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Abstract

Purpose—Le Fort-based face—jaw-teeth transplantation (FJTT) attempts to marry bone and teeth
geometry of size-mismatched face—jaw—teeth segments to restore function and form due to severe
mid-facial trauma. Recent development of a computer-assisted planning and execution (CAPE)
system for Le Fort-based FJTT in a pre-clinical swine model offers preoperative planning, and
intraoperative navigation. This paper addresses the translation of the CAPE system to human
anatomy and presents accuracy results.
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Methods—Single-jaw, Le Fort-based FITTs were performed on plastic models, one swine and
one human, and on a human cadaver. Preoperative planning defined the goal placement of the
donor’s Le Fort-based FJITT segment on the recipient. Patient-specific navigated cutting guides
helped achieve planned osteotomies. Intraoperative cutting guide and donor fragment placement
were compared with postoperative computed tomography (CT) data and the preoperative plan.

Results—Intraoperative measurement error with respect to postoperative CT was less than 1.25
mm for both mock transplants and 3.59 mm for the human cadaver scenario. Donor fragment
placement (as compared to the planned position) was less accurate for the human model test case
(2.91 mm) compared with the swine test (2.25 mm) and human cadaver (2.26 mm).

Conclusion—The results indicate the viability of the CAPE system for assisting with Le Fort-
based FJTT and demonstrate the potential in human surgery. This system offers a new path
forward to achieving improved outcomes in Le Fort-based FJTT and can be modified to assist
with a variety of other surgeries involving the head, neck, face, jaws and teeth.
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Face—jaw-teeth transplantation; Face transplant; Le Fort-based transplant; Surgical cutting guide;
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Introduction

Le Fort-based face—jaw—teeth transplantation (FJTT) is an emerging alternative for
reconstructing patients with severe craniomaxillofacial (CMF) disfigurements non-amenable
to conventional methods of reconstruction [1-4]. The experimental procedure utilizes both
hard and soft tissue from a brain-dead cadaveric donor to replace damaged portions of a
recipient’s face, analogous to solid organ transplant. Recipient trauma sources have included
ballistic wounds, blunt trauma, cancer, and animal attack [3-7]. Each combination of size-
mismatched, donor and recipient anatomy presents unique challenges for both optimal
function and appearance. To date, only ten Le Fort-based FJTTs (those face—jaw—teeth
transplants which include the underlying facial skeletal structures such as zygomas,
maxillae, orbital floors, palate, and teeth) have been performed worldwide [4]. While
deemed successful, all single-jaw transplant patients have required some form of revision
surgery after undergoing FJTT due to suboptimal donor-to-recipient dental alignment.
Preliminary evidence suggests accurate dento-skeletal alignment in FJTT, including hybrid
occlusion for opposing dental arches, is a very difficult part of this surgery [1,3,4,6,8]. As
such, Le Fort-based FIJTT will remain limited until this particular obstacle can be overcome.

Computer-assisted surgery (CAS) leverages patient models for preoperative planning and
intraoperative navigation, guidance, and (possibly) real-time plan updates [9,10]. Many
surgical procedures within similar fields like CMF surgery, head and neck surgery, ear/nose/
throat (ENT) surgery, and neurosurgery have seen advances through CAS [11-15]. Recent
developments in additive manufacturing technology (AMT), more commonly known as 3D
printing, have enabled the use of patient-specific guides in a variety of dental and
craniofacial procedures [11,14,16-18]. Accordingly, the combination of these paradigms
may have extensive use in Le Fort-based FJTT and other orthognathic procedures, through
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more appropriate dento-facial-skeletal alignment and surgical accuracy resulting in
improved outcomes.

Recent research describes a computer-assisted planning and execution (CAPE) workstation
for assisting surgeons during Le Fort-based FJTT [19,20]. The goal was to develop a system
that combines preoperative planning with intraoperative navigation and biomechanical
guidance using patient-specific surgical cutting guides and optical navigation. This system
should include unique features including real-time, intraoperative cephalometric analysis
and preoperative biomechanical simulation for predicting donor-to-recipient jaw relation/
motion post-transplant [21]. It is notable that the current state of the art commercial systems
(e.g., Stryker Craniomaxillofacial, Stryker, Kalamazoo, MI, USA; Synthes
Craniomaxillofacial, Synthes, West Chester, PA, USA) and reported (honcommercialized)
systems in literature [8,11, 22] do not have the full suite of features developed for the CAPE
system. The synthesis of these diverse features within the CAPE system may offer potential
to improve accuracy and reduce operating times (reported FJTT transplant times exceed 14—
30 h) over existing systems, which may lead to better patient outcomes and potentially
prevent the need for revision surgery.

