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ABSTRACT

Introduction: Spatial dose distribution around the radionuclides sources is required for optimized treatment planning in
radioimmunotherapy. At present, the main source of data for cellular dosimetry is the s-values provided by MIRD. However,
the MIRD s-values have been calculated based on analytical formula in which no electrons straggling is taken to account. In
this study, we used Geant4-DNA Monte Carlo toolbox to calculate s-values and the results were compared to the
corresponding MIRD data.

Methods: Similar to MIRD cell model, two concentric spheres representing the cell and its nucleus were used as the
geometry of simulation. The cells were assumed to be made of water. Cellular s-values were calculated for three beta emitter
radionuclides ', °°Y and '""Lu that are widely used in radioimmunotherapy. Few lines of code in C++ were added into
Geant4-DNA codes to automatically calculate the s-values and transfer data into excel files.

Results: The differences between two series of data were analyzed using Pearson’s correlation and Bland-Altman curves.
We observed high correlation (R*>0.99) between two series of data for self-absorption; however, the agreement was very
weak and Wilcoxon signed rank test showed significant difference (p-value<0.001). In cross-absorption, Bland-Altman
analysis showed a considerable bias between MIRD s-values and corresponding Geant4-DNA data. The percent differences
between the data were -79% to +67%.

Conclusion: Results of the comparison show a reflection of systematic error rather than statistical fluctuation. The
inconsistency is most probably associated with the neglecting of straggling and 8-ray transport in MIRD analytical method.
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INTRODUCTION

Ionizing radiation has an essential role in treatment of
malignant diseases. External beam radiotherapy has
been very effective in treatment of solid tumors
however, inapplicable in  management of
disseminated small tumors and micro metastasis.
Radionuclide therapy is a promising technique in
treatment of such diseases. In radionuclide therapy,
unsealed radionuclides are administrated to the
patients for the selective delivery of radiation to the
target cells [1]. The main issues in success of
radionuclide therapy are proper choice of
pharmaceutical for efficient targeting of the cancer
cells and limiting the radiation dose to the targeted
tumors. Monoclonal antibodies are the most specific
targeting agents available and radioimmunotherapy
as an advanced form of radionuclide therapy makes
the use of these biomolecules to precisely hit the
tumor cells [2-3]. However, confining the radiation
dose to the cancer cells is a complicated task when
the tumor size is very small. In such condition, the
range of particles emitting from the radionuclide
should be small to avoid damaged to surrounding
normal tissues and at the same time, the absorbed
dose to the tumors should be as uniform as possible
for efficient treatment. Establishing such balance
between particle range and size of tumor requires a
good knowledge of spatial distribution of radiation
dose around the radionuclide at microscopic levels
[4-7]. Experimental dosimetry at this level is almost
impossible and using some mathematical techniques
is merely the only possibility [5, 8]. Two main
techniques of internal dose estimation are analytical
calculation and Monte Carlo simulation [9, 10].

Medical Internal Radiation Dose (MIRD) committee
of the American society of nuclear medicine is at
present the main source of analytically derived data
at subcellular level. In 1997, MIRD published a book
titlted ‘MIRD Cellular S Values’ in which the S-
values for self and the cross absorbed dose were
provided for different cell compartments [11]. S-
value is a concept devised by MIRD in 1965and is
now very well-accepted model for internal dosimetry
[12]. In MIRD scheme, tissues are categorized into
the source and target and the absorbed dose in target
region due to radiations from source region is
calculated. S-value is the mean absorbed dose to the
target region per unit cumulated activity in the source
region (Gy/Bq.s) This concept was initially devised
for dose estimation at organ level and later on
extended to subcellular level analytical method based
on MIRD primer formula [13]. The analytical
calculation was based on Cole formula for electron
range and stopping power [14] and the radiation
spectra provided by Eckerman et al [15]. The MIRD
book includes S-values for 262 radionuclides, several
monoenergetic electrons (1 keV to 3 MeV) and o-

particle (3 MeV to 10 MeV). The geometry for
calculations was very simple, a homogeneous sphere
(1-9 pm radius) representing the nucleus concentric
within a spherical cell (3-10 pum radius). The
principal compartments considered were nucleus,
cytoplasm and cell surface.

