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Current advances in imaging technology, virtual
surgical planning, and 3D printing have poten-
tially changed how we will use patient-specific
information for treatment planning and custom-
ized treatment. Medical providers can not only
view a 3D rendering of the patient’s anatomy on
digital display, but that image can now be trans-
ferred as a physical model which not only aids in
treatment planning but in patient education. The
use of these technologies in craniofacial recon-
struction was reported in the early 1990s (Gronet
et al. 2003). These techniques have proven to pro-
vide surgeons confidence in executing their plan,
reduced operating times, and better outcomes. In
addition, they provide patient-centered care and
better esthetic and functional outcomes (Grant
et al. 2013) (Fig. 5.1). In this chapter, we will
review some of the areas of application in cranio-
facial reconstruction and dentistry.
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Fig. 5.1 Identification of the auditory canal from a cone
beam CT

5.1 Craniofacial Imaging

Computed tomography is the preferred method of
imaging for head and neck reconstructions. The
Hounsfield scale enables identification of soft and
hard tissues by their density; this allows for segmen-
tation of the images for reconstruction of 3D mod-
els with minimal artifact but at the expense of
radiation exposure to the patient (Gordon et al.
2014). In contrast, cone beam computed tomogra-
phy (CBCT) has become more common in dental
and medical practices; their low radiation exposure
provides a unique opportunity to capture hard tissue
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images that have been used for endodontic diagno-
sis, airway visualization, orthognathic reconstruc-
tions, and dental implant planning (Gronet et al.
2003; Vannier 2003; Grant et al. 2013; Estrela et al.
2008). However, CBCT is subject to severe artifact
from dental restorations, and lack the contrast to
segment soft tissue to complement bone. In addi-
tion, due to the inconsistancy of contrast, the
Hounsfield Scale does not apply to identify soft ver-
sus bone tissues.

Surface scanning has also been used to design
and fabricate craniofacial devices. These are non-
invasive and have applications in craniofacial
planning (Sabol and Grant 2011). These scanning
devices use laser, light, or some type of contact
scanning technologies employing technologies
such as stereo photogrammetry to increase accu-
racy, and are stationary or handheld (Knoops
et al. 2017). The images captured are often used
for registration to other medical images to pro-
vide more accurate virtual models for virtual
planning and to design devices, medical models,

and surgical guides. In addition, surface scanning
has also been successfully used to fabricate max-
illofacial prostheses (Sabol and Grant 2011;
Grant et al. 2015).

5.2  Cranioplasty

Cranial defects can be caused by trauma, tumor,
or decompressive craniotomy. Historically, the
fabrication of a custom cranial implant involved
an ambulatory patient, conventional impression
techniques, fabricating an indirect stone model of
the defect, and fabricating a mold for processing
polymethyl methacrylate (PMMA) (Aquilino
et al. 1988). Surgical placement involved exten-
sive modification to get an acceptable fit with
long hours in the operating room and use of self-
curing acrylics to fill in the gaps. The initial use
of 3D printing was to print the defect from which
a custom wax implant could be fabricated and a
mold for PMMA (Fig. 5.2). In this process, the

Fig. 5.2 The left photo is the SLA skull with a frontal bone and lateral orbit defect. The right is the waxed implant for
mold fabrication
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patient does not have to be available to the labo-
ratory, and the process enables more complicated
craniofacial implants that fit the defect with mini-
mal modification, cutting the fabrication time
down by close to 75%, and operating time nearly
in half (Gronet et al. 2003) (Fig. 5.2). This pro-
cess has now evolved to digital design directly
from medical imaging and fabrication of the cra-
nial implant by milling PMMA and
Polyetheretherketone (PEEK) implants or
3D-printed titanium and Polyethyl ketone ketone
(PEKK) (Fig. 5.3).