The pre-clinical CAPE system was initially developed and tested on swine (both cadaveric
and live), without incorporating human anatomy from 3D plastic models or cadavers
[19,20,23]. As such, this paper addresses the translational capabilities of the CAPE system
as applied to human anatomy through mock transplants performed on human plastic models
and a single-human cadaver transplant. Moreover, comparison of planned osteotomies and
placement of the donor fragment identified the intraoperative accuracy of the CAPE system
with respect to postoperative imaging data. A discussion on the results concludes the paper,
remarking on the potential for the CAPE system to be used for Le Fort-based FJTT.

Materials and methods

System overview

The CAPE system, fully described by Gordon et al., provides planning and navigation for Le
Fort-based FJTT [20]. This overview focuses on a single-jaw—teeth transplant to also
address the more challenging problem of hybrid occlusion (i.e., improper teeth alignment
and contact). Hybrid occlusion does not exist for those facial transplants (1) containing only
soft tissue components and (2) containing both upper and lower jaw/teeth segments from the
donor. The procedure varies slightly for different transplant routines depending on the extent
of the recipient’s disfigurement, but the majority of steps are consistent between surgeries
for all single-jaw, Le Fort-based maxillofacial transplants.

Prior to surgery, a cadaveric donor is identified for a specific recipient in need of
maxillofacial restoration. Once identified, the donor face should be harvested and
transplanted within 48—72 h. Standard computed tomography (CT) scans of the donor and
recipient are acquired. Segmentation of the CT data defines a set of three-dimensional
volumes and surface models of relevant skeletal anatomy, which includes the cranium,
upper jaw (maxilla), lower jaw (mandible), and teeth. The surface models provide
visualization throughout the surgery and are the main components in the planning stage.
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The donor and recipient models and CT data are manually aligned based on the type and
extent of surgery, and expected osteotomy pattern (Fig. 1). For patients requiring single-jaw
restoration, the surgeon’s main focus is on achieving rigid, stable alignment of the cranium,
jaw, and teeth; this includes analysis of the hybrid occlusion to ensure appropriate
alignment. (The skeletal alignment dictates the final position of the overlying facial soft
tissues—skin, muscle, and fat—and ultimate appearance.) The bony alignment of the
models provides a common coordinate frame between the donor and recipient. Once
aligned, the surgical team plans the surgery by identifying appropriate cutting planes on the
recipient based on anthropometric differences [19]. These cutting planes are based on the
type of surgery necessary (i.e., Le Fort I, Il, or I11) and generally follow predictable fracture
patterns of the face. Curved cuts, while possible, will not follow these natural fracture
patterns exhibited in the face and are more difficult to perform. The alignment of the donor
and recipient models facilitates the transfer of the cutting planes identified on the recipient
to analogous positions on the donor.

After identifying the goal cutting planes preoperatively, patient-specific cutting guides are
designed and fabricated. The form-fitting cutting guides offer a precise fit to the bone and
ensure the surgical cuts are performed at the appropriate location and angle. Integrated in the
design of the geometry of the cutting guide is a rigid structure for optical tracking that does
not interfere with the surgeon’s cutting routine. Patient-specific guides are fabricated with
the appropriate AMT processes for surgery (Fig. 2).

The initial surgical routine is identical for both the donor and recipient. First, a reference
geometry is attached to the cranium. The reference geometry is visible to the optical tracker
(Polaris, NDI Inc., Waterloo, Canada) and provides a static frame on the patient. A pointing
tool digitizes a set of anatomical landmarks on the patient that were previously selected on
CT scans (e.g., the most inferior/anterior point on the infraorbital rim and bridge of the nose
for humans) to define a gross registration between the patient and the segmented surface
model. Tracing the pointing tool along the exposed bone provides input to an iterative
closest point [24] algorithm to obtain a more precise registration between the patient and the
model. The cutting guides are attached to the patient and the navigation system reports on
the alignment accuracy (Fig. 3). The surgeon uses the cutting guides to easily achieve the
preoperative plan, extracting the planned donor fragment and removing the recipient’s
defect to assure congruency.

