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Abstract The purpose of the study was to compare the

accuracy of computer-assisted surgery (CAS) and the tra-

ditional freehand technique for fibular free flap mandibular

reconstruction as well as to evaluate the accuracy of the

CAS planning. The medical records of 18 patients who

underwent mandibular reconstruction with fibular free flap

were reviewed. The CAS group (n = 7) benefited from

virtual surgical planning and custom patient-specific plates

and surgical cutting guides. The Control group (n = 11) was

treated by conventional surgery. Morphometric comparison

was done by calculating the differences in specific linear and

angular parameters on pre- and postoperative CT-scans for

both groups by using ProPlan CMF� software. Symmetry

was also assessed by calculating the ratio of the affected

versus the nonaffected side. In the CAS group, planned and

postoperative CT-scans were compared to evaluate accu-

racy. The morphometric comparison showed no statistically

significant differences between the groups except for the

axial angle on the nonaffected side (mean difference 1.0� in
the CAS group versus 2.9� in the Control group; p = 0.03).

Ratios of the affected side over the nonaffected side showed

no differences between the two groups. In the CAS group,

the accuracy assessment showed a mean distance deviation

of 2.3 mm for mandibular osteotomies and 1.9 mm for

fibular osteotomies. Our results indicated that CAS and the

conventional freehand techniques were comparable in their

ability to provide a satisfactory morphological fibular free

flap mandibular reconstruction. Moreover, the accuracy of

the CAS technique was within the range reported in the

literature.

Keywords Virtual surgical planning � Mandibular

reconstruction � Fibular free flap � Patient specific implants

Introduction

Since the first report by Hidalgo in 1989, the fibula free flap

procedure has rapidly become the gold standard in

mandibular reconstruction [1]. However, the functional and

cosmetic restoration of mandibular defects still remains

challenging. The procedure entails the simultaneous man-

agement of insidious steps that are crucial for surgical

success such as anatomical and symmetrical bone shaping,

reestablishment of stable dental occlusion, and condylar

repositioning into a centric relation [2–4].

The traditional method of mandibular reconstruction

with freehand segmental osteotomies followed by fixation

with either a reconstructive plate bent by hand intraoper-

atively or with multiple miniplates is being challenged by

the recent advances in computer-assisted surgery (CAS),

especially with regard to computer-aided design/computer-

aided manufacturing (CAD/CAM) technology [5–11].

In recent years, this new approach has strongly con-

tributed to a dramatic and global improvement in the

strategy for reconstructive surgery of the craniofacial

skeleton. It is becoming the landmark technique over

conventional non-computer-assisted techniques for

achieving the most accurate and symmetric bone restora-

tion [5–11].
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With CAD/CAM technology, detailed pre-operative 3D

virtual surgical planning as well as its transfer to the

operating room by using custom patient-specific plates and

surgical cutting guides can be achieved. This technology

has been advocated by many surgical teams as the most

accurate and reliable method for optimizing mandibular

reconstruction, which also has the potential to reduce costs

by decreasing length of time for the surgery [12–20].

Although some studies have confirmed the clinical

feasibility and the reproducible accuracy of CAD/CAM

technology in mandibular reconstruction with fibular free

flap and have argued that this technique is superior to

traditional techniques, to date only four studies have been

published reporting on a comparison of computer-assisted

versus a conventional freehand technique [12–20].

The aims of our study were: (a) to compare outcomes

from patients undergoing morphological mandibular

reconstruction by fibular free flap with CAD/CAM custom

patient-specific plates and surgical cutting guides versus

the traditional freehand technique; (b) to evaluate the

accuracy and reproducibility of the virtual surgical

planning.

Materials and methods

Study design

This retrospective study included two groups of patients

(CAS and Control group) who underwent mandibular

reconstruction with fibular free flap after segmental

mandibulectomy at the Hôpitaux Universitaires de Genève,

Switzerland between 2012 and 2014. The CAS group

benefited from virtual surgical planning and CAD/CAM

custom patient-specific plates and surgical cutting guides.

The Control group underwent conventional freehand non-

computer-assisted surgery. The study was designed and

conducted in accordance with the Helsinki Declaration of

1975, as revised in 2000, and was approved by our local

ethics board.

Patients were excluded from the study if they had a

previous history of mandibular surgery, trauma and/or if

pre-and/or postoperative CT scans were not available.

Virtual surgical planning

Head and lower extremity CT-scans with 64-slice resolu-

tion were obtained in accordance with the bone acquisition

protocol recommended by the manufacturer’s user guide

(http://www3.gehealthcare.com).

