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Abstract—\We present a method of constructing a database (MR) or computed tomography (CT) images alone, others re-
of intraoperatively observed human subcortical electrophysi- quire the incorporation of additional information that must be
ology. In this approach, patient electrophysiological data are - ,piained from other sources. These additional data generally
standardized using a multiparameter coding system, annotated . .
to their respective magnetic resonance images (MRIs), and relate tp the fun_cnonal, rather than thg anatomical structure of
nonlinearly registered to a high-resolution MRI reference brain. the brain. Functional data can be obtained from functional MR
Once registered, we are able to demonstrate clustering of like images, positron emission tomography, or from electrophysio-
interpatient physiologic responses within the thalamus, globus |ogical measurements. For example, the surgical treatment of
pallidus, subthalamic nucleus, and adjacent structures. These painson’s Disease, essential tremor, and chronic pain entails

data may in turn be registered to a three-dimensional patient ith ting lesi laci hronic stimulat .
MRI within our image-guided visualization program enabling ©tN€r creating Iésions or placing chronic stimufators in pre-

prior to surgery the delineation of Surgica| targets’ anatomy with Cise |0cati0nS relative to Certain eleCtrOphySiOlogica”y deﬁned
high probability of containing specific cell types, and functional regions, deep within the brain. Planning this type of surgery
borders. The functional data were obtained from 88 patients jnvolves approximate localization of surgical targets on preoper-
(1_06 pr_ocedures) via mlc_:roelectrode r_ecordlng and electrical ative magnetic resonance imaging (MRI) or CT images. How-
stimulation performed during stereotactic neurosurgery at the - e . . .
London Health Sciences Centre. Advantages of this method €€ neither of these modalities can delineate thalamic nuclei
include the use of nonlinear registration to accommodate for Or functional subregions within the subthalamus or globus pal-

interpatient anatomical variability and the avoidance of digitized lidus internus (the targets for these procedures) with sufficient
versions of printed atlases of anatomy as a common databasecontrast to enable precise direct localization.

coordinate system. The resulting database is expandable, easily 14 facilitate localization of indiscernible targets, printed

searched using a graphical user interface, and provides a visual - — .
representation of functional organization within the deep brain. anatomical atlases _[l]' [2_] or _d'_g'tlzed vers!ons of them [3]_’ [4],
Index Terms—Brain atlas, electrophysiological database may be scaled to align with visible anatomical landmarks in the
Parkinson’s Disease, stereotaétic functional neurosurgery. ’ preoperatlve.pa_tn_'-:nt |mage and then d!splayed as an ove.rlay.
The use of individualized and population-based atlases is a
major field of research in the neurosciences. A comprehensive
. INTRODUCTION treatment of this field is given in a book chapter by Thompson
A. Problem Definition and Toga [5]. Integrating digitized atlases into computer

) ) uidance for functional neurosurgery has proven to facilitate
VER the past 30 years, image-guided neurosurgery r%g

matured into a procedure that now sees regular use in
operating room. While many procedures are performed sol stems have incorporated anatomical atlas-based planning

on the basis of information in anatomical magnetic resonange  jes. Registration of the atlas to the patient is typically

achieved using linear scaling techniques based primarily on
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specimen [10] or multiple hemispheres [1] from differenstimulation induced phenomena, and microelectrode recording
individuals. Atlases derived from one cadaver brain are limitdMER) data obtained during exploration help the surgeon to
to only one sectioning plane per hemisphere. Those constructeentally reconstruct the somatotopic organization contained
from multiple subject brain hemispheres display noncontiguousthin the target structure and to establish functional borders.
anatomy in intersecting orthogonal slices when registered in @omparison of the patient somatotopic organization with that
image-guidance system. With both atlas types, morphometcientained in the literature allows estimation of probe tip posi-
data pertaining to normal variations in shape, size, and positition within the target and is used to plan subsequent trajectories
of subcortical anatomy within three-dimensions as a functiamtil the ideal target loci are determined.

of age, sex, or other factors are not available. Thus, the anatomyrhe electrophysiologically refined target, as shown in studies
displayed can only be considered representative of the cadaesusing on pallidotomy [15], [16] (lesioning of the globus pal-
brains from which they were made and not the general pogidus internus) and chronic subthalamic stimulation [17], [18],
lation. The effects of normal anatomical variability are quitean be shifted dramatically from the original atlas-derived or
clearly demonstrated by the considerable mismatch that exigisually identified stereotactic target once electrophysiological
when digitized versions of these atlases are registered to patexploration was performed. These studies demonstrated that tar-
images using the standard intercommissural AC—PC referemging using standard techniques often results in poor initial tar-
system. Registration quality within homogeneous appeariggting accuracy.

anatomy like the thalamus, where no anatomical landmarks

exist, must be questioned when other discernable anatomigal Electrophysiological Databases

