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ABSTRACT

To evaluate the amount of energy deposited in radiosensitive organs and tissues of the human body, when an
anthropomorphic phantom is irradiated, researchers in numerical dosimetry use the so-called exposure
computational models (ECMs). One can imagine an ECM as a virtual scene composed of a phantom in a
mathematically defined position in relation to a radioactive source. The source in these ECMs produces the
initial state of the simulation: the position, direction, and energy with which each particle enters the phantom
are essential variables. For subsequent states of a particle history, robust Monte Carlo (MC) codes are used. For
the subsequent states of a particle's history, robust Monte Carlo (MC) codes are used, which simulate the

average free path that the particle performs without interacting, its interaction with the atoms in the medium
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and the amount of energy deposited per interaction. MC codes also evaluate normalization quantities, so the
results are printed in text files in the form of conversion coefficients between the absorbed dose and the selected
normalization quantity. From the 2000s, the authors have published ECMs where a voxel phantom is irradiated
by photons in the environment of the MC code EGSnrc (EGS = Electron Gamma Shower; nrc = National
Research Council Canada). The production of articles, dissertations and theses required the use of specific
computational tools, such as the FANTOMAS, DIP (Digital Image Processing) and Monte Carlo applications, for
the various steps of numerical dosimetry, which ranges from the preparation of input files to the execution from
the ECM to the organization and graphical and numerical analysis of the results. This article reviews

computational phantoms for dosimetry mainly those produced in DEN-UFPE dissertations and thesis.

Keywords: Monte Carlo methods, exposure computational models, anthropomorphic computational phantoms,
EGSnrec.

1. INTRODUCTION

A numerical dosimetry research group routinely develops or improves codes that allow it to
measure (or simulate), organize, analyze in graphs and/or tables, and obtain results attached to
validation tests. Since the beginning of the 2000s, the GDN (acronym historically used by members of
the Research Group on Numerical Dosimetry (from the Regional Center for Nuclear Sciences of the
Northeast — CRCN-NE) and by the Research Group on Computational Dosimetry and Embedded
Systems (from the Federal Institute of Pernambuco - IFPE)) follows this classic recipe to develop in-
house applications aimed, directly or indirectly, at numerical dosimetry of ionizing radiation.

Up to 2009, the softwares FANTOMAS [1,2] and DIP (Digital Image Processing) [3] were
mainly developed. These applications have become especially useful for master's and doctoral
students at the Department of Nuclear Energy at the Federal University of Pernambuco (DEN-
UFPE) to develop ECMs. According to [1], in an ECM, in addition to the phantom, the algorithm of
the radioactive source and an MC code are essential to carry out the transport of radiation through
the body, simulate its interactions with atoms that make up the organs and tissues, and evaluate the

energy deposited in the regions of interest.
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FANTOMAS is a Windows C API (Application Programming Interface) [4] that was developed
from the need to read and edit RAW! files containing phantoms (neologism of the English word
phantoms, which refers to three-dimensional (3D) geometry irradiated in Monte Carlo (MC)
simulations in order to transform them into text files specially prepared for coupling to the MC
EGS4 code [5]. Other tasks such as viewing phantom slices and adjusting the number of voxels per
organ were implemented.

A .raw phantom file contains a stack of images usually arranged in head/feet order. To speed up
reading and writing tasks, the GDN created a type of file called SGI (Interactive Graphic
Simulations), composed of a header plus the phantom data. The header of a fantoma .sgi contains
three 4-byte integers for the column, row, and slice numbers of the parallelepiped. Thus, the
difference between a RAW file and the corresponding SGI is that the latter has the position of the
beginning of the data (offset) shifted by 12 bytes. FANTOMAS is also useful for manipulating
ECMs of the voxel/EGS4 phantom type, such as those using the MAX (Male Adult voXel) [6] and
FAX (Female Adult voXel) phantoms [7]. With the application, it is possible to visualize
anatomical details of these phantoms and present graphs of profiles of the conversion coefficients
(CCs) between absorbed dose and incident KERMA? in air (D/INAK) as a function of photon
energy for the main organs and radiosensitive tissues of the ICRP 60 [8]. The anatomical and
physiological data of the FAX and MAX phantoms agree with the ICRP 89 reference values [9].

