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ABSTRACT | The widespread availability of high-performance
computing and accurate and realistic computer simulation
techniques has stimulated the development of computational
anthropomorphic models of both the anatomy and physiolog-
ical functions of humans and laboratory animals. These
simulation tools have been applied to different medical
imaging modalities including ultrasound, single photon emis-
sion computed tomography, positron emission tomography,
X-ray computed tomography, magnetic resonance imaging,
optical imaging, and multimodality imaging with various
combinations of the above. This paper reviews the fundamen-
tal and technical challenges and future directions of developing
computational models of normal and abnormal human anat-
omy and physiological functions, with a particular focus on
their applications to biomedical imaging and radiation dosim-
etry calculations. The combination of accurate and realistic
computer generated models of human and laboratory animals,
radiation sources and distributions, transport of radiation
through biological tissues, characteristics of the imaging
system, and physics of the image formation process allows
accurate and realistic simulation of biomedical imaging data
and radiation dose distributions that are ever closer to those
obtained from clinical and experimental laboratory animal
studies. These simulation tools and techniques will provide an
increasingly important contribution and impact in the future of
biomedical imaging and dosimetry calculations.
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I. INTRODUCTION

The development of advanced methods for the design of
computational models that represent the human and
laboratory animal anatomy and physiology has been one of
the most active areas of research in molecular imaging and
radiation dosimetry [1]. Such computational models are
used extensively to derive dose conversion parameters in
radiation protection and nuclear medicine, to optimize
imaging systems design and select the most favorable
imaging protocols, and to aid in the development and
performance evaluation of new image reconstruction and
correction algorithms in quantitative molecular imaging
[2]-[4]. The widespread availability of high-performance
computing platforms and popularity of computer simula-
tions motivated further the growth of computational an-
thropomorphic models corresponding to the anatomy and
physiology of both humans and laboratory animals [1], [5],
[6]. Such computational models are thoroughly coupled to
radiation transport computer codes and accurate models of
various molecular imaging modalities.

The conceptual basis lying behind the development of a
physical or experimental phantom or computational model
is to mimic as accurately as possible the biological and
physiological properties of an organ or body region of
interest or the entire body with the aim to reproduce
through computer simulations the behavior of the various
components of a biological system under controlled
conditions [7]. In other terms, a computational model
depicts mathematically an organ or tissue of the body, an
organ system, or the whole body [8]. This would permit a
better understanding of how radiation interacts with
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biological tissues through various mechanisms of radiation
interaction with matter and deposits energy (for radiation
dosimetry applications) or to determine the best detection
geometry configuration of a molecular imaging unit for
imaging a particular region of the human body (e.g. brain,
breast, prostate, etc.). Such an understanding relies on
approximations regarding the chemical composition,
shape, size, and possible movement of biological tissues
that will be used as input to analytical or Monte Carlo
simulation packages to randomly sample processes using
probability density functions governing the physical
system being simulated.

Simulation has become a very useful and popular re-
search tool in molecular imaging and radiation dosimetry
investigations during the last two decades owing to the
more widespread availability of highly powered computing
workstations and geographically distributed computing
networks. Physical phantoms, although experimentally
important in benchmarking the data, are considered to be
impractical, time-consuming, and, in many cases, unsafe to
use especially for large-scale studies involving administra-
tion of relatively large amounts of radioactivity in the
phantoms, which increases the exposure of operators.
Despite these limitations, many static and dynamic four-
dimensional (4-D) physical anthropomorphic phantoms
were recently developed in academic and corporate
settings, but very few dynamic torso phantoms are
commercially available. Virtually all of them were speci-
fically designed for the assessment of renal [9] or nuclear
cardiology scanning protocols and ejection fraction calcu-
lation software (e.g., the dynamic cardiac phantom avail-
able from Data Spectrum Corporation, Inc.) and as such
might not be suitable for oncology-related 4-D imaging
research. Some investigators designed and constructed
physical phantoms that matched their own research
requirements [10]-[14].

Two main classes emerged for defining anthropomor-
phic computational models: the stylized approach, where
equation-based mathematical functions (surface equa-
tions) are used to represent the boundaries of shapes
defining the model; and the voxel-based digital approach,
where the object is represented by volume arrays or three-
dimensional (3-D) voxel matrices. More recently, the
hybrid equation-voxel approach, which combines the two
approaches referenced above by allowing the mathematical
description of organ boundaries from definitions extracted
from voxel data, came into sight [15]-[18].

As aresult of the popularity and widespread acceptance
of modeling and simulation as research tools, many issues
are being addressed with respect to the relevance and
potential of complex anthropomorphic models, how close
they are to the anatomy and physiology of patients and
laboratory animals, and what the barriers are to their
availability and applicability in clinical and preclinical
research. Some of the articles in this Special Issue will help
to answer many of these questions.

This paper reviews recent advances in computational
anatomical and physiological models that made significant
progress with the advent of sophisticated modeling tech-
niques in connection with the increasing availability of
computing power and the novel challenges that need ad-
dressing by novel multidimensional and multimodal mole-
cular imaging technologies. It briefly summarizes the
historical background, latest advances, and new horizons
in the developments of computational anthropomorphic
models, with special emphasis on those developed specific-
ally for medical imaging research. It should be emphasized
that the recommendations of the International Commis-
sion of Radiological Protection (ICRP) were followed to use
the term “phantom” only for experimental physical
phantoms, whereas the term “model” is used to describe
a computational model that is defined on a computer
system [19].

