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Abstract—In this article, we will consider the algorithm
on the basis of which an application was developed to build
a three-dimensional model of the lumbar spine using images
DICOM. The model is different from the existing ones so
far as it has an intervertebral disk. The created application
has been successfully tested.
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I. INTRODUCTION

The task of modern medicine is the study of
pathogenic factors, as well as the identification of means
to eliminate or weaken pathological processes. However,
it seems obvious that in order to foresee the development
and consequences of pathological processes, as well as
to formulate medical recommendations, it is necessary
to fully study both normal and impaired functioning of
organs.

The numerical study of physiological and unnatural
processes occurring in the human body is currently one
of the most relevant and promising areas in scientific
research.

Modeling and three-dimensional reconstruction are
increasingly used as applied tools in various fields. Such
areas include, in particular, medicine. Today, with the
emergence of new diseases, it is increasingly difficult for
doctors to make the correct diagnoses in the examination
of patients, and when conducting high-precision surgery,
it is necessary to have as much as possible a detailed idea
of the state of internal organs. For example, it is often
necessary to accurately construct a three — dimensional
model of the human vertebra for the subsequent selection
of the optimal implant design [1-3].

In many cases, to establish the diagnosis, the doctor
visually examines the images of individual sections of
the object obtained during the tomographic examination.
However, for some clinical tasks, such as surgical plan-
ning, this is not enough [1].

The model provides much more information about
the spine than can be obtained by modern measuring
instruments.
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Studies of the spine required for:

« analysis of the state of the spinal column, under
unusual loads and pathological changes [4 — 6];

o choosing a reasonable method of correction [1];

o development of new correction methods [7];

o development of implant designs.

Pathological diseases and injuries are among the most
common diseases of the human lumbar spine [8]. The
number of diseases of the spine elements in humans is
very large, and each case is individual, corresponding to
a particular type of pathological changes or injuries [6].

Most of the pathologies of the spinal column are
associated with osteochondrosis. It is this disease that
most often leads to the progression of other disorders:

o intervertebral hernia;

o disc protrusion;

e sciatica;

¢ spinal cord compression;

o loss of sensitivity;

e spinal cord infarction.

Surgical treatment of the spine is performed to prevent
compression of the spinal cord and the development
of complications in osteochondrosis and intervertebral
hernias.

Surgical treatment of diseases and injuries of the spine
is carried out with surgical treatment:

o of osteochondrosis is used in the presence of the
following complications: hernias and protrusions of
the intervertebral discs, spondylolistea, secondary
spinal stenosis.

o for traumatic lesions of the spine at all levels,
including the consequences of spinal injuries and
comprehensive treatment after “unsuccessful” pre-
vious operations.

« for cancer with damage to the spinal column, spinal
cord, spinal roots.

« of a number of congenital anomalies of the spine.

Currently, the creation of three-dimensional models
describing the lumbar spine of a person, and the study



of these models will justify the methods of treatment of
diseases or injuries, which determines the relevance of
research.

Thus, the automation of the process of building a 3D
model of the lumbar spine of a person is relevant. The
significance is due to the fact that the development of ma-
terials and technologies for the production of prosthesis
structures, implants, orthoses and other medical special
technical means, as well as the combination of different
methods of treatment requires research to confirm or
refute this combination [9].

II. THE MAIN STAGES OF BUILDING A
THREE-DIMENSIONAL MODEL OF THE LUMBAR SPINE
OF A PERSON

Currently, the treatment of diseases of the muscu-
loskeletal system is impossible without the use and
analysis of relevant biomedical images, a special place
among which is occupied by the results of computed
tomography, and, in particular, computed tomography of
the human spine [10 — 13].

The result of computed tomography is a three-
dimensional matrix of numbers representing the density
of different parts of the object. The values of the matrix
elements depend on the type of tissue under study and lie
in a certain range, allowing to obtain three-dimensional
images of the internal structures of the object under study
[14].

Three-dimensional modeling allows to measure angles,
lengths and diameters of different anatomical structures
in the initial state and spatial transformations. This is
essential in assessing the feasibility of reconstructive
operations, in determining the most correct method of
operation.

At design of a program complex it is possible to
allocate several key stages of work (figure 1).

The first step is the selection of bone tissue in medical
images. This step will allow you to leave only significant
information on the images.

The second stage is a three-dimensional reconstruc-
tion of the lumbar spine, as well as the generation of
intervertebral discs.

