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The use of iodine S values derived using the International Commission Radiological Protection (ICRP) phantoms
may introduce significant bias in internal dosimetry for Koreans due to anatomical variability. In the current
study, we produced an extensive dataset of Korean S values for selected five iodine radioisotopes (I-125, I-129, I-
131, 1-133, and 1-134) for use in radiation protection. To calculate S values, we implemented Monte Carlo
simulations using the Mesh-type Reference Korean Phantoms (MRKPs), developed in a high-quality/fidelity mesh

format. Noticeable differences were observed in S value comparisons between the Korean and ICRP reference
phantoms with ratios (Korean/ICRP) widely ranging from 0.16 to 6.2. The majority of S value ratios were lower
than the unity in Korean phantoms (interquartile range = 0.47-1.28; mean = 0.96; median = 0.69). The S values
provided in the current study will be extensively utilized in iodine internal dosimetry for Koreans.

1. Introduction

Internal exposure to radioiodine is one of the general radiation safety
concerns. In nuclear accidents, a large amount of radioiodine can be
released to environments, causing substantial internal exposure to
workers and the public [1,2]. In addition, radioiodine (RAI) therapy,
despite its therapeutic intent, can induce substantial radiation exposure
to normal tissues beyond the thyroid [3], potentially increasing the risks
of radiation-induced adverse effects. To assess these health risks asso-
ciated with radioiodine intake, it is required to estimate the absorbed
doses delivered to each organ and tissue.

For use in internal dosimetry for iodine, the International Commis-
sion Radiological Protection (ICRP) has provided the reference dose
coefficients (i.e. dose per unit intake, Gy/Bq) [4,5], which were
computed using iodine S values (i.e. absorbed doses delivered to target
regions per unit disintegration of iodine in source regions, Gy/Bqes)
derived from the ICRP reference computational human phantoms [6].
However, since the ICRP phantoms were established primarily based on
Caucasian data [7], applying the ICRP S values to Koreans can introduce
significant bias in internal dosimetry due to anatomical differences. To
achieve more accurate dose estimation of Koreans, it should be first
conducted to calculate iodine S values using Korean computational
phantoms.

During the last few decades, multiple Korean computational

phantoms have been developed for use in radiation protection, esca-
lating from the first Korean adult male and female voxel phantoms,
called Korean Man (KORMAN) and Korean Woman (KORWOMAN) [8],
to a series of more elaborate and advanced voxel phantoms based on
high-resolution anatomical images, such as Korean Typical Man 1
(KTMAN1), Korean Typical Man 2 (KTMAN2) [8], High-Definition
Reference Korean man (HDRK Man) [9] and High-Definition Refer-
ence Korean woman (HDRK Woman) [10]. Most recently, a pair of new
Korean reference phantoms in a high-quality/fidelity mesh format,
called mesh-type reference Korean phantoms (MRKPs) [11], were
developed based on new Korean reference anatomical data [12]. How-
ever, despite the continuous attempts for the development of Korean
computation phantoms, little attention was paid to calculating iodine S
values for Koreans. Although Yeom et al. [13] has recently published S
values derived from MRKPs, the S value calculation was solely restricted
to the thyroid source region and I-131.

To fill this critical research gap, in the current study, we produced an
extensive dataset of iodine S values that could be utilized in internal
dosimetry for Koreans. To compute iodine S values for Koreans, we
implemented Monte Carlo simulations using the MRKPs. The S value
calculations were performed for all source regions defined in the latest
ICRP biokinetic model for iodine [5]. Since S value calculations would
require extensive computation time, in the current study, we selected
five iodine radioisotopes for the S value calculations considering their

* Corresponding author. Radiation Epidemiology Branch, Division of Cancer Epidemiology Genetics, National Cancer Institute, NIH, DHHS, 9806 Medical Center

Dr, Rockville, MD, 20850, USA.
E-mail address: taceun.kwon@nih.gov (T.-E. Kwon).

https://doi.org/10.1016/j.net.2023.09.005

Received 10 August 2023; Accepted 4 September 2023
Available online 22 September 2023

