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Abstract

The prevalent availability of high-performance computing coupled with validated computerized simulation platforms as
open-source packages have motivated progress in the development of realistic anthropomorphic computational models
of the human anatomy. The main application of these advanced tools focused on imaging physics and computational
internal/external radiation dosimetry research. This paper provides an updated review of state-of-the-art developments
and recent advances in the design of sophisticated computational models of the human anatomy with a particular focus
on their use in radiation dosimetry calculations. The consolidation of flexible and realistic computational models with bio-
logical data and accurate radiation transport modeling tools enables the capability to produce dosimetric data reflecting
actual setup in clinical setting. These simulation methodologies and results are helpful resources for the medical physics
and medical imaging communities and are expected to impact the fields of medical imaging and dosimetry calculations
profoundly.
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Introduction in a digital format were developed originally for applica-
tions in radiation protection and medical imaging optimiza-
tion. Recently, the ultimate objective of constructing human
computational models as the ancestor of the digital twins
(i.e. computational objects employed in medicine or other
fields as surrogate or replica of the human body to certain
process, e.g. to ionizing radiation) is the personalization

Human anatomical models have been developed to
represent the spatial distribution of different tissues in the
body (human anatomy)."* These models were mainly con-
structed to provide a non-invasive and inexpensive way to
test various diagnostic imaging and interventional/thera-
peutic procedures,” such as dosimetric calculations for ion-
izing/non-ionizing radiation exposure, optimizing medical
imaging facilities, and personalized medicine. An important  *Division of Nuclear Medicine and Molecular Imaging, Geneva University
category of anatomical models is physical phantoms com- ZHOSPital' Geneva, Switzerland
posed of solid materials with properties equivalent to ,1amad Medical Corporation, Doha, Qatar
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uman tissues, e.g. . Orn.ogenlze .C}_] indrical water p. .an— “Geneva University Neurocenter, Geneva University, Geneva, Switzerland
toms used for the calibration of radiation detectors and diag- *Department of Nuclear Medicine and Molecular Imaging, University
nostic imaging systems,“’5 However, these phant()ms are  Medical Center Groningen, University of Groningen, Groningen, Netherlands
usually expensive while reflecting a crude approximation DDepartr’;ent of Nuclear Medicine, University of Southern Denmark, Odense,
.. . . enmar

of the human body. In addition, using physical phantoms )
for the calibration of advanced systems can be very costl Corresponding author:

R . y X Ty Y Habib Zaidi, Division of Nuclear Medicine and Molecular Imaging, Geneva
and time-consuming. As a result, computational phantoms  ypiversity Hospital, Geneva CH-1211, Switzerland.
representing a mathematical model of the human anatomy  Email: habib.zaidi@hcuge.ch
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of medical procedures within the paradigm of precision
medicine.® Starting in the 1960s, the development of the
computational models evolved through many generations,
and in the 1980s, further efforts were made in this
domain. In this regard, the Visible Human Project led to
the creation of the first complete anatomical model for
dose calculation purposes.” The first generation of compu-
tational phantoms suffered from a variety of limitations,
including lack of anatomical realism, the non-inclusion of
tissue characteristics, calculation speed, as well as their
incompatibility with available analytical or Monte Carlo
simulation codes. More importantly, these computational
phantoms have not been designed for subject-specific mod-
eling and ignored inter-subject anatomical variability.®

Advances in high-performance computing stimulated
the development and usage in research of realistic compu-
tational anthropomorphic models. To date, more than 200
computational phantoms have been reported in the litera-
ture.” Examples of widely used anatomical models are the
NURBS-based XCAT phantom series’ and the Virtual
Population based on triangle mesh.'™'! Advances in
medical imaging modalities and computational algorithms
allow fast construction of personalized computational
models through automated segmentation techniques and
enable the incorporation of physiological motion into ana-
tomical models.

