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COMPUTATIONAL PHANTOM FOR A 5-YEAR OLD CHILD RED BONE MARROW DOSIMETRY 
DUE TO INCORPORATED BETA EMITTERS

The red bone marrow (RBM) exposure due to bone-seeking radionuclides can lead to grave medical consequences. In particular, the increased risk of leukemia in 

people exposed due to contamination of the Techa River in 1950s is associated with the RBM exposure due to 89,90Sr. Improvement of the internal RBM dosimetry 

methods includes the development of computational phantoms that represent 3D models of the skeletal sites. Modeling radiation transport within such phantoms 

enables estimation of conversion factors from the radionuclide activity in the bone to the RBM dose rate. This paper is an extension study focused on generating 

a set of computational phantoms representing skeletons of individuals of different ages. The aim was to develop a computational phantom representing a 5-year-

old child for internal RBM dosimetry from incorporated beta emitters. The phantoms of the skeletal sites with active hematopoiesis were created using the original 

Stochastic Parametric Skeletal Dosimetry (SPSD) method. With this method, every such site represented a set of smaller phantoms of simple geometric shape. 

RBM distribution across the skeleton, bone size, characteristics of bone micro-architecture, as well as density and chemical composition of the simulated media 

(RBM, bone) were determined based on the published data. As a result, a computational phantom of the major skeletal sites with active hematopoiesis representing 

a 5-year-old child was generated that included 43 phantoms of bone fragments. Linear dimensions of phantoms were within 3–75 mm. Micro-architecture 

parameters varied greatly: BV/TV ratio —13–52%, Tb. Th. — 0.09–0.29 mm, Tb. Sp. —0.48–0.98 mm.
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П. А. Шарагин1      , Е. И. Толстых1, Е. А. Шишкина1,2

ВЫЧИСЛИТЕЛЬНЫЙ ФАНТОМ ДЛЯ ДОЗИМЕТРИИ КРАСНОГО КОСТНОГО МОЗГА ПЯТИЛЕТНЕГО 
РЕБЕНКА ОТ ИНКОРПОРИРОВАННЫХ БЕТА-ИЗЛУЧАТЕЛЕЙ

Облучение ККМ (красного костного мозга) остеотропными радионуклидами может приводить к серьезным медицинским последствиям. В частности, 

увеличение риска развития лейкозов у людей, подвергшихся радиационному воздействию в результате загрязнения реки Течи в 1950-е гг., 

связано с облучением ККМ от 89,90Sr. Совершенствование методов внутренней дозиметрии ККМ включает разработку вычислительных фантомов, 

которые представляют собой трехмерные модели участков скелета. Моделирование переноса излучений внутри таких фантомов позволяет оценить 

коэффициенты перехода от активности радионуклида в кости к мощности дозы в ККМ. Настоящая статья — продолжение работы по созданию 

набора вычислительных фантомов скелета для людей разного возраста. Цель: разработать вычислительный фантом скелета пятилетнего ребенка для 

внутренней дозиметрии ККМ от инкорпорированных бета-излучателей. Фантомы участков скелета с активным гемопоэзом создавали с использованием 

оригинальной методики SPSD (stochastic parametric skeletal dosimetry). В рамках этой методики каждый такой участок представлял собой набор меньших 

фантомов простой геометрической формы. Распределение ККМ в скелете, размеры костей, характеристики костной микроархитектуры, а также 

плотность и химический состав моделируемых сред (ККМ, кость) определяли на основе опубликованных данных. В результате был сгенерирован 

вычислительный фантом основных участков скелета с активным гемопоэзом для пятилетнего ребенка, включающий 43 фантома участков костей. 

Линейные размеры фантомов были в пределах от 3 мм до 75 мм. Параметры микроархитектуры варьировали в широких пределах: отношение BV/TV — от 

13% до 52%, Tb. Th. — от 0,09 мм до 0,29 мм, Tb. Sp. — от 0,48 мм до 0,98 мм.
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Для корреспонденции: Павел Алексеевич Шарагин
ул. Воровского, д. 68-а, г. Челябинск, 454141, Россия; sharagin@urcrm.ru

1 Уральский научно-практический центр радиационной медицины Федерального медико-биологического агентства России, Челябинск, Россия
2 Челябинский государственный университет, Челябинск, Россия

Статья получена: 23.10.2023 Статья принята к печати: 05.12.2023 Опубликована онлайн: 31.12.2023

DOI: 10.47183/mes.2023.061

Вклад авторов: П. А. Шарагин — получение, анализ и интерпретация данных, написание и редактирование статьи; Е. И. Толстых — разработка 
методики исследования, редактирование статьи; Е. А. Шишкина — разработка концепции, редактирование статьи.

