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1. Introduction

Abstract Purpose: This study embodies the reconstruction of head to knee voxel model, named
“SyrMan”, of an adult living Syrian male of average height and weight. This model contains main
organs of one adult man representing the average of a group of adult males (25-50) years. SyrMan
model was reconstructed to be used for Monte Carlo simulations to calculate dosimetric quantities
for radiation protection and medical purposes.
Method: The model was reconstructed from segmented CT images of a living volunteer who was
33 year-old, 172 cm in height, and 75 kg in weight. Masses of segmented organs were calculated and
compared with previously published models.
Results: Specific Absorbed Fractions (SAFs) were calculated and tabulated for each considered
source organ. Comparison of SAF values was carried out with Zubal model where some significant
differences were found due to differences in organ masses and in anatomy between both models.
Conclusion: Comparisons with SAFs data of Zubal model accentuated the fact that the organ
masses and the specific anatomy have a significant effect on SAFs. SyrMan model can be considered
as the first model built in the Middle East region, and it is an important step toward the Syrian
Reference Man.
© 2015 The Authors. The Egyptian Society of Radiology and Nuclear Medicine. Production and hosting
by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http:/,
creativecommons.org/licenses/by-nc-nd/4.0/).

racial ethnicities, such as Japanese, Chinese, and Korean
models had been reconstructed (3-7). These models were

Early models representing the human body for radiation
dosimetry were known in North America and Europe in the
1960s of the last century (1,2). Afterward, models for other
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reconstructed to be used in ionizing and/or non-ionizing
radiation fields (7).

First models for human body were mostly homogeneous
simple geometric forms such as spheres, cylinders or slabs
and it based on surfaces that described by quadric equations
and commonly referred to as “‘stylized” phantoms (1,2)
(Fig. 1).

The first heterogeneous anthropomorphic model was
created for the Medical Internal Radiation Dose (MIRD) by
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(a) (b)

Fig. 1  Stylized phantoms: (a) external vision of the adult male.
(b) Skeleton and internal organs (7).

Snyder et al. (1969-1978) using constructive solid geometry
(CSG) modeling techniques (1,2,4,8). This model, known as
MIRD Phantom, was based on the concept of the
“Reference Man” for radiation protection purposes (ICRP
1975). Reference Man was originally defined as being a
20-30 year-old Caucasian, weighing 70kg and 170 cm in
height (9).

After that, several models were developed, but they were
not be able to describe accurately the realistic anatomy of
the human body. It is clear, however, that the human anatomy
is too complex to be realistically modeled with a limited set of
simple equations (7).

With the emerging of computed tomography (CT) and
magnetic resonance (MR) imaging techniques, researchers
could visualize the internal structures of the body in three
dimensions and store images in digital formats. This leads to
the idea of creating voxel or tomographic phantoms depending
on the real anatomy of the human body (4,7.8).

A tomographic image data set is composed of many slices
(images); each image consists of two-dimensional (2D) pixel
map representing a real anatomy.

Unlike stylized phantoms which are based on quadric
surface equations, a voxel phantom contains a huge number
of cubes gathered to denote various real anatomical structures
(Fig. 2).

The reconstruction of a voxel phantom includes four com-
mon steps as follows: (1) obtain a set of tomographic images

that cover the complete volume or most part of the body; (2)
classify organs or tissues of interest from the original image
slice; (3) identify the density and chemical composition of
organs or tissues; and (4) index the segmented image slices into
a 3D volume that can be used for 3D visualization and for
Monte Carlo calculations.

First effort to reconstruct a voxel model was introduced by
Gibbs et al., it was built from CT scans of a female cadaver
and projected to calculate the effective dose from dental radio-
graphy (10,11); soon after, Williams et al. began to build a
family of voxel models of various ages (12).

Zankl et al. started developing a family of 12 various voxel
phantoms using CT images for healthy volunteers at GSF
National Research Center for Environment and Health in
Germany (12-15). Fig. 2a displays one of GSF family models
named Golem voxel model.

Kramer et al., from Brazil, developed an adult male model
named MAXO06 and an adult female model named FAXO06;
both models were adjusted according to ICRP 89 reference
body heights and organ masses (16,17).

Stabin and Yoriaz published SAF values based on Zubal
et al. head-torso model named ““Voxel Man” which was recon-
structed of CT images with dimensions similar to the MIRD 5
stylized phantom with Improvements to with MRI scan data
(18,19).

