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ABSTRACT

Radiation protection applications often require the creation of a large number of precise simulations of
radiation-human body interactions. Our research is focused on creating RadPhantom, a new Geant4
application that constructs voxelized anthropomorphic phantom models. This allows for the standardized
and reproducible generation of Geant4 simulations in cloud-based environments. We have incorporated
existing and publicly accessible models into Meiga, a framework designed for the integration of Geant4-
based applications. To standardize these simulations, guarantee their reproducibility, and adhere to the
FAIR principles, we have developed an extended vocabulary schema using metadata and ontologies that
align with current standards. By employing virtualization containers, we capitalize on the scalability and
adaptability of public and federated clouds. In this paper, we detail our implementation, present some
benchmarking results and comparisons with current methodologies, and discuss the potential applications
for evaluating doses on commercial flights or assessing radiation shielding in neutron production facilities.

1 INTRODUCTION

To precisely forecast the effects of ionizing radiation on living organisms, a comprehensive model of
particle transport and radiation interactions in biomaterials needs to be developed. This model must be
constructed by accounting for various combinations of factors such as different tissues, types of radiation,
and incident radiation energies/spectra. Additionally, incident radiation geometries and molecular reaction
effects produced by different species should be considered.

In this context, computational human phantoms are extensively used in medical physics applications
to estimate the dose within human tissues and organs resulting from specific radiation environments. The
computational human phantoms were initially developed as a series of analytic phantom models, which
constructed the internal organs and boundaries of the phantom using simple geometries such as planes,
cylinders, spheres, cones, elliptical cylinders, and ellipsoids (Clement 2009; Dewji et al. 2004; Guatelli
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et al. 2006). Despite their lack of anatomical realism, these reference models have been used to provide
consistent and reproducible radio-protection guidance for different types of exposures.

In recent years, medical imaging technologies have advanced, providing high-resolution cross-sectional
digital images that allow for enhanced anatomical structure representation. Currently, human voxelized
models are designed based on these techniques, where a numeric index, material, and placement inside the
phantom are associated with each generated voxel. One main issue of voxelization is the overestimation of
the mass and size of small structures when they are smaller than the voxel dimensions. In addition, organs
with spherical approximations can also have overestimated surface areas, and the organ positions and shapes
can vary depending on the position of the person, standing, sitting, or lying as the most common ones.
Ongoing refinement of voxel phantoms aims to provide increasingly accurate human anatomy representation,
allowing for more realistic estimations of organ doses in organs(Caon 2004).

For accurate simulation of radioactive transport problems in these complex geometries and in a variety
of different types of materials and densities, Monte Carlo (MC) simulations are performed. MC tracking
codes are essential tools for investigating radiation effects at various spatial and energy scales (Sempau
2002). Some radiation transport codes have integrated different voxel phantom models in the past (Sato
et al. 2007; Martins et al. 2014; Franck et al. 2001; Costa et al. 2015). However, previous voxel phantom
implementations are generally unavailable to the public.

Among the various codes available, the Geant4 Monte Carlo simulation toolkit (Agostinelli et al. 2003)
offers a general platform for radiation-matter interactions simulation and an approach for the development
of accurate dose calculation applications (Sarrut et al. 2022). Its hierarchical structure includes a set of
components for geometric description, particle definition, navigation and tracking, electromagnetic fields,
physical models for interactions (electromagnetic, hadronic, optical, photo-nuclear, and electro-nuclear),
event scoring, visualization, and component management software (Allison et al. 2016). This software
is widely used due to its continuous improvements, its simulation performance, refinement of physical
models, enhancement of its capabilities, and its open-source strategy.