Everything related to image processing was transcoded from C (FANTOMAS) to C++ (DIP).
The characteristics of an object-oriented language such as C++ [10] were useful for improving (or
creating) tools in DIP. As an example, the CFantoma class, created in 2005 to manipulate SGI files
representing voxel phantoms, replaced a collection of non-articulated functions in C. Currently, DIP
is a Windows Forms Application (NET Framework) in C# [11].

Then, the implementation of MC techniques, mainly those related to synthetic images® and
algorithms of radioactive sources, were organized in a WPF2 Application (NET Framework) in C#

that, from 2012 onwards, started to be called MonteCarlo [12]. This application has already been

1RAW is a commonly used extension on files containing only data. Usually, a RAW file is accompanied by a text file
with information on how to use it.

2 KERMA: Kinetic Energy Released per unit Mass.

3 According to Gonzalez and Woods (2010) [13], synthetic images are those produced exclusively on the computer.
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used in several GDN publications and, in 2017, Vieira presented it as a thesis for promotion to full
professor at IFPE [14]. Its current version contains several implementations that make it a useful
tool, mainly to create input files, develop algorithms of external and internal sources, organize and
present results, and tests obtained in the executions of ECMs. In Monte Carlo codes like EGSnrc,
the algorithm simulating a radioactive source must be written by the developer in the ECM. In
EGSnrc this writing is done in MORTRAN, a FORTRAN extension [15], in the ECM user code.
Generally, this algorithm defines the initial state of the simulated particle, composed of variables
such as starting position, flight direction, initial energy, etc.

In addition to FANTOMAS, DIP and MonteCarlo, other applications are available at

http://dosimetrianumerica.org/. In this article, the main focus is radiated geometry in MC

simulations. Without exhausting the theme, some phantoms developed by the GDN are presented in
their historical context, highlighting the characteristics added to each new geometry. The
computational tools that also emerged in this timeline made the development or adjustment of most
of the phantoms presented faster. Although the so-called hybrid phantoms [16], developed with
computational modeling applications, allow the realistic design of complex anatomical structures
such as lymph nodes and veins, computational dosimetry performed by the GDN uses adult voxel

phantoms based on data of the ICRP 89, subjected to sources that emit photons and/or electrons.

2. FROM MATHEMATICAL PHANTOMS TO VOXELS

The geometry referred to as a mathematical phantom for representing humans has the size and
shape of the body as well as the organs and tissues described by mathematical expressions
representing combinations and intersections of planes, circular and elliptical cylinders, spheres,
cones, and torus. The first phantom of this type [17] represented an adult male but contained the
ovary and uterus. During the elaboration of ICRP 23 [18], the phantom was improved and, since
then, it is known as MIRD-5 (Medical Internal Radiation Dose Committee, pamphlet n. 5) [19].
Among the various representations derived from this mathematical phantom are ADAM and EVA,

adults with defined sex [20].


http://dosimetrianumerica.org/
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Figure 1 shows views of this couple that was “voxelized” (cubic voxels with an edge of 0.36
cm) for the article by Kramer and collaborators [21], where comparisons are made between
dosimetric data obtained with the MAX and with ADAM. This article is cited in two ICRP reports
[22,23]. The views were obtained with the Fiji/lmage] application without whole body
organs/tissues taken by DIP. This type of phantom view appears in other figures in this work. To
capture the images of all the phantoms in this article, the same position was used to allow the

visualization of the distribution of organs/tissues.

Figure 1: Views of ADAM and EVA.

In the voxelization of the pair, the applications FANTOMAS and IDN (Images in Numerical
Dosimetry) were used, which was also developed in Windows C API, mainly for reading and
writing binary files containing the 3D matrix corresponding to a stack of transverse images of a
given geometry [24]. Among other skills, the IDN uses some CT image segmentation methods [25]
and creates voxel phantoms containing arrangements of geometric shapes such as parallelepipeds,
spheres, and cylinders. Currently, phantom voxelization tasks are concentrated in the DIP.

