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COMPUTATIONAL PHANTOM FOR RED BONE MARROW DOSIMETRY FROM INCORPORATED 
BETA EMITTERS IN A NEWBORN BABY

Active (red) bone marrow (AM) exposure due to ingested bone-seeking radionuclides can lead to grave medical consequences. For example, a radioactive 

contamination of the Techa River  in the 1950s caused exposure to AM for riverside residents and led to chronic radioactive exposure syndrome in some of 

them, with higher risk of leukemia. The main sources of the marrow exposure  were the bone-seeking beta emitters 89,90Sr. Improving the dosimetry of AM internal 

exposure is an important step in clarifying the risks of chronic radiation exposure for riverside residents. To evaluate the energy absorbed by AM from incorporated 
90Sr it is customary to use computational phantoms where radiation transport can be emulated. A phantom is a representative digital representation of skeletal 

bone geometry and AM The goal of this work was to develop a computational phantom of a newborn  skeleton for dosimetry of AM from incorporated 90Sr. The 

researchers have used the Stochastic Parametric Skeletal Dosimetry method (SPSD), where hematopoietic sites were modeled as a set of phantoms of simple 

geometric shape describing individual skeletal bone areas. The AM content in the skeleton as well as the phantom parameters were evaluated on the basis 

of published measurements of real bones. As a result, a computational phantom of the main skeletal hematopoietic sites was generated for a newborn baby, 

including 34 phantoms of bone areas. The simulated phantom simulates the bone structure as well as the variability of skeletal parameters within the population 

and corresponds well to measurements of real bones.
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ВЫЧИСЛИТЕЛЬНЫЙ ФАНТОМ ДЛЯ ДОЗИМЕТРИИ КРАСНОГО КОСТНОГО МОЗГА 
НОВОРОЖДЕННОГО РЕБЕНКА ОТ ИНКОРПОРИРОВАННЫХ БЕТА-ИЗЛУЧАТЕЛЕЙ

Внутреннее облучение красного костного мозга (ККМ), обусловленное техногенными остеотропными радионуклидами, может приводить к серьезным 

медицинским последствиям. Так, радиоактивное загрязнение реки Течи в 1950-е годы стало причиной облучения ККМ у жителей прибрежных 

территорий, что привело к возникновению хронического лучевого синдрома у некоторых из них, а также повысило риск развития лейкозов в когорте 

этих жителей. Основными источниками внутреннего облучения ККМ были остеотропные бета-излучатели 89,90Sr. Усовершенствование дозиметрии 

внутреннего облучения ККМ является важным этапом уточнения рисков хронического радиационного воздействия для жителей прибрежных 

территорий. Для оценки поглощенной энергии в ККМ от инкорпорированного 90Sr используют вычислительные фантомы, в которых можно 

имитировать транспорт излучений. Фантом — это репрезентативное цифровое представление геометрии костей скелета и ККМ. Целью работы 

было разработать вычислительный фантом скелета новорожденного ребенка для дозиметрии ККМ от инкорпорированного 90Sr. Для моделирования 

скелета использовали оригинальную методику SPSD (Stochastic parametric skeletal dosimetry): участки скелета с активным гемопоэзом моделировали как 

набор фантомов простой геометрической формы, описывающих отдельные участки костей скелета. Содержание ККМ в скелете, а также параметры 

фантомов оценивали на основе опубликованных результатов измерений реальных костей. В результате был сгенерирован вычислительный фантом 

основных участков скелета с активным гемопоэзом для новорожденного ребенка, включающий 34 фантома участков костей. Смоделированный 

фантом имитирует структуру костной ткани, а также вариабельность параметров скелета внутри популяции и хорошо соответствует измерениям 

реальных костей.