The fundamentals of computational models design

Multiple factors should be considered during the construc-
tion of a realistic anthropomorphic anatomical model."”
These include anatomy (tissues, organs, and regions),
tissue properties, computational efficiency, as well as com-
patibility with analytical or Monte Carlo simulation codes.

As a result, the first step in anthropomorphic anatomical
model construction consists of defining geometrical sur-
faces and tissue properties. This can be done either by
using constructive solid geometry (CSG) or boundary
representation (BREP) approaches.'*'* In CSG, objects
are created using primitives, such as cylinders, ellipsoids,
spheres, ... etc. A number of examples can be found in
the literature that fall under this category ranging from
whole organ representation® to voxel-based representa-
tions.'> Although whole organ representation approaches
have the advantage that they are computationally efficient
and compatible with existing Monte Carlo radiation trans-
port simulation codes, they suffer from the lack of anatom-
ical realism. Conversely, voxel-based representation has the
advantage of reflecting anatomical realism that can be inte-
grated into simulation codes.'> However, the geometric
fidelity is dependent on voxel size, and the simulations
are computationally inefficient, especially for organ
shapes readjustment. In BREP modeling, tissues can be
characterized using boundary surfaces, such as non-uniform
rational B-splines (NURBS) or polygon mesh surfaces. As

in the case of voxel-based CSG, the data can be extracted
from CT images by contouring organ surfaces followed
by modeling to end up with smooth and continuous bound-
aries. The BREP representation better reflects anatomical
realism compared to CSG, given that it can model
complex anatomical features using an extended set of oper-
ation tools.

Although BREP models provide improved realism com-
pared to previous modeling techniques, the corresponding
models are still static. Therefore, a number of additional
parameters have to be included to mimic the reality.
There are many reasons behind this as summarized by
Neufeld et al.'*:

-Slow changes in anatomy during treatment in radiotherapy,
-Inter-subject anatomical variability in anthropomorphic
parameters, such as height, weight, age, BMI, ... etc,
-Need to have personalized models reflecting specific
patient’s anatomy/physiology,

-Voluntary or involuntary motion of organs, such as
respiratory/cardiac motion or bowel movement that may
affect quantitative analysis or radiation therapy planning.

Much worthwhile research efforts have been carried out in
previous studies to handle some of the above-referenced
limitations. The Visible Korean male phantom'® is a land-
mark example where morphing techniques have been
developed in order to modify the volume and shape of
static phantoms. The employed methods include physics-
based approaches,'? image registration techniques'"'® and
geometrical approaches.'""'*° Finally, organ motion mod-
eling techniques were developed to consider patients’ invol-
untary respiratory motion. This led to a new generation of
4D computational models (3D space + time) that became
practical tools for simulation in medical imaging as well
as in radiotherapy treatment for oncological applications.
Examples include respiratory motion simulation using
rigid or elastic transformations, as adopted in the popular
4-D XCAT phantom,?’ and deformable voxelized phan-
toms>? using more sophisticated techniques, such as finite
element algorithrns.23

From mathematical to voxel-based to boundary
representation models

Computational human phantoms have been developed to
realistically model patients’ anatomy and physiology, con-
sidering the geometry and structures of organs/tissues,
material composition, temporal changes, such as respira-
tory/cardiac motions, fluid dynamics such as blood flow
or contrast perfusion, ... etc.?* Computational phantoms
have been extended from simple water-filled slabs and
spheres to anthropomorphic models with a realistic
representation of the anatomy and material composition.
Computational models are typically classified into three
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main categories: (a) stylized phantoms, (b) voxel phantoms,
and (c) boundary representation phantoms (Figure 1).

