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Summary

Aim: GATE, has been designed as upper layer
of the GEANT4 toolkit for nuclear medicine
application including internal dosimetry.
However, its results have not been fully com-
pared to the well-developed codes and an-
thropomorphic voxel phantoms have never
been used with GATE/GEANT for internal
dosimetry. The aim of present study was to
compare the internal dose calculated by
GATE/GEANT with the MCNP4B published
data. Methods: The Zubal phantom was used
to model a typical adult male. Activity was as-
sumed uniformly distributed in liver, kidneys,
lungs, spleen, pancreas and adrenals. GATE/
GEANT Monte Carlo package was used for es-
timation of doses in the phantom. Simulations
were performed for photon energy of 0.01-1
MeV and mono-energetic electrons of 935
keV. Specific absorbed fractions for photons
and S-factors for electrons were calculated.
Results: On average, GATE/GEANT produces
higher photon SAF (Specific Absorbed Frac-
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To permit efficient delivery of high
amounts of radiation dose to tumours
while limiting radiation dose to critical or-
gans, dosimetry calculations have to be per-
formed (15).

Nuklearmedizin 3/2011

tion) values (+2.7%) for self-absorption and
lower values (-2.9%) for cross-absorption. The
difference was higher for paired organs par-
ticularly lungs. Moreover the photon SAF valu-
es for lungs as source organ at the energy of
200 and 500 keV was considerably higher with
MCNP4B compared to GATE. Conclusion: Des-
pite of differences between the GATE4 and
MCNP4B, the results can be considered ensur-
ing. This may be considered as validation of
GATE/GEANT as a proprietary code in nuclear
medicine for radionuclide dosimetry appli-
cations.

Schliisselworter
Monte Carlo, Radionuklid-Dosimetrie, GATE,
Voxel-Phantom

Zusammenfassung

Ziel: GATE wurde als oberste Schicht des
GEANT4-Toolkits fiir nuklearmedizinische An-
wendungen einschlieBlich interner Dosimetrie
entwickelt. Jedoch wurden seine Ergebnisse
nicht vollstandig mit den ausgereiften Codes
verglichen und es wurden noch nie anthro-
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Patient-specific dosimetry is essential for
prediction of the tumour response and also
evaluation of the absorbed dose for
therapeutic applications (16).

Theoretically Monte Carlo simulation is
the most suitable method for patient-spe-

pomorphe Voxel-Phantome mit dem GATE/
GEANT zur internen Dosimetrie eingesetzt. In
dieser Studie sollte die mit dem GATE/GEANT
berechnete interne Dosis mit den fiir MCNP4P
publizierten Daten verglichen werden. Me-
thoden: Das Zubal-Phantom diente als Modell
eines typischen mannlichen Erwachsenen. Wir
nahmen an, dass sich die Aktivitat gleich-
maBig in Leber, Nieren, Lungen, Milz, Pankre-
as und Nebennieren verteilt. Zur Dosisschat-
zung in dem Phantom wurde das GATE/
GEANT-Monte-Carlo-Paket verwendet. Die Si-
mulationen wurden fiir eine Photonenenergie
von 0,01-1 MeV und monoenergetische Elek-
tronen von 935 KeV durchgefiihrt. Es wurden
die spezifischen absorbierten Fraktionen fiir
Protonen und die S-Faktoren fiir Elektronen
berechnet. Ergebnisse: Im Durchschnitt ergibt
das GATE/GEANT hohere SAF (spezifische ab-
sorbierte Fraktion) Werte (+2,7%) fiir Selbst-
absorption und niedrigere Werte (—2,9%) fiir
Kreuzabsorption. Bei paarig angelegten Orga-
nen, inshesondere den Lungen, war der Unter-
schied groBer. Dartiber hinaus waren die Pho-
tonen-SAF-Werte fiir die Lungen als Ur-
sprungsorgan bei einer Energie von 200 und
500 KeV mit MCNP4B deutlich hoher als mit
GATE. Schlussfolgerung: Trotz der Unterschie-
de zwischen GATE4 und MCNP4B halten wir
die Ergebnisse fiir ermutigend. Die Studie
kann als Validierung des GATE/GEANT-
Systems als urheberrechtlich geschiitzter
Code fiir die Radionuklid-Dosimetrie bei nu-
klearmedizinischen Anwendungen gelten.

cific dose assessment (32). Anatomical in-
formation and attenuation coefficients of
the tissues may be obtained using com-
puted tomography images. Distribution of
radiopharmaceutical within the patient
body may be determined using SPECT or
PET images. With this information avail-
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able, it is possible to estimate the dose dis-
tribution within the patient's body at voxel
level (14) by the use of Monte Carlo simu-
lation or other personalized 3-dimentional
codes such as

« Oedipe (12),

- 3D-ID (24),

- 3D-RD (20).

Current imaging technology provides suf-
ficient accuracy at sub-millimeter resol-
ution for anatomical and attenuation prop-
erties of the tissues. However, determining
the activity distribution with sufficient ac-
curacy is not yet achievable. Current nu-
clear medicine imaging systems suffer from
poor temporal and energy resolution that is
reflected as poor spatial resolution and
poor efficiency in rejection of scatter
photons. Photon attenuation further de-
grades the quality of images. Such effects
have a large impact on quantitative accu-
racy of images and all have to be corrected
for, in order to obtain optimal images (37).
Fortunately, there has been considerable
progress in correction for the image de-
grading factors that eventually will lead to
provide quantitative images suitable for ac-
curate dose estimation (3, 26, 37).

With adequate accuracy of the input
data, the accuracy of dose estimation will
ultimately depend upon the accuracy of the
Monte Carlo code used for simulation.
However, Monte Carlo codes are different
in the method of random number gener-
ation, table of materials cross sections, ap-
proximations used in formulation of physi-
cal models and the strategy for the particle
tracking (1, 7). Moreover, some limits are
usually imposed to the particle tracking
process depending on the special purpose
the code is designed for (1). We have also to
consider the possibility of bugs in any type
of software.

