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Abstract   Neutron dose coefficients for standard irradiation geometries have been 28 

reported in International Commission on Radiological Protection (ICRP) Publication 116 29 

for the ICRP Publication 110 adult reference phantoms. In the present work, organ and 30 

effective dose coefficients have been calculated for a receptor in both upright and 31 

articulated (bent) postures representing more realistic working postures exposed to a 32 

mono-energetic neutron radiation field. This work builds upon prior work by Dewji and 33 

co-workers comparing upright and bent postures for exposure to mono-energetic photon 34 

fields. Simulations were conducted using the Oak Ridge National Laboratory’s 35 

articulated stylized adult phantom, “Phantom wIth Moving Arms and Legs” (PIMAL) 36 

software package, and the Monte Carlo N-Particle (MCNP) version 6.1.1 radiation 37 

transport code. Organ doses were compared for the upright and bent (45° and 90°) 38 

phantom postures for neutron energies ranging from 1  10
-9

 to 20 MeV and the ICRP 39 

Publication 116 external exposure geometries – antero-posterior (AP), postero-anterior 40 

(PA), and left and right lateral (LLAT, RLAT). Using both male and female phantoms, 41 

effective dose coefficients were computed using ICRP Publication 103 methodology. The 42 

resulting coefficients for articulated phantoms were compared to those of the upright 43 

phantom. Computed organ and effective dose coefficients are discussed as a function of 44 

neutron energy, phantom posture, and source irradiation geometry. For example, it is 45 

shown here that for the AP and PA irradiation geometries, the differences in the organ 46 

coefficients between the upright and bent posture become more pronounced with 47 

increasing bending angle. In the AP geometry, the brain dose coefficients are expectedly 48 

higher in the bent postures than in the upright posture, while all other organs have lower 49 

dose coefficients, with the thyroid showing the greatest difference. Overall, the effective 50 

dose estimated for the upright phantom is more conservative than that for the articulated 51 

phantom, which may have ramifications in the estimation or reconstruction of radiation 52 

doses. 53 

 54 
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Introduction 55 

Estimation of radiation dose in the human body is a complex problem necessitating the 56 

use of computational modeling of the exposure geometry and mathematical 57 

representation of the human body by means of anthropomorphic phantoms. Using the 58 

methodology in the International Commission on Radiological Protection (ICRP) 59 

Publication 103 (ICRP 2007), the equivalent dose coefficients calculated in organs and 60 

tissues of the reference male and female phantoms are used to determine the effective 61 

dose. A revision of the dose coefficients found in ICRP Publication 74 (ICRP 1996) has 62 

been released in ICRP Publication 116, employing the ICRP Publication 110 reference 63 

adult phantoms (ICRP 2009) for the standard irradiation source geometries: antero-64 

posterior (AP), postero-anterior (PA), left and right lateral (LLAT, RLAT), and isotropic 65 

(ISO) radiation fields. While ICRP Publication 116 tabulates dose coefficients for the 66 

exposure source geometries employed in the present work, those ICRP coefficients were 67 

determined using computational phantoms positioned in an upright position derived from 68 

computed tomography (CT) scans in the supine position, published as the ICRP reference 69 

adult male and female phantoms in ICRP Publication 110 (ICRP 2009). 70 

 Most dose reconstruction studies have been performed using an upright phantom, 71 

which may not provide a good dose estimate for the body postures likely to be 72 

encountered in an occupational setting. In addition, real-world exposures do not involve 73 

parallel mono-energetic beams or isotropic fields; therefore, this work focuses on the 74 

effect of body posture. Some works have already argued that posture is critical for dose 75 

reconstruction involving a seated subject (Dewji et al. 2014, Han et al. 2014, Alves et al. 76 

2016). There are only few studies in which phantoms in a specific working posture have 77 

been explored for dose reconstruction purposes and fewer have been explored with a 78 

focus on the neutron source variable. Akkurt et al (2009) investigated dose received by a 79 

glovebox worker in a realistic posture using a phantom with extended arms (Akkurt and 80 

Eckerman 2007) for both a neutron spectrum, as well as a clean weapons-grade 81 

plutonium source. Additionally, Vasquez et al. (2014) recreated postures observed from a 82 

motion capture system to more accurately assess doses received by two workers in the 83 

criticality accident that took place in Tokai-Mura, Japan in 1999. 84 
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In the work explored here, dose calculations were performed using upright and 85 

bent phantom postures to analyze the differences in dose due to these various postures in 86 

standard irradiation mono-energetic neutron fields. This work builds upon prior work by 87 

Dewji et al. (2017), which represents the photon counterpart of the work conducted here. 88 

Both these works explore the role of body posture in dose reconstruction for four of the 89 

irradiation geometries of ICRP Publication 116 (2010).  90 

 91 

Methods 92 

PIMAL phantom 93 

Mathematical models of the human body models have almost exclusively been created in 94 

a rigid, upright posture (Xu 2014). The “Phantom wIth Moving Arms and Legs” 95 

(PIMAL) software developed by Oak Ridge National Laboratory employs a graphical 96 

user interface (GUI) to allow for a customizable geometry of the phantom (Akkurt and 97 

Eckerman 2007). Phantom geometry can be described using slider bars or a textbox to 98 

input joint angle for the shoulder, elbow, knee and hip joints. The GUI, captured in prior 99 

work by Dewji et al. (2017), allows the user to visualize and adjust the position of the 100 

arms and legs. PIMAL has been updated to include two separate reference stylized male 101 

and female phantoms (Dewji and Hiller, 2016) with tissue compositions and densities 102 

from ICRP Publication 89 (ICRP 2002), and to include the ICRP 110 reference voxel 103 

phantoms (ICRP 2009); however, these phantoms remain in a static upright position. 104 

Prior work by Bellamy et al. (2016) and Hiller and Dewji (2017) compare, in detail, the 105 

anatomical differences between reference adult voxel and stylized phantom in an external 106 

air submersion cloud of mono-energetic photons for the updated ORNL stylized 107 

phantoms. In these studies, the voxel resolution of thin-walled organs, intra-organ 108 

position, and elaboration of skeletal response functions for bone surface and active 109 

marrow dosimetry contributed the greatest variation in organ and effective dose 110 

coefficients for external photon irradiation sources. The differences between the upright 111 

voxel and stylized phantoms are detailed in these studies, and the reader is referred to 112 

these works for comparisons. 113 
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After the phantom has been positioned to the user’s specifications and the 114 

parameters have been set, PIMAL creates and executes an input file for the Monte Carlo 115 

N-Particle (MCNP) radiation transport code. Organ dose coefficients may then be 116 

extracted from the MCNP output files. The simulation part of PIMAL allows the user to 117 

set various parameters for the simulation: the mode specifies neutron and/or photon 118 

sources, the source energy allows the user to set external and internal sources for mono-119 

energetic neutron/photon energy, external source geometries allow the user to select a 120 

point source with user-specified X, Y, Z coordinates, or source geometries listed in ICRP 121 

Publication 116, internal source geometries allow organ volume sources to be set in the 122 

body, and the MCNP Input Generation and Execution allows the code to be run within 123 

PIMAL, producing an organ dose table that can be exported as an ASCII file. The MCNP 124 

output file is also saved and can be used to analyze the derived dose coefficients in detail. 125 

In the present work, the organ and effective dose coefficients for the bent posture 126 

are compared to those for an upright posture, and the coefficients for the upright posture 127 

were compared to those tabulated in ICRP Publication 116. PIMAL was used to orient 128 

the torso of male and female phantoms with repositioned arms and legs at 45° and 90° 129 

from the vertical axis (half and full bent postures) to represent the effects of articulated 130 

postures in theoretical exposure fields (Fig. 1). 131 

 132 

Fig 1 The upright, half-bent (45º), and full-bent (90º) side views taken from the PIMAL 133 

4.1.0 GUI for the stylized phantom. 134 
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Monte Carlo simulations 135 

The 6.1.1 version of the MCNP radiation transport code (Pelowitz at al. 2014) was used 136 

to calculate the absorbed doses in each of the organs. Using both male and female 137 

stylized phantoms represented in PIMAL, organ dose data was computed using MCNP 138 

for each of the five irradiation geometries using upright, half-bent (45°), and full-bent 139 

phantoms (90°). These simulations were conducted for the following range of mono-140 

energetic neutron energies for each case: 1  10
-9

 to 20 MeV. A 200 cm   200 cm plane 141 

was used for each irradiation geometry, placed 1 m from the center of the PIMAL 142 

phantom. The simulations were run in a vacuum. 143 

Organ doses were computed using the MCNP +F6 collision heating tally in 144 

MeV/g. Doses for active marrow and bone surface were estimated by applying the 145 

skeletal response functions of ICRP Publication 116 (ICRP 2010) to the MCNP F4 tally 146 

in particles/cm
2
 in the skeletal regions outside of PIMAL. All simulations were run until 147 

statistical errors converged within < 10% for most neutron energies. 148 

Effective dose calculations 149 

Using the organ dose coefficients provided from the MCNP simulations, the effective 150 

dose coefficient, E, was calculated using the methodology of ICRP Publication 103 151 

