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Abstract
Fetuses are extremely radiosensitive and the protection of pregnant females
against ionizing radiation is of particular interest in many health and medical
physics applications. Existing models of pregnant females relied on simplified
anatomical shapes or partial-body images of low resolutions. This paper
reviews two general types of solid geometry modeling: constructive solid
geometry (CSG) and boundary representation (BREP). It presents in detail
a project to adopt the BREP modeling approach to systematically design
whole-body radiation dosimetry models: a pregnant female and her fetus
at the ends of three gestational periods of 3, 6 and 9 months. Based on
previously published CT images of a 7-month pregnant female, the VIP-Man
model and mesh organ models, this new set of pregnant female models was
constructed using 3D surface modeling technologies instead of voxels. The
organ masses were adjusted to agree with the reference data provided by the
International Commission on Radiological Protection (ICRP) and previously
published papers within 0.5%. The models were then voxelized for the purpose
of performing dose calculations in identically implemented EGS4 and MCNPX
Monte Carlo codes. The agreements of the fetal doses obtained from these two
codes for this set of models were found to be within 2% for the majority of
the external photon irradiation geometries of AP, PA, LAT, ROT and ISO at
various energies. It is concluded that the so-called RPI-P3, RPI-P6 and RPI-P9
models have been reliably defined for Monte Carlo calculations. The paper also
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discusses the needs for future research and the possibility for the BREP method
to become a major tool in the anatomical modeling for radiation dosimetry.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Protection of a pregnant female and her embryo/fetus against radiation is of particular interest
in health and medical physics because of the elevated fetal radiosensitivity (ICRP 2000).
Exposures of child-bearing mothers to ionizing radiation have been reported for nuclear
medicine (Shi and Xu 2004, Shi et al 2004), diagnostic radiology (ICRP 2000), radiation
therapy (Stovall et al 1995, Pavlids 2002, Kal and Stuikmans 2005), nuclear workers (USNRC
1991, Osei and Kotre 2001), survivors of atomic bombing (Neel and William 1991, UNSCEAR
2000) and air travelers (Lewis et al 1999). For non-ionizing radiation, radiofrequency-based
devices that are usually placed in the vicinity of the body can cause pregnant women and
their fetuses to be exposed to hazardous energy sources (Kainz et al 2003, 2005, Kawai et al
2006, Dimbylow 2006, 2007, Cech et al 2007). The principal adverse biological effects of
ionizing radiation on the mammalian embryo and fetus include death, malformations, growth
impairment, mental retardation, induction of malignancies and hereditary defects (ICRP 2000,
2003). The frequency and magnitude of these effects differ according to the absorbed dose,
type of radiation and gestational age at which the exposure occurs (Stovall et al 1995, ICRP
2003). Streffer (2005) discussed the effects of in utero irradiation and considered the possibility
for tissue weighting factors specific to fetus. The biological effects of non-ionizing radiation
on fetuses, on the other hand, are less known in comparison with those of ionizing radiation.
Dosimetric studies for these aforementioned exposure scenarios provide critical information.
Ideally, organ dose distributions inside the body of the pregnant female and her fetus are
determined using well-established Monte Carlo methods and computerized ‘virtual human’
models.

1.1. Existing models of pregnant females

The history of anatomical models for radiation dosimetry goes back to nearly 40 years ago (for
examples, Snyder et al 1969, 1975, 1978). Simple quadratic equations were used to define the
organs using descriptive and schematic anatomy references, so the computers could handle
them. Average reference anatomical values define the so-called ‘Reference Man’ (ICRP 1975).
Later improvements led to a family of stylized models representing both genders at various
ages that became widely adopted by the radiation dosimetry community (Cristy and Eckerman
1987). Adapting the model that represents both a 15-year-old male and an adult female, Stabin
et al (1995) added the fetus and placenta to create stylized models of a pregnant female at
the end of each trimester of pregnancy, the 3-, 6- and 9-month models, for various internal
nuclear medicine applications. Later, Chen (2004) extended the stylized pregnant female
models into four pregnancy periods, 8 week, 3, 6 and 9 months, for external ionizing radiation
dosimetry. Kainz et al (2003) developed a semi-heterogeneous pregnant female torso model
based on laser-scanned body surface data and analytical equations. Dosimetry calculations
involved induced current densities and specific absorption rates (SAR) for pregnant women
exposed to hand-held metal detectors (Kainz et al 2005). Using a similar approach, Kawai
et al (2006) reported a stylized abdominal model of a pregnant female and calculated the SAR
for normal-mode helical antennas (NHAs).
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Using medical images, voxel or tomographic models have gradually emerged in the
past two decades (Zaidi and Xu 2007). Derived from whole-body CT and MR images (and
in some cases cadaver cross-sectional photographs), these models are anatomically realistic
although the images had to be processed to assign organ information to each of the image
pixels—a laborious process known as segmentation and labeling. By the late 1990s, the image
processing and Monte Carlo calculations of these voxel models, which consist of a repeated
lattice structure, were no longer hindered by the large number of voxels because most personal
computers had enough memory by then. Such an approach has been discussed in details in our
previous work at http://RRMDG.rpi.edu. Although nearly 30 voxelized models of an adult,
a teenager and a child have been developed around the world, medical images are seldom
available for pregnant individuals. In fact, x-rays are prohibited for pregnant patients. We
have previously developed a 30-week (approximately 7 months) pregnant female model from
a set of CT images that were taken when the pregnancy was unknown (Shi and Xu 2004,
Shi et al 2004). However, the diagnostic procedure only covered the body partially from the
upper chest to the thigh, and the CT image resolution (0.94 mm × 0.94 mm × 7 mm) was
a compromise for anatomical modeling. Furthermore, we have been unable to obtain any
useful medical images representing other gestational periods. Due to a lack of whole-body
images for pregnant females, Dimbylow (2006, 2007) adopted a ‘hybrid’ approach in which
a previously developed adult female voxel model, NAOMI, was combined with stylized fetal
models developed separately by Chen (2004). These fetal models were first voxelized to
a resolution of 2 mm × 2 mm × 2 mm to match with the original non-pregnant NAOMI
model that had been adjusted to conform with the ICRP reference adult female (Dimbylow
2006). The author noted that the process required direct voxel editing to adjust the overlap
between the fetus and certain anatomical structures in the mother—an approach known to be
time consuming and potentially inaccurate because of the large number of voxels involved.
The combined mother/fetus model was used for non-ionizing radiation dosimetry (Dimbylow
2007). Similarly, Cech et al (2007) developed a pregnant female model, SILVY, using MR
images for the external body of a pregnant woman who was found to have a malformed
fetus. The MR images of the fetus portion were replaced with those from the CT images of a
30-week fetus made available by Shi and Xu (2004). The SILVY model was constructed and
used to calculate current densities within the central nervous systems of the mother and fetus
for homogeneous 50-Hz electric and magnetic fields.

