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Abstract—Many critical functionally distinct subcortical struc-  ally distinct regions that are not delineated adequately by
tures are not distinguishable on anatomical magnetic resonance anatomical imaging methods. For stereotactic guidance in such
imaging (MRI) scans. In order to provide the neurosurgeon with  yaqigng  surgeons have used atlases sectioned in well-defined
this missing information, a deformable volumetric atlas of the ’ . . . -
basal ganglia and thalamus has been created from the Schal- pl_an.es and processed histologically to reveal distinct nuclg|
tenbrand and Wahren atlas of cryogenic slices. The volumetric Within structures such as the thalamus and the basal ganglia.
atlas can be automatically deformed to an individual patient's The increasing use of functional stereotactic neurosurgery for
MRI. To facilitate the clinical use of the gtlas, a\{isualizatior) plat- disorders such as Parkinson’s disease and ep”epsy, motivated
form has been developed for preoperative and intraoperative use ;5 1 develop an interactive visualization platform to facilitate
which permits manipulation of the merged atlas and MRI data i . .
sets in two- and three-dimensional views. The platform includes these procedures.. Its faC|I.|t|es mclude_ automatic mtggratlon
graphical tools which allow the visualization of projections of a Of @ standard brain atlas into the patient’s volumetric mag-
leukotome and other surgical tools with respect to the atlas data, netic resonance imaging (MRI) space, interactive display of
as well as preregistered images from any other imaging modality. stereotactic instruments in the integrated atlas-MRI space,
In addition, a graphical interface has been designed to create and lesion-modeling with respect to the target nuclei. The

custom virtual lesions using computer models of neurosurgical latf initiallv d | d f ical treat t of
tools for intraoperative planning. To date this system has been platiorm was initaily  developed 1or stigical ueatment o

employed as an adjunct to over 30 functional neurosurgical cases Parkinson’s disease, but has wide-ranging implications for
including surgery for movement disorders. many procedures in critical brain areas involving frameless

Index Terms— Atlas-based guidance, image-guided neuro- or frame-basgd Ster?OtaCt"C methOdS' . . .
surgery, movement disorders, Parkinson’s disease, thalamus, Symptomatic Parkinson’s disease manifests in a variety of

three-dimensional (3-D) visualization. ways including tremor, rigidity, bradykinesia, and impaired
gait. Pharmacological treatments are used initially to improve
|. INTRODUCTION many of these symptoms, but medically intractable cases are
often referred for stereotactic neurosurgical procedures in deep
A. Clinical Motivation brain areas. Parkinsonian patients suffering from significant

TEREOTACTIC neurosurgery in critical brain areas relremors can benefit from a lesion created in the thalamus

uires excellent appreciation of boundaries of functiorﬁhalamommy) [1]. while lesions in the globus_ pallidus (palli-
dotomy) are usually performed when the patient suffers from

rig?idity or drug-induced abnormal movements. The probability
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Fig. 2. Ventriculograms. (a) Lateral and (b) anterio—posterior ventriculo-
grams with the AC, PC, and target points identified.

and this allows for correction of possible distortion due to mag-
netic field inhomogeneity [4]. MRI is nevertheless the modality
which provides most of the information relating to the anatomy
of the thalamus, basal ganglia, and neighboring structures, and
Y% used for atlas integration. It has been demonstrated that
judicious use of a combined CT-MR imaging technique, in
conjunction with microelectrode recording, may obviate the
to the frame, the loci of positions of the tool-holder lie on @eed for the stereotactic ventriculography [5]. However, by
spherical surface. In this configuration, when the tool is sgbmparing it with intraoperative stereotactic skull X rays, we
at the zero-offset position with respect to the tool-holder, thad the ventricuologram is also very useful for intraoperative
tip of the tool is exactly at the center of the sphere which tsonfirmation of the position of surgical tools.

localized at the target position [2].

Fig. 1. Arc system mounted on the stereotactic frame. As an example,
biopsy needles are attached to the arc system.

