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Adenoid Cystic Carcinoma is a rare and aggressive tumor representing less than 1% of
head and neck cancers. This malignancy often arises from the minor salivary glands, being
the palate its most common location. Surgical en-bloc resection with clear margins is the
primary treatment. However, this location presents a limited line of sight and a high risk of
injuries, making the surgical procedure challenging. In this context, technologies such as
intraoperative navigation can become an effective tool, reducing morbidity and improving
the safety and accuracy of the procedure. Although their use is extended in fields such as
neurosurgery, their application in maxillofacial surgery has not been widely evidenced.
One reason is the need to rigidly fixate a navigation reference to the patient, which often
entails an invasive setup. In this work, we studied three alternative and less invasive setups
using optical tracking, 3D printing and augmented reality. We evaluated their precision in a
patient-specific phantom, obtaining errors below 1 mm. The optimum setup was finally
applied in a clinical case, where the navigation software was used to guide the tumor
resection. Points were collected along the surgical margins after resection and compared
with the real ones identified in the postoperative CT. Distances of less than 2 mm were
obtained in 90% of the samples. Moreover, the navigation provided confidence to the
surgeons, who could then undertake a less invasive and more conservative approach.
The postoperative CT scans showed adequate resection margins and confirmed that the
patient is free of disease after two years of follow-up.
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INTRODUCTION

Salivary gland tumors account for approximately 5% of head and
neck cancers (1) and are, in most cases, benign. Only 20% of
these neoplasms are malignant, although this rate varies
depending on the gland of origin (2, 3). Unlike most head and
neck cancers, which are squamous cell carcinomas, salivary gland
tumors comprise multiple histologic entities, each presenting a
different clinical behavior (4). Mucoepidermoid carcinoma is the
most frequent malignancy, followed by adenoid cystic
carcinomas, representing less than 1% of all malignancies in
head and neck cancers (5). These tumors can appear in both
minor and major salivary glands. Most major salivary tumors
occur in the parotid glands, while the palate is the most common
location for minor salivary gland tumors (6).

Tumors located in the palate are often diagnosed in advanced
stages of the disease due to indolent growth during early stages,
with vague and unspecific symptoms (5, 7). In some cases, this
phenomenon leads to extensive involvement of surrounding
structures, such as the nose, paranasal sinuses, orbits, and even
the middle cranial fossa, with the subsequent implication of vital
structures such as the internal carotid artery, the jugular vein,
and cranial nerves.

Regardless of whether it is followed by radiotherapy, surgery
is the treatment of choice for midface tumors. To date, the
surgical management of these tumors consists of radical
maxillectomies combined with transfacial approaches, which
are usually associated with significant functional and aesthetic
sequelae. However, achieving safety margins is a therapeutic
challenge. This is due to the complexity of the anatomical region,
the reduced field of vision, the restrictive surgical field hindering
the access and maneuverability of surgical instruments, and the
risk of complications (bleeding, nerve injuries, or even
cerebrospinal fluid leaks) (8). In addition, middle third tumors
are frequently irregular in shape and invade neighboring
structures. Consequently, it is not uncommon to set
suboptimal cutting trajectories, which results in a high rate of
positive margins.

An alternative approach for centrofacial tumors is the
endoscopic-based resection, which considerably reduces the
morbidity of surgery compared to open craniofacial resections.
However, open surgery is still necessary for the most advanced
stage cancers, often combined with endoscopic resection (9).

In these scenarios, tools facilitating local control during
surgical resection and confirming adequate margins while
minimizing morbidity are capital (10).

Computer-Assisted Surgery in Oral and
Maxillofacial Surgery
In recent years, intraoperative navigation in craniofacial surgery
has become an effective tool, improving results and safety while
minimizing the risk of injuries (11, 12). Surgical navigation, also
called image-guided surgery, was first described in the medical
literature in the 70s when framed stereotaxy was introduced.
This involved rigid fixation of the region to be treated, a situation
that, on many occasions, entails significant mechanical
Frontiers in Oncology | www.frontiersin.org 2
limitations for the surgeon. Navigation was initially confined to
neurosurgery as it provides a rigid and stable frame (13).
However, technical advances in image processing and
computed tomography allowed the development of frameless
stereotaxy devices over the years, enabling the location of tools in
3D space intraoperatively without the need for rigid fixation.
This 3D information, synchronized with preoperative computed
tomography (CT) or magnetic resonance images (MRI), has
given rise to 3D intraoperative navigation systems (14).

Surgical navigation enables the translation of the preoperative
plan to the operating room, where anatomical structures can be
identified in real-time. This technology allows intraoperative
orientation regarding resection margins and surrounding vital
structures, improving the safety and accuracy of the procedure.
Also, recent advances have enabled navigation systems to be used
not only as a simple localization device but also as a
measurement tool that can provide other relevant information
to the surgeons during different stages of the procedure.

There are currently several navigation solutions to track the
positions of surgical instruments relative to patient anatomy.
Usually, the selection of the tracking device depends on the
specific surgical procedure. Optical tracking systems based on
infrared cameras are the most common solution in interventions
where a direct line of sight between the camera and the surgical
instruments can be maintained. They are widely chosen, as they
provide a large field of view and high accuracy (13, 15). In these
interventions, retroreflective markers are fixed to the patient
through a dynamic reference frame, allowing tracking of the
patient’s movements. The real-time position of these sensors is
captured by the camera and translated to the navigation software.
Other navigat ion solut ions include mechanica l or
electromagnetic tracking systems (16).

Recent studies have also presented augmented reality as a tool
for navigation. With this technique, virtual models can be
superimposed onto the patient’s anatomy instead of displaying
them on an external screen. The virtual components can be
represented in place either by following a manual alignment with
the patient’s anatomy (17, 18) or by using different tracking
solutions such as electromagnetic or optical tracking systems (19,
20), features recognition (21), or optical markers (22–25). The
information can be presented on an external screen, a
smartphone, or a head-mounted display such as the HoloLens.
Some examples include spine surgery (26, 27), craniosynostosis
treatment (24), orthopedics (23, 28), or dental implant
placement (29).

One of the most critical steps in surgical navigation is image-
to-patient registration. This technique estimates the transform
that aligns the preoperative images with the patient during the
intervention. Registration can be either rigid or nonrigid.
Nonrigid registrations are used as a secondary registration for
pose refinement or to work with nonrigid surgical fields (30, 31).
The most common algorithm is paired-points registration, where
corresponding anatomical or artificial landmarks are located in
the image and patient. Many systems include a secondary
registration for refinement based on surface-points matching.
In oral and maxillofacial surgery, the selected paired points are
January 2022 | Volume 11 | Article 741191
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either anatomical landmarks or artificial fiducials, including skin
stickers (32), dental splints (33), or bone-implanted screws (34).
Surface-points matching is also widely applied by collecting
points in the facial skin surface and aligning them with their
corresponding landmarks in soft tissue models obtained from
preoperative images (32, 35, 36).