1738-5733/© 2023 Korean Nuclear Society.
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license


mailto:taeeun.kwon@nih.gov
www.sciencedirect.com/science/journal/17385733
https://www.elsevier.com/locate/net
https://doi.org/10.1016/j.net.2023.09.005
https://doi.org/10.1016/j.net.2023.09.005
https://doi.org/10.1016/j.net.2023.09.005
http://crossmark.crossref.org/dialog/?doi=10.1016/j.net.2023.09.005&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

T.-E. Kwon et al.

importance in radiation protection: I-125, 1-129, 1-131, I-133, and I-134.
2. Material and methods

2.1. Mesh-type Reference Korean Phantoms (MRKPs)

To overcome the limitations of the voxel-type phantoms on repre-
senting thin and/or small organs/tissues arising from the nature of voxel
geometry and finite voxel resolutions, the MRKPs were developed in a
high-quality/fidelity mesh format using methodology similar to that
employed in the development of new ICRP Mesh-type Reference
Computational Phantoms (MRCPs) [14]. The MRKPs include all source
and target regions needed for calculating effective dose, even the
micrometer-thick source and target regions in the respiratory and
alimentary tract organs, skin, and urinary bladder. Thus, the MRKPs
facilitate more realistic dose evaluation for very thin target regions such
as urinary bladder walls of 118-193 pm and 116-185 pm for adult male
and female, respectively. Moreover, the MRKPs were constructed based
on a new set of Korean reference anatomical data reflecting body size
and shape of the present age [12]. The new Korean anatomical data
includes masses for 58 organs/tissues, which were derived by collecting
and analyzing data from various literature. In particular, the reference
masses of thyroid (15 g and 12 g for male and female, respectively), the
most important organ in terms of iodine internal exposure, were taken
from those derived by actual measurements on healthy volunteers (66
males and 55 females) [15]. Based on the new Korean reference
anatomical data, anthropometric dimensions of the MRKPs were all
adjusted. Details on the MRKPs and the Korean anatomical data can be
found elsewhere [11].

2.2. S value calculation

To calculate iodine S values for Koreans, we implemented the MRKPs
in the PHITS (Particle and Heavy Ion Transport code System) Monte
Carlo code [16]. Within the PHITS framework, we designated the source
type in [Source] as ‘s-type = 24’ to generate particles from tetrahedron
geometry and specified source regions using the ‘tetreg’ option with an
assumption of iodine homogeneously distributed in the source regions.
For source regions distributed throughout the body, we used the
multi-source option (i.e., <source>), allowing for assignment of relative
weights to each source region; for example, for the blood source region,
particles emitted from each cell containing blood fractions were
weighted by the corresponding blood volumes of each cell and then
normalized against the total blood volume. To maximize computational
efficiency, we directly calculated S values without considering specific
absorbed fractions (SAFs). Thus, beta and gamma particles were
competitively generated in each calculation according to iodine decay
schemes (i.e. energy and emission yield).

We performed S value calculations for total 26 source regions,
defined in the latest ICRP reference iodine biokinetic model [5], the
revised human respiratory tract model (the revised HRTM) [17], and the
human alimentary tract model (HATM) [18], and for 30 radiosensitive
target regions associated with effective dose (Table 1). In respiratory
tract regions of the MRKPs (i.e. bronchial (BB), bronchiolar (bb), and
alveolar-interstitial (AI) regions), airway generations 2-8 of BB region
and all generations of bb region (i.e. airway generation 9-15) were
developed in the constructive solid geometry (CSG) format, which could
not be utilized in the PHITS code. In response to this challenge, we
employed the following methodologies to calculate S values for respi-
ratory tract regions. For electron S values for BB, bb, Al source regions,
we performed a scaling of the S values provided in ICRP Publication 133
[6] using the differences in target masses between the Korean and ICRP
reference phantoms. For photon S values for bb and Al source and target
regions, we used the entire lungs as a surrogate tissue. Note that photon
S values for BB regions, constructed only with initial generations of
airway branching, can be directly calculated.
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Table 1
Source and target region list for S value calculations.