The CT scanned images in DICOM (Digital Imaging and

Communications in Medicine) format were processed using

ProPlan CMF� software (Materialise, Technologielaan 15,

3001 Leuven, Belgium http://www.materialise.com). The

virtual 3D pre-operative computational planning was made

via the web-based Synthes PROPLAN CMF� service

(GoToMeeting�, Citrix Online, Santa Barbara, CA, USA)

together with a clinical engineer at Materialise in Belgium.

The 3D bone mandibular segment to be removed and the

fibular segments for the reconstruction were first seg-

mented. The fibular segments were then adapted to ensure

symmetrical reconstruction after mirroring and superim-

position of the nonaffected on the affected side. Virtual

patient-specific mandibular and fibular surgical cutting

guides were created according to the osteotomies lines and

angle previously determined and the design of the future

2.5 mm custom patient-specific plate with at least three

screws planned on either side of the osteotomies lines.

Specific trocar guide cylinders corresponding to screw

holes on the plate as well as fixation holes to maintain the

cutting guides temporarily in the planned position were

also integrated within the final design of the fibular and

mandibular guides. Moreover, the optimal length and

angulation of each screw was also planned. After the sur-

geon’s approval of the treatment planning, data were used

to create the specific surgical cutting guides and recon-

struction plate based upon the images. The final mandibular

and fibular cutting guides and the reconstruction plate were

then sent by the manufacturer to the surgeon and sterilized

by autoclave in the hospital prior to their utilization.

Surgical technique

A double simultaneous team approach was performed in all

patients of both groups.

CAS group

Prior to making the mandibular osteotomies, the cutting

guides were temporarily fixed with at least two predeter-

mined 2.0 mm screws. The screw holes of the plate were

then predrilled via the specific trocar guide cylinders and

the planned osteotomies were performed with a recipro-

cating saw through the cutting slots. After removal of the

cutting guides and completion of the tumor’s resection, the

reconstruction plate was then fixed with bicortical 2.4 mm

locking screws. The same procedure was then performed at

the fibular level. The fibular segments obtained were then

fixed to the plate with monocortical 2.4 mm locking

screws.

Control group (freehand technique)

The site of the mandibular osteotomies was determined

pre-operatively by the surgeon on the basis of the CT scan

and the MRI. First, the osteotomies lines were marked with
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a pencil and then a 2.4 mm reconstruction plate was bent

based on a template previously contoured to the external

mandible at the basilar border. At least three bicortical

screw holes were drilled on either side of the osteotomies

and then the plate was removed. After the completion of

the tumor’s removal, the plate was fixed with bicortical

2.4 mm locking screws. The fibular graft was then osteo-

tomized and contoured to the plate. The fibular segments

were then secured with monocortical 2.4 mm locking

screws.

Post-operative computational image analysis

A 64-slice high-resolution head CT-scan was obtained for

each patient at least 3 months after surgery. Planned pre-

and post-operative 3D CT scan images were fused by

means of an automated surface matching method by using

ProPlan CMF� software (Materialise, Technologielaan 15,

3001 Leuven, Belgium-http://www.materialise.com).

Morphometric comparison was done by calculating the

differences in linear and angular parameters on pre- and

postoperative scans for both groups. The chosen parame-

ters were measurements between well-defined anatomical

landmarks on the affected versus nonaffected side

(Fig. 1a–c) as follows:

1. Mandibular ramus length: distance between condylion

(Co) and gonion (Go).

2. Mandibular body length 1: distance between gonion

(Go) and the parasymphysis (ParaSym).

3. Mandibular body length 2: distance between gonion

(Co) and gnathion (Gn).

4. Axial mandibular angle: angle formed by the plane

passing through the gonion (Go) and the parasymph-

ysis (ParaSym) and a midsagittal plane.

5. Sagittal mandibular angle: angle formed by the plane

passing through the gonion (Go) and the parasymhysis

(ParaSym) and the plane passing through the gonion

(Go) and condylion (Co).

Bony landmarks and angular and linear measurements

were independently validated by two different observers.

Symmetry was also assessed by calculating the ratio of

affected over nonaffected side for the different parameters,

with ratio closer to one indicating greater symmetry.

In the CAS group, the accuracy of the virtual surgical

planning was evaluated by calculating the difference

between planned and actual mandibular and fibular

osteotomy sites as well as the length of the different fibular

segments as follows:

The postoperative segments were aligned with the

planned segments. After alignment and per osteotomy

plane, the maximum distance between the actual and the

planned osteotomy was measured. The osteotomy plane of

the planned mandible and fibular segments was taken as a

reference. The measurements were performed in the 2D

plane perpendicularly to the osteotomy plane, so that the

osteotomy plane was visualized as a line. In this case, the

measurements were done in two different 2D planes per

osteotomy to visualize the maximum distance more clearly

(Fig. 2a, b). Moreover, the accuracy of patient-specific

reconstruction plate positioning was assessed by superim-

posing the planned and postoperative 3D mandible

(Fig. 2c).