The progressive evolution of intraoperative navigation
systems has led to the use of this technology almost routinely
in the field of neurosurgery (skull-base surgery, vascular lesions),
otorhinolaryngology (endoscopic sinus surgery, lateral skull-base
surgery, cerebrospinal fluid leaks), and, recently, orthopedic
surgery (hip and knee arthroplasty, spinal procedures) (13).
However, the extended application of this technology has not
been widely evidenced in maxillofacial surgery (37, 38). In 2015,
Dubois et al. (39, 40) presented the benefits of surgical navigation
for accurate implant positioning secondary to orbital trauma by
performing a cadaveric study. Four years later, Wu et al. (41)
demonstrated the feasibility of using surgical navigation for
zygomatic implant placement. Many other studies found in the
literature have proved the benefits of surgical navigation,
especially for complex procedures where a personalized
approach is required.

Some applications of computer-assisted surgery (CAS) and
intraoperative navigation have been described in this field,
including orbital reconstruction (42, 43), implant surgery (44–
46), or orthognathic surgery (47). Surgical navigation has also
been used in tumor removal to delineate surgical margins and
achieve safe and accurate resections (11, 48–50). The results are
promising, but the clinical adoption is still reduced. The main
limitations of this approach include complexity, technical
support, cost, steep learning curve, or the rigid fixation of
navigation references (14, 49), which are perceived as an entry
barrier. Nevertheless, several commercial solutions exist in the
market for oral and maxillofacial surgery. Some examples of
navigation systems based on optical tracking are Columbia
Scientific SIM/Plant software (Columbia scientific, USA) (51,
52), VISIT surgical navigation software (Vienna, Austria) (53,
54), and Vector Vision (Brainlab, Munich, Germany) (45) for
dental implants placement, or Stryker Leibinger navigation
system (Stryker, Leibinger, Freiburg, Germany) (50, 55, 56) for
the removal of foreign bodies and tumors, or repairing orbital
bone fractures. Although some studies have presented AR-based
surgical navigation systems for oral and maxillofacial surgery
applications (24, 57, 58), no commercial systems are available.

The application of CAS and intraoperative navigation in the
midface, specifically in resections involving the maxilla and the
middle cranial fossa, can become a valuable tool in complex
procedures. Additionally, the presence of bone structures that do
not modify their contours and volumes during the intraoperative
process due to surgical maneuvers is an essential advantage for
navigation (59). Therefore, these interventions provide an adequate
scenario for navigation and can highly benefit from this technique.

In addition to intraoperative navigation, there are more
resources that CAS procedures can provide in this field. Advances
in preoperative planning with computer-aided design (CAD) and
computer-aided manufacturing (CAM) have enabled the
Frontiers in Oncology | www.frontiersin.org 3
development of customized and prefabricated templates that
facilitate both surgical resections and reconstruction (60–62). The
recent introduction of intraoperative imaging, particularly
computerized tomography (CT), has solved the limitations of
morphological change, intraoperative edema, and soft tissue
distortion that appear during the surgical resection and could not
be considered in preoperative planning. Thus, the acquisition of
intraoperative images once the resection surgery has been carried
out provides additional information, allowing the verification and
the achievement of adequate surgical margins (63, 64).

With the same objective of safety, accuracy, and minimization
of sequelae in the treatment of tumors that involve the maxilla
and midface, it is worth mentioning the endoscopically-assisted
maxillectomy. The endoscopic transnasal approach provides
advantages such as better control of the medial and posterior
margins and the possibility of avoiding transfacial approaches
when combined with intraoral procedures, minimizing the
radicality of surgical resections (10).

Adenoid Cystic Carcinoma
Adenoid Cystic Carcinoma (ACC) is a rare malignant tumor
accounting for 1% of head and neck cancers and 10% of salivary
gland tumors (65). It is commonly found in palate small salivary
glands, fromwhere it spreads slowly but aggressively. These tumors
settle in the upper palate and maxillary region and tend to local
infiltration and perineural spread. Consequently, they may behave
in an indolent and silent manner until late diagnosis, appearing as
destructive masses that can even involve intracranial structures. In
addition, this histologic type is characterized by a high
predisposition to systemic dissemination, mainly hematogenous
(lung, liver, brain, and bone) and lymph nodes. They present a high
propensity to local recurrence and distant metastasis (5). The
primary treatment consists of surgical removal with clear margins
and complementary radiotherapy when needed. Data on the
efficacy of systemic therapy or radiotherapy in recurrent or
metastatic salivary gland tumors are limited, with some benefits
described in proton-based radiotherapy (66–68) or the recent
systemic use of Lenvatinib (69). Consequently, an effective
primary surgical treatment with adequate margins is the best
prognostic factor for these patients.

However, this intervention is highly challenging due to the
occasional centrofacial tumor location, complex elective surgical
approach, limited line of sight, and the need for immediate
reconstruction. Additionally, the tumor boundaries are difficult
to discriminate from the normal surrounding tissue.

In this type of intervention, where complex anatomy is
present and high accuracy is needed, surgical navigation
becomes a valuable tool to improve clinical outcomes. It can
provide guidance that can help achieve accurate safety margins
and protect vital structures. However, despite its great potential
in these clinical applications, there are currently limited studies
using CAS for midfacial tumor resection. Wei et al. (11) tested
surgical navigation in patients who underwent surgery near the
skull base, including five patients with adenoid cystic carcinoma
at minor salivary glands of the palate. Their approach was
limited by the invasive attachment of a reference frame to the
January 2022 | Volume 11 | Article 741191
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patients’ forehead and an image-to-patient registration based on
non-precise anatomical landmarks, which can significantly
reduce the navigation accuracy. Tarsitano et al. (49) followed a
similar setup for maxillary tumors resection, screwing a dynamic
reference frame to the patient’s skull.

The aim of this study is to present and assess the accuracy of
three different alternatives for surgical navigation in head and neck
tumors based on 3D printing, optical tracking, and augmented
reality visualization. These alternatives are less invasive than
previous solutions (11, 49) and more convenient for these
procedures than conventional registration solutions used in other
disciplines such as neurosurgery as they do not involve fixation of
the patient’s head. A 3Dprinted patient-specific phantomwas used
for validation and assessment of the three navigation systems. One
of the proposed solutions was then used to guide the tumor
resection of a patient presenting a central palate carcinoma
invading the nasal fossa floor and septum.
METHODS

Clinical Case
A 62-year-old woman was referred to the Oral and Maxillofacial
Unit at our center for treatment. The patient presented an
Frontiers in Oncology | www.frontiersin.org 4
exophytic tumor of approximately 3x2 centimeters in the
middle of the hard palate with normal oral mucosa
(Figure 1A). Endoscopy showed a nasal extension of the
lesion, and biopsy results confirmed an adenoid cystic
carcinoma. A CT scan showed hard palate bony erosion,
invasion for the nasal septum and floor of the right fossa, and
an intact ipsilateral inferior turbinate (Figures 1E, F).