To overcome the obvious anatomical limitations of mathematical phantoms, such as distance
between organs, voxel phantoms were introduced by Gibbs and collaborators in 1984 [26] and,
independently, by Williams and collaborators in 1986 [27]. During the 1980s and 1990s several
voxel phantoms were published (see a good review in [1]). Between 1994 and 1995, Zubal and

collaborators [28,29,30] segmented CT (Computed Tomography) and MRI (Magnetic Resonance
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Imaging) images of an adult male patient scanned from the head to the half thighs, which resulted in
the publication of three voxel phantoms, currently available http://noodle.med.yale.edu/zubal/:

VOXEL MAN, MAN TISSUE3-6 and VOX TISSUES. Figure 2 shows views of these phantoms.

Figure 2: Views of the VOXEL _MAN, MAN TISSUE3-6 and VOX TISSUES phantoms.

In 2003, the ICRP published its report number 89 under the title, Basic Anatomical and
Physiological Data for Use in Radiological Protection: Reference Values. This dataset was one of
the motivations for the development of the MAX phantom. MAX was “born” from the VOXTISS8
voxel phantom, which represents an adult male available in a RAW file called vox tiss8.dat,
containing 85 segmented organs/tissues. These primary data were resampled, reclassified, and
adjusted based on the ICRP 89 reference man. The detailed description of the resulting phantom and
the new methods to estimate the equivalent dose in red bone marrow (RBM) and in the skin were
topics of Vieira's doctoral thesis [1]. In the same year, Kramer and collaborators presented the FAX
phantom [7], built from CT images based on anatomical data from ICRP 89.

FAX and MAX were resampled generating FAX06 and MAXO06 [31], where the micro-CT
method was implemented [32,33]. The 2006 article is cited in ICRP 110 and the 2010A one was
published as one of the chapters of the book edited by Xu and Eckerman, which synthesizes the
golden age of voxel phantoms. Figure 3 shows views of the FAX, MAX, FAX06 and MAXO06
phantoms. With the resampling was possible to solve the skin dosimetry problem and improved the

red bone marrow dosimetry method.
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In 2009, with the purpose of standardizing the adult voxel phantoms and updating the CCs
for estimating the dose in organs and tissues in radiological protection, the ICRP made available the

ICRP-AM (ICRP Adult Male) and the ICRP-AF (ICRP Adult Female) in its report n® 110.

Figure 3: Views of the FAX, MAX, FAX06 and MAX06 phantoms.

3. MESH PHANTOMS AND VOXELIZATION

One of the main difficulties in producing voxel phantoms is the availability of a complete set of
images of the human body. Thus, synthetic phantoms [16] emerged, that is, produced on the
computer from 3D objects representing organs and tissues of the human body, obtained from
specialized pages on the Internet or drawn based on information contained in anatomy books. In
applications that edit polygonal meshes, 3D objects are assembled and adjusted, resulting in
phantoms that are subsequently voxelized [34] for coupling to an MC code, forming an ECM.

For GDN, the most representative synthetic phantoms up to the present moment are MASH
(Male Adult meSH) and FASH (Female Adult meSH), used in several significant publications of
the group. For example, the article by Cassola and collaborators (2010) [35] is one of the references
in ICRP report 145 on mesh phantoms. In 2011, using Blender, MakeHuman and Imagel applica-
tions, Cassola built several mesh phantoms varying in posture, mass, and height [36]. Figure 4 rep-
resents views of the standing FASH and MASH phantoms, and their supine versions, FASH SUP

and MASH_SUP. These basic phantoms have total mass, organ masses and height in accordance
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with ICRP 89 [9] data. The four MCEs resulting from coupling them to EGSnrc, named FSTA,
FSUP, MSTA and MSUP, are available at the DEN-UFPE page (http://www.caldose.org/). The

twelve algorithms of radioactive sources for dosimetry (eleven for external and one for internal) [1],

whose labels and names are listed in Table 1, complete these ECMs.

