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Comparing accuracy results for mandibular reconstructions using computer-assisted surgery (CAS) is limited due
to heterogeneity in image acquisition, extent of mandibular resection, and evaluation methodologies between
studies. We propose a practical, feasible and reproducible guideline for standardizing evaluation methods to
allow valid comparisons of postoperative results and facilitate meta-analyses in the future. It offers a guide to
imaging, data comparison, volume assessment of 3-dimensional models, classification of defects, and it also
contains a quantitative accuracy evaluation method.

Introduction

Mandibular reconstruction using computer-assisted surgery (CAS)
involves planning, modeling, surgical [1,2], and evaluation phases
[3-5]. In the planning phase, a computed tomography (CT) scan of the
craniofacial skeleton and a CT (with or without angiography) of the
donor site is obtained. These images consist of voxels with gray values
proportional to the degree of x-ray attenuation of different tissue types,
which are scaled according to Hounsfield units (HU) (air [ - 1000 HU],
water [0 HU], and human bone [+1000 HU]) and saved as Digital
Imaging and Communications in Medicine (DICOM) files. These DICOM
images are converted into 3-dimensional (3D) surface models, a process
requiring segmentation of the DICOM images into regions of interest
(ROIs) [6]. The commonest segmentation method is thresholding:
voxels with an HU above a selected threshold value are included in the
ROI and transformed into 3D surface models in the Standard Tessella-
tion Language (STL) file format [7]. These STL models can be imported
into computer-aided design software to construct 3D guides [8]. In the

modeling phase, the virtually planned 3D guides are printed and sub-
sequently used in the surgical phase [8]. In the evaluation, a CT scan of
the patient’s craniofacial skeleton is repeated and pre- and post-
operative data sets are compared.

Our recently published systematic review on accuracy of computer-
assisted surgery in mandibular reconstruction demonstrated a lack of
uniformity in image acquisition, mandibular defect classification, and
evaluation methodologies. This heterogeneity limits valid comparisons
of postoperative results between studies [9]. However, the new Eur-
opean Union medical device regulation (MDR) obliges standardization
and Conformité Européenne (CE) certification for CAS processes and
enter into force on spring 2020 [10].

We propose a practical, feasible and reproducible evaluation
guideline to create uniformity in studies regarding the postoperative
evaluation of mandibular reconstructions using CAS and facilitate meta-
analyses in the future.

Abbreviations: CAS, computer-assisted surgery; CT, computed tomography; MDCT, multiple detector computed tomography; HU, Hounsfield units; DICOM, Digital
Imaging and Communications in Medicine; ROI, region of interest; STL, Standard Tessellation Language
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Evaluation guideline

All steps in this guideline should be independently validated by at
least two different observers.

Imaging

Inaccuracies caused by quality of CT data and differences in quality
between pre- and postoperative CT data should be minimized [9].
Therefore, pre- and postoperative imaging should be performed with
multiple detector CT (MDCT) using the identical machine and scanner
parameters. Slice thickness is the most influencing factor in volume
measurements and should be set < 1.25mm [11,12]. The postoperative
MDCT scan should be performed within six weeks to create uniformity
in the postoperative evaluation between studies, and to bypass long-
term changes in the volume or position of the segments of bone graft
[13]. If adjuvant radiation therapy is indicated, the first postoperative
MDCT scan prior to the radiation should be used to bypass radiation-
related pathology in the mandibular bone [14].

Classification of mandibular defects

Classify the mandibular defect according to the classification of
Brown et al. [15] to facilitate comparisons between similar re-
constructions.