The chosen procedure consisted of an endoscopic nasal
approach, a navigated transoral resection of the central palate
with at least 2 cm margin (Figures 1C, D), and immediate
reconstruction of the central hard and soft palate with a radial
forearm free flap (Figure 1B). Alternative surgical approaches
considered were a Le Fort I osteotomy (downfracture of the
whole maxilla and resection of the central part) or a IIb
maxillectomy (Brown classification, sacrificing the intact
alveolar process and denture) reconstructed with a fibula free
flap. Our purpose was to achieve functional rehabilitation,
including a tight palate seal and maintaining the whole
alveolar process of the maxilla. The proposed solution
presented a more straightforward reconstruction involving
only soft tissue, as bone reconstruction is not needed in
horizontal class a defects.

The preoperative CT scan was used to extract the 3D
anatomical models (bone and tumor) and perform the
FIGURE 1 | Hard palate midline submucous bulging lesion (A) and palate reconstruction with radial forearm free flap (3 weeks after surgery) (B). Resected specimen
from (C) palate and (D) nasal view. (E) Coronal and (F) axial views of the CT image.
January 2022 | Volume 11 | Article 741191
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preoperative plan, defining the desired tumor margins for the
resection. Using Autodesk Meshmixer software (Autodesk, Inc.,
USA), we increased the size of the tumor model 1 cm. The
intersection of this model with the bone in the palate determined
the surgical margins (1 cm margin with a thickness of 1 mm).
Before image acquisition, five screws were attached to the maxilla
above the upper teeth under local anesthesia as proposed by
Zavattero et al. (70). This procedure provides unobtrusive, rigid,
and exact landmarks that are clearly visible on virtual data sets
(CT images) as well as during the navigation procedure. The
position of these screws was identified in the scan for later use
during intraoperative image-to-patient registration.

Surgical Navigation: Simulation
Based on the anatomical models of the patient, we designed and
manufactured a phantom in polylactic acid using the desktop 3D
printer Ultimaker 3 extended (Ultimaker B.V., NL). The
phantom was used to simulate the intervention and to test the
precis ion of three di fferent solut ions for surgica l
guidance (Figure 2).

The first solution consists in using an optical tracking system
(NDI Polaris Spectra, CA) for computer-assisted navigation
(Figure 2A). We attached a 3D printed dynamic reference
frame to a silicone jig fabricated to fit on the patient’s upper left
teeth. The dynamic reference frame is used to compensate for head
movements. This silicone jig consists of a mass given the shape of
the patient’s teeth during its malleable state. A picture of the
fabrication procedure is provided as Supplementary Material.
The image-to-patient registration is performed using the screws
described in the previous section as artificial landmarks.

A second solution involves the same tracking device, but the
reference frame is installed by means of a splint (Figure 2B)
instead of using a silicone jig. This splint is designed from the 3D
models of the teeth obtained from the preoperative images, and
3D printed in a biocompatible resin (Biomed Clear), using the
Formlabs Form2 (Formlabs Inc., Somerville, MA, USA) 3D
printer. In contrast to the first method, the registration in this
case is computed with artificial landmarks added on the splint
during the design process.

Finally, the third solution uses AR for surgical navigation
(Figure 2C). We developed a specific smartphone app to
visualize the patient’s anatomy and the tumor margins. The
application was implemented on the Unity platform (version
Frontiers in Oncology | www.frontiersin.org 5
2019.3), using the Vuforia development kit (Parametric
Technology Corporation Inc., Boston, MA, USA) for pattern
recognition. The application displays the 3D models of the bone,
tumor and surgical margins (obtained from the preoperative
image and planning) and includes buttons to change the visibility
of the models (modify opacity or hide). In order to display the
virtual models in the correct position with respect to the patient’s
phantom, we attached a 3D-printed marker to the splint in a
fixed and known position. This AR marker contains a unique
black and white pattern printed using the double extruder
functionality of the Ultimaker 3 extended 3D printer. The
smartphone’s camera detects this marker and displays the
virtual models on the screen on top of the patient. Figure 2C
and the video included as Supplementary Material show the
appearance of the developed AR application.

The three configurations were tested on the phantom, where
we performed the corresponding registration procedure for each
configuration. After that, each navigation system displayed the
position of the surgical margins defined preoperatively. Using
the optical tracker and the pointer, we collected points (with
distances of 1 mm between each other) following the indicated
surgical margins. The process was repeated three times for each
configuration, including the registration step. A similar number
of points was recorded for each sample (around 100 points).

Inaccuracies in the registration step would generate errors in
the displayed margins. Therefore, the collected points would
present deviations from the position of the real surgical margins.
In order to assess the accuracy for each configuration, we
computed the distances between the collected points (following
the margins indicated by each navigation system) and the real
position of the tumor margins. For that, we obtained the closest
point of the resection margins (a 3D model or pointcloud) to
every recorded point and stored the distance. Then, we
computed the median and quartiles for each solution. Finally,
we conducted a statistical analysis to identify significant
differences in accuracy between methods.

The surgical margins used as ground truth for evaluating the
three methodologies were the ones defined during preoperative
planning with the preoperative CT (1 cm margin). The real
position of the tumor margins was obtained during assessment
thanks to the rigid attachment of a reference frame to the
phantom and a registration performed with artificial
landmarks distributed all over the surface to ensure accurate
FIGURE 2 | Solutions for surgical navigation tested on the patient’s anatomical model: (A) navigation with an optical tracking system and registration with screws
(black arrows); (B) navigation with an optical tracking system and registration with a splint; (C) navigation with an AR application and registration with a cubic marker.
January 2022 | Volume 11 | Article 741191
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registration. These artificial landmarks were added as conical
holes in the bone region and the base of the phantom and can be
seen in Figure 2.

Surgical Navigation: Setup
Apart from tracking the patient with the 3D-printed dynamic
reference frame (Figure 3B), two different instruments were
tracked during surgery: a pointer tool to record points and a
piezoelectric handpiece for tumor resection. We designed and
3D printed an adaptor with optical markers to fit in the handle
(Figure 3C) for handpiece tracking. An additional tool was also
designed and 3D-printed to fit the instrument at a specific
position. This tool included six small conical holes for
registration. The Supplementary Material shows a picture of
the designed tool. Finally, as the handpiece is composed of an
interchangeable saw with a non-fixed rotation around the
longitudinal axis, we added an extra step in the registration
procedure. This step consists in recording the position of the saw
tip and automatically finding the rotation that corrects the
orientation of the saw in the navigation scene. That is the
rotation that minimizes the distance between the virtual tip
point and the recorded point. The pointer and all 3D printed
tools, including the dynamic reference frame, were sterilized
before the intervention to maintain the asepsis of the
surgical field.

