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Three-Dimensional Database of Subcortical
Electrophysiology for Image-Guided
Stereotactic Functional Neurosurgery

Kirk W. Finnis*, Yves P. Starreveld, Andrew G. Parrent, Abbas F. Sadikot, and Terry M. Peters

Abstract—We present a method of constructing a database
of intraoperatively observed human subcortical electrophysi-
ology. In this approach, patient electrophysiological data are
standardized using a multiparameter coding system, annotated
to their respective magnetic resonance images (MRIs), and
nonlinearly registered to a high-resolution MRI reference brain.
Once registered, we are able to demonstrate clustering of like
interpatient physiologic responses within the thalamus, globus
pallidus, subthalamic nucleus, and adjacent structures. These
data may in turn be registered to a three-dimensional patient
MRI within our image-guided visualization program enabling
prior to surgery the delineation of surgical targets, anatomy with
high probability of containing specific cell types, and functional
borders. The functional data were obtained from 88 patients
(106 procedures) via microelectrode recording and electrical
stimulation performed during stereotactic neurosurgery at the
London Health Sciences Centre. Advantages of this method
include the use of nonlinear registration to accommodate for
interpatient anatomical variability and the avoidance of digitized
versions of printed atlases of anatomy as a common database
coordinate system. The resulting database is expandable, easily
searched using a graphical user interface, and provides a visual
representation of functional organization within the deep brain.

Index Terms—Brain atlas, electrophysiological database,
Parkinson’s Disease, stereotactic functional neurosurgery.

I. INTRODUCTION

A. Problem Definition

OVER the past 30 years, image-guided neurosurgery has
matured into a procedure that now sees regular use in the

operating room. While many procedures are performed solely
on the basis of information in anatomical magnetic resonance
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(MR) or computed tomography (CT) images alone, others re-
quire the incorporation of additional information that must be
obtained from other sources. These additional data generally
relate to the functional, rather than the anatomical structure of
the brain. Functional data can be obtained from functional MR
images, positron emission tomography, or from electrophysio-
logical measurements. For example, the surgical treatment of
Parkinson’s Disease, essential tremor, and chronic pain entails
either creating lesions or placing chronic stimulators in pre-
cise locations relative to certain electrophysiologically defined
regions, deep within the brain. Planning this type of surgery
involves approximate localization of surgical targets on preoper-
ative magnetic resonance imaging (MRI) or CT images. How-
ever, neither of these modalities can delineate thalamic nuclei
or functional subregions within the subthalamus or globus pal-
lidus internus (the targets for these procedures) with sufficient
contrast to enable precise direct localization.

To facilitate localization of indiscernible targets, printed
anatomical atlases [1], [2] or digitized versions of them [3], [4],
may be scaled to align with visible anatomical landmarks in the
preoperative patient image and then displayed as an overlay.
The use of individualized and population-based atlases is a
major field of research in the neurosciences. A comprehensive
treatment of this field is given in a book chapter by Thompson
and Toga [5]. Integrating digitized atlases into computer
guidance for functional neurosurgery has proven to facilitate
surgical planning and, as a result, several independently de-
veloped [6], [7] and commercially available surgical planning
systems have incorporated anatomical atlas-based planning
modules. Registration of the atlas to the patient is typically
achieved using linear scaling techniques based primarily on
the length of the anterior commissural–posterior commissural
(AC–PC) line and the width of the third ventricle [6], [8]. Some
research oriented systems also incorporate automatic nonlinear
registration algorithms for this task [7], [9]. When single or
tri-planar views of a digitized atlas registered to a patient image
are displayed within a surgical planning system, virtual probe
trajectories that directly intersect an atlas-predicted target may
be modeled prior to surgery and the stereotactic coordinates
of the target region provided to the surgeon. There are, how-
ever, several limitations with existing anatomical atlases and
atlas-based planning that should be addressed.

B. Atlas Limitations

Classical atlases of the human brain used in stereotactic
guidance are typically derived from either one whole-brain
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specimen [10] or multiple hemispheres [1] from different
individuals. Atlases derived from one cadaver brain are limited
to only one sectioning plane per hemisphere. Those constructed
from multiple subject brain hemispheres display noncontiguous
anatomy in intersecting orthogonal slices when registered in an
image-guidance system. With both atlas types, morphometric
data pertaining to normal variations in shape, size, and position
of subcortical anatomy within three-dimensions as a function
of age, sex, or other factors are not available. Thus, the anatomy
displayed can only be considered representative of the cadaver
brains from which they were made and not the general popu-
lation. The effects of normal anatomical variability are quite
clearly demonstrated by the considerable mismatch that exists
when digitized versions of these atlases are registered to patient
images using the standard intercommissural AC–PC reference
system. Registration quality within homogeneous appearing
anatomy like the thalamus, where no anatomical landmarks
exist, must be questioned when other discernable anatomical
borders are so obviously misregistered. Some atlases [2], [11]
address anatomical variability through a statistical approach but
have not gained clinical acceptance for preoperative planning
or intraoperative surgical guidance.