Финансирование: работа выполнена в рамках реализации Федеральной целевой программы «Обеспечение ядерной и радиационной безопасности на 
2016–2020 годы и на период до 2035 года» и при финансовой поддержке Федерального медико-биологического агентства России.

After entering the body, bone-seeking radionuclides accumulate 
in the mineralized bone tissue and cause local red bone 
marrow (RBM) exposure, which can lead to grave medical 
consequences. Thus, for example, the increased risk of 
leukemia and the development of chronic radiation syndrome 

in people from the cohort of the Techa River contaminated 
with radionuclides in 1950s are largely attributed to ingestion 
of strontium isotopes (89,90Sr) [1–4]. It was strontium isotopes 
that were the main sources of the RBM internal exposure in 
these people. Thus, improvement of dosimetry methods for 
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bone-seeking radionuclides can help prepare for potential 
emergency situations related to radioactive contamination 
of the environment and represents an important challenge of 
radiobiology and radiation protection. Biokinetic and dosimetric 
models are used to estimate the absorbed dose to RBM. 
Biokinetic ones are used to assess specific radionuclide activity 
in the source tissue (skeletal bones). Such models simulate 
metabolic processes in the body allowing one to estimate the 
ingested radionuclide fraction in various organs, particularly in 
the bones, depending on its quantity and time after ingestion 
[5]. The dose conversion factors (DF) for conversion of specific 
radionuclide activity in the source tissue (skeleton) into the 
absorbed dose rate in the target tissue (RBM) are used to 
calculate the dose to RBM. DF represents a dosimetric model 
output. The computational skeletal dosimetry phantoms 
representing surrogates of real body tissues and describing 
relative positions of the source (bone) and target (RBM) tissues, 
in which radiation transport is simulated, are used to simulate 
the exposure geometry. The existing computational phantoms 
for RBM dosimetry are based on the analysis of a limited 
number of post mortem bone CT images [6–12]. The use of 
such phantoms makes it impossible to consider individual 
variability in bone size and microstructure, as well as the 
associated uncertainty in the DF estimates. As an alternative, 
Stochastic Parametric Skeletal Dosimetry (SPSD) modeling, 
the original parametric method for stochastic bone structure 
modeling, was developed in the Urals Research Center for 
Radiation Medicine [13, 14]. The SPSD phantom parameters 
are based on the numerous published measurement results 
of real bones in people of different ages. A lot of statistics 
reported in the papers used enable estimation of uncertainties 
associated with individual variability in the skeletal parameters. 
A phantom is a virtual model of simple geometric shape. A 
computational phantom is filled with spongiosa (a combination 
of trabecular bone and bone marrow) and covered with a dense 
layer of cortical bone. RBM, trabecular bone and cortical bone 
were modeled as distinct media constituting the phantom. 
Such complex model is a simplified representation of the real 
bone that is well suited for internal dosimetry from the bone-
seeking beta emitters [13, 14]. The model consistency was 
demonstrated in the reported numerical experiments [13, 15, 16]
yielding the energy curves for SPSD phantoms that were 
matched to the published data.

When the environment is contaminated with bone-seeking 
radionuclides (e.g. contamination of the Techa River), these 
can be ingested by people of different ages (from newborns to 
adults) [1–3, 17]. That is why it is important to develop phantoms 
for various age groups. We have already created phantoms 
representing skeletons of a newborn [18] and a 1-year-old child 
[19] within the framework of the SPSD approach. 

The study was aimed to develop a computational phantom 
representing a 5-year-old child’s skeleton for estimation of 
doses to RBM from the beta emitting radionuclides incorporated 
in the bone. This study represents the next stage of work on 
the development of a set of reference man computational 
phantoms for various age groups.

METHODS

Phantoms were created using the original SPSD method 
previously used to create phantoms representing a newborn 
[17] and a 1-year-old child [18].

