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COMPUTATIONAL PHANTOM FOR A 5-YEAR OLD CHILD RED BONE MARROW DOSIMETRY
DUE TO INCORPORATED BETA EMITTERS
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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 89Sy, 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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BbIYUCITUTENbHbIA ®AHTOM ANA AOSUMETPUN KPACHOIO KOCTHOIO MOS3IA NATUNETHENO
PEBEHKA OT UHKOPMOPUPOBAHHbIX BETA-U3JTYYATENEN

M. A LLaparnH' =2 E. L. ToncTbix!, E. A. LUnwknHa'?

T YpanbCkuii Hay4HO-NPaKTUYECKUIA LEHTP paavialyioHHOM MeauLmHbl PefepanbHOro Meamnko-6uonornydeckoro areHTcTea Poccum, YenabuHek, Poccus
2 YenabuHCKNIA rocyAapCTBEHHbIN YHUBEPCUTET, HYensabuHek, Poccus

O6ny4yeHne KKM (kpaCcHOro KOCTHOrO Mo3ra) OCTEOTPONMHbLIMI PafNOHYKIMAAMN MOXET NPUBOAUTL K CEPbe3HbIM MEAVLIMHCKM NOCeacTBMsM. B 4acTHoCTw,
yBENIMYEHNE pUCKa PasBUTUS NEKO30B Yy tofdel, NOABEPTLUNXCA padnaLvoHHOMYy BO3AENCTBUIO B pedynbrate 3arpssHeHus peku Tedn B 1950-e rr.,
CBsizaHO ¢ 00sydeHreM KKM ot 89Sy, CoBeplUeHCTBOBaHNE METOAOB BHYTPEHHeN fo3umMeTpun KKM BKloHaeT paspaboTKy BblMMCAUTENBHBIX (haHTOMOB,
KOTOpble NMPeACTaBNAOT COOOM TPEXMEPHbIe MOLENN YHacTKOB CkeneTta. MogenvpoBaHme nepeHoca N3yHeHnin BHyTPU Takvx (DaHTOMOB MO3BONSET OLEHUTb
KO3 PULIMEHTBI Nepexofa OT aKTUBHOCTU PafMoHYKIMAa B KOCTU K MOLLUHOCTM fo3bl B KKM. HacTosias cratbs — NpopokeHre paboTbl MO CO3AaHMIO
Habopa BblHMCAUTENBHBIX (haHTOMOB CKeneTa Ansa Ntoaen pasHoro BodpacTta. Lienb: pagpaboTtaTb BbIMUCIUTENBHBIN (haHTOM Ckeneta NATUNeTHero pebeHka ans
BHyTpeHHen goaumetpu KKM oT MHKOPNopUpoBaHHbIX 6eTa-manydareneit. @aHToMbl y4aCTKOB CKeneTa C akTVBHbIM reMON0330M CO3aaBaiv C MCMNosb30BaHNEM
opurHanbHon metoamkin SPSD (stochastic parametric skeletal dosimetry). B pamkax aTon METOAMKIM Kbl TAKOW yHaCTOK NpeacTaBnsn cobom Habop MeHbLLIMX
(haHTOMOB MPOCTON reomeTpuyeckor opmbl. PacnpeneneHne KKM B ckenete, pasmepbl KOCTEN, XapakTePUCTUKM KOCTHOW MUKPOAPXUTEKTYPbI, a Takxe
NAOTHOCTb U XUMUYECKMIA cocTaB Mopenmpyemblx cpeq (KKM, KocTb) onpeaensnm Ha ocHOBe Ony6iMKoBaHHbIX AaHHbIX. B pesynsrarte 6bin creHepnpoBaH
BbIMMCANTENBHBIA (haHTOM OCHOBHbIX YHaCTKOB CKefleTa C akTUBHBIM reMOMN0330M ANs NATUNETHEro pebeHka, BKIYaoLWmMi 43 daHToMa y4acTKOB KOCTEN.
JInHeHble pa3mepbl haHTOMOB Oblm B mpeaenax ot 3 MM A0 75 MM. NapameTpbl MYKPOapXUTEKTYPbl BapbpOBasiv B LUMPOKMX Npeaenax: oTHolweHve BV/TV — ot
13% 1o 52%, Tb. Th. — ot 0,09 mm go 0,29 mm, Thb. Sp. — ot 0,48 mm o 0,98 MMm.

Knio4yeBble cnosa: Tpa6eKynﬂpHaﬂ KOCTb, KOpTKallbHasA KOCTb, AO3NMETPUA KOCTHOIO MO3ra, Bbl4UCIUTENTbHbIE (,JpaHTOMbI, Sr
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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
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in people from the cohort of the Techa River contaminated
with radionuclides in 1950s are largely attributed to ingestion
of strontium isotopes (8%°Sr) [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 37 years.

In this study, the following bone microarchitecture characteristics
were assessed based on the published data: trabecular thickness
(Th. 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., Th. 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,) for each group considering
the number of subjects (V) was introduced: W, = 1, when N = 25;
W, = 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 pm 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. A. 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)

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/cm?® [23]. The RBM density was taken equal to the water
density (1 g/cm?®) [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 Th. 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

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

Ne 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 135
6 Skull 18.0
7 Clavicle 0.9
8 Scapula 2.8
9 Sternum 1.7
10 Ribs 9.0
11 Radius and ulna 21
12 Cervical vertebrae 23
13 Thoracic vertebrae 9.2
14 Lumbar vertebrae 7.0
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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
(e} 0.445 0.439
Na 0.003 0.001
Mg 0.002 0.002

