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In the reconstruction of complex craniofacial malfor-
mations CAD-CAM procedures could help generating
alloplastic implants to achieve almost optimal esthetic
results. Complementary to the existing CAD-CAM tech-
niques in the cranial vault region or modeling procedures
in unilateral defects, these techniques are introduced
to bilaterally affected skulls in esthetic reconstructive
surgery. Surgery could thus become less invasive and
results more predictable. A tool chain is shown to gener-
ate such implants on scientific basis. 3D cephalometric
analysis is performed and the implants are designed ac-
cording to the individual pathology. Besides the planning
of implants on the basis of 3D-landmarks, future implant
design is supposed to be performed with the help of a
craniofacial library taken from CT-scans of unaffected
skulls.
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1. Introduction

During the last 10 years, techniques for man-
ufacturing CAD-CAM implants have been de-
veloped to reconstruct skull defects in trauma
or oncological cases �EUFINGER et al. 1998,
SCHIPPER et al. 2004�. In contrast to con-
ventional surgical approaches using autogenous
bone �e.g. split calvarial bone grafts �KIYO-
KAWA et al. 1998��, CAD-planned implants
can cover large defects without the necessity of
donor site morbidity and offer, at least in theory,
optimal shape. Made out of titanium or ceram-
ics �EUFINGER et al. 1998; HOFFMANN et
al. 1998� in most cases, they offer superior sta-
bility and rigidity in contrast to prefabricated
polyethylene, PTFE or PMMA implants. By

now,CAD-CAMmanufactured craniofacial im-
plants have been mainly used for reconstructing
the cranial vault due to the rather simple way
of designing the “missing piece” �and due to
the problems of harvesting large parts of auto-
genous bone� or by mirroring defective parts
after trauma or ablative surgery �CIOCCA et
SCOTTI 2004, EUFINGER et WEHMÖLLER
2002�. In this paper, the use of CAD-CAM pro-
cedures will be discussed for esthetic and recon-
structive surgery in the anatomically complex
midfacial area and first results are presented.

1.1. Requirements for CAD-CAM
Procedures

In a large number of craniofacial syndromes
like Treacher Collins syndrome or Apert and
Crouzon syndrome the midface is affected by a
bilateral hypoplastic bony “infrastructure” and
to a variable degree by deficiency of the sur-
rounding soft tissues �Fig. 1�.

In hemifacial microsomia the situation is dif-
ferent with more or less pronounced asymme-
try whereas cleft lip and palate patients often
present asymmetry or bilateral hypoplasia de-
pending on the individual expression of the dis-
ease. In case of trauma or after ablative surgery,
the resulting defects are often located in the
midline making mirroring impossible.

By now, routine surgery would address these
problems by transplanting autogenous cranial
or iliac crest bone to correct the deficiency. The
amount needed and the resulting shape will be
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Fig. 1. CT reconstruction of a syndromic patient
suffering from Roberts syndrome. Bilateral midfacial

hypoplasia, orbital dystopia, bilateral cleft lip and
palate, as well as mandibular hypoplasia, can be seen

�CT reconstruction via Vworks, Cybermed Inc.�.

controlled by the surgeon depending on experi-
ence and skill. Having gained a deep insight into
the intricacies of bony resorption and remod-
eling, an experienced surgeon may cope with
these problems, too. Nevertheless, it would be
difficult to state that these problems are easy to
solve, even with the help of intraoperative nav-
igation to control placement of the bone grafts.
Here CAD-CAM procedures could offer a sub-
stantial improvement, as these implants can be
precisely designed to any shape, can be inserted
via less invasive approaches, should cut down
operation time and will not show resorption or
remodeling. To design these implants, however,
special software is needed.
� First of all, a module is needed to analyze

the existing situation. Besides simple mea-
surement capabilities of an angulation or dis-
tance, a real thorough analysis like in or-
thodontic cephalometry would be needed.

� Secondly, the CT-data needs to be manipu-
lated �cut, remove artifacts from dental fill-
ings, and export into a CAD format�.

� The next step is constructing the implant
which should follow anthropometric guide-
lines then artistic inspiration.

� Ideally, there should be a software module to
analyze the effects after implant insertion to
quantify the results and check for mistakes.