Only the bone fragments containing RBM, i.e. skeletal sites 
with active hematopoiesis (hematopoietic sites), determined in 
accordance with the published data on the RBM distribution 

across the skeleton, were modeled within the framework of the 
SPSD methodology [20]. 

The SPSD phantom of the skeletal hematopoietic 
sites consists of a set of smaller phantoms, the Bone 
Phantom Segments (BPS) of a simple geometric shape with 
homogenous bone tissue microarchitecture and cortical 
layer thickness, describing distinct skeletal bone sites. Such 
segmentation simplifies the modeling process and enables 
estimation of the bone microarchitecture heterogeneity within 
a single hematopoietic site. BPS parameters are based on the 
published data. The segmentation process details are provided 
in the earlier reports [13, 21].

Parameters of phantoms included the mineralized 
bone tissue and bone marrow (simulated media) chemical 
composition and density, along with the geometry of the source 
and target tissues comprised in the modeled bone fragment.

Chemical composition and density of the simulated media 
determined based on the published data were used in all 
phantoms representing a 5-year-old child [22, 23].

To describe relative position and geometry of tissues 
inside the bone, we assessed linear dimensions, cortical layer 
thickness (Ct. Th.), and microarchitecture characteristics for 
each modeled bone site.

To assess morphometric parameters of the phantoms 
representing a 5-year-old child, we reviewed articles published 
in peer-reviewed journals, atlases, manuals, monographs, and 
dissertations. We also reviewed digital resources containing 
collections of x-ray images. To perform analysis, we collected 
the measurement results of individuals/samples that were 
considered to be healthy by the authors and had no disorders 
resulting in bone deformities. Ethnicity: Caucasians and 
Mongoloids, since these groups are typical of the Urals region. 
The subjects’ age was 3–7 years. 

In this study, the following bone microarchitecture characteristics 
were assessed based on the published data: trabecular thickness 
(Tb. Th.), trabecular separation (Tb. Sp.), bone fraction in the 
spongiosa volume (BV/TV). We considered the measurement data 
of skeletal bones obtained using various techniques: micrometers, 
osteometric board, ultrasound and radiography, as well as 
computed tomography (CT). Histomorphometry and micro-
CT data were used to estimate the trabecular bone parameters 
(Tb. Th., Tb. Sp., BV/TV) and the cortical layer thickness. 

Average estimates of bone characteristics were taken as 
computational phantom parameters. When the published data 
on individual measurements were available, we combined 
these data to calculate the means and standard deviations 
(SD). When the measurement results of groups of people were 
averaged, a weighting factor (W

N
) for each group considering 

the number of subjects (N) was introduced: W
N
 = 1, when N ≥ 25; 

W
N
 = N/25, when N < 25. Methods to select and assess the 

published data were previously discussed in detail in [24–26].
A voxel BPS was constructed for each segment using the 

original Trabecula software [27]. The BPS voxels imitated either 
mineralized bone, or bone marrow (BM), depending on the 
voxel center position in the phantom. 

Trabecular bone (TB) and cortical bone (CB) were considered 
as source tissues, while bone marrow (BM) was considered as 
target tissue. BM was evenly distributed across the trabeculae 
in the BPS. Voxel size selected individually for each phantom 
did not exceed 70% of trabecular thickness and varied between 
50–200 µm in the generated phantoms [27, 28]. The source 
and target tissue volumes were automatically calculated in the 
Trabecula software for each BPS. 

Hematopoietic sites of a 5-year-old child, segmentation and 
BPS generated are provided in Fig. (exemplified by the scapula).
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Fig. Segmentation of the skeletal hematopoietic site of a 5-year-old child exemplified by the scapula. А. Skeleton of a 5-year-old child (skeletal sites with active 
hematopoiesis are highlighted in blue). B. Scapula. C. Scheme of bone division into BPS and BPS dimensions. G. BPS of the scapula — voxel representation, cross 
section (voxels simulating bone tissue are highlighted in black, those simulating RBM are highlighted in white)

А CB D

Table 1. Mass fraction of RBM (% of the total mass of RBM in the skeleton) in the main hematopoietic sites of the 5-year-old child’s skeleton 

