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Abstract

This article reviews the conceptual framework, available evidence, and practical considerations pertaining to nascent and
emerging advances in patient-centered CT-imaging and CT-guided surgery for maxillofacial trauma. These include cinematic
rendering—a novel method for advanced 3D visualization, incorporation of quantitative CT imaging into the assessment of
orbital fractures, low-dose CT imaging protocols made possible with contemporary scanners and reconstruction techniques, the
rapidly growing use of cone-beam CT, virtual fracture reduction with design software for surgical pre-planning, the use of 3D
printing for fabricating models and implants, and new avenues in CT-guided computer-aided surgery.

Keywords Maxillofacial trauma - Facial fractures - Midface - Mandible - Volume rendering (VR) - Cinematic rendering (CR) -
Quantitative imaging - Volumetric analysis - Low-dose CT - Cone-beam CT - Computer-aided design (CAD) - 3D printing -

Computer-aided surgery (CAS)

Introduction

Several advances in CT imaging and image-guided treatment
stand to dramatically improve the care of patients with maxil-
lofacial trauma. These include technological improvements in
3D volume rendering; advances in semi-automated segmen-
tation for orbital volumetric measurements; improvements in
CT hardware and reconstruction algorithms allowing image
acquisition at doses that are orders of magnitude lower than
with conventional imaging protocols; widespread and still
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rapidly growing implementation of inexpensive ultra-high res-
olution cone-beam CT units; the potential and early use of
computer-aided design software for operative pre-planning,
rapid prototyping of implants, and maxillofacial models as
surgical aids; and incorporation of virtually repaired CT
datasets into the workflow of navigational computer-aided
surgery. The potential future role of radiologists as these ad-
vances are put into practice is also discussed.

3D volume visualization
Conventional techniques

The use of volume rendering for facial trauma has been advo-
cated for decades. The technique commonly employed today
was initially developed for medical imaging through a collab-
oration between Pixar and radiologists at Johns Hopkins
Hospital [1, 2]. Conventional volume rendering uses tradition-
al ray-tracing techniques, wherein scatter effects from a limit-
ed number of modeled light sources are used to create local
gradient shading, and each voxel is assigned a color and opac-
ity value based on pre-defined attenuation threshold levels for
each modeled light ray [3, 4]. Until recently, improvements in
the quality of 3D reconstructions have been modest and
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incremental, and mostly the result of gradual reductions in
section thickness and voxel size which improve anatomic de-
tail [5, 6].

Volume rendering can mask important pathology, which
requires mental integration of the 3D images with axial and
MPR images [5, 7-9]. The floor of the orbit and the medial
orbital wall, especially along the lamina papyracea, are typi-
cally poorly appreciated using 3D imaging, appearing at best
as a latticework studded with holes [8, 9]. The thin bones of
the internal orbit are of considerably lower attenuation than
other bony structures, and capturing these structures is partic-
ularly challenging with conventional 3D volume-rendering
algorithms. While assessment of the midfacial subunits is of-
ten greatly augmented using 3D visualization, conventional
techniques are inherently limited for the evaluation of
zygomatico-maxillary complex (ZMC) and naso-orbito-
ethmoidal (NOE) fractures, both frequent components of Le
Fort level IT or III fractures that in the great majority of patients
involve the thin structures of the internal orbit [5, 9, 10].
Specifically, in addition to involving the zygomatico-
maxillary buttress and the zygomatico-frontal, zygomatico-
temporal, and zygomatico-sphenoid sutures, ZMC fractures
involve the orbital floor, and for this reason are often referred
to as orbitozygomatic fractures [10]. True NOE fractures are
diagnosed by identifying five “cardinal tracts,” or fracture
lines which form the perimeter of the central canthal-bearing
NOE fragment. In addition to the orbital floor and medial wall,
these involve the pyriform aperture and lateral nose,
nasomaxillary buttress, and frontomaxillary suture [9]
(Fig. 1). The status of soft tissue structures such as fracture
dislocations of the nasal cartilage or medial canthal tendon
disruptions is not well depicted in any MDCT-based modality
currently in use for facial trauma [8], and require inference
based on bony fracture pattern, direct visualization, or palpa-
tion and digital traction.

