
BIOMEDICAL PAPER

Visualization and navigation system development and application for
stereotactic deep-brain neurosurgeries

TING GUO1, KIRK W. FINNIS3, ANDREW G. PARRENT2, & TERRY M. PETERS1

1Robarts Research Institute and Biomedical Engineering Graduate Program, University of Western Ontario, London, Ontario;
2Department of Neurosurgery, The London Health Sciences Centre, London, Ontario; and 3Atamai Inc., London, Ontario,

Canada

(Received 28 February 2006; accepted 23 June 2006)

Abstract
We present the development of a visualization and navigation system and its application in pre-operative planning and intra-
operative guidance of stereotactic deep-brain neurosurgical procedures for the treatment of Parkinson’s disease, chronic pain,
and essential tremor. This system incorporates a variety of standardized functional and anatomical information, and is
capable of non-rigid registration, interactive manipulation, and processing of clinical image data. The integration of a digi-
tized and segmented brain atlas, an electrophysiological database, and collections of final surgical targets from previous
patients facilitates the delineation of surgical targets and surrounding structures, as well as functional borders. We conducted
studies to compare the surgical target locations identified by an experienced stereotactic neurosurgeon using multiple elec-
trophysiological exploratory trajectories with those located by a non-expert using this system on 70 thalamotomy, pallidot-
omy, thalamic deep-brain stimulation (DBS), and subthalamic nucleus (STN) DBS procedures. The average
displacement between the surgical target locations in both groups was 1.95 + 0.86 mm, 1.83 + 1.07 mm,
1.88 + 0.89 mm and 1.61 + 0.67 mm for each category of surgeries, respectively, indicating the potential value of our
system in stereotactic deep-brain neurosurgical procedures, and demonstrating its capability for accurate surgical target
initiation.
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Introduction

The three major surgical options available for the

treatment of Parkinson’s disease and essential

tremor are the creation of a small lesion, placement

of deep-brain stimulators, and implantation of stem

cells [1–3]. The motor nuclei of the thalamus, the

internal segment of the globus pallidus (GPi), and

the subthalamic nucleus (STN) are the three surgical

targets for the first two commonly adopted pro-

cedures. The entire surgical procedure primarily

comprises pre-operative surgical target/trajectory

planning, intra-operative electrophysiological

exploration and confirmation, and the final lesion

creation or stimulator placement. To achieve the

best surgical outcome with minimal invasiveness,

the surgeon must accurately localize the surgical

target during the first two steps. The first phase is

carried out based on pre-operative MR or CT

images with the assistance of printed [4–6] or

digital [7–10] anatomical atlases. In addition to

the anatomical information derived from the

medical images and brain atlases, functional

information, obtained from invasive intra-operative
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electrophysiological measurements in the second

step, is also required to refine the optimal surgical

targets, to characterize tissue function, and to map

somatotopy.

A number of printed atlases, e.g., those of

Schaltenbrand and Wahren [4], Talairach and

Tournoux [5], and Van Buren and Borke [6], have

been produced. However the effectiveness of

printed atlases is significantly limited by their

inherent disadvantages, such as the fixed 2D rep-

resentation, the fact that individual brains may

show considerable variations in anatomical structure

as compared to the atlas, and the unsuitability of the

atlas images for digital processing. To overcome these

problems, several groups have implemented compu-

terized versions of some of these atlases [7–10].

Once integrated into computer surgical planning

and guidance systems, the digitized atlases can be

rigidly [11,12] or non-rigidly [10,13,14] aligned

and fused with individual pre-operative brain

images to facilitate the identification of surgical

targets. Nevertheless, existing anatomical atlases

should be employed cautiously for planning stereo-

tactic procedures because of their inherent limit-

ations. Therefore, target locations estimated with

digitized anatomical atlases scaled to individual

patient brain images can only be used as initial

approximations of the true locations of the targets.