II. HISTORICAL BACKGROUND

As mentioned earlier, the difficulties associated with the
use of physical phantoms representing the human
anatomy within the framework of an experimental design
stimulated the interest in computational models that can
be defined mathematically to reproduce approximately
(yet with acceptable accuracy) real-life conditions. This
has become possible thanks to the accurate modeling
achieved thorough knowledge of radiation interaction
processes using well-established Monte Carlo techniques
[20], [21].

Early computational models were historically limited to
stylized models represented by regularly shaped conti-
nuous mathematical objects defined by combinations of
simple surface equations (e.g. right circular cylinders,
spheres, or disks). In the late 1950s, the human body was
modeled by a sphere (ICRU sphere) with lots of little
spherical organs. One of the first anatomical models de-
veloped specifically for the assessment of internal absorbed
dose was initiated during the Manhattan Project at
Los Alamos during World War II and published later by the
ICRP [22]. The main spotlight at that time was radiation
protection of professionally exposed workers and, to a
minor degree, the general public from exposure to radia-
tion linked to the war. It was clear at that time that the
adopted anatomical model of the human body was very
rudimentary, as it was constructed using a simple set of
uniform spherical objects. The intended use of this report
covering almost all radionuclides was radiation protection
and safety of professionally exposed workers. Nevertheless,
this pioneering concept was applied by the ICRP in updated
evaluations for radiation workers and was also used for
other applications such as internal absorbed dose calcula-
tion in nuclear medicine studies, thanks to the seminal
contributions of the Medical Internal Radiation Dose
(MIRD) Committee founded by the U.S. Society of Nuclear
Medicine.
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Fig. 1. Evolution of computational models of the human anatomy from the crude ICRU spherical model to more realistic and

complex (person-specific) computational models.

The first breakthrough in the history of computational
models was the development of the Fisher—Snyder
heterogeneous, hermaphrodite, anthropomorphic model
of the human body in the late 1960s [23]. This model and
its revised version [24] were meant to represent an average
adult male in good physical shape, thus portraying typical
working population. The model comprised both male and
female organs following the structures defined by the ICRP
for the Reference Man [25], which was derived from ex-
tensive scrutinizing of medical and other literature
(although limited primarily to European and North
American populations). These pioneering contributions
were followed by much worthwhile research efforts by
academic groups and professional societies, thus allowing
the development of many versatile computational models,
as described in the following sections.

There was a constant desire by researchers to achieve
better representations of the individual organs and the
whole body in a more realistic manner. This aspiration
paved the way to a series of developments that ultimately
resulted in the far more realistic and sophisticated com-
putational models available today. In essence, computa-
tional models have advanced from simple homogeneous
tissue-equivalent spheres or slabs to progressively more
realistic anthropomorphic models that intimately emulate
the anatomy and physiology of living subjects (humans and
laboratory animals). Currently available computational
models belong to one of the three major categories [1]:

i) mathematical equation-based stylized models, in
which organs are delineated using surface
equations;

ii) image-based tomographic models, where organs
are defined from segmented high-resolution med-
ical images;

iii) equation-voxel based hybrid models, in which the
mathematical description of organ boundaries is
derived from definitions extracted from voxel data.

Fig. 1 illustrates the historical evolution of computational
models from the crude ICRU spherical model to person-
specific models expected to become available in the near
future [1], [6]-

III. OVERVIEW OF STYLIZED
MATHEMETICAL MODELS

A. General Design Considerations

As stated earlier, stylized models are represented by
regularly shaped continuous mathematical objects defined
by a mixture of simple surface equations. The basic building
blocks of these models consist of the usual geometrical
shapes, including spheres, cylinders, ellipsoids, slabs,
cones, tori, and subsections of such objects. These are
usually combined to approximate the geometry of typical
irregularly shaped regions of the body and its internal
structures.

The representation of internal organs using simple
mathematical objects is generally very crude, since simple
equations can only capture the most general description
of an organ’s position and geometry. Such simple
geometries are useful in studying fundamental issues of
imaging systems’ performance characteristics and dosim-
etry for radiation protection purposes; however, clinically
realistic distributions cannot be evaluated by such simple
geometries. A precise modeling of the human body
requires appropriate information on the location, shape,
density, and elemental composition of the organs or
tissues.

B. Early Stylized Models

Early designs of computational models of the human
anatomy elaborated eventually for radiation protection
purposes consisted typically of homogeneous slabs, ellip-
tical and right circular cylinders, and spheres [26], [27],
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and assume a specific age, height, and weight. The large
variability of individuals’ bodies and internal organs results
in a diversity of shapes and sizes that cannot be easily
accommodated using simple models. In the 1960s, inves-
tigators from Oak Ridge National Laboratory (ORNL) re-
ported on the development of an adult model consisting of
three specific regions: the head and neck, the trunk in-
cluding the arms, and the legs [28].

The major drawbacks of this model are the rough
approximations utilized to represent the human body
(limited to elliptical cylinders and truncated elliptical
cones) and the intrinsic postulation of homogeneous
tissue density and composition. In addition, some organs,
such as the skeleton and the lungs, were lacking, and the
geographic locations of specific organs in the model were
not delineated.

