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1. Introduction Radiation therapy is a cancer treatment technique that consists in irradiating tumor tissues in order to kill malignant cells by mainly damaging nuclear desoxyribonucleic acid (DNA) and sparing as much as possible surrounding healthy tissues. Two types of treatments can be then distinguished, namely, external and internal radiation therapy. While the former consists in irradiating patients with external beams of photons, electrons, protons or ions, the latter implies the use of a radioactive source in the close vicinity of tumor cells. In this context, two techniques should be distinguished: brachytherapy and targeted internal radiation therapy. In brachytherapy [1], radiation sources (usually enclosed within non-radioactive capsules) are implanted close to the tumor in the form of seeds, wires, needles, or plaques. Targeted internal radiation therapy [2], [3] is helpful in the case of tumors that are small and disseminated in the organism. It is based on the particular affinity between the radioactive substance and the tumor cells, mostly by means of a vector. The radioactive agent is fixed on this vector, which preferentially attaches to the tumor cells. The radioactive substance can be injected intravenously. The choice of the radioisotope is essential [4] and must be adapted to the pathology. For example, Auger-emitting radionuclides have a strong potential for therapy [5] since they can deliver low energy electrons with very short ranges, close to the cancer metastases, preserving at maximum surrounding tissues. This treatment modality is original since it combines a systemic approach (like chemotherapy) with a mode of action based on tissue irradiation (like radiation therapy). Whether they are α particles, β particles, Auger electrons or electrons from internal conversion, several criteria for selecting the radioisotope and the vector have to be considered [2], [4]: 
• the emitted particles energies, which determine their range, i.e. the average distance they travel through biological matter, 
• the half-life period of the isotope, 
• the fixation of the isotope on the vector, which needs to be efficient and stable, in order to avoid any break and prevent irradiation of healthy surrounding tissues, 
• the conditions of use in a routine treatment: the isotope must be abundant in nature, and its production can’t be too costly. The selective character of vectorized internal radiation therapy for specific cancer cells can be obtained through various vectors. In the simplest case, the radioisotope is injected and acts directly on the cells [2] because of the affinity between the obtained radioisotope-vector molecule and a particular cell line. This is the case with 131I for differentiated thyroid cancer. Monoclonal antibodies are an important class of vectors. They are immune system proteins that are specific to an antigen associated with a particular type of cancer. A particular technique involving monoclonal antibodies is the pre-targeting, or Affinity Enhancement System [4]. This method implies two successive injections, namely, a first one for the antibodies and a second one for the radioactive agent. The advantages are an efficient and long-term fixation on tumors, with a noticeable decrease of irradiation to healthy tissues. Besides, peptide radiolabelling [2], [6], [7], [8] is another alternative. These molecules, also called radio-ligands, are specific to a given receptor, overexpressed in case of cancer pathology. Internal dosimetry of radionuclides is based on the framework developed by the committee on Medical Internal Radiation Dose (MIRD) [9], [10], [11]. This committee aims at providing standard methods and mathematical models for assessing internal radiation doses from administered radiopharmaceuticals. The MIRD approach simplifies the problem of assessing dose for many radionuclides in the human organs, tissues, and fluid compartments. In internal radiotherapy, the dose absorbed by a specific region of the body is expressed as: �	� ��� ←	��		 = 		��� 		�	��� ←	��				 