To overcome the lack of deep-brain anatomical

information provided by standard T1-weighted pre-

operative MR images, where the targets for the

surgical treatment of Parkinson’s disease cannot be

distinguished from their surrounding structures,

some investigators have employed T2-weighted

MRI to better visualize these targets, especially the

STN [15–18]. Although this approach has shown

promise, the correspondence between the targets

defined on these images and those refined with

electrophysiological explorations is not consistent

[19,20]. Currently, these electrophysiological

measurements, including microelectrode recording

(MER) and electrical stimulation data, are acquired

during the surgical procedures with multiple invasive

exploratory trajectories, which may damage the brain

tissue. To improve pre-operative surgical target

planning accuracy, reduce the need for invasive

intra-operative exploration, and decrease pro-

cedure-related complications, electrophysiological

atlases [21–23] and databases [24] containing data

from multiple patients have been developed. In

general, these atlases and databases have been

normalized to a standard brain template to provide

additional standardized electrophysiological infor-

mation prior to surgery. The electrophysiological

atlas proposed by D’Haese et al. [22] classifies the

intra-operative microelectrode recording signals

according to their firing rate and parameters

measuring phasic activities, and maps the

color-coded values of these features to the atlas.

These established techniques for electrophysiological

mapping provide probabilistic maps of deep-brain

electrophysiological activity and are valuable in

establishing the relationship between brain func-

tional organization and anatomic structures, and in

estimating the surgical targets [21–26].

The work described in this paper extends the work

of Finnis et al. [24] relating to the development of

probabilistic functional databases through the con-

struction of a comprehensive neurosurgical system

and its clinical validation. Here, we present an

improved 3D visualization and navigation system

for stereotactic functional deep-brain neurosurgery

planning and guidance. We conducted studies to

evaluate the effectiveness of this system in surgical

targeting for thalamotomy, pallidotomy, thalamic

deep-brain stimulation (DBS), and STN DBS

procedures. By integrating the electrophysiological

database, digitized 3D brain atlases [4], segmented

deep-brain nuclei, and categorized surgical targets

from previous procedures, along with representations

of instruments, our system offers several advantages:

(1) interactive display of linked patient and standard

brain images; (2) 3D representation of the deep-brain

nuclei; (3) accurate non-rigid accommodation of

anatomical variability; (4) simultaneous and/or inde-

pendent manipulation of multiple trajectories; (5)

hardware and operating system independence; and

(6) intuitive graphical user interface. Once non-

rigidly mapped to a patient brain space, the standar-

dized functional and anatomical data incorporated in

this system play a crucial role in both pre-operative

surgical target planning and intra-operative surgical

guidance.

This paper is organized as follows. The next

section describes the construction of the electro-

physiological database and the integration of the neu-

rosurgical system. This is followed by a discussion of

the implementation of this system in actual surgical

procedures. Finally, we present the outcome of clini-

cal studies, and discuss the significance and possible

limitations of our system.

Materials and methods

Construction of the functional database

Subjects. Data from 140 patients (83 male, 57

female, age 21–83 years, mean age 60 years) who

had undergone a total of 187 surgeries (54 thalamo-

tomy, 58 pallidotomy, 21 thalamic DBS, 5 pallidus

DBS, and 49 STN DBS) for symptomatic treatment

of Parkinson’s disease, chronic pain, essential tremor,

etc., at London Health Sciences Centre (LHSC)

were incorporated in the construction of the
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functional database. Of these patients, 103 were diag-

nosed with Parkinson’s disease, 22 with essential

tremor, 6 with chronic pain, 4 with dystonias, 1

with torticollis, and 4 with tremor. Each specific sur-

gical procedure was determined by a team of special-

ists consisting of a neurologist, a neurosurgeon, a

neurophysiologist and a neuropsychologist.

MRI data. We used a 3D SPGR sequence (TR/TE

8.9/1.9 ms, flip angle 208, NEX 2, voxel size

1.17 mm � 1.17 mm � 1 mm, dimensions

256 � 256 � 248) to acquire pre-operative T1-

weighted MR images of the patients with a 1.5T

GE Signa scanner. T2-weighted MR images were

also obtained with the same scanner using 2D fast

spin-echo sequence (TR/TE 2800/110 ms, flip

angle 908, NEX 4, voxel size 1.0 mm � 1.0

mm � 1.5 mm, spacing 0, coronal acquisition

dimensions 256 � 256 � 21, axial acquisition

dimensions 256 � 256 � 20) for STN DBS pro-

cedures. The Leksell G stereotactic frame (Elekta

Instruments AB, Stockholm, Sweden) with attached

MR-compatible localizer was applied to each patient

immediately before imaging.

