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ABSTRACT 

Major resections of bone tumors of the head and neck, owing to their small dimensions and their proximity to the or- 
gans in this region, cause important functional and aesthetic problems that significantly compromise patients’ quality of 
life. Therefore, therapeutic planning should always extend beyond the resection to include functional and aesthetic re- 
construction, preferably immediately. Microsurgical reconstruction represents a significant advance, but has not yet 
been perfected. Rapid prototyping (RP) comes as a new technology for the purpose of assisting the surgeon in the visual 
and tactile aspects of surgery, providing diagnostic accuracy and increasing the success of surgical planning. The au- 
thors demonstrate the technological advances in the manufacture of customized mandibular prostheses with the assis- 
tance of RP and practical applications of these methods. 
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1. Introduction 

Major resections of bone tumors of the head and neck, 
owing to their small dimensions and their proximity to 
the organs in this region, cause important functional and 
aesthetic problems that significantly compromise pa- 
tients’ quality of life. Therefore, therapeutic planning 
should always extend beyond the resection to include 
functional and aesthetic reconstruction, preferably im- 
mediately [1,2]. Microsurgical reconstruction represents 
a significant advance, but has not yet been perfected. 
Rapid prototyping (RP) comes as a new technology for 
the purpose of assisting the surgeon in the visual and 
tactile aspects of surgery, providing diagnostic accuracy 
and increasing the success of surgical planning, and thus, 
improving outcomes and reducing complications, risks, 
operative time and the overall cost of treatment [3-5]. 

RP is a constructive, additive process used to obtain 
physical prototypes from a digital three-dimensional 
model. Based on this three-dimensional model, RP sys- 
tems build prototypes by successively adding fine layers 
of specific materials [6,7]. The introduction of RP tech- 

nology in medicine is relatively recent. With progress in 
technological processes to acquire medical images, in- 
cluding computerized tomography (CT) and magnetic 
resonance imaging (MRI), high quality, three dimen- 
sional images that permit the visualization, manipulation 
and analysis of anatomical structures are possible to gen- 
erate. These technological advances, used in conjunction 
with new computerized analysis techniques, yield clini- 
cally relevant information from the original image [8- 
10]. 

Another applicability of RP is in the manufacture of 
customized prostheses being widely used in cranioplasty 
(Figure 1). In this context, Dean et al conducted a study 
to replace current manual methods for preoperative pro- 
duction of large-format (>100 cm2) cranioplasties with a 
system for computer-aided design and direct com- 
puter-aided manufacture of the implant’s shape. The au- 
thors manually generated cranial implants produced for 
five patients and compared with implants resulting from 
computer-based method. Therefore, the study concluded 
that computer-generated implants were better fitting and 
more cosmetically suitable than the manually generated  
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Figure 1. Symmetric reconstruction of the calvaria after 
tumor removal using rapid prototyping models. 
 
skull plates received by these patients and a well-fitting 
implants are more likely to protect the brain from trauma 
and infection [11]. 

More recently Haturu et al. conducted a study to as- 
sess quantitatively whether a symmetric reconstruction of 
the calvaria could be achieved using 3-dimensional (3D) 
custom-made implants and to examine any complications 
caused by the cranioplasty. The study concluded that the 
custom-made implants for cranioplasty showed a sig- 
nificant improvement in morphology and the implants 
may be very useful for repairing large and complex- 
shaped cranial defects [12]. A similar study was performed 
by Chrzan et al. with the aim to assess the clinical use- 
fulness of RP in cranioplasties prosthesis manufacturing. 
The authors emphasize the importance of RP in reduce 
the time needed for cranioplasty neurosurgery and im- 
prove the prosthesis fitting. Such technologies may util- 
ize data obtained by commonly used spiral CT scanners 
and the manufacturing of individually adjusted prosthe- 
ses should be commonly used in patients planned for 
cranioplasty with synthetic material [13]. Gerber et al. 
use RP in cranioplasties and believe that this technique 
results in excellent cosmetic outcome with reduced sur- 
gery time and reduced manufacturing costs [14]. 

Other promising situation is located in the construction 
of customized prosthesis for reconstruction of the tem- 
poromandibular joint and condyle in degenerative dis- 
orders. Deshmukh et al. performed a study using RP to 
fabricate a successful implant for temporomandibular 
joint disorder patients who could not be treated through 

conventional surgeries. The authors obtained a successful 
treatment to the deformed mandible and the mandible 
joints. The RP allows to customise and to accurately fab- 
ricatie the implant. Advantages of this approach are that 
the physical model of the implant was tested for stability 
before the implantation, the surgeon can plan and re- 
hearse the surgery in advance, it is a less invasive and 
less time-consuming surgical procedure [15]. 