These advances were supplemented with the early
designs of models characterizing the pediatric population
(known as the similitude pediatric models), including
newborn and 1, 5, 10, and 15 years old [28]. The key
weakness of these designs is the crude assumption of the
formalism used to create the models, which assumes that
children can be modeled as small adults and, as such, their
organs are simply “smaller adult organs” [7]. In other
words, these models were created by applying a series of
transformations to the major axes of the Cartesian co-
ordinate system in which the adult model referenced above
was defined.

An important contribution and major step forward was
the development of the Fisher—Snyder heterogeneous,
hermaphrodite, anthropomorphic model of the human
body [23]. This model comprised three regions—skeleton,
lungs, and the remainder (soft tissue)—and was devised at
ORNL for SNM’s MIRD Committee. Nine years later, an
improved version of the heterogeneous model was pub-
lished by Snyder et al. [24]. This stylized model consisted
of spheres, ellipsoids, cones, tori, and subsections of such
objects, combined to approximate the geometry of the
irregularly shaped regions of the body and its internal
structures. Three main sections were used to describe
analytically the model including an elliptical cylinder
standing for the arms, torso, and hips; a truncated ellip-
tical cone standing for the legs and feet; and an elliptical
cylinder standing for the head and neck.

The representation of internal organs with this
mathematical model is very crude, since the simple equa-
tions can only capture the most general description of
an organ’s position and geometry. The original model
developed was intended mainly to represent a healthy
average adult male, which well characterized the working
population of its time. The model did have both male
and female organs, but most structures represented the
organs of the Reference Man [25], as defined by the ICRP
from an extensive review of medical and other scientific
literature, restricted primarily to European and North
American populations. It should be noticed that the

Reference Man was a 20-30-year-old Caucasian, 70 kg in
weight and 1.70 m in height (the height was later changed
to be 1.74 m).

C. Current Stylized Models

The need for complementary models arose owing to
the large anatomical variability across radiation worker
and nuclear medicine populations. Thanks to the efforts of
the ORNL group, a series of models representing adults
and the pediatric population at various ages (1, 5, 10, and
15 years) were released, with the 15-year-old model serving
as a model for the adult female [29], [30]. The models
were based on anthropological data (legs, trunk, and head)
and age-specific organ masses of the ICRP’s Reference
Man [25]. The different organs of the human body are
mathematically defined using second-order quadratic
surface equations. For example, the right lung of the
ORNL adult male model is represented by half an ellipsoid
with a section removed [30]

2 2 — 20\ 2
(X—F—XO> _|_(X) _’_(ﬂ) <1land z > z.
a b ¢

The above-referenced ORNL stylized models were
recently revised with the aim to use them within the MIRD
dose calculation formalism [31]. These revisions updated
the original models by taking advantage of recent advances
in stylized models of various organs including the head,
brain, kidneys, rectosigmoid colon, and extrapulmonary
airways and to incorporate novel models that were
overlooked in the initial design such as the salivary glands
and the mucosa layer of the urinary bladder, alimentary
tract organs, and respiratory airways, in addition to many
other incremental improvements to the original models.
Another set of computational models standing for the adult
female at different stages of gestation was developed [32]
to provide a framework for calculation of absorbed doses to
the fetus for nuclear medicine and general health physics
applications.

Following the wide adoption of the MIRD heteroge-
neous model, many enhancements were brought to the
model soon after and documented in a series of pamphlets.
In addition, based on the original descriptions, other re-
searchers have proposed customized adaptations such as
those known as the “Adam” and “Eva” models [33]. The
radiation protection community relied heavily on these
computational models, which effectively served as the
de facto “standard” for many years [8], [34]. Moreover,
many other models corresponding to individual organs or
organ systems not included in these original models were
released by the MIRD committee and other independent
researchers. These include subregions of the brain [35],
adult [36] and pediatric [37] head and brain models, the
eye [38]-[40], the nasal cavity and major airway [41], the
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peritoneal cavity [42], the prostate gland [43], bone and
marrow [44], [45], gastrointestinal tract [46] and a more
recent refined rectum model [47], kidney [48], spheres of
varying size simulating lesions [49], [50], and many others.
In particular, the availability of anthropometric data
allowed the development of computational models for
adults of different height, taking into account the large
anatomical variability [51]-[53].

Many other stylized models have been developed
specifically for the assessment of image reconstruction
techniques in X-ray computed tomography (CT) and
emission tomography that are not appropriate for other
applications in radiological sciences. Examples of these
include the two-dimensional Shepp and Logan brain model
[54], which has been used extensively during the early
developments of image reconstruction algorithms, and
the FORBILD database developed for X-ray CT imaging
research [55]. The latter family of objects comprises
various organ models representing the head, abdomen,
lung, thorax, hip, and jaw.

D. Dynamic (4-D) Stylized Models

Despite their limitations, stylized models are still
evolving and are being constantly improved, taking ad-
vantage of the availability of more refined primitives and
mathematical modeling tools. One of the limitations of the
above-described models is the lack of modeling physiolog-
ical motion due to cardiac and respiratory cycles inherent
to living subjects. The latest advances in 4-D, i.e., 3-D
spatial (x,y,z) computer models incorporating accurate
modeling of time-dependent geometries (tgeometry ), are the
consequence of inevitable compromise among complexity,
anatomical realism, user-friendliness, and flexibility.