Intra-operative electrophysiological data. A comprehen-

sive coding scheme was created to organize the intra-

operative micro-recording, micro-stimulation and

macro-stimulation data. The electrophysiological data

of each patient were coded and recorded in the coordi-

nate system of his or her pre-operative MR image space

to help the neurosurgeon correlate the anatomical brain

structures with functional organization.

Collection of functional data. To generalize the use of

electrophysiological data acquired from each individ-

ual surgical procedure, we employed a high-perform-

ance rapid non-rigid registration approach [27] to

transform and normalize the electrophysiological

data from each patient brain space to a standard

reference brain coordinate system [28] known as

the Colin27 brain template. The Colin27 (or CJH-

27) brain dataset with high SNR is used extensively

by many research groups. It allows definition of fine

anatomical details within the deep brain. In the

current study, we adopted it as the reference MRI

brain template (the registration target). Colin27

was obtained by rigidly registering 26 of the 27 T1-

weighted MR brain images (20 � 1 mm3: TR/TE

18/10 ms, flip angle 308, NEX 1; 7 � 0.78 mm3:

TR/TE 20/12 ms, flip angle 408, NEX 1) of the

same healthy individual to the 27th image and aver-

aging them into the International Consortium for

Brain Mapping (ICBM) brain space [29]. To

construct our functional database, we first registered

the pre-operative brain image of each patient to the

Colin27 brain template to establish the 3D trans-

formation described by the deformation grid. We

then applied each 3D non-rigid transformation

acquired from the previous step to map the functional

data from each patient image to the Colin27 brain

space. Finally, we collected the non-rigidly registered

functional data into our standard databases, categor-

ized according to the characteristics of the surgical

procedures. The population-based functional data-

bases can then be applied to an individual patient

using the inverse non-rigid transform.

Image registration. As mentioned previously, image

registration is necessary to implement our functional

database construction, as well as to use the database

in surgical planning and guidance procedures. Two

registration steps are required. The first frame-

to-image registration step generates the rigid-body

transformation that maps the coordinates of patient

image-space to the stereotactic frame coordinate

system. The second data-to-database and database-

to-patient registration step establishes the non-rigid

3D transformation matrix and displacement grid,

which maps the functional data from each patient

brain space to the standard reference template, and

vice versa. Our neurosurgical system allows both

semi- and fully automatic frame-to-image regis-

trations. By automatically extracting the fiducial lines

and points of the MR localizer, our “frame-finder”

algorithm can robustly register the image coordinates

to the stereotactic frame space at the sub-voxel level

for both MR and CT images in approximately 1.5

seconds. A semi-automatic registration is also avail-

able to perform the frame-to-image registration in

some exceptional cases. To achieve the non-rigid regis-

tration, we employed the AtamaiWarp algorithm [27],

a completely unsupervised intensity-based multi-res-

olution registration approach, built using standard

VTK classes, to accommodate the inter-subject ana-

tomical variability between each patient brain image

and the Colin27 reference brain space. AtamaiWarp

optimizes the registration in the deep-brain region

enclosed within a user-defined volume mask and

requires 8–12 min on a dual PIII 933MHz machine

to perform the deformation with an average regis-

tration error of 1.04 mm+ 0.65mm [30]. The algo-

rithm also generates a global affine transformation

between the two images, as well as a deformation grid.

Integration of the neurosurgical visualization and

navigation system

Our comprehensive surgical visualization and naviga-

tion system is integrated with the following
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standardized and normalized functional and

anatomical information.

