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1. Introduction

The International Commission on Radiological
Protection (ICRP) developed the mesh-type reference
computational phantoms (MRCPs) for adult male and
female through ICRP Publication 145, which are
counterparts of the voxel-type reference computational
phantoms (VRCPs) in ICRP Publication 110. Following
the development of the adult MRCPs, the ICRP recently
completed the development of the pediatric MRCPs (i.e.,
newborn, 1-, 5-, 10-, and 15-year-old male and female)
by converting the pediatric VRCPs in ICRP Publication
143. One of the main advantages of the MRCPs over the
VRCPs is high deformability, which enables the MRCPs
into different body sizes or postures [1]. By deforming
the adult MRCPs, the body-size-dependent phantom
library, which consists of 212 phantoms (108 for males
and 104 for females), was developed for individualized
dosimetry (e.g., medical image optimization) [2].

Recently, the number of CT examinations for children
has dramatically increased [3]. Considering the fact that
children are more susceptible to radiation-induced risks
than adults (e.g., leukemia and various cancers) due to
their high radiation sensitivity and long life expectancy,
it is necessary to accurately estimate doses for children.
Therefore, in the present study, the body-size-dependent
phantom library covering wide range of body sizes (i.e.,
height and weight) for infants, children, and adolescents
(i.e., newborn to 19 years) was developed by deforming
the pediatric MRCPs. To see the impact of the body size
on dose calculations for children, the doses to the
stomach, breast, and brain were calculated by using the
phantoms at different weights for external exposure to
photons.

2. Materials and Methods

The body-size-dependent pediatric phantom library
was developed in three steps: construction of (1) height—
weight grids and secondary anthropometric parameters,
(2) grid-center and anchor phantoms, and (3) phantom
library by using the in-house C++ program.

The target height-weight grids and secondary
anthropometric parameters were first constructed for
newborn and 1-19 years. The height and weight for 403
grid bins (10 and 11 for newborn males and females; 217
and 192 for 1-19 years males and females) were

determined by using the data given in Huvanandana et al.
[4] and National Health and Nutrition Examination
Survey (NHANES) IV [5]. The secondary
anthropometric parameters (i.e., newborn: head and
abdominal circumference; 1-19 years: head height,
breadth, and length; sitting height; and upper arm, waist,
hip, thigh, and calf circumference) were considered by
using the data given in various dataset and scientific
literatures [4-10]. Detailed information on the
determination of grid bin and secondary anthropometric
parameters can be found in Ha et al. [11].

The next step is the construction of grid-center and
anchor phantoms for 1-19 years to be used as basis
models to construct the pediatric phantom library. These
phantoms were constructed to realistically represent the
body shape of automatically generated phantoms, which
have wide range of height and weight [2]. Note that grid-
center and anchor phantoms are not required for newborn,
because the newborn has narrow range of height and
weight grids. Eight grid-center phantoms were manually
constructed by deforming the pediatric MRCPs. Then, a
total of 56 anchor phantoms having the same lean body
mass (LBM) and different body fat percentages were
constructed by deforming the grid-center phantoms.
Detailed information on grid-center and anchor
phantoms can be found in Choi et al. [2].

Finally, the body-size-dependent pediatric phantom
for each grid bin was automatically constructed by using
the in-house C++ program. For the newborn phantom
library, in-house C++ code was developed to directly
scale the newborn MRCPs in XYZ directions. For the
phantom from 1 to 19 years, the C++ program used to
construct the adult phantom library [2] was updated and
used to automatically scale the phantoms to match the
target height, weight, and secondary anthropometric
parameters. In addition, the internal organs were also
automatically scaled in proportion to the LBM and head
dimensions [2].

To see the impact of body size on dose calculation, the
organ-averaged dose of the male phantoms having the
same height and different weight (i.e., H78.5W9.4,
H78.5W10.6, and H78.5W11.9) were calculated and
compared for the stomach, breast, and brain with
different trends expected. Note that the stomach and
breast with a large tissue weighting factor (=0.12) are
scaled in proportion to the LBM, while the brain is scaled
by head dimensions due to the fact that the brain is
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Figure 1. Body-size-dependent pediatric phantom library for some selected male phantoms.

located in the head. The phantoms were irradiated by
monoenergetic broad-parallel beams of photon (i.e.,
0.01-10,000 MeV) in antero-posterior (AP) geometry
with the Geant4 Monte Carlo radiation transport code
(version 10.06.p02) [12].

