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Abstract

Background: Understanding how external radiation from nuclear accidents or radiological attacks
affects internal human anatomy is essential to accurately assess health risks and develop effective
treatments. In the current study, we used the Monte Carlo radiation transport methods to create a
library of organ dose conversion coefficients for an anatomical monkey model in various postures
exposed to six different irradiation geometries.

Methods: We adopted previously published anatomical monkey models with three different
postures: crawling, squatting, and standing. Radiation doses to a total of 39 organs and tissues
were calculated using a general-purpose Monte Carlo radiation transport code, MCNP6, for 33
mono-energetic photon fields ranging from 0.01 to 20 MeV with six different irradiation geometries:
antero-posterior (AP), postero-anterior (PA), left lateral (LLAT), right lateral (RLAT), rotational (ROT),
and isotropic (I1SO).

Results: We found that the dose conversion coefficients derived from the standing posture may
overestimate organ dose by up to 13-fold compared to the crawling position (e.g., large intestine in
AP irradiation geometry). Irradiation geometry has the most substantial impact on organ doses in
the crawling posture compared to squatting and standing postures. Average coefficients of
variation over different organs were 51% in crawling posture compared to 16% and 17% for
standing and squatting postures, respectively.

Conclusion: In the present research, we employed the Monte Carlo radiation transport techniques
to develop a library of organ dose conversion coefficients for an anatomical monkey model
considering various postures and six distinct irradiation geometries. We found that the existing
dose conversion coefficients for the standing posture may substantially overestimate organ doses
for monkeys in more natural postures. Our data should be useful for understanding the impact of
radiation events to human anatomy by evaluating the impact on monkey’s anatomy as a surrogate.



Introduction

Monkeys have played a crucial role in understanding the impact of acute radiation exposure on
human health, particularly in the context of radiation treatment or a mass casualty incident

811, Due to their genetic and

such as nuclear accidents®” and radiological attacks by terrorists'
physiological similarities to humans, non-human primates have been extensively studied to model
the effects of high-dose radiation exposure. Research involving monkeys has provided valuable
insights into how radiation affects organ systems, immune response, and overall survival. These
studies have informed medical countermeasures and treatment protocols for radiation sickness in

humans, enhancing preparedness for potential nuclear incidents and radiological emergencies.

Understanding how external radiation from nuclear accidents or radiological attacks affects
internal human anatomy is essential to accurately assess health risks and develop effective
treatments. In this context, Japanese researchers investigated the impact of the Fukushima Daiichi
nuclear accident on wild Japanese monkeys living near the site to assess radiation exposure. While
this study provided valuable insights into the biological effects of radiation, it did not consider
posture-related differences in monkey anatomy which could affect the distribution of radiation
doses to internal organs and tissues. Given that radiation experiments on monkeys are both labor-
intensive and costly, computer simulations of radiation behavior and computerized anatomical
models of monkeys could offer a more efficient and effective method to evaluate the radiation
burden on monkey anatomy. More recently, Chung et al.""? introduced a computational model of a
monkey and calculated organ dose conversion coefficients—organ dose (Gy) normalized to air
kerma (Gy)—through simulations for external photon exposure™®. Air kerma, which is commonly
measured or available during most radiation events, allows these coefficients to be converted into
absolute organ doses. However, organ doses can vary significantly depending on the monkey's
posture and there is limited data on this variation.

In the current study, we used the Monte Carlo radiation transport methods to create a library of
organ dose conversion coefficients for an anatomical monkey model in various postures exposed
to six different irradiation geometries. We then compared the results to assess how different
postures affect internal organ doses.

Material and method

We adopted previously published anatomical monkey models with three different postures:
crawling, squatting, and standing. Radiation doses to a total of 39 organs and tissues were
calculated using a general-purpose Monte Carlo radiation transport code, MCNP6, for 33 mono-
energetic photon fields ranging from 0.01 to 20 MeV with six different irradiation geometries:



antero-posterior (AP), postero-anterior (PA), left lateral (LLAT), right lateral (RLAT), rotational (ROT),
and isotropic (I1SO).

Computational monkey models
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We adopted a computational monkey model in standing posture developed by Chung et al.!
later modified into two different postures!™®. The original model was developed through the Visible
Monkey project conducted at the Electronics and Telecommunications Research Institute in South
Korea using sectioned photographs of the whole-body female rhesus monkey. The monkey was
frozen while the monkey was lying on the table so the actual posture would be “lying” but we used
the term “standing” equivalent to the human posture. A total of 177 anatomical structures were
segmented by anatomists and the structures in mesh format were converted into voxel format,
which is compatible with the Monte Carlo radiation transport code. Figure 1 illustrates the monkey
model in a standing position, showcasing both the front and rear perspectives where major organs
and tissues are indicated. Figures 2 and 3 show the top, frontal, and lateral views of the monkey

models in crawling and squatting postures, respectively.