“Shedding new light” on 3D imaging using cinematic
rendering

Cinematic rendering (CR) is a novel and recently introduced
volume visualization tool developed by Siemens (Siemens
AG, Forscheim, Germany), representing a new generation of
volumetric imaging. Its namesake refers to implementation of
sophisticated modeling used in contemporary animated
movies, while harkening back to the original Pixar collabora-
tion [3].

Instead of local gradient shading achieved with traditional
ray tracing, CR uses a “global illumination model” in which
real-time random sampling computational algorithms and
Monte Carlo simulations are used to model the propagation
of billions of different paths of high dynamic range light from
all possible directions through a volumetric dataset, taking
into account interactions such as light scatter, reflection, and
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extinction resulting from neighboring voxels. This emulates
the complex physics of natural lighting effects, thereby en-
hancing depth and shape perception, and generating
“photorealistic” images that more clearly depict bone and soft
tissue detail in CT data [3, 4, 7, 11]. The more complex light
modeling could potentially improve visualization of thin and
low-attenuating structures including the medial wall and floor
of the internal orbit (Figs. 2 and 3), as well as improving
visualization of non- or minimally displaced fractures through
these structures, and soft tissue structures of critical impor-
tance in facial fractures. For example, the status of the medial
canthal tendon (MCT), which attaches to the anterior and pos-
terior lacrimal crests, is a major determinant of esthetic and
functional outcome after NOE fractures. The MCT is formed
from the convergence and fusion of the tarsal plates.
Dissociation of the MCT along with or independently from a
single or comminuted NOE fragment results in telecanthus
and blunting of the palpebral fissure. Assessment of the thin
soft tissue structures of the tarsal plates is quite difficult with
conventional VR (Fig. 4a). Cinematic rendering on the other
hand improves exquisite soft tissue detail and can display
these structures to advantage (Fig. 4b). Validation will be
needed for this nascent technology. Additionally, CR is pres-
ently not as instantaneous as traditional volume rendering due
to the computational power required and would therefore be
difficult to incorporate into the radiology workflow. However,
with improved capture of low-attenuating structures such
as the thin bones of the orbit, CR could in the future
potentially serve as a stand-alone diagnostic tool for some
maxillofacial traumas, resulting in both improved accura-
cy and efficiency. It is already well known that surgeons
prefer 3D images for surgical planning, and have greater
accuracy in evaluating 3D images than MPRs [6].
Improving the quality of 3D images may therefore im-
prove planning, which could ultimately have a positive
effect on surgical outcomes.

Orbital volumetry: a quantitative imaging
biomarker for predicting late enophthalmos

Absence of enophthalmos on initial examination after orbital
volume changes following blowout fracture does not exclude
its subsequent development, as bony orbital volume expan-
sion is initially counteracted by soft tissue swelling [12, 13].
Soft tissue swelling usually resolves by approximately
4 weeks, at which time enophthalmos becomes clinically ap-
parent. Failure to account for this masking phenomenon can
result in delayed diagnosis and inadequate treatment [14—16].
Surgical correction of late post-traumatic enophthalmos is
very challenging, and satisfactory results are often not
achieved [17, 18].
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Fig. 1 A 49-year-old man after a motor vehicle collision with complex
maxillofacial fractures including a right naso-orbito-ethmoidal
component. On the 3D volume-rendered image (a), fracture lines are seen
extending through the inferior orbital rim to the pyriform aperture, the

CT-based enophthalmos risk assessment has classically been
qualitative, subjective, and imprecise—based largely on frac-
ture location and rough estimates of defect size [19-21]. CT-
based orbital volume analysis as a quantitative marker for
predicting late enophthalmos was initially demonstrated in
1985 [22], is now well-validated, and may improve outcome
[14, 17, 19, 23]. Each 0.8-1 ¢cm® of bony volume expansion
results in 1 mm of enophthalmos in a linear fashion [12, 17, 24,
25]. Once predicted enophthalmos reaches a threshold of 2—
3 mm, cosmetic deformity can be expected [17].

