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Summary

	 Background:	 Most patients with large focal skull bone loss after craniectomy are referred for cranioplasty. Reverse 
engineering is a technology which creates a computer-aided design (CAD) model of a real struc-
ture. Rapid prototyping is a technology which produces physical objects from virtual CAD mod-
els. The aim of this study was to assess the clinical usefulness of these technologies in cranioplasty 
prosthesis manufacturing.

	Material/Methods:	 CT was performed on 19 patients with focal skull bone loss after craniectomy, using a dedicated 
protocol. A material model of skull deficit was produced using computer numerical control (CNC) 
milling, and individually pre-operatively adjusted polypropylene-polyester prosthesis was prepared. 
In a control group of 20 patients a prosthesis was manually adjusted to each patient by a neuro-
surgeon during surgery, without using CT-based reverse engineering/rapid prototyping. In each 
case, the prosthesis was implanted into the patient. The mean operating times in both groups were 
compared.

	 Results:	 In the group of patients with reverse engineering/rapid prototyping-based cranioplasty, the mean 
operating time was shorter (120.3 min) compared to that in the control group (136.5 min). The 
neurosurgeons found the new technology particularly useful in more complicated bone deficits 
with different curvatures in various planes.

	 Conclusions:	 Reverse engineering and rapid prototyping may reduce the time needed for cranioplasty neuro-
surgery and improve the prosthesis fitting. Such technologies may utilize data obtained by com-
monly used spiral CT scanners. The manufacturing of individually adjusted prostheses should be 
commonly used in patients planned for cranioplasty with synthetic material.
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Background

Most patients with large focal skull bone loss after craniec-
tomy are then referred for a cranioplasty. This procedure 
is performed not only for aesthetic reasons, but also to pro-
tect underlying neural tissue [1,2] and improve its perfu-
sion and metabolism [3–6].

Various materials are used, including autograft, allograft 
or xenograft bone [7,8], metals [9,10] and nonmetallic 
bone substitutes.

The autograft bone flap obtained during the initial crani-
ectomy may be stored either fresh-frozen [7], which is the 
preferred method, or in the abdominal wall [11].

However, in many cases this is impossible because of bone 
destruction after trauma or inflammation.

Metals, like titanium, cause artifacts in CT and MR examina-
tions, limiting the value of follow-up studies; other metals, 
like ferromagnetic materials, even preclude performing MR.

At present, the use of synthetic materials is more common 
(eg, polymethyl methacrylate (PMMA) [12,13], PMMA 
mixed with hydroxyapatite [14], carbon fiber-reinforced 
plastics (CFRP) [15], knitted polypropylene-polyester [16]).

In many cases, a bone defect has a complicated shape and 
different curvatures in various planes. A prosthesis must, 
therefore, be individually adjusted by a neurosurgeon dur-
ing the surgery, which increases operating time, blood loss 
and infection risk [12].

Reverse engineering is a form of technology which creates a 
computer-aided design (CAD) model of a real structure. In 
medicine, virtual models of body parts may be produced us-
ing data obtained from imaging modalities like CT or MR.

Rapid prototyping, in turn, is a form of technology which 
produces physical objects from virtual CAD models, partic-
ularly those previously obtained using reverse engineering.

Such technologies may help obtain an individually adjust-
ed prosthesis for cranioplasty [17–23] before the surgery, 
reducing the above-mentioned problems.

The aim of this study was to assess the clinical usefulness of 
reverse engineering and rapid prototyping in cranioplasty 
prosthesis manufacturing by comparing the mean operat-
ing time in the group of patients with individually-adjust-
ed, preoperative prosthesis based on CT data with that of 
the control group of patients who had a prosthesis adjusted 
manually to the full extent during the surgery.

Material and Methods

Patients

CT (Figure 1) was performed on 19 patients with focal 
skull bone loss after craniectomy (12 men, 7 women, 21 
to 54 years old) in the Department of Radiology of the 
Cracow University Hospital using a 16-row scanner Somatom 
Sensation 16 (Siemens Healthcare, Erlangen, Germany). 

The patients were included into the study during the years 
2008–2010 and were randomly selected by neurosurgeons 
from the group of patients referred for cranioplasty.

We used a dedicated CT protocol (collimation 0.75 mm, 
slice thickness 0.75 mm, reconstruction increment 0.5 mm, 
sharp kernel H60s, reconstruction FOV adjusted to the bone 
defect size) to get the highest spatial resolution possible.