VIP-Man phantom was the first model that based on a
cross-sectional color photographic images of a cadaver
(Fig. 2b). A data set was collected depending on color photo-
graphic anatomical slice images of the 39 year-old male
acquired by the Visible Human Project (VHP) of the
American National Library of Medicine (20.21).

Jones created NORMAN phantom which was based on
whole body MRI scan data of a healthy volunteer. The exact
dimensions of the voxels were scaled so that height and mass
of the segmented model agreed with the values of Reference
Man (8).

Most of the tomographic phantoms described above were
based on Caucasian medical images. Subsequently, several
works were accomplished using primary data from different
racial ethnicities (3—7).

The first Asian adult male phantom Otoko was developed
by Saito et al. from whole body CT data of a patient whose
external dimensions are in agreement with the Japanese
Reference Man (5,6). Also several Korean phantoms have
been developed by researchers Lee and Kim (3.4).

The voxel computational phantoms were combined with
various Monte Carlo codes that simulated the radiation trans-
port in human material (7,8,11,12,18-20).

Due to the lack of detailed voxel model for the Middle East
region, this study represents the reconstruction of head to knee
voxel model, named “SyrMan”, of an adult living Syrian male
of average height and weight (Fig. 2c¢). SyrMan was then
exploited in internal dosimetry calculations using Monte
Carlo simulations.

2. Methods

2.1. CT data

The primary data were obtained in DICOM format from
computed tomographic examination of a single volunteer.
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Fig. 2

This volunteer represents the average, in weight and height, of
a group of 262 males aged between 25 and 50 years. The volun-
teer was 33 year-old male, 172 cm in height, and 75 kg in
weight. The slices covered the body from head to mid-legs.
The volunteer was lying supine with arms parallel and along-
side the body. The examination was performed with Siemens
scanner Somatom Sensation 64 at 120 kVp. The number of
slices was 500 with 3 mm of thickness for each slice which
consisted of a matrix of 512 x 512 pixels. The plan resolution
is 1.024 pixel in each millimeter, therefore, the voxel size is
0.98 x 0.98 mm?. The primary images had 16 bits per pixel,
12 bits stored, 11 bit height, size storage for each image is
515k, and the display range is 450-1050.

2.2. Segmentation tools and method

2.2.1. Medical image segmentation techniques

Medical image segmentation techniques play an important role
in human body modeling. Many algorithms were developed to
provide noninvasive information of internal anatomical struc-
tures in human body. These algorithms vary widely depending
on the specific application. Generally, no segmentation tech-
nique works for all the applications (22). The most popular
medical image segmentation techniques can be divided into
five main categories: Rule-based segmentation, Statistical
inference segmentation, Atlas-based segmentation, Edge-based
segmentation and Deformable models based segmentation
(23,24). In this study, different segmentation methods were
used in order to reconstruct the “SyrMan’’ model.

2.2.2. “SyrMan’ model Segmentation method

After obtaining the tomographic images in DICOM format,
the first step was doing smart segmentation using Eclipse soft-
ware. Eclipse program is a TPS (Treatment Planning System)
software for external radiotherapy by linear accelerator. In
result, 17 tissues and organs were segmented. The segmented
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(a) GSF Golem voxel phantom, (b) VIP-Man voxel phantom and (c) SyrMan voxel phantom.

(©)

organs and tissues were brain, pituitary gland, eyes, thyroid
gland, heart, lungs, spleen, pancreas, liver, trachea, pancreas,
kidneys, bladder, stomach, prostate, rectum, bones (thigh
bone, brachium bone, fragment bone, rachis bone, pelvis bone,
cervical spinal cord, collarbone, sternum bone, thorax,
marrow and skull).

Smart segmentation was used to segment lungs and bones,
while the rest of organs were segmented manually with the help
of radiologist and using human’s anatomy atlases (25,26). The
segmented images were obtained by doing screen capture for
each slice after finishing smart and manual segmentations.
As a result, each organ and tissue had its own color in the seg-
mented images. The dimensions of the captured images were
1018 x 1591 pixels, and the voxel size was 0.4 x 0.4 x 3 mm”.
In order to adapt the images for Monte Carlo simulations,
automatic image processing was also carried out by Matlab
program to get the final segmented images after manual
processing by Photoshop7. The segmented images were recon-
structed to get 3D model with the help of the Eclipse software
(Fig. 2¢).

