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a b s t r a c t

In the present study, we established a comprehensive dataset of dose coefficients (DCs) of the newmesh-
type ICRP reference computational phantoms (MRCPs) for idealized external exposures of photons and
electrons with the Geant4 code. Subsequently, the DCs for the nine organs/tissues, calculated for their
thin radiosensitive target regions, were compared with the values calculated by averaging the absorbed
doses over the entire organ/tissue regions to observe the influence of the thin sensitive regions on dose
calculations. The result showed that the influences for both photons and electrons were generally
insignificant for the majority of organs/tissues, but very large for the skin and eye lens, especially for
electrons. Furthermore, the large influence for the skin eventually affected the effective dose calculations
for electrons. The DCs of the MRCPs also were compared with the current ICRP-116 values produced with
the current ICRP-110 reference phantoms. The result showed that the DCs for the majority of organs/
tissues and effective dose were generally similar to the ICRP-116 values for photons, except for very low
energies; however, for electrons, significant differences from the ICRP-116 values were found in the DCs,
particularly for superficial organs/tissues and skeletal tissues, and also for effective dose.
© 2018 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

The International Commission on Radiological Protection (ICRP),
following the 2007 Recommendations in ICRP Publication 103 [1],
has provided the reference values of dose coefficients (DCs) for
external radiation exposures in ICRP Publication 116 [2]. The ICRP-
116 DCs were produced by performing Monte Carlo particle
transport simulations coupled with the adult male and female
reference computational phantoms described in ICRP Publication
110 [3]. The ICRP-110 reference phantoms, which represent the
Reference Adult Male and Female established in ICRP Publication
89 [4], are voxel models based on computed tomography images of
real persons; as such, they provide a more realistic representation
of the human anatomy than do the previous stylized models based
on simple mathematical equations.
by Elsevier Korea LLC. This is an
However, the ICRP-110 voxel phantoms are inadequate for
representing organs/tissues of small and/or thin structure below
the dimensions of the voxel sizes (male: 2.137 � 2.137 � 8.0 mm3

and female: 1.775� 1.775� 4.8 mm3). For example, in the ICRP-110
phantoms, the walls of some organs/tissues (e.g., skin, gall bladder,
urinary bladder, and gastrointestinal tract) are discontinuous,
which can result in unreliable dose calculations particularly for
weakly penetrating radiation. Similarly, the eye lens is not fully
covered by the cornea and aqueous humor; thus, radiation can
directly reach it through the openings in the cornea and aqueous
humor. Therefore, the ICRP-116 lens DCs were calculated for some
electron exposure cases [2] using a supplemental stylized eye
model developed by Behrens et al. [5]. Moreover, the micron-scale
radiosensitive target regions considered in the ICRP, e.g., the 50-
mm-thick basal layer of the skin [2] and 8e40-mm-thick stem cell
layers of the respiratory and alimentary tract systems [6e8], are not
modeled in the ICRP-110 phantoms. The ICRP-116 DCs for these
organs/tissues were calculated using dose approximation, i.e., by
averaging the absorbed doses over the entire organ/tissue regions
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of the phantoms. Also, the specific absorbed fractions (SAFs) of ICRP
Publication 133 [8] for the respiratory and alimentary tract systems
for charged particles were calculated using additional supple-
mentary organ/tissue-specific stylized phantoms.

To address these limitations, the ICRP formed Task Group 103
with the objective of developing new mesh-type reference
computational phantoms (MRCPs). Recently, this task group
completed the development of the MRCPs for the adult male and
female, which are the mesh counterparts of the voxel-type ICRP-
110 reference phantoms [9,10]. The adult MRCPs were constructed
by converting the ICRP-110 voxel phantoms into a high-quality
mesh format and simultaneously overcoming the limitations of
the voxel phantoms due to their limited voxel resolutions. The new
mesh phantoms include all the target and source regions relevant
to dose assessment for radiological protection purposes, even
micron-scale regions of the respiratory and alimentary tract sys-
tems, skin, eye lens, and urinary bladder, thereby, eliminating the
requirement for supplementary stylized phantoms.