We developed a custom module for surgical navigation in the
3D Slicer platform (71), a free and open-source software package
for clinical and biomedical applications. We used the SlicerIGT
kit (72) and the PLUS toolkit (73) to define the graphical user
Frontiers in Oncology | www.frontiersin.org 6
interface and manage the transforms sent by the optical tracker
through the OpenIGTLink protocol. Intraoperative imaging was
not used during the procedure. However, our software allowed
the visualization of the CT preoperative image and the 3D
models obtained of the patient (bone, tumor, and surgical
margins) and the position of the instruments (Figure 3A). The
three views of the CT (axial, sagittal, and coronal) could be
updated in real-time to match the position of the instrument’s tip
for better guidance. The software also included other
functionalities, such as modifying the point of view in the 3D
view or recording points. The Supplementary Material includes
a video showing the use of the software during the intervention.

Surgical Navigation: Intervention
Resection margins were controlled in real-time using the
developed software through constant visual feedback displayed
on a screen adjacent to the surgical field. During the intervention,
we increased the surgical margin 1 cm from the preoperative
segmentation to ensure adequate en-bloc resection with 2 cm of
tissue free of disease. The final resection margins were recorded
using the pointer. While not used for surgical guidance, AR was
tested on the patient to validate the AR setup using the splint
(Figure 4). The smartphone was introduced in a sterile case
(CleanCase, Steridev Inc., Lansing, MI, USA) so that surgeons
could hold it close to the patient.

After resection, a radial forearm free flap was harvested and
placed to reconstruct the palate with an adequate seal. A
postoperative CT scan was performed a week after surgery to
assess the surgical outcome. Navigation accuracy was measured
FIGURE 3 | Surgical navigation setup during the intervention: (A) surgical navigation software; (B) 3D-printed patient’s dynamic reference frame; (C) 3D-printed
adaptor for tracking of the piezoelectric handpiece.
January 2022 | Volume 11 | Article 741191
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as the absolute distance between the points recorded
intraoperatively and the real resection margins identified in the
postoperative CT. A secondary CT scan was acquired 15 months
after surgery for the patient’s follow-up.
RESULTS

Surgical Navigation: Simulation
We analyzed the accuracy provided by each navigation solution on
the 3D printed phantom by computing the distances between the
Frontiers in Oncology | www.frontiersin.org 7
collected points during guidance and the real resection margins.
The results for each configuration are presented in Table 1.

All methods presented median values below 0.7 mm. Most of
the points recorded using the optical tracking system for
guidance presented deviations from the surgical margins below
1 mm. The results obtained when using AR for guidance
presented the lowest median value (0.4 mm). However, they
also presented the highest variation, with an interquartile range
(IQR) of 0.89 mm compared to the ones obtained with optical
tracking, where the IQRs for the screws and surgical guide
configurations were 0.24 mm and 0.37 mm, respectively.
TABLE 1 | Mean and standard deviation of the distances between the tumor margins and the collected points with each navigation solution.

Navigation solution Median Q1 Q3

OTS (registration with screws) 0.57 0.34 0.81
OTS (registration with surgical guide) 0.61 0.30 0.98
AR 0.40 0.14 1.29
January 2022 | Volume 11 | Article 74
OTS, optical tracking system; AR, augmented reality; Q1, Q3, first and third quartiles (25th and 75th percentile).
FIGURE 4 | Use of the augmented reality app during the intervention.
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A Kruskal-Wallis test was performed to explore the
differences between each configuration proposed for this study.
No statistically significant differences were obtained [H(3) =
4.27, p = .12]. Therefore, we can conclude that the three
configurations present similar accuracy. The configuration
using screws for registration was the one presenting lower
error. Thus, it was the one chosen for the intervention.

Surgical Navigation: Intervention
The selected navigation system (optical tracker with screws for
registration) was successfully used for guidance during the
resection. Surgical instruments were accurately tracked with
respect to the patient’s anatomy, providing valuable feedback to
the surgeons. The registration step was repeated three times
during the intervention, obtaining a fiducial registration error of
0.77, 0.93, and 0.81 mm.

The points collected along the surgical margins with the
navigation system were compared with the real surgical
margins identified in the postoperative CT by measuring their
absolute distance. We separated the analysis into four regions
divided by left and right sides and posterior and anterior
locations. Figure 5 displays the results.

The mean distances were around 1 mm and below 2 mm in
90% of the samples. The posterior region presented higher errors
compared to the anterior. The left side showed higher deviations
than the right one. However, this deviation appears to be caused
by the jig, which was still in place during the points collection
and limited the pointer movements (Figure 6).

The AR app was also used inside the operating room, where
surgeons visualized models of the patient’s anatomy overlayed on
the camera’s image of an iPhone 6 (Apple Inc., Cupertino, CA,
USA). The splint was inserted correctly and enabled AR display,
where virtual models were represented aligned with the
patient’s anatomy.
Frontiers in Oncology | www.frontiersin.org 8
DISCUSSION

The resections of head and neck tumors in deep and less
accessible regions represent complex surgical scenarios
requiring extreme dexterity, as the field of view and
instruments maneuverability is limited. For middle third
tumors such as palate ACCs, the preservation of normal bony
tissue and surrounding soft tissues should be maximized. Tel
et al. (67) advocate an open “box resection” where the tumor is
resected within a three-dimensional volume of healthy tissue. In
these scenarios, CAS represents a valuable tool to plan (74), guide
(9) and verify (49) the resection margins.

Pu et al. (75) concluded in their study with 37 patients that
surgical margins can be predetermined without compromising
oncological safety, and that the difficulty in determining these
margins lies more on soft than hard tissue. Thus, the use of CAS
should be limited to cases with mainly bone involvement (76).
Ricotta et al. (74) demonstrated how performing a volumetric
virtual plan of the resection can improve accuracy and reduce the
probability of finding positive margins.

Intraoperative navigation is highly indicated for resections in
areas with restricted access (8), where the deep portion of the
tumor is not clearly visible. Such is the case of deep maxilla cuts,
where Hasan et al. (63) have reported resections errors below 2
mm when using intraoperative navigation. Surgical navigation
systems also helps in achieving R0 (absence of disease) in deep
sinonasal tumors (77).