The first generation of computational phantoms was
constructed for radiation protection purposes in the 1960s.
It was primarily composed of simple macrobodies, easily
described based on quadratic equations, such as cuboids,
cylinders, spheres, ellipsoids, ... etc.”® The first anthropo-
morphic stylized phantom developed by Fisher and
Snyder comprised only three regions (skeleton, lungs, and
remainder tissues).”’ Nine years later, they built an
improved version of their phantom composed of main
organs defined by simple geometric primitives.”® Along
with the technical developments of stylized phantoms,
diversities in the target population according to age (from
newborn to adult), gender (male/ female), and pregnancy
gestation (fetus models)* ' were modeled. For a long
time, mathematical models served as the de facto standard
in radiation protection and dose management. Many
upgraded versions of these phantoms have been con-
structed, such as Adam and Eva,32 precise head and brain
models.,33 bone and marrovv,34’35 gastrointestinal tlract,36

. etc. Furthermore, to cover anatomical diversities of
patient/worker populations, a library of stylized phantoms
with different statures has been devised.’’ 4D stylized
phantoms representing organ motion were developed
based on surface equations, such as superquadratics®® and
non-uniform rational B-splines (NURBS).39 Mathematical
models have the advantages of easy manipulation of
shape and size adjustment or motion simulation.*’
However, this design lacks anatomical realism as the
model represents only a crude approximation of organs’
shape and position. In addition, the definition of heterogen-
ous tissue composition in macrobodies is not possible.

Through the advent of tomographic medical imaging
modalities, such as CT and MRI, the visualization of the
human anatomy in three-dimensions was made feasible.
Medical images consist of small elements called pixels in
2D and voxels in 3D representing tissue information. To
construct a 3D computational phantom, a label is assigned
to each voxel according to the anatomical region (i.e.
liver, brain, bone, ... etc.) and tissue characteristics (mater-
ial composition and density) obtained from medical images
(i.e. CT or MRI). The segmentation of organs and tissues
from medical images is traditionally performed manually,
a labor-intensive and time-consuming process. Although
voxel phantoms provided significant anatomical realism
compared to stylized models, they suffer from limitations
attributed to the finite voxel resolution of structural
images (in the order of millimeters) and the inherent
nature of voxel element geometry (uneven steps). In fact,
tomographic images are not capable of representing fine
structures in micrometer dimensions, such as the skin, eye
lens, and epithelial tissue in the digestive tract. As a
result, the anatomical fidelity of the developed model
depends on voxel size, and most existing voxel models

involve some level of assumptions about the anatomical
structures. Furthermore, CT images that are mostly used
as reference structural images do not generally represent
soft-tissue contrast and typically cover only part of the
body (not total-body images).

A number of reference anthropomorphic voxel phan-
toms have been developed mostly based on CT images.
These reference models were first developed for the adult
male model and later extended to the adult female, pediat-
ric, and pregnant phantoms. In the late 1980s, Zankl et al.
constructed voxel computational models using CT images
of healthy patients that eventually ended up in 12-phantoms
family representing different ages, gender, and size.*' ™ In
1994, a head-torso voxel model, referred to as the
VoxelMan was developed from CT images to support
imaging physics research in nuclear medicine.** In 2000,
the VIP-Man phantom was developed by Xu et al. as the
first model constructed based on color photographic
images of a cadaver.” In 2002, the dose Calculation task
group of the International Commission on Radiological
Protection (ICRP) Committee launched a project focusing
on the development of a set of standard voxel phantoms
to be released to the public as the ICRP reference phantoms
(adult male and female).*® Bolch et al. created a series of
pediatric  reference phantoms from newborn to
15-year-old teenager.*” As the most recent developed pedi-
atric family phantoms, ICRP publication 143 describes the
development of a series of 10 computational models com-
posed of male and female newborn, 1 year, 5 years, 10
years, and 15 years old phantoms.*®

Computational models based on boundary representa-
tion techniques were introduced as a new computational
model generation taking advantage of both mathematical
and voxel-based models. BREP phantoms are able to
represent realistic anatomy of the human body while bene-
fiting from the advantages of mathematical phantoms in
modeling the deformations. Surface-based models, such
as non-uniform rational B-splines and polygon mesh
models, are subcategories of BREP modeling. These
advanced surface models are capable of realistically repre-
senting the anatomical structures while enabling the simula-
tion of anatomical deformation (posture and involuntary
organ motion) by providing a rich set of mathematical oper-
ation tools. In surface-based designs, the transformations
can be simply applied to the surfaces or vertex points to
morph the object.

