glioma patients are
one of the main indications for intraoperative MR. Ini-
tial results published showed that the extent of tumor
removal was increased by intraoperative MR23,36; even
survival time seemed to be increased.23

For glioma surgery, our own group has combined in-
traoperative imaging with integrated functional neuro-
navigational support. On the one hand, MRI provides
quality control to evaluate the extent of the resection;
neuronavigation with integrated functional data, on the
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FIGURE 17–2. 51-year-old male with a large intra-, supra-, and parasellar, hormonally inactive
pituitary adenoma. (A,D). Preoperative scans. (B,E). Intraoperative scans depict some remain-
ing tumor. (C,F). After a second look and further tumor removal repeated imaging showed com-
plete removal with preservation of the pituitary gland.

other hand, prevents too extensive resections, which
would otherwise result in severe neurological deficits.37

The locations of eloquent brain areas such as the
motor cortex, the sensory cortex, speech-related areas,
and the visual cortex were displayed intraoperatively in
the neurosurgeon’s field of view using the heads-up dis-
play of the neuronavigation microscopes. To accomplish
this “functional neuronavigation,” the functional data,
which were obtained by MEG13–15 or fMRI,16 were inte-
grated into the anatomical MR data set that was nor-
mally used for neuronavigation. All the functional data
were registered with the anatomical three-dimensional
(3-D) data set using a contour fit algorithm.38 The func-
tional data were displayed in the anatomical dataset by
markers inserted into the MR images. A pyramid or cube
in the MR volume with white or black intensity accord-
ingly represented a functional modality. The patient
was registered with the navigation microscope (MKM or

NC4-microscope with SMN-system, navigational software
STP4.0; Zeiss, Oberkochen, Germany) at the beginning
of surgery. The contours of the lesion, the predefined
surgical approach, and the segmented markers for func-
tional data were displayed using the heads-up display of
the microscopes.

For imaging, the head was fixed in an MR-compatible
ceramic head holder. A separable MR coil was used for
imaging. The upper part of this coil, which can be steril-
ized, is applied just before the patient is moved into the
center of the scanner for imaging. Routinely, a T1-
weighted 3-D-FLASH (fast low-angle shot) gradient-echo
sequence (TE: 7.0 ms, TR: 16.1 ms, flip angle: 30 de-
grees, slab 168 mm, 112 slices, FOV: 250 mm, matrix:
256 � 256) was used for imaging. This 3-D sequence al-
lows free reformatting so that standard projections, in-
dependent from intraoperative head positioning, can be
obtained. This facilitated comparison with the preopera-
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tive images to distinguish between remaining tumor and
contrast media enhancements due to surgical manipula-
tions at the resection border. Furthermore, in certain
cases (especially in low-grade glioma) two-dimensional
T2-weighted and inversion recovery sequences were ap-
plied. MR contrast agent (20 mL gadolinium-DTPA in-
travenously), which was given just prior to scanning, was
administered if the tumor showed enhancement in the
preoperative images. In the case of repeated imaging
during one operation, contrast medium was not repeat-
edly given because otherwise severe interpretation arti-
facts occurred.

In our series of 96 glioma patients intraoperative MRI
revealed incomplete tumor removal in 64%. In 29 of 61
patients with incomplete resection (48%), we repeated
inspection of the surgical field. This reinspection led to
further resection in 23 patients, in 14 of which we
achieved total removal. This could increase the rate of
gross total removal from 81 to 94% (n = 16) for World
Health Organization (WHO) grade I gliomas. In grade
II gliomas (n = 32) further tumor removal was per-

formed in 16 patients. In 10 of these, we achieved com-
plete removal. Thus the gross total removal rate in grade
II gliomas increased from 25 to 56%. In the remaining 6
patients, despite further tumor removal, complete resec-
tion was not possible due to small tumor remnants infil-
trating eloquent brain areas. In high-grade gliomas the
extent of resection was enlarged in only 5 patients, re-
sulting in an increased removal rate of 47 versus 42% in
grade III gliomas and 24 versus 21% in grade IV patients
(Fig. 17–3).

In nine of the low-grade gliomas (WHO grades I and
II) the resection could not be extended primarily be-
cause eloquent brain areas were infiltrated. In the ma-
jority (29 out of 34) of the high-grade gliomas, where in-
traoperative imaging had depicted incomplete removal,
it was the policy above all to avoid new neurological
deficits.

Although it was sometimes difficult to depict the com-
pleteness of a resection in the T1-weighted 3-D images,
especially in the grade II gliomas, in all of these cases the
inversion recovery and dark fluid sequences were of sup-

FIGURE 17–3. 31-year-old female with a right frontal glioblastoma. (A,B,C). Coronal/axial/sagit-
tal display of the navigation screen. In (B) small black and white dots around the central region
are markers from functional investigations, allowing functional neuronavigation. (D,E,F). Corre-
sponding intraoperative images showing contrast enhancement at the resection border and
some remaining tumor at the dorsal aspect and toward the corpus callosum.
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plementary value in the evaluation of tumor resection.
On the other hand application of contrast media in the
high-grade gliomas often resulted in difficulties in
image interpretation due to contrast media leakage and
spreading into the borderline of the resection cavity (in
14 out of the 41). The comparison with preoperative
scans, which were measured in the same fashion, and
which after registration39 could be displayed along the
intraoperative images, provided valuable information
for image interpretation. It was important to know, for
example, whether special hemostyptic materials were
applied or “contrast-media-loaded” blood could be de-
tected at the resection border or in the resection cav-
ity.40 Perhaps new contrast media will prevent the surgi-
cally induced contrast enhancement in the future.41

Functional neuronavigation in cases where the tumor
was located near eloquent areas allowed for preservation
of neurological function.13–16 We encountered an aggra-
vation of the neurological deficit in only one patient of
this subgroup with combined usage of intraoperative
MRI and functional neuronavigation. In four other pa-
tients who did not receive functional neuronavigation
support, neurological deterioration occurred.

Anatomical and functional neuronavigation were
used as guidance to identify relevant structures. Intraop-
erative MRI allowed delineation of the extent of resec-
tion. The combination of both allowed the maximum
possible resection with the least neurological deficits,37

while taking into account incomplete tumor removal,
when eloquent brain areas were infiltrated.

Based on our experience with intraoperative MR eval-
uation of glioma removal, we doubt the benefit of intra-
operative MRI in high-grade glioma surgeries, although
initial reports published on this topic claim a benefit
even in such surgeries.23,42 Controversial reports on life
expectancy in high-grade gliomas emphasize that life ex-
pectancy is more dependent on low postoperative
deficits than on macroscopic total tumor removal.43 On
the other hand, even though complete resection at a mi-
croscopic level is also not possible for low-grade gliomas,
survival of these patients seems to be highly correlated
with the extent of the tumor resection.44–47 We believe
that surgery of these tumors will benefit from intraoper-
ative imaging. It is still too early to determine the effects
on life expectancy in this subgroup, but it can be stated
that more radical resections are possible with lower mor-
bidity, especially when intraoperative imaging is sup-
ported by the use of functional neuronavigation.

Brain Shift and Image Updating

Tumor removal, brain swelling, the use of brain retrac-
tors, and cerebrospinal fluid drainage all result in an in-

traoperative brain deformation that is known as brain
shift.48–50 Thus the accuracy of neuronavigation systems
relying on preoperative image data decreases during the
surgical procedure. Intraoperative image data represent
the real-time anatomical situation and therefore may
allow surgeons to evaluate and visualize the extent of,
and perhaps compensate for the effects of, brain
shift.25–26

In a case of suspected remaining tumor, five MR-
visible bone fiducials (Howmedica-Leibinger, Freiburg,
Germany) were placed around the craniotomy opening
prior to intraoperative scanning. This allowed the intra-
operative registration of the new image data to update
neuronavigation. In selected cases, such as residual
tumor and the possibility of further resection, the intra-
operative images were used for an update of the neu-
ronavigation system. The intraoperative 3-D MRI data
were transferred via ethernet to the navigation system,
and these images were registered with the help of the
bone fiducials. If the tumor remnant was easily local-
ized in the surgical field, a second inspection was per-
formed without further neuronavigation to economize
the procedure. The neuronavigation update added
roughly 15 minutes to the operating time, including the
time for image transfer, segmentation of suspected re-
maining tumor, defining the surgical approach, and re-
referencing.

In a series of 16 glioma patients, we used intraopera-
tive MRI to perform an intraoperative update of the
neuronavigation system. In all of them the updating
of the neuronavigation system with the intraoperative
MR data was successful (Fig. 17–4). It led to reliable
neuronavigation with high accuracy; the mean regis-
tration error of the update procedure was 1.1 mm. In
all patients the area suspicious for remaining tumor
was reached. Histopathological examination revealed
tumor in 14 of these 16 patients. A final complete
tumor removal could be achieved in 12 patients. In the
remaining cases, an extension of the tumor into elo-
quent brain areas prevented a macroscopic complete
excision. Updating a neuronavigation system with intra-
operative MRI compensated reliably for the effects of
brain shift.

Due to the intraoperative image update of the neu-
ronavigation system the functional markers, which were
integrated into the preoperative MR data set, are lost. To
preserve the functional data for the updated navigation,
pre- and intraoperative MR images have to be regis-
tered, and the new position of the functional markers
has to be calculated. Initial attempts to establish an auto-
matic algorithm for the transfer of functional markers
into the intraoperative MR images have been success-
ful.51 Current work concentrates on an acceleration of
this algorithm to allow intraoperative application with-
out significant time delay. This integration of functional
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FIGURE 17–4. Intraoperative update of the neuronavigation with intraoperative image data (see
Fig. 17–3). (A,B,C). Coronal, sagittal, and axial display of the updated navigation screen. (D). In-
traoperative view with some of the remaining tumor segmented and displayed (the outline of the
contour was enhanced for better reproduction).

data into intraoperative images is an important step for
image updating in the future, when data about vascular
structures and from white matter structure, measured
by diffusion weighted imaging,52–54 are integrated into
the navigational setup and will therefore also have to
be updated intraoperatively to compensate for brain
shift.

Other attempts to compensate for the effects of brain
shift rely on mathematical models that try to describe
the behavior of the brain under surgery. They are pri-
marily based on finite element techniques. Either so-
called sparse data or data from intraoperative ultra-
sound images are input for the mathematical models to
deform high-quality preoperative MRI data.55–57 Com-
paring these deformed MR data with the real intraoper-

ative MR images allows for evaluation and further refine-
ment of the mathematical models.

Other Intraoperative Imaging Modalities

Regardless which MR system is compared with other
imaging modalities, intraoperative MRI is without doubt
the most advanced intraoperative imaging modality
available. Ultrasound1–3 provides real-time data at lower
costs, but despite recent advances in image quality, soft-
tissue contrast and signal-to-noise ratio in MRI are still
superior to ultrasound.58 The difficulties of 3-D orienta-
tion of ultrasound imaging may soon be resolved by inte-
grating ultrasound with neuronavigation systems and by
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appliying 3-D ultrasound transducer abilities, which pos-
sibly can also compensate for the effects of brain
shift.59–60 High-end ultrasound systems are able to visual-
ize not only tissue, but also vessels and flow in real time
and therefore will be an important imaging modality ad-
dition in the OR setup of the future.61

Intraoperative CT, either with fixed systems as origi-
nally introduced6–8,62 or on tracks,5 or the recently pre-
sented system of mobile CT,4,63–64 does not require spe-
cial instruments except for radiation-compatible head
fixation. However, low soft-tissue resolution as well as
missing free-slice orientation and the need for x-ray pro-
tection requirements are major drawbacks compared
with intraoperative MRI. Intraoperative CT has its ad-
vantages in the evaluation of bony structures, making it
highly suitable for imaging in spine surgery.65

High-Field Magnetic Resonance

The next step in intraoperative MRI is the introduction
of high-field MR systems into the operating theater.
High-field MR scanners are the standard in neuroradiol-
ogy diagnosis. They offer not only better image quality
than the low-field systems, but also a wider range of
sequences, including measurement modalities not avail-
able in a low-field system. This includes MR angiogra-
phy, fMRI, diffusion-weighted imaging, and MR spec-
troscopy. With the rapid fall off of the static magnetic
field achieved by actively shielded magnet design, it is
possible to site a superconducting system in the near
proximity of the surgical work space.20

Preliminary results demonstrated that the introduc-
tion of high-field MR scanners into the neurosurgical
OR is feasible.66–69 Whether the whole imaging arma-
mentarium of a high-field scanner can be applied intra-
operatively remains an open question. High-field MR
scanners provide a possibility for an intraoperative
image update in shorter times and perhaps with more
information than just standard anatomical imaging. In-
traoperative evaluation of pathways and function may be
possible. We are planning the installation of a high-field
MR scanner into our OR environment. With an OR
table, which is adapted to a standard 1.5 Tesla MR scan-
ner, surgery will be performed at the 5 Gauss line, allow-
ing full neuronavigational support. An automatic regis-
tration of the patient with the intraoperative MR images,
where the operating table may serve as a reference,
should be possible. This should allow nearly instanta-
neous image updating, compensating for the effects of
brain shift and providing anatomical and functional in-
formation about the current situation.

Although high-field MR seems to be the upcoming
challenge for intraoperative imaging, major advance-

ments in the future, besides integration of all manner of
functional and anatomical data, including data from so-
phisticated brain atlases, may be new developments in
MR technology. Extreme low-field MR technology with
magnetic field strengths of 10 mT, via the so-called Over-
hauser effect,70 may open new avenues for intraopera-
tive imaging because small, “invisible” MR scanners that
are below the operating table (and thus will not impair
surgical maneuvers) will then become possible.
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Over the past several years, neurosurgery has witnessed a
resurgence of interest in stereotactic and navigational
techniques. There are several reasons for this renewed
interest. The most important is the recent technical
progress in brain imaging, specifically with regard to
cross-sectional imaging such as computed tomography
(CT) and high-resolution magnetic resonance imaging
(MRI).1 These imaging modalities have replaced the use
of ventriculography and standardized brain atlases and
allow direct, patient-specific anatomic targeting of brain
structures. Along with advances in the development of
compact, high-speed microprocessors, this has allowed
for the commercial development of stereotactic naviga-
tion systems. Today, these systems are widely available
and commonplace in most neurosurgical practices. The
recent trend toward minimally invasive surgical proce-
dures has also done its part to create interest in surgical
stereotaxis. Stereotactic navigation allows for minimiza-
tion of scalp incisions, craniotomies, and brain resec-
tions. This has the potential to make neurosurgical pro-
cedures more economical with shorter hospital stays and
a more rapid return to preoperative lifestyle.1–2

Like other disciplines of neurosurgery, epilepsy sur-
gery has benefited from the development and refine-
ment of stereotactic navigation. Typical uses of intra-
cranial stereotaxy in epilepsy surgery have included
minimizing the invasiveness of diagnostic and resective
procedures, defining trajectories to deep-seated cere-
bral structures, defining a navigational plan for the re-
section of small, subcortical lesions, and confirmation of
resective boundaries in lesional resection. This chapter
discusses some of these applications and describes a

novel use of stereotaxy to assist in the perioperative eval-
uation of epilepsy surgery candidates.

Lesional Epilepsy Surgery

Stereotactic navigational techniques for lesional epi-
lepsy surgery utilize the same principles already refined
for image-guided resection of other radiographic lesions
such as tumors and vascular malformations. In these
cases, the navigational system can be used to plan the in-
cision and craniotomy, localize the lesion, and confirm
the extent of resective boundaries. Once again, naviga-
tional systems can be useful in localizing small, subcorti-
cal epileptogenic lesions such as cavernous malforma-
tions and low-grade tumors that may not produce grossly
visible changes on the brain surface. This allows the sur-
geon to create a direct and minimally disruptive pathway
to the lesion and surrounding epileptogenic zone. For
more extensive resections, such as those performed in
patients with cortical dysplasia, the primary utility is in
defining the boundaries of lesional resection, which are
often defined on fluid attenuated inversion recovery
(FLAIR) and T1-weighted MRI. Such lesions often have
a normal gross appearance, and intraoperative electro-
corticography (ECoG) can yield variable results. This
makes it difficult to assess the optimal extent of resec-
tion. Image guidance aids in defining the resection as
long as the surgeon understands the relationship be-
tween radiographic changes and pathological substrate.
The actual epileptogenic zone, which is defined as the
area of cortex indispensable for the generation of clini-
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cal seizures, may be more or less extensive than those ra-
diographic changes seen on MRI. The ability to define
the “lesion” using stereotactic guidance is the first step
toward a comprehensive operative plan that also in-
cludes metabolic, functional, and electrographic data. If
ECoG is employed for research or clinical decision mak-
ing, the navigation system can be used to demonstrate
electrode position for the benefit of electroencephalog-
raphers and other ancillary staff in the operating room.3

Selective Amygdalohippocampectomy

Stereotactic techniques have been adapted to guide the
selective resection of mesial temporal structures while
sparing the temporal neocortex for the surgical treat-
ment of mesial temporal lobe epilepsy. Such selective re-
section may confer protection to neuropsychological
function, especially when surgery involves the dominant
hemisphere.4 Using image guidance, such a resection can
be accomplished while minimizing neocortical disruption
and the size of the skin incision and craniotomy. Without
the benefit of image guidance, it would be necessary to
employ a craniotomy large enough to expose recognized
surgical landmarks such as the Sylvian fissure. Further-
more, it would be difficult to place the cortical incision in
an optimal location for the most efficient resection of the
mesial temporal structures. After patient positioning and
registration, navigation systems allow the surgeon to de-
termine the relationships of various intracranial struc-
tures with scalp position in order to optimize location of
the skin incision. We utilize the navigation system both to
place the skin incision in the same coronal plane as the
junction of the amygdala and hippocampus and to guide
the transection of the temporal stem white matter to the
inferior (temporal) horn. By entering the ventricle at this
location, we are able to minimize the size of the cortical
opening and the extent of retraction needed to perform
the amygdalar, hippocampal, and parahippocampal re-
sections. Typically, a 1.5 to 2 cm cortical incision is large
enough to allow resection of these structures. Other ap-
proaches to the mesotemporal structures have been de-
scribed.5 Navigational tools have been also used to assess
the extent of hippocampal resection during selective
amygdalohippocampectomy.6

Callosotomy

The use of navigational tools has also facilitated the safe
and accurate performance of callosal disconnection. Al-
though many procedures have evolved to replace cal-
losotomy, this technique remains useful in a small subset
of patients with severe, medically intractable epilepsy.

The goal of surgery is typically disruption of the rostral
two-thirds of the corpus callosum while sparing the
more caudally located association fibers. Although this
is a discrete, easily localized structure, the interhemi-
spheric approach can be complicated by the presence of
midline, cortical draining veins and their interference
with retraction. In an attempt to limit such retraction,
craniotomies and approaches that are located anterior
to the coronal suture have been employed.3 These ap-
proaches, however, make it difficult to accurately assess
the extent of callosal disruption. Navigation systems
allow for the determination of position along the corpus
callosum while also allowing access from a safer ap-
proach. Furthermore, the midline location of the cor-
pus callosum makes this structure less prone to intra-
operative brain shift and, therefore, allows for accurate
localization along its rostral-caudal extent.

Depth Electrode Placement

By the 1960s, Bancaud and Talairach had developed and
popularized the use of depth electrodes in the workup of
candidates for resective epilepsy surgery.7 In many Euro-
pean epilepsy centers, evaluation with depth electrodes
using their technique (or a slight modification of it) was
required prior to resective intervention. Depth electrodes
have also become a standard procedure in North Ameri-
can epilepsy centers for the localization and lateralization
of focal epilepsies.8,9 The most common application at
our center is for the lateralization of seizure onset in cases
of bitemporal or nonlateralizing mesial temporal lobe
epilepsy. Electrodes can be inserted either parallel8,10 or
perpendicular9 to the axis of the hippocampus. For the
evaluation of deep, subcortical structures such as the
amygdala, hippocampus, or ectopic gray matter, both
frame-based and frameless image-guided depth electrode
evaluations have been very helpful. Similar techniques
are well established for performing needle biopsies and
catheter placement, and the same principles are used to
place depth electrodes into the areas of interest for
chronic intracranial recordings. To accomplish this, the
navigation system is employed in a trajectory mode that
allows preoperative planning and manipulation of the
electrode path to avoid injury to critical structures. This
allows depth electrodes to be inserted in a safe, accurate,
and minimally invasive procedure (Fig. 18–1).

Radiosurgery

No discussion of image-guided epilepsy surgery would
be complete without some mention of radiosurgical pro-
cedures to treat chronic seizures. The majority of such
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FIGURE 18–1. A postoperative coronal T1-weighted MR
image demonstrates the bilateral placement of posterior hip-
pocampal depth electrodes.

procedures have been used to treat lesional disorders
such as tumors and vascular malformations that have
secondarily resulted in chronic epilepsy. Typically, radio-
surgical treatment of the primary lesion is undertaken
with the thought that resolution of this lesion will lead
to resolution of the patient’s seizures. Recently, stereo-
tactic radiosurgical techniques have also been used for
the treatment of patients with mesial temporal lobe
epilepsy (MTLE).11,12 Regis et al have demonstrated a
gamma knife technique that targets the head and an-
terior body of the hippocampus, the amygdala, and the
entorhinal cortex.11,12 Their results demonstrate a
seizure-free rate of 81% in 16 patients with a follow-up
interval of at least 24 months. The median latent inter-
val from treatment to cessation of seizures was 10.5
months. Despite these promising results, the precise
role and durability of radiosurgery in the treatment of
focal epilepsy remains unclear. At the time of this publi-
cation, a prospective, multicenter study is under way to
examine this technique and its utility in the treatment of
patients with MTLE.

Multimodality Imaging

In the workup of seizure disorders, patients with nonle-
sional epilepsy and patients with lesional epilepsy that
localizes to eloquent functional cortex are often candi-
dates for the implantation of chronic subdural (SD)
monitoring electrode grids. These are typically im-
planted with two purposes in mind; the first is to obtain

accurate definition of the epileptogenic zone and the
second is to allow for the extraoperative mapping of
cerebral cortical functions such as speech and motor ac-
tivity. The traditional method of localizing implanted
electrodes required obtaining skull x-rays after implan-
tation (Fig. 18–2). From this, an electrode map was
hand drawn on a standard hard-copy template of the
brain (Fig. 18–3). The main limitation of this method is
the difficulty correlating the electrode positions to the
sulcal and gyral cortical surface anatomy. This can be
critically important information in developing a resec-
tive plan and prognosticating surgical risks.

To overcome this limitation, computer software has
been developed that interactively displays the SD elec-
trode positions as pseudocolored surface-rendered
spheres on a three-dimensional, volume-rendered sur-
face reconstruction of the brain, based on either pre- or
postoperative MRI data (Fig. 18–4). Volume render-
ing,13 as compared with surface rendering, is advanta-
geous for the display of medical volume data for two rea-
sons. Unlike surface rendering, volume rendering does
not generate a polygonal wire-frame representation of
the cortical surface. Instead, it models each three-
dimensional volume element (“voxel”) as having a vari-
able, gray-level opacity value, which allows for a “fuzzier”
identification of the cortical surface. Second, volume
rendering retains the voxel signal data rather than elim-
inating all but the wire-framed surface data. This per-
mits the user to visualize subsurface voxels by “pushing”
into the volume deep to the cortical surface.

Intraoperatively, the software aids the surgeon in the
placement of the SD grids. We obtain a standard pre-
operative stereotactic volume acquisition MRI with stan-
dard scalp fiducial markers in place then coregister the
position of the fiducial markers on the scalp with their
corresponding positions on the MRI. After craniotomy
and exposure of the brain are completed, the electrodes
are placed in their final position. The pointing tool is
then used to register the positions of as many exposed
electrodes as possible, such that a mathematical model
of the SD grid can be calculated and displayed as
pseudocolored plastic spheres in conjunction with the
surface reconstruction. This effectively coregisters the
position of each electrode to the MRI, allowing the sur-
geon to have immediate intraoperative feedback dem-
onstrating the anatomic position of the SD grid.

