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Abstract. An inter-modality registration algorithm that uses textured
point clouds and mutual information is presented within the context of
a new physical-space to image-space registration technique for image-
guided neurosurgery. The approach uses a laser range scanner that ac-
quires textured geometric data of the brain surface intraoperatively and
registers the data to grayscale encoded surfaces of the brain extracted
from gadolinium enhanced MR tomograms. Intra-modality as well as
inter-modality registration simulations are presented to evaluate the new
framework. The results demonstrate alignment accuracies on the order
of the resolution of the scanned surfaces (i.e. submillimetric). In addi-
tion, data are presented from laser scanning a brain’s surface during
surgery. The results reported support this approach as a new means for
registration and tracking of the brain surface during surgery.

1 Introduction

Understanding the geometric characteristics and the impact of intraoperative
surgical events upon the cortical brain surface has important implications in
the development of image-guided surgery (IGS) systems. In recent studies [1],
the need for brain shift compensation strategies to prevent compromising IGS
navigation has become an important area of research [2]. When using a computa-
tional approach to correct for brain shift [3], capturing the geometric and visual
changes of the brain surface due to deformation may be a valuable source of
intra-operative data. To achieve this end, a laser range scanning system capable
of capturing textured surfaces with sub-millimetric accuracy will be used. Using
features from the cortical surface to register does have precedent. Nakajima et
al. demonstrated an average of 2.3 ± 1.3 mm fiducial registration error (FRE)
using cortical vessels for registration [4]. More recently, Nimsky et al. reported a
deformable surface approach to quantify surface shifts using a variation on the
iterative closest point (ICP) algorithm [1]. Also, some preliminary work utilizing
a scanning based system for cortical surface registration has been reported but
a systematic evaluation has not been performed to date [5]. The novelty of the
approach reported here is that both vessel information and three-dimensional
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topography will be used as the basis of alignment. Furthermore, the scanner
provides a highly accurate method for tracking the brain surface that can be
used in the model-updating framework.

As an initial step, an implementation has been developed using an iterative
closest point (ICP) [6] framework with mutual information (MI) [7]. Although
ICP and MI have been used extensively [8][9], previously published registration
frameworks do not entirely apply to the unique data provided by the scanner or
this particular registration approach. The data acquired by the scanner provides
a one-to-one correspondence between contour point and image intensity. How-
ever, intensity correspondence between a three-dimensional MR surface and an
intraoperatively acquired laser-scanned cortical surface is somewhat more elu-
sive. The most similar work relating to this registration framework is that by
Johnson and Kang [10] in which these investigators used an objective function
for registration based on a combined Euclidean distance and color difference met-
ric. Used primarily in a landscape alignment application, this technique would
not be amenable to the alignment process here, since the intensity distribution
between scanner and MR image data is fundamentally very different. To our
knowledge, no registration algorithm has been developed that will register tex-
tured three-dimensional surfaces from two different imaging modalities within
the context of cortical surface registration.

2 Methods

In the realization of this approach, a laser range scanning system (RealScan 3D,
3D Digital Corporation, Danbury, CT) capable of capturing three-dimensional
textured surfaces to sub-millimeter accuracy has been utilized (see Figure 1). The
scanner is lightweight, compact and has a standard tripod mount. The scanning
field consists of 500 horizontal by 494 vertical points per scan and is accomplished
in approximately 5 seconds. Extensive calibration and characterization has been
performed by Cash et al. and has demonstrated the fidelity at which surface data
can be acquired [11]. Additionally, the device is approved for use in neurosurgery
by the Vanderbilt University Medical Center Institutional Review Board.

Fig. 1. Laser scanner used to acquire textured point clouds.

The registration framework involves two primary steps in its execution. The
first step involves acquisition and preparation of the registration surfaces. With
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respect to laser scanned surfaces, the scanner is currently placed approximately
1-2 feet from the surface of interest (achieved either by passive arm or monopod
for intraoperative use). The horizontal range of the scanner is established and a
vertical laser stripe passes over the surface in approximately 5 seconds. The data
acquired consists of a three-dimensional point cloud with each Cartesian coor-
dinate color-encoded via texture mapping into a digital image that is acquired
just after scanning. The texture-space to scanner-space registration is calibrated
by the manufacturer. The MR-generated point cloud is prepared by segmenting
the brain volume, followed by ray-casting to find surface points, and averaging
subsequent voxels to generate gray-scale values for each surface point (Analyze
AVW - Biomedical Imaging Resource).

The final step in our approach is to perform surface registration using a two-
stage process. An iterative closest point (ICP) algorithm is performed initially to
align the point clouds of interest (i.e. laser-scanned surface and/or MR surface).
The second stage is a constrained intensity-based registration. The constraint
requires the alignment transformation to only operate in spherical coordinates
with known radius R; the radius is provided by sphere-fitting the target surface
[12]. By enforcing this restriction on the transformation, the degrees of geomet-
ric freedom are reduced from six to three, i.e. elevation φ, azimuthal θ, and roll
ψ. For the method of intensity-based registration, a maximization of normalized
mutual information (NMI) [13] approach is conducted using Powell’s optimiza-
tion algorithm [14]. Referred to as Surface MI in this work, the method aligns
textured surfaces only and does not use volumetric image data. The results pre-
sented here do not reflect true cross-modality registration (i.e. scanner to MR).