In the present study, we used the MRCPs to establish a
comprehensive dataset of DCs for the ideal external exposures of
photons and electrons by performingMonte Carlo dose calculations
with the Geant4 code [11]. The calculated values are dose co-
efficients for organ/tissue absorbed dose (DCT`s) for 30 individual
organs/tissues and dose coefficients for effective dose (DCE`s) for a
wide range of energies (0.01 MeVe10 GeV) in six irradiation ge-
ometries (i.e., antero-posterior (AP), postero-anterior (PA), left-
lateral (LLAT), right-lateral (RLAT), rotational (ROT), and isotropic
(ISO)) for photons and in three geometries (AP, PA, and ISO) for
electrons. Subsequently, to investigate the dosimetric influence of
the thin radiosensitive regions defined in the MRCPs, the produced
DCT`s for the organs/tissues that include the sensitive regions were
compared with the values calculated using the conventional dose
approximation based on the entire regions. Additionally, the DCs of
the MRCPs were compared with the ICRP-116 DCs [2] that had been
produced with the current voxel-type ICRP-110 reference phan-
toms, in order to see the dosimetric influence of the improved
representation of the organs/tissues in the MRCPs.

2. Materials and methods

2.1. ICRP adult mesh-type reference computational phantoms

Fig. 1 shows the adult male and female MRCPs along with the
voxel-type ICRP-110 reference phantoms. The majority of the or-
gans/tissues of the MRCPs were constructed by directly converting
the ICRP-110 phantoms into a high-quality mesh format (i.e., a
perfect mesh geometry without abnormal facets and that can be
implemented in Monte Carlo codes) via 3D surface rendering and
several refinement procedures [9,12]. Several organs/tissues in
structures that were too complex and/or small, to which the direct
conversion approach therefore was inapplicable, were constructed
using certain modeling approaches [13e16]. One such example is
the eyes, which were constructed by reproducing the stylized eye
model of Behrens et al. [5] in mesh format [13]. Another example is
the small intestines, which were constructed using a systematic
modeling procedure developed based on a Monte Carlo approach
[14]. The masses of the organs and tissues were matched to the
reference values that are inclusive of blood content [4,8], as a large
amount of blood is situated in the small vessels and capillaries that
are distributed in the organs/tissues. The body heights and weights
of the phantoms were also matched to the reference values (male:
1.76 m and 73 kg; female: 1.63 m and 60 kg) [4]. All of the micron-
scale radiosensitive target and source regions of the respiratory and
alimentary tract systems, skin, and urinary bladder were defined in
the MRCPs [10,16,17]. The male MRCP comprised 2.5 million
triangular facets in the polygon-mesh (PM) format and 8.2 million
tetrahedrons in the tetrahedral-mesh (TM) format. The female
MRCP comprised 2.6 million triangular facets in the PM format and
8.6 million tetrahedrons in the TM format. The TM-format MRCPs
were converted from the PM-format MRCPs via tetrahedralization
using the TetGen code [18].
2.2. Monte Carlo dose calculations

Monte Carlo particle transport simulations were performed
with the MRCPs to calculate the DCs for ideal external exposures of
photons and electrons. For this, the MRCPs in the TM geometry
were implemented in the Geant4 Monte Carlo code (ver. 10.04) via
the G4Tet class following the procedure used in Yeom et al. [19]. It
should be noted that the PM geometry can also be implemented in
the Geant4 code via the G4TessellatedSolid class; however, the
computation speed for the PM geometry is significantly lower than
that for the TM geometry [19]. The airway models representing
bronchi and bronchioles in the constructive solid geometry format
were implemented in the Geant4 code using the G4VUserParallel-
World class, as per the procedure used in Kim et al. [16]. Fig. 2 shows
the MRCPs implemented in the Geant4 code.

Next, monoenergetic broad parallel beams of photons and
electrons with energies ranging from 10 keV to 10 GeV were used
for the whole-body irradiation of the phantoms in the ideal irra-
diation geometries. In the present study, as considered in ICRP
Publication 116 [2], the six irradiation geometries (i.e., antero-
posterior (AP), postero-anterior (PA), left-lateral (LLAT), right-
lateral (RLAT), rotational (ROT), and isotropic (ISO)) were calcu-
lated for the photons, and the three irradiation geometries (i.e., AP,
PA, and ISO) were calculated for the electrons. To generate a parallel
beam, a 2-m-diameter disk that uniformly emits particles in its
normal direction, incident to the whole body of the phantoms, was
modeled by using the G4GeneralParticleSource class. Additionally, a
30-cm-diameter parallel beam incident to the head of the phan-
toms was modeled for the calculation of the lens doses in order to
save computation time, under the assumption that the contribution
of the secondary radiations (from the other parts of the body) to the
eye lens dose is negligible [13].