In this context, Keller et al. conducted a prospective 
study in patients with osteoarthritis of the temporoman- 
dibular joint and concluded that temporomandibular joint 
hemiarthroplasty with custom metal fossa/eminence pro- 
sthesis provides satisfactory clinical and functional out- 
comes when used for advanced osteoarthritis in patients 
with focal joint pain secondary to computed tomogra- 
phically documented joint pathology [16]. 

Technological advances in the manufacture of custo- 
mized mandibular prostheses with the assistance of RP 
have been popularized throughout the world and many 
specialized centers have already adopted this technique 
as the gold standard. Singare et al. developed a study 
with these purpose and perform a computer-assisted pre- 
fabricated implant design and manufacturing system to 
improve the aesthetic outcome in chin surgery. In practi- 
cal implications, this method not only demonstrates the 
significant progress in the reconstruction of chin defects 
using RP, compared with the conventional methods of 
chin augmentation surgery, but also provides natural 
geometrical prosthesis contour design and accurate fab- 
rication and precise fitting of the prosthesis. The advan- 
tages of using this technique are that the physical model 
of the implant is fitted on the skull model so that the sur- 
geon can plan and rehearse the surgery in advance and a 
less invasive surgical procedure and less time-consuming 
reconstructive and an adequate aesthetic can result [17]. 
In addition, this method improves the reconstructive sur- 
gery and reduces the risk of a second intervention de- 
creasing psychological stress of the patient [18]. 

Another application is the use of RP for functional 
mandibular reconstruction. Zhou et al. used a custom- 
made titanium bone-grafting tray packed with autologous 
iliac bone evaluated esthetically and functionally a man- 
dibular discontinuity defect. The authors concluded that 
the use of a customized technique using reverse engi- 
neering, computer-aided design, and rapid prototyping 
tray containing autologous cancellous bone is a poten- 
tially powerful grafting technique for the reconstruction 
of mandibular discontinuity defects [19]. 

Our group recently used the RP to custom fabricate an 
almost total mandibular prosthesis for reconstruction of 
bone defects in salvage surgery for advanced oral cancer 
obtaining excellent functional and aesthetic results. (Fig- 
ure 2). 
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Figure 2. Reconstruction of mandibular defects in salvage 
surgery for advanced oral cancer using almost total tita- 
nium plate prototyped. 

2. Material and Methods 

In the Head and Neck Department of the Brazilian Na- 
tional Cancer Institute patients with a primary diagnosis 
of a mandibular tumor or with secondary involvement; 
which had not received any previous oncologic treatment 
and had no contraindications for surgical treatment were 
selected to tumor resection and microsurgical reconstruc- 
tion with the use of prototyping. 

All of the patients, independent of gender, underwent 
segmental mandibulectomy with more than 3 cm of bone 
loss. Therefore, a microsurgical reconstruction was nec- 
essary. In addition to preoperative exams, the patients 
underwent tomography of the primary tumor site and 
donor bone reconstruction (iliac crest and fibula). 

The tomographic images of the prototype group were 
recorded on a CD and sent to the prototyping machine. 
The acquired images were studied at various angles and 
used to determine whether the iliac crest or the fibula 
would be the best option for reconstruction. At this time, 
using the three-dimensional images on the computer, the 
surgeons were able to rotate study and choose the best 
donor area (iliac crest or fibula) and draw on the bone 
selected for prototyping. 

The prototypes were composed of gypsum, cyanoacry- 
late, and ZP150 and processed using prototyping ma- 
chines 3D30 and Z510, with the binder ZB60, to perform 
the process of hardening and agglutination. 

Regardless of previously reported procedures for per- 

forming the design prototyping, all of the patients un- 
derwent the “gold-standard” treatment that is routinely 
applied to patients with similar diagnoses and staging: 
surgical resection of the primary tumor with ample mar- 
gins together with micro-surgical reconstruction. There 
was no change in the type of anesthesia commonly used 
in these cases. General anesthesia was used, with the 
standard anesthetic technique. The prototype underwent 
an operation one day before the surgery, and the material 
was sterilized 24 hours in advance (Figures 3 and 4). 