Principally, a newly developed code
should be validated against experimental
data. However, this is not possible for inter-
nal dosimetry, because direct measurement
of the dose to the tissues from internally ad-
ministrated radioisotopes is not possible.
In practice, some simple forms of physical
phantom are used for validation of the
Monte Carlo codes. However, phantom
studies are limited to measurement of aver-
age dose in a few locations inside the phan-
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toms. Physical structure and materials of
the phantoms are extremely simple com-
pared to the human anatomy and detector
used for measurement further deteriorates
the situation. Most of the radiation detec-
tors are not tissue equivalent, while this is
not of major concern for the megavoltage
photons, problems can arise at low- to
medium-energy photons that we mostly
encounter in nuclear medicine (25). More-
over, dose measurement using detectors
such as ionizing chamber or TLD (thermo-
luminescent dosimeter) is generally based
on the induction of electrical charge or
electron transition in the sensitive materi-
als of the detector not the energy delivered
to it. Though charge production and elec-
tron transition are related to the absorbed
energy, they are not the same and cali-
bration is required to calculate the dose.
This may be problematic in determining
the absolute dose, depending on chemical
structure of the detector material. This fact
may be acknowledge considering the
strong dependency of photoelectric effect
on the effective atomic number of the ma-
terial in which the energy is deposited (25).

Another problem in experimental vali-
dation of Monte Carlo codes with experi-
mental data is the type and the energy of
the radiation emitting from the radioiso-
topes. The material used for detection of
a-particles and a-photons are different and
are sensitive within a limited range of ener-
gy whereas, many radioisotopes produce
both types of radiation at a wide range of
energy. Even using the proper technique
and instruments, the accuracy of measure-
ment is limited to £5% at the best situation
(35). We have also to consider that there is
always considerable error in measuring ac-
tivity of the radioisotopes used for the ex-
periments. Therefore, experimental studies
do not provide the required accuracy and
precision for the absolute validation of
Monte Carlo codes for internal dosimetry.
Validation of new codes for the internal
dosimetry is ultimately restricted to com-
parison with well-developed and thor-
oughly validated codes.

A number of Monte Carlo codes are now
available for dosimetry applications.
MCNP (6) and EGS (23) and GEANT4 (17,
31) are general purpose codes developed to
simulate interaction of photons and elec-

trons with materials that can be used for in-
ternal dose assessment. Radiotherapy dedi-
cated codes are also available to determine
the dose from external sources of radiation
to the patient (39). GATE/GEANT package
is the most recently developed Monte Carlo
code with the ambition to become the gold
standard code in nuclear medicine (33).
GATE/GEANT that has been developed as
the upper layer of GEANT4 toolkit and is
practically the only nuclear medicine dedi-
cated code with options for different types
of imaging and determining the dose dis-
tribution inside the body.

GATE/GEANT has certain attractive fea-
tures for internal dosimetry application
(39).Itincludes a very flexible simulation ge-
ometry input capable to accommodate a
large variety of detector and source ge-
ometries. It also includes a user-friendly im-
plemented voxelized source and a virtual
clock to allow simulation of temporal phe-
nomena such as source and detector move-
ments and source decay. GATE/GEANT is
very flexible for simulating complex detector
geometries and experimental arrangements.

Although GEANT4 is an almost vali-
dated code (8,17, 22,31, 41), but it is itself
anew code and less experienced compared
to older code like MCNP and not properly
validated for internal dosimetry. GATE/
GENAT is partially validated for imaging
applications (2, 10, 21, 36) and has been
used for dosimetry applications (28, 38, 39)
but not validated for nuclear medicine
dosimetry. Moreover, results of this code
have never been compared to the results
obtained with older Monte Carlo packages
like MCNP. General-purpose codes like
MCNP and EGS have extensively been vali-
dated for different applications. Compari-
son to this codes may be considered as an
essential step in validation of new codes like
GATE/GEANT.

