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RESEARCH ARTICLE

Validation of a fibula graft cutting guide for mandibular reconstruction:
experiment with rapid prototyping mandible model

Se-Ho Lima, Yeon-Ho Kima, Moon-Key Kima,b, Woong Namb and Sang-Hoon Kanga,b

aDepartment of Oral and Maxillofacial Surgery, National Health Insurance Service Ilsan Hospital, Goyang, Republic of Korea;
bDepartment of Oral and Maxillofacial Surgery, College of Dentistry, Yonsei University, Seoul, Republic of Korea

ABSTRACT
Objective: We examined whether cutting a fibula graft with a surgical guide template, prepared
with computer-aided design/computer-aided manufacturing (CAD/CAM), would improve the pre-
cision and accuracy of mandibular reconstruction. Methods: Thirty mandibular rapid prototype
(RP) models were allocated to experimental (N¼ 15) and control (N¼ 15) groups. Thirty identical
fibular RP models were assigned randomly, 15 to each group. For reference, we prepared a
reconstructed mandibular RP model with a three-dimensional printer, based on surgical simula-
tion. In the experimental group, a stereolithography (STL) surgical guide template, based on simu-
lation, was used for cutting the fibula graft. In the control group, the fibula graft was cut
manually, with reference to the reconstructed RP mandible model. The mandibular reconstruc-
tions were compared to the surgical simulation, and errors were calculated for both the STL sur-
gical guide and the manual methods. Results: The average differences in three-dimensional,
minimum distances between the reconstruction and simulation were 9.87 ± 6.32 mm (mean ± SD)
for the STL surgical guide method and 14.76 ± 10.34 mm (mean ± SD) for the manual method.
Discussion: The STL surgical guide method incurred less error than the manual method in man-
dibular reconstruction. A fibula cutting guide improved the precision of reconstructing the man-
dible with a fibula graft.
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Introduction

A free fibula flap (FFF) is widely used to reconstruct
mandibular defects. The long bone length of the FFF
allows reconstruction of the mandible with or without
a compatible skin pedicle. Due to the recent develop-
ments in computer technology, preoperative mandibu-
lar reconstruction simulation and planning are
performed with computer-aided design/computer-
aided manufacturing (CAD/CAM). Based on the results
of preoperative mandibular reconstruction simulation
and planning, information required for the surgery,
such as the position of the osteotomy line and the
bone movement, is converted into stereolithography
(STL) data and used to prepare a surgical guide.[1]
After resecting the mandible, a precise reconstruction
of the external features of the mandible requires a pre-
operative simulation of the mandible with the fibula.
With this approach, the fibula graft bone segments
could be cut to smaller sizes for a more elaborate
reconstruction. In addition, the operation time for the
mandible reconstruction was reduced when a fibula

cutting surgical guide was used. The cutting guide
should be designed with a computer program, based
on the data obtained from a surgical simulation, and
prepared with a three-dimensional (3D) printer and
biocompatible materials.[2]

The mandible can also be reconstructed with a FFF
that is cut without a fibula cutting guide template. In
that method, a reconstructed mandibular model, based
on preoperative simulation, can be prepared with a 3D
printer and used as a reference for cutting the fibula
bone and reconstructing the mandible. Thus, the cut-
ting, plating, and fixing of the donor fibula bone can
be manually performed with reference to this rapid
prototype (RP) reconstructed mandible model in the
operation room during surgery. Although the mandible
and fibula can be cut and manipulated by the operator
based on naked eye measurements, this approach may
introduce errors or extend the operation time.

In the present study, a preoperative simulation was
performed to produce a mandible model reconstructed
with a fibula graft (RP model), for use as a reference.
Then, the mandible reconstruction was performed with
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one of two methods. In the first method, the fibula
was cut with a fibula cutting guide, which was pre-
pared with CAD/CAM. In the second method, the fibula
was cut manually, based on the surgeon’s naked eye
measurements and with reference to the RP model.
The mandibles reconstructed with two methods were
compared to the preoperative simulation to measure
the errors, and the errors were compared to determine
whether cutting the fibula with surgical guide template
improved the accuracy of the mandibular
reconstruction.