3. Results and Discussion

Figure 1 shows some selected 1- and 15-year-old male
phantoms of the body-size-dependent pediatric phantom
library, as examples. It can be seen from Figure 1 that
automatically constructed phantoms as well as the grid-
center and anchor phantoms realistically represent body
size and body shape for various heights and weights. The
height and weight of the constructed phantoms are well
matched to the target values within 0.1% difference. For
the secondary anthropometric parameters, the values are
matched to the target values within 5% difference.
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Figure 2. Mass ratio of library phantoms to grid-center
phantoms for 1-, 5-, 10-, and 15-year-old female
phantoms for liver, lung, stomach, brain, residual
soft tissue (RST), breast adipose tissue.

Breast adipose

Figure 2 shows the mass ratio of pediatric library
phantoms to grid-center phantoms for some selected
organs for female phantoms. The trunk organs (i.e., liver,
lung, and stomach) show similar ratio values depending
on the age of the base phantoms, ranging from 0.63 to
1.50 for ten years as examples, which is because the
LBM was adopted to scale all these organs. For the brain,
the ratios are close to unity (e.g., 0.89 to 1.11 for 15
years). This is due to the fact that the brain was scaled in
proportion to the head dimensions which show weak
correlation with body sizes. For the residual soft tissue
(RST) and breast adipose tissue, significant different
ratios are observed (e.g., 0.30— 1.93 for RST and 0.20-
1.31 for breast adipose tissue for 15 years). These
significant differences are because these tissues mainly

or entirely consist of adipose tissues, which shows high
dependency on body sizes.

Figure 3 shows the doses to stomach, breast, and brain
of H785W9.4, H785W10.6, and H785W11.9
phantoms for photons in the AP direction. For the
stomach, at energies less than 0.1 MeV, the H78.5W9.4
phantom shows the largest values, the maximum
difference being 15 times at 0.01 MeV when compared
with the H78.5W11.9 phantom. These results are due to
the shielding effect of the body fat for the abdominal
organs. On the other hand, for high-energy photons (>10
MeV), the opposite trend is observed. The maximum
difference between the H78.5W9.4 and H78.5W11.9
phantoms was 1.22 times at 5,000 MeV. This opposite
trend is due to the build-up region of high-energy
photons. Compared with the stomach, the breast shows
similar trend over the entire energy range. On the other
hand, the breast shows smaller differences than the
stomach at low energy photons, which is due to the fact
that the breast-center-to-skin and breast-center-to-
muscle distance ratios are preserved in constructing the
library phantoms. Therefore, the distance from skin to
breast does not change dramatically when compared to
the distance from skin to stomach. Unlike the stomach
and breast, the brain doses for all the phantoms are in
good agreement. The differences are all less than 1%.
These slight differences are again due to the weak
correlation between the head dimensions and body sizes.
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Figure 3. Organ-averaged absorbed dose per fluence (pGy
cm? of H785W9.4, H78.5W10.6, and
H78.5W11.9 phantoms for stomach, breast, and
brain for photons in AP direction.
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4, Conclusion

In the present study, the body-size-dependent pediatric
phantom library consisting of 403 phantoms was
constructed by deforming the ICRP pediatric MRCPs.
The phantoms were automatically constructed by using
the in-house C++ code, while matching the height,
weight, and secondary anthropometric parameters. In
addition, the internal organs were reasonably scaled by
the LBM and head dimensions. To see the impact of the
body size on dose calculation for children, the doses to
stomach, breast, and brain in AP irradiation geometry for
photons were calculated by using some selected
phantoms. The significant differences by up to a factor
of 15 for stomach were observed due to the shielding
effect of body fat. These results suggest that the
consideration of individual anatomy is necessary for
individual dose calculation. However, the pediatric
phantom library still has the restricted anatomy.
Considering the fact that the individual anatomy data are
mostly unknown, and the construction of individualized
phantom is a labor-intensive process even if anatomy
data are available, the phantom library is expected to
improve the accuracy of dose estimates for children by
taking the general body sizes and shapes of the individual
into account.
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