In this study, we calculated the organ
doses using the Zubal voxel phantom (42)
with GATE/GEANT for electron and
photons of different energies and the re-
sults were compared to similar results ob-
tained using MCNP4B and MCNPX
Monte Carlo codes (12, 34, 40). We calcu-
lated the self-absorption and cross-irradi-
ation of the organs for electron and
photons in terms of S-factors and specific
absorbed fractions (SAF) respectively.
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energy target method source organ
{(ke¥)' lorgan liver kidneys lungs pancreas  spleen adrenals
10 liver GATE 4.94E-01 2.98E-03 1.11E-03 1.86E-04 0.00E+00 8.81E-03
MCNP4B 4.91E-01 3.30E-03 1.19E-03 2.09E-04 0.00E+00 9.87E-03
kidneys GATE 2.99E-03 1.83E+00 0.00E+00 1.20E-02 5.56E-03 7.18E-02
MCNP4B 3.25E-03 1.81E+00 0.00E+00 1.35E-02 6.18E-03 7.97E-02
lungs GATE 1.25E-03 0.00E+00 7.56E-01 0.00E+00 4.43E-03 1.69E-08
MCNP4B 1.27E-03 0.00E+00 7.51E-01 0.00E+00 4.54E-03 0.00E+00
pancreas  GATE 1.71E-04 1.20E-02 0.00E+00 1.69E+01 0.00E+00 3.38E-01
MCNP4B 2.13E-04 1.40E-02 0.00E+00 1.66E+01 0.00E+00 3.71E-01
spleen GATE 0.00E+00 5.54E-03 3.95E-03 2.56E-08 2.55E+00 1.46E-07
MCNP4B 0.00E+00 6.28E-03 4.06E-03 0.00E+00 2.53E+00 0.00E+00
adrenals  GATE 8.74E-03 7.23E-02 0.00E+00 3.36E-01 0.00E+00 1.80E+02
MCNP4B 9.11E-03 8.05E-02 0.00E+00 3.75E-01 0.00E+00 1.71E+02
15 liver GATE 4.55E-01 9.52E-03 4.42E-03 3.37E-03 4.93E-07 2.29E-02
MCNP4B 4.50E-01 1.03E-02 4.75E-03 3.83E-03 8.51E-07 2.47E-02
kidneys GATE 9.53E-03 1.56E+00 2.14E-05 3.61E-02 1.99E-02 1.80E-01
MCNP4B 1.04E-02 1.52E+00 2.96E-05 3.92E-02 2.17E-02 1.92E-01
lungs GATE 5.03E-03 2.47E-05 6.05E-01 1.54E-05 1.31E-02 1.03E-04
MCNP4B 5.31E-03 2.88E-05 5.94E-01 2.19E-05 1.37E-02 1.27E-04
pancreas  GATE 3.39E-03 3.61E-02 1.22E-05 1.32E+01 3.28E-04 6.12E-01
MCNP4B 3.65E-03 3.84E-02 1.58E-05 1.27E+01 4.17E-04 6.45E-01
spleen GATE 5.50E-07 1.99E-02 1.16E-02 3.24E-04 2.25E+00 7.47E-04
MCNP4B 0.00E+00 2.18E-02 1.21E-02 3.98E-04 2.22E+00 9.34E-04
adrenals  GATE 2.28E-02 1.80E-01 6.69E-05 6.10E-01 8.18E-04 1.06E+02
MCNP4B 2.49E-02 1.94E-01 1.01E-04 6.49E-01 9.10E-04 9.57E+01
20 liver GATE 3.97E-01 1.93E-02 1.05E-02 1.47E-02 5.10E-05 4.25E-02
MCNP4B 3.91E-01 2.04E-02 1.11E-02 1.59E-02 5.81E-05 4.49E-02
kidneys GATE 1.93E-02 1.22E+00 4.53E-04 6.03E-02 4.34E-02 2.35E-01
MCNP4B 2.03E-02 1.18E+00 5.48E-04 6.35E-02 4.60E-02 2.42E-01
lungs GATE 1.19E-02 5.18E-04 4.29E-01 7.18E-04 2.39E-02 1.68E-03
MCNP4B 1.23E-02 5.55E-04 4.16E-01 8.21E-04 2.43E-02 1.81E-03
pancreas  GATE 1.46E-02 6.05E-02 6.28E-04 9.09E+00 6.36E-03 6.75E-01
MCNP4B 1.58E-02 6.33E-02 6.08E-04 8.58E+00 7.33E-03 6.91E-01
spleen GATE 4.98E-05 4.34E-02 2.12E-02 6.37E-03 1.82E+00 7.71E-03
MCNP4B 5.72E-05 4.60E-02 2.18E-02 7.32E-03 1.77E+00 8.59E-03
adrenals GATE 4.30E-02 2.35E-01 1.44E-03 6.75E-01 7.87E-03 5.75E+01
MCNP4B 4.37E-02 2.44E-01 1.15E-03 6.95E-01 6.11E-03 5.05E+01
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Tab. 1

SAF values (kg™ ") for
10-50 keV photons
derived with GATE
4.0.0 and MCNP4B
(data derived from
ref. 34, 40) using
Zubal phantom
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Tab. 1

Continued a?ee\;?y ;t)arrggait method source organ
liver kidneys lungs pancreas  spleen adrenals
30 liver GATE 2.74E-01 3.20E-02 1.82E-02 3.60E-02 1.36E-03 6.93E-02
MCNP4B 2.67E-01 3.26E-02 1.85E-02 3.67E-02 1.36E-03 7.02E-02
kidneys GATE 3.21E-02 6.73E-01 3.31E-03 7.67E-02 6.68E-02 2.04E-01
MCNP4B 3.25E-02 6.41E-01 3.40E-03 7.69E-02 6.77E-02 2.00E-01
lungs GATE 2.03E-02 3.66E-03 2.06E-01 7.01E-03 3.06E-02 9.45E-03
MCNP4B 2.02E-02 3.63E-03 1.96E-01 7.02E-03 3.02E-02 9.26E-03
pancreas  GATE 3.59E-02 7.68E-02 6.37E-03 4.15E+00 3.51E-02 5.11E-01
MCNP4B 3.61E-02 7.81E-02 6.61E-03 3.84E+00 3.65E-02 5.06E-01
spleen GATE 1.35E-03 6.66E-02 2.75E-02 3.50E-02 1.04E+00 2.59E-02
MCNP4B 1.37E-03 6.80E-02 2.74E-02 3.65E-02 1.00E+00 2.65E-02
adrenals  GATE 6.87E-02 2.03E-01 8.60E-03 5.10E-01 2.61E-02 2.04E+01
MCNP4B 6.40E-02 2.01E-01 8.72E-03 5.01E-01 2.63E-02 1.73E+01
50 liver GATE 1.44E-01 3.02E-02 1.74E-02 3.84E-02 4.67E-03 6.18E-02
MCNP4B 1.42E-01 3.00E-02 1.75E-02 3.80E-02 4.47E-03 6.09E-02
kidneys GATE 3.02E-02 2.82E-01 6.41E-03 6.20E-02 5.23E-02 1.20E-01
MCNP4B 3.00E-02 2.71E-01 6.19E-03 6.04E-02 5.19E-02 1.15E-01
lungs GATE 1.87E-02 6.76E-03 8.43E-02 1.26E-02 2.34E-02 1.46E-02
MCNP4B 1.84E-02 6.50E-03 8.03E-02 1.22E-02 2.30E-02 1.37E-02
pancreas  GATE 3.85E-02 6.23E-02 1.19E-02 1.46E+00 4.59E-02 2.66E-01
MCNP4B 3.79E-02 5.86E-02 1.16E-02 1.38E+00 4.56E-02 2.59E-01
spleen GATE 4.61E-03 5.21E-02 2.17E-02 4.51E-02 4.41E-01 3.07E-02
MCNP4B 4.38E-03 5.18E-02 2.16E-02 4.56E-02 4.30E-01 2.99E-02
adrenals  GATE 6.19E-02 1.19E-01 1.37E-02 2.66E-01 3.09E-02 6.02E+00
MCNP4B 5.97E-02 1.18E-01 1.41E-02 2.59E-01 3.02E-02 5.35E+00