2.3. Deposited energy

MCNP4C2 code (Mont Carlo N-Particle) published by
Briesmeister (27) was used to obtain the deposited energy in
different organs and tissues. Specific Absorbed Fractions
(SAFs) for photons were then calculated for many com-
binations (target, source). Source organ emits isotropically
monoenergetic photons which are supposed to be homoge-
neously distributed in the whole volume of the considered
source organ. These SAF values can be used to calculate the
dose-equivalent rate in a given target organ from a given
radionuclide that is present in a given source organ.
Absorbed dose rate to target tissue from nuclear
transformations in a source tissue is defined as:

NEA QS
m

D=

(1)
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Fig. 3 Comparison between organ masses of some voxel models
versus SyrMan model.

: absorbed fraction of the energy emitted by radioactivity in
the source region that is absorbed in the target region (28).
A = NE: mean energy emitted per nuclear transition. m: mass
of the target. 4: radioactivity transformations.

SAF is defined as the absorbed fraction per unit mass of the
target:

%)

Also, cumulated activity represents the total number of
radioactive transformations in the source region over time of
interest:

3)

The mean absorbed dose to the target volume from nuclear
transitions in the source region results from integration of the
absorbed dose rate over time interval:

D=AAD = A4S 4)

Photon SAFs were calculated for main organs of
“SyrMan” model and were compared with those for previous
published model (18).

2.4. Monte Carlo simulations

Each simulation run fifty million histories for each considered
photon energy.

Results were obtained in approximately 231h for all
organs, for 12 initial photon energies of 0.01, 0.015, 0.02,

® “m @ 0.03, 0.05, 0.1, 0.2, 0.3, 0.5, 1, 1.5, 2 and 4 MeV. The tally
Table 1 Relative differences (in %) between “SyrMan” and five models for height, weight, and some organs’ masses.
Zubal Visible human GOLEM ICRP 23 VIP-man
Height —1.16 4.65 2.32 —1.16 7.7
Weight —0.92 36.06 —8.98 —8.17 15.8
Brain - -7.79 —26.46 =7.79 2.13
Thyroid - 48.48 36.49 18.08 40.64
Lungs —13.87 —31.14 —84.57 —34.55 —47.78
Heart —4.37 -2 9.24 —96.9 —62.97
Liver 14.3 18 —4.911 7.211 13.81
Stomach 32.7 10.94 1.38 8.09 29.19
Spleen 15.68 —17.46 —79.58 —73.59 —28.06
Pancreas —36.05 —14.71 0.28 28.3 13.51
Kidneys 37.34 17.06 —0.52 —2.47 5.28
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Fig.4 SAF values, for different targets, versus initial photon energy for SyrMan model; (a) source organ is liver and (b) source organ is

lungs.



Table 2 Specific absorbed fractions (g7') as a function of initial photon energy (MeV) — source organ is LIVER.

Target Energy (MeV)

0.01 0.015 0.02 0.03 0.05 0.1 0.2 0.5 1 1.5 2 4
Bladder 0.00E + 00 0.00E + 00 0.00E + 00 1.32E-08 2.39E-07 5.74E—-07 7.38E—07 9.63E—07 1.12E-06 1.17E—-06 1.18E—06 1.13E-06
Heart 1.72E—06 6.09E—06 1.41E—05 2.83E-05 2.86E—05 2.06E—05 1.81E—05 1.70E—05 1.56E—05 1.45E—05 1.35E—05 1.12E—05
Liver 5.79E—04 5.43E—-04 4.83E—04 3.39E-04 1.76E—04 1.04E—04 9.90E—05 9.78E—05 8.88E—05 8.00E—05 7.27E—-05 5.44E—-05
Lungs 5.12E-06 1.35E—05 2.19E-05 2.79E—-05 2.24E—05 1.60E—05 1.46E—05 1.38E—05 1.26E—05 1.16E—05 1.08E—05 8.90E—06
Pancreas 2.16E—06 9.61E—06 2.58E—05 S5.18E—05 4.97E—05 3.52E—-05 3.12E-05 2.91E-05 2.65E—05 2.43E—05 2.263E—-05 1.851E—05
Prostate 0.00E + 00 0.00E + 00 0.00E + 00 4.43E—09 1.02E—07 3.28E—07 4.82E—07 6.86E—07 8.36E—07 9.16E—07 9.32E—07 9.38E—07
Rectum 0.00E + 00 0.00E + 00 0.00E + 00 1.78E—09 1.00E—07 3.50E—07 5.52E—07 7.79E—07 9.14E—07 9.98E—07 1.02E—-06 9.97E—07
Spinal cord 0.00E +00 4.23E—09 5.95E—08 7.89E—07 3.98E—06 6.48E—06 7.11E—06 7.10E-06 6.70E—06 6.32E—06 5.96E—06 5.10E—06
Spleen 0.00E + 00 0.00E + 00 5.74E—08 1.77E—06 5.93E—-06 6.74E—06 6.21E—06 5.92E—06 5.64E—06 5.34E—06 5.10E—06 4.38E—06
Stomach 8.29E—06 2.31E-05 4.03E—05 5.55E-05 4.54E—05 3.14E-05 2.85E—05 2.71E-05 2.47E—05 2.28E—05 2.12E-05 1.72E—05
Trachea 0.00E + 00 6.10E—09 2.18E-07 2.25E-06 4.93E—-06 4.72E—06 4.32E—06 4.01E—-06 3.76E—06 3.46E—06 3.324E-06 2.807E—06
Table 3 Specific absorbed fractions (g’]) as a function of initial photon energy (MeV) - Source organ is Lungs.
Target Energy (MeV)