Results

The CAS group consisted of seven patients (5 women and

2 men) with a mean age of 65.8 years (range 45–79 years).

Six had squamous cell carcinoma and one osteora-

dionecrosis. Two patients had a simple mandibular recon-

struction using one single fibular segment, while the

remaining five underwent a mandibular reconstruction by

means of two fibular segments. In two patients, the lesion

extended contralaterally with the involvement of the entire

symphysis (Table 1).

The Control group included 11 patients (2 women and 9

men) with a mean age of 55.9 years (range 42–62 years).

Six patients had squamous cell carcinoma and five had

osteoradionecrosis. One patient had a simple mandibular

reconstruction using one single fibular segment, while

among the remaining nine patients, seven underwent a

mandibular reconstruction by means of two fibular seg-

ments and three patients by means of three segments. In

eight patients, the lesion extended contralaterally with

involvement of the entire symphysis (Table 1). In both

groups, the mandibular bone defects were classified based

on their anatomic location and divided into defects

involving the symphysis (S) or hemisymphysis (SH), the

body (B), the ramus (R) and the condyle (C) according to

Urken et al. classification [3].

The morphometric accuracy, assessed by calculating the

mean and standard deviation of the absolute difference

between pre- and postoperative linear and angular mea-

surements, showed no statistically significant differences in

both groups except for the axial angle on the nonaffected

side (1.0� in the CAS group versus 2.9� in the control

group; p = 0.03) (Table 2).

Ratios of the affected side over the nonaffected side

were calculated for the different parameters obtained, and

all of them were close to 1 in both groups, indicating no

differences between the two groups in terms of overall

accuracy (Table 3).

In the CAS group, the accuracy assessment showed a

mean distance deviation of 2.3 ± 1.0 mm for mandibular

osteotomies and 1.9 ± 1.1 mm for fibular osteotomies. To
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note, data of only five patients were included for the fibular

osteotomy sites because of deviations from the standard

surgery. In two patients, the fibular cutting guides could not

be used due to intra-operative change in surgical strategy

because of tumoral evolution after the virtual planning.

Data from six patients were included for the mandibular

osteotomy sites. One patient was excluded from the final

analysis because of a consistently long bony spine left of

the proximal ramus portion after mandibular osteotomy,

which prevented a proper 3D mandibular superimposition

(Tables 4, 5).

Discussion

This study aimed to compare the morphology of

mandibular reconstruction by fibular free flap with and

without the assistance of 3D virtual surgical planning with

the use of intra-operative patient-specific surgical guides

and reconstruction plates. Additionally, the accuracy of

the virtual surgical planning was assessed. Our findings

showed comparable precision between the two groups and

an acceptable accuracy with respect to the capacity of

reproducing the virtually planned fibular segment repo-

sitioning and mandibular osteotomies in the CAS group.

Thus far, few studies have reported specifically on the

evaluation of the accuracy of fibular mandibular recon-

struction using virtual surgical planning. The main limi-

tation in analyzing the different studies is the disparity

and lack of uniformity of the methodology used. This

unfortunately prevents a coherent analysis and compar-

ison of our results with analogous data in the literature.

Nevertheless, the general advantages of virtual surgical

planning in cranio-facial surgery, which are in part

obvious, have been well documented in the literature.

Such advantages include reproducible and accurate

results, decrease in surgical time, improved bone-to-bone

contact, improved facial symmetry and functional out-

come, and decrease of overall costs [12–20]. A detailed

analysis of each of these advantages is beyond the scope

of this article. Conversely, only four studies have focused

on the comparison of the results from use of conventional

and virtual-planned techniques. Hanasono et al. were the

first to assess the morphological differences by analyzing

bFig. 1 Morphometric mandibular analysis: a preoperative a: axial
mandibular angle; b: sagittal mandibular angle; mandibular ramus

length (yellow line); mandibular body length 1 (turquoise line);

mandibular body length 2 (red line), b virtual planned and c actual

postoperative mandible

Fig. 1 continued
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the pre- and postoperative position of specific bony

landmarks (i.e., gonion, gnathion and condyle) in patients

undergoing mandibular reconstruction with and without

virtual surgical planning [12]. They found a statistically

significant difference between the two groups for devia-

tions of position in favor of the virtual planned group over

Fig. 2 Accuracy of the virtual surgical planning. Postoperative

mandibular (a) and fibular (b) segments aligned with the planned

segments and measurement of the maximum distance between the

actual and the planned osteotomies. Comparison of postoperative

plate position on the mandible with planned plate position (c)
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the non-virtual planned group (4.11 ± 3.09 versus

6.92 ± 5.64 mm, respectively), thus confirming the

superiority of the virtual surgical planning. Moreover,

they showed accuracy in linear fibular length and angular

measurements of osteotomy lines between planned and

actual reconstruction in the virtual planned group of

2.40 ± 2.06 mm versus 3.51� ± 2.69�, respectively.