Currently, Mote Carlo simulation is the most
reliablemethod for tracking the transport of particles
in nonhomogeneous materials and therefore, suitable
for estimation of energy transfer from particles to the
materials at microscopic level. Varieties of Monte
Carlo codes with various degrees of sophistication
are available and many of them have been used for
cellular dosimetry [10, 16-21]. However, most of
available Monte Carlo codes are developed based on
condensed history algorithms and very few codes
works based on track structure technique. In
condense history technique, the particle’s track are
divide into small segments and the interactions along
the tracks are average at the end of each segment
while, in track structure technique, all the interactions
in an event-by-event manner are considered [22].
Theoretically, track structure Monte Carlo codes
provide more accurate results compared to condense
history codes nevertheless, no published data are
available with this type of Monte Carlo codes.

At present, the only freely available track structure
Monte Carlo code is Geant4-DNA that is a part of
general purpose Geant4 code. The Geant4-DNA was
originally initiated by the FEuropean Space
Agency/ESTEC for the modeling of early biological
damage induced by ionizing radiation at molecular
scale (DNA scale). The development is now going on
in the framework of the Geant4-DNA project [23].

In the present study, we determined S-values using
Geant4-DNA track structure Monte Carlo code and
the results were compared to corresponding data
published by MIRD. Three commonly used -emitter
radionuclides "', °°Y and '""Lu were considered for
this comparison.

METHODS

Decay scheme of radionuclides

The radiation spectra form "'I, *°Y and ""Lu were
set exactly based on the information given in ‘MIRD:
Radionuclide Data and Decay Schemes [24].
Summary of the decay schemes for these
radionuclides are shown in Table 1. The table
includes the number, the average energy and the total
yield of each particle. As per Geant4 procedure, for
each radionuclide three radiation spectra were
defined, one discrete spectrum for photons (gamma,
x-ray), one continuous spectrum for f-emission and
one discrete spectrum for d-particles (Auger, internal
conversion).
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Geant4-DNA Mote Carlo code

We used Geant4 (Version 4.10.1) as the Monte Carlo
simulator [25]. In this simulation, we used Geant4-
DNA that covers electron interactions down to 7.4
eV. Below this energy level, particle tacking was
terminated and the kinetic energy was absorbed at the
spot. All the Geant4-DNA physics discrete process
were taken into account including; ionization,
electronic excitation, vibrational excitation, elastic
scattering and molecular attachment for interactions.
Simulations were performed on a PC (Intel® Core™
i7 Processors) with Linux (fedora 19) operating
systemand no variance- reduction techniquewas used
in the simulations.

Geometry of simulation for calculation of S-values

The cell geometry in this study was exactly similar to
the MIRD model that is, two concentric spheres of
different radiuses, Figure 1[11].

Cell Surface

Cytoplasm

Fig 1. MIRD geometric model for cell compartments, Rc and Ry
indicate cell and nucleus radius, respectively [11].

The radius of the cell and nucleus were 3-10 um and
1-9 um, respectively. This cell sizes were selected in
order to compare the results with MIRD data.
Similar to MIRD, we assumed the cells composed of
unit density water (G4 _WATER in Geant4-DNA
jargon). Radionuclides were assumed uniformly
distributed in one of the cell compartments; over the
cell surface (Cs), inside the cytoplasm (Cy) and
inside the cell nucleus (N).

Data acquisition and processing

27 realizations of the cell models were generated and
radionuclides were independently considered in one
of the 3 cell compartments. For each radionuclide 81
simulation (27%3) were performed. In all the
simulations (81x3), hundred thousand radionuclides
decays were considered to assure statistical
uncertainty of below 5%. A few lines of codes (C++)
were added into the Geant4 code to perform the
necessary calculations and save the data in binary
format in hard disk. The relative percentage
difference between our results and corresponding
MIRD data was calculated as:

RD%= 100x(1 — >_Yalu€Geants

S—valuemirp

This definition can go over 100%.

RESULTS

The S-values derived for *'I, ""Lu and *°Y in cell
compartments are presented in Tables 1, 2 and 3,
respectively. For the sake of easy comparison, the
corresponding MIRD  S-values and percent
differences (RD %) are also included in the tables.
The first and second columns of tables are the radius
of cells (R¢) and radius of nucleus (Ry) respectively.
Tables include S-values for the self-absorption from
cell to cell (C—C) and nucleus to nucleus (N«N)
that are presented in the left part of the tables. The S-
values for the cross-absorption including cell-surface
to cell (C«Cs), cytoplasm to nucleus (N«—Cy) and
cell-surface to nucleus (N«—Cs) are presented on the
right part of the tables.

Comparison of self-absorption S-values

The scatter plots of the self-absorption data and the
linear curves fitted to the data is shown in Figure 2.

