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Abstract

Introduction—Facial transplantation represents one of the most complicated scenarios in

craniofacial surgery because of skeletal, aesthetic, and dental discrepancies between donor and

recipient. However, standard off-the-shelf vendor computer-assisted surgery systems may not

provide custom features to mitigate the increased complexity of this particular procedure. We

propose to develop a computer-assisted surgery solution customized for preoperative planning,

intraoperative navigation including cutting guides, and dynamic, instantaneous feedback of

cephalometric measurements/angles as needed for facial transplantation.

Methods—We developed the Computer-Assisted Planning and Execution (CAPE) workstation to

assist with planning and execution of facial transplantation. Preoperative maxillofacial computed

tomography (CT) scans were obtained on 4 size-mismatched miniature swine encompassing 2 live

face-jaw-teeth transplants. The system was tested in a laboratory setting using plastic models of

mismatched swine, after which the system was used in 2 live swine transplants. Postoperative CT
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imaging was obtained and compared with the preoperative plan and intraoperative measures from

the CAPE workstation for both transplants.

Results—Plastic model tests familiarized the team with the CAPE workstation and identified

several defects in the workflow. Live swine surgeries demonstrated utility of the CAPE system in

the operating room, showing submillimeter registration error of 0.6 ± 0.24 mm and promising

qualitative comparisons between intraoperative data and postoperative CT imaging.

Conclusions—The initial development of the CAPE workstation demonstrated integration of

computer planning and intraoperative navigation for facial transplantation are possible with

submillimeter accuracy. This approach can potentially improve preoperative planning, allowing

ideal donor-recipient matching despite significant size mismatch, and accurate surgical execution.
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Computer-assisted planning; computer-integrated surgery; cutting guides; maxillofacial transplant;
swine facial transplant; craniofacial; craniomaxillofacial surgery; swine study; face transplant

Facial transplantation is an emerging therapeutic option for patients with complex

craniomaxillofacial defects. To date, nearly 25 facial transplants have been reported, with

approximately one-third containing underlying facial skeleton and jaw components.1–3

Operative times for these complex, Le Fort–based facial transplantations can exceed 30

hours.4–6 However, each previous maxillofacial single-jaw recipient has developed some

type of postoperative deformity due to size mismatch and malocclusion between donor and

recipient, ultimately requiring revisional surgery.7 In addition, there are currently no

validated methods for optimizing outcomes related to facial (soft tissue), skeletal (hard

tissue), and occlusal (dental) inconsistencies in the setting of donor-to-recipient

anthropometric mismatch—a major hurdle to achieving this specialty’s full potential.8,9

Use of computer technology to improve accuracy and precision of craniofacial surgical

procedures has been described for nearly 30 years, since the increasing availability of

computed tomography (CT) prompted Cutting et al10 to develop a CT-based surgical

simulation plan for osteotomies. Since that time, 2 broad approaches to computer-assisted

surgery (CAS) have gained popularity: (1) preoperative surgical planning and the use of

three-dimensional printed stereolithography templates (three-dimensional computer-aided

design/manufacturing) to guide surgical maneuvers11–13 and (2) utilizing intraoperative

feedback relative to preoperative imaging for the surgeon to provide more objective data on

what is happening beyond the “eyeball test.”14,15 Much previous work has described the

utility and accuracy of such computer-aided design/manufacturing.9,11,13,16 However, none

are meant for real-time placement feedback in areas where guide placement is more

challenging, such as the three-dimensional facial skeleton. To our knowledge, no existing

CAS systems are fully satisfactory for the most complicated craniofacial surgeries such as

Le Fort–based, face-jaw-teeth transplantation.

Recently, Brown et al17 described a system including preoperative planning and cutting

guides by way of stereolithographic models for human facial transplantation. However, their

system (using standard off-the-shelf vendor systems) does not include necessary features to

mitigate the increased complexity of this particular procedure. Additional features of interest
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include (1) intraoperative plan updates based on hard tissue discrepancies between planned

and executed procedure, (2) on-table feedback in the form of dynamic cephalometrics, and

(3) predesigned fixation plates matching the virtual plan. Furthermore, in the current CAS

paradigms for craniofacial surgery, there is little capacity for intraoperative plan updates.

This feature becomes especially important because in some circumstances during the

transplantation surgery it may be necessary to revise and update the preoperative plans

intraoperatively. The CAS system, therefore, must be robust to deal with situations in which

tools and templates designed and fabricated preoperatively may not entirely address

intraoperative surgical needs. Robustness of the planning and navigation strategy is

especially important in total face transplantation given the long operating times.

