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FLUENCE TO ABSORBED FOETAL DOSE CONVERSION COEFFICIENTS FOR PHOTONS IN 50 KEV–10 GEV CALCULATED USING RPI-P MODELS Valery Taranenko and X. George Xu* Nuclear Engineering and Engineering Physics Program, Rensselaer Polytechnic Institute, Room 1-11, NES Building, Tibbits Avenue, Troy, NY 12180, USA



Received February 21 2008, revised April 9 2008, accepted April 17 2008 Radiation protection of pregnant females and the foetus against ionising radiation is of particular importance to radiation protection due to high foetal radiosensitivity. The only available set of foetal conversion coefficients for photons is based on stylised models of simplified anatomy. Using the RPI-P series of pregnant female and foetus models representing 3-, 6- and 9-month gestation, a set of new fluence to absorbed foetal dose conversion coefficients has been calculated. The RPI-P anatomical models were developed using novel 3D geometry modelling techniques. Organ masses were adjusted to agree within 1% with the ICRP reference data for a pregnant female. Monte Carlo dose calculations were carried out using the MCNPX and Penelope codes for external 50 keV–10 GeV photon beams of six standard configurations. The models were voxelised at 3-mm voxel resolution. Conversion coefficients were tabulated for the three gestational periods for the whole foetus and brain. Comparison with previously published data showed deviations up to 120% for the foetal doses at 50 keV. The discrepancy can be primarily ascribed to anatomical differences. Comparison with published data for five major mother organs is also provided for the 3-month model. Since the RPI-P models exhibit a high degree of anatomical realism, the reported dataset is recommended as a reference for radiation protection of the foetus against external photon exposure.



INTRODUCTION External radiation protection dosimetry utilises pre-calculated dose conversion coefficients for various needs, such as shielding design and risk assessment. Such data have been compiled by the ICRP and ICRU(1,2). Radiation protection of pregnant females against ionising radiation is unique because of the high foetal radiosensitivity during various gestational stages(3). To derive dose conversion coefficients for the pregnant female and foetus, realistic anatomical models are needed to account for scattering and energy absorption that are generally simulated using the Monte Carlo radiation transport codes. Until recently, however, computational dosimetry phantoms of pregnant women were based on stylised anatomical shapes(4,5). In one case where CT images of a 7.5-month pregnant patient were used, the data covered only partial body and had poor image resolution(6). For non-ionising radiation, hybrid voxelmathematical models have been reported(7), as well as a 26-week Japanese voxel model(8). To improve upon these earlier phantoms, a new RPI-P series of three models was recently constructed representing a pregnant female, including the foetus at the end of 3, 6 and 9 months of gestation(9). The organ masses, including the foetus, were adjusted according to
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reference values for an average pregnant female from the ICRP Publication 89(10). Previous evaluations of foetal doses from external and internal exposures were only reported for stylised models and for the torso voxel phantom of 7.5-month pregnant female. Using the RPI-P models, studies on external and internal dosimetry(11) (Shi et al., submitted for publication) as well as radiation treatment of pregnant patients (Bednarz et al., submitted for publication) are performed. In this work, a new set of foetal dose coefficients at three gestational periods is reported for monoenergetic external photon beams from 50 keV to 10 GeV calculated using the RPI-P models. Monte Carlo simulations were carried out in the MCNPX and Penelope codes. Results for the foetal doses as well as for five major mother organs in the 3-month model are compared with that of previously published data. MATERIALS AND METHODS RPI-P series of pregnant female models The RPI-P3, -P6 and -P9 anatomical models—corresponding to 3, 6 and 9 months of gestation, respectively—were developed using boundary representation 3D modelling(9). This approach allowed realistic organ geometry to be adjusted for size and shape in a continuous 3D space without voxel manipulations. The organ masses were adjusted to
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agree with the reference data recommended by the ICRP, as well as data in previously published papers, within 1% in the 3D polygonal mesh representation. The RPI-P3 and -P9 phantoms are shown in Figure 1. There are 35 different tissues and organs defined in the models, including the foetal brain, skeleton and soft tissue. Since Monte Carlo radiation transport simulation in the voxel domain is still the most convenient for highly heterogeneous systems like the human body, the models were voxelised at the desired size in this study. Voxel model setup in MCNPX MCNPX (MCNP eXtended) is a multi-particle, allenergy (eV–TeV) Monte Carlo general purpose transport code from Los Alamos National Laboratory(12). The latest improvements of the code enables a more efficient particle tracking in voxels. Phantom geometry was defined using the repeated structural feature of the code(11,13). In MCNPX simulations, a 3-mm voxel resolution was chosen for all the three models, so that the total number of voxels was below the MCNPX limit (25 million in the standard version 2.5.0). The three models consist of 10, 13 and 15 million of voxels, respectively, of which 2.5– 3 million represent body tissues. Organ masses for the 3-mm voxelisation have been provided elsewhere(11). Six standard irradiation geometries(1) were considered as antero-posterior (AP), postero-anterior (PA), right lateral (RLAT), left lateral (LLAT), rotational (ROT) and isotropic (ISO). The first four unidirectional fields plus ISO were sampled using the standard MCNPX source card, but the ROT source employed a user defined sampling algorithm.



