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Abstract

Hybrid computational phantoms combine voxel-based and simplified
equation-based modelling approaches to provide unique advantages
and more realism for the construction of anthropomorphic models. In
this work, a methodology and C++ code are developed to generate
hybrid computational phantoms covering statistical distributions of body
morphometry in the paediatric population. The paediatric phantoms of the
Virtual Population Series (IT’IS Foundation, Switzerland) were modified to
match target anthropometric parameters, including body mass, body length,
standing height and sitting height/stature ratio, determined from reference
databases of the National Centre for Health Statistics and the National
Health and Nutrition Examination Survey. The phantoms were selected as
representative anchor phantoms for the newborn, 1, 2, 5, 10 and 15 years-old
children, and were subsequently remodelled to create 1100 female and male
phantoms with 10th, 25th, 50th, 75th and 90th body morphometries. Evaluation
was performed qualitatively using 3D visualization and quantitatively by
analysing internal organ masses. Overall, the newly generated phantoms
appear very reasonable and representative of the main characteristics of the
paediatric population at various ages and for different genders, body sizes
and sitting stature ratios. The mass of internal organs increases with height

1361-6560/17/083263+21$33.00 © 2017 Institute of Physics and Engineering in Medicine Printed in the UK 3263


mailto:habib.zaidi@hcuge.ch
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-6560/aa63d0&domain=pdf&date_stamp=2017-03-28
publisher-id
doi
https://doi.org/10.1088/1361-6560/aa63d0

Phys. Med. Biol. 62 (2017) 3263 T Xie et al

and body mass. The comparison of organ masses of the heart, kidney, liver,
lung and spleen with published autopsy and ICRP reference data for children
demonstrated that they follow the same trend when correlated with age. The
constructed hybrid computational phantom library opens up the prospect of
comprehensive radiation dosimetry calculations and risk assessment for the
paediatric population of different age groups and diverse anthropometric
parameters.
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representation, paediatric population, library
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1. Introduction