Materials and methods

RP models of the mandible and fibula

Thirty mandibular RP models were prepared with a 3D
printer (ProJet 360, 3D Systems, Inc, Rock Hill, SC).
These mandibular RP models were based on the man-
dibular CT data from 15 actual patients, and one iden-
tical pair of RP models per patient was produced. Of
each pair, one was assigned to the experimental and
the other to the control group (N¼ 15 mandibular RP
models per group; Figure 1A). Thirty identical fibular
RP models were also produced (N¼ 15/group) with a
3D printer (ProJet 360, Rock Hill, SC), based on CT data
from the left fibula of one patient (Figure 1B).

3D simulations of mandibular reconstructions with
fibula grafts

CT images of the mandibular RP models and the fibu-
lar RP models were acquired (1.0 mm slices; Siemens
Sensation 64 CT scanner, Siemens AG, Erlangen,
Germany). The DICOM files of the CT images were
imported into the Mimics, version 14.0 software
(Materialise, Leuven, Belgium). Then, 3D images of the
mandible and fibula were reconstructed. It was
assumed that, in all 15 mandibles, the left mandibular
region was reconstructed. Thus, the simulated man-
dible was cut from the left condyle neck region to the

right first premolar anterior region. The 3D fibula graft
was positioned at the sectioned mandibular region
and bent at the canine area and the angle area to
reconstruct the mandible (Figure 2A). This simulation
of the mandible reconstructed with the fibula was
exported as a STL (.stl) file, and a 3D printer (CubeX,
3D Systems, Inc, Rock Hill, SC) was used to produce
the reconstructed mandibular model (RP model), based
on the simulation files (Figure 2B).

Reconstruction with the fibula cutting guide
template: experimental group

Fibula cutting guide templates were prepared according
to the preoperative simulation plan. The fibula cutting
guide was designed with Mimics software. First, the
fibular bony segments that were bent or sectioned for
the reconstruction were moved to their original posi-
tions in the fibula. Then, the cross-sectional data that
represented each cut surface were used to create a
template for guiding the cutting process. The guide was
designed with the Boolean function of the Mimics soft-
ware (Figure 3A). The guide was composed of a sleeve
section that encircled the bone and a square sheet
placed perpendicular to the bone that was turned to
the angle of the cut. The sleeve was fixed to the bone
for stabilization, and the flat side of the saw rested up
against the sheet to position the saw blade at the cor-
rect angle. Then, the designed fibula cutting guide tem-
plate was exported as a STL (.stl) file. Based on this file,
a fibula cutting guide template was prepared with a 3D
printer (Objet Eden260V, Stratasys, Eden Prairie, MN),
and fixed onto the fibula model (Figure 3B). For cutting
the fibula model, guided by the cutting guide template,
sectioning was performed with a fissure bur, an indus-
trial purpose thread saw and an osteotome.

Next, the three bony fibula segments were fixed
onto the resected mandibular models, starting from
the anterior region of the mandible. Two titanium min-
iplates (Jaeil, Seoul, Republic of Korea) were used at

Figure 1. Experimental rapid prototype (RP) models. (A) Mandibular RP model. (B) Fibula RP model.
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each fixation site. Metal plating was performed at the
right canine area and at the angle area (Figure 4). The
fibula bony segments were fixed, first to reconstruct
the left mandibular canine area; then, the left man-
dibular body; and finally, the ramus region.

Reconstruction by manually cutting the fibula
(control group)

In the control group, the reconstructed mandibular RP
model was used as a reference for fibula cutting.
Osteotomy and reconstruction with the fibula were
performed on all 15 mandibular RP models. First, the
mandibular models were manually cut to the same
size as the reconstructed RP mandible model. Then,
the three fibula bony segments were cut, with the
reconstructed RP mandible model as reference. Each
fibula cut was marked with a fissure bur and cut with
an industrial purpose thread saw and an osteotome.