The primary photons had 17 different energies from 50 keV to 10 GeV. The RPI-P models were put in vacuo one at a time for each Monte Carlo simulation involving single photon energy. A coupled photon– electron mode was used. The detailed photon interaction regime was used below 100 MeV, including coherent (Thomson) and Compton scattering together with the form factors to take into account the electron binding effects, fluorescence after photoelectric absorption and pair production. For energies above 100 MeV, simple photon physics was used by default without coherent scattering and fluorescence. The electron energy cutoff was set to 70 keV. At this energy, electron range in the continuous slowing down approximation in the lung is 0.3 mm, or 1/10 of the shortest voxel dimension. The effect of electron energy cut-off on the organ doses was found to be negligible; however, it greatly speeds up the simulations. This study used the ITS electron indexing algorithm, which selects the cross-sectional data that is consistent with the energy binning. Tissue compositions were based on the ICRP and ICRU recommendations. Twenty unique materials were set for a total of 35 organs(11). Homogeneous material distribution was assumed within an organ. The MCPLIB04 cross-sectional library for photoatomic interactions based on EPDL 97 evaluation(14) was employed. The library spans from 1 keV to 100 GeV. For electron transport, the standard library EL03 was used. This library provides the data up to 1 GeV. The interaction probabilities at 1 GeV were applied for electron transport at higher energies by default. The scoring of energy deposition in 30 organs was accomplished via three tallies to compare them and check their suitability for the investigation:



Figure 1. The RPI-P3 and -P9 pregnant female model showing partial body.
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† † †



energy balance (*F8), collision heating (þF6) and photon kerma (F6:P).



The last two tallies are based on fluence (tracklength estimate). The second scoring method ignores the contribution of electrons below the energy cutoff, and therefore underestimates the energy deposit. This tally can be safely used only for energies much higher than the electron energy cut-off (MeV range). The photon kerma estimates agree within statistical uncertainty with the results of energy balance tally for energies up to 1–2 MeV (200 keV for the skin). At the higher energies, electron transport plays an important role, especially for superficial organs, and photon kerma overestimates the absorbed dose considerably (2.5 and 6 , respectively, for the foetus and skin at 100 MeV, and many 100-fold at 10 GeV). The best dose estimates reported by the energy balance tally are used in the final tabulations discussed below. The RPI-P9 model setup in MCNPX was previously benchmarked against the EGSnrc code using 1-mm voxels for photons from 100 keV to 10 MeV(9). The average difference in foetal doses of 1 –2% was found with a maximum of 6% for the PA beam at 100 keV.