Interestingly, the trend was significantly higher for dif-

ferences in gnathion position [12]. This is probably due to

the fact that reconstructions involving the symphysis are

by far the most difficult to reestablish, especially when

several fibular segments are needed. Zhang et al. evalu-

ated the mean difference in intercondylar distances,

intergonial angle distances, anteroposterior distances and

gonial angle [13]. They also found better results when

using computer-assisted surgery over the conventional

freehand technique. Mean differences were 1.14 mm in

intercondylar distance, 1.49 mm in anteroposterior dis-

tance, 0.80 mm in intergonial angle distance and 1.60� in
gonial angle between the computer-assisted surgery and

conventional group. Moreover, the accuracy assessment

of the virtual reconstruction showed a mean difference of

1.34 mm in length deviation and 2.29� in angular devia-

tion of the fibular segments [13].

Stirling Craig et al. evaluated interfragmentary gap size

and symmetry [14]. They found significantly lessened

space between the fibular segments in the CAS group,

whereas no difference was found in the reproducibility of

symmetry [14].

Weitz et al. evaluated the accuracy of mandibular

reconstruction between virtual planned and conventional

groups by calculating the mandibular angle between the

ramus and the body as well as the distance between the

mandibular angle and the midline on a panoramic radio-

graph [15]. They found a higher statistically significant

Fig. 2 continued

Table 1 Sample characteristics

of CAS and control groups
Patient Age (years) Gender Diagnosis Bone defecta Number of

fibular segments

CAS group

1 45 F SCC BSH 1

2 63 F SCC BSH 1

3 54 M SCC RBSH 2

4 79 F ORN RBSH 2

5 67 F SCC BS 2

6 77 F SCC BS 2

7 76 M SCC BSH 2

Control group

1 62 M ORN RBSH 1

2 42 M SCC RBS 2

3 56 F SCC RBR 2

4 59 M ORN BS 2

5 54 M SCC BS 3

6 56 M SCC BS 2

7 56 M ORN BS 3

8 56 M SCC RBR 3

9 56 M ORN RBSH 2

10 48 M SCC RBS 2

11 61 M ORN RBSH 2

SCC squamous cell carcinoma, ORN osteoradionecrosis
a Urken classification [3]
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difference between the angle of the mandible pre- and

postoperatively in the conventional group over the virtual

group 11.5� versus 4.5� (range 0�–18�) [15]. Contrary to

the three other studies, the authors did not assess the

intrinsic accuracy of the virtual planning.

Similar to the results found by Stirling Craig et al. and

contrary to the findings of the other three aforementioned

studies, our results showed that both techniques were

equivalent in their ability to provide morphological and

symmetrical reconstruction. These results are even more

surprising when considering that reconstructions in the

control group were more complex than in the CAS group.

There could be two main reasons for this finding. First, the

freehand technique has been the standard for mandibular

free flap reconstruction since its introduction in our

department in the late 90s. Therefore, a high level of

expertise in managing such a demanding surgery has been

developed. Moreover, the same experienced surgeon per-

formed all the procedures in the Control group; whereas

three surgeons, performed the virtual planning and the

surgery in the CAS group. Second, the cases in the CAS

group were the first seven performed by using this new

technology, which as pointed out by others has its own

learning curve and its own limitations in terms of accuracy

[16]. In fact, besides the issue of the intrinsic accuracy of

the CAD/CAM systems, there can be difficulties in eval-

uating clinical accuracy due to incalculable and unavoid-

able technical, imaging, applicative and human errors.