D. Stereotactic Neurosurgical Tools
C. Conventional Imaging Modalities for

: The tools commonly employed in Parkinson’s surgery at
Thalamotomy and Pallidotomy

the MNI are the leukotome [6] [Fig. 3(a)] for creating the
At the MNI, the standard procedure for performing steredesions, and a monopolar electrical stimulator [Fig. 3(b)] for
tactic localization of the targets makes use of multimodali@liciting responses from the patient prior to lesion generation.
imaging, including ventriculography (Fig. 2), computed toTo address interpatient anatomical variability, physiological
mography (CT), digital subtraction angiography (DSA) anderification of the stereotactic position of target structures
MRI [3]. Even though landmarks such as the midplane (thend peri-target areas is performed by electrical stimulation.
sagittal cut between the two hemispheres) and the AC-RCstimulating electrode is inserted into the patient’'s brain
plané can be easily localized on ventriculograms, the positiotisrough the same burr-hole used for the injection of the
of the target structures relative to such landmarks are not ngentriculography contrast agent. The stimulator consists of an
essarily constant between patients due to normal anatomiieslulated conducting wire exposed at its tip, which protrudes
variability. in a well-defined curve from the distal end of a metallic shaft.
Anatomical structures are partly delineated by boundari€mpared to the straight electrode, this curvilinear geometry
between gray and white matter. Whereas CT scans show saitlews the surgeon to physiologically stimulate larger brain
contrast between these tissues, MRI is clearly superior volumes with fewer passages from the brain surface to the
distinguishing gray-white matter boundaries. However, MRérget, thus reducing the risk of hemorrhage. The probe may
cannot differentiate between functionally distinct structurdse protracted in different directions searching a well-defined
within gray matter, such as the Vim and its neighboringolume, and a single pass to the target area often yields the
thalamic nuclei. We generally employ a ventriculogram irequired physiological confirmation of anatomical localization.
conjunction with three-dimensional (3-D) MRI for stereotactié\ calibrated screw with a millimeter scale at the proximal
localization. The stereotactic ventriculogram delineates tked of the stimulator controls the extent of protrusion of the
boundaries of cerebrospinal fluid-filled spaces (e.g., the thistectrode from the tip of the shaft. The stimulator tip currently
ventricle), which are close to target structures such as theed at the MNI extends a maximum of 14 mm from the end
thalamus and globus pallidus. Measurements made on vefithe shaft. The neurosurgeon stimulates various regions of
tricuolography can be correlated with those derived from MRihe thalamus or globus pallidus, and important white matter

. . _ structures such as the internal capsule or optic tract. The
1The AC-PC plane contains the line between the anterior and posterior

commissure (AC and PC) points and is perpendicular to the plane betwé§$UIt!ng se.nsoryz motor, or visual responses Obtam_ed from
the two hemispheres (the midplane). electrical stimulation, allow the neurosurgeon to confirm the
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A. Atlases and Automatic Labeling of Deep Brain Structures

\ Various atlases of the human brain serve as references for
- clinicians and researchers interested in stereotactic localization
of subnuclei within deep brain structures [10]-[12]. However,
these atlas structures differ in size and geometry from those of
H any given patient’s brain. In addition, during surgery, it may be

: difficult to appreciate the orientation of the patient’s brain and
- the trajectory of neurosurgical tools with respect to the slices
@ presented in the atlases. Since no currently availablévo
11 imaging modality provides sufficient image contrast between
(a) (b) target structures, the solution implemented here was to enhance

Fig. 3. The leukotome (a), and the stimulator (b) each represented at tthe information already available from I’C_)utll’]G MRI scan;. T.he
different protrusion setting, g%haltepbrand and Wahren atlas [12] is one of t_he principal
anatomical references for neurosurgeons performing thalamo-
- ) N ] tomies and pallidotomiesWhile computer-based atlases exist,