STL volume assessment

Pre- and postoperative STL models should be checked on similarity
by superimposing a certain part of the remnant mandible of the pre-
operative STL model (not in touch with the metal fixation) on the
postoperative STL model, or vice versa. The software can subsequently
calculate the volume discrepancy expressed in an arithmetic mean in
mm (Fig. 1). In case of an arithmetic mean > 0.5mm [16], the post-
operative MDCT scan segmentation should be repeated by adjusting the
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Fig. 1. Example of the STL volume assessment: a part of the remnant mandible
(not in touch with the metal fixation) of the preoperative STL model is super-
imposed on the postoperative STL model. The arithmetic mean in this example
is 0.17 mm, which is accurate enough (< 0.5 mm) to continue to the next step
in the evaluation guideline.
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threshold values.
XYZ orientation

The Frankfurt plane, midsagittal plane, and the nasion should be
used for XYZ orientation of the preoperative STL model (revised to the
virtual plan). The Frankfurt plane is determined by drawing a plane
passing both internal acoustic foramen and the left infraorbital margin
[17]. The midsagittal plane is determined by drawing a plane passing
the nasion, basion and the incisive foramen [18]. A plane-line-point
software tool should be used to position the skull on the XYZ-axis,
projecting the Frankfurt plane to the Z-axis (plane), the midsagittal
plane to the Y-axis (line), and the nasion to the X-axis (point).

Superimposition of the condylar processes

The postoperative STL model of the entire reconstruction should be
superimposed on the preoperative STL model (revised to the virtual
plan), with only both condylar processes selected for the iterative clo-
sest-point algorithm. This is done by selecting both condylar processes
on the postoperative STL model by drawing a plane from the most
caudal point of the incisura mandibulae (mandibular notch) perpendi-
cular to the posterior edge of the border between condyle and ramus
(Fig. 2).

Calculation of the right and left axial, coronal, and sagittal mandibular
angles

To prevent bias, the postoperative STL model should be deselected
during the identification of bony landmarks in the preoperative STL
model, and vice versa. Virtual points are determined on the most su-
perior and posterior part of the condyle. In case of a vertical segment of
bone graft or a titanium/prosthetic condyle, these virtual points are
located on the most superior- and posterior parts. The vertical corner
and horizontal corner according to the classification of Brown et al. are
identified. If a corner is included in the resection, the most inferior
point of the osteotomy plane between the two segments of bone graft
should be selected. When half of a corner is included in the resection
(remnant mandible adjacent to a segment of bone graft), the most in-
ferior point of the osteotomy plane on the segment of bone graft should
be selected. In class I defects a virtual point on the most anterior and
inferior part of the horizontal segment of bone graft should be created
and considered as horizontal corner. When the surgeon prefers osteo-
tomies outside the anatomical corners, the osteotomy closest to the
anatomical corner should be identified as vertical- or horizontal corner.

Subsequently, using these four bony landmarks (the condyle su-
perior, condyle posterior, vertical corner and horizontal corner) and the
midsagittal line, the right and left mandibular angles (°) can be calcu-
lated:

® The coronal mandibular angles are calculated between the lines
from condyle superior to vertical corner and the midsagittal line.

e The axial mandibular angles are calculated between the lines from
vertical corner to horizontal corner and the midsagittal line.

e The sagittal mandibular angles are calculated between the lines
from condyle posterior to vertical corner and the lines from vertical
corner to horizontal corner.

Differences between the postoperative angles and the virtual
planned angles should be calculated and reported.

Calculation of the xyz deviations of the dental implants
The correct dental implant diameter and height (including the cover

screw) should be used in the preoperative planning for correct com-
parison. Using the zero reference point on the XYZ-axis (previously
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Fig. 2. Example of the superimposition of the condylar processes: the postoperative STL model of the entire mandibular reconstruction is superimposed on the
preoperative STL model (revised to the virtual plan), with only both condylar processes selected for the iterative closest-point algorithm (shown in red).

created during step 4), the XYZ- axis position of the top of the dental
implant in the middle of the cover screw is measured with a XYZ-de-
viation plot tool in the pre- and postoperative STL models.
Subsequently, the differences on the X-, Y- and Z-axis in mm are cal-
culated by subtracting the preoperative XYZ-values (x;, y; and z;) from
the postoperative XYZ-values (x,, y» and z,). The dental implant dis-
tance XYZ (dXYZ) from point to point (virtual planning vs. post-
operative result in mm) should be calculated with the formula:

dXYZ = \/(Xz —xD2 4+ (y2 — yO2 + (22 — z1)?