Postoperatively, the software may again be used to de-
tect and display the position of the SD grid electrodes. By
obtaining a postoperative volume acquisition MRI, the
electrodes can be identified and displayed on the surface
reconstruction. Because the electrodes are composed of a
nonferromagnetic platinum alloy, they appear as a low-
signal artifact on the MRI images, which contrasts against
the nearby higher-signal brain and parenchyma.14 As
with the intraoperative procedure, electrodes are identi-
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FIGURE 18–2. Anteroposterior and lateral postoperative skull x-rays demonstrate the position
of subdural electrode grids. The relationships of electrode positions to defined bony landmarks
are used to generate the electrode map seen in Figure 18–3.

FIGURE 18–3. A hand-drawn electrode map was generated from the skull x-rays seen in Figure
18–2. This technique is limited by the difficulty of correlating electrode position with cortical
anatomy.
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FIGURE 18–4. The positions of subdural electrodes in this
patient are represented by spheres superimposed on a three-
dimensional volume-rendered surface reconstruction of the
brain generated from the preoperative magnetic resonance
imaging data. This technique provides accurate correlation of
electrode position with cortical anatomy.

fied until a suitably accurate model of the SD grid can be
displayed.

Multimodality imaging allows the surgeon and epilep-
tologist to coregister and fuse multiple preoperative
imaging/metabolic tests during the initial consideration
of surgical candidacy. Robust algorithms for coregister-

ing intermodality and intramodality imaging studies
now exist15 that provide the means for visually fusing
anatomic-based imaging (MRI, CT) to function-based
imaging (positron emission tomography, single photon
emission computed tomography, functional MRI). For
the placement of SD grids, multimodality imaging
guides the intraoperative placement and enables accu-
rate postoperative anatomic localization of cortical struc-
tures to the electrical signature of the epilepsy (Fig.
18–5). This powerful technology allows more medically
intractable seizure patients access to surgical treatment
and aids in the execution of the surgical plan in the op-
erating room.

Conclusions

Epilepsy surgery, like other neurosurgical subspecialty
areas, has benefited from the development of stereotac-
tic navigation. Today, new operative techniques make
the surgical workup and treatment of seizures safer, less
invasive, and highly accurate. As both anatomic and
functional brain imaging become more refined and as
computer microprocessors and detection systems gain
speed and accuracy, we will likely see this trend continue
with both epilepsy surgery and neurosurgery as a whole.
As experience with this exciting technology grows, surgi-
cal outcomes for medically intractable epilepsy should
continue to improve.
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The first stereotactic brain atlases in printed form,
such as Talairach et al and Schaltenbrand and Bailey, 1,2

were constructed in the 1950s. Roughly two decades
later, brain atlases in electronic formats were available
in the clinical setting.3 By the late 1990s, electronic
brain atlases had become commonplace in stereotactic
functional neurosurgery. The first author and his team
have developed the Cerefy electronic brain atlas data-
base, which has become the standard in stereotactic
functional neurosurgery. Image-guided surgery compa-
nies including Medtronic/Sofamor-Danek, BrainLAB,
Cedara/SNN, Elekta, and Integrated Surgical Systems
have adopted the Cerefy atlas.

Beginning in the late 1990s, a new-generation brain
atlas, referred to as a probabilistic functional atlas
(PFA), has been under construction, and a novel way of
using it has been proposed. The new atlas is built from
electrophysiological and clinical brain mapping data ac-
quired intraoperatively during the treatment of Parkin-
son’s disease patients. This atlas will be used and its con-
tent expanded by the neurosurgical community via an
Internet portal, which represents a paradigm shift from
a manufacturer-centric to a community-centric atlas.
The atlas will become a tool allowing intraoperative tar-
geting based on the patient’s internal landmarks and
sufficiently precise to warrant its use for therapeutic pur-
poses. The portal will facilitate data loading, parameter
setting, PFA generation and display, and the combina-
tion of PFAs and data sets. The atlas and portal are de-
scribed in greater detail in the section titled Internet
Portal for Stereotactic Functional Neurosurgery.

Electronic Brain Atlas Database

The core of any atlas-assisted application is the brain
atlas. Its construction may vary from a simple digitiza-
tion of a printed atlas to a fully segmented, labeled, en-
hanced, extended, three-dimensionally expanded, and
deformable atlas. We used the latter approach when de-
veloping our Cerefy electronic brain atlas database.4,5

This database was derived from the brain atlases edited
by Thieme Medical Publishers:

• Atlas for Stereotaxy of the Human Brain (Schaltenbrand
and Wahren, 1977)6

• Co-Planar Stereotactic Atlas of the Human Brain (Talairach
and Tournoux, 1988)7

• Referentially Oriented Cerebral MRI Anatomy: Atlas of Stereo-
taxic Anatomical Correlations for Gray and White Matter
(Talairach and Tournoux, 1993)8

• Atlas of the Cerebral Sulci (Ono, Kubik, and Abernathey,
1990)9

We digitized these complementary atlases (with gross
anatomy, brain connections, subcortical structures, and
sulcal patterns) and then enhanced, extended, segmented
(color-coded and/or contoured), labeled, aligned, and
organized them into atlas volumes. Their three-dimen-
sional extensions were constructed and all two-dimen-
sional (2-D) and three-dimensional (3-D) atlases were
mutually co-registered. The combined anatomical index
has approximately 1000 structures per hemisphere and
more than 400 sulcal patterns.
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A B

FIGURE 19–1. Schaltenbrand-Wahren brain atlas. (A). Digitized printed axial plate along with
the overlay covering the right hemisphere only. (B). Corresponding derived electronic contour
image covering both hemispheres with the structures labeled with full or abbreviated names.

The atlases most commonly used in stereotactic func-
tional neurosurgery are the Atlas for Stereotaxy of the
Human Brain by Schaltenbrand and Wahren (SW) and
the Co-Planar Stereotactic Atlas of the Human Brain by Ta-
lairach and Tournoux (TT).

The SW atlas contains photographic plates of macro-
scopic and microscopic sections through the hemispheres
and the brain stem. The microscopic myelin-stained sec-
tions show in great detail cerebral deep structures that
usually are not well visible on computed tomographic
(CT) and magnetic resonance imaging (MRI) scans. The
original axial, coronal, and sagittal microseries were digi-
tized with high resolution (Fig. 19–1A). The electronic
contours were derived manually from the digitized atlas
and labeled. The microseries images and contours were
extended to cover both hemispheres. Three SW atlas vol-
umes were constructed with about 600 segmented and la-
beled structures: coronal with 20 images, sagittal with 34
images, and axial with 20 images (Fig. 19–1B).

The TT atlas was constructed from a single, normal
brain specimen (Fig. 19–2A). It had been sectioned and
photographed sagittally, and the coronal and axial sec-
tions were subsequently interpolated manually. The
printed plates were digitized with high resolution, and
extensively processed, enhanced, and extended (Fig.
19–2B). The electronic TT atlas images were organized
into five atlas volumes: sagittal with 35 images; coronal
with 38 images; and three axial with 27 images each, first
with standard images, second comprising parcellated

cortex (as opposed to the annotated cortex in the origi-
nal printed atlas) with color-coded Brodmann’s areas on
the left side and gyri on the right side, and third con-
taining color-coded gyri on the left side and Brodmann’s
areas on the right side. In addition, a contour version of
the TT atlas was constructed (Fig. 19–2C).

The 3-D versions of the SW and TT atlases were con-
structed and mutually co-registered, which enhances
surgery planning by providing better insight into spatial
relationships (Fig. 19–3).

The electronic atlas images were additionally pre-
labeled to speed up structure labeling in atlas-based ap-
plications. In total, about 17,000 labels were placed man-
ually for the entire electronic brain atlas database (see
Figs. 19–1B and 19–2B). Atlas pre-labeling has been
used in The Electronic Clinical Brain Atlas10 and Brain Atlas
for Functional Imaging.11

Atlas-Assisted Applications

Electronic brain atlases are commonplace in stereotactic
functional neurosurgery. An atlas-assisted application
may range from simple (The Electronic Clinical Brain
Atlas10) to sophisticated (NeuroPlanner).5,16 Brain atlases
are used in various ways, based on several factors:

• Atlas type (2-D SW, 2-D TT, 3-D SW, 3-D TT, others)
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A B

C

FIGURE 19–2. Talairach-Tournoux brain atlas. (A). Digitized
printed axial plate; (B) corresponding electronic color-coded
image labeled with subcortical structures, gyri, and Brodmann’s
areas (full or abbreviated names are used); (C) corresponding
color-coded contours.

• Construction of the computerized atlas (direct digiti-
zation of printed plates versus an enhanced, extended,
3-D expanded, and deformable atlas)

• Atlas representation (image, contour, polygonal, volu-
metric)

• Availability and use of multiple atlases (single atlas,
multiple independent atlases, multiple mutually co-
registered atlases)

• Atlas-to-data registration method (fully automatic or
based on user-specified features such as landmarks or
scaling factors)

• Atlas-to-data warping transformation [linear scaling,
3-D piecewise linear scaling (Talairach transforma-
tion7) nonlinear warping]

• Availability of interactive atlas-to-data warping (non-
available; available before planning; available at any
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A B

FIGURE 19–3. Three-dimensional atlases. (A). Talairach-Tournoux (TT) atlas co-registered with
the Schaltenbrand-Wahren (SW) atlas: a view into the thalamic nuclei of the 3-D SW atlas com-
bined with the basal ganglia and corpus callosum of the 3-D TT atlas. (B). Subcortical structures of
the 3-D Talairach-Tournoux atlas with the stereotactic targets labeled on both sides.

time preoperatively, intraoperatively, and postopera-
tively)

• Atlas display (atlas alone, atlas next to data, atlas images
overlaid on data, atlas images overlaid on data with user-
controlled blending, atlas contours overlaid on data)

• Atlas-assisted operations (atlas labeling, data labeling,
multiple orientation targeting, multiple atlas target-
ing, planning in 2-D and 3-D on the atlas-segmented
anatomy)

Cerefy brain atlas applications

The Electronic Clinical Brain Atlas (ECBA)10 on CD-ROM
contains, among others, the SW and TT atlases. The ECBA
provides features not available in the printed atlases such
as: mutually co-registered atlases; fully pre-labeled 17,000
structures on 1500 atlas images; flexible display, manipula-
tion, and printing of the atlas in multi-atlas and triplanar
modes; and atlas warping. The ECBA generates individu-
alized atlases without loading the patient-specific data,
which is useful for targeting. The ECBA-based planning
procedure for stereotactic functional neurosurgery has
been described.13 The atlas is conformed to the patient’s
scan by means of a 2-D local deformation done by match-
ing the atlas rectangular region of interest to the corre-
sponding data region of interest spanned on any land-
marks. The deformation can be repeated in multiple

orientations, if data are available, increasing the accuracy
of targeting and the neurosurgeon’s confidence level.

Two add-on brain atlas libraries are gaining increasing
acceptance and use, the Electronic Brain Atlas Library and
Brain Atlas Geometrical Models. The Electronic Brain Atlas
Library (EBAL)14 contains the brain atlas database with
the SW and TT atlas images, and a browser. The browser
provides means for exploring and understanding the
atlas images and allows users to build their own atlas-
assisted applications. It also allows the user to select atlas
volume, display atlas images, find labels of structures,
display atlas image location in 3-D space, display stereo-
tactic grids, find stereotactic coordinates, and search for
structure. These features also make the EBAL useful as a
stand-alone atlas reference.

The Brain Atlas Geometrical Models15 is a library with the
atlases in contour and polygonal representations. The
BAGM contains the brain atlas database and a viewer.
The database comprises the SW atlas in contour repre-
sentation and 3-D polygonal models of the SW and TT
atlases. The viewer provides means for viewing and un-
derstanding the brain atlas database.

The detailed specifications of the EBAL content and
the BAGM content along with file formats are available
online at www.cerefy.com.

The NeuroPlanner5,16 is a clinical prototype developed
for preoperative planning and training, intraoperative
procedures, and postoperative follow-up. It comprises
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all (mutually co-registered) atlases from the Cerefy brain
atlas database, including their 3-D extensions. The at-
lases are available in image, contour, and polygonal rep-
resentations as well as in multiple resolutions. The atlas-
to-data registration is based on the Talairach landmarks
specified in the data interactively; alternatively, the place-
ment of the landmarks can be done automatically.12 The
NeuroPlanner is empowered with operations making atlas-
to-data registration more accurate, efficient, and easy.
They include global and local registrations, editing capa-
bilities for the Talairach grid in 3-D, real-time interactive
atlas warping feasible any time, targeting in multiple ori-
entations, and targeting with multiple atlases. To warp
the atlas against data, a two-step Talairach transforma-
tion, global and local, is used. The Talairach transforma-
tion scales the gross anatomy globally and does not com-
pensate for the width of the third ventricle or internal
capsule. Local warping (by using the same piecewise lin-
ear deformation mechanism) enhances the accuracy of
registration in the region of interest for the previously
globally selected atlas plates. When registering locally,
any landmarks clearly visible in the data can be used to
improve the delineation of the (usually not clearly visi-
ble) target structure. The use of the atlas in multiple ori-
entations enhances the accuracy of targeting, gives more
flexibility in choosing local landmarks, and provides an
extra degree of confidence to the neurosurgeon. The
global registration steps done simultaneously on all three
orthogonal planes have been formulated, and the target-
ing steps and local registrations along with suitable land-
marks for pallidotomy, thalamotomy, and subthalamo-
tomy have been detailed by Nowinski.17 Moreover, the
use of multiple atlases provides complementary informa-
tion and overcomes some limitations of the individual at-
lases, which additionally enhances targeting.16 The Ta-
lairach transformation fits the Talairach grid to data, this
operation is subject to several sources of errors including
Talairach landmarks-grid inconsistency, inter-atlas co-
registration, and global registration. Real-time interac-
tive warping, applied to the atlas images, contours, and
polygonal models, allows the neurosurgeon to fit any
atlas to data and fine-tune the atlas-to-data match. This
interactive warping can be done at any time—preopera-
tively, intraoperatively, or postoperatively.

In addition, the NeuroPlanner provides four groups of
functions: data-related (data interpolation, reformatting,
image processing), atlas-related (2-D and 3-D interactive
labeling), atlas-data exploration-related (interaction in
one 3-D and three orthogonal views, continuous data-atlas
exploration), neurosurgery-related (targeting, path plan-
ning, mensuration, simulating the insertion of a micro-
electrode, simulating therapeutic lesioning) (Fig. 19–4).

The NeuroPlanner has been licensed for trial to several
commercial, clinical, and research sites. It has been play-
ing an important educative role as well as influencing

the design of the commercial systems that use the EBAL
and BAGM libraries.

One of the major advantages of atlas-assisted surgery
planning using a tool such as the NeuroPlanner is a poten-
tial saving in terms of cost, time, and invasiveness. The
initial validation suggests that the functional target can
be confirmed electrophysiologically with the first micro-
electrode used.16 Because the number of tracts is typi-
cally from three to seven, this number can potentially be
reduced to a single tract, resulting in an average saving of
four tracts per surgery (Fig. 19–5). This has the potential
to reduce the cost and invasiveness of the procedure and
save time for the neurosurgeon and personnel in the op-
erating room (OR). The precise criteria have not been
arrived at for determining the optimal (single) track,
which is what the multitrack approach is aimed at.

Brain atlases in commercial systems

Electronic brain atlases are commonplace in stereotactic
functional neurosurgery systems. The Electronic Brain
Atlas Library and Brain Atlas Geometrical Models are be-
coming the standard in stereotactic functional surgery,
available in the StealthStation (Medtronic SNT,
Louisville, CO), Target (BrainLAB, Redwood City, CA),
SNN 3 Image-Guided Surgery System (Cedara/SNN,
Mississauga, Ontario, Canada), and SurgiPlan (Elekta,
Stockholm, Sweden), and in the neurosurgical robot
NeuroMate (Integrated Surgical Systems, Davis, CA).
Other companies have developed their own digital ver-
sions of printed atlases, such as Tyco/Radionics (Bur-
lington, MA) or Stryker/Leibinger (Kalamazoo, MI) de-
scribed in the following text. Electronic atlases are also
available in the COMPASS System of Stereotactic Med-
ical Systems18 and in the CASS system of MIDCO.19

The StealthStation uses the Electronic Brain Atlas Li-
brary. The atlases are registered with the patient-specific
data by means of the Talairach transformation. The im-
ages of atlas contours are overlaid on the data and are
available on axial, coronal, and sagittal planes, allowing
the neurosurgeon to do planning on atlas-segmented
anatomy (Fig. 19–6).

Stryker Navigation System Neuro includes the follow-
ing features:

• Schaltenbrand-Wahren and Talairach-Tournoux brain
atlases are supported.

• The atlases are available as slice images in three orien-
tations: axial, coronal, and sagittal.

• The different atlas series are correlated together (one
correlation with the patient is sufficient for any atlas
series; in addition, the differences in the usage of the
commissures are taken into account by the system).

• Two methods for atlas-to-data correlation are avail-
able: (1) with the Talairach grid (12 independent re-
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FIGURE 19–4. User interface of the NeuroPlanner. Pallidotomy planning using multiple atlases
in multiple orientations. (Center). Main window with four smoothly and continuously resizable
views, allowing the neurosurgeon to balance between the 2-D and 3-D presentations. The views
show the orthogonal data sections registered with the 2-D SW (in contour representation) and
2-D TT atlases, and data-atlas triplanar registered with the 3-D TT atlas. The stereotactic trajec-
tory (the thin line) along with the current position of the microelectrode (the thick line) are dis-
played in all views. (Right). Atlas selection panel with multiple atlases in multiple resolutions.
(Bottom). Control panel with the surgery planning modules and atlas controls.

gions individually matched to patient’s anatomy), and
(2) a simple match with one linear distortion factor
determined by the anterior commissure-posterior
commissure (AC-PC) distance.

• The overlay contours of the Schaltenbrand-Wahren
atlas are available.

• The system establishes coordinates and orientations
on patient data as in the atlas.

• The system allows assessment of trajectories in terms
relative to the commissures (e.g., direct input of func-
tional targets).

• The system displays reference planes (intercommissural
plane, midsagittal plane, and coronal planes passing
through the AC and PC landmarks) in patient images.

• The system integrates the atlases as if they were im-
ages of the patient. For instance, it is possible in the
atlases to define and display trajectories, determine
coordinates, measure distances, fuse (overlay) with
images of the patient (available for both atlas-to-data
correlation methods) (Fig. 19–7).

The StereoPlan 2.1 of Tyco/Radionics contains the
AtlasPlan module, which provides access to the SW atlas.
The SW printed axial, coronal, and sagittal microseries
were digitized and labeled. The electronic SW atlas is
available in image representation for a single hemi-
sphere. The AtlasPlan module allows neurosurgeons to
perform the following tasks:
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A B

FIGURE 19–5. Illustration of potential of atlas-enhanced targeting. (A). Non-atlas targeting re-
quires using five electrodes on average to cope with the individual variability and brain move-
ments during surgery induced by the introduction of electrodes. (B). On the other hand, atlas-
assisted targeting done in multiple orientations may suffice using a single electrode resulting in
an average saving of four electrodes per hemisphere, provided that the statistical high coher-
ence of the atlas structures with the real anatomical structures has been proven.

• Register the Schaltenbrand-Wahren atlas to the pa-
tient anatomy in 3-D. The atlas is translated and scaled
to match the AC and PC landmarks. Lateral and verti-
cal scales are set to account for variations in ventricu-
lar widths, and so forth.

• Select and project target points from the atlas to the
patient slices or from the patient slices to the atlas
while viewing the atlas plates and patient slices simul-
taneously. Because the atlas is not superimposed on
the data, this approach provides a one-to-one correla-
tion between the atlas and the data.

• View the outlines and names of the nuclei on the atlas
plates.

• Flip automatically the atlas orientation for the target
chosen.

• View the atlas plates in conjunction with the patient
scans and 3-D view to analyze and confirm probe ap-
proaches (Fig. 19–8).

Probabilistic Functional Atlas

The current electronic stereotactic atlases have two
major limitations. First, the original printed atlas plates
are sparse and constructed from only a few brain speci-
mens: the TT atlas from a single brain and the SW atlas
microseries from two different brains (three various

hemispheres) despite using 111 brains as the initial ma-
terial. Second, these atlases are anatomical, whereas the
stereotactic targets are functional. The probabilistic func-
tional atlas, the preliminary version of which has been
constructed for the Vim (ventrointermedius nucleus),
STN (subthalamic nucleus), and GPi (globus pallidus in-
ternus), overcomes both limitations.

To build the PFA, we use electrophysiological and
clinical brain mapping data acquired intraoperatively
during the treatment of Parkinson’s disease patients.
The high-quality brain mapping data have been col-
lected for several years by the second author and are
available for hundreds of patients, most of them oper-
ated bilaterally. The OR environment for data collection
has been described by Benabid et al.20 The data contain-
ing the positions of the chronically implanted electrodes
and their best (most clinically active) contacts are repre-
sented as a four-level data tree. The first level is the list of
cerebral structures. At the second level, for each struc-
ture the list of patients is given. For each patient, the in-
tercommissural distance and the height of the thalamus
are available. At the third level, for each patient the list
of electrodes is provided along with their type and status
(i.e., active or passive). The type of electrode uniquely
identifies its geometry, including diameter, number of
contacts, contact height, and gap between contacts. At
the fourth level, the list of contacts for each electrode is
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FIGURE 19–6. The user interface of the StealthStation of Medtronic SNT (Louisville, CO). Sub-
thalamotomy planning simultaneously on axial, coronal, and sagittal planes assisted by the
Schaltenbrand-Wahren contours from the Electronic Brain Atlas Library. (Image courtesy of Dr.
J. Henderson, St. Louis University Health Sciences Center.)

given. Each contact has its identifier, coordinates, and
status (best, not best). Either the complete data tree or
any subtree containing the data of interest can be se-
lected for the calculation of the PFA.

Based on electrode geometry, its 3-D model is con-
structed. For every treated patient, the corresponding
electrode model is placed in the patient space according
to its coordinates. To build a PFA across the whole popu-
lation, the patient-specific data have to be normalized
and placed in a common atlas space where different
brains can be compared. The 3-D electrode models,
originally located in the patient spaces, are normalized
and placed in the atlas space (Fig. 19–9A). The opera-
tion used for electrode model normalization is linear
scaling along the intercommissural distance and the
height of the thalamus. The best contacts are then se-
lected from the considered set of the electrodes and
used for the calculation of the PFA (Fig. 19–9B).

The atlas is calculated for all best contacts available
across all patients. For a calculated atlas structure, the
best atlas target is the subset of this structure having the
maximum atlas value. Two approaches are used to calcu-

late the atlas probability: intuitive—easy to understand
and use by the clinicians; and formal—defined in a
mathematical sense. The atlas continuous function has
to be converted into discrete representation suitable for
processing, storing, and displaying. The discrete atlas is
composed of voxels, elementary uniform parallel-
epipeds; the value of each determines the density of con-
tacts within the voxel. Atlas discretization requires the
normalized cylinders to be voxelized. Mathematically,
the problem of locating a point relative to a normalized
cylinder is simple. Computationally, this problem is
more demanding because all best cylindrical contacts
and all voxels in the atlas space relative to the processed
cylindrical contact have to be tested. At the same time,
the atlas calculation must be rapid, particularly for re-
mote operations. Once the discrete volumetric atlas has
been constructed, the structures can additionally be
smoothed, if necessary, by using three-dimensional an-
tialiasing.

