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Abstract In neurosurgery, cranial incisions during cra-
niotomy can be recovered by cranioplasty—a surgical
operation using cranial implants to repair skull defects.
However, surgeons often encounter difficulties when
grafting prefabricated cranial plates into defective areas,
since a perfect match to the cranial incision is difficult to
achieve. Previous studies using mirroring technique, sur-
face interpolation, or deformed template had limitations in
skull reconstruction to match the patient’s original
appearance. For this study, we utilized low-resolution and
high-resolution computed tomography images from the
patient to repair skull defects, whilst preserving the original
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shape. Since the accuracy of skull reconstruction was
associated with the partial volume effects in the low-res-
olution images and the percentage of the skull defect in the
high-resolution images, the low-resolution images with
intact skull were resampled and thresholded followed by
active contour model to suppress partial volume artifacts.
The resulting low-resolution images were registered with
the high-resolution ones, which exhibited different per-
centages of cranial defect, to extract the incised cranial
part. Finally, mesh smoothing refined the three-dimen-
sional model of the cranial defect. Simulation results
indicate that the reconstruction was 93.94% accurate for a
20% skull material removal, and 97.76% accurate for 40%
skull material removal. Experimental results demonstrate
that the proposed algorithm effectively creates a custom-
ized implant, which can readily be used in cranioplasty.

Keywords Cranial defect - Skull reconstruction - Active
contour model - Image registration - Computed tomography

1 Introduction

In clinical neurosurgery, neurological surgeons commonly
perform a craniotomy to control elevated intracranial
pressure, caused by brain trauma or stroke [10, 18, 24, 26].
Once the acute cause of raised intracranial pressure is
resolved, cranial incisions made during the craniotomy
may be repaired by cranioplasty, a surgical operation using
cranial implants to replace the removed bone section, and
repair the skull defect. Cranioplasty uses material from
autograft, allograft, xenograft, or uses synthetic material,
not only to protect intracranial structures, but also serves an
esthetic purpose. To best fit the hole on the skull and
recover pre-operative head shape, the customized metal,
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and plastic bone substitutes need to match the incision as
closely as possible. Patients will feel more comfortable if
post-operative shape resembles the original appearance.

Previous literature reports fall into three method cate-
gories addressing the issue of modeling skull reconstruc-
tion. The most popular one is the mirroring technique that
duplicates the healthy counterpart section from the oppo-
site side of the skull, as a model for the mold. Although this
method has many applications [13, 14, 19, 28], it uses the
assumption of the ideal bilateral symmetry of the human
skull [25]. Besides, mirroring is suitable only for the uni-
lateral damage, and is unable to deal with bilateral defects.
The second class of method uses surface interpolation, such
as a Bézier surface [5], and radial basis function [4], to
approximate the cranial hole and reconstruct a fitting sur-
face. The major limitation of these two methods is that only
a mathematical approximation is applied, instead of mak-
ing use of the actual anatomical structure. To improve upon
the previous two categories, a third approach involves the
construction of a template and applying deformation to
approximate an appropriate profile. The template (or ref-
erence model) can be either selected from a database [27],
or constructed from the mirroring or an average skull [7]. A
warping or deformation algorithm is employed based on
anatomical landmarks on the patient’s, and template ima-
ges [7, 27]. However, this method requires manually
selected landmarks and the deformation process proves to
be computationally expensive.

We propose an alternative approach to recover the
impaired skull material based on the subject’s own ana-
tomical structure of the incised section, rather than using
mirroring duplication, mathematical models, or artificial
template deformation. The proposed method uses infor-
mation from the subject’s intact, and defective cranial
anatomy. The former is acquired from clinical, diagnostic
low-resolution computed tomography (CT) images, and the
latter acquired from a high-resolution CT image, generally
used for surgical planning purposes. The slice thickness of
the clinical diagnostic images was about 5 mm, limited by
in-plane resolution due to scattered radiation. The slice
thickness of the high-resolution images was about 0.5 mm
for the cranioplasty. The low-resolution CT image for the
intact skull was used to provide the general appearance of
the incised cranial section, whereas the high-resolution
defective image was used to register with the low-resolu-
tion image, so that the incised part could be localized and
extracted for skull reconstruction. We used the low-reso-
lution diagnostic images to extract the anatomical structure
of the cranial defect for skull reconstruction, for the fol-
lowing two reasons. Firstly, patients with skull defects may
not receive a prior high-resolution CT image scan, due to
an accidental cranial trauma or emergency craniotomy, and
only the low-resolution diagnostic image would be
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available for skull reconstruction, if the patient had ever a
medical examination by brain CT images before. Secondly,
the radiation dose for high-resolution brain CT images is
significant, and patients receiving two such scans in a short
period of time (immediately before and after craniotomy)
increase their risk of induced cancers caused by the radi-
ation exposure.

