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a b s t r a c t

In a previous study, a set of polygon-mesh (PM)-based skin models including a 50-mm-thick radiosen-
sitive target layer were constructed and used to calculate skin dose coefficients (DCs) for idealized
external beams of electrons. The results showed that the calculated skin DCs were significantly different
from the International Commission on Radiological Protection (ICRP) Publication 116 skin DCs calculated
using voxel-type ICRP reference phantoms that do not include the thin target layer. The difference was as
large as 7,700 times for electron energies less than 1 MeV, which raises a significant issue that should be
addressed subsequently. In the present study, therefore, as an extension of the initial, previous study,
skin DCs for three other particles (photons, protons, and helium ions) were calculated by using the PM-
based skin models and the calculated values were compared with the ICRP-116 skin DCs. The analysis of
our results showed that for the photon exposures, the calculated values were generally in good agree-
ment with the ICRP-116 values. For the charged particles, by contrast, there was a significant difference
between the PM-model-calculated skin DCs and the ICRP-116 values. Specifically, the ICRP-116 skin DCs
were smaller than those calculated by the PM modelsdwhich is to say that they were under-
estimateddby up to ~16 times for both protons and helium ions. These differences in skin dose also
significantly affected the calculation of the effective dose (E) values, which is reasonable, considering that
the skin dose is the major factor determining effective dose calculation for charged particles. The results
of the current study generally show that the ICRP-116 DCs for skin dose and effective dose are not reliable
for charged particles.
© 2017 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Computational human phantoms, coupled with Monte Carlo
radiation transport codes, play an important role in calculation of
organ and effective dose coefficients (DCs) resulting from ionizing
radiation exposures. Currently, voxel-type computational phan-
toms, representing organs and tissues as an assembly of tiny 3D
cuboids, are the most popular [1]. Constructed based on tomo-
graphic images [e.g., computed tomographic (CT) images] of real
persons, voxel phantoms are anatomically more realistic than the
previously used mathematical (or stylized) phantoms, the organs
and tissues of which are represented by simple quadric surface
equations such as ellipsoids, elliptical cylinders, and cones.
Acknowledging the advantages of voxel phantoms, the

International Commission on Radiological Protection (ICRP) adop-
ted a set of adult male and female voxel phantoms as the ICRP
reference adult phantoms [2].

However, voxel phantoms still have limitations in representing
thin or small organs and tissues, due mainly to the limited,
generally millimeter-scale, voxel sizes [3e16]. Skin is one of the
representative thin organs that cannot be properly represented in
voxel phantoms. Fig. 1, for example, shows the skins of the ICRP
reference voxel phantoms viewed in the superior-inferior direction,
revealing that they are discontinuous, having a considerable
amount of holes. This problem leads to distortion of calculated dose
values not only for the skin, but also for neighbor organs and tis-
sues, particularly for weakly penetrating radiations [17]. ICRP
Publication 116 [18], for instance, reports that breast doses resulting
from isotropic (ISO) proton irradiation are overestimated by up to
~100 times at 1 MeV, because some protons directly deposit en-
ergies to the breasts through the holes in the skin of the ICRP voxel* Corresponding author.
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phantoms. This overestimation also is an issue with all of the other
charged particles.

Besides this, there is a more critical limitation; that is, the
micron-thick radiosensitive target layer in the skin cannot be rep-
resented in voxel phantoms due to the limited voxel resolutions. The
basal cells of the epidermis in the human skin are particularly sen-
sitive to radiation with respect to carcinogenesis. The ICRP recom-
mends that a range from 50 mm to 100 mm below the skin surface is
an appropriate depth for the basal cell layer ofmost parts of the skin,
and that a depth of 70 mm is a reasonable mean value for practical
dose assessment [18e20]. However, the recommended skin target
layer cannot be defined in voxel phantoms; thus, skin doses are
approximated by calculating absorbed doses averaged over the
entire skin of voxel phantoms instead of over the thin target layer.
This approximation, for example, was used to calculate the skin DCs
of ICRP Publication 116 [18] with respect to the ICRP reference voxel
phantoms. Although this approachwould be reliable for penetrating
radiations (e.g., photons or neutrons), it is no longer reliable for
weakly penetrating radiations (e.g., beta or alpha particles)
involving a significant dose-distribution gradient in the skin.