10"
—e— |-131 Y = 1.509X - 0.00031
—o— Lu-177 : Y = 1.212X - 0.00034
—O0— Y-90: Y =0.574X +0.00000

102

103

Geant4-DNA s-values

104

10°

MIRD s-value

Fig 2. The scatter plot and Pearson’s correlation analyses of the S-
values derived with Geant4-DNA and MIRD published data for
B, "Ly and Y. For better visual perception, graphs are shown
in full logarithmic scale.

Due to long range of S-values and for better visual
perception, graphs in Figure 2 are shown in full-
logarithmic scale. A quick look at the figure reveals
extremely low statistical variation and very high
correlation between MIRD and Geant4-DNA data.
Irrespective of high linear Pearson’s correlation
(R*0.99), Wilcoxon signedrank testshowed
significant difference between the MIRD and
Geant4-DNA S-values (p-values <0.001).
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Fig 3. The Bland-Altman graphs for analyzing the agreement between cross-absorption S-values derived with Geant4-DNA and MIRD

published data for "*'I, "Lu and *Y.

Table 1: Summary of decay schemes for radionuclides, including the number of particles and the mean energy released per disintegration.

l3lI 177Lu 90Y

Radiation No.  Epem (keV) Totalyield No. Egpen (keV) Totalyield No.  Epewm(keV)  Total yield

Gamma 19 38I2E+02 1.008E+00 6  3.16E+01 180301 |  3.06E-05 | 000E-08

x-ray 49 1.522E-03  8.175E-01 60  3.54E+00  |374p100 40 120B-03 | 466503

B-particles 6 1.819E+02  1.000E+00 40 1.33E+02  1.000E+00 3 9.33E+02  1.000E+00

IC electrons 108 9.567E+00 6.458E-02 36  1.35E+01  |ssgpo1 10 201E01 | |50E-04

Auger electrons 13 4.129E-01  6.975E-01 15 1.83E+02 1 1178+00 11 6.55E-04 1.273E-03
08 ‘ intersect the unity line approximately at 0.0006 and
- 3 = 0.0016 respectively. It means that S-values calculated
st = by Geant4-DNA are smaller than the MIRD values

s EEEEE! below these values and larger above these values.

g 02 e Ry e Thg rr.lagnitud.e of S-yalue.s depended on the type of
3. BRBEE San e rgdlatlon and 1t§ relative y{e.ld. It also depends on.the
3 - 4/// / size and material f:omposmon of the source region.
Based on the data in Tables 2, 3 and 4, as the size of
04 / cell/nucleus increases the magnitude of self-
- absorption  S-values decreases. The relative

0 1 2 3 4 5 6 7 8 9 0 1
Radius of cell/nucleus (micron)

Fig 4. The relative percentage difference (RD%) in S-values
derived with Geant4-DNA and MIRD published data for *'I, '"Lu
and ”"Y.

The equations of fitted curves to the data are shown
in the figure legend. As seen, the slopes of the curves
are considerably different from unity, representing
systematic differences between MIRD and Geant4-
DNA S-values. The slopes of linear curves are 1.509,
1.212 and 0.574 for I, ""Lu and *°Y respectively.
Slopes are the average relative difference between
Geant4-DNA and MIRD data. Slopes of "'l and
"TLu curves are greater than unity and the
corresponding intercepts are negative. These curves

differences between two series of data versus the size
of source regions are shown in Figure 4.

Comparison of cross-absorption S-values

The bland-Altman of the cross-absorption S-values
are presented in Figure 3. Although all the data points
are in the limit of agreements (1.98xstandard
deviation), there are considerable bias between
MIRD S-values and corresponding Geant4-DNA
data. The biases for *'I, """Lu and *°Y were -23%, -
37% and +28% respectively. The biases were in
opposite direction compared to self-absorption that is,
where the self-absorption estimated by Geant4-DNA
were higher than MIRD corresponding S-values the
cross-absorption were lower and vice versa.
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Table 2: Cellular S-value for "' from MIRD and Geant4-DNA calculation.