Material and methods

Phantom

The voxel-based anthropomorphic Zubal
phantom was used to model a typical adult
male (42). The phantom included head and
body torso (no arms or legs) segmented
into 56 different tissue types. The phantom
consisted of 128x128x243 voxels of
4x4x4 mm dimensions. Six copies of the
phantom were generated and the activity
was distributed uniformly within the liver,
kidneys, lungs, spleen, pancreas and the ad-
renal glands of the phantoms respectively.
This geometry was exactly the same as the
geometry used by Yoriyaz et al. and Chiav-
assa et al. (11, 40).

© Schattauer 2011

Monte Carlo simulation

GATE/GEANT Monte Carlo package (ver-
sion 4.0.0) was used for estimation of dose
to the organs of the phantoms (39). This
version of GATE/GEANT was developed
over GEANT4 version 4.9.1.p02. Photo-
electric absorption, Compton interaction,
Rayleigh scattering and characteristic
X-ray production were considered for
photon interactions. X-rays were tracked
down to 1 keV, below that was assumed ab-
sorbed in the same voxel. Ionization,
multiple scattering and bremsstrahlung
were considered for electron interactions.
The cutoff range applied on the secondary
electrons was 1 mm. Each voxel in the
phantoms was linked to the table describ-

ing the attenuation properties (composi-
tion and density) of the corresponding tis-
sues (39). Simulations were performed for
the photons of 10, 15, 20, 30, 50, 100, 200,
500, 1000 keV and the mono-energetic
electrons of 935 keV. For the photons
1.0 108 and for the electrons 5.0x 107 his-
tories were tracked and the dose deposited
in each voxel of the phantoms in cGy was
determined.

Calculation

Photon SAF

The absorbed energy in each organ was cal-
culated as sum of the absorbed energy in
the entire voxels of the organ. Mass of the

Nuklearmedizin 3/2011
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Tab. 2

?;eevr?y ;arrggat:lt method s.ource organ . SAF values (kg ) for
liver kidneys lungs pancreas  spleen adrenals  100-1000 keV
100 liver GATE 881E-02  226E-02 135602  286E-02  561E03  431E-02 E*;té’:;%eru‘é‘?\l ‘;V"lté‘
MCNP4B  9.01E-02 232602  1.42E-02  2.89E-02  5.73E-03 435602  (data derived from
MCNPX 867E-02  2.19E-02  129E-02 279602 528603  421g-02  ref 34,40)and
) MCNPX (11) using
kidneys ~ GATE 226602 1.64E01  659E-03 43702 353E02  ZJ0E02 gl phantom
MCNP4B 2.31E-02 1.65E-01 6.82E-03 4.36E-02 3.65E-02 7.65E-02
MCNPX 2.16E-02 1.62E-01 6.16E-03 4.23E-02 3.43E-02 7.48E-02
lungs GATE 1.38E-02 6.70E-03 5.01E-02 1.13E-02 1.64E-02 1.27E-02
MCNP4B 1.42E-02 6.81E-03 5.02E-02 1.14E-02 1.70E-02 1.27E-02
MCNPX 1.30E-02 6.22E-03 4.88E-02 1.07E-02 1.56E-02 1.19E-02
pancreas GATE 2.88E-02 4.39E-02 1.11E-02 8.21E-01 3.44E-02 1.60E-01
MCNP4B 2.88E-02 4.35E-02 1.12E-02 8.20E-01 3.54E-02 1.60E-01
MCNPX 2.85E-02 4.30E-02 1.10E-02 8.15E-01 3.34E-02 1.57E-01
spleen GATE 5.53E-03 3.51E-02 1.60E-02 3.39E-02 2.55E-01 2.44E-02
MCNP4B 5.75E-03 3.62E-02 1.67E-02 3.51E-02 2.59E-01 2.47E-02
MCNPX 5.25E-03 3.39E-02 1.54E-02 3.28E-02 2.51E-01 2.34E-02
adrenals GATE 4.32E-02 7.67E-02 1.27E-02 1.60E-01 2.43E-02 3.35E+00
MCNP4B 4.31E-02 7.57E-02 1.30E-02 1.63E-01 2.33E-02 3.34E+00
MCNPX 4.05E-02 7.55E-02 1.22E-02 1.59E-01 2.39E-02 3.31E+00
200 liver GATE 8.39E-02 2.02E-02 1.23E-02 2.50E-02 5.25E-03 3.80E-02
MCNP4B 8.63E-02 2.10E-02 1.51E-02 2.57E-02 5.55E-03 3.89E-02
kidneys GATE 2.02E-02 1.64E-01 6.18E-03 3.92E-02 3.20E-02 7.18E-02
MCNP4B 2.10E-02 1.67E-01 7.07E-03 3.98E-02 3.32E-02 7.27E-02
lungs GATE 1.24E-02 6.19E-03 4.88E-02 9.96E-03 1.48E-02 1.12E-02
MCNP4B 1.29E-02 6.53E-03 4.37E-02 1.03E-02 1.56E-02 1.15E-02
pancreas GATE 2.52E-02 3.93E-02 9.95E-03 8.58E-01 2.96E-02 1.52E-01
MCNP4B 2.54E-02 3.94E-02 1.17E-02 8.67E-01 3.08E-02 1.54E-01
spleen GATE 5.20E-03 3.19E-02 1.47E-02 2.94E-02 2.55E-01 2.17E-02
MCNP4B 5.47E-03 3.31E-02 1.93E-02 3.06E-02 2.61E-01 2.24E-02
adrenals GATE 3.85E-02 7.18E-02 1.13E-02 1.52E-01 2.18E-02 3.70E+00
MCNP4B 3.96E-02 7.25E-02 1.10E-02 1.54E-01 2.32E-02 3.74E+00
organ was calculated by summing up the energy adsorbed inr, / Electron S-factor
density of the voxels belonging to the re- energy emitted from r,
SAF(r<tr,) = (1)

spective organ multiplied by the voxel vol-
ume (4X4x4 mm).