In the field of Geant4-based applications, our group is developing Meiga, a package of tools that
allow for the integration of simulations in Geant4, sophisticated description of geometry, advanced 3D
visualization tools, and validated physical models. The purpose of this work is to create a new application
for calculating the effects of radiation on human anatomy in-silico by leveraging and extending Meiga
capabilities. The Recommendation 110 of the International Commission on Radiological Protection (ICRP)
has introduced voxelized anthropomorphic phantoms for adult males and females, which are now becoming
the official computational models representing the adult Reference Male and Reference Female (Clement
2009). To achieve this purpose, we have faced some challenges. Improving the spatial resolution of
simulations by reducing voxel size, for example, comes with the challenge of mitigating the consequent
computational demands resulting from an increased number of voxels. This has been achieved by the
utilization of virtualized containers. By encapsulating the application and its dependencies, it becomes
feasible to harness the vast computational resources offered by large high-performance computing (HPC)
facilities and public and federated clouds, such as the European Open Science Cloud (ESOC). Standardized
computational mechanisms are crucial for maximizing the benefits of the simulation framework, particularly
for coordinating, sharing and curating results. In this work, we present RadPhantom, a new application
that allows, e.g., the evaluation of radio- and hadrontherapy doses, as well as determining, e.g., the effective
dose received by a person exposed to high radiation environments, such as those encountered onboard
commercial flights or inside rapid-neutron production facilities.

2 MATERIAL AND METHODS
2.1 Structure of the Meiga Framework

Meiga is a software framework based on Geant4 and designed was originally designed to facilitate the
calculation of particle transport over hundreds or thousands of meters of rock with varying densities and
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compositions (Taboada et al. 2022), as well as for the design and characterization of particle detectors for
muography (Taboada et al. 2022; Calderén-Ardila et al. 2022). This new technique allows for the estimation
of the spatial distribution of the density of large objects, such as an active volcano, by taking advantage
of the high penetration capacity of high-energy atmospheric prompt muons (Tanaka 2022; Rubio-Montero
etal. 2021). The framework consists of a range of C++ classes, each serving a specific function. It achieves
this through the integration of Geant4 simulations, which perform the particle transport and calculate the
detector response. Geant4 is utilized as an external toolkit, and Meiga provides the necessary interfaces
for users to access detector descriptions and run managers. Meiga includes a variety of customizable
applications that enable non-experts to run and access simulated data by using configuration files written
using the XML and JSON standards. These customizable applications allow users to tailor the framework
to their specific needs (Taboada et al. 2022).

The original Meiga’s workflow is based on three consecutive steps. The first step consists of the
injection of the high-energy flux of secondary particles. These particles are produced during the interaction
of energetic cosmic rays with the atmosphere, producing the atmospheric background radiation, mainly
composed of electromagnetic particles (e* and ), muons (u*), and hadrons (mainly p, n, £%). From those,
only a small fraction of muons possesses enough energy to traverse across hundreds or even thousands of
meters of rock. Depending on the geometry and the density profile of the studied object, the minimum
muon energy could even be up to hundreds of GeV (Rubio-Montero et al. 2021; Bertolli et al. 2022).
Meiga includes the EcoMug library (Pagano et al. 2021) for a fast generation of samples of atmospheric
muons. However, for obtaining a more accurate distribution of the expected atmospheric flux at the site,
Meiga includes a module for handling the secondary particles file produced by ARTI, a publicly available
framework, developed for the precise calculation of the atmospheric background in any place of the World
and under realistic and real-time atmospheric and geomagnetic conditions (Sarmiento-Cano et al. 2022),
and including the high-energy components of the muon flux (Rubio-Montero et al. 2021).

Once the flux is injected, propagation through the ground takes place. Different and consecutive layers
of rock can be modeled. The final step is to simulate the response of the detector. For this matter, Meiga
includes different types of detectors typically used in high-energy particle physics.