Radius Self-absorption Cross-absorption
Re Ry S(C—C) S(N«—N) S(C«Cs) S(N«Cy) S(N«Cs)

(um)  (um) MIRD Geant4 RD% MIRD Geant4 RD% MIRD Geant4 RD% MIRD Geant4 RD% MIRD Geant4 RD%
3 1 2.02E-03  2.38E-03  -18%  245E-02 3.72E-02  -52%  1.27E-03  1.33E-03 -5% 1.70E-03  1.57E-03 8% 7.09E-04  7.61E-04  -7%
3 2 2.02E-03  2.38E-03  -18%  5.01E-03  6.65E-03  -33%  1.27E-03  1.33E-03 -5% 1.28E-03  1.28E-03 0% 7.76E-04  6.49E-04 16%
4 2 1.07E-03  1.16E-03 -8% 5.01E-03  6.65E-03  -33%  6.79E-04  6.41E-04 6% 793E-04 9.53E-04 -20%  4.05E-04 2.87E-04  29%
4 3 1.07E-03  1.16E-03 -8% 2.02E-03  2.38E-03  -18%  6.79E-04  6.41E-04 6% 6.59E-04  5.83E-04 12%  446E-04 3.12E-04  30%
5 2 6.57E-04  6.83E-04  -4% 5.01E-03  6.65E-03  -33%  4.19E-04 4.03E-04 4% 542E-04  5.33E-04 2% 2.48E-04  231E-04 7%
5 3 6.57E-04  6.83E-04  -4% 2.02E-03  2.38E-03  -18%  4.19E-04  4.03E-04 4% 4.57E-04  3.73E-04 18%  2.63E-04 2.36E-04 10%
5 4 6.57E-04  6.83E-04  -4% 1.07E-03  1.16E-03 -8%  4.19E-04  4.03E-04 4% 4.00E-04  3.27E-04 18%  2.90E-04 230E-04 21%
6 3 443E-04  4.36E-04 2% 2.02E-03  2.38E-03  -18%  2.84E-04 2.62E-04 8% 3.39E-04  3.06E-04 10% 1.74E-04  9.32E-05  46%
6 4 443E-04  4.36E-04 2% 1.07E-03  1.16E-03 -8% 2.84E-04  2.62E-04 8% 297E-04  2.59E-04 13% 1.85E-04  1.09E-04  41%
6 5 443E-04  4.36E-04 2% 6.57E-04  6.83E-04  -4% 2.84E-04  2.62E-04 8% 2.69E-04 1.96E-04  27%  2.03E-04 130E-04  36%
7 3 3.18E-04  2.87E-04 10%  2.02E-03 238E-03 -18%  2.04E-04 1.98E-04 3% 2.61E-04 2.07E-04  21% 1.25E-04  5.69E-05  54%
7 4 3.18E-04  2.87E-04 10% 1.07E-03  1.16E-03 -8% 2.04E-04  1.98E-04 3% 2.32E-04 1.67E-04  28% 1.30E-04  7.22E-05  44%
7 5 3.18E-04  2.87E-04 10%  6.57E-04  6.83E-04  -4% 2.04E-04  1.98E-04 3% 2.08E-04 1.61E-04  23% 1.38E-04  746E-05  46%
7 6 3.18E-04  2.87E-04 10%  4.43E-04 436E-04 2% 2.04E-04  1.98E-04 3% 1.93E-04  1.56E-04 19% 1.51E-04  8.69E-05  42%
8 4 2.39E-04  2.13E-04 11% 1.07E-03  1.16E-03 -8% 1.54E-04  1.47E-04 5% 1.86E-04  1.40E-04  25%  9.64E-05 6.03E-05  37%
8 5 2.39E-04  2.13E-04 11%  6.57E-04  6.83E-04  -4% 1.55E-04  1.47E-04 5% 1.68E-04  1.14E-04  32% 1.00E-04  597E-05  40%
8 6 2.39E-04  2.13E-04 11%  4.43E-04 436E-04 2% 1.54E-04  1.47E-04 5% 1.54E-04  1.14E-04  26% 1.06E-04  6.29E-05  41%
8 7 2.39E-04  2.13E-04 11%  3.18E-04 287E-04  10% 1.54E-04  1.47E-04 5% 1.45E-04  1.08E-04  26% 1.I6E-04  7.05E-05  39%
9 5 1.85E-04  1.57E-04 15%  6.57E-04  6.83E-04  -4% 1.19E-04  1.24E-04  -4% 1.39E-04  9.26E-05  33%  7.69E-05 4.14E-05  46%
9 6 1.85E-04  1.57E-04 15%  4.43E-04 436E-04 2% 1.19E-04  1.24E-04  -4% 1.28E-04  7.93E-05 38%  8.00E-05 432E-05 46%
9 7 1.85E-04  1.57E-04 15%  3.18E-04 2.87E-04  10% 1.19E-04  1.24E-04  -4% 1.19E-04  8.74E-05  27%  847E-05 520E-05  39%
9 8 1.85E-04  1.57E-04 15%  2.39E-04 2.13E-04 11% 1.19E-04  1.24E-04  -4% 1.13E-04  796E-05  30%  9.23E-05 6.00E-05  35%
10 5 1.48E-04 1.19E-04  20%  6.57E-04 6.83E-04 -4% 9.55E-05  8.70E-05 9% 1.17E-04  7.56E-05  35%  6.09E-05 4.16E-05  32%
10 6 1.48E-04  1.19E-04  20%  4.43E-04 4.36E-04 2% 9.55E-05  8.70E-05 9% 1.08E-04  7.64E-05  29%  6.27E-05 424E-05  32%
10 7 148E-04 1.19E-04  20%  3.18E-04 2.87E-04 10%  9.55E-05  8.70E-05 9% 1.00E-04  7.00E-05  30%  6.52E-05 427E-05  35%
10 8 1.48E-04 1.19E-04  20%  239E-04 2.13E-04 11%  9.55E-05 8.70E-05 9% 941E-05 7.03E-05  25%  6.90E-05 441E-05  36%
10 9 1.48E-04 1.19E-04  20% 1.85E-04  1.57E-04  15%  9.55E-05  8.70E-05 9% 9.02E-05  6.59E-05  27%  7.50E-05 4.93E-05  34%
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Table 3: Cellular S-value for '""Lu from MIRD and Geant4-DNA calculation.