When stereotactic atlases are constructed, it is not uncommon
that several cadaver tissue sections are damaged in the slicing
process, sectioned unevenly, or rendered unusable by excessive
or uneven shrinkage during histological processing [12]. As a
result, uneven interslice distances often exist in the final printed
atlas. Accordingly, during surgical planning the surgeon must
frequently select an atlas plate that most closely approximates
the region of brain they wish to target because there is no atlas
slice that corresponds directly to the target region. When an
exploratory trajectory must be translated laterally or medially
within the patient’s brain or inserted at an orientation oblique
to the atlas plate, the nearest atlas slice available may be rep-
resentative of areas several millimeters from the target. This
problem is of particular relevance to the most popular of all the
stereotactic atlases, the Schaltenbrand Wahren atlas [1], which
contains uneven interslice distances between 1 and 4 mm. To
overcome this difficulty, various investigators have scanned and
interpolated one of the Schaltenbrand atlas slice series into a
three-dimensional (3-D) volume [13] or have resliced it at reg-
ular intervals [14]. However, the irregular interslice distances
make extensive manipulation of the data necessary to fill in the
missing slices in the serial two-dimensional (2-D) volume. As
a result, the anatomy contained within the volumetric atlas no
longer reflects the original data.

C. Electrophysiological Confirmation

Due to the limitations described above, superposition of
digitized anatomical atlases over patient brain images can
provide only an approximation of target loci regardless of
the atlas-to-patient registration technique employed. To refine
the atlas-approximated target into a final target, multiple
exploratory trajectories with a recording and/or stimulating
electrode are performed within and adjacent to the intended
target to characterize tissue function and to map somatotopy.
Physical responses elicited by the patient, verbal descriptions of

stimulation induced phenomena, and microelectrode recording
(MER) data obtained during exploration help the surgeon to
mentally reconstruct the somatotopic organization contained
within the target structure and to establish functional borders.
Comparison of the patient somatotopic organization with that
contained in the literature allows estimation of probe tip posi-
tion within the target and is used to plan subsequent trajectories
until the ideal target loci are determined.

The electrophysiologically refined target, as shown in studies
focusing on pallidotomy [15], [16] (lesioning of the globus pal-
lidus internus) and chronic subthalamic stimulation [17], [18],
can be shifted dramatically from the original atlas-derived or
visually identified stereotactic target once electrophysiological
exploration was performed. These studies demonstrated that tar-
geting using standard techniques often results in poor initial tar-
geting accuracy.

D. Electrophysiological Databases

In attempts to increase initial targeting accuracy of the
surgical target, numerous authors have compiled and analyzed
functional information from subcortical structures from many
individuals acquired during stereotaxy [19]–[22]. The electro-
physiologic data were standardized using alphanumeric codes
and normalized to an anatomical atlas, to create composite
functional maps. Registering electroanatomic observations
from a series of patients to a common coordinate space made
examination of functional organization in relation to anatomic
structures possible. Bertrandet al. [23] first introduced this
technique when they displayed a crude somatotopic organ-
ization of corticobulbar and corticospinal fibers within the
posterior limb of the internal capsule, derived from a popula-
tion of 26 patients normalized to a representative slice of the
Schaltenbrand Bailey [24] atlas. They later augmented this
technique [19] to include interactive recording and display of
physiologic responses obtained during surgery. In 1982, Tasker
et al. [20] published the microstimulation results of 9383 sites
during 198 procedures, primarily for Parkinson’s disease and
chronic pain. Tasker’s work represents the most comprehensive
analysis of electrophysiologic observations obtained through
microstimulation available to date.

Current electrophysiological atlases do provide an approxi-
mation of functional organization within some subcortical struc-
tures, but are of limited use as a source of surgical guidance.
The poor clustering of population data results primarily from
the inability of linear registration to accommodate interpatient
anatomical variability. Also partially responsible is the practice
of plotting inherently 3-D data on a 2-D atlas that exhibits ir-
regular interslice distances. This necessitates patient data being
mapped to fit the atlas slice considered most representative of
the volume of brain being explored adding an additional 2- to
3-mm localization error to that incurred by the use of a linear
registration process. Further, the coding schemes typically em-
ployed are not sufficiently flexible to describe all aspects of an
observed response in relation to the parameters that evoked it
or the characteristics of the patient from whom the data origi-
nated. Despite their limitations, the early electrophysiologic at-
lases form an excellent foundation for the work described in this
paper.
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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 shown onthe
right of this image. Larger window displays intersecting orthogonal MRI planes with surface rendered ventricles (purple) and left thalamus (blue).A partial volume
rendering of the MR image is simultaneously displayed. An exploratory electrode is shown intersecting the lateral aspect of the thalamus. (right) Magnification of
region around the left thalamus, ventricles, and modeled electrode. Thalamus displayed as a triangulated mesh.

E. Electrophysiological Database

We describe below a computerized 3-D database of
deep-brain electrophysiology containing functional data from
106 procedures performed on 88 patients at the London
Health Sciences Centre (LHSC). Our approach incorporates
several advantages over standard techniques: 1) addition of
electrophysiologic data to the database does not rely upon
AC–PC-based global or piecewise linear registration or manual
identification of anatomical landmarks; 2) a high signal-to-noise
reference MR image is used as the common coordinate system
for the database rather than a series of digitized anatomical
atlas slices; 3) accommodation for anatomical variability is
achieved using a nonlinear registration algorithm that “warps”
the deep brain anatomy as observed in a patient MRI to that
of the reference MRI; 4) a comprehensive coding protocol
for describing observed responses is coupled to an interactive
graphical user interface (GUI) for ease of use; 5) database
codes are easily accessible through a flexible search engine that
permits searches of varying specificity; 6) search results may be
displayed as autonomous 3-D objects or as cluster probability
maps that can be nonlinearly registered to the MR images of
individual patients; and 7) these features are integrated into a
visualization software package capable of planning and guiding
a functional stereotactic procedure from start to finish.

