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Abstract: Reconstructing a large skull defect is a challenge, as it normally involves the use of
sophisticated proprietary image processing and expensive CAD software. As an alternative, open-
source software can be used for this purpose. This study aimed to compare the 3D cranial implants
reconstructed from computed tomography (CT) images using the open-source MITK software
with commercial 3-matic software for ten decompressive craniectomy patients. The shape-based
interpolation method was used, in which the technique of segmenting every fifth and tenth slice
of CT data was performed. The final design of patient-specific implants from both software was
exported to STL format for analysis. The results of the Kruskal-Wallis test for the surface and volume
of cranial implants designed using 3-matic and the two MITK techniques showed no significant
difference, p > 0.05. The results of the Hausdorff Distance (HD) and Dice Similarity Coefficient (DSC)
analyses for cranial implants designed using 3-matic software and the two different MITK techniques
showed that the average points distance for 3-matic versus MITK was 0.28 mm (every tenth slice)
and 0.15 mm (every fifth slice), and the similarity between 3-matic and MITK on every tenth and
fifth slices were 85.1% and 89.7%, respectively. The results also showed that the open-source MITK
software is comparable with the commercial software for designing patient-specific implants.
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1. Introduction

The three-dimensional (3D) reconstruction of the craniofacial region is a challenge if
involving a very large defect, and it requires the use of sophisticated proprietary image
processing and expensive computer-aided design (CAD) software. Previously, the surgical
procedure for managing large defects of the skull was complicated as it must be performed
manually based on two-dimensional (2D) imaging, namely the shaping, modelling, and
placement of the implant, which is made of bone grafts, bone cement, or titanium meshes.
Using this conventional method resulted in long and complex operations with poor aes-
thetic results. The manual process is very labour-intensive and expensive [1]. With the
advance in computer and additive manufacturing (AM) technology, an implant that exactly
fits the defect can be manufactured pre-operatively from the radiographic data obtained
from CT scans.

Studies reported the advantages of using several different computer-aided designs
and computer-aided manufacturing (CAD/CAM) platforms [2], which resulted in perfectly
fitted implants, less surgery time, and better aesthetic results [3]. Functional and aestheti-
cally placed patient-specific cranial implants are extremely important for patients with large
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cranial defects. Therefore, pre-operative fabrication of the implants is recommended [4] to
ensure minimal adjustment during surgery, which would then translate to lower surgical
cost and time, as the implants would fit nicely into the defect. Rapid developments in
medical imaging and advances in CAD/CAM improved the quality of implants, resulted
in improved aesthetic outcomes, and minimised operation time, blood loss, and risk of
infection [5,6]. Patient-specific implants can be produced in any size with an accurate fit
using this technology [7]. The creation of the cranial implant with optimal size, shape,
and mechanical properties prior to the surgical procedure reduces the operation time and
complexity [8]. The main advantage of using CAD/CAM is a better outcome and aesthetic
of the implant; therefore, it can be successfully used in the repair of a defect [9]. Using CAD
software enables the users to automatically check if the design is within specification. It
also enables users to view designs at an earlier stage in the design process. However, CAD
software often consumes large amounts of computer processing power. This requires high-
quality computer hardware that can be costly, on top of the price of the CAD software [10].
The cost of hardware and software is a significant disadvantage of the CAD/CAM and
a major barrier to adopting this technology, particularly for institutions with a limited
budget. Another disadvantage of the CAD/CAM technology is the complexity of the
software. As the CAD software advances, it becomes more flexible and adaptable and
could have much more functions. However, this comes at the cost of making the software
more complex. This complexity makes it more difficult for first-time users to master the
software. Combined with the cost of training personnel in CAD/CAM technologies, this
complexity represents another disadvantage of CAD/CAM.

