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Introduction. Computational phantoms are widely used for assessing radiation doses to the red bone marrow (RBM) from bone-seeking
radionuclides. Among them, strontium isotopes are the most common. The development of phantoms for 89°Sr requires accurate description
of bone shape, size, and microarchitecture. To date, phantoms for newborns, one-year-old, five-year-old, and 10-year-old children, as well as
for adult males and females, have been proposed. This study is a continuation of our work on creating digital skeletal models for humans of
different sexes and ages.

Objective. Development of computational phantoms for the skeleton for 15-year-old adolescents with the purpose of assessing doses in
RBM from incorporated beta-emitting radionuclides.

Materials and methods. The phantoms were developed using the stochastic parametric skeletal dosimetry (SPSD) approach. Skeletal re-
gions with active hematopoiesis were identified and segmented. The parameters of the segment models were estimated based on literature
data, including bone microstructural characteristics, cortical bone layer thickness, bone and segment dimensions, the fractional content of
RBM, and the chemical composition and density of the modeled media. The variability ranges of these parameters were also assessed.
Results. The developed phantoms for 15-year-old male and female adolescents comprise 46 segments each; parameters for 14 of these
segments differed between males and females. The phantom dimensions ranged 3.5-66 mm; the cortical bone thickness varied 0.3-2.3 mm.
Conclusions. The phantoms developed in this work reflect the dimensions and structure of skeletal regions with active hematopoiesis in
15-year-old adolescents, account for sexual dimorphism, and simulate the variability of skeletal characteristics.
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BbIYUCJIUTESIbHbIA ®AHTOM ON151 LOSUMETPUN KPACHOIO KOCTHOIO MOS3IrA
Ansa 15-NETHUX FOHOLLEN N OEBYLLEK

M.A. WaparuH™, EN. Tonctbix!, E.A. LuwknHa'?

THOXKHO-Ypanbckuin henepanbHblii HayYHO-KIMHNHECKUIA LIEHTP MeaMLMHCKOM Bruoduamkm deaepanbHoOro Meamnko-61Monornieckoro
areHTcTBa, O3epck, Poccus
2YenabuHcKniA rocyaapCcTBeHHbIN yHMBEepCUTeT, YensabuHck, Poccust

BeepeHune. BbluvcnutensHble haHTOMbl LUMPOKO MPUMEHSIOTCA AN OLEHKN 03 06/y4eHNst KpaCHOro KOCTHOrO Mo3ra OT OCTeOoTpor-
HbIX PagVoHYKN1OoB. Hanbonee pacnpocTpaHeHHbIMU TakUMK PaaoOHYKANAaMN SBAAIOTCS U30TOMbl CTPoHUMSA. Co3gaHne haHTOMOB
nns 89908y TpebyeT akkypaTHOro onmcaHms opMbl, Pa3MepPoB U MUKPOAPXUTEKTYPbI KOCTel. Ha cerofHsALWHWIA aeHb onybnmMKoBaHbl Ornn-
caHusa aHTOMOB HOBOPOXXAEHHOMO, rOA0BaNoro, 5-neTHux 1 10-neTHUX OeTeN, a Takxke B3POCbIX MY>KHMHbI 1 XXeHLLWHbI. [laHHoe nccne-
[OBaHVe ABNSETCA NPOAOIKEHMEM PaboTbl MO CO3AaHMI0 LNMPOBLIX MOAENEN CkefeTa aANns MI0AEN pasHoro nona 1 Bo3pacTa.

Llenb. PaspaboTtka Bbl4MCUTENbHbIX (PAaHTOMOB CKeneToB 15-NeTHMX HOHOLLE U AeBYLLEK O/ OUEHKM A03 B KPaCHOM KOCTHOM MO3re
(KKM) 0T MHKOPMOpUPpOBaHHbIX 6eTa-13nyyatoLLmx paguoHyKmaos.