Ключевые слова: красный костный мозг, трабекулярная кость, кортикальная кость, дозиметрия костного мозга, вычислительные фантомы, 90Sr
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Active marrow (AM) exposure due to internal radiation from 
man-made bone-seeking radionuclides can lead to grave 
medical consequences. Such exposure can occur both as part 
of radionuclide therapy and due to  radionuclides have been 
released into the environment as a result of nuclear weapons 
testing or radiation accidents. Radioactive contamination of 
the Techa River in the 1950s led to exposure AM of riverside 
village residents to doses of about 0.35 Gy, which caused 
chronic radiation syndrome [1–4] and an increased risk of 
leukemia. The main sources of AM internal exposure were 
the bone-seeking beta emitters 89,90Sr [2]. This demonstrates 
that improvement of AM dosimetry from incorporated 90Sr 
is an urgent task of radiobiology and radiation protection. 
90Sr dosimetry includes biokinetic modeling to estimate its 
distribution in body tissues and calculate the specific activity 
of 90Sr in the source tissues, as well as dosimetric modeling 
of energy transfer from the source tissue (bone) to the target 
tissue (AM). The results of dosimetric modeling are dose 
factors (DF), which allow converting the specific activity of the 
incorporated radiation source into the absorbed dose rate in the 
target tissue. An important step in dosimetric modeling is the 
development of computational phantoms, i.e., a representative 
digital representation of source and target tissue geometries 
in which researchers can model the radiation transport. The 
bone is an object of modelling when constructing phantoms 
for AM dosimetry. The dosimetric bone model is a simplified 
representation of a real bone; it consists of a solid cortical bone 
layer that covers the phantom from the outside, whereas the 
spongiosa fills the model from the inside. Spongiosa is a set 
of trabecular bone, which modeled as a network of rod-like 
trabeculae and the AM located between them. Currently, there 
are several approaches for modeling the shape and structure 
of bone, based on the analysis of computed tomography (CT) 
images [5–9]. These methods require pathoanatomic material 
and do not allow taking into account the individual variability of 
the size of human bones. Instead, in the Urals Research  Centre 
for Radiation Medicine” was developed an original parametric 
method for stochastic modeling of bone structures, known 
as SPSD modeling (stochastic parametric skeletal dosimetry) 
[10]. This method is based on the use of published averaged 
measurements of bone structures as phantom parameters, thus 
avoiding using of autopsy material, and assessing uncertainties 
associated with skeletal variability in different individuals.

The aim of this study is to develop a computational phantom 
of newborn skeleton for AM dosimetry from incorporated 90Sr.

METHODS

The original SPSD technique was used for the skeleton 
modeling. In the frame of this approach, only skeletal areas with 
active hematopoiesis, i.e., those containing AM (hematopoietic 
sites), are modeled. The SPSD phantom of skeletal 
hematopoietic sites consist of a set of smaller phantoms — 
the Bone Phantom Segments (BPS) of a simple geometric 
shape, describing individual skeletal bone sites. Each phantom 
includes a description of the simulated media and a description 
of the source and target tissue geometries.

The modeled skeletal sites with active hemopoiesis 
(hemopoietic sites) were identified according to published data 
on AM distribution.

Each BPS consists of mineralized bone tissue and AM. 
To simulate the transport of energy in these two medias, we 
determined their chemical composition and density according 
to published data. These characteristics were used as parameters 
for all phantoms.

We evaluated parameters characterizing irradiation 
geometry for each BPS: linear bone dimensions, cortical layer 
thickness (Ct.Th), trabecular thickness (Tb.Th), trabecular 
separation (Tb.Sp.), bone fraction in spongiosa volume (BV/TV).
We evaluated the listed parameters based on published data. 
To assess the characteristics of bone geometry, articles in 
peer-reviewed publications, atlases, manuals, monographs 
and theses were considered. Also, we analyzed electronic 
resources containing collections of X-rays. The results of 
measurements of people/samples, which the authors identified 
as healthy and without diseases leading to bone deformation, 
were taken for analysis. Ethnically people/samples belonged to 
Caucasians and Mongolians due to the fact that these groups 
are characteristic of the population of the Ural region. We 
considered data from measurements of skeletal bones using 
various techniques: micrometers, anatomical boxes, ultrasound 
and radiological studies, CT (for linear dimensions and Ct.Th), 
histomorphometry and micro-CT — for microarchitecture 
parameters (Tb.Th, Tb.Sp, BV/TV). Averaged estimates of bone 
characteristics were taken as parameters of digital phantoms. If 
published data on individual measurements were available, we 
combined them and calculated arithmetic means and standard 
deviations (SDs). In the case of averaging the results of studies 
of groups of people, we would introduce a weighting coefficient 
(Wn), which took into account the number (n) of the studied 
subjects: Wn = 1, if n ≥ 25; Wn = n/25 if n < 25. Methods for 
the selection and analysis of literature data are described in 
detail [11–14].

