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Summary: Craniofacial defects often result in aesthetic and functional deficits,
which affect the patient’s psyche and wellbeing. Patient-specific implants remain
the optimal solution, but their use is limited or impractical due to their high costs.
This article describes a fast and cost-efficient workflow of in-house manufactured
patientspecific implants for craniofacial reconstruction and cranioplasty. As a
proof of concept, we present a case of reconstruction of a craniofacial defect with
involvement of the supraorbital rim. The following hybrid manufacturing pro-
cess combines additive manufacturing with silicone molding and an intraopera-
tive, manual fabrication process. A computer-aided design template is 3D printed
from thermoplastics by a fused deposition modeling 3D printer and then silicone
molded manually. After sterilization of the patient-specific mold, it is used intraop-
eratively to produce an implant from polymethylmethacrylate. Due to the combi-
nation of these 2 straightforward processes, the procedure can be kept very simple,
and no advanced equipment is needed, resulting in minimal financial expenses.
The whole fabrication of the mold is performed within approximately 2 hours
depending on the template’s size and volume. This reliable technique is easy to
adopt and suitable for every health facility, especially those with limited financial
resources in less privileged countries, enabling many more patients to profit from
patient-specific treatment. (Plast Reconstr Surg Glob Open 2017;5:¢1582; doi: 10.1097/
GOX.0000000000001582; Published online 17 November 2017.)

INTRODUCTION

An anatomically correct reconstruction of the highly
complex shape of the craniofacial skeleton is challenging,
especially when certain anatomical landmarks are lost. Of-
ten extensive experience and precise 3D conceptual ability
are needed. Computer-aided design (CAD)/computer-aid-
ed manufacturing (CAM) has been continuously improved
over the past few decades and has found its way into daily
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clinical work. The possibilities of CAD/CAM supported
anatomical reconstruction are important because a haptic
3D model provides the surgeon and the patient with an ad-
ditional understanding of the individual’s specific anatomy.
In the case presented here, the patient had previously suf-
fered severe trauma to the head, resulting in resorption of
the fractured bony parts and retraction of the surrounding
tissue. This led to rhythmic pulsation of the overlying scar.
Many techniques for reconstruction of craniofacial bony
defects have already been described.’” Only a few offer a
solution when bone is missing due to osseous resorption or
comminuted fractures. Some achieve a satisfactory fit and
contour by taking impressions of the defect over the skin.
Producing implants by traditional methods is economical
and leads to good results; however, with CAD/CAM, more
accurate results may be achieved.® Because prices for CAD/
CAM have been continuously decreasing over the years, it is
now widely available. The workflow presented here does not
require any production outsourcing so that patient-specific
reconstruction can be performed on the spot, on the same
day, and at minimal costs.

In times of economic restructuring of the health care
system and decreasing subsidies for medical treatment,
cost-efficient therapies are favored. The subsidies often do
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not cover the expenses for patient-specific implants from
a manufacturer or accessibility is limited, which is the
case in many less privileged countries. Considering these
circumstances, the technique presented here offers the
possibility for many more patients to profit from patient-
specific treatment.

MATERIALS AND METHODS

A medical file format Digital Imaging and Communica-
tions in Medicine is created from a spiral CT scan of the head
(SOMATOM Definition Flash, Siemens Healthcare GmbH,
Erlangen, Germany) and a virtual 3D rendering is obtained
using 3D reconstruction software (MIMICS, version 19.0,
Materialise Inc., Leuven, Belgium). A spiral CT scan in poly-
trauma patients usually has adequate quality at a 1-mm slice
thickness in the skull region. However, in this case, because of
secondary reconstruction, a new CT scan was obtained with
a slice thickness of 2mm, which is sufficient. The contralat-
eral intact skull is superimposed onto the bony defect by a
digital subtraction mirror imaging process. The 2 images are
merged, and the final implant shape is cropped. The segmen-
tation allows removal of redundant parts. A design optimiza-
tion software (3-matic, version 11.0, Materialise Inc., Leuven,
Belgium) permits modifications at the mesh level. Both
software programs are certified for clinical use. A Standard
Tessellation Language file is created and transferred to a stan-
dard commercial 3D printer [MakerBot Replicator Desktop
3D Printer (5th Generation), MakerBot Industries, Brooklyn,
N.Y,) to print the implant template in polylactic acid (PLA)
thermoplastics. For better visualization and planning, an ana-
tomical model is created (Fig. 1). To save printing time, de-
pending on the schedule and time-pressure, a reduction of
nonrequired parts in the model is recommended.