Electrophysiological database. We expanded the pre-

vious version of the electrophysiological database

developed by Finnis et al. [24], containing data

from 106 procedures performed on 88 patients, to

the current version comprised of data from 187 pro-

cedures on 140 patients. The intra-operatively

obtained electrophysiological data, coded with

respect to particular firing patterns, specific body

reactions, and certain anatomical regions, can be

retrieved from the database and displayed in two

different forms: clusters of spheres in 3D space or

density maps on three intersecting orthogonal 2D

image planes. Properties of the selected functional

data, e.g., color, opacity and shading, can be adjusted

to facilitate interpretation of the search results.

Digitized brain atlas and segmented deep-brain

nuclei. Because of its extensive use in the neuro-

science community, the well-established stereotactic

brain atlas of Schaltenbrand and Wahren [4] was

non-rigidly mapped to the Colin27 brain space to

serve as one of our anatomical references. Different

brain structures can be easily distinguished according

to the different colors assigned to them. We also

segmented each deep-brain nucleus based on its ana-

tomical representation in this atlas. The segmented

deep-brain nuclei can be displayed as either 3D

objects or as triangulated meshes allowing visualiza-

tion of trajectories inside each nucleus. This permits

the probe trajectories to be placed at optimal

functional subdivisions of certain nuclei, such as the

dorsolateral STN [31], the posterolateral part of the

GPi [32], and the Vim of the thalamus [33]. The cen-

troid of each segmented deep-brain nucleus can be

calculated automatically and represented as a sphere.

Final surgical target collections. During each surgical

procedure, the locations of the final targets in

patient brain space were saved and non-rigidly regis-

tered to Colin27. The registered final surgical target

locations were collected into one of eight groups cate-

gorized by the characteristic of the surgery. These

groups contain data from 37 left and 17 right thala-

motomies, 30 left and 28 right pallidotomies, 11

left and 10 right thalamic DBS procedures, and 27

left and 22 right STN DBS procedures. We can

non-rigidly map the center of mass (COM) and the

statistical map of a cluster of final surgical targets to

the pre-operative MR image of each individual

patient for surgical target initialization.

Surgical instrument representation. Up to five multiple

virtual probes, mimicking their physical counterparts,

can be manipulated simultaneously or independently

to simulate the real surgical procedures. The inter-

probe distance is modifiable according to require-

ments. When implemented with the “frame-finder”

algorithm, this system also provides simultaneous

display of the tip positions for these trajectories in

both image space and stereotactic frame space.

Visualization and navigation platform. The primary

graphic user interface of our system consists of two

major components: the image display area and the

function control panel (Figure 1). The 3D image

volume and three orthogonal 2D slices of a patient

and those of the standard brain template can be inter-

actively displayed in the adjustable viewing windows of

the display area. The system is capable of registering

and fusing the digitized brain atlases and T2-weighted

images with the pre-operative patient and standard

images. The opacity and window/level of each of

these images can be modified independently for the

best visual effect. Three-dimensional images may be

reformatted along arbitrary axes. The functional infor-

mation, along with the anatomical references provided

by the digitized atlases and segmented nuclei, greatly

facilitates planning of surgical targets (Figure 2).

Within this environment, coded functional data,

plotted directly onto each patient’s pre-operative

image along a virtual trajectory that corresponds to

the position and orientation of the physical probe,

can be non-rigidly registered to the standard brain

template automatically. The intra-operatively

acquired data are saved in a text file whose header con-

tains the code describing the patient information and

specifications of the probes used during the

procedure. Meanwhile, these data after mapping to

Colin27 are stored in the functional database.

Clinical application

Standard surgical planning procedure

Each patient recruited to this study had his or her

procedure planned by the neurosurgeon (A.G.P.)

using the standard planning technique immediately

after pre-operative MRI acquisition. The benchmark

anatomical structures such as the anterior commissure

(AC) and posterior commissure (PC) in the MR

image were first identified, then the image was recon-

structed to align with the AC-PC orientation. The

initial target point for the procedure was determined

based on its location relative to AC and PC (pallidot-

omy: 2–4 mm anterior to the mid AC-PC point,

19–22 mm lateral to the midline line, and 4–6 mm

below the AC-PC plane; thalamotomy/thalamic
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DBS: 4–8 mm anterior to the PC, 12–15 mm lateral

to the midline, and 0–2 mm superior to the AC-PC

plane; STN DBS: 3 mm posterior to the mid AC-PC

point, 11–12 mm lateral to the midline, and 4–6 mm

below the AC-PC plane), and linear Talairach

mapping of the nearest atlas section from the Schalten-

brand and Wahren atlas [4]. The final surgical target

was refined through multiple electrophysiological

recording and stimulus/response measurements to

optimally ameliorate the symptoms.