Recently, Yeom et al. [21] constructed a set of polygon-mesh
(PM)-based skin models by converting the skins of the ICRP refer-
ence voxel phantoms into a high-quality PM format; they also
included the recommended 50-mm-thick radiosensitive target
layer. The PM-based skin models were then directly implemented
in a Monte Carlo code, Geant4 [22], to calculate skin DCs for the
idealized external beams of electrons, and then the calculated
values were compared with the skin DCs of ICRP Publication 116
[18] calculated with the ICRP reference voxel phantoms. It was
shown that the calculated skin DCs were significantly different
from the ICRP-116 values: the difference was as large as ~7,700
times for electron energies less than 1 MeV, which was considered
to be a significant issue for further investigation. Therefore, as an
extension of the previous study, the present study calculated the
skin DCs for three other particles (i.e., photons, protons, and helium
ions) using the PM-based skin models and compared the results
with the skin DCs of ICRP Publication 116 [18].

2. Materials and methods

2.1. Skin PM models

Fig. 2 shows the PM-based skin models including the 50-mm-
thick target layer developed by Yeom et al. [21] along with the
original skin voxel models of the ICRP reference phantoms [2] used
to construct the PM-based skin models. It can be seen that the PM-
based skin models not only represent smooth and fully-enclosed
surfaces, but also maintain the original shapes of the ICRP skin
voxel models. The masses of the ICRP skin voxel models (male,
3,728 g and female, 2,721 g) are larger than the reference values
(male, 3,300 g and female, 2,300 g) of ICRP Publication 89 [23],
whereas those of the PM-based skin models are in accordance with
the reference values. Additionally, the average thicknesses of the
PM-based skin models are 1.69 mm and 1.33 mm for male and
female, respectively, which values are in good agreement with the
reference values (male, 1.6 mm; female, 1.3 mm) [2,18]. The inner
space of the PM-based skin models is filled with the ICRU-44 adult
average soft tissue specified in ICRP Report 46 [24], but with slightly
modified densities (male, 1.024 g/cm3; female, 1.010 g/cm3) for
maintenance of the reference body weights of 73 kg (male) and
60 kg (female).

2.2. Monte Carlo simulation with Geant4

In the present study, to calculate skin DCs for idealized external
beams of photons, protons, and helium ions, the PM-based skin
models were implemented in the Geant4 Monte Carlo radiation
transport code (version 10.01) [22]. In preparation for imple-
mentation, the skin models in the PM format were converted to the
tetrahedral-mesh format using the TetGen code [25], and the
converted tetrahedral-mesh models were implemented in Geant4
using the G4Tet class. Note that the tetrahedralization process did
not distort the original shape of the PM-based skin models and
significantly improved the computation speed [26].

The skin DCs were calculated for the energies and irradiation
geometries considered in ICRP-116 [18]; photons from 10 keV to
10 GeV in antero-posterior (AP), postero-anterior (PA), left-lateral
(LLAT), right-lateral (RLAT), rotational (ROT), and ISO geometries;
protons from 1 MeV to 10 GeV in AP, PA, LLAT, RLAT, ROT, and ISO
geometries; and helium ions from 1 MeV/u to 100 GeV/u in AP, PA,
and ISO geometries.

The irradiation geometries were modeled using the G4Gen-
eralParticleSource. The energies deposited to the skin target layer
were calculated using the G4PSEnergyDeposit class. The electro-
magnetic physics library of G4EmLivermorePhysics was used to
transport photons and electrons, and the hadronic physics library of
G4HadronPhysicsQGSP_BERT_HP was used to transport hadronic
particles [27]. Considering the 50-mm-thick target layer, a
secondary-range cut value of 1 mm was set for all particles. The
number of primary particles for simulation varied within the
106e109 range according to the type and energy of particles, so as to
limit the statistical relative errors to less than 5% for most of the
calculation cases. The simulations were performed on the AMD
OpteronTM 6176(at 2.3 GHz and 256 GB memory).