0.01 0.015 0.02 0.03 0.05 0.1 0.2 0.5 1 1.5 2 4
Bladder 0.00E + 00 0.00E +00 0.00E + 00 5.85E—-10 2.82E—08 1.19E—07 1.89E—07 3.01E-07 4.02E—07 4.61E—07 4.93E—07 5.06E—07
Heart 1.34E—05 3.68E—05 6.07E—05 7.28E—05 5.03E—-05 3.22E-05 2.91E-05 2.76E—05 2.50E—05 2.28E—05 2.11E-05 1.68E—05
Liver 5.07E—06 1.34E—05 2.17E—05 2.79E—05 2.26E—05 1.61E—05 1.46E—05 1.38E—05 1.25E—05 1.15E—05 1.07E—05 8.63E—06
Lungs 6.62E—04 5.22E—04 3.63E—-04 1.71E—-04 6.94E—05 4.24E—05 4.20E—05 4.13E—05 3.62E—05 3.15E-05 2.77E-05 1.84E—05
Pancreas 0.00E+00 7.73E—08 1.65E—06 1.10E—05 1.60E—05 1.34E—05 1.20E—05 1.12E—05 1.02E—05 9.33E—06 8.71E—06 7.26E—06
Prostate 0.00E + 00 0.00E+ 00 0.00E + 00 3.47E-22 1.34E—08 6.70E—08 1.26E—07 2.25E—07 3.19E-07 3.74E—07 4.00E—-07 4.34E—-07
Rectum 0.00E + 00 0.00E +00 0.00E + 00 0.00E +00 1.57E—08 9.03E—08 1.61E—07 2.78E—07 3.76E—07 4.34E—07 4.70E—07 5.00E—07
Spinal cord 4.89E—10 1.22E—-07 7.91E—07 4.70E—06 1.02E—05 1.19E—05 1.24E—05 1.23E—05 1.13E-05 1.04E—05 9.77E—06 8.10E—06
Spleen 3.93E—06 1.23E-05 2.03E—05 2.44E—05 1.86E—05 1.33E-05 1.21E—05 1.15E—05 1.06E—05 9.68E—06 9.03E—06 7.30E—06
Stomach 3.67E—06 1.16E—05 2.29E-05 3.24E—-05 2.66E—05 1.91E-05 1.74E—-05 1.62E—05 1.47E—-05 1.35E-05 1.25E-05 1.01E—05
Trachea 2.27E—05 5.18E—05 7.62E—05 7.62E—05 4.60E—05 2.92E—05 2.71E-05 2.56E—05 2.32E-05 2.11E-05 1.94E—05 1.521E—05

S[BW J[NPE UBLIAS JOJ [9POW [9XOA JO UOIIONIISUOIIY

S6¥



496 B. Taleb et al.
n 1.00E-04 ——t——a—a 2
-9 |
/H l»--.-ﬂ..mm n m et -........!...!...-...-.. a
1.00E-05 —’—. : ¢ STl T OOE0S ET 9-5-0c 2 9.0,
_ . d =
“ A Z 1.00E-06 d
2 a /. v 1OOE 7
= o
3 ; ‘
° 1.00E-07
. d
1.00E-06 =
N x
STPFEE @ e 1.00E-08
Q- - \n A ¢ v —~ & ¥ o~ ¥ o~ <
2z 22 2 S s o -
Energy (MeV) s 2 s = <
eeeeee stomach Zubal B stomachSyrMan Energy (MeV)
liver Zubal liver SyyMan stomach Zubal B stomach SyrMan
@= @ gpleen Zubal ® spleen SyrMan
liver Zubal liver SyrMan
Fig. 5 Comparison of SAF values between SyrMan and Zubal — — — spleen Zubal @ spleen SyrMan

where source organ is lungs and target organs are liver, spleen and
stomach.