borders are so obviously misregistered. Some atlases [2], [11]n attempts to increase initial targeting accuracy of the
address anatomical variability through a statistical approach kigical target, numerous authors have compiled and analyzed
have not gained clinical acceptance for preoperative plannifihctional information from subcortical structures from many
or intraoperative surgical guidance. individuals acquired during stereotaxy [19]-[22]. The electro-
When stereotactic atlases are constructed, it is not Uncommsiobgic data were standardized using a|phanumeric codes
that several cadaver tissue sections are damaged in the S|I%{ﬁg normalized to an anatomical atlas, to create Composite
process, sectioned unevenly, or rendered unusable by excesgi4etional maps. Registering electroanatomic observations
or uneven shrinkage during histological processing [12]. Asfgbm a series of patients to a common coordinate space made
result, uneven interslice distances often exist in the final printestamination of functional organization in relation to anatomic
atlas. Accordingly, during surgical planning the surgeon mustructures possible. Bertraret al. [23] first introduced this
frequently select an atlas plate that most closely approximateghnique when they displayed a crude somatotopic organ-
the region of brain they wish to target because there is no atjagtion of corticobulbar and corticospinal fibers within the
slice that corresponds directly to the target region. When @@sterior limb of the internal capsule, derived from a popula-
exploratory trajectory must be translated laterally or medialljon of 26 patients normalized to a representative slice of the
within the patient’s brain or inserted at an orientation obliqugchaltenbrand Bailey [24] atlas. They later augmented this
to the atlas plate, the nearest atlas slice available may be r@hnique []_9] to include interactive recording and d|sp|ay of
resentative of areas several millimeters from the target. T|'|!jﬁys|o|og|c responses obtained during surgery. In 1982, Tasker
problem is of particular relevance to the most popular of all th& al. [20] published the microstimulation results of 9383 sites
stereotactic atlases, the Schaltenbrand Wahren atlas [1], Wh‘!ﬁnmg 198 procedures, primar“y for Parkinson’s disease and
contains uneven interslice distances between 1 and 4 mm.cHponic pain. Tasker's work represents the most comprehensive
overcome this difficulty, various investigators have scanned agflalysis of electrophysiologic observations obtained through
interpolated one of the Schaltenbrand atlas slice series intghgrostimulation available to date.
three-dimensional (3-D) volume [13] or have resliced it at reg- Current electrophysiological atlases do provide an approxi-
ular intervals [14]. However, the irregular interslice distanc@gation of functional organization within some subcortical struc-
make extensive manipulation of the data necessary to fill in thgres, but are of limited use as a source of surgical guidance.
missing slices in the serial two-dimensional (2-D) volume. Ashe poor clustering of population data results primarily from
a result, the anatomy contained within the volumetric atlas fige inability of linear registration to accommodate interpatient

longer reflects the original data. anatomical variability. Also partially responsible is the practice
of plotting inherently 3-D data on a 2-D atlas that exhibits ir-
C. Electrophysiological Confirmation regular interslice distances. This necessitates patient data being

mapped to fit the atlas slice considered most representative of
Due to the limitations described above, superposition die volume of brain being explored adding an additional 2- to
digitized anatomical atlases over patient brain images ca8mmm localization error to that incurred by the use of a linear
provide only an approximation of target loci regardless okgistration process. Further, the coding schemes typically em-
the atlas-to-patient registration technique employed. To refiployed are not sufficiently flexible to describe all aspects of an
the atlas-approximated target into a final target, multiplebserved response in relation to the parameters that evoked it
exploratory trajectories with a recording and/or stimulatingr the characteristics of the patient from whom the data origi-
electrode are performed within and adjacent to the intendedted. Despite their limitations, the early electrophysiologic at-
target to characterize tissue function and to map somatotolases form an excellent foundation for the work described in this
Physical responses elicited by the patient, verbal descriptiongoafer.
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Fig. 1. (left) One of many possible display configurations of the ASP visualization platform. Three orthogonal views of a T1-weighted MRI are shewn on
right of this image. Larger window displays intersecting orthogonal MRI planes with surface rendered ventricles (purple) and left thalanAupdbtiaéyolume
rendering of the MR image is simultaneously displayed. An exploratory electrode is shown intersecting the lateral aspect of the thalamugr{ifighat)dviaf
region around the left thalamus, ventricles, and modeled electrode. Thalamus displayed as a triangulated mesh.

.

E. Electrophysiological Database magnetic resonance angiography (MRA), CT, ultrasound,

We describe below a computerized 3-D database Wf€0 and physiological recordings, and interface with a
deep-brain electrophysiology containing functional data froMfri€ty Of tracking systems for intraoperative registration
106 procedures performed on 88 patients at the Lond8Rd gwdanc_:e. T_hlS_Vlsuallza_non _platform was written using
Health Sciences Centre (LHSC). Our approach incorporaiési (the Visualization Toolkit, Kitware, Clifton Park, NY,
several advantages over standard techniques: 1) additionBP-//www.kitware.com) and Python (http://www.python.org)

electrophysiologic data to the database does not rely ugdi@king it both operating system and hardware platform

AC—PC-based global or piecewise linear registration or manjafiépendent. In addition, the system is capable of interac-

identification of anatomical landmarks: 2) a high signal-to-noid€ly displaying stereoscopic 3-D image data, comprising

reference MR image is used as the common coordinate sysf&ffure-mapped, surface and volume-rendered data (Fig. 1).

for the database rather than a series of digitized anatomical '® Primary interface consists of three intersecting orthog-

atlas slices; 3) accommodation for anatomical variability @@l planes (axial, coronal, and sagittal) that may be moved
achieved using a nonlinear registration algorithm that “warp&irough the volume independently and re-sliced obliquely.

the deep brain anatomy as observed in a patient MRI to tifainctional data-points extracted from the database are dis-
of the reference MRI: 4) a comprehensive coding protocB'aVEd as individual spheres whose centroids are positioned at

for describing observed responses is coupled to an interacti}gir @ssociated 3-D image-space coordinates. For responses
graphical user interface (GUI) for ease of use; 5) databagtained by mlcrostlmulanon,_the magnitude of the.current em-
codes are easily accessible through a flexible search engine figyed to evoke the response is used to scale the diameter of the
permits searches of varying specificity; 6) search results may'igPresentative sphere according to a metaanalysis performed
displayed as autonomous 3-D objects or as cluster probabifty Ranck [26] for exciting specific volumes of an average
maps that can be nonlinearly registered to the MR imagesQf 9r@y and white matter within mammalian brain using a
individual patients; and 7) these features are integrated intg"@nopolar electrode with pulse duration normalized at 0.2 ms

visualization software package capable of planning and guidifig300 Hz. This scaling factor is provided as an approximation
a functional stereotactic procedure from start to finish. of'the probabilistic spatial extent of the neuronal pool involved
when a response was evoked, but should not be interpreted as

Il. METHODS an absolute measure.