(2007). Effective dose coefficient was determined as follows: 152 

      
  

    
 

 
        (1) 153 

where   
  is the equivalent dose coefficient in organ/tissue T for the male phantom,   

  is 154 

the equivalent dose coefficient in organ/tissue T for the female phantom, and    is the 155 

tissue weighting factor for organ/tissue T. The tissue weighting factors defined in ICRP 156 

Publication 103 are shown in Table 1. 157 

  158 
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Table 1  ICRP Publication 103 tissue weighting factors (International Commission on 159 

Radiological Protection 2007). 160 

Tissue        

Bone-marrow (red), Colon, Lung, Stomach, Breast, 

Remainder tissues* 

0.12 0.72 

Gonads 0.08 0.08 

Bladder, Esophagus, Liver, Thyroid 0.04 0.16 

Bone surface, Brain, Salivary glands, Skin 0.01 0.04 

Total  1.00 

*Remainder tissues: Adrenals, Extrathoracic region, Gall bladder, 

Heart, Kidneys, Lymphatic nodes, Muscle, Oral mucosa, Pancreas, 

Prostate (M), Small intestine, Spleen, Thymus, Uterus/cervix (F) 

 161 

Male and female equivalent dose coefficients are computed as: 162 

                  (2) 163 

where    is the radiation weighting factor and      is the absorbed dose from radiation R 164 

to organ/tissue T. For this work, the radiation weighting factors for neutrons from ICRP 165 

Publication 103 (2007) are employed: 166 

    

                                  

                                              

                                       

   (3) 167 

where    is a function of neutron energy,   . 168 
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 Since neutrons are uncharged, energy is imparted through collisions and 169 

absorption with nuclides to tissues by secondary particles; i.e., liberated charged particles 170 

and photons. Element composition and density of the tissues can have an impact on the 171 

imparted energy. The photon dose contribution is strongly dependent on neutron energy. 172 

For example, at low energies (e.g. thermal energy), the contribution of neutron-liberated 173 

photons dominates the absorbed dose. The radiation weighting factors, found in ICRP 174 

Publication 103 (2007) and shown in Fig. 2 reflect the relative energy deposition via 175 

neutron interactions. Equivalent dose coefficients were computed using Eq. 2 and 176 

employing the radiation weighting factors found in Eq. 3. The MCNP F4 tally used to 177 

determine dose rates for the active marrow and endosteum separated the neutron and 178 

photon contributions, while the dose rates determined for the other organs and tissues did 179 

not. The two were added together to determine the total dose for each irradiation 180 

geometry, energy, and posture. The energy-dependent neutron weighting factors were 181 

then applied to the total dose from the neutrons and secondary particles for the skeletal 182 

organs. 183 

 184 

Results and discussion 185 

Organ absorbed dose ratios 186 

The sex-averaged organ absorbed dose coefficients for the bent postures were compared 187 

to the upright posture. These calculated ratios are found in Table 2 for the 45º bent 188 

posture and in Table 3 for the 90º bent posture for each of the irradiation geometries. 189 

Organ dose coefficients that showed strong posture variation are depicted in Figs. 3-11
1
.  190 

When analyzing ratios of the organ absorbed dose coefficients, it is important to 191 

note that a ratio greater than one (ratio >1) means that the coefficient derived for the 192 

upright posture is less than that based on the bent posture. If the ratio is less than one, 193 

then the opposite holds where the dose for the upright posture is greater than the bent 194 

                                                
1 Supplemental electronic data has been provided in Tables 5-40 and Figures 16-25 for sex-specific organ 

dose coefficients for all organs and neutron energies for AP, PA, LLAT, and RLAT irradiation geometries. 
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posture. The ratios calculated for the AP irradiation geometry show significant 195 

differences between the bent and upright postures, and these differences become more 196 

pronounced with increasing bending angle. The brain receives higher doses in the bent 197 

postures than the upright; it receives as much as 65% for the 45º posture at 110
-9

 MeV 198 

and 90% more dose for the 90º posture at the 1 MeV neutron energy (Fig 3). There is no 199 

distance-dependence for a parallel beam source in a vacuum; therefore, the fact that the 200 

ratio is greatest at the lower neutron energies suggests that the photon contribution is 201 

higher in the bent geometry. While the brain dose is greater in the bent than in the upright 202 

phantom, all other organs receive a smaller dose for the AP geometry. Most notably, the 203 

thyroid shows the lowest ratio (a lower dose received) (Table 3). The thyroid receives 204 

77% less dose in the half-bent posture and 94% for the full bent posture at the 1 MeV 205 

neutron energy (Table 2). The ratio decreases as a function of energy from 110
-9

 to 1 206 

MeV and increases as a function of energy from 1 to 20 MeV, meaning that the dose to 207 

the phantom in the 45º posture (Table 2) approaches the dose to the upright phantom
2
. 208 

For the 90º posture, the doses to the abdominal organs (liver, bladder, small intestine, 209 

pancreas, kidneys, gall bladder, adrenals, stomach) are much higher for the upright 210 

phantom than for the bent, and the thoracic organs (extrathoracic region, lungs, breast) 211 

are better represented by the upright phantom than other organs (Table 3). 212 

For the PA irradiation geometry, the urinary bladder, testes, and prostate become 213 

more susceptible to increased exposure in a bent posture, where the absorbed doses to all 214 

other organs are less than in the upright phantom (Fig 4, Fig 9-10). Clearly, absorbed 215 

organ dose is dependent on posture; the testes and prostate receive more dose in the full-216 

bent posture, as these organs are more exposed to the radiation source in the male 217 

phantom with increasing bending angle. The doses to the urinary bladder are slightly 218 

lower in the half-bent posture than in the upright for the 110
-9

 to 0.5 MeV energy range 219 

and very slightly larger for energies 0.7 to 20 MeV. The dose to the urinary bladder is 220 

lower than in the upright posture by as much as 42% at 0.1 MeV, but only slightly lower 221 

for energies ranging from 2 MeV to 20 MeV in the full-bent posture. The testes show 222 

ratios greater than 1 when compared to the upright male phantom by factors of 2.27 and 223 

                                                
2 See supplemental electronic data: Tables 27-28 for organ absorbed dose for thyroid and Figure 16 for 

ratio plot. 
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4.01 in the 45º and 90º postures, respectively, at 1 MeV. The prostate receives doses that 224 

are higher than those to upright male posture by a factor of 3.03 in the half-bent posture 225 

at 1 MeV and a factor of 2.02 in the full-bent posture at 1.2 MeV. The dose ratios in 226 

Table 2 and Table 3 do not reflect the numbers mentioned above because the tables use 227 

sex-averaged doses, rather than sex-specific doses. Fig 9 and 10 depict the gonad and 228 

sex-specific organ doses, respectively. In the 90º posture, the doses become more 229 

pronounced for the gonads, urinary bladder, bone surface, and uterus/prostate. 230 

For both of the lateral geometries (LLAT and RLAT), the organs located in the 231 

torso of the phantom receive more dose than they would have in the upright posture, due 232 

to the lateral geometries having the arms angled out from the body. However, there is 233 

minimal difference in organ doses between the two bent postures, as summarized in 234 

Tables 2 and 3. For the sex-averaged dose ratios, both the breast and thymus receive 235 

lower doses in the full-bent posture than the upright posture for energies 0.05 to 20 MeV, 236 

while all other organs receive doses equal to or greater than the doses to the upright 237 

phantom. For the male phantom, the testes receive lower doses when bent compared to 238 

upright for energies 0.2 to 20 MeV for both of the lateral geometries: as much as 48% 239 

lower for the half-bent posture at 1 MeV (Table 2) and 62% lower for the full bent 240 

posture at 1.2 MeV for both LLAT and RLAT (Table 3)
 3

. For both LLAT and RLAT, the 241 

ratios are greater than 1 for the doses for the testes and thymus for lower energies, and the 242 

colon, lungs, stomach, urinary bladder, liver, esophagus, skin, adrenals, small intestine, 243 

kidneys, muscle, uterus/prostate, gall bladder, and heart for all energies, with the 244 

exception of the skin at 20 MeV. For the LLAT geometry, the doses to the spleen and 245 

pancreas in the bent postures are greater than in the upright phantom by factors up to 246 

three. The doses to these organs are greater than the doses for the RLAT geometry 247 

because the pancreas and spleen are located on the left side of the body. The doses differ 248 

from those to the upright phantom so drastically due to the extended arms in the bent 249 

postures, as stated above. Similarly, the liver (Fig 8) receives a higher dose in the RLAT 250 

geometry than the LLAT because it is located in the right side of the body. Overall, there 251 

                                                
3 See supplemental electronic data: Table 11 for organ absorbed dose for testes and Figure 24 for ratio plot. 
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is little variation between the two bent postures because the organs observe the same 252 

neutron fluence from the source. 253 

Dose to the eye 254 

The dose to the eye does not contribute to the effective dose as defined in ICRP 255 