Midfacial tumors usually present a small soft tissue
involvement with a predominant three-dimensional bone
infiltration, making them adequate for virtual planning.
Tumors may be located in areas with limited access, making
surgical navigation a valuable tool in these scenarios. In addition,
the proximity to vital structures that cannot be damaged adds
another advantage for guided resection of centrofacial tumors.
FIGURE 5 | Distances between the resection margins collected intraoperatively with the navigation system and those identified in the postoperative CT.
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Although the use of surgical guidance for tumor resections is
a routine procedure in neurosurgery, the reports in the
maxillofacial middle third tumors are scarce. The existing CAS
applications mainly focus on virtual planning, intraoperative
guidance for the free flap defect reconstruction, or validation
of the reconstruction after trauma, not on the ablative procedure.
Moreover, most existing commercial systems for surgical
navigation use a three-point clamp (Mayfield clamp or similar)
to fix the patient’s skull and prevent head movements. Then, a
dynamic reference frame is attached to the clamp to define a
reference system for the patient and perform the image-to-
Frontiers in Oncology | www.frontiersin.org 9
patient registration. This setup is suitable for neurosurgery,
and it can help achieve high accuracy. However, in the
resection of middle third tumors, surgeons need free
movement of the head to adjust the line of sight with the
surgical field and enable proper angulation of the saw and
surgical tools. Therefore, other solutions for tracking and
registration need to be found for these procedures.

Some studies have presented alternative setups for tracking
and registration. Malham et al. (78) use the SpineMask (Stryker,
Leibinger, Freiburg, Germany) to track the patient’s back and
perform an automatic registration. This device is non-invasive,
FIGURE 6 | Points collected intraoperatively along the resection margins.
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as it is an adhesive surgical tracker designed to be placed on the
patient’s back. The device contains markers for automatic
registration, which are placed surrounding the surgical field.
Other studies remove the dynamic reference frame from their
setup and use conventional optical cameras to detect fiducial
markers and constantly update the registration. These setups are
usually based on computer vision algorithms for the detection of
adhesive skin markers (79) or anatomical features in the bone
(21). Other frameless systems use different devices such as
hyperspectral cameras to detect skin features (80) or advanced
methods such as 3D digital image correlation (also called stereo
DIC). This last solution presents precise real-time tracking at a
lower cost and based on small markers. Xue et al. (81) tested it for
tracking the maxilla after a Lefort I osteotomy. However, it was
not tested in a clinical setup where light conditions and external
factors such as blood or saliva can condition the tracking and
accuracy of the system.

Most of the existing alternatives focus on anatomical regions
presenting deformations, where installing a dynamic reference
frame and performing a rigid registration becomes inaccurate.
Others are designed for specific applications, such as SpineMask,
and are not applicable for reduced regions like the mouth. Also,
we consider the systems based on skin markers not adequate for
an open transfacial approach. Registration markers must be
placed surrounding the surgical field to ensure an accurate
registration, but in our scenario, the space is limited and a
rigid position between markers is difficult to maintain.

Tarsitano et al. (49) presented a surgical navigation setup for
the resection of maxillary tumors in a study with twenty patients,
obtaining promising results with clear margins in 91% of cases.
In their setup, a dynamic reference frame was screwed to the
patient’s skull. The registration was performed first with a point-
to-point registration based on anatomical landmarks, obtaining a
mean error of 2 mm, followed by surface matching for
refinement. They computed the errors in preoperatively
defined target points, finding values between 0.30 and 1 mm,
and a mean error of 0.47 mm. Wei et al. (11) also used a similar
setup in 15 patients with tumors involving the skull base, five of
them presenting an ACC in the palate. In their case, they also
installed the dynamic reference frame in the patient’s skull but
used bony skull landmarks and tooth cusps for registration. The
registration errors and the resection accuracy in this study were
not reported. Although these studies present a feasible setup for
ACC resection, the installation of the dynamic reference frame is
invasive. Moreover, the use of anatomical landmarks and surface
matching with points in the face presents a suboptimal
registration for ACC resection. Points used for registration
should be close to the surgical area and surround it to provide
accurate results. Anatomical landmarks and tooth cusps are not
clearly defined and subject to intra- and inter-observer
variability, leading to higher errors.

In our study, we have explored two different configurations
for tracking and registration in ACC resection. They provide a
non-invasive installation of the reference frame allowing for head
movements and a registration based on artificial landmarks
located close to the surgical field. The dynamic reference frame
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is fixed to the patient’s teeth either through a silicone jig molded
with the shape of the teeth or by means of a splint. The
registration landmarks for the first solution (jig) consist of
screws placed preoperatively. For the second solution,
registration is performed through conical holes included in the
splint. Both configurations were evaluated in an anatomical
phantom providing equivalent accuracy results with no
significant differences, and with deviations from the planned
surgical margins of 0.57 and 0.61 mm respectively. These results
are similar to the ones obtained by Tarsitano et al. (49). The jig
and screws configuration was finally used in a surgical scenario of
ACC resection, obtaining deviations from the surgical margin
around 1 mm and below 2 mm in 90% of the collected points
along the surgical margins. Errors were higher in deeper regions.
This behavior was expected, since accuracy usually decreases in
areas further from the registration landmarks (82, 83). The splint
was also placed in the patient during the intervention for testing.
Although the installation of screws in the maxilla has been
previously described in other works as an unobtrusive and
precise method for registration (68), we believe that using a
splint could provide similar results while presenting a
straightforward and less-invasive approach.

We have also proposed an alternative guiding method based
on AR. A splint was again used for registration, to fix an AR
marker in a known position and display virtual models of the
patient. The precision of this system has been evaluated in a
previous study, obtaining visualization errors below 3 mm (28).
This solution was also evaluated in our phantom study, where we
obtained a 0.4 mm (IQR = 0.89) median deviation from the
planned surgical margins.

Previous studies have reported other registration methods for
AR visualization. Gibby et al. (84) displayed the CT and virtual
models indicating trajectories for pedicle screw placement in a
lumbar spine phantom. They used the OpenSight software for
the HoloLens to automatically register the data with the
phantom. However, a manual adjustment was needed to
correct the alignment. The pedicle screws were placed with
deviations between 1.3 and 1.53 mm from their planned
trajectory. Other studies rely only on manual alignment for
registration (17) or use additional instruments like
electromagnetic or optical tracking systems (19, 20).

Although all configurations are feasible, we found the AR app
to be less convenient for this procedure, as the limited line of
sight of the surgical field also restricts the movements and
visibility with the smartphone. The sterilization of the
smartphone was easily solved by introducing it in the sterile
case. However, the need to hold the smartphone, leaving only
one hand free, can present a limitation. The use of head-mounted
displays such as HoloLens offers an alternative to the
smartphone, although the possible points of view are as limited
or more than with the phone. Therefore, AR can complement
conventional navigation by allowing an inspection of the
margins before or after surgery but is not adequate for
resection guidance. The accuracy of the system depends on the
quality with which the camera sees the AR marker. This factor is
highly dependent on lighting conditions and the pose of the
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camera with respect to the marker. The detection is optimal
when the camera is close to the marker and looks at it from the
front. However, when the camera moves and detects the marker
from a different angle, some inaccuracies can arise. This inherent
holographic instability has already been noted by Gibby et al.
(84) with the HoloLens.
CONCLUSIONS

The resection of an ACC in the palate is very challenging due to
the limited visibility and the proximity to vital structures.
Surgical navigation becomes a valuable tool to ensure adequate
margins in such complex scenarios while performing a
conservative approach. This study proposes and evaluates three
different navigation setups for ACC resection. All configurations
aim to provide accuracy with a non-invasive surgical procedure,
improving the solutions proposed in previous studies (11, 49).
Apart from providing a less invasive solution, the novelty of the
proposed setups relies on the fact that all configurations,
including AR guidance, are based on 3D printing to fabricate
tools that enable navigation of the patient and surgical
instruments. The splint, dynamic reference frame, AR marker,
and adaptor for tracking the surgical instrument are all 3D
printed with desktop 3D printers at a low cost. The three
solutions were evaluated in an anatomical phantom, where
they provided similar results, and tested in a surgical case. The
configuration using an optical tracker and screws for registration
was chosen for resection guidance during the procedure.