In the BREP or hybrid approach, voxel data are com-
bined with stylized modeling techniques to design a compu-
tational phantom that benefits the advantages of both voxel
models in representing the anatomical realism and stylized
phantoms in providing the flexibility for anatomical varia-
tions.*® A series of reference phantoms (adult and pediatric)
in hybrid format has been developed by the University of
Florida.’®>% A series of hybrid pregnant female phantoms
at the end of three gestational periods has been developed
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Figure 1. The evolution of computational phantoms from simple macro-bodies to detailed personalized models. Adapted with permission

from.?

by Xu et al.,>® whereas a family of Iranian BREP phantoms

(adult male/female and pregnant reference phantoms) has
been developed at Ferdowsi University of Mashhad”*>¢
as illustrated in Figure 2. The Virtual Family, a series of
surface-based computational phantoms, has been developed
based on high-resolution MR images.'™'" A polygon
surface phantom at Hanyang University in Korea extended
from the reference voxel model of VKH-Man was also
designed.”” Recently, mesh-type ICRP reference adult
phantoms, which account for surface-based counterparts
of the voxel-type ICRP reference phantoms, have also
been developed.’®>°

Extensions of reference phantoms

Motion and posture simulation

Reference computational phantoms are constructed using
tomographic images of a single subject, thus lacking inter-
subject anatomical variability. In addition, reference models
have been traditionally developed as static models where
the physiological dynamics of the human body behavior
is ignored. To address these limitations, a library of anatom-
ically variable computational phantoms and time-varying
4-D reference phantoms have been developed.

In digital models, physiological motion is typically cap-
tured from gated imaging, where the data acquisition is syn-
chronized with a physiological signal. This information is
used to simulate motion through time-varying transforma-
tions of the body structures. In BREP designed phantoms,
the topological transformations are applied to surface
control points. The 4-D NCAT phantom, an extension
from the earlier mathematical MCAT phantom by Segars
et al.,>*® representing cardiac and respiratory motions,
was the first NURBS-based torso model. In an updated
version, the 4-D XCAT phantom family was extended to
include a series of 47 phantoms representing cardiac and

respiratory motions of different patients.®’ A number of
studies reported on the extension of 4D XCAT phantoms.
For instance, Ghaly et al.* developed a population of 4D
phantoms by deforming the 3D XCAT reference model.
In addition, Konik et al.*® simulated non-rigid respiratory
and voluntary body motion based on the XCAT model.
The 4-D VIP-Man phantom developed based on polygonal
mesh was employed for occupationally incorporated radio-
activity in the lung region.®* For CSG design, respiratory
motion transformations are applied to individual voxels
by linear interpolation of the deformation vector fields to
generate a series of high-temporal-resolution voxel
phantoms.*

Morphing and changing the posture of reference phan-
toms is a useful technique to mimic real-world scenarios
in the radiation protection domain.? Since building a new
posture-specific phantom is challenging and time-
consuming, morphing techniques have been developed
enabling the deformation of volumetric and topological fea-
tures of organs and structures from existing reference com-
putational models. Strategies for morphing the anatomy
encompass simple heuristic methods for scaling and trans-
positions of organs to complex non-rigid registration tech-
niques.'”® These strategies were exploited to extend a
series of computational phantoms with different anatomical
characteristics, such as height, weight, BMI, ... etc., from a
reference computational model. This strategy will be further
elaborated in the section below “Libraries of computational
human phantoms.” To simulate physiological motion of
anatomical structures, posture-specific phantoms have
been devised. The postures were adjusted based on the
information derived from a body motion capture system
to realistically simulate sequence of body movements.?%¢
Han et al.%” developed walking phantoms suitable for radi-
ation dosimetry in external photon exposure scenarios.
Another study by Su et al.%® reported on sitting phantoms
designed for internal radiation dosimetry studies.
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Figure 2. The reference BREP Iranian computational phantoms. Left panel: Male/female adult reference computational phantoms.
Right-top panel: The segmented structural/anatomical details and, Right-bottom panel: The reference pregnant phantom with fetus model
at three gestation periods. Courtesy of Dr Miri and Dr Rafat, Ferdowsi University of Mashhad.