A. Visualization Platform B. Image Registration

We have developed a new visualization and developmen . . . .
P P t'I'here are two image-registration steps required to success-

environment, Atamai Surgical Planner (ASH25], to record ; S T -

. X ‘ . fully implement our objective. The first is the rigid-body reg-

and display functional data and to enable rapid prototyping and ” . . ; . -

. . ) . < “Istration step necessary to register the image with the patient,

implementation of many image-guided surgery application : ; .

. ) whereas the second is required to perform the nonlinear map-

in our laboratory. ASP can register and fuse data from MR]
ping of the recorded data to the database, as well as to apply the

IAvailable: www.atamai.com. database to an individual patient.
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1) Patient-to-lmage RegistrationtWe have developed an |
automatic fiducial localization algorithm (the “Frame-finder”)
[25], [28] that scans through every axial slice within a patiet
MRI volume, extracts the Leksell stereotactic frame fiducial
and computes a volume-based image—space to frame-sy
registration transformation.

The algorithm first computes the average intensity of &
voxels within the image and then thresholds the volume
order that only those voxels with intensity values three standz ?:;?:
deviations above the global image mean are further consider
This cutoff robustly identifies the high signal levels from the
fiducials seen on T1, T2, and proton-density images. TI ’
remaining pixels in each axial image are searched for clust|
containing a sufficient number of contiguous voxels that wou -
correspond to the known cross-sectional area of the fiducials (e ) Comren —

A linear least squares fit is computed for each bar identifie e *—1—‘ C—‘[‘)
in this manner, with outlier points being iteratively removed t - . l
reduce the sensitivity of the algorithm to local distortions i Downsape. ke Downsamph, B
the magnetic field. For each fiducial plate, the intersections i '
the diagonal bar with each of the two vertical bars are cor @
puted, and the coordinates of the free ends of the vertical b ]
calculated from their known length. This step generates fo
landmark points for each of the left and right fiducial plates S
These points are then used to compute the rigid body transt
mation matrix that transforms there image space coordinates .
the known Leksell frame coordinates of these same locatiol l Non-Linear }
Unlike most frame-coordinate localization procedures, this a |
proach computes the best fit, at a subvoxel level, of a frame 10
its representation in the MR volume and is robust to local disig. 2. Flow chart outlining the principal steps incorporated into the linear and
tortions in the MR frame image. nonlinear registration algorithms.

We tested this algorithm on a 3-D frame-mounted phantom
with targets distributed uniformly within a 200 niwolume, arbitrary closed polygonal model enveloping different aspects
and whose positions were identified using the stereotactic framiethe image may be selected to act as a mask to constrain the
pointer. Image-based calculations of these coordinates demsg@arch-space for the similarity measurement. Masking permits
strated a mean localization error of 50.3 mm for CT and the user to bias the optimization of the affine transform so that
0.6 £ 0.3 mm for MRI [25]. In addition, in order to verify its specific regions, such as the diencephalon, may be brought into
robustness on clinical data, we verified by visual inspection thiagtter registration at the expense of extra-cranial or cortical
the algorithm could correctly locate the fiducials on 175 typicaitructures. The second step builds upon the affine registration
preoperative stereotactic MR image volumes (25856 x 248 by computing a deformation grid that maximizes the similarity
voxels, 160 patients) acquired with the Leksell frame fixed tmetric on successively smaller subvolumes of the images.
the patient. Computation time was less than 1.5 s/image voluiwhile a complete description of this algorithm is contained in
on a personal computer (1-GHz Pentium IIl). [28], the essential steps in this algorithm are presented in Fig. 2.

2) Data-to-Database and Database-to-Patient Registra- The Python/Vtk implementation of this algorithm has been
tion: This step requires a nonlinear registration procedurngarallelized, allowing us to further reduce the computation time
We originally employed a previously validated [27] nonlineaby distributing the cubes to be aligned over the number of pro-
registration algorithm, “ANIMAL” [9], to nonlinearly register cessors available.

(warp) the patient’s preoperative image and functional data to a3) Assessment of Nonlinear RegistratioDbjective vali-
standard, high resolution MRI reference brain. Unfortunatelgtation of nonlinear warping in a clinical context is a difficult
using this algorithm the length of time required to warp problem. Simple subtraction of images is dependent on relative
patient brain to the target MR, at a scale of 2 mm, was in thietensities of source and target and even when perfectly reg-
order of 8 hours, which limited its applicability for the taskistered, subtraction may not obviously demonstrate this fact.
However, we have recently begun to use a new rapid warpi#g: use a feature of the warping algorithm itself to assist in the
procedure, implemented in Vtk and Python, which can compuigsessment of the registration. The warping algorithm we have
the warp in less than 10 min on a 1-GHz P 1l computer [28]. described maximizes the normalized local cross correlation

The nonlinear registration methodology is comprised afilues of two images by computing a field of deformation
two separate components. The first generates a global affirectors that optimally align the local domains of one image
transformation that maximizes the normalized cross-correk® another. Computing the normalized cross correlation for
tion between the source and target volumes. In addition, aach domain across the entire image volume provides a three

Transform

Linear
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Fig. 3. (left) A T1-weighted brain volume distorted with a deformation grid that progressively shifts the middle third of the volume postericglynasven
anteriorly in the image. The maximum displacement is 16 mm. (right) A normalized cross-correlation map, computed based on the left image aadl its origi
undistorted version. Map is displayed superimposed on the distorted image and linked to color-coded scalar bar. Red indicates lowest asétage correl

dimensional volume of cross-correlation values. However, this4) Standard Brain Image:Due to its extensive use in the
metric is only sensitive to the scale at which it is computed. Hfeuroscience community as a standard brain template, to date
the size of each domain is a 2-mm cube, then a misregistrativa have used the standard CJH-27 brain template [29] as the
occurring at a larger scale will only manifest itself as a narrotarget MRI brain image. CJH-27 consists of 27 registered
strip of low normalized cross-correlation values. In order to BEL-weighted MRI scans of the same individual averaged into a
sensitive to misregistrations at all relevant scales, we compstagle volume and provides a high signal-to-noise ratio image
a series of the normalized cross-correlation map using domaumume as the common image space for all functional data in
consisting of cubes of 16, 8, 4, and 2 mm. The larger scale mdps database.