The past two decades have witnessed an expansion of various imaging modalities and their
application in personalized or precision medicine for evaluating the therapeutic effect of treat-
ment and staging and diagnosing disease (Denecke and Spreckelsen 2013). As a consequence,
the exposure to ionizing radiation from medical procedures increased by a factor of seven
compared to the early 80’s according to the National Council on Radiation Protection and
Measurements (NCRP) and the effective dose due to medical radiation exposure per indi-
vidual has increased from 0.53 to 3.0 mSv (Schauer and Linton 2009). The growing usage of
computed tomography (CT) and nuclear medicine procedures is considered to play a pivotal
role and stands as the dominant contributor to global radiological warning. The contribution
of these two imaging modalities accounts for 36% of the total radiation exposure and 75% of
the medical radiation exposure (Schauer 2011). The risk of radiation-induced stochastic and
deterministic effects associated with medical radiation procedures and the communication of
risks to patients has been a matter of concern in clinical practice, especially for the paediatric
population (Hendee and O’Connor 2012, Thornton et al 2015). At the same absolute level
of absorbed dose, children may experience greater stochastic effects from ionizing radiation
than adults (Robbins 2008) and since they have developing organs and longer post-irradiation
lifespan, they also suffer greater cancer risk from exposure to ionizing radiation compared to
adults (Steinert er al 2003). Statistical and computational techniques, such as Monte Carlo-
based radiation transport simulation, represent useful tools for providing an accurate assess-
ment of the absorbed dose in the human body since they can account for all aspects of particle
interactions within 3D heterogeneous media, simulate a variety of different medical proce-
dures and provide detailed information about energy deposited at the organ/tissue level (Zaidi
1999, Sarrut et al 2014). Monte Carlo calculations usually incorporate detailed geometries in
the form of computational phantoms to simulate radiation transport and determine the energy
pattern of radiation interactions. The reliability and confidence in Monte Carlo simulations is
closely related to the degree of realism adopted for computational models, which reflects the
physical characteristics (such as elemental composition and mass density, etc) and anatomi-
cal features (such as shape, density, volume and position of organs and tissues) of the human
body. Depending on the geometric features used to define the anatomical model for radia-
tion transport calculations, computational models can be divided into three types (Zaidi and
Xu 2007): (i) stylized models which employ simple equation-based mathematical functions,
(i) voxel-based models which use matrices obtained from segmented cryosection or structural
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medical (CT or MR) images, (iii) hybrid equation-voxel based models which combine the two
aforementioned modelling approaches, and (iv) anatomical textbook-based, which apply 3 D
modelling techniques to data taken from anatomical atlases and textbooks. To represent the
human body of different habitus, few computational phantom libraries have been reported.
One of the first libraries of human 3D models was developed by Ben Azouz et al (2006)
consisting of_ENREF _11 constructed surface models with only contours based on anthropo-
metric data from the CAESAR survey (Robinette et al 1999). Johnson et al (2009) developed
a library of phantoms consisting of 15 different paediatric female phantoms and 25 different
adult male phantoms by combining the paediatric female phantom and adult male phantom of
the University of Florida (Lee ef al 2009) with published statistical data (standing height, sit-
ting height and body mass, etc) of the US National Health and Nutrition Examination Surveys
(NHANES) survey (McDowell et al 2008). Na et al (2010) developed 5th, 50th and 95th mass
and height percentile adult phantoms of both genders based on the Rensselaer Polytechnic
Institute (RPI) adult female (RPI-AF) and adult male (RPI-AM) models and the US NHANES
survey data, and investigated their dosimetric characteristics for external photon exposure.
Stabin et al developed a set of reference adult and paediatric phantoms (Stabin ez al 2012) as
well as a series of 10th, 25th, 50th, 75th and 90th height percentile phantoms (Marine et al
2010) and obese phantoms (Clark e al 2010) to study the effect of stature and mass on specific
absorbed fractions (SAFs). Using body parameters representative of people with different
size and reported mass-height function from autopsy data, Cassola et al (2011) developed 18
anthropometric standing adult Caucasian phantoms with 10th, 50th and 90th mass and height
percentiles based on the third edition of standing Female Adult meSH (FASH3) and Male
Adult meSH (MASH3) phantoms (Cassola et al 2009), and calculated organ equivalent dose
and photon SAFs from external and internal exposure, respectively. The Virtual Population
(ViP) phantom library, developed at the IT’IS Foundation, represents a library of boundary
representation anatomical models created by segmenting more than 300 tissues and organs in
whole body magnetic resonance images (MRI) of volunteers, ranging from newborn, paedi-
atric, adult to elderly subjects and including an obese male and a pregnant woman (Gosselin
et al 2014). To increase the population and application coverage, i.e. to create phantoms with
different body mass index (BMI) or postures, several methods were developed and have been
integrated in the simulation platform Sim4Life (Cherubini et al 2009, Neufeld et al 2011).
The ViP computational phantoms are frequently used for research and safety evaluations in
non-ionizing applications, in particular for mobile phone, MRI and implant safety. Following
a different approach, Segars et al (2013) constructed a database of Non-Uniform Rational
B-Spline (NURBS)-based phantoms consisting of 42 paediatric models and 58 adult models
covering a wide distribution of ages, mass and BMI ranges of the population. Unlike the previ-
ously mentioned approaches, these models were derived from data of two initial adult mod-
els, using non-linear image registration techniques to deform the torso region to approximate
image data from patients. While this strategy does not parametrize the population according to
BMI, height or standing height and sitting height/stature ratio (SSR), it allows the generation
of a large set of different models with torso features and inter-subject variability. A drawback
of the approach used to generate the models is that while it generates paediatric models using
paediatric image data, it does so by morphing segmented adult models (Segars et al 2013).
Both Segars’ and Stabin’s phantom libraries were used for imaging physics research and radi-
ation dosimetry studies (Bond et al 2012, Stabin et al 2012). Monte Carlo simulations coupled
with realistic phantom libraries can provide organ and tissue absorbed dose estimations for a
range of masses and habitus of subjects. Interpolating the estimated dose for the actual anthro-
pometric parameters of a subject between the closest data points of the grid, enables accurate
assessment of subject-specific organ dose, effective dose and associated cancer risks.
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Table 1. Targeted anthropometric parameters for the construction of the hybrid
paediatric phantom library. The mass is provided in kg, length is given in cm.

Percentiles
Anthropometric parameters 10 25 50 75 90
Newborn-female ~ Mass 2.7 3.1 34 3.7 4.0
Length 46.3 47.7 49.3 51.0 52.7
Newborn-male Mass 2.8 3.2 35 3.9 4.2
Length 46.6 48.2 50.0 51.8 534
1 year-female Mass 8.8 9.9 10.9 11.9 13
Length 70.6 72.4 74.4 76.4 78.1
1 year-male Mass 9.2 10.5 11.5 12.6 13.8
Length 72.5 74.2 76.1 78.2 80.1
2 years-female Mass 10.7 12.1 13.1 14.4 16.1
Height 84 87.2 90.2 93.2 95.6
SSR 53.5 54.7 55.9 57.2 58.4
2 years-male Mass 12 12.8 13.9 15.1 16.4
Height 86.9 89.2 91.9 94.5 96.8
SSR 54.4 55.6 56.9 58.3 59.6
5 years-female Mass 15.9 17.6 19.6 22.1 25.5
Height 105.2 107.4 111.7 116.6 119.6
SSR 51.1 52.5 53.6 54.7 55.8
5 years-male Mass 17.4 18.9 21 23.5 26.9
Height 107 111.4 114.6 117.9 120.8
SSR 51.4 524 53.5 54.6 55.7
10 years-female Mass 29.1 32.5 40.5 49 58.5
Height 135 138.6 143.7 148.7 152.8
SSR 50 50.9 51.9 52.9 53.9
10 years-male Mass 28.4 31.7 37.3 45.1 56.8
Height 133 136.8 141.5 147 151.3
SSR 49.3 50.2 51.2 52.2 53.1
15 years-female Mass 46.5 50.7 57.6 67.6 81
Height 154.3 158.4 162 165.8 170.1
SSR 50 50.8 51.8 52.8 53.7
15 years-male Mass 524 58.2 66.3 76.9 89.9
Height 163.5 169.2 174.8 178 182
SSR 49.3 50.2 51.1 522 53.1