To date, existing models of pregnant females are based on overly simplified shapes
or partial-body images with potentially compromised anatomical details, thus resulting in
potentially large uncertainties in the assessed organ doses. The rapidly growing fetus inside the
body of the mother during the pregnancy offers a uniquely challenging problem in anatomical
modeling and radiation dosimetry. Although a variety of methods have been attempted, as
summarized above, they fail to produce pregnant female models that are anatomically realistic
and computationally versatile. An entirely new approach was needed.

1.2. Solid-geometry modeling methods: CSG and BREP

Two general solid-geometry modeling methods have been established in computer-aided
design (CAD): constructive solid geometry (CSG) and boundary representation (BREP)
(Leyton 2001, Agostinelli et al 2003, Stroud 2006, Geant4 Team 2007, Wikipedia 2007).
The topology of these two methods—where the surfaces are actually located in space—is
fundamentally different. CSG allows a modeler to create a solid object using the Boolean
operators (or the equivalent) to combine very simple objects called primitives. Examples
of these primitives include cuboids, cylinders, prisms, pyramids, spheres and cones. CSG
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Figure 1. A model of the left lung defined by different modeling methods. (a) The CSG-type
modeling before the Boolean operation (subtraction) is performed involving two ellipsoids A and
B. (b) After the subtraction of B from A. (c) A BREP type of modeling of the same lung using a
polygon mesh.

representations are easy to adopt and can yield good results when the solids are relatively
simple. The aforementioned stylized models originated 40 years ago and the MCNP radiation
transport code was based on the CSG method. Modern CAD systems, however, are based on
the more powerful BREP method which represents a solid as a collection of the vertices, edges
and faces. Unlike the CSG representation, the BREP is more flexible and has a much richer
operation set such as extrusion, chamfering, blending, drafting, shelling and tweaking. These
features allow BREP representations to handle very complex solid objects. BREP models
contain two types of information: topological and geometric. Topological information
provides the relationships among vertices, edges and faces. In addition to connectivity,
topological information also includes orientation of edges and faces. Geometric information
is usually equations of the edges and faces. In advanced BREP, the surfaces include spline
surfaces such as B-spline and non-uniform rational B-splines (NURBS). The faces can also be
represented as polygons and each polygon as a set of coordinate values x, y and z. A polygon
mesh or unstructured grid is a collection of vertices and polygons that define the shape of a
polyhedral object in 3D computer graphics.

Figure 1 illustrates these two types of modeling methods, with an example of the left lung
that is represented by half an ellipsoid with a section removed as done in the CSG method
(Snyder et al 1978, Cristry and Eckerman 1987). The Boolean operation of subtracting one
ellipsoid (B) from the other (A) is described in equation (1):

A :

(
X − 8.5

5

)2

+

(
Y

7.5

)2

+

(
Z − 43.5

24

)2

� 1, Z � 43.5

B :

(
X − 2.5

5

)2

+

(
Y

7.5

)2

+

(
Z − 43.5

24

)2

� 1, if y < 0.

(1)

The shapes before and after the Boolean operation are illustrated by figures 1(a) and 1(b),
respectively. Figure 1(c) shows the same geometry modeled by the BREP method involving
a polygon mesh and clearly described edges to define the surfaces.

Using the definitions of CSG and BREP, table 1 summarizes the major anatomical models
for radiological applications. It is clear that, in the early days from the 1960s to 1980s,
we relied on the original MIRD CSG-type models that consist of simple quadric equations.
The computational anatomical man (CAM) (Billings and Yucker 1973) took a visionary step
by introducing the BREP type of polygon, without the help of modern medical imaging
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Table 1. Summary of previous developed anatomical models, methods and data structures.

Model name Authors and year Model type Data structure

MIRD, mathematical or Snyder et al (1969, 1975, 1978), CSG Quadric surface equations
stylized Cristy and Eckerman (1987)
Computerized anatomical Billings and Yucker (1973) BREP Polygons
man (CAM)
Voxel, tomographic ∼30 of such models CSG Repeated lattices

between 1980s–2000s representing voxels
(Zaidi and Xu 2007)

MCAT Tsui et al (1993), CSG Quadric and superquadric
Peter et al (1998) surface equations

NCAT, 4D VIP-Man Segars (2001) BREP NURBS extracted
Xu and Shi (2005) from voxels
Lee et al (2007)

and computing. Unfortunately, the CAM was never adopted for applications outside of the
aerospace industry and very little information about the model was accessible. From late
1980s to recently, the advent of affordable computer and tomographic imaging technologies
brought the era of voxel-based models with more than 30 models reported in the literature
(Zaidi and Xu 2007). However, the voxelized data structure remained to be CSG. The need for
simulating organ motions for cardiac imaging resulted in the developments of MCAT (a CSG
type) by Tsui et al (1993) using quadric and superquadric surface equations, and the NCAT
models (a BREP type) by Segars (2001) using the NURBS. Xu and Shi (2005) adopted the
method described by Segars to develop a respiration-simulating 4D VIP-Man model. Using
the same approach, Lee et al (2007) developed the size-adjustable pediatric models. It is clear
that the current trend will continue to involve the BREP type of modeling.

This paper reports a BREP-type of modeling method in which the anatomy is represented
and adjusted in an organ-based surface geometric domain involving a mixture of data structures
represented by voxels, meshes and NURBS. This method was applied in this study to develop
a series of pregnant mother and fetus models, named RPI-P3, RPI-P6 and RPI-P9, at the end
of 3-, 6- and 9-month gestational periods, respectively. The surface meshes (i.e. polygons) and
NURBS are derived for each organ using anatomical information available, for example, from
medical images. These 3D BREP-type definitions, in general, allow the anatomical details of
the organs to be preserved with smooth surfaces. In addition, the organ volumes (and masses)
can be adjusted to match the reference values defined in the ICRP Publication 89 (ICRP
2002). This paper describes the methodology in details, so readers may adopt this relatively
new approach of BREP modeling for models requiring extensive shape deformation and
volume adjustment. The paper also presents results of an intercomparison of dose calculations
for external photons using two Monte Carlo codes: EGS4 and MCNPX. In the conclusion
section, information is provided about future papers that apply this set of pregnant female
models for a variety of health/medical physics dosimetry applications, as well as the needs
for future research.