are then subsampled to 2-mm spacing and all are averageWhile the CJH-27 brain has seen extensive use in many cen-
together to provide a single composite map. This approatdrs as a standard brain image template, it is not necessarily rep-
differs from image subtraction as a measure of the degnesentative of the population of patients in our study. However,
of alignment in that it is insensitive to variations in imagéow that we have access to a rapid image-warping algorithm,
intensity. we are in the process of developing a new average MRI brain

This map can be displayed registered to the target imagat will be more representative of the patient population in the
to provide a rapid visual check of registration quality astudy. We will employ the methodology recently described by
a function of position within the image volume. One caiKochunovet al. [30] to select, from a specific patient popula-
assess the quality of the registration of individual structurg¢i®n, a target reference brain that is most representative of that
of interest, by sampling the map at the locations contained population, in the sense that it is the sample from the population
that structure. A demonstration of the cross correlation maptfsat would require the minimum deformation of the rest of the
presented in Fig. 3. Fig. 3 (left) displays a T1-weighted imagaembers of the population to match it.
deformed using a grid that progressively shifts the middle third Each 3-D patient image acquired for surgery planning is
of the image volume posteriorly as one moves anteriorly imonlinearly registered to this standard brain. The 3-D grid
the volume. Using this grid, minimal shift is produced in thelescribing this warp that is produced for each patient volume is
occipital cortical region while a maximum displacement athen used to re-map coordinates of their coded electrophysio-
16 mm is achieved in the frontal lobes and forehead. A croksyic data from patient native image—space to the image—space
correlation map was computed based on the deformed asfcthe standard brain. The inverse of the deformation matrix
nondeformed image volumes and is shown superimposed generated as part of this procedure can then be employed to
the deformed image [Fig. 3 (right)]. The regions with lowesdirectly map points in the population-based electrophysiology
averaged correlation appear in red while those with greatelitabase to the anatomy of the individual brain, avoiding
correlation appear in shades of blue. Perfect correlation (darkgst use of the linear atlas registration techniques commonly
blue) was made transparent in this map. employed.

Because this algorithm is driven by gradients in the image,
homogeneous regions surrounded. by ooges do .no.t generate(gel—ja,[ient Selection and Imaging
formation vectors. To overcome this difficulty, within such re-
gions the algorithm interpolates new vectors that are a linearlyPatient data entered into the database were selected from a
weighted combination of the surrounding vectors. population operated on for the treatment of Parkinson’s disease,
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essential tremor, and chronic pain at the LHSC. The Lekséllilt microdrive. During MER, a simultaneous audio and o0s-
G stereotactic head frame (Elekta Instruments AB, Stockholgilloscope system is used to visualize and listen to neuronal
Sweden) was used in each procedure. All patients were retspike trains in real-time. Electrode tip positions are noted each
spectively selected for database inclusion based on the clatitye neuronal activity was encountered that could be correlated
and detail of their intraoperative notes or dictations and the ax-a receptive field on the patient’s body. Following MER ex-
istence of their archived T1-weighted MR image. ploration, microstimulation is typically applied using currents
Excluded from the study were patients exhibiting prioranging from5to 12@.A (300-Hz, 0.2—ms pulse duration). De-
stereotactic lesions, space occupying brain masses or patholpggding on the region of brain being explored, supra-threshold
that might distort somatotopy or compromise the nonlineatimulation commonly evokes visual phenomena, muscle con-
warping procedure. A 1.5T GE Signa MR Scanner usingteactions, or cutaneous sensory responses through involvement
3-D SPGR sequence with TR: 8.9 ms, TE: 1.9 iNe;x = 2 of the optic tract, corticospinal tract, and somesthetic pathways,
and flip angle of 20 was used to produce a 1.17 mm respectively.
1.17 mmx 1 mm (out of plane) resolution volume for each Once the functional organization of the target anatomy is
patient. We have also collected and entered data from a secomapped and an ideal locus determined, a series of radiofre-
site (the Montreal Neurological Institute—MNI), but sinceguency lesions are made or a chronic stimulator electrode is im-
historically most of these procedures used somewhat differgaénted at the target. All patients received a postoperative MRI
stimulation/recording and reporting methods compared witine day following the procedure.
those reported above, a selective search with respect to physi-
cian and/or data origin allows us to select only data acquiréd Standardizing Electrophysiologic Data in Patient Native
at the LHSC. MNI data have, therefore, not been includddRI-Space
in the examples presented here. As more patients from this|| stimulation-induced responses and MER data are quanti-
site and others are collected and processed using a standigifland standardized using a six-parameter code before being
methodology (the ASP platform), such data will be able to heéntered into the database. This code contains the following

fully included in all studies. information: 1) A patient identification number; 2) A trajectory
identification number; 3) Data acquisition method (including
D. Surgical Procedure recording and stimulation parameters); 4) Laterality of re-

sponse; 5) A body part number assigned to a discrete region of

Surgical targets were chosen based on the nature of the body; and 6) A response code describing the quality of the
disease. The Ventralis intermedius (Vim) nucleus of the thaksponse or changes in cell firing patterns.
amus was targeted for tremor dominant diseases, the Ventralifor parameter five, a subdivided model loosely based on
caudalis (Vc) nucleus of the thalamus for chronic pain, ankhsker’'s version [20] of the Woolsey figurine for physiologic
the globus pallidus internus or subthalamic nucleus (STMata recording was designed and integrated into an interactive
for Parkinsonism. For each procedure, between two and ni@&l (see Fig. 4). Each anatomical subdivision and groups of
trajectories were used to refine the approximated target irgobdivisions on the homunculus model were assigned unique
a final one. Patients were awake, and whenever possible iEntification numbers that can be selected by the user for
medicated, at time of surgery. anatomically localizing each response. For parameter six,

