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Introduction. The dose assessment of internal irradiation of red bone marrow (RBM) by osteotropic radionuclides is based on dosimetric modeling using
computational phantoms. Creating such phantoms for 8<°Sr requires careful description of the shape and size of bones, as well as their microarchitecture.
Descriptions of phantoms representing newborn, one-year-old, 5-year-old, and 10-year-old children have been published. Our study continues work on creat-
ing a set of computational skeletal phantoms for people of different ages.

Objective. Development of computational skeletal phantoms of male and female adults for estimating radiation doses of beta-emitting radionuclides incor-
porated in RBM.

Materials and methods. The stochastic parametric skeletal dosimetry (SPSD) method of creating phantoms was used. The skeletal sections with active
hematopoiesis were divided into segments. On the basis of literature data, the parameters of segment models were evaluated: linear dimensions, cortical layer
thickness, bone microarchitecture characteristics, density, chemical composition, and RBM proportion.

Results. The developed phantoms of male and female adults are composite, including 46 segments each; the parameters of 21 segments were independent
of sex. The sizes of segment phantoms range within 4-66 mm; the cortical layer thickness ranges within 0.3-2.2 mm. The parameters of bone segment
microarchitecture are presented.

Conclusions. The resulting phantoms simulate the micro- and macro-architecture of bone tissue, and, together with sets of additional phantoms, represent
the population variability of individual skeletal bones and take sex differences into account. The developed phantoms can be used for internal dosimetry of
osteotropic beta-emitters, including as part of radiopharmaceuticals.
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BbIYUCNUTENIbHbIM ®AHTOM A1 AO3UMETPUN KPACHOIO KOCTHOIO MOSIA A1 B3POCIIbIX
MY>X4UHbI N XKEHLLIMHbI

M.A. WaparnH'™, E.N. ToncTbix!, E.A. LUnwknHa'?

"YpanbCkuii HayYHO-MPaKTUYECKMIA LEHTP PaAnaLIMOHHOM MeauLmHbl PefepansHoro MeAnKo-61Monormieckoro areHTcTea, YensbrHek, Poccust
2YensbUHCKNIA rocyaapCTBEHHbI yHUBEPCUTET, HYenabuHek, Poccurs

BeepeHue. OueHka [03 BHYTPEHHEro 06y4eHnst KpacHoro koctHoro Mmoara (KKM) oT 0cTeoTpOnHbIX paanoHyKNnaoB OCHOBaHA Ha O3MMETPUHECKOM MO-
[eNMpoBaHnN C UCMONBb30BaHNEM BblMMCUTENbHbIX haHToMOB. Co3aaHne Takmx (haHTOMOB A5 89°°Sr TpebyeT akkypaTHOro onvcaHns hopMbl U pa3mepoBs
KOCTEM, a TaK>Xe UX MUKPOaPXMTEKTYPbI. B HacTosiLLee Bpems ony6MKoBaHbl ONncanunst paHTOMOB HOBOPOXXAEHHOI0, rof0Banoro, 5-neTHoro 1 10-neTHero
neten. [laHHoe nccnegoBaHne — o4epenHon atan paboTbl MO CO3AaHMI0 Habopa BbIYUCANTENBbHBIX (PAHTOMOB CKeneTa A1 NtoAen pa3Horo Bo3pacTa.
Llenb. Pa3paboTka BblHMCANTENbHbIX (DAHTOMOB CKeNeTa B3POCIIbIX MY>XXHYNHbI U XKEHLLMHbI AN oLeHKN o3 B KKM OT MHKOpnopupoBaHHbIX 6eTa-n3ny4ya-
IOLLMX PaaVOHYKMAOB.

Martepuanbl u metTogbl. B paboTte 6bin ncnons3osaH SPSD-meTof (stochastic parametric skeletal dosimetry) codganns haHToMOB. Y4acTku ckeneTa ¢ ak-
TUBHBIM rEMOM0330M Pa3feNsann Ha cerMeHTbl. Mo nuTepaTypHbIM AaHHbIM Oblnv OLEHEHbI MapaMeTPbl MOLENEN CErMEHTOB: NIMHENHbIE Pa3Mepbl, TONLLMHA
KOPTUKAIBHOIO CI0S, XapPaKTEPUCTUKN KOCTHOM MUKPOAPXUTEKTYPbI, MIOTHOCTb, XMMUYECKMIN COCTaB 1 [oNs conepkaHns KKM.