2. Materials and methods

This section systematically describes the steps of a BREP modeling method that had been
largely unexplored by the radiation dosimetry community. Application of this method to
construct a set of pregnant female models is covered in detail. The specific goal of our project
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Figure 2. Flowchart of the BREP modeling method used to develop pregnant female models.

was to design three-dimensional (3D) representations of various organs of the pregnant female
and fetus at various gestational stages. This means that the individual parts of the body would
be designed and then assembled into a whole body frame according to desired organ reference
volumes without internal overlapping. We decided to adopt the BREP modeling approach
instead of the previously used CSG-type of voxels because the latter is extremely difficult
to deform during the necessary process of adjusting the volumes and avoiding overlap. By
dealing only with the surfaces in the BREP, we concentrate our efforts on the shape and
location of organ boundaries and treat the materials within the organ as having a uniform
density—an assumption that has been adopted in all previous dosimetry models for health
physics. This BREP modeling approach has proven to be critical when the fetal models were
‘inserted’ into the model of the mother.

Figure 2 illustrates the general workflow of the BREP modeling procedure used to create
the RPI pregnant-female series. It starts with the gathering of initial input data including
reference organ volume information (ICRP 2002) as well as anatomical information defined
in CT images (Shi and Xu 2004), the VIP-Man model in both voxel and original anatomical
cross-sectional photos (Xu et al 2000) and some selected mesh models. These data are used
to construct 3D organ surface models of a desired volume, one at a time, before integrating all
organs into the body frame. The assembly of organs requires the potential overlap of adjacent
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organs to be carefully avoided by adjusting the organ shape and location (while maintaining
the volume). Because most of the public-domain Monte Carlo codes do not directly handle the
BREP type of geometry, we convert the surface definitions into voxels for radiation transport
simulations. Such conversion is easily performed, as described later, for any desired voxel
size. Next, the organ volumes in the voxel format are once again checked by measuring
the total voxels in an organ and by visualizing the anatomical shapes to make sure that the
voxelization process is faithful. The last step is to link the voxelized organs and tissues with
information on elemental compositions for Monte Carlo calculations.

In the sections below, we explain each of these steps in detail. We first discuss the
selection of reference anatomical data and organ modeling in subsection 2.1, voxelization in
subsection 2.2, tissue compositions in subsection 2.3 and finally on the Monte Carlo modeling
in subsection 2.4.

2.1. Organ geometry 3D modeling

2.1.1. Selection of reference anatomical data. Anatomical data for the pregnant female and
the fetus are gathered from several origins in order to accurately specify the organ shapes,
volumes and locations. Three gestational periods at the end of the three trimesters were
considered: 13, 26 and 38 weeks. Published reference values for organ masses and densities
in the ICRP Publication 89 (ICRP 2002) are primary sources of information. When not given
specifically by the ICRP, data from other sources were used including Stabin et al (1995),
who developed the first series of stylized pregnant models based on a previous publication
of the ICRP Reference Man (ICRP 1975), and Chen (2004), who amended Stabin’s models.
The ICRP (2002) has provided a vast amount of physiological and anatomical data as part
of the definition of the Reference Man for radiation protection purposes. However, some of
the organs that have changing mass and density during the pregnancy are not included by the
ICRP (2002). Polynomial interpolation of data described in the ICRP for other periods of
pregnancy was necessary and the order of the polynomials was chosen to ensure one solution
for each polynomial. Below are the descriptions of reference data for several key organs that
change during the course of pregnancy.

The fetus. Three anatomical components of the fetus were considered: the brain, skeleton
and soft tissue. They were also defined by Stabin et al (1995) and Chen (2004). Values
for fetal brain and fetal body masses at the end of each trimester were interpolated based on
ICRP (2002) data. A comparison with Chen (2004) data shows a good agreement, with our
interpolated mass being 5% greater for 3-month gestation and 1% less for both 6- and 9-month
gestations. The interpolated mass for fetal brain is higher than that reported by Chen by 7%,
5% and 1% for 3-, 6- and 9-month gestations, respectively. The estimates for fetal skeleton
mass and density were taken from Chen (2004). The density of fetal soft tissue was estimated
based on its mass and volume. The mass was calculated as the difference between the mass of
the entire fetus and sum of masses for the brain and skeleton. The volume of soft tissue was
calculated as a difference between the total volume of fetus and sum of volumes for the brain
and skeleton. The density values reported by Chen (2004) and interpolated ICRP masses were
used to calculate the brain and skeleton volumes. The fetal crown–rump length is defined as
the greatest distance between the vertex of the skull and the ischial tuberosities in the naturally
curled position of the fetus (ICRP 2002). Table 2 compares values used in this study for the
crown–rump length and surface area of the fetus and those presented in the ICRP (2002). It
shows a difference less than 20% for the crown–rump length and less than 7% for the surface
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Table 2. A comparison of the crown-rump length and surface area of the fetus.

Crown–rump length (cm) Surface area (cm2)
Gestation stage
(months) ICRPa This work ICRPa This work

3 12 13 184 175
6 24 30 1,068 1,003
9 34 41 2,300 2,159

a The ICRP values are adopted from the ICRP Publication 89 (2002).

area. Measurements for RPI-P phantoms were done in Rhinoceros 3D modeling software
(Robert McNeel & Associates, Seattle, WA, USA).

The uterus and placenta. The masses of placenta and uterine wall were interpolated from
data recommended in the ICRP Publication 89 (2002). A comparison with those reported by
Chen (2004) shows systematically higher values used by Chen, except for the end of the third
trimester. Namely, the interpolated placenta mass is 28%, 17% and 2% lower for 3, 6 and
9 months, respectively; the uterine wall is 28%, 34% and 4% lower, respectively. Uterine wall
masses used by Chen and Stabin are the same. According to the ICRP (2002), the volume
of the uterus consists of four parts: fetus, placenta, amniotic fluid and unaccounted maternal
stores. In our modeling, the latter two components were grouped into the uterine contents,
leaving the placenta and fetus as separate components. The mass of the uterine contents was
calculated as a sum of the masses of its components. A density of 1.03 g cm−3 was used in
agreement with that of Chen (2004).

The breasts. ICRP values for the mass of the breasts were interpolated. Since the breasts
were not separated in the mathematical model of Chen (2004), there is no comparison for the
breasts mass.

The rest of the body. A pregnant female gains body weight during the pregnancy, and certain
organs, such as the breasts, will have increased masses (ICRP 2002). These values were used
to estimate the whole body mass of the mother at the end of each trimester. The volume of
the whole body was calculated using an average density of the human body excluding the
skeleton and lung, because these two organs have considerably different densities. Hence, the
density of the remainder was estimated from the mass of the remaining body (such as adipose
and connective tissues) and volume.

