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Background: Computer-assisted surgery in head and neck reconstruction yields 
predictable and favorable clinical outcomes. However, there is a lack in the optimal 
arrangement of the fibula bone segments to re-establish the function and aesthet-
ics of the maxilla.
Methods: This study proposed a novel anatomical landmark-guided strategy for 
the virtual surgical planning (VSP) of infrastructure maxilla reconstruction using 
a free fibula flap. The optimal positioning of fibula segments was validated with 
a retrospective clinical study. Patients who underwent computer-assisted infra-
structure maxillectomy and reconstruction with a free fibula flap from May 2017 
to April 2024 were reviewed. Reproducibility of the landmarks and associated 
clinical parameters was assessed in VSP compared with the preoperative maxilla. 
Additionally, a structured quantitative approach was adopted for postoperative sur-
gical outcome analysis by comparison of the postoperative maxilla and the VSP.
Results: Twenty patients fulfilled the criteria of this study. In 11 cases, we conformed 
to the proposed reconstruction strategy (group A). In 9 cases, we adopted a modified 
approach (group B) with deviations in the count of fibula segments and positioning 
strategy. In group A, the pooled median landmark error was 2.19 mm (interquartile 
range, 1.63–2.91 mm) in the VSP compared with the preoperative maxilla; in group 
B, the error was 4.54 mm (interquartile range, 2.05–6.15 mm). The clinical param-
eters demonstrated satisfactory recapture of the alveolar arch and maxillary width.
Conclusions: This anatomical landmark-guided strategy was validated with satisfac-
tory reproducibility of the quantitative metrics in the VSP. The anatomical landmarks 
and associated clinical parameters provided a structured quantitative approach for 
postoperative analysis of computer-assisted maxillary reconstruction using FFFs. 
(Plast Reconstr Surg Glob Open 2025;13:e6626; doi: 10.1097/GOX.0000000000006626; 
Published online 24 March 2025.)
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INTRODUCTION
The maxilla serves important functions in speech, mas-

tication, swallowing, and aesthetics of the midface area. 

Previous literature classified maxilla defects based on dis-
tinct regions.1–3 Infrastructure maxillary defects are the 
most common type of maxillary defect secondary to onco-
logic resection of oral cancers and are defined as defects 
inferior to the infraorbital foramen, primarily involving 
the alveolar arch and plate, with possible involvement of 
the nasal cavity, maxillary sinus, and zygomaticomaxillary 
buttress.3,4

The primary goals of reconstructing infrastructure 
maxillary defects include restoring the alveolar arch for 
proper occlusion function, recovering the oronasal and 
oroantral seals for swallowing and speech functions, 
and rebuilding the maxillary framework for aesthetic 
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purposes. Common repair options include the use of 
prosthetic obturators, local and regional flaps, soft-tissue 
free flaps, and vascularized bone flaps.5–13 Among the 
various choices of bone flaps, the free fibula flap (FFF) 
offers exceptional versatility in folding and position-
ing multiple osteotomized segments and abundance 
of osteomyocutaneous tissue, and allows for bicortical 
engagement of osseointegrated dental implants, making 
it a viable composite free flap in infrastructure maxillary 
defects, especially in cases with extensive palatomaxillary 
component.1,14–18

In FFF reconstruction, computer-assisted surgery 
(CAS) has demonstrated greater predictability and pre-
cision compared with freehand surgery.19,20 CAS refers 
to the incorporation of computers in the preoperative, 
intraoperative, and/or postoperative phases of surgery. 
In the preoperative phase, virtual surgery planning 
(VSP) determines the arrangement of multiple bone 
segments that are designed to yield desirable functional 
and aesthetic outcomes.21 However, the current VSP 
strategy relies predominantly on the surgeon’s experi-
ence and preferences in incorporating multiple factors, 
including the original contour of the jawbones, the vol-
ume of tissue loss, the position of the dental arch, and 
so on. To reduce clinical workload and streamline the 
VSP workflow, a novel landmark-guided strategy for  
computer-assisted reconstruction of infrastructure max-
illary defects using the FFF was proposed and validated 
with a retrospective study.

MATERIALS AND METHODS

Subjects
Patients who underwent computer-assisted maxil-

lary reconstruction in the Department of Oral and 
Maxillofacial Surgery in Queen Mary Hospital from May 
2017 to April 2024 were selected based on the following 
criteria. The inclusion criteria were (1) age older than 18 
years; (2) signed and dated informed consent; (3) diag-
nosis of benign or malignant tumor in the maxilla infe-
rior to the infraorbital foramen, primarily involving the 
alveolar arch and plate; (4) having undergone computer-
assisted infrastructure maxillectomy and reconstruction 
using an FFF; (5) surgery conducted with patient-specific 
surgical template of either transfer guide or patient- 
specific surgical plate (PSSP); and (6) complete follow-up 
information, including postoperative computed tomogra-
phy (CT) scans. The exclusion criteria were (1) patients 
with surgical resection involving the infraorbital rim, (2) 
maxillary reconstruction utilizing other flaps, and (3) 
patients lost to follow-up. This study has been approved 
by the institutional review board of the University of Hong 
Kong/Hospital Authority Hong Kong West Cluster with a 
reference number of UW 16-315. The study protocol has 
been registered in ClinicalTrials.gov (NCT03057223).

Virtual Surgical Planning
Virtual skull and fibula models were segmented from 

CT scans using Materialise ProPlan CMF 3.0 (Materialise, 

Leuven, Belgium) for interactive VSP. The preopera-
tive maxilla was used as a reference to guide the optimal 
folding and placement of the fibular segments. In cases 
where the tumor growth substantially deformed the max-
illa, virtual dental wax-up and mirroring of the contralat-
eral maxilla were conducted in Materialise 3-matic 13.0 
(Materialise). (See figure, Supplemental Digital Content 
1, which displays reconstruction of a new preoperative 
maxilla to guide the fibula reconstruction by virtual den-
tal wax-up combined with the mirroring of the contralat-
eral maxilla, http://links.lww.com/PRSGO/D917.) The 
extent of partial maxillectomy was determined based on 
clinical and imaging information, including CT or mag-
netic resonance imaging.22 Subsequently, the fibula was 
virtually osteotomized and positioned by a trained junior 
surgeon under the supervision of the chief surgeon as well 
as the prosthodontist in charge, who fine-tuned and final-
ized the VSP. The detailed workflow of VSP was described 
in the study by Yang et al.23

