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Summary Objective: To analyze a novel technique of supporting fibula free flap harvest and 
fabrication with intraoperative navigation technology. 
Materials and methods: In the first phase of the study, navigation accuracy achieved with two 
registration methods, namely, point-pair and hybrid technique utilizing point-pair with surface 
matching, were evaluated in the form of the fiducial (FRE) and target registration error (TRE). 
Next, a series of 42 simulated navigated fibular osteotomies were conducted on specially man- 
ufactured lower leg phantom. Postoperative results were analyzed in the form of the angular 
and position deviations between the virtually planned and the obtained osteotomies. 
Results: Mean FRE values obtained with point-pair and hybrid registration methods were 1.82 ±
0.96 mm and 1.41 ± 0.44 mm, respectively. Mean TRE value in the fibula region was 2.00 ±
0.67 mm for the first method and 1.51 ± 0.72 mm for the second. For all performed surg- 
eries, the total mean angular deviation between the planned and actual osteotomy trajectory 
equaled 3.66 °± 3.60 °. The total mean position disparity of osteotomy control points was 1.85 ±
0.99 mm. 
Conclusions: Navigation-guided free fibula flap harvest and fabrication, due to encouraging 
study results and its superiority over currently popular cutting guides in many clinical aspects, 
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may become a routine operative procedure for the reconstruction of complex mandibular de- 
fects. The presented method is especially well suited for plastic and maxillofacial surgery. 
© 2019 British Association of Plastic, Reconstructive and Aesthetic Surgeons. Published by El- 
sevier Ltd. All rights reserved. 
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ibula free flap (FFF), first described by Hidalgo in 1988, 
s currently considered a workhorse of the reconstruction 
f complex mandibular defects. 1 Many previous studies 
emonstrated that this method produces satisfactory long- 
erm functional and esthetic outcomes. 2–6 However, the 
rocedure is technically challenging and time-consuming. 
estoration of the three-dimensional (3D) structure of the 
andible, which is capable of normal occlusion, speech, 
nd mastication, requires accurate positioning and contour- 
ng of harvested fibular segments. Unfortunately, conven- 
ional shaping, insertion, and fixation of bone fragments are 
o a large extent dependent on surgeon’s experience and, 
hus, not infrequently, may be imprecise. 7–9 

In recent decades, virtual surgical planning (VSP) and 
omputer-aided design and manufacturing (CAD/CAM) have 
een recognized as reliable methods to support mandibu- 
ar reconstruction with FFF. 10–18 Initially, those technologies 
ere used to create stereolithic models of the mandible 
nd fibula based on preoperative CT scans, to be used 
o simulate the reconstruction procedure and/or serve 
s an anatomical reference during the proper surgery 
 Figure 1 (A)). 7,13 , 19 However, the strategy of computer- 
ssisted surgery (CAS) has been evolving over time. 
resently, a virtual plan for mandibular resection and 
econstruction with an osteocutaneous flap is prepared 
rst, and then, the procedure is conducted with the aid 
f patient-specific osteotomy guides and prebent plates 
 Figure 1 (B)). 9–18 , 20–23 Using the CAD/CAM cutting guides, the
urgeon can harvest an osseous flap, the optimal charac- 
eristics of which, such as localization, size, and angula- 
ion, have been previously determined on a virtual model. 
his facilitates correct positioning and approximation of 
he fibular segments and creation of the neomandible with 
esired characteristics. 8,12 , 13 , 20–24 Previous studies demon- 
trated that application of the VSP with CAD/CAM improved 
he accuracy and efficiency of mandibular reconstruction 
nd contributed to the reduction of operating time and 
verall treatment cost. 8–11 , 13,17 , 24–26 