Better utilization of advanced surgical technology has potential to improve outcomes and

decrease accompanying morbidity via shortened operative times, more precise surgical

maneuvers, and improved margin of safety. Thus, we developed a CAPE (Computer-

Assisted Planning and Execution) system for complex craniofacial surgery such as Le Fort–

based, face-jaw-teeth transplantation.18 This CAPE suite addresses common shortcomings

of existing CAS systems as stated in the previous paragraph and has the potential to improve

outcomes across both the pediatric and adult-based patient population. The following section

describes an overview of the CAPE system and its novel features. The results section reports

experiments with the CAPE system on plastic bones and 2 live swine surgeries. It is notable

that in a previous work we have performed cadaver studies to evaluate anatomical

discrepancies and analogous cephalometric points between swine and human for the purpose

of translational investigation.18

MATERIALS AND METHODS

The fundamental paradigm for CAS involves developing a surgical plan, registering the plan

and instruments with respect to the patient, and carrying out the procedure according to the

plan. This paradigm has been reviewed by many for a variety of different surgical

procedures.19–27 In the following, we describe the specific features of the CAPE workstation

modules within the CAS paradigm. The CAPE system seeks to increase the robustness of

the conventional CAS paradigm by enabling intraoperative evaluation of the surgical plan

and providing means for intraoperative plan updates/revisions when needed (Fig. 1).

System Overview

The CAPE system includes integrated planning and navigation modules. The main

components of the system are the following: (1) 2 networked workstations concurrently used

in planning and navigation of the surgery for both donor and recipient; (2) 2 optical trackers

(Polaris, NDI Inc) tracking bone fragments, tools, and soft tissues (not fully implemented

yet); (3) novel guides, reference kinematic markers, and so on, as required for navigation

(Fig. 2). Preoperative planning involves the following tasks:

• segmentation and volumetric reconstruction of the donor and recipient facial

anatomy

• planning for patient-specific cutting guide placement
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• cephalometric analysis of the hybrid skeleton

• fabrication of the hybrid cutting guides enabling both geometric (“snap-on” fit) and

optical navigation

• mapping the vascular system on both recipient and donor facial anatomy (not

completely implemented yet)

• plan updates, if necessary, based on the feedback from the intraoperative module

The intraoperative navigation module changes the conventional procedure as shown in

Figure 3. The intraoperative tasks for CAPE include (1) registration of the preoperative

model reconstructed from the CT data to donor and recipient anatomy; (2) visualization

(using information from the optical tracker) of the instruments and cutting guides to help the

surgeon navigate; (3) verifying the placement of cutting guides and performing real-time

cephalometric and occlusion analysis, if, for any reason, the osteotomy sites need to be

revised; (4) dynamically tracking the attachment of the donor fragment to the recipient and

providing quantitative and qualitative (visual) feedback to the surgeon.

Preoperative Planning

During the initial planning stage, surgeons determine a virtual plan based on the recipient’s

craniofacial deformity irrespective of the donor. From registered CT data, segmentation

software generates volume data for specific key elements (eg, the mandible, maxilla, and

cranium) used for preoperative planning and visualization. The planning workstation

automatically generates the expected cut geometry of the donor fragment together with the

recipient, thereby defining the predicted facial skeleton with accompanying hybrid

occlusion2,3,8,18,28 (Fig. 4A). If available, blood vessels are segmented from CT

angiography scans (Fig. 4B).

The planning module also performs static cephalometric analysis and evaluation of face-

jaw-teeth harmony on varying constructions of the hybrid donor and recipient jaw (Fig. 5).

Using this tool, the surgeon can evaluate different placements for the donor’s face-jaw-teeth

alloflap on the recipient’s face in relation to orbital volumes, airway patency, facial

projection, and dental alignment. The automated cephalometric computation for the hybrid

face indicates the validity of the planned surgery from both an aesthetic and reconstructive

standpoint8,28 (Table 1). To evaluate and predict cephalometric relationships both during

planning and intraoperative environments, the system uses validated, translational landmarks

between swine and human.9,18 The cephalometric parameters defined by these landmarks

are automatically recalculated as the surgeon relocates the bone fragments using CAPE’s

graphical user interface (Fig. 5).

Preoperative planning also involves fabrication of the custom guides and palatal splints. The

planned cut planes form the basis for the patient-specific cutting guides, designed with a

“snap-on” fit to both donor and recipient. A reference geometry built into the guide structure

enables dynamic intraoperative tracking of guides with respect to the patient’s skeleton.