MaTtepuanel n MeTogbl. [1na co3gaHuns haHToMoB Obin ncnonbdosaH SPSD (stochastic parametric skeletal dosimetry) nogxoa. Beinn Bbige-
NEHbl y4aCTKM CKefleTa C akTVBHbIM reMOMN0330M, KOTopble Oblnv pasfeneHbl Ha CerMeHTbl. [apameTpbl MoAenelt CerMeHTOB Obln OLiEHEHbI
no AaHHbIM NUTepaTypbl 1 BKIOYaNM B Ce6st: XxapakTEPUCTUKM MUKPOCTPYKTYPbI KOCTW, TOSLLMHY CNOSt KOPTUKaNbHON KOCTU, pasmMeps!
KOCTEW 1 UX Yy4aCTKOB, a Takxe Jonto cofepkanns KKM, xuMndecknin coctaB 1 MAOTHOCTb MOAENMPYEMbIX cpefd. Takxxe Oblnn OLeHeHb!
3Ha4eHnst BaprabenbHOCTN 3TUX MapaMeTpoB.

Peaynbtathl. PagpaboTaHHble haHTOMbI 15-N1eTHMX IOHOLLEN 1 AEBYLLEK BKIIOHAIOT N0 46 CEerMeHTOB; NapamMeTpbl 14 13 H1UX pasnnyanncb
0151 FOHOLLEeN 1 aeByLUek. Paamepbl (haHTOMOB 6bin 3,5-66 MM, a ToALMHA KOPTUKansHoM koctu 0,3-2,3 MM.

BbiBoabl. DaHTOMbI, NOMTyHYEeHHbIE B paMKax faHHOW paboTbl, OTpaxKatoT pa3Mepbl 1 CTPYKTYPY YHaCTKOB CKefleTa C akTUBHbIM FeMOMN0330M
15-neTHNX tOHOLLE 1 AEBYLLEK, YYUTbLIBAIOT MOSOBbLIE Pa3Nn4MS, a TakxKe MMUTUPYIOT BapnabenbHOCTb XapakTepUCTUK CKeneTa.

KniouyeBble cnosa: TpaGeKynﬂpHaﬂ KOCTb; KOPTUKaSIbHasA KOCTb; [O3UMETPUS KOCTHOrO MO3ra; BblMNCUTENbHbIE (DaHTOMbI; CTPOHLMN
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INTRODUCTION

Assessment of doses from incorporated bone-seeking
radionuclides plays an essential role in predicting radio-
genic risks for individuals residing in contaminated ar-
eas. Strontium isotopes are among the most common
of these radionuclides, which can be released into the
environment both through global fallout and other tech-
nogenic radiation incidents. °Sr is a long-lived, bone-
seeking, beta-emitting radionuclide; its accumulation in
bone tissue leads to chronic irradiation of the red bone
marrow (RBM), thereby increasing the risk of developing
leukemia [1-4].

Assessment of doses from strontium isotopes in-
volves the use of biokinetic and dosimetric models. A
biokinetic model was previously developed at the Ural
Scientific and Practical Center for Radiation Medicine
(Russia).! This model simulates the transport processes
of Sr within the body; the output of this model is the spe-
cific activity of Sr in bone tissue. The dosimetric model
enables calculation of dose conversion factors (DF) from
the specific activity of the radionuclide in bone tissue to
the absorbed dose rate in RBM (Gy/s) [5]. Such mod-
els are developed based on the creation of computa-
tional phantoms, representing 3D models that simulate
the spatial arrangement and composition of media in
which radiation transport will subsequently be simu-
lated. Developing such phantoms for beta-emitters is
a challenging task due to the necessity of adequately
describing both the linear dimensions of bones and their
microstructure.

Modern phantoms used for the internal dosimetry of
strontium are based on the analysis of medical images
of human skeletons? [6-10]. Consequently, such phan-
toms have a significant limitation for their use in cohort
studies. Indeed, due to the limited amount of autopsy
material, they do not allow for the assessment of uncer-
tainties associated with the variability of skeletal dimen-
sions and microarchitecture within a population.