This method calculates the atlas function for the en-
tire atlas space, provided that the number of the best
contacts available is sufficient. For instance, if the distri-
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FIGURE 19–7. Stryker (Kalamazoo, MI) Navigation System Neuro: screenshot of planning situ-
ation. From upper left to lower right: a Schaltenbrand-Wahren atlas plate with an overlay and tra-
jectory; image fusion with the Talairach-Tournoux atlas including trajectories; four reconstructed
sectional patient images; and 3-D volume-rendered image. (Image courtesy of H. Schoepp,
Stryker/Leibinger.)

bution of the best contacts would be uniform, then their
number should be higher than the volume of structure
to the volume of contact ratio. When the number of the
best contacts available is not high enough, the originally
calculated atlas may not be determined in some regions
or it may have abrupt changes in value. Then, by treat-
ing the original atlas as a set of samples, the atlas can be
smoothly reconstructed from these samples based on
the theory of probability (Fig. 19–10).

Internet Portal for Stereotactic
Functional Neurosurgery

As previously mentioned, the current surgical practice is
manufacturer-centric. Surgeons are dependent and rely
on the equipment and tools provided by manufacturers.
We have been working on a community-centric solution
that will represent a paradigm shift, at least for stereotac-
tic functional neurosurgeons. The earlier described In-

ternet portal has been developed to provide user ser-
vices for stereotactic functional neurosurgeons. The
portal contains the PFA and the tools for its calculation,
presentation, and use. Neurosurgeons themselves will
be able to expand the content of this PFA.

The core PFA built from the available data along with
the developed algorithm for PFA calculation can be use-
ful both for experienced functional neurosurgeons who
have gathered numerous cases, and for neurosurgeons
who are just starting their first cases. We envisage four
scenarios of atlas use. First, the core PFA is used to en-
hance targeting, a scenario most likely useful for begin-
ners. Second, the neurosurgeon generates an individu-
alized PFA. This application will be beneficial for
experienced neurosurgeons having gathered numerous
cases. Third, the neurosurgeon calculates a combined
PFA from the data of other neurosurgeons available in
the PFA database. And finally, the neurosurgeon gener-
ates an individualized combined PFA by combining his
or her own data with the selected data of others. This in-
creases the neurosurgeons’ confidence level. The PFA
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FIGURE 19–8. User interface of the Stereoplan, Tyco/Radionics (Burlington, MA). Thalamotomy
planning: the stereotactic trajectory is displayed with respect to the patient-specific data, the
Schaltenbrand-Wahren atlas, and the stereotactic frame. (Image courtesy of A. Csavoy,
Tyco/Radionics.)

portal supports all four scenarios. It will also allow users
to edit, complete, or replace the data sets they have al-
ready placed in the PFA database.

The core PFA and the tools for PFA generation have
to be available to the neurosurgeon as well as the neuro-
surgical community in an efficient and user-friendly
manner. We have developed a Web-enabled, multiple-
window application for this purpose. This initial version
of the PFA portal provides the following key functions:
(1) data loading and editing, (2) parameter setting, (3)
PFA generation, (4) PFA display, and (5) combination of
PFAs and/or data sets. The portal is available at www.
cerefy.com.

Data loading and editing

The data-related functions allow neurosurgeons to load
and explore their data. They are able to add, delete, and
edit the structure, patient, electrode, and contact data.

Parameter setting

Numerous options enable the neurosurgeon to set para-
meters, such as selecting the atlas type (original or re-
constructed) and the type of probability, setting the atlas
threshold and separating its visible from hidden parts,
selecting a group of voxels, setting voxel size (i.e., the
resolution of the calculated atlas can be set by the neu-
rosurgeon), and controlling atlas display. After parame-
ters are set, the atlas can be recalculated.

Probabilistic functional atlas display

The neurosurgeon is able to display the PFA as 3-D ob-
jects (see Fig. 19–10A) or as a 2-D slice in axial, coronal,
or sagittal orientation (see Fig. 19–10B). Functions for
atlas exploration are provided, such as scaling, rotation,
translation, showing/hiding structures. Voxels to be dis-
played can be selected by using numerous criteria. In
particular, two major operations facilitating targeting
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A B

A B

FIGURE 19–9. Calculation of the probabilistic functional atlas for the subthalamic nucleus. The
normalized (placed in the atlas space) wire-frame models of (A) electrodes for both hemi-
spheres, (B) best contacts for one hemisphere.

FIGURE 19–10. Reconstructed probabilistic functional atlas. (A). Three-dimensional volumetric
model of the subthalamic nucleus calculated with the step of 0.25 mm from a set of the most
active contacts of patients operated bilaterally. (B). Schaltenbrand-Wahren Fp 4.0 atlas plate
blended with the corresponding slice from the probabilistic functional atlas. The ventrointer-
medius nucleus and subthalamic nucleus structures are shown such that the atlas value is pro-
portional to image intensity.

are provided: (1) the probability for a given region de-
fined in the atlas by the neurosurgeon can be calculated;
and (2) for a given probability determined by the neuro-
surgeon, the corresponding atlas region or the number
of contacts in it is calculated. Other operations include
displaying complete information about a selected voxel
(probability, number of respective contacts and their
characteristics); mensuration (distances between se-
lected voxels, area of intersection by a plane, and vol-
ume of a selected region); displaying the mean value
and standard deviation of the atlas; displaying the atlas

with variable transparency such that voxel opacity is pro-
portional to its probability. In addition, the PFA can be
displayed in registration with the Cerefy anatomical at-
lases (see Fig. 19–10B).

Combination of probabilistic functional
atlases and/or data sets

The PFA portal allows the neurosurgeon to combine at-
lases and data sets from multiple sources. Two PFAs are
easily combined by adding their atlas functions. When a
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PFA is combined with a new data set, the atlas function
for the new data set is calculated first and both atlas
functions are added. Similarly, if two data sets are com-
bined, their atlas functions are calculated and then
added. This combination mechanism can be done re-
cursively, allowing neurosurgeons to combine their data,
create the combined probabilistic functional atlas, and
use it for more accurate targeting. When a new data set
is combined with several PFAs available in the PFA data-
base, the combined PFA is created by adding its compo-
nent atlas functions; then the PFA for the new data set is
calculated and added to the combined atlas function.
Optionally, the new PFA can be incorporated into the
PFA database and made available to the community. The
best target from multiple PFAs and user’s data is calcu-
lated as the best target of the combined atlas.

In addition, probabilities can also be combined. Their
atlas functions have to be determined first by inversing
the calculation of probability.

Summary

Brain atlases have become commonplace in stereotactic
functional neurosurgery. The most commonly used are
electronic versions of the Schaltenbrand and Wahren, and
Talairach and Tournoux atlases. The Cerefy electronic
brain atlas database, containing these two and other at-
lases, is the widely accepted standard in stereotactic func-
tional neurosurgery. Despite their growing use, the Cerefy
atlases have two major limitations. First, the original
printed material is sparse and based on a few brain speci-
mens only. And second, these atlases are anatomical,
whereas the stereotactic targets are functional. The stereo-
tactic PFA, constructed from intraoperative electrophysio-
logical and clinical brain mapping data collected for hun-
dreds of patients, overcomes both limitations. The use
and expansion of the PFA content by means of an Internet
portal represent a paradigm shift from manufacturer- to
community-centric atlases. The PFA portal, supporting
four scenarios of atlas use, will be useful for both experi-
enced and novice functional neurosurgeons.
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Image-Guided Cervical Instrumentation
GORDON D. C. DANDIE AND MICHAEL G. FEHLINGS

The surgical treatment of cervical spine disorders is a
demanding art. This is particularly so when decompres-
sion and stabilization of the craniocervical junction,
upper cervical spine, or thoracocervical junction is re-
quired. Frequently the operative field provides only a
limited interface between the surgeon and complex re-
gional anatomy. The degree of difficulty is often com-
pounded by congenital anomalies or destructive patho-
logical processes causing distortion of the anatomic
relationships.1

Traditionally surgeons have had to rely on the ability
to assimilate information gained from preoperative
imaging with their anatomic knowledge and surgical ex-
perience, supplemented with intraoperative fluo-
roscopy, to determine the extent of decompression and
placement of instrumentation in the cervical spine. Op-
erative techniques developed to guide the insertion of
instrumentation into cervical vertebrae are often based
on cadaveric anatomic studies with limited numbers2

and may not be appropriate for each individual case.
This applies particularly to C1–C2 anatomy, which varies
so significantly between patients that it precludes estab-
lishing absolute parameters for transarticular screw
placement.3 The incidence of vertebral artery injury
from this procedure is greater than 4%.4

Frameless stereotaxy was initially applied to intracra-
nial surgery,5 and the technology has been adapted to as-
sist spinal surgery.6 As an adjunct to cervical spine sur-
gery, use of image guidance has now been reported in
transoral odontoid resection,7 atlantoaxial fusion with
C1–C2 transarticular screws,8 occipitocervical fusion,9
posterior cervical fusion with lateral mass plates,9 ante-

rior cervical decompression,10 and cervical pedicle screw
insertion.11

Due to the factors already discussed (limited surgical
exposure, complex regional anatomy, and distortion of
relational anatomy) image-guidance technology lends
itself extremely well as an adjunct to cervical spine in-
strumentation. The surgeon is provided with a three-
dimensional (3-D) anatomical correlation between the
operative field and imaging data to guide surgical ma-
neuvers, producing greater accuracy and consistency
when placing instrumentation.8 The inherent inaccura-
cies with the intracranial application of frameless stereo-
taxy due to “brain shift” and surface fiducial markers do
not apply in spinal surgery.12 The bony anatomy of the
vertebrae remains consistent from preoperative imaging
to intraoperative registration and is distinctive enough
to provide recognizable landmarks that can be used as
fiducial points. Any “intersegmental shift” is overcome
by sequential registration of each vertebra to be instru-
mented,12 with fluoroscopy used for cross checking
alignment if required. Furthermore, the ability to uni-
versally calibrate a wide range of surgical instruments
used in cervical spine surgery has expanded the benefits
of image guidance beyond simply pointing with a probe
to estimate trajectories.13 Decompression can be under-
taken with calibrated upcutting rongeurs,14 or screw-
holes drilled through calibrated guide tubes with real-
time image guidance.12

Some of the disadvantages of image-guided cervical
surgery include the initial cost of the equipment,8 the
time added to the overall length of the procedure by
registration,15 increased imaging and therefore in-
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TABLE 20–1. Indications for Image Guidance in
Complex Cervical Spine Surgery

Definite C1–C2 transarticular screw insertion 
indications (occipitocervical fusion, atlantoaxial fusion)

Transoral decompression ventral craniocervical 
junction

Cervicle pedicle screws
Helpful Lateral mass screws (including C1 lateral mass 

screws)
C2 pars screws
Tumor resections

Occasionally of Anterior cervical discectomy and fusion
assistance Anterior cervical corporectomy and fusion

creased radiation dose to the patient,16 and potential in-
accuracies associated with relying on preoperative imag-
ing of a mobile structure.17 We believe that when image
guidance is applied appropriately to cervical instrumen-
tation procedures (see following text), most of these
limitations can be answered. After the initial learning
curve, intraoperative registration is a step that usually
only takes 1 to 2 minutes per vertebra, time that is often
recouped due to the surgeon’s increased confidence in
the accurate placement of the instrumentation when
using the system.9 For most of the cervical procedures in
which we use the image-guidance system, patients re-
quire preoperative assessment with a fine-cut computed
tomographic (CT) scan of the bony anatomy (and 3-D
reconstructions) in addition to the imaging they pre-
sented with anyway, and therefore usually do not receive
an increased radiation dose over and above that which
our usual practice would entail.

A number of techniques are employed to overcome
“motion inaccuracies.” Intraoperative motion between
segments due to respiration is compensated for by “dy-
namic referencing,”12 a process whereby movement of
the reference arc is tracked by the electro-optical cam-
era at a frequency of 30 to 60 Hz, and the images on
the workstation are constantly updated to compensate
for the movement. As previously mentioned, “interseg-
mental shift” is overcome by sequential referencing of
each vertebra as required. Instability at the site of the
pathology can be negated by imaging the patient in a
halo vest, which can be worn intraoperatively to main-
tain the same alignment. Alternatively intraoperative
fluoroscopy can be employed to check alignment and
confirm the relationship of two adjacent vertebrae
(e.g., C1 and C2).

Indications

Despite the reported use of image guidance as an ad-
junct to all major types of cervical instrumentation,7–11

we believe its main indications in cervical surgery are
assisting the placement of C1–C2 transarticular screws,
assisting the placement of pedicle screws, and guiding
transoral decompression of the ventral cervicomedul-
lary junction. If the image-guidance system is being em-
ployed to assist insertion of transarticular or pedicle
screws, and the construct also requires lateral mass
screws, we find it helpful in assisting their placement
also, but we do not routinely use image guidance for lat-
eral mass screws alone. Nor do we routinely use image
guidance for anterior cervical decompression (discec-
tomy, foraminotomy, corporectomy) and instrumenta-
tion (Table 20–1).

Insertion of C1–C2 transarticular screws, whether as-
sociated with atlantoaxial fusion, occipitocervical fusion,
or axial-subaxial fusion, is the indication par excellence
for image-guided cervical instrumentation. As already
mentioned, the high degree of anatomical variability in
the C1–C2 region prevents a formulaic approach to
transarticular screw insertion.3 Individual features to be
considered when planning screw placement include the
size of the C2 pars, the degree to which the C1–C2 artic-
ulation is aligned, and whether the patient has a “high
riding” transverse foramen. Standard operative tech-
niques still result in inadequate screw positioning in
over 5% of cases.18 In addition, lateral fluoroscopy has
been shown to be unreliable in determining optimal
transarticular C1–C2 screw length, with a risk of anterior
cortical perforation and the potential for hypoglossal
nerve injury.19 To illustrate how we employ image guid-
ance as an adjunct to cervical instrumentation, we will
describe its application to C1–C2 transarticular screw
insertion.

Technique

Preoperative imaging for all of our patients undergoing
C1–C2 transarticular instrumentation includes plain cer-
vical spine radiographs, including dynamic flexion and
extension views if feasible, magnetic resonance imaging
(MRI) of the craniocervical junction (Figs. 20–1A and
20–1B), and 1 mm fine-slice CT scanning. We have
found that 1 mm slices (as opposed to 1.5 mm and 3
mm) provide the most accurate reconstructions for
image guidance applied to the cervical spine, where
finer tolerances are required than for the lower spine.
Patients requiring reduction or immobilization preoper-
atively are placed in a halo vest prior to imaging. The
data from the CT study are transferred via ethernet to
the image-guidance workstation (Surgical Navigation
Specialists Inc., Mississauga, Ontario) and reconstructed
to provide images in three planes and a 3-D model of the
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A B

FIGURE 20–1. (A). T2-weighted magnetic resonance image (MRI) showing dynamic compres-
sion at C2 due to pseudoarthrosis (flexion). (B). T2-weighted MRI showing dynamic compression
at C2 due to pseudoarthrosis (extension).

FIGURE 20–2. Three-dimensional reconstruction showing
selected positions of paired-point anatomical fiducials.

bony anatomy. If the procedure involves resection of
tumor, CT/MRI fusion is also utilized.

The patient is transferred to the operating suite and
undergoes awake fiber-optic intubation and general
anesthesia. Somatosensory-evoked potentials are moni-
tored and prophylactic antibiotics are administered.
While anesthesia is being induced the surgeons under-
take final preoperative planning and selection of ana-
tomical fiducial points on the workstation images that
will be used for registration. The two main modalities of
registration are the paired-point and surface-fit meth-
ods.20 Paired-point registration involves defining corre-
sponding points on the images and the patient and
thereby linking the two coordinate systems. Extrinsic
points (skin markers) are usually used for cranial image
guidance, whereas intrinsic points (anatomic features)
can be more readily utilized in spinal surgery. Surface-fit
registration matches a large set of points derived from
the surface contour of the patient’s anatomy with the
best fit of the imaged contour. Surface-fit registration
tends to be more time-consuming and less accurate than
paired-point registration.20

The principles for paired-point fiducial selection have
been described elsewhere,21 the main criteria being to
avoid linear fiducial configurations, center the fiducial
configuration on the operative target, keep the fiducials
as far away from each other as possible, and use as many
fiducials as possible. Accordingly, we use a system of six
paired points per vertebra, selecting the midpoint of the
medial border of the lateral mass, the midpoint of the
inferior articular process, and the midpoint of the lat-

eral border of the lateral mass (Fig. 20–2). After the pa-
tient is positioned on the operating table, a C-arm
image-intensifier is positioned to enable lateral fluoro-
scopy during the procedure (Fig. 20–3).

Following surgical exposure of the occiput and upper
cervical spine, the stereotactic reference arc is then at-
tached to the spinous process of C2 via a thin articu-
lated arm (Fig. 20–4) and positioned away from the op-
erative field, in direct view of the electro-optical camera
system. Registration of the C2 vertebra is then per-
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FIGURE 20–3. Operative setup. Note position of fluoro-
scope, optical tracking camera (small arrow), and computer
workstation screen (large arrow).

FIGURE 20–4. Articulated arm with reference arc in position
(arrow).

formed using the preselected six paired points and
accuracy checked by positioning the probe on well-
defined anatomical landmarks, such as the tips of the spi-
nous process, and viewing the corresponding position in-
dicated on the workstation monitor. It is important for
the surgeon to use familiar image configurations to en-
sure ease of application. We find a combination of axial,
sagittal, coronal, and 3-D reconstructions most useful.
Occasionally, other views, including a trajectory view
when placing screws, can be helpful.

When testing accuracy after registration, the sur-
geon’s perception of the accuracy of the correlation of
the surgical anatomy with the image anatomy is as im-
portant as the “margin of error” figures generated by the
system software. As already discussed, it is critical to vali-
date the accuracy of registration by referring to fixed an-
atomic points. Image-guidance systems remain an ad-
junct to assist surgical maneuvers; they do not replace
the surgeon’s intuitive skills and knowledge of the intra-
operative anatomy.

The stereotactic probe is then used to select the entry
points for the C1–C2 transarticular screws to enable a
safe passage through the C2 pars (Fig. 20–5), and the
sites are decorticated with a high-speed drill (2 mm
round diamond burr). A variable-depth stereotactic

probe may also be used to guide incision sites for the
percutaneous drill guide tubes. With the guide tubes in-
serted the fluoroscopy C-arm is positioned and drill tra-
jectory confirmed with both the stereotactic probe and
the fluoroscope. A 2.7 mm drill bit is then directed
across the midportion of the C1–C2 articulation and to-
ward the C1 anterior tubercle under intermittent fluoro-
scopic guidance. Fluoroscopy can be misleading if used
to determine screw length19 so we use the image-guid-
ance system to help measure accurate screw dimensions.
The hole is then further prepared with a 3.5 mm tap and
an appropriate 3.5 mm diameter screw inserted under
intermittent fluoroscopic guidance. The procedure is
repeated on the opposite side, and autologous bone
graft is laid over the C1–C2 facet after decortication with
a high-speed dill. The rest of the construct is then ap-
plied as required (e.g., occipitocervical plate, inter-
spinous graft, or lateral mass screws and plates). We rou-
tinely check the construct postoperatively with plain
radiographs. We currently use 3-D CT to assess C1–C2
transarticular screw position postoperatively (Fig. 20–6).

Clinical Experience

At the University Health Network Spinal Program, Uni-
versity of Toronto, we recently assessed 35 complex cer-
vical spine instrumentation procedures performed by
the senior author in which image guidance was utilized.
The 35 patients had an age range of 14 to 84 years
(mean 55 years) and comprised 21 females and 14
males. The pathologies treated included rheumatoid
arthritis, trauma, congenital anomalies, pseudotumor,
osteoarthritis, tumor, and ossification of the posterior
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FIGURE 20–5. Workstation screen showing selection of entry point and proposed trajectory of
C1–C2 transarticular screw (Surgical Navigation Specialists, Mississauga, Ontario, Canada).

FIGURE 20–6. Postoperative computed tomography show-
ing C1–C2 transarticular screw position.

longitudinal ligament. Image guidance was found useful
for transoral decompression, occipitocervical fusion
(transarticular screws), atlantoaxial fusion (transarticu-
lar screws), complex axial-subaxial fusion, and cervi-
cothoracic fuison (pedicle screws).

In one patient undergoing atlantoaxial fusion the
image-guidance system was used for preoperative plan-
ning only because it showed passage of transarticular
screws was contraindicated. There have been no intraop-
erative complications (neural or vascular injury) during
the 35 procedures, and accuracy of transarticular screw
placement has improved when graded by postoperative
3-D CT and compared with a retrospective cohort of pa-
tients whose procedures were performed without image
guidance (unpublished data).

Conclusions

Cervical anatomy is complex, and operating on the cer-
vical spine that has been distorted by pathology is chal-
lenging. Image-guidance systems help the surgeon navi-
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gate this difficult region, thereby increasing surgical ac-
curacy and safety, which should improve patient out-
comes. Future developments, such as incorporating in-
traoperative CT, could possibly increase the accuracy of
the registration process by allowing insertion of mi-
crofiducials directly onto the vertebrae, which can then
be imaged during the procedure, or by enabling true au-
toregistration by detecting the reference frame during
the imaging process. With further refinement, fluoro-
scopically registered image guidance may also poten-
tially advance the usefulness of this exciting technology.
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Thoracic Instrumentation
Stereotactic Navigation for Placement 

of Pedicle Screws in the Thoracic Spine
ANDREW S. YOUKILIS AND STEPHEN M. PAPADOPOULOS

Application of transpedicular screws for posterior fixa-
tion in the treatment of spinal instability has undergone
continuous evolution and refinement in technique since
King attempted the first transfacet screw in 1944.1 Even
before the Food and Drug Administration upgraded
them from a Class III to a Class II device in July 1998,
pedicle screws in the lumbar spine were considered by
many to be the best and most rigid form of posterior
spinal fixation. Due to the smaller size and more com-
plex three-dimensional morphology of the thoracic
pedicle, transpedicular screw placement in the thoracic
spine can be extremely challenging and has not been
widely advocated. Anatomic studies have demonstrated
a wide degree of variability of pedicular diameter, shape,
and angle (Fig. 21–1). Given the proximity of the tho-
racic pleura, nerve roots, and spinal cord itself, serious
morbidity can accompany a less than perfectly placed
thoracic pedicle screw.

Anatomic Background

Over the past several years, a wealth of data has accumu-
lated regarding the anatomy of the thoracic pedicle.2–7

Utilizing this data, a variety of techniques have been de-
veloped in an effort to decrease the complications asso-
ciated with thoracic pedicle screw placement.8,9 In con-
trast to the lumbar spine, there is considerable variation
among thoracic vertebrae, in both the relationship of
the transverse process to the axis of the pedicle and the
angle of the pedicle to the vertebral body.5 Due to the
variability of these individual parameters, freehand
placement of thoracic pedicle screws using anatomic

landmarks may be imprecise and may thus lead to errors
in screw placement. Clinical and cadaveric studies have
shown that 15 to 50% of thoracic screws violate the
pedicular cortex when placed using anatomic land-
marks and fluoroscopic techniques.8–11 Analysis of pedic-
ular cortex violations has included direct visualization
(cadaveric studies), plain x-ray, and thin-cut computed
tomographic (CT) scans (Table 21–1).

Image-guided stereotaxy provides three-dimensional,
intraoperative guidance, which is well suited for thoracic
pedicle screw size and trajectory. Recently, cadaveric stud-
ies have investigated the accuracy of this technology with
extremely encouraging results.12–14 In a recent analysis at
our institution, we designed a retrospective study to assess
the clinical accuracy and safety of thoracic pedicle screw
placement utilizing intraoperative navigational tech-
niques by several surgeons of varying experience and skill.

