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occlusion and leads to an atypical or modified position of the temporomandibular joint. Titanium
reconstruction plates are the standard approach to jaw reconstruction, and are used for temporary

{)(«reyml;o;dts: bridging of a jaw defect or fixation of a bone graft. Conventionally these plates are intraoperatively
Pl:tese adjusted to the mandible by the surgeon. Computer-aided manufacturing, computer-aided design, and
Reconstruction rapid prototyping have gained increasing importance in the field of medicine, as they allow the production
Lower jaw of individual models of the lower jaw, with the possibility of preoperatively bending the reconstruction
Tmj plates. In this retrospective study, the accuracy of pre-bent titanium plates and their effect on the
Accuracy temporomandibular joint situation in comparison with intraoperatively curved plates will be discussed.

Materials and Methods: Patients who attended our department for lower jaw reconstruction between
March 2013 and February 2015 were included in this retrospective study. Within that time 20 patients
were treated with pre-bent reconstruction plates (group 1). 20 comparable patients were selected with
reconstruction and conventional intraoperative bending (group 2). To evaluate the accuracy of the plates
and the condylar position, postoperative cone beam computed tomograms and computed tomograms
were used to assess the bone—plate distance at 12 defined points and four angles in axial reconstruction.
The results were compared, statistically evaluated, and discussed.
Results: Regarding the maximum bone—plate distances and the sum of distances, there was a significant
difference between the accuracy of the pre-bent and the conventionally bent reconstruction plates
(p = 0.022, p = 0.048). Regarding the condylar position, there was no significant difference between both
methods (p = 0.867).
Conclusion: The results of this study show that a better fitting accuracy can be achieved using pre-bent
plates. Preparation of the plates proves to be advantageous and meaningful, especially in complex bone
defects and deformations of the lower jaw. Nevertheless, concerning the position of the temporoman-
dibular joint, no significant difference could be ascertained between the shown methods, contradicting
several studies.

© 2018 Published by Elsevier Ltd on behalf of European Association for Cranio-Maxillo-Facial Surgery.

1. Introduction

Various causes for bone defects of the lower jaw have been

described. Benign or malignant tumours, cysts, trauma, and acute
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mandible (Lindstrom et al., 1981; Lukash and Sachs, 1989). As a
result, patients often suffer from compromised aesthetics, and a
loss of, or reduction in, important physiological functions, such as
swallowing, breathing, and speaking (Freeman, 1948; Wolfgang J.
Spitzer 1991; Kumar et al., 2016). A change in the shape of the
lower jaw can impair the natural occlusion and lead to an atypical
or modified position of the temporomandibular joint (Azuma et al.,
2014). In addition to these somatic consequences, such defects can
lead to psychosocial impairment. As a result, jaw reconstruction is a
complex, time-consuming, and challenging task for the surgeon
(Cohen et al., 2009; Rahimov and Farzaliyev, 2011; Lethaus et al.,
2012). Typically, titanium plates are used in reconstructive
surgery. Good contouring and adaptation of these reconstruction
plates, as well as stability, are essential for the healing of the graft,
and the postoperative aesthetic and functional result (Schmoker,
1983; Freitag et al., 1991). Conventionally, the adjustment of
plates on the lower jaw is made intraoperatively by the surgeon.
Multiple bending is needed to accurately shape the plate, which can
lead to fatigue of the material (Freitag et al., 1991; Maurer et al.,
2010). In addition, valuable operating time is needed, especially
in larger defects (Rahimov and Farzaliyev, 2011).

Computer-aided manufacturing (CAM), computer-aided
design (CAD), and rapid prototyping (RP) have gained increasing
importance in the field of surgery. These techniques open new
possibilities in the field of mandibular reconstruction (Succo et al.,
2015; Wang et al, 2016). With RP, it is possible to produce
individual models of the mandible and preoperatively bend the
reconstruction plates (Cohen et al., 2009; Lethaus et al.,, 2012).
Medical rapid prototyping (MRP) allows the creation of anatomi-
cally correct models, derived from medical imaging data (computed
tomography, magnetic resonance imaging, ultrasound) (Winder
and Bibb, 2005). Some studies have examined the use of pre-bent
titanium plates for jaw reconstructions, especially when
compared with conventional curved reconstruction plates (Lukash
and Sachs, 1989; Cohen et al., 2009; Lethaus et al., 2012; Hanasono
and Skoracki, 2013; Azuma et al., 2014). According to those studies,
this method allows precise adjustment of the plates on the lower
jaw, a shortening of operation time, and improved postoperative
aesthetic and functional results. Other benefits highlighted in the
context of the investigations were: reduced bone plate distance
and thus reduced scarring; reduced metal fatigue; and protection of
root tips, nerves, vessels, and (if present) tooth germs.