position of the target relative to critical surrounding areas [7ﬂ13], [14] none of these were available to us in the appropriate
Once sufficient information about the position of the importardiectronic form to serve as a basis for this project. Early work
deep brain structures has been obtained, the neurosurgeongi@fhe use of digitized atlases to guide thalamotomy surgery
proceed to perform a tailored lesion within the Vim or thg ;¢ reported as early as 1972 by Bertrand and Thompson [15],
GPm. ) ) ) ] ~ [16], who correlated atlas slices with ventriculograms. The aim
The leukotome consists of a thin metallic wire whichyt this present work is to incorporate the precise contours of
protrudes from a shaft (similar to the stimulator) in the forp, gnatomical atlas of deep brain structures with an individual
of a loop, and acts like a knife when the tool is rotated arou%ﬂemys 3-D MRI scan. Such an atlas must be volumetric,

its axis [Fig. 3(a)] [6]. The MNI leukotome has a calibratedieformable, and capable of being accurately registered to the
screw with a scale at the proximal extremity of the Shafbatient’s deep-brain anatomy.

which allows the neurosurgeon to control the extent of 100p The Schaltenbrand and Wahren atlas gathers together many
protrusion in a graded fashion. The leukotome loop extenggferent data sets, three of which are of interest: the coro-
to a maximum distance of 7 mm from the shaft. The Maify| (plates 35-40 of the atlas), sagittal (plates 41-51) and
advantage of the leukotome over other tools resides in {i8nsverse (plates 52-57) cryogenic slices of human cadaver
ability to create tailored lesions conforming to the shape gfains. Each of these three data sets consists of a series of
the target structure. While other methods are usually limitgflicro.-thin cryotome slices, which were stained to discriminate
to spherical lesions with indistinct boundaries, the leukotomignyeen structures presenting different cytoarchitecture. The
allows for predefined lesions that can be geometrically adaptgfhes are not necessarily contiguous in space, being separated
to the target volume. Custom lesion shapes can be achievehhygistances varying from 0.5-3.0 mm. The atlas consists
varying the extent of loop protrusion in different sectors as thg photographs of these slices with superimposed alignment
tool is rotated. We note here that the leukotome is just one gfids and outlines of anatomical regions delineated on acetate
several tools available for stereotactic lesioning. Other 9rougSerlay sheets (Fig. 4).

employ radio-frequency (RF) heating to ablate brain tissue [8]. A single atlas is only applicable to the brain from which it
As an alternative to lesioning, chronic eI(_actrlcaI stimulation Qfa¢ derived, presenting the problem of intersubject variability
the target nucleus has also been described [9]. when attempting application to individual subjects. Our objec-

_ Although conventional techniques are effective, standafide was to overcome this limitation by creating a volumetric
imaging modalities do not allow functionally distinct deegyjgital atlas based on these two-dimensional (2-D) slices, that
brain structures to be_dlspngwshed: This sh.o.rtcommg iNh&5uld be deformed to fit the deep-brain structures of any
ently precludes visualization of patient-specific geometry @{gividual. Since the most detailed anatomical information
target subnuclei within the thalamus or basal ganglia strugpm these data sets was available in the transverse plane, this
tures such as the pallidal segments or subthalamic nucleys: was used as a basis for the construction of the 3-D atlas.
Furthermore, it is difficult to mentally reconstruct the 3-O, this series, over one hundred structures are outlined, but for
relationship of these deep structures and intraoperative surgiggf purposes, the volumetric atlas was limited to 16 regions of
tools with accuracy. Itis particularly important to visualize thgyterest relevant to surgical procedures involving the thalamus,
configuration of the final lesion with respect to critical deegypthalamic nucleus or globus pallidus. The steps involved in
brain structures in order to conform to the target area aggk creation of the volumetric version of the Schaltenbrand
prevent unnecessary lesions in neighboring nuclei or whitg,§ \wanhren atlas were as follows.

matter tracts. We developed an interactive atlas-based 3-D in-

traoperatlve visualization platform (See Section ”_D)’ in Ord%r 2The sagittal and axial sets come _respectively from the left and right
emispheres of the same cadaver brain (number LXXVIII). The coronal set

to Prov'de interactive visual feedback to Fhe .neurosurgeon’ a&)qnes from another brain (LXVIII). (Roman numerals refer to cadaver brains
to increase the accuracy of target localization. used in the construction of the Schaltenbrand and Wahren Altlas.)
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Fig. 4. An axial slice from the Schaltenbrand and Wahren transverse series: (a) stained histologic slice, (b) transparent overlay contourse idmg¢s)tion
of the two. (Reproduced with permission of Georg Thieme Verlag).

