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Abstract: This study aimed to present and evaluate alternative lesion-specific mandibulectomy
methods for preserving the mandibular anatomical structures as compared with the conventional
virtual surgical plan. Fifteen patients who received segmental mandibulectomy were included in this
study, and the following parameters were evaluated: (1) the disease-free bone margin, (2) the volume
and surface between the tailor-made resection simulation and conventional resection simulation, and
(3) the preserved mandibular anatomical structures. In all 15 patients, disease-free bone margins
were confirmed by histopathology. Volumes of conventional resection simulation and tail-made
resection simulation were 49,468.66 ± 14,007.96 mm3 and 52,610.01 ± 13,755.33 mm3 and the surfaces
were 20,927.38 ± 4471.70 mm2 and 22,356.49 ± 4185.73 mm2, respectively; these were statistically
significant (both, p < 0.001). Mandibular dentition was partially preserved in six patients. Twelve
of the 15 patients had changes in defect classification with preservation of the mandibular inferior
border. In conclusion, alternative lesion-specific mandibulectomy was a less invasive method for
effectively removing mandibular lesions while preserving the important anatomical structures of
the mandible.

Keywords: computer-assisted surgery (CAS); segmental mandibulectomy; computer-aided design/

computer-aided manufacturing (CAD/CAM); preoperative-surgical simulation; less-invasive surgery

1. Introduction

In diseases of the oral cavity, such as malignant or benign tumors, extensive trauma,
osteoradionecrosis, osteomyelitis, or medication-related osteonecrosis of the jaw, segmental
mandibulectomy is often inevitable. Segmental mandibulectomy results in a mandibular continuity
defect which often leads to serious functional and aesthetic complications, therefore, adequate
reconstruction of mandibular defects is essential [1–3]. Since accurate mandibulectomy and appropriate
reconstruction are challenging issues, recently, computer-assisted surgery (CAS) has been introduced
and widely used in clinical practice. This technique includes preoperative virtual surgical planning
(VSP) based on a patient’s images, such as computed tomography (CT) and magnetic resonance
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imaging (MRI), and preparation of surgical guides by computer-aided design and computer-aided
manufacturing (CAD/CAM) technologies and adding materials layer by layer to transfer VSP into the
operative field. These three-dimensional (3D) printed surgical guides are used for the resection of the
mandible, and to shape the free bone flap [4–6]. The advantages of CAS are reduction of the operative
time and aesthetic and functional results through anatomical reconstructions [7,8]. Additionally, it has
been reported that CAS can more safely and accurately resect the mandibular malignancies with VSP
performed using various imaging modalities, such as CT and MRI simultaneously [9].

Despite a large number of advantages and various osteotomy lines that can be designed, most of
the literature on CAS has shown designs of straight mandibular resection lines. Straight mandibular
resection lines make the overall surgical procedure easier but more mandibular anatomical structures
could be resected even if they are not affected by the disease. These unnecessarily resected anatomical
structures are mostly predicted to be the lower teeth, the mandibular inferior borders, and these
structures are important for function and aesthetics.

Therefore, the purpose of this study was to present and evaluate alternative lesion-specific
mandibulectomy (tailor-made mandibular resection) methods for preserving the mandibular anatomical
structures as compared with the previous virtual surgical plan.

2. Materials and Methods

2.1. Patients and Inclusion Criteria

This retrospective study included patients who underwent mandibular segmental resection
at the Department of Oral and Maxillofacial Surgery of Kyung Hee University Dental Hospital
between December 2016 and November 2017. The indications for mandibular resection included
osteoradionecrosis, and nonmalignant and malignant tumors. The study included only patients who
had undergone both preoperative CT and MRI and postoperative CT of the craniofacial region. Before
starting this study design, ethical approval was received from the institutional review board (approval
number KHD IRB 1806-2). Written informed consent was obtained from all patients in the study.
Preoperative surgical simulations, designs of surgical guides, and operations were all performed by
a single experienced surgeon under confirmation of head and neck radiologists.