How to use this evaluation guideline

As an example for the use of this guideline, three cases from our
department including a Brown class I, class II and class III reconstruc-
tion are evaluated in Figs. 3-5.

Discussion

Postoperative hard tissue accuracy of mandibular reconstructions
using CAS should be evaluated by four components: (1) the position of
the condyles, (2) the angles of the osteotomy planes, (3) the position
and size of the segments of the bone graft, and (4) the position of the
dental implants.

De Maesschalck et al. described an evaluation method to measure
hard tissue accuracy, which bypasses the difficult determination of
osteotomy planes by calculating the differences in linear and angular
parameters on pre- and postoperative STL models [19]. However, de
Maesschalck does not use a standardized and reproducible method to
determine the midsagittal plane, virtually planned dental implants are

not included in the evaluation method, and no attempt is made to
differentiate between complexity of mandibular reconstructions.

A mandibular defect classification is required to categorize the
complexity of mandibular reconstructions and thereby facilitate com-
parisons between similar reconstructions. Brown et al. proposed a
classification based on the principle that the mandible has four corners:
two vertical corners (mandibular angles) and two horizontal corners (in
the dentate mandible centered at the canine teeth on each side and in
the edentate mandible approximately 7 mm anterior to the mental
foramen). These four corners correlate with the need to shape a bone
graft with osteotomies. Brown et al. describes four classes: class I
(angle), class II (angle and canine), class III (both canines, no angles),
and class IV (both canines and at least one angle). A “c” is added if the
condyle is involved. Mandibular defects not including a vertical- or
horizontal corner(s) are classified according to the closest corner. The
higher the defect class, the higher the complexity of the reconstruction
[15].

In our proposed guideline, we defined lines between the condyle,
vertical- and horizontal corner (according to the classification of Brown
et al.) and subsequently created axial, coronal, and sagittal mandibular
angles (pioneered by de Maesschalk et al. [19]). Additional, an eva-
luation method of the postoperative positions of virtually planned
dental implants are included. CAS facilitates dental implant placement
at the time of initial reconstruction in line with the antagonist dentition
[20,21], with higher utilization of implants and shorter time to com-
plete dental rehabilitation [22,23]. The number of authors applying this
technique in the future is likely to increase. The postoperative position
of the neck of the dental implant is important with regard to the future
dental rehabilitation. Angular deviations up to 15° are not a major
concern since angled abutments can help to correct these deviations.



G.J.C. van Baar, et al.

Oral Oncology 88 (2019) 1-8

Virtual planning

Brown Class |

Postoperative result

CSR ML csL

Coronal mandibular angle R

Virtual plan (°) 1.39
Postoperative (°) 1.18

Deviation( °) -0.20

Coronal mandibular angle L

Virtual plan (°) 1.44
Postoperative (°) 0.04

Deviation( °) -1.40

CSR

ML

Axial mandibular angle R

Virtual plan (°) 29.57
Postoperative (°) 33.04

Deviation( °) 3.47

Axial mandibular angle L

Virtual plan (°) 26.46
Postoperative (°) 28.06

Deviation( °) 1.60

Sagittal mandibular angle R

Virtual plan (°) 68.05
Postoperative (°) 66.59

Deviation( °) -1.46

HC L

Sagittal mandibular angle L

Virtual plan (°) 58.68
Postoperative (°) 60.61

Deviation( °) 1.93

HC L

Fig. 3. Example of a Class I reconstruction according to Brown et al. [15] evaluated according to the proposed guideline. Coronal, axial and sagittal angles of the
virtual planning and the postoperative result are shown and compared. The patient had a normal postoperative occlusion. CS, condyle superior; CP, condyle
posterior; VC, vertical corner; HC, horizontal corner; ML, midsagittal line.
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Virtual planning Brown Class Il Postoperative result