Publication 103. However, the dose to the lens of the eye is an important consideration 256 

among medical and other radiation workers (e.g., Barnard et al. 2016). The dose depends 257 

very strongly on phantom posture in both AP and PA geometries and is generally lower 258 

in the bent phantoms than in the upright and trends towards the dose to the upright 259 

phantom with increasing energy, with the exception of the full-bent phantom in the PA 260 

geometry (Fig 11). There is little variation in the dose to the eye at either LLAT or RLAT 261 

irradiation geometries for all postures; the doses are very near those of the upright 262 

phantom.  263 

Contribution of secondary particles 264 

For both the active marrow and endosteum doses, photons contribute significantly to the 265 

organ absorbed dose and effective dose coefficients, even more so than the neutrons, for 266 

energies 110
-9

 to 0.1 MeV for all irradiation geometries. From approximately 0.5 to 20 267 

MeV, the neutrons dominate the dose coefficients. This is true for all phantom postures. 268 

These trends correlate with the plot of the neutron weighting factors, as neutrons have a 269 

larger impact in the mid-energy range and a smaller impact for low and high energies, 270 

where photons increasingly contribute. The neutron and photon contributions to the 271 

absorbed organ dose coefficients for the upright and bent postures can be seen in Fig 12 272 

for the active marrow and Fig 13 for the endosteum for the AP irradiation geometry. 273 

Effective dose coefficient 274 

The effective dose coefficient was calculated with Eqs. 1 and 2 using gender-averaged 275 

organ equivalent dose coefficients and tissue and radiation weighting factors of ICRP 276 

Publication 103. The effective dose coefficient was expressed as pSv-cm
2
 for each of the 277 

five irradiation geometries for each posture (upright, half bent, and full bent), and can be 278 

found in Table 4. 279 
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 The most recognizable difference in effective dose coefficients between the 280 

upright and bent postures can be found in the full-bent phantom for the AP geometry, 281 

with the largest discrepancy measuring at 82% lower than that in the upright phantom, at 282 

10 – 50 keV. The phantom in the 90º posture shows effective dose ratios (compared to 283 

upright) of less than 1 for all energies in the AP geometry (Fig 14). The coefficients for 284 

the half-bent phantom are comparable to the upright phantom for energies above 2 MeV. 285 

However, the coefficients are lower than in the upright phantom by as much as 43% for 286 

energies 2 MeV or less. 287 

The results for the effective dose coefficients for the PA irradiation geometry 288 

behave similarly to those of the AP geometry (Fig 14). The relative difference to the 289 

upright phantom peaks at 82% for the full-bent phantom, and the 45º bent phantom shows 290 

lower effective dose coefficients when compared to the upright phantom, more so than 291 

for the AP source geometry, over all energies, peaking at 52% lower than the upright 292 

phantom.  293 

Contrary to the results for the AP and PA irradiation geometries, the LLAT and 294 

RLAT effective dose coefficient ratios tend to have a position-independent impact, but 295 

still vary as a function of source neutron energy (Fig 15). The relative difference to the 296 

upright phantom ranges from 44% to 15% for the half-bent phantom and 46% to 15% for 297 

the full-bent posture for the LLAT geometry and from 40% to 0% for the both the bent 298 

phantom postures for the RLAT source geometry. 299 

 PIMAL upright phantom, whose values are found in Table 4, represent the 300 

effective dose values from ICRP Publication 116 well for the AP and PA irradiation 301 

geometries (ICRP 2010). The value for the effective dose in the AP geometry at 1  10
-5

 302 

MeV is 0.32% greater than that in the ICRP document, and the greatest difference occurs 303 

at 20 MeV, which is 29% less than the dose published by the ICRP. For the PA geometry, 304 

the effective dose from this work is 1.74% and 46.74% greater than the ICRP’s value at 4 305 

MeV and 0.2 MeV, respectively. The LLAT geometry shows relative differences ranging 306 
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from 0.58% greater at 0.07 MeV to 37.18% less at 20 MeV. The RLAT geometry values 307 

range from 0.81% greater at 0.005 MeV to 37.90% less at 20 MeV.
4
  308 

 309 

Conclusion 310 

Organ and effective dose coefficients were simulated for phantoms in half- and full-bent 311 

articulated positions and compared to the traditional upright phantom. Monoenergetic 312 

neutron irradiation fields were simulated for AP, PA, LLAT, and RLAT source 313 

geometries for energies ranging from 1  10
-9

 MeV to 20 MeV. Because the effective 314 

dose coefficients for the articulated phantoms were lower than those of the upright 315 

phantom for all energies for both the AP and PA geometries, using the upright phantom 316 

would provide a conservative approach to determining effective dose. This may result in 317 

a higher-than-actual assigned dose to the receptor, which may be impactful in certain 318 

dose estimation or dose reconstruction scenarios. Both the organ absorbed dose and 319 

effective dose coefficients for the articulated phantoms were generally higher than the 320 

coefficients for the upright phantom in the LLAT and RLAT source geometries for both 321 

bent phantom postures. 322 

Effective dose is a robust quantity, but consideration must be given to organs at 323 

risk for a receptor in an articulated position. The absorbed dose coefficients of the brain 324 

for the AP irradiation source geometry and the testes and prostate for the PA irradiation 325 

source geometry for both bent phantom postures are significantly higher than those of the 326 

upright phantom. This warrants that the posture of the receptor, as well as the location 327 

and energies of source radiation fields and source geometries, must be considered when 328 

calculating absorbed dose, in order to obtain an accurate understanding of the dose 329 

received by the organs. It is important to take realistic working postures into 330 

consideration to determine accurate results when performing dose estimations, especially 331 

                                                
4 An expanded library of graphs of the ratios comparing the postures to the upright PIMAL phantom has 

been provided as electronic supplemental material as Figs 16-25 for each sex-averaged organs and the AP, 

PA, LLAT, and RLAT sources. 
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noting where organ doses for receptors in articulated positions may be under- or over-332 

estimated in the absence of employing an articulated phantom for dose estimation.  333 
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Table 2 Ratios of sex-averaged organ absorbed dose coefficients (45º bent/upright) for AP, PA, 414 
LLAT and RLAT irradiation geometries for selected neutron energies from 0.01 MeV to 20 MeV. 415 
AP – antero – posterior; PA – postero – anterior; LLAT – left lateral; RLAT – right lateral 416 

Energy 45º bent/upright 

AP 

Organs/tissues 0.01 MeV 0.05 MeV 0.1 MeV 0.5 MeV 1 MeV 5 MeV 10 MeV 15 MeV 20 MeV 

Gonads 0.72 0.66 0.72 0.71 0.73 0.89 0.95 1.03 1.12 

Bone Marrow 0.82 0.82 0.83 0.85 0.88 0.91 0.92 0.91 0.96 

Colon 0.61 0.60 0.59 0.55 0.54 0.75 0.84 0.92 1.04 

Lungs 0.71 0.71 0.68 0.62 0.62 0.83 0.90 0.97 1.07 

Stomach 0.61 0.61 0.60 0.58 0.60 0.83 0.91 0.99 1.11 

Urinary bladder 0.69 0.67 0.64 0.63 0.65 0.87 0.94 1.02 1.13 

Breast 0.81 0.83 0.85 0.93 0.95 1.04 1.07 1.12 1.16 

Liver 0.58 0.58 0.57 0.56 0.58 0.79 0.87 0.94 1.05 

Esophagus 0.73 0.78 0.71 0.72 0.69 0.74 0.82 0.87 0.97 
Thyroid 0.83 0.63 0.48 0.24 0.23 0.45 0.56 0.63 0.74 

Skin 0.76 0.87 0.92 0.97 0.98 0.98 1.02 1.09 1.16 

Bone Surface 0.85 0.85 0.85 0.88 0.91 0.95 0.96 0.95 0.98 

Adrenals 0.58 0.66 0.60 0.66 0.64 0.64 0.72 0.75 0.84 

Brain 1.49 1.52 1.55 1.59 1.59 1.26 1.23 1.24 1.27 

Extrathoracic airways 0.87 0.86 0.75 0.40 0.35 0.51 0.62 0.69 0.78 

Small intestine 0.62 0.61 0.61 0.56 0.55 0.73 0.82 0.89 1.01 

Kidneys 0.57 0.57 0.57 0.57 0.55 0.56 0.66 0.72 0.83 

Muscle 0.67 0.69 0.70 0.75 0.78 0.86 0.91 0.95 1.04 

Pancreas 0.59 0.59 0.59 0.55 0.53 0.67 0.76 0.84 0.95 

Spleen 0.51 0.51 0.54 0.51 0.50 0.62 0.72 0.78 0.90 

Thymus 0.80 0.75 0.70 0.70 0.73 0.95 1.00 1.07 1.15 

Uterus/Prostate 0.63 0.66 0.67 0.56 0.55 0.75 0.84 0.90 1.01 

Eyes 0.88 0.81 0.79 0.84 0.86 0.99 1.04 1.10 1.14 

Gall bladder 0.60 0.62 0.67 0.56 0.56 0.77 0.87 0.93 1.06 

Heart 0.68 0.66 0.66 0.62 0.63 0.83 0.91 0.98 1.08 
Oral mucosa 0.88 0.85 0.80 0.68 0.68 0.85 0.91 0.96 1.03 