The low-resolution image exhibited partial volume
effects that require suppression using interpolation pro-
cesses, thresholding and active contour methods before
skull reconstruction can begin. Specifically, the interpola-
tion process along the slice-selection direction is applied to
match the voxel size of the high-resolution image. We
performed image thresholding to extract skull content,
whilst ignoring the soft tissue detail. The active contour
method, also known as “snakes”, was in turn used to
eliminate the penumbra on the low-resolution skull surface.
Snakes were first introduced by Kass et al. [11], and
modified by Cohen [6]; the method minimizes energy
curves with piecewise smoothing properties on the edge of
the target. Many related applications of snakes are reported
in the literature, such as Kozerke et al. [12] using snakes to
define vessel regions, and Yushkevich et al. [29] seg-
menting out the subcortical structure in brain images. The
high-resolution defective skull images, which were much
less affected by the partial volume effect, were directly
created from the thresholding.

The low- and high-resolution skull images were regis-
tered to extract the incised cranial portion. Image regis-
tration is a process of bringing images into alignment, for
comparison or integration of information by intensity- or
feature-based metrics [9]. Compared to an intensity-based
method, such as using mutual information [17], or corre-
lation ratio [23], as the cost function computed from whole
volume content, the feature-based method is more com-
putationally efficient from using points [2], edges [3], or
surfaces [21]. In this study, registration used the binarized,
extracted skulls as the registration feature. The use of skull-
based image registration has the advantage that soft tissue,
which can be deformed due to the change of cranial pres-
sure following craniotomy [8], is excluded, thus ensuring
the validity of rigid-body transformation from the diag-
nostic, to defective images. Therefore, only six parameters
are required to produce a computationally efficient
registration.

2 Methods

The proposed algorithm for reconstruction of the cranial
defect consisted of the following steps: resampling, thres-
holding, active contour model, registration, difference
operations, three-dimensional (3D) model reconstruction,
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Diagnostic images Defective images
« intact skull « defective skull
« low-resolution +_high-resolution

1. Resampling
« trilinear interpolation

2. Skull extraction
» image thresholding

3. Active contour model

» remove artifacts

» smooth inner and outer skull edges
« inner-outer snakes

4. Registration

« binary sum of squared difference as the cost function
+ add a penalty term to prevent overestimation

« rigid-body transformation

+ Powell’s method for parameter optimization

5. Difference operation
« extract the difference between the intact and defective skull images
« subtraction -> morphological opening > 3-D region growing -> manual revision

6. Model reconstruction
« marching cubes algorithm to reconstruct the surface mesh

v

7. Mesh smoothing
« Laplacian filter to smooth the polygonal surface

Repaired skull
« 3-D surface mesh for the cranial hole

Fig. 1 A flow chart of the proposed algorithm

and mesh smoothing. Figure 1 displays a flow chart of the
proposed algorithm. First, the low-resolution diagnostic CT
image is resampled so that the resolutions of the resampled
image and the high-resolution defective image are the same.
Second, both low- and high-resolution images are thres-
holded to extract the skull. Third, we apply the snake algo-
rithm on the diagnostic skull image to remove artifacts on
the skull contour. Fourth, the two images are registered
followed by a difference operation to extract the defective
area. Sixth, the marching cube algorithm is applied to con-
struct a 3D model of the cranial defect. Finally, Laplacian
smoothing is applied to the mesh to refine the model. A
series of computer simulations is conducted, to validate the
proposed algorithm for defective skull reconstruction.