Palatal splints ensure planned dentoskeletal alignment fixation following Le Fort–type facial

transplants. Fixation plates possess eyelets for screw placement to provide rigid

immobilization at the irregular skeletal contour areas along various donor-to-recipient
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interfaces. Having prebent fixation plates decreases total operative times and helps to

confirm accurate skeletal alignment (Fig. 6).

Intraoperative Surgical Assistance

Individual navigation for both donor and recipient surgeries tracks the cutting guides with

respect to planned positions. Surgeons attach a novel kinematic reference mount to 3

intramedullary fixation (IMF) screws arranged in a triangular pattern on each the donor and

recipient craniums (Fig. 7). The mount design permits flexibility in the placement of the

IMF screws so that no template is necessary. A spring attaches to each IMF screw via suture

threaded through the eyelets. These springs hold the cranial mount in place and allow easy

removal and replacement of the cranial mount (eg, during positional changes required for

bone cuts and soft tissue dissections). The key design advantages of the reference are

detachability and use of IMF screws for stable attachment.

The reference geometry (Brainlab, Westchester, IL) attached to the kinematic mount

provides a static coordinate frame attached to the patient. The surgeon digitizes 3 bony

landmarks (eg, the inferior aspect of the orbits and anterosuperior maxilla) to define a rough

registration between the environment and virtual models. The surgeon collects several point

sets from exposed bone using the digitization tool and uses an iterative closest point

registration technique to refine the registration.29 Once registered, the surgeon navigates the

placement of the cutting guide using the combination of “snap-on” geometric design and the

tracking system coupled to visual feedback (Fig. 8). This allows the team to assess

inaccuracies related to soft tissue interference, iatrogenic malpositioning, anatomical

changes since acquiring original CT scan data, and/or imperfections in cutting guide design

or three-dimensional printing process.

Self-drilling screws affix the cutting guide to the patient’s skeleton to ensure osteotomies are

performed along predefined planes, maximizing bony congruity. After dissecting the

donor’s maxillofacial fragment and preparing the recipient’s anatomy, the surgical team

transfers the facial alloflap. The CAPE workstation tracks the final three-dimensional

placement of the Le Fort–based alloflap providing real-time visualization (Fig. 5). This

provides real-time visualization of important structures,7,8 such as new orbital volumes

(vertical limit of inset), airway patency (posterior horizontal limit of inset), and facial

projection (anterior horizontal limit of inset). Once confirmed, the surgeon fixates the donor

alloflap to the recipient following conventional techniques.

Development of this technology encompassed 2 separate phases. Phase 1 utilized swine

molds and swine cadaver heads for surgical practice. The second phase used 2 live

translational surgeries performed on 4 miniature swine (n = 2 transplants) for preclinical

experimentation.9,18

RESULTS

Overall, several plastic model tests and 2 swine cadaver surgeries helped to familiarize the

surgical team in a low-cost and less stressful fashion. Within this phase, team members

learned optimal sequences to interact with the intraoperative navigation and repeated various
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steps for tracking point capture. These iterations resulted in design alterations of the cutting

guides to reduce flex and bending for more precise tracking. The novel design (Fig. 8)

helped to improve the tracking accuracy from millimeter to submillimeter levels.

Live transplant surgeries (n = 2) between 4 size-mismatched swine (Fig. 9) investigated

whether the CAPE suite could actually assist the surgical team in planning and in executing

the desired surgical plan. The first live surgery confirmed the proposed utility of overcoming

soft and hard tissue discrepancies related to function and aesthetics7,8 (Figs. 10A, B). The

final occlusal plane within the first recipient was ideal and consistent with the virtual plan as

seen on lateral cephalogram (Fig. 10C). Preoperative functional predictions of donor-to-

recipient occlusion were realized based on cephalometric analyses performed both before

and after surgery. The soft tissue inconsistencies of the larger-to-smaller swine scenario

were also reduced following the predicted movements of face, jaw, and teeth (Fig. 10D).

The second live surgery showed improved success as compared with its predecessor because

of surgeon familiarity and technology modifications. The CAPE system improvements and

growing comfort of the surgeons led to reduced operative times for both donor and recipient

surgeries. Overall, the surgical time reduced from more than 14 hours to less than 8 hours

because of improved surgical workflow (outside CAPE) and increased comfort with CAPE.