The molding is performed with an addition-type sili-
cone (PRESIDENT soft putty, Coltéene/Whaledent AG,
Altstatten, Switzerland). A thin layer of separating liquid
(GI-MASK  universal separator for silicones, Coltene/
Whaledent AG, Altstitten, Switzerland) prevents adher-
ence. Small retention spikes are created to ensure accu-
racy of fit (Fig. 2).

Fig. 1. Model of the forehead (white) and implant template (black).
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Fig. 2. Silicone mold and implant template.

Afterward, the template is not needed anymore and
can be disposed of. The sterilization of the mold is typi-
cally carried out in an autoclave. The form stability of this
silicone after sterilization is certified. This hybrid manu-
facturing process originates from the fact that PLA cannot
resist steam sterilization and is not certified for implanta-
tion. Finally, the silicone mold is used intraoperatively in a
compression molding technique. Although surgical explo-
ration of the defect is underway, the polymethylmethacry-
late (PMMA), for example, bone cement (PALACOS R+G,
Heraeus Kulzer GmbH, Hanau, Germany) is prepared
by mixing the polymer powder with the liquid monomer
according to the manufacturer’s instructions. It is then
poured into the mold and pressed into form. The mold-
ing process can be performed by a resident or periopera-
tive nurse during surgical exploration. To ensure constant
compression, small metal wires are applied (Fig. 3).

Fig. 3. Compression molding technique.
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Fig. 4. Patient-specific implant made from PALACOS R+G.

After a short exothermic reaction, the implant is hard-
ened out. Now the metal wires and the silicone mold are
removed and the implant is slightly refined (Fig. 4).

After completing exploration of the defect, the im-
plant can be immediately applied and fixed to the bone

Fig. 5. Preoperative planning (A), implant design (B)

tive result (D).

with titanium mini-plates and screws. A postoperative ra-
diological alignment check is recommended to confirm
correct anatomical reconstruction.

The above-mentioned case was the first one of a series
of reconstructions and demonstrates the feasibility of this
technique. Even large-size calvarial defects with a complex
geometrical shape have since been successfully recon-
structed by cranioplasty (Fig. 5).

Another case demonstrates the superior fit and con-
tour of a preoperatively planned, patient-specific implant
compared with a manually shaped one (Fig. 6).

This postoperative radiological alignment check shows
a precise reconstruction of the left calvarial side by ap-
plication of a preoperatively planned, patient-specific im-
plant. The manually shaped implant on the right side has
insufficient closure and is inferior to the reconstruction of
the opposite side.

DISCUSSION
There are various materials for craniofacial reconstruc-
tion, for example, autografts and metal or nonmetal al-
lografts.” Choosing the appropriate material for a specific
defect remains difficult and should always be done with

, compression molding technique (C), intraopera-



Fig. 6. Preoperatively planned, patient-specific implant (left side)
and manually shaped implant (right side).

caution. Harvesting autografts like split calvarial grafts
is convenient, has a long tradition, low donorsite mor-
bidity but is time consuming.*® Occasionally, bone graft
resorption can result in a contour deformity and could
lead to a secondary operation.'” In contrast, reconstruc-
tion with metal allografts is simple and has the lowest rate
of graft infection but is unsuitable for complex defects.!!
To achieve an adequate contour of large-size defects in
cranioplasty, an additional application of cement over the
titanium mesh may be needed.'”” The use of nonmetal al-
lografts like PMMA has been a gold standard among neu-
rosurgeons for many years. Acrylate polymers were already
being used in the 1940s during World War I1."*

In the literature, the risk of local thermic and toxic
lesion of the surrounding tissues as well as fatal systemic
allergic reactions have been described regarding the ap-
plication of acrylic bone cement directly onto the dura
mater."*® It has been shown in animal studies that in-
creasing heating to 50°C for 1 minute leads to bone tis-
sue injury.'® To avoid these risks, the PMMA is generally
removed before fully cured and reinserted manually after
cooling off. However, this can lead to a loss of shape result-
ing in an insufficient fit, as shown in Figure 6. Extracorpo-
real fabrication by a compression molding technique as
in this workflow does not carry such risks. The intraopera-
tive fabrication of the implant additionally allows minor
alterations to be made to accommodate poorly visible or
completely invisible bony margins identified during ex-
ploration, which were not detected radiologically. Possi-
ble disadvantages of the compression molding technique
might become apparent when it comes to reconstructing
large-size defects. At a certain critical size, the difficulty of
constant compression of the mold increases and may re-
sult in poor-quality implants. However, large-size calvarial
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defects in cranioplasty have been successfully reconstruct-
ed with the above-mentioned technique.