In this work, a methodology and a computer code were developed to use hybrid and voxel-
based phantoms to construct a broad library of paediatric phantoms covering statistical distri-
butions of body morphometry of the paediatric population. The 10th, 25th, 50th, 75th and 90th
percentiles of body anthropometric parameters, including body mass, length, standing height
and SSR were used to remodel the reference phantoms based on an existing set of IT’IS paedi-
atric phantoms (Gosselin ef al 2014). A total of 1100 anthropometric computational phantoms
were produced for a newborn (25 phantoms for each gender) as well as 1 year (25 phantoms
for each gender), 2 years (125 phantoms for each gender), 5 years (125 phantoms for each
gender), 10 years (125 phantoms for each gender) and 15 years-old (125 phantoms for each
gender) female and male children, respectively.
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Table 2. The ICRP reference phantoms are constructed from a set of phantoms from
the Virtual Population. The model used for each reference phantom is shown.

Reference phantom IT’IS phantom

Newborn-female Charlie
Newborn-male Charlie
1 year-female Nina
1 year-male Nina
2 years-female Nina
2 years-male Nina
5 years-female Roberta
5 years-male Roberta
10 years-female Billie
10 years-male Billie
15 years-female Billie
15 years-male Louis

Table 3. Standing height, body mass, BMI and SSR for the original paediatric IT’IS
phantom series.

Anthropometric Newborn 1 year-old 5 years-old. 10 years-old 15 years-old
parameters Female Male Female Male Female Male Female Male Female Male
Standing 52.8 53.2 78.8 78.8 1135 1134 1443 1444 168 174.8
height

Body mass 35 35 10.0 10.0 19.0 19.0 31.8 31.6 532 55.8
BMI 12.5 12.2 16.0 16.1 14.7 14.8 15.3 152 189 18.3
SSR — — — — 0.62 0.62 0.51 0.52 0.3 0.52

2. Materials and methods

2.1. Datasets and anthropometric parameters

NHANES conducted in the US by the Centers for Disease Control (CDC) and Prevention’s
National Center for Health Statistics (NCHS) are the primary source of body measurement
and related health and nutrition data for the US population. The 2003—2006 datasets of anthro-
pometric reference data for children and adults were released in 2008 and are available on the
CDC web site” (McDowell et al 2008). The current paper is based on the body measurement
examinations of 19593 persons from these datasets and provides the 10th, 25th, 50th, 75th
and 90th percentiles of the mass and standing height data corresponding to children of 2, 5,
10, and 15 years, respectively, and the mass and recumbent length data corresponding to a
newborn and 1 year-old child. The SSR values used in this work for the paediatric population
older than 1 year were retrieved from the NHANES III survey (1988-1994) examination data
(Frisancho 2008).

A number of anthropometric parameters can be used for the generation of the phantom
libraries, including standing height, sitting height, body mass, body mass index (BMI), SSR,
waist, arm/thigh circumference, arm length and skinfold, etc. The body height, weight and
BMI were reported to have statistical correlations with some organs in autopsy-based anthro-
pometric studies (de la Grandmaison et al 2001a, Sheikhazadi et al 2010, Molina and DiMaio

7 www.cdc.gov
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Figure 1. Flowchart of the phantom modelling process adopted for generation of new
computational models. The target anthropometric parameters are obtained from the
NHANES database, the anchor phantoms are remodelled into a new model with the
desired anatomical parameters.

2015). In this work, we selected the body mass, standing height and SSR as general indicators
for body morphometry of a subject since these parameters can be easily manipulated within the
automatic process and have an important impact on radiation dosimetry calculations.

Total body mass and standing height represent general indicators for the size of a sub-
ject and characterize the percentage of body fat. In order to determine target values, a
fine grid data is created from body mass and standing height distributions of each paedi-
atric database. With the determined body mass and standing height, the BMI can be cal-
culated as BMI = body weight / standing height 2. The standing height limits the variability
in both sitting height and leg length. The sitting height and leg length are calculated as
standing height x SSR and standing height x (1 — SSR), respectively. For children younger
than 2 years, the NHANES database does not include standing height or SSR data, so the body
mass and recumbent length are used to parameterize the newborn and 2 years-old population.
The list of target anthropometric parameters for paediatric females and males of each age
group are summarized in table 1.