Based on the MIRD schema (27), spe-
cific absorbed fraction (SAF) was calcu-
lated as the fraction of the emitted energy
from the source organ (r,) that is absorbed
in the target organ (r,) per unit mass of the
target organ (27):

Nuklearmedizin 3/2011

m

SAF is independent of the radionuclide
half-life and is used to estimate the mean
absorbed dose for the different radio-
nuclides in practice (9, 18). The photon
SAFs estimated in this study were based on
the Zubal adult voxel phantom and are only
valid for this condition.

S-factor is defined as the product of
emitted energy per disintegration and the
absorbed fraction for a given combination
of a source and a target regions and for the
type of radiation emitted divided by the
mass of the target region (19). S-factor
therefore, is strongly dependent on the ge-
ometry of both the source and the target re-
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Tab..z energy target method source organ
contnued (CYN R liver kidneys | | drenal
ys ungs pancreas  spleen adrenals
500 liver GATE 8.34E-02 1.89E-02 1.16E-02 2.31E-02 4.97E-03 3.54E-02
MCNP4B 8.41E-02 1.93E-02 1.40E-02 2.34E-02 5.15E-03 3.57E-02
MCNPX 8.30E-02 1.88E-02 1.15E-02 2.29E-02 4.93E-03 3.53E-02
kidneys GATE 1.90E-02 1.68E-01 5.86E-03 3.67E-02 3.06E-02 6.98E-02
MCNP4B 1.95E-02 1.68E-01 6.63E-03 3.71E-02 3.10E-02 7.01E-02
MCNPX 1.89E-02 1.67E-01 5.81E-03 3.64E-02 3.05E-02 6.94E-02
lungs GATE 1.16E-02 5.85E-03 4.84E-02 9.07E-03 1.40E-02 1.02E-02
MCNP4B 1.19E-02 6.06E-03 4.23E-02 9.27E-03 1.43E-02 1.04E-02
MCNPX 1.15E-02 5.88E-03 4.84E-02 9.07E-03 1.40E-02 1.02E-02
pancreas GATE 2.31E-02 3.68E-02 9.12E-03 9.00E-01 2.71E-02 1.50E-01
MCNP4B 2.34E-02 3.69E-02 1.05E-02 8.97E-01 2.72E-02 1.51E-01
MCNPX 2.31E-02 3.65E-02 9.15E-03 8.95E-01 2.69E-02 1.49E-01
spleen GATE 4.95E-03 3.05E-02 1.40E-02 2.69E-02 2.62E-01 2.01E-02
MCNP4B 5.19E-03 3.11E-02 1.80E-02 2.76E-02 2.63E-01 2.06E-02
MCNPX 4.95E-03 3.05E-02 1.39E-02 2.67E-02 2.61E-01 2.00E-02
adrenals GATE 3.53E-02 6.99E-02 1.03E-02 1.50E-01 1.97E-02 3.92E+00
MCNP4B 3.64E-02 6.91E-02 1.32E-02 1.53E-01 1.95E-02 3.90E+00
MCNPX 3.39E-02 7.12E-02 1.06E-02 1.51E-01 1.97E-02 3.89E+00
1000 liver GATE 7.59E-02 1.73E-02 1.06E-02 2.09E-02 4.72E-03 3.21E-02
MCNP4B 7.58E-02 1.74E-02 1.07E-02 2.10E-02 4.82E-03 3.22E-02
kidneys GATE 1.74E-02 1.52E-01 5.43E-03 3.33E-02 2.80E-02 6.38E-02
MCNP4B 1.76E-02 1.51E-01 5.49E-03 3.34E-02 2.82E-02 6.34E-02
lungs GATE 1.06E-02 5.45E-03 4.28E-02 8.28E-03 1.27E-02 9.27E-03
MCNP4B 1.07E-02 5.53E-03 4.25E-02 8.32E-03 1.29E-02 9.35E-03
pancreas GATE 2.09E-02 3.33E-02 8.21E-03 8.04E-01 2.44E-02 1.38E-01
MCNP4B 2.10E-02 3.26E-02 8.18E-03 7.97E-01 2.41E-02 1.37E-01
spleen GATE 4.73E-03 2.80E-02 1.27E-02 2.44E-02 2.38E-01 1.83E-02
MCNP4B 4.82E-03 2.80E-02 1.28E-02 2.46E-02 2.37E-01 1.85E-02
adrenals GATE 3.21E-02 6.41E-02 9.11E-03 1.36E-01 1.85E-02 3.26E+00
MCNP4B 3.31E-02 6.22E-02 9.45E-03 1.38E-01 1.82E-02 3.20E+00

gions and on the quality of the emitted
radiation.

Conceptually SAF and S-factor are simi-
lar; however, the S-factor has a unit of
mGy/MBq-s that is more comprehensive in
clinical applications. In theory, the relation
between the two is given by: § = Zi Ai X SAF,
where Ai is the mean energy of the i tran-
sition per nuclear transformation of a spe-
cificisotope (5). Since we are comparing re-
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sults from monoenergetic particles, the re-
lation reduces to S = EXSAF, where E is the
energy of the particle in question. We have
chosen to present our results using quan-
tities that were used by Yoriyazet al. and
Stabin et al. (34, 40) i. e.: SAF for photon
comparison and S-factor for electron com-
parison.