2.1.2. Organ modeling in 2D and 3D. Once the reference values have been chosen, the organ
shapes were specified to agree with given masses (and volumes). Such organ shapes were
specified in this study with 2D and 3D anatomical information available from the following
existing data:

(1) Segmented CT images of a 30-week pregnant female (Shi and Xu 2004). This set of CT
image covered the portion of the body between the lower breast and the upper thigh in
70 slices, each 7 mm thick. The image resolution was 512 × 512 pixels in a 48 cm ×
48 cm view field, i.e. a voxel size of 0.94 mm × 0.94 mm × 7 mm. The images were
processed to identify 34 organs and tissues including the fetus. We used these data to
derive and to check the anatomical features of the fetus.
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Figure 3. An example for extracting 2D contours from existing CT images of Shi and Xu (2004)
to form 3D NURBS surface representation of external uterine wall that is later integrated into the
BREP mother model.

(2) Segmented and original color images of the VIP-Man developed from the Visible Human
Project (Xu et al 2000). The original image resolution of the Visible Man is 0.33 mm ×
0.33 mm and the slice thickness is 1 mm, which allowed for small and radiosensitive
structures to be identified and modeled.

(3) 3D anatomical models of selected organs in the form of polygonal meshes used for
3D computer graphics community (INRIA 2007, Web3Dservice 2007). The anatomical
accuracy of these mesh models is confirmed by comparison against anatomical data
mentioned above.

To adopt our previous work on segmented CT data of a 30-week pregnant female and
VIP-Man models for organ volume adjustment, it was necessary to convert the segmented 2D
image slices into 3D surface descriptions by extracting the contour lines. Using the external
uterine wall as an example, figure 3 illustrates the process of contour extraction, followed by
3D surface creation (in this example, the lofting), and finally integration of the uterine external
wall into the whole body assembly.

The process starts with outlining the organ(s) of interest on each of the slices in the CT
dataset. Each contour consists of a polygon with many nodes. Since the CT image slices
were previously segmented by semi-automatic methods (Shi and Xu 2004), we adopted the
original outlines with only minor adjustment to correct for some overlapping in the original
outlines. The node editing was performed using Able Software Corp’s software, 3D-Doctor,
which offers tools such as adding, deleting, moving, splitting, closing, etc. The NURBS is
used in this example because the surface of the uterine wall is relatively flat and smooth, thus
requiring only a limited number of control points for deformation.

After the organs were individually prepared in processes described above, the 3D NURBS
(or mesh surface models as to be discussed below) were adjusted according to the ICRP
reference volume data. Another commercial software, Rhinoceros, was used to perform
scaling and fitting of organs directly in the 3D space. Manipulation in 3D space allows for
a higher degree of interactivity and user-friendliness than those approaches which operate
directly in the voxel domain. The Rhinoceros software offers a number of useful 3D tools for
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(a) (b) (c)

Figure 4. Models of the 9-month old fetus and the mother. (a) The adjusted skin surface model
of the fetus model in mesh, (b) the adjusted skin model of the mother in mesh to accommodate for
the fetus at 9-month gestation, (c) a surface rendering showing that the skin of the mother contains
a 9-month old fetus.

geometry manipulations such as deformation, fitting, Boolean operations, volume checking
and a variety of 3D surface-rendering options. In dealing with adjacent organs of simple
topology, the use of automatic Boolean operation for excluding overlapping space can be
helpful. In other cases, manual adjustments may be necessary.

It is our experience that, for organs of complicated topology such as the skeleton, lungs
and liver, polygonal meshes can yield better anatomical accuracy than that defined in the
NURBS. In the Rhinoceros software, a liver model that is defined in a 3D mesh format can
be inserted into the mother’s body frame. Using the software editing tools, the volume (and
thus the mass) of the liver is adjusted to match with the ICRP reference value. The potential
overlaps of the liver with adjacent organs such as the lungs, heart, ribs and the uterine wall
were carefully resolved. Similar processes were employed for other organs, including notably
the fetus, that have varying masses or positions during the pregnancy. The 3D mesh models
of the fetus representing the 9-month gestational period and the skin of the mother were
obtained from Web3Dservice (2007). Figure 4 shows the separate polygonal mesh models of
the fetus and the mother, as well as the RPI-P9 whole body assembled using the same steps.
The orientation of the fetus is not clearly specified in the literature, and after consulting with
colleagues and the previous work by Stabin et al (1995), we decided to adopt a 50◦ angle
between the vertical axis of the female body and the approximate central axis of the fetus both
6 and 9 months, and 60◦ for a 3-month model, respectively. The fetal skeleton was adopted
from the previously developed CT model (Shi and Xu 2004) and the VIP-Man (Xu et al 2000).

Organs with complex shapes, such as the ribs, were described using polygonal meshes
whereas the simpler ones by the NURBS surfaces. The former is known to be capable of
creating faithful boundaries, but the large number of polygons can be time consuming for
manual operations. On the other hand, our experience shows that the NURBS surfaces are
easy to deform because of fewer control points involved. However, NURBS modeling can be
difficult for branching structures like trachea and there is a tendency for the NURBS surfaces
to compromise the anatomical details. Branching requires manual fitting of the NURBS
segments. Modification of such an object frequently resulted in holes appearing between the
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patches. Therefore, complicated NURBS objects were converted to meshes before volume
adjustments were performed. The following organs were modeled in the NURBS surfaces:
esophagus, thyroid, thymus, trachea and adrenals, all based on VIP-Man (Xu et al 2000);
bladder, spleen, uterus, ovaries and placenta, all based on original CT images of the pregnant
female (Shi and Xu 2004). The rest of the organs were based on polygonal meshes, including
the fetus, skeleton of the mother and the skin of the mother. In each of the three RPI-P pregnant
female models, a total of 35 organs and tissues were explicitly defined.

There are two possible approaches to modeling the intestines that contain a rather complex
topology. The streamlined process of shaping intestinal structures in the Rhinoceros software
with a subsequent voxelization process was modified in the following way. The thickness
of the large intestine (LI) walls was reconstructed during the voxelization step based on its
external surface. Due to self-overlapping of the small intestine (SI), the SI’s wall and contents
were not separated in this work. Volume estimation in the Rhinoceros software caused to
uncertainties due to self-overlapping of the intestinal tube. Therefore, the SI volume had to
be further adjusted in a later step during the voxelization (to be discussed below). Repetitive
tasks in Rhinoceros were automated using the scripting. Rendering of various images and
animation were also accomplished directly in Rhinoceros. We developed a method to improve
the smoothness of the surface of the skin by increasing the number of polygons. Higher
resolution polymesh for skin surface was created using the ‘divide’ tool available in ZBrush
version 2.0 (Zbrush Pixologic, Inc, Los Angeles, CA, USA).