« digitizing both the cryotome slices and the transparenteate a volumetric version of the atlas with an isotropic voxel
contour overlays; dimension of 0.5-mm along each axis.
 stacking and aligning (concatenating) the individual slices

into a 3-D data set; B. The Automatic Nonlinear Image Matching and
 extracting the 2-D contours (from the transparent Overla)QnatomicaI Labeling (ANIMAL) Algorithm

in a vector format;

« performing an interpolation of the 2-D contours, using N the context of this paper, we use the term “linear”
Hermite polynomials, to achieve a 3-D representation describe any transformation that can be accommodated

the structures. using a constrained affine transform (disallowing reflection and

. L kew). “Nonlinear” refers to transformations whose character-
Scanning of the cryogenic slices and acetate overlays Was )

performed using a standard flat-bed image scanner. Thg ( stics change between locations in the image. Computerized

magnified images were digitized with a resolution of 72 d()'}\J;Eolumetrlc versions of stereotactic atlases that allow only

per inch, which yielded a pixel spacing of approximately 0. near deformation, although useful, are still somewhat lim-

mm. The slices were initially aligned using the grid syste ﬁdsggn;r: ?rgl:];?jtue rglc‘:‘ét;’g St ac;:‘ dVIsec\:/;'IeEVfon fY:ht(:]r; Srzcron
already present in the Schaltenbrand and Wahren atlas, 3?1 ! : =9 :
of the thalamus and basal ganglia as seen on the patient's

software was created to render the stack of slices into : . . . . .
M’:hl (using a Talairach-like constrained affine transformation

volumetric data set. Voxels in the 3-D volume for which n . . . - .
1]), normal intersubject anatomical variability and possible

data were present in the atlas, were initially set to zero. tomv-deforming patholo revent the atlas overlay from
note that the grid structure present in the atlas was pIac%'&a y 9p 9y p Y

on the cryotome images subsequent to photography, and S5 ZRER SRS TF IR PO BREEEE,
even precise alignment with respect to the grid is no guaranfeg% ' y

that the underlying slices were not themselves distorted durin : lr}tct)haccchu'nt :h\fl pattlen; svaratom)r/ﬁ 'I;Ee dokIJJectl\:e O: th,'[S
the slicing process. However, our methodology for matchi cusc)tomiie% ?):fsionazf ?he esfh(;ﬁeibraendoar?do%ahie% e;IZs
the slices with the model 3-D MRI volume (described late

automatically corrects for such distortions. or each patient on a routine basis, in a completely automatic

When visualized in a tri-planar displdythis preliminary fashion, so that no manual intervention is required.

volumetric data set presents either structure-contours or aThe ANIMAL algorithm [18], was designed to compute a

completely black image in the transverse view, while only a sg92|)'r:§aar ;:aigsr:cgm:z;[;obnelt: drteangS;?rMoFrz]Ftr’:/; ?Létrr\]lisnge;i;:;)n_
of sparse dots or lines is seen in the other two views. In or prela get M . )
|Igal atlas. Segmentation of the patient MRI is achieved by

to convert this data set into a full 3-D volume, an interpolatio . X . .
ing the inverse of this transformation to warp the canonical

operation between these axial slices was performed us#@a . . i .
spline parameterization of the 3-D curves with Hermite cubfras back onto the patient’s 3-D MR image. The registration

interpolation as outlined by Folegt al. [17]. The interiors procedure operates in o stages. In the first step, ANIMAL

of these 16 regions were then assigned numerical valuesc?cgnlomeS a constrained affine transformation, optimizing the