Comparison of MCNPX and Penelope codes The maximum energy of the electron cross-sections in MCNPX is 1 GeV; therefore, the accuracy of dose estimates at higher energies have to be verified. To this end, the Penelope code was selected for benchmarking at all energies for the AP source using the RPI-P9 phantom voxelised at 3 mm. Penelope is a modern code system for Monte Carlo photon –electron transport simulation(15). Its principal advantage is the unique electron –positron transport model with parameterisation that allows varying of the details of electron tracks from a heavily condensed representation to a very accurate step-by-step approach. Detailed photon transport is implemented in the code. The Penelope version 2005 was used as a basis for the tracking in the voxel geometry(16). In accordance with the code paradigm, a special steering programme (based on the PENDOSES example) was programmed that reads the voxel data, samples the source and scores mean organ absorbed energy along with the variance. The key subroutine VXL STEP was implemented in place of standard subroutine STEP from the subroutine package PENGEOM; it transports exclusively inside the voxel array. Standard Penelope transport parameters were used: †



C1 ¼ C2 ¼ 0.1 (average angular deflection and maximum average energy loss);



† Wcc ¼ Wcr ¼ 10 keV (cut-off energy loss of hard inelastic collision and bremsstrahlung emission); † maximum path length for electron and positron DSmax ¼ 0.3 mm. Energy cut-offs were used as in MCNPX: 1 and 70 keV for photons and electrons/positrons, respectively. Penelope cross-sections were also based on the EPDL 97 data. The results of benchmarking for the foetal doses showed a good agreement between two codes— within 1% on average for all energies with a maximum discrepancy of 5% at the highest energy of 10 GeV. One sigma relative error of the results did not exceed 2%. Penelope performed much faster than MCNPX: 19 times at 50 keV and 2 times at 10 GeV. The correctness of the models setup in Penelope and MCNPX is concluded. RESULTS AND DISCUSSION Doses to all mother organs have been estimated including three foetal structures: skeleton, brain and soft tissue. Doses to maternal organs are not reported, but are used for comparison with the previously published doses for non-pregnant adult females. The results from the Monte Carlo calculations were normalised by source fluence to yield fluence to absorbed dose conversion coefficients. Each MCNPX run involved 10 millions of histories to obtain coefficient of variance of 1– 2% on average for all energies and all sources for both the whole foetus and its brain. The ROT and ISO geometries resulted in a slightly higher uncertainty in a few cases up to 10% for the small foetal brain in P3. Foetal doses are reported for the LAT irradiation geometry, which is the average of RLAT and LLAT that generally agree within statistical uncertainty. Maximum differences of 10 and 13% for the whole foetus dose and the foetal brain, respectively, were observed in RPI-P6 at the lowest energy, 50 keV; however, no systematic trend was found in comparing the two lateral beams. Conversion coefficients for the whole foetus— including the brain, skeleton and soft tissue—are presented in Table 1. Coefficients for the foetal brain are listed in Table 2. Energy dependence of dose to the whole foetus for the RPI-P3 and -P9 models is shown in Figure 2. Among all three models, the greatest foetal dose is received in the AP geometry for energies below 10 MeV due to minimal frontal shielding by the mother. At higher energies, it is PA in P6 and P9, and ISO in P3. The latter resulted from an increase in electron build up with depth in the mother. The dependence of the whole foetus absorbed dose on irradiation geometry is more pronounced at low energies—up to six times between AP and PA.
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V. TARANENKO AND X. GEORGE XU Table 1. Fluence to absorbed dose conversion coefficients for the whole foetus in the RPI-P3, -P6 and -P9 models exposed to external photon beams of various geometries and energies. Absorbed dose per unit fluence (pGy cm2)



E0 (MeV)



RPI-P3 model 0.05 0.1 0.2 0.5 1 2 5 10 20 50 100 200 500 103 2  103 5  103 104 RPI-P6 model 0.05 0.1 0.2 0.5 1 2 5 10 20 50 100 200 500 103 2  103 5  103 104 RPI-P9 model 0.05 0.1 0.2 0.5 1 2 5 10 20 50 100 200 500 103 2  103 5  103 104