2.2. Voxelization

In order to finally define the model geometries in Monte Carlo codes for dose calculations, we
developed a procedure to convert the finished surface models into the voxels at a desired voxel
size. First, each organ of the pregnant female was saved as a single 3D surface file (in the
Wavefront file format) to create a library of organs. Second, a boundary of the entire model
was defined to cover the body of the pregnant female. Then the resolution of the phantom was
defined as desired, typically about 1 mm. Each polygonal organ model was voxelized using the
binvox software (Binvox 2007, Nooruddin and Turk 2003). Given the resolution information,
the binvox can change the mesh surface to voxels organ by organ. Binvox is a shareware
that performs the conversion from a polygonal mesh surface to an object that consists of
less than 1024 × 1024 × 1024 voxels. To cover the entire body, we divided the body into
three sections: the head and neck, body trunk, and the legs and feet. We selected 1 mm
as the typical voxel phantom resolution throughout the body, although we also used the
3 mm for some applications. Finally, these voxelized organs were assembled into a whole body
after overlapping voxels had been cleaned. The mass and volume of each organ were analyzed
once again against the ICRP reference values. Some organs, namely the LI, esophagus and
trachea, have walls and contents. The separation of wall/content in these tubular organs was
performed during the voxelization using the ICRP reference data (ICRP 2002) and anatomical
data from models developed previously (Xu et al 2000, Shi and Xu 2004).

2.2.1. The skin. The skin was defined during the voxelization process by adding a single
layer of voxels around the body except for the eye lens and eye balls. For this project, two
voxel resolutions, 1 and 3 mm, were considered, resulting in two different volumes for the
skin. Accordingly, the volumes of the skin for all three models are different due to differences
in the body surface area. The same reference mass of the skin 2.3 kg was assigned for all three
phantoms and both voxel resolutions. Consequently, in order to yield the correct mass, the
skin density was adjusted appropriately. Namely, the following skin densities were taken for
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3, 6 and 9 months respectively: 0.98, 0.93 and 0.88 g cm−3 for the 1 mm voxel resolution, and
0.32, 0.31 and 0.29 g cm−3 for the 3 mm voxel resolution. Compared to the reference ICRP
(2002) density of 1.1 g cm−3, the values used for 3 mm skin are three times lower. However,
this configuration of the skin (large voxels with reduced density) yielded correct total mass
and provided adequate radiation attenuation per unit surface area.

2.2.2. Centroid coordinates. Information of organ centroids provides an idea on the relative
organ positions that can directly affect the dose estimates in internal dosimetry. To calculate
the centroids, we employed a coordinate system with the origin at the center of the RPI-P9
voxel grid. In order to compare centroids among the 3-, 6- and 9-month models, the RPI-P9
origin was taken as a reference point to align the other two models so that the brain always had
the same centroid coordinates. The x-axis is parallel to the shoulders with a positive direction
toward phantom left. The y-axis represented the anterior-posterior direction (positive direction
toward the back of the body). The positive z-direction points upward to the head of the body.
The voxelized 9-month, 6-month and 3-month versions were used in the calculations of the
mass center of each organ. Other centroid coordinates, i.e. ȳ and z̄, are calculated in the
same way. For organs consisting of two parts (e.g. the lungs, ovaries, etc), we calculated their
centroids separately.

2.3. Tissue compositions

After the mass and density of each organ were specified, the tissue elemental compositions for
each organ were defined for the purposes of radiation transport simulations involving Monte
Carlo methods. Table 3 presents organ-specific elemental compositions that were based on
reference values of the ICRP (2002) and ICRU (1992).

2.4. Monte Carlo modeling

As part of our internal quality assurance procedure, the RPI-P series models were implemented
in two well-validated Monte Carlo codes—the EGS (Nelson et al 1985) and MCNPX (Pelowitz
2005). Average absorbed doses to organs obtained from these two codes were compared against
the same external photon beam irradiation geometries: anterior–posterior (PA), posterior–
anterior (PA), left lateral (LLAT), right lateral (RLAT), rotational (ROT) and isotropic (ISO).
The photon energies were 10, 15, 20, 30, 50, 100, 200, 500, 1000, 1500, 2000 and 4000 keV.
The goal of this exercise was to minimize potential discrepancies arising from the difference in
radiation physics, cross-section and dose computation algorithms. In addition, this step tests
effectively against human errors that can incur during the translation of the model geometries
into the two Monte Carlo codes. More information about the treatment in each of the codes is
provided below.

2.4.1. EGS external photons simulations. A previously developed Monte Carlo user code,
EGS4-VLSI (Chao and Xu 2001), was adopted to implement the RPI-P model series at a voxel
resolution of 1 mm (so the whole body consists of 400 million voxels). For the intercomparison
we are interested in the fluence-to-absorbed-dose conversion coefficients were determined from

DT = � × CT , (2)

where � is the source photon fluence, CT is the fluence-to-organ-dose conversion coefficient
for the organ T and given source photon energy and DT is the absorbed dose averaged over
the entire organ. Typically, 107 histories were simulated and the uncertainties were better than
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Table 3. Organ specific mass fractions used in the material definition of RPI-P phantoms based on
the ICRP (2002) except for skin, placenta, air, eye balls and lenses which are based on the ICRU
(1992).

Organ H C N O Na P S Cl K Other

Adrenal, gallbladder wall and 10.5 25.6 2.7 60.2 0.1 0.2 0.3 0.2 0.2
conts., esophagus wall and
conts., trachea, thymus,
fetal soft tissue
Brain 10.7 14.5 2.2 71.2 0.2 0.4 0.2 0.3 0.3
Stomach wall and conts., 10.6 11.5 2.2 75.1 0.1 0.1 0.1 0.2 0.1
SI and LI wall and conts.
Heart wall and conts. 10.4 13.9 2.9 71.8 0.1 0.2 0.2 0.2 0.3
Kidneys 10.3 13.2 3 72.4 0.2 0.2 0.2 0.2 0.2 Ca 0.1
Liver 10.3 18.6 2.8 67.1 0.2 0.2 0.3 0.2 0.3
Lungs 10.3 10.5 3.1 74.9 0.2 0.2 0.3 0.3 0.2
Ovaries 10.5 9.3 2.4 76.8 0.2 0.2 0.2 0.2 0.2
Pancreas 10.6 16.9 2.2 69.4 0.2 0.2 0.1 0.2 0.2
Uterine conts., remainder 10.6 31.5 2.4 54.7 0.1 0.2 0.2 0.1 0.2
Skeleton 3.5 16 4.2 44.5 0.3 9.5 0.3 Mg 0.2, Ca 21.5
Skin 10 20.4 4.2 64.5 0.2 0.1 0.2 0.3 0.1
Spleen 10.3 11.3 3.2 74.1 0.1 0.3 0.2 0.2 0.3
Thyroid 10.4 11.9 2.4 74.5 0.2 0.1 0.1 0.2 0.1 I 0.1
Bladder wall and conts. 10.5 9.6 2.6 76.1 0.2 0.2 0.2 0.3 0.3
Uterine wall 10.6 31.5 2.4 54.7 0.1 0.2 0.2 0.1 0.2
Fetal skeleton 4.2 16 4.5 50.2 8 0.3 Mg 0.3, Ca 16.5
Fetal brain 10.8 5.5 1.1 81.6 0.2 0.3 0.1 0.2 0.2
Placenta 10.4 9 2.6 77.2 0.2 0.1 0.2 0.2 0.1
Eyeballs and lenses 9.6 19.5 5.7 64.6 0.1 0.1 0.3 0.1
Air, inside 1.24 × 10−4 0.7553 0.2318 Ar 0.0128

about 1% for most of the target organs. For organs that were relatively small and for energies
that are very low, the statistical uncertainties were better than 10%. The cutoff energies for
both electron and photon were set at 10 keV in the EGS4 code. Six personal computers, with
CPU speed higher than 1 GHz with memory higher than 1 GB, were used for the simulations.