Over the years, advanced medical imaging has become
of significant importance in surgery. It facilitates a better un-
derstanding of the patient’s specific anatomy, preoperative
planning, creation of cutting guides, 3D printed prosthet-
ics and has educational purposes.'™'® Preoperative planning
and designing of the implant leads to a decrease in surgi-
cal time as no time is wasted on shaping and anatomical
reconstruction is achieved more easily. The reconstructed
defect in this case had a complex 3D geometry with involve-
ment of the supraorbital rim, which can be challenging
when shaping by hand. Manually shaping an implant takes
considerably more time in the operating room compared
with this method, whereby the preoperative planning time
is longer. In cranial vault reconstruction with 3D models, a
reduction in the amount of blood transfusion and opera-
tion time can be achieved." Furthermore, operation time
for cranioplasty can be considerably reduced by working
with prefabricated implants.?® Consequently, this technique
reduces the duration of general anesthesia, which results in
a decrease of costs and also leads to less comorbidity.

The CAD/CAM option that employs easy to use and
widely accessible utilities without the need to outsource
production has an optimal benefit-cost ratio. The required
medical grade materials can be found in most of the note-
worthy laboratories associated with departments for Plas-
tic and Reconstructive Surgery or the dental laboratories
of departments for Oral and Maxillofacial Surgery. The
basic costs for printing the 3D model and template are
estimated at about 20 USD, the medical grade silicone is
around 40 USD, the PMMA (40g) is around 120 USD, and
miscellaneous expenses like metal wires, separating liquid
for silicones, autoclave sterilization sum up to 50 USD. Not
included are the costs of 1-2 hours working time as well as
the acquisition costs for hardware and software licensing
fees. The preoperative printing time takes around 1 hour
but can take up to 5 hours for palm-size templates. In the
coming decades, 3D printers will improve further and the
printing time will continue to decline.

The acquisition costs for standard commercial 3D
printers can vary between 1,000 and 3,000 USD and PLA
filaments cost around 20-60 USD/kg. The software MIM-
ICS, version 19.0 and 3-matic, version 11.0 were used be-
cause they were already implemented at our clinic. The
annual license fees for these software options are estimat-
ed at a couple of thousand USD, whereby the digital sub-
traction mirror imaging process is just a minor feature and
is also offered by a wide range of cheaper software options.
For example, the certified medical software DDS-Pro
(Digital Dental Service Ltd, London, United Kingdom) is
able to supply all the required features at a price of about
300 USD for a life-long license. Overall, the total cost of
manufacturing this patient-specific implant is estimated at
around 250 USD.

In reconstructive surgery, there are numerous tech-
niques that make the molding process redundant but the
majority of them are expensive. For instance, a simple
plain titanium mesh has a price in the lower 4-digit USD
range. A patient-specific polyetheretherketone implant
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for craniofacial reconstruction is in the upper 4-digit
USD range depending on its size and has a production
time of about 2 weeks.?! Most of the patient-specific poly-
etheretherketone implants are currently milled and not
printed.

CAD/CAM techniques have great potential to improve
various surgical procedures in the coming years as steady
research on this topic is done, specifically, upcoming
research on 3D bioprinting could give rise to new tech-
niques for 3D manufacturing of biological implants in the
future. However, any newly developed implants will cer-
tainly remain more expensive and harder to obtain for a
long time.

CONCLUSIONS

The technique involves a comprehensive workflow to
fabricate inexpensive patient-specific implants without
outsourcing any production steps. Overall, a considerable
reduction in operation time and an accurate reconstruc-
tion of the original skull contour can be achieved. This
could enable every health facility, even those with limited
financial resources, possibly in remote locations where
access to manufacturers is limited, to achieve precise cra-
niofacial reconstruction with inexpensive patient-specific
implants.
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