Based on the average values of the selected parameters 
for each bone segment, using the original Trabecula software 
[15] a computational phantom in voxel form — Bone Phantom 
Segment (BPS ) was generated. BPS is a model of a simple 
geometric shape (rectangular parallelepiped, cylinder, prism, 
etc.), filled inside with spongiosa and on the outside covered 
with a cortical layer, as shown by the example of the phantom 
of the iliac bone of a newborn (Fig. 1).   

Each phantom element (AM, trabecula, cortical layer) was 
imitated by a set of three-dimensional elements – voxels – from 
which simulated structures were composed. Each voxel imitate 
either mineralized bone or bone marrow (BM), depending on the 
location of the voxel center in the phantom. As source tissues, the 
dosimetric model considers trabecular bone (TB) and cortical 
bone (CB) separately, and bone marrow is considered as a target 
tissue, assuming that AM is uniformly distributed inside the 
BPS. The voxel size differed between phantoms, did not exceed 
70% of the trabecula thickness [15, 16], and varied from 50 to 
200 µm. Volumes of source and target tissues were 
automatically calculated in Trabecula software for each voxel 
phantom.

Fig. 1. Newborn’s  iliac phantom section (trabeculae’s and cortical bone are shown in black, red bone marrow is shown in white)
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Table 1. Mass fraction of AM (% of the total mass of AM in the skeleton) in the main hematopoietic sites of the skeleton of a newborn baby [17]

№ Hematopoietic site AM mass fraction, %

1 Femur 6,7

2 Humeri 4,5

3 Sacrum 4,4

4 Tibia bones 7,1

5 Pelvic bones 11,4

6 Skull 28,2

7 Clavicle 0,7

8 Scapula 2,3

9 Ribs 7,1

10 Radius and ulna 2,4

11 Hand and foot bones 10,8

12 Cervical vertebrae 1,7

13 Thoracic vertebrae 7,2

14 Lumbar vertebrae 5,5

Table 2. Chemical composition of simulated media adopted for all BPS 

Chemical composition, rel. unit

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 –

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

RESULTS

The main hematopoietic sites of a newborn’s skeleton and the 
mass fraction of AM in them were determined according to the 
data of MRI studies [17] and are presented in Table 1.  

The phantom of skeletal hematopoietic sites of a newborn 
baby includes 14 hematopoietic sites. AM content of these 
varies from 1.7 to 28.2%.

Hematopoietic sites include bone regions that were not 
modeled in the SPSD approach. So, epiphyses of long bones 
were not modeled, since they are mostly composed of cartilage 
tissue [18–22]. We did not model the bones of the facial skull, 
since its share compared to the brain is about 13%, and 
a significant part of the body of the maxilla and mandibula  
is occupied by developing teeth [33–35]. Besides, vertebral 
processes were not modeled, since only small ossification 
centers are observed in newborns [23].

The chemical composition of the simulated medias was 
selected based on ICRP data for adults [19]. The chemical 
composition of bone tissue and the AM used for all BPS  is 
presented in Table 2.  

The density of mineralized bone tissue was estimated based 
on the results of measurements of the cortical bone density of 
newborns [24] and is 1.65 g/cm3. The density of the red bone 
marrow was taken equal to the density of water (1 g/cm3) [25].

We estimated the parameters of the spongiosa 
microarchitecture based on published data already described 
in detail [14]. The linear dimensions and thickness of the cortical 
layer as BPS parameters are presented in Table 3.  

