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Abstract

Objective To assess the feasibility of the use of

3-dimensional (3-D) stereolithographic (SLA) technology

in complex maxillofacial reconstructive surgery.

Materials and Methods 3-D SLA technology was used in

the treatment planning of complex maxillofacial proce-

dures performed by the Department of Oral and Maxillo-

facial Surgery at Boston University. Specialized 3-D

models were ordered and utilized for surgical treatment of

a variety of indications including trauma surgery, tempo-

romandibular joint surgery, orthognathic surgery, second-

ary correction of facial and skull deformities, and extensive

jaw pathology. This technology was also used in one

patient for jaw reconstruction using novel bone and tissue

engineering techniques.

Results The use of 3-D models in Oral and Maxillofacial

Surgery significantly improved predictability of clinical

outcomes when compared to similar treatments without its

use. Total operating time was reduced which had the

benefit of decreasing the duration of general anesthesia and

reducing wound exposure time. They allowed for assess-

ment of extensive traumatic and pathologic defects in

three-dimensions prior to surgical reconstruction. The

models were also useful in the design and fabrication of

custom prostheses, sizing of bone grafts and allowed for

manufacturing of scaffolds for bone regeneration.

Conclusions 3-D SLA models can be very effectively

used in oral and maxillofacial surgery for multiple indi-

cations and diverse clinical scenarios. Successful incorpo-

ration of this technology for jaw bone regeneration using

tissue engineering techniques offers exciting new prospects

for the future.

Keywords Stereolithographic models � 3-d models �
Maxillofacial surgery models

Introduction

The ultimate goal of any surgical procedure is to reproduce

or improve pre-operative form and function. In doing so, the

secondary goal is to minimize operative and postoperative

morbidity. Many exciting and new technological advances

have ushered in a new era in the field of Oral and Maxillo-

facial Surgery over the last 20 years. Use of new technology

and surgical techniques has enabled the modern oral and

maxillofacial surgeon to effectively accomplish these goals.

One example of such technology that is continuing to

increase in prevalence is the use of 3-dimensional (3-D)

models to guide and assist in surgical procedures.

3-D models, also known as stereolithographs have been

utilized for a variety of different purposes since their

development. Charles Hull in 1986 is credited with intro-

ducing his technological advance. The use began in the
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automobile industry for fabrication of polyurethane models

and prototypes for various models, parts and tools [1].

Subsequently, numerous advances in radiology and com-

puter-aided manufacture (CAD–CAM) processes resulted

in improved materials and accuracy. In the 1990s, use of

3-D models began in the medical and surgical setting after

the realization that models could reproduce anatomically

accurate representations of a patient’s hard tissue

structures.

Recent literature has shown that stereolithographic

(SLA) models can be successfully used in the perioperative

period for improving the predictability of treatment of

maxillofacial defects secondary to traumatic or pathologic

conditions [1–7]. This article is aimed to illustrate a diverse

range of clinical scenarios where 3-D models have been

successfully utilized for maxillofacial reconstruction; the

range of procedures includes trauma surgery, pathology-

induced defects, tissue engineering, complex TMJ recon-

struction, and correction of complicated facial asymmetry

cases. It is widely accepted that utilization of 3-D models

offers many distinct advantages for improved patient care.

At our center, we use these models for diagnosis and

treatment planning, and for patient education with direct

visualization of anatomic structures. Models can be used

for surgical guides and templates, as well as surgical

rehearsal for training residents as well as experienced

surgeons. One can easily design soft tissue incisions, sur-

gical resection margins, assess bony defects for grafting,

adaptation and pre-bending of reconstruction plates, and

fabrication of custom prostheses.

In a retrospective review of surgical cases in our hospital,

the use of 3-D models has proven to greatly decrease sur-

gical operating time, decrease time under general anesthe-

sia, and decrease wound exposure time. The cumulative

effect has produced better patient care, improved colleague

communication and more predictable and accurate surgical

results. Table 1 lists some advantages of incorporation of

3-D SLA technology in oral and maxillofacial surgery.

Manufacture Process and Types of Models

The most commonly used models in maxillofacial surgery

are those created from either acrylate (Fig. 1b) or epoxy

resin (Fig. 4a), or 3-dimensional printing (3-DP) models

(Fig. 5a). Fabrication of SLA models involves a process

that utilizes specialized software to link information gath-

ered from a CT scan and transferred to form a resin replica.