The tumor resection and bone flap were made simul- 
taneously by the head and neck and plastic surgeons, 
respectively, once the plastic surgery team already knew 
the defect to be reconstructed, the bone flap was har- 
vested exactly fit the defect, leading to no waste and re- 
ducing the operative time. 

The aesthetic outcome of the patients was evaluated by 
3 surgeons and 3 non-medical professionals, who exam- 
ined postoperative photos of patients prototyped and 
no-prototyped. The photos were given a grade of 0 to 10 
with respect to mandibular symmetry, bulges, depress- 
sions, and facial harmony. The grades reflected subject- 
tive evaluations [very good (9 - 10), good (7 - 8), regular 
(5 - 6), bad (3 - 4), and unacceptable (1 - 2)]. The 
evaluators were blinded to the prototyping status of the 
patients. All patients were photographed in the second 
month after surgery, when they were healed with no 
edema and before the start of radiotherapy. Only one  

 

 

Figure 3. Prototype from the donor bone to be used for re- 
constructing the resected tumor biomodel. The size of the 
flap to be taken from the iliac crest could be determined 
accurately. 
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Figure 4. The surgery images from the molding prototype 
of the mandible with the tumor and the final appearance 
after placing the plates and screws. Observe the design of 
the prototype with a rod between the inner angles of the 
mandible stabilizing the occlusion after tumor resection. 
 
patient was photographed with a slight orocutaneous fis- 
tula that did not result in distortion of facial symmetry. 
The opinions of the evaluators were analyzed by the 
Kappa index (with value of agreement −0.64) to statistic- 
cally measure the inter-rater agreement for qualitative 
items between the groups. 

3. Results 

As results, 17 patients were operated with assist of pro- 
totyping. In patients for whom prototyping was used 
18.18% were female, and 81.82% were male. The pa- 
tients’ ages ranged from 9 to 74 years with an average of 
39.57 years. The most frequent histological tumor type 
was squamous cell carcinoma, followed by ameloblas- 
toma. The other tumor types included the following: fi- 
broxanthoma, keratocystic odontogenic tumor, mucoepi- 
dermoid carcinoma, sarcoma, embryonic rhabdomyosar- 
coma, adenoid cystic carcinoma and giant cell reparative 
granuloma. 

The biomodels were used for mock operations one day 
before the patients’ actual surgery. The mean duration of 
surgery using the biomodels was 115 minutes, ranging 
from 40 to 155 minutes. At this time, the plates were 
molded according to the defect induced in the biomodel, 
and the bone flap was made, fractured and adapted ac- 
cording to best practices. The appropriate screws for the 
bone thickness were selected (Figure 5). The prototypes 
were important for selecting the appropriate screws. A 
better anatomical understanding of the tumor was ob- 
tained using the prototype, which significantly aided in 
the patient’s surgery. In addition, we were able to meas- 
ure the size of the necessary bone flap with the aim to  

  

Figure 5. The selection of screws to be used for plate fixa- 
tion (note the incorrect choice of screw in image A, which 
was corrected in image B). 
 
decrease excess bone loss. 

Upon completion of the biomodel surgery, the plates 
were molded, and the screws and saws were selected. 
These items were sterilized for use in the patients’ sur- 
geries the following day. The biomodel is not steriliz- 
able, being protected with a sterile adhesive and used as 
an intraoperative mold to be harvested on the day of sur- 
gery. 

The use of a rod between the inner angles of the man- 
dible in the biomodel facilitated plate molding. This ad- 
dition was very important because the biomodel did not 
lose the occlusion but rather maintained the occlusion for 
a longer period of time. The rod was used only in the 
biomodel. In surgery, we used intermaxillary blocking 
screws. 

The choice of the bone flap was made via computer 
software that simulates the surgery by comparing recon- 
struction with the iliac crest or fibula. In cases of tumors 
affecting the central arch, we used the fibula with two 
osteotomies. In tumors that affected the body and ramus, 
we used the iliac crest. 

The average aesthetic grade for the patients in the 
prototype group was 7.7 and 9.2 (medical and non-medi- 
cal, respectively) versus 6 and 8.8 (medical and non- 
medical, respectively) in patients without prototyping. 
The concordance of opinion among the reviewers was 
validated using the Kappa index (−0.64), which clearly 
indicated that the best aesthetic results were obtained in 
patients for whom the prototyping aid was used prior to 
surgery (Figure 6). 