CSR ML CS L | Coronal mandibular angle R CSR ML CSL

Virtual plan (°) 0.66
Postoperative (°) 2.43

Deviation( °) 1.77

Coronal mandibular angle L

Virtual plan (°) 0.58

Postoperative (°) 1.06

Deviation( °) 0.48

Axial mandibular angle R

Virtual plan (°) 29.14
Postoperative (°) 31.83

Deviation( °) 2.68

Axial mandibular angle L

Virtual plan (°) 28.45

Postoperative (°) 26.20

Deviation( °) -2.24

Sagittal mandibular angle R

Virtual plan (°) 58.06
Postoperative (°) 57.03

Deviation( °) -1.03

Sagittal mandibular angle L

Virtual plan (°) 59.97
Postoperative (°) 61.18

Deviation( °) 1.21

VCL

HC L HCL

Fig. 4. Example of a Class II reconstruction according to Brown et al. [15] evaluated according to the proposed guideline. Coronal, axial and sagittal angles of the
virtual planning and the postoperative result are shown and compared. The patient had a normal postoperative occlusion. CS, condyle superior; CP, condyle
posterior; VC, vertical corner; HC, horizontal corner; ML, midsagittal line.
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Virtual planning

Brown Class Il

Postoperative result

Coronal mandibular angle R

Virtual plan (°) 0.91
Postoperative (°) 3.42
Deviation (%) 2.51

Coronal mandibular angle L

Virtual plan (°) 3.55
Postoperative (°) 1.08
Deviation (°) -2.47

CSR

ML

CSL

Axial mandibular angle R

Virtual plan (%) 29.72
Postoperative (°) 29.28
Deviation (°) -0.44

Axial mandibular angle L

Virtual plan (%) 30.02
Postoperative (°) 27.82
Deviation (°) -2.20

Sagittal mandibular angle R

Virtual plan (°) 51.46
Postoperative (°) 54.43
Deviation (°) 297

CSR ML CSL
VCR Ve L
HCR HCL
VCR VCL
ML
CPR
VCR
HCR
CPL
VCL

HC L

Sagittal mandibular angle L

Virtual plan (°) 48.67
Postoperative (°) 49.15
Deviation (°) 0.48

HC L

Dental implants

Implant 1
Implant 2
Implant 3
Implant 4
Implant 5

Implant 6

Deviation (mm)

Xz =Xy
-0.10

-0.67

Y2-Y, Z,-2, dXyz

-1.84 0.73 1.98
-1.99 0.58 2.18
0.05 1.50 1.61
-1.77 2.54 3.09
-3.60 3.13 5.52
-3.49 2.55 5.35

Fig. 5. Example of a Class III reconstruction according to Brown et al. [15] with virtually planned dental implants, evaluated according to the proposed guideline.
Coronal, axial and sagittal angles of the virtual planning and the postoperative result are shown and compared. Dental implant deviations on the X-, Y- and Z-axis and
the point-to-point distance XYZ (dXYZ) per implant are shown. Post-operatively there was no occlusion according to the virtual plan. CS, condyle superior; CP,
condyle posterior; VC, vertical corner; HC, horizontal corner; ML, midsagittal line.



G.J.C. van Baar, et al.