where rS is the source region, rT the target region, ����� ←	��			 the average dose absorbed by the target region, ��� 	 the cumulated activity of the source region, and ���� ←	��			the S-value, on which we focus the current study. These are useful quantities related to the deposited energy at the level of the organ or the cell. This quantity can be calculated notably by Monte Carlo techniques, which are used in a large variety of application domains. These methods, based on probability function sampling by use of random (or pseudo-random) numbers, enable to solve various problems, particularly those where stochastic processes are involved. Compared to the analytical ones, Monte Carlo methods provide more accurate physical models, finer geometrical descriptions (e.g. allowing inhomogeneities to be taken into account). In case of radiation therapy and more generally for the description of particle-matter interactions, it is thus possible to carry out detailed simulation of particle transport. The general scheme adopted for a simulation of a physical interaction follows a few steps in order to determine: 
• the distance to the next physical interaction (according to the particle type and the medium), 
• the material that interacts with the particle (according to the composition of the medium), 
• the physical interaction type, 
• the kinematics of the interaction, including the energy lost by the incident particle (locally deposited and/or transferred to the secondary particles potentially generated), the scattering and ejection directions. These quantities are deduced from total and differential cross sections, the latter being calculated for each type of interaction by means of theoretical and/or semi-empirical models [12], [13], [14], [15], or by use of interpolation procedures from pre-calculated data tables. This sequence is repeated for each particle (primary as well as secondary) until it is locally absorbed, i.e. its energy becomes lower than a selected energy threshold, or exits from the region of interest. Another solution adopted by some codes is to fix a “production threshold”, in terms of energy or distance: the secondary particles are not explicitly simulated if their energy is not high enough to travel this distance in a given material. The current work aims to compare the accuracy of the “Geant4-DNA” very low energy extension of the general-purpose Geant4 Monte Carlo simulation toolkit to a large set of Monte Carlo codes for the calculation of S-values. In a first stage, the accuracy of the codes will be compared for incident monoenergetic electron sources in nanometer size spherical geometries. Then, in a second stage, five isotopes of iodine will be simulated, as previously done in [16]. Furthermore, a simplified geometrical model of the colloid and the follicular cells of the thyroid will be used in both cases. 2. Materials and methods 2.1. Monte Carlo codes Several Monte Carlo codes are currently available in the literature for simulating the radio induced interactions in biological matter. Among them, let us mention the Geant4-DNA extension of the Geant4 toolkit, CPA100, EGSnrc, EPOTRAN (with it's extension CELLDOSE), MCNP and PENELOPE. The accuracy of these codes has been compared in this work. • The recent Geant4-DNA very low energy extension [15], [17], [18] is included in the general-purpose Geant4 simulation toolkit [19], [20], a set of libraries written in C++, which enables to 



simulate particle transport and interactions in matter in a large variety of applications fields in high energy physics, space science and medical physics. Geant4-DNA allows the simulation of the step-by-step transport of particles in liquid water, including interactions of electrons, protons, hydrogen atoms and helium ions as well as a few ions (C6+, N7+, O8+ and Fe26+). The covered energy ranges vary between 7.4 eV and 1 MeV for electrons, between 100 eV and 100 MeV for protons and hydrogen, and between 1 keV and 400 MeV for helium and its charged states. Geant4-DNA is mainly focused on the simulation of biological damages at the DNA scale; 
• CPA100 [21] is a specific-purpose code, which simulates step-by-step the transport of electrons and photons in liquid water, for energies between 10 eV and 200 keV. The simulation of physico-chemical and chemical stages (water radiolysis and damage of DNA) is also possible; 
• EGSnrc [22] is another general-purpose code, enabling the simulation of electron and photon transport from a few keV up to 100 GeV; it is today considered as the “gold standard” for medical physics simulations; 
• EPOTRAN [23] and more specifically CELLDOSE [16] is a specific-purpose simulation code for the step-by-step modelling of electron and positron transport, in liquid water and in gaseous state. The energy of the primary particles can vary between 7.4 eV and 1 MeV; 
• MCNP [24] is a general-purpose code for the transport of electrons, photons and neutrons. In the case of electrons, a condensed algorithm is used. Electrons can be transported from 1 keV to 1 GeV. 
• PENELOPE [25] is a general-purpose code enabling the simulation of electron, positron and photon transport. The available cross sections cover a large set of elements (Z = 1–99) and materials, for an energy range from 50 eV up to 1 GeV; A summary of energy ranges for the simulation of electron transport covered by these codes is presented in Table 1. All these codes are used in the context of medical physics, thus it is interesting to investigate their respective accuracy, in particular for targeted radiotherapy. Calculations of S-values (for 131I beta spectrum, in water spheres with radii between 150 µm and 6 mm) have been already described in the literature, e.g. with Geant4 [26], ETRAN [27] and PARTRAC [28], where it was shown that Geant4 was in good agreement with the other codes (it presented an underestimation of less than 5%). The CELLDOSE code [16] – based on the EPOTRAN code – has also been compared to ETRAN and PARTRAC simulations, and with results based on analytical methods [29], [30] (for 131I spectrum, in water spheres with radii between 50 nm and 1500 µm), and it was shown that the obtained data were in good agreement while the analytical values were a little lower (less than 10%) and those from ETRAN and PARTRAC slightly higher (less than 10%). In this work, we focus exclusively on the accuracy of the Geant4-DNA extension.   