In the single-jaw FJTT, the donor fragment is mainly the maxilla, while the recipient retains
the cranium and mandible with teeth. The donor fragment is moved to the recipient
operating table following neurovascular dissection. The cutting guides are designed such
that after cutting, the donor fragment is still rigidly fixed to the attached reference. This
allows the surgeon to track the movement of the donor fragment with respect to the recipient
with visual feedback during placement. As the surgeon places the donor fragment, the CAPE
system informs the surgeon of the placement accuracy (Fig. 4) and computes real-time,
hybrid cephalometrics and occlusion [20,25] (Fig. 5). Cephalometric analysis computes
angles and distances between well-established human dento-skeletal landmarks, or their
swine analogs [25] (Tables 1, 2; Fig. 5), to quantify facial harmony, esthetics, and occlusion
[26]. The landmarks are identified preoperatively on both the donor and recipient jaw—teeth
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fragments and distance/angle measurements are computed automatically. Following visual
confirmation, the surgeon ensures the fragment placement is appropriate and rigidly fixates
the donor jaw-teeth to the recipient cranium using a standard set of titanium plates and
SCrews.

Experiment overview

Two mock FJTT surgeries (one using swine anatomy, one using human anatomy) performed
on plastic models tested the CAPE system. Each mock surgery used existing CT data (live-
animal or cadaveric) as the basis for constructing the plastic models. An additional surgery
was performed on a human cadaver using donor and recipient specimens obtained from the
Maryland State Anatomy Board. For the swine surgery, the recipient was chosen as the
smaller of the two in the setting of a large size mismatch. The donor and recipient for the
human studies were arbitrarily chosen from the specimens obtained through the Maryland
State Anatomy Board.

Commercial software (Mimics, Materialise, Leuven, Belgium) aided in the semi-automated
segmentation and labeling of various hard tissue structures on preoperative CT data. An
automatic threshold segmentation identified the bony anatomy. Manual adjustments refined
the segmentation and separated the cranium and maxilla from the mandible, generating
distinct surface models. Stereolithographic models made of resin (Acura ABS White, SLA
7810, 3d Systems, Rock Hill, SC, USA) were fabricated for the surgeries with high accuracy
[27]. After printing, radiopaque fiducials (stainless steel beads) were implanted on the
specimen in sets of (at least) four to serve as the ground truth for fragment movement. Each
set of beads was placed on bony anatomy of interest (i.e., the maxilla or cranium) to
facilitate postoperative registration (Fig. 6). Using small spherical beads (1.5-2.2 mm
diameter) reduced metallic artifact in the subsequent CT scans and did not interfere with
model segmentation or reconstruction.

Prior to each FJTT surgery, virtual planning was performed according to the CAPE protocol.
The models were CT scanned at 0.45 x 0.45 x 0.6 mm resolution on a SOMATOM
Definition Flash scanner (Siemens Healthcare, Germany). The scans were performed at 100
kVp, with a tube current of 421 mAs (human cadaver) or 566 mAs (plastic model). A soft
tissue reconstruction kernel was used. These imaging protocols are appropriate for real
patients and were shown to be effective in the human cadaver surgery. Clinically, ideal slice
thickness is 1.25 mm or less. Both the anatomical structures (i.e., cranium and mandible)
and the fiducials were segmented from the preoperative model, which had been created
using CT data. After defining the cutting planes based on donor-to-recipient hybrid relation,
patient-specific guides were designed using commercial software (FreeForm Plus, 3d
Systems, Rock Hill, SC, USA; Magics, Materialise, Leuven, Belgium). The guides were
printed on a Connex 500 printer (Stratasys Ltd., Eden Prairie, MN, USA) using
biocompatible material (Objet Med610, Stratasys Ltd., Eden Prairie, MN, USA) (Fig. 2).
The material chosen for this study allowed some structural flexibility in the guides during
the swine scenario to improve positioning prior to final placement with screw fixation. Of
note, this flexibility is not considered necessary in human operations but was found useful in
the swine.
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The surgeries followed the CAPE routine with the additional steps to analyze the donor
fragment placement. Using the optical tracker, the CAPE system recorded the fixed position
of the donor guide relative to the donor maxilla and the recipient guide relative to the
recipient cranium. As the surgeon placed the donor fragment onto the recipient, the optical
tracker acquired a “snapshot” of the unfixed relative position of the donor guide (and, by
association, the donor fragment) on the recipient’s cranium. The surgeon then fixated the
donor fragment in place using plating fixtures (Stryker Universal Fixation System). Hot glue
also helped to reinforce the final maxilla fragment position within the human mock scenario
in addition to the rigid titanium plate fixation (Fig. 7).