Recent advances intend to develop anthropomorphic
models that are flexible while allowing more accurate
modeling of various patient populations. The greater levels
of accuracy and precision required by emerging clinical
and research applications of molecular imaging imposed
more constraints with respect to the realism of physio-
logical models used in simulation studies. Thanks to the
widespread availability of computer systems with a very
high computational power, the use of 4-D dynamic
computational models in Monte Carlo simulations is
becoming possible. One such model developed specifically
for emission tomography imaging research is the Mathe-
matical Cardiac Torso (MCAT), which is an anthropomor-
phic computational model developed at the University of
North Carolina at Chapel Hill [56]. Using mathematical
formulas, the size, shape, and configurations of the major
thoracic structures and organs such as the heart, liver,
breasts, and rib cage are realistically modeled for imaging
purposes. Although anatomically less realistic than tomo-
graphic models derived from high-resolution CT or
magnetic resonance (MR) imaging, the MCAT model has
the advantage that it can be easily modified to simulate a
wide variety of patient anatomies. Moreover, the model

simulates a dynamic beating heart incorporating changes
in myocardial wall thickness, and chamber volumes, apical
movement, and heart rotation during the cardiac cycle,
and was further modified later to incorporate respiratory
motion [57]. Other investigators also described Monte
Carlo simulations of time-dependent geometries within a
single 4-D Monte Carlo simulation using the GEANT4
computer code [58]-[60]. Such features became feasible
following the introduction of suitable primitives that made
accurate modeling of anatomical variations and physiolog-
ical motion possible. Two such primitives are super-
quadrics [61] and nonuniform rational B-spline surfaces
(NURBS) [62] that are further described in Section V
below [15]. Superquadrics are a family of 3-D objects
such as superellipsoids and tori, which can be used to
model efficiently a variety of anatomical structures and
as such have found applications in modeling heart and
thorax models in CT [63] and emission tomography [61].
It is worth emphasizing that superquadric modeling
provides a more realistic visualization than quadratic
modeling and a faster computation than spline methods
[63]. Much worthwhile research is also being carried out
to develop integrated frameworks to provide direct links
between tumor growth models that could be generated
within the anthropomorphic models described above,
where the tumors are approximated either by analytically
defined five-dimensional (x,y,z, tyeometry; tactivity) com-
partments or by compound cellular lattice inserts [64].

IV. OVERVIEW OF TOMOGRAPHIC
VOXEL-BASED MODELS

A. General Design Considerations

Notwithstanding efforts to renovate the stylized
models described above, the modeling of the human
body using simple mathematical equations produced un-
realistic anatomical geometries. The design of more
realistic models has been sought since the inception of
computational models; however, this became possible only
after the introduction of major tomographic medical
imaging modalities such as CT and MRI. Tomographic
models are defined by digital (voxel-based) volume arrays
from segmented high-resolution structural imaging data.

In terms of geometrical spatial representation, tomo-
graphic models are in essence different from stylized
models in the sense that 3-D anatomical images consist of a
digital description of the anatomy using a set of basis
functions having the shape of tiny cubes called voxels
(pixels in 3-D). Therefore, the voxel model contains a large
number of voxels connected together to describe individ-
ual anatomical structures and organs.

It must be noted, however, that compared to medical
applications where these techniques found their way to
the clinic without any particular constraints, the devel-
opment of tomographic models from anatomical imaging
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modalities faced some exclusive and inflexible technical
challenges [1].

i) Whole-body models are often required, but
patient scans are usually performed for a limited
portion, thus producing partial scans of the body
(patient exposure due to CT examinations is
substantial, and MRI is a lengthy procedure).

ii) Many individual tissues/organs should be recog-
nized and segmented manually by experienced
radiologists or automatically using dedicated
software.

iii) The number of voxels and thus image data size of
a whole-body tomographic model can probably be
too large for a PC’s memory to handle.

Despite the concerns raised regarding radiation expo-
sure, particularly to children [65], [66], the progress in
multidetector CT technology has been immense during the
last two decades, allowing structural and perfusion imaging
with a very high spatial and temporal resolution following
introduction of CT scanners with up to 256 [67] and even
320 [68] slice capability and many novel technologies
such as dual-source CT, C-arm flat-panel-detector CT,
and micro-CT [69], [70]. MRI generates high-resolution
anatomical and functional images offering better soft-tissue
contrast resolution and a wide variety of tissue contrasts
compared to CT. In addition, MRI does not use any ionizing
radiation and therefore can be used without restrictions
in serial studies, for pediatric cases, and in many other
situations where radiation exposure is a concern. This is
obviously an important consideration for the task of
developing computational models of healthy subjects at
various ages.

In summary, four main phases should usually be
followed for the development of a voxel model:

i) acquisition of high-resolution CT or MRI data

sets;

ii) classification and segmentation of the various
tissues and organs through assignment of unique
individual labels to each anatomical structure of
interest according to the targeted application;

iii) identification of the type of biological tissue and
organ and their elemental tissue compositions and
mass densities using, for example, tissue char-
acteristics from ICRU Report 46 [71] and ICRP
Publication 89 [72];

iv) implementation of the computational model in a
Monte Carlo package to simulate radiation trans-
port and score quantities of interest for the task at
hand (e.g., simulation of a medical imaging sys-
tem, dosimetry calculations, etc).