II. M ETHODS

A. Visualization Platform

We have developed a new visualization and development
environment, Atamai Surgical Planner (ASP)1 [25], to record
and display functional data and to enable rapid prototyping and
implementation of many image-guided surgery applications
in our laboratory. ASP can register and fuse data from MRI,

1Available: www.atamai.com.

magnetic resonance angiography (MRA), CT, ultrasound,
video and physiological recordings, and interface with a
variety of tracking systems for intraoperative registration
and guidance. This visualization platform was written using
VTK (the Visualization Toolkit, Kitware, Clifton Park, NY,
http://www.kitware.com) and Python (http://www.python.org)
making it both operating system and hardware platform
independent. In addition, the system is capable of interac-
tively displaying stereoscopic 3-D image data, comprising
texture-mapped, surface and volume-rendered data (Fig. 1).

The primary interface consists of three intersecting orthog-
onal planes (axial, coronal, and sagittal) that may be moved
through the volume independently and re-sliced obliquely.
Functional data-points extracted from the database are dis-
played as individual spheres whose centroids are positioned at
their associated 3-D image–space coordinates. For responses
obtained by microstimulation, the magnitude of the current em-
ployed to evoke the response is used to scale the diameter of the
representative sphere according to a metaanalysis performed
by Ranck [26] for exciting specific volumes of an average
of gray and white matter within mammalian brain using a
monopolar electrode with pulse duration normalized at 0.2 ms
at 300 Hz. This scaling factor is provided as an approximation
of the probabilistic spatial extent of the neuronal pool involved
when a response was evoked, but should not be interpreted as
an absolute measure.

B. Image Registration

There are two image-registration steps required to success-
fully implement our objective. The first is the rigid-body reg-
istration step necessary to register the image with the patient,
whereas the second is required to perform the nonlinear map-
ping of the recorded data to the database, as well as to apply the
database to an individual patient.
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1) Patient-to-Image Registration:We have developed an
automatic fiducial localization algorithm (the “Frame-finder”)
[25], [28] that scans through every axial slice within a patient
MRI volume, extracts the Leksell stereotactic frame fiducials,
and computes a volume-based image–space to frame–space
registration transformation.

The algorithm first computes the average intensity of all
voxels within the image and then thresholds the volume in
order that only those voxels with intensity values three standard
deviations above the global image mean are further considered.
This cutoff robustly identifies the high signal levels from the
fiducials seen on T1, T2, and proton-density images. The
remaining pixels in each axial image are searched for clusters
containing a sufficient number of contiguous voxels that would
correspond to the known cross-sectional area of the fiducials.

A linear least squares fit is computed for each bar identified
in this manner, with outlier points being iteratively removed to
reduce the sensitivity of the algorithm to local distortions in
the magnetic field. For each fiducial plate, the intersections of
the diagonal bar with each of the two vertical bars are com-
puted, and the coordinates of the free ends of the vertical bars
calculated from their known length. This step generates four
landmark points for each of the left and right fiducial plates.
These points are then used to compute the rigid body transfor-
mation matrix that transforms there image space coordinates, to
the known Leksell frame coordinates of these same locations.
Unlike most frame-coordinate localization procedures, this ap-
proach computes the best fit, at a subvoxel level, of a frame to
its representation in the MR volume and is robust to local dis-
tortions in the MR frame image.

We tested this algorithm on a 3-D frame-mounted phantom
with targets distributed uniformly within a 200 mmvolume,
and whose positions were identified using the stereotactic frame
pointer. Image-based calculations of these coordinates demon-
strated a mean localization error of 0.50.3 mm for CT and
0.6 0.3 mm for MRI [25]. In addition, in order to verify its
robustness on clinical data, we verified by visual inspection that
the algorithm could correctly locate the fiducials on 175 typical
preoperative stereotactic MR image volumes (256256 248
voxels, 160 patients) acquired with the Leksell frame fixed to
the patient. Computation time was less than 1.5 s/image volume
on a personal computer (1-GHz Pentium III).

2) Data-to-Database and Database-to-Patient Registra-
tion: This step requires a nonlinear registration procedure.
We originally employed a previously validated [27] nonlinear
registration algorithm, “ANIMAL” [9], to nonlinearly register
(warp) the patient’s preoperative image and functional data to a
standard, high resolution MRI reference brain. Unfortunately,
using this algorithm the length of time required to warp a
patient brain to the target MRI, at a scale of 2 mm, was in the
order of 8 hours, which limited its applicability for the task.
However, we have recently begun to use a new rapid warping
procedure, implemented in Vtk and Python, which can compute
the warp in less than 10 min on a 1-GHz P III computer [28].

The nonlinear registration methodology is comprised of
two separate components. The first generates a global affine
transformation that maximizes the normalized cross-correla-
tion between the source and target volumes. In addition, an

Fig. 2. Flow chart outlining the principal steps incorporated into the linear and
nonlinear registration algorithms.

arbitrary closed polygonal model enveloping different aspects
of the image may be selected to act as a mask to constrain the
search-space for the similarity measurement. Masking permits
the user to bias the optimization of the affine transform so that
specific regions, such as the diencephalon, may be brought into
better registration at the expense of extra-cranial or cortical
structures. The second step builds upon the affine registration
by computing a deformation grid that maximizes the similarity
metric on successively smaller subvolumes of the images.
While a complete description of this algorithm is contained in
[28], the essential steps in this algorithm are presented in Fig. 2.

The Python/Vtk implementation of this algorithm has been
parallelized, allowing us to further reduce the computation time
by distributing the cubes to be aligned over the number of pro-
cessors available.