Postoperative CT scans at 0.45 x 0.45 x 0.60 mm resolution were obtained and an
automated threshold-based segmentation provided an initial labeled CT volume. Manual
improvements separated the plastic models (Fig. 8). An automated, high-threshold
segmentation identified the fiducials in the postoperative scan. Each fiducial was
automatically identified in the CT volume as a series of connected voxels. The geometric
center (average, unweighted position) of the voxels defined the center of each fiducial.

Two CT registration techniques identified the postoperative placement of the donor segment
for the plastic model transplants: (1) fiducial-based registration and (2) volumetric-based
registration; accuracy for the human cadaver test was measured through volumetric-based
registration only. The fiducial-based registration procedure used a point-to-point registration
technique [28] between the corresponding preoperative and postoperative fiducials. The
volumetric-based registration employed a normalized mutual information (NMI) technique
in Amira (Visualization Sciences Group, Burlington, MA, USA) to align the volumes. To
ensure the best accuracy, the raw preoperative and postoperative CT data were masked with
the volume labels to only compare analogous bony anatomy (e.g., the recipient cranium).
Manual alignment initialized the NMI registration routine.

Three types of errors were measured in this study: (1) intraoperative to planned; (2)
postoperative to planned; and (3) intraoperative to postoperative (navigation error). The
intraoperative placement is measured through CT data, and the postoperative placement is
measured as described above. The measured transformations were applied to the
preoperative surface model of the maxilla to maintain a consistent model and coordinate
frame for comparison. The distance error between corresponding vertices on the maxilla
surface model was computed—there were 4,975 vertices in the swine plastic model, 4,939 in
the human plastic model, and 7,412 in the human cadaver.

Due to significant (unpublished) practice with the CAPE system, we completed each mock
surgery without complication. Moreover, the nature of the mock surgeries (no soft tissue, no
bodily fluids, etc.) enabled improved access to the dento-skeletal anatomy of interest.
During the procedures, we identified a few areas of improvement, including:

1. Inthe human scenario, attaching the donor fragment to the recipient is not as
simple as in the swine operation. With swine, there is a single curve (cutting plane)
along the bone, while for the human case, cuts are made in three separate plane
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locations (Fig. 9). The human approach, then, requires multiple fixation points
along multiple planes. Several potential improvements exist for this problem,
including an updated guide design, which “locks” the fragment in place by
temporarily fixing the donor guide and recipient guide together.

2. The reference attachment originally designed for the swine’s skull is not
appropriate for the human skull. Specifically, the curvature of the human skull did
not allow for full fixation of the reference hardware as planned. However, a new
redesigned version functions on both swine and human, has a low profile and light-
weight design, and will not disrupt the surgeon (Fig. 10).

The intraoperative model-to-patient registration routine for the CAPE system exhibited
errors of 0.727 and 0.306 mm for the human plastic model donor and recipient, respectively.
The errors on the human plastic models were comparable to those exhibited on swine—
0.510 and 0.357 mm for swine donor and recipient, respectively. Human cadaveric testing
showed registration errors of 1.22 and 0.745 mm for the donor and recipient, respectively.

The different postoperative registration techniques (fiducial-based and volumetric-based)
showed similar error values (Table 3). As such, the volumetric-based registration errors are
used for the remainder of the paper to enable comparison between tests with the plastic
models and the human cadaver. Error analysis on the intraoperative placement of the donor
fragment indicated reduced error on the swine compared with the human. The average
navigation error (postoperative measurement compared to intraoperative measurement) for
both plastic model tests did not exceed 1.250 mm regardless of postoperative registration
technique (Table 3). There was increased error in the final placement of the donor fragment
with respect to the planned position for the human plastic model test case (2.91 mm)
compared to the swine test case (2.25 mm); however, intraoperative accuracy between the
plastic model tests was comparable. Human cadaver testing demonstrated increased
navigation error (3.59 mm) compared to the plastic models, but the final placement error
was 2.26 mm—Ilower than the human plastic model.