Intraoperative navigation is another CAS technique gain- 
ng a growing popularity among oral and maxillofacial sur- 
eons. This technology, also referred to as image-guided 
urgery (IGS), facilitates accurate tracking of the pointer 
r surgical instrument within a 3D surgical field in real time.
sing this feature, combined with VSP technology, the sur- 
eon can perform complex procedures in anatomical areas, 
he dissection of which is technically demanding, such as 
he head and neck. 27 Intraoperative navigation has been 
sed for the resection of mandibular tumors and recon- 
truction of the mandible, as well as during other proce-
ures, such as the implantation, temporomandibular joint 
rthroplasty, and guided biopsy. 27–32 Although this technique 
s in many aspects superior to VSP and CAD/CAM fusion,
he applicability of IGS during FFF harvesting for mandibu-
ar reconstruction has been a subject of only one published
tudy. 33 

In this preclinical study, we verified an innovative con-
ept of virtually planned harvesting and fabrication of FFF
or the reconstruction of mandibular defect, supported with 
ntraoperative navigation ( Figure 1 (C)). In our opinion, this
ethod may constitute another step in the evolution of
omputer-assisted techniques used in plastic and maxillo- 
acial surgery. 

aterial and methods 

mage data acquisition 

he specially designed phantom was scanned using a 
2-slice CT scanner (Somatom Sensation 16; Siemens 
edical Solutions, Erlangen, Germany) ( Figure 2 ). The
12 × 512 pixel dataset was acquired at a voxel size of
.39 mm and 0.625 mm slice thickness. The image data were
aved in Digital Imaging and Communication in Medicine (DI-
OM) format and then exported to planning software of the
entorEye system (Wroclaw University of Technology, Wro- 
law, Poland). 34 The phantom was also scanned using a 3D
urface scanner (Artec Space Spider, Artec3D, Luxembourg, 
uxembourg) with a blue LED light source. Acquired scans 
ere analyzed using Artec Studio Professional 10 to obtain
ata for further registration processing. 

valuation of registration accuracy 

he reference frame was firmly attached to the anterior
order of the tibia using a transcutaneous approach. Two
egistration methods were evaluated during the study. In 
he first method, hybrid matching, both 3D images of the
hantom’s skin surface obtained by CT imaging and an opti-
al scanner were fused with initial alignment acquired with
oint-pair registration based on 4 surface point-pairs. The 
econd method, referred to as point-pair, was based only on
he integration of pairs of corresponding points in the real
nd virtual operating field. The adhesive skin markers were
sed as the registration fiducials. During the first stage, 15
onfigurations with 9 ( n = 5), 8 ( n = 5), or 7 ( n = 5) registra-
ion points in different locations were tested. Then, based 
n the accuracy of each configuration, expressed as a fidu-
ial registration error (FRE), the final point-pair registration 
ethod was developed. 35 

After registration, the lateral part of the phantom’s skin 
ntegument was removed, to expose the skeletal structures. 
sing the openings drilled on the lateral surface of the
bula as target fiducials, the accuracy of intraoperative 
avigation, expressed as the target registration error (TRE), 
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Figure 1 Methods used for computer-assisted mandibular reconstruction with free fibula flap. (A) Contouring of fibular segments 
based on stereolithic model of the mandible. (B) Patient-specific cutting guide for osteotomy and prefabrication of the fibula in situ. 
(C) Authors’ concept of navigation-guided harvesting of fibula flap. The method is based on minimally invasive transdermal fixation 
of the reference frame to the anterior border of the tibia, which is then used to track the position of the fibula. The registration 
points are seven adhesive skin markers placed as shown in the figure. The osteotomy, conducted according to the virtual surgical 
plan, can be carried out with a navigated pointer or saw. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

was determined. TRE was automatically computed by the
software as the square root of the sum of squared devia-
tions in all three spatial directions. 35 Registration with each
method, along with the determination of TRE, has been per-
formed in three sessions by two researchers independently. 