The DCT in terms of absorbed dose per fluence (pGy cm2) were
calculated using the equation:

DCT ¼ DT

�
A
N

�
(1)

where DT is the organ dose (¼ organ/tissue-averaged absorbed
dose, pGy) for the organ/tissue T, A is the area (cm2) of the disk
source, and N is the number of primary particles emitted from the
disk source. The absorbed doses for all of the organs/tissues, with
some exceptions, were directly calculated from the MRCPs using
the G4PSEnergyDeposit class. The exceptions were the absorbed
doses for red bone marrow (RBM) and bone surface (also called
endosteum; total marrowwithin 50-mm thickness of bone surface),
which are implicitly represented in the MRCPs as in the ICRP-110
reference phantoms [15]. Therefore, these skeletal absorbed doses
were calculated using two estimates introduced in ICRP Publication
116 [2].

The skeletal doses for the electrons were calculated using the
equations:

DRBM ¼
X
x

mx
RBM

mtotal
RBM

Dx
SP (2)



Fig. 1. Mesh-type ICRP adult reference phantoms (right) along with voxel-type ICRP adult reference phantoms (left).

Fig. 2. Adult male (left) and female (right) mesh-type ICRP reference phantoms
implemented in Geant4 code.
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DTM50
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x
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TM50
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where DRBM and DTM50
are the absorbed doses to the RBM and

endosteum, respectively; mx
RBM and mx

TM50
are the masses of these

tissues at bone site x, respectively; mtotal
RBM and mtotal

TM50
, respectively,

are the masses of these tissues summed across the entire skeleton;
Dx
SP and Dx

MM are the absorbed doses to the spongiosa and medul-
lary cavity, respectively, at bone site x of the phantoms. Note that
the masses of the RBM and endosteum at each bone site are pro-
vided in ICRP Publication 116 [2]. This approach was used to
calculate the skeletal doses for the photons with energies higher
than 10 MeV. For lower energy photons, whereas the same
approach was consistently used in the calculation of the ICRP-116
skeletal DCs, in the present study, a more advanced approach was
used based on the fluence-to-absorbed dose response functions
(DRFs) developed by Johnson et al. [20] and provided in ICRP
Publication 116 [2]. For this calculation, the scoring class derived
from the G4VPrimitiveScorer class [15] was used to convert the
fluence values in the regions of the spongiosa or medullary cavity at
a given photon energy to the corresponding skeletal doses via a
logelog interpolation of the DRF values.

For the organs/tissues that include radiosensitive target regions
(i.e., the extrathoracic (ET) region, lungs, oesophagus, stomach,
small and large intestines, skin, eye lens, and urinary bladder),
additional DCT`s were calculated without considering the sensitive
region, i.e., by averaging the absorbed dose over the entire region,
for the purpose of comparison.

The calculated DCT`s for all of the organs/tissues were then used
to calculate the DCE`s in terms of effective dose per fluence (pSv
cm2) using the equation:

DCE ¼
X
T

wT

X
R

wR

 
DCMale

T ; R þ DCFemale
T ;R

2

!
(4)

where DCT,R is the dose coefficient of the organ/tissue T and radi-
ation R, wT is the tissue-weighting factor, and wR is the radiation-
weighting factor. The tissue- and radiation-weighting factors are
given in ICRP Publication 103 [1].

The number of primary particles varied from 108 to 1010

depending on the particles and energies. The physics library of
G4EmLivermorePhysicswas applied for the transport of photons and
electrons. For the electrons with energies less than 10 MeV, the
bremsstrahlung splitting technique was used with a splitting factor
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of 10e1000 depending on the energies in order to enhance the
production of bremsstrahlung photons. Considering the micron
scales of the thin radiosensitive regions in the MRCPs, the range
value of 1 mm for the secondary production cut was applied to both
photons and electrons. The simulations were performed on Bio-
wulf, the National Institute of Health's high-performance Linux
computing cluster (http://hpc.nih.gov). The statistical relative er-
rors for the calculated DCE`s were all less than 0.5%, and the ma-
jority of the calculated DCT`s were less than 1%.