Salivary glands 0.90 0.85 0.84 0.67 0.66 0.84 0.90 0.95 1.03 

 417 
Energy 45º bent/upright 

PA  

Organs/tissues 0.01 MeV 0.05 MeV 0.1 MeV 0.5 MeV 1 MeV 5 MeV 10 MeV 15 MeV 20 MeV 

Gonads 0.92 1.00 1.03 1.15 1.23 1.03 1.03 1.07 1.14 

Bone Marrow 0.72 0.71 0.71 0.72 0.75 0.89 0.92 0.92 0.97 

Colon 0.67 0.68 0.69 0.68 0.68 0.72 0.79 0.85 0.96 

Lungs 0.61 0.60 0.58 0.55 0.57 0.76 0.85 0.92 1.02 

Stomach 0.61 0.59 0.59 0.55 0.56 0.58 0.68 0.73 0.85 

Urinary bladder 0.96 0.92 0.92 1.03 1.15 1.12 1.10 1.12 1.21 

Breast 0.78 0.74 0.76 0.64 0.73 0.40 0.48 0.52 0.59 

Liver 0.55 0.55 0.55 0.52 0.53 0.68 0.76 0.81 0.92 

Esophagus 0.60 0.61 0.60 0.54 0.53 0.72 0.80 0.87 0.96 

Thyroid 0.59 0.58 0.56 0.38 0.32 0.47 0.60 0.68 0.80 
Skin 0.65 0.75 0.78 0.83 0.85 0.87 0.92 1.00 1.08 

Bone Surface 0.78 0.76 0.76 0.80 0.82 0.94 0.95 0.96 1.00 

Adrenals 0.61 0.60 0.63 0.56 0.58 0.83 0.91 0.96 1.09 

Brain 0.69 0.67 0.66 0.66 0.67 0.87 0.95 1.02 1.11 

Extrathoracic airways 0.58 0.57 0.51 0.41 0.40 0.62 0.73 0.83 0.93 

Small intestine 0.62 0.62 0.62 0.58 0.56 0.66 0.76 0.82 0.93 

Kidneys 0.61 0.61 0.58 0.61 0.64 0.89 0.95 1.03 1.13 

Muscle 0.65 0.66 0.67 0.70 0.72 0.82 0.88 0.92 1.00 

Pancreas 0.59 0.60 0.58 0.55 0.53 0.67 0.76 0.82 0.93 

Spleen 0.55 0.54 0.55 0.52 0.54 0.8 0.88 0.96 1.07 

Thymus 0.75 0.69 0.72 0.66 0.72 0.57 0.64 0.66 0.78 

Uterus/Prostate 0.93 0.96 1.12 1.55 1.76 1.25 1.19 1.19 1.24 

Eyes 0.77 0.81 0.73 0.73 0.74 0.58 0.67 0.72 0.85 

Gall bladder 0.66 0.60 0.63 0.61 0.59 0.59 0.71 0.74 0.83 

Heart 0.64 0.64 0.63 0.58 0.57 0.57 0.66 0.72 0.83 

Oral mucosa 0.67 0.67 0.66 0.55 0.51 0.56 0.66 0.73 0.82 
Salivary glands 0.65 0.66 0.65 0.52 0.45 0.53 0.64 0.70 0.80 

 418 
Energy 45º bent/upright        

LLAT         

Organs/tissues 0.01 MeV 0.05 MeV 0.1 MeV 0.5 MeV 1 MeV 5 MeV 10 MeV 15 MeV 20 MeV 

Gonads 1.76 1.61 1.45 1.01 0.95 1.08 1.14 1.18 1.24 

Bone Marrow 1.21 1.20 1.19 1.15 1.14 1.10 1.10 1.07 1.09 

Colon 1.79 1.79 1.81 2.02 2.12 1.79 1.64 1.58 1.62 
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Lungs 1.70 1.69 1.73 2.10 2.19 1.71 1.58 1.55 1.57 

Stomach 1.88 1.92 1.91 1.82 1.79 1.45 1.38 1.38 1.40 

Urinary bladder 1.55 1.56 1.63 1.53 1.35 1.21 1.21 1.23 1.28 

Breast 1.47 1.31 1.21 1.10 1.07 1.08 1.09 1.11 1.13 

Liver 1.74 1.69 1.70 1.67 1.61 1.47 1.43 1.40 1.46 

Esophagus 1.55 1.50 1.58 1.72 1.70 1.85 1.69 1.63 1.66 

Thyroid 1.08 1.07 1.08 1.02 1.00 1.01 1.05 1.11 1.15 

Skin 1.38 1.31 1.28 1.20 1.18 1.08 1.10 1.13 1.16 
Bone Surface 1.10 1.10 1.09 1.07 1.07 1.09 1.09 1.07 1.09 

Adrenals 1.72 1.63 1.79 1.57 1.63 1.26 1.22 1.22 1.25 

Brain 1.13 1.11 1.09 1.04 1.02 1.03 1.06 1.10 1.16 

Extrathoracic airways 1.09 1.15 1.08 1.02 1.03 1.03 1.06 1.11 1.17 

Small intestine 1.80 1.78 1.79 1.86 1.92 1.72 1.60 1.55 1.59 

Kidneys 1.69 1.70 1.66 1.41 1.32 1.14 1.14 1.15 1.20 

Muscle 1.66 1.65 1.65 1.59 1.54 1.25 1.23 1.23 1.26 

Pancreas 1.94 1.97 2.11 2.52 2.70 2.20 1.92 1.82 1.83 

Spleen 2.16 2.11 2.16 2.74 2.84 1.86 1.66 1.61 1.60 

Thymus 1.42 1.55 1.42 1.30 1.11 0.95 0.97 0.99 1.04 

Uterus/Prostate 1.48 1.55 1.55 1.59 1.47 1.50 1.42 1.39 1.44 

Eyes 0.97 1.01 0.99 1.02 1.02 1.04 1.07 1.12 1.17 

Gall bladder 1.53 1.79 1.74 1.65 1.75 1.61 1.51 1.44 1.53 

Heart 1.75 1.71 1.74 1.77 1.77 1.50 1.44 1.42 1.46 

Oral mucosa 1.09 1.07 1.08 1.04 1.03 1.03 1.06 1.10 1.15 
Salivary glands 1.08 1.07 1.06 1.05 1.02 1.04 1.06 1.09 1.15 

 419 
Energy 45º bent/upright        

RLAT         

Organs/tissues 0.01 MeV 0.05 MeV 0.1 MeV 0.5 MeV 1 MeV 5 MeV 10 MeV 15 MeV 20 MeV 

Gonads 1.59 1.49 1.47 1.10 1.02 1.07 1.15 1.19 1.27 

Bone Marrow 1.21 1.20 1.19 1.15 1.14 1.10 1.09 1.07 1.09 

Colon 1.78 1.80 1.83 1.92 1.98 1.67 1.56 1.52 1.57 

Lungs 1.68 1.69 1.74 2.11 2.19 1.72 1.59 1.56 1.57 

Stomach 1.78 1.75 1.75 1.71 1.68 1.46 1.41 1.39 1.43 

Urinary bladder 1.54 1.52 1.47 1.49 1.36 1.21 1.21 1.22 1.26 

Breast 1.47 1.29 1.21 1.09 1.07 1.08 1.09 1.11 1.13 

Liver 2.07 2.16 2.27 2.75 2.77 1.70 1.54 1.50 1.49 

Esophagus 1.53 1.54 1.56 1.61 1.71 1.82 1.67 1.60 1.63 

Thyroid 1.13 1.08 1.13 1.01 1.01 1.01 1.05 1.10 1.15 

Skin 1.38 1.31 1.27 1.20 1.18 1.08 1.10 1.13 1.16 

Bone Surface 1.10 1.10 1.09 1.07 1.07 1.09 1.09 1.07 1.09 
Adrenals 1.70 1.72 1.67 1.53 1.51 1.25 1.21 1.22 1.26 

Brain 1.12 1.11 1.09 1.03 1.02 1.03 1.06 1.10 1.16 

Extrathoracic airways 1.15 1.13 1.04 1.03 1.03 1.04 1.07 1.11 1.18 

Small intestine 1.76 1.78 1.80 1.86 1.90 1.72 1.61 1.56 1.60 

Kidneys 1.70 1.71 1.63 1.43 1.33 1.14 1.14 1.15 1.20 

Muscle 1.62 1.62 1.61 1.53 1.48 1.23 1.21 1.22 1.26 

Pancreas 1.76 1.74 1.75 1.73 1.75 1.93 1.78 1.70 1.75 

Spleen 1.57 1.71 1.63 1.63 1.60 1.59 1.52 1.49 1.55 

Thymus 1.35 1.36 1.43 1.20 1.11 0.96 0.98 1.01 1.05 

Uterus/Prostate 1.52 1.48 1.48 1.46 1.44 1.48 1.43 1.39 1.45 

Eyes 1.06 1.04 1.04 1.02 1.02 1.04 1.07 1.13 1.18 

Gall bladder 1.80 1.80 1.84 1.75 1.86 1.67 1.58 1.46 1.49 

Heart 1.71 1.69 1.75 1.87 1.87 1.59 1.49 1.47 1.50 

Oral mucosa 1.10 1.10 1.08 1.04 1.03 1.03 1.06 1.10 1.15 

Salivary glands 1.09 1.10 1.04 1.05 1.04 1.03 1.06 1.09 1.15 

 420 
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Table 3 Ratios of sex-averaged organ absorbed dose coefficients (90º bent/upright) for AP, PA, 422 
LLAT, and RLAT irradiation geometries for selected neutron energies from 0.01 MeV to 20 423 
MeV. AP – antero – posterior; PA – postero – anterior; LLAT – left lateral; RLAT – right lateral 424 