The top level of Meiga’s hierarchical structure is the Event, which sets the workflow during execution.
This structure defines variables that describe the detector and the simulation data, and a connection is
established between them. The Detector class provides an interface to the Event, from which the
detector’s description can be read. Once the simulation is executed, the input file containing the data is
read and stored in the Event. They share the detector implementation, physics conditions, and secondary
generation or input. The process starts by invoking the set mandatory user initialization classes, which
set the simulation options from the Event. The detector geometry, materials used in its construction,
selection of all physics processes to be simulated, and the definition of primary particles are configured.
This setup can be done manually, or automatically using predefined detector models and physics lists that
are contained in the G4Models class. Simulation data is stored in two ways: using user hooks, where
the information extracted from simulations is stored in the SimData class, and using the built-in scoring
commands available in Geant4. Data can be accessed at the event and detector levels through the SimData
class. Similarly, the command-based scoring functionality allows for the collection of data from simulations.
Further details, including the MEIGA class descriptions and a simplified schema of the Meiga simulation
workflow, are presented in the original publication (Taboada et al. 2022).

The Meiga framework incorporates a set of utilities, including a parser of configuration files, physics
constants, and geometry and mathematical calculations. The use of standardized configuration file formats
such as JSON and XML facilitates the exchange of simulation settings and data with other applications
and even supports the standardization of the production of digital twins. One of the benefits of using the
modular and extensible design of Meiga is that it provides a set of predefined detector models and physics
lists, which can be easily extended or modified to suit the user’s needs. These models and lists can be
used as a starting point to develop custom detectors and physics processes, saving the user significant
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development time and effort. To accomplish this, the new classes developed inherit properties and methods
from the classes provided in the framework. For instance, new detector classes can be created by inheriting
from the Detector class or new materials can be defined in the Materials class. Additionally, new
action classes can be created to perform additional tasks during the simulation.

2.2 The implementation of anthropomorphic phantoms in Meiga

A new application, named RadPhantom, has been developed within our computational framework by
harnessing the extension capabilities of Meiga. This application enables the modeling of the interaction
between radiation and a computational model of the human body. Following the recommendations of
the ICRP110 publication (Clement 2009), two models of an anthropomorphic voxelized phantom were
generated in two manners: (a) by voxelizing the geometry from DICOM images and (b) by creating a mesh
based on the Adult Male and Female reference computer models defined in the ICRP110 publication (Large
et al. 2020). The main sources from the ICRP110 adult reference voxel phantoms, which are included
as two advanced examples in the Geant4 application, DicomG4 and human—-phantom, were adapted to
build this application (Large et al. 2020). Two CT scans were respectively acquired from a male and a
female subject in a supine position with the arms parallel to the body, as shown in Figure 1. The main
characteristics of the ICRP110 Adult Reference Computational Phantom can be found in Table 1 of (Large
et al. 2020) for reference. In the first trials, the original slices of 512x512 pixels were reduced to 64x64
voxels to reduce the computational cost.

Figure 1: A section of the anthropomorphic phantoms adapted for RadPhantom: the DicomG4 reference
model (left), and visualization the voxelized female phantom from the human-phant om examples in the
slice number 265 (right).

The initialization and construction of the phantoms are performed in the constructor of the Detector
class, as explained in subsection 2.1. This class extracts the information from the new Event structure.
The world is a cube with a volume of 2,m? filled with dry air. Depending on the user’s input, the
corresponding phantom model (DICOM or ICRP110 mode) is selected. Consequently, a set of methods
adapted from each model imports information from the corresponding ASCII files DICOMData.dat,
FemaleData.dat, or MaleData.dat. These files contain information about the 142 organs and the
corresponding 53 building materials associated with each voxel, including those filled with air.

Furthermore, a specialized method was developed to accommodate varying voxel sizes and the cor-
responding number of voxels for specific applications. As in the original implementation, voxel data and
corresponding material IDs are stored in a dedicated array before constructing a parameterized volume
using the Geant4 Nested Parameterization functionality. This approach utilizes a nested strategy that
eliminates gaps between different voxels. The material composition of each voxel varies according to its
position. Instead of employing a direct three-dimensional parameterized volume, the first (sagittal) and
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second (coronal) axes are sequentially replicated, followed by one-dimensional parameterization along the
third axis (axial). This strategy improves memory access and consumption for geometry optimization and
enables faster navigation through the large number of voxels present in the model. The dose information
observed at each voxel is recorded in a JSON file for further analysis using the available analysis tools
in Meiga. Additionally, this file, together with the input JSON file, undergoes processing to generate the
corresponding metadata, which will be further discussed in the subsequent subsection.