2.1 Image acquisition

A 52-year-old male was informed of radiation issues, and
completed a consent form before participating in this study.
The first diagnostic scan was performed with a LightSpeed
16 CT scanner (GE Healthcare, Inc.) at National Taiwan
University Hospital, Taipei, Taiwan. Axial images were
acquired for diagnosis, with a matrix size of 512 x 512, in-
plane resolution of 0.47 mm x 0.47 mm, and 5-mm-thick
contiguous slices (Fig. 2a). After 6 weeks, the subject

underwent craniotomy on the right side of skull and was
scanned a second time. Axial data were acquired for crani-
oplasty using the same model CT scanner as the initial scans,
at Chang Gung Memorial Hospital, Taoyuan, Taiwan. The
high-resolution volumetric image, i.e., defective image,
consisted of 512 x 512 x 409 voxels with the voxel
dimension 0.49 mm x 0.49 mm x 0.63 mm (Fig. 2b).

The second data set was collected from a 52-year-old
female with a skull defect on the right side. She filled out a
consent form after being informed of radiation issues. Data
were acquired with an Aquilion 64 CT scanner (Toshiba
Medical Systems, Inc.) at Chang Gung Memorial Hospital,
Taoyuan, Taiwan, and the field of view was 246 mm, with
a 512 x 512 matrix and 0.5-mm-thick contiguous slices.
The raw data were reconstructed into low-resolution ima-
ges with 5-mm slice thickness (Fig. 2¢) and high-resolution
images with 0.6-mm slice thickness (Fig. 2d), which had
similar resolution to clinical data (Table 1). Since the
subject’s skull defect was on the right hemisphere, we first
created intact low- and high-resolution skull images by
flipping the left-hemisphere skull to the right for sub-
sequent simulations.

2.2 Image pre-processing

Trilinear interpolation was applied to the diagnostic image
to produce a resampled image with the same resolution as
that of the defective image. In order to reduce computation
for subsequent registration processes, we cropped both
image volumes to limit their field of view, covering only
areas above the orbitomeatal plane. Since the skull exhib-
ited much higher intensity in brain CT images, we seg-
mented it out by thresholding and used the binarized
images (1 for skull and O for background) as the matching
feature. The threshold was empirically determined to a
value close to the lower bound of the CT number
(Hounsfield units) for bone.

2.3 Active contour model

The penumbra of skull content in the resampled and bi-
narized low-resolution image presented the partial volume
effect near the top of volume images (white arrows in
Fig. 2a, ¢). To remove these artifacts, the active contour
model was used to smooth the inner and outer edges of
skull for each slice along the coronal and sagittal direc-
tions, referred to as ‘inner—outer active contour’ hereafter.
Before we applied the active contour method, a closed
profile was generated by flipping the upper half portion of
the image to facilitate initialization of active contours
(Fig. 3a, b). A contour within the middle of the white area
was initialized to extract the inner edge of the skull (the
blue curve in Fig. 3c). The initial contour was stretched
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Fig. 2 Raw images of experimental and simulation data. a Experimental diagnostic image, b experimental defective image, ¢ simulated low-

resolution image, d simulated high-resolution image

Table 1 The voxel size of recruited data sets

Experimental data (subject 1)

Simulation data (subject 2)

Resolution Low (intact)
0.47 x 0.47 x 5.00

0.49 x 0.49 x 0.63 -

Original size (mm?®)

Resampled size (mm?)

High (defective)
0.49 x 0.49 x 0.63

Low (intact by mirroring) High (intact by mirroring)
0.48 x 0.48 x 5.00 0.48 x 0.48 x 0.60
0.48 x 0.48 x 0.60 -

and smoothed piecewise, until it stopped at the concave
corners of skull boundary (the blue curve in Fig. 3d).
Similarly, we placed the initial contour outside the white
area to extract the outer edge of the skull (the red curve in
Fig. 3c). In order to encapsulate the recessed profile, rather
than the bumped profile (the artifacts) for the outer edge of
the skull, image erosion was first executed, followed by
applying the active contour method (the red curve in
Fig. 3d). Once the inner and outer curves were identified,
the regions outside these two curves were considered as
artifacts, and removed accordingly (see Fig. 3e). Finally,
we replaced the upper portion of original image, with the
upper portion of the resulting image (see Fig. 3f).