Three-dimensionally Printed Patient-specific Surgical 
Templates

The final VSP was exported to Materialise 3-matic 
13.0 for designing patient-specific surgical templates. 
Digital prototypes of the surgical cutting guides were 3- 
dimensionally printed using either ULTEM 1010 MED610 
resin (Stratasys Ltd, Eden Prairie, MN) or pure grade 2 
titanium powder. The PSSPs were printed with pure grade 
2 titanium powder, and the transfer guides were printed 
with ULTEM 1010 MED610 resin. For cases using trans-
fer guides, the fibula segments were positioned with the 
transfer guides and fixed with intraoperatively bent tita-
nium miniplates and screws (MatrixMIDFACE Plate and 
Screw System, DePuy Synthes). The use of transfer guide 
or PSSP was randomly assigned. In either situation, sur-
gery was performed strictly according to the VSP. The lon-
gest available follow-up CT scan of each case was used for 
postoperative analysis in this study, ranging from 2 months 
to 2 years postoperatively.

Takeaways
Question: Can the proposed anatomical landmark-guided 
strategy guide the virtual surgical planning (VSP) of infra-
structure maxilla reconstruction using free fibula flaps?

Findings: The anatomical landmark-guided strategy 
developed was validated with high reproducibility of the 
quantitative metrics in VSP. The anatomical landmarks 
and associated clinical parameters also constituted a 
structured quantitative approach for postoperative analy-
sis of computer-assisted maxillary reconstruction using 
free fibula flaps.

Meaning: The strategy proposed incorporates multidisci-
plinary considerations and provides valuable references 
to the positioning of fibula bony segments in computer-
assisted maxillary reconstruction. It also carries the poten-
tial to be used for the development of automated VSP 
functions in software in the future.

http://links.lww.com/PRSGO/D917
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Anatomical Landmarks and Clinical Parameters
Based on the principle of functional rehabilitation, 3 

anatomical landmarks were defined on the upper alveo-
lar arch: (1) incisor point (I), (2) canine point (C), and 
(3) molar point (M). The I point defined the anterior 
position of the upper alveolar arch and provided refer-
ence for lip and nasal support; The C point represented 
the greatest curvature between the upper anterior teeth 
and posterior teeth, which typically guided the osteotomy 
plane between the fibular bone segments.24 The M point 
was determined according to the position of the first 
molar or the second premolar in a shortened dental arch 
design.25 These points were also referred to as horizon-
tal landmarks, which marked the anatomical curvature of 
the upper alveolus and guided the placement of fibular 
segments to provide bony structures for dental implant 
placement at the appropriate superior-inferior and buc-
colingual levels.

Two additional anatomical landmarks were defined as 
vertical landmarks located at the zygomaticomaxillary but-
tress: (4) jugale point (J)26 and (5) zygoma point (Z). The 
J point dictated the need for the posterior vertical fibular 
segment to connect the horizontal segments to the rem-
nant zygoma, whereas the Z point guided the positioning 
of the posterior vertical fibular segment. Overall, the 
defined anatomical landmarks aimed to guide the optimal 
alignment of fibular segments in restoring infrastructure 
maxillary defects (Table 1; Fig. 1).

Based on the anatomical landmarks, 4 clinical param-
eters were established, emphasizing the essential func-
tional and aesthetic aspects of infrastructure maxillary 
reconstruction: (1) anterior arch width, (2) posterior arch 
width, (3) ipsilateral arch angle, and (4) maxillary width. 
These clinical parameters were used to evaluate the clini-
cal feasibility of VSP and served as quantitative metrics to 
assess reconstruction outcomes (Table 2; Fig. 1).

The Anatomical Landmark-guided Strategy
Single- or multisegment FFF design was utilized for the 

reconstruction of infrastructure maxillary defects depending 
on the extent of the maxillary defect. The number of fibular 
segments was determined with reference to the number of 
anatomical landmarks included in the defect. Specifically, 

the involvement of 1 or 2 landmarks necessitated a single-
segment design (Fig. 2), the involvement of 3 landmarks 
necessitated a 2-segment design (Fig. 3), and the involve-
ment of 4 landmarks necessitated a 3-segment design (Fig. 4).

In this retrospective validation study, clinical cases were 
categorized into 2 groups based on whether the VSP con-
formed to this proposed landmark-guided strategy. If the 
number and positioning of the fibula segment(s) aligned 
with the proposed landmark-based strategy, a case was cat-
egorized as group A (standard strategy). If there was a mis-
match of the number between the fibula segment with gross 
deviations from the proposed strategy (eg, if 3 landmarks 
including the I, C, and M points were involved in the resec-
tion and only 1 long fibula segment was used for reconstruc-
tion), a case was categorized as group B (modified strategy).

Strategy Validation and Accuracy Assessment
To assess the feasibility of the proposed landmark-based 

strategy, corresponding reconstructed landmarks were 
defined in the reconstructed maxilla (Table 1; Fig. 1). 
The associated clinical parameters were also defined cor-
respondingly in the reconstructed model (Table 2; Fig. 1). 
The preoperative maxilla, VSP, and postoperative maxilla 
models were aligned via N-point registrations followed by 
global registration functions based on the trimmed unop-
erated part of the upper skull in Materialise 3-matic 13.0. 
Two stages of measurements were conducted for strategy 
validation and postoperative accuracy assessment, respec-
tively. First, the VSP was compared with the preoperative 
maxilla to validate the feasibility of the landmark-based 
strategy via the deviations of (1) anatomical landmarks 
and (2) clinical parameters, as defined in respective mod-
els. Second, the postoperative maxilla was compared with 
the VSP to assess the accuracy of the surgical outcomes via 
3 sets of quantitative metrics: (1) the point deviation of 
the anatomical landmarks, (2) the absolute difference of 
clinical parameter measurements, and (3) the deviation 
of individual fibular segments.27

Oral Rehabilitation
Occlusal rehabilitation of patients who had undergone 

jaw reconstruction was performed by the prosthodontic team 
at the Faculty of Dentistry, the University of Hong Kong with 

Table 1. Definitions of Anatomical Landmarks in Preoperative Maxilla and Reconstructed Models
Anatomical Landmarks