3) Assessment of Nonlinear Registration:Objective vali-
dation of nonlinear warping in a clinical context is a difficult
problem. Simple subtraction of images is dependent on relative
intensities of source and target and even when perfectly reg-
istered, subtraction may not obviously demonstrate this fact.
We use a feature of the warping algorithm itself to assist in the
assessment of the registration. The warping algorithm we have
described maximizes the normalized local cross correlation
values of two images by computing a field of deformation
vectors that optimally align the local domains of one image
to another. Computing the normalized cross correlation for
each domain across the entire image volume provides a three
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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 posteriorly as one moves
anteriorly in the image. The maximum displacement is 16 mm. (right) A normalized cross-correlation map, computed based on the left image and its original
undistorted version. Map is displayed superimposed on the distorted image and linked to color-coded scalar bar. Red indicates lowest average correlation.

dimensional volume of cross-correlation values. However, this
metric is only sensitive to the scale at which it is computed. If
the size of each domain is a 2-mm cube, then a misregistration
occurring at a larger scale will only manifest itself as a narrow
strip of low normalized cross-correlation values. In order to be
sensitive to misregistrations at all relevant scales, we compute
a series of the normalized cross-correlation map using domains
consisting of cubes of 16, 8, 4, and 2 mm. The larger scale maps
are then subsampled to 2-mm spacing and all are averaged
together to provide a single composite map. This approach
differs from image subtraction as a measure of the degree
of alignment in that it is insensitive to variations in image
intensity.

This map can be displayed registered to the target image
to provide a rapid visual check of registration quality as
a function of position within the image volume. One can
assess the quality of the registration of individual structures
of interest, by sampling the map at the locations contained in
that structure. A demonstration of the cross correlation map is
presented in Fig. 3. Fig. 3 (left) displays a T1-weighted image
deformed using a grid that progressively shifts the middle third
of the image volume posteriorly as one moves anteriorly in
the volume. Using this grid, minimal shift is produced in the
occipital cortical region while a maximum displacement of
16 mm is achieved in the frontal lobes and forehead. A cross
correlation map was computed based on the deformed and
nondeformed image volumes and is shown superimposed on
the deformed image [Fig. 3 (right)]. The regions with lowest
averaged correlation appear in red while those with greatest
correlation appear in shades of blue. Perfect correlation (darkest
blue) was made transparent in this map.

Because this algorithm is driven by gradients in the image,
homogeneous regions surrounded by edges do not generate de-
formation vectors. To overcome this difficulty, within such re-
gions the algorithm interpolates new vectors that are a linearly
weighted combination of the surrounding vectors.

4) Standard Brain Image:Due to its extensive use in the
neuroscience community as a standard brain template, to date
we have used the standard CJH-27 brain template [29] as the
target MRI brain image. CJH-27 consists of 27 registered
T1-weighted MRI scans of the same individual averaged into a
single volume and provides a high signal-to-noise ratio image
volume as the common image space for all functional data in
the database.

While the CJH-27 brain has seen extensive use in many cen-
ters as a standard brain image template, it is not necessarily rep-
resentative of the population of patients in our study. However,
now that we have access to a rapid image-warping algorithm,
we are in the process of developing a new average MRI brain
that will be more representative of the patient population in the
study. We will employ the methodology recently described by
Kochunovet al. [30] to select, from a specific patient popula-
tion, a target reference brain that is most representative of that
population, in the sense that it is the sample from the population
that would require the minimum deformation of the rest of the
members of the population to match it.

Each 3-D patient image acquired for surgery planning is
nonlinearly registered to this standard brain. The 3-D grid
describing this warp that is produced for each patient volume is
then used to re-map coordinates of their coded electrophysio-
logic data from patient native image–space to the image–space
of the standard brain. The inverse of the deformation matrix
generated as part of this procedure can then be employed to
directly map points in the population-based electrophysiology
database to the anatomy of the individual brain, avoiding
the use of the linear atlas registration techniques commonly
employed.

C. Patient Selection and Imaging

Patient data entered into the database were selected from a
population operated on for the treatment of Parkinson’s disease,
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essential tremor, and chronic pain at the LHSC. The Leksell
G stereotactic head frame (Elekta Instruments AB, Stockholm,
Sweden) was used in each procedure. All patients were retro-
spectively selected for database inclusion based on the clarity
and detail of their intraoperative notes or dictations and the ex-
istence of their archived T1-weighted MR image.

Excluded from the study were patients exhibiting prior
stereotactic lesions, space occupying brain masses or pathology
that might distort somatotopy or compromise the nonlinear
warping procedure. A 1.5T GE Signa MR Scanner using a
3-D SPGR sequence with TR: 8.9 ms, TE: 1.9 ms,
and flip angle of 20 was used to produce a 1.17 mm
1.17 mm 1 mm (out of plane) resolution volume for each
patient. We have also collected and entered data from a second
site (the Montreal Neurological Institute—MNI), but since
historically most of these procedures used somewhat different
stimulation/recording and reporting methods compared with
those reported above, a selective search with respect to physi-
cian and/or data origin allows us to select only data acquired
at the LHSC. MNI data have, therefore, not been included
in the examples presented here. As more patients from this
site and others are collected and processed using a standard
methodology (the ASP platform), such data will be able to be
fully included in all studies.

D. Surgical Procedure

Surgical targets were chosen based on the nature of the
disease. The Ventralis intermedius (Vim) nucleus of the thal-
amus was targeted for tremor dominant diseases, the Ventralis
caudalis (Vc) nucleus of the thalamus for chronic pain, and
the globus pallidus internus or subthalamic nucleus (STN)
for Parkinsonism. For each procedure, between two and nine
trajectories were used to refine the approximated target into
a final one. Patients were awake, and whenever possible not
medicated, at time of surgery.