*F8 was used to obtain the energy deposited, from both pho-
tons and secondary electrons, in MeV per source particle.

Energy deposited in all voxels of a target organ was
summed, and this value was divided by the initial energy emit-
ted in the source to obtain the absorbed fraction (AF); subse-
quently, the SAF was calculated as the AF divided by the
known mass of the target organ.

3. Results

3.1. Organs masses

The volume of each tissue equals the volume of one voxel times
the number of voxels constitutes that tissue. The masses of tis-
sues were calculated by multiplying the volume of each tissue
with the appropriate tissue density.

For “SyrMan” model, the following five different elemental
tissue compositions and resulting mass densities were consid-
ered: spleen, brain, pancreas, bladder and prostate as
(p = 1.040 gcm™>), lung as (p = 0.260 gcm™>), eye lens as
(p = 1.070 gcm ™), thyroid, heart, stomach and kidneys
as  (p=1050gem™), liver as (p = 1.060 gem™)
(7,9,15,18,20). Fig. 3 shows a comparison of organ masses
between “SyrMan” model versus those for ICRP23, VIP-
man, GOLEM, and Visible Human models. Relative differ-
ences internal organ masses, height, and weight between
“SyrMan” model and the five mentioned models, were also cal-
culated (Table 1).

3.2. Specific absorbed fractions for photons

SAFs for photons for various source and target organ
combinations were calculated. Fig. 4 illustrates SAF values
calculated for SyrMan model where the source organ is liver
(Fig. 4a) and lungs (Fig. 4b).

SAF values were tabulated for each simulated source organ
in function of initial photon energy (Tables 2 and 3).

Comparisons were carried out with the SAFs published by
Stabin and Yoriyaz (18) for Zubal phantom. Figs. 5 and 6
show SAF comparisons between SyrMan and Zubal where
source organ is lungs and liver respectively.

Fig. 6 Comparison of SAF values between SyrMan and Zubal
where source organ is liver and target organs are spleen, liver, and
stomach.

0.00E+00

-2.00E+01 |‘I
-4.00E+01
-6.00E+01
-8.00E+01
-1.00E+02
-1.20E+02

%

0.01 0.015 0.02 0.03 0.05 0.1 02 05 1 1.5 2 4
Energy (MeV)

Estomach wspleen ®liver

Fig.7 Relative differences between SyrMan and Zubal for SAFs
in spleen, stomach, and liver, from liver, for 12 photon energies.

Fig. 7 shows relative differences between SAF values of
both models where the source organ is liver.

4. Discussion

While some characteristics of SyrMan model, such as weight
and height, were close to those of Zubal phantom, separate
organ masses are considerably different in many cases.
However, the comparison with SAF values of Zubal reveals
that the curves have similar shapes but with some differences
which can generally be related to differences in organ masses
and to different anatomic structures between the comparative
phantoms.

For example, liver mass differs about 14.3% between
SyrMan and Zubal, therefore, SAFs(liver « liver) for SyrMan
were higher. Also, spleen mass differs about 15.75% between
SyrMan and Zubal, so SAFs(spleen « liver) for SyrMan were
considerably higher, similarly SAFs(stomach « liver) for
SyrMan were higher whereas stomach mass differs about
32.7% between SyrMan and Zubal.

5. Conclusion

Most of anthropomorphic phantoms were representing special
racial ethnicities such as the Chinese, Japanese, Korean, as
well as Caucasian reference model. SyrMan head-to-knee 3D
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voxel model was reconstructed to represent, as much as possi-
ble, middle-east anatomic structures. SyrMan embodies the
average of adult males aged from 25 to 50 years. This model
was used in internal dose calculations and can be also
employed for radiation protection purposes. Specific
Absorbed Fractions (SAFs) were calculated, and tabulated,
for many source-target combinations using Monte Carlo sim-
ulations. Comparisons with previous SAFs data emphasized
the fact that the organ masses and the individual anatomy
have an important effect on SAFs.
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