2.2. Anchor phantoms

The IT’IS phantom series (Gosselin ef al 2014) includes a series of paediatric models from
the newborn to a 14 years-old adolescent (Charlie of representing a newborn male model,
Nina representing a 3 years-old female model, Roberta representing a 5 years-old female
model, Billie representing an 11 years-old female model, and Louis representing a 14 years-
old male model). However, the models do not fit the body and organ masses recommended by
the International Commission on Radiological Protection (ICRP) for the reference paediatric
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Female phantoms

Figure 2. 3D visualization of representative computational phantoms of the newborn:
(A) 10th mass, 10th length female (F-newborn-10m-101); (B) 90th mass, 10th length
female (F-newborn-90m-101); (C) 50th mass, 50th length female (F-newborn-50m-501);
(D) 10th mass, 90th length female (F-newborn-10m-901); (E) 90th mass, 90th length
female (F-newborn-90m-901); (F) 10th mass, 10th length male (M-newborn-10m-101);
(G) 90th mass, 10th length male (M-newborn-90m-101); (H) 50th mass, 50th length
male (M-newborn-50m-501); (I) 10th mass, 90th length male (M-newborn-10m-901);
(J) 90th mass, 90th length male (M-newborn-90m-901). (Red for the heart, light green
for the lung, yellow for the liver, dark green for colon, violet for UB.)

population. In this context, we first constructed a series of reference paediatric phantoms based
on the IT’IS dataset fitting the ICRP (report 89) reference anatomical data (ICRP 2002). These
generated reference phantoms are used as representative anchor phantoms to be modelled
to generate models of the newborn, 1-, 5-, 10-, and 15 years-old female and male children,
respectively (table 2). The 5 years-old reference phantoms were used as anchor phantoms for
2 years-old population. A united voxel dimension of 2 x 2 x 3mm?® was set for all anchor
models to minimize the differences across different models. The cartilage, cortical bone, and
spongiosa at different bone sites were combined. The spongiosa is treated as a mixture of
active marrow, inactive marrow, and trabecular bone.

Since the ICRP recommends the same tissue weighting factors for homogeneous organs,
such as the left lung and the right lung, we merged them as one identified region for convenient
effective dose calculation. The blood vessel in the phantom refers to the blood in the arteries
and the veins. The kidney cortex, kidney medulla and kidney pelvis were merged as kidney. A
total of 43 organs and tissues are included in the reference phantoms. The original body mass,
standing height, BMI and SSR for the newborn, 1-, 5-, 10-, and 15 years-old female and male
anchor phantoms are summarized in table 3.
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Female phantoms
A B C D l E l
Male phantoms
F G H | J
Figure 3. 3D visualization of representative computational phantoms of the 1 year-
old: (A) 10th mass, 10th length female (F-01y-10m-101); (B) 90th mass, 10th length
female (F-01y-90m-101); (C) 50th mass, 50th length female (F-01y-50m-501);
(D) 10th mass, 90th length female (F-01y-10m-901); (E) 90th mass, 90th length female
(F-01y-90m-901); (F) 10th mass, 10th length male (M-01y-10m-101); (G) 90th mass,
10th length male (M-01y-90m-101); (H) 50th mass, 50th length male (M-01y-50m-
501); (I) 10th mass, 90th length male (M-01y-10m-901); (J) 90th mass, 90th length male

(M-01y-90m-901). (Red for the heart, light green for the lung, yellow for the liver, dark
green for colon, violet for UB.)

2.3. Model generation

The schematic flowchart shown in figure 1 illustrates the modelling process. The deformation
process used in this work consists of three basic components: (i) the target anthropometric
parameters obtained from the NHANES database, (ii) the anchor phantoms with well-defined
anatomical structures that match reference data of the paediatric population; and (iii) the
software tools that reconstruct polygon mesh models from voxel-based models, modelling
the mesh phantom into a new one according to desired anatomical parameters. Thereafter,
the generated mesh model is voxelized into a new voxel-based model that can be used as
input for Monte Carlo calculations. For children older than 1 year, sitting height and leg
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Figure 4. 3D visualization of representative computational phantoms of the 2 years-old:
(A) 10th mass, 10th height and 10th SSR female (F-02y-10m-10h-10S); (B) 10th mass,
10th height and 90th SSR female (F-02y-10m-10h-90S); (C) 90th mass, 10th height and
10th SSR female (F-02y-90m-10h-10S); (D) 90th mass, 10th height and 90th SSR female
(F-02y-90m-10h-90S); (E) 50th mass, 50th height and 50th SSR female (F-02y-50m-50h-
50S); (F) 10th mass, 90th height and 10th SSR female (F-02y-10m-90h-10S); (G) 10th
mass, 90th height and 90th SSR female (F-02y-10m-90h-90S); (H) 90th mass, 90th height
and 10th SSR female (F-02y-90m-90h-10S); (I) 90th mass, 90th height and 90th SSR
female (F-02y-90m-90h-90S); (J) 10th mass, 10th height and 10th SSR male (M-02y-
10m-10h-10S); (K) 10th mass, 10th height and 90th SSR male (M-02y-10m-10h-90S);
(L) 90th mass, 10th height and 10th SSR male (M-02y-90m-10h-10S); (M) 90th mass,
10th height and 90th SSR male (M-02y-90m-10h-90S); (N) 50th mass, 50th height and
50th SSR male (M-02y-50m-50h-50S); (O) 10th mass, 90th height and 10th SSR male
(M-02y-10m-90h-10S); (P) 10th mass, 90th height and 90th SSR male (M-02y-10m-90h-
90S); (Q) 90th mass, 90th height and 10th SSR male (M-02y-90m-90h-10S); (R) 90th

mass, 90th height and 90th SSR male (M-02y-90m-90h-90S). (Red for the heart, light
green for the lung, yellow for the liver, dark green for colon, violet for UB.)

