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Abstract— This article presents spatial analyzes conducted to
assess the potential of ReMake software to be used for medical
purposes, with emphasis on the analysis of the shape and
dimensions of the ventricles. To achieve this goal, the length of the
sections measured with the ReMake and Image Master programs
have been compared. RMS error was on the level of 1.2 mm. In
addition to indicating the appropriateness of using this software,
there are several examples of measurements that can be made on
the basis of the obtained data in the digital 3D model.
Measurements were prepared by using CloudComapre.
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. INTRODUCTION

With the increased demand for imaging of complex
anatomical structures it was noticed that there is a necessity to
introduce new technologies into medical sciences in order to
visualize three-dimensional structures such as computer 3D
models. It has also been found that with such virtual models, it
is possible to reproduce anatomical structures using 3D printing
technology. The 3D model has a wide range of applications,
both clinical and educational [1].

Nowadays, the greatest development of 3D technology,
both modeling and printing, is undoubtedly associated with the
central organ of the cardiovascular system - the heart. This
organ is extremely demanding in terms of 3D imaging because
it has an irregular shape and its internal structure is greatly
complex. What is more, the heart is a dynamic organ which has
different dimensions depending on the cardiac cycle [2].
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Modeling of the heart and its interior poses a major challenge,
particularly in the exploration of very complex right ventricular
structure which is of great clinical importance, for instance, in
cardiac electrostimulation [3].

There are several imaging technologies that make it possible
to visualize the heart as a virtual 3D model. The most
commonly used imaging techniques, both cardiac and post
mortem, are CT (computed tomography), MRI (magnetic
resonance imaging) and echocardiography [4], [5]. Thanks to
these techniques a 3D image of the heart is obtained, which after
appropriate virtual processing, can be used in 3D printing
technology. Such 3D cardiac models can be used to perform
computer simulations used in surgery, improve skills in surgical
techniques, during cardiac surgery planning (the choice of
technique and equipment), visualization of the hearts of patients
with congenital malformations in order to match the best
therapeutic treatment through the personalized patient’s heart
model [1], [6].

Unfortunately, still too little attention is paid to the
development of imaging technology of the inner cardiac
structure, such as the internal surface of the heart cavities and
their architecture. This publication presents the digital
photogrammetry method, which was designed to visualize the
3D model of the interior of the heart chambers and their
structure. For this purpose, a method of silicone molding of the
heart of adult people fixed in formalin was developed, which
reflects the internal architecture, size and structure of the walls
of the ventricles [7], [8].
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Such silicone models, which will be subjected to virtual
visualization, will be used to examine the complexity of the
right ventricle, to isolate ventricular components based on the
location of important anatomical structures in the interior and
to examine the position of right ventricle to the other parts of
the heart.

This article describes the use of images made with a non-
metric camera for the purpose of developing the hearts'
ventricular model. Modern methods of close-range
photogrammetry are used for the modeling of small objects.
Experience indicates the fact that these methods are often an
interdisciplinary application. One of the areas that uses more
and more photogrammetric techniques is archeology. An
interesting example may be zooarcheology [9] or under water
excavation [10]. In the case of construction, and more
specifically the control of building materials, these methods are
also applicable [11]. It can not be forgotten that medicine use
commonly digital 3D models, for example in the manufacture
of dental [12] or other type of prostheses [13], [14]. For the
safety of building use, the inventory of rooms can also be made
using imaging and modeling systems [15]. It has become very
popular to take pictures from different platforms, unmanned in
general. The top use of UAV photogrammetry is topographical
application- terrain and its cover analysis [16], [17], [18]. These
few examples of the possibilities of the interdisciplinary links
of photogrammetry show that it is widely used [19].

Il. METHOD AND ANALYSIS

The purpose of this paper is to assess the potential for using
photogrammetric techniques for the visualization, measurement
and analysis of wventricles. Within this work two
photogrammetric studies have been established:

A. Measurement of Reference Values for Analyzes

The first studies were carried out to measure the lengths of
reference values and the model was made using Image Master
(IM). These values were used to evaluation of accuracy of the
model, which was made another photogrammetric method. For
the purpose of this part of the work, a test box with 9 intended
photo points was developed. Figure 1 shows one of the images
(left image from stereo pair) taken for analysis in the software.
An non-metric camera Canon EOS 5D with Canon Lens EF
50 mm f/1.4 was used in all works by the authors. As part of
working with Image Master software, the camera has been
calibrated. The most important step in this study was to
determine the coordinates in three-dimensional system (units -
meter) based on the stereo pair. The accuracy of the
measurement was: 0.3 mm in the image plane, 1.0 mm - in the
depths. After measuring the coordinates of the characteristic
points, the length of 21 randomly selected sections (1 for
scaling purposes, 20 for accuracy purposes) between the
measured points were calculated.