Monte Carlo radiation transport

We calculated the absorbed dose conversion coefficients (Gy/Gy) for major organs in
computational monkey models using Monte Carlo radiation transport techniques. The dose
calculations were performed with the general-purpose Monte Carlo transport code MCNP6(3).
Although the mesh format is compatible with MCNP6, we chose the voxel format because the
mesh format was expected to provide no additional benefits. The three models were voxelized into
1x1x1 mm3resolution and the final voxel matrix size was 291 x 374 x 629, 199 x 355 x 500, and
229 x 148 x 757 for the crawling, squatting, and standing monkey models, respectively. The heights
of the three models were about 63 (crawling), 50 (squatting), and 76 cm (standing). The voxel-
format models of monkeys in crawling, squatting, and standing positions were converted to a
lattice file format compatible with MCNP6. For the dose to small organs and thin tissues (e.g., skin)
to be accurate, we employed the *F8 tally to fully track secondary electrons instead of *F6 tally,
where kerma approximation is adopted. MCNP6 was running on a Mac Studio equipped with Apple
M2 Ultra CPU 24 cores with the memory of 128 GB.

Organ dose calculations

Radiation doses to a total of 39 organs and tissues were calculated using the Monte Carlo
simulation method (Table 1). The three monkey models were exposed to broad parallel idealized
photon beam fields in six different irradiation geometries: AP, PA, LLAT, RLAT, ROT, and ISO, which
are defined in ICRP Publication 116"®. The frontal direction was aligned with the orientation of the
monkey’s eyes. Mono-energetic photon beams were created in broad parallel fields covering the



whole body of the monkey models with the energy ranging from 0.01 to 20 MeV. Total calculation
for all monkey models, irradiation geometries, and energy bins took about a week including spot
checking and rerunning some inputs with errors. The resulting dose per photon (Gy/photon) was
then normalized to the fluence-to-air kerma conversion coefficients reported in ICRP Publication
116""®). Dose conversion coefficients for major organs were analyzed to evaluate the impact of
irradiation geometry and postures on internal organ dose by different postures.

Results

Organ dose conversion coefficient library

We calculated a library of organ dose conversion coefficients (Gy/Gy), organ absorbed dose (Gy)
normalized to air kerma (Gy), for a total of 39 organs and tissues for the monkey models in crawling,
squatting, and standing postures exposed in AP, PA, LLAT, RLAT, ROT, and ISO geometries. The full
library is tabulated in an Excel file and provided as a supplementary material.

Impact of posture on organ dose

All major organs (stomach, liver, and large intestine) of the monkey model in standing posture
received the greatest dose in AP irradiation geometry (Figure 4A-4C), which would be the most
common exposure scenario in radiation accident or terrorists’ attack. Only the lungs in standing
posture received a slightly smaller dose than that in squatting posture (Figure 4D). The organs of
the monkey model in crawling posture always received the smallest dose compared to other two
postures in AP irradiation geometry. At the photon energy of 0.08 MeV, where the standing posture
shows the maximum values, the stomach, liver, large intestine, and lung of the monkey in standing
posture received 2.9-, 2.3-, 12.6-, and 2.4-fold, respectively, greater dose compared to those of the
monkey in crawling posture. Compared to the squat posture at 0.08 MeV, both stomach and large
intestine in standing posture still received greater dose by 1.2-fold than those in squatting posture
but liver and lung doses were similar.

All organs of the monkey in crawling posture received the greatest dose in RLAT irradiation
geometry compared to the squatting and standing posture (Figure 5). Stomach, liver, large
intestine, and lung received greater dose by 1.01, 1.04, 1.03, and 1.17-fold compared to the
standing posture at 0.08 MeV. All major organs in the squatting posture always received the
smallest dose among the three postures. Stomach, liver, large intestine, and lung in squatting
posture received 70%, 81%, 99%, and 89% of the doses in standing posture.



Impact of irradiation geometry on organ dose

Irradiation geometry has the most substantial impact on organ doses in crawling posture (Figure 6)
compared to squatting (Figure 7) and standing (Figure 8) postures. For the crawling posture, the
coefficient of variation (COV) (standard deviation divided by average) across the different
irradiation geometries in stomach, liver, large intestine, and lung doses was 43%, 59%, 50%, and
53%, respectively, for a 0.08 MeV energy bin. The maximum dose at 0.08 MeV was 3.9-, 12.2-,
11.2-, and 10.5-fold greater than the minimum dose for stomach, liver, large intestine, and lung,
respectively, across different irradiation geometries.