I The inferior midpoint of the anterior septal alveolus bone between bilateral upper central incisors
rI The most inferior point of the reconstructed maxilla at the mid-sagittal plane of the skull
C The center point of the alveolar socket of canines at the level of the alveolar bone crest
rC The most inferior point of the reconstructed maxilla at the same coronal plane as the contralateral canine
M The center point of the alveolar socket of the first molar at the level of the alveolar bone crest; or the center point of the second 

premolar in a shortened dental arch design
rM The most inferior point of the reconstructed maxilla at the same coronal plane as the contralateral first molar; or the second 

premolar in a shortened dental arch design
J The intersection of the lateral contour of the maxillary alveolar process and the lower contour of the zygomaticomaxillary process 

of the maxilla
rJ The most lateral intersection of the reconstructed maxilla at the same coronal plane as the contralateral jugale point
Z The most anterolateral point at the inferior cutting plane of the remnant zygoma
rZ The most anterolateral point at the superior plane of the vertical posterior fibula segment along the zygomaticomaxillary process
rC, reconstructed canine point; rM, reconstructed molar point; rJ, new jugale point in the reconstructed maxilla; rZ, reconstructed zygoma point.
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dental implant-supported prostheses. In cases where dental 
implants were placed simultaneously at the stage of maxillary 
reconstruction, the operation was assisted using the “three-in-
one” patient-specific surgical guides.7

Statistical Analysis
All statistical analyses were performed using IBM 

SPSS Statistic version 29. Descriptive statistics were 

calculated for the quantitative metrics for reconstruc-
tion verification and accuracy evaluation. Data in this 
study did not follow normal distributions as indicated 
by Shapiro–Wilk test (P < 0.05). P value tests were anal-
ysis of Kruskal–Wallis test and the Mann-Whitney test 
for nonnormal continuous outcomes. Statistical sig-
nificance was defined as a P value less than or equal 
to 0.05.

Fig. 1. Key anatomical landmarks and clinical parameters in the preoperative maxilla and VSP. A, Occlusal view of the preoperative 
maxilla. B, Frontal view of the preoperative maxilla. C, Inferior view of the resected maxilla. D, Lateral view of the VSP of the maxilla. E, 
Occlusal view of the VSP of the maxilla. F, Frontal view of the VSP of the maxilla. C-C, anterior arch width; C-rC, reconstructed anterior 
arch width; J-J, maxillary width; J-rJ, reconstructed maxillary width; M-M posterior arch width; M-rM, reconstructed posterior arch 
width; rC, reconstructed canine point; rM, reconstructed molar point; rJ, new jugale point in the reconstructed maxilla; rZ, recon-
structed zygoma point.

Table 2. Definitions of Clinical Parameters in the Preoperative Maxilla and Reconstructed Models
Clinical Parameters

C-C The distance between the center points of the alveolar socket at the level of the alveolar crest of bilateral canines in the preop-
erative maxilla, measured between bilateral C points

C-rC The distance between the center point of the alveolar socket at the level of the alveolar crest of the canine and the most infe-
rior point of the reconstructed maxilla at the same coronal plane, measured from C point to contralateral rC point

M-M The distance between the center points of the alveolar socket at the level of alveolar crest of bilateral first molars (or second 
premolars) in the preoperative maxilla, measured between bilateral M points

M-rM The distance between the center point of the alveolar socket at the level of the alveolar crest of the first molar or second 
premolar and the most inferior point of the reconstructed maxilla at the same coronal plane, measured from M point to 
contralateral rM point

I-C-M The curvature of the preoperative maxillary dental arch, formed by ipsilateral I, C, and M points
rI-C-M The curvature of the reconstructed maxillary dental arch, formed by ipsilateral (r)I, (r)C, and (r)M points
J-J The distance between bilateral intersections of the lateral contour of the maxillary alveolar process and the lower contour of 

the jugal process, measured between bilateral J points
J-rJ The distance between the unoperated jugale point and the most lateral point of the reconstructed maxilla at the same trans-

verse plane, measured from J to contralateral rJ point
C-C, anterior arch width; C-rC, reconstructed anterior arch width; I-C-M, ipsilateral arch angle; J-J, maxillary width; J-rJ, reconstructed maxillary width; M-M poste-
rior arch width; M-rM, reconstructed posterior arch width; rC, reconstructed canine point; rI-C-M, reconstructed ipsilateral arch angle.
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RESULTS

Demographic Data
A total of 20 patients were included in this study 

(Table 3). The mean age of patients was 56.6 ± 14.4 years, 

ranging from 32 to 80 years. The study cohort comprised 
10 (50.0%) women and 10 men (50.0%), and 18 cases of 
malignancy and 2 cases of benign tumors. In 14 patients, 
simultaneous dental implants were placed during maxil-
lary reconstruction, and 1 patient (case 18) underwent 

Fig. 2. Single-segment FFF reconstruction. The single-segment fibula flap was used for infrastructure 
maxillectomy involving no more than 2 landmarks. When the M point was involved in the maxillary 
resection as shown, a single-segment fibula VSP was indicated to re-establish the landmark and to 
repair the defect. The inferior border of the fibula segment was guided by the position of the M point in 
the preoperative maxilla and the distal resection plane of the maxilla at the level of the alveolar crest.

Fig. 3. Two-segment FFF reconstruction. The 2-segment design was used when 3 anatomical landmarks 
were involved in tumor resection in the following 2 scenarios. In scenario 1, when the I, C, and M points 
were involved, 2 horizontal segments were positioned along the curvature of the dental arch guided 
by the landmarks involved in the preoperative maxilla. In scenario 2, when the C, M, and J points were 
involved, one horizontal segment was positioned along the dental arch guided by the C and M points, 
whereas 1 vertical segment was guided by the Z point on the superior cutting plane, adjoining the 
remnant zygoma and the horizontal segment along the posterior maxillary buttress as shown.

Fig. 4. Three-segment FFF reconstruction. The 3-segment design was used where tumor resection 
involved all 4 landmarks (I, C, M, J points) as shown. Two horizontal segments were positioned along 
the dental arch, guided by the I, C, and M points. The superior end of the vertical segment was guided 
by the Z point. Note that the J point was not intentionally reproduced in the FFF construction but used 
as a landmark to dictate the number of fibular segments required.
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second-stage dental implantation. (See table, 
Supplemental Digital Content 2, which displays clinical 
information of 20 cases, http://links.lww.com/PRSGO/
D918.) Until June 2024, implant-supported fixed dental 
prostheses were provided in 4 patients, whereas 9 patients 
were waiting for the final dental prosthesis.