2.3 Standardinzing the RadPhantom Application

To achieve precise and accurate results of radiation interaction with matter, significant computational
resources are required, which are becoming more widely available as computing and storage capabilities
continue to grow. However, there remains a pressing need to standardize the production, analysis, curation,
and access of synthetic, and eventually measured, data. Recent efforts have therefore focused on integrating
and standardizing our astroparticle and muography simulation and data analysis codes within the European
Open Science Cloud (EOSC) ecosystem (Rubio-Montero et al. 2021).

The integration of application codes aims to establish a framework for defining, generating, and storing
data and metadata using tools that can be deployed in virtualized and containerized environments based on
Docker images (Rubio-Montero et al. 2021). These efforts are expected to facilitate data sharing and promote
collaboration by adopting the Open Science paradigm with the FAIR (Findable, Accessible, Interoperable,
Re-usable data) principles, as well as the federation of virtual resources and organizations. The utilization
of Docker images enables the sharing of tools and workflows, thereby enhancing the reproducibility of
results.

To simulate radiation-matter interactions in an anthropomorphic phantom within the Meiga framework,
we have implemented a cloud-based production system. This system is fully integrated by deploying
the new RadPhantom docker container on a limited set of cloud resources provisioned by EOSC. The
docker container encompasses all the necessary dependencies of the Meiga framework, including ROOT
(a data-analysis framework) (Brun and Rademakers 1997), Geant4, and the relevant parsers for XML and
JSON files.

For building this production computing virtual facility, we followed the same schema explained in (Rubio-
Montero et al. 2021), including the utilization of several EOSC- and EGI-based services: Geant EduTeams
and EGI Check-in as the primary identity providers for accessing the resources, EGI DataHub as the main
cloud-storage service based on OneData, a globally distributed cloud file system that enables various ways
of accessing and sharing data and metadata, and the Infrastructure Manager (IM) from the EGI Check-in
service. For this work, we established a virtual cluster based on a Slurm Workload Manager job scheduler
with one virtual master (v-master) and 8 v-nodes, each equipped with 8 Intel Xeon Core E7 processors,
and 250 GB of shared memory and disk each. We configured Docker to use both unified and equally as
needed. Furthermore, we included a local version of the public MEGA storage service for possible users
who do not have access to the EOSC services. This provides a secure, cloud-based exchange repository
for the configuration input files and storage of the resulting outputs.

Standardized schemes based on linked data have become increasingly prevalent in the trend towards
Open Data. To follow this direction, we decided to utilize standardized schemes for the metadata of this
application due to their simplicity and compatibility. Specifically, we defined the metadata using JSON-LD
1.1 (W3C), a language syntax now promoted by the big players of the sector, such as Google, that is
becoming the standard replacement for heavier syntaxes like RDF/XML or Turtle. The main vocabulary
used in this application is DCAT-AP2, which is a specific profile of DCAT2 (W3C) recommended for
repositories, content aggregators, or data consumers related to the public sector. Furthermore, we utilized the
RadiationTherapy class in schema.org (Brickley et al. 2022) to describe the synthetic data generated
in each irradiation simulation. This includes information such as the treatment modality, radiation type,
and target anatomy.
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In addition to utilizing the standardized schemes for metadata, we used the MedicalEntity class to
describe the anatomical structure or system involved in the therapy simulated. To link the simulated data
with datasets containing information about absorbed, equivalent, or effective doses calculated in gray or
sievert correspondingly, we made use of the includedInDataCatalog property of the Medicallntangible
schema. To provide a more comprehensive and interoperable description, we are developing a new Meiga
vocabulary (Meiga: :), which leverages the Radiation Oncology Ontology (Deckker et al. 2022) to extend
the current schema with additional properties required for these computations. With this extension, we
will be able to produce a richer and more standardized description, facilitating the interoperability and
reusability of the data generated by our simulations.