Pe3ynbratbl. PazpaboTaHHble (haHTOMbI B3POCIIbIX MY>XXHUHbI 1 XKEHLLMHbI ABASIOTCS COCTaBHbIMY 1 BKNOYAIOT Mo 46 CErMeHTOoB; napameTpbl 21 cermeHTa
He 3aBucenn oT nona. Paamepbl haHTOMOB-CErMeHToB Obln B Mpeaenax 4—66 MM, TONLWmHa KOPTUKabLHOro cnos — B npedenax 0,3-2,2 mm. MNapameTpsbl
MUKPOAPXUTEKTYPbI KOCTHBIX CEMMEHTOB NPefCTaBeHbl B cTaTbe.

BbiBoApbl. [1ony4eHHble (haHTOMbI UIMUTUPYIOT MUKPO- 1 MakpOapXMTEKTYPY KOCTHOW TKaHW 1 BMECTE C Habopammn AONONMHUTENbHbIX (DaHTOMOB OTparkatoT
NONyNALUMOHHYIO BapnabeNbHOCTb OTAENbHbIX KOCTEW CKeneTa, a TakxKe yYMTbIBatOT NonoBble pasnunyuns. CreHeprpoBaHHble (DaHTOMbl MOTyT BbITb MCMOSb-
30BaHbl 4151 BHYTPEHHE LO3VMETPUM OCTEOTPOMHBIX 6eTa-m3nyyarteneit, B TOM YMCie B COCTaBe paavodapmMnpenapartos.

Knto4yeBble cnoBa: TpabekynspHas KOCTb; KOPTMKasbHas KOCTb; AO3UMETPUS KOCTHOrO MO3ra; BblHMCANTENbHbIE (DaHTOMbI; CTPOHLMI; BbIMUCIUTENBbHbIN
haHTOM B3pPOCNOro
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INTRODUCTION

Strontium isotopes accumulate in mineralized bone tissue
and locally irradiate red bone marrow, which can lead to an
increased risk of leukemia. 8°Sr isotopes were the main
source of RBM radiation for residents of the coastal areas
of the Techa River, contaminated with radionuclides in the
1950s as a result of radioactive effluents from the Mayak
Production Association [1-4]. These radionuclides were
also released into the environment as part of global fallout
from nuclear weapons tests. In this context, the strontium
isotope internal dosimetry of RBM represents a highly sig-
nificant research task.

The assessment of RBM radiation doses caused by
8990Gr in the population of the coastal areas of the Techa
River includes the use of biokinetic and dosimetric models.
The biokinetic model for strontium isotopes developed at
the Urals Research center for Radiation Medicine (URCRM)
simulates the processes of exchange and transport of
these radionuclides in the human body, thus allowing es-
timation of their specific activity in bone tissue (Ba/g). A
dosimetric model is being developed to estimate the co-
efficients of transition from the specific activity of a radio-
nuclide in bone tissue to the absorbed dose rate in RBM
(Gy/s) [4]. Dosimetric modeling involves the use of compu-
tational phantom models that simulate the geometry and
chemical composition of media in which radiation transfer
is assumed, i.e., bone and RBM [5]. Creating such phan-
toms for beta emitters is a challenging task, due to strict
requirements on the description of both the linear dimen-
sions of bones and their microstructure.

The latest computational phantoms are based on the
analysis of computed tomography (CT) images of skeletons
of deceased people [5-10]". Such phantoms are difficult to
perform and, due to the limited amount of autopsy mate-
rial, are not sufficiently informative with regard to popula-
tion variations in the size and microarchitecture of the skel-
eton [11]. As an alternative, URCRM specialists proposed
an original parametric method for stochastic modeling of
bone structures — stochastic parametric skeletal dosim-
etry (SPSD) modeling [11], suitable for internal dosimetry of
89905y, The parameters of SPSD phantoms are based on
a large number of published bone measurement results.
This makes it possible to assess the variability of skeletal
characteristics within population groups and the associat-
ed DF variability, which is extremely important for dosimet-
ric support of studies among the irradiated population of
the coastal areas of the Techa River. The adequacy of the
model is confirmed by a good convergence of the calcu-
lated energy dependencies for SPSD phantoms and those
presented in the literature [11-13].