3. Results and discussion

3.1. Dose coefficients for photons and electrons

Comprehensive data on the DCs of the MRCPs for external ex-
posures of photons and electrons were calculated by performing
Monte Carlo dose calculations with the Geant4 code. The data
include DCT`s in terms of organ dose per fluence (pGy cm2) for 30
organs/tissues (i.e., RBM, colon, lung, stomach, breast, testes,
ovaries, urinary bladder, oesophagus, liver, thyroid, endosteum,
brain, salivary glands, skin, adrenals, ET region, gall bladder, heart,
kidneys, lymphatic nodes, muscle, oral mucosa, pancreas, prostate,
small intestine, spleen, thymus, uterus, and eye lens) and DCE`s in
terms of effective dose per fluence (pSv cm2). Note that the DCT`s
for the nine organs/tissues (i.e., colon, lungs, stomach, urinary
bladder, oesophagus, skin, ET region, small intestine, and eye lens)
that include thin radiosensitive target regions were calculated by
averaging the absorbed doses over only the sensitive regions, not
the entire organ/tissue regions. The photon DCs were obtained for
55 energy values ranging from 0.01 MeV to 10 GeV and six irradi-
ation geometries (AP, PA, LLAT, RLAT, ROT, and ISO). The electron
DCs were obtained for 49 energy values ranging from 0.01 MeV to
10 GeV and three irradiation geometries (AP, PA, and ISO). The
numerical values of all of the DCs are tabulated in the
Supplementary Data tables available online.

Fig. 3 shows the photon and electron DCE`s for the considered
irradiation geometries. For photons, the DCE`s tend to increase
monotonically with energy over the entire energy region for all
geometries. Also, the DCE`s for the different geometries tend to
differ over the entire energy region. For energies <10 MeV, the
DCE`s of the AP geometry are greater than those of the other ge-
ometries, the maximum difference being a factor of approximately
nine relative to the value of the PA geometry at 0.02 MeV. On the
other hand, for high energies, the DCE`s of the AP geometry are
lower than those of the other geometries, the maximum difference
Fig. 3. Effective dose per fluence (pSv cm2) calculated with MRC
being a factor of approximately three relative to the value of the ISO
geometry at the highest energy (10 GeV).

For electrons, the DCE`s also tend to increase with energy but
show more complicated variations. It can be observed that the
DCE`s at energies from 0.05 to 0.1 MeV dramatically increase with
energy, i.e., by about four orders of magnitude. Meanwhile, the
DCE`s at energies from 0.15 to 0.8 MeV decrease with energy. The
DCE`s of the different geometries also can be seen to be significantly
different at energies from 0.8 to 30 MeV, where the AP geometry
shows the highest values and the PA geometry shows the lowest
values. The maximum difference between the AP and PA geome-
tries is approximately 15 times at 4 MeV.

3.2. Dosimetric influence of radiosensitive regions

In the present study, the DCT`s of the nine organs/tissues
including micron-scale radiosensitive regions were compared with
those calculated by averaging the absorbed dose over the entire
organ/tissue region in order to observe the influence of the sensi-
tive regions defined in the MRCPs on dose calculations.

Fig. 4 show the ratios of the DCT`s based on the sensitive region
with respect to the values based on the entire region for photons in
the AP, PA, and ISO geometries. For all organs/tissues except the eye
lens and skin, the DCT ratios tend to be close to unity over the entire
energy region (i.e., mostly between 0.9 and 1.1), which means that
the influence of the sensitive regions on dose calculations is
generally not significant. Large deviations fromunity are found only
at low energies (i.e., <0.03 MeV) for most organs/tissues, due to the
fact that the low-energy photons with weakly penetrating powers
establish large dose gradients within the organs/tissues. For the eye
lens, the ratios at energies >1 MeV in the AP geometry are signif-
icantly lower than unity (i.e., mostly ~ 0.7); that is, the lens DCT`s
based on the sensitive regions are 30% lower than those based on
the entire region. For the skin, the DCT ratios at the energies from
0.3 to 20 MeV are significantly lower than unity, with a minimum
value of approximately 0.7 at 0.8 MeV. These significant differences
for the eye lens and skind even for such high-energy photonswith
highly penetrating powersd is due to the fact that charged particle
equilibrium is not well established in these superficial tissues.