An alternative approach consists in the paramet-
ric method of stochastic modeling of bone structures,
referred to as stochastic parametric skeletal dosim-
etry (SPSD) modeling [11]. This approach, developed
at the Ural Scientific and Practical Center for Radiation
Medicine (Russia), estimates the phantom parameters

based on published bone measurement results rather
than using medical images. The extensive body of lit-
erature enables assessment of the variability in skeletal
characteristics within a population and the associated
DF variability.

Previous publications [12—16] were the first to present
the parameters of skeletal phantoms for newborns, one-
year-old, 5-year-old, and 10-year-old children, as well as
for adult males and females. The skeletal regions with
active hematopoiesis are identical in 15-year-olds and
adults. Furthermore, many skeletal regions in 15-year-old
individuals are similar in shape and microstructural char-
acteristics to those in adults. For this reason, phantoms
for 15-year-old male and female adolescents were de-
veloped based on adult phantoms; in other words, some
parameters for 15-year-old phantoms were set equal to
those for adults. Similar to adults, sexual dimorphism as-
sessment is also important for 15-year-olds. Thus, this
our study represents a new stage in the development of
computational phantoms for different age groups.

In this work, we aim to develop computational phan-
toms of the skeleton for 15-year-old male and female
adolescents for assessing doses in RBM from incorpo-
rated beta-emitting radionuclides.

MATERIALS AND METHODS

The stages of phantom development did not differ from
those for other age groups [11]. The primary stage in-
volved identifying the modeling objects, i.e., skeletal re-
gions with active hematopoiesis, and estimating the mass
fraction of RBM in each such a region. Subsequently,
linear dimensions and bone microstructural characteris-
tics were estimated based on literature data. Following
this, each modeled skeletal region was subdivided into
smaller parts. A computational phantom was generated
for each such a part.

The RBM mass fraction in various skeletal bones
was estimated based on published data [17]. Within the
SPSD approach, not the entire skeleton is modeled, but
only its regions containing RBM. This rule also applies
to individual bones; that is, only their parts containing
RBM were modeled. Accordingly, based on MRI study
results [18-23], the distribution of RBM within the bones
was assessed.

" Currently entitled the South Ural Federal Research and Clinical Center for Medical Biophysics.
2 Pafundi D. Image-based skeletal tissues and electron dosimetry models for the ICRP reference pediatric age series. Dissertation for PhD Degree. University of

Florida; 2009.
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The phantom parameters for 15-year-old male
and female adolescents, similar to those for other age
groups, included average values of bone microstructural
parameters, i.e., trabecular thickness (Tb. Th.), mean
trabecular separation (Tb. Sp.), and the bone volume
fraction (BV/TV) [24]. Bone and segment dimensions,
as well as cortical bone layer thickness (Ct. Th.), were
also phantom parameters. We estimated all these pa-
rameters based on measurement results obtained using
histomorphometry and micro-computed tomography
(micro-CT) and published in the respective literature.

Literature data were collected and analyzed according
to a previously described methodology [24]. The param-
eters of the adult male and female phantoms [16] were
used for those skeletal regions for which no published
data were found. Measurement results from bones of
Caucasians and Mongoloids were included in the analy-
sis, given that these ethnic groups are representative of
the Ural region for the age range of 1317 years.

Bone microarchitecture parameters were estimated
using the published data obtained by histomorphometry
and micro-CT. Cortical bone thickness was assessed
based on published measurement results obtained us-
ing CT, micro-CT, and micrometer gauges. Linear bone
dimensions were estimated from published measure-
ment results utilizing anatomical boxes, ultrasonogra-
phy, radiographic studies, and CT.

In the absence of sexual dimorphism in the stud-
ied bone characteristics, datasets for both sexes were
pooled. In such cases, the bone segment was modeled
independently of sex. In other instances, phantoms for
different sexes were modeled separately.