The final stage is the formation of an STL file with
a description of a three-dimensional model for further
visualization and strength studies in CAD systems.

To perform the first stage of work, images were
segmented [15], since the image elements corresponding
to bone tissue in computed tomography images contrast
sharply in comparison with other anatomical objects
(figure 2), which is connected with the peculiarities
of color representation in computed tomography image,
which stores the value of the x-ray density of the captured
object [16].

To highlight the necessary areas in the images (bone
tissue) for further processing and to eliminate noise in
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Figure 1. Key stages in the construction of a three-dimensional model
of the lumbar spine of a person using computed tomography images.

Figure 2. Sample image computed tomography.

the form of a background, threshold transformations are
used, such as:

T =T(x,y,p(z,y),f) ey

where f is an image; p(x,y) is a local characteristic of
the point (z,y) of the image.

The image g(z, y) obtained as a result of the threshold
transformation is determined by the formula:

X _ L, it f(ry) > T
glwy) = {0, if f(z,y)<T

where T is a threshold value; f(x,y) is a pixel value;
g(z,y) is a value of the function that determines the
belonging of the pixel to the object.

Thus, the pixels assigned the value 1 correspond to
objects, and the pixels with value 0 correspond to the
background [17].

Figure 3 shows the original images of spinal slices on
computed tomography.
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Figure 3. Image to threshold processing method.

After the threshold transformation of the image (figure
3 a, b, ¢) look as shown in figure 4 a, b and c,
respectively.

Transformations allow the detection of bone tissue by
selecting the optimal density (brightness) value, which
is used as a threshold and allows you to distinguish the
required objects from the background.

The image may be damaged by noise and interference
of various origins. Averaging filters were used to sup-
press noise in the images. The idea of using averaging
filters is to replace the original values of the image
elements with the average values of the filter mask. This
reduces the sharp transitions of brightness levels.

The use of averaging filters is to suppress "nonexis-
tent" details in the image. By “nonexistent” we mean a
set of pixels that are small compared to the size of the
filter mask.

For visualization of the intervertebral disc, which is
absent in the images of computed tomography, it was
completed. At the first stage, images were found that
lack a vertebral body (figure 5), and then images of
the previous and subsequent vertebra with the body. The
second stage was the reconstruction of the intervertebral
disc.

An algorithm was written to restore the intervertebral
disc, which consists of the following steps.

To obtain a clear contour of the objects in the pro-
cessed image, the contour segmentation algorithm, the
Laplace operator, is used. Using the Laplace operator
[21] on each image, we find the contours of the spine,
which in the vast majority of cases are closed curves.
Figure 6 shows an example of the operation of the
implemented algorithm.

The developed algorithm consists of the following
steps:

a) the selected borders are viewed from top to bottom
in layers (the layer in this case is the points that have
the same y coordinate value);

b) if there is a distance between adjacent boundaries,
then all layers already covered form a region and are

recorded separately; at the same stage, after selecting the
area, this area is divided, passing from left to right:

« the selected area is passed from left to right; if there
is a gap between adjacent boundaries, then all layers
that have already been covered will form a region
and are recorded separately; if there is no clearance,
then scanning continues until the region ends;

« if more than one contour was found in the new area
being viewed, then they replace it;

c) if there is no clearance, then viewing continues until
the layers being viewed are over.

The first stage is the recognition of the contour of the
vertebral body in images that were detected earlier (the
previous and subsequent vertebra with the body), as well
as the formation of a list of points on the contours that
are the coordinates of the triangle vertices.

The second step is to determine the contour with the
least number of vertices. Figure 7 shows an example of
two contours (upper contour and lower contour), where
the upper contour is the required contour.

Next we connect the first point of the upper contour
with the closest point of the lower contour. The remain-
ing points are connected, as shown in figure 8.

As a result, you may get several cases:

o when the number of points on the contours coin-
cides, then connect the vertices, as shown in figure
9, a.

« when the number of points on the contours differs
by one, then connect the vertices, as shown in figure
9, b.

« when the number of points on the contours differs
by two or more, then connect the vertices, as shown
in figure 9, c.

For the three-dimensional reconstruction of the lumbar
spine of a person the algorithm of triangulation of
the surface «Marching cubes» was chosen as a basis
[18]. The algorithm produces a partitioning of a region
of space containing the surface of the cubic cell and
approximarely the intersection of surface and every cubic
cell. As a result, on the basis of the coordinates of
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Figure 4. Image after threshold processing method.

Figure 5. The image on which the vertebral body is missing.