Table 1. Summary of energy ranges for the simulation of electron transport covered by the various codes used in this study. Refer to text for further description of codes. Code Minimum energy Maximum energy Geant4-DNA 7.4 eV 1 MeV CPA100 10 eV 200 keV EGSnrc ∼keV 100 GeV CELLDOSE 7.4 eV 1 MeV MCNP 1 keV 1 GeV PENELOPE 50 eV 1 GeV 2.2. A dedicated Geant4-DNA application In the current work, a dedicated application code called "svalue" has been developed for Geant4-DNA, version 9.6.p01 (February 2013). In a first stage, the Geant4-DNA simulations were carried out with monoenergetic electrons from 100 eV to 20 keV. The emission is isotropic, and homogeneously distributed within nanometer size spheres of liquid water, with radii 10, 50, 100 and 1000 nm, as found in the literature [31]. The absorbed dose is scored in the sphere. Then, in a second stage, two concentric spheres of liquid water separated by 10 µm were considered. The inner sphere radius varies between 15 µm and 250 µm, representing colloids, a component of the thyroid tissue, whereas the surrounding 10-µm thick region represents follicular cells, as found in the literature [16]. The electron emission is isotropic and distributed uniformly in the inner sphere. Emitted electrons are shot according to the emission spectrum of five isotopes of iodine (from 131 to 135), presented in [16], [32]. For each spectrum, 5 × 104 incident electrons are considered, each of them corresponding to one of the following emission processes: β− emission, Auger emission or internal conversion. The emission spectra of these five isotopes for 5 × 104 electrons are presented in Fig. 1, for long-life (131I) and short-life (132I, 133I, 134I, and 135I) iodine isotopes. On this figure, processes are also distinguished. The absorbed dose is reckoned both in the inner sphere and in the surrounding region, located between the two concentric spheres. 



 Fig. 1. Emission spectra of 131I (long-life isotope), 132I, 133I, 134I and 135I (short-life isotopes). Beta continuum, Auger electrons and internal conversion electrons are distinguished. 2.3. Data processing The S-value simulation code generates ROOT output files, which are later processed using the ROOT data analysis framework [33]. The S-values are obtained at this stage, by computing the absorbed dose per disintegration, i.e. by dividing the absorbed dose (whether the total, or the one from each process) by 5 × 104. In the case of iodine isotopes, we compute both the S-value from the total absorbed dose and the contribution of each process. The final values are obtained after a correction, taking into account the fact that the emission spectra also contain X-ray photons. Therefore, it is necessary to use the following correction factor: 



����� 	= 	 ����� ×	������� 				 where Sinit is the absorbed dose converted to a single disintegration (i.e. divided by 5 × 104), and Scorr is the final corrected value, ����� is the actual average released disintegration energy (considering all physical processes, including X-ray photons), and �� is the average released disintegration energy obtained from the spectrum used in the simulation code (which includes 5 × 104 electrons only, including the three emission processes). The values of those average energies as well as the correction factor ������� 				 calculated as described in reference [16] are presented in Table 2 for each iodine isotope. Table 2. For each iodine radioisotope, this table presents the values of ����� the actual average released disintegration energy (considering all physical processes, including X-ray photons), and ��, which is the average released disintegration energy obtained from the spectrum used in the simulation code (which includes 5 × 104 electrons only, including the three emission processes). The correction factor is given by the ratio ������� 				 Isotope ����� (keV) �� (keV) Correction factor �������  
131I 184.9 155.4 1.19 
132I 498.5 461.9 1.08 
133I 416.1 390.5 1.07 
134I 630.5 556.0 1.13 
135I 372.7 342.7 1.09 2.4. Comparison method For monoenergetic electrons, Geant4-DNA results for S-values are compared to simulation results computed with three other Monte Carlo codes, obtained either from the literature (for the in-house code MC4V developed by Emfietzoglou et al.[31]) or from dedicated simulations performed at the LAPLACE laboratory, in Toulouse (for the CPA100 code and for the PENELOPE 2011 code). Regarding isotopes of iodine, our results are compared with those obtained from EGSnrc, PENELOPE 2006, MCNP and CELLDOSE and performed specifically for this work. PENELOPE 2006 results have been obtained at the CEA-LIST laboratory in Gif-sur-Yvette, France. The use of two different versions of PENELOPE does not introduce any bias in the results because the physics remains unchanged between version 2006 and version 2011. In both cases (monoenergetic electrons and isotopes of iodine), the comparison has been carried out by using Kolmogorov–Smirnov (KS) statistical tests. In the monoenergetic case, the statistical KS test was applied only to monotonic sections of the curve giving the dependence of the S-value as a function of the sphere radius. On the contrary, in the radionuclide case, the KS test was applied to the whole monotonous curves. In addition to the KS test, the relative difference (as a percentage) between Geant4-DNA and each code has been calculated as follows: 