Validation of Landmark-guided Strategy
The positioning of fibula segments in all cases was 

largely in line with the proposed anatomical landmarks, 
exhibiting acceptable errors (Table 4). In 11 cases, we fol-
lowed the landmark-guided strategy (group A), with a 
median pooled landmark error of 2.19 mm (interquartile 
range [IQR], 1.63–2.91 mm) between the VSP and preop-
erative maxilla. In 9 cases, we adopted a modified strategy 
(group B), with a median pooled landmark error of 
4.54 mm (IQR, 2.05–6.15 mm). A statistically significant 
difference was observed between the deviation of the I, C, 
and M points of the 2 groups (P < 0.05).

For the clinical parameters (Table 5), both groups dem-
onstrated excellent reproducibility of the anterior arch 
width (1.12 mm [IQR, 0.55–1.67 mm] in group A; 1.69 mm 
[IQR 0.44–3.93 mm] in Group B), with no statistically sig-
nificant difference (P = 0.40). However, group A showed sig-
nificantly higher reproducibility of the posterior arch width 
(0.49 mm [IQR, 0.14–1.00 mm]), as well as the ipsilateral 
arch angle (4.95 degrees [IQR, 22.03–9.25 degrees]) com-
pared with group B (P < 0.01). The means and SDs of cor-
responding measurements were listed in Supplemental 
Digital Content 3 and 4. (See table, Supplemental Digital 
Content 3, which displays mean and SD of preoperative ver-
sus VSP anatomical landmark linear variation [mm], http://
links.lww.com/PRSGO/D919.) (See table, Supplemental 
Digital Content 4, which displays the mean and SD of preop-
erative versus VSP clinical parameters measurements varia-
tion, http://links.lww.com/PRSGO/D920.)

Postoperative Accuracy Assessment
All 20 cases in this study cohort were assessed collec-

tively through the comparison of postoperative and the 
VSP maxilla models. The median deviation of the ana-
tomical landmarks was 2.42 mm (IQR, 1.50–4.68 mm), 
with no statistically significant difference between point 
deviations of I, C, M, and Z points (P = 0.50). The median 
difference of the width measurements was 1.02 mm (IQR, 
0.40–2.06 mm), with no statistically significant difference 
between anterior arch width, posterior arch width, and 
maxillary width (P = 0.77). The median absolute angular 
difference of the ipsilateral arch angle was 6.62 degrees 
(IQR, 1.88–12.23 degrees). The results of other measure-
ments were shown in Table 6. The means and SDs of cor-
responding measurements are listed in Supplemental 
Digital Content 5. (See table, Supplemental Digital 
Content 5, which displays the mean and SD of postopera-
tive versus VSP reconstruction accuracy assessment by 
anatomical landmarks, clinical parameters, and fibula 
segment measurements, http://links.lww.com/PRSGO/
D921.)

CASE ILLUSTRATION
A 33-year-old man presented with epithelioid heman-

gioendothelioma at the left maxilla involving the I, C, M, 
and J points (Fig. 5). This case used a transfer guide for 
the positioning of the fibula segments. A comparison of 
the preoperative maxilla and VPS showed a mean linear 
error of 2.28 mm of the 4 anatomical landmarks. The 
anterior arch width and posterior arch width showed a 
minimal deviation of 1.12 and 0.09 mm, respectively. The 
patient demonstrated satisfactory functional and aes-
thetic clinical outcomes at the follow-up 3 years 
postoperatively.

DISCUSSION
The challenge of FFF reconstruction of the maxilla 

is that the operator must incorporate multiple factors 
including the size of the maxillary defect, the anatomy of 
the zygomaticomaxillary complex, soft-tissue condition, 
postoperative adjuvant therapy, dental arch forms, prosth-
odontic rehabilitation plan, and so on in the surgical 
plan.2,8,11,28,29 Although it has been shown that VSP flattens 
the learning curve of FFF,30 a surgeon with limited experi-
ence may still find it challenging to determine the exact 
number, length, and position of the fibular segments for 
maxillary reconstruction. This study integrated these fac-
tors and proposed a simple and practical strategy for the 
VSP of infrastructure maxilla defect reconstruction utiliz-
ing FFF.

The feasibility of the landmark-based strategy was vali-
dated by the high reproducibility of the quantitative met-
rics. Ideally, the standard surgical algorithm was adopted, 
yielding higher reproducibility of the anatomical land-
marks as in group A with a mean error of less than 2.5 mm 
in the VSP compared with the preoperative maxilla. 
Correspondingly, the anatomy of the dental alveolar arch 
was more accurately recaptured with an error of less than 
1.5 mm in both the anterior and posterior arch widths and 

Table 3. Patient Demographics
Characteristics Frequency Percentage (%)

Sex
 � Male 10 50
 � Female 10 50
Age, y
 � 30–49 6 30
 � 50–69 11 55
 � 70 or above 3 15
Diagnosis
 � Malignant tumor 18 90
  �  Squamous cell carcinoma 12
  �  Mucoepidermoid carcinoma 1
  �  Verrucous carcinoma 1
  �  Sclerosing microcystic adenocar-

cinoma
1

  �  Carcinoma ex pleomorphic 
adenoma

1

  �  Epithelioid hemangioendothe-
lioma

1

 � Benign tumor 2 10
  �  Ameloblastoma 1
  �  Odontogenic myxoma 1

http://links.lww.com/PRSGO/D918
http://links.lww.com/PRSGO/D918
http://links.lww.com/PRSGO/D919
http://links.lww.com/PRSGO/D919
http://links.lww.com/PRSGO/D920
http://links.lww.com/PRSGO/D921
http://links.lww.com/PRSGO/D921
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an error of less than 7 degrees in the ipsilateral arch angle. 
On the contrary, if there was a mismatch of the number 
of fibular segments and gross deviation from the dental 
arch as in group B, a statistically significant increase in 
deviation of the anatomical landmarks, as well as clinical 
parameters, was observed. Nevertheless, given the limited 
sample size of this study, the statistical difference between 
the 2 groups must be interpreted cautiously. A larger 
number of cases, preferably from multiple centers, are 
required to substantiate the clinical difference between 
the standard and modified reconstruction approaches.