Radius Self-absorption Cross-absorption
Re Ry S(C—C) S(N«—N) S(C«Cs) S(N«Cy) S(N«Cs)

(um)  (um) MIRD Geant4 RD% MIRD Geant4 RD% MIRD Geant4 RD% MIRD Geant4 RD% MIRD Geant4 RD%
3 1 3.34E-03  3.37E-03 -1%  432E-02  5.28E-02 -22% 2.04E-03  2.21E-03 -8% 2.73E-03  3.14E-03  -15%  9.25E-04 7.05E-04  24%
3 2 3.34E-03  3.37E-03 -1% 8.64E-03  9.07E-03 -5% 2.04E-03  2.21E-03 -8% 2.02E-03  2.08E-03 -3% 1.11E-03  8.46E-04  24%
4 2 1.71E-03  1.59E-03 7% 8.64E-03  9.07E-03 -5% 1.05E-03  6.61E-04  37% 1.I6E-03  1.30E-03  -12%  5.17E-04  4.27E-04 17%
4 3 1.71E-03  1.59E-03 7% 3.34E-03  3.37E-03 -1% 1.05SE-03  6.61E-04  37%  9.74E-04  9.23E-04 5% 6.08E-04  4.56E-04  25%
5 2 1.02E-03  9.09E-04 11%  8.64E-03  9.07E-03 -5% 6.28E-04  490E-04  22%  7.62E-04  7.07E-04 7% 3.12E-04  1.92E-04  38%
5 3 1.02E-03  9.09E-04 11%  3.34E-03  3.34E-03 0% 6.28E-04  490E-04  22%  6.39E-04 6.18E-04 3% 3.32E-04 2.53E-04  24%
5 4 1.02E-03  9.09E-04 11% 1.71E-03  1.59E-03 7% 6.28E-04  490E-04  22%  5.70E-04  5.26E-04 8% 3.86E-04 291E-04  25%
6 3 6.71E-04  5.66E-04 16%  3.34E-03  3.34E-03 0% 4.15E-04  2.64E-04  36%  4.59E-04 4.02E-04 12%  2.18E-04 1.15E-04  47%
6 4 6.71E-04  5.66E-04 16% 1.71E-03  1.59E-03 7% 4.15E-04  2.64E-04  36%  4.04E-04 3.11E-04 23%  232E-04 1.55E-04 33%
6 5 6.71E-04  5.66E-04 16% 1.02E-03  9.09E-04 11% 4.15E-04  2.64E-04  36%  3.73E-04 2.92E-04 22%  2.67E-04 1.90E-04  29%
7 3 4.72E-04  3.87E-04 18%  3.34E-03  3.34E-03 0% 293E-04 2.05E-04 30%  3.48E-04 2.88E-04 17% 1.55E-04  7.88E-05  49%
7 4 4.72E-04  3.87E-04 18% 1.71E-03  1.59E-03 7% 293E-04 2.05E-04 30%  3.07E-04 2.50E-04 19% 1.61E-04  8.50E-05  47%
7 5 4.72E-04  3.87E-04 18% 1.02E-03  9.09E-04 11% 293E-04 2.05E-04 30%  2.78E-04 2.07E-04  26% 1.72E-04  1.05E-04  39%
7 6 4.72E-04  3.87E-04 18%  6.71E-04  5.66E-04 16% 293E-04 2.05E-04 30%  2.63E-04 2.08E-04 21% 1.95E-04 1.31E-04 33%
8 4 3.49E-04 2.76E-04 21% 1.71E-03  1.59E-03 7% 2.17E-04  142E-04  35%  243E-04 1.83E-04 25% 1.19E-04  590E-05  50%
8 5 349E-04 276E-04  21% 1.02E-03  9.09E-04 11% 2.17E-04  142E-04  35%  2.20E-04 1.84E-04 16% 1.24E-04  6.81E-05  45%
8 6 349E-04 276E-04 21%  6.71E-04  5.66E-04 16% 2.17E-04  142E-04  35%  2.03E-04 1.59E-04 22% 1.32E-04  7.83E-05  41%
8 7 3.49E-04 276E-04 21%  4.72E-04 3.87E-04 18% 2.17E-04  1.42E-04  35% 1.95E-04 1.51E-04  23% 1.49E-04  9.54E-05  36%
9 5 2.67E-04 197E-04  26% 1.02E-03  9.09E-04 11% 1.67E-04  9.45E-05  43% 1.80E-04  1.33E-04  26%  947E-05 5.69E-05  40%
9 6 2.67E-04 197E-04  26%  6.71E-04  5.66E-04 16% 1.67E-04  9.45E-05  43% 1.65E-04  1.14E-04  31%  9.88E-05 6.05E-05  39%
9 7 2.67E-04 197E-04  26%  4.72E-04 3.87E-04 18% 1.67E-04  9.45E-05  43% 1.55E-04  1.14E-04  26% 1.05E-04  6.52E-05  38%
9 8 2.67E-04 197E-04  26%  3.49E-04 2.76E-04  21% 1.67E-04  9.45E-05  43% 1.50E-04  1.ISE-04  23% 1.I8E-04  7.73E-05  34%
10 5 2.11E-04 151E-04 28% 1.02E-03  9.09E-04 11% 1.32E-04 431E-05 67% 1.50E-04  1.I8E-04  21%  7.46E-05 4.73E-05 37%
10 6 2.11E-04 1.51E-04 28%  6.71E-04  5.66E-04 16% 1.32E-04 431E-05 67% 1.38E-04  1.03E-04  25%  7.70E-05 528E-05  31%
10 7 2.11E-04 1.51E-04 28%  4.72E-04 3.87E-04 18% 1.32E-04 431E-05 67% 1.29E-04  9.18E-05  29%  8.04E-05 5.51E-05 31%
10 8 2.11E-04 1.51E-04 28%  3.49E-04 2.76E-04 21% 1.32E-04 431E-05 67% 1.22E-04  8.57E-05  30%  8.54E-05 5.80E-05  32%
10 9 2.11E-04 151E-04 28%  2.67E-04 197E-04 26% 1.32E-04 431E-05 67% 1.19E-04  8.77E-05  26%  9.52E-05  6.53E-05  31%
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Table 4: Cellular S-value for *°Y from MIRD and Geant4-DNA calculation.

