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Abstract—Accurate predictive models of human mandible
are the most important component in maxillofacial
reconstruction surgery when medical images of the whole
bone are not available (due to the bone illness, fracture or
an extreme traumatic bone damage, osteoporosis). Existing
predictive models are based on predicting the intermediate
form of the model including all of its variations based on the
input data set, but the shortcomings are inaccurate
prediction of shape variations and geometry of the bone
outside of the input set. In this paper, the method for
building predictive 3D model of the human mandible, which
geometry can be changed according to the specific patient’s
bone, is presented. The method is based on the Method of
Anatomical Features, with the implementation of the
important improvement, with the application of artificial
neural networks in the prediction of human mandible
geometry. This approach enables easy personalization of the
model’s shape and geometry and can serve as a template for
individual treatment planning.

I. INTRODUCTION
Complications following surgical interventions are
often associated with inadequate reconstruction of the
skeleton of the face. To correct functional and aesthetic
requirements, the precise surgical intervention is
required. A set of techniques that use computer
technology for surgical planning and performing surgical
interventions is called a Computer-Assisted Surgery
(CAS)[1]. The most important component for the CAS is
the development of an accurate geometrical model of the
human bone, tissue and muscle.
An extreme traumatic bone damage, osteoporosis or
cancer can be possible reasons for the lack of complete
geometrical model of the human bones. In such
situations, it is essential to apply a method for the
reconstruction of the complete geometric model of a
human bone structure based on the geometry prediction.
The division of methods that allow the reconstruction of
the complete 3D bone model can be performed according
to the method of creation: method based on statistical,
parametric bone models and methods based on other
techniques [2].
As a prerequisite for the development of the method,
techniques that can be applied for the creation of
predictive 3D models of human bones are analyzed. In
the literature review, it is noted that there is a very small
number of papers that are based on the development of
parametric models of human bones. Proper reconstruction

of complete 3D geometrical models of human bones or
their missing part is a very complex process. In most
cases, the reconstruction of the geometric model of a
human bone is based on the application of Statistical
Shape Models – SSM [3, 4]. Statistical models of human
bones are models formed over a set of bone input models.
They are created based on statistical methods and allow
the prediction of the geometry and shape of the bones of a
specific sample. Statistical models are based on a
prediction form of a model; however, shape variations
and geometry outside the input data cannot be accurately
predicted [5].
The main motivation of the research was to develop a
predictive (parametric) model of the human mandible
which will improve the preoperative procedure. They are
based on the input set of bone samples, obtained from the
medical scanning device. The benefit of predictive model
application can be creation of complete bone models or
bone segments even in cases when we have incomplete
information about the patient’s bone.
The predictive model is constructed by defining the
referential geometric entities (points, axes, lines, planes)
that correspond to anatomical features. It is defined as a
point cloud model, where each point is defined by an
individual parametric function. In the previous research,
multiple regressions were applied for creation of the
parametric function [6]. The focus of this analysis was to
examine whether the application of other statistical and
Artificial Intelligence (AI) methods for the creation of
parametric function attain the appropriate geometrical
accuracy of the resulting models.
II. MATERIALS AND METHODS
For the geometrical analysis of the human mandible
eighteen samples were used. Clinical CT scans of the
adult’s male human mandible were obtained from the
Clinical Center of Nis, Institute of Radiology, scanned by
64-slice CT (MSCT) (Aquillion 64, Toshiba, Japan). The
CT scans were collected using the resolution of 512 x 512
px and slice thickness of 0.5 mm.
The method developed by the authors of this research
introduces a new approach for the prediction of a human
mandible geometry. The method is based on the MAF
method [6,7], which has so far has been successfully
applied for the creation of the complete geometrical
models of various human bones in the skeletal system of
a man, even in cases when the information about the
patient’s bone are incomplete. MAF method served as the

initial basis for further research analyses aimed at solving
the problem of the prediction of the human bone
geometry. It is important to note that MAF method is
based on a prediction algorithm which involves the
application of the multiple regression. In this research, a
new approach in geometric modelling of a human
mandible is based on the prediction of human bone
geometry using artificial neural network techniques.
The procedure for the creation predictive (parametric)
3D model of human mandible consists of following steps:
• Preparatory process;
• Definition of referential geometrical entities;
• Definition
of
anatomical
points
and
morphometric parameters;
• Development parametric functions;
• Creation parametric 3D model.
A. Preparatory process
In order to demonstrate the new approach in the
geometrical modeling of the human mandible, eighteen
(18) mandible samples were used. The mandible samples
came from Serbian adults’ males aged from 50-70 years.
The preparatory process consists of: CT scanning of
the patients, segmentation of medical data in medical
software, transformation geometrical data into the STL
format, importing geometrical data into CAD software
and creation of polygonal model.
B. Definition of referential geometrical entities
One of the most important steps in creating of a
predictive geometrical model of the human mandible is
definition of Referential Geometrical Entities (RGEs).
They are representing a plane, line, axis, points that will
serve as the basis for the creation constituent geometric
entities [8]. The procedure for defining RGEs starts with a
position of characteristic anatomic points on a polygonal
model. On the polygonal model of the human mandible in
accordance with the anatomical and morphological
characteristics of the bone, five anatomical characteristic
points are defined (represented in Fig. 1) [9]. They were
used as the basis to creation characteristic planes, axes and
views. The correct identification of RGEs is of great
importance for the successful geometric modeling of
human bones, because constituent geometric entities
(spline, surfaces and solids) are spatially referenced in
relation to them.