Medical image segmentation is a relatively mature
research field, and various algorithms have been developed
to segment images obtained using different imaging moda-
lities. Manual segmentation procedures performed by
experienced radiologists are still used, and they tend to be
laborious and time-consuming, typically taking from a few

months [73] to a few years [74]. It should be emphasized
that there is a lack of agreement with respect to the seg-
mentation task since the procedure inherently entails
some a priori knowledge of the anatomy throughout the
image analysis process. For instance, CT scans of the ab-
domen exhibit very poor soft-tissue contrast, which makes
the delineation of anatomical structures very hard, if not
impossible, to achieve without the use of contrast media.
Likewise, large missegmentation might occur for small
anatomical structures whose size in any of the 3-D spatial
directions is too small (e.g., skin < 1 mm thickness)
compared to the matrix size sampling the 3-D anatomical
volume (typically 2 mm voxel resolution). As a conse-
quence, the skin layer in many computational voxels is
overestimated (too thick) owing to the assignment of the
top layer of the voxels to the skin. Segmentation of red
bone marrow is another challenging issue that was tackled
through the use of an empirical formula to calculate it
(except for the VIP-Man model [75]).

While most effort devoted towards the creation of
human models relied on live subjects, some groups used
cadavers and animals to obtain the required anatomical
information through CT or MRI and combined this with
the unique anatomical information that can be extracted
from color cryosections. One of the advantages of cadaver
imaging is that scanning the complete body is possible at
the desired slice thickness and with optimal X-ray tube
settings (high kVp and mAs). One such example is the
National Library of Medicine’s Visible Human Project
(VHP), which created anatomically comparable CT, MRI,
and color cryosections [76]. This pioneering development
resulted in a very high-resolution model that remained for
many years the one having the smallest voxel size
(0.33 x 0.33 x 1 mm® for the male and 0.33 x 0.33 x
0.33 mm?® for the female until the recent release of the
Chinese Visible Human Project presenting a set of seg-
mented cryosections at 0.1 X 0.1 x 0.2 mm? voxel size
for a male cadaver [77]. For many years, this model
served as an excellent data source from which users have
created tomographic computational models for use in
medical imaging simulations for adult patients. Never-
theless, cadaver imaging has its own drawbacks, such
as clinically related deformation of organs (e.g., trauma)
or procedure-related issues (e.g., body preparation for
imaging).

B. Current Voxel-Based Models

Tomographic or voxel-based models were introduced
as early as 1984, when the first models were reported
independently by two investigators [78], [79]. The former
model is a representation of the head and trunk from
CT scans of a female cadaver, whereas the latter reported
on the development of an infant and children tomograph-
ic models [80] as well as a voxel-based representation of
the physical Rando—Alderson (Radiological Support De-
vices, CA) physical phantom [81]. In the meantime, these
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pioneering developments stimulated the emergence of a
whole family of tomographic models [82], [83].

A large number of tomographic models were recently
developed and will only be briefly discussed here. For a
more elaborate description, interested readers could con-
sult published reviews [1], [5] and the recent book edited
by Xu and Eckerman [6] dedicated to this topic. For many
reasons, adult male models were the first to be released,
followed by adult female, pediatric, and pregnant woman
models.

Based on the commercially available physical Hoffman
3-D brain phantom [84], a realistic brain model was
created reproducing spatial distributions of typical tracers
used in cerebral blood flow and metabolism studies using
single-photon emission computed tomography (SPECT)
and positron emission tomography (PET), providing
apparent relative concentrations of four, one, and zero
for gray matter, white matter, and ventricles, respectively
[85]. An important contribution that crystallized the
field came from Zubal et al., who developed a clinically
realistic head—torso model refereed to as the VoxelMan
from segmented CT images of an adult living man [73]. The
same group has also developed a high-resolution brain
model based on an MRI scan of a human volunteer, which
has been extensively used to simulate neuroimaging
procedures and to provide dosimetry calculations in the
head. The main anatomical structures were segmented
manually by an experienced radiologist and each voxel
belonging to each structure assigned a unique label. Given
that the model was mainly developed for nuclear medicine
imaging applications, these labels could be used to assign
activity and elemental tissue composition and mass density
values to each structure. The head-torso model’s image
data are available as a 128 X 128 x 246 matrix with an
isotropic resolution of 4 mm3. This model was improved
later by copying the arms and legs from the above described
Visible Human model and attached them to the original
torso model [86]. However, the arms of the VHP cadaver
were positioned over the abdominal part, which limited the
usefulness of the model for simulations of whole body
scanning. This problem was tackled by mathematically
straightening the arms out along the model’s side [87].
Fig. 2 shows coronal images of all three versions of this
model. The model was also exploited to develop a new male
adult voxel model called MAX [88] by adjusting the
soft-tissue organ masses to match those of the ICRP
Reference Man [25] and a female adult model called
FAX [89].

Another model known as NORMAN was constructed
using MR images of a healthy volunteer with voxel size of
2 X 2 x 10 mm® scaled to match the body height and
weight of the original [90], [91] and new referencial [92]
of the ICRP Reference Man [25]. The same group released
an adult female model known as NAOMI [93] that was
rescaled to match the height and weight of the ICRP
reference adult female.

Fig. 2. From left toright: coronal slices of the original Voxel-Man model
[73], its modification by copying the arms and legs from the visible
human data set and attaching them to the original model [86], and
another further modification by mathematical straightening of the
arms out along the model’s side to make it more suitable for typical
whole-body imaging simulations [87]. The data sets are available from
http://noodle.med.yale.edu/phant.html.

