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Abstract. In this work, we register vertebral points collected in physical space
to spinal column surfaces extracted from computed tomography images. The
vertebral points are taken from a single vertebra to represent the region of
surgical interest. The surface is automatically extracted using an iso-intensity-
based algorithm and thus contains multiple vertebrae. This work introduces an
enhancement to currently existing methods of intra-operative vertebral
registration by allowing the portion of the spinal column surface that correctly
matches a set of physical vertebral points to be automatically selected from
several possible choices. We find the correct portion of the surface by
registering the set of physical points to multiple surface areas, including all
vertebral surfaces that potentially match the physical point set. We then
compute the standard deviation of the surface error for the set of points
registered to each vertebral surface that is a possible match, and the registration
that corresponds to the lowest standard deviation designates the correct match.
We have performed our current experiments on two plastic spine phantoms.

1 Introduction

Health problems associated with the lumbar region of the spine are prevalent,
potentially debilitating, and often quite expensive to treat. In fact, more than 250,000
lumbar spine operations are performed annually in the United States at a cost of more
than $6 billion per year [6]. Because of the prevalence of lumbar back problems, any
improvement in surgical procedures can have a tremendous clinical impact. We are
particularly interested in contributions provided by image-guided surgical techniques.

Improving the feasibility of image-guided back surgery by performing a real-time
registration of vertebrae in different image modalities or in image and physical space
is an active research area. Clinical studies have been done to show that the technique
is a valid approach for the insertion of pedicle screws (for example, see [2] and [3]).
Image-guided surgical techniques have also been used successfully to perform lumbar
discectomies (for example, see [14]) and spinal biopsies (for example, see [16]).

In addition to the clinical studies that have been done in the area of image-guided
vertebral surgery, several technical studies have been performed to investigate various
methods of vertebral segmentation and registration. In particular, Lavallée and
colleagues have done a substantial amount of work in this area. Their studies show
that sub-millimetric registration accuracy can be achieved between points obtained
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intra-operatively (using an optically tracked ultrasound probe, a 3-D pointer, and
projection x-ray images [8]) and surfaces extracted pre-operatively from CT images
(using modified snake and spline techniques [10]). Points are registered to surfaces
by minimizing the energy required to make projection lines from 2-D contours
tangent to the 3-D surface when using x-ray images and by applying more traditional
surface-based techniques when using 3-D methods of point collection [7,8]. Results
reported so far using automatic or semi-automatic surface generation techniques have
been achieved primarily on single isolated vertebrae [9].

An important premise of the clinical and technical studies is that the physical
points must be collected from the correct vertebra; that is, from the vertebra that is
involved in the surgical procedure or the registration trial. In clinical situations, this
intra-operative identification of the correct vertebra can be a challenging task,
especially for closed-back, minimally invasive procedures. It requires the surgeon to
count vertebrae by feeling spinous processes through the skin, a procedure that is
complicated by the presence of fatty tissues. Because this manual identification
process introduces the possibility of error, it would be helpful to have a registration
algorithm that could automatically locate the vertebra of interest.

Our research demonstrates that surface-based registration methods can be used to
identify which vertebral surface in a CT image volume containing multiple vertebrae
correctly matches a physical point set representing a single vertebra. To perform the
surface-based registration, we use a method based upon the iterative closest point
algorithm developed by Besl and McKay [1]. To segment the vertebral surface, we
use the fully automatic marching cubes algorithm proposed by Lorensen and
Cline [11]. Since each vertebra has a slightly different shape, measurements related
to the quality of the registration results indicate which vertebral surface in the image
volume best corresponds to the physical point set.

2 Methods

2.1 Image Acquisition

We have performed our experiments on two plastic phantoms of the spine. The first
phantom, which we have designated Phantom I, is a life-size model of the entire
spinal column. The second phantom, designated Phantom II, is a life-size model of
the lumbar portion of the spinal column. Both phantoms are manufactured by the
Carolina Biological Supply Company in Burlington, North Carolina.

CT scans of the two phantoms were obtained using a Philips Tomoscan AV
scanner. For both phantoms, the image volume contains 70 slices with a slice
thickness of 2 mm. Every slice has 512 x 512 voxels with voxel dimensions in
millimeters of 0.625 x 0.625 x 2. Both CT image volumes used in this study were
acquired as stacks of image slices with no inter-slice gap or slice overlap. The gantry
tilt angle during image acquisition was zero. Phantom I was placed in the scanner to
ensure that complete images of L1 and L2 were obtained, and Phantom II was placed
in the scanner to ensure that complete images of L3, L4, and L5 were obtained.
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2.2 Triangulated Surface Extraction

A triangle set representation of the surface of the spinal column was automatically
extracted from each CT scan using an independently implemented version of the
classic marching cubes method developed by Lorensen and Cline [11]. The number
of triangles in the resulting mesh was reduced using the decimation algorithm from
the commercially available Visualization Toolkit (VTK) [15].