Navigation-guided fibula osteotomies 

Using virtual planning module of the MentorEye system,
seven osteotomies were designed on the removable fibu-
lar segments ( Figure 3 (A)). The registration was carried out
using the point-pair technique with seven skin registration
points, as it was shown to be the most accurate in previously
described validation test of this method ( Figure 1 (C)). The
registration process was carried out with a pointer. The ref-
erence frame was inserted transdermally and screwed se-
curely to the anterior border of the tibia. Then, a sagittal
surgical saw (GB129R, Aesculap, Center Valley, PA, USA) was
calibrated; hence, the position and angulation of its blade
could be displayed in a real time on a screen in multipla-
nar two-dimensional (2D) cross-sections and 3D views of the
operating field. The accuracy of the saw’s navigation was
verified by placement of the pointer on various anatomical
landmarks and comparison of its localization and angulation
within physical and virtual space. Then, after removal of
the phantom’s skin integument, the simulated surgery was
conducted according to the virtual plan. 

Each of the seven osteotomies were represented by vir-
tual planes in the three-dimensional coordinate system.
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Figure 2 Lower leg phantom. The phantom consisted of the 
tibia, fibula, and foot skeleton covered with a removable outer 
layer corresponding to the skin integument, all made of gyp- 
sum composite. The central segment of the fibula, 20 cm in 
length, could be dismantled and mantled again. To verify the 
accuracy of navigation, ten anatomical landmarks in form of 
1.2-mm holes were created on the fibular segment. Moreover, 
16 adhesive skin markers, serving as registration points, were 
placed on the outer layer of the phantom. 
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uring the procedure, the saw’s blade was navigated against 
he selected osteotomy plane, and the system displayed the 
istance and angulation of the blade in relation to the des-
gnated osteotomy line as numeric data. This feature, com- 
ined with visualization of the saw’s position on 2D cross- 
ections and 3D images, enabled us to perform all seven 
steotomies according to the virtual plan ( Figure 3 (B)). The
rocedures were conducted on six identical fibular segments 
ounted in the phantom. 

ostoperative evaluation 

ostoperative CT scans, with identical imaging parameters, 
ere obtained for all operated fibular segments. Using Men- 
orEye software, postoperative image data in DICOM format 
ere fused with the virtual preoperative CT-based plan, by 
abeling corresponding fiducial points on the fibula (Supple- 
ental figure). After superimposition of the image data, the 
ollowing parameters were analyzed twice: angular devia- 
ion from each planned osteotomy trajectory and the de- 
iation (calculated using the same formula as for the TRE
arameter) in the location of the control points labeled on 
he edges of the trajectory of the obtained and planned
steotomy. 

tatistical analysis 

tatistical analysis of the differences between the planned 
nd the obtained osteotomies was performed using one-way 
nalysis of variance (ANOVA) with Tukey post-hoc test. The 
ntra-observer variability between the first and the second 
valuation was assessed using the Bland-Altman method. 
ll calculations were carried out with Statistica 10 package 
StatSoft, United States), with the threshold of statistical 
ignificance set at p < 0.05. 
esults 

ean FRE values obtained during the preliminary tests of
oint-pair registration with 9, 8, and 7 registration points
ere 2.96 ± 0.29 mm, 2.6 ± 0.22 mm, and 2.51 ± 0.34 mm,
espectively. With these results, the final protocol of the
oint-pair registration was developed, with seven registra- 
ion points placed as shown in Figure 1 (C). The data illus-
rating the accuracy of registration and navigation with this
ethod are presented in Table 1 , along with the correspond-

ng data for the surface matching method. 
A total of 42 simulated navigated osteotomies were con-

ucted on six identical models of the fibula. Mean FRE value
alculated for all procedures was 1.89 ± 0.07 mm. During
ach osteotomy, the postoperative image data could be suc-
essfully fused with the data recorded in the virtual oper-
tion plan. The deviations of postoperative outcomes from 

he assumption of virtual plan are shown in Tables 2 and 3 .
he differences between the goals of virtual planning and
he postoperative results are summarized in Tables 2 and 3 .
or all performed surgeries, the total mean angular devia-
ion between the planned and actual osteotomy trajectory 
qualed 3.66 ° ± 3.60 °. Overall, the angular deviation of os-
eotomy C was found to be significantly higher than that in
ther types of osteotomies, excluding type F ( p = 0.296)
 Table 4 ). The total mean position disparity of osteotomy
ontrol points was 1.85 ± 0.99 mm. 