Despite established volume-based criteria, quantitative
analysis has not yet become standard practice [12]. In the past,
volumetric measurement required a time-intensive manual
process of slice-by-slice region of interest tracing, precluding
its point-of-care use [12, 14, 19]. Versatile and rapid segmen-
tation tools using thresholding or seeded region-growing tech-
niques are now integrated components of commercial PACS-
linked post-processing software, and can be used in daily

Fig. 2 A 49-year-old man after a motor vehicle collision with complex
maxillofacial fractures including a right naso-orbito-ethmoidal
component. Cinematic rendering 3D image shows improved depth and
shape perception, greatly improving depiction of orbital floor and medial
wall comminuted blowout fracture fragments

nasomaxillary suture, and frontomaxillary suture (blue shading). Medial
orbital wall and floor fractures, which complete the NOE fragment, are
poorly visualized due to lack of depth and fragment perception (coned
down image (b))

practice to measure either differences in whole orbital volume,
or the volume of tissue prolapsed through a floor or medial
wall defect [12, 19] (Fig. 5). Intra- and inter-operator errors
with these techniques are low when using thin-section
datasets, and segmentation times are typically under 2 min.
Since there is normally 7-8% of volume difference between
both orbits in any given individual [19, 26], and defining the
anterior boundary of the whole orbit is subjective, assessment
of the volume of herniated contents could be more reliable
[19, 27]. Additional improvements in automation may allow
intra-operative orbital volume measurements during
computer-assisted surgery, which could reduce the need for
subsequent revision procedures.

Dose reduction paradigms: low-dose,
ultra-low dose, and cone-beam computed
tomography

Low-dose and ultra-low-dose CT

While the as low as reasonably achievable (ALARA) princi-
ple is a ubiquitously familiar concept to radiologists, low-dose
face CT protocols are rarely employed in the setting of trauma.
The potential dose reduction is multiplicative since pre- and
post-operative CT is routinely employed as the standard of
care, and repeat follow-up exams are often required in chal-
lenging cases [28—30]. At this time, papers published on the
topic of low-dose post-trauma maxillofacial CT have primar-
ily involved cadaver studies [28, 29, 31]. Nevertheless, in-
flammatory soft tissue changes are well appreciated using
widely implemented ultra-low-dose sinusitis protocols [30,
32], and it stands to reason that post-traumatic pathology in-
cluding fibrofatty tissue entrapment, extra-ocular muscle her-
niation, or retrobulbar hematomas can also be readily appre-
ciated. Beam-hardening effects and photon starvation from
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Fig. 3 A 26-year-old woman after motor vehicle collision with a high-
energy comminuted left ZMC fracture. On the right, the convex
posteromedial bulge of the orbit, responsible for maintaining forward
projection of the globe, is well depicted on the CR reconstruction

hardware are a potential limitation [29]; however, the plates
and mesh implants used in midfacial and orbital reconstruc-
tion are very low in profile. Low dose is usually achieved
using low mA settings [29, 31]. The use of image series re-
constructed with both sharp (bone) and smooth (soft tissue)
kernels can effectively limit metal artifact while preserving
soft tissue contrast and image quality when using low-dose
protocols (Fig. 6). The effects of metal artifact could poten-
tially be further mitigated using the high-spectrum datasets
from dual-energy CT with the use of a tin filter, which prefer-
entially absorbs low-energy photons, and increases the mean
energy of the X-ray spectrum [33].

The effective dose of MDCT can also be substantially re-
duced using contemporary 128-section or higher scanners
with improved coupling of detectors and electronic compo-
nents that minimize loss of signal, higher pitch, automated
tube current modulation, and noise reduction techniques (par-
ticularly iterative reconstruction). These techniques can be
used to create low-dose protocols with effective doses close
to 0.1 mSv (within the range of cone-beam CT), and well

Fig. 4 a A 49-year-old man after motor vehicle collision with complex
maxillofacial fractures including a right naso-orbito-ethmoidal
component, previously shown in Figs. 1 and 2. Conventional volume
rendering with soft tissue windowing poorly depicts the tarsal plates of
the eyelids, which converge to form the medial canthal tendon. b
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despite the very thin bone in this region (asterisk). By comparison, there
is blowout of both the floor (a) and medial wall on the left (b). b
A 26-year-old woman after motor vehicle collision with a high-energy
comminuted left ZMC fracture

below multiple-view plain radiographic series, while main-
taining excellent soft tissue detail and accuracy for detection
of non-displaced fractures [28, 29, 31, 34-36].