1) Indirect Targeting: Standard practice for identifying the
best “initial-guess” targets involves MRI console-based plan-
ning on a single axial image thought to contain the target. The
approximated target is identified on this image through AC–PC
scaling of anatomical atlas-based coordinates to match the in-
tercommissural distance of the patient. Diagonally joining the
anterior to posterior fiducials of the opposite lateral plates on an
axial image and locating the intersection of the lines determine
the geometric center of the frame. Stereotactic coordinates are
assigned to the target relative to the frame center. It is impor-
tant to note that this manual procedure for identifying the frame
coordinates of the initial target from the MR console provides
only the estimate of the coordinates of the initial exploratory tra-
jectory. Since the coordinates of all recordings are read directly
from the stereotactic frame, inaccuracies in this initial estimate
have no effect on the overall accuracy of the process.

2) Neurophysiological Target Verification:Surgeons at the
LHSC use a combination of MERand electrical stimulation to
map the functional characteristics of the deep brain. For each
trajectory, a tungsten microelectrode capable of recording neu-
ronal activity or applying electrical current was advanced from
10 mm above the target anatomy to 5 mm below using a custom

built microdrive. During MER, a simultaneous audio and os-
cilloscope system is used to visualize and listen to neuronal
spike trains in real-time. Electrode tip positions are noted each
time neuronal activity was encountered that could be correlated
to a receptive field on the patient’s body. Following MER ex-
ploration, microstimulation is typically applied using currents
ranging from 5 to 120 A (300–Hz, 0.2–ms pulse duration). De-
pending on the region of brain being explored, supra-threshold
stimulation commonly evokes visual phenomena, muscle con-
tractions, or cutaneous sensory responses through involvement
of the optic tract, corticospinal tract, and somesthetic pathways,
respectively.

Once the functional organization of the target anatomy is
mapped and an ideal locus determined, a series of radiofre-
quency lesions are made or a chronic stimulator electrode is im-
planted at the target. All patients received a postoperative MRI
one day following the procedure.

E. Standardizing Electrophysiologic Data in Patient Native
MRI-Space

All stimulation-induced responses and MER data are quanti-
fied and standardized using a six-parameter code before being
entered into the database. This code contains the following
information: 1) A patient identification number; 2) A trajectory
identification number; 3) Data acquisition method (including
recording and stimulation parameters); 4) Laterality of re-
sponse; 5) A body part number assigned to a discrete region of
the body; and 6) A response code describing the quality of the
response or changes in cell firing patterns.

For parameter five, a subdivided model loosely based on
Tasker’s version [20] of the Woolsey figurine for physiologic
data recording was designed and integrated into an interactive
GUI (see Fig. 4). Each anatomical subdivision and groups of
subdivisions on the homunculus model were assigned unique
identification numbers that can be selected by the user for
anatomically localizing each response. For parameter six,
80 response descriptors were created using a hierarchically
organized user interface that allows rapid assignment of the
appropriate standardized code to any given response. The
user may also append text to the chosen response code to
qualitatively describe the observed response.

This coding method was implemented in such a way that an
experienced user could readily determine important data linked
to each response through inspection of the code. The multipa-
rameter nature of each code made it possible for us to design a
highly flexible database search engine, written in Python, that
extracts and displays database codes matching any field or com-
bination of fields specified by the user.

Within our image-guided neurosurgery system, coded func-
tional data are plotted directly onto the patient’s preoperative
image along a virtual trajectory that corresponded to the posi-
tion and orientation of the physical probe. Images are registered
to the coordinate system defined by the stereotactic head frame
using the Frame Finder software algorithm incorporated into the
visualization platform. The image-to-frame transformation gen-
erated by this algorithm allows us to display the functional data
codes on the appropriate anatomical area of the image in 3-D
space.
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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 indicate the receptive/projected
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, the
Cartesian coordinates of the patient-specific functional data,
along with their corresponding codes, are saved in a text file for
addition to the central database. A secondary code describing
the sex, age, pathological condition, and handedness of the
patient, surgical procedure and specifications of the probes
used during the procedure is assigned to the header of each
data file. When patient functional data are fully coded and
annotated to their respective MRIs, the image and functional
data are nonlinearly registered to the common image space of
the central database.

III. A PPLICATION OFMETHOD

The database currently contains over 10 000 individually
coded data-points provided by 88 patients (106 procedures).
Until now, all electrophysiological data have been entered
into the database retrospectively, but we are nevertheless in
a position to demonstrate the effectiveness of this system in
displaying functional organization of basal ganglia structures.
Only those data obtained from the LHSC site are presented in
the following figures.

A. Representative Database Searches

1) Motor Thalamus:Fig. 5 demonstrates a probabilistic
functional border between two nuclei of the left thalamus,
the Vim motor nucleus and the Vc sensory nucleus described
above. Individual purple spheres (diameter0.2 mm) repre-
sent data encoding for kinesthetic neurons (neurons detected
using MER whose activity may be activated or inhibited by
specific movements around a joint). Green spheres represent
tactile neurons discovered during MER when light touch
of a specific region of the patient’s body induced neuronal
excitation. While moderate overlap exists between the two

regions (as one would expect) there is an obvious transition
between the population-based motor and tactile regions. The
tactile neuronal cluster may be further subdivided to reveal
a medial-to-lateral somatotopic organization similar to that
revealed in the previous figure. The somatotopy within the
population Vim data is less distinctive, however, a jaw-me-
dial to foot-lateral organization is present (not shown). The
anterosuperior orientation of the cluster distribution seen in
this figure is indicative of the frontal burr-hole approach used
during thalamotomy, defining the typical trajectories to reach
this region.