iscussion 

irtual planning with CAD/CAM guides is currently a leading
rend in guided mandibular reconstruction with FFF. How- 
ver, this method is not free from some drawbacks. Its pri-
ary limitation is the high cost of designing and creating
 cutting template, which, depending on manufacturer and 
rocedure’s complexity, may range from 2000 up to 6000
SD. 10,11 , 29,36 , 37 Recent studies demonstrated that applica- 
ion of CAD/CAM may contribute to a decrease in over-
ll treatment costs due to shortening of operating time,
ossibility of immediate dental rehabilitation, and a de- 
rease in postoperative morbidity and additional operation 
ates. 8–11 , 22,25 However, this evidence originates primarily 
rom preliminary studies that did not infrequently analyze 
he effects of guides, patient-specific plates, and stere- 
lithic models within the framework of the same exper-
mental protocol. Thus, more evidence is needed to es-
imate the exact economic burden of this CAS strategy
ccurately. 
The CAD/CAM-supported procedures also have some 

ajor limitations when it comes to the immediate recon-
truction of mandibular defects after tumor resection or 
ombat injuries. In patients with malignant neoplasms of 
he head and neck, the duration of the treatment should
e minimized, and according to some authors, should not
e longer than two weeks. 25,38 However, the total time
eeded to manufacture and deliver the patient-specific 
uides may sometimes exceed four weeks; such long idle
ime is associated with increased risk of tumor progression
r metastasis. 10,11 , 25 Moreover, the originally designed VSP- 
pecific guide may become useless if the surgical plan needs
o be modified intraoperatively because wider tumor 
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Figure 3 (A) Virtual surgery plan containing seven fibula osteotomy trajectories. For each osteotomy, a control point was set 
on the bone inferior ( P 1 ) and superior edge ( P 2 ). (B) Intraoperative screen view presenting surgical saw blade (star) navigated in 
accordance to virtual osteotomy plane (arrow). The bar on the left contains digital targeting information about blade position and 
angulation in reference to the planned cutting trajectory. 
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Table 1 Comparison of the registration accuracy. 

Parameter Point-pair registration Hybrid matching registration 

Observer A Observer B Summary Observer A Observer B Summary 

FRE Mean ± SD (mm) 2.09 ± 0.87 1.74 ± 1.11 1.82 ± 0.96 1.43 ± 0.58 1.38 ± 0.59 1.41 ± 0.44 
Inter-observer ICC 0.699 0.927 
Intra-observer ICC 0.956 0.964 0.959 0.522 n/a 0.232 

TRE Mean ± SD (mm) 2.08 ± 0.60 1.91 ± 0.79 2.00 ± 0.67 1.45 ± 0.75 1.58 ± 0.75 1.51 ± 0.72 
Inter-observer ICC 0.674 0.861 
Intra-observer ICC 0.556 0.958 0.808 0.291 0.376 0.326 

ICC, intraclass correlation coefficient. 
n/a, not applicable; ICC could not be calculated due to too high intragroup variance. 

Table 2 Angular deviations between the planned and actual osteotomies. 

Procedure Angular deviation Mean ± SD ( o ) 

Osteotomy A Osteotomy B Osteotomy C Osteotomy D Osteotomy E Osteotomy F Osteotomy G 

Fibula # 1 3.07 ± 0.23 2.67 ± 0.28 18.69 ± 0.35 1.72 ± 0.10 0.92 ± 0.08 8.16 ± 1.12 2.95 ± 0.54 
Fibula # 2 1.81 ± 0.04 1.83 ± 0.08 15.13 ± 0.95 1.18 ± 0.59 0.56 ± 0.09 6.61 ± 1.36 0.90 ± 0.52 
Fibula # 3 4.33 ± 0.02 2.73 ± 0.06 5.94 ± 0.12 3.63 ± 0.57 1.01 ± 0.14 10.01 ± 0.44 1.46 ± 0.45 
Fibula # 4 3.33 ± 0.46 1.30 ± 0.10 2.63 ± 0.18 3.29 ± 0.56 1.57 ± 0.53 1.98 ± 0.47 1.64 ± 0.05 
Fibula # 5 4.46 ± 0.07 4.10 ± 0.16 5.31 ± 0.18 2.59 ± 0.06 3.69 ± 0.23 5.26 ± 0.05 1.67 ± 0.11 
Fibula # 6 3.41 ± 0.14 2.08 ± 0.21 1.89 ± 0.09 2.00 ± 0.14 1.33 ± 0.07 1.72 ± 0.32 3.31 ± 0.27 
Summary 3.40 ± 0.93 2.45 ± 0.93 8.26 ± 6.65 2.40 ± 0.95 1.51 ± 1.08 5.62 ± 3.22 1.99 ± 0.93 