Another technique is the mirror reconstruction method, by replicating the missing
bone segment using mirrored healthy skull on the other side where the skull was assumed
to be symmetrical along its mid-sagittal plane. The “Boolean” operation, which refers
to subtracting the mirrored bone from the combined healthy and defected portions of
the skull, was then used to cut and obtain the cranial implant that fits perfectly into the
defect. The advantage of the mirror image reconstruction method is that it generates the
customised cranial implant with a thickness exactly to the thickness of the skull bone, which
was about 2.5 mm [11]. Lo et al. [12] used commercial AnalyzeTM software to perform
the mirror-imaging function to create cranial implants by using the intact contralateral
anatomy as a template for patients with traumatic injuries secondary to MVA. However,
their findings showed that the mirror image reconstruction method could not be used if the
portion of the defect crossed the midline. This finding is supported by Senck et al. [13]; they
too confirmed that the mirror-imaging technique could not be applied if the skull defect
extends into the mid-sagittal region. Therefore, another method for cranial reconstruction
of skull defects was studied. One of the possible methods to create a patient-specific cranial
implant is by using the shape-based interpolation method, which is available in open-
source MITK software [14]. To the best of our knowledge, there are no studies applying
the shape-based interpolation method for the reconstruction of a cranial implant using
open-source software.

2. Methods

The research tools used in this study were commercial and open-source software
installed on a Dell Precision T7500 workstation at the Craniofacial Imaging and Addic-
tive Manufacturing Laboratory, School of Dental Sciences, Universiti Sains Malaysia.
The commercial software as a reference (gold standard) are Mimics software (v17.0)
and 3-matic software (v9.0), both from Materialise NV, Heverlee, Belgium. Mimics soft-
ware was used to process the computed tomography (CT) images and reconstructed them
into 3D models. These models were used to design the cranial implants using the 3-matic
software and later exported to standard tessellation language (STL) format for comparison.
Ten patients with post decompressive craniectomy (DC) were enrolled for this study. The
study was approved by The Human Research Ethics Committee, Universiti Sains Malaysia
(HREC; USMKK/PPP/JEPeM [259.3(2)]; FWA Reg. No: 00007718; IRB Reg. No: 00004494).
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Informed consent was obtained from all subjects involved in the study. They were scanned
using the Siemens Somatom Definition AS+ 128-slice (Siemens, Erlangen, Germany) at the
Radiology Department, Hospital USM, prior to the DC surgery. Contiguous CT images were
acquired at a slice thickness of 1 mm. The slice series had a matrix of 512 x 512 pixels each.

Ten cranial implants were designed using the commercial 3-matic software (v9.0)
as the gold standard, and another ten cranial implants were designed using the open-
source MITK Workbench 2016.11 software (German Cancer Research Center, Heidelberg,
Germany). Both designs were from the same group of patients and saved in STL format.
The implant designed using open-source MITK software was then compared to the implant
designed using the gold standard 3-matic software to evaluate its accuracy.

2.1. Design of Cranial Implants Using 3-Matic Software

The 3-matic software was used to design the cranial implant using the mirror image
reconstruction method [11]. In this method, the skull was divided along the mid-plane,
and then the healthy bone was mirrored to the defective side with reference to the mid-
plane. Merging and wrapping operations were performed to overcome the gaps and
discontinuous surfaces. Next, a Boolean operation was performed to cut and remove the
selected cranial implant. This patient-specific cranial implant was saved in STL format and
tested on the defect skull for fitting evaluation (Figure 1).

Figure 1. Fitting evaluation of patient-specific cranial implant on the defect skull.

2.2. Design of Cranial Implants Using MITK Software

As an alternative to commercial 3-matic software, MITK was used to design the
patient-specific cranial implant using a shape-based interpolation method. After the CT
data of defected skull were loaded, a new “Segmentation” was created to design the cranial
implant. Next, the paint size 14 in the 2D Tools box (red rectangle) was used to draw the
line along the defective skull, as shown in Figure 2.

The line was drawn while the left side of the mouse was held in a clicked position; the
mouse was moved along the perimeter of the defect skull following the curvature of the
healthy skull. The axial slice was enlarged for segmentation editing. If the line was over
drawn, the “2D Tools” (red rectangle in Figure 3) were used to edit the line, either by using
the “Erase” tool to delete the whole line or the “Wipe” tool to delete part of the line. The
“Wipe” tool has different sizes of circles, similar to the size of the “Paint” tool. The “Add”
and “Subtract” tools were also used to add or remove certain parts of the line.
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Figure 2. The “Paint” tool was used to draw the line along defective skull.
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Figure 3. The axial slice of the segmentation was enlarged to view the line drawn and for editing purposes.