The German group at GSF released a “family” of nine
tomographic models created from segmented CT images:
BABY, CHILD, DONNA, FRANK, GOLEM, HELGA,
IRENE, LAURA, and Visible Man [83], [94]. The problem
with the earlier designs (e.g., GOLEM adult male model) is
that they were acquired at relatively poor resolution. The
BABY and CHILD models were one of the first pediatric
voxel models having voxel sizes of 0.85 x 0.85 x 4 mm>
and 1.54 x 1.54 x 8 mm>, respectively [95]. A 14-year-old
girl torso model called ADELAIDE was also developed
using CT images [96]. Recent efforts at the University of
Florida (UF) have resulted in the development of a series
of partial-body (head and torso) pediatric models known as
UF Series A, aging from the first year of life to 14 years old
[97], [98]. These models were used to create a set of
whole-body pediatric tomographic models (UF Series B)
through the attachment of arms and legs from segmented
CT images of a healthy Korean adult [99].

Another important contribution came from Xu et al.,
who released an adult male tomographic model called
VIP-Man based on cross-sectional cryosections of the VHP
model [75]. This model consists of a huge number of
voxels (3.7 x 10%), where the segmentation of the original
images resulted in more than 1400 tissues and organs
(compared to the small number (80) considered for
typical radiation dosimetry applications [75], [76]). The
model is shown in Fig. 3, where 3-D surface rendering is
used to illustrate anatomical realism of the trunk and
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Fig. 3. 3-D surface renderings of the VIP-Man showing (left) details of
internal organs and the skeleton and (right) the head and brain.
(Adapted with permission from [75].)

head, respectively. The model was recently refined (4-D
VIP-Man) to incorporate respiratory motion using the
NURBS primitive [100].

One interesting feature of this whole-body model is
the relatively heavy body weight (103 kg) owing to the
presence of a large portion of fatty tissues and, as such,
was considered to be a perfect model for investigating
how much a specific individual can anatomically diverge
from the ICRP Reference Man [25]. One should note
that most organs in both models (VIP-Man and
Reference Man) have similar masses. This has stim-
ulated the successful implementation of the model in
various Monte Carlo codes including MCNP, MCNPX,
EGS, and GEANT4 for internal and external dose
computations entailing different particles such as
photons, electrons, neutrons, and protons. The same
VHP images were exploited to create the GSF’s Visible
Man model [101].

Several national and international initiatives were also
undertaken to develop “country type” equivalents to the
above-referenced VH project. In particular, many Asian
countries developed their own tomographic models, in-
cluding Japan [102]-[105], Korea [74], [106]-[108], and
China (Visible Chinese Human and CNMAN) [77], [109],
[110], and many others reportedly have similar ongoing
projects.

C. Latest Developments

For more than a decade, the ICRP’s Task Group on
Dose Calculations and the SNM’s MIRD committee have
been collaborating with the aim of assessing novel dosim-
etry data from available tomographic models. The former
was actively engaged in establishing guidelines on the use
of tomographic models, suggesting the replacement of
stylized models by tomographic models as early as 2002
[111]. The strategy followed by the ICRP for the develop-

ment of new reference models consisted of the following
steps.

1) Choose high-resolution imaging data sets of
individuals close to the Reference Man in terms
of height and weight.

2) Perform appropriate segmentation of the data
sets.

3) Perform appropriate scaling of voxel size to adjust
body height so that it matches the reference value
without spoiling the realistic anatomy.

4) Perform appropriate adjustment of skeletal mass
to match reference value.

5) Apply the same procedure to individual organs by
addition/subtraction of voxels.

The ICRP has opted for the adjustment of the GSF models
(Golem and Laura) [112] and recently released its new
guidelines, emphasizing a plea for a paradigm shift from
conventional stylized models to tomographic models [19].
The new ICRP reference computational models RMCP
and RFCP corresponding to the Reference Adult Male
and Reference Adult Female, respectively, are described in
detail. Moreover, a number of new tissues and organs are
now built-in in the list for the purpose of effective dose
calculation for radiation protection applications.

This has also encouraged many investigators to revise
early designs of tomographic models such as the MAX and
FAX models that were improved to produce MAX06 and
FAX06 models [113] by adjusting tissue and organ masses
to match as closely as possible the anatomical values pro-
posed in the new ICRP. Similar efforts were undertaken
to adjust the NORMAN model [90], resulting in the
publication of a new model called NORMAN-5 [114].

On the other hand, much worthwhile research and
development efforts focused on the development of adult
pregnant female models where, similar to the pediatric
situation, radiation exposure due to CT examinations is a
concern [16], [115]-[117]. In particular, Xu et al. devel-
oped an eight-month-pregnant woman model from CT
images [115], which has been used to derive specific ab-
sorbed factions for nuclear medicine applications [118].
The same group released a set of pregnant female anatomic
models, called RPI-P3, RPI-P6, and RPI-P9, that represent
adult females at 3-, 6-, and 9-month gestational periods,
respectively [119].

In addition, many other tomographic models corre-
sponding to individual organs or organ systems not appro-
priately modeled using stylized models were developed
independently by other research groups. These include the
detailed breast model for radiological studies [120], an eye
model created from the VHP female data sets [121], a
series of realistic digital brain models to take into account
intersubject anatomical variabilities more suitable for
multimodality imaging simulations [122], and many other
models.