Accuracy of Stereotactic Thoracic
Pedicle Screw Placement

Since 1996, 266 thoracic pedicle screws, in 65 patients,
were placed using image-guided techniques. All screws
were placed by one of four surgeons with a range of expe-
rience in posterior spinal fixation and intraoperative navi-
gation. Screw diameter ranged from 4.5 mm in the mid
and upper thoracic spine to 6.5 mm in the lower thoracic
spine. Screw length varied from 25 to 55 mm and was pre-
determined by measurement on the stereotactic planning
station. The StealthStation (Medtronic SNT, Louisville,
CO) stereotactic image-guidance computer platform was
utilized in all instances of screw placement. Operating sys-
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TABLE 21–1. Review of Throacic Pedicle Screw Literature

No. No. Thoracic Means of Means of “Miss”
Study Patients Screws Levels Placement Evaluation Percentage

1988: Weinstein et al11 8 cadaver 32 T11–S1 Landmarks Plain x-ray Overall 21%
Fluoroscopy Visual Thoracic 18.75%

1990: Gertzbein 40 living 67 Not specified Landmarks CT 15% > 2 mm
and Robbins20 Fluoroscopy

1995: McCormack et al5 1 cadaver 4 L1, T7, T12 Image guidance Visual 0%
1995: Vaccaro et al7 5 cadaver 90 T4–T12 Landmarks CT 41%

Visual
1996: Abitbol et al12 2 cadaver 48 T1–T12 Fluoroscopy Plain x-ray Fluoroscopy 50%

Image guidance CT Image guidance
Visual 4%

1996: Jiang et al13 3 living 10 Not specified Image guidance Plain x-ray 0%
(C-T-L) CT

1997: Liljenqvist et al10 32 living 120 T4–T12 Landmarks CT 25%
(scoliosis) Fluoroscopy Plain x-ray

1998: Xu et al9 10 cadaver Roy-Camille 95 T1–T10 Landmarks Visual Roy-Camille
54.7%

Open Lamina 94 Open Lamina
15.9%

1999: Cinotti et al8 7 cadaver 126 Not specified Landmarks Visual A–24%
B–16%

CT, computed tomography.

FIGURE 21–1. This schematic representation depicts the
variable coronal anatomy of the thoracic pedicle going from
anterior to posterior.

tem updates occurred on a regular basis, from version 2.3
to 3.0 from 1998 to 2000. Registration methods were
“paired-point” in 1998 to mid-1999 and “paired-point
with surface merge” from mid-1999 to the present. Indi-
cations for thoracic pedicle screw fixation included
trauma, tumor, instability, kyphosis, and scoliosis.

Medical charts were reviewed, and patient demograph-
ics including diagnosis, operative procedure, and postop-
erative complications were recorded. All patients without
an existing appropriate postoperative CT scan were con-
tacted and asked to participate in the study and return

for the protocol CT scan. Postoperative thin-cut CT scans
(3 mm contiguous, nonoverlapping images) were ob-
tained in 52 patients, and an impartial neuroradiologist
evaluated all 224 screws with a standardized report form.
Screws that violated the pedicular cortex were then
graded with respect to degree of cortical perforation and
angle of trajectory using a modified grading system (Fig.
21–2). Screws that replaced the cortex without extending
beyond the pedicular cortical margin were considered
Grade I screws. A Grade II violation was defined as a
screw that extended less than 2 mm beyond the pedicu-
lar cortex. Screws that extended greater than 2 mm be-
yond the pedicular margin were considered Grade III vi-
olations (Fig. 21–3). Grade II and Grade III screws were
considered true cortical violations. Grade III violations
were further divided into “intentional lateral screw entry
through the costovertebral joint” (scaphoid pedicles)
and true “anatomically significant errors.”

Review of the clinical charts revealed no incidence of
postoperative neurological, cardiovascular, or pulmo-
nary injury. Pedicle screws were placed in all levels of the
thoracic spine (T1–T12) (Table 21–2). Of the 224 screws
evaluated, there were 12 Grade I screws and 19 screws
with Grade II or Grade III cortical violations (8.5%). Of
the 19 cortical violations there were 11 Grade II and 8
Grade III screws. The most common trajectory for these
violations was lateral to the pedicle. There were two in-
ferior violations, three medial violations, and only one
superior violation (Table 21–3A). Analysis using Chi-
square and one-sided Fisher’s exact tests revealed a trend
(P = 0.0735) involving higher rates of cortical perfora-
tion in the midthoracic spine (T4–T8 = 16.7%) when
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A B

FIGURE 21–2. This illustration and photoradiograph
depict the desired outcome after proper screw posi-
tioning.

FIGURE 21–3. (A). This figure demonstrates thoracic pedicle screws that were considered to be
in acceptable position. Grade I screws were not counted as violations because they replaced the
pedicular cortex without extending beyond it. (B). Grade II and Grade III medial cortical violations
are demonstrated in this figure. Grade II violations were defined as screws that extended � 2
mm beyond the pedicular cortex, whereas Grade III violations were defined as screws found to
be > 2 mm outside of the cortical margin.
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TABLE 21–2. Overview of Stereotactic Thoracic Pedicle Screw Data

Patient Surgeon T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 T11 T12 �Gr I Gr II + Gr III

1 1 2 2
2 1 1 2 2 5
3 1 2 2
4 1 2 2
5 1 2 2
6 3 2 2
7 1 2 2
8 1 2 2
9 1 2 2 2 2 8

10 1 2 2 4
11 1 2 2 4
12 1 2 2 2 6
13 1 2 2 3 1
14 1 2 2 3 1
15 1 2 2 4
16 2 2 1 1
17 1 2 2 4
18 3 2 2 2 4 2
19 2 2 2 2 5 1
20 2 2 1 1
21 1 2 2 4
22 2 2 2
23 1 2 2 4
24 2 2 2 4
25 1 2 2
26 1 2 2 2 2 6 2
27 1 2 2
28 2 2 2
29 1 2 2 4
30 2 2 2
31 2 2 2 4
32 1 2 2 4
33 1 2 2 2 2 7 1
34 1 2 2 2 2 8
35 1 2 2 2 5 1
36 1 2 2 2 6
37 1 2 2
38 1 2 2
39 1 2 2 1 5
40 1 2 2 1 2 7
41 1 2 2 4
42 1 2 2 4
43 2 2 2
44 1 2 2 2 5 1
45 1 2 2
46 2 2 2
47 4 2 2 2 2 6 2
48 1 2 2 2 2 8
49 1 2 2 1 2 2 6 3
50 3 2 2 2 2 6 2
51 1 2 2 2 2 8
52 4 2 2 4
TOTALS 29 6 10 12 12 9 11 10 14 30 40 41 205 19

compared with the upper thoracic (T1–T4 = 8.8%) and
lower thoracic (T9–TI2 = 5.6%) regions (Table 21–3B).
After controlling for surgeon difference and accounting
for correlation of multiple screws placed within the
same patient, a logistic regression analysis demonstrated
a statistically significant difference in the rate of pedicu-
lar violation in the midthoracic spine [P = 0.0072, odds
ratio (OR) = 5.66, and 95% confidence interval =

1.6–2.0 from T4 to T9]. Thoracic levels with the highest
rates of cortical violation in our series included T4 (P =
0.0005, OR = 31.3), followed by T8 (P = 0.0049, OR =
21.9) and T2 (P = 0.0173, OR = 18.5).

Of the eight Grade III screws, three were placed inten-
tionally through the rib head in the lateral aspect of the
pedicle due to thin, scaphoid-shaped, or laterally di-
rected pedicles. Out of a total of 224 screws evaluated,
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TABLE 21–3A. Review of Cortical Violations

Patient Surgeon Side/Level Direction Grade Comment

13 1 Right T11 Lateral III Intentional
14 1 Right T10 Lateral III Thin pedicles
16 2 Left T1 Medial II
18 3 Right T10 Lateral III
18 3 Left T10 Lateral II
19 2 Left T9 Lateral III Intraop instability
20 2 Left T12 Lateral II
26 1 Left T6 Inferior II
26 1 Right T6 Inferior II
33 1 Right T2 Lateral II
35 1 Right T9 Lateral III Intentional
44 1 Right T4 Lateral II
47 4 Left T4 Medial III
47 4 Left T8 Lateral III
49 1 Left T4 Medial II Thin pedicles
49 1 Left T7 Superior/lateral II Thin pedicles
49 1 Left T8 Lateral III Intentional
50 3 Right T5 Lateral II
50 3 Left T5 Lateral II

only five (2.2%) were felt to be structurally significant, in-
advertent violations of the pedicular cortex (Fig. 21–4).

Thoracic Pedicle Screw Placement: 
A Unique Challenge

It is well accepted that pedicle screws and rods provide
superior stability in comparison to other posterior spinal
fixation techniques. Specifically, biomechanical studies

have suggested pedicle screws to be superior to other
posterior fixation techniques, providing increased rigid-
ity and construct stiffness.15–17 This increased rigidity al-
lows for shorter construct lengths and decreased time in
external orthoses. Although techniques for pedicle
screw fixation in the lumbar spine have become quite
common, there has been considerable debate over the
safety of pedicle screw placement in the thoracic
spine.7,8,11,16

Pedicle screw placement in the thoracic spine pre-
sents a unique challenge. Unlike the lumbar pedicle,

TABLE 21–3B. Subset Analysis of Grade II, Grade III Cortical Violations

T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 T11 T12

Total screws 29 6 10 12 12 9 11 10 14 30 40 41
Grade II/III violations 1 1 0 3 2 2 1 2 2 3 1 1
Percentage out 0.034 0.167 0.000 0.250 0.167 0.222 0.091 0.200 0.143 0.100 0.025 0.024

Miss % = 0.088 Miss % = 0.167 Miss % = 0.056
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B

FIGURE 21–4. (A). Axial computed tomographic
(CT) scan with coronal reformats demonstrating a
Grade II lateral, cortical violation at T3. (B). Axial CT
scan demonstrating a Grade III lateral, cortical viola-
tion at T8.

there is little room for error in the smaller and more
three-dimensionally complex thoracic pedicle. Morpho-
metric studies have shown pedicular size to be widely
variable, ranging from a smallest mean transverse diam-
eter of 4.5 mm at T4 to a largest mean transverse diame-
ter of 7.8 mm at TI2.16 Medial errors are less forgiving in
the thoracic spine because there is less mobility of the
spinal cord than that of the nerve roots in the cauda
equina. Lateral perforations of the pedicular cortex are
potential threats to the pleural cavity and great vessel.18

Although anatomic studies have shown pedicle screw
placement to be feasible in the thoracic spine,7 spine
surgeons may be reluctant to attempt thoracic pedicle
screws, given the increased technical difficulty and in-
herent risks associated with their placement.

Considerable debate has arisen concerning the best
method for screw placement in the thoracic spine. The
specific anatomic location for screw entry is much more

difficult to determine compared with the lumbar pedi-
cle. The general rule, which places the rostral-caudal
center of the pedicle at the midpoint of the transverse
process, does not necessarily hold true in the widely vari-
able thoracic spine.5 Not only is this location quite vari-
able as one moves from the rostral to the caudal por-
tions of the thoracic spine, there is also segmental
variability from left to right. Moreover, unlike the large-
ovoid lumbar pedicle, the cross-sectional morphology of
a single thoracic pedicle is widely variable in the coronal
plane (see Fig. 21–1).4 Several surgical techniques have
evolved to more accurately locate the center of the pedi-
cle in the thoracic spine using anatomic landmarks and
in combination with intraoperative fluoroscopy.8,9 In
spite of these techniques, several authors have con-
cluded that some thoracic pedicles may be too complex
for safe screw placement, given the accuracy that is re-
quired and the limited margin of tolerable error.7,8

A
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FIGURE 21–5. Coronal computed tomo-
graphic reformats demonstrating the utility
of this view in assessing cortical integrity.

Literature Review

Review of the published literature on thoracic pedicle
screw accuracy has revealed an alarmingly high rate of
cortical disruptions (see Table 21–1). Cadaveric series
using landmarks alone have documented “miss” rates as
high as 55%.9 With the addition of fluoroscopy, the ac-
curacy of screw placement modestly improves but is still
unacceptably high, in the range of 15 to 25%. In the
largest published clinical series to date, Liljenqvist et al
reported their results of 32 patients with idiopathic scol-
iosis who underwent thoracic pedicle screw fixation.10

Thoracic screws were placed from T4 to T12 using ana-
tomical landmarks and fluoroscopy. Of the 120 thoracic
screws placed, they reported a cortical penetration rate
of 25%, evaluated by plain x-rays and thin-cut CT scans.
They reported a higher incidence of cortical violation in
the upper thoracic spine (T4–T7, 35.3%) than in the
lower thoracic spine (T8–T12, 23.3%). Medial penetra-
tion occurred in 8.3% of the total thoracic screws
placed.

It is important to note that the method of accuracy as-
sessment of pedicle screw placement is a topic of contro-
versy. Although many spine surgeons consider antero-
posterior and lateral plain x-rays to be an adequate
assessment of screw location, Weinstein et al showed
there to be “unacceptably high rates of false-positive and
false-negative evaluations.”11 Accordingly, thin-cut CT
scans should be considered the gold standard in postop-
erative evaluation of pedicle screw placement. Coronal
reconstructions are especially useful in determining the

relationship of the screw to the pedicular cortex (Fig.
21–5).

Rationale for Stereotaxy in 
the Thoracic Spine

Given the three-dimensional complexity of the thoracic
pedicle and the low tolerance for error in screw place-
ment, image-guided stereotaxy is well suited to the task
of thoracic pedicle screw placement. There has been lit-
tle data comparing the accuracy of image-guided screw
placement with that of the more conventional tech-
niques, however. In 1996, a report by Abitbol et al evalu-
ated 48 thoracic screws placed from T1 to T12 in two
separate cadavers, one half using image guidance and
the other half using biplanar fluoroscopy and anatomic
landmarks.12 Using visual inspection and CT scans,
nearly 50% of screws placed with conventional tech-
niques were noted to perforate the pedicular cortex
(16% of all screws with “critical” violations), whereas
only one cortical disruption was noted in the group with
image guidance (4% of all screws). Others have touted
the accuracy of stereotactic pedicle screw placement in
the thoracic spine,13,14,19 yet there have been no large
clinical series published in the literature.

Image-guided stereotaxy gives the surgeon an added
level of preoperative planning and pedicle assessment
not previously available using the more conventional
techniques of screw placement. Certain pedicles may
simply be too small or scaphoid to make perfect screw
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FIGURE 21–6. In cases of thin, scaphoid, or laterally directed pedicles, the surgeon may
choose an intentional, lateral trajectory through the rib head to achieve maximum purchase
when presented with inadequate-sized pedicles.

placement feasible. In these instances a nontraditional
trajectory can be chosen based on the preoperative
model, placing the pedicle screw intentionally through
the rib head and into the vertebral body (Fig. 21–6).
Anecdotal experience indicates that an intentional lat-
eral screw entry is a viable alternative when the pedicle is
either laterally directed, scaphoid in shape, or less than
4 mm in its smallest coronal diameter.

In this retrospective series of 224 pedicle screws placed
by four surgeons with a wide range of experience with
image guidance, there were a total of 19 violations of the
pedicular cortex (8.5%). This compares favorably with
previously published accuracy rates using standard inter-
operative landmarks and fluoroscopy (see Table 21–1).
Moreover, this high degree of accuracy in this large clini-
cal series is in concordance with smaller cadaveric studies
investigating the accuracy of stereotactic techniques in
the thoracic spine.5,12,13 Many of the Grade II violations
represented a minor mismatch of pedicular size and con-
tour versus screw diameter. This subset of cortical viola-
tions, therefore, may be more dependent on the limit of
pedicle screw size from a biomechanical standpoint than

the margin of error inherent in stereotactic screw place-
ment. Of the 19 Grade II and Grade III screws, only five
were felt to be potential, anatomically significant cortical
violations (2.2% of all screws), none of which required
subsequent reoperation for change of position. We feel
that this figure represents the true anatomic miss rate as-
sociated with stereotactic guidance in the thoracic spine
and emphasizes the low yet ever present potential for
error. Chart review revealed no incidence of postopera-
tive neurological, vascular, or pulmonary injury in any
patient in our series.

Some authors suggest that the increased rate of radio-
graphic cortical violations does not necessarily correlate
with poorer clinical outcome. In the two largest series of
thoracic pedicle screws placed with fluoroscopic guidance
alone, the authors touted a low incidence of neurological
injury in spite of higher rates of pedicular violations.
Gertzbein and Robbins reported two minor neurological
complications, which spontaneously resolved in their se-
ries of 67 thoracic screws.20 Although Liljenqvist et al re-
ported no neurological complications, one screw required
replacement due to its proximity to the thoracic aorta.10
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As with any surgical technique, image-guided pedicle
screw placement has its limitations. Because the stereo-
tactic image is obtained prior to surgery, gross intraseg-
mental instability may preclude accurate guidance. Most
importantly, stereotactic screw placement is not immune
to human error. Interestingly, the majority of screws with
unintentional Grade II or Grade III violations occurred
in instances of severe traumatic fracture subluxations.
This clinical scenario provides two possibilities for error.
First, segmental instability in the setting of severe
trauma may lead to intraoperative errors in localization
from the time interval of CT scan aquisition to naviga-
tion and/or registration to navigation. Second, once the
pedicle instrumentation is initially applied, it can be
moved if vigorous intraoperative forces are applied in an
effort to further reduce and align the spine. In fact, one
surgeon noted “slippage” of the superior screws on final
reduction efforts. Finally, it is important to stress that
the ultimate act of screw placement is not image guided
but rather intended to follow the path of the image-
guided pilot hole. Herein lies the greatest potential for
human error. Operative success is based upon careful
preoperative planning, attention to the details of accu-
rate registration and navigation, and an understanding
of the limitations of specific instrumentation constructs
in unique clinical applications.

Conclusions

This clinical series provides further evidence that stereo-
tactic placement of pedicle screws may be performed
safely and effectively at all levels of the thoracic spine in a
variety of clinical scenarios. Although the subset analysis
data does show a higher rate of cortical violations in the
middle and upper thoracic regions, this rate is still supe-
rior to published rates of error using anatomic and fluo-
roscopic guidance alone. Given the three-dimensional
complexity and relatively small size of the thoracic pedi-
cle, careful preoperative planning is required for pedicle
evaluation and screw trajectory, especially in the mid to
upper thoracic region. When indicated, the utilization of
image-guided techniques for the placement of thoracic
pedicle screws should be considered the safest and most
effective way of stabilizing the thoracic spine.
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Image Guidance for Scoliosis
STEPHEN L. ONDRA AND DEAN KARAHALIOS

Image guidance for spinal procedures has been a recent
addition to neurosurgery.1–11 The most common use for
stereotactic guidance in the spine is to place pedicle
screws.5,9,11 The ability of image guidance to safely place
pedicle instrumentation in rotated, abnormal, or small
pedicles has dramatically changed scoliosis surgery.

The complex anatomic relationships and rotation
seen in spinal deformities such as scoliosis can place an-
atomic structures in very different locations than a sur-
geon might expect based on experience with more rou-
tine cases. This has limited the use of pedicle screws,
particularly in the thoracic and high lumbar spine
where the pedicles are smallest. Unfortunately, these are
the most common areas for spinal deformity and the
sites of the greatest rotation of the spine.

Although hooks and rods allow segmental control,
they provide less corrective power and less stabilization
control. This can lead to a partial postoperative loss of
the initial surgical correction. Over the years, standard
hook patterns and plans for deformity correction were
based on such instrumentation.

Pedicle screws constructs provide much more power-
ful correction and better holding power. The preserva-
tion of the ligamentum flavum and interspinal liga-
ment possible with pedicle screws decreases the risk of
junctional deformity. The power of correction that
screws provide can limit the number of segments in-
volved in the reconstruction. The only segments ana-
tomically required for correction are the rigid portion
of the curve.

The rotation seen in spinal deformity, such as scolio-
sis, not only limits anatomic orientation to screw place-

ment, it makes fluoroscopy virtually useless. The paral-
lax introduced into the fluoroscopic image can lead the
surgeon to believe that there is proper orientation
when in reality, the screw trajectory is grossly in error.
Image guidance allows the surgeon to accurately assess
pedicle size and determine screw diameter and length
before surgery. This, combined with the inherent accu-
racy of placement that image guidance offers, allows
constructs to be planned using pedicle screws for the
majority or all desired fixation points. This has led to a
fundamental change in the rules of correction. Con-
structs can be limited to the rigid portion of the curve.
Greater correction is possible, and more segments of
control are available.

The planning programs for the image-guidance sys-
tem also clarify the anatomic relationships of spinal de-
formity, and the presence of hemivertebrae or severely
distorted spinal anatomy can be better understood prior
to surgery (Fig. 22–1). Improved understanding of anat-
omy prior to surgery leads to a safer procedure, even if
the system is not used for intraoperative guidance.

Improved preoperative planning also leads to accu-
rate implant size selection, which saves time. Knowing
what type, size, and position the implants will be in al-
lows the surgeon to know exactly what construct will
be in place after surgery. In spinal deformity, such
knowledge leads to more realistic plans by allowing
the surgeon to assess what forces can be applied in
correction.

This chapter explores in detail the preoperative plan-
ning and surgical techniques for image guidance in
spinal deformity.
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FIGURE 22–1. Anteroposterior and lateral 3-D reconstructed views of the lumbar spine in a pa-
tient with a congenital hemivertebrae showing the hemivertebrae and the adjacent segment ab-
normalities associated with it.

Preoperative Planning

Once the patient has been scanned, the data are trans-
ferred to the workstation, and the software is used to re-
construct the images. The system software then displays
the images in two- or three-dimensional (2-D or 3-D)
multiplanar views. The 3-D view can be rotated. The
planes of the simultaneous 2-D views can be selected,
and areas of interest can be highlighted to improve un-
derstanding of a particular anatomy or pathology. This is
particularly important in spinal deformity cases. In these
situations, anatomic relationships can be distorted, con-
fusing the surgeon and making accurate preoperative
planning difficult. Combining a rotatable 3-D image
with 2-D reference in multiple planes allows a surgeon
to understand even the most complex anatomic distor-
tion. The image sizes can also be manipulated. Some sys-
tems provide drop-down menus with tools that enable
precise measurement of structures.

Lending even more power to these systems is the capa-
bility to superimpose precisely scaled cursors with the
same relative dimensions as planned implants. Prior to
surgery, we will place virtual screws in each pedicle that
we would like to control. This generates a realistic assess-
ment of where screws can go or hooks must be utilized,
and accurate preoperative plans that are critical in de-

formity corrections can be made. The surgeon will know
precisely the length and diameter of each implant. The
entry point, angle of entry, or dimensions of the screw
can be manipulated to obtain an appropriate fit.

This preoperative plan can be stored and used intra-
operatively to select the appropriate screw, to find the
entry point, and to follow the selected trajectory. Some
systems integrate this information into a targeting view
so that the multiple images do not need to be simultane-
ously viewed and processed during the actual placement
of the instrumentation. This precise localization and
placement allows safe placement of implants. Implants
placed in ideal positions offer more powerful control
and corrective force. Eliminating maneuvers such as
laminotomies to palpate pedicles saves bone surface for
grafting and prevents blood loss. With experience, time
savings are also realized.

Operating Room Setup 
and Patient Positioning

The patient is positioned on the operating room table as
for a conventional spinal procedure. The workstation
monitor is placed so that the surgeon has a clear view
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FIGURE 22–2. The reference array affixed to the opened
spine and the surrounding setup, including the viewing moni-
tor, for the image-guidance system (StealthStation, Medtronic
SNT, Louisville, CO).

(Fig. 22–2). Some systems also have an additional light-
weight, flat-color, liquid crystal display (LCD) that can
be mounted on a boom over the operative field. These
displays may have touch-sensitive screens (covered by a
clear, sterile drape) that the surgeon can activate during
the procedure.

The infrared camera must be placed in the line of
sight of the instruments to be tracked; the best location
is usually near the foot or head of the table. The camera
can be moved if the line of sight is obstructed during the
procedure. During the positioning and preparation of
the patient, the line of sight between the camera and the
locations of the instruments should be maintained.