1) Indirect Targeting: Standard practice for identifying the80 response descriptors were created using a hierarchically
best “initial-guess” targets involves MRI console-based planrganized user interface that allows rapid assignment of the
ning on a single axial image thought to contain the target. Th@propriate standardized code to any given response. The
approximated target is identified on this image through AC—P@er may also append text to the chosen response code to
scaling of anatomical atlas-based coordinates to match the guralitatively describe the observed response.
tercommissural distance of the patient. Diagonally joining the This coding method was implemented in such a way that an
anterior to posterior fiducials of the opposite lateral plates on arperienced user could readily determine important data linked
axial image and locating the intersection of the lines determite each response through inspection of the code. The multipa-
the geometric center of the frame. Stereotactic coordinates eameter nature of each code made it possible for us to design a
assigned to the target relative to the frame center. It is impdrighly flexible database search engine, written in Python, that
tant to note that this manual procedure for identifying the franextracts and displays database codes matching any field or com-
coordinates of the initial target from the MR console providdsination of fields specified by the user.
only the estimate of the coordinates of the initial exploratory tra- Within our image-guided neurosurgery system, coded func-
jectory. Since the coordinates of all recordings are read directignal data are plotted directly onto the patient’s preoperative
from the stereotactic frame, inaccuracies in this initial estimait@age along a virtual trajectory that corresponded to the posi-
have no effect on the overall accuracy of the process. tion and orientation of the physical probe. Images are registered

2) Neurophysiological Target VerificationSurgeons at the to the coordinate system defined by the stereotactic head frame
LHSC use a combination of MERand electrical stimulation tosing the Frame Finder software algorithm incorporated into the
map the functional characteristics of the deep brain. For eadblualization platform. The image-to-frame transformation gen-
trajectory, a tungsten microelectrode capable of recording newated by this algorithm allows us to display the functional data
ronal activity or applying electrical current was advanced fromodes on the appropriate anatomical area of the image in 3-D
10 mm above the target anatomy to 5 mm below using a custepace.
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Fig. 4. Graphical user interface used to enter new data in patient image—space and for searching database contents. The user may indicatgptbeotedptiv
field for any response on the interactive homunculus model on the left. Ventral surface of the leg and foot are shown selected here.

Once annotated to their respective imaging volumes, thegions (as one would expect) there is an obvious transition
Cartesian coordinates of the patient-specific functional dateetween the population-based motor and tactile regions. The
along with their corresponding codes, are saved in a text file farctile neuronal cluster may be further subdivided to reveal
addition to the central database. A secondary code describingnedial-to-lateral somatotopic organization similar to that
the sex, age, pathological condition, and handedness of theealed in the previous figure. The somatotopy within the
patient, surgical procedure and specifications of the probespulation Vim data is less distinctive, however, a jaw-me-
used during the procedure is assigned to the header of ed@l to foot-lateral organization is present (not shown). The
data file. When patient functional data are fully coded arahterosuperior orientation of the cluster distribution seen in
annotated to their respective MRIs, the image and functiortis figure is indicative of the frontal burr-hole approach used
data are nonlinearly registered to the common image spacealafing thalamotomy, defining the typical trajectories to reach

the central database. this region.
2) Sensory ThalamusThe Vc nucleus is a sensory nucleus
lIl. A PPLICATION OF METHOD found within the posteroventral aspect of the thalamus and

i . : ¥ erapeutic lesioning of the thalamus) for Parkinson’s Disease,
coded data-points provided by 88 patients (106 procedure sential tremor, and chronic pain, the functional organization

Until now, all electrophysiological data have been enter this nucleus is extensively mapped using the electrophys-

into the database retrospectively, but we are nevertheIess10|"(1_)gic¢,iI exploration techniques described above, and its

a position to demonstrate the effectiveness of this SySteMih tional borders determined. Fig. 6. presents the results
displaying functional organization of basal ganglia structures;

onlv th data obtained f the LHSC sit e a selective search of the database for sensory responses
nly those data obtained from the site are presenteCaracteristic of those obtained during Vc microstimulation at
the following figures.

less than 10.A and 300 Hz. Note the presence of somatotopic
. organization occurring naturally within these population data.
A. Representative Database Searches 3) Subthalamic Nucleus (STNPver the past ten years, the

1) Motor Thalamus:Fig. 5 demonstrates a probabilisticSTN has received increasing attention as a surgical target for
functional border between two nuclei of the left thalamusteating Parkinson’s Disease and other movement disorders.
the Vim motor nucleus and the Vc sensory nucleus describ&lis is due, in part, to the evidence that decreasing STN
above. Individual purple spheres (diameter0.2 mm) repre- hyperactivity by chronic deep brain stimulation (dbs) may
sent data encoding for kinesthetic neurons (neurons detecsémv or halt progression of the disease by removing potentially
using MER whose activity may be activated or inhibited bgxcitotoxic effects [31]. The STN, although partially visible
specific movements around a joint). Green spheres represeith T2-weighted or fast spin echo inversion recovery MRI
tactile neurons discovered during MER when light touckequences, must still be electrophysiologically defined to
of a specific region of the patient’'s body induced neuronatinimize stimulation effects on surrounding structures (such as
excitation. While moderate overlap exists between the tvibe internal capsule, medial lemniscus, ventral thalamic nuclei,