Energy 90º bent/upright        

AP         

Organs/tissues 0.01 MeV 0.05 MeV 0.1 MeV 0.5 MeV 1 MeV 5 MeV 10 MeV 15 MeV 20 MeV 

Gonads 0.23 0.19 0.15 0.09 0.07 0.05 0.06 0.07 0.08 

Bone Marrow 0.50 0.50 0.50 0.52 0.55 0.60 0.61 0.61 0.63 

Colon 0.08 0.08 0.07 0.05 0.04 0.03 0.06 0.08 0.11 

Lungs 0.25 0.24 0.23 0.21 0.22 0.41 0.48 0.52 0.58 

Stomach 0.08 0.07 0.07 0.04 0.04 0.09 0.15 0.19 0.25 

Urinary bladder 0.14 0.13 0.11 0.05 0.05 0.03 0.04 0.04 0.05 

Breast 0.30 0.33 0.36 0.48 0.51 0.76 0.83 0.90 0.96 

Liver 0.09 0.08 0.08 0.05 0.04 0.12 0.18 0.23 0.28 

Esophagus 0.24 0.23 0.23 0.20 0.18 0.18 0.24 0.27 0.31 
Thyroid 0.35 0.27 0.20 0.07 0.06 0.16 0.25 0.31 0.37 

Skin 0.29 0.29 0.29 0.31 0.33 0.40 0.43 0.46 0.50 

Bone Surface 0.61 0.61 0.61 0.64 0.68 0.75 0.75 0.76 0.78 

Adrenals 0.12 0.12 0.12 0.10 0.11 0.11 0.14 0.17 0.20 

Brain 1.34 1.48 1.61 1.86 1.90 1.34 1.24 1.19 1.15 

Extrathoracic airways 0.44 0.42 0.37 0.17 0.16 0.33 0.42 0.47 0.53 

Small intestine 0.08 0.08 0.07 0.04 0.04 0.03 0.05 0.07 0.10 

Kidneys 0.10 0.10 0.09 0.08 0.08 0.10 0.15 0.18 0.22 

Muscle 0.19 0.18 0.18 0.17 0.18 0.21 0.24 0.26 0.29 

Pancreas 0.09 0.08 0.08 0.06 0.06 0.09 0.14 0.17 0.21 

Spleen 0.10 0.09 0.09 0.08 0.07 0.23 0.32 0.35 0.42 

Thymus 0.16 0.14 0.12 0.06 0.05 0.10 0.16 0.21 0.25 

Uterus/Prostate 0.13 0.13 0.12 0.07 0.06 0.02 0.03 0.04 0.05 

Eyes 0.36 0.23 0.18 0.19 0.22 0.61 0.69 0.75 0.80 

Gall bladder 0.07 0.07 0.07 0.05 0.04 0.04 0.07 0.10 0.13 

Heart 0.13 0.13 0.12 0.07 0.07 0.10 0.14 0.18 0.22 
Oral mucosa 0.35 0.34 0.30 0.17 0.18 0.44 0.55 0.61 0.67 

Salivary glands 0.36 0.36 0.33 0.19 0.21 0.43 0.54 0.59 0.66 

 425 
Energy 90º bent/upright        

PA         

Organs/tissues 0.01 MeV 0.05 MeV 0.1 MeV 0.5 MeV 1 MeV 5 MeV 10 MeV 15 MeV 20 MeV 

Gonads 0.72 0.80 0.91 1.43 1.60 0.94 0.88 0.86 0.85 

Bone Marrow 0.38 0.35 0.33 0.29 0.28 0.42 0.45 0.48 0.50 

Colon 0.20 0.20 0.21 0.21 0.21 0.27 0.34 0.38 0.45 

Lungs 0.11 0.10 0.09 0.04 0.03 0.02 0.04 0.05 0.07 

Stomach 0.16 0.15 0.15 0.11 0.12 0.07 0.10 0.13 0.17 

Urinary bladder 0.60 0.59 0.58 0.68 0.79 0.95 0.94 0.94 0.97 

Breast 0.43 0.41 0.41 0.42 0.46 0.32 0.37 0.36 0.39 

Liver 0.11 0.10 0.10 0.06 0.05 0.04 0.07 0.10 0.14 

Esophagus 0.06 0.06 0.06 0.04 0.03 0.02 0.04 0.05 0.08 

Thyroid 0.07 0.07 0.06 0.03 0.02 0.01 0.02 0.03 0.04 
Skin 0.15 0.11 0.10 0.09 0.10 0.17 0.21 0.26 0.30 

Bone Surface 0.57 0.55 0.53 0.55 0.57 0.70 0.72 0.73 0.75 

Adrenals 0.04 0.04 0.04 0.02 0.01 0.02 0.04 0.07 0.10 

Brain 0.04 0.04 0.03 0.01 0.01 0.02 0.02 0.03 0.04 

Extrathoracic airways 0.04 0.04 0.04 0.02 0.01 0.01 0.02 0.03 0.03 

Small intestine 0.12 0.12 0.12 0.09 0.08 0.16 0.25 0.31 0.38 

Kidneys 0.04 0.03 0.03 0.01 0.01 0.03 0.07 0.10 0.15 

Muscle 0.16 0.15 0.14 0.11 0.10 0.18 0.23 0.27 0.31 

Pancreas 0.08 0.08 0.07 0.05 0.04 0.04 0.09 0.12 0.17 

Spleen 0.05 0.05 0.05 0.02 0.02 0.02 0.04 0.07 0.10 

Thymus 0.21 0.19 0.19 0.16 0.17 0.08 0.09 0.10 0.12 

Uterus/Prostate 0.48 0.51 0.57 0.89 1.05 1.02 0.99 0.99 1.02 

Eyes 0.17 0.17 0.17 0.19 0.25 0.11 0.09 0.10 0.10 

Gall bladder 0.13 0.13 0.12 0.09 0.09 0.07 0.13 0.17 0.22 

Heart 0.15 0.14 0.13 0.10 0.09 0.04 0.06 0.08 0.11 

Oral mucosa 0.08 0.08 0.07 0.05 0.05 0.03 0.04 0.05 0.06 
Salivary glands 0.07 0.07 0.06 0.04 0.04 0.03 0.03 0.04 0.05 

 426 
Energy 90º bent/upright        

LLAT         

Organs/tissues 0.01 MeV 0.05 MeV 0.1 MeV 0.5 MeV 1 MeV 5 MeV 10 MeV 15 MeV 20 MeV 

Gonads 1.63 1.53 1.48 1.02 0.90 0.95 1.00 1.03 1.04 

Bone Marrow 1.21 1.21 1.20 1.16 1.15 1.09 1.08 1.07 1.06 

Colon 1.76 1.73 1.75 1.96 2.07 1.76 1.56 1.48 1.41 
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Lungs 1.50 1.50 1.56 1.94 2.03 1.61 1.45 1.38 1.33 

Stomach 1.82 1.83 1.82 1.78 1.77 1.43 1.33 1.27 1.22 

Urinary bladder 1.66 1.62 1.64 1.50 1.42 1.23 1.19 1.17 1.13 

Breast 1.17 0.88 0.73 0.55 0.53 0.72 0.78 0.81 0.83 

Liver 1.66 1.66 1.65 1.62 1.58 1.46 1.38 1.34 1.30 

Esophagus 1.37 1.40 1.44 1.55 1.64 1.81 1.61 1.52 1.46 

Thyroid 1.05 1.03 1.04 1.01 1.01 1.00 1.00 1.00 0.99 

Skin 1.33 1.27 1.24 1.17 1.16 1.04 1.03 1.01 0.99 
Bone Surface 1.14 1.14 1.13 1.09 1.08 1.08 1.09 1.08 1.07 