Table 3 Differences between the preoperative and postoperative osteotomy control point positions. 
Osteotomy control point 
position disparities Mean 
± SD (mm) 

Procedure 

Fibula # 1 Fibula # 2 Fibula # 3 Fibula # 4 Fibula # 5 Fibula # 6 Summary 

Osteotomy A Point A 2.35 ± 0.07 1.49 ± 0.22 2.11 ± 0.14 2.69 ± 0.36 1.82 ± 0.06 2.05 ± 0.36 2.09 ± 0.43 
Point B 0.70 ± 0.38 1.31 ± 0.16 1.49 ± 0.23 3.42 ± 0.56 1.93 ± 0.08 1.86 ± 0.10 1.79 ± 0.90 

Osteotomy B Point A 1.70 ± 0.40 1.92 ± 0.23 1.96 ± 0.18 1.74 ± 0.25 1.72 ± 0.22 2.05 ± 0.37 1.85 ± 0.25 
Point B 1.93 ± 0.12 1.04 ± 0.26 1.18 ± 0.09 1.84 ± 0.04 1.05 ± 0.24 1.03 ± 0.22 1.35 ± 0.42 

Osteotomy C Point A 0.77 ± 0.04 1.79 ± 0.04 2.88 ± 0.64 3.47 ± 0.74 2.03 ± 0.23 1.47 ± 0.13 2.07 ± 0.98 
Point B 5.02 ± 0.11 5.72 ± 0.45 3.57 ± 0.33 3.99 ± 0.50 3.74 ± 0.17 1.92 ± 0.05 4.00 ± 1.27 

Osteotomy D Point A 0.80 ± 0.08 1.54 ± 0.30 0.74 ± 0.01 3.03 ± 0.26 0.83 ± 0.04 1.59 ± 0.37 1.42 ± 0.85 
Point B 1.16 ± 0.18 1.16 ± 0.16 1.61 ± 0.23 2.80 ± 0.22 1.69 ± 0.25 1.98 ± 0.47 1.74 ± 0.62 

Osteotomy E Point A 1.24 ± 0.28 1.10 ± 0.30 1.30 ± 0.37 2.19 ± 0.42 0.97 ± 0.18 0.87 ± 0.02 1.28 ± 0.50 
Point B 1.09 ± 0.16 0.80 ± 0.34 0.87 ± 0.11 2.41 ± 0.59 0.79 ± 0.04 1.16 ± 0.24 1.19 ± 0.63 

Osteotomy F Point A 1.73 ± 0.04 0.80 ± 0.08 1.91 ± 0.09 0.71 ± 0.19 1.04 ± 0.23 1.27 ± 0.17 1.25 ± 0.48 
Point B 3.61 ± 0.29 3.07 ± 0.24 2.73 ± 0.04 3.61 ± 0.12 2.81 ± 0.06 3.75 ± 0.28 3.27 ± 0.45 

Osteotomy G Point A 1.73 ± 0.37 1.09 ± 0.33 1.62 ± 0.28 0.86 ± 0.14 1.50 ± 0.02 1.65 ± 0.15 1.41 ± 0.38 
Point B 2.62 ± 0.14 0.96 ± 0.30 1.31 ± 0.37 1.58 ± 0.23 1.16 ± 0.08 1.69 ± 0.21 1.55 ± 0.59 

Table 4 Tukey’s post-hoc test for angular deviations between various osteotomy types. 