2.2. Data Acquisition and Three-Dimensional Virtual Models Preparation for Preoperative Surgical Simulation

Before surgical simulation, the patient’s craniofacial region was initially scanned using both CT
and MRI. The CT scans of the craniofacial region were taken with the patient in the supine position at
a slice thickness of 1 mm (Brilliance CT 64-channel scanner, Philips Healthcare, Best, Netherlands).
The protocol of MRI consisted of T1-weighted and T2-weighted sequences, T1 fat-suppressed sequences,
T2 fat-suppressed sequences, and diffusion-weighted sequences after intravenous administration of
a contrast agent (Philips Achieva 3.0T TX, Philips Healthcare). Additionally, a positron emission
tomography (PET)-CT was performed for the staging of malignant tumors.

Image datasets were imported as Digital Imaging and Communications in Medicine (DICOM)
files into Mimics 20.0 software (Materialise, Leuven, Belgium). The DICOM datasets of CT and MRI
were segmented as the cranio-maxilla region and mandible. In the case of osteoradionecrosis, the
lesion areas were segmented using CT images, and the tumors were segmented on MRI. Segmented
cranio-maxilla regions, mandibles, and lesions were reconstructed into three-dimensional (3D) virtual
models. With an additional medical software program (3-Matic 12.0, Materialise), the 3D reconstructed
CT and MRI mandible models were superimposed images. As a result, tumors segmented in MRI were
fused on the mandibular 3D virtual model converted from CT. Finally, the segmented tumors were
uniformly increased to 10 mm for a safety margin, and the virtual model for preoperative surgical
simulation was completed (Figure 1A–C).
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Figure 1. Digital workflow of preoperative surgical simulation and guide fabrication. (A) A three-
dimensional cranio-maxilla and mandible model is generated from computed tomography (CT) and
a three-dimensional mandible with a localized tumor from magnetic resonance imaging (MRI) is
generated by the medical software; (B) by superimposing three-dimensional models of CT and MRI,
tumor information obtained from MRI is shared with the high-resolution mandibular bone model from
CT; (C) preoperative surgical simulation of the final virtual three-dimensional model and design of the
surgical guides transferred from virtual reality to the operating room.

2.3. Preoperative Surgical Simulation and Fabrication of the Surgical Guides

Resection planning was performed in two ways according to the principles of osteoradionecrosis
and radical tumor resection. The first method was conventional mandibular resection with straight-line
osteotomies, and the second was tailor-made resection, which was performed in various shapes of
osteotomies depending on the type of lesion, as shown in Figure 2A–E. During the operation, results of
the tailor-made resection simulation were used. In order to transfer the results of surgical simulation
to the surgical field, surgical guides for mandibular resection were designed using a medical CAD
software (3-Matic 12.0, Materialise), and fabricated using a 3D printer in every case. Finally, the surgical
guides were delivered for sterilization (Figure 2A–D).
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Figure 2. Evaluation methods of surgical outcomes. (A) The volume and surface of conventional resection
and (B) tailor-made resection simulation are automatically calculated using medical computer-aided
design software; (C) final simulation with reconstruction is compared to (D) postoperative computed
tomography (CT). Then, (D) is compared to (A) to evaluate preservation of the mandibular anatomy
structures; (E) Proposed new mandibular border defect classification.
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2.4. Evaluation Methods of the Surgical Outcomes

To evaluate the clinical safety of tailor-made mandibular resection, the bone margin was assessed
through histopathology reports. Moreover, disease recurrence, metastasis, and survival of patients,
during the follow-up period, were evaluated.

Comparisons were made between the conventional resection simulation and the tailor-made
resection simulation after superimposition of the postoperative 3D model obtained from a CT scan
taken two to four weeks postoperatively. Using the overlapped images, the anatomical structures
preserved after actual surgery were investigated. In addition, the volume and surface of the preserved
mandible after resection were automatically calculated and compared with the two simulation methods
using medical CAD software (3-Matic 12.0, Materialise).

A new defect classification was introduced to evaluate the inferior border of the mandible in
this study. This classification method classified the inferior border of the mandible as symphysis
(S), the anterior mandibular body (A), middle mandibular body (M), posterior mandibular body (P),
and condyle (C) according to the range of resection of the inferior border of mandibular, which is
aesthetically and functionally important. We called this classification method “SAMPC” classification
(Figure 2E). By using this classification, we compared the preservation of the mandibular inferior
border with the tailor-made resection simulation and the conventional resection simulation.