2.4 Image registration

The alignment of the low-resolution intact skull and high-
resolution defective skull images provides a model of the
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skull structure of the removed cranial portion. We
defined the reference image, R, as the image that
remained unchanged during the registration process, and
the floating image, F, as the transformed image based on
the reference image. The defective image was assigned
as the reference, and the diagnostic image was the
floating image in our implementation. All skull voxels
used in the computation of the cost function, which we
expressed in the form of the sum of squared differences
(SSD). This SSD is reliable for aligning two images with
different resolutions and content removal [15]. The bin-
ary maps of floating and reference images were denoted
as Fg and Rg, respectively. We express the cost function
as:

d* (1)

xe{x|Fp(x)=1}

where,
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(a) (b)

Fig. 3 The steps of the active contour method to remove the artifacts on
the top half of the skull images. a Original skull, b a closed profile by
flipping the upper half portion of the image, ¢ inner (blue) and outer (red)

N RB(T(.X)) — 17 T()C) S QR
4= {p, T(x) & O @)

More specifically, we transformed each skull voxel at
position x on Fy into R via the transformation 7, and
computed the intensity difference, d, between the two
binary maps of floating and reference images. The trilinear
interpolation was adopted to obtain the values on the non-
integer positions 7(x) in Rg. Note that once the transformed
position is outside the reference image domain Qg, the
calculation of differences is invalid and an additional
penalty value p is assigned to the cost function to prevent
exaggerated transformations. The penalty p is set to a
larger value when the skull voxels of the floating image are
anticipated to be within the domain of the reference image
following transformation. In this study, the penalty value
p was set to 100 and the six rigid-body transformation
parameters were optimized by Powell’s direction set
method combined with Brent’s line search [22].

2.5 Difference between complete and defective images

We designed a difference operation to extract the differ-
ence between the intact and defective skull images for
reconstructing the repaired skull portion. The difference
operation consisted of four steps. Firstly, the defective
images were subtracted from the complete (diagnostic)
images. Secondly, one-step erosion and dilation processes
removed isles in the image. Thirdly, 3D region growing
from a seed point on the repaired skull portion removed the
unlinked portions not relevant to the target [1]. Finally,
manual intervention refined the image.

2.6 Mesh smoothing

We constructed a 3D model of the repair from the volumetric
image, using the marching cubes algorithm [16], a classic
method for surface extraction, where each surface element is
described by a triangle. Since the 3D mesh constructed from
the volume grid is not sufficiently smooth, we applied a mesh
smoothing method to rectify this problem. The Laplacian
filter is a conventional method used to obtain a smooth

contours are initialized, d resulting contours after active contour method,
e regions outside these two contours are removed, f resulting skull after
replacing the upper portion of original skull. (Color figure online)

polygonal surface [20]. The positions of all vertices P in the
model were updated according to the formula:

i n—1
Pnew <_Pold"’E;(Qi_Pold) (3)
where Qo, O, ..., Q,_; are the 1-ring neighbors of P, and 1

is the step-size parameter controlling the magnitude of
displacement.

2.7 Simulation design

We conducted a series of computer simulations based on a
pair of intact low- and high-resolution skull images created
from mirroring, to validate the proposed algorithm for
defective skull reconstruction. The low-resolution image,
with 5.00 mm slice thickness, was resampled using trilinear
interpolation so that the resolution of the resampled image
and the high-resolution image were the same, i.e., the voxel
size was adjusted to 0.48 mm x 0.48 mm x 0.60 mm
(Table 1). Once the two image resolutions matched, the
skull portions were segmented by thresholding, and the
active contour method applied to eliminate superfluous
artifacts. Since the accuracy of reconstruction depended on
performance of the active contour and registration, we
assessed the accuracies for these operations in addition to the
skull reconstruction.

We evaluated performance of the active contour in
eliminating the artifacts on the low-resolution images. Since
the low- and high-resolution images in the simulation were
reconstructed from the same raw data set, they were inher-
ently aligned before we applied the active contour method on
the low-resolution image. Therefore, the difference in skull
content between the low- and high-resolution images was
determined both before and after artifact elimination.

We evaluated the accuracy of registration under differ-
ent ratios of the hypothetically removed skull content. We
randomly placed a ball-shaped eraser on the high-resolu-
tion skull image to simulate the effect of craniotomy, and
generated two levels of content-removal images, namely 20
and 40% removal ratios for both unilateral and bilateral
skull, respectively. The floating images were randomly
translated and rotated, using hypothetical parameters
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consisting of six uniformly distributed random offsets for all
translational ([—20 mm, 20 mm]) and rotational ([—20°,
20°]) parameters. The rigid-body registration was performed
repeatedly (ten times) to transform the floating image.