. hought to b totopicall ized. During thal t
The database currently contains over 10000 mdwﬂua%c%?ug © be somatotopicaly organize uring thalamotomy
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Fig. 5. Probabilistic functional border between two left thalamic nuclei, th
Vim motor nucleus and Vc sensory nucleus, in reference brain image—spe
Each sphere indicates where a microelectrode encountered neurons e
kinesthetic in function (purple spheres—representative of the Vim nuclet
or tactile in function (green spheres—representative of the Vc nucleu
Top Oblique view of axial plane at level of posterior commissure. Data al
clustered just above the image plaBattom Sagittal view. 929 data points
collected from 26 patientsh: anterior, P: posterior, IlI: third ventricle, PC:
posterior commissure, LCNh/RCNh: left and right head of the caudate nucl
LCNb/RCNb: left and right body of the caudate nuclei, ICp: posterior limb ¢
the internal capsule.

and substantia nigra) by the dbs electrode [32]. We demonstr
in Fig. 7 how the database may ultimately be used to aid plac
ment of dbs electrodes. The 3-D model of a typical quadripol
dbs electrode faithfully displays the position and dimensioi
of the exposed contacts. The user may modify the visualizati
parameters to reflect the configuration of their institution’
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Fig. 6. Posterior view of a volume rendered patient preoperative MRI scan.
Cutaway reveals cluster of data extracted from the database following nonlinear
registration to this imaging volume. The fiducial bars are visible surrounding
the patient’'s head. (inset) Magnification of data extracted from the database
encoding for paresthetic responses characteristic of the V¢ sensory nucleus. All
responses were evoked using microstimulation with less than20@4rrent at

300 Hz. Note the medial to lateral somatotopic organization of these population
data (face medial to foot lateral): Red—Paresthesias of the mouth and tongue.
Blue—Paresthesias of the contralateral fingers. Green—Paresthesias of the
contralateral foot. Data were procured from 15 patieRtsposterior, L: left,

A: anterior.

on
ig. 7. Reference brain MRI and modeled quadripolar deep brain stimulator
ith tip inserted into left subthalamic nucleus. Inset: Results of a search for

dbs electrodes. Yellow spheres represent 27 separate locatigfional data characteristic of those acquired during STN procedures. Yellow
where multiunit recording detected tremor-synchronous negpheres: tremor cells. Magenta spheres: cells with firing patterns characteristic

ronal activity, magenta spheres indicate where neurons

activity characteristic of the STN were found but could not

hSTN neurons (with no obvious receptive field). Cyan spheres: neurons with
Inesthetic activity. Red spheres: stimulation induced paresthetic responses.

be localized to a particular receptive field, and cyan spheres

indicate neurons considered kinesthetic in function. The Iarg%r

Data Display

red spheres intersecting the axial plane represent paresthesi&tith the addition of more subjects, it becomes obvious that
evoked during exploratory electrical stimulation. visualization of large quantities of data must be clear and un-
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Fig. 8. Image pairs displaying a patient postoperative MRI following right thalamotomy and the same image with a density plot overlay. Denditafdst in
where the greatest overlap of population data encoding for stimulation-induced tremor arrest exists once nonlinearly registered to thimpgteifge
represents lowest likelihood of eliciting tremor arrest upon high frequency stimulation while red indicates the greatest likelihood andebesdingion for
lesion placement. Note that the region of greatest probability lies within the hyper-intense boundary of the lesion. I: axial plane, II: caphilgagittal plane.
A: anterior, P: posterior, S: superior, L: left, RT: right thalamus, ICp, posterior limb of internal capsule, CN: caudate nucleus

Fig. 9. Optic tracts, chiasm, and portions of the optic nerves (blue) manually segmented from the reference brain image. Spheres represenirstiroethti
flashing lights reported in the patient’s visual field indicative of probe tip proximity to (or insertion within) the optic tract. Insets displafica@an of the
region of left optic tract situated inferior to pallidum as a triangulated mesh. (left) Red spheres represent these data in reference braicénaétgeA8paPC
linear registration. Yellow asterisk indicates position of the base of the globus pallidus internus. (right) Same data as in left, howeverheltetatevkite) were
registered to the reference image using our nonlinear registration algoti@mleft optic tract, OC: optic chiasm, LON: left optic nerve

ambiguous. Our primary method of data display presents eaelgion of interest. Each grid cell is initially assigned a value
response as a single sphere with diameter determined by dfigero. When functional data are extracted from the database
method used to evoke it. While this approach has proven quited assigned a 3-D spherical shape with specific radii, they
effective, it eventually taxes computer memory to an unaccepte superimposed over the grid but not rendered in the scene.
able level when many data elements are displayed. The meaniigse grid cells overlapped by a functional data sphere have
of large clusters of individual spheres can also be difficult tiheir values incremented by the fraction of the cell volume
interpret due to overlapping and obscuring of data, but is stillithin the sphere. The remaining grid cells not in contact with
preferable to a 2-D display of superimposed alphanumerics. the sphere remain at a zero value. The grid data are mapped to

We, therefore, developed a secondary display representatiocolor scale for display. When visualizing data in this manner,
that is better suited for displaying large quantities of datéhe user only sees the functional data currently intersecting
With this display mode, a transparent 3-D rectilinear grithe position of the image planes. Both display modes may,
with 0.25-mm isotropic cells is created over the deep bralrowever, be used simultaneously for maximum clarity.
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The regions displayed indicate areas of patient anatomy thakectrophysiological data (143 points from 26 patients) repre-
when explored electrophysiologically, would have a statisticalgenting flashing lights in the visual field were registered to the
higher chance of producing a specific response. The strengtfierence brain using two different approaches. In both cases,
of prediction is dependent on the amount of data representhd current magnitude required to evoke each response is indi-
within the region, stimulation parameters, and how tightly theated symbolically by sphere diameter. The first [Fig. 9 (left)

population responses cluster. red spheres] used a nine degree-of-freedom (translation, rota-
tion, scale) linear registration to align the AC and PC landmarks
C. Lesion Correlation between the source images and the target. Note the large spread

. . . . of the data points and the displacement from the ideal region
Electrical stimulation during thalamotomy for tremor—domgee