	��	 = 	 � � �!"#	�$%&'		� �!"#	�(��)*4 − �)�	 − 1.	× 100%	 Furthermore, the results obtained with 131I for the total S-value are compared to the data from Bardiès and Chatal [27]. 3. Results and discussion 3.1. Monoenergetic electrons The results obtained for monoenergetic electrons with Geant4-DNA, CPA100, PENELOPE and MC4 V [34] are presented in Fig. 2. The simulations have been carried out in liquid water spheres with radii of 10, 50, 100 and 1000 nm, and for incident energies ranging from 100 eV to 20 keV. We found that the Geant4-DNA simulations are statistically compatible with the other simulations (p-value > 0.05). The maximum disagreement (D) reaches 0.5, and is obtained between Geant4-DNA and the three other codes for a radius of 10 nm (the lowest sphere radius). 

 Fig. 2. Variations of S-values for monoenergetic electrons emitted in a liquid water sphere for the following radii: 10, 50, 100 and 1000 nm. Emfietzoglou et al. [34] in-house code MC4 V, CPA100 and PENELOPE are compared to Geant4-DNA. The corresponding relative differences between Geant4-DNA and these codes lie between −15% and +20% for all codes and energies. The best agreement with Geant4-DNA is obtained for the results of MC4V [34] (e.g. the relative differences lie between −3.6% and +1.7% for a sphere radius of 50 nm), except for a radius of 1000 nm, where PENELOPE shows a better agreement with Geant4-DNA (between −1.2% and +3.5%). 



3.2. Isotopes of iodine 3.2.1. Colloid case As an illustration, S-values obtained with Geant4-DNA for 131I as a function of colloid sphere radius, varying from 10 µm to 250 µm, are shown in Fig. 3. These results are compared to EGSnrc, CELLDOSE, MCNP and PENELOPE Monte Carlo codes and to Bardiès and Chatal data [27]. In this figure, S-values have been calculated for all processes (top-left plot), β− emission (top-right plot), internal conversion (bottom-left plot) and Auger emission (bottom-right plot). 

 Fig. 3. Dependence of S-values obtained for 131I as a function of colloid sphere radius, varying from 10 µm to 250 µm. Geant4-DNA results are compared to EGSnrc, CELLDOSE, MCNP and PENELOPE Monte Carlo codes and to Bardiès and Chatal data [27]. S-values have been calculated for all processes (top-left), beta emission (top-right), internal conversion (bottom-left) and Auger emission (bottom-right). If we consider all codes, isotopes and processes, the relative difference (not shown) varies between −22.50% and +75% in some extreme cases. In most of the cases however, the difference range is much smaller, as for CELLDOSE for 131I (between −8% and +0.75%). Globally, Geant4-DNA matches CELLDOSE to the greatest extent for the simulations in the colloid. In some cases, however, EGSnrc (e.g. below 6.5% for 133I, not graphically shown) or MCNP (e.g. mostly below 10% for 134I) are closer. We can notice, especially for 133I, a strong similarity in the variations for EGSnrc, MCNP and CELLDOSE. The data from Bardiès and Chatal [27] for 131I in the colloid for the total S-value are from 7% up to 10% larger than those of Geant4-DNA. 



3.2.2. Follicular cells case For example, S-values obtained with Geant4-DNA for 134I for follicular cells are shown in Fig. 4. These results are compared to EGSnrc, CELLDOSE, MCNP and PENELOPE Monte Carlo codes. In this figure, S-values have been calculated for all processes (top-left plot), beta emission (top-right plot), internal conversion (bottom-left plot) and Auger emission (bottom-right plot). 