2) Sensory Thalamus:The Vc nucleus is a sensory nucleus
found within the posteroventral aspect of the thalamus and
thought to be somatotopically organized. During thalamotomy
(therapeutic lesioning of the thalamus) for Parkinson’s Disease,
essential tremor, and chronic pain, the functional organization
of this nucleus is extensively mapped using the electrophys-
iological exploration techniques described above, and its
functional borders determined. Fig. 6. presents the results
of a selective search of the database for sensory responses
characteristic of those obtained during Vc microstimulation at
less than 100 A and 300 Hz. Note the presence of somatotopic
organization occurring naturally within these population data.

3) Subthalamic Nucleus (STN):Over the past ten years, the
STN has received increasing attention as a surgical target for
treating Parkinson’s Disease and other movement disorders.
This is due, in part, to the evidence that decreasing STN
hyperactivity by chronic deep brain stimulation (dbs) may
slow or halt progression of the disease by removing potentially
excitotoxic effects [31]. The STN, although partially visible
with T2-weighted or fast spin echo inversion recovery MRI
sequences, must still be electrophysiologically defined to
minimize stimulation effects on surrounding structures (such as
the internal capsule, medial lemniscus, ventral thalamic nuclei,
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Fig. 5. Probabilistic functional border between two left thalamic nuclei, the
Vim motor nucleus and Vc sensory nucleus, in reference brain image–space.
Each sphere indicates where a microelectrode encountered neurons either
kinesthetic in function (purple spheres—representative of the Vim nucleus)
or tactile in function (green spheres—representative of the Vc nucleus).
Top: Oblique view of axial plane at level of posterior commissure. Data are
clustered just above the image plane.Bottom: Sagittal view. 929 data points
collected from 26 patients.A: anterior, P: posterior, III: third ventricle, PC:
posterior commissure, LCNh/RCNh: left and right head of the caudate nuclei,
LCNb/RCNb: left and right body of the caudate nuclei, ICp: posterior limb of
the internal capsule.

and substantia nigra) by the dbs electrode [32]. We demonstrate
in Fig. 7 how the database may ultimately be used to aid place-
ment of dbs electrodes. The 3-D model of a typical quadripolar
dbs electrode faithfully displays the position and dimensions
of the exposed contacts. The user may modify the visualization
parameters to reflect the configuration of their institution’s
dbs electrodes. Yellow spheres represent 27 separate locations
where multiunit recording detected tremor-synchronous neu-
ronal activity, magenta spheres indicate where neurons with
activity characteristic of the STN were found but could not
be localized to a particular receptive field, and cyan spheres
indicate neurons considered kinesthetic in function. The larger
red spheres intersecting the axial plane represent paresthesias
evoked during exploratory electrical stimulation.

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 Vc sensory nucleus. All
responses were evoked using microstimulation with less than 100-�A current 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 patients.P: posterior, L: left,
A: anterior.

Fig. 7. Reference brain MRI and modeled quadripolar deep brain stimulator
with tip inserted into left subthalamic nucleus. Inset: Results of a search for
functional data characteristic of those acquired during STN procedures. Yellow
spheres: tremor cells. Magenta spheres: cells with firing patterns characteristic
of STN neurons (with no obvious receptive field). Cyan spheres: neurons with
kinesthetic activity. Red spheres: stimulation induced paresthetic responses.

B. Data Display

With the addition of more subjects, it becomes obvious that
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. Density plot indicates
where the greatest overlap of population data encoding for stimulation-induced tremor arrest exists once nonlinearly registered to this patient’simage. Blue
represents lowest likelihood of eliciting tremor arrest upon high frequency stimulation while red indicates the greatest likelihood and the strongest prediction for
lesion placement. Note that the region of greatest probability lies within the hyper-intense boundary of the lesion. I: axial plane, II: coronal plane, III: sagittal 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 represent stimulation-induced
flashing lights reported in the patient’s visual field indicative of probe tip proximity to (or insertion within) the optic tract. Insets display magnification of the
region of left optic tract situated inferior to pallidum as a triangulated mesh. (left) Red spheres represent these data in reference brain image–space after AC–PC
linear registration. Yellow asterisk indicates position of the base of the globus pallidus internus. (right) Same data as in left, however, all data spheres (white) were
registered to the reference image using our nonlinear registration algorithm.LOT: left optic tract, OC: optic chiasm, LON: left optic nerve.

ambiguous. Our primary method of data display presents each
response as a single sphere with diameter determined by the
method used to evoke it. While this approach has proven quite
effective, it eventually taxes computer memory to an unaccept-
able level when many data elements are displayed. The meaning
of large clusters of individual spheres can also be difficult to
interpret due to overlapping and obscuring of data, but is still
preferable to a 2-D display of superimposed alphanumerics.

We, therefore, developed a secondary display representation
that is better suited for displaying large quantities of data.
With this display mode, a transparent 3-D rectilinear grid
with 0.25-mm isotropic cells is created over the deep brain

region of interest. Each grid cell is initially assigned a value
of zero. When functional data are extracted from the database
and assigned a 3-D spherical shape with specific radii, they
are superimposed over the grid but not rendered in the scene.
Those grid cells overlapped by a functional data sphere have
their values incremented by the fraction of the cell volume
within the sphere. The remaining grid cells not in contact with
the sphere remain at a zero value. The grid data are mapped to
a color scale for display. When visualizing data in this manner,
the user only sees the functional data currently intersecting
the position of the image planes. Both display modes may,
however, be used simultaneously for maximum clarity.
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The regions displayed indicate areas of patient anatomy that,
when explored electrophysiologically, would have a statistically
higher chance of producing a specific response. The strength
of prediction is dependent on the amount of data represented
within the region, stimulation parameters, and how tightly the
population responses cluster.