Cone-beam CT

Although primarily used for orthodontics at this time, cone-
beam CT (CBCT) is emerging as an easily accessible modality
with several important applications in maxillofacial trauma
[37], particularly for diagnosing simple mandibular fractures
or dentoalveolar trauma in an outpatient/walk-in clinic setting
[38, 39], where cost, access, and availability of MDCT, which
requires a dedicated imaging department, are prohibitive [40,
41].

CBCT was developed in 1982 and introduced commercial-
ly in 2001 [39]. In the intervening years, the modality has
rapidly evolved along with the increased data processing pow-
er of personal computers [37]. Unlike MDCT, in which tube
and multidetector row pairs acquire data using spiral slip-ring
technology, CBCT scanners incorporate a cone-shaped X-ray

Cinematic rendering depicts the tarsal plates as discrete structures. In
this case, lateral deviation of the tarsal plates is evident (arrows),
consistent with telecanthus, providing additional potentially valuable
information for both grading of NOE fracture severity and pre-operative
planning
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Fig.5 a Segmentation using semi-automated seeded region growing was
performed in under 1 min in this 54-year-old man with a left orbital
blowout fracture after being hit by a tree limb. The volume of prolapsed
fat placed the patient at high risk for the development of enophthalmos,

beam (instead of a collimated fan beam) incident on a single
flat-panel detector. Data is acquired in a single rotation of a
free-standing unit, and reconstructed into series of cross-
sectional images using a process of back-transformation sim-
ilar to that of MDCT [42, 43]. Images are displayed in
multiplanar cross-sectional reconstructions; 3D post-
processing techniques including curved planar reformats
(CPRs) for mandibular panoramic images, maximums-
intensity projection images (MIPs), and surface-rendered
techniques are easily employed on a standard PC workstation
with very short reconstruction times [37, 40, 41] (Fig. 7).
Contemporary MDCT scanners can provide truly isotropic
datasets depending on the scanner settings used, and ultra-

and the orbital floor was reconstructed with a titanium implant. b 3D VR
image of the same patient as shown in Fig. 4a displays the segmented
volume of prolapsed left orbital contents in its entirety

high-resolution section thicknesses of 0.4 mm can now be
achieved. CBCT datasets on the other hand are inherently
isotropic, consisting of voxel sizes typically ranging from
0.075 um to 0.5 mm, depending on the field of view and
scanner specifications. While radiation dose varies consider-
ably between different CBCT scanners, and settings or speci-
fications including fields of view, CBCT is typically associat-
ed with much lower radiation doses (in the micro-Sievert
range) compared with conventional MDCT protocols, on the
order of one magnitude of difference in effective dose [37, 41,
42]. However, this comes at the expense of poor soft tissue
contrast, the inability to accurately measure Hounsfield units,
and susceptibility to motion artifact due to relatively long scan

Fig. 6 a CT following internal orbital reconstruction in a 24-year-old
man who sustained an orbital blowout fracture after a motor vehicle
collision. Images were acquired using a low-dose protocol at 20 mAs
and 100 kVp. A soft tissue kernel was employed using a state-of-the-art
dual-source 128-detector row scanner (Br40, Siemens Force; Siemens
AG, Forscheim, Germany), which maintained excellent soft tissue
contrast within the orbital contents, clearly displaying the optic nerve
and extra-ocular muscles as distinct well-defined structures surrounded

by fibrofatty tissue. There is very little artifact associated with the orbital
implant. b CT following internal orbital reconstruction in a 24-year-old
man who sustained an orbital blowout fracture after a motor vehicle
collision. Images were acquired using a low-dose protocol at 20 mAs
and 100 kVp (same patient as shown in a). Images were also
reconstructed using a bone kernel (Br64) to maximize bony detail.
Hairline fractures at the left orbital rim are clearly depicted using the bone
algorithm, while soft tissue contrast is poor
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Fig. 7 Images obtained in a 60-year-old woman with jaw pain after a fall
from standing. Cone-beam CT was performed by using a medium field-
of-view scanner (Carestream 9300 3D; Carestream Dental, Atlanta, GA).
A screen capture of images obtained by using three-dimensional software
highlights the volume visualization capabilities and ultra-high resolution
of cone-beam CT. Axial thick cone-beam CT image with multiplanar
reformation (fop left), curved planar cone-beam CT image with
reformation of the mandible (top right), three-dimensional volume-
rendered image (bottom left), and coronal oblique cone-beam CT image

times. Since most CBCT units require the patient to sit in an
upright position, and intravenous contrast is not used, CBCT
has limited utility for polytraumatized patients [43].