With reference to the reconstructed RP mandibular
model, a mandibular osteotomy was manually

performed on each of the 15 mandible models to
remove the appropriate region with an industrial pur-
pose thread saw. The cuts were performed at the
right premolar anterior region and the left

Figure 2. Mandibular reconstruction simulation and 3-D printed model. (A) The mandible was reconstructed with 3D imaging; the
mandible was cut from the left subcondylar neck region to the right first premolar anterior region. Three-dimensional simulation of
the mandible reconstruction with the fibula bony segments required bending the fibula at the canine area and at the angle area.
This required three separate fibula segments: the anterior (light orange), the middle (brown), and the posterior (yellow) segments.
(B) The reconstructed mandibular model was produced with a 3D printer, based on data from the simulated mandibular reconstruc-
tion with the fibula.

Figure 3. Fibula cutting guide template. (A) The fibula cutting guide template was prepared, based on the computer-aided design
of a mandibular reconstruction with the fibula. The template (dark blue) includes sleeves that wrap around the fibula, and small
sheets (upright squares) that indicate the cutting angles. (B) The fibula cutting guide template was fixed to the intact fibula (RP
model). The cutting guide template was prepared with a 3D printer and biomaterials.

Figure 4. Experimental reconstruction of the mandibular RP
model with fibula segments. The segments were cut with the
manual method or with the STL fibula cutting guide. The metal
miniplates are fixed to each joint.
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subcondylar area. Metal plating was performed at the
right canine area and the angle area, based on the
reconstructed RP model as a reference. The miniplates
were pre-bent, based on the reconstructed RP man-
dible model. The three fibula bony segments were
adjusted and fixed onto the mandibular models
(based on the reconstructed model), starting from the
anterior region, with two titanium miniplates (Jaeil,
Seoul, Republic of Korea) at each fixation site. As in
the experimental group, the fibula bony segments
were fixed, first to reconstruct the left mandibular
canine area; then, the left mandibular body; and
finally, the ramus region.

Registration between the preoperative surgical
simulation and the actual experimental surgery

After performing the in vitro reconstructions with the
fibulas, we obtained CT images of the 15 pairs of RP
mandibles. The images were reconstructed as 3D
images with the Mimics software and exported as STL
files. The surgical simulation results were also exported
as STL files. Then, XOV2 software (INUS Technology,
Seoul, Republic of Korea) was used for registering the
right mandibular regions, which were not modified in
the surgical simulation or in the experimental man-
dibular reconstructions (Figure 5). With reference to
the right mandibular region, the postoperative STL file
data were registered to the surgical simulation STL file
data with a surface-based registration method. Then,
these registered data were opened in the Mimics soft-
ware and the results of the surgical simulation were
compared with the results of the actual experimental
surgery to calculate errors for the experimental and
control groups.

Reference planes, points and lines for
measurement

The registered data of the surgical simulation and the
experimental surgery were opened in the Mimics soft-
ware. Then, the distances were measured between a
reference plane on the skull and data points on both
the experimental reconstructed RP mandible and the
surgical simulation result. At each point, the distances
were compared to determine the difference between
the model and the simulation. Three reference planes
were chosen. The first reference plane was a Frankfort
horizontal (FH) plane, positioned with reference to
three points: the midpoint between the infraorbital rim
margins on both sides (orbitale), and two points on
the two external auditory canals (porion). The second
reference plane was perpendicular to the FH plane.
This mid-sagittal plane passed through the nasion and
the internal occipital crest. The third reference plane
was perpendicular to both the FH plane and the mid-
sagittal plane. This coronal plane passed through the
left porion. These three planes were used as references
to measure the shortest distance from a point on the
model to each plane, in the vertical, lateral and antero-
posterior directions (Figure 6).

The measurement points on each model were the
lateral points at both ends of the anterior fibula seg-
ment, which formed the anterior mandibular region;
the lateral points at both ends of the second fibular
bony segment, which formed the mandibular body;
the lateral points at both ends of the third fibular bony
segment, which formed the ramus region; and the lat-
eral pole of the left condyle. One investigator marked
equivalent measurement points on the experimental
surgery model and on the surgical simulation. The
shortest distance was measured from each point on
the model to each plane, in the vertical, lateral and
anteroposterior directions. In addition, the 3D distances
between individual measurement points were
measured.