Each skeletal region with active hematopoiesis was
subdivided into smaller parts — segments. All segments
feature homogeneous bone microarchitecture and corti-
cal layer thickness and are described by simple geomet-
ric shapes [25]. A basic phantom bone segment (BPS)
was modeled for each segment. The segmentation was
performed such that each segment possessed a homo-
geneous microarchitecture and a homogeneous corti-
cal layer thickness. For BPSs represented by elongated
cylinders or elongated/flat rectangular parallelepipeds,
only the portion of BPS whose maximum linear dimen-
sions reached 30 mm was modeled. Further increasing
the maximum size of such a BPS does not affect the DF
[26]. Thus, segmentation permits accounting for hetero-
geneous microarchitecture and cortical thickness within a
bone, reduces the size of the phantoms (thereby enabling
higher resolution), and improves simulation accuracy.

The density and chemical composition of the mod-
eled media (mineralized bone and bone marrow) were
identical for all BPSs and were estimated based on lit-
erature sources [27, 28]. The generation of BPSs was
performed using the Trabecula software application de-
veloped in our laboratory [29]. A BPS consists of three
media: bone marrow (BM) — the target tissue, as well
as cortical bone (CB) and trabecular bone (TB) — two
separate source tissues.

EXTREME MEDICINE | 2026, VOLUME 28, No 2

Trabecular bone was modeled as a 3D network of
bone strands — trabeculae — whose spatial arrange-
ment and thickness were randomly selected within the
bounds of bone microarchitecture parameter variability
estimated from published data [30-34]. Bone marrow
is located in the spaces between the trabeculae, and
cortical bone (CB) encases the trabecular bone (TB)
externally as a continuous layer with a specified thick-
ness. The voxel size for each BPS was adjusted such
that it did not exceed 70% of Th. Th. and ranged within
50-140 pm [29]. The volumes of the media comprising
the phantom were calculated in the Trabecula software.

Phantoms created using the SPSD approach enable
the assessment of DF uncertainties associated with the
variability of skeletal characteristics within a population.
For this purpose, sets of supplementary phantoms of
bone segment (SPS) were modeled for each BPS. While
the BPS was modeled with average parameter values,
the parameter values for the SPS were randomly sam-
pled within the boundaries of the minimum and maxi-
mum measured values of their variability. The method for
uncertainty assessment was described in detail in [35].

Skeletal regions with active hematopoiesis in a
15-year-old adolescent, bone segmentation, and cross-
sections of individual segments using the clavicle as an
example are presented in the figure.

RESULTS

The set of skeletal regions with active hematopoiesis for
15-year-olds did not differ from that for adults; however,
there are differences in the RBM distribution among
these regions, as demonstrated in Table 1.

Table 1 shows that the skeleton of 15-year-olds com-
prises 12 skeletal regions with active hematopoiesis,
with the RBM mass fraction ranging 1.0-18.6%. No sex-
ual dimorphism was observed in the RBM distribution
within the skeleton.

The elemental composition of the modeled media is
equivalent to that in adults [16] and was estimated based
on published data [28]. We used the measurement re-
sults published for the density of the cortical bone lay-
er in 15-year-olds [27] as the density for both CB and
TB (1.85 g/cmd). The BM density was assumed to be
1.0 g/cm?® [28].

No significant sexual dimorphism was found in bone
microarchitecture characteristics [26]; therefore, data
from males and females were pooled. Table 2 presents
the microarchitecture parameter values for the BPS of
15-year-old male and female adolescents.

The variability ranges of bone microarchitecture pa-
rameters within a bone were used to set the charac-
teristics of the 3D trabecular network model, thereby
enhancing its realism. For 15-year-old adolescents, no
such variability values were found; therefore, these val-
ues were assumed to be the same as for adults [36].

The linear dimensions and cortical layer thickness
adopted for the BPS of 15-year-old male and female
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Figure prepared by the authors

Fig. Skeletal regions with active hematopoiesis for a 15-year-old male adolescent and their segmentation
illustrated using the clavicle: (a) skeleton of a 15-year-old (regions modeled with active hematopoiesis are highlighted in
blue); (b) clavicle (bone segments are outlined by dashed lines); (c) diagram of bone division into basic phantoms of bone
segments (BPS) and their linear parameters; (d) BPS of the clavicle in voxel representation, cross section (voxels simulating
mineralized bone are shown in black, bone marrow is shown in white)