three translations, three rotations, and three (positive) scales

3A set of three orthogonal planes (usually sagittal, axial, and coronal), tﬁ%qu'red to register the two volumes. In the second step,
intersection of which is the point of interest. ANIMAL deforms the first MRI volume to match the second.
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It builds up the 3-D nonlinear deformation field in a piece
wise linear fashion, fitting cubical neighborhoods in sequenc]
Each data cube in one volume is translated to achieve
optimal match within the other volume. Cubes are arrangq
in a 3-D grid to fill the volume and each cube moves withi
a range defined by the grid-spacing. The algorithm is applig
in a multiscale hierarchy. At each step, the image volumes a
preconvolved with a 3-D Gaussian kernel, while the exte
of the blurring kernel and cube sizes are reduced after eas
stage. Initial fits are obtained rapidly since at lower scales, on
gross distortions are considered, but later iterations at fin
scales accommodate local differences at the price of increas
computational burden. Segmentation is finally achieved H
transforming the canonical atlas labels associated with t
model MRI onto the patient's MRI, using the inverse of the
3-D deformation field.
Since ANIMAL requires both the original and target vol-
umes to be MR images, the atlas cannot be warped direc
onto the patient's MRI data.
Therefore, it is necessary to perform an intermediate st¢
by defining the Schaltenbrand and Wahren atlas with respe
to a single MRI volume that will then serve as a link betwee
the atlas and the patient's MRI. Once a suitable intermedia
MRI data set is selected, the atlas must be registered to Tt
This time consuming operation involving manual tagging ofig. 5. The MRI model data set: axial, sagittal, and coronal cuts (top to
atlas structure to the model MRI needs to occur only oncgttom). with corresponding detail views (right series).
When applied clinically to individual patients, atlas registration
occurs automatically using the ANIMAL algorithm.

721 J123.7467.0 -17. -3 §-5.0

C. The Model MRI Data Set

While any 3-D MRI volume could be used in ANIMAL,
we selected a model MRI data set that has been crea
from an average of 27 T1-weighted modulus volumetric MRY#it.-
scans of the same individual, collected over a period ¢
several months (Fig. 5) [19]. These images were register
to sub-voxel accuracy and averaged together to increase
signal-to-noise ratio (SNR). While the statistical distributio
of the noise in a modulus MRI image is, in general, Rician, i
regions of high intensity it is approximately Gaussian [20
The measured SNR improvement (computed by measuri
the noise standard-deviation in similar white-matter regio
of both single and averaged images) was 5.1, consistent
the assumption of Gaussian noise statistics. @) (b)

Three-dimensional thin-plate spline interpolation based @f. 6. Example of corresponding tag points between (a) the atlas and (b)
the approach of Bookstein [21] was used to register titfee MRI model.
volumetric version of the Schaltenbrand and Wahren atlas onto

the model MRI volume, since it defines a smooth nonline@t,ymark points in three dimensions. Thus, the matching of
transformatlon basedlon a §et of ho_mologous point Paltfe homologous point pairs, which was greatly facilitated by
In this case, each pair of points consisted of correspondlqging the high SNR model MRI volume, was a truly 3-D

anatomical landmarks: one point from the model brain MI% . ; P . ;
eration. After the identification process, the thin-plate spline
data set and the other from the atlas. A neuroanatomist P P P

identified 250 homologous landmarks (Fig. 6) using a progr was computed and used to resample the voxelated atlas into

m ) . . )
“REGISTER"* This system allows independent, simultanzt-he space defined by the model brain. The result is a canonical

ous, tri-planar (sagittal, coronal, and transverse) viewing 8*'6‘5 aligned with the model MRI anatomy, and these two

both MRI and atlas volumes in 2-D slice windows with arbiyolumetrlc data sets are ready to serve as a target in the

trary pan and zoom, permitting the user to accurately identiﬁ}\”MAL registration and _segment_atlon proc_e_dure.
In summary, the steps involved in customizing the atlas for

4Available via anonymous ftp site: ftp.mni.mcgill.ca/pub/regigtBisplay. a patient's MRI are:
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Fig. 7. The visualization platform. In the three 2-D views the atlas has been superimposed on the model brain. Projections of the leukotome emto the thr
standard planes can be seen in white. In the bottom left (3-D) view, surface-renderings of the putamen, caudate, thalamus (semitranspatengptavichthe

node in the thalamus can be seen, along with the leukotome and a texture map (MR intensity values) of the current axial slice for added anatamical contex

e automatic calculation of the nonlinear transformation ¢ The “gun-view” orientation shows the plane perpendicu-
from each patient's MRI to the model MRI space using lar to a virtual probe that would be inserted in the patient’s
ANIMAL; head at a given declination and azimuth angle.