While upright units are now in widespread use, early pro-
totypes included mobile CBCT c-arms designed to confirm
reduction of midfacial fractures while the patient is still on
the operating table, potentially reducing the rate of unneces-
sary reoperation; however, visualization of thin structures
such as the medial orbital wall remains difficult, especially
in osteopenic patients, and soft tissue contrast is again poor
[39, 44, 45]. Mobile intra-operative MDCT is now being used
for craniofacial applications, and can overcome these limita-
tions, but units are costly and associated with high radiation
dose [46, 47].

Computer-aided design, manufacturing,
and surgery: emergence of a fully digital
workflow

CAD/CAM software for virtual pre-operative planning
and rapid prototyping

3D modeling with computer-aided design and computer-aided

manufacturing (CAD/CAM) software can be used to perform
digital manipulations to “virtually reduce” segmented fracture
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obtained along the long axis of the right condyle (bottom right) are
shown. Solid arrows point to the hairline right subcondylar fracture at
the level of the sigmoid notch (open arrow in the axial [top lefi] and
curved planar [fop right] images). Figure and caption (with permission
from author and publisher) from Dreizin et al. “Multidetector CT of
mandibular fractures, reductions, and complications: a clinically relevant
primer for the radiologist.” RadioGraphics 36.5 (2016), pp.
1539-1564 [43]

fragments into pre-morbid or near-pre-morbid alignment, ei-
ther for pre-operative planning, rapid prototyping, or both [46,
48, 49]. Pre-operative planning and rapid prototyping using
design software is becoming increasingly intuitive, efficient,
and precise, particularly for internal orbital reconstruction, and
can potentially decrease operative time and difficulty while
improving esthetic results [50]. Because of the delicate and
complex sloping anatomy of the internal orbit, high-velocity
fractures with large-volume increases and collapse of the in-
ternal orbital buttress, posteromedial bulge, and posterior shelf
are challenging to safely and effectively reconstruct without
intra-operative navigation and computer-aided surgery (CAS)
[50, 51]. Navigational CAS promotes accurate positioning of
implants, which must cover the entire defect and rest on the
posterior shelf [50, 52]. Mirroring of the contralateral unin-
jured side after segmentation is typically used to virtually re-
store the sloping and convex topography of the orbit. This
process is becoming increasingly automated [48, 50, 51, 53],
and is being combined with intra-operative navigation to more
precisely restore orbital shape and volume [49, 51]. In the
future, CAD/CAM reconstructions and navigation may be
useful to overcorrect the orbital volume in patients with severe
injury that may be at heightened risk of enophthalmos from fat
atrophy [51]. Currently, the most commonly employed CAD/
CAM software in the published craniomaxillofacial literature
is Materialize Mimics (Materialize, Ann Arbor, MI), with
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iPlan also in use (Brainlab, Westchester, IL). The most com-
monly used printing software is 3D-Systems (3D-systems,
Valencia, CA) [54].

After a process of data transfer involving conversion of
Digital Imaging and Communication in Medicine (DICOM)
images into the proprietary language of the specific design
software employed [40, 55, 56], using common midfacial
subunit-specific surgical landmarks (such as specific sutures
and buttresses), a zygomaticomaxillary complex, or naso-
orbito-ethmoid fracture, can be first segmented into a distinct
element and virtually repositioned into normal alignment
(Fig. 8). This may more precisely reflect pre-morbid align-
ment than mirroring, which involves superimposition of the
contralateral unaffected side across a plane through the pa-
tient’s midline. Mirroring is a more rapid technique, but which
does not account for inherent differences in pre-morbid facial
asymmetry between sides, for which there is considerable var-
iability between individuals [26, 51] (Fig. 9). Virtual
osteotomies and repositioning can also be performed for frac-
tures that are treated late and have become malunited [46, 51,
57]. After virtual reconstruction or mirroring, mandibular or
maxillofacial models can be created through rapid prototyping
(3D printing) (Figs. 10 and 11). 3D printing is a now com-
monly used vernacular term referring to a number of rapid-
prototyping techniques. The virtual dataset can also be back-
converted to DICOM format and uploaded to intra-operative
CAS navigation system workstations for real-time supervision
of the reduction [46, 52].