Table 1. Mass fractions of red bone marrow (RBM) (% of total RBM mass in the skeleton) in the major
hematopoietic skeletal sites of 15-year-olds

RBM mass fraction, %
No. Hematopoietic site
15-year-olds Adults
1 Femur 15.7 5.9
2 Humerus 3.8 3.6
3 Sacrum 8.5 7.4
4 Pelvic bones 18.6 23.2
5 Skull 10.2 6.2
6 Clavicle 1.0 0.8
7 Scapula 3.3 4.7
8 Ribs 13.7 9.8
9 Sternum 1.8 1.8
10 Cervical vertebrae 3.3 3.5
i Thoracic vertebrae 11.0 17.5
12 Lumbar vertebrae 10.6 15.5

Table prepared by the authors based on data from [19]
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Table 2. Bone microarchitecture parameters adopted for the basic phantoms of bone segments of 15-year-old
male and female adolescents

Hematopoietic site BV/TV, % Th. Th.,, mm Tb. Sp., mm
Femur (neck) 35 (23-43) 0.24 (22) 0.54 (14)
Femur trochanter area 26 (17-32) 0.24 (22) 0.54 (14)
Humerus 22 (11-32) 0.21 (13) 0.58 (32)
Ribs 12 (5-25) 014 (12) 0.82 (1)
llium 25 (20-29) 0.16 (10) 0.46 (0.07)
Ischium bone and pubic ramus inferior 25 (20-29) 0.16 (10) 0.75 (9)
Skull 52 (41-65) 0.29 (32) 0.57 (35)
Clavicle body 15 (10-20) 0.2 (32 0.8 (25)
Clavicle ends 29 (15-46) 0.14 (31) 0.8 (25)
Scapula 22 (9-47) 0.24 (42) 0.96 (29)
Sternum 15 (8-22) 0.15 (29) 1.4 (9
Cervical vertebrae 21 (16-28) 0.14 (14) 0.15 (10)
Thoracic vertebrae 14 (7-19) 012 (17) 0.6 (15)
Lumbar vertebrae + Sacrum 14 (7-19) 012 (17) 0.6 (15)

Table prepared by the authors based on their own data [25]

Note: parentheses contain the coefficient of variation (CV, %); for BV/TV, the range of possible values is provided; Tb. Th. — trabecular
thickness, Tb. Sp. — mean trabecular separation, BV/TV — bone volume fraction.

Table 3. Linear dimensions and cortical bone layer thickness for basic phantoms of bone segments of 15-year-
old male and female adolescents

.. Phantom parameters, mm (parenthetic CV, %)?
Hematopoietic ’
site Segment Shape Sex

h a b c d Ct. Th.
m 206 () | 36(14) | 32(13) - - 1.9 (19

Neck cyl
f 30.5(5) | 29.4 (14) | 23.9 (13) - - 1.9 (19

Femur

m 41 (4) 66 (6) 44 () 30 (7) 30(7) | 2.3(15)

Trochanter area dc
f 34.5(1) | 58 (7) 39 (7) 27 (6) 27 ©) | 2.3(19)
m 28 (12) 56 (5) 56(5) | 194@) | 194 @4) | 1.1(16)

Humerus Proximal end dc
f 249(12)| 51.3() | 51.3(5B) | 194 @) | 194 ¢4) | 1.1(16)
Ribs*1-2 p m-+f 17 (12) 30 7 (14) - - 0.7 (38)
Ribs* 11-12 p m-+f 11 (18) 30 6 (17) - - 0.7 (38)

Ribs

Ribs*3, 4, 9, 10 p m-+f 13 (8) 30 7 (14) - - 1.2 (38)
Ribs*5, 6,7, 8 p m-+f 14 (14) 30 8 (13) - - 0.7 (38)
m 30 (7) 40 (11) | 24.5 (10) - - 1.2 (35)

Sacrum Body-1 p
f 309 |37.8(11) 22212 - - 1.2 (35)

EXTREME MEDICINE | 2026, VOLUME 28, No 2 209
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Table 3 (continued)