Source region” Target region”

Alveolar-interstitium Red bone marrow

Total blood Colon
Bronchiolar Lungs
Bronchiolar sequestered region Stomach
Bronchial Breasts
Bronchi sequestered region Ovaries
ET; surface Testes
ET, sequestered region Urinary bladder
ET, surface Oesophagus
Kidneys Liver
Left colon contents Thyroid
ET lymph nodes Endosteum
Thoracic lymph nodes Brain
Liver Salivary glands
Oral cavity Skin
Oesophagus fast Adrenal
Oesophagus slow ET of HRTM
Other tissue Gallbladder
Right colon contents Heart
Rectosigmoid colon contents Kidneys
Salivary glands Lymph nodes
Small intestine contents Muscle
Stomach contents Oral mucosa
Stomach wall Pancreas
Thyroid Prostate
Urinary bladder content Uterus
Small intestine
Spleen
Thymus
Eye lens

@ ET;: anterior nasal passage; ET,: posterior nasal passage, pharynx, and
larynx; ET: extrathoracic; HRTM: human respiratory tract model.

Absorbed doses for target regions were directly tallied by [T-deposit]
except for skeletal tissues, not explicitly represented within the tetra-
hedral structure of the MRKPs. For skeletal tissues (i.e., RBM and
endosteum), S values were derived from the absorbed doses to the
spongiosa and medullary marrow, in line with the approach outlined in
ICRP Publication 116 [19]. For electrons, absorbed doses for skeletal
tissues were approximated as a mass-weighted average of the doses to
the regional spongiosa and medullary cavity. For photons, we employed
an approach based on fluence-to-absorbed dose response functions. The
energy-dependent fluences to skeletal tissues were calculated using
[T-tract] tally and then converted to skeletal absorbed doses by applying
the fluence-to-absorbed dose response functions (DRFs) derived from
MRKPs. 10° particles were generated for each calculation with cut-off
energy of 1 keV. The simulations were performed by a
high-performance computing cluster of Innovative Technology Center
for Radiation Safety (iTRS).

We compared the S values (rr<thyroid) for I-131 computed in our
study with those determined by Yeom et al. The latter employed the
same human phantoms (MRKPs) but used a different computational
code (Geant 4) and a larger number of particles (1 0'9. The self-
absorption S values for thyroid (thyroid«thyroid) were also compared
with mass-scaled S values, derived by scaling S values from ICRP Pub-
lication 133 [6] according to the differences in thyroid masses between
the Korean phantoms (15 g and 12 g for adult male and female,
respectively) and the ICRP reference voxel phantoms (23.4 gand 19.5 g
for adult male and female, respectively). To quantify the dosimetric
impact of the Korean S values, we performed S value comparisons be-
tween the Korean phantoms and the ICRP reference voxel phantoms
[20] across five major source regions (i.e. salivary glands, stomach wall,
kidneys, liver, and thyroid), five target regions with a tissue weighting
factor of 0.12 (i.e. red bone marrow, stomach, colon, lungs, and breasts),
and the five iodine isotopes. In particular, the S values (rr<thyroid) for
I-131 were contrasted more thoroughly with those derived from the
ICRP phantoms.
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3. Results
3.1. Iodine S values for Koreans

A library of S values for 26 source regions, 30 target regions, and 5
isotopes was created. Full data is available in the electronic appendix.
Table 2 shows an example of S value in the case of S(rr«thyroid) for I-
131 compared with those calculated by Yeom et al. [13]. The S values of
the current study were comparable to those of Yeom et al. with the ratios
ranging from 0.94 to 1.15. The relative errors for most S values were less
than 10%. While the S values for testes and prostate showed higher
relative errors, exceeding 10%, they still agreed with those calculated by
Yeom et al. The mass-scaled thyroid self-absorption S values derived
from ICRP reference values were 2.08E-09 and 2.61E-09 for Korean
adult males and females, respectively, which were close to those
calculated in the current study.

3.2. Comparison of S values with the ICRP reference phantoms

The significant differences were observed in the comparison of S
values (rr«<thyroid) for I-131 between the Korean and ICRP reference
voxel phantoms (Fig. 1). The ratios of S values (rp<thyroid) of the
Korean phantoms to those of the ICRP phantoms ranged widely from
0.25 to 3.61, and the greatest differences were observed in S value
(ET«thyroid) and S value (colon«thyroid) for male and female phan-
toms, respectively. The majority of S values were lower in the Korean
phantoms than in the ICRP reference phantoms although a few were
higher in the Korean phantoms. Certain target regions showed opposing
trends in the S value comparison between the male and female

Table 2
S values (rr«<thyroid) for I-131 [mGy (Bq )11 based on MRKPs.