2.4.2. MCNPX external photon simulations. The RPI-P model series was implemented at
a voxel resolution of 3 mm in MCNPX (Pelowitz 2005). A coarser voxel grid was used
because of a limitation of the MCNPX code on the total number of geometry elements (about
25 million voxels). This limitation existed when we previously implemented the VIP-Man
in the MCNPX code for external neutrons (Xu et al 2000, Bozkurt et al 2000, 2001). In
our research group, we typically use the MCNPX (and MCNP) codes for external photon,
neutron and proton sources. For this project, we implemented the RPI-P model series in
a way so as to maximize the computational efficiency by taking advantage of the recent
improvements on dealing with standardized voxel geometries by the MCNPX development
teams (Wang et al 2005, Taranenko 2005). The procedure of voxel data transformation into the
code geometry is based on the repeated structures. The first surfaces that limit an elementary
voxel are described. The description of a voxel is followed by the definition of a box that
holds the whole three-dimensional array of voxels. The elementary voxels that belong to
different materials are labeled thereafter. Finally, the filling of a phantom box with voxels
of a different property (assigned to different organs) is done via the unique MCNPX feature
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of specifying repeated structures. The cutoff energies for electrons and photons were 70
and 1 keV, respectively. The 70-keV cutoff energy corresponds to one-tenth of the shortest
voxel linear size in the less dense material (lung) ensuring adequate electron equilibrium.
The standard MCNPX v2.5.0 photon-electron cross-sections, MCPLIB04 and EL03 tables,
were employed. Standard physics models for photon and electron transport were employed
including fluorescence, coherent and incoherent scattering, pair production and bremsstrahlung
generation. Photonuclear generation was excluded in this comparison with EGS. For absorbed
dose calculations, the MCNPX energy pulse-height tally (also known as energy balance tally
∗F8:P,E) was used with appropriate normalization for organ mass and source fluence. The
simulations run successfully on a personal computer. The running time in the case of external
geometry of irradiation is approximately 1–2 h per 10 million of primary photons, which is
acceptable.

3. Results and discussions

In the earlier sections, we described methods for various aspects of the model development and
application. In this section, we summarize key anatomical parameters of the resulting RPI-P
model series and present data on the dose intercomparison from two Monte Carlo codes.

3.1. Organs volumes versus reference data

Although organ volumes were adjusted to the reference values during 3D modeling, a final
check for the voxelized representation of a phantom was needed due to two reasons. Firstly,
intricate polygonal mesh complications, i.e. self-overlapping and holes can prevent Rhinoceros
from reporting the correct volume of an object (a volume of displaced liquid). Secondly, the
voxelization process may introduce error due to conversion from the 3D smooth surfaces
to discrete (voxel-based) surfaces. In order to ensure the fidelity of the entire process of
organ volume adjustment, a critical step to check on the final volume of each organ must be
performed. The results of this effort are summarized in table 4 which includes the various
reference data from ICRP and previous published papers. To organize the information, we
separated organs into two groups in the first column: those with a fixed mass and those whose
masses will change during pregnancy. Organs such as the large intestine, will change in
location inside the abdomen during pregnancy. Organs of fixed masses are listed in the upper
part of table 4, whereas the others are given in the lower part of the table for each of the
gestational stages.

3.2. Visual inspection of the anatomy

From table 4, it can be seen that the discrepancies between masses reported by Rhinoceros for
the 3D surface models (column B) and those calculated after 1 mm voxelization (column C)
are extremely small and practically negligible. Organ masses after 1 mm voxelization are also
compared with the corresponding ICRP reference values (column D), and the differences are
within 0.5% (column E) indicating that the entire process of model development has very high
fidelity. When a data were not available directly from the ICRP, published papers were used.
For convenience to the readers, tissue densities and organ volumes are also provided. Due
to the limited space in the table, we are unable to include results for the 3 mm voxelization
process that typically yielded 1% differences for large organs and 4% for a very small organ
such as the eye lenses.
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Table 4. Organ masses, densities and volumes used in the phantom construction (RPI). Reference
data are based on the ICRP (2002) unless specifically denoted. RPI voxel 1 mm data correspond
to 1 mm voxel phantom resolution. RPI 3D model data are based on the direct volume estimation
for polygonal mesh.

Masses (g)

RPI-P series
ICRP RPI voxel 1 mm Reference Volumes for

RPI-3D RPI voxel reference versus reference densities RPI-voxel-
Organ model 1 mm data data (%) (g cm−3) 1 mm (cm3)

Column A Column B Column C Column D Column E Column F Column G

Organs of a fixed volume
Brain 1299.49 1299.46 1300.00 0.0 1.04 1249.48
Eyeballs 14.63 14.62 14.60 0.1 1.03 14.25
Eye lens 0.40 0.40 0.40 0.1 1.10 0.36
Thyroid 17.00 17.00 17.00 0.0 1.05 16.19
Trachea 7.99 8.00 8.00 0.0 1.03 7.77
Thymus 20.00 20.00 20.00 0.0 1.03 19.51
Lungs 950.34 950.16 950.00 0.0 0.25 3800.63
Heart wall 250.15 250.15 250.00 0.1 1.03 242.86
Heart cont. 369.96 369.98 370.00 0.0 1.06 349.04
Esophagus 35.00 34.95 35.00 −0.1 1.03 33.93
Stomach wall 139.56 139.53 140.00 −0.3 1.04 134.16
Stomach cont. 230.67 230.66 230.00 0.3 1.04 221.79
Liver 1399.81 1399.71 1400.00 0.0 1.05 1333.05
Gallbladder wall 8.00 7.98 8.00 −0.2 1.03 7.75
Gallbladder cont. 48.19 48.20 48.00 0.4 1.03 46.79
Pancreas 119.68 119.66 120.00 −0.3 1.05 113.96
Spleen 129.58 129.66 130.00 −0.3 1.06 122.32
Kidneys 275.04 275.07 275.00 0.0 1.05 261.97
Adrenals 13.00 13.03 13.00 0.2 1.02 12.78
SI wall and cont. N/A 880.00 880.00 0.0 1.04 846.15
LI wall 682.24 360.00 360.00 0.0 1.04 346.15
LI cont. N/A 319.74 320.00 −0.1 1.04 307.44
Ovaries 11.00 10.99 11.00 −0.1 1.05 10.47
Bladder wall 40.11 40.09 40.00 0.2 1.04 38.55
Bladder cont. 129.37 129.43 130.00 −0.4 1.04 124.46
Skeleton 7862.62 7798.26 7800.00 0.0 1.30 5998.66
Skin N/A 2300.00 2300.00 0.0 1.10 Varies