To measure the angular position of the fibula bony
segments, a line was drawn lengthwise, down the shaft
of each fibula bony segment, connecting the lateral
points on both ends (Figure 6). The angles of the lines
between the models and the simulations were deter-
mined at each fibula bony segment.

Statistics

A t-test was performed to compare and evaluate the
distance errors in the mandibular reconstructions cre-
ated with the two methods (the fibula cutting guide
method and the manual fibula cutting method).

Figure 5. The right mandibular regions were registered to
compare data from two images. A comparison is shown
between the surgical simulation (red) result and the postopera-
tive result (green).
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A p value �0.05 was considered significant. To verify
intra-operator errors, one measurement point was
marked 15 times. The Dahlberg formula was used to
verify the intra-operator error in the measurement
point marking.

Results

The 3D distances were measured for the results from
the preoperative computer simulation of the planned
surgery and for the experimental surgical results on
the postoperative RP models. The average difference in
3D distances between each model and the simulation
were 9.87 ± 6.32 mm (mean ± SD), for the STL surgical
guide method, and 14.76 ± 10.34 mm (mean ± SD), for
the manual surgery; thus, the STL surgical guide
incurred less error (p< 0.001) (Table 1). In both groups,
the error increased from the anterior region to the
posterior region. Both groups had an average distance
error greater than 12 mm for the fibula segment corre-
sponding to the posterior region of the mandibular
body. In this region, the error was significantly greater
with the manual method (17 mm–25 mm) than with
the STL surgical guide method (12 mm–15 mm;
Table 1). The error was 24 mm or greater in the con-
dyle region of the mandible with the manual method.

The angles of the lines connecting two ends of the
individual fibula segments were measured. Each model
segment was compared with that of the preoperative
surgical simulation. In both methods, the error
increased from the anterior region to the ramus region
(Table 2). However, when the STL surgical guide was

used, the angular errors at the middle segment (corre-
sponding to the mandibular body) and at the posterior
segment (corresponding to the mandibular ramus)
were significantly smaller than the errors produced
with the manual method. When the STL surgical guide
was used, the angular errors were less than 10� to 13�

at the posterior segment; in contrast, when the manual

Figure 6. Reference planes for measuring distances. The axes (e.g. blue lines; model, red dotted line; simulation in the middle seg-
ment) drawn through the shafts of the fibula fragments were set to measure the angular errors (e.g. yellow fan in the middle seg-
ment) in the fibula bone segments. Vertical distance errors were evaluated at the measurement points, with reference to the FH
plane (e.g. black dotted arrow line; the vertical distance from the medial point on the middle segment). Anteroposterior distance
errors were evaluated at the measurement points with reference to the coronal plane. Lateral distance errors were evaluated at the
measurement points, with reference to the sagittal plane. The errors were determined by comparing the preoperative surgical simu-
lation results to the postoperative results.

Table 1. Differences in 3-D distances (mm) between the simu-
lated (planned) surgical result and two models created with
different fibula cutting methods for mandibular reconstruction.

Measurement point

Difference with
STL surgical

template guide

Difference
with manual

cutting method p Value

Anterior segment-medial point 3.42 ± 2.15 3.96 ± 1.95 0.474
Anterior segment-distal point 6.18 ± 2.91 7.09 ± 3.61 0.452
Middle segment-medial point 6.31 ± 3.09 7.55 ± 3.94 0.346
Middle segment-distal point 12.00 ± 4.83 17.49 ± 8.21 0.036*
Posterior segment-medial point 12.22 ± 5.08 18.00 ± 8.47 0.031*
Posterior segment-distal point 13.47 ± 5.73 24.04 ± 9.21 0.001*
Condyle lateral point 15.49 ± 7.81 25.15 ± 8.22 0.003*
Total 9.87 ± 6.32 14.76 ± 10.34 <0.001*

Values represent the mean ± standard deviation. STL: stereolithographic.
*p< 0.05.