CT image-based 3D printing after maxillofacial
trauma: technical principles

CT-based rapid prototyping is increasingly used for a number
of applications in post-traumatic facial reconstruction [54],
particularly for the creation of mandibular or midfacial
models, and patient-specific orbital implants (PSIs). The
World Health Organization (WHO) has called for the replace-
ment of conventional implants with PSIs in routine practice by
the year 2020 [56]. Rapid prototyping can be performed using
a variety of additive or subtractive manufacturing methods.
Milling is a subtractive method that employs multiaxis drills
or other sharp tools. While milling saves considerable time, it
is less precise and therefore not ideal for reconstructing the
thin walls and surrounding cavities of the midfacial region,
and is rarely used for creating maxillofacial models [58].
Additive manufacturing is the global technical standards term
for 3D printing. A variety of methods can be used to create
maxillofacial models including stereolithography (vat
photopolymerization), material jetting, and binder jetting. A
detailed description of the various techniques is beyond the
scope of this article, but a comprehensive discussion is found
in the 2015 RadioGraphics article, Medical 3D Printing For
the Radiologist, by Mitsouras et al. [59]. Stereolithography is

a relatively inexpensive 3D process most commonly used at
this time to create surgical models in maxillofacial trauma and
involves solidifying selected areas within a vat of
photocurable liquid acrylic resin using an ultraviolet laser
(see Figs. 10 and 11). The prototyping process is performed
in a slice-by-slice fashion, using points triangulated by the
CAD design to recreate the fine bony contour of the maxillo-
facial model [40, 55, 58]. Scaffolds are added to the CAD
design to prevent movement of the prototype within the liquid
bath during manufacturing, and these are subsequently re-
moved. After an additional curing step using an ultraviolet
oven to improve the mechanical properties of the model, the
prototype can then be used to pre-bend plates or serve as a
template for manual or pressure unit-based orbital implant
molding [51, 58, 60]. Material jetting is a versatile technique
analogous to ink-jet printing; printers spray layers of the mod-
el using two or more jetting heads for the model and a gel or
wax-like support material which is subsequently removed by a
combination of soaking the model in a mild soap solution,
heating, or water-blasting [59]. Binder jetting also uses a jet-
ting head, which sprays a binding material to selectively bond
a powder in layers [59]. Material and binder jetting methods
can be used to create color-coded models.

Another 3D printing process—laser sintering—incorpo-
rates a high-powered (typically carbon dioxide-based) laser
to fuse small particles within a powder, which is applied, heat-
ed, and bonded in successive layers [56, 61]. This technique is
used by vendors to create titanium orbital PSIs for surgical use
(Fig. 12). Orbital implants created using selective laser
sintering are generally thicker than conventional mesh im-
plants and require precise pre-operative planning, but appear
to be superior in precision, time effort, and outcome to man-
ually bent implants [56, 62].

CT image-based 3D printing and surgical pre-planning
using design software: practical considerations

A number of vendors provide comprehensive services for rap-
id prototyping and pre-planning based on pre-operative CT
images, including offering interactive web-based meetings
(typically during regular business hours) between surgeons
and the vendors’ software engineers or other non-medical staff
who perform virtual manipulations under the direction and to
the specifications of the surgeon [54, 61]. The average time to
create a printed object in the published literature is approxi-
mately 19 h, and the average cost approximately 1400 US
dollars, but may run much higher depending on overhead
and the billing practices of the service provider. Depending
on the location of the vendor, delays in receiving the model or
implant can be longer than 1 week [54, 60, 61]. Costs and time
can be substantially reduced through in-house pre-planning
and model design using commercially available or open-
source software, and either using on-site printing, or through
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Fig.8 A 46-year-old man who sustained a left ZMC fracture after falling
down stairs. Collage shows repositioning of the ZMC using Materialize
Mimics 3D modeling software. The initial ZMC fracture resulted in malar
retrusion (i.e., posterior displacement with loss of facial antero-posterior
projection), and medial rotation, resulting in loss of facial width. In a—c,