Surgeons combined the transoral navigated surgery with a
nasal endoscopic approach, performing an optimal resection
while preserving the whole alveolar process of the maxilla and
upper teeth. The postoperative CT scans showed adequate
resection margins. The pathological result was low-grade
adenoid cystic carcinoma cribriform type, invading the
mucosa, hard palate, nasal septum, and nasal floor with clear
margins and perineural invasion. Head and neck tumor board
established surveillance without adjuvant radiotherapy and a
close follow-up. After two years, the patient is free of disease.

The results obtained from this surgery showing the accuracy
and convenience of the proposed setups are promising.
Navigation provided the confidence needed to undertake a
more conservative approach and avoided the complete removal
of the maxilla. The proposed navigation setup allowed a less
invasive procedure compared to previous studies. We believe
that image-guided surgery and 3D printing can provide a
personalized, safe, and conservative en-bloc resection
minimizing the need for reconstruction.
Frontiers in Oncology | www.frontiersin.org 11
DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.
ETHICS STATEMENT

The study was approved by the Research Ethics Committee at
Hospital General Universitario Gregorio Marañón (Madrid,
Spain) and performed in accordance with the principles of the
1964 Declaration of Helsinki as revised in 2013. The patient
provided her written informed consent to participate in
this study.
AUTHOR CONTRIBUTIONS

MG-S, RM-M, and DG-M designed the study and performed the
data collection. MG-S wrote the manuscript and performed the
analysis. GA contributed to the writing of the manuscript. SO
and JP conceived the study. SO, CN-C and GS performed the
surgery. All authors contributed to the article and approved the
submitted version.
FUNDING

This work has been supported by projects PI18/01625
(Ministerio de Ciencia, Innovación y Universidades, Instituto
de Salud Carlos III and European Regional Development Fund
“Una manera de hacer Europa”) and IND2018/TIC-9753
(Comunidad de Madrid).
ACKNOWLEDGMENTS

The authors are grateful with the department of Oral and
Maxillofacial surgery for their contribution to this study and
for their interest in research.
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fonc.2021.741191/
full#supplementary-material
REFERENCES
1. Boukheris H, Curtis RE, Land CE, Dores GM. Incidence of Carcinoma of the

Major Salivary Glands According to the WHO Classification, 1992 to 2006: A
Population-Based Study in the United States. Cancer Epidemiol Biomarkers
Prev (2009) 18(11):2899–906. doi: 10.1158/1055-9965.EPI-09-0638

2. To VSH, Chan JYW, Tsang RKY,WeiWI. Review of Salivary GlandNeoplasms.
ISRN Otolaryngol (2012) 2012:872982. doi: 10.5402/2012/872982
3. Shah GV. MR Imaging of Salivary Glands. Magn Reson Imaging Clin (2002)
10(4):631–62. doi: 10.1016/S1064-9689(02)00015-6

4. Son E, Panwar A, Mosher CH, Lydiatt D. Cancers of the Major
Salivary Gland. J Oncol Pract (2018) 14(2):99–108. doi: 10.1200/JOP.
2017.026856

5. Chundru NSV, Amudala R, Thankappan P, Nagaraju CD. Adenoid Cystic
Carcinoma of Palate: A Case Report and Review of Literature. Dental Res J
(2013) 10:274–8. doi: 10.4103/1735-3327.113372
January 2022 | Volume 11 | Article 741191

https://www.frontiersin.org/articles/10.3389/fonc.2021.741191/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2021.741191/full#supplementary-material
https://doi.org/10.1158/1055-9965.EPI-09-0638
https://doi.org/10.5402/2012/872982
https://doi.org/10.1016/S1064-9689(02)00015-6
https://doi.org/10.1200/JOP.2017.026856
https://doi.org/10.1200/JOP.2017.026856
https://doi.org/10.4103/1735-3327.113372
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Garcı́a-Sevilla et al. CAS for Palate ACC Resection
6. Speight PM, Barrett AW. Salivary Gland Tumours. Oral Dis (2002) 8(5):229–
40. doi: 10.1034/j.1601-0825.2002.02870.x

7. Mahajan A, Kulkarni M, Parekh M, Khan M, Shah A, Gabhane M. Adenoid
Cystic Carcinoma of Hard Palate: A Case Report. Oral Maxillofac Pathol J
(2011) 2(1):127–31.

8. Catanzaro S, Copelli C, Manfuso A, Tewfik K, Pederneschi N, Cassano L, et al.
Intraoperative Navigation in Complex Head and Neck Resections: Indications
and Limits. Int J Comput Assist Radiol Surg (2017) 12(5):881–7. doi: 10.1007/
s11548-016-1486-0

9. Ferrari M, Daly MJ, Douglas CM, Chan HHL, Qiu J, Deganello A, et al.
Navigation-Guided Osteotomies Improve Margin Delineation in Tumors
Involving the Sinonasal Area: A Preclinical Study. Oral Oncol (2019)
99:104463. doi: 10.1016/j.oraloncology.2019.104463

10. Deganello A, Ferrari M, Paderno A, Turri-Zanoni M, Schreiber A, Mattavelli
D, et al. Endoscopic-Assisted Maxillectomy: Operative Technique and
Control of Surgical Margins. Oral Oncol (2019) 93:29–38. doi: 10.1016/
j.oraloncology.2019.04.002

11. Wei B, Sun G, Hu Q, Tang E. The Safety and Accuracy of Surgical Navigation
Technology in the Treatment of Lesions Involving the Skull Base. J Craniofac
Surg (2017) 28(6):1431–4. doi: 10.1097/SCS.0000000000003624

12. Sukegawa S, Kanno T, Furuki Y. Application of Computer-Assisted
Navigation Systems in Oral and Maxillofacial Surgery. Jpn Dent Sci Rev
(2018) 54(3):139–49. doi: 10.1016/j.jdsr.2018.03.005