Table 2. Axis angles (�) of the fibula segments between the
simulated (planned) surgical result and two models created
with different fibula cutting methods for mandibular
reconstruction.

Measurement line

Axis difference
with STL surgical
template guide

Axis difference
with manual

cutting method p Value

Anterior segment axis 8.50 ± 5.78 10.83 ± 4.58 0.232
Middle segment axis 7.84 ± 4.65 12.41 ± 4.90 0.014*
Posterior segment axis 13.34 ± 4.81 21.48 ± 7.34 0.001*

Values represent the mean ± standard deviation. STL: stereolithographic.
*p< 0.05.
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method was used, the angular errors were greatest at
the posterior segment (about 21� error), and they were
10� or greater for all the segments.

The vertical distances from the horizontal (FH) plane
were measured in the preoperative surgical simulation
and the postoperative experimental surgeries, and the
differences were evaluated. The average errors were
3.59 ± 7.18 mm (mean ± SD) with the STL surgical tem-
plate guide method and 8.58 ± 9.70 mm (mean ± SD)
with the manual method (p< 0.001; Table 3). Except for
the medial point of the anterior segment and the con-
dylar point, the vertical errors in both models increased
from the anterior to the posterior segments. The posi-
tive values indicated that the reconstructed mandible
was lower in the models compared to the position in
the preoperative simulation. There was a large differ-
ence between the errors at the medial and distal points
of the middle segment, which corresponded to the
mandibular body. When the STL surgical template guide
was used, these errors differed by about 6 mm, but
when the manual method was used, the errors differed
by as much as 11 mm. Starting at the distal point of the
middle segment, the vertical errors to the condyle point
were significantly smaller with the STL surgical template
guide method than with the manual method (12 mm or
greater). Furthermore, with the manual method, all the
points were positive values, which indicated a lower
vertical position than those in the surgical simulation. In
contrast, with the STL surgical template guide method,
the errors at the distal point of the anterior segment
(�0.73 mm) and at the medial point at the middle seg-
ment (�1.04 mm) were negative, indicating that those
points were shifted upwards compared to the simula-
tion. This indicated that the manual method tended to
shift the mandible towards the neck, and the STL surgi-
cal template guide method tended to shift the man-
dible away from the neck, compared to the simulation.

The anteroposterior distances were measured with
reference to the coronal plane, and the results were
compared between the preoperative surgical simula-
tion and the postoperative experimental surgery
models. The average anteroposterior error was
3.15 ± 6.51 mm (mean ± SD) with the STL surgical tem-
plate guide method and �1.32 ± 8.50 mm (mean ± SD)
with the manual method (p< 0.001) (Table 4). With the
STL surgical template guide method, all the points
were shifted in the anterior direction (positive values)
with respect to the simulation. In the manual method,
all the points were shifted in the posterior direction
(negative values) with respect to the simulation, except
for the distal point of the anterior segment
(0.61 ± 5.46 mm) and the medial point of the middle
segment (0.20 ± 6.00 mm). With the STL surgical tem-
plate guide method, the error continuously increased
from the medial point of the anterior segment to the
distal point of the middle segment. The largest antero-
posterior error was 6.32 mm at the distal point of the
middle segment, which represented the fibula used to
reconstruct the mandibular body. With the manual
method, the errors decreased significantly from the
distal point of the anterior segment to the medial
point of the posterior segment. The largest anteropos-
terior error was �4.65 mm at the distal point of the
posterior segment, which represented the fibula used
to reconstruct the ramus of the mandible. Between the
distal point of the anterior segment and the medial
point of the posterior segment, the errors were signifi-
cantly lower with the manual method (range
�1.25 mm–0.61 mm) than with the STL surgical tem-
plate guide method (range 4.03 mm–6.32 mm).

The lateral errors were measured with reference to
the sagittal plane. These errors were not significantly
different between the STL surgical template guide and
the manual methods (Table 5). In both groups, the

Table 3. Differences in vertical distances (mm) between the
simulated (planned) surgical result and two models created
with different fibula cutting methods for mandibular
reconstruction.