Adrenals 1.59 1.47 1.60 1.51 1.48 1.24 1.18 1.14 1.11 

Brain 1.02 1.01 1.01 1.01 1.01 1.00 1.00 1.00 1.00 

Extrathoracic airways 1.04 1.05 1.05 1.00 1.01 1.00 1.00 1.00 1.00 

Small intestine 1.73 1.73 1.73 1.81 1.87 1.69 1.53 1.45 1.39 

Kidneys 1.56 1.56 1.56 1.37 1.30 1.11 1.08 1.06 1.04 

Muscle 1.57 1.58 1.58 1.54 1.51 1.22 1.17 1.15 1.12 

Pancreas 1.86 1.85 1.93 2.38 2.64 2.15 1.84 1.70 1.61 

Spleen 1.95 1.97 2.03 2.64 2.79 1.82 1.57 1.46 1.37 

Thymus 1.20 1.22 1.21 0.96 0.80 0.56 0.62 0.65 0.66 

Uterus/Prostate 1.46 1.46 1.49 1.53 1.45 1.48 1.38 1.34 1.30 

Eyes 1.01 1.03 1.02 1.01 1.00 1.01 1.01 1.01 1.01 

Gall bladder 1.65 1.77 1.76 1.66 1.63 1.61 1.48 1.43 1.38 

Heart 1.53 1.56 1.53 1.60 1.62 1.45 1.35 1.31 1.27 

Oral mucosa 1.03 1.03 1.02 1.02 1.01 1.01 1.01 1.01 1.01 
Salivary glands 1.02 1.02 1.02 1.02 1.01 1.01 1.01 1.01 1.01 

 427 
Energy 90º bent/upright        

 RLAT         

Organs/tissues 0.01 MeV 0.05 MeV 0.1 MeV 0.5 MeV 1 MeV 5 MeV 10 MeV 15 MeV 20 MeV 

Gonads 1.58 1.62 1.55 1.05 0.90 0.95 1.00 1.03 1.03 

Bone Marrow 1.21 1.21 1.20 1.16 1.15 1.09 1.08 1.08 1.06 

Colon 1.75 1.74 1.76 1.87 1.94 1.65 1.50 1.42 1.36 

Lungs 1.51 1.52 1.56 1.95 2.04 1.62 1.46 1.39 1.33 

Stomach 1.73 1.72 1.71 1.70 1.64 1.47 1.37 1.32 1.28 

Urinary bladder 1.62 1.59 1.58 1.50 1.42 1.22 1.19 1.17 1.13 

Breast 1.16 0.88 0.73 0.55 0.53 0.72 0.78 0.81 0.83 

Liver 1.95 2.01 2.14 2.67 2.74 1.67 1.48 1.39 1.31 

Esophagus 1.34 1.33 1.39 1.55 1.60 1.76 1.58 1.50 1.44 

Thyroid 1.00 1.05 1.03 1.01 1.00 1.00 1.00 1.01 1.00 

Skin 1.32 1.27 1.24 1.17 1.16 1.04 1.03 1.01 0.99 

Bone Surface 1.14 1.14 1.13 1.09 1.08 1.08 1.09 1.08 1.07 
Adrenals 1.48 1.57 1.62 1.54 1.48 1.23 1.16 1.14 1.11 

Brain 1.02 1.02 1.01 1.01 1.01 1.00 1.00 1.00 1.00 

Extrathoracic airways 1.05 1.04 1.04 1.02 1.01 1.00 1.00 1.00 1.00 

Small intestine 1.71 1.72 1.72 1.80 1.85 1.70 1.53 1.46 1.39 

Kidneys 1.56 1.56 1.53 1.37 1.30 1.11 1.08 1.06 1.04 

Muscle 1.54 1.54 1.54 1.49 1.45 1.20 1.16 1.14 1.11 

Pancreas 1.60 1.64 1.64 1.64 1.67 1.90 1.71 1.61 1.55 

Spleen 1.57 1.57 1.58 1.60 1.52 1.56 1.47 1.40 1.36 

Thymus 1.24 1.25 1.20 0.98 0.83 0.57 0.62 0.65 0.66 

Uterus/Prostate 1.51 1.50 1.50 1.47 1.44 1.48 1.39 1.34 1.31 

Eyes 1.03 1.00 1.04 1.04 1.01 1.01 1.01 1.01 1.01 

Gall bladder 1.72 1.66 1.74 1.78 1.77 1.67 1.52 1.43 1.39 

Heart 1.54 1.54 1.57 1.69 1.74 1.53 1.41 1.35 1.30 

Oral mucosa 1.03 1.03 1.03 1.01 1.01 1.01 1.01 1.01 1.01 

Salivary glands 1.03 1.03 1.01 1.01 1.01 1.01 1.01 1.01 1.01 

 428 
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 431 

Table 4 Effective dose coefficients (pSv cm
2
) for AP, PA, LLAT, and RLAT irradiation 432 

geometries for upright, 45°, and 90° bent postures for neutron energies of 1  10
-9
 to 20 MeV. AP 433 

– antero – posterior; PA – postero – anterior; LLAT – left lateral; RLAT – right lateral 434 

Irradiation 

Geometry 

Neutron 

Energy 

(MeV) 

Upright 

(pSv-cm
2
) 

Error 

(%) 

45° Bent 

(pSv-cm
2
) 

Error  

(%) 

Relative  

difference to 

upright (%) 

90° Bent 

(pSv-cm
2
) 

Error 

(%) 

Relative 

difference to 

upright (%) 