Based on the results obtained in the live and plastic bone surgeries (Fig. 2), the functions

associated with setting up the CAPE system (attaching references, performing registration,

attaching cutting guides) add about 11 minutes to the total length of surgery. However, the

overall time can be reduced by minimizing the time required for tracking, locating, and

reaching areas of interest during the operation. The overall time for surgery can especially

be reduced if information regarding the mapping of vasculature and nerves is presented to

the surgeon intraoperatively.

The information recorded from the CAPE suite relating the donor fragment to the recipient

qualitatively matched the postoperative CT data (Fig. 11). The recipient cutting guide was

not placed as planned, however, because of an unexpected collision between cranial

reference mount and recipient cutting guide (Fig. 12). In this case, there was anterior

translation of the cutting guide (toward the tip of the swine’s snout) by approximately 4 cm.

Overall, the donor and recipient craniums (n = 4) were registered successfully to the

reference bodies for both live surgeries. The model to patient registration error across the

surgeries was 0.6 (SD, 0.24) mm. The novel cutting guide designs proved highly useful in

carrying out the planned bone cuts, which compensated for size-mismatch discrepancies

between donor and recipient. Marking spheres fixated to the guides allowed real-time

movement tracking and “on-table” alloflap superimposition onto the recipient, thereby

allowing visualization of the final transplant result.

DISCUSSION

We developed and demonstrated a single-platform solution, the CAPE workstation, for

performing facial transplantation and similar craniomaxillofacial surgical procedures. It

provides a preoperative module to define bone cuts on donor and recipient bonemodels for
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virtual planning, provides patient-specific three-dimensional designs for cutting guide

fabrication/tracking, and tracks the cutting guides and bone fragments during surgery. These

benefits provide instantaneous surgeon feedback and the ability to intraoperatively update

plans without discarding the CAS system, if surgical plans need modification.

Compared with previous efforts, this system extends the advantages of CAS beyond that

described by Dorafshar et al.6 This group described using off-the-shelf vendors for

navigation and using stereolithographic modeling for osteotomy guidance during double-jaw

face transplantation. Although similar, a double-jaw transplant, as reported, is unlike a

single-jaw maxillofacial transplant in that it accompanies no concerns for face-jaw-teeth

inconsistencies between donor and recipient because the transplanted teeth-bearing jaws are

from the same individual. We present here a new platform for preoperative planning and

intraoperative predictions related to soft tissue–skeletal–dental alignment with real-time

tracking of cutting guides for 2 mismatched jaws of varying width, height, and projection.

Additional safeguards, such as collection of confidence points as described below, further

enable intraoperative verification of the system accuracy. This, in addition to performing

real-time plan verification via tracking and dynamic cephalometry, will considerably

increase the robustness of the system (Fig. 1). Moreover, the modular nature of the CAPE

system allows additional functionality to be continually added.

Plastic bone studies identified areas of improvement and familiarized surgeons with

workflow and helped us to identify difficulties. The 2 live swine surgeries tested the system

in a true surgical environment and confirmed its efficacy.18 The outcomes of these surgeries

identified the utility of cutting guides coupled with navigation and patient-specific fixation

(eg, the palatal splint), and the navigation system is still able to obtain real-time information

in the event the guides cannot be placed as planned.

One issue raised from using the navigated cutting guides is the development of an approach

for resolving conflicts in case of position discrepancies between the placement of the guide

and the guide position prompted by the navigation software. Such discrepancy may be due

to either the guide (soft tissue interference, iatrogenic malpositioning, changes since the CT

data were obtained or imperfections in cutting guide construction/printing) and/or the

navigation system (eg, registration error or unintended movement of the kinematic markers).

To resolve these source(s) of discrepancy, we can create 4 indentations on the bone fragment

(confidence points) where the reference kinematic marker is attached.30,31 At any time

during the operation, the surgeon can use the digitizer and compare the consistency of the

reported coordinates of the indentations via navigation to their coordinates with respect to

the virtual computer model.

For development purposes, swine were chosen, given its overwhelming similarities to

humans in facial skeletal anatomy and our ability to obtain swine leukocyte antigen–

matched animals.18 An orthotopic, Le Fort–based transplant model was selected to

maximally challenge the multidisciplinary team developing the software. This environment

provides the most severe cases of aesthetic, skeletal, and dental inconsistencies. In fact,

these Le Fort–based challenges are not present in case studies involving just 1 animal, as

previously used by other craniofacial laboratories.32–34 Also, having genetically similar
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swine (eg, swine leukocyte antigen matched) available for transplantation removes the

confounding variables related to immunology and graft rejection, thereby allowing us to

concentrate solely of craniomaxillofacial obstacles and technology enhancements.