I Phantom parameters, mm (parenthetic CV, %)?
Hematopoietic s Shaoe' | S
site egment ape ex
h a b c d Ct. Th.
m 46 8) 287 (11)| 15(9) - - 1.2 (35)
Body-2-3 o]
f 45.2 (15)| 28 (11) [13.8(13) - - 1.2 (35)
m 36 (9) 28 (11) 8 (13) - - 1.2 (35)
Body-4-5 o]
f 35(14) | 28 (11) | 8.5(12) - - 1.2 (35)
Pedicle 1 cyl m+f | 13.9 (14) | 23.7 (15) | 15.3 (11) - - 1.2 (35)
Pedicle 2 oyl m+f | 14.2 (14) | 25 (11) | 13.6 (17) - - 1.2 (35)
Sacrum Pedicle 3 cyl m+f | 13.9 (14) | 18.3 (11) | 13.2 (14) - - 1.2 (35)
Pedicle 4 cyl m+f | 13.9 (14) | 14.5 (11) | 11.2 (18) - - 1.2 (35)
m 30(13) | 20(10) | 42 (13) - - 1.2 (35)
Ala 1 p
f 30 (9) 21 (15) | 38.6 (8) - - 1.2 (35)
m 26 (15) | 23 (17) 25 (8) - - 1.2 (35)
Ala 2 o]
f 26 (9) 23 (17) | 22.7 (13) - - 1.2 (35)
Ala 3-4 pr m-+f 19 (16) 18 (9) [38.5(15)|38.5(15) - 1.2 (35)
lliac ala o] m+f | 9.5 (31) 30 30 - - 1(30)
m 11 (15) 30 13 (9) - - 1 (30)
lliac crest p
f 11 (15) 30° 13 (9) - - 1 (30)
lliac dorsal m-+f 19 (16) 30 30 - - 1 (30)
segment P
Ischium ramus cyl m-+f 308 34 (9) 25 (8) - - 0.5 (30)
Pubis ramus de m-+f 47 (17) | 16(25) | 22 (23) | 26 (23) | 14 (36) | 0.5(30)
inferior
Pelvic bones m 32(19) | 15(20) | 29 (20) - - 0.7 (30)*
Pubis ramus 1.5 (12)*
superior (lower o]
part) f 31 (13) 14 (7) 33 (18) - - 0.7 (30)*
1.5 (12)*
m 51.2(8) | 14.5 (20) | 16 (20) - - 0.7 (30)*
Pubis ramus b 1.5 (12)
superior (upper) f 83(7) | 11(18) | 16 (20) - - |07 @0y
1.5 (12
m-+f 29 (10) | 26 (10) | 21 (20) - - 0.5 (80)°
Acetabulum hc 3.6 (30)°
4 m+f | 5.2 (12) 30° 30° - - 1.3 (33)°
Skull Flat bones P 15 (22)°
Shaft (acromial ol m 19.8 () | 22(9) 1229 | 12 (17) 12(8) | 0.8 (26)
Yy
part) f 207Q) | 216 | 1032 | 10(9 | 10(10) | 0.8 (26)
Clavicle
m 30 12 (17) 12 (8) - - 1.8 (2)
Body de
f 30 10 (9) 10 (10) - - 1.8 (2
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Table 3 (continued)

. Phantom parameters, mm (parenthetic CV, %)?
Hematopoietic ’
site Segment Shape Sex

h a b c d Ct. Th.
m 19.8(%B) | 26(15) | 24 (13) | 12(17) 128) | 0.8(26)

Clavicle Shaft (sternal part) dc
f 20.7(09) | 24(16) | 21 (14) 10 (9) 10 (10) | 0.8 (26)
Glenoid cyl m+f | 16.9 (8) | 30.7 (11) | 22.3 (18) - - 0.9 (28)
Scapula Acromion p m+f | 8.8(18) | 32.4 (4) | 25.2 (4) - - 0.8 (13)
Lateral margin p m+f 30 3.5 () 10 (12) - - 0.8 (13)
Sternum Body p m+f | 10.6 (14) 30 30 - - 0.9 (44)
Vertebral ol m+f | 11.9(11) | 15.2(8) | 19 (14) - - 0.3(7)