Previous studies reported the parameters of skeletal
phantoms representing newborn, one-year-old, 5-year-
old, and 10-year-old children [14-17]. The skeleton of a
15-year-old child, as well as various characteristics of the
simulated areas, are similar to those of an adult, whose
skeleton has been described in greater detail in previous
research. Therefore, we decided first to model the skeleton
of an adult and then to model the skeleton of a 15-year-old
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child on its basis. It should be noted that sex differences in
skeletal characteristics should be taken into account for the
purposes of dosimetric modeling.

Our study continues work on the creation of compu-
tational phantoms for different age groups. In the present
research, we aim to develop computational skeletal phan-
toms representing an adult male and an adult female to
estimate doses of beta-emitting radionuclides incorporated
in RBM.

MATERIALS AND METHODS

The stages of creating computational phantoms for adults
did not differ from those for younger age groups [11] and
included:

1. ldentification of simulated skeletal sites with active
hematopoiesis (hematopoietic sites), assessment of the
mass fraction of RBM therein;

2. Assessment of the linear dimensions and micro-
architecture parameters of the simulated bones based on
published data;

3. Segmentation of hematopoietic sites;

4. Generation of voxel phantoms for each segment.

PET data were used to assess the distribution of RBM
within the adult skeleton and to identify the main hemat-
opoietic sites on this basis [18]. This method is more accu-
rate than MRI scanning, the results of which were used to
analyze the RBM distribution inside the skeleton for young-
er age groups [19]. Hematopoietic sites are whole bones
or sets of bones, they may include areas without RBM. In
order to establish the presence of RBM in a particular site
of a particular hematopoietic site, published MRI data were
used [20-25].

The parameters of the phantoms included the average
values of bone microarchitecture characteristics, including
the thickness of the trabeculae (Tb. Th.), the size of the in-
tertrabecular space (Th. Sp.), the bone tissue proportion in
the bone volume (BV/TV) [26], the thickness of the cortical
layer (Ct. Th.), and the linear dimensions of the bones.

The set of published data used to estimate the phantom
parameters, as well as the methodology for their collec-
tion and analysis, were described in detail earlier [26]. To
assess the parameters of adult phantoms, bone measure-
ments published in peer-reviewed publications, atlases,
monographs, and dissertations were used, as well as
electronic resources containing collections of X-ray im-
ages. The measurement results of people/samples identi-
fied by the authors as healthy and free of diseases leading
to bone deformity were used for analysis. In cases where
the published data were unavailable, bone measurements
from the anatomical collections of the South Ural State
Humanitarian Pedagogical University and the South Ural
State Medical University were used to obtain characteris-
tics of a specific area of the skeleton. These bones were
undamaged and were not divided into groups according
to sex. The measurements were carried out by the staff
of the URCRM biophysical laboratory using micrometers
(REXANT MK 12-9110-2, China).

' Pafundi D. Image-based skeletal tissues and electron dosimetry models for the ICRP reference pediatric age series. Dissertation for the degree of doctor of the

philosophy. University of Florida; 2009.
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The analysis used bone measurements from peo-
ple belonging to ethnic groups typical of the Ural region:
Caucasoid and Mongoloid aged 20 to 50 years for females
and from 20 to 60 years for males.

The characteristics of the bone microarchitecture re-
quired for SPSD modeling included: the thickness of the
trabeculae (Tb. Th.), the size of the intertrabecular space
(Tb. Sp.), and the bone tissue proportion in the bone vol-
ume (BV/TV) [26]. These characteristics were evaluated
based on the results of studies obtained using histomor-
phometry and micro-CT (computed microtomography). To
assess the thickness of the cortical bone layer, published
measurement results using CT, micro-CT, and micrometers
were used. The linear dimensions of bones were estimated
based on published measurement results using anatomical
boxes, ultrasound and X-ray examinations, as well as com-
puted tomography (CT).