Target Adult male Adult female
Organs S value (Relative Ratio” S value (Relative Ratio”
error) error)

R-marrow 3.46E-13 (8.6E-06) 0.94 4.07E-13 (9.5.E-06) 0.95
Colon 1.08E-14 (7.7E-03) 1.00 2.23E-14 (7.0.E-03) 0.95
Lungs 4.55E-13 (9.1E-04) 1.00 5.25E-13 (9.8.E-04) 1.00
St-wall 4.02E-14 (6.3E-03) 1.02 6.97E-14 (4.4.E-03) 0.97
Breast 1.38E-13 (1.2E-02) 1.03 1.34E-13 (3.8.E-03) 0.99
Testes 5.19E-16 (1.6E-01) 1.07 3.33E-15 (7.7.E-02) 0.93
UB-wall 1.75E-15 (4.9E-02) 1.02 2.20E-15 (6.9.E-02) 0.95
Oesophagus 3.93E-12 (2.5E-03) 1.13 4.32E-12 (1.9.E-03) 1.00
Liver 8.46E-14 (1.2E-03) 0.99 1.47E-13 (1.8.E-03) 0.99
Thyroid® 2.10E-09 (1.0E-04) 0.96 2.61E-09 (9.7.E-05) 0.96
Endosteum 2.63E-13 (9.4E-06) 0.95 3.11E-13 (9.8.E-06) 0.96
Brain 1.32E-13 (1.1E-03) 0.99 2.42E-13 (1.3.E-03) 0.99
S-glands 8.25E-13 (2.4E-03) 1.00 1.40E-12 (2.2.E-03) 0.99
Skin 1.60E-13 (8.5E-04) 1.07 2.10E-13 (7.5.E-04) 1.06
Adrenals 4.61E-14 (1.9E-02) 0.90 9.69E-14 (1.6.E-02) 1.01
ET 7.47E-12 (8.0E-04) 1.05 4.01E-12 (1.5.E-03) 0.96
GB-wall 3.15E-14 (4.9E-02) 1.04 1.05E-13 (2.4.E-02) 1.03
Ht-wall 3.71E-13 (1.3E-03) 0.99 5.16E-13 (2.0.E-03) 0.99
Kidneys 2.58E-14 (5.5E-03) 0.99 5.70E-14 (3.5.E-03) 0.99
LN 2.61E-13 (3.0E-03) 0.99 3.19E-13 (2.7.E-03) 0.99
Muscle 2.33E-13 (2.0E-04) 0.99 3.07E-13 (3.8.E-04) 0.99
O-mucosa 8.00E-13 (2.1E-02) 1.00 1.58E-12 (2.1.E-02) 0.99
Pancreas 3.23E-14 (1.2E-02) 0.94 5.94E-14 (7.9.E-03) 0.99
Prostate 1.07E-15 (1.1E-01) 1.15 1.54E-14 (6.0.E-03) 1.00
Sl-wall 8.49E-15 (7.8E-03) 1.09 8.37E-14 (5.0.E-03) 0.99
Spleen 3.77E-14 (3.3E-03) 0.97 2.20E-12 (1.8.E-03) 0.99
Thymus 2.27E-12 (2.5E-03) 0.99 3.14E-15 (1.9.E-02) 1.05

# R-marrow: red bone marrow; St-wall: stomach wall; UB-wall: urinary
bladder wall; S-glands: salivary glands; ET: extrathoracic region; GB-wall: gall-
bladder wall; Ht-wall: heart wall; LN: lymph nodes; O-mucosa: oral mucosa; SI-
wall: small intestine wall.

b The ratio of S values in the current study to those calculated by Yeom et al.
[13].

¢ Mass-scaled thyroid self-absorption S values: 2.08E-09 and 2.61E-09 mGy
(Bq s)~! for adult male and female, respectively.
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phantoms; for instance, the S value (colon«thyroid) of the Korean
phantom was lower for male (ratio = 0.36) but significantly higher for
female (ratio = 2.28) in comparison to those of the ICRP phantoms.
Importantly, the thyroid self-absorption S values (thyroid<thyroid)
were notably higher in the Korean phantoms with ratios of 1.57 and 1.63
for male and female phantoms, respectively.