Fig. 5 shows the results for electrons. For all organs/tissues
except for the eye lens and skin, the ratios tend to be close to unity
over the entire energy region (i.e., mostly between 0.9 and 1.1),
while relatively large deviations from unity are observed in some
cases at energies from 2 to 10MeV. For the eye lens, the ratios in the
PA geometry tend to be close to unity over the entire energy region,
Ps and Geant4 code for photons (left) and electrons (right).

http://hpc.nih.gov


Fig. 4. Ratios of DCT`s based on sensitive region with respect to the values based on entire region for colon, lungs, stomach, urinary bladder, oesophagus, skin, ET region, small
intestine, and eye lens of male (left) and female (right) MRCPs for photons in AP, PA, and ISO geometries.
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but the ratios in the AP and ISO geometries at energies <2 MeV are
significantly greater than unity, with a maximum value of 4.4 at
0.8 MeV in both geometries. This means that the lens DCT`s based
on the sensitive region are up to 4.4 times higher than those based
on the entire region in the AP and ISO geometries, which are
considered to be important in the lens dose calculation. For the
skin, it can be seen that for all of the geometries, the ratios at en-
ergies <1 MeV are significantly different from unity. The ratios at
energies�0.06 MeV are less than unity by up to approximately four
orders of magnitude at the lowest energy (0.01 MeV). By contrast,
the ratios at the higher energies are greater than unity by up to
approximately an order of magnitude at 0.1 MeV.

3.2.1. Dose coefficients for effective dose
The influence of the sensitive regions on effective dose calcu-

lations was also investigated. For this, the DCE`s based on the



Fig. 5. Ratios of DCT`s based on sensitive region with respect to values based on entire region for colon, lungs, stomach, urinary bladder, oesophagus, skin, ET region, small intestine,
and eye lens of male (left) and female (right) MRCPs for electrons in AP, PA, and ISO geometries.
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sensitive regions were compared with the values based on the
entire regions. Fig. 6 shows the ratios of the DCE`s based on the
sensitive regions with respect to the values based on the entire
regions for photons and electrons and the irradiation geometries
considered in the present study.

For photons, the ratios tend to be close to unity over the entire
energy region (i.e., mostly between 0.99 and 1.01), which indicates
that the influence of the sensitive regions on the effective dose
calculations is generally not significant. Only at very low energies
(<0.03 MeV), the ratios show relatively large deviations from unity,
themaximum ratio being 1.7 at the lowest energy (0.01MeV) in the
PA geometry. These differences in DCE`s are mainly influenced by
the dose differences due to the skin sensitive region rather than the
other organ/tissue sensitive regions. The low-energy photons with
weakly penetrating powers deposit most of their energies at the
skin and, thus, the skin doses mainly contribute to effective dose



Fig. 6. Ratios of DCE`s of MRCPs based on sensitive region with respect to values based on entire region for photons (left) and electrons (right).
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despite the small tissue-weighting factor (¼ 0.01) (ICRP 2007).
For electrons, the ratios at energies >1 MeV tend to be close to

unity (i.e., mostly between 0.99 and 1.01), whereas those at the
lower energies are significantly different from unity. It can be
observed that the ratios are almost identical to those for the skin, as
shown in Fig. 5, which indicates that these differences are mainly
influenced by the skin dose differences due to the skin sensitive
region. These primary electrons at energies�1MeV deposit most of
their energies to the skin, whereas very-low-energy secondary
photons (e.g., bremsstrahlung photons) mostly contribute to the
doses to the other organs/tissues; therefore, the skin dose is the
main contributor to the effective dose.
3.3. Comparison with ICRP-116 dose coefficients

The presented DCs of the MRCPs were compared with the cur-
rent reference values in ICRP Publication 116 [2] produced with the
voxel-type ICRP-110 reference phantoms [3] in order to observe the
dosimetric influence of the improved representation of the organs/
tissues of the MRCPs as compared with the ICRP-110 phantoms.
3.3.1. Dose coefficients for organ/tissue absorbed dose
Fig. 7 shows the ratios of the DCT`s of the MRCPs with respect to

the ICRP-116 DCT`s for 15 organs/tissues (RBM, colon, lungs, stom-
ach, breasts, remainder tissues, gonads, urinary bladder, oesoph-
agus, liver, thyroid, endosteum, brain, salivary glands, and skin) for
photons in the ISO geometry. It should be noted that the DCT`s for
the remainder tissues are the arithmetic mean values for the 13
organs/tissues (i.e., adrenals, ET region, gall bladder, heart, kidneys,
lymphatic nodes, muscle, oral mucosa, pancreas, prostate (male)/
uterus (female), small intestine, spleen, and thymus), as defined in
ICRP Publication 103 [1].