AP 1.010
-9

 3.11 0.12 2.05 0.11 -34.05 0.89 0.23 -71.29 

 
1.010

-8
 3.61 0.09 2.33 0.11 -35.60 0.97 0.30 -73.07 

 
2.510

-8
 4.19 0.08 2.67 0.10 -36.29 1.09 0.30 -73.98 

 
1.010

-7
 5.37 0.07 3.44 0.09 -35.95 1.29 0.27 -76.00 

 
2.010

-7
 5.97 0.06 3.82 0.08 -35.98 1.39 0.26 -76.63 

 
5.010

-7
 6.74 0.06 4.31 0.08 -36.04 1.53 0.25 -77.31 

 
1.010

-6
 7.15 0.06 4.62 0.07 -35.41 1.59 0.25 -77.72 

 
2.010

-6
 7.45 0.06 4.82 0.07 -35.36 1.64 0.24 -78.02 

 
5.010

-6
 7.75 0.10 4.98 0.07 -35.77 1.69 0.25 -78.18 

 
1.010

-5
 7.84 0.05 5.09 0.06 -35.17 1.71 0.24 -78.22 

 
2.010

-5
 7.88 0.05 5.12 0.07 -35.10 1.72 0.23 -78.18 

 
5.010

-5
 7.90 0.05 5.14 0.07 -35.00 1.70 0.24 -78.46 

 
1.010

-4
 7.86 0.05 5.13 0.05 -34.73 1.71 0.23 -78.19 

 
2.010

-4
 7.82 0.05 5.11 0.07 -34.65 1.70 0.23 -78.31 

 
5.010

-4
 7.78 0.05 5.07 0.07 -34.84 1.67 0.24 -78.50 

 
0.001 7.85 0.05 5.04 0.05 -35.85 1.67 0.23 -78.73 

 
0.002 8.32 0.09 5.05 0.05 -39.29 1.58 0.24 -81.03 

 
0.005 9.04 0.05 5.35 0.05 -40.78 1.67 0.24 -81.51 

 
0.01 10.79 0.03 6.12 0.05 -43.27 1.92 0.09 -82.22 

 
0.02 14.39 0.05 8.21 0.05 -42.94 2.58 0.23 -82.07 

 
0.03 18.46 0.09 10.53 0.05 -42.96 3.31 0.24 -82.05 

 
0.05 26.54 0.03 15.36 0.05 -42.13 4.88 0.09 -81.60 

 
0.07 34.60 0.05 20.24 0.05 -41.52 6.45 0.24 -81.36 

 
0.1 47.20 0.03 27.88 0.05 -40.92 9.28 0.09 -80.34 

 
0.15 68.43 0.04 40.16 0.05 -41.32 13.41 0.23 -80.40 

 
0.2 88.37 0.04 51.99 0.05 -41.17 17.40 0.24 -80.32 

 
0.3 121.18 0.04 74.11 0.04 -38.84 25.13 0.23 -79.26 

 
0.5 176.69 0.02 116.21 0.04 -34.23 39.26 0.08 -77.78 

 
0.7 228.81 0.03 153.98 0.03 -32.70 52.23 0.20 -77.17 

 
0.9 269.08 0.03 184.04 0.03 -31.61 62.54 0.20 -76.76 

 
1 267.78 0.02 179.17 0.04 -33.09 62.43 0.07 -76.69 

 
1.2 319.68 0.04 218.55 0.03 -31.64 74.66 0.18 -76.65 

 
1.5 356.67 0.03 249.51 0.03 -30.04 85.01 0.17 -76.16 

 
2 392.69 0.02 286.77 0.02 -26.97 98.52 0.14 -74.91 

 
3 432.58 0.01 335.71 0.02 -22.39 118.40 0.11 -72.63 

 
4 453.59 0.02 360.55 0.02 -20.51 127.52 0.10 -71.89 

 
5 447.34 0.01 366.73 0.01 -18.02 136.05 0.03 -69.59 

 
7 449.18 0.01 380.79 0.01 -15.23 147.65 0.08 -67.13 

 
8 446.27 0.01 382.82 0.01 -14.22 151.93 0.07 -65.95 

 
9 444.21 0.01 381.45 0.02 -14.13 151.80 0.07 -65.83 

 
10 436.43 0.01 375.81 0.02 -13.89 151.14 0.03 -65.37 

 
12 429.55 0.02 374.57 0.02 -12.80 152.66 0.07 -64.46 

 
14 419.46 0.02 373.74 0.02 -10.90 157.45 0.08 -62.46 

 
15 416.91 0.01 374.49 0.02 -10.18 158.65 0.03 -61.95 

 
16 357.43 0.02 367.35 0.02 2.78 159.69 0.08 -55.32 

 
18 348.11 0.02 365.38 0.02 4.96 163.67 0.08 -52.98 

 
20 338.65 0.02 359.32 0.03 6.10 164.08 0.03 -51.55 

PA 1.010
-9

 2.22 0.13 1.41 0.12 -36.79 0.74 0.31 -66.62 

 
1.010

-8
 2.62 0.16 1.60 0.12 -38.98 0.80 0.41 -69.43 

 
2.510

-8
 3.04 0.15 1.84 0.11 -39.54 0.88 0.41 -71.08 

 
1.010

-7
 3.87 0.13 2.40 0.09 -38.13 1.07 0.37 -72.30 

 
2.010

-7
 4.31 0.12 2.68 0.09 -37.88 1.16 0.35 -73.15 

 
5.010

-7
 4.92 0.11 3.08 0.08 -37.48 1.30 0.34 -73.59 

 
1.010

-6
 5.23 0.11 3.28 0.08 -37.26 1.38 0.34 -73.57 

 
2.010

-6
 5.50 0.11 3.46 0.08 -37.00 1.42 0.33 -74.14 

 
5.010

-6
 5.77 0.10 3.61 0.08 -37.35 1.48 0.31 -74.38 

 
1.010

-5
 5.86 0.10 3.68 0.08 -37.10 1.51 0.32 -74.18 

 
2.010

-5
 5.92 0.10 3.75 0.07 -36.65 1.52 0.33 -74.34 



25 

 

 
5.010

-5
 5.96 0.10 3.78 0.07 -36.52 1.52 0.31 -74.49 

 
1.010

-4
 5.95 0.10 3.78 0.07 -36.45 1.53 0.32 -74.25 

 
2.010

-4
 5.99 0.10 3.79 0.07 -36.67 1.54 0.31 -74.23 

 
5.010

-4
 6.01 0.10 3.79 0.07 -36.91 1.51 0.32 -74.85 

 
0.001 6.21 0.10 3.78 0.07 -39.09 1.51 0.33 -75.71 

 
0.002 6.61 0.10 3.83 0.07 -42.06 1.52 0.32 -77.01 

 
0.005 7.29 0.10 4.03 0.07 -44.69 1.59 0.33 -78.15 

 
0.01 8.92 0.04 4.59 0.07 -48.60 1.81 0.12 -79.67 

 
0.02 11.68 0.10 6.04 0.07 -48.26 2.35 0.32 -79.91 

 
0.03 15.02 0.10 7.63 0.07 -49.20 2.95 0.32 -80.37 

 
0.05 21.04 0.04 10.77 0.07 -48.80 4.13 0.12 -80.38 

 
0.07 26.82 0.09 13.72 0.07 -48.83 5.29 0.32 -80.27 

 
0.1 35.66 0.03 18.01 0.07 -49.49 6.87 0.12 -80.73 

 
0.15 50.69 0.05 24.50 0.07 -51.67 9.35 0.32 -81.56 

 
0.2 63.24 0.08 30.62 0.06 -51.59 11.53 0.31 -81.77 

 
0.3 81.27 0.08 41.64 0.06 -48.77 15.77 0.31 -80.59 

 
0.5 106.37 0.02 62.17 0.05 -41.55 23.51 0.11 -77.89 

 
0.7 138.38 0.06 82.73 0.05 -40.21 30.45 0.30 -77.99 

 
0.9 161.16 0.05 98.30 0.04 -39.00 36.05 0.28 -77.63 

 
1 152.04 0.02 91.30 0.04 -39.95 33.90 0.11 -77.71 

 
1.2 197.79 0.04 118.83 0.04 -39.92 42.93 0.27 -78.29 

 
1.5 229.41 0.02 139.96 0.03 -38.99 49.84 0.26 -78.28 

 
2 262.18 0.03 167.94 0.02 -35.94 59.23 0.23 -77.41 

 
3 311.02 0.02 211.27 0.02 -32.07 74.04 0.18 -76.20 

 
4 335.73 0.02 232.79 0.02 -30.66 82.42 0.14 -75.45 

 
5 346.85 0.01 249.67 0.02 -28.02 88.99 0.05 -74.34 

 
7 366.33 0.02 273.93 0.02 -25.22 100.86 0.11 -72.47 

 
8 372.02 0.02 282.16 0.02 -24.15 105.76 0.10 -71.57 

 
9 371.39 0.02 282.55 0.02 -23.92 106.25 0.10 -71.39 

 
10 366.67 0.01 280.33 0.02 -23.55 106.19 0.04 -71.04 

 
12 367.57 0.02 284.63 0.02 -22.56 109.45 0.10 -70.22 

 
14 368.06 0.02 291.80 0.02 -20.72 114.95 0.09 -68.77 

 
15 368.76 0.01 294.46 0.02 -20.15 116.85 0.03 -68.31 

 
16 310.68 0.02 292.47 0.02 -5.86 117.99 0.10 -62.02 

 
18 309.38 0.02 296.04 0.02 -4.31 122.63 0.10 -60.36 

 
20 303.69 0.02 293.93 0.03 -3.21 123.56 0.04 -59.31 

LLAT 1.010
-9

 0.91 0.23 1.05 0.16 15.07 1.06 0.20 16.82 

 
1.010

-8
 1.02 0.18 1.22 0.15 19.77 1.22 0.25 19.72 

 
2.510

-8
 1.19 0.17 1.43 0.14 20.49 1.44 0.23 21.37 

 
1.010

-7
 1.48 0.14 1.93 0.12 30.18 1.92 0.19 29.99 

 
2.010

-7
 1.65 0.13 2.17 0.11 31.95 2.17 0.19 31.83 

 
5.010

-7
 1.86 0.12 2.51 0.10 35.52 2.52 0.17 35.80 

 
1.010

-6
 1.97 0.12 2.72 0.10 38.14 2.71 0.17 37.85 

 
2.010

-6
 2.03 0.12 2.87 0.10 41.18 2.88 0.16 41.58 

 
5.010

-6
 2.14 0.19 3.00 0.09 40.28 3.03 0.16 41.58 

 
1.010

-5
 2.17 0.11 3.08 0.09 42.27 3.10 0.15 43.11 

 
2.010

-5
 2.18 0.11 3.12 0.09 43.47 3.13 0.15 43.99 

 
5.010

-5
 2.19 0.11 3.15 0.09 44.31 3.13 0.15 43.40 

 
1.010

-4
 2.19 0.11 3.14 0.09 43.71 3.16 0.15 44.66 

 
2.010

-4
 2.18 0.11 3.13 0.09 43.61 3.17 0.15 45.59 

 
5.010

-4
 2.18 0.11 3.12 0.09 43.10 3.14 0.15 43.83 

 
0.001 2.22 0.11 3.09 0.09 39.30 3.12 0.15 40.53 

 
0.002 2.37 0.18 3.12 0.09 31.78 3.17 0.15 33.73 

 
0.005 2.61 0.11 3.28 0.09 25.61 3.34 0.15 27.91 

 
0.01 3.20 0.07 3.76 0.09 17.78 3.80 0.06 18.81 

 
0.02 4.25 0.11 5.00 0.09 17.49 5.02 0.15 18.03 

 
0.03 5.55 0.11 6.37 0.09 14.62 6.33 0.15 13.92 

 
0.05 8.05 0.06 9.14 0.09 13.49 9.01 0.05 11.98 

 
0.7 10.56 0.10 11.91 0.08 12.81 11.73 0.14 11.07 

 
0.1 14.60 0.06 16.12 0.08 10.40 15.47 0.05 5.92 

 
0.15 21.85 0.16 22.90 0.08 4.78 21.51 0.13 -1.55 

 
0.2 28.76 0.09 29.48 0.07 2.50 27.33 0.13 -4.95 

 
0.3 39.22 0.08 41.93 0.07 6.89 38.50 0.12 -1.83 

 
0.5 55.28 0.05 67.36 0.06 21.86 60.81 0.04 10.02 

 
0.07 74.97 0.06 92.29 0.05 23.10 83.18 0.09 10.95 

 
0.9 90.08 0.06 111.38 0.05 23.65 100.89 0.08 12.00 

 
1 88.17 0.04 103.23 0.05 17.09 91.61 0.03 3.91 

 
1.2 114.15 0.05 136.49 0.04 19.56 123.80 0.07 8.45 

 
1.5 132.97 0.04 161.08 0.03 21.14 146.96 0.06 10.52 
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2 155.04 0.03 191.52 0.03 23.53 176.52 0.05 13.86 