Thus, the phantom of skeletal hematopoietic sites of a newborn 
consist of 34 BPSs. Depending on the form of the simulated 
hematopoietic site, it may include 1 (ribs) to 5 (sacrum) BPSs. 
Most of the BPSs are cylinders and rectangular parallelepipeds. 
The sizes of phantoms vary widely: from 2 to 33 mm. As shown in 
Table 3, not all phantoms are covered with a cortical layer, which 
is associated with an incomplete process of ossification of the 
spine and skull bones. The highest Ct.Th value for a newborn is 
characteristic of the diaphysis of the femur (1.7 mm).

DISCUSSION

To test the adequacy of the SPSD approach, we performed a 
comparison of simulated phantoms and real bones. There are 
unique data on the mass of wet mineralized bones obtained 
during the study of 40 full-term newborns [68]. Masses 
corresponding to the sizes of phantoms were calculated as 
the sum of the volumes of simulated medias (BM, TB, CB) 
multiplied by  their density.
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Table 3. Linear dimensions and cortical thickness accepted for BPS of a newborn baby

Note: 1 — the shape of the phantom was designated as follows: c — cylinder, dc — deformed cylinder, p-rectangular parallelepiped, e — ellipsoid; 2 — the dimensions 
of the BPS 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 larger base (dc), 
or side b (n); c — major axis for a smaller base (dc); d — minor axis for a smaller base (dc); for an ellipsoid (e), a, b, c denote the axes of the ellipsoid;  3 — the thickness 
of the cortical layer was taken to be different for the inner (medial) and outer (gluteal) surfaces of this segment of the iliac bone (Fig. 1); 4 — the BPS imitated only a part 
of the simulated bone segment, if the dimensions of the bone segment significantly exceeded 30 mm, since in such cases, from the point of view of dosimetry, it does 
not have it makes no sense to model the entire bone section as a whole [11, 12].

Hematopoietic site Segment Shape1
Phantom parameters, mm (CV, % is in parentheses)2

References
h a b c d Ct.Th.

Femur

Diaphysis4 c 30 7.2 (11) 7.2 (11) – – 1.7 (24)

26–32Proximal end dc 19 (5) 26 (9) 12 (12) 7.2 (11) 7.2 (11) 0.5 (24)

Distal end dc 19 (5) 26 (9) 12 (12) 7.2 (11) 7.2 (11) 0.4 (24)

Humeri

Diaphysis tube4 c 30 6 (12) 6 (12) – – 1.3 (15)

26–31, 33Proximal end dc 13 (10) 13 (12) 13 (12) 6 (12) 6 (11) 0.4 (15)

Distal end dc 13 (10) 17 (13) 6 (12) 6 (12) 6 (11) 0.3 (19)

Ribs Ribs4 p 5.7 (38) 30 3.2 (12) – – 0.4 (37) 34, 35

Sacrum

Body of the 1st 
vertebra

p 6.3 (21) 15 (10) 7.5 (10) – – –

36–39

Body of the 2nd 
vertebra

p 6.3 (21) 12 (10) 6 (10) – – –

Body of the 3rd 

vertebra
p 5.7 (19) 8.9 (10) 5.3 (9) – – –

Body of the 4th 
vertebra

p 3.8 (21) 8.9 (10) 5.3 (9) – – –

Body of the 5th 
vertebra

p 3.8 (21) 7.5 (10) 3.8 (11) – – –

Tibia bones

Fibula 4 c 30 2.9 (7) 2.9 (7) – – 0.7 (14) 26, 30, 40

Tibia diaphysis.4 c 30 6.9 (28) 6.9 (28) – – 1.4 (14)

26–29, 32, 41, 42Tibia proximal end dc 19 (9) 21 (9) 13 (18) 6.9 (28) 6.9 (28) 0.3 (17)

Tibia distal end dc 15 (9) 15 (23) 15 (23) 6.9 (28) 6.9 (28) 0.3 (17)