Fig. 1. Left image from stereo pair

B. Development of the target model

At this stage a model was made using ReMake software.
The program does not require prior calibration of the camera.
The whole process of development was automatic. The
captured images were processed in the cloud (external IT
infrastructures). An example effect is shown in Fig. 2. Model
was exported as .obj file. The next step was the scaling the
model to "real” dimensions. For this purpose, one of the
sections, which was measured on the basis of the work in the
IM software, was used. On a scaled model, the length of 20
sections - the same ones that were determined by IM - was
measured. The results are presented in the table I. The table also
includes the values measured with IM. Fig. 3 shows a graph of
ordered lengths and differences between measurements in two
programs (Image Master and ReMake). The orange color
indicates the trend line, evidently indicating that the value of
the difference increases with the length of the segment. What
points to the fact that the error is closely related to the initial
error of the model scaling.
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Fig. 2. An example heart part model developed in ReMake
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Fig. 3. Lengths and differences between measurements in Image Master and
ReMake software

C. Accuracy analysis

Based on the collected data (Table 1), mean error (1),
standard deviation (2) and RMS error (3) were determined. The
results are summarized in Table II.

d ==t (1)
Y (di-d)?
o= @
n 2
RMSE = (2= 3)
n

where:
n - number of sections

TABLE I. LENGTH OF SECTIONS MEASURED IN IMAGE MASTER AND
REMAKE SOFTWARE
Section | waster (imy) | (o | o oo
Number (i) — . (d; =rm
Section Length [mm] im;) [mm]
1 40,5 41,8 1,3
2 12,1 131 1,0
3 78,6 80,6 2,0
4 39,9 41,5 1,6
5 12,4 12,8 0,4
6 67,5 69,2 1,7
7 32,7 34,1 14
8 15,8 16,2 0,4
9 6,2 6,5 0,3
10 47,4 48,7 1,3
11 8,6 9,7 11
12 35,0 36,2 12
13 18,8 18,9 0,1
14 36,5 37,6 11
15 26,6 27,3 0,7

16 60,3 62,1 1,8
17 6,9 75 0,6
18 48,4 49,7 1,3
19 37,4 38,4 1,0
20 39,6 39,7 0,1
TABLE II. ACCURACY ANALYSIS VALUES
Standard deviation o 0.6 mm
Mean d 1.0 mm
RMSE 1.2 mm

The results show that developing a heart internal model with
ReMake software is justified. The measurement error of the
section does not exceed the admissible values - 1.5 mm.
However, particular attention should be paid to the size of the
sections analyzed in relation to the size of the section used for
the rescaling. The program is a tool that makes it easy and
intuitive to get a model. Thanks to this, it can find interest
among professionals not only in the field of photogrammetry,
but even among medical specialists.

I11. EXAMPLES OF MODEL ANALYSIS FOR MEDICINE NEEDS

Three-dimensional models of parts of the human body are
used in biometrics for various purposes [20], [21]. The need to
develop methods of obtaining this type of data is growing.
Model analysis was done using CloudCompare software. For
measurements, pre-processing of the model was necessary -
change from mesh to point clouds (.las file). As examples may
be presented:

A. Distance Measurement

Measuring distances between individual structures was one
of the reasons why the authors chose to develop a digital three-
dimensional model of the interior of the heart that allows
measurements in 3D space. As an example of use, the
measurement of the length of the segment, that connects
tricuspid valve (TV) and - right ventricular apex (RVA), was
shown (Fig. 4).
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Distance: 92514008

24,286005
-9.037106
TV -83.805762

8 25019985

RVA
Fig. 4. Example of distance measurement — units mm

B. Cross-section Analysis

Fig. 5 shows cross-section at the level of the right
atrioventricular fibrous ring to which the tricuspid valve is
attached. This valve prevents blood from regurgitation from the
right ventricle into the right atrium during the cardiac cycle. The
right part of the figure is the view of the cross-section,
superimposed on the entire model. While the left part of the
figure is a cross-section, along with the sample length. This
makes it easy to visualize the spatial arrangement of clinically
relevant cardiac structures and their measurement.

L

Distance: 40.715818

vl -34,220441 il 36.7284740

Fig. 5. Example of section analysis — units mm

These two examples were made for the purposes of this
article, but in the future it is planned to analyze:

C. Angle Measurement

Measure the angles between the designated axes that will
connect characteristic points inside the heart cavity. This
approach will allow the spatial analysis of the internal structure
of the right ventricle and its position relative to other
surrounding anatomical elements.

D. Volume Measurement

Measuring the volume of heart cavities and their
components will allow to study the differentiation of structures
in the case of different hearts.

These are just examples of the possibilities of using the tool
of analysis which is CloudCompare. On the other hand, they
show how interdisciplinarity and cooperation of specialists in
various fields are needed.

IVV. CONCLUSIONS

The aim of the article was to indicate the possibility of using
photogrammetric techniques for the analysis of silicone models
of the interior of the heart. These analyzes indicate that the use
of these techniques is very well-founded. ReMake software is
an intuitive tool that can be used by people without much
experience in photogrammetry. This is quite important for
medical specialists. Because they themselves can acquire such
models without seriously exploring the problem of developing
a 3D model. The model, after scaling, is ideal for analyzing the
shape or size of the medical structures of the heart.

The presented approach is an innovative way to obtain
information about the inside of the heart. This innovation is not
only due to the application of the photogrammetric methods
presented but from the fact that the silicone model of the hearts'
interior is imaged and processed to digital form.
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