« deformation of the model-space (canonical) atlas onto thee An “ultrasound-view” (the plane that a 2-D ultrasound
patient's MRI space using the inverse of the nonlinear scanner would see), shows a user-defined plane containing

transformation. the trajectory of the probe. This plane is usually chosen
to include the stimulating probe and extended tip, or the
D. Visualization Platform leukotome shaft and cutting loop.

The Image-guided Neurosurgery (IGNS) lab at the MNI hd® addition, the 3-D structures of the volumetric atlas can
created a visualization platform, visual integration platform fdee displayed as surfaces or meshes, using standard Open-GL
enhanced reality (VIPER), for clinical applications. It is codegrimitives, again with independent colors and opacities, which
in C++ using two well-known and widely used libraries;is helpful in visualizing distinct nodes such as the relationship
namely Motif (Open Software Foundation) for the graphicdietween different thalamic nuclei, the internal capsule and
user interface (GUI), and OpenGL (Silicon Graphics Incsurgical instruments (Fig. 7). The images in the 2-D and 3-D
Mountain View, CA) for rendering-related tasks. windows are displayed in the same coordinate system, and

1) 2-D and 3-D Views:The system is capable of superpoints defined in the 3-D view can be tracked in the three
imposing (or merging) images from multiple sources suabrthogonal planes of the 2-D view. In the 3-D view, the objects
as MRI, CT, atlas slices, and functional/metabolic [positrotan be manipulated interactively, enabling the user to rotate,
emission tomography (PET) and functional magnetic resganslate, and zoom as desired.
nance imaging (fMRI) and MR spectroscopy] modalities. The 2) Virtual Neurosurgical Tools:In order to represent neu-
opacity (or relative blending) of the slices, as well as thesurgical tools in the interactive imaging environment, the
window/level and color-map for each individual scan can k&imulating electrode and the leukotome were accurately mod-
adjusted independently. In addition to the standard tri-planeled (Fig. 3). In the case of the stimulator, the position of
views, two specific oblique views are also available. its tip was recorded over the 14 millimeters of its curvilinear
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Fig. 8. Stereoscopic image pair showing a surface-rendering of a cerebral,,, o
ventricle inside a mesh model of the cortex. The images are arranged fo
cross-eye viewing.
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trajectory. For the leukotome, samples of the distance between O
the metallic wire and the shaft were measured at one millimeter () (b)
intervals, and this measurement was repeated for all sevg@flo. (a) The lesion modeling graphical interface, along with (b) two other
different settings (protrusions) of the leukotome loop. Suctxamples of other possible excision maps.

representations of the neurosurgical tools allow them to be

displayed at all their possible settings in the 2-D and 33
windows. The position of the target point (the tip of th
curvilinear stimulator or the leukotome shaft) and the t
angles of entry (declination and azimuth) can be specifi
in the native MRI coordinate system, or more commonl
in the coordinate system of the stereotactic frame. The u
may place the virtual leukotome or stimulator anywhere in t i~
volume of the coregistered atlas and MRI data set, allowing iy
both preoperative and intraoperative interactive planning a
guidance. Note that in the standard 2-D views an orthogo
projection of the complete tool is displayed, rather than simg
the points where the shaft intersects the 2-D (sagittal, coro
or axial) plane. In the 3-D view however, the leukotome a
stimulator are modeled as 3-D objects, allowing the user
fully appreciate their relationship to targets and surroundi
areas.

