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Abstract. Radiotherapy in cancer treatment always affects surrounding tissues
and even deposits doses in distant tissues not traversed by the radiation beams.
In the present work, we report energy transfer and absorbed dose in a target tu-
mor and in other distant organs in a digital mouse by Monte Carlo simulations.
We simulated a selection of X-rays beams with seven energies, 50, 100, 150,
200, 250, 350 and 450 keV each oriented in seven irregularly incremented an-
gles, and we computed the dose and the energy deposit as a function of photon
interaction types. The results show that the absorbed dose increased with in-
creasing energy even in the secondary organs not receiving the radiation beam,
and that the lowest dose was obtained with 100 keV beam. The spinal cord, of
comparable size to the tumor and excluding the spinal bones, which was not di-
rectly irradiated by the beams, received a dose representing in average 1% of
that of the tumor, while the spinal bone received doses of 6.6 and 0.12 times
those in the tumor at 50 and 450 keV, respectively. Such Monte Carlo simula-
tions could be necessary to select the appropriate beam energy and beam angles
to efficiently treat the tumor and to moderately reduce the impact of the radia-
tions in the other organs.
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1 Introduction

With Intensity Modulated Radiation Therapy (IMRT), the external beam is adjusted
in intensity and cross section to target the malignant tumor while preserving the nor-
mal tissues. The provided 3D anatomical images of structures with Computed
Tomography (CT) serve as a guide for the radiation oncologist to precisely adjust the
beam on the tumor and to select other beam trajectories. The beam flux, intensity,
energy and orientation are then estimated to optimize the penetration of the beam until
the target tissue. Monte Carlo simulations (MCS) are generally used to calculate dose
distributions. MCS are accepted as the most accurate method for dose calculation, but
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simulating a large number of particles and tracking their interactions in the medium
need high memory and fast clusters of computers in conjunction with improved
algorithms [1, 2].

Experimental preclinical small animal digital models are used to investigate tumor
response to radiation therapy, and they are generally created from high resolution
anatomical imaging such as magnetic resonance imaging, CT or from digital atlases
[3-5].

The aims of the present work were to assess the radiotherapy dose deposit in a
primary tumor and in other secondary organs of a mouse phantom [3] using multiple
beam angles and energies targeting the tumor. To achieve these calculations we used
Geant4 Applications for Tomographic Emission (GATE) based on Monte Carlo simu-
lation code [6]. We also report the statistics of the transferred energy in the tumor and
in the other tissues.

2 Materials and Methods

2.1 Heterogeneous Mouse Phantom

We used a digimouse based 3D image of a 28 g normal nude male mouse in format of
micro-CT image provided by Digimouse [3] as shown in Fig. 1. Since the Digimouse
data were obtained as gray scale intensities, we converted them to a voxelized phan-
tom with density in Hounsfield Units (HU) [7, 8]. In fact, GATE utilizes HU, and
within GATE, they are converted to mass densities. To convert mouse image from
gray scale levels to HU, we chose two extreme volumes of interest (VOI) in air and in
spinal bone in order to define the linearity between image intensities and tissues den-
sities [7, 9, 10]. We evaluated the mean intensity values of each region as O for air and
254 for spinal bone, and we established their corresponding densities of 0.120x107
g/em’® and 1.85 g/em’, respectively. For calculation of HU values, we extracted the
mass attenuation coefficients for these two materials from the tables of Photon Cross
Sections and Attenuation Coefficients (http://atom.kaeri.re.kr/cgi-bin/w3xcom, the
densities of the media are also given therein) by supposing 30 keV mono-energetic
photon beam [3].

In the mouse phantom, we considered a lung tumor having 60 HU [11] with a
spherical volume of 1.4 mm in diameter [12] (Fig. 1). The mean HU difference be-
tween the tumor and lung tissue was 625 HU. AMIDE Software [13] was used for
image display and manipulation. For dosimetry analyses, we used 7 radiation beams
focusing on the tumor and we evaluated photon interactions, energy transfer and the
related absorbed dose in 8 volume regions including the tumor (Fig. 1). Volume 1
(V1) was around the tumor, V2 was in lung tissue, V3 was in lung tissue intercepted
by beam 1, V4 and V5 were in the heart, V6 was located in the lung at the level of the
tumor but horizontally translated by 1.8 mm, V7 was manually drawn around the
spinal bone including bone marrow and spinal cord, and V8 was located around the
spinal cord excluding the bone. The volumes of V7 in the spine and V8 in the spinal
cord were respectively 7.32 and 1.09 times greater than the tumor volume (V1). In
addition to the actual volume of the tumor, i.e. 1.4 mm of diameter (Fig. 1), the tumor
volume was defined by two other regions of different diameters to assess the energy
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transfer and absorbed dose within the beams and at larger volumes than intercepted by
the beams, at diameters of 1.6 mm, V9, and 1.8 mm, V10. These assessments were
made to estimate the dose to the boundaries of the tumor and to nearest tissues as the
real limits of the tumor are not always accurately known from the images in clinical
situations. All these regions were identified by means of the indications on the Digi-
mouse atlas [3] (http://neuroimage.usc.edu/neuro/Digimouse_Download).