Tarsitano et al. published an evaluation method for mandibular
reconstruction using CAS [24]. A few considerations should be high-
lighted: (1) An evaluation method for virtually planned dental implants
should be included. (2) Accuracy results were published as ‘average
error’ in mm, therefore the origin of inaccuracies is not traceable. (3)
Alignment of the pre- and postoperative STL models was performed by
superimposition of the entire mandibular reconstruction. This software
tool calculates the most favorable correspondence (‘best fit’) of two
clouds of points with an iterative closest-point algorithm. Hence, su-
perimposing the postoperative STL model of the entire reconstruction
(including potential inaccuracies) allows deviations to ‘best fit’ the
preoperative STL model of the virtual plan, not taking into account the
postoperative intermaxillary relationship and position of the condyles.
Another reason why superimposing the entire reconstruction is not
recommended is the scattering caused by the fixation plate(s), in-
troducing inaccuracies in the alignment of STL models [25-27].

The alignment of pre- and postoperative STL models is complicated
because of confounders affecting the postoperative mandibular position
relative to the cranium and maxilla (e.g. temporomandibular joint hy-
drops, differences in mouth-opening between pre- and postoperative CT
scans, and the unpredictability of the postoperative intermaxillary re-
lation due to the unpredictable position of the condyles relative to the
fossae). Difficulties arise when studies attempt to implement the su-
perimposition tool: (1) superimposition of the full reconstructed
mandible is discouraged because of the intermaxillary deviations and
scattering of the fixation plate(s), (2) superimposition of isolated parts
of the neomandible (e.g., segments of bone graft, reconstruction plate,
dental implants) is discouraged due to deviations relative to the entire
reconstruction, and (3) superimposition of the cranial region is dis-
couraged due to the confounding factors affecting the postoperative
mandibular position.

In our opinion, superimposition of both condylar processes is the
most simple, reliable and reproducible method for pre- and post-
operative STL model alignment. The postoperative condyle position can
be affected by incorrect position and placement of the neomandible
[28]. However, CAS techniques showed increased reproducibility of
virtually planned positioning of the condyles [2,28]. In case of condyle
deviation, the intermaxillary relation starts to adapt to the midline and
subsequently averages the position of both condyles around the mid-
sagittal plane. This modification was noted by Hidalgo et al. as:
“tandem temporomandibular joint function across the midline”, and
called “a unique property of the mandible” [29]. Fortuitously, this
averaging around the midsagittal plane is comparable to super-
imposition of both condylar processes. In case of a resected condyle, the
condyle is substituted by a vertical segment of bone graft or a custom
titanium reconstruction plate including a titanium/prosthetic condyle
[29,30]. Both still can be used for superimposition by selecting a sur-
face of similar volume compared to the opposite condylar process. A
systematic review on mandibular reconstruction with vascularized bone
flaps of Brown et al. showed that the condyle is resected in only 10% of
all cases [31].

Mandibular reconstructions are frequently exposed to postoperative
adjuvant therapy with potential consequences for the (neo)mandibular
bone. Radiation-related pathology in mandibular bone (i.e. atrophy,
non-union, osteoradionecrosis and fractures) could potentially influ-
ence the long-term volume and positioning of the segments of bone
graft [13]. Radiation therapy (if indicated) usually starts within six
weeks after surgery and is preceded by a postoperative MDCT scan,
which can be used simultaneously to evaluate postoperative accuracy
outcomes [14]. Further research could be conducted to determine the
influence of radiation therapy on the (neo)mandibular bone using our
proposed evaluation guideline.

Tolerable outcome ranges in mandibular reconstruction using CAS
and their consequences for functional outcome are lacking in studies
reviewed so far [9,19]. Our evaluation guideline could contribute to a
much more systematic and uniform approach to objectify these
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relationships. Acceptable coronal, axial and sagittal angle deviations,
their relationship with the postoperative positions of dental implants,
and acceptable dental implant deviations (dXYZ) need to be determined
in future research. It is important to bear in mind that outcome ranges
are separated per Brown class and preferably should be related to
functional outcome. To do so, our department will conduct a multi-
center validation study, which takes all the above mentioned variables
into account.

Conclusion

Our evaluation guideline offers a guide to imaging, classification of
defects, data comparison, and volume assessment of 3D models.
Furthermore, it contains a quantitative accuracy evaluation method.
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