Although these models bring many benefits, MRP creates
additional costs — a barrier to its widespread use and acceptance in
clinical practise (Sinn et al., 2006). Nonetheless, previous studies
emphasize the reduction in operation time (Kammerer et al., 2014),
costs (Azuma et al.,, 2014), and aesthetics (lower jaw and facial
symmetry) (Hanasono and Skoracki, 2013; Succo et al., 2015).

The aim of this retrospective study was to clarify the fitting
accuracy of pre-bent plates and their impact on the position of the
temporomandibular joint in comparison with intraoperatively bent
plates.

2. Materials and methods

This study was approved by the ethics committee of the
University Erlangen-Nuremberg (35A_16 Bc).

The retrospective study included patients visiting our depart-
ment between March 2013 and February 2015 for reconstruction of
extensive lower jaw defects.

Group 1 was treated with pre-bent reconstruction plates and
consisted of 20 patients. The patients were aged between 27 and 81
years, and comprised 17 men and three women.

Group 2 (control group) included 20 patients who had been
treated with plates that were bent by the surgeon during the

operation. It comprised 15 men and 5 women, aged between 33 and
78 years. The patients were considered comparable if a partial
resection of the mandible, followed by primary or secondary
reconstruction using a reconstruction plate made of titanium, had
been done.

The diagnosis was confirmed in all cases prior to surgical
resection by biopsy. Diagnoses can be seen in Table 1.

2.1. Data acquisition and processing

CTs of the head/neck regions (thickness >1 mm) were carried
out and archived in DICOM (digital imaging and communications
in medicine) format. The DICOM datasets were segmented and
converted into virtual 3D models using Mimics software (Mimics
14.1, Materialise, Belgium). The records were largely narrowed, and
artefacts were virtually removed. With an additional software
program (3-matic 6.1, Materialise, Belgium) the virtual jaw was
edited and prepared for 3D printing. Data were then exported to
ZPrintTM (ZPrintTM software 7.6.7, Z Corporation).

2.2. The printing process

3D Printing was carried out by Sektrum ZTM510 (Z Corporation).
The starting material was a gypsum powder (zp® 131 powder,
Kisters AG). For binding we used 60 clear (Kisters AG). Dry time was
at least an hour. As the lower jaw model was very porous and
unstable, it was carefully lifted from the pit and then infiltrated
with thin, fast-setting cyanoacrylate (ColorBondTM, Z Corporation).

2.3. Pre-bending of the reconstruction plates

The expected resection margins were drawn on the model
(Fig. 1) and the titanium reconstruction plate was bent with
pliers. The plates were cropped three or four holes cross the
resection margins, for later fixation. Leibinger plates (Leibinger,
Stryker Howmedica GmbH) were used in 38 cases, and a Martin
plate (MARTIN, Tikom GmbH) in two cases. In the preoperative
assessment, all plates could be adapted without any gap on the
lower jaw. Then, the plates were sterilised.

2.4. Resection

The resections were categorized according to the classification
by Jewer et al. [44] (Table 2).

2.5. Reconstruction

Transplant type was dependent on the extent and location of the
defect, as well as the general and vascular condition of the patient.

Table 1

Diagnoses within the two groups: OSCC — oral squamous cell carcinoma; rOSCC
— relapse OSCC; ORN — osteoradionecrosis; KCOT — keratocystic odontogenic
tumour; AB: ameloblastoma; rAB — relapse AB.

Diagnosis

Group 1 0scC
rOSCC
ORN
KCOT
Other

Group 2 0SscC
rOSCC
ORN
AB
rAB
Other
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Fig. 1. Preoperative model of the lower jaw, with drawn resections lines and plate
dimensions.

The type of reconstruction (primary or secondary) was planned
before the resection. Transplant and reconstruction types are
shown in Table 3.

2.6. Surgery

The planned osteotomy lines were drawn, the pre-bent plate
was attached to the bone and fixation was performed with three
screws anterior and three screws posterior to the defect. In this
way, correct positioning of the jaw stumps was guaranteed. Partial
resection was carried out according to the planned osteotomy lines.
Positive tumour margins required further resection. The surgeon
did not adjust, or only slightly adjusted, the pre-bent titanium
plates intraoperatively. Primary or secondary reconstruction
followed routine protocols (Fig. 2).

In contrast to group 1, plates were bent intraoperatively in group
2.The planned osteotomy lines were drawn, the plate was attached
to the bone and bending was performed until an optimal fitting
was achieved. The plate was fixed with three screws anterior and
three screws posterior to the defect. The remaining surgery was
equivalent to group 1.