The only parameter required by the marching cubes algorithm is an intensity value.
This algorithm is well suited to the extraction of bone surfaces in CT images, since
the intensity level of bone is generally an order of magnitude greater than the intensity
levels of all other materials. Of course, the method results in the inclusion of
overlapping parts of neighboring vertebrae, but the extraneous surface information
does not appear to be a problem for the surface-based registration process we use.

Hounsfield numbers of the plastic phantoms range from approximately 600 to
approximately 800, with Phantom II having a slightly higher Hounsfield number than
Phantom I. The Hounsfield number of the air surrounding the phantom is —1024.
There is an offset of 1024 introduced into the intensity values due to the method used
to transfer the scans from the CT machine, resulting in average intensity values of
about 1600 to 1800 for the plastic and O for the surrounding air. Thus, iso-surfaces
were created for the phantom scans at the intermediate intensity values of 800 for
Phantom I and 900 for Phantom II.

2.3 Surface Point Identification

The physical space coordinates of approximately 300 surface points were acquired for
each vertebra using a three-dimensional spatial localizer (3DSL) consisting of a probe
and an Optotrak 3020 system (Northern Digital, Ontario, Canada). These points were
collected by sweeping the 3DSL over the vertebral surface, a method which allows
hundreds of points to be acquired in a few seconds. The point collection process was
performed by an engineering graduate student with advice from a general surgeon.
For each vertebra, the collected surface points represent the central laminar regions
and the tip of the spinous process. In previous work, we have studied the sensitivity
of surface-based registration to different regions of the posterior vertebral surface, and
we have shown that points from the central laminar regions and the tip of the spinous
process provide sufficient information for accurate surface-based registration [4].

2.4 Registration

We perform surface-based registration of physical points from each lumbar vertebra
to the spinal column surfaces extracted from the CT scans of Phantom I and
Phantom II. That is, we attempt to register physical points collected from vertebra L1
to surfaces corresponding to all five lumbar vertebrae, and we repeat the process
for L2 through L5. Both spinal column surfaces contain multiple vertebrae, so our
registration trials address the question of whether the vertebral surface that correctly
matches our physical point set can be selected out of several choices.

To perform our registration trials, we use an independent implementation [12] of
the iterative closest point algorithm of Besl and McKay [1]. The method is a two-step
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process. First, the closest point on one surface is computed for each point in a set of
points representing the other surface. (In this study, the first surface is a triangle set
representation of the surface in the CT image, and the point set representation of the
second surface is a set of physical-space surface points.) Second, a transformation is
determined by registering these two point sets. This process is iterated until some
stopping criterion is satisfied. The method converges to a local minimum of the cost
function, which is the root-mean-square (RMS) distance between the corresponding
points at the last iteration. Because the physical-space surface points we record are
the positions of the center of the ballpoint tip of the 3DSL, the recorded surface points
are displaced from the actual surface by the radius of the tip. We use the method
described by Maurer and colleagues to correct for this displacement [13].

Because of the possibility of convergence to a local minimum that is not the correct
solution, the algorithm works best when it is initialized with rotations and translations
that are close to the exact solution. In this work, the initial registration for correctly
matched vertebral points and surfaces is computed by aligning the principal axes of
the physical surface points and the CT image surface. This registration is translated
along the spinal column to compute the initial position of the point set in relation to
other (mis-matched) vertebral surfaces. We use a translation of plus or minus 30 mm
per vertebra through which the correct position is displaced. This method of finding
different initial positions along the spinal column should translate directly into clinical
work: The principal axes transformation can be used to find the initial position of the
chosen vertebra, and that position can then be translated up and down the spinal
column to test whether the chosen vertebra is actually the correct one.

2.5 Error Computation

Our method of assessing registration error requires the comparison of registration
results with a gold standard [4]. Since the work reported herein investigates mis-
matched vertebral registrations, there is no associated gold standard. Thus, we report
results in terms of surface error, which is computed as the RMS distance of the
registered point set from the surface. It is important to distinguish surface error from
registration error, since we have found that surface error is generally not a good
predictor of registration error. However, our experiments show that surface error
along with its standard deviation can provide a relative measure of how well the shape
of the point set matches the shape of the surface. Our primary concern for this
particular set of experiments is finding the closest match between the two shapes, so
surface error and its standard deviation are appropriate error computation methods.

3 Results

Figure 1 shows the surface extracted from Phantom I. From top to bottom, the figure
shows part of a thoracic vertebra, a complete thoracic vertebra, vertebrae L1 and L2
(which can be identified by the fiducial markers in the right central laminar
regions), L3, and part of L4. Note that the point sets we have chosen to use in our
registration trials — the central laminar regions and the spinous process tips — have
rather similar shapes, especially for neighboring vertebrae. The greatest visual
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variation tends to be in the transverse processes, which are not included in our
physical point set. Also, note that the markers visible in Figure 1 are not used in this
particular experiment; they are related to other registration trials we have conducted.
A similar surface containing vertebrae L2 through LS5 and part of the sacrum exists for
Phantom II.