In the absence of sex differences in the studied bone
characteristics, the data sets for both sexes were com-
bined. In this case, the bone section was modeled regard-
less of sex. In other cases, the phantoms for males and for
females were modeled separately.

The skeletal areas with active hematopoiesis were di-
vided into smaller segments. Each segment not only has
a uniform microarchitecture and thickness of the cortical
bone layer, but is also described by a simple geometric
shape. A basic phantom of bone segment (BPS) was mod-
eled for each such site [27]. This segmentation allowed us
to take into account the heterogeneous microarchitecture
inside the bone and the thickness of the cortical layer. The
reduction of the phantom size by their separation allowed
us to increase their resolution, thus improving the accuracy
of modeling.

Table 1. RBM mass fraction (% of the RBM total mass in the skeleton) in the
main hematopoietic sites of the adult skeleton

No. Hematopoietic site RBM mass fraction, %
1 Femur 59+25
2 Humerus 3.6+1.9
3 Sacrum 74+18
4 Pelvic bones 23.2+3.0
5 Skull 6.2+£23
6 Clavicle 0.8 + 0.01
7 Scapula 47 +£0.8
8 Ribs 9.8+17
9 Sternum 1.8+0.7
10 Cervical vertebrae 3.5+1.0
1 Thoracic vertebrae 17.5+2.4
12 Lumbar vertebrae 15.5+2.5

Table prepared by the authors using their own data [18]

Note: the data are presented in the form of a mean value (M) and a
standard deviation (c); the source [18] shows the RBM total proportion in
the collarbones, shoulder blades, and ribs equal to 15.3 + 2.6%; the RBM
proportion in each of these areas is calculated in proportion to the total volume
of BPS (calculated automatically in the Trabecula software), the constituents
of each hematopoietic site.

The linear dimensions and parameters of bone micro-
architecture were determined separately for each segment
as the mean values of bone characteristics [26].

The density and chemical composition of the simulated
media (mineralized bone and bone marrow) were the same
for all BPS, being estimated based on literature sources
[28, 29].

The generation of BPS was carried out in the Trabecula
software [30]. The BPS consists of voxel cubes, which,
depending on their position, simulate one of the simulated
environments.

It should be noted that further dosimetric modeling
considered the trabecular (TB) and cortical bone (CB) as
separate source tissues, although in the BPS they are
modeled by voxels simulating mineralized bone tissue. The
bone marrow was considered as a single target tissue [30].
TB is a 3D net (bone strands) of trabeculae, the thickness
and relative position of which are determined randomly
within the variability of microarchitecture parameters inside
the simulated bone [30], estimated on the basis of pub-
lished data [31-35]. This method of modeling trabeculae
took their heterogeneity into account, thereby bringing the
model closer to the structure of an actual bone. The bone
marrow (BM) fills the space between the trabeculae, and
the CB covers the BPS from the outside with a continuous
layer with a thickness equal to Ct. Th. The voxel resolution
for each BPS was selected separately, the voxel size did
not exceed 70% Tb. Th. ranging within 50-140 pm [30]. The
volumes of TB, CB, and BM were automatically calculated
in the Trabecula software.

Figure 1 shows the main hematopoietic sites of an
adult, the bone division into segments, as well as sections
of simulated BPS using the femoral bone of an adult male
as an example.

One important advantage of the SPSD methodology
consists in the possibility to estimate the uncertainty of DF.
To that end, for each BPS generated with parameter mean
values, 12 supplementary phantoms of bone segment
(SPS) were created with randomly selected parameters of
the micro- and macrostructure of bone within their individu-
al variability (within the limits of the minimum and maximum
measured values). A method for estimating uncertainties
when applying the SPSD approach was described in detail
earlier [36].

RESULTS

The hematopoietic sites of the adult human skeleton, as
well as the mass fraction of RBM therein, were determined
according to PET results [18] and presented in Table 1.

Table 1 shows that the adult skeleton includes 12 hemat-
opoietic sites. The RBM mass fraction in these sites varies
from 1.8% to 23.2%. The RBM distribution within each he-
matopoietic site was taken from published MRI data [20-25].
No sex differences were found in the RBM distribution.