3 EXPERIMENTATION AND DISCUSSION OF RESULTS

For testing the functionality of RadPhantom, different sets of trials were executed. These tests were
performed using four different types of primary radiation: gamma rays, electrons, protons, and carbon
ions. To assess and compare the results and performance of our implementation with the original phantom
implementations, an incident radiation beam of 10° particles was generated at the coordinates (8.00, -13.57,
43.60) cm related to a cartesian coordinated system placed in the geometric center of the phantom. It should
be noted that the positive X coordinates are oriented towards the left of the phantom’s center.

As an example of RadPhant om capabilities, Figure 2 illustrates the trajectory of proton beams along
the Y-axis (sagittal axis) in a positive direction, from the front to the back. These three images demonstrate
the distribution of absorbed dose across sections along the longitudinal axis of the Reference Adult Male
model (slices). Primary and secondary particles, resulting from interactions with the material, deposit
energy in the tissues and organs during their propagation through the interior of the phantom. It can be
observed that for the proton beam, the spatial distribution of the absorbed dose within the body follows
the expected behavior. The dose is highly concentrated along the beam trajectory close to the injection
point (slice 165 at 43.6 cm from the origin), and it becomes increasingly dispersed as we move away to the
adjacent slices. These results were also compared with the corresponding ones obtained with the original
phantom implementation. While no differences were observed in the deposited dose, an improvement of up
to 20% was observed in the total time needed for completion when comparing the cloud-based performance
of RadPhantom with the corresponding Geant4-based implementation.
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Figure 2: Two-dimensional map of the absorbed dose deposited in three different slices when the phantom
is exposed to a beam of 10° protons of 125MeV of kinetic energy. These results were obtained using the
new RadPhantom cloud-based application.

As another benchmark of the developed application, we obtained the dose deposition in the beam
direction, as illustrated in Fig. 3. This figure displays the absorbed dose as a function of depth for four
distinct tests conducted using the RadPhantom application. We conducted three validation tests, each
differing in the nature of a beam of 103 incident particles: photons (with an energy range from 1 MeV to 15
MeV), electrons (with an energy range from 5 MeV to 20 MeV), and protons (with an energy range from 50
MeV to 125 MeV). Air, being the initial medium with which the particles interact outside the phantom, is
included in the simulations. However, it is not factored into the dose calculation, as it is naturally present.
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The absorbed dose per particle as a function of depth was calculated by summing all doses in each
plane along the voxelized Y-axis. This was achieved by integrating the dose in the X and Z directions:

NVoxelX NVoxelZ

D(y): Z Z Dvoxel(x7zay)7 (D
1 1

In this equation, Dyexe(x,2,y) represents the dose deposited in each voxel. This value is obtained
directly from the three-dimensional mesh output file resulting from the application. Meanwhile, D signifies
the total dose in the cortical plane, which varies depending on the distance Y, on the sagittal axis (from
the front to the back of the phantom). The variables NVoxelX and NVoxelZ denote the total number of
voxels in the X and Z axis directions, respectively.
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Figure 3: Presented are the results of twelve tests conducted using the new RadPhantom application,
illustrating the absorbed dose as a function of depth. Top-left: The trajectory of the 107 incident particles
beam in the Reference Adult Male model, identified by the total absorbed dose per voxel. Top-right: The
photon beam with an energy range from 1 MeV to 15 MeV. Bottom-left: The electron beam with an energy
range from 5 MeV to 20 MeV. Bottom-right: The proton beam with an energy range from 50 MeV to 125
MeV. The outcomes align with the distribution of different tissues and are consistent with results obtained
using conventional tools.