AP



PA



LAT



ROT



ISO



0.265 0.433 0.849 2.15 4.05 6.77 13.2 22.5 40.4 68.4 85.3 99.4 116 119 128 131 136



0.101 0.265 0.573 1.60 3.27 5.81 11.6 20.2 39.4 85.2 121 151 177 193 205 221 227



0.0752 0.190 0.436 1.35 2.88 5.55 11.6 20.3 36.8 87.0 130 169 204 227 245 268 278



0.133 0.287 0.599 1.73 3.24 5.88 11.9 21.2 39.5 83.3 115 148 184 201 222 234 233



0.110 0.231 0.476 1.40 2.96 5.54 11.4 20.1 35.5 79.4 121 159 205 232 269 308 331



0.312 0.465 0.851 2.08 3.90 6.73 13.1 21.7 35.8 62.6 83.4 101 119 129 145 140 148



0.0518 0.168 0.377 1.11 2.43 4.80 10.4 18.5 34.4 83.2 141 197 261 303 344 383 413



0.134 0.267 0.559 1.60 3.30 6.09 12.3 21.3 38.1 80.6 114 143 171 187 199 213 222



0.159 0.288 0.573 1.57 3.14 5.87 12.0 20.6 36.5 76.0 113 149 186 210 229 254 270



0.150 0.263 0.528 1.46 2.95 5.51 11.5 19.9 35.3 74.0 115 155 203 241 262 297 323



0.273 0.427 0.786 1.94 3.67 6.49 12.8 21.6 36.3 66.3 91.3 114 136 149 159 171 179



0.0431 0.147 0.324 0.97 2.17 4.43 9.9 17.9 33.4 81.8 144 208 283 331 376 433 475



0.172 0.317 0.638 1.75 3.47 6.29 12.6 21.5 38.3 77.1 108 134 161 176 188 201 210



0.162 0.298 0.588 1.57 3.13 5.79 11.9 20.5 36.4 75.6 114 151 189 213 233 260 277



0.146 0.262 0.524 1.43 2.89 5.40 11.3 19.8 35.3 74.5 116 159 209 245 266 313 345
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FOETAL DOSE COEFFICIENTS FOR PHOTONS Table 2. Fluence to absorbed dose conversion coefficients for the foetal brain in the RPI-P3, -P6 and -P9 models exposed to external photon beams of various geometries and energies. Absorbed dose per unit fluence (pGy cm2)



E0 (MeV)



RPI-P3 model 0.05 0.1 0.2 0.5 1 2 5 10 20 50 100 200 500 103 2  103 5  103 104 RPI-P6 model 0.05 0.1 0.2 0.5 1 2 5 10 20 50 100 200 500 103 2  103 5  103 104 RPI-P9 model 0.05 0.1 0.2 0.5 1 2 5 10 20 50 100 200 500 103 2  103 5  103 104



AP



PA



LAT



ROT



ISO



0.204 0.366 0.722 1.94 3.60 6.23 12.3 22.5 42.0 77.9 97.3 118 137 144 158 161 166



0.141 0.321 0.669 1.88 3.48 6.13 11.5 22.1 41.6 82.4 108 134 151 154 170 167 171



0.0594 0.171 0.381 1.21 2.62 5.15 10.8 18.7 34.3 87.6 141 193 245 271 291 317 323



0.130 0.306 0.599 1.82 3.34 6.60 12.1 22.6 43.1 84.3 122 162 186 225 231 248 267



0.115 0.245 0.443 1.50 3.15 5.54 10.5 19.4 36.9 83.5 133 167 222 257 275 314 348



0.122 0.282 0.572 1.57 3.17 5.72 11.6 20.6 38.5 85.0 121 153 184 199 228 222 235



0.0774 0.245 0.553 1.57 3.21 5.85 11.8 20.5 38.0 89.3 129 162 194 212 239 248 258