The data of the International Commission on Radiation
Protection [28] for adults were used to determine the chem-
ical composition of the simulated media; the corresponding
data are presented in Table 2.

The density of mineralized bone tissue was estimated
based on the published measurements of adult cortical
bone density (regardless of sex), being equal to 1.9 g/cm?®
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Figure prepared by the authors

Fig. 1. Hematopoietic sites of the adult human skeleton and their segmentation using the femoral bone of an adult male as an example
Note: a) skeleton of an adult male (simulated areas of the skeleton with active hematopoiesis are highlighted in blue); b) femur (simulated areas of the skeleton with
active hematopoiesis are highlighted in blue); c) bone separation scheme into BPS and their linear parameters; d) femoral BPS in the voxel representation in the

section (voxels are shown in black, imitating mineralized bone, white — BM).

[29]. The density of red bone marrow was assumed to be
equal to the density of adipose tissue (0.98 g/cm?®) [28].

According to a review of published data [26], there are
no significant sex differences in the characteristics of the
bone microarchitecture; therefore, the data of males and
females were combined. Table 3 shows the parameters of
the BPS microarchitecture for male and female adults.

The creation of a realistic model for a 3D trabecular net-
work requires evaluation of the variability of the microarchi-
tecture characteristics inside the bone. Concerning this
characteristic, we found published data only for the bones
of the pelvis, spine, and skull. The mean value of the vari-
ability among the indicated regions was used to generate
the remaining phantoms. The values of variability within the
bone, accepted for different parts of the adult skeleton, are
shown in Table 4.

Table 5 shows the linear dimensions and thickness of
the cortical layer adopted for adult male and female BPS.
The data on which these parameters are based can be
found in [26].

Conversely, for a number of adult bones, the param-
eters of bone microstructure demonstrated significant sex
differences in linear sizes. Therefore, for these areas, the
sizes were estimated separately for males and females.

The SPSD skeletal phantoms of male and female adults
are composite, consisting of 71 BPS. Out of the latter, 25
segments are specific to males, another 25 for females,
and 21 segments were modeled identically for both sexes,
as shown in Table 5.

The largest number of phantoms in a single hematopoi-
etic site was determined for the sacrum — 10, while the
skull and humerus each contain one BPS.

As far as the phantoms of younger age groups are con-
cerned [14-17], most of the adult BPS are cylinders and
rectangular parallelepipeds, the linear dimensions of which
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ranged from 4 mm to 66 mm. The greatest sex differences
in linear size were observed for the lower part of the upper
branch of the pubic bone (the area of the pubic symphysis),
amounting to 66%. The lowest value of the cortical layer
thickness was determined for BPS of the cervical verte-
brae (0.3 mm), being more than sevenfold different from
the maximum value assumed for the proximal end of the
femur (2.2 mm). The parameters of the BPS microarchitec-
ture also varied widely. The BV/TV value ranges from 6% to
52%, Tb. Th. — from 0.1 mm to 0.29 mm, Th. Sp. — from
0.5 mm to 2.37 mm (Table 3).

The population variability of BPS linear sizes comprises
12%, on average; the highest value of variability is estimat-
ed for the lower branch of the pubic bone (36%), and the
lowest — for the bodies of the cervical vertebrae (3%). The
variability in the cortical bone layer thickness ranged from

Table 2. Chemical composition of the simulated media, accepted for all BPS

Chemical composition, relative units
Chemical element Bone Bone 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 0

Table prepared by the authors using data from [28]
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Table 3. Bone microarchitecture parameters adopted for adult BPS