2.7. Scan settings

2.7.1. Accuracy of reconstruction plates

Digital volume tomography (DVT) was performed post-
operatively to evaluate the reconstruction. Measurements were
performed with eXam Vision (V1.9.3, KaVo Dental, Germany).
The fitting accuracy of the reconstruction plates was determined by
measuring the distance between bone and plate. Six locations were
selected (Fig. 3). Distances were measured cranially and caudally to
the six locations (Fig. 4).

2.7.2. Temporomandibular joint position
The temporomandibular joint position was determined on the
basis of preoperative and a postoperative CT or DVT with axial

Table 2
Sites of defects, according to the classification by Jewer et al. (1989)
L LC LCL CH
Group 1 5 4 8 1
Group 2 4 7 9 —

Table 3
Type of reconstruction: IC — iliac crest; fibula — vascularized fibula flap; scapula —
scapula bone flap; radialis — radial forearm flap; NR — no reconstruction.

IC Fibula Scapula Radialis NR
Group 1 2 4 7 5 2
Group 2 - 1 11 8 -

layering. A straight line was drawn through the two rearmost points
of both fossae. This line is called fossa line. Another straight line
was drawn through the condyle at the point of maximum extension.
This was done for both condyles. Then the angles between the fossa
line and the right and left condyle-line were determined using
the software Magic Web (Magic Web VA60C_0212 client, Visage
Imaging) (Fig. 5).

2.7.3. Statistical evaluation

A Shapiro—Wilk test was carried out to verify normal distribution.
In this case a two-sample t-test was used. Otherwise, a Wilcoxon
rank sum test was used. Statistical significance was considered at
p-values less than 0.05.

3. Results

For this study, 24 distances and four angles were collected per
patient. For assorted reasons, this was not possible in some cases.
In three cases, the reconstruction plate was not fully captured.
One patient died before postoperative imaging. In two cases, the
temporomandibular joint was not sufficiently captured to perform
an angle determination.

3.1. Analysis of accuracy of reconstruction plates

The mean plate—bone distance in group 1 was 0.45 + 0.67 mm
(n = 238). In group 2 the distance was 0.62 + 0.67 mm (n = 236).
Table 4 shows the mean values. In consideration of the sum of all
values in a group, the increased fitting accuracy found for group 1
was statistically significant (p = 0.048) (Fig. 6). The Wilcoxon rank
sum test confirmed a significant difference between the two groups
regarding maximum displacement (p = 0.022) (Fig. 7).

3.2. Analysis of the temporomandibular joint

The Wilcoxon rank sum test confirmed no significant difference
between the two groups regarding the sum of differences
(p = 0.867). Group 1 showed a change of 11.44 + 10.23° (n = 18);
group 2 showed a difference of 9.63 + 6.49° (n = 19).

Fig. 2. Optimal fitting, pre-bent reconstruction plate with vascularized fibula flap for
lower jaw reconstruction.
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Fig. 4. Measurement was performed using eXam Vision software (V1.9.3, KaVo Dental, Germany), cranially and caudally to the selected measurement locations.
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Fig. 5. Construction of the joint angle.

4. Discussion

In this study, pre-bent reconstruction plates were compared
with conventional, intraoperatively bent reconstruction plates in
the context of lower jaw reconstruction. The primary objective of
the study was to determine the fitting accuracy of the titanium
plates. In addition, the study should also provide information about
their influence on the position of the temporomandibular joint.

There are several studies dealing with MRP-based, pre-bent
titanium plates, and numerous factors have been analysed so far
(Chang et al., 2003; Bill and Reuther, 2004; Silva et al., 2008; Cohen
et al., 2009; Lethaus et al., 2012). Crucial and repeatedly analysed
factors are operation time and the costs involved. Some of the
studies report a reduction in operation time. According to some
studies, improvements in aesthetic and functional results were
achieved using pre-bent plates, thus resulting in an increased
quality of life (QOL) of patients. Our study did not aim to analyse the
aesthetic outcome or QOL. Nonetheless another study by our group
is analysing operation time and cost/benefit ratio, and so might
contribute to that topic.

Our results showed that pre-bending increased fitting accuracy.
A slightly smaller bone—plate distance could be measured. When
comparing the sum of distances and the maximum distance, there
was a statistically significant difference from the intraoperatively

Table 4
Bone plate distances as means. The titanium plates in both groups have the best fit at
the transition zone and the worst at the outermost screws.