The process of fabrication begins with a tank of ultraviolet

(UV)-curable photopolymerizer resin and a UV laser. The

model is fabricated in a series of layers, each that corre-

spond to the equivalent of a slice of an axial image on CT

scan. ‘‘A platform is immersed in the liquid plastic, then

raised to a level just below the surface of the photopoly-

merizer. A software-guided beam from a helium-cadmium

laser strikes the surface of the liquid and draws each layer

of the object onto the surface of the liquid. This causes the

plastic to solidify. After the first layer is built, the platform

lowers slightly and the laser once again strikes the liquid

for sequential polymerization’’ [1]. Each layer is poly-

merized at a thickness of typically 0.05–0.15 mm. This

process is continued until each corresponding slice of the

CT image is duplicated in the resin model. The final step is

curing the entire model after fabrication. The final product

is a solid and accurate 3-D representation of the patient.

3-DP models are sequentially fabricated in a similar way.

An inkjet printer utilizes images that are transformed from

a CT scan to sequentially fuse separate layers in formation

of the 3-D product. Layers of a powder or plaster are

bonded following injection of an adhesive in the shape of

the axial CT image from the inkjet printer. Once the model

is completed, the excess plaster is removed and the final

model is cleaned and refined [4].

The type of model to be selected is dependant on its

desired use. Models fabricated through the 3-DP method,

are useful for educational purposes and direct visualization

of anatomic structures. They do, however, have some lim-

itations; they have been proven to be somewhat less accu-

rate than their SLA counterparts, and because of the starch/

plaster components, they cannot be sterilized for use on the

surgical field since the materials do not hold up under

extreme temperatures. SLA models are preferred because of

higher strength, higher temperature resistance, lower

moisture absorption, and lower shrinkage. They can be

sterilized for surgical use, and literature has shown superior

Table 1 Advantages of the use of 3-D SLA models

Diagnosis and treatment planning

Direct visualization of anatomic structures

Surgical guides/templates

Surgical practice/rehearsal

Designing incisions

Surgical resections

Assessment of bony defects for grafting

Adaptation/pre-bending of reconstruction plates

Fabrication of custom prostheses

TMJ prostheses, distraction devices, fixation devices

Decreased

Surgical time

Anesthesia time

Wound exposure duration

More predictable results

Improved colleague communication

Educational tool for patients
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accuracy [1]. Barker et al. conducted a study comparing a

model to a dry bone skull. They found a mean difference of

0.85 mm, with accuracy ranging 97.7–99.12% [7]. Choi

et al. performed a similar study and reported on the per-

centage errors with SLA models. They found an extremely

small error percentage of 0.56%, which was deemed

acceptable for clinical use [8]. Table 2 summarizes basic

characteristics of the three most common types of 3-D

models used in the United States.

The following part of this article focuses on case

examples where 3-D SLA models were used for treatment

planning, surgical simulation and intraoperative guidance.

It is believed that the use of SLA models in each case

played an integral role, in making final surgical result more

predictable and efficient.

Case 1: Trauma Surgery

A 45-year old male presented to the medical center with a

gunshot wound injury (GSW) to the left face. Following an

initial surgery for closure of soft tissue injuries, a SLA model

was obtained to evaluate sustained bony injuries (Fig. 1a).

This patient was noted to have significant, avulsive bony

injuries to the left maxilla, zygoma, orbital floor, nasal bone

and medial canthal tendon regions (Fig. 1a). The SLA

model in this case was used as a patient educational tool to

illustrate the facial defect that resulted. Treatment options

were presented to the patient including autogenous recon-

struction with bone grafts, or alloplastic reconstruction using

custom made implants, or bone plates and mesh. The patient

elected to undergo reconstruction using only bone plates.

The model was used to pre-bend the bone plates in order to

re-create this patient’s pre-injury bony contour and allow for

adequate soft tissue support (Fig. 1b). The procedure con-

sisted of alloplastic reconstruction of the left zygomatic

prominence, left maxillary lateral wall, left orbital rim and

left orbital floor using the pre-bent and subsequently steril-

ized plates. A medial canthopexy was performed by placing

a bone anchor into the left frontal bone. The final post-

operative result showed adequate reconstruction of facial

contours and adequate facial symmetry.