After the registration process, the difference operation
was applied to extract the repaired skull portion under
different simulation conditions. The accuracies for skull
reconstruction were calculated from the differences
between the reconstructed skulls and the hypothetically
removed portion on the high-resolution image.

3 Results
3.1 Simulation results

We evaluated performance of the active contour by com-
paring similarities between the low- and high-resolution
images before, and after artifact elimination. We denote the
number of overlapping voxels between the low- and high-
resolution skulls as ‘O’, and the number of voxels in the
union of the low- and high-resolution skulls as ‘U’. The
similarities before and after artifact elimination, S, and S,,
were defined by Oy/U,, and O,/U,, respectively. The results
for the simulation data were S, = 0.748 and S, = 0.842,
which represent the active contour effectiveness.

Registration errors for the simulation data can be
quantified using the root mean squared error (RMSE) for
the translation RMSE; and rotation RMSE,.

RMSE, = \/g[(tx =07+ (6 = 1) + (1, = 11)’] (4)

RMSE, = \/%[(rx — r;)l’ +(ry — r;)Z + (r, — rg)z] ®)

where (t,, t,, t;, 7y, 1y, 1;) are estimated parameters and
(#, t;, r,r., r§,, rl) are true parameters. Figure 4 shows the
registration accuracy results, evaluated using the RMSE’s.
The results demonstrated that the median RMSE;, for uni-
lateral 20%, unilateral 40%, bilateral 20%, and bilateral
40% removal ratios were 0.25, 0.17, 0.19, and 0.22 mm,
respectively. Regarding the median RMSE, for four dif-
ferent removal ratios were 0.01°, 0.08°, 0.02°, and 0.02°,
respectively. The image registration was accurate for uni-
lateral and bilateral cases at 20 and 40% removal ratios
alike, in which the median RMSE, and RMSE, were all less
than 0.25 mm and 0.09°, respectively.

To estimate the accuracy of the reconstruction of the
removed skull portion, we compared the reconstructed and
hypothetically removed skulls. By denoting the number of
overlapping voxels between the reconstructed skull and the
hypothetically removed skulls as N and the number of voxels
in the hypothetically removed skulls as M, then, the
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Fig. 4 The registration accuracy evaluated by RMSE’s for the
simulation data. The solid black circles represent RMSE values of
each simulation

reconstructed accuracy is (N/M) x 100%. In the simulation
data, the bilateral skull removal resulted in the better
reconstructed accuracy: 97.76 £+ 0.55% (mean =+ standard
deviation) and 97.23 £ 0.75% for 20 and 40% removal
ratios, respectively, whereas the lower accuracy was pre-
sented in the cases of unilateral skull removal: 97.21 4+ 0.75
and 93.94 4 2.33% for 20 and 40% removal ratios,
respectively.

3.2 Experimental results

Three selected sagittal slices and their corresponding 3D
surface models (Fig. 5) show the result of the removal of
artifacts from the low-resolution images. Figure 5a and d
displays the selected sagittal slice of the binarized 5.00-mm
slice images, and its reconstructed 3D surface model,
respectively. The “stair-shape” surface caused by the low
resolution along the slice-selection direction was not
acceptable for cranioplasty. Tri-linear interpolation was
applied so that the voxel size of low- and high-resolution
images were identical (0.49 mm x 0.49 mm x 0.63 mm)
as shown in Fig. 5b. However, a skull penumbra caused by
partial volume effects, was evident as ripples on the recon-
structed surface (Fig. 5e). Elimination by the inner—outer
snakes (Fig. 5c) significantly suppressed this effect (Fig. 5f).

The registration results are displayed in Fig. 6, where
diagnostic skull images (in green) were overlaid and
transparently fused with the defective image (in Indian
red). The registration process transformed the position
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Fig. 5 The results of the active
contour method for the
experimental data. a Original
skull image, b interpolated skull
image, ¢ skull image after the
inner-outer snakes, d original
skull model, e reconstructed
interpolated skull, f resulting
skull after active contour
method

(a)

(b)

(c)

(d)

Fig. 6 The registration results of the experimental data. a The skulls are initially mis-aligned. e After registration, most skull voxels
originally defective image, b the originally intact image, ¢ the are successfully matched. (Color figure online)
transformed intact image. d Intact (green) and defective (Indian red)
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Fig. 7 The reconstructed 3D
skull model. a The repaired
skull portion, b the
reconstructed skull (pink) on the
defective skull surface (white).
(Color figure online)

()

of diagnostic images into that of the defective images,
which allowed the difference operation to extract the
removed skull portion correctly.