3) Stereoscopic ViewingMany of the monocular depth
cues such as perspective, shading, occultation, and tex
(i.e., mapping the original MRI intensity values onto selected
planes as a context cue) have been incorporated into the 3-D . . - . o
view. However, one of the strongest short-range depth ¢ es4) Lesion Modeling:In addition to the visualization plat-

is stereopsis, which relies on binocular vision [22]. In ord rm described, we cr_eated a graphlcal mt_erface_; to aIIo_w
r{ e user to readily define potential volumetric lesions. This

Pgterface is presented in the shape of a dart-board divided into
sectors (Fig. 9), allowing the user to prescribe lesions of
erent size and shape by varying the leukotome protrusion

Fig. 10. A 3-D view of a virtual lesion (flat gray) of the right Gpm (textured

human visual system, VIPER is capable of displaying pai
of images in stereo. These images are rendered from t\@%

slightly different viewpoints (7 apart), simulating the left- i t h tor. Thi ini b ted

eye and right-eye views of the 3-D objects (Fig. 8). Thl%"i3 mglt'al elack fec or. 'tl's presclzlrlp 1on fmay g Ir_epeafe

images are displayed on the computer monitor in a tim@! Muttipie leukotome positions, :alowing 1or modeling o
ompound lesions. The user can visualize the virtual lesion

multiplexed fashion, such that the right and left views arg the VIPER platf ith i hi |
alternated. Stereoscopic viewing is then enabled using a p%i € piatform either as a tomograpnic volume or as
-D surface-rendered object. It can then be compared to the

of CrystalEyes (StereoGraphics Corp., San Raphael, cA ! . o
shuttered eyeware, synchronized through an infrared emit s to ensure that no part of the virtual lesion ovgrlaps critical
to the monitor's refresh rate, such that the right-eye and Ieﬁt_ructures (Fig. 10), and that the target volume is adequately
eye images are presented at the appropriate times [3], [23]_c91vered.
the stereoscopic mode, the user is still able to manipulate the

3-D objects, and the control panel for the leukotome is also
available, so that it may be rotated and translated as describedt the time of writing, this visualization platform has
earlier. been employed in over 30 procedures. At this stage, this