The size of “Paint” tool was used as a thickness indicator before drawing the cranial
implant by choosing the right thickness of the implant before drawing, based on the healthy
part of the skull. The “Paint” size in millimetres was 5.95 mm, 5.10 mm, 4.25 mm, 3.40 mm,
and 2.55 for the size of 14, 12, 10, 8, and 6, respectively.

A line was drawn to represent the thickness of the implant to cover the defect. The
first line to be drawn may be selected from the most top or most bottom of the CT data
axial slices, following which the same line is drawn on every tenth or fifth slice. In this
example, the total axial slices within the defective area are 132 slices (slice no 91 to 223).
Starting with slice no 91, every tenth slice was selected to draw the line for implant design,
one by one, until slice 221, which were 91, 101, 111, 121, 131, 141, 151, 161, 171, 181, 191,
201, 211, and 221. The total number of slices involved for shape-based interpolation was 14
slices. Figure 4 shows the example of a line drawn in axial slice numbers 151, 161, and 171.
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Figure 4. Slices (A) 151, (B) 161, and (C) 171 of every tenth slice.

Once the line drawing of every tenth axial slice was performed, the 2D interpolation
was executed applying the shape-based interpolation method, and the 3D cranial implant
was successfully created, but not all surfaces of implants were reconstructed due to under-
interpolation as shown in Figure 5.
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Figure 5. Green circles indicated unreconstructed surfaces due to under-interpolation.

As the selected axial slice was performed at every tenth slice, some areas were not
interpolated; thus, holes could be seen on the implant. However, it can still be edited on
the axial slice to cover the hole or defect of the interpolation, and the redo process can be
carried out, as shown in Figure 6.
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Figure 6. The final cranial implant before editing (left) and after editing (right).

Alternatively, another method of selecting every fifth slice for interpolation was tested,
as shown in Figure 7.

Figure 7. Lines drawn on every tenth axial slice (left) and every fifth slice (right) on the coronal slice
of CT data.

When every fifth slice interpolation method was performed, the slices involved were
91, 96, 101, 106, 111, 116, 121, 126, 131, 136, 141, 146, 151, 156, 161, 166, 171, 176, 181, 186,
191, 196, 201, 206, 211, 216, and 221. The total number of slices was 27. The result of
the patient-specific cranial implant using the shape-based interpolation method on every
tenth slice and fifth slice were saved in STL format and exported to STL format, as shown
in Figure 8.

Figure 8. The patient-specific cranial implant with every tenth slice interpolation (left) and every
fifth slice interpolation (right).
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The patient-specific cranial implants designed obtained from 3-matic and MITK soft-
ware were then evaluated for their geometric accuracy [15,16] using Hausdorff Distance
(HD) and Dice Similarity Coefficient (DSC) on open-source CloudCompare software (ver-
sion 2.10.1; GPL software) [17] as shown in Figure 9.

Figure 9. HD for two superimposed patient-specific cranial implants computed using CloudCompare software.

2.3. Statistical and Geometric Analyses

For the statistical analysis, the surface area and volume of the ten cranial implants
were compared between 3-matic software and two different techniques (shape-based
interpolation every tenth and fifth slices) of MITK software using the Kruskal-Wallis test
with the Statistical Package for the Social Science (SPSS) version 24.0. Tests of normality
and homogeneity were carried out and confirmed using the Kolmogorov-Smirnov test.
A statistical significance value was set at p < 0.05. The accuracy of the cranial implants
designed using MITK software was compared with the cranial implants designed using
3-matic software. The comparison was made using metrics based on 3D geometry, which
were HD and DSC using then open-source CloudCompare software (version 2.10.1).

3. Results

The results of the Kruskal-Wallis test for cranial implants surface and volume designed
using 3-matic software and two different techniques (shape-based interpolation every tenth
and fifth slices) of MITK software are shown in Table 1.

Table 1. The cranial implant surface and volume for three different methods.

* Cranial Implant Surface (mm?)  ** Cranial Implant Volume (mm?3)

Variable n
Median (IQR) Median (IQR)
3-matic 10 26211.8 (2944.9) 68823.9 (21778.4)
MITK: 10th slice 10 22616.0 (6614.0) 57242.3 (27463.4)
MITH: 5th slice 10 24102.9 (8351.3) 68655.1 (23758.5)

*p =0.389 and ** p = 0.468 using Kruskal-Wallis Test.