Case 2: Delayed Correction of Post-Traumatic Defects

A 34-year old male was referred for evaluation and surgical

management of injuries sustained 2 years prior, secondary

to a GSW to the right face. The patient had undergone

multiple surgical procedures by other surgeons in attempt

Fig. 1 a SLA model showing

distorted anatomy of the left

orbit (arrows) following a

gunshot injury to the facial

region. b Intraoperative view

showing pre-bent bone plates

mimicking the lost facial

contour shown

Table 2 Basic characteristics of common types of 3-d models

SLA models SLA models 3-DP models

Production method Stereolithography apparatus Stereolithography apparatus Three dimensional printing

Physical properties Smooth Smooth Textured

Translucent Translucent Opaque

Strong Strong Brittle

Material Acrylic Epoxy Starch

Accuracy ±1 mm ±1 mm ±2 mm

Selectively colorable Yes No No

Turnaround time 3–5 days 3–5 days 2–3 days

Sterilization Possible Not recommended Not possible

Approximate cost

Mandible $1500 $1500 $500

Maxilla and mandible $2600 $2600 $700

Adult skull $3100 $3100 $850
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to correct severely comminuted and displaced right zygo-

maticomaxillary complex and orbital fractures. Upon ini-

tial presentation to our clinic (Fig. 2a), he was diagnosed

with right side facial asymmetry and significant right-sided

enophthalmos due to malunion of the facial fractures. An

SLA model was obtained (Fig. 2b) and this model allowed

for precise analysis of the displacement of bony fractures

and the hard tissue defect. A wax-up was performed to

further analyze the defect and to visualize re-creation of

appropriate orbital volume (Fig. 2b). The orbito-zygomatic

osteotomy was performed in the laboratory for training and

bony interferences were marked. The patient underwent a

right orbito-zygomatic osteotomy, and reconstruction using

autogenous cranial bone grafts to reconstruct the orbital

floor, roof and lateral walls. The surgery was performed in

a laboratory, and intraoperatively, the areas of bony inter-

ferences were easy to find and reduce owing to this past

experience with laboratory surgery. The final result shows

restoration of facial form and contour, with good symmetry

and correction of enophthalmos (Fig. 2c).

Case 3: Complex Facial Reconstruction Surgery

A 26-year old male presented for surgical management of

severe and progressively worsening facial asymmetry due

to an osteochondroma of the left mandible (Fig. 3a). There

was significant facial asymmetry with deviation of the chin

to the contralateral side, with elongation and bowing of the

left body of the mandible. Intraoral examination revealed a

skeletal and dental malocclusion characterized by an open-

bite on the left side and significant dental cross-bite on the

right side. A full-skull 3-DP model was fabricated after the

recognition of the complexity of correcting this patient’s

facial deformity. Appropriate markings were made on the

model to assess the degree of deformity and model surgery

performed in the laboratory (Fig. 3b). This 3-D model

surgery was then duplicated on dental models and the

patient taken to the operating room where the following

surgery was performed: 4-piece Lefort I osteotomy, right-

sided mandibular saggital split osteotomy, left mandibular

inferior border osteotomy, left mandibular body osteotomy,

Fig. 2 a Frontal view

demonstrating facial asymmetry

and right-sided enophthalmos.

b SLA model with wax up of

the right orbital defect

performed to assess the severity

of loss of orbital volume and

malunion of fracture segments.

c Pre- and post-operative views

showing the improvement in

facial asymmetry and malar

projection after surgery
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left TMJ condylectomy and left TMJ reconstruction with

costochondral graft. The postoperative results show good

facial contour and symmetry with stable occlusion

(Fig. 3c).

Case 4: Mandibular Tumor Surgery

This 16-year old female was referred for evaluation and

surgical management of a rapidly expanding pathologic

lesion of the mandible (juvenile ossifying fibroma), which

had failed multiple previous procedures by other surgeons.

This lesion also had significant facial and lingual expan-

sion. Due to the destruction of the native mandible and the

loss of normal anatomic contour, the decision was made to

obtain a SLA model of the mandible to assist in planning a

staged reconstruction (Fig. 4a). Once the model was

received, the gross alteration in normal architecture was

appreciated. A laboratory bur was used to reduce the model

back to ‘‘normal’’ form based on corrected cephalometric

tracings. This model was then used as the foundation for

pre-bending a reconstruction plate to near normal contour

(Fig. 4b). The patient was then taken to the operating room

where a resection and mandibular reconstruction procedure

was performed. This patient’s postoperative course was

complicated by an infection of the bone graft; however, she

has subsequently undergone successful final reconstruction

with re-grafting (Fig. 4c).

Case 5: Bone Tissue Engineering for Mandibular

Augmentation

A 55-year old male was referred for treatment of refractory

infection of the mandible. He gave a history of multiple

(approximately nine) long bone fractures secondary to

osteopetrosis. Clinical and radiographic evaluation

revealed that this patient had sustained multiple compound

mandible fractures. There was gross purulence present at

the fracture sites. He had an underdeveloped alveolus, and

multiple impacted teeth with bulbous roots. Due to the

nature of this patient’s compromised medical condition

(osteopetrosis), and dental and jaw condition (impacted

teeth, poor oral hygiene, atrophic jaw bone), intermaxillary

fixation and or autogenous bone grafting were not feasible

options. This patient successfully underwent external pin

fixation for stabilization of the fractures and resolution of

infection. Next, a 3-D starch model was obtained (Fig. 5a)

to assess the fractures as well as the other focal areas of

deficiency in the mandible. A decision was made to

reconstruct the regions of the fracture and the other defi-

cient areas of the mandible using novel tissue engineering

techniques.