Measurement point

Difference with
STL surgical
template guide

Difference
with manual
cutting method p Value

Anterior segment-medial point 1.58 ± 2.31 1.66 ± 1.61 0.914
Anterior segment-distal point �0.73 ± 3.23 1.30 ± 4.04 0.138
Middle segment-medial point �1.04 ± 3.44 1.58 ± 4.23 0.073
Middle segment-distal point 5.24 ± 7.22 12.45 ± 9.39 0.026*
Posterior segment-medial point 5.99 ± 7.35 13.21 ± 9.49 0.027*
Posterior segment-distal point 8.51 ± 7.67 16.98 ± 11.05 0.021*
Condyle lateral point 5.57 ± 10.20 12.86 ± 8.23 0.040*
Total 3.59 ± 7.18 8.58 ± 9.70 <0.001*

Values represent the mean ± standard deviation. The negative values mean
that the position of the point in the model was closer to the FH plane
than the corresponding point in the simulation. STL: stereolithographic.
*p< 0.05.

Table 4. Differences in anteroposterior distances (mm)
between the simulated (planned) surgical result and two mod-
els created with different fibula cutting methods for mandibu-
lar reconstruction.

Measurement point

Difference with
STL surgical

template guide

Difference
with Manual

cutting method p Value

Anterior segment-medial point 0.03 ± 2.06 �1.50 ± 3.04 0.117
Anterior segment-distal point 4.23 ± 3.21 0.61 ± 5.46 0.036*
Middle segment-medial point 4.03 ± 3.24 0.20 ± 6.00 0.038*
Middle segment-distal point 6.32 ± 6.45 �0.85 ± 9.50 0.022*
Posterior segment-medial point 5.78 ± 6.68 �1.25 ± 9.40 0.025*
Posterior segment-distal point 0.94 ± 8.10 �4.65 ± 11.62 0.137
Condyle lateral point 0.73 ± 9.79 �1.81 ± 11.34 0.515
Total 3.15 ± 6.51 �1.32 ± 8.50 <0.001*

Values are presented as the mean ± standard deviation. The negative val-
ues mean that the position of the point in the model was closer to the
coronal plane than the corresponding point in the simulation. STL:
stereolithographic.
*p< 0.05.
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medial point of the anterior segment, the distal point
of the posterior segment, and the condylar point all
showed positive values, which indicated errors in the
outward lateral direction compared to the simulation.
The distal point of the anterior segment, the medial
point of the middle segment and the medial point of
the posterior segment showed negative values, which
indicated errors in the inward lateral direction com-
pared to the simulation. With the STL surgical template
guide method, the average lateral error at the distal
point of the posterior segment was 3.11 mm, but it
decreased to 1.45 mm at the condylar point. In con-
trast, with the manual method, the average lateral
error at the distal point of the posterior segment was
6.82 mm, but it increased to 9.22 mm at the condylar
point. The error at the condylar point was significantly
different between the two methods (1.45 ± 4.01 mm
versus 9.22 ± 10.11 mm for the STL surgical template
guide versus the manual method; p¼ 0.013). The intra-
operator error for marking the measurement point was
0.29 ± 0.08 mm (mean ± SD).

Discussion

In the present study, we used RP models to compare
the precision of two methods for cutting the fibula
bone to use in a FFF mandibular reconstruction. Our
results demonstrated that the surgical template cutting
guide method incurred less error than the manual cut-
ting method.

We found average 3D errors of 9.87 mm with the
STL surgical template guide method and 14 mm with
the manual method (p< 0.001). In both groups, the
error increased from the anterior segment to the pos-
terior segment. This might be due to the use of three
fibula segments in the present study; thus, the errors
at each region of contact between individual segments

could have accumulated, which would cause the error
to increase in the posterior direction. The increasing
error could have arisen in part because the condyle
head position was not fixed. In actual clinical surgeries,
where the mandibular condyle head and the cranial
bone are connected, this error might be reduced.

With the manual method, all the angular errors
were 10� or more, and they were greater than the
errors produced with the STL surgical template guide
method. This could be explained either by the
improved precision of the template guide tool or by
the difficulty in precisely measuring the 3D axial angle
with the naked eye.