Our findings depict the variation of the absorbed dose as a function of depth in the human phantom
for each type of radiation, aligning with the anticipated profile of the deposited energy as a function of
the distance. We subsequently compared these results with the corresponding outputs from the original
applications. No differences were observed. Furthermore, the computations, when performed in a similar
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computing power environment, required 20% less time to complete, thereby scoring the efficiency of our
approach.

In the case of photons, we noted that the deposition of the average absorbed dose per particle gradually
increases as the radiation penetrates the phantom, reaching a peak at a certain depth that depends on the photon
energy. This pattern is representative of the typical interactions of photons with tissues, where processes
such as the photoelectric effect, Compton scattering, and pair creation (for Ey > 2,m,c?) transpire. It’s
worth noting that for tissues, Compton scattering is the dominant effect at these energy ranges. Interestingly,
each graph exhibits minor fluctuations (small peaks) along the depth in the curves, attributable to radiation
interactions with tissues of diverse densities.

Conversely, the rate of increase for electrons can be more pronounced compared to photons. This is
attributable to the stronger interaction of electrons with tissues, a consequence of their electrical charge. As
the energy of the beam escalates, the secondary photons, which result from the deceleration of energetic
electrons (a process known as Bremsstrahlung), gain the capacity to penetrate deeper into the human
phantom. This phenomenon is clearly visible in the bottom-left panel of Fig. 3, where the absorbed dose
per electron at the peak becomes less steep at higher energies than for the E, =5 MeV beam.

Finally, the bottom-right panel depicts the average absorbed dose per proton. As expected, the total
range is directly correlated with the beam energy. As protons penetrate the tissues, they decelerate, and
the energy deposition per unit length escalates, reaching its zenith at very low energies. This behavior
results in a maximum energy reservoir known as the Bragg peak, which is distinctly visible for all the
proton beams. The disparities between the peaks align with the changes in densities as the beam infiltrates
different tissues of varying densities. The position of the Bragg peak also concurs with the expected depth
obtained by analytical and other Monte Carlo methods.

To assess the capabilities of RadPhantom in simulating the effects of ion beams, we also injected a
beam of 12-C ions with 138.33 MeV/nucleon (1,660 MeV) of kinetic energy at the same location in the
Reference Adult Male. The resulting absorbed dose D(y) deposition as a function of depth (as per equation
(1)) is depicted in the left panel of Fig. 4. When compared with other particles, larger absorbed doses
per ion can be observed, reaching nearly < 1 uGy per particle per voxel in the Bragg peak region. For
comparison, the resulting D(y) for the proton beam of 75 MeV is displayed in the right panel of the same
figure, showing a similar range in the body of about 40 mm, but with a total absorbed dose of ~ 50 nGy per
proton per voxel at the peak. Due to their higher mass and charge, carbon ions exhibit a steeper Bragg peak
than protons, indicating a higher linear energy transfer (LET) and a greater relative biological effectiveness
(RBE) compared to protons. The results were cross-verified with standard tools, and no discrepancies were
observed.

Once the absorbed dose is determined, both the equivalent dose per organ and the effective dose for the
entire phantom can be calculated. To achieve this, we utilize the radiation weighting factors (a measure of
the specific RBE for each type of particle) and the tissue weighting factors (a factor by which the equivalent
dose to a tissue or organ is multiplied). These factors are provided by ICRP publications 60 (Clarke et al.
1990) and 147 (Harrison et al. 2021a; Harrison et al. 2021b). In Table 1, the results of these calculations are
presented for the photon, electron, and proton beams previously described. Consistent with the absorbed
dose values, the calculated effective dose values also increase with increasing energy. Comparisons are
feasible as all the beams were injected at the same location in the Reference Adult Male phantom model.