the blue mask highlights the segmented ZMC, while the contours
(arrows) show the position after virtual reduction. A key element of
ZMC reduction is alignment of the zygomaticosphenoid suture along
the lateral orbital wall, which is confirmed on the 3D volumetric image
shown in d

Fig. 9 Materialize 3Matic CAD software was used to mirror the intact
right face onto the left in the same patient following conversion of the
virtual left ZMC reduction from DICOM to STL (standard tessellation
language) format (a). Color histogram in b shows differences in position
between mirroring and virtual reduction, with areas of red shading
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corresponding with differences of greater than 5 mm from the outer
edge of the reconstructed and mirrored ZMC and the mirrored versus
native intact mandible. The histogram illustrates the inherent differences
in pre-morbid facial symmetry, not accounted for when using the
mirroring technique
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Fig. 10 Stereolithographic maxillofacial model of the same patient
shown in Figs. 8 and 9 following virtual reduction of the left ZMC. The
fracture lines are conspicuous, but the model shows restored facial
projection and symmetry

collaborative agreements with academic institutions that have
invested the necessary resources to streamline production of
models or implants. In experienced hands, CT data processing
and manipulation is rapid, and model generation takes approx-
imately 812 h [60]. Presently, a major barrier to widespread
implementation is the lack of a stand-alone process for reim-
bursement. Vendors providing rapid-prototyping and pre-
planning services are sometimes paid indirectly through con-
tracts with medical device manufacturers that bill third-party
payers in a single bundled medical device fee [63]. As interest
grows, an increasing number of providers shoulder the cost as
an out-of-pocket expense. Third-party payers currently do not
reimburse for rapid prototyping by in-house 3D facilities, and
support at major academic centers comes mainly from internal
research and development grants [63].

CT-guided CAS: technical principles

Intra-operative navigation systems triangulate and track the
coordinates of both the patient and instruments in space after
an initial process of intra-operative surface registration which
synchronizes true coordinates to the CT dataset [64, 65]. After
registration, both the patient and surgical instruments can be
moved freely in space [64, 65]. Both optical and electromag-
netic tracking systems are in use, with the former more widely
employed [64]. Passive optical navigation systems are com-
prised of a camera mount with an infrared emitter and high-
precision receivers that track input from a reference arc at-
tached to a rigidly fixed headset and surgical instruments, both
equipped with reflective marker spheres (Fig. 13). Active
tracking systems employ the same basic principles, but track
coordinates through signal received from light-emitting di-
odes (LEDs) [46, 64, 65]. Frameless systems using LEDs
attached to an adhesive mask have also been introduced
[51]. The patient and instrument coordinates are co-
registered to the CT data and displayed in real time, with
refresh rates of up to 30 frames/s, in three planes along with
3D reconstructions on the CAS monitor with a registration
error typically just over 1 mm [46, 65]. The virtually recon-
structed images created using CAD/CAM software can poten-
tially be uploaded to the CAS workstation along with the pre-
operative images to guide the fractured midface segment re-
duction using a pointer co-registered to both datasets, from its
post-traumatic alignment to its virtually restored anatomic
alignment with continuously updated information. In this
way, despite visualization of the fracture typically being re-
stricted to a limited number of cosmetically favorable incision
sites, the surgeon can scan the pointer over the bone surface to
repeatedly assess that the repair precisely matches the planned
outcome [46, 48, 51]. In some cases, the immediate evaluation
of reduction during surgery can potentially obviate the need
for post-operative CT scan [46, 50].

Fig. 11 a A stereolithographic model of a mandible segmented from
the admission maxillofacial CT of a 51-year-old patient following a
motorcycle collision. There is a fracture of the left symphysis-body
junction. A model of the mirrored unaffected right side (bracket (a))
and b was used to pre-bend an inferior border reconstruction plate.