Recently, mesh-type ICRP phantoms were deformed to
multiple non-standing postures using a posture-change
method based on a rigid shape-deformation algorithm and
motion-capture technology® to measure the radiation
dose in specific situations.

Libraries of computational human phantoms

Reference phantoms are constructed according to the ana-
tomical characteristics of a single subject considering
anthropomorphic data of the average population, therefore
lacking inter-subject anatomical variability. The diversity
of anthropometric parameters between individuals raises
the demand for building patient-specific computational
phantoms. Although personalized phantoms are deemed

to represent the ideal digital twins, there are some limita-
tions associated with the construction of individualized
phantoms. This includes the lack of high-resolution tomo-
graphic images for specific patients and the time-consuming
procedures for organ/tissue segmentation. In this regard,
habitus-specific phantom series created based upon the
deformation of a reference phantom assembling different
anatomical variables for population-based assessments
have been introduced. Deformation algorithms have been
typically developed based on morphing the tissues consid-
ering hyper-elastic soft-tissue and stiff joints. Some inter-
active tools enabling topological morphing and
interpolation of tissues, such as tissue growth (analogous
to thermal expansion), to construct a habitus-variable com-
putational population from a reference model have been
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Figure 3. Series of adult computational phantoms (males and females) developed based on CT images of healthy Iranian population. The
distribution of anthropomorphic indices, height and weight (top panel), along with the structural details of the developed computational
models (left-bottom panel) are shown. As an example, the anatomical deviations of the thyroid gland in this population is illustrated
(right-bottom panel). Courtesy of Dr Miri and Dr Rafat, Ferdowsi University of Iran.

developed. A number of studies reported on size-adjustable
phantoms representing the variability of anatomical and
anthropomorphic parameters, such as body size, organ
volume/shape, ... etc. Johnson et al.’® extended the UF
hybrid adult phantoms to 25 habitus-specific computational
phantoms. Na et al.'” reported on the construction of a
library of adult phantoms (weight-specific) extended from
the RPI reference models using an automated deformation
algorithm implemented on polygon mesh surfaces. In add-
ition, a number of obese phantoms and a set of age-
dependent Chinese computational models in mesh format
have been developed based on the RPI reference phantoms
to examine the effect of obesity on CT dosimetry.”""?
Broggio et al.”® constructed 25 adult phantoms to cover
the diversity of heights and weights in the adult male popu-
lation. Lloyd et al.”* developed a non-rigid deformation
algorithm to extend the population of the Virtual Family
phantoms using biomechanical finite element methods.
Geyer et al.” extended the UF phantom family to height/

weight-specific phantoms. A Korean library of voxel phan-
toms has been developed to represent different body shapes
and sizes.”® More recently, Akhavanallaf et al.% developed
an automated algorithm to construct a comprehensive
library of phantoms extended from voxel-based ICRP refer-
ence phantoms. Choi et al.”” extended a body-size depend-
ent family of adult phantoms based on mesh-type ICRP
reference phantoms. Hoseinian et al.”* ™ created a compre-
hensive series of BREP whole-body phantoms covering
statistical diversities of the Iranian population (Figure 3).
Beside the development of total-body phantom families,
Erickson et al.®' established a database of realistic virtual
breast models based on breast computed tomography
images.