Point of measurement Mean in mm SD in mm Min; max n

Acranial 0.79 +0.81 0;24 39
Acaudal 0.53 +0.64 0; 24 39
Beranial 0.57 +0.7 0; 3.05 40
Becaudal 0.45 +0.65 0; 2.53 39
Ceranial 0.43 +0.7 0;2.28 40
Ceaudal 0.29 +0.65 0; 2.42 40
Dcranial 0.38 +0.74 0; 3.6 39
Dcaudal 048 +1 0; 4.08 39
Ecranial 0.57 +0.74 0; 2.7 40
Ecaudal 0.68 +1.63 0: 9 40
Feranial 0.64 +0.76 0; 2.42 40
Fcaudal 0.62 +0.71 0; 2.56 39

bent plates. Several studies classify a bone-plate spacing below
1 mm as ‘very good’ or ‘normal or precise’ (Probst et al., 2016; Wang
et al., 2016). As in our study, Wang et al. achieved worse results
with the conventional bending. The comparability of the studies,
however, is limited due to the lack of information on measurements
from Wang et al. Probst et al. noticed that the best fitting accuracy
was obtained in areas close to the defect. This is supported by our
results, which might derive from the mandibular mobility evident
after resection.

The accuracy of the 3D models plays an important role in the
reconstruction plate pre-bending process — the anatomy of the
lower jaw needs to be reproduced in detail to achieve the best
results. Numerous studies address this topic (Choi et al., 2002;
Chang et al., 2003; Wilde et al. 2015a, 2015b). At each stage of
the MRP process (imaging, data collection, processing, transfer)
errors can lead to inaccuracies in the model (Winder and Bibb,
2005; Ibrahim et al., 2009). Increasing the CT resolution allows
greater precision, but this is a time-consuming approach, because
every layer has to be edited individually. This virtual editing can
also influence the precision of the models (Winder and Bibb, 2005);
nonetheless, we obtained satisfactory results. It should be noted
that a sufficiently precise model can still be created using a lower
resolution. Not only the radiation dose, but also the duration of
printing is reduced in this way, which in turn is associated with a
reduction in costs (Winder and Bibb, 2005).

The size of the plate depends on the defects' dimensions. Longer
plates impede the bending process and are more time consuming.
When comparing the sum of distances and the maximum distance
in our study, there was a statistically significant difference from
the intraoperatively bent plates. As also described in the study by
Lethaus et al.,, pre-bending was faster and easier than intra-
operative bending (Lethaus et al., 2012). This approach also reduces
the risk of plate exposure and material fatigue (Martola et al., 2007).

To maintain chewing function and face shape, a physiological
jaw relation plays a decisive role. This is determined by the cor-
rect positioning of the two condyles, as well as by good occlusion
and articulation (Urken et al., 1991; Li et al., 1996; Bak et al.,
2010). Vertical interference by only 0.1 mm can cause pain in
the joints and the muscles, and affect the entire patient. There-
fore, preservation of the temporomandibular joint position during
reconstruction is crucial. Our investigations showed no significant
difference between using pre-bent plates and conventional plates
in relation to the temporomandibular joint. In a similar study
to ours, Wang et al. examined changes to the condylar position
(Wang et al, 2016). However, no information was given
about the exact measuring method. Succo et al. compared CAD/
CAM-fabricated reconstruction plates with pre-bent plates
(Succo et al.,, 2015). The condylar position was assessed using
several measurement points. Both methods allowed more precise
reconstruction compared with the conventional procedure. Laser-
modelled plates achieved an even better aesthetic and functional
result than manually bent plates, but this method was much more
expensive.

It is unknown how tumour growth can influence the position of
the lower jaw. Changing an already altered position could result
in even larger angle differences. The same applies to previous
procedures, which also complicate the contouring of the recon-
struction plate regardless of the bending method. Software-based
corrections of the fossa—condylus relation are possible, in order
to achieve physiological positioning. A completely intact preoper-
ative mandibula can be used for the MRP.

In summary, in this study there were strong differences between
the pre- and postoperative joint positions, and no significant
differences between the two groups. Nonetheless, a preoperative
3D model can contribute to better planning and preparation.
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confirmed a significant difference (p = 0.022).

Surgeons can familiarize themselves with the anatomical situation.
Pre-bent plates save surgery time that can be used otherwise.
Measurement errors are inevitable. These include human
errors in measurement as well as the accuracy and resolution of
measuring instruments. Human errors can occur at any point, for
example when drawing lines or modifying the model. Choi et al.
confirm that selecting locations for measurement is troublesome
(Choi et al., 2002). The definition of maximum expansion of the
temporomandibular joint head was not easy, and left open some
room. In this way, it may have come down to deviations and human

errors. The magnification ability and resolution of the DVT was
limited, resulting in limited accuracy of digital measurement.

5. Conclusion

A lot of work can be avoided by the surgeon by pre-bending
reconstruction plates. Time can be saved intraoperatively and
used elsewhere. The results of this study show that a better fitting
accuracy can be achieved with pre-bent plates. Preparation of the
plates proves to be advantageous and meaningful, especially in
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complex bone defects and deformations of the lower jaw. Never-
theless, concerning the position of the temporomandibular joint,
no significant difference could be ascertained between the shown
methods, in contradiction with several studies.
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