A 3D mesh smoothing technique was applied to the
reconstructed skull portion to increase the target surface
smoothness. Figure 7a and b shows the reconstructed 3D
mesh, and the surface of the reconstructed skull (colored in
pink) on the defective volume (colored in white), respec-
tively. The results demonstrate that the boundary between
the repaired skull and the incised part of the craniotomy
match each other well. Accordingly, our method faithfully
reconstructed the removed skull portion to its original
appearance, and the 3D mesh coordinates could be used to
sculpt a real artificial implant for the cranioplasty.

4 Discussion

In this paper, we propose an alternative method to recon-
struct cranial defects. The use of the patients’ diagnostic
and defective images with the aid of active contour model,
and image registration techniques, were effective in mod-
eling the skull’s original shape. This approach differs from
mirroring techniques, which assume that contralateral skull
information is available [13, 14, 19, 28]. However, patients
with defects crossing the midsagittal plane of the brain, or
those with a bilateral craniotomy do not fulfill this condi-
tion. Although surface interpolation [4, 5] can be used to
reconstruct the dissected skull for cases with bilateral
defects, such reconstructions are coarse approximations
because a mathematical model, rather than anatomical
structure, is applied. Compared to deformation-based
methods [7, 27], which warp a template according to
anatomical landmarks to fill the hole, our method has two
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main advantages. Firstly, we use the patient’s own ana-
tomical data, which is more natural than an artificial tem-
plate to reconstruct the preoperative shape. Secondly,
manual selection of landmark locations and computation-
ally expensive surface deformation were substituted by a
simple image thresholding and rigid-body registration,
achieving a large reduction in computer processing time.
The artifacts induced by the partial volume effect on the
diagnostic images introduce inaccuracies during the rigid-
body registration process between the diagnostic and
defective images. Once the artifacts were suppressed using
the active contour method, the registration results were sat-
isfactory, as shown in the simulation data (Fig. 4), and in a
real example (Fig. 6). Since the severity of partial volume
effects depends upon slice thickness, the amount of shrink-
age in cranial surfaces is adjusted based on different slice
thicknesses. Specifically, the two-, four-, six-, and seven-
pixel image erosions were used empirically for the 3-, 5-, 10-,
and 15-mm slice thickness, respectively. As Fig. 5f shows,
the artifact-removed surface model resemble to the real
cranial contour more closely, compared to that in Fig. Se.
The results of the simulation data indicated that the
median RMSE, and RMSE, were all less than 0.25 mm and
0.09°, respectively, for all 20 and 40% removal ratios. In
the worst case, although the unilateral 40% removal ratio
was almost twice the usual clinical craniotomy, the overall
reconstruction accuracy was greater than 93.94 + 2.33%.
Simulation results suggested that not only could the uni-
lateral skull defect be repaired accurately, but that the
bilateral craniotomy could also be recovered satisfactorily.
For the same ratio of skull material removal, the overall
reconstructed accuracies of the bilateral reconstructions
were always higher in mean values and lower in standard
deviations, than the unilateral reconstructions. This was
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because more balanced errors were derived in the cost
function by removal in bilateral skull operations, than by
unilateral instances, hence producing more robust results in
the registration process.

Although there were one and two outliers in the RMSE,
boxplots of unilateral 40% and bilateral 40% skull removal,
respectively, their results appeared to be comparable with
other cases. These outliers were caused by larger local
minima at the low-resolution stage in the multi-resolution
scheme that propagated to the higher-resolution levels. In the
worst case, the RMSE, and RMSE, were 0.30 mm and 0.33°,
respectively. Nevertheless, subvoxel accuracy was achieved
(the voxel size was 0.48 mm x 0.48 mm x 0.60 mm) for
all of our registration simulations. The reconstructed accu-
racy was as good as 90.09%.

In conclusion, we proposed an alternative method to
faithfully reconstruct removed skull material based on the
patient’s own intact diagnostic and defective high-resolution
CT images. The results for the simulations and the real case
demonstrated that the inner-outer snake could effectively
eliminate artifacts induced by the partial volume effect,
which facilitate the subsequent rigid-body registration to
achieve satisfactory results. Our method was able to produce
a repaired skull model matching the border of the incised
section, and recover the original cranial appearance.
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