Hematopoietic site BV/TV, %' Tb. Th., mm? Tb. Sp., mm?
Femur (neck) 17 (14-22) 0.19 (19) 0.78 (13)
Femur trochanter area 11 (8-13) 0.136 (65) 0.99 (20)
Humerus 6 (1-13) 0.1 (18) 2.37 (25)
Ribs 12 (5-25) 0.14 (12) 0.82 (11)
llium 19 (11-25) 0.13 (15) 0.6 (20)
Ishium bone and pubic ramus inferior 25 (23-27) 0.3(7) 1.0 (40)
Pubic ramus superior 17 (12-23) 0.29 (10) 1.0 (12)
Skull 52 (41-65) 0.29 (32) 0.57 (35)
Clavicle body 13 (8-18) 0.19 (13) 0.8 (25)
Clavicle ends 29 (15-46) 0.14 (31) 0.8 (25)
Scapula 22 (9-47) 0.24 (42) 0.96 (23)
Sternum 15 (8-22) 0.15 (29) 1.4 (9)
Cervical vertebrae 21 (16-28) 0.15 (14) 0.5 (10)
Thoracic vertebrae 15 (11-28) 0.1 (15) 0.6 (15)
Lumbar vertebrae + Sacrum 16 (11-28) 0.15 (15) 0.6 (15)
Table prepared by the authors using data from [26]
Note: 'the range of possible values is parenthetic; ?the coefficient of variation (CV) in % is parenthetic.
Table 4. Variability of microarchitecture parameters inside the bone
Hematopoietic site Tb. Th. Tb. Sp. Data source
Pelvic bones 10 10 [25]
Vertebrae and Sacrum 48 43 [26]
Skull 8 15 [27-29]
Other bones (mean value) 22 23 [26-30]
Table prepared by the authors using data from [25-30]
Note: data is presented in %.
Table 5. Linear dimensions and thickness of the cortical layer accepted for adult BPS
Hematopoietic ; Phantom parameters, mm (parenthetic CV, %)?
. Segment Shape Sex
site h a b c d Ct. Th.
m 30 (13) 36 (6) 32 (4) 1.9 (5)
Neck cyl
f 31 (14) 29.4 (10) | 23.9(9) 1.9 (5)
Femur
m 43 (26) 66 (6) 44 (6) 30 (7) 30 (7) 2.3(15)
Trochanter area dc
f 34.5 (5) 58 (7) 39 (7) 27 (6) 27 (6) 2.3 (15)
m 28 (12) 56 (5) 56 (5) 25 (15) 25 (15) 1.1 (18)
Humerus Proximal dc
f 249 (10) | 51.3(6) 51.3(6) | 23.9(11) | 23.9 (1) 1.1 (18)
m 17 (12) 30°¢ 7 (14) 0.7 (38)
Ribs*1-2 p
f 14 (11) 30° 5.5 (15) 0.7 (38)
m 11 (18) 30° 6 (17) 0.7 (38)
Ribs*11-12 p
f 9.5 (11) 30°¢ 4 (25) 0.7 (38)
Ribs
m 13 (8) 30°¢ 7 (14) 0.7 (38)
Ribs*3, 4, 9, 10 p
f 11.3 (11) 30° 6 (14) 0.7 (38)
m 14 (14) 30° 8 (13) 0.7 (38)
Ribs*5, 6,7, 8 p
f 12.5 (1) 30°¢ 6.8 (13) 0.7 (38)
m 30 (7) 40 (11) 24.5 (10) 1.5(8)
Body-1 p
f 30 (9) 37.8(11) | 22.2(12) 1.5(8)
m 46 (8) 28.7 (11) 15 (9) 1.5(8)
Sacrum Body-2-3 p
f 45.2 (15) 28 (11) 13.8 (13) 1.5(8)
m 36 (9) 28 (11) 8.5 (13) 1.5(8)
Body-4-5 P
f 35 (14) 28 (11) 8.5(12) 1.5(8)