2.5. Statistical Analysis

R Statistical Package (R for Mac, release 3.6.1, 2019; R Foundation for Statistical Computing,
Vienna, Austria) was used to perform statistical analysis, and Prism 8.0 (Graph Pad Software, La Jolla,
CA, USA) was used to generate graphs. Descriptive statistics were applied for all variables, which
were expressed as a mean and standard deviation. The normality of the variables was tested by using
the Kolmogorov–Smirnov test. Paired t-tests were used to calculate differences of the volume and
surface between conventional resection simulation and the tailor-made resection simulation, p-values
less than 0.05 were considered statistically significant.

3. Results

Eighteen patients underwent segmental mandibular resection between December 2015 and
November 2017. Three patients were excluded because of a lack of MRI data. Fifteen patients who
fulfilled the inclusion criteria consisted of 10 men and five women with a mean age of 60 years (range
31–79 years). Thirteen patients presented with a primary tumor (three patients with ameloblastoma,
nine patients with squamous cell carcinoma, and one patient with osteosarcoma), and two patients
presented with osteoradionecrosis of the mandible (Table 1). The median follow-up was 28 months
(Table 2).

Both the surgical guides and prebent plates fit well on the mandible in all cases. No patient
needed modification of the preoperative surgical planning of mandibular resection intraoperatively.
The operations of all cases were uneventful, and no complications were observed during surgery or
the follow-up period (Table 2).

In all 15 patients, disease-free bone margins were confirmed by histopathology. However, in one
patient, a positive margin was identified in the soft tissue that was very close to the skull base. Fourteen
patients included in this study survived without recurrence. One patient had a distant metastasis in
the lung during the follow-up and died (Patient 11).

Volumes of conventional resection simulation and tailor-made resection simulation were 49,468.66
± 14,007.96 mm3 and 52,610.01 ± 13,755.33 mm3, and surfaces were 20,927.38 ± 4471.70 mm2 and
22,356.49 ± 4185.73 mm2, respectively. Between the two kinds of simulations, both volume and surface
were statistically significant (p < 0.001) (Table 3). Mandibular dentition was partially preserved in six
patients, and canines were preserved in five patients. Twelve of 15 patients showed changes in the
defect classification with preservation of the mandibular inferior border (Table 2).
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Table 1. Patient demographic and clinical data.

Patient No. Sex Age (Years) Diagnosis
Method of Reconstruction

Microvascular Free Flap Fixation Method

1 M 37 Ameloblastoma FFF Miniplates
2 F 52 SCC FFF Miniplates
3 F 56 ORN FFF R-plate
4 M 63 ORN FFF Miniplates
5 F 44 Ameloblastoma DCIA R-plate
6 M 56 SCC FFF Miniplates
7 M 62 SCC DCIA Miniplates
8 M 78 Osteosarcoma FFF R-plate
9 M 31 Ameloblastoma FFF R-plate
10 M 79 SCC FFF R-plate
11 F 74 SCC FFF R-plate
12 F 75 SCC FFF Miniplates
13 M 60 SCC FFF R-plate
14 M 70 SCC FFF R-plate
15 M 65 SCC FFF R-plate

Total
n = 15

10 men
5 women

Mean (SD)
60.13 (14.55)

Abbreviations: F, female; M, male; ORN, osteoradionecrosis; SCC, squamous cell carcinoma; FFF, fibula free flap;
DCIA, deep circumflex iliac artery bone flap; R-plate, reconstruction plate; SD, standard deviation; no., number.
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Table 2. Clinical patients’ outcomes.

Patient No.
Conventional

Resection Simulation
Tailor-Made Resection

Simulation
Tailor-Made Resection

Simulation Vs. Post-OP
No. of Teeth

Saved

Mandibular Border
Defect Classification Disease-Free

Bone Margins
Recurrence/Metastasis

(Follow-Up Period, Months)
Primary Final

1
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Table 3. Comparison of the volumes and surfaces between conventional resection simulation and
tailor-made resection simulation.

Conventional
Resection

Tailor-made
Resection Difference p-Value

Mean (SD) Mean (SD) Mean (SD)

Volume (mm3) 49,468.66 (14007.96) 52,610.01 (13755.33) −3141.35 (1355.14) <0.001
Surface (mm2) 20,927.38 (4471.70) 22,356.49 (4185.73) −1419.10 (554.67) <0.001

Abbreviation: SD, standard deviation.

