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Abstract

This paper describes on-going work by the Environ-
mental Research Institute of Michigan (ERIM) and
The University of Michigan Medical Center to develop
a new approach to frameless stereotsxy, in which
patient-image registration is accomplished using a 3D
laser imaging sensor and precaptured CT scans. Alter-
native methods under development for frameless ster-
eotactic neurosurgery are reviewed and compared.

1. Introduction

The increasing sophistcation of three-dimensional
medical imaging techniques has revolutionized the sur-
geon’s ability to visualize and accurately locate inter-
hal brain structures and lesions. Extension of the
localization accuracies provided by diagnostic imagery
to surgical procedures requires registration of the coor-
dinate space of the operating room (surgical space) 
the coordinate space of the precaptured imagery
(image space). Frame-based atereotsctic neurosurgery
accomplishes this registration with a rigid, precisely
calibrated frame which is firmly attached to the patient
during imaging and surgery. While frame-based stereo-
taxy significantly reduces the invasiveness of neurosur-
gical procedures and increases their accuracy, there are
drawbacks to the use of the flame, including severe
patient discomfort, geometric limltatioos on insmunent
position, and obscuration of the field of view.

Frameless stereotaxy replaces the reference system of
the frame with in sire position-sensing devices which
dynamically map surgical space coordinates to diag-
nostic image space coordinates. We review some cur-
rent frameless techniques in Section 2. The approach
we are developing is discussed in Sections 3 and 4.

2. Background

Kelly [I] developed the concept of interactive stereot-
axy which allows the surgeon to report view line and
depth to a computer which responds with planar views
of the volume contours along the surgical approach. 3D

digitizers presently under development for intracranial
localization provide on-fine correlation and display of
the imaged database with a surgical field using various
sensors. These include electrical (articulated arms),
magnetic, and fine of sight (sonic, optic) devices.

Roberts et al. [2,3] at Dartmouth-I-Iitchcock Medical
Center have integrated computerized tomographic
(CT) imaging with an operating microscope which
allows reformatted information to be projected into the
optics of the operating microscope. Barnett et al. [4] at
the Cleveland Clinic Foundation employ a system
composed of a hand held probe conteining two ultra-
sonic emitters, a microphone array that is rigidly
affixed to the operating table, hardware to control and
detect timing of signal production and reception, and a
color graphics computer workstation with software m
calculate and present the location of the probe tip on
reconstructed neuro-imaging studies. The method is
limited however by ambient noise and moisture; with
MR] data sets the error has been approximately 4 ram,

Drake at Toronto has developed a passive articulated
arm with 6 degrees of fi~edom which is optically/elec-
trically encoded. The error is reported to be less than 1
mm but the device is clnm~y. Macinnas et al. [5] devel-
oped a computerized, articulated, localizing "arm"
with an application accuracy of 0.9 ram, A 3D shaded
surface wireframe diagram of the patient’s head is dis-
played simultaneously with up to 3 independent sets of
cross referenced images on the video screen. The arm’s
endpoint location and the directional vector are shown
as cursors on the relevant scan slices, and change con-
tinuously as the arm is moved. Optical sensing with tri-
angulation of light emitting diodes on instruments is
used with linear CCD cameras by Buchoiz at St. Louis
University. Zamorano at Wayne State University [6]
has integrated digitizers with standard stereotactic
frames and infrared sensing. Kato et al. at Osaka [7]
utilized magnetic field modulation to display intraoper-
ative manipulation of a probe on preoperative CT or
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MR images. Adler at Stanford [8] uses x-ray image-to-
image correlation which is updated at I sec intervals.

3. Approach

We describe here preliminary work being conducted by
ERIM and the University of Michigan Department of
Surgery, Neuroanrgery Section, to apply 3D laser range
imaging to surgical localization. The concept is iUus-
trated in Figure 1. A 3D imaging device is used to map
the surface of the object of interest and place it in the
coordinates of the operating room. By registering the
surface with the same surface derived from precap-
tured imagery, the correspondence between image
space and surgical space is obtained, Du~ng a proce-
dure, surgical inslruments are tracked in real time and
their positions relative to internal structures and pre-
planned surgical trajectories continuously displayed on
a graphics monitor.

3.1 30 Laser Scanner

Three-dimensional (3D) laser scanning (laser range
imaging) is being actively developed for a number of
applications, including industrial parts inspection
(metrology), industrial robot vision, and robotic vehi-
cle guidance. The IJDAR (Light Detection and Rang-
ing) sensor system used in this effort was designed and
built by ERIM for the United States Postal Service [9].
It is an active sensor that employs a modulated laser
beam for iU-mlnAting each element of the target area
and a receiver that compares the modulation phase of
the laser light reflected from the target with the phase
of the emitted fight to determina the distance (range) 
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Figure 1. System Concept

Figure 2. LIDAR Images of a skull: range (top)
and reflectance (bottom).

that target element. The scanner samples the target sur-
face in a raster pattern, collecting both range and
reflectance data in a single scan.