Radius Self-absorption Cross-absorption
Re Ry S(C€C) S(N€N) S(C€Cs) S(N€Cy) S(N€Cs)

(um)  (um) MIRD Geant4 RD% MIRD Geant4 RD% MIRD Geant4 RD% MIRD Geant4 RD% MIRD Geant4 RD%
3 1 6.79E-04  3.78E-04 57%  6.20E-03  3.57E-03  54% 4.52E-04 533E-04 -16% 6.83E-04 1.58E-03 -79%  3.06E-04 5.33E-04 -54%
3 2 6.79E-04  3.78E-04  57% 1.54E-03  8.85E-04  54% 4.52E-04 533E-04 -16% S5.19E-04 1.13E-03  -74%  3.33E-04 6.70E-04 -67%
4 2 3.80E-04  2.28E-04 50% 1.54E-03  8.85E-04  54% 2.53E-04  2.73E-04 -8% 331E-04 7.57E-04 -78% 1.77E-04  3.21E-04 -58%
4 3 3.80E-04 2.28E-04 50%  6.79E-04 3.78E-04 57% 2.53E-04  2.73E-04 -8% 2.74E-04  5.53E-04 -67% 193E-04 3.53E-04 -59%
5 2 2.43E-04 1.47E-04 49% 1.54E-03 8.85E-04 54% 1.61E-04 1.64E-04 -2% 2.30E-04 4.93E-04 -73% 1.10E-04 1.83E-04 -50%
5 3 2.43E-04 1.47E-04 49% 6.79E-04  3.78E-04 57% 1.61E-04 1.64E-04 -2% 1.95E-04  3.53E-04 -58% 1.16E-04 1.85E-04 -46%
5 4 2.43E-04 1.47E-04 49% 3.80E-04 2.28E-04 50% 1.61E-04 1.64E-04 -2% 1.70E-04  3.16E-04 -60% 1.27E-04 2.00E-04 -45%
6 3 1.68E-04  9.86E-05 52% 6.79E-04  3.78E-04 57% 1.12E-04 1.10E-04 2% 1.46E-04  2.56E-04 -55% 7.80E-05 1.08E-04 -32%
6 4 1.68E-04  9.86E-05 52% 3.80E-04 2.28E-04 50% 1.12E-04 1.10E-04 2% 1.28E-04  2.14E-04 -50% 8.23E-05 1.19E-04 -36%
6 5 1.68E-04  9.86E-05 52% 2.43E-04 1.47E-04 49% 1.12E-04 1.10E-04 2% 1.15E-04  2.20E-04 -63% 8.98E-05 1.43E-04 -46%
7 3 1.23E-04  7.40E-05 50% 6.79E-04  3.78E-04 57% 8.19E-05 7.87E-05 4% 1.14E-04 1.92E-04 -51% 5.63E-05 7.43E-05 -28%
7 4 1.23E-04  7.40E-05 50%  3.80E-04 2.28E-04 50% 8.19E-05  7.87E-05 4% 1.01E-04 1.58E-04 -44%  5.83E-05 7.70E-05 -28%
7 5 1.23E-04  7.40E-05 50% 2.43E-04 1.47E-04 49% 8.19E-05 7.87E-05 4% 9.09E-05 1.46E-04 -47% 6.15E-05 8.49E-05 -32%
7 6 1.23E-04  7.40E-05  50% 1.68E-04  9.86E-05  52% 8.19E-05  7.87E-05 4% 8.35E-05 1.32E-04  -45%  6.69E-05 1.01E-04 -41%