13. Cleary K, Peters TM. Image-Guided Interventions: Technology Review and
Clinical Applications. Annu Rev BioMed Eng (2010) 12(1):119–42. doi:
10.1146/annurev-bioeng-070909-105249

14. Austin RE, Antonyshyn OM. Current Applications of 3-D Intraoperative
Navigation in Craniomaxillofacial Surgery: A Retrospective Clinical Review.
Ann Plast Surg (2012) 69(3):271–8. doi: 10.1097/SAP.0b013e31822a3ec3
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34. Šiniković B, Kramer F-J, Swennen G, Lübbers H-T, Dempf R. Reconstruction
of Orbital Wall Defects With Calcium Phosphate Cement: Clinical and
Histological Findings in a Sheep Model. Int J Oral Maxillofac Surg (2007)
36(1):54–61. doi: 10.1016/j.ijom.2006.07.014

35. Hoffmann J, Westendorff C, Leitner C, Bartz D, Reinert S. Validation of 3D-
Laser Surface Registration for Image-Guided Cranio-Maxillofacial Surgery.
J Cranio-Maxillofacial Surg (2005) 33(1):13–8. doi: 10.1016/j.jcms.2004.10.001

36. Marmulla R, Eggers G, Mühling J. Laser Surface Registration for Lateral Skull
Base Surgery. Minim Invasive Neurosurg (2005) 48(3):181–5. doi: 10.1055/s-
2005-870906

37. Azarmehr I, Stokbro K, Bell RB, Thygesen T. Surgical Navigation: A
Systematic Review of Indications, Treatments, and Outcomes in Oral and
Maxillofacial Surgery. J Oral Maxillofacial Surg WB Saunders (2017) 75:1987–
2005. doi: 10.1016/j.joms.2017.01.004

38. Anand M, Panwar S. Role of Navigation in Oral and Maxillofacial Surgery: A
Surgeon’s Perspectives. Clin Cosmet Investig Dent (2021) 13:127–39. doi:
10.2147/CCIDE.S299249

39. Dubois L, Schreurs R, Jansen J, Maal TJJ, Essig H, Gooris PJJ, et al.
Predictability in Orbital Reconstruction: A Human Cadaver Study. Part II:
Navigation-Assisted Orbital Reconstruction. J Cranio-Maxillo-Facial Surg Off
Publ Eur Assoc Cranio-Maxillo-Facial Surg (2015) 43(10):2042–9. doi:
10.1016/j.jcms.2015.07.020

40. Dubois L, Essig H, Schreurs R, Jansen J, Maal TJJ, Gooris PJJ, et al.
Predictability in Orbital Reconstruction. A Human Cadaver Study, Part III:
Implant-Oriented Navigation for Optimized Reconstruction. J Cranio-
Maxillo-Facial Surg Off Publ Eur Assoc Cranio-Maxillo-Facial Surg (2015)
43(10):2050–6. doi: 10.1016/j.jcms.2015.08.014
January 2022 | Volume 11 | Article 741191

https://doi.org/10.1034/j.1601-0825.2002.02870.x
https://doi.org/10.1007/s11548-016-1486-0
https://doi.org/10.1007/s11548-016-1486-0
https://doi.org/10.1016/j.oraloncology.2019.104463
https://doi.org/10.1016/j.oraloncology.2019.04.002
https://doi.org/10.1016/j.oraloncology.2019.04.002
https://doi.org/10.1097/SCS.0000000000003624
https://doi.org/10.1016/j.jdsr.2018.03.005
https://doi.org/10.1146/annurev-bioeng-070909-105249
https://doi.org/10.1097/SAP.0b013e31822a3ec3
https://doi.org/10.1038/s41598-019-54148-4
https://doi.org/10.1038/s41598-019-54148-4
https://doi.org/10.1016/j.oooo.2017.12.007
https://doi.org/10.1186/s41747-017-0033-2
https://doi.org/10.1097/PRS.0000000000005215
https://doi.org/10.1097/PRS.0000000000005215
https://doi.org/10.1177/1553350618799552
https://doi.org/10.1049/htl.2017.0061
https://doi.org/10.1049/htl.2017.0061
https://doi.org/10.3390/s20133641
http://digital-library.theiet.org/content/journals/10.1049/htl.2018.5072?crawler=true&mimetype=application/pdf&amp;tags=noindex
http://digital-library.theiet.org/content/journals/10.1049/htl.2018.5072?crawler=true&mimetype=application/pdf&amp;tags=noindex
http://digital-library.theiet.org/content/journals/10.1049/htl.2018.5072?crawler=true&mimetype=application/pdf&amp;tags=noindex
https://doi.org/10.1049/htl.2018.5072
https://doi.org/10.1080/21681163.2020.1834876
https://doi.org/10.1371/journal.pone.0146996
https://doi.org/10.1093/ons/opz236
https://doi.org/10.1007/s11517-018-1861-9
https://doi.org/10.1007/s11517-018-1861-9
https://doi.org/10.3390/s21041370
https://doi.org/10.1109/TBME.2014.2301191
https://doi.org/10.1016/j.ijom.2021.01.003
https://doi.org/10.1109/CITISIA50690.2020.9371785
https://doi.org/10.1109/CITISIA50690.2020.9371785
https://doi.org/10.1177/194589240602000110
https://doi.org/10.5167/uzh-60007
https://doi.org/10.1016/j.ijom.2006.07.014
https://doi.org/10.1016/j.jcms.2004.10.001
https://doi.org/10.1055/s-2005-870906
https://doi.org/10.1055/s-2005-870906
https://doi.org/10.1016/j.joms.2017.01.004
https://doi.org/10.2147/CCIDE.S299249
https://doi.org/10.1016/j.jcms.2015.07.020
https://doi.org/10.1016/j.jcms.2015.08.014
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Garcı́a-Sevilla et al. CAS for Palate ACC Resection
41. Wu Y,Wang F, HuangW, Fan S. Real-Time Navigation in Zygomatic Implant
Placement: Workflow. Oral Maxillofac Surg Clin North Am (2019) 31(3):357–
67. doi: 10.1016/j.coms.2019.03.001

42. Schmelzeisen R, Gellrich NC, Schoen R, Gutwald R, Zizelmann C, Schramm
A. Navigation-Aided Reconstruction of Medial Orbital Wall and Floor
Contour in Cranio-Maxillofacial Reconstruction. Injury (2004) 35(10):955–
62. doi: 10.1016/j.injury.2004.06.005

43. Bell RB, Markiewicz MR. Computer-Assisted Planning, Stereolithographic
Modeling, and Intraoperative Navigation for Complex Orbital
Reconstruction: A Descriptive Study in a Preliminary Cohort. J Oral
Maxillofac Surg (2009) 67(12):2559–70. doi: 10.1016/j.joms.2009.07.098