Registration

Registration involves “matching” the patient’s anatomy
to the imaging data set in the computer. First a refer-
ence frame is placed on the spine (Fig. 22–3). The com-
puter adjusts for the movement accordingly, keeping the
patient’s anatomy aligned or correlated with the imag-

ing data set. The segmental spine requires the reference
frame to be placed at the same level that is to be regis-
tered and operated on. If multiple levels are to be oper-
ated on, the reference frame should be moved to each
of the levels. This process can be very time-consuming
and cumbersome. There is no safe way around this in
highly mobile segments. In segments that are relatively
rigid, a single registration may have overlap to the seg-
ment above and below it with sufficient accuracy to allow
use. One must always be aware that there is some accu-
racy degradation in these situations. If the anatomic and
visual correlation does not fit with the computer image,
the image guidance should be re-registered to that seg-
ment rather than using the overlap registration. An-
other safety check is to confirm anatomic landmarks on
each vertebra to be instrumented with a particular plan
after registration is complete.

The technical process of registration begins with a
point-to-point registration. This process involves finding
a point on the patient’s anatomy and matching it to the
same point on the workstation’s display. The target may
be viewed in multiple planes and in 3-D to insure the
proper point is chosen. In general, the more points that
are chosen, the better is the accuracy. We have found
that the procedure moves more quickly if the surgeon
picks the points on the 3-D model prior to surgery and
then finds the same points on the spine during registra-
tion. For a typical pedicle screw case, six points are cho-
sen: the superior and inferior aspects of the distal trans-
verse process bilaterally and the superior and inferior
aspects of the spinous process. Additional points (e.g.,
facet, pars interarticularis) can be added to increase ac-
curacy. These secondary points are less distinct and sel-
dom chosen as the primary localizing points.

If greater accuracy is needed or desired, a surface fit
algorithm is performed. This process involves touching
multiple points over the surface of the dorsal elements
to create a 3-D contour of the structure. Usually 30 to 40
points are chosen. Through a mathematical transforma-
tion, the computer matches the contour to its own imag-
ing data set for that level.

Both registration techniques can be used together to
decrease the error.8 Point-to-point registration is often
accurate alone. Techniques such as fluoroscopic naviga-
tion also have little use in deformity. The same limits in-
troduced by the rotational parallax for traditional fluo-
roscopy are seen in fluoroscopic navigation. This can
lead to erroneous and dangerous errors in orientation.

Spinal deformity surgery is often a staged procedure.
This is particularly true in adults and revision surgery.
The rigidity of adult spines often requires both anterior
and posterior mobilization to correct deformity. Addi-
tionally, decompression is often needed. It is possible to
take advantage of this staging by performing instrument
removal, when needed, bone exposure, and osteotomies
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FIGURE 22–3. The intraoperative view of the image-guidance viewing station showing the 3-D
reconstructed image of the spine and the multiplanar imaging of the spine. The figures on each
image represent the planned trajectories for the screws to be placed with image guidance
(StealthStation, Medtronic SNT, Louisville, CO).

as a first step. If the final correction will be done in the
second stage, internal fiducials can be placed at each
segment to be instrumented later. The image-guidance
CT is then performed between surgical stages (Fig.
22–4). This imaging includes the spine and the hard
contact fiducials that were placed in the first stage.
Such fiducials give reliable points of registration and
greater accuracy than traditional anatomic landmarks.
Using this technique, we have found accurate registra-
tion can be reliably accomplished in less than 90 sec-
onds per level.12 Because it is essential to register each
level independently, rapid registration is an immense
time saver.

Great care should be taken to ensure that the same
level for the patient and the image-guided surgery (IGS)
display are registered because they can easily be confused.
Labeling the levels during the reconstruction process can
alleviate potential confusion. If the registration error is
over 10 mm, a level mismatch should be considered.

Future changes in registration will speed up this pro-
cess and thereby expand image guidance’s role. Ultra-

sound and multiplane fluoroscopy may lead to the abil-
ity to use image guidance with anterior correction sys-
tems. At this point, the lack of ability to track and the flat
surfaces that limit registration limit image guidance in
the anterior spine. Such changes (e.g., multiplane fluo-
roscopy) could lead to minimally invasive scoliosis cor-
rection techniques by using thoracoscopically placed in-
struments and grafting into the anterior spine.13–14

Tracking

In placing instrumentation, tools similar to their conven-
tional counterparts have been fitted with light emitting
diodes (LEDs) for tracking. For pedicle screw placement,
either a spatula-tipped or pointed awl can be used for
sounding the pedicle. Guides are available for drilling out
the pedicle. These guided tools not only serve as pointers
to find the correct entry point, they also demonstrate the
best angle or trajectory through the bony structure.
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FIGURE 22–4. The intraoperative video of the spine at the image-guidance viewing station with
the internal feducials used as reference markers for obtaining accurate registration (Stealth-
Station, Medtronic SNT, Louisville, CO).

LEDs can be mounted on the drill, tap, and screw-
driver (with screw) so that the tip of the instrument can
be tracked as it passes through the bone. Alternatively,
once the entry point and the trajectory are chosen, the
depth for the drilling can be determined based on mea-
surements made from the workstation images. This
depth accuracy is critical in deformity. The rotation of
the spine and anatomic variability can lead to surgeon
disorientation. This can cause screw penetration into
the spinal canal or foramen or anteriorly through the
vertebral body, with potentially disastrous consequences.
Image guidance allows optimum screw size, position,
and depth, resulting in maximum strength and safety.

Viewing the monitor is still a major source of frustra-
tion during surgery because the eyes must deviate from
the surgical field to view the image-guided information.
A preferable image presentation being developed re-
sembles the window of a fighter plane. Targeting infor-
mation could be displayed on a clear liquid crystal dis-
play visor worn by the surgeon; 3-D reconstructions
would be superimposed onto the patient’s anatomy as
viewed through the visor.

Conclusions

Image-guided frameless stereotactic techniques have
been applied to spinal surgery with success. The poten-
tial advantages of this technology include enhanced lo-
calizing capability with respect to anatomic structures
and pathology and added precision and safety. Addi-
tional advantages include less radiation exposure for the
patient and operating room staff.

These features have been used in scoliosis and spinal
deformity to allow implant placement safely and effec-
tively throughout the spine (Fig. 22–5). This has led to a
fundamental change in the way correction is carried out
by adding more power to the forces that can be applied.
Pedicle screws are also more stable long term and have
less late correction loss than hook systems.

Although screw placement is greatly facilitated by
image guidance, we have found that the ability to pre-
dict what implants can be placed and in which segments,
as well as implant size, adds to accurate preoperative
planning and better-designed surgery. This aspect of
image guidance combines with the ability to better
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FIGURE 22–5. Preoperative lateral scoliosis film of a patient with a kyphotic abnormality. Post-
operative anteroposterior and lateral scoliosis films showing correction of the deformity. Notice
the predominant use of pedicle screws.

understand complex anatomic relationships. This is
often of equal or greater importance to us than the ac-
tual operative use of such systems.

Image guidance has fundamentally changed the way
in which we evaluate and treat our patients with spinal
deformity. Future developments will undoubtedly con-
tinue to have far-reaching impact.
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Pedicle screw fixation is a widely used method to achieve
rigid fixation of the lumbar and sacral spine. It is effec-
tive to augment fusion for the treatment of fractures,
spondylolisthesis, scoliosis, tumors, and appropriately se-
lected cases of degenerative disk disease with segmental
instability.1–5 Although many surgeons have become
adept with placement of lumbar and sacral pedicle
screws, considerable knowledge and technical skill are
required for accurate screw placement. Screw placement
errors may result in either failed fusion or neurovascular
injury. The current literature reports pedicle screw place-
ment error rates as high as 30%.6–8a Recent advances in
stereotactic image-guided surgical techniques may pro-
vide spinal surgeons the ability to decrease pedicle screw
error rates and maximize safety.9–13 This chapter reviews
the traditional methods and imaging of pedicle screw
placement, then focuses on the current state-of-the-art
techniques and applications of image-guided lumbar
and sacral pedicle screw placement.

Traditional Localization Methods

Accurate pedicle screw placement relies on the sur-
geon’s experience and three-dimensional (3-D) concep-
tualization and understanding of spinal anatomy. Ini-
tially spinal surgeons used plain anteroposterior and
lateral view standard intraoperative radiographs. How-
ever, plain radiographs required significant additional
time in obtaining and processing x-ray films, which
made plain radiographs an impractical and unpopular
method for intraoperative imaging. Also each plain ra-

diograph is acquired independently and cannot be im-
mediately updated as with fluoroscopy. Subsequently, in-
traoperative C-arm fluoroscopy has been used to assist in
accurate pedicle screw placement and still remains a pri-
mary method of intraoperative imaging where image
guidance is not available. Fluoroscopy can be used to ob-
tain multiple images in rapid sequence, and it allows
precise positioning for imaging oblique or other un-
usual views, particularly if there is any anatomic spinal
deformity. This flexibility of fluoroscopy allows intraop-
erative real-time imaging for accurate “fine-tuning” of
pedicle screw trajectories. The disadvantages of fluo-
roscopy include a potentially higher than acceptable ra-
diation exposure as well as the cumbersome size of
the C-arm, which hinders the surgeon’s access to the
operative field. Regardless of the type of intraoperative
radiographic imaging used, successful pedicle screw
placement depends upon high-quality imaging that
demonstrates pedicle anatomy with each vertebra ori-
ented and aligned anatomically to ensure ideal screw
placement.

Despite appropriate intraoperative radiographic tech-
niques or modern image guidance, accurate screw
placement cannot be guaranteed, nor is it always feasi-
ble. Creating a pilot hole through the pedicle by manual
probing requires locating a proper entry point and tra-
jectory with a medial-directed angulation that the sur-
geon estimates from the preoperative computed tomog-
raphy (CT) or magnetic resonance imaging (MRI).
Screw diameter and length can also be estimated by
measuring the preoperative axial CT or MRI. Pedicle
screw placement can be extremely difficult when using
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conventional radiographic imaging technology in pa-
tients with altered anatomy due to previous surgery, se-
vere degenerative changes, or deformity. The limitations
of plain radiographic and fluoroscopic guidance pro-
vided some of the stimuli and indications for computer-
ized image-guided spine surgery to potentially maximize
the accuracy of lumbar and sacral screw placement.9–11

Current image-guided systems are based either on opti-
cal imaging [i.e., light emitting diodes (LEDs) or light
reflectors], magnetic fields, ultrasound, virtual fluoros-
copy, or an articulating arm. This chapter focuses on the
optical imaging and virtual fluoroscopy technologies
that have applications to the other guidance systems.

CT-Guided Frameless Stereotaxy:
Anatomy and Preoperative Planning

Image-guided spinal applications were adapted from
frameless cranial stereotactic technology that was well
established. The lumbar and sacral spinal column is
well suited for stereotactic surgical applications because
the individual bony vertebral segments are large in size
and have distinct and identifiable anatomic promi-
nences on the dorsal surface. Registration requires
open surgical exposure of the selected vertebral seg-
ment because closed registration with skin fiducials is
neither feasible nor accurate for spinal surgery due to
mobility of the skin.14 The spinous processes, facets, and
transverse processes are the most frequently used ana-
tomic fiducials that can be identified at surgery and on
the 3-D surface rendering images on the workstation,
but any other distinct bony prominences are useful. In-
tersegmental motion between two vertebral segments
remains a potential problem and may require registra-
tion of each segment intraoperatively to avoid errors.
Because preoperative CT scans are obtained in a supine
position, the relative position of each vertebra may be
significantly different when with the patient is in the
prone position for surgery.

A preoperative CT scan of the surgical region must be
obtained with a specific protocol that is similar for most
image-guided systems using 1 mm contiguous slices over
a 10 to 14 cm field of view. Three-millimeter CT slices
can also produce acceptable-quality detail for accurate
image-guided procedures in the lumbar and sacral
spine, but 5 mm scan slices may produce poor-quality
imaging for surgery. The scan protocol for the CT tech-
nicians can be obtained by the image-guided vendor to
assure correct details of the protocol. The CT scan data
of the patient are then transferred to the image-guided
computer workstation where they are reformatted into
axial, coronal, sagittal, and 3-D views.

Optical Tracking Image-Guided 
System Components

Several different optical tracking image-guided surgical
systems are now commercially available. Although com-
puter hardware and software profiles may differ somewhat
between manufacturers, each system has similar basic
components and clinical applications. The main hard-
ware components include a computer workstation, a digi-
tizer, and a camera (Fig. 23–1A). The peripheral compo-
nents are a dynamic reference frame (DRF) (Fig. 23–1B),
a standard pointer probe (Fig. 23–1C), and various instru-
ment arrays that provide universal instrument registration
(UIR) (Fig. 23–2). The computer workstation consists of a
monitor, optical disc drive or CD-ROM or digital audio-
tape (DAT) drive, as well as an internal hard drive. The
CT scan data is received by an optical disc, CD-ROM, or
DAT drive or through a hospital network (ethernet) data
transfer system. The computer workstation operating sys-
tem runs the software needed to produce 3-D reconstruc-
tions from the scan data and perform surgical tracking
with the images. In addition, the computer will run the
software that takes the surgeon through the steps of regis-
tration, planning, and navigation (Fig. 23–3).

The optical tracking camera system detects LEDs (or
passive, reflective ball-markers) on the instruments in
the field and digitally detects their positions in space.
The spatial location of the instruments (as defined by
Cartesian coordinates) is determined by the computer
to provide real-time navigation. The use of several dis-
tinctly different LED/passive marker configurations
now allows simultaneous tracking of multiple instru-
ments during the image-guided procedure.

The DRF is attached to the spine segment of interest
(or the adjacent segment being operated) and has a
unique pattern of LED/markers that the computer rec-
ognizes (see Fig. 23–1B). The DRF is securely attached
to the spinous process with a clamp or a modified screw
that is attached to the clamp, which allows the digitizer
to track any patient movement and immediately update
the computer-generated scan image on the monitor
screen. During the registration and image-guided surgi-
cal procedure, it is essential that the DRF remain undis-
turbed and within view of the optical tracking camera.

The standard probe is a pointer with LED/passive
markers attached that is tracked with the camera system
and the computer workstation (see Fig. 23–1C). The
probe is used for registration by touching points on the
vertebra that were predetermined on the 3-D computer
workstation, or by touching multiple points for a surface-
matching algorithm that correlates the “virtual patient
space” on the computed images to the “actual patient
space.” After the registration process is complete, the
standard probe can be used during the procedure to
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A B

C

FIGURE 23–1. Stereotactic spine system components. (A).
Computer workstation and optical tracking camera system. (B).
Dynamic reference frame. (C). Standard probe pointer (Radion-
ics, Burlington, MA).

A B

FIGURE 23–2. Universal instrument registration components. (A). Drill with universal instrument
registration (UIR) light emitting diode (LED) array attached that is being calibrated in UIR device.
(B). Tap with UIR LED array attached.
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B

A

FIGURE 23–3. CT-based image-guided workstation images. (A). Registration process. Bony
landmarks are identified on the patient and on the three-dimensional reconstructed images. (B).
Mean registration error is calculated and queries to “Accept” or “Retry.” (C). Navigation begins;
entry points and trajectories are determined, pedicle screws may now be placed in the usual
fashion. (Radionics, Burlington, MA)

12851C23.pgsI  2/28/02  10:49 AM  Page 200



Image-Guided Lumbar Instrumentation 201

C

FIGURE 23–3. Continued

determine a screw entry point or plan trajectories for in-
strumentation placement.

Finally, the UIR technology replaces the standard
probe to use standard surgical instruments that are
adapted for use during surgery (see Fig. 23–2). Typical
instruments that a surgeon may use with an image-
guidance system include a tap, pedicle probe, drill guide,
drill, or screwdriver, and an awl.

Intraoperative Preparation, 
Registration, and Navigation

Surgical exposure and registration

The operative procedure requires a standard operative
exposure of the surgical region with meticulous atten-
tion to the removal of soft tissues on bony structures.
The DRF is then securely fixed to the spinous process at
the level (or adjacent) to be instrumented.

Point-to-point registration requires picking virtual
fiducial points on the workstation 3-D image and match-
ing them with anatomic fiducials on the spinal column
in the surgical field by touching the anatomic fiducials
with the tip of the registration probe to match with
points on the workstation image (Fig. 23–3A). A mini-
mum of three fiducials (i.e., x, y, z coordinates) must be

selected and four to six generally provide more accurate
registration. The computer software then calculates reg-
istration accuracy and makes suggestions on how to im-
prove the error, which usually entails re-registering one
or more points. The mean error should be less than 2.0
mm (Fig. 23–3B). Surface-matching software improves
the registration accuracy slightly by “fine tuning,” which
is accomplished by touching multiple random anatomic
points on the posterior vertebral segment. After registra-
tion is completed, a practical confirmation of accuracy is
obtained by touching known landmarks (e.g., spinous
process) with the probe tip to compare its location with
the image on the computer screen. Rapid and accurate
registration remains one of the technical limiting diffi-
culties of image-guided spinal navigation procedures.

Intraoperative navigation

After registration is complete, image-guided spinal in-
strumentation can proceed. Placement of pedicle screws
requires establishing the correct entry point and trajec-
tory determined by using the standard probe (Fig.
23–3C). The anatomic entry points are relatively consis-
tent, but image guidance demonstrates any variability.
Trajectories of screw angle also have a somewhat con-
stant progression with each level (e.g., 5 degrees medial
at L1; 25 degrees medial at L5), but there is sufficient
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variability that can occur and is demonstrated with
image guidance.

Lumbar and Sacral 
Image-Guided Procedures

CT-guided lumbar and sacral image guidance are poten-
tially indicated for any procedure involving pedicle
screw placement or resection of mass lesions. The most
common and useful applications are for difficult con-
genital or degenerative scoliosis deformity cases, partic-
ularly where the anatomy is variable from each vertebral
level to the next. Patients with these complex anatomic
alterations need the detailed accuracy of CT data for
image-guided screw placement. The multiplanar, ortho-
gonal images with CT-based image guidance can assist in
location of the entry point and screw trajectory to guide
precision placement that cannot be obtained with fluo-
roscopic imaging. In addition, the image-guidance vir-
tual pedicle measurements allow the largest-diameter
screw to safely fit a given pedicle, and bicortical sacral
screws can be placed safely if desired. Resection of mass
lesions in the lumbar and sacral spine can benefit from a
CT-based image-guidance procedure as shown in Figure
23–4 where neoplasm were resected from the sacrum.

Neurological injuries can occur from violation of the
pedicle walls, and injuries to large vessels on the ventral
surface of the vertebral column can occur with penetra-
tion of the anterior vertebral body cortex. Also, an aber-
rant middle sacral artery can be injured on the anterior
aspect of the sacrum during bicortical screw placement
in the sacrum.8,15

Screw placement with CT image-guided techniques
also has several pitfalls including difficulties with registra-
tion, DRF movement from the original site of placement,
instrument inaccuracy, and surgical technical errors. The
standard axial and sagittal views displayed on image-guid-
ance systems are also not sufficient for accuracy. A trajec-
tory along the plane-of-probe or an in-line trajectory
along the long axis of the instrument is needed. This
software modification allows projection across several
imaging slices that provides optimal accuracy.

Recent studies have provided encouraging prelimi-
nary data, with each citing over 100 lumbosacral pedicle
screws placed using stereotactic image guidance and
having accuracies of placement within the pedicle of
greater than 98%.9–11

Virtual Fluoroscopic Image Guidance

Recently virtual fluoroscopy has been developed and has
become increasingly attractive for the more routine

lumbar and sacral pedicle screw instrumentation proce-
dures. Stereotactic image-guided technology utilizes
standard, pre-acquired, two-dimensional fluoroscopic
images to provide real-time intraoperative instrument
navigation and instrumentation trajectories.

The system and its function

The necessary system components include an image-
guidance system (as previously described in this chap-
ter) that is equipped with software to utilize fluoroscopic
images as the image data set, a high-resolution C-arm
fluoroscope equipped with a calibration device mounted
on the image intensifier, a camera tracking system, and a
DRF attached to the patient.

At the beginning of surgery, the fluoroscope is posi-
tioned in the usual fashion and the calibration device
is attached to the image-intensifier target. The C-arm is
sterilely draped and the standard surgical exposure is
performed. The DRF is then attached to the spinous
process of the segment to be instrumented and antero-
posterior (AP) and lateral fluoroscopic images are ob-
tained with the vertebral segments to be instrumented
centered in the field to avoid parallax from the fluoro-
scope image intensifier. The automatic registration tech-
nology essentially eliminates the registration process,
and multiple surgical instruments can be tracked simul-
taneously.

The camera tracks the position of the LED/reflec-
tors that are affixed to both the C-arm image intensi-
fier ring and the DRF, which is attached to the patient.
The “position sense” of the patient is then generated as
the fluoroscopic image is transferred to the image-
guidance system at the time of acquisition. The com-
puter workstation then digitizes the acquired fluoro-
scopic images and calibrates the position of the surgical
instruments with the camera system and generates a
real-time graphic overlay of the instruments on the ac-
quired images (Fig. 23–5). This usually occurs without
the need for further fluoroscopic image acquisition,
which drastically reduces the radiation exposure to the
surgical team.16

Lumbar pedicle screw placement is then carried out
with the same techniques as with fluoroscopy; however,
both simultaneous AP and lateral images are used without
the fluoroscope in place. Conventional fluoroscopy may
be used after the instrumentation is placed for documen-
tation purposes; further clinical trials and evaluations are
under way to assess the accuracy of this technology.16

Advantages and limitations

Virtual fluoroscopy has a number of distinct advantages
over conventional fluoroscopy. First, radiation exposure
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FIGURE 23–4. Image-guided sacral tumor resection of (A) sacral enchrondroma and (B)
metastatic carcinoma. (Radionics, Burlington, MA)
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FIGURE 23–5. Virtual fluoroscopic anteroposterior and lateral images during surgical navigation.
(Radionics, Burlington, MA)

FIGURE 23–6. Endoscopic image-guided spinal procedure combining virtual fluoroscopy, en-
doscopy, and CT guidance. (Radionics, Burlington, MA)
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to all personnel is reduced to only two to four images
needed at the beginning of the procedure and acquired
in rapid sequence. Second, multiplanar navigation is fea-
sible with up to four views simultaneously. Third, the fluo-
roscope may be removed from the field after image acqui-
sition, which improves the ergonomics in the crowded
surgical field. Fourth, measurement of pedicle screw
length and trajectories are easily obtained. Lastly, there is
no detailed registration process, which is often the most
problematic part of the image-guided procedure.

The most significant limitation of this technology is
that two-dimensional navigation does not provide the de-
tailed slice images of CT-based image guidance. As a re-
sult, lateral to medial trajectory can be difficult to deter-
mine in small pedicles. In addition, obese patients may
be difficult to fluoroscopically image adequately and this
must be considered during the planning stages of the
procedure.

Conclusions

Precise knowledge of the lumbosacral anatomy and
presurgical planning are prerequisites for a successful
spinal instrumentation procedure. Image-guided spinal

surgery was an outgrowth of cranial image-guidance ap-
plications to improve screw placement accuracy and to
decrease the potential complications associated with
pedicle screw misplacement errors. However, image-guid-
ance technology is not a substitute for anatomic knowl-
edge, surgical experience, and technical skill. The spine
surgeon must also be familiar with conventional pedicle
screw placement techniques without image guidance.

In addition, the proper use of the guidance system is
essential to avoid additional errors that are specifically
related to the technology. The registration process of
stereotactic spinal image-guidance systems remains one
of the critical steps in achieving successful navigation.
Also, if the reference frame position is altered during the
procedure, the registration procedure must be repeated.