3 Registration Experiments

To evaluate robustness and accuracy of Surface MI, an initial series of experi-
ments was conducted using a spherical phantom with a heterogenous intensity
pattern on the surface. The range scanned surface acquired for registration ex-
periments occupied a solid angle of Ω = 1.2π steradians1 and contained 67257
points (see Figure 2). A known transformation was then applied to the target
surface to generate the floating surface. The l imits for elevation, azimuthal and
roll angle perturbations were ±13, ±13, and ±25 degrees, respectively (the ra-
dius of the spherical phantom was approximately 110 mm). The floating and
target surfaces are then re-registered using Surface MI. Five hundred randomly
distributed combinations of φ, θ, and ψ were tested for registration accuracy.

The second series of experiments employed the point clouds generated from
surface projections of the MR volume. The target surface that was generated
using a clipping plane had a solid angle of approximately Ω = .38533π steradians
and contained 48429 points (see Figure 3). Similar to the spherical phantom
experiments, perturbations in φ, θ, and ψ were applied to the MR surface over
500 trials. The range for the parameters φ, θ, and ψ were the same as those for
t he previous experiment with similar radius (R=105 mm).
1 The solid angle of a unit sphere Ω = 4π steradians.



536 T.K. Sinha et al.

Fig. 2. Sample textured point cloud generated using a laser range scanner.

Fig. 3. Sample textured point cloud generated using surface projection on a gadolinium
enhanced MR volume.

Fig. 4. Use of a clipping plane to select a region of interest in the surface projection.

The last series of experiments evaluated the efficacy of the developed al-
gorithm in registering surfaces across modalities. Inter-modality surfaces were
simulated by inverting the texture of the point cloud. Five hundred trials reg-
istering a texture-inverted region of interest (ROI) to the original MR brain
surface were performed with initial misregistrations comparable to the spherical
phantom experiments. The ROIs were generated by varying the normal of the
clipping plane used to create the target sur face between ±0.1 cm in the sagittal
and coronal axis while holding the axial value at 1 cm (see Figure 4). To cre-
ate the misregistration between the float and target surface, each surface was
re-centered about it’s geometric centroid.
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4 Registration Results and Discussion

Since the same scan was used for both target and floating surfaces in the registra-
tions process, the one-to-one correspondence in points was known. This allowed
calculation of the mean target registration error (TRE) between point clouds
as well as the global maximum for NMI. Sample registration results are pre-
sented for each experiment series (i.e. spherical phantom, intra-modality MR,
simulated inter-modality MR) in Figure 5. In addition, a distribution of TREs
for each series of experiments can be seen in Figure 6.

Registration results from the 500 trials using the spherical phantom yielded
a mean TRE of 11.38±28.75 mm (min.=0.04,max.=127.61 mm). Although this
result is less than remarkable, it should be noted that 70% of the trials achieved
a mean TRE of 0.20±0.05 mm (min.=0.04,max.=0.31 mm). Furthermore, the
misalignment range during surgery is expected to be ±5 degrees within each
angular coordinate. Within this range, the registration process achieved a 100%
success rate (i.e. NMI optimization reached it’s global maximum).

With respect to the intra-modality MR experiments, all 500 trials resulted
in an ideal value of NMI. The mean TRE for the 500 trials was 0.14±0.04 mm
(min.=0.04,max.=0.27 mm). The increased success rate of this series of exper-
iments as compared to the previous trials is likely due to the differences in the
geometric structure of the intensity information. Most of the intensity informa-
tion of the spherical phantom is contained in the central region of the surface.
In some cases, when the initial mis-registration of the spherical phantom caused
sufficient non-overlap of the central area, the algorithm did not register the
surfaces correctly. For the brain, the intensity pattern of the vessel structure
occupies most of the surface. Thus, even though the brain’s surface occupies a
smaller solid angle than that of the ball, the distribution of the intensity pattern
allows the alignment of more severely misregistered surfaces.

The last series of experiments simulating inter-modality registration gener-
ated a mean TRE of 3.38±7.18 mm (min.=0.07,max.=53.75 mm). Similar to the
spherical phantom, 67% of these trials produced a mean TRE of 0.37±0.19 mm
(min.=0.07,max.=1.00 mm). Analysis of the failed trials indicated that the
spherical constraint prevented accurate registration. In general, the algorithm
failed to register surfaces clipped from or containing the periphery of the surface
projection, which contained a much higher surface curvature as compared to the
target surface. This discrepancy in surface curvatures between target and float-
ing surfaces caused the sub-optimal registrations. In general, the occurrence of
curvature discrepancies intra-operatively will be limited since vessel landmarks
will be used to provide an initial alignment for the Surface MI.

5 Conclusions and Future Work

The results of this paper show that the ICP and MI framework is a useful tool
for cortical surface registration. Results of both intra- and inter-modality sur-
face registration show sub-millimetric accuracies using a phantom. This paper
outlines preliminary steps taken with the laser range scanner and the Surface
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Fig. 5. Sample registration results. Top row, from left to right: on-axis view of misreg-
istered and registered surfaces of the spherical phantom, off-axis view of misregistered
and registered surfaces. Middle row: sample results of the intra-modality registration,
presented similar to the top row. Bottom row from left to right: misregistered and
registered surfaces from simulated inter-modality experiments.

MI algorithm. In vivo analysis of the registration results is currently in progress.
Figure 7 shows intra-operative data of the cortical surface acquired by the laser
range scanner. More quantitative studies of the laser range scanner and registra-
tion algorithm are also planned using an optical tracking system. Algorithmically,
the ability to track and register cortical deformations is also being studied.
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Fig. 6. Distribution of Target Registration Error (TRE) for each series of experiments.

Fig. 7. Example dataset taken with the laser range scanner in the operating room.
Left, a CCD image of the surgical area. Right, a tessellated point cloud with texture
mapped points on the right.
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