 
3 186.97 0.02 234.87 0.02 25.62 219.43 0.03 17.36 

 
4 202.52 0.02 256.24 0.02 26.52 241.04 0.03 19.02 

 
5 218.15 0.01 270.07 0.02 23.80 255.56 0.01 17.15 

 
7 236.90 0.02 289.96 0.02 22.40 276.56 0.03 16.74 

 
8 244.02 0.02 296.17 0.02 21.37 283.53 0.03 16.19 

 
9 244.72 0.02 295.31 0.02 20.67 283.13 0.03 15.70 

 
10 243.15 0.01 291.99 0.02 20.08 280.14 0.01 15.21 

 
12 245.36 0.02 293.92 0.02 19.79 282.96 0.03 15.32 

 
14 251.29 0.02 298.45 0.02 18.77 288.22 0.04 14.70 

 
15 252.80 0.02 299.87 0.02 18.62 290.05 0.01 14.74 

 
16 216.12 0.03 297.23 0.02 37.53 287.49 0.04 33.02 

 
18 219.12 0.03 298.88 0.03 36.40 289.56 0.04 32.15 

 
20 217.99 0.02 295.66 0.03 35.63 286.85 0.02 31.58 

RLAT 1.010
-9

 0.83 0.23 0.94 0.16 12.25 0.95 0.20 13.40 

 
1.010

-8
 0.93 0.30 1.08 0.15 16.11 1.09 0.25 17.02 

 
2.510

-8
 1.07 0.27 1.27 0.14 18.44 1.26 0.23 17.93 

 
1.010

-7
 1.33 0.24 1.70 0.12 28.07 1.68 0.20 26.72 

 
2.010

-7
 1.47 0.22 1.91 0.11 29.53 1.90 0.18 28.88 

 
5.010

-7
 1.64 0.21 2.21 0.10 34.53 2.22 0.17 35.20 

 
1.010

-6
 1.76 0.20 2.38 0.10 35.70 2.38 0.16 35.22 

 
2.010

-6
 1.83 0.19 2.50 0.09 36.66 2.51 0.16 37.07 

 
5.010

-6
 1.88 0.19 2.62 0.09 39.45 2.62 0.16 39.52 

 
1.010

-5
 1.92 0.19 2.67 0.09 39.16 2.70 0.15 40.80 

 
2.010

-5
 1.92 0.18 2.70 0.09 40.67 2.68 0.15 39.47 

 
5.010

-5
 1.95 0.18 2.72 0.09 39.47 2.72 0.15 39.44 

 
1.010

-4
 1.95 0.18 2.70 0.09 38.79 2.72 0.15 39.68 

 
2.010

-4
 1.94 0.18 2.71 0.09 39.68 2.72 0.15 40.03 

 
5.010

-4
 1.93 0.18 2.68 0.09 39.18 2.69 0.15 39.40 

 
0.001 1.97 0.18 2.68 0.09 35.82 2.71 0.15 37.45 

 
0.002 2.12 0.18 2.68 0.09 26.65 2.72 0.15 28.67 

 
0.005 2.35 0.18 2.82 0.09 20.25 2.84 0.15 20.80 

 
0.01 2.90 0.07 3.23 0.09 11.23 3.25 0.06 11.87 

 
0.02 3.86 0.18 4.33 0.09 12.10 4.29 0.15 11.03 

 
0.03 5.05 0.17 5.51 0.09 9.07 5.46 0.15 7.93 

 
0.05 7.35 0.06 7.97 0.09 8.44 7.80 0.05 6.13 

 
0.07 9.65 0.17 10.45 0.08 8.25 10.15 0.14 5.11 

 
0.1 13.46 0.06 14.15 0.08 5.10 13.53 0.05 0.51 

 
0.15 20.30 0.15 20.35 0.08 0.25 19.03 0.13 -6.25 

 
0.2 26.89 0.15 26.39 0.07 -1.85 24.22 0.13 -9.93 

 
0.3 36.57 0.14 37.90 0.07 3.62 34.20 0.12 -6.50 

 
0.5 51.01 0.04 61.03 0.06 19.65 54.20 0.04 6.25 

 
0.7 69.05 0.10 82.84 0.05 19.98 73.44 0.09 6.36 

 
0.9 82.65 0.09 99.97 0.05 20.95 88.68 0.08 7.30 

 
1 81.64 0.04 93.18 0.05 14.14 81.24 0.03 -0.48 

 
1.2 105.01 0.08 121.79 0.04 15.98 108.47 0.07 3.30 

 
1.5 121.56 0.07 142.77 0.03 17.45 128.32 0.06 5.57 

 
2 141.21 0.05 169.48 0.03 20.02 153.95 0.05 9.02 

 
3 169.83 0.04 208.88 0.02 22.99 192.90 0.03 13.58 

 
4 184.08 0.04 228.06 0.02 23.89 212.47 0.03 15.42 

 
5 199.22 0.01 242.72 0.02 21.84 228.06 0.01 14.48 

 
7 217.71 0.03 263.61 0.02 21.08 250.25 0.03 14.95 

 
8 225.39 0.03 270.72 0.02 20.12 257.99 0.03 14.47 

 
9 226.24 0.03 270.19 0.02 19.42 257.76 0.03 13.93 

 
10 224.91 0.01 267.95 0.02 19.14 255.76 0.01 13.72 

 
12 227.77 0.04 270.80 0.02 18.89 259.32 0.03 13.85 

 
14 234.69 0.04 276.73 0.02 17.91 266.52 0.04 13.56 

 
15 236.20 0.02 278.95 0.02 18.10 268.86 0.01 13.82 

 
16 200.40 0.04 277.47 0.02 38.46 267.68 0.04 33.57 

 
18 204.50 0.05 280.50 0.03 37.16 271.59 0.04 32.81 

 
20 203.69 0.02 278.46 0.03 36.71 269.45 0.02 32.28 

The error columns give the relative statistical error propagated from the uncertainty of the Monte Carlo simulations.  435 
Relative difference denotes the percent difference of the effective dose coefficient ratio (bent/upright) from a ratio of 1.00. 436 
  437 
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Fig 2 Neutron weighting factor, wR, as a function of neutron energy, shown for energies 1.0 10
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Fig 3 Sex-averaged absorbed dose coefficient ratio for brain in AP and PA irradiation 502 
geometries with PIMAL bent at 45° and 90° postures. A horizontal line for a ratio of 1.0 is 503 
provided as a visual reference for the reader. 504 
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 508 
Fig 4 Sex-averaged absorbed dose coefficient ratio for urinary bladder in AP and PA irradiation 509 
geometries with PIMAL bent at 45° and 90° postures. A horizontal line for a ratio of 1.0 is 510 
provided as a visual reference for the reader. 511 
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Fig 5 Sex-averaged absorbed dose coefficient ratio for skin in AP and PA irradiation geometries 514 
with PIMAL bent at 45° and 90° postures. A horizontal line for a ratio of 1.0 is provided as a 515 
visual reference for the reader. 516 
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Fig 6 Sex-averaged absorbed dose coefficient ratio for endosteum and active marrow in AP and 519 
PA irradiation geometries with PIMAL bent at 45° and 90° postures. A horizontal line for a ratio 520 
of 1.0 is provided as a visual reference for the reader. 521 
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Fig 7 Sex-averaged absorbed dose coefficient ratio for breast in AP and PA irradiation 523 
geometries with PIMAL bent at 45° and 90° postures. A horizontal line for a ratio of 1.0 is 524 
provided as a visual reference for the reader. 525 
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Fig 8 Sex-averaged absorbed dose coefficient ratio for liver in LLAT and RLAT irradiation 527 
geometries with PIMAL bent at 45° and 90° postures.  528 
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 529 
Fig 9 Absorbed dose coefficient ratio for gonads (male: testes; female: ovaries) in AP and PA 530 
irradiation geometries with PIMAL bent at 45° and 90° postures. A horizontal line for a ratio of 531 
1.0 is provided as a visual reference for the reader. 532 
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 534 
Fig 10 Absorbed dose coefficient ratio for sex-specific organs (male: prostate; female: uterus) in 535 
AP and PA irradiation geometries with PIMAL bent at 45° and 90° postures. A horizontal line for 536 
a ratio of 1.0 is provided as a visual reference for the reader. 537 
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 538 
Fig 11 Sex-averaged absorbed dose coefficient ratio for eyes in AP and PA irradiation 539 
geometries with PIMAL bent at 45° and 90° postures. A horizontal line for a ratio of 1.0 is 540 
provided as a visual reference for the reader. 541 

  542 
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 543 

 544 
Fig 12 Neutron and photon contributions to the absorbed dose coefficients for active marrow for 545 
selected energies in the AP irradiation geometry (upright male phantom). 546 

 547 
Fig 13 Neutron and photon contributions to the absorbed dose coefficients for endosteum for 548 
selected energies in the AP irradiation geometry (upright male phantom). 549 
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 551 

 552 
Fig 14 Effective dose coefficient ratio in AP and PA irradiation geometries with PIMAL bent at 553 
45° and 90° postures. A horizontal line for a ratio of 1.0 is provided as a visual reference for the 554 
reader. 555 
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 560 

 561 
Fig 15 Effective dose coefficient ratio in LLAT and RLAT irradiation geometries with PIMAL 562 
bent at 45° and 90° postures. A horizontal line for a ratio of 1.0 is provided as a visual reference 563 
for the reader. 564 
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