5.3  Craniofacial Reconstruction
In trauma cases, 3D models may help to recog-
nize the position and the direction of fractures,
the number of bone fragments, and the degree
of dislocation. Virtual planning can assist in a
reconstruction plan with reestablishing con-
tours and fabricating positioning and bending
guides for plates and recontour bars. However,
there are limitations that can result in surgical
delay due to long model production with cur-
rent additive manufacturing processes (Powers
et al. 1998; Holck et al. 1999; McAllister 1998)
(Fig. 5.4).

Virtual simulation and printed models from
medical images provide solid models that simu-
late osteotomies and grafts, simulate segmental
jaw movements, and facilitate preoperative

Fig. 5.3 Titanium cranial implant manufactured directly
from electron beam melting

construction of surgical guides, templates, and
custom surgical devices (Ander et al. 1994;
D’Urso et al. 1999; Kermer et al. 1998).

Guides can be designed and fabricated that
allow the prebending of recontouring bars for
mandibular stabilization prior to the surgical
reduction, positioning guides that reapproximate
bone sections for plating, cutting guides to move
bone as needed, and customized devices to
replace or stabilize sections of the mandible,
zygoma, or orbit using biocompatible materials
(Singarea et al. 2004). Using virtual surgical
techniques, the surgical guides assist the surgeon
in osteotomy cuts, implant placement, position-
ing of bone and soft tissue for reconstruction, and
assistance in prebending of reconstruction plates
(Fig. 5.5).

Recently, the limits of craniofacial reconstruc-
tion have been challenged with the success of full
total face transplants. The same principles of
virtual planning can be very useful in the selection
of appropriate anatomical donors to approximate
the correct dental occlusion and other anatomical
reconstructions. (Murphy et al. 2015a; Sosin
et al. 2016) (Fig. 5.6). Cutting guides can be
designed to provide an intimate fit of bone mar-
gins of the donor anatomy to the recipient site.
Currentresearch in this area proposes navigational

Fig.5.4 3D rendering of defect of the mandible
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Fig. 5.5 Virtual planning for a fibula reconstruction of
the maxilla

technologies and mastication simulation (Gordon
et al. 2014; Murphy et al. 2015b).

In respect to the donors, a facial mask is
required after the harvest of the transplant.
Conventional fabrication of a total facial pros-
theses by a maxillofacial prosthodontist or ana-
plastologist at the time of the surgery can be
disruptive and expensive. An alternative tech-
nique using 3D printing from medical imaging
and photographs have been proposed, as they
can be fabricated directly or with a mold, prior
to the surgical intervention at a lower cost
(Grant et al. 2014) (Fig. 5.7).

5.4 Dental Implant Guides

Dental implant placement is driven by the restor-
ative plan it retains or supports. The purpose of a
surgical guide is to assist the surgeon in the location
and direction of the osteotomy prior to dental
implant placement. The Academy of Prosthodontics

Fig. 5.6 Both the donor and the recipient skulls have
been registered and cutting planes established to fabricate
cutting guides

defines a surgical template as a guide used to assist
in proper surgical placement and angulations of
dental implants (The Glossary of Prosthodontic
Terms, 2017). Based on the amount of the opera-
tive restriction of the drill, the design of the surgical
template can be classified as nonrestrictive, par-
tially restrictive, or completely restrictive (Stumpel
2008; Misch and Dietsh-Misch 1999). Historically,
surgical guides were fabricated conventionally on
dental casts using a variety of techniques and mate-
rials including clear vacuum-formed matrix, free-
form auto-polymerizing acrylic resin and acrylic
resin duplicates of the available prosthesis or diag-
nostic wax-ups.

Recently, software has become more available
that provides dental implant planning from
CBCT using digital scans of diagnostic wax-ups
or virtual restorations from intraoral scans or
diagnostic casts. By registering the images, the
restoration can be planned, and a surgical guide
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Fig. 5.7 Silicone-fabricated donor mask for donor of
facial transplant. Fabricated prior to the transplant surgery

can be fabricated to limit the placement of the
dental implant to accommodate the restorative
plan (Fig. 5.8). In some instances, this workflow
allows for “same day” implant retained restora-
tions, even in more complicated cases requiring
grafting (Cheng et al. 2008; Stapleton et al.
2014). Once the digital or virtual plans have been
designed, the guides and the restorations can be
produced with digital manufacturing—either
additive or milled.