While much effort has been devoted towards the
development of human models, the need for animal
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Table 1 Current Tomographic and Hybrid Preclinical Models With Their Main Characteristics

Institution Name Animal Images Reference
Johns Hopkins MOBY Mouse MRI [124]
University, US
Lund University, - Mouse Anatomic [125]
Sweden atlas
Memorial Sloan- - Mouse MRI [130]
Kettering Cancer
Center, US
Vanderbilt University, Mouse/ CT [126]
us rat
University of Southern Digim- Mouse CT, PET, [127]
California, US ouse cryosection
University of California - Mouse CT [128]
Los Angeles, US
INSERM U601, France Mouse cryosection [129]
University of Science - Rat cryosection [131]
and Technology, China
Japan Atomic Energy - Frog cryosection [133]
Agency, Japan
University of Florida, UF Dog CT [134]
us canine
University Medical - Rat brain  cryosection [135]
Center Utrecht, The
Netherlands
University of Science - Rat cyosection [132]
and Technology, China

models supporting molecular imaging research using
preclinical models stimulated the development of the few
animal models reported in the literature during the last
decade. The recent interest in the use of mice and rats as
models of human disease and related advances in multi-
modality molecular imaging instrumentation for biomed-
ical research has spurred the development of realistic
anthropomorphic models depicting the anatomy and phy-
siological functions of laboratory animals. Most previously
reported laboratory animal models have been stylized and
mathematically based. More recent investigations report
on the development of more realistic tomographic brain
and whole-body models suitable for molecular imaging
research, based on actual image data obtained from serial
cryosections [123] or using dedicated high-resolution
preclinical CT and/or MRI scanners.

Table 1 summarizes whole-body preclinical tomog-
raphic models that have been reported in the literature
during the last few years. These models consist of
segmented organs, and in many cases include anatomical
(CT and MRI) and color cryosections that are ready for
implementation into a Monte Carlo calculation code. The
developed whole-body animal models include mice
[124]-[130], rats [126], [131], [132], frog [133], and
canine [134]. High-resolution single organ models such
as the rat brain [135] were also produced.

Virtually all the models referenced above were origi-
nally created in the upright position, thus limiting the

application of these models in different scenarios. In
response to the lack of variable posture models, mathe-
matical posture transformation techniques for tomographic
models through a free-form deformation algorithm were
suggested [105]. The technique allows the application of
smooth posture transformation centering on the joints of
the tomographic models while maintaining the continuity
and masses of internal structures [136]. The algorithm was
further refined more recently, producing improved quality
of postured models [137]. Fig. 4 illustrates examples of
variable posture models created from anatomically realistic
tomographic models with upright standing posture.

iit

Fig. 4. variable posture models developed from anatomically
realistic voxel models with upright standing posture (Courtesy of
T. Nagaoka, National Institute of Information and Communications
Technology, Japan).
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V. OVERVIEW OF HYBRID MODELS

As indicated above, hybrid equation-voxel modeling
emerged as a novel approach allowing the combination
of stylized (equation-based) and tomographic (image-
based) approaches by representing organ boundaries
from definitions extracted from voxel data [15]-[18].
This approach allows one to take advantage of the most
desirable features of the two modeling approaches
referenced above. The basic modeling primitives used to
define hybrid models are NURBS [62] and subdivision
(SD) surfaces [138], which are widely used in computer
graphics. These tools served as basis for the development
of the 4-D NURBS-based cardiac—torso (NCAT) model
[15]. The inclusion of accurate models of cardiac and
respiratory physiology into the 4-D NCAT model was a
considerable breakthrough to consider inherent cardiac
and respiratory motion that was overlooked in the
preceding models. NURBS-based deformation of organs
during respiration is achieved through the use of time-
dependent equations to manipulate surface control points.
The NURBS primitives can sophisticatedly model the
complex organ shapes and structures and their physiolog-
ical functions, providing the foundation for a realistic
anatomical and physiological model. The conceptual design
of this model also served as a basis for development of
the 4-D digital mouse model called MOBY [124] and the
current series of 4-D extended cardiac—torso (XCAT)
models [139]. The 4-D NCAT model was extensively used
in cardiac imaging to generate realistic normal and
pathological imaging data by generating predictive imaging
data sets of a patient population with varying anatomy and
with varying healthy and diseased states of the heart that
provide the ground truth for evaluation and improvement
of current and novel 4-D imaging techniques [140]. Similar
techniques were also used in for assessment of PET image
segmentation techniques in oncological imaging by incor-
porating lesions with clinically realistic complex shapes
and nonuniform activity distributions [141], [142].

A. Advantages/Drawbacks of Hybrid Models Versus
Stylized and Voxel-Based Models

Each of the three types of representation of compu-
tational models has its advantages and disadvantages. A
comparison of stylized versus voxelized model represen-
tation was discussed in the literature [143]-[145] and will
only be briefly reviewed here. Table 2 summarizes the
advantages and disadvantages of stylized, voxel, and hybrid
models considering various criteria relevant for simulation
of imaging systems.