№ Hematopoietic site RBM mass fraction, %

1 Femur 13.5

2 Humerus 4.8

3 Sacrum 5.7

4 Tibia bones 9.3

5 Pelvic bones 13.5

6 Skull 18.0

7 Clavicle 0.9

8 Scapula 2.8

9 Sternum 1.7

10 Ribs 9.0

11 Radius and ulna 2.1

12 Cervical vertebrae 2.3

13 Thoracic vertebrae 9.2

14 Lumbar vertebrae 7.0

To simulate population variability in the size and micro-
structure characteristics for each BPS, 12 Supplementary 
Phantom Segments (SPS) were created with the bone micro- 
and macro-structure parameters randomly selected within the 
range of their individual variability (within the limits of minimum 
and maximum measured values).

RESULTS

The main hematopoietic sites of the 5-year-old child’s skeleton 
and the mass fraction of RBM in these sites were determined 
based on the MRI data (Table 1) [20]. 

The skeleton of a 5-year-old child includes 14 hematopoietic 
sites for simulation (Table 1). The share of RBM in these sites 
in the total skeletal RBM content varies from 0.9% to 18.1%. 
Distribution of RBM within each hematopoietic site was also 
determined based on the published MRI data [29–33].

Chemical composition of the simulated media was selected 
based on ICRP data for adults (Table 2) [22].

The mineralized bone tissue density estimated based on 
the cortical bone density measured in 5-year-old children was 
1.80 g/cm3 [23]. The RBM density was taken equal to the water 
density (1 g/cm3) [22].

The spongiosa parameters were assessed based on 
the published data; the analysis and calculation of average 
population value of the spongiosa parameters were described 
in detail in [26]. The BPS micro-architecture parameter values 
for a 1-year-old child are provided in Table 3.

The linear dimensions and thickness of the cortical layer 
assumed/used for the BPS representing a 5-year-old child are 
provided in Table 4.

The phantom representing skeletal hematopoietic sites of a 
5-year-old child consists of 43 BPS (Table 4). A different number 
of BPS was used to describe these, depending on the shape of 
the simulated hematopoietic site: 1 (ribs) to 9 (sacrum).

As in phantoms representing skeletons of people 
of other ages, most BPS of a 5-year-old child are cylinders 
and rectangular parallelepipeds; BSP size is within 3–75 mm. 
The minimum Ct. Th. value was reported for the sternal BPS 
(0.1 mm), while the maximum value was reported for the femoral 
diaphysis (3.7 mm). The spongiosa parameters varied greatly. 
The BV/TV ratio of BPS was 13–52%, Tb. Th. was 0.09–0.29 mm, 
and Tb. Sp. was 0.48–0.98 mm (Table 3).

The average individual variability of the BPS dimensional 
parameters was 14%; the highest variability value was reported 
for the ribs (35%), while the lowest value was reported for the 
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Table 2. Chemical composition of simulated media adopted for all BPS

Chemical composition, rel. units

Chemical element Bone Active marrow

H 0.035 0.105

C 0.16 0.414

N 0.042 0.034

O 0.445 0.439

Na 0.003 0.001

Mg 0.002 0.002

P 0.095 0.002

S 0.003 0.002

Ca 0.215 ̶

Table 3. Spongiosa parameters taken for BPS of a 5-year-old-child [11, 34–55] (coefficient of variation (CV) is given in parentheses, %)

Note: * — spongiosa parameters were calculated based on the measurement results of similar bones or based on the data for other age groups; the calculation method 
was reported previously in [25].

Hematopoietic site BV/TV, % Tb. Th, mm Tb. Sp, mm

Femur (proximal part) 35 (6) 0.24 (22) 0.77 (70)

Femur (central and distal parts) 26 (6)

Humerus 22 (7) 0.21 (13) 0.58 (47)

Ribs 20 (6) 0.23 (34) 0.51 (14)

Tibia bones* 25 (3) 0.13 (13) 0.74 (11)

Pelvic bones 25 (2) 0.15 (11) 0.48 (23)

Skull* 52 (5) 0.29 (31) 0.57 (35)

Clavicle*
15 (3) 
29 (9)

0.2 (32) 
0.15 (13)

0.80 (25)

Radius and ulna 16 (5) 0.16 (13) 0.77 (16)

Scapula* 22 (8) 0.24 (42) 0.96 (23)

Sternum* 15 (27) 0.14 (33) 1.0 (6)

Cervical vertebrae 21 (5) 0.14 (14) 0.60 (20)

Thoracic vertebrae +
lumbar vertebrae + sacrum

13 (4) 0.09 (40) 0.60 (20)

distal part of the humerus (3%). The average cortical layer 
thickness was 26%, with the maximum value of 35% reported 
for the sacral segments and the minimum value of 7% reported 
for bodies of the cervical vertebrae. The average variability of 
spongiosa parameters was 18%, with the minimum value of 
2% and maximum value of 70%. 