Future testing will require rigorous verification and validation studies compared with the

preliminary qualitative data presented here. These studies will investigate reliability and

repeatability of cutting guide placement comparing navigated and nonnavigated placement.

Anecdotal evidence suggests that substantial time reductions for cutting guide placement can

be achieved using navigation and that surgeons may be unaware of improper positioning

because of soft tissue interference. We plan to develop real-time dynamic cephalometrics

and masticatory muscle simulation for both planning and intraoperative guidance as shown

in the supplemental video (see Supplemental Digital Content, Video, http://

links.lww.com/SCS/A65) in future iterations of the CAPE workstation. Previous work

applied to orthopedic surgery could be adapted to assess the hybrid jaw resulting from

transplant.30,31,35 Other significant improvements include localizing nerves and vessels to

provide the surgeon with a full anatomical “road map” (Fig. 4).

This study demonstrated the potential of the CAPE system for improving safety and long-

term outcomes across many areas of complex craniofacial surgery. Development of similar

platforms in an open-source research setting will have direct utility for future customization

to meet individual applications and surgeon-specific needs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.
Computer-Assisted Planning and Execution improves CAS robustness by closing the loop

between planning and navigation and enabling intraoperative updates to the plan.
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FIGURE 2.
The schematic overview of the CAPE and its components.
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FIGURE 3.
The additional procedures associated with the use of the CAPE system (shown in red) and

the approximate time taken for each procedure.
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FIGURE 4.
A, Computed tomography scan reconstructed images of size-mismatched facial skeleton

generated from segmentation software utilized for preoperative planning. B, Segmented

arterial system of craniomaxillofacial skeleton generated from CT angiography (CTA) data.
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FIGURE 5.
On-screen images from CAPE system displaying real-time, dynamic cephalometrics and

pertinent measurements applicable to humans. Panel A shows donor’s face-jaw-teeth

alloflap in suboptimal position as compared with recipient’s cranium (black arrow). Panel B

shows appropriate face-jaw-teeth positioning with immediate surgeon feedback and updated

cephalometric data pertinent to preclinical investigation.
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FIGURE 6.
Photograph of prebent fixation plates with screw holes and navigational cutting guides

provided by the CAPE system for live swine surgery.
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FIGURE 7.
A novel kinematic reference mount (red circle) being fixated to donor’s cranium with

intermaxillary screws. Permanent suture attaches 3 necessary springs and cross bars for

stabilization (blue circle) allowing easy removal and replacement during surgery. The

photograph on the right shows an “off-the-shelve” detachable rigid body (Brainlab) with

reflective markers attached to the reference body.
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FIGURE 8.
Illustrations show novel cutting guide designs with navigational capabilities designed for

donor face-jaw-teeth alloflap recovery (A), recipient preparation prior to transplant (B), and

custom prebent fixation plate (black) and palatal splint (green) designed to achieve planned

face-jaw-teeth alignment and skeletal inset with standard technique (C).
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FIGURE 9.
Size-mismatched swine are used for preclinical investigation simulating size discrepancies

common to human maxillofacial transplantation. In addition, transplant studies in swine

(versus single animal studies) provide our team the most severe challenges related to

anatomical discrepancies important for technology development.
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FIGURE 10.
Large size-mismatch maxillofacial transplant: (A) profile view of CT scan depicts

appropriate soft tissue aesthetic harmony; (B) CT scan depicts skeletal alignment and

“hybrid” occlusion; (C) lateral cephalogram depicts acceptable cephalometrics; (D) live

recipient following face-jaw-teeth transplant.
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FIGURE 11.
Computer-Assisted Planning and Execution system images of transplant recipient skeleton

(red) in bird’s eye view (A), left-sided profile view (B), and frontal view (C) depicting real-

time assessment of planned (pink) versus actual face-jaw-teeth position (purple).
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FIGURE 12.
“On-screen” image from CAPE system depicting ideal location of cutting guide (green)

versus actual position (red) (A) and actual inset position of donor alloflap (red) for aesthetic,

dental, and skeletal relation in size-mismatched swine because of anterior translation of

cutting guide (B).
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FIGURE 13.
A memorable photograph taken within Dr. Murray’s office during an inspirational visit to

his home in June 2011 (Boston, MA).
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