Osteotomy A B C D E F G 

A 0.984 0.002 0.980 0.689 0.505 0.896 
B 0.984 < 0.001 1.000 0.985 0.120 1.000 
C 0.002 < 0.001 < 0.001 < 0.001 0.296 < 0.001 
D 0.980 1.000 < 0.001 0.989 0.109 1.000 
E 0.689 0.985 < 0.001 0.989 0.015 1.000 
F 0.505 0.120 0.296 0.989 0.015 1.000 
G 0.896 1.000 < 0.001 1.000 1.000 0.046 
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Table 5 Advantages of intraoperative navigation over the CAD/CAM technologies. 

Advantages of navigation-guided fibula free flap harvesting 

Relatively low cost per procedure 
Rapid implementation (even within hours) 
Virtual planning that can be carried out by the surgeon 
Possibility of intraoperative modification of virtual surgical plan 
Capability of intraoperative identification of anatomical structures 
Possibility of guided insertion of dental implants, prostheses, fixation plates and guides 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

resection margins are required than originally
planned. 8,10 , 37 Although the latter limitation can be
overcome by preparation of several variants of cutting
templates, but this is associated with a substantial increase
in the treatment cost. 

Another drawback of the CAD/CAM-supported proce-
dures stems from the fact that some guides must be ideally
fitted to specific bone segments. Due to specific anatomy
of the fibula, which lacks characteristic landmarks, the de-
signed guide needs to have a large contact surface. 25,33 , 39 

However, this drawback rarely has clinical significance and
mainly concerns the cases in which guide is used along with
specific prefabricated fixation plates. 

Intraoperative navigation is another CAS modality that
has been successfully implemented to oral and maxillo-
facial surgery during the last two decades. Many previ-
ous studies demonstrated the usefulness of IGS in clin-
ical practice, inter alia in guided resections and recon-
structive procedures. 27–32 Most previous studies analyzed
the usefulness of intraoperative navigation during various
guided implantation procedures or positioning and contour-
ing of bone segments that have already been implanted
into the mandibular region. To the best of our knowledge,
the outcomes of image-guided harvesting of the FFF have
been a subject of only one published study. 33 This is quite
surprising considering that intraoperative navigation is in
many aspects superior to widely used CAD/CAM-guided pro-
cedures, especially in the field of maxillofacial surgery
( Table 5 ). 

In this paper, we have proposed and validated a novel
method of image-guided FFF harvest and fabrication. The
presented algorithm enables reliable intraoperative naviga-
tion with a tip-pointer or bone cutting with a calibrated sur-
gical saw. Although the registration process based on the
skin adhesive markers only is not as precise as the hybrid
registration utilizing point-pair and surface matching meth-
ods (1.82 ± 0.96 mm and 1.41 ± 0.44 mm, respectively),
it still provides sufficient navigation accuracy in the fibula
region (2.00 ± 0.67 mm). Moreover, this method is simple,
noninvasive, and inexpensive. Therefore, it is easy to use in
the routine clinical settings, which makes it superior when
compared with the second registration option. Li et al. pro-
posed mounting the reference frame in the ankle region
with a belt, thus making it vulnerable to displacement and
lowering navigation accuracy. 33 In our method frame is at-
tached firmly to the anterior edge of the tibia accessed by
small skin incision. Because of the tibia–fibula connections
through ligaments and interosseous membrane, their posi-
tions to each other remains constant until the last phase of
the operation, enabling reliable navigation with minimally
invasive registration and tracking. However, to ensure tibial
fixed array positional reference to the fibula, it is advisable
to make each guided osteotomy incomplete until all bone
cuts are made. 