3D printed models can be used as a frame of reference for the
surgical reduction and as templates for pre-bending titanium plates
pre-operatively to potentially improve the surgical result while de-
creasing operative time
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Fig. 12 Patient-specific sintered
titanium implant (white arrows)
on top of a 3D-printed template
(black arrows) used for orbital
reconstruction in a 73-year-old
woman with a right orbital
blowout fracture after a fall. The
template and implant were
manufactured from the pre-
operative CT using computer-
aided design to mirror the
unaffected left orbit

Computer-aided surgery: growing utility for facial
trauma reconstruction

CT-guided navigation surgery was initially introduced in the
late 1980s for intra-operative localization of intra-cranial tu-
mors [50, 66], and is now used for most intra-cranial neuro-
surgical procedures as well as for functional endoscopic sinus
surgery and skull-based surgery [67, 68]. CAS is cost, re-
source, and personnel intensive, which creates barriers to its
non-elective use in the trauma setting [46, 52]. While CAS
does allow safer dissection during orbital reconstruction, its
early use for facial fracture reduction had limited utility be-
cause pre-operative DICOM datasets did not provide valuable
information to guide reduction back into anatomic pre-morbid
alignment and symmetry [48]. Imprecise qualitative compar-
ison of symmetry to the contralateral uninjured side would
have to be used. The reliance on only pre-operative data has
limited the utility of CAS for precise facial fracture reduction.

Fig. 13 CT-guided, computer-
aided orbital reconstruction in a
patient with orbital fracture. a The
infrared camera and receiver
mount with monitors for CT-
guided navigation. A reference
arc with reflective markers
attached to a rigidly fixed headset
is shown (b). Both the headset
and a surgical instrument fitted
with a reflective sphere are
illustrated in ¢

@ Springer

Simulation of pre-planned osteotomies and reductions in
malunited fractures and generation of models for the relatively
imprecise interactive use as surgical aids has been possible with
CAM/CAD software for some time, but only with the emerging
use of virtually reconstructed datasets for providing real-time
intra-operative guidance for the reduction, along with plate pre-
bending with stereolithographic models, has CAS become more
feasible and appealing for facial fracture reconstruction outside of
the orbit [46, 4951, 57, 69—71]. The ability to back-convert
from proprietary design software format to DICOM is becoming
an increasingly standard functionality of CAD/CAM applica-
tions [48, 51]. The possibility of improved esthetic and functional
outcomes when using the virtual repair to represent the treatment
plan in real time is particularly promising for high-velocity se-
verely comminuted or malunited fractures of the ZMC, NOE, or
maxillary occlusal regions, where surgical landmarks typically
used for reduction may no longer be available due to bone loss,
or altered as the result of bony remodeling [46, 48, 52, 65].
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Radiologist: virtually a craftsperson? The potential
future role of radiologists in virtual surgical
pre-planning and rapid prototyping

While there is a chance that without initiative and active en-
gagement with reconstructive surgery colleagues in this area,
radiologists will lose a unique opportunity to extend beyond
the role of imaging consultant to collaborator in the surgical
planning process and be completely circumvented in the
workflow, some of the circumstances described—particularly
the high cost and delays that may result with reliance on out-
side vendors—point to a potential future role in this capacity
for imagers in establishing and making use of in-house re-
sources and facilities. The path toward adoption and radiolo-
gist involvement will be contingent on ever-increasing de-
mand, outcomes research to support advocacy, and the estab-
lishment of communities within the discipline, such as the
recently formed Radiological Society of North America 3D
Printing Special Interest Group, which is currently developing
appropriateness criteria for craniomaxillofacial and other
applications.

Conclusion

Potentially transformative emerging patient-centered para-
digms in maxillofacial imaging and image-guided reconstruc-
tion require that radiologists challenge themselves to develop
familiarity with new volume visualization tools such as the
nascent technique of cinematic rendering; strive to incorporate
quantitative imaging in their daily practice for prediction of
enophthalmos after orbital blowout fractures; utilize advanced
dose reduction strategies to minimize patient radiation expo-
sure; and develop new skill sets while growing their institu-
tional infrastructure to incorporate computer-aided design, vir-
tual fracture reconstruction, and rapid prototyping.
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