In contrast to a crawling posture, COV at 0.08 MeV across different irradiation geometries was
18%, 22%, 11%, and 17% in squatting posture (Figure 7) and 14%, 23%, 15%, and 12% in standing
posture (Figure 8) for stomach, liver, large intestine, and lung, respectively. The ratio of maximum
to minimum dose was 1.67, 1.92, 1.35, and 1.53 in squatting posture and 1.43, 2.06, 1.52, and 1.33
in standing posture for stomach, liver, large intestine, and lung, respectively.

Discussion

We first calculated a comprehensive library of organ-specific dose conversion coefficients for
three monkey models in crawling, squatting, and standing postures exposed to a variety of external
photon irradiation geometries. Compared to the existing data calculated for the standing
posture™?, the crawling and squatting postures are more natural for living monkeys exposed to
radiation events. Our simulation scenarios also include ISO irradiation geometry, where radiation
enters monkey’s anatomy from all surrounding directions. This geometry along with AP would be
the most plausible exposure scenarios in radiation accidents compared to other geometries such
as PA, LLAT, and RLAT.

We found that the dose conversion coefficients derived from the standing posture may
overestimate organ dose by up to 13-fold compared to the crawling position (e.g., large intestine in
AP irradiation geometry). Overestimation was not significant when dose coefficients in standing
posture was applied to squatting posture. Dose coefficients in standing posture showed a
relatively small difference compared to other natural postures in RLAT geometry, where the
position of arms provided shielding to internal organs.

Irradiation geometry has the most substantial impact on organ doses in the crawling posture
compared to squatting and standing postures. Average coefficients of variation over different
organs were 51% in crawling posture compared to 16% and 17% for standing and squatting
postures, respectively.

We are aware of several limitations of the current study. Our result is based on a single monkey
model and the results may vary by different monkeys depending on the anatomical variation and



postures. Dose calculation for some critical tissues in case of human anatomy such as red bone
marrow was not attempted due to lack of red marrow distribution in monkeys. This will be explored
more in the future by collecting data from the literature.

Conclusion

In the present research, we employed the Monte Carlo radiation transport techniques to develop a
library of organ dose conversion coefficients for an anatomical monkey model considering various
postures and six distinct irradiation geometries. We found that the existing dose conversion
coefficients for the standing posture may substantially overestimate organ doses for monkeys in
more natural postures. Our data should be useful for understanding the impact of radiation events
to human anatomy by evaluating the impact on monkey’s anatomy as a surrogate.
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Figure 1. Frontal (left), rear (middle), and lateral (right) views of the monkey model in standing posture. Major
organs indicated.



(a) top (b) frontal (c) left lateral

Figure 2. (a) Top, (b) frontal, and (c) left lateral views of the monkey model in crawling posture.



(b) frontal (c) left lateral

Figure 3. (a) Top, (b) frontal, and (c) left lateral views of the monkey model in squatting posture.



A. DCC for Stomach in Geometry AP
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Figure 4. Dose conversion coefficients for (a) stomach, (b) liver, (c) large intestine, (d) lung for the monkey modelin
crawling, squatting, and standing postures in antero-posterior (AP) irradiation geometry.



C. DCC for Large intestine in Geometry AP
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Figure 4. Dose conversion coefficients for (a) stomach, (b) liver, (c) large intestine, (d) lung for the monkey modelin
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crawling, squatting, and standing postures in antero-posterior (AP) irradiation geometry.




A. DCC for Stomach in Geometry RLAT
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Figure 5. Dose conversion coefficients for (a) stomach, (b) liver, (c) large intestine, (d) lung for the monkey modelin
crawling, squatting, and standing postures in right lateral (RLAT) irradiation geometry.