Ill. RESULTS AND DISCUSSION
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system is used as an investigational tool only, and alwaysproposed lesion site. Furthermore, the position of the surgical
conjunction with the standard procedures and tools for them®ls with respect to deep brain structures may be difficult to
operations (e.g., ventriculography, intraoperative X rays, stinmagine especially when arbitrary trajectories are employed.
ulation studies, etc.). In the majority of procedures, adequdibe 3-D characteristics of VIPER were implemented to com-
atlas integration was obtained as validated by visual inspectipensate for these inherent limitations of 2-D visualization,
and physiological verification of the position of structures sudlowing greater insight into the global geometry of objects of
as the internal capsule, the sensory thalamus, and the optterest. The 3-D views have facilitated the visualization of the
tract. Even though certain parts of the overall procedure hagperative tools and virtual lesions with respect to anatomical
been well studied, we are in the process of conducting a mateuctures, a particularly important point since surgical tools
formal validation of the system by retrospective evaluatiomay take different trajectories to their target structures in
of the quality of atlas-MRI registration, and by correlatinglifferent cases.
stimulus-response characteristics with respect to anatomical
structures. Although the transformation of the native MRI
into frame coordinates through identification of MRI-visible IV. CONCLUSIONS
markers in stereotactic neurosurgery has an accuracy of 1-®uring functional stereotactic procedures, neurosurgical
mm [4], [24], [25], the geometrical artifacts due to field intools are inserted deep within critical subcortical areas.
homogeneity are highly dependent on the imaging parametgiice no craniotomy is performed, the neurosurgeon relies
and can lead to distortions of up to 5 mm if no precautionsn indirect information obtained by imaging the brain
are taken [26], [27]. At present, atlas registration is confirmegith respect to a reference system. Furthermore, detailed
with physiological evidence in each case. parcellation of relevant targets necessary for functional
The accuracy of the ANIMAL algorithm has been previneurosurgery is not visualized even with the best current
ously evaluated for cortical and subcortical structures [18maging modalities. Since relatively arbitrary trajectories are
Typical misregistrations of well-defined structures in the sulgaken to the target structure, the position of the neurosurgical
cortical areas of interest (e.g., putamen, head of the caudgiéls and the configuration of the ultimate lesion must be
nucleus) between the model brain and a patient MRI aftgfentally reconstructed. The procedure is further complicated
registration using ANIMAL is 0.1-1.2 mm, with the largerby variations in individual anatomy, limiting the utility of
errors generally being at sites on the periphery of the regiongiindard reference atlases. We have described a system, that
interest. In our current system, more than 250 point pairs weigtomatically integrates stereotactic atlases into the patient’s
used to map only 16 structures between the atlas of cryogemR image space. Anatomical structures are displayed either
slices and the high-resolution low-noise model MRI. Whilen tri-planar 2-D MR-integrated slices or in a 3-D window
less than ideal, since errors in the tagging process are carigdsurface-rendered objects. The position and geometry of
over into the atlas registration, the landmark tagging and thithe stereotactic neurosurgical tools with respect to deep
plate spline procedure was used as a preliminary methodbehin structures may also be displayed on the 2-D slices,
atlas definition, and was deemed to be a major improvemenyt well as in the 3-D window. While conventional methods
over the alternative of manually correlating atlas structur@ggovide sufficient anatomical information and precision for
with patient MR images. We are currently working on a neunctional neurosurgical procedures such as thalamotomies
voxelated atlas based on a database that is more detailed iwarpallidotomies, the system described here 1) enhances
the Schaltenbrand and Wahren atlas, to allow more precibe@ neurosurgeon’s ability to reconstruct the geometry of
registration between the atlas and model MRI. critical structures in 3-D, 2) allows interactive intraoperative
The model MRI is a fundamental element in the successrrelation of the results of physiological recording or
of many of the steps necessary in warping the atlas tostimulation with respect to the patient's anatomy, and 3)
patient's MRI. The low noise in the model data set resultdlows for generation of tailored lesions which conform to
in improved recognition of image-based landmarks whidhe target structure and avoid unnecessary encroachment upon
simplifies the manual tagging of homologous atlas/MRI pointaeighboring brain nuclei or white matter tracts. From our
It is important to note that of the four steps in creatingnitial experience, we believe that the system is very useful as
an individualized atlas, only the last two (which require nan adjunct to performing a complex neurosurgical navigation
intervention from a specialist) must be performed for evetgask, enhances neurosurgical confidence in the quality of the
clinical case. In this regard, the labor-intensive manual taggiagatomical and physiological stereotactic data base, reduces
of the atlas to the model brain need be performed only ontke probability of hemorrhagic complications by helping to
and only the computationally expensive process of warping theit the number of trajectories required for physiological
model to the patient's MRI must be repeated for each patienbnfirmation, and improves surgical results by allowing for
The type of visual information that is available in the 2more limited lesions that conform to the target area.
D display panels is often a limiting factor. The fact that We are extending the utility of the system to include
only slices through the volume can be visualized rather thancomprehensive record of stimuli and responses elicited
complete 3-D structures, forces the neurosurgeon to mentallyring functional neurosurgical procedures, allowing us to
extrapolate their extent outside the slice, which is often chalreate a physiological volumetric atlas which will serve as
lenging. It is particularly difficult to reconstruct the overallan additional neurosurgical tool and enhance understanding
shape, size, and orientation of a region of interest or ofad brain function. VIPER is currently being enhanced to
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incorporate modeling of lesions created with RF probego] J. Talairach and P. TourneaDp-Planar Stereotaxic Atlas of the Human
in addition to the leukotome. Also, while target pIanninqll]
involving vessel avoidance is currently achieved using a
simple stereotactic planning system that matches stereoscdpit G. Schaltenbrand and P. Wahreniroduction to Stereotaxis with an
DSA images with the 3-D MRI, future enhancements tﬁs]
VIPER will include vascular information in the form of 3-D
MR angiograms integrated with the MRI data [28].

The system has wide-ranging implications beyond stereotqgj
tic neurosurgery. We are also using it to evaluate the position
of pathological lesions or areas of functional activation on
PET and fMRI, with respect to subcortical structures withipys

the

basal ganglia or thalamus.
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