Organs of a varying volume
Uterine wall 3 m 270.11 270.32 270.10a 0.1 1.05 257.45

6 m 549.94 549.99 548.90a 1.05 1.05 523.80
9 m 1046.85 1045.28 1050.00a −0.4 1.05 995.51

Uterine cont. 3 m 859.61 859.16 859.20 0.0 1.03 834.14
6 m 3657.42 3657.06 3657.80 0.0 1.03 3550.54
9 m 4108.67 4121.65 4140.00 −0.4 1.03 4001.60

Placenta 3 m 47.50 47.43 47.50b −0.1 1.04 46.18
6 m 319.26 319.28 319.20b 0.0 1.04 308.48
9 m 650.00 649.88 650.00b 0.0 1.04 624.88

Fetal soft tissue 3 m 70.92 71.30 71.30 0.0 74.17
6 m 902.21 902.59 902.50 0.0 0.97 931.57
9 m 2754.45 2747.98 2760.00 −0.4 1.00 2756.81
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Table 4. (Continued.)

Masses (g)

RPI-P series
ICRP RPI voxel 1 mm Reference Volumes for

RPI-3D RPI voxel reference versus reference densities RPI-voxel-
Organ model 1 mm data data (%) (g cm−3) 1 mm (cm3)

Column A Column B Column C Column D Column E Column F Column G

Fetal skeleton 3 m N/A N/A N/A N/A N/A N/A
6 m 78.38 77.92 78.00c −0.1 1.22 63.87
9 m 371.00 370.41 370.00c 0.1 1.22 303.61

Fetal brain 3 m 13.60 13.60 13.60 0.0 1.03 13.36
6 m 133.93 133.92 134.10 −0.1 1.03 130.28
9 m 369.95 370.04 370.00 0.0 1.03 359.26

Breasts 3 m 569.52 569.94 569.00 0.2 1.05 542.80
6 m 796.60 796.76 795.00 0.2 1.05 758.82
9 m 905.52 904.56 905.00 0.0 1.05 861.49

Remainder 3 m N/A 42 486.78 42 495.70 0.0 0.97 43 800.80
6 m N/A 42 997.29 42 997.30 0.0 0.97 44 327.10
9 m N/A 45 047.37 45 085.00 −0.1 0.97 46 440.59

a These values for the uterine wall are interpolated from the ICRP data. In contrast, Chen (2004) used 374 g for
3-month, 834 g for 6-month and 1095 g for the 9-month models.
b These values for placenta are interpolated from the ICRP data. In contrast, Chen (2004) used 66 g for 3-month,
383 g for 6-month, and 640 g for the 9-month models.
c Chen (2004).

(a) (b) (c)

Figure 5. The finalized RPI-P models. (a) Rendering of 3D models of RPI-P3, -P6 and -P9
(from left to right) plotted from Rhinoceros, (b) rendering of the voxelized RPI-P9 model before
translated into the MCNPX, (c) a direct MCNPX geometry plot showing a cross-section view of
the 3 mm voxel model of the RPI-P9 implemented for Monte Carlo radiation transport calculations.
Visual inspections allow the anatomical geometries to be verified.

Visual inspections were frequently necessary during the project to ensure the anatomical
fidelity. Figure 5(a) shows the RPI-P3, -P6 and -P9 models as rendered from the 3D surface
geometries in Rhinoceros with extremely smooth surfaces. After the voxelization, the smooth
surface is replaced with discrete voxels and the rendering of the 1 mm RPI-P9 is shown
in figure 5(b). After the voxel version has been implemented in MCNPX, the plotting
function of MCNPX is used as a convenient way to verify the ultimate geometry, as shown in
figure 5(c).
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3.3. Analysis of organ centroids

Organ centroids were calculated using the method described previously. Results for the 1 mm
voxel resolution are presented in table 5 for the three RPI-P models. These data are useful in
the understanding of internal dosimetry results that are sensitive to organ-to-organ distance.
The symmetry of paired organs can be observed in the table by comparing x coordinates (the
same or similar absolute value) due to the fact that x-origin is located approximately in the
middle between the shoulders.

From data in table 5, distances between centroids of the fetus and other organs can be
derived and are summarized in table 6 which also compares with those reported by Stabin et al
(1995). The results suggest that, while there is a general agreement in the trend, the distances
in these two types of models can be remarkably different due to the completely different
topologies. Since the internal dose estimates are sensitive to organ-to-organ distances, we
expected the dose results (to be reported in future papers) to exhibit profound differences
especially for low energy photons between the RPI-P models and those reported by Stabin
et al (1995).

3.4. Results of EGS and MCNPX benchmarking

Dose calculations for external and internal sources were performed with two Monte Carlo
codes: EGS4-VLSI, which allow photon-electron tracking for 1 mm voxels (approximately
400 million voxels in total), and the MCNPX code for 3 mm voxels. Ten million of source
photons were simulated in each of the codes, so the statistical uncertainty is approximately
1%. Average absorbed doses in the fetus for the six standard idealized beam geometries are
compared in figure 6 in terms of percentage dose differences, i.e. ((Dose from MCNPX)–(Dose
from EGS))/(Dose from EGS). As can be observed, the AP, LAT and ROT geometries yield
results that are within 1%. For the ISO and the majority of the PA irradiations, the differences
are about 2%. The worst case scenario is for the 0.1 MeV PA irradiation in that the incident
photons are attenuated considerably before entering the fetus, causing nearly a 6% difference
in the dose to the fetus between the two Monte Carlo codes. During the early stage of the
implementation of the models, we identified and corrected several human errors. The final
results presented here convinced us that the remaining discrepancies are due to the different
voxel model resolutions and that the implementations of the models in the two codes were
reliable.