Variability values were used for SPS modeling. SPS volume 
varies greatly, it can differ from the BPS volume by a factor of 
three, both upwards and downwards. In our future studies, DFs 
will be calculated for both BPS and SPS. Standard deviation 
of DFs calculated for SPS from DFs calculated for BPS will 
characterize the DF population variability. 

DISCUSSION

Comparison of the modeling outcome with the masses of real 
bones was performed for the newborn in order to confirm the 
methodological approach accuracy. We have found no masses 
or volumes of the wet bones of 5-year-old children, that is why 
we cannot compare the modeling outcome with the real bones. 
The existing computational phantoms obtained by scanning 
autopsy material are non-parametric, that is why it is impossible 
to compare parameters of these phantoms with the SPSD 
phantom parameters. For most bones, it is also impossible 
to compare the characteristics of phantoms obtained as a 
result of their generation (masses of simulated media) with 
the published phantom masses, since only skeletal sites with 

active hematopoiesis are modeled within the framework of the 
SPSD approach, not the entire skeleton. The SPSD phantom 
masses (sums of masses of all segments comprised in the 
phantom) were compared with the published data for the 
bones, which were modeled as a whole: pelvic bones and the 
clavicle of a 5-year-old child [7, 12]. The comparison showed 
that the difference between the phantom masses reported in 
the published papers and the SPSD phantom masses did not 
exceed 20%.

It makes sense to assess age-related changes in the 
characteristics of phantoms representing a newborn, 1-year-old 
and 5-year-old children. The phantom representing a skeleton 
of a 5-year-old child consists of a larger number of BPS than 
the phantoms representing skeletons of younger children. 
This is associated with the processes underlying cartilage 
mineralization that are intense within the first five years of life; in 
particular, vertebral processes and the sternum have undergone 
significant mineralization by the age of 5. Furthermore, the 
process of the RBM substitution with adipose tissue in the 
tubular bone diaphysis is not over yet in children of this age, 
that is why BPS were modeled for these sites. Significant 
changes in the RBM distribution across the skeleton occur 
by the age of 5. Thus, children of this age have a significantly 
lower mass fraction of RBM in the skull compared to 1-year-old 
children (28.7% vs. 18.1%), furthermore, fraction of RBM in 
other skeletal segments is increased. The BPS micro-structure 
parameters show little changes. The cortical layer thickness 
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Table 4. Linear dimensions and thickness of the cortical layer taken for the BPS representing a 5-year-old child

Note: 1 — phantom shape was designated as follows: c — cylinder, dc — deformed cylinder, p — rectangular parallelepiped, e — ellipsoid; 2 — BPS dimensions were 
designated as follows: h — height; a — major axis (c), major axis for a larger base (dc) or side а (p); b — minor axis (c), minor axis for a large base (dc) or side b (p); 
с — major axis for a small base (dc); d — minor axis for a small base (dc); 3 — cortical layer thickness was considered to be different for the inner (medial) and outer 
(gluteal) surfaces of this segment of the ilium; 4 — BPS imitated only a part of the simulated bone segment, when the bone segment dimensions significantly exceeded 
30 mm, since in such cases it makes no sense to simulate the entire bone fragment in terms of dosimetry [14, 21].

Hematopoietic site Segment Shape1

Phantom parameters, mm (CV is given in parentheses, %)2

Data sources
h a b c d Ct.Th.