Data analysis
The relative percentage difference (RD%)

between two corresponding photon SAF
values was calculated as;

RD % = 100>< [SAFGATE - SAFMCNP] /
[(SAFcrg + SAFyenp)/2] (2)
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Tab.3 Comparison between the photon SAF values derived with GATE/GEANT and MCNP4B Monte

Carlo Packages

photon correlation agreement maximum relative

energy bias (%) difference

(keV) linear curve equation r? RD (%) target « source
10 SAFgare = 1.016XSAFycnpas 0999 —6.8 21 pancreas < liver

15 1.026 < SAFycneag 0.709  —11.4 53 liver < spleen

20 1.010xSAFycneag - 0.999 =27 25 adrenals < spleen
30 1.002 < SAFycneag 0,999 0.7 16 adrenals « adrenals
50 0.994 X SAFycnpag 0.999 2.5 1 adrenals < adrenals
100 1.004 < SAFycneag 0999 1.3 05 liver < lungs

200 1.012xSAFycnesg 0,998 —4.1 26 spleen < lungs

500 1.011 xSAFycneag 0.997 3.3 25 spleen < lungs
1000 1.001 xSAFycneag 0.999 0.3 04 adrenals « lungs
1002 SAFyceex = 0.985X SAFycnpas 0.999 4.5 10 kidneys < lungs
500? SAFyicnex = 0.987 X SAFycnpag 0.997 3.7 25 spleen < lungs

2 comparison of SAF values derived MCNPX and MCNP4B
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Fig. 1

The whole data from
the GATE/GEANT
and MCNP4B were
divided into two
groups, cross-irradi-
ation, and self-ab-
sorption.

a) Linear curves
were fitted to the
data and Pearson's
correlation coef-
ficients were calcu-
lated. The graphs are
shown in logarithmic
scale.

b) Bland-Altman
analysis of the data
showed negative
and positive biases
for cross-irradiation
and self-absorption,
respectively.

Since we do not know which of the cor-
responding photon SAF values (GEAT/
GEANT or MCNP4B) are correct, the aver-
age values were considered for the calcu-
lation of relative percentage differences
(40). One-sample Kolmogorov-Smirnov
test (MATLAB statistics toolbox, version
7.1) was used to test if RD% values are
normally distributed around their mean.
Bland-Altman analysis (28) was used to de-
termine agreement and bias between the
data derived with GATE/GEANT and
MCNP4B. Paired t-test was used to
compare the mean values of the photon
SAFs derived with GATE/GEANT and
MCNP4B.

Results

Comparisons derived with
GATE/GEANT and MCNP4B

Photon SAF

The SAF values (six combinations of the
source and target organs) derived for the
photons of 10, 15, 20, 30, 50, 100, 200, 500
and 1000 keV using GATE/GEANT code
are presented in (P Tab. 1, »Tab. 2). The
SAF values derived using MCNP4B (34,40)
and MCNPX (11) (when available) were
also included in the tables for the sake of
comparison. The data in each table were
analyzed independently and the results are
presented row-wise in (»Tab. 3). The first
column of the table represents the energy of
the photons, in the next two columns are
the equations of the linear curves fitted to
the GATE/GEANT and the MCNP4B
scatter plot and the corresponding Pear-
son's correlation coefficients respectively.
The forth column represents the Bland-
Altman bias between the GATE/GEANT
and the MCNP4B data. In the fifth and
sixth columns, the maximum relative per-
centage differences between the GATE/
GEANT and MCNP data and correspond-
ing pair of 0rgans(4,eerc—source) are presented.

The photon SAF values derived with
GATE/GEANT and MCNP4B were pooled
and divided into two groups, self-absorp-
tion, and cross-irradiation. P Figure la rep-
resents the scatter plot of the data and the
linear curves fitted to them. The linear curve
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fitted to the self-absorption and cross-ab-
sorption data were SAFgup = 1.071 X
SAFycnp a5 and SAF g = 0.970 X SAFy o
4p> Tespectively. In both cases, the Pearson's
correlation coefficients were high (12> 0.99)
showing very good linear correlation be-
tween the two series of data. However,
Bland-Altman analysis (> Fig. 1b) showed a
bias between the GATE/GEANT and
MCNP4B results. The SAF values derived
with the GATE/GEANT for the self-absorp-
tion was +2.7% higher and for the cross-ir-
radiation was —2.9% smaller than cor-
responding SAF values derived with the
MCNP4B (40). This suggest a systematic
rather than statistical random difference be-
tween the GATE/GEANT and the MCNP4B
results. One-sample Kolmogorov-Smirnov
test rejected that the relative percentage dif-
ferences in the SAF values (Eq-2) are norm-
ally distributed around their mean. Analyz-
ing the histogram of the RD% values for the
self-absorptions and the cross-irradiation
suggested that the bias between the GATE/
GEANT and the MCNP4B results are likely
due to outlier data.

In »Figure 2a, the SAF values against
the photon energy are presented for the
self-absorption data. The graphs visually
reveal a good correlation between the two
series of data however, with minimum 3 to
maximum 17% higher values for GATE/
GEANT compared to MCNP4B. In »Fi-
gure 2b, the SAF values for the spleen (as
source) to other organs (targets) against
photon energies are presented. The graphs
show good correlation between the two
series of data but smaller values for GATE/
GEANT compared to MCNP4B. In » Fi-
gure 2¢ the SAF values for the lungs as
source organ against the photon energies
are presented. The graphs reveal similar re-
sults that is, a good correlation between the
two series of data but smaller values for
GATE/GEANT. However, for the photons
of 200 and 500 keV, the SAF values derived
using MCNP4B were exceptionally higher
than the corresponding value derived using
GATE/GEANT, revealing second peaks in
the lungs cross-irradiation curves.