3. Results and discussion

3.1. Skin DCs

Fig. 3 plots the skin DCs calculated in this study along with the
ICRP-116 skin DCs for photons. It can be seen that the ICRP-116 skin
DCs were generally in good agreement with the calculated skin DCs
for most of the photon energies. In some energy regions, relatively

Fig. 1. Skins of International Commission on Radiological Protection (ICRP)
reference adult phantoms viewed in superior-inferior direction. (A) male and (B)
female.
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larger discrepancies were found. For the energies less than
0.03 MeV, the ICRP-116 skin DCs were smaller, with a maximum
difference of 133% at 0.01 MeV in the ISO geometry for male. This
difference is because these low-energy photon beams establish the
maximum dose near the skin surface, the dose value rapidly
decreasing with depth by attenuation. For the energies within the
range of 0.2e10 MeV, by contrast, the ICRP-116 skin DCs were
larger, with a maximum difference of 40% at 1.33 MeV in the AP
geometry for males. This reversal phenomenon is duemainly to the
fact that these megavoltage photon beams establish a dose build-
up region within the skin, in which the minimum dose appears at
the skin surface and the dose value increases with depth, estab-
lishing the maximum dose at a depth deeper than the skin target
layer.

Fig. 4 plots the skin DCs for protons. It can be seen that for high-
energy protons (> 10 MeV), the ICRP-116 skin DCs were in good
agreement with the skin DCs calculated with the PM models: the
differences were all less than 20%. However, there were significant
differences for the lower energies. For the very low energies (�
1.5 MeV), the skin DCs of the PM models were essentially zero,
whereas the ICRP-116 skin DCs showed some positive values. The
values of the PM models are reasonable, considering that the low-
energy protons, the continuous slowing down approximiation
(CSDA) ranges of which are less than 50 mm in skin, cannot pene-
trate the 50-mm-thick dead-skin layer, thereby demonstrating the
significant overestimation of the ICRP-116 skin DCs. By contrast, for
higher energies up to 10 MeV, the ICRP-116 skin DCs were signifi-
cantly underestimated, as large as ~16 times at 3 MeV, which is
because that the protons in this energy region penetrate the dead
layer and establish a Bragg peak in the target layer.

Fig. 5 plots the skin DCs for helium ions. It can be seen that the
general tendency of the difference in skin DCs is similar to that for
protons. For the high-energy helium ions (� 10MeV/u), the ICRP-116
skin DCs were in good agreement with the skin DCs of the PM
models: the discrepancieswere less than26%. Bycontrast, significant
differences were observed for the lower energies, which include the
typical energy rangeof alpha radiation (4e8MeV) frequently faced in

thefieldof radiationprotection. Except for 1MeV/u, the ICRP-116 skin
DCs were significantly underestimated, i.e., as large as ~16 times at 3
MeV/u, which, again,was due to the establishment of the Bragg peak
in the target layer. For 1 MeV/u, the ICRP-116 skin DCs showed sig-
nificant overestimations relative to the essentially zero values of the
calculated skin DCs; this, once again, is because the 1-MeV/u helium
ions deposit all of their energies to the skin dead layer, being unable
to reach the target layer in the PMmodels.

3.2. Influence on effective DCs

The present study also investigated how discrepancies in skin
dose affect effective dose, the most important protection quantity
in radiation protection, which is defined by the following equation:

E ¼
X
T

wT

X
R

wR

 
DMale
T;R þ DFemale

T ;R

2

!

whereDT,R is the absorbed dose for tissue T and radiation R,wT is the
tissue-weighting factor, and wR is the radiation-weighting factor.
Note that the tissue- and radiation-weighting factors are given in
ICRP Publication 103 [28]. For this investigation, the ICRP-116
effective DCs [18] were compared with the effective DCs calcu-
lated by replacing the ICRP-116 skin DCs with the PM-model-
calculated skin DCs.

Fig. 6 compares the ICRP-116 effective DCs and the effective DCs
calculated in the present study using the PMmodels for photons. It
can be seen that the ICRP-116 effective DCs were in good agreement
with the calculated effective DCs for all of the calculation cases,
even if some discrepancies in skin DCs were found as shown in
Fig. 3. Relatively large discrepancies were found only for the
0.01 MeV photons, the maximum difference being 72% in the PA
geometry. This result shows that the skin dose discrepancies do not
significantly affect effective doses for photon exposures, which is
due to the fact that doses for the other organs and tissues are more
important than that for the skin, which has a small tissue-