Fig. 1. Left: Mouse phantom with 8 tissue regions with region 1 being the targeted tumor. The
circles around the digits indicate the actual spherical shape of the regions with 1.4 mm in di-
ameter except for regions 7 and 8 which were manually drawn. Right: Same image repeated
with 7 radiotherapy beams focused on the tumor only.

2.2  Simulation Procedure

A monoenergetic conical X-rays beam was simulated from a point source intercepting
the tumor. Seven beams were used around the mouse phantom at 7 angles to avoid
irradiating bone marrow and the spinal cord [14] (Fig. 1). To investigate the influence
of the X-rays energies on the absorbed dose within the tumor, in its surrounding tis-
sues and in the neighboring organs, the X-rays beams spanned the following energies
of 50, 100, 150, 200, 250, 350 and 450 KeV with a total of 7x10% photons simulated
for each beam angle and energy. This number of photons corresponds to the expected
absorbed dose, around 2 Gy, in a small volume of a mouse tissue, using 8 beams with
a current of 50 mAs at 120 kVp [15, 16]. The simulations were conducted on a super-
computer having 2464 CPUs and 308 SGI XE320 compute nodes each with 2 Intel
Xeon E5462 four core processors at 2.8 GHz and 16 to 32 Gbytes of memory per
node (http://www.calculquebec.ca/en/resources/compute-servers/mammouth-serie-ii).
A single beam with 7x10° photons simulated in the mouse took around 5 min, and the
whole beams for a single simulated energy were distributed on 40 nodes.

The radiation dose was calculated in each volume of the ten regions (Fig. 1). Also
we concentrated our efforts here on energy transfer and absorbed dose in specific
volume regions instead of lines of isodoses [17].



Dose Calculation in a Mouse Lung Tumor and in Secondary Organs 363

2.3  Data Analysis

The results of particle tracking were obtained in ROOT file format [18], then the data,
i.e. photon identifier number, type of interaction, position of interaction, and energy
transferred were extracted for further analysis. In addition, two 3D matrices (0.1 mm
resolution) storing the energy transferred and the related absorbed dose in the whole
mouse were provided in two files in Analyze format [8, 19].

For each VOI, the relative importance for elementary interactions (Compton and
photoelectric), the energy spectra, the total transferred energy and its related absorbed
dose were also calculated.

3 Results

The energy transfer and dose were assessed with the 7 X-rays beams for each of the 7
energies. The total energy transferred in the 10 VOIs and for each of the 7 beam ener-
gies are reported in Table 1. Although low energy photons are more prone to transfer
energy such as 50 keV in comparison to those at 450 keV (Table 1), the absorbed
dose appeared high at higher energies (450 keV) than at lower energies (Table 2).
Note the heart (V4 and V5) and the spine (V7 and V8) were not traversed by the
beams although at some energies they received high doses. The regions V9 and V10
which included V1 also showed higher energy deposit.

Table 1. Total energy transferred in the 10 VOIs and for the 7 beam energies. Values for the
tumor volume V1 are in MeV and the other VOIs have % values of those of V1 respectively for
each beam energy.

Beam energy (keV)

VOIs 50 100 150 200 250 350 450
V1 6211 9947 17010 24810 32781 48656 63812
V2 0.64 0.27 0.18 0.15 0.12 0.1 0.08
V3 10.27 9.58 9.21 9.03 9.18 9.17 9.14
V4 1.14 1.03 0.47 0.28 0.16 0.1 0.07
V5 3.54 4.68 2.13 1.16 0.64 0.34 0.23
Vo6 0.95 0.51 0.35 0.3 0.26 0.22 0.18
\%i 5.96 7.08 3.1 1.65 0.92 0.48 0.3
A% 0.1 0.09 0.05 0.04 0.03 0.02 0.02

A% 115.7 115.39  115.48 11532 11542 11534 1154
V10 128.85 129.33 129.43 129.27 129.39 129.3 129.5
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Table 2. Absorbed dose in Gray in the 10 VOIs and for the 7 beam energies. The dose in V2 to
V10 are % of their respective in V1 for a beam energy.