Stylized models based on geometric primitives re-
mained anatomically unrealistic due to geometric limita-
tion of quadratic equations. One of the disadvantages of
the voxel-based approach is that inherent errors are
introduced due to the model voxelization. The discre-
tization errors inherent in the voxel-based representation

Table 2 comparison Between Stylized, Voxel, and Hybrid
Computational Models in Terms of Anatomic Realism and
Flexibility in Organ and Body Contour Changes

Features Stylized Voxel Hybrid
Simple geometric descriptions Tt = Fl
Realistic patient-specific —= =i Sl h
anatomical descriptions

Memory requirements R 2 o Stonpid Yo
Discretization errors st s =t
Modeling dynamic processes ot == =t
On-line Monte Carlo simulation of —— = +
patient image data

Computional burden (ray-tracing) =t = =
Flexibility regarding organ and o = =
body contour changes

Modeling software complexity i = e

may be reduced by finer sampling of the discretized
models. Tomographic representation of anatomical models
is known to suffer from slice-to-slice discontinuities,
which are well portrayed in coronal and sagittal views. To
underline the advantages of hybrid model over stylized and
voxel models, Fig. 5 shows the comparison of alimentary
tract models in the ORNL newborn stylized model [30],
the UF newborn voxel model [97] and the UF newborn
hybrid model. The voxel model is clearly an improvement
over the stylized one; however, regional defects and
discontinuities are clearly visible. The hybrid model
represented using NURBS surfaces generated from the
original voxel model and ICRP publication 89 [72]
reference data (alimentary section lengths and masses of
the reference newborn child) is by far more realistic and
represents a substantial improvement over the previous
two models [145].

B. Design Considerations and Current Hybrid Models

The creation of a hybrid model involves three steps
[145]: polygon mesh modeling, NURBS modeling, and
voxelization. Structural imaging data sets or existing
tomographic models are first used to develop polygon
mesh models for the external body contour and internal
anatomical structures. If CT or MR images are used as
input, image segmentation should be used to define organ
contours similar to the procedure used to create voxel
models, whereas automated extraction of contours could
easily be performed for existing tomographic models be-
fore they can be converted to a hybrid format. Several 3-D
reconstruction software packages such as 3D-DOCTOR!
and SURFdriver are commercially available and could be

'http:/fwww.3d-doctor.com/.
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(a) (b)

Esophagus
Stomach

Large intestine

Small intestine

Stylised phantom

Voxel phantom

Esophagus
- Stomach

Large intestine
Small intestine

Hybrid phantom

Fig. 5. Comparison of various models of the human alimentary tract: (a) ORNL newborn stylized model, (b) UF newhorn voxel model,
and (c) UF newborn hybrid model. (Reprinted with permission from [145].)

used with confidence for image segmentation and 3-D
rendering. The next step consists in rendering polygon
mesh models from the ensuing segmented images, which
can then be exported to dedicated NURBS modeling
software. NURBS-based surface models are created from
the imported polygon mesh models using NURBS model-
ing tools, such as Rhinoceros® and Autodesk Maya.3
Smooth NURBS surfaces are expanded for organ contours
and organ-specific NURBS-based models generated for
each tissue and organ of interest before they can be
incorporated into either partial- or whole-body 3-D model
framework. The technique has its limitations in the sense
that NURBS surfaces are not capable of representing
anatomical structures that can only be defined using a
large number of parameters (e.g., some bone sites). For
those structures, the original polygon mesh model is used
instead. The last step consists in extracting the huge
number of vertices of triangles making up body contour
and internal structures from the ensuing NURBS models
and in exporting for each organ to generate a voxel model
suitable for use as input to a Monte Carlo radiation
transport code. It should be noted that the user can choose
the desired voxel resolution depending on the task at hand
independently from the original imaging data or voxel
model used to create the hybrid model.

*http://www.rhino3d.com.
*http://usa.autodesk.com/.

Several hybrid models of humans [15]-[18], [100],
[145], [146], [147] and laboratory animals [124], [132],
[134] based on state-of-the-art computer graphics
techniques were developed. One such example is the
UF canine model shown in Fig. 6, which was designed to
solve ethical issues that could stem from the use of cur-
rent human dosimetry models all through novel imaging
probes research. For an in-depth review of hybrid
models, interested readers are encouraged to consult
the detailed and comprehensive review on the subject

in [139].

Fig. 6. Illlustration of the UF hybrid canine hybrid model. (a) Surface
rendering of original CT image set and (b) NURBS surface model
generated from Rhinoceros. (Adapted with permission from [134].)
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VI. CONCLUSION AND FUTURE DIRECTIONS

It is inspiring and gratifying to see the progress that com-
putational modeling of healthy and pathological anatomy
and physiological functions of humans and animals has
made, from simple spherical geometries through stylized
models of reference individuals and, most recently, to-
wards person-specific models based on patient or cadaver
images. The past two decades witnessed exciting devel-
opment efforts, particularly on tomographic and, more
recently, hybrid models that became available through
advances in medical imaging and computing technologies.
To date, several voxel and hybrid models with unparalleled
anatomical detail and realism have been developed for
radiation dosimetry and medical imaging research.

The development and integration of realistic and
subject-specific models incorporating respiratory and
cardiac motion during medical imaging and radiation
therapy procedures is still an open research domain [58].
Motion associated with time-varying organs involves
tissue deformation, which is extremely tricky to handle
using tomographic data format. The novel hybrid
approach combining voxel data with NURBS and SD
approaches to design even more realistic models is now
taking the lead and will certainly revolutionize the
application of Monte Carlo modeling techniques in
clinical setting and ways of computational modeling in
the same way that tomographic imaging did to the present
generation of voxel models. B
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