. . optic tract) in the target image. A magnification of data clus-
inant movement disorders can have the same outward eff; (ﬁ ) g 9 9
g

lesion but. unlik t radiof lesi ng around and within the segment of the left optic tract situ-
as a lesion but, Uniike a permanent radiolrequency iesion, r};l d just inferiorly to the base of the internal pallidum (yellow

reversible effects. This property allows stimulation to be uSe ar) is provided in the insert. The segmentation in the insert

as the final Check for !esmn place_zme_nt through corre_zlathg displayed as a triangulated mesh so that spheres positioned
of tremor modulation with the application of current. Fig. 8

resents a one day postoperative image of a patient \'p]/ithinthe optic tract are visible.
pres . y P perative 1mag patl w onversely, when the nonlinear procedure is used to perform
received a right thalamotomy for contralateral tremor. T Be

density of responses is displayed as outlined above. The Ies(l]o mapping [Fig. 9 (right) —white spheres], significantly more

. L . i ; ?r%a points lie within the optic tract segmentation, the clus-
appears as a hyper-intense ellipsoid region with a ring &

. e X ring of these data is considerably tighter, and the points tend
hypo-intense edema within the lateral right thalamus. In ea : . .
) . . 0 follow the tube-like geometry of the tract [Fig. 9 (inset)]. A
of the three views (axial, coronal, and sagittal), we show the _~ =~ . , : .
4 . Uantitative assessment of the efficacy of this approach indi-
results of a database search for data encoding for stimu

. N - v -
tion-induced tremor arrest. Data from ten different patients tes that 71% of the data points were within or touching the

1 i i i i 0,
(67 discrete data points) are included in this sample., Usingtlc tract after nonlinear registration, whilst only 50% of the

) . : ints did so with AC—PC linear registration. In addition, of
the display mode just described, we show a cluster dens] . . .
map linked with a color scalar bar that depicts regions of Iot € 29% of the data points situated outside of the segmenta-
P P 9 W?n following nonlinear registration, the point with the greatest

: X . . S
cluster density (blue) to high density (red). Regions of h'ghe&%placement from the polygonal surface was found 2.8 mm

e e oAy an i evoked g 14 curent. Following AC-C
mplet y, . . y- 1t . rggistration, the point situated furthest from the segmentation
this patient’s intraoperative data were intentionally exclude

. . rf was | 4.1 mm from th rf nd w vok
from the database sample shown in these images and thatst%‘lleace as located om the surface and was evoked

. . using 25 A. Intuitively, the point furthest from the anatomy
surgical procedure was planned and performed using stand - 2 X X .
of origin would require significantly higher stimulation current

tjsgrr:lqt\lljvis-ﬁ&:)nn(:hdIgol?;;aeltgts/zv?gﬁzgv?u(g trt]ﬁisfu;;tt'icé?]?l v?/g S'_achigve th_re_shpld aqd evoke visual phenom_ena t_han any data
found to be ~95% tremor-free ' Somt Iy!ng within it. A distance-to-current reIatlonsh|p was ev-
' ident within those points external to the segmentation following
o o ) ) . nonlinear registration but not observed in the same group fol-
D. Clinical Validation of Nonlinear Registration Approach lowing AC—PC-based registration.
Since it is difficult to identify most stereotactic targets in the In this example, all responses were evoked with a micro-
MR volume on the basis of anatomy alone, objective validatigtiectrode using less than 1A current at 300 Hz. These
of our nonlinear approach is not straightforward. However, wiiata indicate that nonlinear registration clusters interpatient
believe that the following example provides solid evidence gfsual pathway data within or in very close proximity to the
the validity of nonlinear registration in pooling electrophysioonly anatomical structure capable of eliciting the response with
logic observations. abilities superior to AC—PC-based linear registration.
During pallidotomy, surgeons locate the optic tract situated
just inferior to the apex of the internal pallidum by correlating
patient descriptions of stimulation-evoked visual phenomena IV. DiscussioN
with the position of the probe tip. The optic tract acts not onlx
as an anatomical landmark during exploration but also signifies
a region of brain that must be spared during GPi lesioning orPreviously, databases of electrophysiology integrated into
dbs insertion. A neuroanatomist (KWF) manually segmentatereotactic planning systems have been restricted to a 2-D
the optic nerves, chiasm, and anterior portion of the optic tradsplay and relied upon digitized atlases of anatomy to provide
from the CJH-27 volume. The resulting closed 3-D polygonal common coordinate space. We have described a method
surface representing these structures is displayed in blueamd presented results for the first truly 3-D collection of
Fig. 9. subcortical electroanatomic observations capable of nonlinear
When the stimulator tip is situated within the optic tract ofegistration to a patient MRI. The resulting database contains
the patient during exploration, a minimum current threshold ke intraoperatively derived functional data from a population
required to evoke visual phenomena. This current threshold of-88 patients and resides within the space of one reference
creases as the probe tip is moved away from the optic tralstain MRI. All registrations (patient data-to-reference image

Advantages
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and database-to-patient) were achieved using our rapid warpindeflection of the microelectrode as it traverses brain tissue
algorithm to accommodate for nonlinear anatomical variabilitgf varying densities may result in data being tagged at the tip of
When database contents are selectively displayed within dbe straight virtual electrode within ASP when the site of origin
visualization program, delineation of functional borders withias actually an unknown distance away. Although electrode de-
homogeneous appearing anatomy is possible, high probabifl§ction is minimized through the use of a cannula that guides
tremor areas can be identified, and somatotopic organizati®¢ Probe to a position just superior to the target, deflection may
may be visualized. occur when the electrode is extended from this point for tissue
Our interactive GUI makes generic or detailed searches p&&Ploration. Although little has been published on this topic, we
sible. Using the interface, the surgeon can extract and dispf§ @vare of one study thataddresses it. Dr. G. Heit, Department

only those data most closely approximating their patient’s adg, Ngurt()jsuf:gery at th? Statr;focrjd f:ara!n Rfesearch Cenlter, fcggzr-
sex, handedness, and diagnosis, or conversely choose to rized the extent of probe deflection from a sample o

only data representative of a larger cross section of the dar{rg_croelectrode tracks using registered orthogonal X-rays (per-

b X . . . ?ﬁ)nal communication). The deflection observed in this sample
ase population. For electrical stimulation-evoked responses the ; L
was on average 0.5 mm at the tip. As our participating hos-

database may be querled for only fthose _data produced USiis do not incorporate this X-ray-based measurement tech-
probe and stimulation parameters including current, volta que, this source of error in our data cannot be quantified.