By now, software solutions are only partially
available. Therefore a tool chain is being devel-
oped at our study group which consists of com-
mercially available products and self developed
modules. The software should be easy to han-
dle, run on normal hardware and be reasonably
priced.

After planning the implant, the question is how
this should be transferred into the desired mate-
rial. Again, this should be as cheap as possible
as there is always a lack of funds in any hospi-
tal environment and precision should be in the
range of the preoperative data. For complex ge-
ometries the following established procedures
seem to be reasonable:
� One option is to mill the implants �titanium

or ceramics� which can be done precisely,
but is expensive.

� The implants could bemanufactured via rapid
prototyping in plastic material, then invested
and cast in titaniumwhich is fast, precise and
least expensive.

Modeling the implants directly on a rapid proto-
typing model in wax �GRONET et al. 2003� or
in composite would be the fastest method, but it
would not allow CAD-planning on a scientific
basis.

2. Methods for CAD-CAM

The tool chain used for CAD consists of the
following parts:

A tool for three-dimensional cephalometric anal-
ysis of the existing pathology. This tool will
also serve for data acquisition in “normal” pa-
tient groups to gain data for comparative studies.
CT data �in our study, protocol data aquisiton is
done with 1mm contiguous slices� is imported
and visualized via the iso-values. Any anatom-
ical or surgical landmarks may be defined on
soft and hard tissue. The coordinates serve to
define the 3D-analysis of angulations, distances
or proportions. Also, symmetry analysis is fa-
cilitated that way �Fig. 2� �HIERL et al. 2005�.

Fig. 2. Example of soft and hard tissue analysis. On the
far left the iso-value slider is seen to display hard or soft

tissue. The chosen landmarks are shown with the
coordinates. In the small window right below, a template
is given to demonstrate the correct landmark position.
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To segment, cut CT data, remove artifacts and
convert it into a proprietary CAD format, com-
mercially available software is used. Here,
Vworks �Cybermed Inc. Korea�was chosen as it
allows easy segmentation, has excellent volume
rendering capacities and runs fast on a standard
PC.

For CAD construction Catia V5 �Dassault Sys-
temes, France�, a standard software for com-
plex CAD construction was used. Construction
was performed on the basis of 3D cephalomet-
ric measurements and was described in detail in
ARNOLD 2005.

To compare the pre- and postoperative situa-
tion, a software for time series analysis was
developed. Here, two scans can be compared
and displacements of hard or soft tissue are cal-
culated. Measurements are possible via colour
code, metric data or the displacement vectors
�Fig. 3� �WOLLNY et al. 2002�.

Fig. 3. Postoperative soft tissue changes visualized via
colour coding �intensity reflects distance� and by

showing the displacement distances.

To manufacture the implants, the least expen-
sive way in our hands was to generate the im-
plants in a rapid prototype machine via fused
deposition modeling �FDM� �Titan Systems,
Stratasys, Germany� in ABS �acrylnitrile-buta-
diene-styrene� �GRONET et al. 2003�. ABS is
robust, may be modified afterwards by milling,
drilling or adding material and can be invested
in a dental laboratory. It burns completely and
the form created can be cast in titanium �Tritan,
grade 1 titanium in implant quality, Dentaurum,
Germany�. In contrast to ceramics, titanium

can be processed with thin sharp edges, almost
without any gap to the underlying structures and
it does not break when bent or when falling on
the table surface.

3. Evaluation of Soft- and Hardware
Accuracy

Before starting to produce implants, the accu-
racy of the software tool chain and of implant
generation had to be evaluated. Therefore, tita-
niumbone markers were inserted in five cadaver
skull specimens and distances were measured
directly by way of calibrated precision calipers
and after CT scanning �1 mm contiguous slices,
no overlapping� in our analysis software. Then
the CT-data was segmented and exported into
STL-format and rapid prototyping models were
created on the FDMmachine inABS.Again, the
distances between the bonemarkers on theFDM
model were measured and compared to the real
skull. At last, the skull specimens were “op-
erated” by way of midfacial advancement and
scanned again. Displacement data was mea-
sured in the time series module and directly on
the skulls.