An initial surgical procedure was performed in the office

under local anesthesia whereby a small sample of autoge-

nous bone (approximately 1 cubic millimeter in size) was

obtained from the patient’s mandibular ramus under local

anesthesia. In vivo, these cells were then separated,

expanded and cultivated into numerous new cells in a

special laboratory. In addition, customized biodegradable

PLGA scaffolds were fabricated based on the defects that

were waxed-up on the 3-D model (Fig. 5b). At the time of

reconstructive surgery, the laboratory-grown cells were

then impregnated into the customized scaffolds, which

were subsequently, surgically implanted and secured to the

patients mandible with rigid fixation. Postoperative radio-

graphic analysis showed healing of the fractures, excellent

incorporation of the scaffolds into the mandible and an

overall increase in the volume of normal and healthy

appearing bone (Fig. 5c). At 8 years postoperatively,

although the patient has had multiple other fractures of his

long-bones, he has not suffered from any additional man-

dibular fractures.

Fig. 3 a Frontal view of the

patient showing significant

asymmetry due to a TMJ region

mandibular tumor. b SLA

models with complex multi-

segmental surgical osteotomies

completed and luted with sticky

wax in their planned new

positions. c Post-operative

frontal view of the same patient

demonstrating good facial

contours and symmetry
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Fig. 4 a SLA model

demonstrating significant bony

expansion of the mandible by a

rapidly growing and extensive

pathological lesion. b A

reconstruction plate has been

pre-bent and adapted on an

osteoconductive framework

which will later house the

autogenous bone grafts. c Post-

operative panoramic radiograph

results of bone grafting with

optimal bone volume

Fig. 5 a 3-DP starch model of

the patient with fractured

atrophic mandible and external

pin fixation hardware. b Wax-up

of the 3-D model has been

completed. This wax up allowed

for fabrication of custom

scaffolds which served as

carriers for the tissue

engineering cells

intraoperatively. c 8-year

postopertaive panoramic

radiograph showing

successfully augmented

mandible with bone-tissue

engineering techniques
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Case 6: Customized TMJ Reconstruction

A 55-year old man was referred for evaluation of his

progressively worsening jaw function and progressive

malocclusion. His past medical history was significant for

rheumatoid arthritis that had affected multiple joints in his

body including the TMJ’s. Clinical examination revealed

severe mandibular retrusion and failure of previous TMJ

reconstruction with extensive resorption of the mandibular

rami bilaterally. Due to the destruction of the bilateral

mandibular rami, it was decided to perform bone grafting

to provide an adequate foundation for which to reconstruct

the temporomandibular joint with TMJ prostheses. This

patient’s 3-D model was extensively studied in order to

determine the appropriate amount of advancement at

pogonion that could be achieved, the appropriate mandib-

ular ramus lengthening, and the deficit that would be cre-

ated that would require bone grafting. Finally a wax-up was

performed on the 3-D model to simulate the size and pre-

cise location of the cranial bone grafts needed (Fig. 6a).

This exact simulation was replicated intraoperatively when

placing the bone grafts and the TMJ prostheses (Fig. 6b).

The fossa components were placed and secured with bone

screws. The condylar prostheses were then secured to one

of the cranial bone struts. A second cranial bone strut was

then placed on the medial surface of the mandible. Bone

screws were then placed through the prosthesis and both

the medial and lateral bone grafts, thus sandwiching the

native bone between the grafts. At the 9 years post-surgery

follow-up examination, this patient had a stable occlusion,

complete elimination of his obstructive sleep apnea, and a

maximum inter-incisal opening of 33 mm [9].

Conclusions

SLA models have an important role in contemporary oral

and maxillofacial surgery. As illustrated in the above-

mentioned cases, they can be utilized in a variety of ways

in the surgical arena. They are a useful tool to assess

traumatic and pathologic defects requiring complicated

surgery and reconstruction. They can be used for the fab-

rication of custom TMJ prostheses, and are effective tools

to facilitate patient education and doctor to doctor com-

munication. The specific types of 3-D model can be

selected depending on the specific clinical indications. In

our experience, the use of SLA models has significantly

contributed to improved reconstruction of form and func-

tion, decreased operating room time due to advanced

treatment planning, and ability to perform more precise and

accurate surgical procedures.
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