Results analysis showed relatively acceptable cutting tra-
jectories’ position disparity (1.85 ± 0.99 mm) and angle
deviations (3.66 ° ± 3.60 °) from the virtual plan. Overall,
only one type of osteotomy exceeded 8 ° of deviation (os-
teotomy C, 8.26 ° ± 6.65 °). However, this outcome was pro-
foundly influenced by the first two osteotomies poor results
(18.69 ° ± 0.35 ° and 15.13 ° ± 0.95 °, respectively), probably
due to the initial stage of the learning curve. The opera-
tor found both, the calibration of the sagittal saw and the
blade digital targeting feature very simple to handle dur-
ing the surgery. The capability of tracking saw position and
angulation in reference to virtual osteotomy plane in the
form of objective, digital values is a powerful addition to
the standard 2D and 3D views of the virtual operative field
and navigated instrument contours. It was considered par-
ticularly useful in achieving the proper angle of the cutting
trajectory. It seems there might still be a possibility of im-
proving the accuracy of the image-guided osteotomy. An im-
portant conclusion from the study is that the constant need
for observation of the system screen has a negative influ-
ence on eye–hand coordination, thus lowering the precision
of surgical procedure. We believe that the incorporation of
the augmented reality technology would eliminate this is-
sue, making image-guide surgery even more precise. There-
fore, in the near future, we will conduct a similar study
with the above-mentioned improvement to our navigation
technique. 

Intraoperative navigation systems are equipped with VSP
software which does not require knowledge of CAD/CAM.
As a result, the procedure of mandibular resection and FFF
harvesting, and subsequent reconstruction of the mandible
with the FFF can be planned by the surgeon, without an
involvement of a CAD/CAM engineer ( Figure 4 ). This elim-
inates the need for teleconferences with guide manufac-
turers, thus, shortening the planning process and reduc-
ing the risk of potential engineering errors. 38 As a result,
the IGS can be conducted for only a few hours after ob-
taining CT scans, which makes this technology particularly
useful for trauma and oncology surgeons. Moreover, various
intraoperative scenarios, with different sizes of the resec-
tion margins, can be created. This means that the protocol
of FFF harvesting can be easily amended intraoperatively
whenever the extent of mandibular resection needs to be
enlarged. 

If the registration is correct, the navigated tool de-
termines the location and angulation of the osteotomy
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Figure 4 Summary of the complete process of virtual planning 
of mandible reconstruction with a free fibular flap that can be 
supported with the intraoperative navigation. 
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lane accurately. Another advantage of IGS over CAD/CAM- 
upported procedures is the possibility to identify anatomi- 
al structures or to verify the location of the tracked instru-
ent in real time. However, the applicability of this func-
ion in soft tissues is limited due to structural image drift
esulting from intraoperative topographic changes caused 
y surgical manipulation. 27–29 Nevertheless, our experiences 
uggest that the intraoperative navigation system is suitable 
or accurate localization of the key structures, such as per-
orator vessels and nerves, at early stages of the procedure,
owering the risk of their damage. Another application of 
he intraoperative navigation system is immediate insertion 
f osseointegrated implants to the flap’s bone, which con- 
ributes to faster dental rehabilitation. 11,40 

Last but not least, the IGS procedures are considerably 
ess costly than those involving guides. In fact, the only eco-
omic burden associated with the use of optical navigation 
ystem is the purchase of passive spheres to be mounted
n the reference frame and navigated tools. The applica- 
ion of our system, consisting of the frame, pointer, and 
scillating saw, required purchase of 10 spheres and 7 reg-
stration fiducials, with the total cost of approximately 150 
SD. It needs to be emphasized that such set can be used
o conduct complex mandibular resections and reconstruc- 
ive surgeries. In contrast, an estimated cost of manufac- 
uring a guide for mandibular osteotomy and another guide 
or FFF harvesting may exceed 4000 USD. Another argu- 
ent for greater cost-effectiveness of the IGS is short du-
ation of the osteotomy and implantation procedures and 
hort time needed for identification of the perforator ves- 
els. Additionally, greater accuracy of the procedure and 
esser risk of intraoperative complications may contribute to 
ower overall treatment cost. One potential drawback of the 
GS is a relatively high cost of the navigation system, start-
ng from 50,000 USD. However, it should be remembered 
hat the same system can be used by various specialists, 
.g., neurosurgeons, orthopedists, and laryngologists, and 
hus, the cost of its purchase can be shared by various hos-
ital departments. 