System-based planning procedure

Independently of the neurosurgeon, a non-expert

(T.G.) familiar with deep-brain anatomy estimated

the surgical target location and trajectory orientation

for the creation of a lesion or placement of a DBS

electrode, using the neurosurgical visualization and

navigation system integrated with the customized

functional and anatomical references. For each

case, the pre-operative MR image of each patient

was loaded into our system and non-rigidly registered

to the standard Colin27 brain template. The 3D

transformation and non-rigid displacement grid file

generated by registration were then applied to map

the data in the electrophysiological database, the

collection of previous surgical targets, and the digi-

tized Schaltenbrand atlas, as well as segmented

deep-brain nuclei, to the patient brain image. We

conducted three retrospective studies and one

prospective study to evaluate the effectiveness of

this neurosurgical visualization and navigation

system for surgical targeting by comparing the

target locations estimated by the non-expert with

those identified by the neurosurgeon. We employed

20 thalamotomies (10 left, 10 right), 20 pallido-

tomies (10 left, 10 right), and 10 thalamic DBS

procedures (5 left, 5 right) for the retrospective

studies, and 20 STN DBS procedures (10 left, 10

right) for the prospective study.

Results

Assessment of the non-rigid registration algorithm

Various non-rigid image registration algorithms for

the mapping of digitized brain atlases and

electrophysiological databases have been published

and widely used in medical imaging research.

However, assessing these algorithms remains difficult

due to the lack of “gold standards.” Since accurate

registration plays a critical role in localizing surgical

targets with reference to standardized anatomical

and functional information, it is necessary to deter-

mine how much the registration algorithm used in

our studies [27] affects the clinical results. As

described earlier, we have eight databases for the col-

lection of previous patient surgical targets. Register-

ing the collection of previous final surgical targets

from the standard database to an individual patient

image yields a probabilistic estimation of the target

location for the patient. To assess our registration

algorithm clinically, a cluster of 26 left STN DBS

surgical targets contained in the database was non-

rigidly registered to the images of 10 patients who

had undergone similar surgical procedures. Data

from 21 right STN DBS targets were mapped to

the images of 10 patients undergoing right STN

DBS. Similarly, 36 left and 16 right thalamotomy,

29 left and 27 right pallidotomy, and 10 left and 9

right thalamic DBS surgical targets were also trans-

formed to the images of 10, 10, 10, 10, 5 and 5

patients who had undergone these same surgeries,

respectively. Table I shows the comparison between

the center of mass (or the most significant position

on the probability map) of database-initialized

locations and the actual surgical targets for the 70

procedures. The results demonstrate that the regis-

tration algorithm performs well within homogeneous

regions in the deep brain. Although the maximum

average distance between the registered centroid of

the collection of surgical targets in the databases

and the actual target locations is 2.33 + 0.80 mm,

this technique nevertheless provides a suitable

initial estimate of the pre-operative surgical target,

which may be further refined with additional func-

tional and anatomical information available on the

neurosurgical system.

Application of the segmented deep-brain nuclei

We have previously demonstrated that the Atamai-

Warp algorithm performs well in non-rigid

Table I. Absolute differences between database-initialized and real surgical targets.