0.095 0.002

0.003 0.002
Ca 0.215 -

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

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

Hematopoietic site BVITV, % 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* ;g gg 09'125%2:;) 0.80 (25)
Radius and ulna 16 (5) 0.16 (13) 0.77 (16)
Scapula® 22 () 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)
Kumbar veriebras + sacrum 134 0.09 (40) 0.60 20)

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].
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Table 4. Linear dimensions and thickness of the cortical layer taken for the BPS representing a 5-year-old child

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

Hematopoietic site Segment Shape' Data sources
h a b c d Ct.Th.
Diaphysis* c 30 17 (6) 17 (6) 3.7 (8)
Proximal end (upper part) c 25 (4) 23 (30) 23 (30) 1.3 (14)
Femur [56-64]
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)
Diaphysis* c 30 15 (3) 15 (3) 2.5(20)
Humerus Proximal end dc 20 (4) 32 (5) 32 (5) 15 (5) 15 (5) 0.9 (18) [56-59,65]
Distal end dc 27 (4) 46 (7) 15 (3) 15 (3) 15 (3) 0.8(19)
Ribs Ribs* P 9.4 (32) 30 4.4 (35) 0.5 (33) [66-68]
Body of the 1%t vertebra p 17 (20) 75 (20) 21 (6) 0.7 (35)
Body of the 2™ vertebra p 16 (20) 60 (20) 15 (10) 0.7 (35)
Sacrum Body of the 3" vertebra p 14 (20) 52 (20) 11 (10) 0.7 (35) [69-72]
Body of the 4" vertebra p 10 (20) 45 (20) 6.4 (9) 0.7 (35)
Body of the 5" vertebra P 10 (20) 22 (20) 6.4 (9) 0.7 (35)
Fibula* c 30 8.1 (6) 8.1 (6) 1.5 (20) [56, 73, 74]
Tibia bones Tibia diaphysis* c 30 15(4) 15 (4) 29(17)
Tibia proximal end 6. 6. de 34 (5) 55 (6) 22 (20) 15 (4) 15 (4) 0.7 (18) 55, 56, 60, 75-77]
Tibia distal end dc 34 (5) 24 (22) 24 (23) 15 (4) 15 (4) 0.7 (18)
llium part 1 p 7.9 (13) 30 30 t;.1é6(2(g)33)“
llium 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)
Pelvic bones Pubis bone (superior ramus) c 29 (15) 13 (11) 8.8 (20) 0.5 (30) [78-85]
Pubis bone (inferior ramus) c 19 (15) 8.8 (20) 8.8 (20) 0.5 (30)
Ace‘abil‘s';'ﬂﬁ;“ of the p 21 (15) 21 (15) 2715 | 21(15) 0.5 (30)
Ischial tuberosity c 25 (15) 18 (15) 14 (15) 0.5 (30)
Inferior ramus of the ischium [ 19 (15) 8.8 (20) 8.8 (20) 0.5 (30)
Skull Flat bones* p 4.2 (26) 30 30 1.1 (26) [86-88]
Body* c 30 8.7 (9) 6.8 (10) 1.109
Clavicle Sternal end dc 12 (13) 18 (10) 16 (9) 8.7 (9) 6.8 (10) 0.5(10) [89-92]
Acromial end dc 12 (13) 15 (11) 8.7 (18) 8.7 (9) 6.8 (10) 0.5 (10)
Diaphysis* c 30 8.3 (25) 8.3 (17) 1.5(12)
Radius and ulna [56, 58, 73]
End dc 26 (5) 13 (6) 8.3 (5) 8.3 (5) 8.3 (5) 0.5 (29)
Glenoid c 12 (8) 25 (11) 18 (7) 0.9 (28)
Scapula Acromion P 7.6 (18) 20 (12) 16 (12) 0.8 (13) [93-96]
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) [61,99-102]
Vertebral body c 12 (17) 17 (17) 21 (20) 0.2 (25)
Thoracic vertebrae Transverse process p 7.3(19) 11 (19) 5.3(19) 0.2 (25) [51,100-103,104]
Spinous process p 5.9 (21) 17 (21) 3(21) 0.2 (25)
Vertebral body c 16 (11) 23 (12) 34 (13) 0.2 (25)
Lumbar vertebrae Transverse process p 6.4 (13) 12 (12) 5(12) 0.2 (25) 151,71 111005(;_1 03,
Spinous process p 15 (20) 13 (20) 5 (20) 0.2 (25)
Note: ' — phantom shape was designated as follows: ¢ — 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 a (p); b — minor axis (c), minor axis for a large base (dc) or side b (p);
¢ — major axis for a small base (dc); d — minor axis for a small base (dc); ® — cortical layer thickness was considered to be different for the inner (medial) and outer
(gluteal) surfaces of this segment of the ilium; * — 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].
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Table 5. Comparison of BPS volumes of 1-year-old and 5-year-old children

Modeled structure volume, cm?®
BPS Simulated medium
1 year 5 years 1year/
Y Y 5 years
BM 6.53 22.9 3.51
B 1.88 7.56 4.02
Distal end of the femur
CB 1.41 5.21 3.7
Entire BPS 9.82 35.67 3.63
BM 0.35 0.89 2.54
B 0.14 0.36 2.57
Sternal end of the clavicle
CB 0.09 0.22 2.44
Entire BPS 0.58 1.47 2.53
BM 1.32 8.51 6.45
B 0.2 1.34 6.7
Body of the lumbar vertebra
CB - 0.3 -
Entire BPS 1.52 10.15 6.68
BM 0.45 0.89 1.98
B 0.11 0.24 2.18
Body of the cervical vertebra
CB - 0.05 -
Entire BPS 0.56 1.18 2.1

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 8Sr in the trabecular bone
and decrease in DF for Sr in the cortical bone.
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