onclusion 

he hereby-presented concept of navigated FFF modeling 
ay become another step in the evolution of computer-
ssisted reconstruction of mandibular defects. Our study 
emonstrated that this method is suitable for accurate har-
esting and fabrication of the FFF according to predefined
SP, which is not associated with a significant increase in
he operating time. Moreover, the method seems to be
ore cost-effective than the currently popular CAD/CAM- 
upported procedures and may be superior to the latter in
ome clinical aspects, which are crucial from the perspec-
ive of maxillofacial surgery. Further studies, comparing the 
resented method with a cutting guide on both the simula-
ion and cadaveric models, are needed before incorporation 
nto clinical practice. 
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37. Pietruski P , Majak M , Światek-Najwer E , et al. Image-guided
bone resection as a prospective alternative to cutting
templates – a preliminary study. J Craniomaxillofac Surg
2015; 43 :1021–7 . 

38. Mazzoni S , Marchetti C , Sgarzani R , Cipriani R , Scotti R ,
Ciocca L . Prosthetically guided maxillofacial surgery: evalu-
ation of the accuracy of a surgical guide and custom-made
bone plate in oncology patients after mandibular reconstruc-
tion. Plast Reconstr Surg 2013; 131 :1376–85 . 

39. Zhao L , Patel PK , Cohen M . Application of virtual surgical
planning with computer assisted design and manufacturing
technology to cranio-maxillofacial surgery. Arch Plast Surg
2012; 39 :309–16 . 

40. Wei FC , Santamaria E , Chang YM , Chen HC . Mandibular recon-
struction with fibular osteoseptocutaneous free flap and simul-
taneous placement of osseointegrated dental implants. J Cran-
iofac Surg 1997; 8 :512–21 . 

http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0007
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0007
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0007
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0007
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0007
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0008
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0008
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0008
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0008
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0008
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0009
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0009
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0009
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0009
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0009
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0009
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0009
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0010
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0010
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0010
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0010
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0010
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0010
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0010
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0011
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0011
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0011
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0011
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0011
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0012
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0012
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0012
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0012
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0012
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0012
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0013
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0013
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0013
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0013
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0013
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0014
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0014
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0014
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0014
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0014
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0014
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0014
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0015
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0015
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0015
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0016
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0016
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0016
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0016
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0016
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0016
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0016
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0017
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0017
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0017
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0017
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0017
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0017
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0018
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0018
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0018
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0018
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0018
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0018
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0018
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0019
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0019
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0019
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0019
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0020
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0020
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0020
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0020
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0020
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0020
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0020
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0021
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0021
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0021
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0021
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0021
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0022
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0022
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0022
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0022
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0022
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0022
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0023
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0023
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0023
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0023
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0023
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0023
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0024
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0024
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0024
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0024
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0024
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0024
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0024
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0024
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0025
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0025
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0025
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0025
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0025
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0026
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0026
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0026
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0026
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0027
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0027
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0027
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0027
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0027
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0028
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0028
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0028
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0028
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0028
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0028
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0029
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0029
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0029
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0029
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0029
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0030
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0030
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0030
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0030
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0030
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0030
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0030
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0031
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0031
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0031
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0031
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0031
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0031
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0031
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0032
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0032
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0032
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0032
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0032
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0033
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0033
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0033
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0033
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0033
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0034
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0034
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0034
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0034
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0034
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0035
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0035
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0035
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0036
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0036
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0036
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0036
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0037
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0037
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0037
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0037
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0037
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0038
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0038
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0038
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0038
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0038
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0038
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0038
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0039
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0039
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0039
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0039
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0040
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0040
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0040
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0040
http://refhub.elsevier.com/S1748-6815(19)30059-2/sbref0040

	Navigation-guided fibula free flap for mandibular reconstruction: A proof of concept study
	Introduction
	Material and methods
	Image data acquisition
	Evaluation of registration accuracy
	Navigation-guided fibula osteotomies
	Postoperative evaluation
	Statistical analysis

	Results
	Discussion
	Conclusion
	Acknowledgments
	Conflict of interest
	Supplementary material
	References