Pallidotomy Thalamotomy Thalamic DBS STN DBS

Difference x y z dis x y z dis x y z dis x y z dis

Mean (mm) 1.31 1.10 1.42 2.33 1.37 1.09 1.44 2.18 1.19 1.30 1.35 2.29 1.25 1.27 1.14 2.21

Max (mm) 2.33 2.41 2.75 3.96 2.17 2.77 2.52 3.65 2.20 2.48 2.14 3.55 2.19 2.68 2.38 3.72

Min (mm) 0.57 0.77 0.61 1.52 0.65 0.48 0.75 1.21 0.41 0.52 0.50 1.26 0.63 0.79 0.33 1.48

Std (mm) 0.62 0.68 0.67 0.80 0.51 0.78 0.69 0.77 0.60 0.71 0.68 0.71 0.53 0.61 0.74 0.73
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registration of inter-subject brain images [30], and

therefore the atlas-based segmented deep-brain

nuclei transformed to a patient brain space using

this technique should demonstrate a high percen-

tage of overlap with the patient’s own nuclei. The

anatomical information provided by a specific seg-

mented nucleus registered to a patient with Atamai-

Warp (Figure 3) should be capable of indicating the

relative spatial location of the optimal surgical

target within the nucleus after transformation. At

our institution, the region of the Vim close to the

border with the sensory thalamus (Vc) is considered

to be the optimal target for tremor arrest with thala-

motomy or thalamic DBS, the posterolateral part

of the GPi has been adopted as the ideal destination

for pallidotomy, while the dorsolateral portion of

STN is regarded as the most effective stimulation

site in STN DBS. We compared the Euclidean

distance between the centroid of the registered

segmented Vim, GPi or STN and the real target

location of each patient who had been subject to

a thalamotomy, pallidotomy or STN DBS pro-

cedure, respectively (Table II). In our study, more

than 72% of the actual surgical targets were

located at the expected positions relative to the

corresponding centroids.

Detection of the effectiveness in surgical targeting

Clinical data from the thalamotomy, pallidotomy,

thalamic DBS and STN DBS procedures were

included in our studies. We evaluated the effective-

ness of our system in surgical targeting on 20 thala-

motomies, 20 pallidotomies and 10 thalamic DBS

procedures retrospectively, and on 20 STN DBS pro-

cedures prospectively (Table 3). The average distance

Figure 1. The primary graphical user interface of the system displays the 3D image volume and 2D slices of a patient (top) and those of the

standard brain template (bottom). The digitized atlas is registered and fused with each image. A T2-weighted image fused with the patient

image is also shown. The control panel shows the tip locations for the five probes. [Color version available online.]
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between the non-expert-planned surgical targets and

the expert-localized ones was 1.95+ 0.86 mm for

thalamotomies, 1.83+ 1.07 mm for pallidotomies,

1.88+ 0.89 mm for thalamic DBS procedures, and

1.61+ 0.67 mm for STN DBS procedures. In

addition, the surgical sites determined using the com-

bined information from both the electrophysiological

database and the anatomical resources were closer to

the final surgical targets chosen by the neurosurgeon

than those defined either by standard image-based

techniques or by the mapping of a cluster of surgical

targets onto the pre-operative images. These residuals

indicate that an initial estimation of target location,

made on the basis of this software, is typically within

2 mm of the real surgical target. Therefore, the final

surgical target can be reached by slightly refining the

initiation of the target position estimated using this

system with greatly reduced electrophysiological

exploration. In this way, the duration of pre-operative

target/trajectory planning and intra-operative electro-

physiological exploration can be significantly shor-

tened without compromising surgical accuracy and

precision.

Discussion

We have described the development and application

of a visualization and navigation system for stereo-

tactic deep-brain neurosurgery. Studies conducted

to evaluate the performance of this system in real

Figure 2. The magnified version of Figure 1. The purple line in

the center represents the central electrodes. The cyan lines parallel

to the central line represent surgical trajectories. The small yellow

spheres represent micro-recording data, the larger cyan spheres

micro-stimulation data, and the still larger white spheres macro-

stimulation data. The mesh object is the sub-thalamic nucleus

(STN); the segmented STN and electrophysiological data are

non-rigidly registered from the standard brain space to the

patient brain image. [Color version available online.]

Figure 3. Segmented sub-thalamic nucleus (STN) registered with

AtamaiWarp. The mesh object is the STN. The yellow sphere is the

centroid of the STN, the red sphere is the actual surgical target,

and the white spheres represent surgical targets of previous

patients. The color-coded map is the probability map of a collec-

tion of left STN DBS targets. [Color version available online.]