8 4 9.41E-05 5.89E-05 46% 3.80E-04 2.28E-04 50% 6.25E-05 5.61E-05 11% 8.19E-05 1.24E-04 -41% 4.37E-05 5.79E-05 -28%
8 5 9.41E-05 5.89E-05 46% 2.43E-04 1.47E-04 49% 6.25E-05 5.61E-05 11% 7.41E-05 1.15E-04 -43% 4.53E-05 6.02E-05 -28%
8 6 941E-05 5.89E-05  46% 1.68E-04  9.86E-05  52% 6.25E-05  5.61E-05 11%  6.78E-05  1.02E-04  -40% 4.78E-05 6.43E-05 -29%
8 7 941E-05 5.89E-05  46% 1.23E-04  7.40E-05 50% 6.25E-05  5.61E-05 11%  6.32E-05 1.03E-04  -48%  5.19E-05  7.23E-05 -33%
9 5 7.42E-05 4.59E-05  47%  243E-04 1.47E-04  49% 493E-05  4.51E-05 9% 6.17E-05  9.44E-05  -42%  3.50E-05 4.52E-05 -25%
9 6 742E-05  4.59E-05 47% 1.68E-04  9.86E-05  52% 493E-05  4.51E-05 9% 5.66E-05  7.99E-05  -34%  3.63E-05 4.82E-05 -28%
9 7 742E-05  4.59E-05 47% 1.23E-04  7.40E-05  50% 493E-05  4.51E-05 9% 5.25E-05  8.17E-05  -44%  3.83E-05 5.16E-05 -30%
9 8 742E-05  4.59E-05 47%  941E-05 5.89E-05 46% 493E-05  4.51E-05 9% 496E-05  793E-05 -46% 4.14E-05 5.80E-05 -33%
10 5 6.00E-05  3.68E-05  48%  243E-04 147E-04 49% 3.99E-05  3.55E-05 12%  5.22E-05 7.77E-05  -39%  2.78E-05  3.64E-05 -27%
10 6 6.00E-05  3.68E-05  48% 1.68E-04  9.86E-05  52% 3.99E-05  3.55E-05 12%  4.82E-05  7.02E-05  -37%  2.86E-05 3.73E-05 -26%
10 7 6.00E-05  3.68E-05  48% 1.23E-04  7.40E-05  50% 3.99E-05  3.55E-05 12%  447E-05 594E-05 -28% 298E-05 3.76E-05 -23%
10 8 6.00E-05  3.68E-05 48%  9.41E-05 5.89E-05 46% 3.99E-05  3.55E-05 12%  4.19E-05 5.86E-05 -33%  3.13E-05 4.02E-05 -25%
10 9 6.00E-05  3.68E-05  48%  7.42E-05 4.59E-05 47% 3.99E-05  3.55E-05 12%  3.99E-05 5.77E-05 -36% 3.38E-05 4.41E-05 -26%
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The band-Altman graphs for *Y shows two different
trends in data values rather than statistical variation.
The data points in lower part of graph are the S-
values for cell-surface to nucleus (C+—Cg) with -
0.04% bias.