MEOVILIMHA SKCTPEMATbHBIX CUTYALW | 2025, TOM 27, Ne 2




ORIGINAL ARTICLE | RADIOBIOLOGY

Table 5 (continued)
it Phantom parameters, mm (parenthetic CV, %)?
Hemat9p0|et|c Segment Shape! Sex
site h a b c d Ct. Th.
Pedicle 1 cyl m+f 13.9(14) | 23.7(15) | 15.3(11) 1.5(8)
Pedicle 2 cyl m+f 14.2 (14) | 25.0 (11) | 13.6 (17) 1.5(8)
Pedicle 3 cyl m+f 13.9(14) | 18.3(11) | 13.2(14) 1.5(8)
Pedicle 4 cyl m+f 13.9(14) | 14.5(11) | 11.2(18) 1.5(8)
Sacrum m 30 (13) 20 (10) 42 (13) 1.5(8)
Ala 1 o}
f 30 (9) 21 (15) 38.6 (8) 1.5(8)
m 26 (15) 23 (17) 25 (8) 1.5(8)
Ala 2 P
f 26 (9) 23(17) | 22.7 (13) 1.5(8)
Ala 3-4 pr m+f 19 (16) 18 (9) 38.5(15) | 38.5(15) 1.5(8)
lliac ala P m-+f 9.5 (31) 30° 30° 1(30)
m 11 (15) 30°¢ 13 (9) 1 (30)
lliac crest P
f 11 (15) 308 13 (9) 1(30)
lliac dorsal segment” p m+f 19 (16) 30°¢ 30° 1 (30)
Ischium ramus cyl m-+f 30° 34 (9) 25 (8) 0.5 (30)
Pubis ramus inferior dc m+f 47 (17) 16 (25) 22 (23) 26 (23) 14 (36) 0.5 (30)
m 32 (19) 15 (20) 29 (20) 0.7 (30)*
Pelvic bones 1.5 (12)4
Pubis ramus superior (lower part) o}
f 19 (13) 11(7) 33 (18) 0.7 (30)*
1.5(12)4
m 51.2(8) | 14.5(20) | 16 (20) 0.7 (30)*
1.5(12)4
Pubis ramus superior (upper) p
f 55.8 (77) | 11 (18) 13 (20) 0.7 (30)*
1.5(12)4
m+f 29 (10) 26 (10) 21 (20) 0.5 (30)°
Acetabulum hc 3.6 (30)°
. m+f 5.2 (12) 30° 30° 1.3 (33)°
Skull Flat bones p 15 22
m 56 (7) 26 (15) 24 (12) 12 (5) 12 (8) 0.8 (2)
Shaft (acromial part) cyl
f 51.5 (6) 24 (16) 21 (14) 10 (10) 10 (9) 0.8 (2
m 20 26 (15) 24 (12) 0.6 (19)
Clavicle Ends dc
f 20 24 (16) 21 (14) 0.6 (19
m 56 (7) 22 (14) 12 (5) 12 (9) 12 (8) 0.8 (2
Shaft (sternal part) dc
f 51.5 (6) 21 (14) 12 (10) 10 (10) 10 (9) 0.8 (2
Glenoid cyl m+f 8.8 (18) 48 (11) 26 (11) 0.8 (13)
Scapula Acromion P m+f 20 (9) 36 (9) 26 (10) 0.9 (28)
Lateral margin p m-+f 30° 5(10) 10 (13) 0.8 (13)
m 1(10) 30°¢ 30° 1.1 42)
Body p
f 9 (10) 30° 30° 1.1 (42)
Sternum
m 1.3 (16) 30° 30° 1.45 (22)
Manubrium P
f 1.1 (16) 30°¢ 30° 1.45 (22)
m 13 (16) 19 (14) 16 (12) 0.3(7)
Vertebral body 3-7 cyl
f 12 (6) 16 (6) 15 (8) 0.3 (7)
Cervical vertebrae
Vertebral body 2 m-+f 19.2 (13) | 14.3 (10) 17.5 () 0.3(7)
Lateral mass 1 m-+f 15 (13) 11.4 (9) 10.5 (9) 0.3(7)
m 27 (7) 33(9) 28 (11) 1.3 (16)
Vertebral body cyl
f 22 (6) 29 (6) 26 (8) 1.3 (16)
Lamina-+inferior articular. proc. P m-+f 32 (12) 10.2 (14) | 4.2 (13) 1.3 (16)
Thoracic vertebrae
Spinous process p m-+f 10.3 (15) 50 (4) 5.1 (20) 1.3 (16)
Superior articular process p m+f 11.4(12) | 11.3(14) | 44 (11) 1.3 (16)
Transverse process P m+f 12 (9) 18 (11) 10.6 (13) 1.3 (16)
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Table 5 (continued)
Hematopoietic , Phantom parameters, mm (parenthetic CV, %)?
) Segment Shape Sex

site h a b c d Ct. Th.
m 27 (12) 35 (8) 47 (9) 1.3 (34)