Pelvic bones

Iliac bone part 1 p 4 (23) 24 (3) 24 (3) – –
1.2 (33) 

0.5 (47)3

23, 43–47Iliac bone part 2 p 4 (23) 20 (3) 20 (3) – – 0.2 (25)

Pubic bone c 16 (13) 7.5 (16) 7.5 (16) – – 0.4 (9)

Ischial bone c 7.5 (16) 18 (11) 12 (8) – – 0.4 (9)

Skull Flat bones4 p 2 (25) 30 30 – – – 49–52

Clavicle

Body c 33 (15) 4.3 (23) 5.9 (25) – – 0.8 (25)

53–58Sternum end dc 5.9 (15) 12 (24) 10 (24) 5.9 (25) 4.3 (23) 0.3 (24)

Acromial end dc 5.9 (15) 10 (24) 5.9 (49) 5.9 (25) 4.3 (23) 0.3 (24)

Radius and ulna
Diaphysis4 c 30 3.9 (8) 3.9 (8) – – 0.9 (13) 26, 27, 29, 30, 41

End dc 12 (6) 5.8 (7) 5.8 (7) 3.9 (8) 3.9 (8) 0.3 (29)

Hand and foot 
bones

Tubular bones c 8.9 (43) 3.8 (42) 3.8 (42) – – 0.2 (25)

23, 53, 59,The talus and 
calcaneus

e – 7.8 (14) 12 (11) 7.8 (14) – 0.2 (25)

Scapula

Glenoid c 5.4 (4) 10 (21) 7.6 (18) – – 0.5 (29)

53, 60–63Acromion p 7 (19) 16 (14) 13 (25) – – 0.4 (13)

Body4 p 2.7 (13) 30 30 – – 0.4 (17)

Cervical vertebrae Vertebral body c 4.1 (1) 6.9 (1) 6.5 (1) – – – 64–66

Thoracic vertebrae Vertebral body c 5.1 (2) 7.6 (2) 11 (2) – – – 66, 67

Lumbar vertebrae Vertebral body c 7.1 (1) 7.7 (1) 15 (1) – – – 37, 66, 67

A comparison of the measured bone masses and masses 
of SPSD phantoms (calculated as the sum of the masses of the 
segments describing the bone) is shown in Fig. 2.

As can be seen from the comparison, the masses 
corresponding to the sizes of SPSD phantoms in most cases fall 
within the range of standard deviation of the values obtained by 
the author of the compared work [68], that is, they correspond 
well to the masses of real bones.

A feature of the SPSD phantom is the generation by 
the BPS of a simple geometric shape, that is, a simplified 
representation of the real shape of the bone site. A simplified 
representation can result in biased estimates of simulation 
results. As mentioned earlier, BPS is modeled with mean 
population parameter values, and SPS parameters were 
randomly selected within their population variability range. As 
a result, the simulated bone segment is "inside" a set of SPSs 
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Fig. 2. Comparison of measured bone masses [68], and masses corresponding to the sizes of SPSD phantoms estimated as the sum of masses of all segments 
describing specific bones (left + right) of newborns, taking into account repeating and paired segments. Error bars showed the standard deviations."
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geometric shapes. The variance of the DF set calculated for 
SPS reflects the effect of variability in bone size, shape, and 
microstructure.

CONCLUSIONS

As a result of the work, computational phantoms of the main 
skeletal sites with active hematopoiesis for a newborn were 
generated. The simulated phantom imitate the structure of 

bone tissue as well as the variability of skeletal parameters 
within a population. The phantom fits well with measurements 
of the newborn's real bones. The phantom is used to improve 
the the Techa River dosimetry system. In the future, SPSD 
phantoms will be created for other age groups: 1 year, 5 years, 
10 years, 15 years, adults and for the human fetus at 24 weeks 
of pregnancy. SPSD phantoms can be used for dosimetry of 
other bone-seeking beta emitters including used in radionuclide 
therapy such as 89Sr, 32P, 186Re, 188Re, 117mSm.
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