There were no significant differences for cranial implant surface and cranial implant
volume with p > 0.05.
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The results of HD for patient-specific cranial implants designed using 3-matic software
and two different techniques (shape-based interpolation every tenth and fifth slices) of
MITK software are shown in Table 2.

Table 2. Geometric analyses (HD) of cranial implants.

Cranial Implant 3-Matic vs. MITK Tenth Slice 3-Matic vs. MITK Fifth Slice
1 0.456 0.355
2 0.423 0.271
3 0.148 0.097
4 0.480 0.342
5 0.106 0.002
6 0.333 0.145
7 0.425 0.260
8 0.116 0.016
9 0.020 0.024
10 0.301 0.017
Mean (SD) 0.281 (0.17) 0.152 (0.14)

All HD values are in mm.

Based on HD analysis, the average points distance for 3-matic software vs. MITK on
every tenth slice was 0.28 mm, and for 3-matic software vs. MITK on every fifth slice, it
was 0.15 mm.

The results of DSC for patient-specific cranial implants designed using 3-matic soft-
ware and two different techniques (shape-based interpolation every tenth and fifth slices)
of MITK software are shown in Table 3.

Table 3. Geometric analyses (DSC) of cranial implants.

Cranial Implant 3-Matic vs. MITK Tenth Slice 3-Matic vs. MITK Fifth Slice
1 0.856 0.888
2 0.776 0.891
3 0.879 0.894
4 0.788 0.825
5 0.898 0.922
6 0.884 0.907
7 0.882 0.912
8 0.794 0.871
9 0.916 0.931
10 0.837 0.925
Mean (SD) 0.851 (0.05) 0.897 (0.03)

DSC values ranges from 0 (no overlap) to 1 (complete overlap).

Based on DSC analysis, the similarities were 85.1% for MITK on every tenth slice and
3-matic and 89.7% for MITK on every fifth slice and 3-matic.

4. Discussion

The 3-matic software and MITK were both used to design patient-specific cranial
implants. The implant designed using MITK was produced applying the shape-based
interpolation method with two different techniques, namely the tenth and fifth slices
segmentation. HD and DSC analyses comparing all three designs (produced using the
3-matic, MITK tenth slice, and MITK fifth slice) showed no significant differences among
them. The Kruskal-Wallis analyses on the surface area and volume of the patient-specific
implants also showed no significant differences. Based on these findings, the patient-
specific cranial implants produced using the gold standard 3-matic software and open-
source MITK are comparable.

It was reported that HD values less than 3 mm and DSC values above 0.80 were
considered adequate [18]. It was also reported that the DSC value of 0.86 was considered
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accurate [19]. The HD value from this study for 3-matic vs. MITK was 0.28 mm (every
10th slice) and 0.15 mm (every 5th slice), suggesting that the cranial implants reconstructed
using MITK software are accurate or similar to the gold standard.

The cranial implants reconstructed using the shape-based interpolation method via
open-source MITK software have a DSC value of 0.851 (every 10th slice) and 0.897 (every
5th slice) when analysed against the gold standard. This showed that the cranial implants
created using the shape-based interpolation method via MITK on every tenth slice and
every fifth were 85.1% and 89.7%, similar to the gold standard, respectively.

The patient-specific cranial implants were successfully designed using commercial
3-matic software and an open-source MITK software applying a shape-based interpolation
method; both showed high similarity in the surface area and volume. The measurements
demonstrated no differences using HD analyses and good similarity using DSC analyses for
all ten patient-specific cranial implants. The conclusion from these findings was that designs
created using open-source software provided similar results to commercial software.

In conclusion, this study confirmed that the shape-based interpolation method via
open-source MITK software gave comparable results in the design of patient-specific cranial
implants compared to the commercial gold standard 3-matic software. This confirms that
the simpler shape-based interpolation method could be used to design patient-specific
cranial implants instead of complicated CAD software. The inclusion of this software in a
clinical setting would save clinicians’ time in pre-operative planning and the cost in patient
management.
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