In the control group of 20 patients with focal skull bone 
loss after craniectomy (14 men, 6 women, 18–60 years of 
age, included into the study during the years 2008–2010), a 
prosthesis was individually adjusted by a neurosurgeon dur-
ing the surgery, without using CT-based reverse engineer-
ing/rapid prototyping.

Informed consent was obtained from each patient in the 
study after the nature of the procedure had been fully ex-
plained. The protocol was approved by an institutional re-
view board.

Cranioplasty prosthesis

The main problem in the subsequent creation of a virtual 3D 
model was the proper assessment of bone edges. The com-
monly-used computer method of edge detection is based 
on a threshold value, arbitrarily selected by the user to dis-
criminate between bone and other structures. However, the 
bone thickness is large enough to create partial volume ar-
tifacts and generate important errors in edge detection.

Therefore, specific software was created at the Cracow 
University of Technology for edge detection using a lumi-
nance analysis method (Figure 2), which significantly re-
duced the edge detection errors.

Then, in each case, a virtual model of the skull (Figure 3), 
based on CT data, was generated using CAD software CATIA 
(Dassault Systèmes, Vélizy-Villacoublay, France).

Figure 1. �Axial image of CT in a patient with a large skull bone loss 
after craniectomy.
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Such a model was the basis for designing the cranioplas-
ty prosthesis.

For the prosthesis we used a knitted polypropylene-polyes-
ter material called Codubix by Tricomed, which is the most 
popular in Poland (Figure 4).

In the afore-mentioned group of 19 patients, we tested 2 
ways of obtaining individually adjusted prosthesis.

In 10 patients a material model of the focal skull bone def-
icit (Figure 5) was produced, using Computer Numerical 
Control (CNC) Milling Arrow 500 (Cincinnati Milacron, 
Cincinnati, Ohio, USA) and polyurethane resin Prolab 60 
(Axon Technologies, Cergy Cedex, France). This model 
was then used by a neurosurgeon for the individual adjust-
ment of a prosthesis before surgery (Figure 6). The adjust-
ed prosthesis was sterilized before implantation.

In 9 patients with more complicated bone deficits (different 
curvatures in various planes, preventing the use of an ad-
justed universal prosthesis), apart from the material model 

of bone deficit as above, a material form to profile the pros-
thesis was produced (Figure 7) using the same method and 
aluminum-silicon alloy PA6. The manufacturer, using the 
form, delivered the already-sterilized prosthesis with prop-
er curvatures and margins adjusted.

Figure 2. �Software for edge detection using 
luminance analysis method created in 
Cracow University of Technology.

Figure 3. �The virtual model of the skull generated using CAD software 
CATIA.

Figure 4. �Universal cranioplasty prosthesis - knitted polypropylene-
polyester material Codubix by Tricomed.

Figure 5. �Skull focal bone deficit material model produced using 
Rapid Prototyping.
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Implantation

In each case, the prosthesis was implanted into the pa-
tient during neurosurgery in the Neurosurgery and 
Neurotraumatology Department of Cracow University 
Hospital (Figures 8, 9).

Data analysis

We compared the mean operating time in the group of 19 
patients with reverse engineering/rapid prototyping-based 
cranioplasty with that of the control group of 20 patients.

In the statistical analysis we used the Shapiro-Wilk normali-
ty test, Levene’s homogeneity of variance test and Student’s 
independent 2-sample T test.

Results

In the group of 19 patients with reverse engineering/rap-
id prototyping-based cranioplasty, the mean operating time 
was 120.3 minutes (minimum 110 minutes, maximum 140 
minutes, SD 7.9 minutes).

In the control group of 20 patients, the mean operating time 
was 136.5 minutes (minimum 120 minutes, maximum. 150 
minutes, SD 10.5 minutes).

In both groups, normal distribution was confirmed using 
the Shapiro-Wilk test (p>0.05) and homogeneity of variance 
was found using Levene’s test (p>0.05), so Student’s T test 
could be used. The difference between the mean values in 
the groups examined was found to be statistically signifi-
cant (t=–5.43, p=0.000004).

The neurosurgeons found reverse engineering/rapid pro-
totyping-based cranioplasty particularly useful in more com-
plicated bone deficits, with different curvatures in various 
planes. In their opinion, in such cases individually-adjusted 
prostheses resulted in a much better cosmetic effect, main-
ly because of accurate skull symmetry achieved.