4. Discussion 

RP is becoming an essential technology to speed the de- 
velopment of new products. The use of prototyping al- 
lows for errors to be detected in the initial phases of the 
project. This feature enables the launch of a new product 
and increases the product’s competitiveness [20]. The 
use of RP technologies in medicine today is a reality, and 
RP can be used in various types of surgical interventions. 
The investigations and ongoing developments represent  
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Figure 6. Perioperative in patient of the prototyped group 
with exceptional aesthetic and functional outcomes after 
surgery. 
 
exciting innovations in the field of surgery [21]. 

The first applications of prototyping in maxillo-facial 
surgery were documented by Brix et al. in 1985 and 
Mankovich et al. in 1990. In 1994, Anderl et al. reported 
the use of a stereolithographic model in corrective sur- 
gery for a great cleft palate in a child at the University of 
Innsbruck [22]. In 1995, Bill et al. reported the use of 
prototyping to facilitate the reconstruction of a complex 
cranial defect in a patient with sequelae of infection after 
excision of a meningioma [23]. 

Some advantages for the use of RP in the medical field 
include the following: surgical simulation; making sur- 
gical guides on the bone; reducing surgical risk; reducing 
time and hospital costs; making personalized prostheses; 
using the opposite side to establish symmetry; planning 
with the patient at a distance; and aiding in documenta- 
tion [24]. 

In our department we found that with the prototype, a 
better understanding of the tumor anatomy was possible. 
The time for tumor resection, by the same surgeon, 
knowing exactly where to perform the osteotomies, was 
relatively lower. Bisdas and Essig are also in agreement 
with our conclusion that the use of biomodels allow sur- 
geons to “see and touch” to better understand and more 
accurately control procedures, such as cutting and perfo- 
rations, during surgery [25,26]. 

The comfort that prototyping affords the surgeon is 
undeniable, given that the molds have already been cre- 
ated, the screws have been preselected, and the cuts to be 

made in the mandible, iliac crest or fibula have already 
been defined by working with the prototype the day be- 
fore. 

The aesthetic outcome in the prototype group was bet- 
ter than the non-prototype group. This favorable outcome 
represents the result of an accurate pre-operative study 
with the aid of a computer, surgery on the previous bio- 
model, plate adaptation without surgical stress, and the 
team assessment 1 day prior to surgery, including study- 
ing of the case and operating on the biomodel. 

Although the model construction is expensive, its use 
in pre-operative planning substantially reducing the op- 
erating time. Reducing the operating time is important 
given that the costs of the operating room represent 30 to 
40% of the average surgical expenses [27]. 

RP has been used by several centers. One of the major 
statistics was reported by Hanasono et al. in a very well 
conducted study that assessed the use of computer-as- 
sisted design and RP modeling to improve the speed and 
accuracy of mandibular reconstruction in 38 subjects 
who underwent fibula free flap mandibular reconstruct- 
tion. The study showed that the prototype group had a 
reduced operative time and a better anatomical and func- 
tional accommodation bone flap and concluded that the 
computer-assisted design and RP modeling have the po- 
tential to increase the speed and accuracy of mandibular 
reconstruction. The authors also believe that these tech- 
nologies are particularly useful for cases in which the 
original architecture of the mandible has been distorted 
or destroyed [28]. 

The method is being increasingly used, even in chil- 
dren as reported by Edwards for use in reconstructive 
surgery, bone flap shaping, distraction osteogenesis, or- 
thognathic surgery and craniomaxillofacial surgery [29]. 
A great proposal by Bhumiratana for the future is to use 
RP in conjunction with tissue engineering, where the 
engineering of bone grafts customized to the patient and 
the specific clinical condition would revolutionize the 
way we currently treat craniofacial defects [30].  

Levine et al. discussed RP with great enthusiasm, de- 
scribing the technology as state of the art. The authors 
illustrate the ease by which virtual surgery, computer- 
aided design and manufacturing can be used by the cra- 
niomaxillofacial surgeon to create tremendously accurate 
postoperative results and provide confidence with even 
the most complex three-dimensional bony reconstruc- 
tions. The study reviews the application of these tech- 
niques in mandibular reconstruction, orthognathic sur- 
gery, maxillofacial trauma, and temporomandibular joint 
reconstruction [31]. 

In conclusion, the use of prototyping tended to reduce 
the surgical time because the premolded plates and pre- 
vious selection of screws facilitated the surgery, reducing 
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the operating time. There was a decrease in the size of 
the bone flap taken for reconstruction, decreasing mor- 
bidity at the donor area of the bone flap and was ob- 
served better aesthetic results in the patients who under- 
went operations that used prototyping. 
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