DISCUSSION

Interaction of primary and secondary electrons with
atoms is the main mechanism of energy transfer from
radiation to matter. The track structure Monte Carlo
techniques were developed for precise simulate of
electron transport in water, the main material in
living organisms [26]. Geant4-DNA is the only track
structure code freely available. Geant4-DNA has
been verified for the transport of electrons in water,
calculation of the stopping power and the range of
electrons and the published reports confirm good
agreement with other dedicated track structure codes
[27-30]. Track structure Monte Carlo codes can be
used for microscopic dose estimation however,
require a tremendous amount of time and were rarely
used for this purposes and therefore there is no
significant publication. In the present study, we
derived cellular S-values using Geant4-DNA Mote
Carlo code and compared the results to the MIRD
published data [11]. The objective was to reveal the
systematic errors in the MIRD S-values. We selected
three widely used therapeutic radionuclides that have
quite different radiation spectra. Regarding the
photon emission, "*'I has the high energy gamma
photons (Eean =381 keV) of high yield, radionuclide
%Y has almost no gamma emission and the energy of
"Ly gamma photons are somewhere in between
(Emean =32 keV). On the contrary, *°Y has very high
energy p-emission (Emean=933 keV) while "*'T and '’
Lu emit medium energy B-radiations (181 and 133
keV, respectively). The x-rays, internal conversion
and Auger electrons from these radionuclides have
very low energy and are effective only at very short
ranges. We analyzed the results for self-absorption
and cross absorption independently because, self-
absorption is mainly due to short range electrons and
cross-absorption is due to long range electrons and
low energy photons.

For °Y data, the self-absorption S-values calculated
by Geant4-DNA are almost half of the MIRD data.
However, for cross-absorption MIRD data have
higher values with positive bias of 28%. Bland-
Altman graph shows a systematic rather than
statistical difference between the cross-absorption for
this radionuclide. The bias for (C—Cs) was -0.04%
and for both (N«-C,) and (N<«-Cs) was +43%. There
is no explanation for this inconsistency except error
in dose estimation. Considering the "', the self-
absorption S-values calculated by Geant4-DNA were
almost 1.5 time larger than corresponding MIRD
values. However, point by point comparison reveals
that when the magnitudes of S-values are small,

MIRD values are higher than Gean4-DNA
corresponding values but with increasing the
magnitudes S-values the Geant4-DNA become
higher. For '""Lu the situation is quantitatively the
same. Regarding the cross-absorption, the relative
deference (RD%) changes dramatically with source
region (cell surface, cytoplasm and nucleus). Figure 4
clearly shows that with increasing the size of source
region (cell/nucleus) and decreasing the magnitude of
S-values, the relative difference increases for *'I and
TLu. However, the relative difference for °°Y data is
almost constant and is independent of the region size.
However the difference of slope between *°Y and that
observed by the "*'T and '""Lu is due to the difference
in energy and spectrum of radiations.

This is not the first time that such inconsistency is
reported. Cai et al. used MCNP Monte Carlo code for
calculation of cellular S-values for '''In and reported
66-153% difference between their results and MIRD
published values [21]. Bousis et al. also estimated
cellular S-value of monoenergetic electron by their
in-house Monte Carlo code and reported -80% to
+86% systemic differences compared to the MIRD
data [31]. Although MCNP may not be a proper
Monte Carlo code for such simulations and in-house
codes are not very well validated; however, the
reported differences are too high to be blamed on
such issues. We have to considered that, in Monte
Carlo simulation codes the physical models and cross
sections are constant and are not geometry
dependent;while, in analytical calculations, geometry
is essential and with a small change in geometry the
calculation algorithms changes dramatically.

CONCLUSION

The results of present study showed a significant
difference between the S-values from Geant4-DNA
and corresponding MIRD data. The differences are
most probably a reflection of systematic error and are
not due to statistical fluctuation. Although we cannot
definitely reprove the MIRD data however, Geant4-
DNA is a very well validated Monte Carlo package
and have been used for transport of electrons
successfully.
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