The sensor operates in two modes. In the first, the
working depth (ambiguity interval) is 8.4 inches,
resolved into 256 steps, each measuring 0.033 in (0.8
ram). In the second mode, the ambiguity interval is 0.5
inches, with range Stel~ of 0.002 in (0.05 ram). The
sensor operates at a standoff distance of approximately
36 inches, with a 35x35 degree field of view (approxi-
mately 17 inches square); the typical area resolution is
0.02 inches (0.5 mm). The scan rate is 0.5 sec per
image for 320 by 320 pixels. Range and reflectance
images of a skull acquired with this scanner in the
lower resolution mode are shown in Figure 2

This type of imaging laser scanner must be distin-
guished from laser line scanners [10] which produce
only individual contours. The output of the LIDAR are
range and reflectance images in complete spatial regis-
tration at the pixel level. The gray levels in the range
image represent the distance from the sensor to the tar-
get at each position in the image plane. The gray levels
in a reflectance image represent the reflectance of the
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materials in the target at that location. Additional
advantages of the 3D image laser scanner are the fast
image acquisition time and frame rate. By contrast, a
typical laser line scanner, which must be physically
repositioned between lines, requires several seconds to
acquire an image.

Laser range sensing has many advantages over IR-
LED, sonic, and magnetic feld sensors in the environ-
ment of an operating room: it is negligibly affected by
the medium through which it travels; it is unaffected by
and will not affect adjacent instrumentation; and
Anally, ambient temperature and lighting conditions
have negligible effects on sensor performance. When
coupled with contour-based surface-matching, no fidu-
cial marks are required.

3.2 CT Scanner

Computed Tomography (CT) scanning is ideally suited
for this project because of its high contrast resolution
and high spatial resolution.[ll,12] The superior con-
trast resolution of CT with respect to plain radiography
permits direct visualization of not only the skull, but of
the brain itself and also of many different kinds of
pathology (brain tumors, vascular abnormalities, etc.).
The constant relationship of the skull to the brain (and/
or any given pathologic process inside the head) is
well-demonstrated on CT.

The superior spatial resolution of CT scanning is par-
ticularly important for high precision, reproducible
imaging of the bones of the skull. This sub-millimeter
resolution permits intracranial structures to be repeat-
edly, accurately localized without difficulty. Although
Magnetic Resonance (MR) imaging does not reliably
image bony structures, it provides better contrast reso-
lution with respect to the brain and some pathological
brain processes. MRI will therefore be considered in
future studies, either alone or registered with CT.

For preliminary experiments, axial CT images of a
skull were acquired with a GE 9800 CT Scanner at
approximately l mm resolution. The 3D data sets
derived from the LIDAR range image and the CT scan
are shown in Figure 3.

3.3 LIDAR-CT Registration

Our current approach to registering the surfaces
derived from CT and laser range images is based on
matching manually-selected fiducial points. The trans-
formation matrix is obtained from solving the system
of linear equations which arises from the set of corre-
spondence points. We discuss below the extension to
automatic registration of laser range and CT images,
which is required for real-time localization and track-
ing during cranial surgical procedures.

Figure 3. 3D datasets derived from the LIDAR
range Image (top) end CT (bottom) Images 

skull.

4. Future Requirements

Automatic registration of laser range and CT data
requires: 1) 2D or 3D image segmentation to extract
the surface of the skull (or head) from CT images; and
2) 3D surface matching to determine the transforma-
tion required to place the data sets in a common spatial
reference system.

4.1 Surface Extraction

The external surface of the head or skull can be
extracted from CT data in one of two ways: individual
contours can be extracted from each slice using 2D
operations and then assembled into a 3D surface; or the
original slices can be assembled into a 3D data set from
which the surface is extracted using 3D operations.

In our initial experiments with skulls, the extraction of
the surface is relatively simple because of the high con-
trast of bone and the absence of other tissues. We there-
fore chose to extract contours from individual slices.
Each slice was binarized at an intensity threshold
which selected bone and excluded most of the metal
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fixtures holding the skufi together. A connected compo-
nents analysis was performed to filter out .~rnall noise
and minor breaks were repaired using a morphological
closing operation with a small disk. The boundaries
(interior and exterior) of the skull were represented 
chain codes with explicit representation of surface con-
tainment relationships. The contours from each slice
were combined to form a 3D surface.

Extraction of the external surface of a head from CT
requires somewhat more sophisticated processing,
because the surface to he registered with the LIDAR
dam is the external surface, or .,.kin, However, extrac-
tion of the skin boundary is simpler than the bound-
aries of other soft tissues because of its location. We
have had success in applying a morphological scale
space approach to the extraction of tumor boundaries
in CT data [13], but anticipate that simple morphologi-
cal approaches will be sufficient to exlract the skin sur-
face.

4.2 SD Surface Matching

Image registration is a fundamental problem in inte-
grating different image dam sets. In our approach to
surgical localization, two 3D surfaces must be regis-
tered. Automatic 3D surface registration requires the
identification of corresponding structures on the two
surfaces, from which the COOrdinate transformations
can be computed. The structures can be points, lines
(curves), or 3D surface elements. Because much of the
surface of the skull is quite smooth, we propose to
match the surfaces in a coarse to fine fashion. Coarse
correspondence will be established by matching
regions of high curvature followed by fine-tuning with
a more compute-intensive approach such as that of
Besl and McKay [14]. The difference in sampling of
the LIDAR add CT scanners mesas there is no a priori
reason to expect individual points in the two data sets
to correspond. Therefore the surface extracted from the
CT data set will be interpolated and modeled as a con-
tinuous surface and that from the LIDAR data set as a
set of discrete surface samples.

5. Conclusions

While this work is in its very early stages, the 3D laser
scanner shows significant promise as a surgical local-
izatiou device. Accurate 3D surface extraction and
matching, a central problem in computer vision, is the
key to frameless stereotaxic neuresurgery using this
technique.
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