Beam energy (keV)

VOIs 50 100 150 200 250 350 450
Vi 0.9123  1.4391 24430 3.5582 4.6796 6.8127 8.5674
V2 0 0 0 0 0 0 0
V3 0.11 0.11 0.1 0.1 0.1 0.1 0.11
V4 0.76 0.31 0.24 0.23 0.22 0.22 0.23
V5 0.06 0.04 0.03 0.03 0.03 0.03 0.03
Vo6 0.01 0.01 0 0 0 0 0.01
\%i 6.6 2.39 0.97 0.45 0.27 0.15 0.12
V8 0.02 0.02 0.01 0.01 0 0 0
V9 14 1.39 14 1.39 1.39 1.37 1.35

V10 1.85 1.85 1.86 1.84 1.83 1.79 1.76

4 Discussion

MCS in small animal radiotherapy are accessible and handy tools to help for better
designing treatment planning, not only to the target tumors and to the tissues along the
beam paths, but also to distant organs of interest. It has been reported that doses of
more than 5 Gy could be considered as lethal in mice [20, 21]. It is recognized that
exposure to repeated radiations during follow-up studies can have biological effects
on the animal models and thus can affect the experimental results. MCS can therefore
help in designing the appropriate radiation energies, beam directions and intensity and
duration of experiment. It is preferable to study each beam direction separately in
order to determine its optimal parameters. Instead of using monoenergetic photons in
the simulations, an energy spectrum resembling the one produced by an X-ray tube
can be generated reproducing also its shape and intensity.

The radiation beams used in this simulation were based on X-rays tube voltage and
current of 120 kVp and 50 mAs. The doses obtained in these simulations at lower
energy (50 — 100 keV) were in the same range as those for micro-CT/radiotherapy or
for radiotherapy previous studies at an effective energy around 50 keV (up to 2 Gy)
[15, 16, 22, 23].

The variation of the dose in the heart and spine regions was a function of the beam
energy, except for the 100 keV beam. Moreover, the volumes determined within the
spinal cord received around 1% of the absorbed dose in the tumor, knowing that this
volume was not on the path of any beam, and it was surrounded by bones. The spinal
bones, however, and including the spinal cord, received higher doses with respect to
spinal cord and heart VOIs. In fact, V7 received 6.6 times the dose of the tumor at 50
keV and 0.12 at 450 keV. This high ratio at 50 keV could be due to the high scattering
in the mouse at this energy and high attenuation in the bones. The high doses calcu-
lated in V9 and V10 and in V1 at energies above 150 keV were due to the high num-
ber of generated photons. In real treatments, the number of photons is also governed
by beam application duration among other parameters.
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The two extra volumes around the lung tumor directly received the beam from
some angles, but they were not directly exposed to the beams for some other beam
angles. Also, the tissue density of these extra volumes was less than that of the tumor.
Despite these differences, photons interactions in these volumes V9 and V10 varied
very slightly with beam energies in comparison to V1, and their average ratios of
absorbed dose (average over beam energies) were V9/V1 = 1.3841 + 0.0194 Gy
and V10/V1 = 1.8265 *+ 0.0372 Gy. Apart from uncertainty on tumor volume
definition, the X-rays focal spot on the anode could also cause a penumbra that can
have an impact on tumor neighboring tissues [15, 16].

5 Conclusions

The goal of this study was to assess the photon energy transfer and absorbed dose in
tissues distant from or partially intercepted by the radiation beams as a function of beam
energy. The spinal cord, even protected by the spinal bones and not intercepted by the
beams, received in average 1% of the dose to the tumor, which, in turn, received 0.9 Gy
at 50 keV and 8.56 Gy at 450 keV. The lowest dose to the secondary organs was found
at the 100 keV beam. The dose to tumor surrounding tissue was shown to be indepen-
dent of beam energy and had ratios of 1.38 and 1.83 for volumes of diameters 1.6 mm
and 1.8 mm with respect to the lung tumor of diameter 1.4 mm.
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