For all organs/tissues, with the exception of the skeletal tissues
and skin, the ratios tend to be close to unity over the entire energy
region (i.e., mostly between 0.9 and 1.1), which means that the
MRCP DCT`s for these organs/tissues are similar to the ICRP-116
DCT`s. Only at very low energies (<0.03 MeV), the ratios show
relatively large deviations from unity, which was observed mainly
owing to the difference in geometry or material composition be-
tween the MRCPs and ICRP-110 phantoms. For the skeletal tissues
(RBM and endosteum), the ratios at energies > 0.1 MeV are close to
unity, whereas those at lower energies are significantly smaller
than unity, i.e., by up to approximately two or three orders of
magnitude at the lowest energy (0.01 MeV). These significant
differences were observed mainly because of two reasons: (1) the
cortical bones in the ICRP-110 phantoms, due to the limited voxel
resolutions, do not fully cover the spongiosa and medullary-cavity
regions, while this limitation was eliminated in the MRCPs; (2) the
MRCP DCT`s for these skeletal tissues were calculated using the
DRFs [20], whereas the ICRP-116 values were calculated using a
simpler method, i.e., Equations (2) and (3) in Section 2.2. For the
skin, the ratios at energies >10 MeV are close to unity, whereas
those at lower energies showed relatively large deviations from
unity. These deviations were observed mainly because the MRCP
skin DCT`s were calculated using the skin sensitive region of the
MRCPs, whereas the ICRP-116 values were calculated using the
entire region of the skin of the ICRP-110 phantoms, which, owing to
their limited voxel resolutions, do not include the thin sensitive
regions.

Fig. 8 shows the results for the electrons. At energies >10 MeV,
the ratios tend to be close to unity (i.e., mostly between 0.9 and 1.1).
At lower energies, the ratios for some organs/tissues (colon, lungs,
stomach, urinary bladder, oesophagus, liver, thyroid, and brain) are
also close to unity in most cases, while relatively large differences
from unity can be observed in some other cases at energies from 2
to 10 MeV. For the other organs/tissues (i.e., skin, breasts, gonads,
salivary glands, remainder tissues, RBM, and endosteum), the ratios
are significantly different from unity in the majority of cases. For
the skin, the ratios at energies�0.06 MeV are significantly less than
unity, whereas those at the higher energies are significantly greater
than unity. The ratios are also almost identical to the ratios of the
MRCP sensitive-region-averaged skin dose and the MRCP entire-
region-averaged skin dose, as shown in Fig. 5, which indicates
that the deviations from the ICRP-116 values are mainly due to the
use of the skin sensitive region in the MRCPs. For the superficial
organs/tissues (breasts, gonads, and salivary glands), the ratios are
significantly smaller than unity, i.e., by several orders of magnitude,
which means that the MRCP DCs are significantly lower than the
ICRP-116 values. These differences were observed mainly owing to
the improved representation of the organs/tissues in the MRCPs as
compared with the ICRP-110 voxel phantoms. That is, the skin of
the ICRP-110 phantoms, due to the limited voxel resolutions, is
discontinuous, and thus, electrons without energy loss in the skin
can directly deposit their energies to these superficial organs/tis-
sues. This limitation is eliminated in the MRCPs. This improvement
also results in significant deviations from the ICRP-116 values for
the remainder tissues, of which some organs/tissues such as the
muscle and lymphatic nodes of the ICRP-110 phantoms are also