length values were determined from targeted mass, standing height and SSR. The voxel-
based anchor phantom is divided into torso and leg parts. The targeted sitting height and
leg length are matched by uniformly scaling the torso (including the head, arms, regional
skeleton and organs) and the leg (including all regional skeleton and tissues) using an in-
house developed C++ code. With sitting height and leg length being adjusted to achieve
the target values, the new torso and leg models are merged into a new voxel model with the
desired SSR and standing height, which is then automatically reconstructed into a polygon
mesh model using an in-house code based on the visualization toolkit (VTK). The next step
in phantom modification is to match the targeted total body mass. For the 10th, 25th, 50th,
75th and 90th weight percentile phantoms, the desired mass is achieved by scaling the mesh
model in two dimensions. This process involves iterating between the evaluation of total
body mass and adjustment of the scaling factors for internal organs and body contour. The
gaps between organs generated during the scaling process were filled with adipose tissue and
the overlaps occuring between organs assigned to the organ having the smaller volume. The
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Figure 5. 3D visualization of representative computational phantoms of the 5 years-old:
(A) 10th mass, 10th height and 10th SSR female (F-05y-10m-10h-10S); (B) 10th mass,
10th height and 90th SSR female (F-05y-10m-10h-90S); (C) 90th mass, 10th height and
10th SSR female (F-05y-90m-10h-10S); (D) 90th mass, 10th height and 90th SSR female
(F-05y-90m-10h-90S); (E) 50th mass, 50th height and 50th SSR female (F-05y-50m-50h-
50S); (F) 10th mass, 90th height and 10th SSR female (F-05y-10m-90h-10S); (G) 10th
mass, 90th height and 90th SSR female (F-05y-10m-90h-90S); (H) 90th mass, 90th height
and 10th SSR female (F-05y-90m-90h-10S); (I) 90th mass, 90th height and 90th SSR
female (F-05y-90m-90h-90S); (J) 10th mass, 10th height and 10th SSR male (M-05y-
10m-10h-10S); (K) 10th mass, 10th height and 90th SSR male (M-05y-10m-10h-90S);
(L) 90th mass, 10th height and 10th SSR male (M-05y-90m-10h-10S); (M) 90th mass,
10th height and 90th SSR male (M-05y-90m-10h-90S); (N) 50th mass, 50th height and
50th SSR male (M-05y-50m-50h-50S); (O) 10th mass, 90th height and 10th SSR male
(M-05y-10m-90h-10S); (P) 10th mass, 90th height and 90th SSR male (M-05y-10m-90h-
90S); (Q) 90th mass, 90th height and 10th SSR male (M-05y-90m-90h-10S); (R) 90th

mass, 90th height and 90th SSR male (M-05y-90m-90h-90S). (Red for the heart, light
green for the lung, yellow for the liver, dark green for colon, violet for UB.)

organ mass is calculated as the product of the organ volume and corresponding organ density
of the paediatric population at various ages (ICRP 2002). The total body mass is determined
as the sum of masses of all identified organs and residual tissue. The final step for compu-
tational phantom development is to re-voxelize the generated new mesh model into voxel
model using an in-house developed C++ code. The entire phantom deformation process
is completed automatically according to the targeted anthropometric parameters and given
anchor phantoms. The generated phantoms were evaluated qualitatively using 3D visualiza-
tion and quantitatively by analysing internal organ masses.
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Figure 6. 3D visualization of representative computational phantoms of the 10 years-
old: (A) 10th mass, 10th height and 10th SSR female (F-10y-10m-10h-10S); (B) 10th
mass, 10th height and 90th SSR female (F-10y-10m-10h-90S); (C) 90th mass, 10th
height and 10th SSR female (F-10y-90m-10h-10S); (D) 90th mass, 10th height and
90th SSR female (F-10y-90m-10h-90S); (E) 50th mass, 50th height and 50th SSR
female (F-10y-50m-50h-50S); (F) 10th mass, 90th height and 10th SSR female (F-10y-
10m-90h-10S); (G) 10th mass, 90th height and 90th SSR female (F-10y-10m-90h-90S);
(H) 90th mass, 90th height and 10th SSR female (F-10y-90m-90h-10S); (I) 90th mass,
90th height and 90th SSR female (F-10y-90m-90h-90S); (J) 10th mass, 10th height
and 10th SSR male (M-10y-10m-10h-10S); (K) 10th mass, 10th height and 90th SSR
male (M-10y-10m-10h-90S); (L) 90th mass, 10th height and 10th SSR male (M-10y-
90m-10h-10S); (M) 90th mass, 10th height and 90th SSR male (M-10y-90m-10h-90S);
(N) 50th mass, 50th height and 50th SSR male (M-10y-50m-50h-50S); (O) 10th mass,
90th height and 10th SSR male (M-10y-10m-90h-10S); (P) 10th mass, 90th height and
90th SSR male (M-10y-10m-90h-90S); (Q) 90th mass, 90th height and 10th SSR male
(M-10y-90m-90h-10S); (R) 90th mass, 90th height and 90th SSR male (M-10y-90m-
90h-90S). (Red for the heart, light green for the lung, yellow for the liver, dark green
for colon, violet for UB.)