Each of the plastic model surgeries had the mandible (lower jaw) disconnected from the
cranium. This makes postoperative occlusal evaluation difficult. However, results from the
cadaver testing showed the postoperative hybrid occlusion matched the planned occlusion.
The plan aligned the arches to provide a “reasonable occlusion” for this hybrid jaw in
relation to arch alignment, occlusal plane, and tooth interdigitation, as estimated by the
surgeon and periodontist. An open bite was planned on the posterior right, with posterior left
contact, centered alignment of the central incisors, and minimal overbite/overjet
(postoperatively measured to be less than 4 mm). The planned occlusion kept acceptable
cephalometric measures with a sella—nasion—A point (SNA) angle of 81 degrees indicative
of a normal maxillary-cranial relationship [29]. As noted by the fragment accuracy, the cuts
were achieved and the postoperative results were qualitatively near the planned occlusion.

Discussion

The CAPE system was developed to improve outcomes in complex craniomaxillofacial
procedures including Le Fort-based FJTT [19,20]. This paper presents a feasibility study of
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the navigation system by comparing measured intraoperative data with postoperative data.
Moreover, this study reports on the accuracy with which we achieved a planned alignment
of the donor face—jaw—teeth fragment onto the recipient utilizing a size-mismatched scenario
in both swine and humans. This exhibited the capability of transitioning the CAPE system
from swine (the basis of the initial development) to human anatomy without making changes
to the system.

The results from this study exhibit the feasibility of intraoperative, navigated guide
placement and real-time, fragment tracking. While results on the swine model reported
higher (postoperative) positioning accuracy relative to the plan (2.25 mm as compared to
2.91 for the human plastic model), the accuracy relating the postoperative position and
intraoperative position were comparable (1.21 mm as compared to 0.85 mm for the human
model). The reported accuracy on the human model with no system changes bodes well for
future applications of this system to FJTT and various procedures within craniofacial
orthognathic surgery. Moreover, the final position of the donor maxilla fragment could not
be measured since the guide must be detached before full fixation—this likely indicates
improved overall accuracy from what this paper reports.

Cadaveric testing showed increased navigation error as compared to the plastic model
surgeries. The main contributor to this is the increase in error of the donor and recipient
registrations, an average of 0.98 mm for the cadaver test versus 0.48 mm for the plastic
models. This is expected given the complexity of the cadaveric environment—soft tissue
restrictions like rigor mortis, minimal bony exposure—as compared to plastic models.
However, guide performance in the cadaveric environment (measured by the postoperative
positioning error) was on par with the swine plastic model, and better than the human plastic
model. While the advantage of navigating the guide placement cannot be established with
this work, one can consider scenarios in which, because of the existence of the residuals of
soft tissue over the bone surface, the navigated guide may end up improving the placement
accuracy. More importantly, the trackable guide is notably useful as a dynamic reference for
measuring real-time cephalometrics and allowing visual feedback during donor fragment
placement onto the recipient

Compared to navigation systems for other surgeries (e.g., orthopedics), this system presents
significant challenges. Orthopedic surgery has an advantage of large or (comparatively)
thick bones used to fix reference devices. For this surgery, one is limited to the thickness of
the skull; penetration of screws into the brain of either the donor or recipient would be a
significant problem. As such, much smaller (about 4 mm threaded length and 2 mm
diameter) screws fix the reference device on the parietal skull compared to at least 20 mm
threaded length and 3 mm diameter screws used in optically navigated orthopedic surgery
(e.g., Ortho Navigation, Medtronic, Minneapolis, MN, USA; Brainlab Image-Guide Surgery
Systems, Munich, Germany; [30,31]). However, the reported registration accuracy matches
that reported for surface-based registration in orthopedic surgery [31].

Some difficulties transitioning from swine surgery to human surgery were noted during the
mock surgeries. One significant obstacle was the plate-screw fixation process of the donor
fragment onto the recipient. One potential fix is an improved guide design that incorporates
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a locking mechanism for attaching the donor and recipient guides. This would allow the
surgeon to partially fix the fragment using guides in the desired location, check the accuracy
of the placement using the system, and fully fixate the fragment using rigid titanium plates.
In addition, the initial reference designed for the swine skull did not translate well to human
anatomy. The improved, lower-profile design of the new reference geometry further enables
this translational research and updates the system for both types of environments (human
and swine).