C. Lesion Correlation

Electrical stimulation during thalamotomy for tremor-dom-
inant movement disorders can have the same outward effect
as a lesion but, unlike a permanent radiofrequency lesion, has
reversible effects. This property allows stimulation to be used
as the final check for lesion placement through correlation
of tremor modulation with the application of current. Fig. 8.
presents a one day postoperative image of a patient who
received a right thalamotomy for contralateral tremor. The
density of responses is displayed as outlined above. The lesion
appears as a hyper-intense ellipsoid region with a ring of
hypo-intense edema within the lateral right thalamus. In each
of the three views (axial, coronal, and sagittal), we show the
results of a database search for data encoding for stimula-
tion-induced tremor arrest. Data from ten different patients
(67 discrete data points) are included in this sample. Using
the display mode just described, we show a cluster density
map linked with a color scalar bar that depicts regions of low
cluster density (blue) to high density (red). Regions of highest
cluster density and strongest database prediction are found
completely within the lesion boundary. It should be noted that
this patient’s intraoperative data were intentionally excluded
from the database sample shown in these images and that the
surgical procedure was planned and performed using standard
techniques, and did not take advantage of the functional atlas.
Upon two-month postoperative follow-up, this patient was
found to be ~95% tremor-free.

D. Clinical Validation of Nonlinear Registration Approach

Since it is difficult to identify most stereotactic targets in the
MR volume on the basis of anatomy alone, objective validation
of our nonlinear approach is not straightforward. However, we
believe that the following example provides solid evidence of
the validity of nonlinear registration in pooling electrophysio-
logic observations.

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
with the position of the probe tip. The optic tract acts not only
as an anatomical landmark during exploration but also signifies
a region of brain that must be spared during GPi lesioning or
dbs insertion. A neuroanatomist (KWF) manually segmented
the optic nerves, chiasm, and anterior portion of the optic tracts
from the CJH-27 volume. The resulting closed 3-D polygonal
surface representing these structures is displayed in blue in
Fig. 9.

When the stimulator tip is situated within the optic tract of
the patient during exploration, a minimum current threshold is
required to evoke visual phenomena. This current threshold in-
creases as the probe tip is moved away from the optic tract.

Electrophysiological data (143 points from 26 patients) repre-
senting flashing lights in the visual field were registered to the
reference brain using two different approaches. In both cases,
the current magnitude required to evoke each response is indi-
cated symbolically by sphere diameter. The first [Fig. 9 (left)
red spheres] used a nine degree-of-freedom (translation, rota-
tion, scale) linear registration to align the AC and PC landmarks
between the source images and the target. Note the large spread
of the data points and the displacement from the ideal region
(optic tract) in the target image. A magnification of data clus-
tering around and within the segment of the left optic tract situ-
ated just inferiorly to the base of the internal pallidum (yellow
star) is provided in the insert. The segmentation in the insert
is displayed as a triangulated mesh so that spheres positioned
within the optic tract are visible.

Conversely, when the nonlinear procedure is used to perform
the mapping [Fig. 9 (right) — white spheres], significantly more
data points lie within the optic tract segmentation, the clus-
tering of these data is considerably tighter, and the points tend
to follow the tube-like geometry of the tract [Fig. 9 (inset)]. A
quantitative assessment of the efficacy of this approach indi-
cates that 71% of the data points were within or touching the
optic tract after nonlinear registration, whilst only 50% of the
points did so with AC–PC linear registration. In addition, of
the 29% of the data points situated outside of the segmenta-
tion following nonlinear registration, the point with the greatest
displacement from the polygonal surface was found 2.8 mm
away and was evoked using 117-A current. Following AC–PC
registration, the point situated furthest from the segmentation
surface was located 4.1 mm from the surface and was evoked
using 25 A. Intuitively, the point furthest from the anatomy
of origin would require significantly higher stimulation current
to achieve threshold and evoke visual phenomena than any data
point lying within it. A distance-to-current relationship was ev-
ident within those points external to the segmentation following
nonlinear registration but not observed in the same group fol-
lowing AC–PC-based registration.

In this example, all responses were evoked with a micro-
electrode using less than 117-A current at 300 Hz. These
data indicate that nonlinear registration clusters interpatient
visual pathway data within or in very close proximity to the
only anatomical structure capable of eliciting the response with
abilities superior to AC–PC-based linear registration.

IV. DISCUSSION

A. Advantages

Previously, databases of electrophysiology integrated into
stereotactic planning systems have been restricted to a 2-D
display and relied upon digitized atlases of anatomy to provide
a common coordinate space. We have described a method
and presented results for the first truly 3-D collection of
subcortical electroanatomic observations capable of nonlinear
registration to a patient MRI. The resulting database contains
the intraoperatively derived functional data from a population
of 88 patients and resides within the space of one reference
brain MRI. All registrations (patient data-to-reference image
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and database-to-patient) were achieved using our rapid warping
algorithm to accommodate for nonlinear anatomical variability.

When database contents are selectively displayed within our
visualization program, delineation of functional borders within
homogeneous appearing anatomy is possible, high probability
tremor areas can be identified, and somatotopic organization
may be visualized.