Discussion

Until now the universal prosthesis for cranioplasty was man-
ually adjusted to a skull bone defect by a surgeon during the 
operation. This was a universal prosthesis which, unfortunate-
ly, meant that in many cases its fit was not good enough. In 
some cases, a surgeon even had to start with another pros-
thesis because of excessive cutting during the manual adjust-
ment. It could thus unnecessarily extend the operation time.

After the application of reverse engineering technology to 
properly adjust the prosthesis before the surgery, the time 
needed for the operation was substantially reduced.

Figure 7. �Material form produced using Rapid Prototyping to profile 
the prosthesis by a manufacturer – Case B.

Figure 8. �Prosthesis implanted into patient during neurosurgery 
– Case A.

Figure 9. �Prosthesis implanted into patient during neurosurgery – 
Case B.

Figure 6. �Individual adjustment of a universal prosthesis before 
surgery – Case A.
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This has already been reported by other authors.

Lee et al. [12] compared 3 groups of cranioplasty patients: 
group 1 (91 patients) receiving fresh frozen autograft bone, 
group 2 (23 patients) with PMMA prosthesis molded intra-
operatively, and group 3 (17 patients) receiving a custom-
made prefabricated PMMA prosthesis manufactured based 
on CT exam. Group 2 patients required significantly more 
operating time than both group 1 and group 3 patients, 
but the operating time did not differ significantly between 
groups 1 and 3. Mean intra-operative blood loss was signif-
icantly higher in group 2 than in group 1, but did not dif-
fer significantly between group 1 and group 3. The infec-
tion rate in group 3 was lower than that in group 2 and was 
comparable to that of group 1.

D’Urso et al. [22] used CT data and stereolithography (SL) 
technology to manufacture cranioplasty acrylic implants in 
30 patients. Such customized implants reduced operating 
time, afforded excellent cosmesis and were cost-effective. 
The patients reported that the opportunity to see the bio-
model and implant preoperatively improved their under-
standing of the procedure.

In our study the neurosurgeons found reverse engineer-
ing/rapid prototyping-based cranioplasty particularly use-
ful in more complicated bone deficits. Individually prefab-
ricated and profiled prostheses were much better fitted in 
patients with different curvatures in various planes, result-
ing in a much better cosmetic effect.

Dean et al. [24], using CT data for manufacturing PMMA or 
pre-bent titanium cranioplasty implants, also found them to 
be better fitting and more cosmetically suitable compared 
to manually prepared implants. They also concluded that 
such well-fitting implants were more likely to protect the 
brain from trauma and infection.

According to Goh et al. [25], using customized implants 
fabricated by computer-aided design helps to avoid unsat-
isfactory outcomes of the surgery and should be the pre-
ferred method in patients after previously failed cranioplasty.

The additional cost of manufacturing the rapid prototyp-
ing model in our research was about $300. It is difficult to 
directly compare it with the other authors’ values (for ex-
ample approximately $1300 per case in D’Urso’s [22] re-
search) because of the different techniques used. However, 
some authors have investigated some feasible technical so-
lutions for minimizing the implant cost based on the avail-
ability of production technologies in a region. Hieu et al. 
[26] used CNC milling techniques for making molds to fab-
ricate PMMA implants and found the cost acceptable for the 
Association of South-East Asian Nations (ASEAN) region.

The future application of computer-aided systems for cra-
nioplasty will probably not be limited to customized implant 
fabrication. In patients with skull bone tumors, the robot-
guided bone resection based on CT data will be possible. 
Weihe et al. [27] constructed a prototype system of single-
step skull bone resection and reconstruction based on CT 
data and tested it on an animal cadaver model.

Finally, it should be emphasized that reverse engineering 
and rapid prototyping technologies may be helpful not only 
in cranioplasty but also in many other surgical reconstruc-
tion procedures, including craniofacial bones [28].

Conclusions

Reverse engineering and rapid prototyping may reduce the 
time needed for cranioplasty neurosurgery and improve the 
fitting of the prosthesis.

Such technologies may utilize data obtained by commonly 
used spiral CT scanners.

The manufacturing of individually-adjusted prostheses us-
ing reverse engineering and rapid prototyping technolo-
gies should be commonly used in patients planned for cra-
nioplasty with synthetic material.
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