The integration of cutting guides and navigation potentially allows the CAPE system to
achieve higher accuracy than either system independently. Recent literature [32] on a
CAD/CAM system using non-navigated cutting guides report 7.18 mm error in predicted
compared with actual placement of a Le Fort I11-based maxilla and mandible transplantation.
The results reported in this study comparing postoperative location to the plan (2.96 mm
translational error for a Le Fort-based, single-jaw—teeth transplant for human) suggest
significant improvement from a non-navigated cutting guide positioning and fragment
transplant—and may therefore represent a major advancement in computer-assisted
technologies applicable to orthognathic surgery. The cutting guides help the surgeon
perform cuts at pre-defined locations and angles, which may not be achievable with as much
accuracy using navigation alone.

The navigation system helps ensure that the cutting guides are placed appropriately,
avoiding numerous sources of “surgeon-related” and “manufacturing-related” error.
Previous research identified the potential for cutting guides to be positioned and secured
with some small error; the navigation component can help the surgeon identify when that
error occurs and correct the guide positioning [20]. Although the use of plastic models is a
limitation for this study, the mock environment reduces many potential error sources and
cofounding variables such as bleeding bone and inconsistent soft tissue contraction/
relaxation. The accessibility of the entire plastic model allows the surgeon to digitize
registration points at many locations; this may conflict with the reduced bony exposure in a
clinical environment. However, these plastic models did allow the necessary position
flexibility to assess the CAPE system accuracy (at various time points throughout the
surgery) via frequent model manipulation—which would not be feasible in the cadaver or
live surgery setting.

The materials used for the bone models in the plastic models were significantly more
difficult to interact with as compared to real bone. For instance, the surgeon reported
increased difficulty in attaching the guides and fixation plates since the self-drilling bone
screws were less effective as compared to real bone. Additionally, the material used for
printing the cutting guides had some mechanical flexibility. This flexibility is useful for
accounting for minor differences in the CT segmentation and actual anatomy during surgery.
However, the navigation system models this as a rigid guide and cannot accurately capture
these small deviations.

The described technology in this work relies on the use of diagnostic CT information for
preoperative planning. Cone-beam CT is an emerging technology in various applications
including dental and head/neck surgery, which which also offers high resolution images.
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This increased resolution offers more information about the bone, but the poor contrast and
high noise may be detrimental and will increase segmentation/ planning time. Most cone-
beam CTs of the head/neck require the patient to be seated upright—a challenging task to
achieve with the donor.

Transitioning this system to clinical trials still requires a significant amount of testing. The
human cadaver test showed that the presence of soft tissue in the CT scan does not hamper
the segmentation, model reconstruction, or cutting guide design, but will impact the
registration. Moreover, the cutting guide can be affixed with only the skin incisions required
for the transplant. Some clinical donors or recipients may present with metallic fillings in
teeth causing artifact in the CT volume. These artifacts will pose difficulty in truly
predicting the hybrid occlusion resulting from the single-jaw—teeth transplant and will need
to be addressed in future iterations on this work.

Planning routines for each surgery can likely be completed within 5 h per case. This
includes segmentation, alignment of the donor CT to recipient, planning the cutting planes,
and designing the patient-specific guides. The guides must be printed overnight, but this is a
“set and forget” operation. While this may add additional time preoperatively, it can likely
save time during the operation and lead to improved outcomes—a very appropriate tradeoff.

The tools and techniques developed with this system may provide a substantial benefit to
more traditional orthognathic surgery, ENT surgery, neurosurgery, and head/neck surgery.
For example, the features within the CAPE system—such as real-time cephalometry—may
reduce or remove the time-intensive process of hand-molded acrylic splints or costly process
of virtual occlusal splint fabrication for all orthognathic cases. The stable reference mounted
on the parietal bone provides a rigid navigation frame that may allow surgeons to do away
with conventional pinning techniques used to maintain skull rigidity (i.e., skull clamp),
especially in instances where concomitant scalp reconstruction is required.

