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Abstract
The reconstruction of maxillofacial bone defects by the intraoperative modeling of
implants may reduce the predictability of the esthetic result, leading to more invasive
surgery and increased surgical time. To improve the maxillofacial surgery outcome,
modern manufacturing methods such as rapid prototyping (RP) technology and methods based on reverse engineering (RE) and medical imaging data are applicable to
the manufacture of custom-made maxillary prostheses. After acquisition of data, an
individual computer-based 3D model of the bony defect is generated. These data are
transferred into RE software to create the prosthesis using a computer-aided design
(CAD) model, which is directed into the RP machine for the production of the physical
model. The precise fit of the prosthesis is evaluated using the prosthesis and skull models. The prosthesis is then directly used in investment casting such as “Quick Cast”
pattern to produce the titanium model. In the clinical reports presented here, reconstructions of two patients with large maxillary bone defects were performed using this
new method. The custom prostheses perfectly fit the defects during the operations, and
surgery time was reduced. These cases show that the prefabrication of a prosthesis using modern manufacturing technology is an effective method for maxillofacial defect
reconstruction.

Conventionally, reconstructions of maxillary defects have been
achieved with autografts1-3 or prosthetic maxillary obturators.4
Bone grafts have become the common method used in maxillofacial surgery; however, use of a bone graft increases length
of surgery, blood loss, and donor site morbidity, and risks failure of the graft due to bone resorption.5 A prosthetic maxillary obturator is an alternative for maxillary defect reconstruction. Although acceptable results can eventually be achieved
in many cases, patients may become dissatisfied, because the
removable prosthesis lacks sufficient retentiveness for adequate
speech, swallowing, and acceptable esthetic appearance. Poor
retention because of denture bulkiness and poor residual dentition can result in leakage and oronasal regurgitation. Patients
must maintain adequate hygiene at the surgical site and around
the prosthesis.2 Due to these limitations, a bridging titanium
implant can be used as an alternative for functional maxillary
reconstruction. Reconstruction of the defect by means of bridging titanium implants avoids the need for bone grafting and the
problems associated with resorption of grafted bone, and requires only a minor surgical procedure for implant insertion.

Conventional CT and MRI scans are standardized and are
important diagnostic tools for assessing the extent of tumor
resection.6,7 The reconstructed 3D data from the CT can be
transferred in the operating room to accurately determine the
resection margins of the tumor, simplifying the surgical procedure;8 however, tumor resection or defect reconstruction based
on 3D imaging modalities presents difficulties in defining the
resection plane with sufficient accuracy. On the other hand,
stereolithographic models are more concrete, allowing the surgeon to actually simulate the surgical procedure or even to generate patient-specific templates that can be used in the surgery.
In the field of maxillofacial surgery, implants are often manufactured on life-size stereolithographic models.9 Because of
the manual sculpting necessary for anatomically-shaped implant geometry, this technique does not allow an accurate geometrical modeling approach as does computer-aided design
(CAD)-based implant modeling. As the result of the development of modern design and manufacturing technology, a
customized medical implant and surgical resection template
that matches skeletal anatomy can now be accurately designed
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Figure 1 Computer-aided geometric modeling
for the production of custom implants.

Clinical
Application

using a CAD technique.10-12 The physical model of the individual implant, template, or skull replica can be produced through
rapid prototyping (RP), rapid tooling (RT), and computer aided
manufacturing/computer numerical control (CAM/CNC) processes.13-24 The RP model facilitates surgical simulation and
planning.9,25-28
This report describes a new method of constructing a prefabricated implant based on modern CAD and RP techniques. The
method provides a long-term, stable, precisely-fitting replacement prosthesis for large maxillary bone defects. The CAD
model prosthesis is designed using reverse engineering (RE)
software and is directly fabricated using a stereolithography
machine. This direct fabrication avoids the necessity for indirect manual modeling on full-size models. Two patients have
received maxillary reconstruction with this type of implant with
satisfactory results.
The proposed approach as shown in Figure 1 includes an
image-based prosthesis design process, manufacture, and clinical application.

Image-based prosthesis design
The skull of the patient is scanned using CT, and the 2D image slices from the CT scans are imported into commercial
Materialise Interactive Medical Image Control System (MIMICS) software (Materialise NV, Leuven, Belgium). The CT data
are then segmented to generate a 3D volumetric image of the
patient’s skull anatomy. Once the 3D volumetric has been generated, contours are calculated and exported as follows:
1.

2

As Initial Graphics Exchange Specification (IGES) format, which is directly imported into Geomagics Studio
6.0 (Raindrop Geomagic, Inc., Research Triangle Park,
NC) as a point cloud for implant CAD design.