Multiple factors could contribute to the modification 
of VSP as in group B. First, the length of vascularized 
fibula segments is 1 major concern. In 2018, van Gemert 
et al.31 recommended a minimal FFF length of 2 cm in 
the study of complications in FFF reconstruction of the 
mandible which was based on the cadaver study done by 
Bähr,32 reporting a minimal length of 2 cm for the fibula 
segment to be revascularized. Based on this prerequi-
site, in patients with smaller dental arches, 1 long fibular 

segment is sometimes used instead of 2 shorter segments 
connecting the I, C, and M points as indicated. This would 
result in increased error of the anatomical landmarks and 
drastically increased ipsilateral arch angle as reflected in 
the measurements of group B. Based on the same prin-
ciple, the fibular segments are sometimes placed more 
laterally to the original dental arch and the zygomatico-
maxillary buttress outline to ensure sufficient length of 
each segment. Another commonly encountered issue was 
the variance of the cross-sectional dimension of the fibula 
in relation to the dental occlusal clearance. For instance, a 
patient with a very deep dental bite and large fibula bone 
may require the fibular segments to be positioned more 
superiorly than indicated in the surgical algorithm. Other 
factors include considerations for postoperative adjuvant 
radiotherapy and subsequent tissue fibrosis, facial soft- 
tissue condition, and optimization of bony contact 
between the fibula flap and remnant maxilla.28 Although 
a review of the cases in group B showed that the devia-
tion of the fibular segments could potentially be offset 

Table 4. Anatomical Landmark Deviation Between VSP and Preoperative Maxilla (mm)
Group A (N = 11), Median (IQR) Group B (N = 9), Median (IQR) P

I 2.21 (1.87–2.67) 5.12 (4.73–5.91) 0.036*
C 2.40 (1.42–2.90) 5.58 (4.25–6.28) <0.001*
M 1.91 (1.49–2.95) 4.57 (2.85–6.54) 0.005*
Z 1.81 (1.60–4.65) 2.45 (1.51–5.49) 0.867
Combined† 2.19 (1.63–2.91) 4.54 (2.05–6.15) <0.001*
*P ≤ 0.05 (Mann-Whitney test).
†No significant intragroup difference is observed between I, C, M, and Z points. Group A: P = 0.957 > 0.05; group B: P = 0.216 > 0.05 (Kruskal–Wallis test).

Table 5. Clinical Parameter Measurement Deviation Between VSP and Preoperative Maxilla
Group A (N = 11), Median (IQR) Group B (N = 9), Median (IQR)

PPreoperative VSP Difference Preoperative VSP Difference

  �  Anterior arch width 
(mm)

31.77  
(28.04–32.9)

30.79  
(27.45–31.47)

1.12  
(0.55–1.67)

32.02  
(30.51–34.71)

30.79  
(28.23–31.65)

1.69  
(0.44–3.93)

0.399

Posterior arch width 
(mm)

47.75  
(45.76–51.08)

47.75  
(46.38–51.44)

0.49  
(0.14–1.00)

46.06  
(44.07–51.44)

48.81  
(46.65–52.00)

2.65  
(0.845–3.19)

0.006*

 � Ipsilateral arch angle 
(degrees)

137.43  
(134.06–143.60)

141.54  
(132.12–146.33)

4.95  
(2.03–9.25)

136.85  
(132.32–141.50)

168.14  
(149.03–171.35)

29.41  
(14.39–34.75)

0.004*

Maxillary width (mm)† 70.26  
(63.84–72.58)

77.52  
(74.92–79.75)

7.17  
(6.06–11.08)

66.695  
(64.29–69.11)

75.49  
(73.14–80.94)

8.725  
(6.89–10.33)

0.955

*P ≤ 0.05 (Mann-Whitney test).
†Maxillary width variation is significantly higher compared with both anterior arch width and posterior arch width in both groups (P < 0.05, Kruskal–Wallis test). 
Anterior arch width and posterior arch width variation show no significant difference in both groups. Group A: P = 0.108 > 0.05; group B: P = 0.931 > 0.05 (Mann-
Whitney test).

Table 6. Postoperative Surgical Accuracy Assessment by Comparison Between Postoperative Maxilla and VSP
Anatomical Land-
marks (mm)

Median 
(IQR) Clinical Parameters

Median 
(IQR) Fibular Segments Median (IQR)

I (n = 9) 1.56  
(1.18–4.95)

Anterior arch width (mm) (n = 16) 1.03  
(0.37–1.82)

Axis angle deviation (degrees) 
(n = 36)

7.625 (4.77–10.4)

C (n = 18) 2.155 
(1.56–4.39)

Posterior arch width (mm) 
(n = 18)

0.77  
(0.41–2.57)

Center point deviation (mm) 
(n = 36)

3.05 (1.83–4.87)

M (n = 19) 2.77  
(1.31–4.81)

Maxillary width (mm) (n = 14) 1.67  
(0.34–3.26)

Cutting plane angle deviation 
(degrees) (n = 72)

10.75 (5.90–15.88)

Z (n = 15) 4.21  
(1.78–5.04)

Width combined (mm) (n = 48)* 1.02  
(0.40–2.06)

Combined 
(n = 61)†

2.42  
(1.50–4.68)

Ipsilateral arch angle (degrees) 
(n = 18)

6.62  
(1.88–12.23)

*The anterior arch width, posterior arch width, and maxillary width show no significant difference, P = 0.774 > 0.05 (Kruskal–Wallis test).
†The linear deviation of I, C, M, and Z points show no significant difference, P = 0.495 > 0.05 (Kruskal–Wallis test).
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by the adjustment of dental implant position and the use 
of angulated abutments up to 30 degrees, factors such as 
axial loading, emergence profile, and soft-tissue manage-
ment still favor straight access of dental implant in the VSP, 
which requires accurate recapture of the dental arch form 
by an FFF.33 On the other hand, it is our clinical experience 
that the hard tissue discrepancy can sometimes be camou-
flaged by the soft tissues, resulting in clinically acceptable 
aesthetic outcomes. However, the exact amount of offset 
tolerated is to be investigated.

Although the proposed landmark-based strategy offers 
practical references, the VSP must be considered case by 
case and is subject to variation in different clinical cen-
ters. It must be acknowledged that there remain other 
surgical designs that were not illustrated in this strategy, 
such as a double-barrel fibula flap, though it is more com-
monly used in more extensive defects involving the orbital 
rim.29,34 Further study is required to verify the feasibility 
of the panel of anatomical landmarks in more extensive 
maxillary defects.