In conclusion, this study presents the feasibility and translation of the CAPE system for Le
Fort-based face—jaw—teeth transplantation. This preliminary data suggest promising results
further showing the feasibility of the system and showing full translational capabilities to
human anatomy. Future work will focus on validation through human cadaver studies, and
moving forward with live swine surgery for additional feature development and pre-clinical
safety testing. The CAPE system offers surgeons a new path forward in achieving improved
outcomes in craniomaxillofacial surgery including Le Fort-based, maxillofacial
transplantation. Furthermore, these technological advancements may be carried over into
other surgical areas including orthognathic surgery, ENT surgery, neurosurgery, and head/
neck surgery.
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Recipient Donor aligned

with recipient

Fig. 1.
Alignment of the donor and recipient surface models. The combined surface model has a

common coordinate frame between the donor and recipient
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Fig. 2.
Patient-specific cutting guides on donor specimen with an attached reference geometry. The

reference geometry is tracked through the environment by the four spheres, which reflect
infrared light
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Fig. 3.
The patient model display of the CAPE system with the planned position of the guide

(green) and the actual position of the guide (blue) during guide placement
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Fig. 4.
The CAPE system visualizes the donor fragment as it is placed onto the recipient
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B-S-A 20°
S-N-A 91°
S-N-B 88°
A-N-B 30
OCC-N 201
ZY-ZY 126
S-N 79
Go-M 74
Go-B 73
S-A 88
B-A 40
Overbite -1
Overjet 10

LIB-PA-ALV 10°

PA-PRN-ALV 113°

PA-PRN-LIB 86°

ALV-PRN-LIB ¢
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Y-ZY 84

PA-PRN 190

Go-Gn 62
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PA-ALV 199

LIB-ALV 34

Overbite -10

Overjet 0

Fig. 5.
Example real-time cephalometric display provided by the CAPE system to the surgeon for

both human (a) and swine (b). This display is updated as the donor jaw fragment is moved
with respect to the recipient cranium, and the cephalometric parameters are reported to the
surgeon. Distances between points are measured in mm and angles are measured in degrees

Int J Comput Assist Radiol Surg. Author manuscript; available in PMC 2015 July 03.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Murphy et al.

Fig. 6.
Printed plastic human skull (recipient) with fiducials attached and simulated trauma
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Fig. 7.
Final placement of donor jaw-teeth segment onto the recipient’s cranium/mandible for (a)

swine and (b) human
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Fig. 8.
Postoperative CT segmentation of the human plastic models (left) and reconstructed

projection view with fiducials highlighted (right)
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Fig. 9.
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Fig. 10.
Cranial reference attachment designed for swine (left) and redesigned version for human and

swine anatomy (right)
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Table 1

Human and swine cephalometric landmarks [25]

Human landmark Swine landmark
Gonion (Go) Gonion (Go)

Nasion (N) Pronasale (PRN)

A point (A) Alveolare (ALV)

B point (B) Lower Incisor Base (LIB)
Sella (S) Parietale (Pa)

Menton (M) Gnathion (Gn)

Left/right Zygoma (ZY)  Zygion (Zy)

Os occipitale (OCC) Os occipitale (OCC)
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Table 2

Definition of the cephalometric measurements

Measurement  Definition

B-S-A Angle between the B point, sella, and A point
S-N-A Angle between the sella, nasion, and A point
S-N-B Angle between the sell, nasion, and B point
A-N-B Angle between the A point, nasion, and B point
Occ-N Distance between the os occipitale and the nasion
Zy-7y Distance between the left and right zygomas

SN Distance between the sella and the nasion

Go-M Distance between the gonion and the menton
Go-B Distance between the gonion and the B point
S-A Distance between the A point and the sella

B-A Distance between the A point and the B point
Overbite Vertical overlap between upper and lower teeth
Overjet Horizontal overlap between upper and lower teeth
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Table 3

Placement error for human and swine surgeries

Intraop toplanned Registration type

Postop to planned

Postop to intraop

Human [plastic model] 2.62+0.36 Fiducial
Volume
Swine 2.68+1.10 Fiducial
Volume
Human [cadaver surgery]  3.29 +0.87 Volume

2.96 +0.53
291+0.42
1.81+0.77
2.25+0.97
2.26+0.18

1.23+0.35
0.85+0.28
1.20+0.28
1.21+0.32
3.59+1.78

Errors are in mm, presented as mean + SD
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