SURGERY

2.

As binary data such as standard tessellation language
(stereolithography)(STL) format, which is directly imported into stereolithography for the production of a life-size
skull model.

After 3D reconstruction in MIMICS, the next step is to reconstruct the CAD model of the implant from the point cloud. The
imported point cloud first must be processed in RE software
(Geomagic Studio 6, Raindrop Geomagic, Inc.) to reduce the
file size. The points are then denoised and wrapped as polygonal surfaces. Certain defects, such as holes in the surface, must
be removed to obtain close manifolds (Figs 2A and 3A).
Prosthesis geometry modeling before tumor
resection

The prosthesis for repairing the maxilla can actually be designed before resection of the tumor. First, the approximate
area occupied by the tumor is identified on the initial CT diagnostic images. Using the information acquired from imaging
diagnostics, the location of the exact tumor borders are identified, traced (Fig 2B), and cut out to isolate the tumor image.
The cut out tumor image serves as the design template for the
tumor resection. The prosthesis geometrical design includes:
the segment to be resected, the margin from the border of the
segment to be resected, and microplates for fixation (Fig 2C).
Three individual microplates with bone-adherent surfaces for
fixation are constructed to blend well with the outer contours
of the segment to be resected to allow prosthesis fixation; these
bone adherent surfaces are derived directly from the data of the
maxilla contour, and the resection border planes are used for
the margins of the prosthesis body. The nonuniform rational
B-spline (NURBS) surfaces are then fitted into these geometrical contours to generate the individual prosthesis CAD model
and tumor resection template. Basically, the resection template
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Figure 2 CAD implant construction before tumor resection.

Figure 3 CAD implant construction after tumor resection.
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geometry can be used as a surgical aid for tumor resection, with
the prosthesis used to bridge the maxillary defect after tumor
removal.
Prosthesis geometrical modeling after
tumor resection

For a unilateral bone defect, such as the one shown in Figure
3A, the missing tissue is reconstructed by using mirror imaging
techniques. First, the mirror plane is created (reference system),
and the nondefect side (healthy maxilla) is mirrored to the
defect side. The overall implant shape is obtained by applying a
Boolean subtraction of the damaged portion of the maxilla with
the skull. Individual microplates for fixation are derived directly
from the maxilla contour data, and the prosthesis margins are
derived from the border of the defect. Next, NURBS patches
are used to fit across these geometrical contours to generate the
prosthesis CAD surface model, and the surface is thickened to
generate the solid model (Fig 3B).

Manufacturing
The CAD data for the prosthesis with corresponding resection
templates are translated into an STL file format and imported
into the RP machine to fabricate the physical object (Figs 2D
and 3C). During surgery, the individual SLA template will be
placed in its predefined position, and the optimal position of
the resection plane can be found easily. Alternatively, the SLA
model prosthesis can be fitted on the skull biomodel to evalu-

ate symmetry, accuracy of surface fitting, etc. In addition, the
surgery can be simulated on the biomodel (Fig 3D).
Finally, the stereolithography apparatus (SLA) prosthesis
pattern is directly used in investment casting such as QuickCast for production of the titanium prosthesis (Figs 2E and
3D). Holes are inserted in the implant body after completion of
the CAD/CAM process for better soft-tissue integration.

Clinical application
Case 1

As shown in Figure 4B, a 64-year-old patient, who had been diagnosed with gingival carcinoma of the right upper jaw, underwent maxillary reconstruction. Using the information acquired
from imaging diagnostics, a resection template was CAD/CAM
fabricated with the titanium implant to provide one-step reconstruction. During surgery, the tumor was exposed, and the resection template was fitted to the surface of the affected bone
in order to mark the resection margin. Then the segment of the
affected bone inside the marked area was resected based on
the contour of the individual resection template SLA model to
ensure adequate tumor clearance. The upper jaw was then immediately reconstructed with the custom-made titanium prosthesis as shown in Figure 4A. In this case, the information
acquired from 3D-CT reconstructed data have contributed to

Figure 4 Maxilla reconstruction.
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the assessment of tumor extension, as well as its location in the
patient’s anatomy, and also were helpful in the determination
of adequate limits of tumor resection. As a result, resection and
reconstruction were thus highly precise, safe, and fast. There
were no difficulties during reconstruction, because the individual titanium implant is prefabricated with a geometry fitting
to that of the template. As a consequence, the implant closes
the bone defect perfectly and so the contour is reconstructed
precisely. No complications or tumor recurrences were seen in
a 1-year follow-up period, and the patient was satisfied with the
result.
Case 2