In »>Figure 3 the average relative percen-
tage differences against photon energy are
plotted. As can be seen the average percen-
tage differences do not obey a physically ex-
plainable trend. For almost all the photon
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energies, the self-absorption is higher (ex-
cept for the 100 keV photons) and the cross-
irradiation is lower (except for the 50 keV
photons) in the GATE/GEANT results com-
pared to the MCNP4B. > Table 3 reveals that
the maximum and the minimum differences
between the GATE/GEANT and MCNP4B
results are with the photon energy of 15 keV

and 1000 keV respectively. The absolute
relative difference between the GATE/
GEANT and MCNP4B results for the
photon of 15 (»Tab. 1) and 1000 keV
(»Tab. 2) are presented graphically in » Fi-
gure 4a and 4b. In organ-wise comparison,
the photon SAF values for (,ienaiscadrenats)
and  (yjeenciungs) Showed the maximum
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relative difference between the GATE/
GEANT and MCNP results.

In comparison of the SAF values derived
using MCNP4B and MCNPX there were

4.8% and 3.9% positive bias for MCNP4B
compared to MCNPX for the photons of
100 keV and 500 keV respectively.

Fig. 3

Average of relative
percentage difference
between the GATE/
GEANT and MCNP4B
for self-absorption and
e cross-irradiation

s Self Abserption

+ Cross Absoption

Average relative difference (%)

-
o
ST ¢ S - S

10 100
Photon energy (keV)

e

against the photon
energy: Exceptionally
the difference be-
tween the SAF derived
with the GATE/GEANT
and the MCNP4B
results are high
(-14.4%) at photon
energy of 15 keV.
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Fig. 4
Absolute relative dif-
ference between SAF
derived with GATE/
GEANT and MCNP4B
for photon energy of
15 keV (a) and 100
keV (b): The relative
difference is almost
10 times more for 15
keV photons. This
cannot simply be in-
terpreted as random
error. Some of the
data bars are hidden
by others however
this is the optimized
3D views of the
graph.
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Electron S-factors

We calculated the S-factors for the elec-
tron-emitting source (935 keV) uniformly
distributed in the liver, kidneys, and lungs
(Zubal phantom) and the results are pres-
ented in »>Table 4. For the sake of compari-
son, similar data published by Yoriyaz et al
(derived using MCNP4B) and Chiavassa et
al (derived using MCNPX) are included in
the table. There was a good correlation be-
tween the GATE/GEANT and the
MCNP4b results (Sgarg = 0.994 X Syienp 4m>
r>=0.999) almost at the same level as be-
tween the MCNP4B and the MCNPX re-
sults (Syenpap = 0.996 X Syienpso 2= 0.999).
The relative percentage difference between
the S-factors derived using GATE/GEANT,
MCNP4B and MCNPX are shown in »Fi-
gure 5. The maximum relative difference
observed was between MCNPX and
MCNP4B for (kigpeyse—tungs)- Bland-Altman
analysis showed a positive bias of +3.5% for
the S-factors derived using MCNP4B com-
pared to MCNPX.

Discussion

The aim of present study was to compare
GATE/GEANT with the older and well-de-
veloped Monte Carlo code constituting a
validation of GATE/GEANT for internal
dosimetry using anthropomorphic voxel
phantom. Two publications could be used
for this comparison. Yoriyaz et al. and Sta-
bin et al. (34,40) published SAFs for mono-
energetic photons of 10 keV to 4 MeV and
S-factors for mono-energetic electrons of
935 keV using the MCNP4B code and the
Zubal phantom. Chiavassa et al. (11) also
provided SAFs for mono-energetic
photons of 100 and 500 keV and S-factors
for mono-energetic electrons of 935 keV
using MCNPX code and Zubal phantom.
Effectively, there is no statistical test
available for this type of comparison. Thus,
different tests were used to compare the
data from different points of view. In the
first step, we divided the photon SAF valu-
es into two groups, the self-absorption and
the cross-irradiation. Pearson's correlation
coefficients showed very good linear corre-
lation between the GATE/GEANT and
MCNP4B results in both groups. However,
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Bland-Altman analysis showed +2.7% and
—2.9% bias for the self-absorption and the
cross-irradiation respectively. Paired t-test
proved that the difference in the self-ab-
sorption group was statistically significant
(p > 0.24) but failed to prove the signifi-
cance of difference in the cross-irradiation
group (p < 0.01). The failure was most
probably due to higher statistical variation
in cross-absorption data compared to self-
absorption data (»Fig. 1b). Therefore, the
difference between the GATE/GEANT and
MCNP4B results are not just due to statis-
tical variation and something must be dif-
ferent between our simulation and those of
Yoriyaz et al and Stabin et al. (34, 40).

Damet et al., in studying the response of
thyroid monitors to anatomical variation,
compared GEANT4 (the base of GATE)
and MCNP5 in an anthropomorphic
phantom (GEDI) and reported 2% higher
values for GEANT4 (13). They simulated
the detector response to *' radiation and
related the difference to details of the decay
scheme considered in the codes. Since the
main advantage of GATE over GEANT4 is
voxelization and ease of use; the physics is
in principle the same, in present study
mono-energetic photons and electrons
were considered in GATE. Pacilio et al.,
compared GEANT4 and MCNP and re-
ported up to 10% difference in voxel S-fac-
tors. However, in present study the dose to
the organs were considered not to the vo-
xels. The difference in voxels may be can-
celed when the values are summed up to
calculated the dose to the organs (30).

A simple explanation for the observed
difference between GATE/GEANT and
MCNP4B may be higher attenuation prop-
erties of the tissues in our study compared
to the Yoriyaz et al. and Stabin et al. (34,40).
Difference in attenuation properties would
certainly result in higher absorption in
source organs and therefore lowers cross-
irradiation to target organs. However, we
used exactly the same geometry as used by
Yoriyaz et al. and Stabin et al.