frequency, pulse duration and probe diameter similar to thatIt is impossible to account for alteration of stimulation-in-

used by the surgeon. The interactive GUI has provided thr fced experiential effects or modulation of neuronal spike trains

signi.ficant advantage; to this project: First,. it facilitates rapi drugs administered to the patient before surgery that act on
detailed coding of patient data that will not impede the normgle central nervous system. While our collaborating surgeons

flow of the surgical procedure if used intraoperatively; it is Sl nq to perform this surgery with the patient un-medicated, there
ficiently generic to allow expansion of the database to includ@ere times when this was not possible. Patients with severe

other procedures and anatomy; and it will vastly simplify inteparkinsonism, for example, occasionally require reduced quan-

gration of surgical data from multiple institutions. tities of medications to permit articulation of limbs or facilitate
speech during the procedure.
B. Caveats Most patients experience very little brain shift resulting

from cerebrospinal fluid loss out the burr hole and it is not

This project incorporates the basic concepts of the wogk major cause for concern. However, elderly patients with
previously described by Thompson, Bertrand, Tasker, Yoshildager ventricles or extensive cortical atrophy may experience
and Giorgi and others [19]-[22], [33] but introduces siglarger deformations of the cortex, sometimes up to 9 mm [34],
nificant increases in scope and functionality with superigturing open stereotactic surgery. As a result, these patients
visualization capabilities. We believe that our approach wfill generate functional data that, once tagged to their preop-
consistently determining the stereotactic frame coordinategtive MR image, have the potential to become progressively
via the “frame-finder,” and our nonlinear image registratiomore misregistered with the insertion of each subsequent
method significantly reduces the extent of the errors involvdtgjectory. Linear registration of a postoperative MR image to
in the mapping procedure. However, even with these enhante preoperative image is the only way to quantifiably assess
ments there are sources of error inherent to every functiohd@ extent of brain shift that has compounded throughout the

stereotaxy surgery that cannot be addressed by our paradigrﬂr_ocedure. This image-based approach provides no information

The interpretation of descriptions provided by patients fofegarding Fhe rate of Shift. and_ thus, to clonfidently remove
ny potential effects of brain shift from patients whose target

lowing stimulation or the visual and aural analysis of MER spi ¢ hibits shift t di d all functional dat
trains is qualitative and subjective. When a patient describe§aomy exnioits shilt, we must discard all functional data
other than those derived from the first exploratory trajectory.

tingling sensation of Ce”a"? body part upon stimulatio.n, t is first trajectory, we can safely assume, is the least affected
surgeon must assume that this was exa}ctly what the patient & 'shifting of brain geometry. We are currently examining the
perienced and nothing more. During microelectrode recordi stoperative MRIs of every patient who has contributed data

within sensor'lmgtor nu'cle.|,.pat|ent’s joints are mamp'ulate.,-d. 8 the functional database so potentially contaminated data can
neuronal excitation or inhibition may be correlated with a joing, o moved.

and a specific movement around that joint. When a receptive
field is found that modulates the firing, for example flexion of
the patient’s hand at the wrist, the surgeon will typically investi-
gate other combinations of motions but can never be certain that

the neuronal activity is directly correlated to that single move- The ASpP system has been used intraoperatively for plotting
ment and not a combination of movements or even a differegig analyzing functional data in patient preoperative image
part of the patient’s body which may have moved unbeknownsace during five separate surgeries. Although the database
to them. The qualitative interpretation of patient responses\igs not at a stage of development where prediction of surgical
dependent upon the training and experience of the operatiaggets was possible, the visualization capabilities designed for
surgeon and has formed the basis of this procedure for oygesentation of database contents nevertheless proved useful
50 years. As such, we feel confident that the utility of an atlastraoperatively. In conjunction with the ability of the ASP
comprised of qualitative observations will not be diminished byystem to automatically calculate frame-to-MRI transforms,
the somewhat subjective nature of the data. model trajectories at appropriate frame coordinates, and

V. CONCLUSION
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display electrophysiologic data as discreet 3-D objects, thgl1] F. Afshar, E. S. Watkins, and J. C. Yatereotactic Atlas of the Human

patient data were coded and plotted directly onto trajectories
mimicking the actual probe tract as they were produced. Thfz12
use of ASP to immediately incorporate patient responses into
the patient’s 3-D MR image is a substantial improvement over
the method used here and elsewhere, where trajectories ad!
electrophysiologic data are labeled onto an overhead projection
of a photocopied series of the Schaltenbrand Wahren atlas.
Intraoperative annotation of the patient MRIs did not extend4l

the normal duration of the procedure.

These efforts have laid the groundwork for a databasgis)

of functional organization of subcortical anatomy explored

during stereotactic neurosurgery. We have described a system
capable of storing and retrieving population electrophysiology; g
without the use of anatomical atlases or AC—PC-based scaling

techniques and described how it may be applied to frame-bas
image-guided stereotaxy. A digital probabilistic atlas of this

nature that utilizes population data will improve in accuracy

over time and achieve better statistics upon the addition of
more patient data. While only qualitative results were presenteﬁ
in this paper, with 106 procedures currently in the database

providing over 10000 data points, we are now in a position

to commence validation studies that quantitatively assess it$°]

predictive abilities.

(20]
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