The previously described virtual cluster completed all these tests in just 64 CPU-hours, which is
noteworthy considering that the processors used are not the latest generation available. In addition, a
significant time reduction of approximately 20% was observed compared to the performance of currently
available tools. Furthermore, no discrepancies were found between the obtained results, confirming the
accuracy of the simulated outcomes. These findings not only highlight the precision of the results from a
physics standpoint but also emphasize the practicality and efficiency of the RadPhantom application for
simulating radiation within voxelized phantoms.
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Figure 4: Displayed is the absorbed dose D(y) as a function of penetration depth for a 10° beam of 12-C ions
with 138.33 MeV/nucleon (1,660 MeV) of kinetic energy (left), and a 10° proton beam of 75 MeV (right).
Despite the range in the body being quite similar, significant differences are observed in the absorbed dose
per voxel per particle, highlighting the interaction characteristics of these two types of particles.

Table 1: Presented are the effective doses obtained from the injection of 107 particle beams at the same
location in the Reference Adult Male phantom model, as simulated using the new RadPhant om application.
The table provides a comprehensive comparison of the results for different types of radiation.

Photons Dose [uSv] Electrons Dose [uSv] Protons Dose [uSv]

E=1MeV 27 E =5 MeV 219 E =50 MeV 4897
E =5 MeV 89 E =10 MeV 464 E =75 MeV 7404
E =10 MeV 144 E =15 MeV 763 E =100 MeV 9766
E =15 MeV 193 E =20 MeV 1012 E =125 MeV 12460

To ensure the reproducibility and standardization of the simulations, we developed an extended vo-
cabulary schema based on current standards, as described in section 2. In addition to utilizing DICOM
images and reference computational phantoms, our approach incorporates metadata, ontologies, and per-
sistent identifiers to ensure that the data generated by our simulations are easily discoverable, accessible,
and reusable, thus adhering to the FAIR (Findable, Accessible, Interoperable, and Reusable) paradigm.
By leveraging virtualized containers, we can take advantage of the scalability and flexibility offered by
federated clouds such as the European Open Science Cloud, as well as public cloud platforms like Amazon
Web Services or Google Cloud, thus enabling wider accessibility of the RadPhantom application to the
scientific community at large.

4 CONCLUSIONS AND FUTURE WORK

In this work, we presented the development and initial evaluation of the RadPhant om application, integrated
within the Meiga framework. The application allows for the simulation of radiation-matter interactions in
anthropomorphic phantoms. By voxelizing the subject’s DICOM images or utilizing existing voxelized
models, personalized phantom models can be generated, providing a modular and adaptable approach.
Leveraging the capabilities of Meiga, the application facilitates large-scale simulations in cloud-based
environments.

The functionality and efficiency of RadPhantom were demonstrated through a comprehensive set of
tests involving various primary radiation types: photons, electrons, protons, and carbon ions. The obtained
results were compared with those from original phantom implementations, revealing no discrepancies in the
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calculated absorbed dose. The application exhibited remarkable performance, completing simulations 20%
faster than existing tools. This efficiency was achieved by leveraging cloud-based resources and virtualized
containers, enabling scalability and flexibility in the computing infrastructure.

The simulations conducted using RadPhantom consistently delivered accurate results. The absorbed
dose distributions within the anthropomorphic phantoms exhibited the expected patterns for different
radiation types. Additionally, the calculated effective doses, based on radiation tissue weighting factors
recommended by current regulations, displayed the anticipated increasing trend with higher energy levels
for all radiation types. These dose calculations provided valuable insights into the potential biological
effects of the simulated radiation scenarios. The integration of standardized metadata, ontologies, and
persistent identifiers ensured the reproducibility and standardization of the simulations, aligning with the
FAIR principles.

The potential applications of this work are wide-ranging. One notable application lies in the evaluation
of absorbed doses in medical scenarios. Furthermore, our approach can enhance the assessment of effective
doses experienced during commercial flights and will be integrated into the next version of the ACORDE
code (Asorey et al. 2023). We are also adapting this model for sitting and standing individuals on board
commercial aircraft Geant-4 models, such as the Airbus A320 and A350. Moreover, our application can
contribute to the evaluation of radiation shielding materials in rapid neutron production facilities and assess
the effective dose for individuals in the event of severe accidents within these facilities.
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