Representative images of the constructed paediatric phantoms of different anthropometric
parameters are shown in figures 2—7, where the skin, muscle and adipose tissue are set to
transparent for better visualization of the internal organs. Figures 2 and 3 show both female
and male models with 10th and 90th mass, 10th and 90th body length, as well as models
with 50th mass and 50th body length for the newborn and 1 year-old child, respectively. The
naming of the constructed phantoms of the newborn and 1 year-old child follows the moniker
where the anchor phantom of the corresponding age group is successively subscripted by the
gender, weight percentile and recumbent length percentile. Figures 4-7 illustrate both female
and male models with 10th and 90th mass, 10th and 90th standing height, 10th and 90th
SSR, as well as models with 50th mass, 50th standing height, 50th SSR for the 2 years-old, 5
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Figure 7. 3D visualization of representative computational phantoms of the 15 years-
old: (A) 10th mass, 10th height and 10th SSR female (F-15y-10m-10h-10S); (B) 10th
mass, 10th height and 90th SSR female (F-15y-10m-10h-90S); (C) 90th mass, 10th
height and 10th SSR female (F-15y-90m-10h-10S); (D) 90th mass, 10th height and
90th SSR female (F-15y-90m-10h-90S); (E) 50th mass, 50th height and 50th SSR
female (F-15y-50m-50h-50S); (F) 10th mass, 90th height and 10th SSR female (F-15y-
10m-90h-10S); (G) 10th mass, 90th height and 90th SSR female (F-15y-10m-90h-90S);
(H) 90th mass, 90th height and 10th SSR female (F-15y-90m-90h-10S); (I) 90th mass,
90th height and 90th SSR female (F-15y-90m-90h-90S); (J) 10th mass, 10th height
and 10th SSR male (M-15y-10m-10h-10S); (K) 10th mass, 10th height and 90th SSR
male (M-15y-10m-10h-90S); (L) 90th mass, 10th height and 10th SSR male (M-15y-
90m-10h-10S); (M) 90th mass, 10th height and 90th SSR male (M-15y-90m-10h-90S);
(N) 50th mass, 50th height and 50th SSR male (M-15y-50m-50h-50S); (O) 10th mass,
90th height and 10th SSR male (M-15y-10m-90h-10S); (P) 10th mass, 90th height and
90th SSR male (M-15y-10m-90h-90S); (Q) 90th mass, 90th height and 10th SSR male
(M-15y-90m-90h-10S); (R) 90th mass, 90th height and 90th SSR male (M-15y-90m-

90h-90S). (Red for the heart, light green for the lung, yellow for the liver, dark green
for colon, violet for UB.)

years-old, 10 years-old and 15 years-old paediatric models, respectively. The naming of the
developed phantoms of the 2, 5, 10, and 15 years-old children follows the moniker whereby
the anchor phantom of corresponding age group is successively subscripted by the gender,
weight percentile, standing height percentile and SSR percentile. The organ mass of 1100
remodelled computational phantoms was calculated (see supplemental material) (stacks.iop.
org/PMB/62/3263/mmedia).

Table 4 shows the Pearson correlation coefficients of the relationship between age and
body habitus (mass and length for the newborn and 1 year-old child and mass, height, BMI
and SSR for children older than 1 year) and mass of representative organs of the constructed
paediatric phantoms. The Pearson correlation coefficient p is calculated as: p(p) = COV(gp)/
(o4 X 0p), where cov is the covariance of two investigated variables and o is the standard devi-
ation. Overall, the organ mass increases with body mass, recumbent length, body height and
BMI and decreases with SSR, except for the adrenals. Consistent with observations made in
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Table 4. Pearson correlation coefficients of the relationship between body habitus
(mass, height, BMI, SSR and Sitting Height) and mass of representative organs of the
constructed paediatric phantoms (SI: small intestine; UB: urinary bladder; GB: gall

bladder).