Greater differences were observed in the expanded comparisons of S
values for the major source-target region pairs and the five isotopes
between the Korean and ICRP phantoms (Fig. 2). The S value ratios
(Korean/ICRP) widely ranged from 0.16 to 6.2; however, the majority of
S values were lower in Korean phantoms (interquartile range = 0.47-
1.28, mean = 0.96, median = 0.69). In particular, the S value ratios for
male phantoms tend to be lower (interquartile range = 0.43-0.97, mean
= 0.75, median = 0.59) than for female phantoms (interquartile range
= 0.58-1.6, mean = 1.18, median = 0.78). The greatest ratios were
found in S value (breasts<salivary gland) and S value (breasts<stomach
wall) for male and female phantoms, respectively.

4. Discussion

The current study was aimed to provide a dataset of iodine S values
specific for Koreans for use in internal dosimetry. Our findings show that
there are significant differences in S values between the Korean and
ICRP reference phantoms, stressing the need for Korean-specific S
values. To our knowledge, this is the first attempt to compute S values
using the Korean reference phantoms covering all source and target
regions required for iodine internal dosimetry.

A good agreement observed in the comparison of S values (rp«<thy-
roid) for I-131 between the current study and the work of Yeom et al.
[13] mutually supports the reliability of the findings of both studies.
Despite fewer particles being transported in the current study, the
calculated S values were overall comparable in both studies. It is plau-
sible that the small differences in the S values between the two studies
arose from the difference in the Monte Carlo codes used. Although a 15%
difference was observed in the S value (prostate<thyroid) for male
phantoms, the absolute difference may not be of great importance in
terms of dose assessment because the S value (prostate<thyroid) is
remarkably lower by a factor of 10° than the S value (thyroid«thyroid),
which may be the most substantial contributor to thyroid absorbed
doses. The self-absorption S values (thyroid<thyroid) in the current
study were also consistent with the thyroid mass-scaled S values, which
were simply scaled from the ICRP reference S values. This result dem-
onstrates not only the reliability of our results but also the feasibility of
the mass-scaling method for thyroid dose, frequently employed in nu-
clear medicine to account for patient-specific thyroid mass.

We also compared the S values (rp<thyroid) for I-131 in the current
study with those derived from the ICRP reference phantoms to investi-
gate the dosimetric impact arising from employing the Korean phan-
toms. Interestingly, even with the relatively small differences in body
height and weight between Korean and ICRP phantoms (172 cm/74 kg
vs. 176 ¢cm/73 kg for male phantoms and 159 ¢cm/57 kg vs. 163 ¢cm/60
kg for female phantoms), the differences in S values turned out to be
remarkably significant. In particular, it is noteworthy that the Korean
phantoms, whose body height and weight are comparable to, or even
less than, those of the ICRP phantoms, exhibited predominantly lower S
values.

S values, by definition, can be affected by a fraction of energy of
radiation emitted within the source region that is absorbed in the target
region (referred to as Absorbed Fraction, or AF) and/or the target region
mass. Since self-absorption AFs for beta particles, which predominantly
contribute to self-irradiation, can generally be assumed to be 1 and are
scarcely affected by organ geometry, the differences in the self-
absorption S values (thyroid<«thyroid) between the two types of phan-
toms can be explained by the differences in the target region masses.
Note that the ratios of the S values (thyroid«thyroid) of the Korean
phantoms to those of the ICRP phantoms (e.g. 1.57 for male phantoms)
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Fig. 1. Ratios of S values (rr«<thyroid) for I-131 calculated in the current study to those from the ICRP reference voxel phantoms [6].
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Fig. 2. Ratios of S values (Korean/ICRP) for major source-target region pairs
(source regions: salivary glands, stomach wall, kidneys, liver, and thyroid;
target regions: red bone marrow, stomach, colon, lungs, and breasts) and the
selected five iodine isotopes (I-125, 1-129, I-131, I-133, and 1-134). (For inter-
pretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)