These errors can occur during the planning phase as well as

during the process of the accuracy evaluation itself. Fur-

thermore, no consensus has been reached on establishing

the range of tolerable accuracy error for the different CAS

procedures. When evaluating data extrapolated from stud-

ies on the use of 3D virtual planning in orthognathic sur-

gery, some authors have suggested that the accuracy cutoff

could reasonably be set at 2 mm, given that differences

within this range a priori would not likely be noticeable to

the naked eye [17, 18]. Conversely, other authors have

considered accuracy between the actual and planned

measurements allowed for clinical use to be within 0.5 mm

[19]. Thus far, only few studies on the accuracy evaluation

of mandibular reconstruction by fibula free flap using the

CAD/CAM technique have been reported. Roser et al. were

the first to report on the accuracy of virtual surgical plan-

ning and its application by using surgical cutting guides

and templates in free fibular flap mandibular reconstruction

Table 2 Mean and standard deviation of the absolute difference between preoperative and postoperative morphometric linear (mm) and angular

(�) measurements in CAS group (n = 7) and control group (n = 11)

Affected side Nonaffected side

CAS group Control group p value CAS group Control group p value

Mandibular ramus length (mm) 4.8 (4.5) 3.4 (3.7) 0.37 0.4 (0.6) 0.7 (1.4) 0.44

Mandibular body length 1 (mm) 5.9 (4.6) 6.1 (4.1) 0.93 2.7 (4.0) 4.1 (5.1) 0.72

Mandibular body length 2 (mm) 5.3 (4.6) 4.8 (3.9) 0.86 3.2 (4.6) 4.6 (5.6) 0.60

Axial angle (�) 1.8 (1.1) 3.4 (4.7) 0.66 1.0 (0.9) 2.9 (2.3) 0.03

Sagittal angle (�) 4.2 (2.6) 4.5 (3.5) 1.00 0.4 (0.5) 2.2 (3.0) 0.10

Table 3 Mean and standard

deviation of the ratio of affected

versus nonaffected sides in CAS

group and Control group pre-

and postoperatively

CAS group Control group

Preop Postop Preop Postop

Mandibular ramus length 1.02 (0.05) 0.94 (0.04) 1.01 (0.04) 0.97 (0.07)

Mandibular body length 1 0.99 (0.07) 1.00 (0.09) 0.99 (0.03) 0.96 (0.09)

Mandibular body length 2 1.01 (0.02) 1.03 (0.06) 0.99 (0.02) 1.00 (0.06)

Axial angle 1.01 (0.13) 0.99 (0.11) 1.02 (0.16) 1.06 (0.33)

Sagittal angle 1.00 (0.03) 1.00 (0.05) 1.01 (0.02) 1.02 (0.06)

Table 4 Maximum difference (mm) between the planned and actual

postoperative mandibular osteotomies

Patient No. of mandibular

osteotomies

Maximum distance (mm)a

Left Right

1 2 3.5 2.7

2 2 2.54 1.33

3 4 3.1 1.7

4 2 1 2.27

5 2 1.82 4.79

6 3 1.56 1.76

Total 15 Average: 2.3 mm ± 1.0

a Maximum distance of actual mandible osteotomy from planned per

segment
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[20]. They found an accuracy within 2 mm for the distance

of mandibular resection and within 1.3 mm for the fibular

segment osteotomies [20].

Zheng et al. analyzed data of four patients who under-

went mandibular reconstruction by using virtual planned

surgical templates [21]. They stated that the method was

accurate but without performing any scientific analysis.

Foley et al. analyzed data from eight patients among which

five underwent free fibular flap and three anterior iliac crest

mandibular reconstruction, and they evaluated the antero-

posterior and transversal dimensions [22]. In the fibular

group, they found an average surgical error of 0.2 mm in

the antero-posterior dimension, 2.7 mm from condyle to

condyle and 2.5 mm from gonial angle to gonial angle

[22]. Succo et al. reported the best results in terms of

accuracy by comparison with all of the other studies. They

found in five patients a mean difference of fibular segment

length of 1 mm [23]. Metzler et al. analyzed data of ten

patients and performed a 3D morphometric assessment of

the mandibular reconstruction [24]. They found a 1.3 mm

difference in fibular segment length, 12.4� and—12.5�
difference in the anterior and posterior mandibular angles,

respectively, and a 1.7 mm difference in the condylar

distance and 4.6� difference in the condylar angle [24].

Even with limited studies available and considering the

non-negligible heterogeneity in the methodologies, our

results seem to be in line with the precision and repro-

ducibility data reported in the literature.

Conclusion

Our results indicate that CAS and the conventional free-

hand techniques are comparable in their ability to provide a

satisfactory morphological fibular free flap mandibular

reconstruction. Moreover, the accuracy of the CAS tech-

nique is within the range reported by similar studies with

data from a similar number of patients. However, given the

limited number of patients and the retrospective nature of

this study, these results should be interpreted with caution

knowing that only a prospective study comparing the two

techniques would allow definitive conclusions to be drawn.
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