Newborn and 1 year-old Children older than

children 1 year-old

Organs Age Height Length Age Height Mass BMI  SSR
Adipose 0.87 0.83 090 090 0.86 0.98 078  —0.58
tissue
Adrenal -0.75 —-0.76 —0.60 075 0.74 0.93 0.84 —041
Brain 0.95 0.94 099 034 034 0.57 078 —0.37
Colon 0.89 0.87 096 0.89 0.88 0.98 0.79  —0.60
GB 0.87 0.87 095 086 0.87 0.97 075  —0.55
Heart 0.94 0.92 099 088 0.87 0.99 0.80  —0.55
Kidney 0.95 0.93 1.00 0.84 0.83 0.97 082 —0.52
Esophagus 0.93 0.91 098 091 0.89 1.00 078  —0.58
Liver 0.95 0.92 099 0.88 0.86 0.99 0.81 —0.54
Lung 0.93 0.91 099 0.89 0.89 0.99 0.77  —0.56
Pancreas 0.96 0.94 1.00 090 0.88 0.99 0.78  —0.55
Salivary 0.57 0.60 062 087 0.85 0.94 077  -0.62
glands
SI 0.95 0.93 1.00  0.89 0.89 0.97 0.78  —0.60
Spinal cord  0.55 0.50 054 078 0.75 0.90 0.76  —0.51
Spleen 0.94 0.92 099 0.89 0.88 0.99 0.79  —0.55
Stomach 0.70 0.67 0.83 0.89 0.89 0.98 0.78  —0.61
Thymus 0.94 0.92 099  0.07 0.10 0.36 0.63 0.05
Thyroid 0.18 0.23 026 092 0.89 0.98 0.77  —0.65
UB 0.91 0.89 097 086 0.85 0.97 080  —0.54
Blood 0.87 0.87 0.91 091 0.90 0.99 0.74  —0.60
vessel
Muscle 0.93 0.92 097 090 0.89 0.99 076 —0.60
Cortical 0.91 0.88 095 091 0.8 0.99 0.77  —-0.59
bone
Spongiosa 0.94 0.94 098 092 0.90 1.00 0.77 —0.61
Cartilage 0.90 0.90 093 092 0.90 0.99 076  —0.61
Breast 0.36 0.30 033 051 044 0.49 043  —-0.27
Bronchi 0.78 0.79 083 088 0.86 0.94 0.74  —0.54
Eye balls 0.04 0.01 0.09 039 041 0.48 0.51 —0.47
Larynx 0.95 0.92 096 085 0.84 0.96 0.78  —0.60
Mucosa 0.89 0.87 092 079 0.77 0.88 074  —0.63
Tongue 0.94 0.91 096 091 0.87 0.99 0.80 —0.62
Trachea 0.94 0.93 096 087 0.87 0.98 0.77  —0.56
Skin 0.92 0.89 097 088 0.84 0.97 0.74  —0.55

published autopsy studies of Caucasoid adults (de la Grandmaison et al 2001b), organ masses
show better statistical correlations with the body mass and height than the BMI and SSR for
children older than 1 year. For the newborn and 1 year-old child, the adrenal mass decreases
with age, body mass and length. This is due to the renal growth and involution of the foetal
cortex in the first year after birth and the adrenal mass begins to increase, gradually regaining
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Figure 8. Comparison between heart mass of the constructed male (A) and female
(B) paediatric phantoms in this work and reference data of the ICRP 89 (ICRP 2002),
and autopsy data of Coppoletta and Wolbach (1933). The squares represent the mean
values whereas the 50% horizontal line represents the median values.

its natal mass around puberty after 2 years-old. Figures 8—12 show the maximum, minimum,
mean (squares), and median (50% horizontal line) values as well as standard deviations of the
estimated organ masses of the heart, kidney, liver, lung and spleen, respectively. The masses
of the selected organs increase with increasing age of the children.

4. Discussion

The realistic hybrid computational female and male phantoms developed in this work
represent a comprehensive anthropometric paediatric phantom library. The phantoms are
very reasonable and realistic as revealed by visual inspection: (i) the heart is located at the
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Figure 9. Comparison between kidney mass of the constructed male (A) and female
(B) paediatric phantoms in this work and reference data of the ICRP 89 (ICRP 2002),
and autopsy data of Coppoletta and Wolbach (1933). The squares represent the mean
values whereas the 50% horizontal line represents the median values.

approximate level of the fifth or six rib with about two thirds of the volume in the left of
the body midline; (ii) the lung occupy most of the thoracic cavity; (iii) the lateral margin
of the liver reaches the mammillary line on the left side; (iv) the arm length extends to
the mid-thigh; and (v) the head-body size ratio decreases from 1:4 in the newborn to 1:7
in the 15 years-old adolescent, which reflects the status of the human body undergoing
regular allometric growth. However, the combination of some extreme (and partly con-
flicting) percentiles also results in unrealistic features (unusual head-body ratio) in some
phantoms (figure 3(G)). This phantom can be used as extreme case representative of a
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Figure 10. Comparison between liver mass of the constructed male (A) and female (B)
paediatric phantoms in this work and reference data of the ICRP 89 (ICRP 2002), and
autopsy data of Coppoletta and Wolbach (1933). The squares represent the mean values
whereas the 50% horizontal line represents the median values.

limited population for simulation studies of radiographic examinations of the head and
neck region.