Fig. 1. Surface of spinal column extracted from CT scan of Phantom I. The surface contains
parts of two thoracic vertebrae and four lumbar vertebrae.

Figure 2 shows the RMS surface errors obtained in our registration trials. Each bar
represents the result of registering the physical point set designated by the legend to
the vertebral surface shown along the x axis. Recall from the Methods section that
the surface points are displaced from the actual surface by the radius of the ballpoint
tip of the 3DSL, which is 0.5 mm. Our program to compute surface distance does not
correct for this displacement, so the RMS surface error should be 0.5 mm in Figure 2
for a “perfect” fit.

2.
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Fig. 2. RMS surface errors for physical point sets shown in the legend registered to vertebral
surfaces shown along the x axis. All errors are in millimeters.

Without exception, Figure 2 shows that the correctly matched points and surfaces
yield the lowest RMS surface errors. However, it is interesting to note that the RMS
surface errors for mis-matched vertebrae are also consistently low, even when the two
vertebrae being matched have quite different shapes, as is the case for L1 and LS5 in
this particular experiment. In fact, certain incorrect matches provide surface errors
that are not dramatically higher than the errors generated by correct matches. For
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example, consider the results of registering points from L1, L2, and L3 to the surface
of L2. The L2-to-L2 match has the lowest RMS surface error at 0.56 mm, but the L1-
to-L2 and L3-to-L2 mis-matches both have surface errors of 0.85 mm, which is also a
relatively low value.

The fact that RMS surface errors are relatively low for mis-matched points and
surfaces suggests that this error may not be the best indicator of a vertebral mis-
match. This observation led us to examine the standard deviation of surface error as a
possible indicator. Figure 3 shows the standard deviation for each registration trial.
As in Figure 2, each bar represents the registration result obtained for the physical
point set designated by the legend and the vertebral surface shown along the x axis.
As before, the correctly matched points and surfaces yield the lowest standard
deviations in all cases. However, the spread is greater in this chart, suggesting that
the standard deviation is a better predictor of a correct match than the RMS surface
error.

2
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Fig. 3. Standard deviations of surface errors for physical point sets shown in the legend
registered to vertebral surfaces shown along the x axis. All errors are in millimeters.

4 Discussion

It is not surprising that the correct match yields the lowest RMS surface error in
Figure 2, but it is rather unexpected to find such small surface errors for mis-matched
vertebrae. This finding is due to fact that the registration algorithm is designed to
minimize distance between the point set and the surface, the very distance which also
serves as our definition of surface error. In other words, because the behavior of the
registration algorithm is controlled by point-to-surface distance, it will attempt to
place the point set close to some surface (resulting in a relatively low RMS surface
error), but there is no guarantee that the point set will be close to the correct surface.
As Figure 3 shows, a better predictor of a correct match is the standard deviation of
surface error. Even though the registration algorithm attempts to place the entire set
of registered points close to some surface, a mis-match between the point set shape
and the surface shape results in less consistency among individual point-to-surface
distances, or in other words, a larger standard deviation. For a correctly registered
case, the excellent match between the shape of the point set and the shape of the
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surface results in a greater consistency among distances from the points to the surface,
or in other words, a smaller standard deviation.

Whether or not the results we have obtained on phantom data can be verified on
patient data remains to be tested. However, we have performed preliminary studies of
the effectiveness of using an iso-intensity-based triangulation algorithm to segment
vertebrae in patient data sets, and we have achieved satisfactory results [5]. We
believe that shape differences among vertebrae in patient data sets will be at least as
pronounced as differences among the phantom vertebrae we have used. Thus, it is
likely that the observations we have made on these phantoms will apply to real data
sets. We also note that there are other measures of comparison between point set and
surface shapes that can be used if the standard deviation of the surface error proves to
be insufficient. For example, additional experiments not included in this paper show
that the use of physical points collected from the transverse processes and not used in
registration can provide a clear distinction between matched and mis-matched
vertebrae. In our trials using these supplementary points, correct matches have sub-
millimetric RMS surface errors and incorrect matches have RMS surface errors of 4
to 6 mm.

It should be noted that knowledge of whether a correct match exists is required
prior to surgical exposure of the physical points. For this reason, we are investigating
the possibility of collecting the point set percutaneously from ultrasound images.
Preliminary experiments suggest that registration results achieved using ultrasound
point sets will be similar to those achieved using physical point sets.

5 Conclusion

Our experiments show that the standard deviation of surface error can be used to
select the correct match between a set of vertebral surface points collected in physical
space and a surface of the spinal column extracted from a CT scan of multiple
vertebrae. The ability to make this determination automatically removes the need for
manual identification of matching vertebrae in image and physical space. In the
future, we will run similar experiments with patient scans and points collected via
ultrasound. We will also test our findings on CT scans with larger slice spacings.
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