, body 3-7 Y

Cervical

vertebrae Vertebral body 2 p m+f | 19.2 (13) | 14.3 (10) | 17.5(3) - - 0.3(7)
Lateral mass 1 p m-+f 15(13) | 11.4(9) | 10.5(9) - - 0.3 (7)
Vertebral body cyl m+f | 18.6 (16) | 28.7 (19) | 24.9 (20) - - 0.4 (25)
LLamina+inferior m-+f 32 (12) [10.2(14) | 4.2 (13) - - 1.3 (16)

articular. proc. P
Thoracic Spinous process p m+f | 9.3(18) | 33(18) | 4.9 (18) - - 0.4 (25)

vertebrae - -

Superior articular m+f | 11.4(12) | 11.3 (14) | 4.4 (11) - - 1.3 (16)

process P
Transverse m+f | 9.9(18) | 14.8(18) | 8.6 (19) - - 0.4 (25)

process P
Vertebral body cyl m+f | 24.7 (12) | 31.5(8) | 44.5(9) - - 0.4 (25)
LLamina+inferior m+f [ 20.4 (10) | 12.7 (13) | 41 (13) - - 1.0 (34)

articular. proc. P
Lumbar Spinous process p m-+f 24 (10) | 31 (10) | 5.6 (10) - - 0.4 (25)

vertebrae - -

Superior articular m-+f 14 (14) 15 (13) 12 (17) - - 1.0 (34)

process P
Transverse m+f | 10.7 (10) | 20.5 (11) | 5.6 (10) - -6 0.4 (25)

process P

Table prepared by the authors based on their own data [25, 36]
Note: m — male; f — female; m+f — BPS was modeled independent of sex; ' — phantom shape was designated as follows: cyl — cylinder,

dc — deformed cylinder, p — rectangular parallelepiped, pr — prism with triangle base; t — hollow cylinder; 2 — BPS dimensions were
designated as follows: h — height; a — major axis (c), major axis for a large base (dc) or side a (p) or outer diameter (t); b — minor axis (c),
minor axis for a large base (dc) or side b (p) or inner diameter (t); ¢ — major axis for a small base (dc); d — minor axis for a small base (dc); for
prism(pr): a, b, c — sides of the triangle base; ¢ — cortical layer thickness was assumed to be different for the inner (medial) and outer (gluteal)
surfaces of a given segment of the skull; *— symphyseal surface covered by thicker cortical layer than other surfaces of BPS; ®— a higher
Ct. Th. value assumed for the medial side of the acetabulum; 8 — BPS imitated only a part of the simulated bone segment, when the bone
segment dimensions exceeded significantly 30 mm, since in terms of dosimetry in such cases it makes no sense to simulate the entire bone
fragment; “~” — dimension is not used for constructing the phantom of this segment.

adolescents are presented in Table 3. The data sources
used to obtain these parameters are presented in [24].
Unlike bone microstructural parameters, the linear
dimensions of several bones depend on sex; therefore,
their dimensions were estimated separately for males
and females. The SPSD phantoms of the skeleton for
15-year-old male and female adolescents consist of

EXTREME MEDICINE | 2026, VOLUME 28, No 2

46 BPSs, of which 14 segments are specific to males,
another 14 are specific to females, and 32 segments
were modeled identically for both sexes, as shown in
Table 3. The sacrum was the most segmented skeletal
region with active hematopoiesis. It comprised 10 BPSs,
while a single BPS was used to model both the humerus
and the skaull.
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The basic phantoms of bone segments (BPS) for a
15-year-old adolescent are mostly shaped as cylinders
or rectangular parallelepipeds. Their dimensions ranged
3.5-66 mm. Sexual dimorphism is characteristic of
many BPSs, with the greatest differences observed in
the inferior part of the superior pubic ramus, at the level
of 66%. The cortical bone layer of the modeled phan-
toms ranged from 0.3 mm (cervical vertebral bodies) to
2.3 mm (proximal end of the femur). BV/TV varied 12—
52%, trabecular thickness ranged 0.1-0.29 mm, and the
trabecular separation was 0.45-1.4 mm (Table 4).