4. Conclusion

A set of realistic models of a pregnant female and her fetus at the end of three gestational
periods of 3, 6 and 9 months—the so-called RPI-P3, RPI-P6 and RPI-P9 models—have
been developed. The organ volumes and masses of the models were carefully adjusted to
agree with those recommended in the ICRP Publication 89 (2002) for reference individuals.
Previously published reference data were also considered (Stabin et al 1995, Chen 2004).
The largely unexplored and powerful BREP modeling method, which involves a number of
surface geometries such as polygons and NURBS, has been systematically developed and
carefully described in this paper. The work was performed over approximately 9 months
of time. We are convinced that it would have been impossible to develop such a complete,
consistent and anatomically realistic set of models from medical images that are hard to
come by. The task of segmenting and adjusting organs in the voxel domain to conform with
reference values for a set of three models would have been prohibitively time consuming and
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Table 5. Organ centroids calculated for 1 mm voxels.

Centroid coordinates

RPI-P3 RPI-P6 RPI-P9

Organ x y z x y z x y z

Fixed position organs (2 mm threshold) The same as those for P3
Brain 0.1 6.4 75.0
Eyeball, left 3.4 −2.0 71.0
Eyeball, right −3.1 −2.0 71.0
Eye lens, left 3.4 −2.9 71.4
Eye lens, right −3.1 −2.9 71.4
Thyroid −0.3 6.8 55.9
Trachea −0.2 7.7 51.2
Thymus −0.5 3.6 45.0
Lungs, left 7.6 9.3 40.0
Lungs, right −7.2 9.0 40.6
Heart wall 0.9 5.5 41.5
Heart cont. 1.1 5.2 39.5
Esophagus 0.1 9.4 47.1
Stomach wall 3.4 4.9 29.0
Stomach cont. 3.9 4.8 29.0
Liver −4.6 3.3 29.4
Gallbladder wall −4.3 1.8 25.5
Gallbladder cont. −4.5 1.8 25.5
Pancreas −0.5 3.8 21.7
Spleen 9.4 3.5 27.3
Kidney, left 5.2 8.3 21.9
Kidney, right −5.0 9.0 20.2
Adrenal, left 3.9 9.5 27.7
Adrenal, right −4.0 9.6 26.1
LI wall 0.1 5.1 11.9
LI cont. −1.4 3.7 12.8
Ovary, left 3.0 10.5 7.3
Ovary, right −3.3 9.3 8.0

Variable position organs
Uterine wall 0.2 −0.9 8.6 −0.4 −6.5 13.0 0.1 −8.7 15.6
Uterine cont. 0.3 −0.1 7.0 0.5 −4.3 11.4 0.6 −6.1 12.0
Placenta 0.1 −1.3 12.7 0.4 −6.8 21.4 0.9 −10.3 23.5
Fetal brain 0.0 5.1 3.0 −0.1 3.0 5.4 0.0 3.9 4.2
Fetal skeleton N/A N/A N/A −0.2 −2.0 8.3 −0.1 −2.2 8.2
Fetal soft tissue 0.0 2.3 4.5 −0.2 −4.9 8.5 −0.1 −7.8 9.0
Fetus, total 0.0 2.7 4.2 −0.2 −3.8 8.1 −0.1 −6.1 8.4
Breast, left 10.7 −3.2 37.8 10.9 −3.5 37.7 10.9 −1.9 38.3
Breast, right −10.9 −3.0 37.7 −11.1 −3.2 37.6 −11.1 −2.5 37.9
SI wall and cont. −1.5 5.5 14.2 −1.2 6.5 15.7 0.4 5.0 17.1
Bladder wall 0.4 6.7 −0.6 0.2 6.0 −1.5 0.2 7.8 −2.3
Bladder cont. 0.2 6.8 −1.2 0.2 5.9 −1.9 0.2 7.8 −2.6
Skeleton (mother) −0.1 7.7 11.3 0.1 7.4 13.0 0.2 7.5 12.9
Skin 0.0 7.3 4.9 0.0 6.6 5.2 −0.1 6.1 4.5

labor intensive. Although there was a steep initial learning curve in using the BREP modeling
method, the intrinsic advantage of the method became obvious even in early stages of the
project. The RPI-P models were revoxelized and finally implemented into two Monte Carlo
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Figure 6. Percentage differences of absorbed dose to the fetus, i.e. ((Dose from MCNPX) − (Dose
from EGS))/(Dose from EGS) for external photon beams: AP, PA, LAT (average of irradiations of
LLAT and RLAT), ROT and ISO showing satisfactory agreements between the models in MCNPX
and EGS codes.

Table 6. Distances in cm between centroids of the fetus and other organs, calculated for 3 mm
voxel models and compared with those reported by Stabin et al (1995) and Shi and Xu (2004).

This study Stabin et al (1995)

Organ 3 months 6 months 9 months 3 months 6 months 9 months

Placenta 9 14 16 N/A 8 10
Uterine wall 6 6 8 2 0 1
Ovary, left 9 15 17 6 11 12
Ovary, right 8 13 16 6 11 12
Liver 26 23 23 23 20 19

codes, EGS4 and MCNPX, for quality assurance purposes in our group. The results suggest
that the implementation of the models in the Monte Carlo codes was reliable, and additional
calculations can be performed for various internal and external exposures to ionizing radiation.
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The RPI-P series have been used for the following calculations: specific absorbed fractions
for internal electron and photon emitters; dose conversion coefficients for external photons,
electrons, neutrons and protons; and secondary exposures of external beam radiation treatment.
Preliminary data are beginning to show the versatility of this unique set of pregnant female
models (Stabin et al 2007, Xu et al 2007, Taranenko et al 2007, Bednarz et al 2007, Zhang
et al 2007). As we did with other models developed by us, this set of pregnant female models
will be shared with other researchers.

There are several issues that can be perhaps addressed in the future regarding the BREP-
based methods. The NURBS geometries are flexible and computationally efficient, but fine
details may be lost on certain organs that have a complex topology. On the other hand,
polygonal models can be used to create very smooth surfaces with impressive anatomical
detail by paying a price of having too many vertices. The human body is a particular
challenge in modeling for that it consists of organ surfaces of complex and unique shapes.
With the mesh-to-voxel conversion tools that are available, it is possible to concentrate on the
anatomical detail by using very fine meshes first and then translate the information into voxels
for Monte Carlo dose calculations. This straightforward approach is acceptable when the
organ deformation does not have to be simulated in real time. Even for cardiac and respiratory
motions at the frequency range of 10–100 cycles per second, the mesh models may still be
acceptable. However, previous work has also shown that the NURBS primitives were very
easy to adopt for both real-time and non-real-time applications (Segars 2001, Xu and Shi
2005, Lee et al 2007, Stabin et al 2007). Therefore, the specific strategy should be based on
the specific applications and user preference. Regardless of the specific BREP data structure,
there is currently an urgent need for application-based software that can streamline the process
described in this paper. Finally, it would be a breakthrough if the Monte Carlo calculations
can be performed directly and accurately in the BREP geometry.
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