Given the heterogeneity in the published data on CAS 
of the maxillary reconstruction, there has been a lack of 
high-quality quantitative studies, making it challenging to 
compare the surgical accuracy.19,35 In the present study, 
the center point linear deviation of the 36 fibula segments 
in 20 cases was 3.37 ± 1.81 mm, in keeping with the system-
atic review by van Baar et al,19 which ranged from 0.44 to 

7.8 mm. The angular deviation of the fibular segments was 
8.30 ± 4.68 degrees, which slightly exceeded the reported 
range between 2.90 and 6.96 degrees from 2 single- 
centered studies based on 6 cases by Zheng et al36 and 11 
cases by Schepers et al.37 Overall, the surgical precision 
was satisfactory in this retrospective study cohort.

Apart from surgical accuracy, it is also imperative to 
assess the effectiveness of the functional and aesthetic max-
illary reconstruction with objective parameters. However, 
no available quantitative data specifically addressed 
the functional reconstruction of the maxilla. This study 
adopted a structured approach based on quantitative met-
rics of the functional and aesthetic outcomes of the max-
illa using a series of clinical parameters. The anterior and 
posterior arch widths, and the ipsilateral arch angle quan-
tified how accurately the curvature of the maxillary dental 
arch had been re-established, which reflected the effec-
tiveness of functional reconstruction. The widths of the 
maxillary dental arch and maxillary width indicated the 
sufficiency of soft-tissue support, which reflected the aes-
thetic outcomes of the midface. Further study is required 
to substantiate the validity of the quantitative metrics in 
postoperative aesthetic assessment.

Admittedly, there has been a lack of discussion on 
bilateral inferior maxillary defect reconstruction in this 
study due to the scarcity of clinical cases. Several addi-
tional factors must be considered, including possible 

Fig. 5. A 33-year-old man presented with epithelioid hemangioendothelioma at the left maxilla. A, A 
3-segment FFF design was used to reconstruct the maxilla, adhering to the reconstruction strategy of 
reconstructing the I, C, M, and Z points involved in the tumor resection. This case was categorized as 
group A accordingly. Four simultaneous dental implants were planned in the fibula segment, replac-
ing the bilateral central incisors and first and second premolars. B, Fibular segments were guided by a 
patient-specific transfer guide and fixed by intraoperatively bent titanium miniplates and screws before 
the removal of the guide. C, An implant-supported dental prosthesis was placed. D, Frontal postopera-
tive clinical photograph showed satisfactory facial symmetry and adequate soft-tissue support in the 
midface area.
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insufficiency of the length of fibula bone, twisting and 
kinking of the pedicle, lack of oronasal support, and the 
dilemma between soft tissue support and dental implant 
placement.38 The landmark-based surgical algorithm pro-
posed in this study requires further clinical validation on 
the applicability to the reconstruction of bilateral maxil-
lary defects utilizing the FFF.

CONCLUSIONS
This study developed a practical anatomical  

landmark-based strategy for FFF reconstruction of infra-
structure maxillary defects based on the I, C, M, J, and Z 
points. The use of the landmarks as well as the associated 
clinical parameters including anterior arch width, pos-
terior arch width, ipsilateral arch angle, and maxillary 
width constituted a structured quantitative approach for 
postoperative analysis of CAS of maxillary reconstruc-
tion. These landmarks carry the potential to be used to 
develop automated VSP functions in software platforms, 
which will save manpower and cost, and reduce VSP 
time for computer-assisted maxilla reconstruction.

Wei-Fa Yang, BDS, MDS, PhD
Division of Oral and Maxillofacial Surgery

Faculty of Dentistry
The University of Hong Kong
Prince Philip Dental Hospital

34th Hospital Road
Hong Kong Special Administrative Region, China

E-mail: teddyrun@hku.hk

Yu-Xiong Su, MD, PhD
Division of Oral and Maxillofacial Surgery

Faculty of Dentistry
The University of Hong Kong
Prince Philip Dental Hospital

34th Hospital Road
Hong Kong Special Administrative Region, China

E-mail: richsu@hku.hk

DISCLOSURES
The authors have no financial interest to declare in rela-

tion to the content of this article. This study was supported by 
the Health and Medical Research Funds (project no. 08192096 
and no.11221966), Food and Health Bureau, Hong Kong and 
General Research Fund (reference no. 17114722), Research 
Grants Council, Hong Kong.

REFERENCES
	 1.	 Brown JS, Shaw RJ. Reconstruction of the maxilla and 

midface: introducing a new classification. Lancet Oncol. 
2010;11:1001–1008. 

	 2.	 Muzaffar AR, Adams WP, Jr, Hartog JM, et al. Maxillary recon-
struction: functional and aesthetic considerations. Plast Reconstr 
Surg. 1999;104:2172–83; quiz 2184. 

	 3.	 Cordeiro PG, Santamaria E. A classification system and algo-
rithm for reconstruction of maxillectomy and midfacial defects. 
Plast Reconstr Surg. 2000;105:2331–2346; discussion 2347. 

	 4.	 Sun Q, Zhang WB, Gao M, et al. Does the brown classification 
of maxillectomy defects have prognostic prediction for patients 
with oral cavity squamous cell carcinoma involving the maxilla? 
Int J Oral Maxillofac Surg. 2020;49:1135–1142. 

	 5.	 Curtis TA. Treatment planning for intraoral maxillofacial pros-
thetics for cancer patients. J Prosthet Dent. 1967;18:70–76. 

	 6.	 Hammond J. Dental care of edentulous patients after resection 
of maxilla. Br Dent J. 1966;120:591–594.

	 7.	 Zhu WY, Su YX, Pow EHN, et al. “Three-in-one” patient-specific 
surgical guides for simultaneous dental implants in fibula flap 
jaw reconstruction: a prospective case series. Clin Implant Dent 
Relat Res. 2021;23:43–53. 

	 8.	 Iyer S, Thankappan K. Maxillary reconstruction: current con-
cepts and controversies. Indian J Plast Surg. 2014;47:8–19. 

	 9.	 Nguyen TTH, Eo MY, Myoung H, et al. Implant-supported fixed 
and removable prostheses in the fibular mandible. Int J Implant 
Dent. 2020;6:44. 

	10.	 Pu JJ, Hakim SG, Melville JC, et al. Current trends in the recon-
struction and rehabilitation of jaw following ablative surgery. 
Cancers (Basel). 2022;14:3308. 