0.0594 0.199 0.475 1.45 3.08 5.81 11.8 20.1 37.6 90.4 136 173 210 230 245 265 276



0.0816 0.228 0.508 1.52 3.11 6.17 12.3 21.1 40.1 89.3 131 171 206 237 252 277 281



0.0731 0.201 0.449 1.34 2.76 5.12 11.2 20.0 37.2 84.2 130 178 227 286 295 342 370



0.0617 0.190 0.420 1.21 2.55 4.98 10.6 19.1 35.9 86.0 138 184 233 264 290 322 344



0.0706 0.237 0.554 1.55 3.13 5.75 11.8 20.5 38.4 88.8 129 162 195 215 230 248 259



0.0459 0.185 0.456 1.41 2.97 5.59 11.7 20.1 37.5 90.9 141 184 227 252 274 298 316



0.0641 0.213 0.502 1.46 3.03 5.65 12.2 21.6 40.3 93.1 138 175 218 242 254 286 298



0.0549 0.180 0.426 1.21 2.55 4.98 10.6 19.1 35.9 86.0 138 184 233 264 290 322 344
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Figure 2. Energy dependence of dose conversion coefficients for the whole foetus in the RPI-P3 (a) and -P9 (b) models. Results for five source beams are shown for comparison. The P6 model showed similar to P9 results.



Comparison with previously published data Maternal doses



Figure 3. The ratio of absorbed dose coefficients for the whole foetus between the RPI-P3 and -P9 phantoms. The energy dependence is shown for the five source beams.



The dose difference then decreases to 10– 20% in the region 10 –20 MeV, and eventually increases again at higher energies reaching a factor of 2– 2.8 at the maximum energy of 10 GeV. The foetal dose differs among the three models, most dramatically between the P3 and the P9 models as shown in Figure 3. The largest dose deviation is observed for the PA geometry at energies below 1 MeV, where up to a 2.5-fold greater dose in P3 over P9 is found. This is because 3-month foetus is less shielded from the back (greater self-shielding in P9; see Figure 1). On the other hand, the LAT beam in P3 shows half of the P9 dose due to a greater shielding of the 3-month foetus by the mother’s pelvis. At high energies, the PA beam yields twice as much dose to the RPI-P9 model because the foetus is located deeper inside the body from the source beam perspective, hence experiencing larger contribution from secondary electrons.



The conversion coefficients for a group of major mother organs in the RPI-P models have been extensively compared against the published doses for nonpregnant female for neutron exposure and the acceptable agreement was reported(11). In this study, similar comparison for photons was carried out for five organs in the RPI-P3 model including the ovaries, bladder, liver, lungs and skin. The following three datasets were used: ICRP Publication 74(1) and Schlattl et al. (17) for energies 50 keV—10 MeV, Sato et al. (18) for 1 MeV—10 GeV (only AP and PA beams available; calculations with electron transport). Only the results of Schlattl et al. were obtained using a voxel phantom; the other two datasets were for stylised models with lesser degree of anatomical realism. The comparison was made against the RPI-P3 model that most closely resembles an adult non-pregnant female. Results of the comparison are presented in Table 3. For the liver, the LLAT geometry showed larger deviations due to the enhanced shielding by the body from the left, which in turn makes the dose more sensitive to anatomical differences: 85% greater dose compared with ICRP (213% maximum), but only 2% reduction when compared with the voxel phantom (7% maximum). As expected, larger dose discrepancies are observed at low energies, where photon attenuation is of primary concern and at high energy end, where electron transport plays a major role in energy deposition.