4. Discussion

This study showed that tailor-made mandibular resection, carefully planned three-dimensionally
using multimodal image information, is a safe and less invasive method than conventional resection.
Although malignant tumors were included in this study, all patients showed a disease-free bone
resection margin in histopathology, and none showed local recurrence. In the case of malignant lesions,
the combined use of CT and MRI information helped us to accurately determine the location and size
of the lesions. Many studies have suggested that using multimodal imaging (CT, cone-beam CT, MRI,
(18)F-fluoro-2-deoxy-D-glucose PET, and PET/CT) together could improve accuracy of the diagnosis of
bone invasion [10–13]. Particularly in radiation oncology, obtaining information from various images
contributed to the successful results of radiotherapy [14]. Diagnosis and treatment based on various
images have been also applied to a craniomaxillofacial surgical field with the development of CAS
based on 3D images. The clinical application of this method not only diagnoses bone invasion but it
also aids in surgery, as the size, location of diseases, and relationship of surrounding tissues are directly
visualized in three dimensions [9,15]. In our study, all simulation procedures including determination
of surgical margins were performed by an operator under confirmation of head and neck radiologists.
This was possible because CAS was effective to communicate the disease-extension and surgical margin
with the radiologist through the three-dimensional image. Our study showed good results similar
to those in a previous study [9]. One patient died of distant metastasis, but in this case, there was
a positive margin in the soft tissue of the non-resectable area (near the skull base), but the bone margin
was disease-free in histopathology.

In our study, 3D lesions were extracted from MRI images and superimposed on 3D CT images for
surgical simulation. Additionally, in the case of tumors, the 3D tumors were uniformly increased to
10 mm. This procedure made it easy to set the safety margins of the disease and to design various types
of osteotomies. Many studies have emphasized the advantages of using CAS to save time, ensure
accurate results, and obtain aesthetic results, but no study has investigated the benefits of preserving
anatomical structures using various types of osteotomies [2,4–7,16]

Bone volume calculation in three-dimensional images is a commonly used method for the
evaluation of surgical results [17]. In this study, the volume and surface of the remaining mandibular
bone after mandibular resection were analyzed in conventional resection simulation and tailor-made
resection simulation, and the results were statistically significant (Table 3). In addition, the lower
dentition was partially preserved in six of 15 patients, and in five of those, we were able to preserve
aesthetic and functionally important mandibular canines. Although many studies have attempted
to restore and preserve teeth through digital technologies [18–21], no attempt has been made to
preserve teeth when performing segmental mandibulectomy. In this study, we proposed a method
for preserving teeth even after segmental mandibulectomy. Mandibular symphysis is an important
anatomical structure as well. The extrinsic tongue muscles are attached to the inner surface of the
symphysis, and airway obstruction can occur if this area is resected. To prevent this event, tracheostomy
becomes one of the routine procedures. In our study, there were changes in the mandibular border
defect classification in 12 patients, and in six of these patients, we were able to preserve the symphysis.
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As a result, we could not only maintain their aesthetic appearance but also eliminate the risk of airway
obstruction in six patients (Table 2).

The disease-specific tailor-made resection of our study was possible through preoperative surgical
simulations using various diagnostic images and the fabrication of surgical guides to transfer the
results of the simulation to the operating room. Since our study included a small sample and a short
follow-up period, there could be controversy about the bone margin, and therefore further research
is needed. Additionally, various designs of osteotomies for resection could increase the difficulty of
reconstruction surgery, as well as mandibular ablation. Although this study did not deal with the
accuracy of the resection and reconstruction between the simulations and the postoperative results,
we hypothesized that the accuracy could be increased because of the specific shape after tailor-made
mandibular resection. This hypothesis should be proven by further research.

5. Conclusions

In conclusion, the tailor-made mandibular resection method used disease-specific preoperative
surgical simulations and surgical guides using various imaging modalities, such as CT and MRI. Within
the limits of this study, tailor-made mandibular resection was a less invasive method to effectively
remove mandibular lesions while preserving the important anatomical structures of the mandible.
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