Figure 6. Isolation of individual sections of the vertebra, using the
developed algorithm.

the points of bone tissue in the images of computed
tomography, a list of the coordinates of the vertices of
triangles that describe the three-dimensional surface, and
the unit normals to them was formed.

Based on the obtained three-dimensional model of the
lumbar spine of a person, an STL file is generated. Each
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Figure 7. Contours of the vertebral bodies.

resulting triangle is described by twelve 32 bit floating
point numbers: three numbers for the normal and three
numbers for each of the three vertices for the X/Y/Z
coordinates.

III. RESULT

During the study, an algorithm was developed for
constructing a 3D model of the lumbar spine of a person,
which includes vertebrae and intervertebral discs, based
on the analysis of DICOM images.

Figure 10 shows the result of visualization of a ge-
ometric 3D model of the human lumbar spine. The
constructed computer models can be the basis for the
development of the method of preoperative forecasting of
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Figure 8. Connecting contour points.

the spine in various pathological formations, correction
and prosthetics.

The developed software package for the construction
of an individual geometric 3D model of the lumbar spine
of a person based on the analysis of medical images
differs from the existing possibility of building a three-
dimensional model, which includes the vertebrae and
intervertebral discs.

Also, the software package allows you to export
models in STL format for further numerical experiments
in computer-aided design systems aimed at obtaining
information about the behavior of the lumbar spine of
a person under the influence of various loads, as well as
the impact on its stress-strain state of implants and other
supporting devices.

Individual geometric 3D models of lumbar calving of
the human spine can be used:

o to improve the assessment of spatial relationships
of organs and structures;

e as a good example in the educational process (use
of the model in the educational process for students
and interns of neurosurgeons [1]);

« in scientific research (for example, studies to de-
termine the risk of diseases of the musculoskeletal
system [19]);

o to select the optimal fixing structure, options for
attaching it to the vertebra;

« predict the effects of implantable elements (materi-
als and structures that can replace the damaged item
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Figure 9. Vertex connection example.

or some segment of the spine and to perform the
functions assigned to the replaced element/segment)
n the vertebral part of the patient;

o planning of some treatments (virtual simulation of
radiation therapy, surgical navigation);

o assess the development of various diseases and
pathologies [20] (for example, such as osteoporo-
sis);

o to assess the normal and pathological anatomy of
a particular patient, to predict surgical intervention,
possible complications, and their prevention [2].

IV. CONCLUSION

As a result of the research, the program complex
«Vertebra 3D» was developed, which has the following
advantages:

1. possibility to build an individual geometric 3D
model of the human lumbar spine, which includes ver-
tebrae and intervertebral discs;

2. export of a three-dimensional model to the STL
file format, which allows to directly materialize the
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Figure 10. 3D model visualization.

reconstructed objects in the software complexes of three-
dimensional modeling or complexes of finite element
analysis, which allow to simulate the functional proper-
ties of the object and the implant, necessary to predict the
impact of implantable elements or planning treatments;

3. the presence of means of visualization of the three-
dimensional model;

4. cross-platform operation of the software package.

The use of the developed software package for con-
structing an individual geometric 3D model of the lumbar
spine of a person contributes to the optimization of the
work of medical personnel, reducing the load on medical
workers and reducing the impact of the human factor on
the accuracy of the results obtained in the analysis of
the spine, anatomical studies of vertebral segments or
the development of implant design.
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IMocTpoenne MHANBUYAIbHO
reomeTrpuyeckoi 3D mMoje i NOSICHIYHOTO
0T/IeJ1a M03BOHOYHHKA YeJI0BeKA HA OCHOBE

anaynsa KT-u300pakeHui

Cemenuens T.C., Kypouka K.C.

IIpennoxeH anrropuT™, NO3BOJIAIOIINIA MO Pe3yIbTaTaM KOM-
MBIOTEPHON TOMOrpauu MOSICHUYHOIO OTJeJa MNO3BOHOYHHMKA
4esioBeka, npejcrasiaeHHoi B Bune DICOM-daitnos, copmu-
poBaTh TPEXMEPHYIO MOZENb, OTIMYANIYIOCS OT CYIIECTBYIO-
MUX CTEHEPUPOBAaHHBIM MEXKIMO3BOHOUHBIM jAuckoM. Ha ocHoe
ITOPUTMA CO3JJaHO COOTBETCTBYIOILEE IPOrpaMMHOE oOecreye-
HME U IIPOBEJICHA €ro anmpooarus.
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