In both groups, the vertical error increased from the
anterior to the posterior regions, and the mandible
position was lower than that of the preoperative simu-
lation. The two methods were quite different in the
distances measured for the medial and distal points of
the middle segment, which corresponded to the man-
dibular body. The same bias could occur in clinical sur-
geries, even when a surgical guide is used.

The average anteroposterior error, with reference to
the coronal plane, was significantly greater with the
STL surgical template guide method than with the
manual method. With the STL surgical template guide
method, all the points were shifted in the anterior dir-
ection compared to the simulation. The greatest
anteroposterior error was 6.32 mm at the distal point
of the middle segment of the fibula, which corre-
sponded to the mandibular body. Large errors most
often occur when the position of the fibula segment is
far from the remaining bony region after a mandibu-
lectomy. With the STL surgical template guide method,
the cut may have left a smaller gap between segments
than that predicted in the simulation. Thus, the seg-
ments might be shifted slightly more anterior than pre-
dicted. It might be necessary to adjust the cutting
thickness in a surgical simulation, based on the thick-
ness of the saw used clinically.

In the manual method, most of the anteroposterior
error values were negative, except at the distal point
of the anterior segment and at the medial point of the
middle segment. Negative values indicated that the
points were shifted in the posterior direction compared
to the preoperative surgical simulation. Based on these
results, when the manual method is used in clinical
settings, it may be necessary to measure the gap
between fibula segments when they are fixed.

The lateral error, measured with reference to the
sagittal plane, was similar with the two surgical meth-
ods. In both groups, positive error values were meas-
ured at the medial point of the anterior segment, the
distal point of the posterior segment, and the condylar

Table 5. Differences in lateral distances (mm) between the
simulated (planned) surgical result and two models created
with different fibula cutting methods for mandibular
reconstruction.

Measurement point

Difference with
STL surgical

template guide

Difference
with manual

cutting method p Value

Anterior segment-medial point 1.22 ± 1.81 0.35 ± 1.79 0.200
Anterior segment-distal point �2.22 ± 1.90 �2.84 ± 3.15 0.515
Middle segment-medial point �1.86 ± 2.75 �2.84 ± 3.35 0.390
Middle segment-distal point 0.79 ± 3.27 �1.05 ± 6.97 0.360
Posterior segment-medial point �0.05 ± 3.56 �1.38 ± 7.06 0.521
Posterior segment-distal point 3.11 ± 3.71 6.82 ± 8.06 0.122
Condyle lateral point 1.45 ± 4.01 9.22 ± 10.11 0.013*
Total 0.35 ± 3.49 1.18 ± 7.71 0.316

Values are presented as the mean ± standard deviation. The negative val-
ues mean that the position of the point in the model was closer to the
sagittal plane than the corresponding point in the simulation. STL:
stereolithographic.
*p< 0.05.
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point, which indicated a shift in the outward direction
(left of the simulation). In contrast, the negative error
values measured at the distal point of the anterior seg-
ment, the medial point of the middle segment, and
the medial point of the posterior segment indicated a
shift in the inward direction (right of the simulation).
These errors could have been caused by shifts at the
contact points between the individual fibula segments,
because the gaps between the segments were greater
on the lateral sides than on the medial sides. In add-
ition, in the condylar head and ramus region, the fibula
segment was fixed with reference to the condylar
head, which might have caused a small inward shift at
the end of the segment of the ramus region. The
errors at each contact point might have accumulated,
which would have caused a large error at the lateral
condyle site.