Vertebral body cyl
f 27 (7) 32 (8) 43 (8) 1.3 (34)
Lamina-inferior articular. proc. p m-+f 20.4 (10) | 12.7 (13) 41 (13) 1.0 (34)
Lumbar vertebrae m 24 (13) 31 (6) 6 (17) 0.4 (50)

Spinous process p
f 20 (15) 31 (6) 6 (17) 0.4 (50)
Superior articular process P m-+f 14 (14) 15 (13) 12 (17) 1.0 (34)
Transverse process p m-+f 12 (8) 23 (9) 8 (13) 0.4 (50)

Table prepared by the authors using data from [13, 28]

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;

8 — 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;

4
5— a higher Ct. Th. value assumed for the medial side of the acetabulum
6

— 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
7 — describing thick part of ilium, adjacent to sacrum

Table 6. Comparison of BPS volumes of 10-year-old children with adult males and females

Volume of modeled structure, cm?
BPS Modeled media Adults
10-year-old
Male Female
BM 6.95 18.43 10.39
B 3.77 3.68 214
Femur neck
CB 3.93 5.94 4.58
Entire BPS 14.65 28.05 1711
BM 12.42 28.55 23.73
B 1.97 4.96 419
Lumbar vertebra body
CB 0.38 1.37 1.26
Entire BPS 14.77 34.88 29.18
BM 1.43 2.29 1.64
B 0.38 0.6 0.46
Cervical vertebra body
CB 0.07 0.21 0.17
Entire BPS 1.88 3.1 2.27

Table prepared by the authors using data from [17]

2% (cervical vertebrae) to 50% (lumbar vertebrae), averag-
ing 20%. The variability of the microstructure parameters
ranged from 7% to 65%, averaging 18%.

The obtained values of the variability of phantom pa-
rameters were used to generate an SPS. The SPS volume
ranged within 23—-264% of the BPS volume.

DISCUSSION

The characteristics of adult human phantoms are compre-
hensively presented in the literature, including about 260
publications with descriptions of 28,000 people or bone
samples [26]. The processes of ossification in the adult
human skeleton are complete, as well as the conversion
of bone marrow into yellow marrow. Those skeleton areas
that are small in size and/or do not ossify in childhood, and
being omitted in modeling for this reason, were modeled

for adults. This is why the phantom of the adult human skel-
eton contains a greater number of BPS in its composition
than the phantoms of younger age groups [14-17]. The dis-
tribution of RBM for adults differs significantly from that for
children: the proportion of RBM in the skull is 6.2%, which
is twice lower than for 10-year-old children [17]; the largest
proportion of RBM in adulthood is typical for the bones of
the pelvis and spine. BV/TV for adult BPS is, on average,
1.5-fold lower than for BPS of 10-year-old children. Th. Th.
practically does not change with age, while Tb. Sp. increas-
es, on average, by 15% compared to the age of 10-year-
old. Table 6 compares the volumes of media in the BPS for
a ten-year-old child with those for adult males and females.

The total volume of adult phantoms is, on average, 17%
higher than that of a 10-year-old, with a much more sig-
nificant increase in skeletal size. Such small volume differ-
ences are associated with the cessation of hematopoiesis
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in skeletal areas modeled by relatively large phantoms, as
well as with a more detailed segmentation of the skeleton,
resulting in a large number of small BPS. Nevertheless, for
BPS, which are modeled in a similar manner for 10-year-
olds and adults, a significant increase in the volume of me-
dia with age is observed, as shown in Table 6. For such
BPS, the media volume showed, on average, a twofold
increase. The sex differences in the media volume in the
composition of phantoms modeled for adults for individual
BPS reached 62% (the upper branch of the sciatic bone),
averaging 8%.

For adults, the data on the mass ratio of lumbar ver-
tebrae were reported in [37]. According to this informa-
tion, the weight of a lumbar vertebra equals 65.3 + 4% of
the mass of the entire vertebra. Due to the small amount
of RBM, the vertebral pedicles were not modeled in the
framework of the SPSD. Nevertheless, the mass of BPS of
the vertebral body comprises 70.0 + 5% of the sum of the
masses of all BPS simulating the lumbar vertebra, which
agrees well the published measurements of actual bones.

CONCLUSION

In this paper, we present a description of SPSD skeletal
phantoms for male and female adults. Each skeleton
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