> Figure 3 clearly shows that the bias be-
tween the GATE/GEANT and MCNP re-
sults exist at all photon energies and does
not follow a physically explainable trend.
Hence, the bias is almost independent of
the photon energy. If the tissue attenuation
properties were different between our and
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abs. relative dif. (%)

kidneys

target

Fig. 5 Absolute relative percentage difference between the S-factors derived with the GATE-
MCNP4B (G-4B) and MCNPX-MCNP4B (X-4B): The difference between GATE/GEANT and MCNP4B is
below 5% except for the lungs. As can be seen the difference between MCNP4B and MCNPX is very

high.
Tab. 4 target method source organ
Electron S-factors AR
(mGy Mbq s™") for 9 liver kidneys lungs
935 keV electrons liver GATE 738E-05  4.42E07  1.64E-07
derived with GATE,
MCNP4B using Zubal MCNP4B  7.35E-05  4.42E-07  1.76E-07
phantom MCNPX 7.36E-05 4.52E-07 1.72E-07
kidneys GATE 4.41E-07 2.72E-04 3.52E-09
MCNP4B 4.65E-07 2.72E-04 3.17E-09
MCNPX 4.55E-07 2.71E-04 2.52E-09
lungs GATE 1.74E-07 4.17E-09 1.13E-04
MCNP4B 1.73E-07 0.00E+00 1.12E-04
MCNPX 1.74E-07 2.52E-09 1.12E-04

data derived from 2(34, 40) and ®(11)

the references studies, the relative differ-
ences would reduce by increasing the
photon energy. This means that the differ-
ences are not related to the difference in the
average molecular weight or the material
composition attributed to the tissues. The
tissue compositions were not explicitly
given in the reference studies (34, 40); the
tissue compositions for the present study
were those supplied by the GATE software.
Although »>Figure 4 shows that the abso-
lute relative difference between GATE/
GEANT and MCNP4B for the photons of 15
keV is almost 10 times higher than the
photons of 1000 keV. However, it does sug-
gest dependency of the relative differences to
the photon energy. Low energy photons (e.
g. 15 keV) have very low penetration (from
source to target) and therefore correspond-
ing SAF values are very small in magnitude.

Statistically, uncertainty is inversely propor-
tional to absolute value of data. Therefore,
this difference was most likely due to high
statistical uncertainty in data derived for the
photon energy of 15 keV.

» Figure 2c shows that lung SAF values
derived using MCNP4B have a second peak
between 200 and 500 keV photons. As can be
seen the photon SAF values derived using
GATE/GEANT are monotonically descend-
ing in this range of energy, which is theoreti-
cally expected. This suggests an inconsisten-
cy in between MCNP4B results. To some ex-
tent, the observed difference between the
GATE/GEANT and MCNP4B results was
due to inconsistency in MCNP4B results.

A close look at »>Figure 4 reveals that
the relative percentage differences are dif-
ferent in different organs. On average, the
relative percentage differences were higher
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in the paired organs (5.53£6.95%) com-
pared to single organs (4.421+6.40%). Due
to high standard deviations the difference
was not statistically significant (p < 0.05),
the absolute difference was high enough
that demands an explanation. A feasible ex-
planation for this observation is the cross
firing between the paired organs. The ab-
sorbed dose in paired organs is composed
of two components, the self-absorption
and the dose due to cross firing from the
counterpart organ. This results in over esti-
mation of self-absorption and con-
sequently lower estimation of cross-irradi-
ation. We did not correct this effect and
treated paired organs (kidneys, lungs and
adrenal glands) just like single organs
(liver, spleen and pancreas) in calculation
of photon SAF values. It is not clear
whether this effect was considered in the
calculation of photon SAFs in the reference
paper used in this study (34, 40).

In » Figure 5, the absolute relative dif-
ferences between S-factors derived using
GATE/GEANT and MCNP4B are pres-
ented. Except with the lungs, the differences
observed with other organs are below 5%,
showing good linear correlation between
the GATE/GEANT and MCNP4B results.
However, the relative percentage differ-
ences between the S-factors derived using
GATE/GEANT and MCNP4B for the cross-
absorption of lungs to kidneys was 10%.
The corresponding difference between
MCNP4B and MCNPX was 23%. These
differences were probably due to high stat-
istical uncertainty in absolute value of
photon SAF. The SAFs for cross-irradiation
of lungs to kidneys were in order of 10~.

Analyzing data in »Table 4, showed that
the relative percentage difference between
the MCNPX and the MCNP4B codes that
are two versions of the same package was
almost at the same level as between the
GATE/GEANT and MCNP, with +3.5%
bias for MCNP4B compared to MCNPX.
Chiavassa et al. (11) reported up to 23%
differences  between MCNP4B and
MCNPX for electron cross-irradiation.
Since S-factors for cross-irradiation of
electrons were small in magnitude, at least
to some extent the differences were a reflec-
tion of statistical variation however, the
table of cross-sections are different in
MCNP4B and MCNPX (29).
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Conclusion

There was a very good linear correlation

between the photon SAF values and elec-

tron S-factors derived using GATE/

GEANT and MCNP4B. However, there was

a bias between the two series of data:

- GATE/GEANT produced higher SAF
values for self-absorption, but lower
values for cross-irradiation.

« The differences were organ dependent
and higher for paired organs compared
to single organs.

The differences, to some extent, were de-
pended upon the absolute value of data.
When the absolute values of photon SAF
and electron S-factors were small the agree-
ment between the two series of data was
weak. Irrespective to this explanation the
table of cross-section used in two codes are
different. However, difference at this level is
acceptable and we can conclude that GATE/
GEANT produces almost similar results as
MCNP4B.
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