Figure 4: Views of FASH, MASH, FASH SUP and MASH SUP phantoms

FASH_SUP

Table 1: Names of photon and electron sources used in ECMs of DEN-UFPE.
Source ID Source Description
Parallel, AP (anteroposterior)
Parallel, PA (posteroanterior)
Parallel, RL (right lateral)
Parallel, LL (left lateral)
Parallel, Rotational
Punctual, AP (anteroposterior)
Punctual, PA (posteroanterior)
Punctual, RL (right lateral)
Punctual, LL (left lateral)
Punctual, Rotational
Shell Spherical Isotropic (4m)
Isotropic in the Upper Hemisphere (2m)
Planar Isotropic
Internal Exposure

N = Y e T R N

—_ = =
AW N
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Also in 2011, applications such as MakeHuman, Blender, ImageJ and DIP were used to de-
velop pediatric mesh phantoms, morphologically consistent with human anatomy, for use in dosim-
etry [37,38]. The two couple of children (5 and 10 years old) produced in these works were
voxelized and will be part of a library of phantoms that the GDN is organizing for dosimetric evalu-

ations. Figure 5 are views of them.

Figure S: GDN pediatric phantoms.

=
ot
)
=

In 2015, Cabral developed the MARIA mesh phantom (Anthropomorphic Model for the do-
simetry of Ionizing Radiation in Adults), using the Autodesk 3ds Max application, from 3D objects
obtained on the internet for the anatomical representation of a non-pregnant adult. The changes to
3D objects for the final representation of a pregnant woman were also made in 3ds Max [39].

In 2016, Santos developed the SARA mesh phantom (Anthropomorphic Simulator for Dosimetry
of Ionizing Radiation in Adolescents) [40] and used the voxelized version [41] to simulate a
craniospinal radiotherapy treatment, representing the LINAC (Linear Accelerator) from a phase space
produced in the Quimera application [42]. The phase space consisted of a text file with information
about the initial state of the photons, mainly the position, flight direction and energy, simulated data at
an informed distance from the phantom and according to the area you want to radiate.

The male adult phantom MARTIN (Male Adult with Macro Circulation and Lymphatic Vessels
Phantom) [43] and male adolescent SAMUEL (Male Anthropomorphic Simulator for Ilonizing
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Radiation Dosimetry in Adolescents) [44] complete the anthropomorphic models revisited in this

work. Figure 6 comprises views of the SARA, SAMUEL, MARIA, and MARTIN phantoms.

Figure 6: GDN teen and adult phantoms.

4. CONCLUSIONS AND PERSPECTIVES

In this article, a review of anthropomorphic computational phantoms used for simulations in
internal and external dosimetry was carried out. These phantoms were produced or transformed in
the three dissertations [39,40,44] and four theses [1,37,38,43] developed at DEN-UFPE, between
2004 and 2021. To produce phantoms, their coupling to MC codes and obtaining different
dosimetric results, the GDN developed computational tools, such as the DIP application, for
assembling MCEs using a voxel phantom and EGSnrc.

From voxelized versions of mathematical phantoms to mesh phantoms, there has been a significant
improvement in realism and accuracy in modeling these 3D geometries by GDN. Figure 7 gives an idea
of how the phantoms have been improved. By observing the shapes of some radiosensitive organs and
bones in the three views of the Figure 7, it can be concluded that, under the same irradiation conditions,

the numerical dosimetry performed with MARTIN will be the most accurate.
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Figure 7: Views of some bones and radiosensitive organs of the ADAM, MAX and MARTIN phan-
toms.

At present the GDN needs to voxelize the mesh phantoms to couple them to the MC codes and
perform dosimetric evaluations. The problem of coupling a mesh phantom directly to an MC code is
still a challenge for the group, although it has already been carried out by other groups. Thus, the
future production of dosimetric data with the couples whose views appear in Figures 5 and 6 will be

the next step for the group and, in principle, with their voxelized versions.
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