44. Casap N, Wexler A, Persky N, Schneider A, Lustmann J. Navigation Surgery
for Dental Implants: Assessment of Accuracy of the Image Guided
Implantology System. J Oral Maxillofac Surg (2004) 62(SUPPL. 2):116–9.
doi: 10.1016/j.joms.2004.06.028

45. Sießegger M, Schneider BT, Mischkowski RA, Lazar F, Krug B, Klesper B, et al.
Use of an Image-Guided Navigation System in Dental Implant Surgery in
Anatomically Complex Operation Sites. J Cranio-Maxillofacial Surg (2001) 29
(5):276–81. doi: 10.1054/jcms.2001.0242

46. Watzinger F, Birkfellner W, Wanschitz F, Millesi W, Schopper C, Sinko K,
et al. Positioning of Dental Implants Using Computer-Aided Navigation and
an Optical Tracking System: Case Report and Presentation of a New Method.
J Cranio-Maxillo-Facial Surg (1999) 27(2):77–81. doi: 10.1016/S1010-5182
(99)80017-1

47. Li B, Zhang L, Sun H, Shen SGF, Wang X. A New Method of Surgical
Navigation for Orthognathic Surgery: Optical Tracking Guided Free-Hand
Repositioning of the Maxillomandibular Complex. J Craniofac Surg (2014) 25
(2):406–11. doi: 10.1097/SCS.0000000000000673

48. Sure U, Alberti O, Petermeyer M, Becker R, Bertalanffy H. Advanced Image-
Guided Skull Base Surgery. Surg Neurol (2000) 53(6):563–72. doi: 10.1016/
S0090-3019(00)00243-3

49. Tarsitano A, Ricotta F, Baldino G, Badiali G, Pizzigallo A, Ramieri V, et al.
Navigation-Guided Resection of Maxillary Tumours: The Accuracy of
Computer-Assisted Surgery in Terms of Control of Resection Margins – A
Feasibility Study. J Cranio-Maxillofacial Surg (2017) 45(12):2109–14. doi:
10.1016/j.jcms.2017.09.023

50. Schramm A, Gellrich N-C, Gutwald R, Schipper J, Bloss H, Hustedt H, et al.
Indications for Computer-Assisted Treatment of Cranio-Maxillofacial
Tumors. Comput Aided Surg (2000) 5(5):343–52. doi: 10.3109/
10929080009149852

51. Hagiwara Y, Koizumi M, Igarashi T. Application of CT Imaging for Dental
Implant Simulation. J Oral Sci (1999) 41(4):157–61. doi: 10.2334/
josnusd.41.157

52. Stockham CD. Using CT. And SIM/Plant to Plan Implant Therapy. Alpha
Omegan (1996) 89(4):35–8.

53. Wagner A, Wanschitz F, Birkfellner W, Zauza K, Klug C, Schicho K, et al.
Computer-Aided Placement of Endosseous Oral Implants in Patients After
Ablative Tumour Surgery: Assessment of Accuracy. Clin Oral Implants Res
(2003) 14(3):340–8. doi: 10.1034/j.1600-0501.2003.110812.x

54. Wanschitz F, Birkfellner W, Watzinger F, Schopper C, Patruta S, Kainberger
F, et al. Evaluation of Accuracy of Computer-Aided Intraoperative Positioning
of Endosseous Oral Implants in the Edentulous Mandible. Clin Oral Implants
Res (2002) 13(1):59–64. doi: 10.1034/j.1600-0501.2002.130107.x

55. Gui H, Yang H, Shen SGF, Xu B, Zhang S, Bautista JS. Image-Guided Surgical
Navigation for Removal of Foreign Bodies in the Deep Maxillofacial Region.
J Oral Maxillofac Surg Off J Am Assoc Oral Maxillofac Surg (2013) 71(9):1563–
71. doi: 10.1016/j.joms.2013.04.001

56. Kim Y-H, Jung D-W, Kim TG, Lee JH, Kim I-K. Correction of Orbital Wall
Fracture Close to the Optic Canal Using Computer-Assisted Navigation
Surgery. J Craniofac Surg (2013) 24(4):1118–22. doi: 10.1097/SCS.
0b013e318290266a

57. Wagner A, Rasse M, Millesi W, Ewers R. Virtual Reality for Orthognathic
Surgery: The Augmented Reality Environment Concept. J Oral Maxillofac
Surg Off J Am Assoc Oral Maxillofac Surg (1997) 55(5):453–6. doi: 10.1016/
S0278-2391(97)90689-3

58. Wanschitz F, Birkfellner W, Figl M, Patruta S, Wagner A, Watzinger F, et al.
Computer-Enhanced Stereoscopic Vision in a Head-Mounted Display for
Frontiers in Oncology | www.frontiersin.org 13
Oral Implant Surgery. Clin Oral Implants Res (2002) 13(6):610–6. doi:
10.1034/j.1600-0501.2002.130606.x

59. Guo R, Guo YX, Feng Z, Guo CB. Application of a Computer-Aided
Navigation Technique in Surgery for Recurrent Malignant Infratemporal
Fossa Tumors. J Craniofac Surg (2015) 26(2):e126–32. doi: 10.1097/
SCS.0000000000001350

60. Bernstein JM, Daly MJ, Chan H, Qiu J, Goldstein D, Muhanna N, et al.
Accuracy and Reproducibility of Virtual Cutting Guides and 3D-Navigation
for Osteotomies of the Mandible and Maxilla. PloS One (2017) 12(3):
e0173111. doi: 10.1371/journal.pone.0173111

61. Liu B-Y, Cao G, Dong Z, Chen W, Xu J-K, Guo T. The Application of 3D-
Printed Titanium Mesh in Maxillary Tumor Patients Undergoing Total
Maxillectomy. J Mater Sci Mater Med (2019) 30(11):125. doi: 10.1007/
s10856-019-6326-7

62. Metzger MC, Hohlweg-Majert B, Schwarz U, Teschner M, Hammer B,
Schmelzeisen R. Manufacturing Splints for Orthognathic Surgery Using a
Three-Dimensional Printer. Oral Surg Oral Med Oral Pathol Oral Radiol
Endod (2008) 105(2):e1–7. doi: 10.1016/j.tripleo.2007.07.040

63. Hasan W, Daly MJ, Chan HHL, Qiu J, Irish JC. Intraoperative Cone-Beam
CT-Guided Osteotomy Navigation in Mandible and Maxilla Surgery.
Laryngoscope (2020) 130(5):1166–72. doi: 10.1002/lary.28082

64. Ivashchenko O, Pouw B, de Witt JK, Koudounarakis E, Nijkamp J, van Veen
RLP, et al. Intraoperative Verification of Resection Margins of Maxillary
Malignancies by Cone-Beam Computed Tomography. Br J Oral Maxillofac
Surg (2019) 57(2):174–81. doi: 10.1016/j.bjoms.2019.01.007
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