Our interactive GUI makes generic or detailed searches pos-
sible. Using the interface, the surgeon can extract and display
only those data most closely approximating their patient’s age,
sex, handedness, and diagnosis, or conversely choose to view
only data representative of a larger cross section of the data-
base population. For electrical stimulation-evoked responses the
database may be queried for only those data produced using
probe and stimulation parameters including current, voltage,
frequency, pulse duration and probe diameter similar to that
used by the surgeon. The interactive GUI has provided three
significant advantages to this project. First, it facilitates rapid,
detailed coding of patient data that will not impede the normal
flow of the surgical procedure if used intraoperatively; it is suf-
ficiently generic to allow expansion of the database to include
other procedures and anatomy; and it will vastly simplify inte-
gration of surgical data from multiple institutions.

B. Caveats

This project incorporates the basic concepts of the work
previously described by Thompson, Bertrand, Tasker, Yoshida
and Giorgi and others [19]–[22], [33] but introduces sig-
nificant increases in scope and functionality with superior
visualization capabilities. We believe that our approach of
consistently determining the stereotactic frame coordinates
via the “frame-finder,” and our nonlinear image registration
method significantly reduces the extent of the errors involved
in the mapping procedure. However, even with these enhance-
ments there are sources of error inherent to every functional
stereotaxy surgery that cannot be addressed by our paradigm.

The interpretation of descriptions provided by patients fol-
lowing stimulation or the visual and aural analysis of MER spike
trains is qualitative and subjective. When a patient describes a
tingling sensation of a certain body part upon stimulation, the
surgeon must assume that this was exactly what the patient ex-
perienced and nothing more. During microelectrode recording
within sensorimotor nuclei, patient’s joints are manipulated so
neuronal excitation or inhibition may be correlated with a joint
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-
ment and not a combination of movements or even a different
part of the patient’s body which may have moved unbeknownst
to them. The qualitative interpretation of patient responses is
dependent upon the training and experience of the operating
surgeon and has formed the basis of this procedure for over
50 years. As such, we feel confident that the utility of an atlas
comprised of qualitative observations will not be diminished by
the somewhat subjective nature of the data.

Deflection of the microelectrode as it traverses brain tissue
of varying densities may result in data being tagged at the tip of
the straight virtual electrode within ASP when the site of origin
was actually an unknown distance away. Although electrode de-
flection is minimized through the use of a cannula that guides
the probe to a position just superior to the target, deflection may
occur when the electrode is extended from this point for tissue
exploration. Although little has been published on this topic, we
are aware of one study that addresses it. Dr. G. Heit, Department
of Neurosurgery at the Stanford Brain Research Center, char-
acterized the extent of probe deflection from a sample of 252
microelectrode tracks using registered orthogonal X-rays (per-
sonal communication). The deflection observed in this sample
was on average 0.5 mm at the tip. As our participating hos-
pitals do not incorporate this X-ray-based measurement tech-
nique, this source of error in our data cannot be quantified.

It is impossible to account for alteration of stimulation-in-
duced experiential effects or modulation of neuronal spike trains
by drugs administered to the patient before surgery that act on
the central nervous system. While our collaborating surgeons
tend to perform this surgery with the patient un-medicated, there
were times when this was not possible. Patients with severe
Parkinsonism, for example, occasionally require reduced quan-
tities of medications to permit articulation of limbs or facilitate
speech during the procedure.

Most patients experience very little brain shift resulting
from cerebrospinal fluid loss out the burr hole and it is not
a major cause for concern. However, elderly patients with
larger ventricles or extensive cortical atrophy may experience
larger deformations of the cortex, sometimes up to 9 mm [34],
during open stereotactic surgery. As a result, these patients
will generate functional data that, once tagged to their preop-
erative MR image, have the potential to become progressively
more misregistered with the insertion of each subsequent
trajectory. Linear registration of a postoperative MR image to
the preoperative image is the only way to quantifiably assess
the extent of brain shift that has compounded throughout the
procedure. This image-based approach provides no information
regarding the rate of shift and thus, to confidently remove
any potential effects of brain shift from patients whose target
anatomy exhibits shift, we must discard all functional data
other than those derived from the first exploratory trajectory.
This first trajectory, we can safely assume, is the least affected
by shifting of brain geometry. We are currently examining the
postoperative MRIs of every patient who has contributed data
to the functional database so potentially contaminated data can
be removed.

V. CONCLUSION

The ASP system has been used intraoperatively for plotting
and analyzing functional data in patient preoperative image
space during five separate surgeries. Although the database
was not at a stage of development where prediction of surgical
targets was possible, the visualization capabilities designed for
presentation of database contents nevertheless proved useful
intraoperatively. In conjunction with the ability of the ASP
system to automatically calculate frame-to-MRI transforms,
model trajectories at appropriate frame coordinates, and
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display electrophysiologic data as discreet 3-D objects, the
patient data were coded and plotted directly onto trajectories
mimicking the actual probe tract as they were produced. The
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 and
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 extend
the normal duration of the procedure.

These efforts have laid the groundwork for a database
of functional organization of subcortical anatomy explored
during stereotactic neurosurgery. We have described a system
capable of storing and retrieving population electrophysiology
without the use of anatomical atlases or AC–PC-based scaling
techniques and described how it may be applied to frame-based
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 presented
in this paper, with 106 procedures currently in the database
providing over 10 000 data points, we are now in a position
to commence validation studies that quantitatively assess its
predictive abilities.
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