To evaluate the accuracy of the scaled organ masses, comparisons between organ
masses in this work, the reference data of the ICRP 89 (ICRP, 2002) and the autopsy data
of Coppoletta and Wolbach (1933) for the paediatric population at various age groups
were performed (figures 8—12). In the autopsy study, the masses of vital organs of 1198
autopsies aging from birth to 12 years-old were measured for the paediatric population of
the US in the early 1920s. The ICRP 89 reference values were estimated based on the anat-
omy data of the paediatric population in western Europeans and north Americans obtained
from 1970s to 1990s. For the heart, kidney, liver, lung and spleen of female models, the
mean organ masses of phantoms in the our newly generated library are about 7-27% and
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Figure 11. Comparison between lung mass of the constructed male (A) and female (B)
paediatric phantoms in this work and reference data of the ICRP 89 (ICRP 2002), and
autopsy data of Coppoletta and Wolbach (1933) The squares represent the mean values
whereas the 50% horizontal line represents the median values.

4—15% higher than the corresponding values of the autopsy data and ICRP reference data,
respectively. For male models of the generated library, the mean organ masses are about
10-30% and 4—14% higher than the corresponding values of the autopsy data and ICRP
reference data, respectively. The relatively low organ masses observed in the autopsy study
performed in the 1920s is because in the 20th century, the average mass and height of the
population in developed countries increased progressively (Caballero 2007). The slightly
higher mean organ mass in the remodelled phantoms presented here can be attributed to the
higher average body mass and BMI of the NHANES database for the paediatric population
at various ages compared to the ICRP reference children data. The higher mean organ mass
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values whereas the 50% horizontal line represents the median values.

may result in smaller mean self-absorbed organ dose for internal dosimetry and affect the
calculated effective dose.

The model generation approach employed in this work provided a fast and easy-to-
use modelling method for constructing computational models fitting target anthropomet-
ric parameters for radiation dosimetry calculations. However, the original segmentation
of IT’IS models was performed with 0.5 mm voxel resolution and as such, the down-
scaled voxel size of the original models may cause relevant features loss. The voxel size
(2 x 2 x 3mm?) adopted for the construction of the generated phantoms might introduce
small uncertainties (<1%) in Monte Carlo simulations-based internal dosimetry calcul-
ations of small organs, such as the thyroid. The linear scaling procedure used during
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Figure 13. Illustration of (A) the 10 years-old female phantom with 50th mass,
50th height and 50th SSR; (B) 10 years-old obese female phantom and (C) 10 years-old
obese female phantom with non-transparent visceral fat (in yellow).

phantoms construction assumes the independence between selected body morphometries.
An identical scaling factor is set for longitudinal and transversal axes. The body mass
increase of different phantoms is mostly contributed by the increased mass of internal
organs and subcutaneous fat. However, these assumptions do not consider the distribution
of visceral fat in the abdomen for model construction. In this condition, we developed
a module enabling to add the visceral fat in the computational models in the phantom
modelling tool (figure 13). Using the developed visceral fat software module, users of the
phantom library can add the visceral fat in the developed hybrid phantoms according to
subject-specific BMI and body fat percentage to construct a more personalized computa-
tional phantom.

For internal dosimetry calculations, the differences in mean absorbed doses between the
standard model and patient-specific model were about 140% when realistic patient size, habi-
tus and cumulated activity values were considered. (Divoli et al 2009) The paediatric phan-
tom library developed in this work is representative of a large number of children habitus
and a broad age range of paediatric population. Another related study is being conducted to
investigate the effects of body habitus on Monte Carlo-based internal radiation dosimetry
calculations using the constructed anthropometric models to quantify the range of errors in
patient-specific dose assessment.

5. Conclusion

In this work, we present a methodology for the construction of computational phantoms based
on target anthropometric parameters of the paediatric population and constructed a large phan-
tom library with computational models covering the 10th, 25th, 50th, 75th and 90th percen-
tiles of body mass, height, length, BMI and SSR of the newborn, 1, 2, 5, 10 and 15 years-old
female and male paediatric population. Hybrid phantoms represent an efficient and flexible
way to describe realistically the anatomy of the human body and offer unique advantages
for patient-specific modelling in biomedical research. The developed automatic deformation
technique can also be used to derive new subject-specific computational phantom libraries at
different age groups with specific anthropometry characteristics.

To the best of our knowledge, the newly generated paediatric phantom library is the largest
one available today. It offers unique advantages for a wide variety of applications including
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imaging physics research and radiation dosimetry, where body size and habitus may have a
large influence on image quality and quantitative accuracy as well as patient dose. It can also
be used for quick patient-specific absorbed dose assessment in radiation protection and to esti-
mate individual risks in a variety of diagnostic radiology and nuclear medicine examinations.
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