Fig. 7. Ratios of MRCP DCT`s calculated in present study with respect to ICRP-116 DCT (ICRP 2010) for RBM, colon, lungs, stomach, breasts, remainder tissues, gonads, urinary bladder,
oesophagus, liver, thyroid, endosteum, brain, salivary glands, and skin for photons in ISO geometry.
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directly exposed to the primary electrons through the discontin-
uous part of the skin. For the skeletal tissues (¼ RBM and endos-
teum), the ratios are also significantly smaller than unity, by several
orders of magnitude in fact. These differences were observed due
mainly to the improved representation of the cortical bone in the
MRCPs; that is, the cortical bone of the MRCPs is continuous and
fully covers the spongiosa andmedullary-cavity regions, in contrast
to the ICRP-110 phantoms.
3.3.2. Dose coefficients for effective dose
Fig. 9 shows the ratios of the DCE`s of the MRCPs with respect to

the ICRP-116 DCE`s for photons and electrons and the irradiation
geometries considered in the present study. For photons, it can be
seen that the MRCP DCE`s are generally similar to the ICRP-116
DCE`s, except for very low energies (i.e., 0.01 and 0.15 MeV). The
ratios at energies >0.1 MeV are close to unity, having fallen mostly
between 0.95 and 1.05. By contrast, the ratios at lower energies
show relatively large differences from unity. Except at the lowest
energy (0.01 MeV), they tend to be less than unity, because the
ratios of MRCP DCT`s/ICRP-116 DCT`s for the majority of the organs/
tissues are less than unity, as shown in Fig. 7. Contrastingly, at
0.01 MeV, the ratios in all of the geometries are greater than unity,
with a maximum of approximately 1.7 in the PA geometry. These
differences were observed mainly due to the differences from the
ICRP-116 skin DCT`s owing to the skin sensitive region in the MRCPs
(see Fig. 7). For electrons, it can be seen that the ratios for energies
>1 MeV are close to unity (mostly between 0.95 and 1.05), whereas
those for lower energies are significantly different from unity.
These significant differences were again observedmainly due to the
differences between theMRCP skin DCT`s and ICRP-116 skin DCT`s, a
stemming from the definition of the skin sensitive region in the
MCRPs. The ratios of MRCP DCE`s/ICRP-116 DCE`s can be seen to be
almost identical to those of MRCP skin DCT`s/ICRP-116 skin DCT`s in
Fig. 8.
4. Conclusion

In the present study, a complete dataset of dose coefficients
(DCs) was calculated for idealized external exposures of photons
and electrons using the mesh-type reference computational
phantoms (MRCPs) for adult male and female. The dataset provides
the dose coefficients for 30 individual organs/tissues (DCT`s) and
the dose coefficients for effective doses (DCE`s) for a wide range of
energies, i.e., from 0.01MeV to 10 GeV, in six irradiation geometries
(AP, PA, LLAT, RLAT, ROT, and ISO) for photons and in three geom-
etries (AP, PA, and ISO) for electrons. Subsequently, the DCT`s for the
nine organs/tissues calculated for their thin radiosensitive regions
in the MRCPs were compared with those calculated by averaging
the absorbed dose over the entire organ/tissue region. The obtained
results indicated that the influences of the thin radiosensitive



Fig. 8. Ratios of MRCP DCT`s calculated in present study with respect to ICRP-116 DCT`s (ICRP 2010) for RBM, colon, lungs, stomach, breasts, remainder tissues, gonads, urinary
bladder, oesophagus, liver, thyroid, endosteum, brain, salivary glands, and skin for electrons in ISO geometry.

Fig. 9. Ratios of MRCP DCE`s calculated in present study with respect to ICRP-116 DCE`s (ICRP 2010) for photons (left) and electrons (right).
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regions on dose calculations for photons and electrons were
generally not significant for most organs/tissues, but very large for
the skin and eye lens, especially for electrons. The large influence of
the skin sensitive region eventually significantly affected the
effective dose calculations for electrons. Additionally, the DCs of the
MRCPs were compared with the current reference values in ICRP
Publication 116 [2] produced with the voxel-type ICRP-110 refer-
ence phantoms [3]. The results showed that for photons, the DCT`s
for the majority of organs/tissues and the DCE`s of the MRCPs were
generally similar to the ICRP-116 values, except for very low en-
ergies. For electrons, by contrast, significant deviations from the
ICRP-116 values were found, particularly for the superficial organs/
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tissues and skeletal tissues, and also the DCE`s, owing mainly to the
improved representation of the organs and tissues in the MRCPs as
compared with the ICRP-110 phantoms. The comprehensive data-
sets of the DCs tabulated in a Microsoft Excel spreadsheet are
available as Supplemental Data in the journal website. The present
study produced the data for photons and electrons, and an addi-
tional study will be conducted in the near future for the other
particles including neutrons, protons, and helium ions.
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