Image-guided lumbosacral spine surgery has devel-
oped from theory to practical use in recent years with
both CT-based virtual fluoroscopy procedures, which
have been very successful. The future of image-guided
technology will continue to improve in regard to regis-
tration for both open and closed techniques, including
the combination of endoscopy and image guidance with
either CT or fluoroscopy (Fig. 23–6). Merging other ex-
isting technologies with CT image fusion and fluo-
roscopy would allow 3-D navigation without the difficult

FIGURE 23–7. Three-dimensional volume-rendered CT image guidance that provides transpar-
ent, holographic imaging effect to “see through” solid structures. (Radionics, Burlington, MA)
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registration process that is inherent with stereotactic
systems today. Other developments in volume-rendered
3-D imaging will provide transparent, holographic imag-
ing to visualize the otherwise solid, internal anatomy of
spinal structures (Fig. 23–7). The goal is to provide
rapid, safe, and efficient lumbar and sacral spinal instru-
mentation procedures.
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The field of spine surgery has witnessed many advances
in recent years. Numerous technological developments,
particularly in the areas of imaging, intraoperative navi-
gation, and spinal instrumentation, have expanded the
range of disease processes that may be treated.

To surgically manage patients with spine disease, it is
necessary to have reliable preoperative and intraopera-
tive imaging. Magnetic resonance imaging (MRI) and
computed tomography (CT) have revolutionized the
spine surgeon’s ability to diagnose and treat spinal pa-
thology. However, technical limitations and cost consid-
erations have hindered the widespread availability of
these imaging modalities in the operating room. Never-
theless, accurate visualization of anatomy is essential in
the surgical suite, and it has become more important as
the complexity of spine surgery has increased. Varia-
tions in musculoskeletal anatomy, either as a result of
congenital anomaly, degenerative disease, or trauma,
can adversely affect a surgical procedure and lead to a
suboptimal result or a serious complication.

Fluoroscopy is an imaging technique that is familiar
to spinal surgeons. It is routinely employed to improve
intraoperative visualization of bony anatomy. By replac-
ing direct visualization with radiographic visualization,
it has enabled a reduction in surgical exposure, dura-
tion, and blood loss. Its use has facilitated a variety of
complex spinal procedures, including pedicle screw in-
sertion, interbody cage placement, odontoid screw in-
sertion, and atlantoaxial transarticular screw fixation.
This imaging technology has also been vital in the de-
velopment of percutaneous spinal procedures, such as
vertebroplasty.

Despite the advantages of intraoperative fluoroscopy,
the technique has its limitations. The C-arm can be cum-
bersome to maneuver around a sterile operative field.
Because only a single projection can be visualized at one
time (without a second fluoroscope), it is necessary to
reposition the C-arm during procedures that require
multiple planes of visualization. There is also the issue of
radiation exposure, which can be considerable for
spinal surgeons.1

A desire to improve intraoperative visualization led to
the development of image-guided surgery systems for
spinal surgery. The first such systems were CT based and
were an extension of systems used for cranial neuro-
surgery.2 Further development of image-guided technol-
ogy has resulted in a second class of systems that differ in
terms of the type of imaging that is used to provide the
image guidance. These systems are based upon fluo-
roscopy itself.3–6

A CT-based image-guided system relies upon the ac-
quisition of a preoperative computerized tomogram
with a specific protocol. The data from this image is
transferred to the image-guidance system prior to sur-
gery. Intraoperatively, patient registration is performed
by identifying anatomic landmarks, or fiducial points,
that correspond to analogous points in the image data
set. The advantage of a CT-based system is that CT pro-
vides excellent anatomic detail for common spine re-
gions of interest, such as the pedicle, and it allows for
true three-dimensional guidance. The disadvantages of
a CT-based system are several.5 First, there is the need to
obtain a preoperative CT scan with a specific protocol.
This adds time and cost to the process (typically, even if
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a preoperative CT scan has been obtained for diagnostic
purposes, it does not follow the parameters necessary
for image-guided system use). Second, the CT scan is ob-
tained in the supine position on the scanner gantry,
whereas most spine procedures that use image guidance
are performed in the prone position on an operating
table. This changes the relationships between the indi-
vidual vertebrae (rigid bodies) that exist in the CT
image (image space) and those same vertebrae in the
patient (surgical space). Thus, each vertebra must be in-
dividually registered, adding time to a multilevel proce-
dure. As well, intersegmental trajectories (e.g., for C1–2
transarticular screw fixation) are not accurately depicted
by the image-guided computer. Third, the CT-based sys-
tem’s images cannot be refreshed intraoperatively (with-
out an intraoperative CT scanner). If intersegmental re-
lationships change intraoperatively, as with distraction
of an interspace or reduction of a deformity, this cannot
be depicted by the image-guided computer display. Fi-
nally, registration of fiducial landmarks, which can be te-
dious and time-consuming, is required during surgery
when using a CT-based system.

A fluoroscopy-based system employs commonly avail-
able C-arms augmented with accessories that allow accu-
rate measurement of the relationship between the C-
arm and the patient.3–6 The system takes patient and
C-arm position data for a given projection and relates
that data to the fluoroscopic image from that projection.
After calibrating the system with positional and fluoro-
scopic data from one or more projections, the computer
generates a mathematical model of the fluoroscopic
image that enables the superimposition of tracked surgi-
cal instruments onto the saved fluoroscopic images.
Thus the real-time position of these instruments is dis-
played as it relates to one or more previously acquired
fluoroscopic images, even in multiple planes, simultane-
ously. We term this process virtual fluoroscopy.3,4,6 The
advantages of virtual fluoroscopy are that no special pre-
operative study is required, intraoperative patient regis-
tration is automated (for some systems3,4,6), the images
may be updated as necessary in the operating room, and
an imaging modality is employed that many surgeons
use routinely in the course of spine procedures. Table
24–1 provides a comparison of the CT-based and fluo-
roscopy-based image-guided systems.

Fluoroscopy-based systems are available that are ei-
ther integrated with conventional image-guided surgery
systems (FluoroNav Virtual Fluoroscopy System and
StealthStation, Medtronic Surgical Navigation Systems,
Louisville, CO) or exist as stand-alone devices (Stealth-
Station Ion Fluoroscopic Navigation System, Medtronic
Surgical Navigation Systems, Broomfield, CO; Z-Kat,
Inc., Miami, FL).

The use of virtual fluoroscopy has not been limited to
spine procedures. It has also been used to assist in the

navigation of the bony anatomy of the parasellar region
for transsphenoidal hypophysectomies.7 In addition, it
has been used extensively for orthopedic procedures
such as intramedullary nail or screw insertion, acetabu-
lar fracture fixation, iliosacral screw insertion, and hip
pinning. A variant of the technology involves the road-
mapping utility, which is used during angiography pro-
cedures. In this application, the image of a vessel of in-
terest is stored as a digital template and the real-time
fluoroscopic image, which includes a catheter or guide-
wire, is superimposed on the previously stored vessel of
interest during device manipulation.

Description of Systems

A typical virtual fluoroscopy system (Fig. 24–1) consists
of an image-guidance computer system, a commercially
available fluoroscopic C-arm, a calibration device that at-
taches to the C-arm, and specially modified surgical in-
struments that are capable of being tracked by the
image-guidance system. The system may be operated by
the surgeon through a sterile interface, or it may be op-
erated by an assistant.

The operation of a virtual fluoroscopy system may be
divided into four basic steps: (1) fluoroscopic image ac-
quisition, (2) C-arm and patient position measurement,
(3) merging of the fluoroscopic images with their
unique C-arm and patient positions to create a mathe-
matical model (mapping) of the image formation pro-
cess, and (4) measurement of the position of surgical in-
struments in the operative field so that their likeness
may be superimposed upon the virtual fluoroscopic
images.4,6

In the first step, conventional fluoroscopic images are
automatically transferred to the computer for image
processing. In the second step, information about the
relative position of the C-arm and the patient is ac-
quired. This can be done by cameras that detect the lo-
cation of light emitting diodes or passive reflectors that
have been attached to the C-arm and the patient. The
markers that are attached to the patient are in the form
of a dynamic reference array (DRA), which rigidly at-
taches to the portion of the patient’s anatomy that is to
be imaged. Other means of position sensing (electro-
magnetic, sonic, mechanical, etc.) can also be used.

In the third step, the computer calibrates the ac-
quired fluoroscopic image by taking into account the
positional data acquired in the second step. Based upon
the inputted images, a mathematical mapping function
is generated that allows a virtual fluoroscopic image to
be produced for a unique combination of C-arm and pa-
tient position. The calibration process compensates for
factors such as gravity-dependent changes in the C-arm
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TABLE 24–1. A Comparison of CT-Based and Fluoroscopy-Based 
Image-Guided Systems

FluoroNav 
(Medtronic 

Parameter CT-Based IGS Sofamor Danek) Fluorolab (Z-Kat, Inc.)

Preoperative study Yes (added radiation No No
necessary exposure)

Intraoperative image No Yes Yes
acquisition possible

Intraoperative patient Yes, variable number No (carried out by the Yes, eight fiducials
registration by surgeon of fiducials software)

Potential for intraoperative No Yes Yes
image updating

Intraoperative No Yes (but less than Yes (but less than
radiation exposure standard fluoroscopy) standard fluoroscopy)

image center, the effect of external electromagnetic
fields generated by electrical equipment in the operat-
ing room, and the effect of changes in the C-arm’s posi-
tion with respect to the earth’s magnetic field. Because
of these compensation factors, which are unique to
every C-arm position, it is necessary that every acquired

image be independently calibrated.6 This can be accom-
plished quickly and efficiently through the use of a com-
puterized algorithm.

In the fourth step, the computer determines the posi-
tion of one or more trackable surgical instruments using
a position-measuring camera and then superimposes an

FIGURE 24–1. The FluoroNav (Medtronic SNT, Louisville, CO) virtual fluoroscopy system is
shown, consisting of an image-guidance computer system and camera array, a calibration target
that is attached to a standard C-arm fluoroscope, and various tracked tools. (From Foley KT,
Simon DA, Rampersaud YR. Virtual fluoroscopy: computer-assisted fluoroscopic navigation.
Spine 2001;26:347–351. With permission.)
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FIGURE 24–2. A lateral virtual fluoroscopic
view of the lumbar spine is shown. The pedicle
probe (dark line) has been positioned at the
pedicle entry point. Its trajectory (light line) has
been virtually extended 45 mm into the pedicle
and vertebral body.

image of the instrument(s) in the virtual fluoroscopic
display. Dedicated tracked awls, probes, taps, and screw-
drivers are available, and any rigid surgical instrument
may be tracked with the assistance of a universal tool
array. The system is capable of correctly displaying the
position of the surgical instrument(s) in any of the pre-
viously acquired fluoroscopic images, in multiple
planes, simultaneously. The system also allows the actual
projection of a surgical instrument (in one color) and
the simultaneous projection of the linear extension of
that instrument’s proposed trajectory (in a second
color) (Fig. 24–2).

System accuracy

The accuracy of various virtual fluoroscopy systems has
been tested experimentally. Foley et al performed a ca-
daver study comparing live and virtual fluoroscopic im-
ages in which a tracked probe was inserted into pedicles
from L1 to S1.3 Differences in positioning of the probe
tip and probe trajectory angle were measured for the
live and virtual images. The mean error in probe tip lo-
calization was 0.97 ± 0.40 mm (99% confidence interval
= 2.2 mm, maximum probe tip error = 3 mm). The mean
trajectory angle difference between the virtual and ac-
tual probe images was 2.7 degrees ± 0.6 degrees (99%
confidence interval = 4.6 degrees, maximum trajectory
angle difference = 5 degrees).

Specific Techniques

Certain general principles apply to all virtual fluoroscopy
procedures. Although the acquisition of CT or MRI scans
is not necessary for surgical navigation with virtual fluo-

roscopy, diagnostic three-dimensional images are part of
a good preoperative evaluation and they will contain in-
formation that will be useful for planning and executing
the operation. These preoperative studies should be eval-
uated for anatomic anomalies, such as a tortuous verte-
bral artery or a hypoplastic pedicle, which will prevent
successful and safe placement of instrumentation.

Good fluoroscopic technique is important during
image-guided procedures. One must endeavor to place
the anatomic region of interest in the center of the fluo-
roscopic image to minimize parallax.

Conventional pedicle screw insertion

Pedicle screw insertion begins with an exposure of the
desired levels as far lateral as the screw entry site (for
the lumbar spine, the junction of the pars, transverse
process, and superior articular process). The DRA is
rigidly affixed to the spinous process of the vertebra in
which pedicle screws are to be placed. For a typical de-
generative case (without gross instability), the end ver-
tebra can be utilized for this purpose (e.g., attach the
DRA to L4 for screw placement at L4, L5, and S1). The
fluoroscopic views normally obtained by the surgeon
are then acquired. These may include lateral views, an-
teroposterior (AP) views, or oblique (“owl’s eye”) views
down the length of the pedicle. The appropriate views
for bilateral pedicle screw placement may be obtained
and stored at the beginning of the operation, thus re-
ducing the need to manipulate the C-arm throughout
the procedure. At this time, the fluoroscopic images
may be compared with preoperative CT and MRI scans
to determine the optimal entry points in the pedicle for
screw insertion. For example, an AP fluoroscopic image
could be obtained and compared with preoperative im-
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FIGURE 24–3. Open lumbar pedicle screw
placement. A pedicle probe is being advanced
into the left L4 pedicle. Note that its course and
progress can be followed simultaneously in the
anteroposterior and lateral planes with the use
of virtual fluoroscopy (FluroNav, Medtronic
SNT, Louisville, CO).

ages to determine the distance from midline and angle
of trajectory that result in the ideal entry point and
course of pedicle screw insertion. By positioning the
tracked instruments over the pedicle, the anticipated
entry point and trajectory of the instruments may be
displayed prior to probing the pedicle. The system will
also allow the virtual projection of pedicle screws of a
selected length and diameter onto the chosen trajec-
tory. The use of tracked awls, probes, and taps permits
continuous visualization of the instruments along their
course through the pedicle and into the vertebral body
(Fig. 24–3). The fluoroscope may be used in the live
mode at any time during the procedure for visualiza-
tion of instrument or screw position.4

Percutaneous pedicle screw insertion

Because the virtual fluoroscopy system does not rely on
direct exposure of the spine for registration, percuta-
neous screws may be inserted. After visualizing the spine
levels that are to be treated with conventional fluo-
roscopy, a small incision is made over the spinous pro-
cess of one of the levels to be instrumented. The DRA is
rigidly attached to the spinous process. The desired fluo-
roscopic projections (AP, lateral, and oblique) are ob-
tained and calibrated. A tracked, sharp-tip probe is
placed on the skin surface over the pedicle. The trajec-
tory of the probe may be virtually extended through the
pedicle to visualize the anticipated course of the pedicle
screw. A stab incision is made at the skin entry point and
a K-wire and dilators are used to dissect through the
paraspinous muscles to the pedicle surface. The dilators
are withdrawn, and a tracked awl and probe are used to

form a pilot hole in the pedicle under virtual fluoro-
scopic guidance.8

Prior to probing and tapping the pedicle pilot hole, it
is useful to review the preoperative CT and MRI to de-
cide upon the optimal entry point and trajectory for the
pedicle screw. As described in the conventional pedicle
screw insertion section, the trajectory of the instruments
may be virtually extended to visualize the pathway of the
screw prior to probing the pedicle (Fig. 24–4).

Posterior lumbar interbody fusion

The initial exposure is performed in the conventional
fashion. The DRA is attached to an adjacent spinous
process. AP and lateral fluoroscopic images are obtained
with the disk space centered in each image. The images
are calibrated and true midline is determined from the
AP image. A dedicated set of tracked posterior lumbar
interbody fusion instruments is available (Medtronic So-
famor Danek, Memphis, TN). The disk is removed with
a combination of curettes and pituitary forceps. A
tracked distractor is then inserted into the disk space
and the distractor tip is fully seated. The depth of the
distractor tip in the disk space may be visualized on vir-
tual fluoroscopy in the lateral position. Because the dis-
tractor alters the disk space height, it is necessary to ob-
tain new images for virtual fluoroscopy. A tracked box
chisel is then inserted so that the disk space may be pre-
pared for graft insertion. Tracked chisels of various
heights are available. The depth of the box chisel may
be monitored on the lateral virtual images. The disk
space is now ready for graft placement, which may be
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A B

C

FIGURE 24–4. Percutaneous pedicle screw insertion. A
tracked pedicle probe is being inserted into the pedicle
through a small skin incision. (A). The pedicle can be
pictured as a cylinder (B). The percutaneous pedicle
probe is positioned at the pedicle entry point [the “top”
of the pedicle cylinder on the lateral view and the lateral
edge of the pedicle cylinder on the anteroposterior (AP)
view]. Its trajectory is then virtually extended to the
“bottom” of the pedicle cylinder (the junction of the
pedicle and the vertebral body). As long as this trajec-
tory stays lateral to the medial edge of the pedicle on
the AP view (enough to accommodate the anticipated
screw diameter), then the pedicle can be safely probed
and a screw safely placed percutaneously (C) (Fluro-
Nav, Medtronic SNT, Louisville, CO). (From Foley KT,
Gupta SK, Justis JR, Sherman MC. Percutaneous pedi-
cle screw fixation of the lumbar spine. Neurosurg Focus
2001;10:Article 10. With permission.)

monitored on the AP and lateral virtual images (Fig.
24–5). The process is repeated on the other side for con-
tralateral graft placement.

Atlantoaxial transarticular screw fixation

Preoperative evaluation includes a review of all appro-
priate images to determine the patient’s suitability for
surgery. If a preoperative study demonstrates an anom-
alous vertebral artery or a fracture or destruction of the

C1 or C2 lateral mass or the C2 pars interarticularis,
then the patient may not be a candidate for transarticu-
lar screw fixation on the affected side. Furthermore, if
an atlantoaxial subluxation is present and it is deter-
mined that it is not reducible, then another stabilization
procedure should be considered.9

The procedure is performed in the prone position
with the head affixed in a Mayfield headrest. It is im-
portant to have the Mayfield positioned in such a fash-
ion as to allow AP views of the atlantoaxial complex to
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A B

FIGURE 24–5. A lateral virtual fluoroscopic image of a PLIF box chisel is seen. The chisel is at
the dorsal margin of the disk space and is aligned with the interspace, (A). A “live” fluoroscopic
image of the box chisel corresponding with the virtual fluoroscopic view. Note the calibration grid
on this view, (B). (FluorNav, Medtronic SNT, Louisville, CO)

be obtained. Under lateral fluoroscopic guidance, the
atlantoaxial subluxation is gently reduced and the
head is fixed in place. A conventional midline occiput
to C3 exposure is performed so that the C1 and C2 lat-
eral masses and the C1–C2 and C2–C3 facet joints are
revealed. The soft tissue is reflected from the C1 and
C2 laminae. The DRA is attached to the C2 spinous
process. At this point, AP and lateral fluoroscopic im-
ages are obtained and calibrated. The preoperative CT
and/or MRI are reviewed for information on the opti-
mal screw entry point and trajectory. A typical entry
point is approximately 2 to 3 mm above the C2–C3
facet joint line and 2 to 3 mm lateral to the junction of
the C2 lamina and lateral mass. A tracked probe is
placed on the skin surface at the cervicothoracic junc-
tion, 1.5 to 2 cm lateral to the midline. The trajectory
of the probe is virtually extended through the C2 infe-
rior facet, the C2 pars, across the C1–C2 joint, into the
C1 lateral mass, to the posterior cortex of the C1 ante-
rior arch. The position of the probe is adjusted until a
proper trajectory is observed. A paramedian stab inci-
sion is then made where the probe contacts the skin,
and a tracked drill guide is inserted through this inci-
sion and the underlying paraspinous tissues to the
C2–C3 facet. The entry point is decorticated. A drill is
then passed through the tracked guide and is used to
create a pilot hole along the C1–C2 transarticular path-
way. The trajectory of the drill and guide is followed

using virtual fluoroscopy, simultaneously visualizing
this trajectory in the AP and lateral views. Progress of
the actual drill tip is followed using live lateral fluo-
roscopy. An appropriate-length screw is inserted once
the pilot hole has been tapped. The process is repeated
on the contralateral side.

Odontoid screw insertion

The patient is positioned supine with the neck ex-
tended. The odontoid fracture is reduced under live flu-
oroscopy. The proper position is maintained using a
Mayfield apparatus. The DRA is attached to the May-
field. The Mayfield must be positioned such that an
open-mouth fluoroscopic view of the odontoid can be
obtained (Fig. 24–6A). Open-mouth and lateral fluoro-
scopic images of C2 are obtained, calibrated, and saved
using a single fluoroscope. The C-arm is returned to the
lateral position. The patient is prepped and draped. An
incision is made at the level of the C5–C6 interspace and
dissection proceeds down to the ventral surface of the
cervical spine, as far rostral as the C2–C3 interspace. A
handheld retractor is inserted. A shallow, midline
trough is created in the ventral surface of the C3 verte-
bral body and the C2–C3 annulus to facilitate a steep tra-
jectory for the screw. A tracked drill guide is positioned
against the anterior, inferior aspect of the C2 vertebral
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A

B

FIGURE 24–6. A patient with a type II odontoid fracture has
been positioned for odontoid screw fixation with virtual fluoro-
scopic guidance. The head is fixed in a Mayfield apparatus,
which has been positioned to allow for acquisition of an open-
mouth view of the odontoid. (A). Lateral and open-mouth vir-
tual fluoroscopic views of the odontoid. The drill guide is posi-
tioned at the anterior inferior aspect of the C2 vertebral body;
its virtual trajectory has been extended along a proper path to
the apex of the odontoid process. (B). (FluorNav, Medtronic
SNT, Louisville, CO)
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body in the midline. Proper position is confirmed with
the open-mouth and lateral virtual fluoroscopic views
(Fig. 24–6B). A K-wire is then inserted through this drill
guide to penetrate the anterior aspect of the inferior C2
endplate and directed through the middle of the dens
to a point just proximal to its tip (Fig. 24–6B). Progress
of the K-wire is monitored with live lateral fluoroscopy.
After the K-wire has been appropriately positioned,
the screw length is measured using a gauge, and a self-
tapping, cannulated lag screw is inserted over the K-
wire. The K-wire remains in place while the screw is
being inserted to maintain the proper alignment of the
dens with the C2 body. After the screw has been fully in-
serted, the K-wire is removed. To achieve the proper lag
effect, the lag screw threads must lie distal to the frac-
ture line.10

Transoral decompression of 
the craniocervical junction

The procedure is performed in the supine position. As
for odontoid screw placement, the head is positioned
using a Mayfield apparatus and the DRA is fixed to the
Mayfield. A transoral retractor is placed so as to open
the jaw and retract the tongue caudally. The soft palate
is split in the midline and retracted. AP and lateral fluo-
roscopic images are obtained of the craniocervical junc-
tion and calibrated. A posterior pharyngeal incision is
made over the anterior tubercle of C1. The longus colli
muscles and the anterior longitudinal ligament are sepa-
rated from the arch of C1. The ventral arch of C1 is re-
moved with a drill to expose the odontoid. However, if
the pathology permits, it may be desirable to preserve a
portion of the anterior arch of C1. This serves two pur-
poses: it prevents spreading of the C1 lateral masses and
subsequent craniocervical instability, and the anterior
tubercle of C1 may serve as a landmark for the place-
ment of atlantoaxial transarticular screws, should this be
necessary.11 The limit of lateral exposure is typically 10
mm on either side of the midline. More extensive dissec-
tion places the vertebral arteries and the structures of
the jugular foramen at risk. The alar and apical liga-
ments are sectioned prior to removal of the dens. The
ventral aspect of the dens is removed until only the dor-
sal cortical rim remains. This remaining bone is re-
moved in a piecemeal fashion with a Kerrison or pitu-
itary rongeur. There are two principal advantages to the
use of virtual fluoroscopy in this procedure. First, the
midline may be identified on AP images, and a tracked
probe may be used to determine the extent of lateral ex-
posure. Second, a tracked probe may be used to deter-
mine the extent of resection of the odontoid as it is
being removed so that the drill does not inadvertently
breech the dorsal cortical margin of the dens.