C. Definition anatomical points and morphometric
parameters
Parametric model of human bones is defined as point
cloud models, which represent an approximation of
human bone boundary [10]. In this research, point cloud
contains of 156 anatomical points positioned on the right
side of human mandible. They are used to describing
specific anatomical locations (Fig. 2). Each anatomical
point coordinate (X, Y and Z) in the point cloud model is
defined by parametric function.

Figure 2. Location of anatomical points on the anatomical parts of the
human mandible

Morphometric parameters represent arguments in
parametric function. They are dimensions which can fully
describe the configuration of the human mandible [11].
These dimensions can be acquired from medical images
by using adequate software. In our case, morphometric
parameters are defined and measured from polygonal
model in CATIA software (Fig. 3).

Figure 3. Morphometric parameters defined on the polygonal model of
the human mandible

Figure 1. Referential geometrical entities on human mandible

D. Development of parametric functions
Artificial Neural Networks (ANN) is applied for the
creation of parametric functions. The ANN model with
input data (measured values of morphometric parameters)
and output data (values of X, Y and Z coordinates) is
shown in Fig. 4.

III. RESULTS AND DISCUSSION
The geometrical accuracy of the obtained surface
models was tested by the application of the deviations
analysis in CATIA software. Deviations analysis was
performed between an input and resulting model. The
maximum value of deviations was presented in Table II.
TABLE II. Maximum value of deviations [mm]

Body of the mandible
Ramus
Coronoid process
Condylar process
Angle of human mandible

Figure 4. The ANN model with input and output data

MATLAB software was used for mathematical
modeling. By using MATLAB Neural Net Toolbox, the
precise connections between the variables have been
established.
The first phase of the analysis defines: the set of rules
using to the training of the ANN and the set of input output data. To create a mathematical model, 75% of
randomly selected data was used, while the remaining
25% was used for validation. To avoid the instability of
the neural network, the pre-processing (scaling) of inputoutput data was performed before the training process.
Usually the data preparation is done in the form of data
normalization (scaling) to some standard ranges such as 0
to 1 or -1 to 1. The most elementary method for selection
of architectural and training parameters settings is the use
of a trial and error method. In order to determine the
optimal values of ANN parameters, several neural
networks of different structures were developed and
tested. The best-performing model was presented in Table
I. ANN model was trained by Levenberg-Marquardt
algorithm [12], and sigmoid transfer functions were
selected in a hidden and output layer.
The training of the ANN was interrupted when there
was no further reduction in the error between the expected
and the resulting output values. Mean sum of Squared
Error (MSE) was used to evaluate the predictive accuracy
of the ANN model.
TABLE I. ANN training parameters

Number of input neurons
Number of hidden neurons
Number of output neurons
Algorithm
Momentum
MSE
Number of training epochs
Trans. fun. in hidden layer
Trans. fun. in output layer
*log - sigmoid transfer function

9
50
3
BP
0.625
0.038
1464
logsig*
logsig

E. Parametric 3D surface model
The construction of a 3D surface model of the human
mandible is based on the predictive values of the
coordinates of the anatomical points. The surface model is
created in CAD software CATIA by the application of
adequate software modules and features.

-0.10 to 0.38
-0.36 to 0.21
-0.29 to 0.20
-0.40 to 0.21
-0.23 to 0.58

IV. CONCLUSION
The approach presented in this research enables
creation of complete 3D geometrical models of human
mandibles and bone fragments [13], even in the cases
where the input data of patient’s bone are not complete.
By comparing the geometric accuracy of resulting
models created by MAF method [14] and new approach
in geometric modelling of human mandible, it can be
concluded that the models created using the ANN are
geometrically more accurate. A study suggests that the
improved approach for the geometric modelling of the
human mandible represents a significant contribution
towards improving the geometric and anatomical
accuracy of the resulting models.
The resulting models based on the artificial neural
network technique have a precision level that is clinically
acceptable and can be applied in: preoperative planning,
surgical simulation, post-operative recovery of the
patient, design of osteofixation material, etc.
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