As shown in Figure 4E, a 34-year-old female patient presented
at the hospital reporting pain in her right upper teeth for the past
2 months and nasal blood secretions for the past 20 days. Clinical examination revealed swelling of her right maxilla sinus
with middling density and uneven quality, extending into the
middle nasal meatus. The inner wall of the maxillary sinus had
broken into the nasal septum. Adenocarcinoma of the maxilla
was diagnosed.
The patient underwent maxillary bone resection for the first
surgery; her wound healed well with no recurrence of the tumor, but with 1/3 facial deformation and severe diplopia. She
returned to the hospital for deformation correction and repair.
The customized titanium maxillary prosthesis was fabricated
as shown in Figure 3 and implanted successfully at the correct
position during surgery (Fig 4D).
Clinical outcome

Three-dimensional CT images and stereolithographicallyproduced models were helpful for the determination of
the extent of the necessary resection area and defect
reconstruction.
The customized prefabricated prostheses fit the maxillary
defects well in both patients, and no adjustments were needed
during the surgery. As a result, briefer surgical time was required. Rigid fixation of both implants was achieved using
screws. The reconstructed maxillary contour and facial symmetry were judged to be good in both patients, as shown in Figures 4C and 4F. (Post-surgical swelling is obvious in Fig 4C,
but this swelling was eventually relieved.) Complications were
not observed during the follow-up period.

Discussion
The maxillary skeleton serves as the functional and esthetic keystones of the midface. Defects in the palatomaxillary complex
can lead to devastating functional and cosmetic consequences.29
Multiple reconstructive techniques, such as autologous tissue
transfers and alloplastic materials, have been available for many
years, but reconstruction of extensive defects with autologous
bone is limited by the amount of available donor bone, difficulty with 3D contouring, and poor tissue tolerance and acceptance.30 The use of alloplastic materials, such as reconstruction
plates, has several risks, including plate exposure, plate and
screw fracture, screw loosening, infection, and limited esthetic
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and functional restoration.31 On the other hand, some studies
have recommended a bridging plate for advanced oral cancer
with a poor prognosis or poor performance status rather than
vascularized free bone.32,33
Until now most implants have been manually shaped intraoperatively on the surgical site. Intraoperative adaptation of
the implant is a difficult task, however, due to lack of visualization of the facial anatomy, with the result that an undesirable shape can be obtained when use of complex 3D contouring is required.28 Furthermore, intraoperative modeling is
time-consuming and reduces accuracy, often leading to more
invasive surgery, and impairing esthetic results. The use of a
CAD/CAM system is an adequate method for the design and
manufacture of very complex 3D prosthesis shapes that are difficult, if not impossible, to create with conventional techniques.
Intraoperative adaptation can be avoided when using prefabricated individual titanium implants. On the other hand, the use
of CAD-based prosthesis modeling can avoid indirect manual
fabrication on a life-size stereolithography model, which always increases cost, decreases precision, and does not use the
advantages of geometric design in CAD/CAM.18
As the majority of tumor-related maxilla deformities are unilateral, CAD using RP technologies is an effective technique for
generating a precise prosthesis shape for reestablishing maxilla
symmetry and an individual template for tumor resection. Compared with intraoperative navigation systems for tumor resection, the use of an individual resection template eliminates the
need for complex equipment and time-consuming work under
radiographic control or registration procedures in the operating
room.34
Creating the 3D model of bone structures extracted from
CT image data allows not only for prosthesis design, but also
provides very good visualization of the defect for preoperative
surgical evaluation and planning. The preoperative preparation,
symmetry, and precise fit implant evaluation can be performed
much more easily on the physical model generated by RP. As
a consequence, the operating time is reduced, and potential
intraoperative errors can be modified preoperatively and thus
avoided during the actual surgery.
The cases presented demonstrate the efficacy and accuracy of using combined technologies of 3D-CT data and a
stereolithography-produced model for tumor resection guidance and defect reconstruction. One drawback of this approach
is that it depends on preoperative CT imaging and, therefore
exposes the patient to high radiation exposure. On the other
hand, the solid modeling of implant and surgical template in a
CAD system is time-consuming, which makes it unsuitable for
emergency cases.
We can conclude that CT imaging, RP, and computer modeling have improved the surgical planning and the manufacture of customized implants and have also achieved efficient
immediate reconstruction. In such clinical cases, a computergenerated model allows the fabrication of a custom prosthesis that very accurately represents the anatomic defect.
The use of these techniques leads to reduced operating time,
fewer surgical errors, more precise fit, and high stability after screw fixation. Other advantages include simplification of
the surgical procedure; the method also permits testing implant fit before the actual surgery, and determination of accurate
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positioning of the implant. As result, the actual surgery consists
only of defining the defect and placement and fixation of the
implant.
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