Advances in computational models

Recent advances in computational phantoms design
focused on two main aspects: first, realistic representation
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Figure 4. Adult male and female mesh-type ICRP reference computational phantoms. Micron-scale radiosensitive regions of major organs
and tissues are visualized on the left and right sides of the phantoms. Reprinted with permission from.®®
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Figure 5. Illustration of the deep learning pipeline used to automatically generate pregnant computational phantoms.

of patient-specific anatomy; and second, upgrade of refer-
ence phantoms by adding small (micrometer-scale) or
complex anatomical structures. The anatomical fidelity of
the developed computational phantoms depends strongly
on the voxel resolution of the reference tomographic
images. Current imaging technologies are not capable of
representing complex or fine structures, such as bone
marrow, eye lens, alimentary tract structures, ... etc., in
micrometer-scale. In this context, Yeom et al. from
Hanyang University developed mesh type ICRP phantoms

extended from the reference ICRP voxel models through
preserving the original anatomical structures. Complex
structures of the gastrointestinal system have been
improved and the fine structures of the alimentary and
respiratory tracts and lung airways were added
(Figure 4).%**> In a recent study, mesh-type skeletal
systems for pediatric population and detailed eye models
for children and adolescents of the ICRP reference phan-
toms were developed in a fine-structure.*®> Abadi
et al.® elaborated on the lung architecture of the XCAT
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Figure 6. The pipeline for automated construction of personalized computational phantoms. Reprinted with permission from.”

series by modeling the airways and pulmonary vasculature.
MIDA is a detailed head and neck model (over 160 struc-
tures) constructed from a series of high-resolution multi-
modal MR sequences.87 In parallel, advanced
functionalized anatomical models have been developed.'?

Toward the 4th-generation patient-specific digital twins,
semi-automatic segmentation techniques based on texture
patterns or manual delineation along with deformable regis-
tration algorithms have been traditionally employed. In
state-of-the-art approaches, this process was labor-intensive
and time-consuming which limited the construction of
patient-specific computational models.*® Recently Carter
et al. proposed to use deformable registration techniques
to create individualized phantoms to better support patient-
specific dosimetry.® Thanks to recent advances in artificial
intelligence algorithms, fully automated segmentation of
medical images became feasible. In this field, machine
learning and deep learning techniques proved to serve as
useful techniques to generate patient-specific phantoms.
Deep learning algorithms demonstrated their capabilities
in image segmentation’’ > and image registration®'*°
that can be integrated into the workflow for the construction
of patient-specific computational phantoms for diagnostic
and radiotherapy risk assessment purposes.””® In 2019,
Xie et al.”® constructed patient-specific pregnant phantoms
by means of deep learning anchor organ segmentation and
used them as input for Monte Carlo organ dose calculations.
As illustrated in Figure 5, the generated patient-specific
phantoms were utilized to estimate fetal exposure from
abdominal CT examinations.

Peng et al.”? used deep learning techniques to automat-
ically segment CT images and combined it with accelerated
Monte Carlo simulations to calculate patient-specific

radiation dose to make the implementation of the proposed
approach in clinical setting feasible. They claimed that the
proposed patient-specific phantom constructed based on
automatic segmentation is prone to much less error compared
with the selection of a computational phantom from available
libraries. Recently Fu et al.”! developed a unified pipeline to
create personalized computational models from radiological
images. The proposed pipeline is composed of three main
steps: first, some anchor organs were segmented from CT
images using deep learning algorithms; second, the best-
matching reference phantom was selected from a template
phantom library using parametrized template matching
approach; and third, a deformable registration between CT
images merged with anchor organ masks and the selected ref-
erence phantom was carried out. They registered patient
images to one of the phantoms selected from the XCAT
library (Figure 6).

Summary and future perspectives

Advances in high-performance computing and the capabil-
ities offered by deep learning-based algorithms have trig-
gered important developments toward the 4th generation
of human computational models called digital twins
which represent the biological and physical characteristics
of the human body from gene information to anthropo-
morphic parameters. Recent advances in deep learning—
assisted medical image analysis and processing success-
fully pushed the borders toward real-time patient-specific
computational models. Considering the time-consuming
process of organs labeling and generation of ground truth
in the supervised approach, novel unsupervised models,
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such as variational auto-encoders or generative adversarial
networks, seem promising for application in this area.'®
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