	11.	 Vincent A, Burkes J, Williams F, et al. Free flap reconstruction of 
the maxilla. Semin Plast Surg. 2019;33:30–37. 

	12.	 Patel SY, Kim DD, Ghali GE. Maxillofacial reconstruction using 
vascularized fibula free flaps and endosseous implants. Oral 
Maxillofac Surg Clin North Am. 2019;31:259–284. 

	13.	 Moreno MA, Skoracki RJ, Hanna EY, et al. Microvascular free 
flap reconstruction versus palatal obturation for maxillectomy 
defects. Head Neck. 2010;32:860–868. 

	14.	 Costa H, Zenha H, Sequeira H, et al. Microsurgical reconstruc-
tion of the maxilla: algorithm and concepts. J Plast Reconstr Aesthet 
Surg. 2015;68:e89–e104. 

	15.	 Hanasono MM, Silva AK, Yu P, et al. A comprehensive algo-
rithm for oncologic maxillary reconstruction. Plast Reconstr Surg. 
2013;131:47–60. 

	16.	 Chang YM, Coskunfirat OK, Wei FC, et al. Maxillary reconstruc-
tion with a fibula osteoseptocutaneous free flap and simultane-
ous insertion of osseointegrated dental implants. Plast Reconstr 
Surg. 2004;113:1140–1145. 

	17.	 Peng X, Mao C, Yu GY, et al. Maxillary reconstruction with the 
free fibula flap. Plast Reconstr Surg. 2005;115:1562–1569. 

	18.	 Andrades P, Militsakh O, Hanasono MM, et al. Current strategies 
in reconstruction of maxillectomy defects. Arch Otolaryngol Head 
Neck Surg. 2011;137:806–812. 

	19.	 Van Baar GJC, Schipper K, Forouzanfar T, et al. Accuracy of  
computer-assisted surgery in maxillary reconstruction: a system-
atic review. J Clin Med. 2021;10:1226. 

	20.	 Powcharoen W, Yang WF, Li KY, et al. Computer-assisted versus 
conventional freehand mandibular reconstruction with fibula 
free flap: a systematic review and meta-analysis. Plast Reconstr 
Surg. 2019;144:1417–1428. 

	21.	 Su YX, Thieringer FM, Fernandes R, et al. Editorial: virtual surgi-
cal planning and 3d printing in head and neck tumor resection 
and reconstruction. Front Oncol. 2022;12:960545. 

	22.	 Pu JJ, Lo AWI, Wong MCM, et al. A quantitative comparison of bone 
resection margin distances in virtual surgical planning versus histo-
pathology: a prospective study. Int J Surg. 2024;110:111–118. 

	23.	 Yang WF, Zhang CY, Choi WS, et al. A novel “surgeon-dominated” 
approach to the design of 3D-printed patient-specific surgical 
plates in mandibular reconstruction: a proof-of-concept study. 
Int J Oral Maxillofac Surg. 2020;49:13–21. 

	24.	 AlHarbi S, Alkofide EA, AlMadi A. Mathematical analyses of dental 
arch curvature in normal occlusion. Angle Orthod. 2008;78:281–287. 

	25.	 Armellini D, von Fraunhofer JA. The shortened dental arch: a 
review of the literature. J Prosthet Dent. 2004;92:531–535. 

	26.	 Wang RH, Ho CT, Lin HH, et al. Three-dimensional cephalom-
etry for orthognathic planning: normative data and analyses. J 
Formos Med Assoc. 2020;119:191–203. 

	27.	 Yang W-F, Yu P, Zhu W-Y, et al. A comprehensive approach for 
measuring spatial deviations of computer-assisted mandibular 
reconstruction. Plast Reconstr Surg. 2022;149:500e–510e. 

mailto:teddyrun@hku.hk
mailto:richsu@hku.hk
https://doi.org/10.1016/S1470-2045(10)70113-3
https://doi.org/10.1016/S1470-2045(10)70113-3
https://doi.org/10.1016/S1470-2045(10)70113-3
https://doi.org/10.1097/00006534-199912000-00035
https://doi.org/10.1097/00006534-199912000-00035
https://doi.org/10.1097/00006534-199912000-00035
https://doi.org/10.1097/00006534-200006000-00004
https://doi.org/10.1097/00006534-200006000-00004
https://doi.org/10.1097/00006534-200006000-00004
https://doi.org/10.1016/j.ijom.2020.01.021
https://doi.org/10.1016/j.ijom.2020.01.021
https://doi.org/10.1016/j.ijom.2020.01.021
https://doi.org/10.1016/j.ijom.2020.01.021
https://doi.org/10.1016/0022-3913(67)90114-x
https://doi.org/10.1016/0022-3913(67)90114-x
https://doi.org/10.1111/cid.12954
https://doi.org/10.1111/cid.12954
https://doi.org/10.1111/cid.12954
https://doi.org/10.1111/cid.12954
https://doi.org/10.4103/0970-0358.129618
https://doi.org/10.4103/0970-0358.129618
https://doi.org/10.1186/s40729-020-00241-7
https://doi.org/10.1186/s40729-020-00241-7
https://doi.org/10.1186/s40729-020-00241-7
https://doi.org/10.3390/cancers14143308
https://doi.org/10.3390/cancers14143308
https://doi.org/10.3390/cancers14143308
https://doi.org/10.1055/s-0039-1677701
https://doi.org/10.1055/s-0039-1677701
https://doi.org/10.1016/j.coms.2018.12.005
https://doi.org/10.1016/j.coms.2018.12.005
https://doi.org/10.1016/j.coms.2018.12.005
https://doi.org/10.1002/hed.21264
https://doi.org/10.1002/hed.21264
https://doi.org/10.1002/hed.21264
https://doi.org/10.1016/j.bjps.2014.12.002
https://doi.org/10.1016/j.bjps.2014.12.002
https://doi.org/10.1016/j.bjps.2014.12.002
https://doi.org/10.1097/PRS.0b013e3182729e73
https://doi.org/10.1097/PRS.0b013e3182729e73
https://doi.org/10.1097/PRS.0b013e3182729e73
https://doi.org/10.1097/01.prs.0000110326.17712.97
https://doi.org/10.1097/01.prs.0000110326.17712.97
https://doi.org/10.1097/01.prs.0000110326.17712.97
https://doi.org/10.1097/01.prs.0000110326.17712.97
https://doi.org/10.1097/01.PRS.0000160691.63029.74
https://doi.org/10.1097/01.PRS.0000160691.63029.74
https://doi.org/10.1001/archoto.2011.132
https://doi.org/10.1001/archoto.2011.132
https://doi.org/10.1001/archoto.2011.132
https://doi.org/10.3390/jcm10061226
https://doi.org/10.3390/jcm10061226
https://doi.org/10.3390/jcm10061226
https://doi.org/10.1097/prs.0000000000006261
https://doi.org/10.1097/prs.0000000000006261
https://doi.org/10.1097/prs.0000000000006261
https://doi.org/10.1097/prs.0000000000006261
https://doi.org/10.3389/fonc.2022.960545
https://doi.org/10.3389/fonc.2022.960545
https://doi.org/10.3389/fonc.2022.960545
https://doi.org/10.1097/JS9.0000000000000780
https://doi.org/10.1097/JS9.0000000000000780
https://doi.org/10.1097/JS9.0000000000000780
https://doi.org/10.1016/j.ijom.2019.05.005
https://doi.org/10.1016/j.ijom.2019.05.005
https://doi.org/10.1016/j.ijom.2019.05.005
https://doi.org/10.1016/j.ijom.2019.05.005
https://doi.org/10.2319/121806-516.1
https://doi.org/10.2319/121806-516.1
https://doi.org/10.1016/j.prosdent.2004.08.013
https://doi.org/10.1016/j.prosdent.2004.08.013
https://doi.org/10.1016/j.jfma.2019.04.001
https://doi.org/10.1016/j.jfma.2019.04.001
https://doi.org/10.1016/j.jfma.2019.04.001
https://doi.org/10.1097/PRS.0000000000008858
https://doi.org/10.1097/PRS.0000000000008858
https://doi.org/10.1097/PRS.0000000000008858