Femur

Diaphysis4 c 30 17 (6) 17 (6) 3.7 (8)

[56–64]
Proximal end (upper part) c 25 (4) 23 (30) 23 (30) 1.3 (14)

Proximal end (lower part) c 25 (4) 23 (30) 23 (30) 1.2 (14)

Distal end dc 49 (4) 68 (6) 25 (7) 17 (6) 17 (6) 1.1 (7)

Humerus

Diaphysis4 c 30 15 (3) 15 (3) 2.5 (20)

[56–59,65]Proximal end dc 20 (4) 32 (5) 32 (5) 15 (5) 15 (5) 0.9 (18)

Distal end dc 27 (4) 46 (7) 15 (3) 15 (3) 15 (3) 0.8 (19)

Ribs Ribs4 p 9.4 (32) 30 4.4 (35) 0.5 (33) [66–68]

Sacrum

Body of the 1st vertebra p 17 (20) 75 (20) 21 (6) 0.7 (35)

[69–72]

Body of the 2nd vertebra p 16 (20) 60 (20) 15 (10) 0.7 (35)

Body of the 3rd vertebra p 14 (20) 52 (20) 11 (10) 0.7 (35)

Body of the 4th vertebra p 10 (20) 45 (20) 6.4 (9) 0.7 (35)

Body of the 5th vertebra p 10 (20) 22 (20) 6.4 (9) 0.7 (35)

Tibia bones

Fibula4 c 30 8.1 (6) 8.1 (6) 1.5 (20) [56, 73, 74]

Tibia diaphysis4 c 30 15(4) 15 (4) 2.9 (17)

[55, 56, 60, 75–77]Tibia proximal end б. б. dc 34 (5) 55 (6) 22 (20) 15 (4) 15 (4) 0.7 (18)

Tibia distal end dc 34 (5) 24 (22) 24 (23) 15 (4) 15 (4) 0.7 (18)

Pelvic bones

Ilium part 1 p 7.9 (13) 30 30
"1.6 (33) 

 0.8 (20)3"

[78–85]

Ilium part 2 p 7.9 (13) 30 30 0.8 (20)

Acetabular part of the ilium dc 20 (8) 35 (10) 16 (30) 34 (30) 27 (30) 0.8 (20)

Acetabular part of the pubis dc 7.3 (15) 22 (20) 18 (20) 13 (11) 8.8 (20) 0.5 (30)

Pubis bone (superior ramus) c 29 (15) 13 (11) 8.8 (20) 0.5 (30)

Pubis bone (inferior ramus) c 19 (15) 8.8 (20) 8.8 (20) 0.5 (30)

Acetabular part of the 
ischium

p 21 (15) 21 (15) 27 (15) 21 (15) 0.5 (30)

Ischial tuberosity c 25 (15) 18 (15) 14 (15) 0.5 (30)

Inferior ramus of the ischium c 19 (15) 8.8 (20) 8.8 (20) 0.5 (30)

Skull Flat bones4 p 4.2 (26) 30 30 1.1 (26) [86–88]

Clavicle

Body4 c 30 8.7 (9) 6.8 (10) 1.1 (9)

[89–92]Sternal end dc 12 (13) 18 (10) 16 (9) 8.7 (9) 6.8 (10) 0.5 (10)

Acromial end dc 12 (13) 15 (11) 8.7 (18) 8.7 (9) 6.8 (10) 0.5 (10)

Radius and ulna
Diaphysis4 c 30 8.3 (25) 8.3 (17) 1.5 (12)

[56, 58, 73]
End dc 26 (5) 13 (6) 8.3 (5) 8.3 (5) 8.3 (5) 0.5 (29)

Scapula

Glenoid c 12 (8) 25 (11) 18 (7) 0.9 (28)

[93–96]Acromion p 7.6 (18) 20 (12) 16 (12) 0.8 (13)

Lateral border p 30 3.2 (6) 10 (12) 0.8 (13)

Sternum Sternum p 6.9 (13) 30 30 0.1 (19) [37, 97, 98]

Cervical vertebrae Vertebral body c 7.3 (8) 11.3 (12) 18.1 (12) 0.2 (7) [51,99–102]

Thoracic vertebrae

Vertebral body c 12 (17) 17 (17) 21 (20) 0.2 (25)

[51,100–103,104]Transverse process p 7.3 (19) 11 (19) 5.3 (19) 0.2 (25)

Spinous process p 5.9 (21) 17 (21) 3 (21) 0.2 (25)