 Fig. 4. Dependence of S-values obtained for 134I as a function of follicular cells for radius varying from 10 µm to 250 µm. Geant4-DNA results are compared to EGSnrc, CELLDOSE, MCNP and PENELOPE Monte Carlo codes. S-values have been calculated for all processes (top-left), beta emission (top-right), internal conversion (bottom-left) and Auger emission (bottom-right). There is general good agreement between Geant4-DNA and all codes, which show the S-value global dependence as a function of colloid radius. However, for Auger emission, the PENELOPE results deviate from the other codes, becoming higher for large radii. We attribute this behaviour which is not observed with the other codes to a lack of statistics on Auger electrons. In any case, for both cases (colloid and follicular cells), regarding the KS statistical tests, it was found that all p-values were larger than 0.05, confirming the overall statistical agreement with Geant4-DNA results.   



4. Conclusions The results presented in this work are part of the verification efforts to evaluate the accuracy of Geant4-DNA physics models for the transport of electrons in liquid water. We have determined S-values for monoenergetic electrons and spectra from the decay of iodine radioisotopes (131I, 132I, 133I, 134I, 135I), obtained respectively in nanometer size spheres and in two geometrical descriptions of thyroid components. The results obtained with Geant4-DNA have been compared to results obtained from other Monte Carlo codes and from the literature. Kolmogorov–Smirnov tests have shown that all of them are statistically compatible with Geant4-DNA. For the monoenergetic electron spectra, the best agreement with Geant4-DNA is obtained for MC4V [34], while in the case of iodine radioisotopes calculated in the colloid, CELLDOSE results show the best agreement with the Geant4-DNA determinations. The results obtained for the follicular cell model by use of the codes in question show a general good agreement, except for Auger electrons simulated with PENELOPE at large radii. The statistical compatibility remains however verified. Apart from specific transport parameters which the user can tune for dedicated applications, the various Monte Carlo codes used in this work adopt different theoretical and/or semi-empirical models (see [15], [21], [22], [23], [35], [25]) in order to simulate electron physical interactions (such as ionization, electronic excitation and elastic scattering) in liquid water. Simulated S-values are obtained directly from the scoring of elementary energy deposition events by electrons in small size targets of liquid water. As a consequence, variations observed between the codes are mainly caused by differences in stopping powers (see for example the discussion in Section 3.1 of [36]). In a further work, it would be interesting to accurately quantify these differences in stopping powers in order to try to identify which models could be further improved. Acknowledgements The Geant4-DNA project receives funding from the European Space Agency under contract number AO7146-4000107387/12/NL/AK (2013–2016). It is also supported by the INSERM PhysiCancer “MICRONAUTE” project (2013–2014). Thibault André was supported by a dedicated INSERM Cancéropôle Grand Sud Ouest funding for this work, under contract number 2012140602. Filippo Morini is post-doctoral fellow from the FWO at Hasselt University. M.A. Bernal thanks the FAPESP foundation in Brazil for financing his research activities through the 2011/51594-2 project. References [1] Brachytherapy: Applications and Techniques, Lippincott Williams & Wilkins, 2007. [2] J.P. Vuillez. Traitements à visée palliative ou curative: la radiothérapie vectorisée des tumeurs endocrines. Médecine Nucléaire, 31 (2007), pp. 506-513 [3] A.I. Kassis, S.J. Adelstein. Radiobiologic principles in radionuclide therapy. J. Nucl. Med., 46 (2005), pp. 4S-12S [4] J. Barbet, F. Kraber-Bodéré, A. Faivre-Chauvet, J.-F. Gestin, M. Bardiès, L. Campion, J.-F. Chatal. La radio-immunothérapie préciblée des tumeurs solides: une démarche pluridisciplinaire. Médecine Nucléaire, 31 (2007), pp. 498-505 [5] F. Buchegger, F. Perillo-Adamer, Y. Dupertuis, A. Bischof Delaloye. Auger radiation targeted into DNA: a therapy perspective. Eur. J. Nucl. Med. Mol. Imaging, 33 (2006), pp. 1352-1363 
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