PRS Global Open • 2025

10

	28.	 Tolentino ES, Centurion BS, Ferreira LH, et al. Oral adverse 
effects of head and neck radiotherapy: literature review and sug-
gestion of a clinical oral care guideline for irradiated patients. J 
Appl Oral Sci. 2011;19:448–454. 

	29.	 Tseng WL, Chang TY, Hung KS, et al. Total maxillary recon-
struction with a bi-paddle double-barrel osteocutaneous 
fibular flap and arteriovenous saphenous loop after a globe-
sparing total maxillectomy due to osteosarcoma. J Craniofac Surg. 
2017;28:193–196. 

	30.	 Smith JM, Grome L, Kaplan J, et al. 55. Virtual surgical planning 
flattens the learning curve for free fibula flaps: a comparative 
analysis between junior and senior attendings in 561 cases. Plast 
Reconstr Surg Glob Open. 2022;10:38–38. 

	31.	 Van Gemert JTM, Abbink JH, van Es RJJ, et al. Early and late 
complications in the reconstructed mandible with free fibula 
flaps. J Surg Oncol. 2018;117:773–780. 

	32.	 Bähr W. Blood supply of small fibula segments: an experi-
mental study on human cadavers. J Craniomaxillofac Surg. 
1998;26:148–152. 

	33.	 Meijer HJA, Boven C, Delli K, et al. Is there an effect of crown-
to-implant ratio on implant treatment outcomes? A systematic 
review. Clin Oral Implants Res. 2018;29:243–252. 

	34.	 Baj A, Youssef DA, Monteverdi R, et al. Reconstruction of par-
tial maxillary defects with the double-barrel fibula free flap. Acta 
Otorhinolaryngol Ital. 2010;30:299–302.

	35.	 Chan TJ, Long C, Wang E, et al. The state of virtual surgical plan-
ning in maxillary reconstruction: a systematic review. Oral Oncol. 
2022;133:106058. 

	36.	 Zheng GS, Wang L, Su YX, et al. Maxillary reconstruction assisted 
by preoperative planning and accurate surgical templates. Oral 
Surg Oral Med Oral Pathol Oral Radiol. 2016;121:233–238. 

	37.	 Schepers RH, Kraeima J, Vissink A, et al. Accuracy of second-
ary maxillofacial reconstruction with prefabricated fibula grafts 
using 3D planning and guided reconstruction. J Craniomaxillofac 
Surg. 2016;44:392–399. 

	38.	 Joseph ST, Thankappan K, Buggaveeti R, et al. Challenges in the 
reconstruction of bilateral maxillectomy defects. J Oral Maxillofac 
Surg. 2015;73:349–356. 

https://doi.org/10.1590/s1678-77572011000500003
https://doi.org/10.1590/s1678-77572011000500003
https://doi.org/10.1590/s1678-77572011000500003
https://doi.org/10.1590/s1678-77572011000500003
https://doi.org/10.1097/SCS.0000000000003245
https://doi.org/10.1097/SCS.0000000000003245
https://doi.org/10.1097/SCS.0000000000003245
https://doi.org/10.1097/SCS.0000000000003245
https://doi.org/10.1097/SCS.0000000000003245
https://doi.org/10.1097/01.gox.0000842548.12853.1d
https://doi.org/10.1097/01.gox.0000842548.12853.1d
https://doi.org/10.1097/01.gox.0000842548.12853.1d
https://doi.org/10.1097/01.gox.0000842548.12853.1d
https://doi.org/10.1002/jso.24976
https://doi.org/10.1002/jso.24976
https://doi.org/10.1002/jso.24976
https://doi.org/10.1016/s1010-5182(98)80004-8
https://doi.org/10.1016/s1010-5182(98)80004-8
https://doi.org/10.1016/s1010-5182(98)80004-8
https://doi.org/10.1111/clr.13338
https://doi.org/10.1111/clr.13338
https://doi.org/10.1111/clr.13338
https://doi.org/10.1016/j.oraloncology.2022.106058
https://doi.org/10.1016/j.oraloncology.2022.106058
https://doi.org/10.1016/j.oraloncology.2022.106058
https://doi.org/10.1016/j.oooo.2015.10.010
https://doi.org/10.1016/j.oooo.2015.10.010
https://doi.org/10.1016/j.oooo.2015.10.010
https://doi.org/10.1016/j.jcms.2015.12.008
https://doi.org/10.1016/j.jcms.2015.12.008
https://doi.org/10.1016/j.jcms.2015.12.008
https://doi.org/10.1016/j.jcms.2015.12.008
https://doi.org/10.1016/j.joms.2014.08.036
https://doi.org/10.1016/j.joms.2014.08.036
https://doi.org/10.1016/j.joms.2014.08.036