Table II. Absolute differences between centroids of segmented nuclei after non-rigid registration and real surgical targets.

Pallidotomy Thalamotomy/thalamic DBS STN DBS

Difference x y z dis x y z dis x y z dis

Mean (mm) 1.55 1.60 1.18 2.53 1.16 1.13 1.35 2.24 1.36 1.88 0.85 2.80

Max (mm) 2.43 2.45 1.76 3.17 1.99 2.38 1.86 3.09 2.32 3.23 1.45 3.57

Min (mm) 0.22 0.51 0.30 0.97 0.18 0.36 0.40 1.05 0.31 0.01 0.23 1.21

Std (mm) 0.61 0.93 0.77 0.83 0.69 0.97 0.72 0.79 0.74 1.15 0.60 0.87

Table III. Absolute differences between non-expert-estimated and real surgical targets.

Pallidotomy Thalamotomy Thalamic DBS STN DBS

Difference x y z dis x y z dis x y z dis x y z dis

Mean (mm) 0.61 0.65 0.87 1.83 0.48 0.73 0.75 1.95 0.43 0.70 0.74 1.88 0.55 0.68 0.70 1.61

Max (mm) 1.42 1.33 1.34 2.79 1.29 1.30 1.51 2.69 1.22 1.26 1.38 2.41 1.31 1.43 1.39 2.82

Min (mm) 0.10 0.27 0.33 0.58 0.23 0.28 0.35 0.62 0.17 0.12 0.35 0.54 0.06 0.30 0.2 0.65

Std (mm) 0.49 0.39 0.31 1.07 0.51 0.38 0.40 0.86 0.48 0.40 0.32 0.89 0.50 0.38 0.35 0.67

Visualization and navigation system for deep-brain neurosurgery 237



clinical situations demonstrated its beneficial role in

simplifying pre-operative planning procedures and

in accurately localizing surgical targets. The great

potential of this visualization and navigation

system was indicated by the results of the retrospec-

tive and prospective studies. When employed both

pre- and intra-operatively for planning surgical tra-

jectories, and for plotting and analyzing functional

data in the patient’s pre-operative image space

during each case of the prospective study, our

system demonstrated its efficacy in assisting the

identification of surgical loci for STN DBS pro-

cedures. Although the studies for thalamotomy, pal-

lidotomy, and thalamic DBS surgical planning and

guidance were carried out retrospectively, the surgi-

cal target estimation process for each case was per-

formed in the same manner as for the STN DBS

procedures. The visualization capabilities, designed

for presentation of all relevant functional and ana-

tomical data along with multiple virtual surgical

instruments, have made it possible to simulate

actual surgical procedures. Using the automatically

calculated frame-to-MRI transforms, the intra-

operatively acquired data can be saved along with

the physical information of the patient and specifi-

cations of the probes used during the procedure.

Once the 3D non-rigid transformation, obtained

by registering each patient image to the Colin27

brain template, is applied, these data can be

mapped to the standard brain space and stored in

the functional database. This work yielded promis-

ing results for the application of our system to

deep-brain neurosurgical procedures, even without

correction for possible brain movement or shift

due to leakage of cerebrospinal fluid (CSF) and

change in the patient’s position.

While only a single neurosurgeon has been

involved in this work to date, it is hoped to perform

a multi-center study in the future. Despite the diffi-

culty and complexity of accurately segmenting Vim,

GPi, and STN on patient image files, comparing

the overlapping ratio between the registered segmen-

ted deep-brain nuclei of each patient and that of the

standard brain atlas could also provide valuable

measurements for validation of the registration algo-

rithm. High-quality anatomical and/or histological

atlases containing more detailed deep brain infor-

mation may enhance the accuracy of our system in

surgical planning and targeting, and improve the

reliability of the correlation between the anatomical

structures and the electrophysiological organization.

Although this system has reached a stage where pre-

diction of surgical targets/trajectories is encouraging,

further clinical evaluation of the long-term surgical

outcome is required for thorough validation and

application in stereotactic deep-brain neurosurgical

procedures.
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