The population variability of individual linear phantom
dimensions ranged from 3% (cervical vertebral bodies)
to 36% (inferior pubic ramus), with an average of 30%
across all dimensions of all BPSs. The greatest variability
in the cortical bone layer thickness was estimated for the
sternum — 44%, while the smallest was for the cervi-
cal vertebral bodies — 3%. On average, the variability of
Ct.Th. was 27%. For microarchitecture parameters, this
indicator ranged from 6% to 42%. The volume of the
generated SPSs ranged 23-264% of the BPS volume.

DISCUSSION

We used approximately 100 literature sources describ-
ing bone samples (> 5000) from 4592 individuals [24]
to estimate the parameters of phantoms for 15-year-old
male and female adolescents. A total of 197 param-
eters characterizing linear dimensions and 138 param-
eters characterizing the microstructure of the skeletal

bones were evaluated to construct these phantoms. As
mentioned earlier, some parameters for the phantoms
of 15-year-old male and female adolescents were set
equal to those for adults, specifically microarchitecture
parameters for the clavicle, ribs, scapula, skull, cervical
vertebrae, and sternum, as well as linear dimensions for
the femoral neck, humerus, pelvic bones, and ribs.

By the age of 15, ossification processes are com-
plete in many skeletal regions, and these regions were
modeled using the same set of segments as for adults,
although with different parameters. These include the
femur, humerus, pelvic bones, sacrum, skull, ribs, and
scapula. On the other hand, some skeletal regions mod-
eled for adults were not modeled for 15-year-olds, such
as the articular processes and arches of the thoracic and
lumbar vertebrae. Consequently, the skeletal phantom
for 15-year-old male and female adolescents consists of
a smaller number of segments than adult phantoms, but
a greater number than phantoms for younger children.

The RBM distribution in 15-year-olds is similar to that
in adults; however, the RBM fraction in the vertebrae is
greater in adults than in 15-year-olds, while the RBM
fraction in the femur and humerus is, conversely, smaller.

The BV/TV for the BPS of 15-year-olds averages
20%, which is slightly higher than that for adults (17.3%).
Age-related changes in Th. Th. are insignificant, where-
as Tb. Sp. for 15-year-olds is 18% lower than for adults.
Table 4 presents a comparison of the media volumes
within the BPS for 15-year-old male and female adoles-
cents, as well as for adult males and females.

Table 4. Comparison of the basic phantoms of bone segment volumes for a 15-year-old child and adult men

and women
Volume of modeled structure, cm?
BPS Modeled media Adults 15-year-old child
Male Female Male Female
BM 18.43 10.39 13.6 7.92
B 3.68 214 7.38 4.31
Femur neck

CB 5.94 4.58 5.8 4.62
Entire BPS 28.05 1711 25.35 16.85
BM 32.26 24.2 23.9 18.36

B 2.02 1.54 6.27 4.82

Proximal humerus

CB 3.47 3.14 3.54 2.95
Entire BPS 37.75 28.88 33.71 26.13
BM 21.87 18.37 23.07 19.53

First sacral vertebra B 3.84 3.24 3.55 31
(S1) body CB 3.70 3.47 2.79 2.55
Entire BPS 29.41 25.08 29.41 2518

Table prepared by the authors based on their own data [25, 36]

Note: BM — bone marrow; CB — cortical bone; TB — trabecular bone; BPS — basic phantoms of bone segments.
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Due to their smaller linear dimensions, the total vol-
ume of the BPS for 15-year-old adolescents is 21% less
than that for adults. The sexual dimorphism in the aver-
age BPS volumes was 11%, and for individual segments,
it reached 73% (ribs 11-12).

CONCLUSION

The present work is the sixth in a series of articles
devoted to the parameters of computational skel-
etal phantoms for humans of different ages and
sexes. In this article, we provide a description of
SPSD phantoms of the skeleton for 15-year-old
male and female adolescents. The phantoms con-
sist of 46 BPSs. For 14 out of the 46 segments,
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