Published Studies

Several studies have demonstrated the efficacy of virtual
fluoroscopy systems for spine procedures. Choi et al per-
formed a cadaver study where they compared pedicle
screw insertion using a virtual fluoroscopy system versus a
CT-based image-guidance system.5 The virtual fluoroscopy
system employed in this study was a first-generation clini-
cal version that incorporated an electromechanical arm
that held the drill guide sleeve in secure alignment so that
instruments would be constrained to the correct entry site
and angle of trajectory. The measured parameters of the
study were the rate of successful pedicle screw placement
as well as the average time required to insert a pedicle
screw. Pedicle screw placement was unsuccessful in 12.7%
of image-guided system attempts (2.9% medial pedicle
wall perforations, 9.8% lateral pedicle wall perforations)
and unsuccessful in 17.9% of virtual fluoroscopy attempts
(6.6% medial pedicle wall perforations, 11.3% lateral
pedicle wall perforations). The difference between the
rates of success for the two modalities was not statistically
significant (P = 0.34). For each image-guidance modality,
the vast majority of cortical perforations were noted in the
upper- and midthoracic pedicles, where the pedicle cross-
sectional area is smaller. No nerve root injuries were ob-
served in either group.

The total time required to place a pedicle screw was
divided into the registration time and the operating
time. The registration time consisted of the time re-
quired to locate the appropriate level, select the fiducial
points (three for the CT guided system, eight for the flu-
oroscopically guided system), and identify the same
fiducial points on the individual vertebra. For the fluo-
roscopically guided system, the registration time also in-
cluded the time required to perform the AP and lateral
fluoroscopic images and the time required to position
the virtual guidewire to the orientation of the targeted
pedicle. The operating time consisted of the time re-
quired to place the pedicle screw after registration. For
the fluoroscopically guided system, this time segment in-
cluded the positioning of the electromechanical arm.
The mean time to register and operate on one level
using the virtual fluoroscopy system was 14.6 minutes
(registration time = 9.3 minutes, operating time = 5.2
minutes), compared with 6.8 minutes (registration time =
3.0 minutes, operating time = 3.8 minutes) using the CT-
guided system. This difference in time was found to be
statistically significant (P = 0.0006), with the majority of
the time difference being in the registration time. This
study suggests that virtual fluoroscopy can be as reliable
and accurate as a CT-based image-guided system, but
that screw insertion is more time-consuming with a fluo-
roscopy-based system that requires a surgeon-based reg-
istration step. The particular virtual fluoroscopy system
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used in this study required the registration of eight fidu-
cial markings, a process that was found to prolong the
average time of pedicle screw insertion. Manipulation of
the electromechanical arm also contributed to the pro-
longed registration time.

Foley et al performed a study of lumbar pedicle screw
fixation using a novel percutaneous technique.8 A virtual
fluoroscopy system was used as the imaging modality
(FluoroNav; Medtronic Surgical Navigation Technolo-
gies, Louisville, CO). Twelve patients were successfully
treated using this technique. The versatility of the imag-
ing system allowed registration of unexposed spine ele-
ments for the percutaneous procedure. Registration was
completely automated, requiring no surgeon input, and
occurred in seconds. All percutaneous pedicle screws
were successfuly placed.

Conclusions and Future Directions

Computer-assisted virtual fluoroscopy provides a num-
ber of benefits over conventional fluoroscopy. Virtual
fluoroscopy allows the acquisition of all necessary im-
ages at one point during the surgery, rather than requir-
ing intermittent use of the C-arm. Because operating
room personnel need not be in the vicinity of the C-arm
during image acquisition, there is a significant reduc-
tion in radiation exposure to the surgeon and surgical
team. The patient benefits from reduced radiation as
well because C-arm images don’t need to be reacquired
each time an instrument is repositioned or a new trajec-
tory is chosen. Virtual fluoroscopy allows the acquisi-
tion and simultaneous visualization of multiple image
projections in multiple planes with a single C-arm ap-
paratus. This is useful when attempting to position an
instrument along a particular trajectory. To achieve sim-
ilar visualization with a conventional fluoroscopic sys-
tem, it would be necessary for the surgeon to simultane-
ously use two C-arms while manipulating the surgical
instrument.

Virtual fluoroscopy also offers advantages over CT-
based image-guided systems. There is no need for a pre-
operative CT or MRI that requires special formatting
and additional cost. Patient registration is much less
complicated with some virtual fluoroscopy systems; in
fact, the process is automated when using the FluoroNav
system.6 Finally, real-time updating of the fluoroscopic
images is easily performed intraoperatively.

Although the accuracy of virtual fluoroscopy systems
is quite good, one must be aware that the margins of
error are small in many areas of the spine for common
procedures. Foley et al studied the mean probe tip error
and the mean trajectory angle difference between vir-
tual and actual fluoroscopic images during pedicle

screw placement and found them to be 0.97 ± 0.40 mm
and 2.7 degrees ± 0.6 degrees, respectively.3 These find-
ings compare favorably with the results of Glossop and
Hu, who found an average of 2 to 3 mm translational
and 4 to 7 degrees rotational clinical utility error for
pedicle screw placement using a CT-based image-guided
system.12 However, in their morphologic-mathematical
study of accuracy requirements for pedicle screw inser-
tion, Rampersaud et al reported that a maximal permis-
sible translational error of less than 1 mm and rotational
error of less than 5 degrees were allowable at the mid-
cervical spine, the midthoracic spine, and the thora-
columbar junction.13 How can image guidance be of use
when its error tolerances, in some cases, are less precise
than those required for a given procedure? It is postu-
lated that image guidance is useful because it initially di-
rects the surgeon to the optimal screw entry point and
trajectory; surgeon haptic feedback likely refines the tra-
jectory during the course of the procedure. These find-
ings emphasize that image guidance is a tool that can be
of considerable assistance to a surgeon, but it is not a
substitute for surgical skill and vigilance.

Technology is currently being developed that may ul-
timately allow intraoperative registration of the spine
with fluoroscopic imaging. This may eliminate the need
for time-consuming tactile anatomic registration. Two-
dimensional fluoroscopic registration could then be
used as an adjunct to CT or MRI to allow for three-
dimensional real-time navigation.14 In fact, the recent
development of isocentric C-arm fluoroscopy, which
generates CT images using an intraoperative fluoro-
scope, may offer another means of three-dimensional
navigation using a two-dimensional intraoperative
imaging source. Finally, it is quite likely that virtual fluo-
roscopy technology will be routinely integrated into C-
arm fluoroscopes, allowing the surgeon to use a single
device in either a “live” or virtual mode, as navigational
needs dictate.
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Traditionally, stereotaxy utilized a fixed reference or
fiducial system to create reference marks on the image
that have known positions with respect to the frame. The
advent of computed tomography (CT) in the late 1970s
sparked a rapid evolution of stereotactic neurosurgery.
The inherent two-dimensional aspect of the axial CT
scan allowed for accurate identification of the x and y co-
ordinates; however, determination of z-axis coordinates
remained problematic. This was solved in 1980 with the
development of a fiducial system known as the N bar con-
figuration of the modern stereotactic frame. Each bar is
seen in cross section on every axial slice. The distance be-
tween the center bar and the adjacent bars is used to cal-
culate the z-axis coordinates. Kelly introduced volumet-
ric stereotactic guidance for tumor resection in the early
1980s.1 CT data were transferred to a computer worksta-
tion to create a three-dimensional (3-D) rendering, thus
defining the target as a volume rather than a point in
space. These advances allowed the rigid framed system
with its restrictive, complex, and nonintuitive nature to
evolve into the field of frameless stereotaxy.

Frameless stereotaxy utilizes 3-D reconstruction of
digital images obtained from CT or magnetic resonance
(MR) scans and complex algorithms to create a fixed re-
lationship between the image space and the physical
space. This process is known as registration and is based
upon a fiducial system. Through registration there is a
complete mapping of each point in the reconstructed
images to the physical space of the patient. Once local-
ization is accomplished, the 3-D anatomy of the patient
can be viewed and intraoperative interactive 3-D target-
ing can be performed.

Frameless stereotactic neurosurgery has been effec-
tively applied to cranial applications, reducing morbid-
ity involved in resection of tumors and vascular lesions,
and for precise cannulation of the ventricular system.2–5

Given the successful application of frameless stereotac-
tic image-guided surgery for cranial lesions, there has
been increased interest in applying this technology to
the spinal axis.6–12 Currently, frameless stereotaxy has
found its greatest utility in the spine as an aid in instru-
mentation procedures.6,13–17 Prior to frameless guid-
ance, experienced surgeons relied on their understand-
ing of anatomy based on two-dimensional preoperative
and intraoperative images, anatomical landmarks, and
tactile feedback during surgery to ensure accurate and
safe placement of instrumentation. Lack of proper ana-
tomical landmarks, significant deformation, and poor
intraoperative imaging can increase morbidity in spinal
reconstructive procedures. Frameless stereotactic guid-
ance appears to provide increased accuracy in place-
ment of spinal instrumentation and thus should de-
crease the morbidity associated with these operations.

Several frameless stereotactic systems are currently
available to the spine surgeon, including the Vector-
Vision2 Spine (BrainLAB USA, Redwood City, CA), the
Optical Tracking System (Radionics, Burlington, MA),
and StealthStation (Medtronic, Louisville, CO). At our
institution, we have used the StealthStation for spinal
applications. The chief components of the system in-
clude a computer workstation onto which the digital im-
ages of the spine are transferred either via optical disc or
network interface. Once loaded onto the station, com-
plex mathematical registration algorithms are per-
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formed to enable preoperative and intraoperative plan-
ning. Movement of the vertebral segment is tracked in
real time with a dynamic reference arc and various cus-
tomized spinal surgical instruments equipped with light
emitting diodes (LEDs). The spatial position of the arc
and instruments is tracked via an optical camera array
(Figs. 25–1 and 25–2).18

The general steps required to use frameless spinal
stereotaxis are relatively similar for all systems. Prior to
surgery, a CT scan of the spinal levels of interest is ob-
tained using a standard protocol. The scan is transferred
to the computer workstation either via a network inter-
face or optical media. The images are reformatted by
the workstation into a 3-D reconstruction. Using this 3-D
model, preoperative planning may be performed at the
surgeon’s convenience. Several different views are cre-
ated: axial, sagittal, and coronal, as well as axial and or-
thogonal views in relation to probe trajectory. During
the planning, various trajectories, screw diameters, and
depths may be tested on the model, and relationships to
soft tissues are identified (Fig. 25–3).

The next step is registration. Registration begins with
the selection of fiducials on the image set. These must be
precise points that will be easily identified intraopera-
tively. This is in contrast to the “mobile markers” that are
affixed to the patient’s scalp prior to scanning in cranial
operations. The fiducials selected on the image set will be
identified intraoperatively and mapped to the coordinate
system of the image set. This process, known as paired-
point registration, is the most common type of registra-
tion. A minimum of four points are necessary; however,
increasing the number of points and the distance be-
tween the points will increase the registration accuracy.

In the operating room, the optical camera array is
placed such that it will have an unobstructed view of the
surgical field. The spine is exposed, taking care to pre-
serve the bony landmarks yet exposing the anatomy suffi-
ciently to identify the previously chosen fiducials. The
first level of interest (vertebral segment) is identified,
and the dynamic reference arc is rigidly fixed to the spi-
nous process (Fig. 25–4). Every segment must be ad-
dressed individually because each level moves freely in
relationship to the adjacent levels. The purpose of the
arc is to track the motion of the individual segment as
well as to track the instruments in a fixed relationship to
that segment. At this point the fiducials are touched with
a probe that is tracked by the optical array in relation to
the dynamic reference arc. In doing so, the x, y, and z co-
ordinates of each fiducial are computed. Via complex
computer graphic algorithms, the spatial cross-registra-
tion of the separate coordinate systems completes the
process of paired-point registration. At this time, any
point on the image can be mapped to a corresponding
point on the vertebral segment of interest. Improved ac-
curacy can be obtained by supplementing paired-point
registration with surface-point registration. This is
achieved by touching multiple points (usually 30–40) on
the exposed vertebral segment with the tracked wand,
which allows a 3-D contour of the segment to be estab-
lished. These surface points in the physical space are
mapped to the surface of the image set. The combined
paired-point and surface-point registrations allow for re-
duced registration error and improved accuracy. Obvi-
ously registration must take place prior to distortion of
the segment anatomy. Once registration is complete, it is
verified by touching several identifiable points on the

FIGURE 25–1. Computer workstation and opti-
cal camera array in the operating room. (Stealth-
Station, Medtronic SNT, Louisville, CO)
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segment, ensuring that these points correspond to the
identical points displayed on the image set on the work-
station. At this point, the spinal procedure is performed
using the stereotaxic system and custom instruments.

In addition to standard application of frameless
stereotactic image-guided surgery to the spine, a new
technique has been developed using registration based
on intraoperative fluoroscopy.19 Digitized fluoroscopic
images are obtained in the operating room utilizing a
special registration grid. This technique allows the sur-
geon to view virtual lateral and anteroposterior views si-
multaneously during the procedure, thereby limiting
the need for repeated exposure of the patient and sur-
geon to radiation.20

Several applications have been identified for frame-
less spinal stereotaxy. Pedicle screw placement in the
cervical, thoracic, and lumbar spine under frameless
guidance has been described.9,21–23 These reports indi-
cate improved accuracy and decreased morbidity as
compared with conventional placement. Stereotactic
guidance for C1–C2 transarticular screw placement has
been demonstrated to be a useful adjunct.13 In particu-
lar, the ability to plan the screw length, diameter, and
trajectory relationship to adjacent critical structures
(e.g., vertebral artery) has been reported to be of
use.10,17 Resection of spinal tumors is another potentially
useful application for frameless stereotaxis. It may be
particularly valuable when the normal landmarks are
lost or distorted.10

The major controversies regarding image guidance
involve accuracy, ease of use, and influence on operative

time. Accuracy depends upon several factors: the inher-
ent properties of the scan, marker selection, registration
technique, and software algorithms. In regard to scan
limitations, the spatial resolution of the image is limited
by the slice thickness. The best accuracy that can be
achieved is half the slice thickness; therefore, 1 mm ac-
quisitions should be standard.24 Increasing the number
of fiducials and the distance between them will improve
accuracy. Error is lowest when the target is in the center
of the registered fiducials. Meticulous registration tech-
nique is required of the surgeon because inaccurate
identification of the fiducials can lead to error. This last
point is of greatest concern in the spinal application,
given that registration relies on visual identification of
landmarks on the exposed anatomy in contrast to the
cranial application where fixed fiducials are placed on
the patient prior to surgery.25

Registration error occurs when there is discrepancy
between the virtual image space and the actual physical
space. Ideally this would be an exact fit. The conven-
tional indicator of accuracy, known as the mean fiducial
error (MFE), describes how closely the points in the
image space correlate with the points on the physical
space. A low MFE indicates that the computer work-
station calculates a close match between these sets; how-
ever, this does not give true application accuracy. All
errors can be cumulative; thus, meticulous anatomic ver-
ification by the surgeon is absolutely necessary through-
out the procedure.

Although more data are available on cranial applica-
tions and many of the same principles apply to image-

FIGURE 25–2. Various spinal instruments
adapted for use with image-guided system.
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Figure 25–3. Snapshot from computer workstation screen demonstrating preoperative plan prior
to placement of lumbar pedicle screws (StealthStation, Medtronic SNT, Louisville, CO). 

guided spinal surgery, several key differences exist. The
first is that fiducial markers are placed preoperatively
and incorporated into the preoperative image set in the
cranial application. In the spinal application, however,
registration is carried out using intraoperative land-
marks identified by the surgeon. A novel approach using
internal fiducials has been described.26 In addition,
whereas the head remains in a fixed position in cranial
procedures, the spine is a mobile structure with move-
ment between individual segments and across multiple
levels as compared with the preoperative scan due to pa-
tient positioning, intraoperative manipulations, and res-
piration. The resultant error is addressed by using the
dynamic reference arc, which tracks intraoperative mo-
tion of the segment of interest. Because of this, only one
vertebral level may be addressed at a time, with each
level requiring a separate registration. This makes uti-
lization of the systems in multilevel procedures cumber-
some and time-consuming.

One key limitation of frameless image-guided surgery
is the reliance on preoperative imaging. It has been
demonstrated that significant changes can occur in
anatomy intraoperatively that may change anatomical
relationships. “Brain shift” during intracranial proce-

dures is well described, and this phenomenon is associ-
ated with decreased accuracy. In the spinal application,
specifically in instrumentation cases, this does not
occur for any individual target (e.g., the vertebral body)
because bone is rigid; however, the relationships of
each vertebra to the remainder of the spine can be al-
tered. This is particularly true with deformity correc-
tion. Frameless stereotaxis cannot adjust to such global
changes.

Ease of use is another concern. Although each system
strives to be user-friendly, these are highly technological
computer applications that can be daunting for the
novice user. Each system requires intensive training of
the surgeon, the nursing staff, and support persons in
the operative suite. In addition, the radiology staff must
be trained on appropriate image acquisition and trans-
fer protocols. Each application has unique functions
that require patience to master.

The effect of image guidance on operative time is di-
rectly related to the surgeon’s experience and comfort
level with the application. Although we have found a
significant learning curve with each new application,
leading to increased time per case, there is a pre-
dictable reduction in operative times with continued
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use. Although it stands to reason that adding image
guidance would increase operative time, this has not
been the case when using image-guided techniques for
selected cranial applications.4,27 In one study, the actual
“skin to skin” times were significantly shorter for pa-
tients who underwent image-guided surgical resection,
although there was no significant difference in total op-
erating room time.4 One also needs to take into account
the preoperative planning time that the surgeon must
spend at the planning station prior to entering the op-
erative suite.

Another important factor to consider is the cost-
effectiveness of image guidance.28 The average price for
a fully operational image-guidance platform ranges be-
tween $250,000 and $950,000. In addition to the initial
capital purchase, maintenance contacts and platform
upgrades increase the overall expenditure. Although we
are unaware of any published studies comparing the
cost of traditional spinal surgical technique to image-
guided technique, comparison of cranial techniques
suggests that image guidance is cost effective.4 It appears
that in selected procedures, preoperative planning can
reduce operating time and complication rates, thereby
justifying the expense.

Finally, it should be stressed that traditional knowl-
edge of the anatomic relationships of the spine must
never be replaced by reliance on image-guidance tech-
nology. Although this may not be of concern for experi-
enced spine surgeons who choose to add image guid-

ance to their repertoire, it can become important for
the spine surgeon in training.
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Heads-up display, in Zeiss MKM system, 99–100
Helical CT image acquisition, 15
Hemivertebrae abnormality, 191, 192f

226 Index

l
l
l

12851idx.pgs  2/28/02  10:50 AM  Page 226



High field magnetic resonance systems, for intraoperative
imaging, 153

Hydrocephalus, neuroendoscopy in, 87–88
multiloculated, 87–88
for shunt placement, 87
for third ventriculostomy, 88, 89f

Hydrogen protons, in MRI, 15, 17

ICP (intracranial pressure), brain deformation and, 31, 32
IGS. See Image-guided surgery
IIR. See Image-to-image registration
Image

correlation of MRI with CT, 61, 63f
intensity histograms, 29, 30f
intraoperative updating of. See Intraoperative image

updating
registration. See Registration
voxel values of, and intensity-based registration, 28

Image acquisition
optical digitizer and, 48
and surgical planning, 76–77, 76f
with Z-touch registration instrument, 69, 69f

Image fusion, 11–12, 13f, 21
Image guidance

accuracy in, 62–63, 64f, 66f
for brain biopsy. See Brain biopsy, image-guided stereotactic
for scoliosis, 191–196. See also Scoliosis
in spinal surgery, 37. See also Spinal surgery
workstations and. See Workstation

Image-guided surgery, 10. See also Information-guided therapy;
specific surgeries

for biopsy. See Brain biopsy, image-guided stereotactic
cerebrovascular applications of, 121–130. See also

Intracranial aneurysms
defined, 3
endoscopic. See Neuroendoscopy
frameless. See Frameless image-guided surgery; Magnetic

system, for frameless image-guided surgery
historical perspective on, 2–8
spinal

cervical spine, 176–181. See also Cervical instrumentation,
image-guided

lumbar spine, 197–206. See also Lumbar instrumentation
stereotactic, 10

Image-to-image registration, 10
point-based, 20
surface-based, 26, 27f, 28

Image-to-physical registration, 10, 12, 14f, 21
point-based, 20
surface-based, 26, 27f, 28

Imaging protocols, for robotic microscopes, 100
Information acquisition, periprocedural, 3–4
Information-guided therapy

defined, 3
future of, 7–8
intraprocedural tracking in, 5–7
periprocedural information acquisition for, 3–4
telesurgery with, 8, 8f

Information registration, 4–5
Information theory, entropy and, 29, 30f

Infratentorial lesions, frameless stereotactic surgery for, 65–66
Intensity, definition, 28
Intensity-based registration

algorithms for, 29
error in, 28–30

Interbody fusion, posterior lumbar spine, 211–212
Interference, surgical light, in image-guided neurosurgery, 52
Internet portal, for stereotactic functional neurosurgery,

171–173
combined PFA and/or datasets, 173
data loading and editing, 172–173
parameter setting, 173
PFA display and, 172f, 173

Intracranial aneurysms, pretreatment evaluation of, 121–
127

and intraoperative navigation for cavernous malformation,
127, 130f

middle cerebral artery, 122, 124f
paraclinoid, 122, 125, 125f, 126f, 127, 128f
posterior communicating artery, 121–122, 123f
for postoperative patency in carotid bypass vein graft, 127,

129f
Intracranial lesions, Cyberknife radiosurgery for, 111
Intracranial pressure, brain deformation and, 31, 32
Intraoperative image updating

during brain tumor resection, 136–137
by high-field magnetic resonance, 153
by MRI, 146–153

and brain shift, 151–152, 152f
in glioma surgery, 148–151, 150f
operating room setup for, 147–148, 147f
in transsphenoidal surgery, 148, 149f

by other modalities, 152–153
by ultrasound, 141–145

color Doppler, 143, 145f
neuronavigation systems and, 141–142
sononavigation systems and, 142–144, 142f–145f

Intraoperative period
brain deformation in, 30–34
localization methods in

for accurate pedicle screw placement, 197–198
articulate arm for, 7

navigation during
for brain tumor resection, 137f
lumbar instrumentation and, 201–202, 201f

real-time feedback and navigation in, 51f
3-D guidance during, 71–72
tracking system in, 5–7, 5f, 7f

Intraventricular tumors, neuroendoscopy for, 91–92
fourth ventricle, 92
lateral ventricle, 91
third ventricle, 91–92

Joint probability distribution functions, 29, 30f

Kyphotic abnormality, surgical correction of, 196f

Lateral ventricular tumors, neuroendoscopy for, 91
LEDs. See Light-emitting diodes
Leksell system, 5
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Lesional epilepsy, computer-assisted image-guided surgery for,
156–157

Light detector array, in navigation system, 45, 46, 46f
Light-emitting diodes

neuronavigation systems and, 142
and optical digitizers, 46, 73
in optical tracking systems, 198, 199f
for reference frame, 46

positioning and registration of, 46f, 50, 51f
in spinal surgery, 38–39, 39f

in scoliosis surgery, 194–195
Light interference, in image-guided neurosurgery, 52
LINACs (linear accelerators), 107, 108–110, 108f
Line-of-sight problems, in image-guided neurosurgery, 52
Lumbar instrumentation, image-guided, 197–206

anatomical considerations in, 198
CT frameless stereotaxy for, 198
intraoperative navigation and, 201–202, 201f
for lumbar and sacral spine procedures, 202, 203f
optical tracking components in, 198, 199f–201f, 201
preoperative planning in, 198
surgical exposure and registration for, 200f, 201
traditional localization methods in, 197–198
virtual fluoroscopic, 202–205