Recent studies on preoperative 3D surgical simula-
tion planning used simulation results to prepare a sur-
gical guide for application in the actual surgery.[3,4]
Studies showed that, when the 3D surgical simulation
planning was performed, the error between the bony
segments could be decreased for mandibular recon-
structions with the fibula.[5,6] When the mandibular
reconstruction with the fibula was performed in patient
groups with or without advance 3D surgical simulation
planning for the plating, the results showed no signifi-
cant difference between groups in the midline devi-
ation; however, with advance simulation planned
plating, less error was observed in the deviation at the
condylar position, and the errors were partially reduced
in the mandible body axis and the angular shift.[7]

In the present study, we performed a preoperative
3D imaging surgical simulation, and, based on the
simulation results, we prepared a reconstructed man-
dibular RP model with a 3D printer. Then, a mandibular
reconstruction experiment was performed with refer-
ence to the prepared model. It was previously reported
that the use of a mandible cutting guide and an RP
template could improve the precision of mandible cut-
ting and reconstruction.[8] In a mandibular reconstruc-
tion with the fibula, Foley et al. reported that the
average error was 2.7 mm at the condylar position and
2.5 mm at the gonial angle, when they used both a
mandibular cutting guide and a fibula bone cutting
guide, prepared with a 3D surgical simulation plan.[1]
However, in the present study, the error at the con-
dylar position was large, despite our use of a STL surgi-
cal template guide. We found an average 3D distance
error of 15.49 mm with the STL surgical template guide
and 25.15 mm with the manual method at the con-
dylar lateral point. Thus, our results were quite differ-
ent from those of the previous clinical study. This may

be due to the fact that the present study was con-
ducted in RP models. Thus, unlike the actual clinical
surgeries, in our experiments, the mandibular condylar
head was not connected to the cranial bone, the tem-
poromandibular joint was not taken into consideration,
and only the error at the mandible was considered.
Also, unlike Foley et al., we did not use a cutting guide
for the mandible.

In the present study, our experiments were per-
formed on mandibular RP models, and the cutting was
performed with a manual, industrial purpose saw.
Because the mandibular RP models could not always
be perfectly cut and broken at the tip, the error at the
cutting position could be greater than the error pro-
duced when this method is applied in a clinical setting.
The surgical cutting template was perfectly suitable for
the fibula RP models. However, in actual surgeries,
other tissues are present; thus, additional adjustments
could be required to position and fix the surgical cut-
ting guide. In addition, when the sectioned bony seg-
ments were positioned, the operator manually fixed
them by eye, without a precise fixation guide; thus,
errors could have been made in the fixation
procedure.

When the fibula was cut with the manual method
for mandibular reconstruction, the operator cut the fib-
ula by eye, and the plating and flap design were per-
formed without computer assistance. Therefore, the
errors in the surgical results depended on the mandi-
bles and on the operator’s skill; however, in this study,
the experiments were performed by a single operator.
In addition, errors could be made during the plating,
at the contact points between the mandible and the
fibula anterior segment and between the fibula seg-
ments; these errors may depend on the contact angle
or the presence of protruding parts. A separate cutting
guide was not prepared for the mandibular models;
therefore, errors could be made at the contact point
between the cut mandible and the condylar head.
However, because the mandible was cut with the man-
ual method in both the experimental and the control
groups, we assumed no significant difference between
the two groups in the error associated with the cut
mandible. Additional studies should be performed with
a mandible cutting guide. In addition, the method of
fixing the cutting guide should be examined to design
a mandible cutting guide that is feasible for clinical
applications.

In our experimental RP models, the condyle was not
connected to the cranium; therefore, some errors we
observed may be less likely to occur in the clinical set-
ting. Further studies should be performed with experi-
mental models that consider the temporomandibular
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joints and the soft tissue. Additional studies should
also be conducted with the aim of designing a posi-
tioning guide to enable stable positioning of the fibula
segments in the mandible. In mandibular reconstruc-
tion with a FFF, a mandible cutting template could
improve the precision of the surgery. Further studies
should investigate various error factors to determine
how to modify the method for clinical applications
with the use of various surgical guides, and for integra-
tion with an auxiliary navigation method.[9–11]

In conclusion, our results are based on experiments
with RP models of mandibles and fibulas. These RP
mandibles were reconstructed with fibulas that were
cut with either a surgical template guide or a manual
method. We performed preoperative surgical simula-
tion planning with CAD/CAM techniques, and we pre-
pared a fibula surgical template guide with a 3D
printer. In the mandibular reconstruction, better preci-
sion was achieved with fibulas cut with a surgical tem-
plate guide than with fibulas cut with the manual
method.
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