Fig. 2. International Commission on Radiological Protection (ICRP) skin voxel models (left) and polygon-mesh skin models (right).
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Fig. 3. Skin absorbed dose per fluence (pGy cm2) for photon exposures in antero-posterior (AP), postero-anterior (PA), left-lateral (LLAT), right-lateral (RLAT), rotational
(ROT), and isotropic (ISO) geometries. Polygon-mesh (PM) skin modeletarget layer: male (unfilled squares) and female (unfilled circles); International Commission on Radiological
Protection (ICRP)-116 dataeentire skin: male (filled squares) and female (filled circles) [18].
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Fig. 4. Skin absorbed dose per fluence (pGy cm2) for proton exposures in antero-posterior (AP), postero-anterior (PA), left-lateral (LLAT), right-lateral (RLAT), rotational
(ROT), and isotropic (ISO) geometries. Polygon-mesh (PM) skin modeletarget layer: male (unfilled squares) and female (unfilled circles); International Commission on Radiological
Protection (ICRP)-116 dataeentire skin: male (filled squares) and female (filled circles) [18].
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weighting factor (wT ¼ 0.01).
Fig. 7 compares the effective DCs for protons. In contrast with

the photon results, the ICRP-116 effective DCs were indeed signif-
icantly different from the calculated effective DCs for low-energy
protons (� 10 MeV). This result means that the skin dose discrep-
ancies significantly affect the calculation of effective dose for pro-
ton exposures, despite the small tissue weighting factor of the skin
(wT ¼ 0.01); this is because these low-energy protons do not
penetrate the skin to which most energies are deposited and thus
the skin dose is the major factor determining effective dose
calculation. This indicates, further, that the ICRP-116 DCs for
effective dose are not reliable, underestimating effective dose as
much as ~14 times at 3 MeV. Note that, from a conservative point of
view, this significant underestimation of effective doses could
represent a critical problem in radiological protection.

Fig. 8 compares the effective dose DCs for helium ions. Similarly
to the proton results, the ICRP-116 effective DCs were significantly
different from the values calculated in the present study for the
energies (� 10 MeV/u), and also underestimated the effective dose
by as much as ~14 times at 3 MeV/u. This result shows, again, that
skin dose discrepancies significantly affect effective doses for he-
lium ion exposures.

4. Conclusion

In the present study, the skin DCs for photons, protons, and
helium ions were calculated using the PM-based skin models
including the 50-mm-thick target layer; results were compared
with the ICRP-116 values calculated using the voxel-type ICRP
reference phantoms not including the thin target layer. The com-
parison results showed that for photon exposures, there was good
agreement between the skin DCs calculated using the PM models
and the ICRP-116 values. By contrast, for the charged particles, there
was a significant difference; that is, the ICRP-116 skin DCs were
smaller than the values calculated by the PM models by up to ~16
times for both protons and helium ions, meaning that the ICRP-116
skin DCs underestimate the skin DCs by up to ~16 times. These
differences in skin dose also significantly affected the calculation of
the effective dose (E), which is reasonable, because the skin dose is
the major factor determining effective dose calculation for charged
particles. The results of the current study, and the previous study on
electrons, generally show that the ICRP-116 DCs for skin dose and
effective dose are not reliable for charged particles. Although
neutrons were not considered in the present study, we believe that
they would show behavior similar to that of photons. Recently, the
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Fig. 5. Skin absorbed dose per fluence (pGy cm2) for helium ion exposures in antero-posterior (AP), postero-anterior (PA), and isotropic (ISO) geometries. Polygon-mesh
(PM) skin modeletarget layer: male (unfilled squares) and female (unfilled circles); International Commission on Radiological Protection (ICRP)-116 dataeentire skin: male (fil-
led squares) and female (filled circles) [18].
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Fig. 6. Effective dose per fluence (pSv cm2) for photon exposures in antero-posterior (AP), postero-anterior (PA), left-lateral (LLAT), right-lateral (RLAT), rotational (ROT),
and isotropic (ISO) geometries. Polygon-mesh (PM) skin modeletarget layer (unfilled squares) and International Commission on Radiological Protection (ICRP)-116 dataeentire
skin (filled squares) [18].
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Fig. 7. Effective dose per fluence (pSv cm2) for proton exposures in antero-posterior (AP), postero-anterior (PA), left-lateral (LLAT), right-lateral (RLAT), rotational (ROT), and
isotropic (ISO) geometries. Polygon-mesh (PM) skin modeletarget layer (unfilled squares) and International Commission on Radiological Protection (ICRP)-116 dataeentire skin
(filled squares) [18].
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ICRP formed a task group (i.e., Task Group 103) to develop a set of
mesh-type ICRP reference phantoms to address the limitations of
the current voxel-type ICRP reference phantoms. In light of the
present study, the Task Group has made a decision to include the
50-mm-thick skin target layer in the new mesh-type reference
phantoms.
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