Lumbar spine
surgery for. See Lumbar instrumentation, image-guided
virtual fluoroscopic view of, 210f

Magnetic field referencing, of stereotactic space
applications and setup of, 60–61, 61f, 62f, 63f
features of, 61–62, 63f, 64f, 65f

Magnetic resonance angiography, for intracranial aneurysm
pretreatment evaluation, 121

Magnetic resonance imaging
in brain tumor resection, 133, 134f–136f, 137, 138f
cervical spine compression due to pseudoarthrosis, 177,

178f
coronal, of colloid cysts, 90f
geometrical distortion in, 15–19, 18f
image correlation with CT, 61, 63, 63f
image fusion with, 11–12, 13f
image registration with, 11, 11f, 12

image-to-physical, 12, 14f
intensity-based registration in, 29–30, 31f–32f
for intracranial aneurysm pretreatment evaluation, 121
intraoperative image updating by, 4, 146–153

during brain biopsy, 118, 119f
and brain shift, 151–152, 152f
in glioma surgery, 148–151, 150f
high-field MR, 153
operating room setup for, 147–148, 147f
in transsphenoidal surgery, 148, 149f
versus other imaging modalities, 148

surgical planning and, 54
Magnetic resonance spectroscopy, and PET, for brain needle

biopsy, 133
Magnetic system, for frameless image-guided surgery, 60–67

accuracy in, 62–63
applications of, 63–64
catheter placement and, 67

comparison with optic systems, 63
Cygnus-PFS image-guidance. See Cygnus-PFS image-

guidance system
epilepsy surgery and, 67
neurosurgery and, 64–67
ophthalmology and, 67
of sphenoid and maxillary sinuses, 67
stereotactic space and, 60–62
of tumors, 64–66
of vascular system, 66–67

Magnetization, spatial modulation of, 17, 19
Magnetoencephalographs

mechanical arm system combined with, 55, 56f, 57f
in monoparesis of right hand, 57, 57f
in right parietal tumor, 56–57, 56f

surgical planning and, 54
Mayfield ACCISS system, 75–76, 75f, 76f

AccuPoint sphere in, 75, 75f
applications for, 74
clinical experience with, 73–78
development of, 73–74
frameless stereotaxis concept and, 73, 74–76
image acquisition and surgical planning in, 76–77, 76f
postoperative image sequence in, evaluation of, 77–78, 77f,

78
stereotactic components of, 76
stereotactic experience with, 78
workstation in, 75–76, 75f, 76f

Mayfield clamp, in passive navigation system, 70, 71f
Mechanical arm system, 54–58, 55f

applications in neurosurgery, 55–56
brain shift and, 58
clinical experience with, 56–57

in epileptic patient, 57, 58f
in monoparesis of right hand, 57, 57f
in right parietal tumor, 56–57, 56f

magnetoencephalographs combined with, 55, 56f, 57f
navigation method with, 54–55
near infrared spectroscopic topography combined with,

55–56
and optical digitizer combined. See Mayfield ACCISS 

system
virtual tip in, 55, 55f

MEGs. See Magnetoencephalographs
Mesial temporal lobe epilepsy, radiosurgery for, 158
Metastatic carcinoma, sacral spine, 202, 203f
MFE (mean fiducial error), 220
Microscope

operating, 6
robotic, 98–105. See also Robotic microscopes

Middle cerebral artery aneurysm, pretreatment evaluation of,
122, 124f

Middle fossa arachnoid cysts, neuroendoscopy for, 90–91
Minimally invasive crainiectomy, 133–135, 134f–136f
MKM (multicoordinate manipulator) robotic microscope. See

Zeiss MKM system
Monoparesis, of right hand, clinical experience with, 57, 57f
MRA (magnetic resonance angiography), for intracranial

aneurysm pretreatment evaluation, 121
MRI. See Magnetic resonance imaging
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MRS (magnetic resonance spectroscopy), and PET, for brain
needle biopsy, 133

MTLE (mesial temporal lobe epilepsy), radiosurgery for, 
158

Multicoordinate manipulator robotic microscope. See Zeiss
MKM system

Multimodality imaging, in epilepsy surgery, 158–160, 159f,
160f

Mussen’s stereotactic frame, 5, 6f

Navigation
intracranial, optical digitizer for. See Neuronavigation;

Optical digitizer
intraoperative

for brain tumor resection, 137f, 139
lumbar instrumentation and, 201–202

in spinal surgery
principles, 41, 43
technique, 38–39, 38f, 39f

stereotactic
for pedicle screw placement in thoracic spine. See

Thoracic instrumentation, for pedicle screw
placement

robotic microscopes and, 104–105
systems for. See specific systems

passive. See Passive navigational system
Navigus guidance device, in intraoperative magnetic

resonance imaging, 119f
Near infrared spectroscopic topography

mechanical arm system combined with, 55–56
in epileptic patient, 57, 58f

surgical planning and, 54
Neuroendoscopy, 87–95

for acoustic neuroma, 92–93
for aneurysm, 93, 95f
for arachnoid cysts, 90–91
for colloid cysts, 88–90, 90f
for hydrocephalus, 87–88
for intraventricular lesions, 91–92
stereotactic techniques in

frame-based, 93, 95
frameless, 95

for transsphenoidal surgery, 92
Neuroma, acoustic, neuroendoscopy for, 92–93
Neuronavigation. See also specific systems

advances in. See Virtual fluoroscopy
clinical applications of, 50–52
first adjustable device for, 6
intraoperative

for image updating, 141–142
real-time feedback in, 50

mechanical. See Mechanical arm system
passive system for, 68–72. See also BrainLAB VectorVision

neuronavigation system
procedure for, 47
robotic microscopes and, 100
system development in, 141

“Neuronavigator.” See Mechanical arm system
Neuroplanner atlas, 166

user interface of, 167f, 168f

Neurosurgery
image-guided

benefits and limitations of, 52
clinical applications of, 50–52
in epilepsy, 52
versus frame-based stereotaxy, 45
magnetic system and, 60–67
optical digitizer for. See Optical digitizer
planning for, 49, 49f
preoperative imaging and data transfer in, 47–49

image registration error in, 10–34
intraoperative ultrasound image updating in, 141–145
magnetic system and, 64–66
mechanical arm system applications in, 55–56
orientation in, 54
skin-affixed fiducial markers in, 20, 20f, 24
stereotactic frameless, cranial applications of, 218
stereotactic functional, atlas-assisted. See Atlas-assisted

stereotactic functional neurosurgery
NIRS (near infrared spectroscopic) topography, mechanical

arm system combined with, 55–56
Nose, magnetic system and, 67

Object-induced static field inhomogeneity, 16–17, 18f
Odontoid screw insertion, virtual fluoroscopy for, 213–215,

214f
Open lumbar pedicle screw placement, 211f
Open resection, of brain tumor, minimally invasive

craniotomy and, 133–135, 134f–136f
Operating microscope, 6
Operating room setup

for image-guided cervical surgery, 178, 179f
for intraoperative magnetic resonance imaging, 147–148,

147f
passive navigational system in, 68–72. See also BrainLAB

VectorVision neuronavigation system
for scoliosis surgery, 192–193, 193f
for stereotactic spinal surgery, 219, 219f

Ophthalmology, frameless stereotaxis in, 67
Optical digitizer, 45–46

clinical applications of frameless navigation, 51f
development of, 73–74
history of, for image-guided surgery, 73
image-guided neurosurgery using, benefits and limitations,

52
for intracranial navigation, 45–53

clinical applications, 50–52
mechanical arm combined with. See Mayfield ACCISS

system
navigation systems utilizing, 45–46, 46f
workstation for, 45, 46f

early version, 7, 7f
examples of, 47, 47f, 48f
image processing by, 47, 47f

Optical Tracking System
in image-guided lumbar instrumentation, 198, 199f–201f,

201
in spinal surgery, 218–219

Orientation, in intracranial surgery, 54
Oula neuronavigator system, 143
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Paired point registration plan, in spinal surgery, 40, 40f
Paraclinoid aneurysm, pretreatment evaluation of, 122, 125,

125f, 126f, 127, 128f
Parietal tumor, clinical experience with, 56–57, 56f
Passive navigational system, 68–72. See also BrainLAB

VectorVision neuronavigation system
Patient

and passive navigational system, 72
draping of, 71

positioning, image guidance for scoliosis surgery and,
192–193, 193f

robotic microscopes and, 101–102
Patient space, virtual versus actual, 198
Pedicle screw placement

lumbar spine
instrumentation for, 197–206
open technique, 211f
in scoliosis surgery, 191, 195, 196f

thoracic spine, instrumentation for. See Thoracic
instrumentation, for pedicle screw placement

virtual fluoroscopy for, 210–211
conventional, 210–211, 211f
percutaneous, 211

Percutaneous pedicle screw insertion, virtual fluoroscopy for,
211, 212f

PET. See Positron emission tomography
Phantom (test) object, scaling error and, 19
Phase encoding, 16
Pituitary adenoma, and intraoperative magnetic resonance

imaging, 149, 149f
Pituitary surgery. See Transsphenoidal surgery
Point-based registration

error in, 19–26
theory, 34
types, 21, 21f

fiducial markers for
bone-implanted, 20, 20f, 25–26, 27
skin-affixed, 20, 20f, 24, 27

lumbar instrumentation and, 200f, 201
surface-based registration versus, 27

Point-in-space targeting, in videotactic surgery, 80–81
Pointer, freehand, for passive navigational system, 71
Positron emission tomography

in epilepsy surgery, 52
intensity-based registration in, 29–30
and MR spectroscopy, for brain needle biopsy, 133

Posterior communicating artery aneurysm, pretreatment
evaluation of, 121–122, 123f

Posterior fossa cysts, neuroendoscopy for, 91
Posterior lumbar interbody fusion, virtual fluoroscopy and,

211–212, 213f
Preoperative images

and data transfer, in neurosurgery, 48–49
geometrical distortion in, 15–19

Probabilistic functional atlas, 162, 169–171, 172f
datasets combined with, 173
display of, 172f, 173
reconstructed, 172f
for subthalamic nucleus, 172f

Probability distribution functions, joint, 29, 30f

Probe
in Cygnus-PFS system, 62
navigational, with drill guide, in spinal surgery, 38, 38f

Radiography, versus CT and MRI for accurate pedicle screw
placement, 200f

Radiosurgery
computer-assisted image-guided epilepsy surgery and,

157–158
robotic. See Robotic radiosurgery

Radiosurgery systems
constraints of, 107–108
defined, 107
robotic. See Cyberknife (robotic radiosurgery system)
schematic of, 108f

Reconstruction, three-dimensional, of cervical spine, 178,
178f

Reference frame
dynamic, 198, 199f
in navigational system, 45, 46, 46f

passive, 70, 71f
in spinal surgery, 39, 39f

Registration, 11–14
accuracy in. See Registration accuracy
for brain tumor resection, 137f, 139
in brain tumor resection, 137f, 139
concept of, 11, 11f
for cranial image-guided neurosurgery, error in, 10–34
definition of, 10
degree-of freedom transformation in, 19
error in. See Registration error
in frameless spinal stereotaxy, 219
for image-guided lumbar instrumentation, 200f, 201
image-to-image. See Image-to-image registration
image-to-physical. See Image-to-physical registration
passive navigational system and, 71
readout from Cygnus-PFS image-guidance system, 62, 64f
robotic microscopes and, 101, 102f
in scoliosis surgery, 193–194, 194f, 195f
in spinal surgery. See Spinal registration
universal instrument, 198, 199f–201f, 201

Registration accuracy, 30, 31f–32f
and intraoperative updating with ultrasound, 143, 143f
mechanical arm combined with optical digitizer, 76, 76f
in spinal surgery, 39–40, 219
verification of, 41, 42f
visual assessment of, 30, 31f–32f

Registration error, 19–30
geometrical distortions effects on, 17, 18f
in intensity-based registration, 28–30
in point-based registration, 19–26
in spinal surgery, 39–40, 219
in surface-based registration, 26–28
target and. See Target registration error

Robot, defined, 98
Robotic microscopes, 98–105

accuracy of, 102–103
advantages and disadvantages of, 104–105
clinical utility of, 103–104
imaging protocols for, 100
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neuronavigation procedure with, 100
patient setup with, 101–102, 101f, 102f
technical features of, 98–100, 99f

Robotic radiosurgery, 107–113, 108f
accuracy of dose placement, 110
for intracranial lesions, 111
for spinal lesions, 111–112, 111f, 112f
target localization in, 109
treatment with

methodology for, 109–110
planning for, 110–111

Rotational three-dimensional catheter angiography (3-DA),
pretreatment evaluation for intracranial aneurysms,
121

Sacral spine procedures, 202, 203f
Scaling error, in MR images, 19
Scanning, in exoscope procedure, 83
Schaltebrand-Wahren brain atlas, 163f

3-D version of, 163, 165f
Scoliosis surgery, image guidance in, 191–196

for kyphotic abnormality correction, 196f
lumbar spine views, 192f
operating room setup for, 192–193, 193f
patient positioning for, 192–193, 193f
preoperative planning for, 192
registration for, 193–194, 194f, 195f
tracking in, 194

Screw fixation
atlantoaxial transarticular, virtual fluoroscopy for, 212–213
odontoid, virtual fluoroscopy for, 213–215
pedicle. See Pedicle screw placement

Selective amygdalohippocampectomy, in computer-assisted
image-guided epilepsy surgery, 157

Shimming, global, in MRI, 17
Shunt placement, in hydrocephalus, neuroendoscopy for, 87
Single photon emission computed tomography, in epilepsy

surgery, 52, 57, 58f
Skin-affixed fiducial markers, 20, 20f, 24, 27
Skull base lesions, frameless stereotactic surgery for, 66
Sononavigation systems, for intraoperative image updating,

142–143, 142f–145f
SPAMM (spatial modulation of magnetization), 17, 19
Spatial encoding methods, 15–16
Spatial modulation of magnetization, 17, 19
Spatial position, encoding of, 16
SPECT. See Single photon emission computed tomography
Spiegel-Wycis apparatus, 5
Spinal lesions, Cyberknife radiosurgery for, 111–112, 111f,

112f
Spinal registration

accuracy and error in, 37–43
principles of, clinical application for, 41–43
reference frame for, 39
techniques in, 40–41, 40f, 41f

Spinal surgery, 218–222
anatomical considerations in, 198
cervical spine, 176–181. See also Cervical instrumentation,

image-guided
cost-effectiveness of, 222

instruments used in, 220f
limitation of, 221
lumbar spine, 197–206. See also Lumbar instrumentation
navigational techniques in, 38–39, 38f, 39f
operating room setup for, 219f
preoperative planning for, 221f
registration principles in

accuracy and error in, 37–43. See also Spinal registration
clinical application of, 41–43

spinal reference arc in, 219, 222f
stereotactic technology applied to, 37
systems available for, 218
workstation for, 38, 38f

screen display, 41, 42f
Static field inhomogeneity, object-induced, 16–17, 18f
StealthStation

in brain tumor resection, 137, 138f
electronic brain atlases available in, 166–167, 48f
for neuronavigation, 142, 142f
for spinal applications, 218–219
optical digitizer, and, 45–50, 46f, 47f
ultrasound probe for use by, 142–143, 143f
user interface of, 167, 169f
videotactic surgery module in, 84–86

StereoPlan, user interface of, 171f
Stereotactic apparatus

Brown-Roberts-Wells frame. See Brown-Roberts-Wells
stereotactic localizer

Cosman-Robert-Wells frame. See Cosman-Robert-Wells
stereotactic frame

first linear (Horsley and Clarke), 5
frame-based, 4. See also Frame-based stereotaxy
Leksell system, 5
Mechanically based, 6
Mussen’s frame, 5, 6f
Spiegel-Wycis, 5
Talairach system, 5
Todd-Wells, 5

Stereotactic brain atlas, 163, 163f
applications for, 165–168
in commercial systems, 166–168, 169f, 170f, 171f
development of, 4
electronic database form of, 162–163, 163f–165f, 164f
functional neurosurgery assisted by. See Atlas-assisted

stereotactic functional neurosurgery
Internet portal for, 171–173
interventions based on, history of, 4
labeling in, 163, 163f
printed form of, 162
probabilistic functional atlas, 169–171, 172f
targeting enhanced by, 168f

Stereotactic endoscopic surgery
frame-based techniques, 93, 95
frameless techniques, 95

Stereotactic frames. See Stereotactic apparatus
Stereotactic functional neurosurgery, atlas-assisted, 162–173.

See also Atlas-assisted stereotactic functional
neurosurgery

applications, 165–168
electronic brain atlas database, 163f, 164f
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Stereotactic functional neurosurgery, atlas-assisted (continued)
Internet portal for, 171–173
probabilistic functional atlas, 169–171, 172f

Stereotactic space, magnetic field referencing of, 60–62, 63f.
See also Cygnus-PFS image-guidance system

Stereotactic systems
equipment for. See Stereotactic apparatus
frame-based. See Frame-based stereotaxy
mechanically based, advantages of, 6
techniques in neuroendoscopy

frame-based, 93, 95
frameless, 95

Stereotactic technology, interactive frameless, in spinal
surgery, 37

Stereotaxis. See also Stereotactic entries
of thoracic spine, 183t, 188–190, 189f

pedicle screw placement and. See Thoracic
instrumentation, for pedicle screw placement

traditional use of, 218
Streak artifacts, 15
Stryker Navigation System Neuro

features of, 167–168
user interface of, 170f

Subdural monitoring grids, in epilepsy surgery, 159, 159f, 160f
Subthalamic nucleus, probabilistic functional atlas for, 172f
Suprasellar arachnoid cysts, neuroendoscopy for, 91
Supratentorial lesions, frameless stereotactic surgery for,

64–65
Surface-based registration

algorithms for, 27
error in, 26–28, 27f
versus point-based registration, 27
in spinal surgery, 37–38, 40, 41f, 42f

Surgical instrumentation
cervical, 176–181. See also Cervical instrumentation, image-

guided
lumbar, 197–206. See also Lumbar instrumentation, image-

guided
in navigation system, 45, 46

real-time visualization, 51, 51f
thoracic, 182–190. See also Thoracic instrumentation, for

pedicle screw placement
Surgical navigation systems, 12

image-to-physical registration in, 14f
intraoperative real-time feedback in, 50, 51f
mechanical arm system, 54–59

Surgical planning
for brain tumor resection, 139
for exoscope procedure, 83
image acquisition and, 76, 76f
for intracranial aneurysms, case studies, 121–127
passive navigation system and, 70
robotic microscopes and, 101, 101f, 102f

SW brain atlas. See Schaltebrand-Wahren brain atlas

Talairach system, 5
Talairach-Tournoux brain atlas, 163, 164f

3-D version of, 163, 165f
Target localization

atlas-enhanced, 168f

in Cyberknife radiosurgery, 109
Target registration error, 21–22, 21f

feedback available on, 24–25
fiducial configuration and, 23f–25f, 26, 26t

Telesurgery, 8, 8f
Test object, scaling error and, 19
Thoracic instrumentation, for pedicle screw placement,

182–190, 183f, 183t
accuracy of, 182–186, 184f, 185t, 186t, 187f
anatomical considerations in, 182, 183f
challenge in, 186–187
cortical violations in, 183, 185, 186t, 187f, 188f
literature review of, 183t, 187–188, 188f
and stereotaxy in thoracic spine, 183t, 188–190, 189f

Thoracic pedicle
anatomy of, 182, 183f
stereotactic screw placement. See Thoracic instrumentation,

for pedicle screw placement
Three-dimensional atlases, 165f
Three-dimensional reconstruction, cervical spine, paired-

point anatomical fiducials in, 178, 178f
Throat, magnetic system and, 67
Todd-Wells apparatus, 5
Tracking

intraprocedural, systems for, 5–7, 5f, 7f
in scoliosis surgery, 194

Transformation applications. See specific registration techniques
Transoral decompression, of craniocervical junction, virtual

fluoroscopy for, 215
Transsphenoidal surgery

endoscopic, 94f
intraoperative MRI in, 148, 149f
neuroendoscopy for, 92

TRE (target registration error), 21, 21f, 22, 23f–25f, 26, 26t
True accuracy, in image guidance, 62, 66f
TT brain atlas. See Talairach-Tournoux brain atlas
Tumor

intraventricular, neuroendoscopy for. See Intraventricular
tumors, neuroendoscopy for

right parietal, mechanical arm experience with, 57, 57f
surgery for. See Tumor resection; Tumor surgery
ventricular. See Ventricular tumors

Tumor resection
brain tumor, 134–136

adjuvant therapy after, 139
brain shift and, strategies minimizing, 137t
caveats for, 135–137, 137t, 138f
gene therapy after, 139
intraoperative procedure for, 139
minimally invasive craniotomy and, 133–135, 134f–

137f
needle biopsy prior to, 132–133
planning for, 139

exoscope procedure in, 84
intraoperative magnetic resonance imaging and, 146–155
sacral spine, 202, 203f

Tumor surgery, frameless stereotaxis for, 64–66
infratentorial, 65–66
of skull base, 66
supratentorial, 64–65
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Ultrasound
in brain tumor resection, 137, 138f
intraoperative use of, 4

for image updating, 141–145
versus MRI image updating, 152–153
neuronavigation systems, 141–142
sononavigation systems, 142–144, 142f–145f

Ultrasound probe, for neuronavigation, 142–143, 143f
Universal instrument registration, 198, 199f–201f, 201
Updating, intraoperative. See Intraoperative image updating

Vascular surgery, frameless stereotaxis for, 66–67
aneurysms, 66–67, 66f
arteriovenous malformations, 66
cavernous angiomas, 66

Vector-Vision Spine system, 218–219. See also BrainLAB
VectorVision neuronavigation system

Ventricular tumors
intraoperative MRI in, 147
intraventricular. See Intraventricular tumors,

neuroendoscopy for
of third ventricle, neuroendoscopy for, 91–92

Ventriculostomy
in hydrocephalus, neuroendoscopy for, 88, 89f
third ventricle, neuroendoscopy for, 88, 89f

Videotactic surgery, 80–86
exoscope procedure in. See Exoscope procedure
future of, 86
history of, 81–82, 82f
point-in-space targeting in, 80–81
StealthStation and, 84–86
3-D information in, 8
volume-in-space targeting in, 81

Virtual fluoroscopy, 207–216
accuracy in, 210
definition of, 207
future directions in, 216
lumbar instrumentation and, 202–205

advantages and limitations of, 202, 205
system and function in, 202, 204f

operational steps in, 208–210
published studies on, 215–216
systems of, described, 208–209, 209f, 209t, 210f

techniques in, 210–215
atlantoaxial transarticular screw fixation, 212–213
odontoid screw insertion, 213–215, 214f
percutaneous pedicle screw insertion, 211, 212f
posterior lumbar interbody fusion, 211–212, 213f
transoral decompression of the craniocervical junction,

215
Virtual reality simulation, neurosurgical, 49, 49f
Virtual surgery, 49, 49f

for brain tumor resection, 137f, 139
Virtual tip, in mechanical arm system, 55, 55f
Volume, as image-guided target. See Videotactic surgery
Volume-in-space targeting, in videotactic surgery, 81
Voxels

geometric image distortion and, 15
in intensity-based registration, 28

Workstation
for image guidance, 38f
in Mayfield ACCISS image-guided system, 75–76, 75f, 

76f
for navigation in spinal surgery, 38, 38f
for optical digitizer, 45, 46f

early version, 7, 7f
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image processing by, 47, 47f

optical tracking displays, 198, 200f–201f
screen display

in cervical surgery, 179, 180f
in scoliosis surgery, 195f

for spinal surgery, 219f
display screen, 221f

virtual surgery and, 49, 49f

Z-touch registration instrument, 69, 69f
Zeiss MKM system, 82, 98–105, 98–106

accuracy of, 102–103
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