Most additive manufacturing technologies
can be used to fabricate the surgical guides;
however, there are some concerns of irritation
from residual surface chemicals of some poly-
mers. USP (US Pharmacopeia) Class VI judges
the suitability of plastic material intended for use
as containers or accessories for parenteral prepa-
rations. Suitability under USP Class VI is typi-
cally a base requirement for medical device
manufacturers. It is recommended that materials
compliant with this test be used for all surgical
guides as well as medical/dental models avail-
able in a surgical setting. Most manufacturers of
3D printers will have a medical grade material
that is Class VI compliant and offer a specific

Fig. 5.8 Dental implant placement based on digitally designed restorative solution. The teeth are replaced “digitally”
and angulation and depth of implants are determined to manufacture an implant placement guide
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cleaning process for these items. However, the
Food and Drug Administration (FDA) has
cleared devices for surgical guides and limited
intraoral use produced by 3D printed materials
(Formlabs, Cambridge, MA), and it is expected
that there may be similar trends in the future.
This is further detailed in Chap. 10.

5.5 Maxillofacial Prosthetics

Trained maxillofacial prosthodontists along with
technicians or anaplastologists have historically
achieved the planning and fabrication of facial
features through moulage and sculpting tech-
niques. These techniques are usually uncomfort-
able to the patient and require several days to
fabricate the prosthesis. In contrast, medical
images provide the information that will allow
for virtual planning and fabrication of facial pros-
theses. Software mirroring techniques can be
used to “sculpt” missing ears or missing anatomy
on the contralateral side and software that pro-
vides “electronic clay” type technologies
(Geomagics Freeform, 3D Systems) allow for
development of textures, accommodate attach-
ments, and design molds for CAD/CAM or 3D
printing (Jiao et al. 2004; Liacouras et al. 2011).
Molds are then layered and colored with silicone
since currently there are no commercial silicone
printers that would allow for direct fabrication
and color (Fig. 5.9). Recent advancements in

lower-priced scanners and online maxillofacial
design commercial sites are making these tech-
nologies more accessible to providers outside
academic and military practices.

Other Craniofacial
Applications

5.6

Aside from reconstruction and dental applica-
tions, benign tumors of the jaw usually present
with localized expanding deformities. Other
pathology and vascular lesions can be differenti-
ated with contrast enhanced CT. Printed models
provide vital information for planning and patient
education, offering a physical model of the
affected area (Fig. 5.10). In addition, using vir-
tual surgical planning with a color-coding tech-
nique, specific structures such as teeth, nerves,
and the extent of a tumor can be displayed, facili-
tating more detailed surgical planning (Santler
et al. 1998).

Forensic reconstruction is another area of
application of digital planning and 3D printing.
An unpublished work by the Naval Postgraduate
Dental School’s Craniofacial lab working with
the Exploited Children’s section of the FBI vali-
dated soft tissue reconstruction software from
CT images of complete and incomplete skulls
(Fig. 5.11), suggesting that computer recon-
struction can be valuable in skull reconstruc-
tions historically done by forensic artists.

Fig. 5.9 Additive manufactured ear mold being layered
with colored silicone

Fig.5.10 3D printed model of a mandible with teeth and
lingual nerve highlighted with different colors
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Fig. 5.11 Electronic clay forensic reconstruction from a
skull

5.7  Conclusions

Continual advances in medical imaging, recon-
struction software, and 3D printing continue to
aid and advance the field of craniofacial surgery
and other medical specialties. Technology
advances, including more user-friendly software
will enhance utlization. As these technologies
become increasingly available and affordable,
adoption may eventually become routine.
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