3.1. Results

Looking at the 3D cephalometric tool, analysis
of 323 measurements showed an average devi-
ation of 0.6 mm �0.5 %� �maximum 1.8 mm�,
which was below the expected accuracy of the
CT scanning protocol. Comparing the FDM
specimens with the real ones, average deviation
lay at 0.25 mm �1.1 %� �max. 0.76 mm�, which
was judged excellent. In the time series analy-
sis, 80 % of 545 measurements lay below 2 mm,
which was judged as the maximum inherent er-
ror due to the scanning at 1 mmat two times �av-
erage deviation 1.6 mm�. In 20 % of cases dis-
placement vectorswere erroneous by not ending
or starting on the surface which was, however,
easily discernable �HENDRICKS 2005�.

4. Clinical Example

The patient was a 29-ys.-old female suffering
from Treacher Collins syndrome. 10 years ago,
reconstruction of the hypoplastic midface was
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Fig. 4. Clinical appearance.

Fig. 5. CT scanning showing the absent zygomatic arch,
deficient midface and onlay cartilage graft.

done by transplanting allogenic banked rib car-
tilage which led to a inacceptable esthetic situ-
ation �Figs. 2, 4 and 5�.

According to the 3D-analysis, bilateral implants
were created and cast in titanium �Figs. 6, 7� and
fixed with titanium micro screws.

Then the implants were inserted via small in-
traoral incisions and fixed with titanium mini-
screws. Fig. 8 shows the postoperative situa-
tion.

5. Future Perspectives

At the beginning, we used 3D-cephalometric
data to construct the implants. By now, 100 CT
scans have been evaluted to gain normative 3D
data for themidfacial region. To construct large,
geometrically complex parts, different ways of
constructing rather than using anatomical land-
marks as key points may be reasonable. There-
fore a library of facial regions is created from
routine CT scans �e.g. zygoma, forehead, chin,
mandibular angle�.

Fig. 6. Skull with the modeled zygoma implants after
subtracting the cartilage grafts.

Fig. 7. Titanium implant after finishing. The miniscrew
for fixation is shown below.

Fig. 8. Postoperative situation, improved esthetic
appearance.
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Fig. 9. Defect of the supraorbital rim, nasal base and
frontal bone after trauma.

Fig. 10. Module taken from the library.

Fig. 11. Overlay of defective skull and module.

Parts are cut and proceeded with our above de-
scribed tool chain. These specimens can be
combined with pathological patient data en-
abling fast construction. Fig. 9 shows a se-
vere midline defect of the nose, supraorbital
rim and forehead. Simple mirroring or follow-
ing the existing curvatures would not lead to an
anatomical correct implant design. Therefore
a nasoethmoidal module was taken from the li-

brary and combined with the patient skull. Only
minor adaptation of the edges is necessary.

As all skulls serving as our modules are three-
dimensionally analyzed, comparison of patient
data of the whole skull to the library data should
lead to the best suited module and is planned for
the future.

A question not yet addressed by any investi-
gation is the behaviour of the soft tissues after
implant insertion. In theory, different ways are
possible. Soft tissue could flow symmetrically
around the implant, its thinning being depen-
dant on the amount of stretching and on mate-
rial properties. On the other hand, displacement
into “favourite” regions could occur. As the
behaviour is not known yet, evaluation of soft
tissue reaction will be a major task in the fu-
ture. This should improve implant design as the
major task in esthetic surgery is to restore facial
contour and not the underlying bone. Simu-
lation software has been developed and it will
be evaluated in the near future �BERTI et al.
2004�. For follow-up studies pre- and postop-
erative surface scanning is the method of choice
to learn more and it is performed at our study
group.

6. Conclusion

CAD-CAM-manufactured individual implants
can serve as an almost perfect means to recon-
struct facial deficiencies in complex situations.
At our department 11 implants have been made
during the last year �2�forehead, 6�zygoma,
1�chin, 2�mandibular angle�. Compared to
preformed implants, these offer perfect design
and fit. In no case infection or other postoper-
ative problems have been encountered. Being
tightly secured by titanium miniscrews, implant
dislocation is highly improbable. With the help
of a suitable software and a sufficient data li-
brary, CAD-CAM implants could be a major
improvement in planning esthetic facial plas-
tic and reconstructive surgery. Regarding the
costs, CAD-CAM implants still rank at the top
end. It remains to be seen, whether appropriate
software and production costs will enable the
use of CAD-CAM procedures in a wide range
of patients.
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