Lumbar vertebrae

Vertebral body c 16 (11) 23 (12) 34 (13) 0.2 (25)

[51,71,100–103, 
 105]

Transverse process p 6.4 (13) 12 (12) 5 (12) 0.2 (25)

Spinous process p 15 (20) 13 (20) 5 (20) 0.2 (25)
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Table 5. Comparison of BPS volumes of 1-year-old and 5-year-old children 

BPS Simulated medium

Modeled structure volume, cm3

1 year 5 years
1 year /
5 years

Distal end of the femur

BM 6.53 22.9 3.51

TB 1.88 7.56 4.02

CB 1.41 5.21 3.7

Entire BPS 9.82 35.67 3.63

Sternal end of the clavicle 

BM 0.35 0.89 2.54

TB 0.14 0.36 2.57

CB 0.09 0.22 2.44

Entire BPS 0.58 1.47 2.53

Body of the lumbar vertebra 

BM 1.32 8.51 6.45

TB 0.2 1.34 6.7

CB – 0.3 –

Entire BPS 1.52 10.15 6.68

Body of the cervical vertebra 

BM 0.45 0.89 1.98

TB 0.11 0.24 2.18

CB – 0.05 –

Entire BPS 0.56 1.18 2.11

significantly increases during this period; all the modeled 
skeletal segments become covered with the cortical layer by 
the age of 5, in contrast to phantoms representing a newborn 
and a 1-year-old child. In the period from the age of one to five 
years, the size of all parts of the skeleton increases significantly. 
Comparison of the volumes of phantoms representing skeletal 
segments of 1-year-old and 5-year-old children exemplified by 
the distal part of the femur, clavicle, bodies of the cervical and 
lumbar vertebrae is provided in Table 5.

As shown in Table 5, the volumes of simulated media of a 
5-year-old child largely exceed those of the 1-year-old child. 
The increase in the source tissue volume for this period is 
3.26-fold and 2.78-fold for TB and CB, respectively. The 
CB volume increase is 3.03-fold. The total BPS volume of a 
5-year-old child is on average 2.8 times larger than the volume 
of the phantom representing a 1-year-old child.

We expect that such age-related changes will have a significant 
impact on the average DF of the skeleton and, therefore, on the 
dose rate. The increase in the BPS linear dimensions can have 
the greatest effect on the DF for strontium incorporated in the 
trabecular bone. Previous studies have shown that the larger the 
BPS size, the greater the chance is of absorbing energy from 
the incorporated radionuclide within the phantom, not outside it 
[15, 16]. The opposite pattern is typical of strontium in the cortical 
bone: the larger the phantom size, the lower the likelihood of 
energy transfer from the source incorporated on the outer cortical 
layer to the target (RBM) is. Thus, when the BPS size increases, 
one can expect the increase in DF for 89,90Sr in the trabecular bone 
and decrease in DF for Sr in the cortical bone. 

The phantom parameters provided (Tables 3, 4) can 
be integrated in the Trabecula software to generate voxel 
phantoms. Modeling of radiation transport using voxel 
phantoms will make it possible to assess DFs for bone-seeking 
beta emitters, thereby allowing one to determine the RBM 
absorbed dose rate.

CONCLUSIONS

The study resulted in the development of computational 
phantoms representing the main skeletal sites of a 5-year-
old child with active hematopoiesis. These phantoms were 
developed using the same method, as for the newborn and 
1-year-old child. The phantoms modeled imitate bone tissue 
structure, while the sets of phantoms simulate population 
variability in the size of structures of distinct bones. The 
provided phantom representing a 5-year-old child will be used 
to calculate DFs for 89,90Sr, which, in turn, are essential for 
estimates of adjusted coefficients linking individual radionuclide 
uptake and dose to RBM, which will help to improve dose 
estimates for the Urals region residents. As the way forward, 
we also plan to create SPSD phantoms representing skeletons 
of people of other age groups: 10 year-olds, 15-year-olds and 
adults. SPSD phantoms can be used for the incorporated 
bone-seeking beta emitter dosimetry in the population, in case 
of radionuclide contamination of the environment, as well as 
for dosimetry from other bone-seeking beta emitters, including 
those used in radionuclide therapy, such as 89Sr, 32P, 186Re, 
188Re, 117mSn.
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