Foetal doses Results for the foetal doses have been compared with the only available set of data published by Chen(19).
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FOETAL DOSE COEFFICIENTS FOR PHOTONS Table 3. Percentage difference of the absorbed dose to five major mother organs in the RPI-P3 model relative to published data: ICRP Publication 74(1) and Schlattl et al.(17) for low energies (all source geometries), and Sato et al.(18) for high energies from 1 MeV to 10 GeV (only AP and PA sources available). Mother organ



Bladder Liver Lungs Ovaries Skin a



Average dose difference (%)



Maximum dose difference (%)



Maximum dose difference: source beam and energy



Low energy ( 10 MeV)



High energy (. 1 MeV)



Low energy



High energy



Low energy



High energy



225. . . þ 29 210. . . þ 4 (þ85)a 213. . . þ 7 242. . . þ 6 216. . . þ 3



28. . . þ 56 24. . . þ 36 21. . . þ 30 25. . . þ 28 26



þ79 –22 (þ213)a 226 271 255



þ136 þ91 þ76 þ92 212



PA 50 keV PA 50 keV AP 50 keV AP 50 keV AP 10 MeV



PA 10 GeV PA 10 GeV AP 10 GeV AP 10 GeV AP 50 MeV



LLAT source in ICRP Publication 74.



The whole foetal dose in the RPI-P9 model for the AP geometry is higher than those of Chen for energies below 5 MeV, reaching a factor of two at 50 keV. However, above 5 MeV, the foetal dose in P9 is lower by 35%. For the PA beam, an opposite trend is observed. This finding suggests that the frontal shielding of the foetus by the mother tissues is less in P9 than in Chen’s model. Similar results are found for the RPI-P6 model with maximum differences in dose of 50 –70%. The RPI-P3 model shows a better agreement with the Chen’s data—a maximum deviation of 20% and 40% for AP and PA sources, respectively. The dose comparison for the foetal brain reveals a similar dose distribution in P9 with a maximum difference of 40% and 100% for AP and PA source respectively. In P6 and P3, both sources show dose reduction by 30– 50% and 20% at low and high energies, respectively. The LAT source yields a better agreement of 20% on average with a few maxima of 40–50% for both whole foetus and its brain. The ROT geometry resulted in similar comparison as LAT, suggesting that the lateral shielding of the foetus by the pelvis is similar to that in the stylised model used by Chen. The comparison for the ISO source showed a systematic dose increase in the RPI-P phantoms for both whole foetus and its brain by 30–70% on average at all energies.



CONCLUSION Using the recently developed RPI-P computational models representing an average pregnant female at three gestational stages, fluence to absorbed dose conversion coefficients for the whole foetus and its brain are reported for five monoenergetic idealised irradiation geometries in 50 keV—10 GeV. The coefficients were calculated employing the benchmarked



Monte Carlo codes MCNPX and Penelope to ensure accurate physics especially at high energies. An excellent agreement in results of both codes was found at all energies. The differences between the results of this study and the only set of previously published data by Chen(19) depend on source geometry, energy and gestation, and were found to be 100–120% at most. The discrepancy can be primarily ascribed to anatomical differences. Comparison with existing data for five major mother organs is also provided for the 3-month model. Since the RPI-P models exhibit a high degree of organ topological realism and the organ masses were adjusted to match the ICRP reference values, the reported doses are recommended as reference data for radiation protection of the foetus against external photons. FUNDING This work was supported by a grant from the National Cancer Institute (R01CA116743). REFERENCES 1. International Commission on Radiological Protection. Conversion coefficients for use in radiological protection against external radiation. ICRP Publication 74. Ann. ICRP 26(3– 4) (Oxford: Pergamon Press) (1996). 2. International Commission on Radiation Units and Measurements. Conversion coefficients for use in radiological protection against external Radiation. ICRU Report 57 (Bethesda, MD: ICRU) (1998). 3. Cruz Sua´rez, R., Berard, P., Harrison, J. D., Melo, D. R., Nosske, D., Stabin, M. and Challeton-de Vathaire, C. Review of standards of protection for pregnant workers and their offspring. Radiat. Prot. Dosim. (2007). Advance Access published online on December 13, 2007, doi:10.1093/rpd/ncm480.
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