were consistent with the inverse of the thyroid mass ratios (e.g. 1/(15 g/
23.4 g) = 1.56 for male phantoms). On the contrary, the crossfire S
values (i.e. S values with different source and target regions) are mainly
determined by photon AFs, which are heavily affected by distances be-
tween source and target regions. As the distance between source and
target regions increases, average flight lengths of photons become
longer, causing a decrease of intensity of photons directed toward target
regions. Therefore, the large differences in the crossfire S values can be
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explained by the differences in the source-to-target region distances
between the Korean and ICRP phantoms. In other words, the S values
observed in the Korean phantoms indicate that the distances from the
thyroid to target regions may be longer in the Korean phantoms. This
analysis was also addressed in the study of Yeom et al. [13]. They per-
formed a direct comparison of the chord length distributions (CLDs)
from the thyroid to the target regions between the Korean phantoms and
the ICRP mesh-type reference computational phantoms [14]. Their
findings revealed that the Korean phantoms generally exhibited longer
CLDs for most target regions.

The differences in the S values between the Korean and ICRP phan-
toms, resulting from the differences in the source-to-target region dis-
tances, were more substantially revealed in the S value comparison
performed across the major source-to-target region pairs, which may
greatly contribute to effective dose. In particular, for the male phan-
toms, the majority of S values in the Korean phantoms were lower than
those in the ICRP phantoms (the interquartile range of the ratio
(Korean/ICRP) = 0.43-0.97), and the differences against the ICRP
phantoms were greater compared to the female phantoms (the median
of the ratio = 0.59 vs. 0.78 for male and female phantoms, respectively).
Therefore, the differences in the source-to-target region distances be-
tween the Korean and ICRP phantoms are presumed to be larger in the
male phantoms than in the female phantoms.

As previously discussed, a source-to-target region distance is one of
the most influential factors in S value calculations. However, it is
necessary to further discuss the fact that the Korean phantoms with
relatively smaller body sizes tend to have the longer source-to-target
region distances than the ICRP phantoms, thus resulting in the general
trend of the lower S values. Although reference computational human
phantoms should be able to ideally represent anatomical/morphological
characteristics of the population of interest, no reference data on organ
or tissue locations that can be used for phantom developments are
available. Thus, computational human phantoms are generally con-
structed from anatomical images obtained from a particular individual
with the reference height and weight, without accounting for distances
between organs or tissues. In light of these, there is a potential that the
differences in the source-to-target region distances between the Korean
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and ICRP phantoms arose not from the inter-population variability (i.e.
the anatomical differences between Koreans and ICRP reference person)
but from the inter-individual variability caused by the use of images
from a single individual. For more evidence-based discussions, it is
necessary to further investigate representativeness of organ/tissue lo-
cations in computational phantoms.

We are aware of the following limitations of the current study. First,
the Korean phantoms, developed based on the Korean reference anat-
omy data, may not fully explain the anatomy of a specific individual.
Thus, the S values in the current study may not be applicable to in-
dividuals with non-reference body height and weight due to the inter-
individual anatomical variability. In particular, variations in organ/
tissue locations (i.e. source-to-target region distances) could introduce
substantial uncertainty in S values. To achieve a more precise dose
estimation for individuals, individual-specific anatomy should be
considered. Second, due to a technical issue in the simulation code we
used, S values for several respiratory tract regions in the Korean phan-
toms were not directly calculated but derived by scaling the ICRP
reference values. To enhance the accuracy of dose estimation for these
respiratory tract regions, direct calculations of S values using the Korean
phantoms are necessary. Lastly, while we partially validated our results
through the comparisons with other data, some of the S values we
calculated still have high relative errors due to the limited number of
particles. To obtain more refined S values, additional simulations with a
greater number of particles should be performed, even if substantial
differences are not anticipated.

5. Conclusion

We created a comprehensive dataset of Korean S values for 28 source
regions and 30 target regions, focusing on five selected iodine isotopes.
To compute these S values, we implemented Monte Carlo simulations
using the adult Korean reference phantoms, which were constructed in a
high-quality/fidelity mesh format. We noted considerable differences in
the S values between the Korean and ICRP reference phantoms, pri-
marily attributable to anatomical variability. The S values presented in
the current study would allow for Korean-specific internal dosimetry for
iodine and be widely utilized in a range of fields, including nuclear
emergency management, nuclear medicine, and radiation safety
regulation.
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Supplementary data to this article can be found online at https://doi.
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