C. DCC for Large intestine in Geometry RLAT

1.4 T
1.2+ /< ~
7 2N\
/3 N
= N
(3 1L ! NS S — i
z [ il e iy
S = ~3
: ' Q
s 1 X
~ 08 A \ B
s I A
[0}
o ! \
8 0.6 - fi i
- I
8 I
g; 04 /i i
< I
0.2 i
= = Crawl
= = Squat
Stand
1 1 1 TR R | 1 1 1 TR R | 1 1 1 TR R | 1
1072 107 10° 10°
Photon Energy (MeV)
14 D. DCC for Lung in Geometry RLAT
121 <~7N |
/ ~
~
1 ~ o
5] ! ~ P
= 1 -~ - R
€ / S~ - N
= 1 - = N \
Lost ! 4
= 1 A\
g 1! \
3 111 \
306 il A
8 i
©
8 !
é 0.4t ! i
< ] 1
1!
02t ! i
/ / = = Crawl
/! = = Squat
7’ Stand
0 s s s - | s s s P S | s s s P S | s
1072 107 10° 10"

Photon Energy (MeV)

Figure 5. Dose conversion coefficients for (a) stomach, (b) liver, (c) large intestine, (d) lung for the monkey modelin
crawling, squatting, and standing postures in right lateral (RLAT) irradiation geometry.



A. DCC for Stomach in Posture Crawl

1.4 -
AP
— — PA
LLAT
12+ — = RLAT |7
— — ROT
1ISO
&
s 1r 1
)
(]
£
Lost i
%
9]
o
$ 06 i
o
©
el
[0}
2
Q04n .
Q
<
0.2 J
1072 107 10° 10°
Photon Energy (MeV)
16 B. DCC for Liver in Posture Crawl
No AP
/N - — PA
14l I \ LLAT | |
' I} \ — = RLAT
! \ — — ROT
N 1SO

—_
N

-

o
=2}

Absorbed dose per air kerma (Gy/Gy)
=} o
N [ec]

0.2

1072 107 10° 10"
Photon Energy (MeV)

Figure 6. Dose conversion coefficients for (a) stomach, (b) liver, (c) large intestine, (d) lung of the monkey model in
crawling posture in six irradiation geometries: antero-posterior (AP), postero-anterior (PA), right lateral (RLAT), left
lateral (LLAT), rotational (ROT), and isotropic (ISO).




C. DCC for Large intestine in Posture Crawl
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Figure 6. Dose conversion coefficients for (a) stomach, (b) liver, (c) large intestine, (d) lung of the monkey model in
crawling posture in six irradiation geometries: antero-posterior (AP), postero-anterior (PA), right lateral (RLAT), left
lateral (LLAT), rotational (ROT), and isotropic (ISO).




A. DCC for Stomach in Posture Squat
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Figure 7. Dose conversion coefficients for (a) stomach, (b) liver, (c) large intestine, (d) lung of the monkey model in
squatting posture in six irradiation geometries: antero-posterior (AP), postero-anterior (PA), right lateral (RLAT),
left lateral (LLAT), rotational (ROT), and isotropic (ISO).




C. DCC for Large intestine in Posture Squat
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Figure 7. Dose conversion coefficients for (a) stomach, (b) liver, (c) large intestine, (d) lung of the monkey model in
squatting posture in six irradiation geometries: antero-posterior (AP), postero-anterior (PA), right lateral (RLAT),
left lateral (LLAT), rotational (ROT), and isotropic (ISO).




A. DCC for Stomach in Posture Stand
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Figure 8. Dose conversion coefficients for (a) stomach, (b) liver, (c) large intestine, (d) lung of the monkey model in
standing posture in six irradiation geometries: antero-posterior (AP), postero-anterior (PA), right lateral (RLAT), left
lateral (LLAT), rotational (ROT), and isotropic (ISO).




C. DCC for Large intestine in Posture Stand
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Figure 8. Dose conversion coefficients for (a) stomach, (b) liver, (c) large intestine, (d) lung of the monkey model in
standing posture in six irradiation geometries: antero-posterior (AP), postero-anterior (PA), right lateral (RLAT), left
lateral (LLAT), rotational (ROT), and isotropic (ISO).




Table 1. Organs and tissues of the monkey anatomy model by system for which radiation dose was calculated using Monte Carlo radiation transport
methods.

Systems Organs and Tissues

Digestive Tongue, esophagus, stomach, liver, small intestine, large intestine, and gall bladder
Lymphatic Spleen

Endocrine Thyroid gland, adrenal gland

Integumentary Skin

Muscular Muscle

Cardiovascular Heart

Productive Ovary, uterus

Urinary Kidney, urinary bladder

Respiratory Lung, trachea, bronchus

Dura mater, cerebrospinal fluid, frontal lobe, occipital lobe, parietal lobe, temporal lobe, white matter, hippocampus,
hypothalamus, thalamus, cingulate gyrus, cerebellum, midbrain, pons, medulla oblongata, spinal cord
Visual Vitreous humor, lens cortex and nucleus, lens nucleus

Nervous




