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Abstract. The estimation of dose factors for active marrow exposed to bone-seeking beta-emitters, such as 89Sr and
90Sr/90Y (0 — 1.5 MeV and 0 — 2.4 MeV, respectively), is an important task of bone dosimetry. Monte Carlo simulations
of electron — photon transport to calculate the active marrow doses are based on the geometrical modeling of bone
structures. The model geometry should consist of accurate descriptions of spongiosa fine structure and cortical bone
thickness (because of the high probability of low energy electron emission) as well as descriptions of bone macro-
dimensions (because the maximum electron path length in spongiosa is about 5-9 mm). New computer tomography
(CT) -based methods are widely applied to develop computational dosimetric phantoms. The advantage of the CT-based
method is in high realism of the description of complex bone shape as well as in the possibility of an adequate
description of bone microstructure with puCT. However, the method has a number of disadvantages, viz.:
(1) the method is laborious and expensive; (2) the use of cadavers is associated with organizational difficulties;
(3) one cadaver —based model can be non-representative and does not allow estimation of the uncertainties associated
with individual variability of human anatomy; (4) cortical bone thickness is fixed based on the CT, for which resolution
is worse than the measurand; (5) in practice, the limitation in voxel resolution of the computational phantom often
results in narrowing down the strong points given by uCT because of an inadequate representation of the
microstructure. Moreover, high individual variability of bone shapes and macro-dimensions negates the advantages of
the above-mentioned high realism. The aim of the presented study is to elaborate the algorithm of parametric bone
modeling, which allows for the generation of phantoms of hematopoietic bone segments based on known micro- and
macro dimensions. We propose an approach that permits easy subdivision of bones into small segments, which may be
described by simple-shape geometric figures with appropriate voxel resolution. Spongiosa structure (presented by a
stochastic rod-like model and calibrated by literature-derived bone volume-to-total volume ratio) is covered by a
homogenous cortical layer. All parameters of the proposed cadaver-free model can be obtained from the literature on
morphometry and hystomorphometry. Moreover, the parametric modeling allows the simulation of individual

variability of bone-specific dimensions.
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1. INTRODUCTION

The study was motivated by the improvement of
internal dosimetry in the frame of epidemiological
studies being conducted for populations exposed to
radiation in the Southern Urals [1]. The Mayak
Production Association, which began the operation in
1948, was the first facility within the former Soviet
Union for plutonium production. The environmental
radioactive contamination in the Urals was the result
of faulty technologies at the beginning of Mayak
operation, viz.:

- the discharges of about 115 PBq of liquid wastes
into the Techa River (1949—-1956) [2];

- an explosion in the radioactive waste-storage
facility in 1957 (the so-called Kyshtym Accident) that
formed the East Urals Radioactive Trace (EURT) due
to dispersion of 74 PBq into the atmosphere [3];

- windblown dust in 1967 (about 0.22 PBq) from
Lake Karachay to which effluents had been discharged

[4].

A significant radionuclide fraction of these releases
consisted of long-lived (T1/2=28.79 years) bone-seeking
90Sr. It is the main source of chronic bone marrow
exposure of victims. Short-lived bone seeking 89Sr
(Ty2= 50.57 days) also contributed to absorbed dose in
bone marrow at the time of releases. The Techa River
Dosimetry System (TRDS) calculates the doses for
populations in the frame of epidemiological studies [5].
Maximum individual dose to active marrow (AM) was
preliminarily estimated to be about 8 Gy. A
statistically significant dose-response association was
found for leukemia incidence in the epidemiological
study of the Techa River Cohort [1]. Therefore,
accurate estimation of doses accumulated in AM
exposed to 89Sr and 9°Sr/9°Y (0 — 1.5 MeV and 0 — 2.4
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MeV, respectively), is an important task of bone
dosimetry to improve the radiation risk estimates.

The current strategy of risk analysis considers the
transition from analytical (deterministic) approaches
to stochastic (probabilistic) modeling of dose-response.
Such an approach needs probabilistic dose estimates
and involves Monte Carlo simulations to provide
insight regarding the degree of certainty of the risk
estimates, as well as how the risk varies among
members of an exposed population depending on dose
rate, age, sex etc. [6]. In other words, the stochastic
Monte Carlo implementation of the TRDS (TRDS-
2016MC) provides both dose estimates and associated
uncertainty information, in contrast to the traditional
deterministic approach where only point estimates are
given. Bone marrow dosimetry is based on the
biokinetic modeling of radionuclide intake and
turnover as well as on the dosimetric modeling
providing conversion factors (DFs) from radionuclide
concentration in bone tissues to dose in bone marrow
depending on age and sex.

The current study is focused on the dosimetric
modeling to elaborate the method of estimation of
population-average DFs as well as their respective
uncertainties.

The evaluation of energy deposition in the bone
marrow targets per an emitted particle from bone-
seeking radionuclides is performed through radiation
transport simulation using computational phantoms
created based on the geometrical modeling of bone
structures. Ideally, the model of bone geometry should
consist of accurate descriptions of spongiosa fine
structure and cortical bone thickness (because of the
high probability of low energy electron emission) as
well as descriptions of bone macro-dimensions
(because the maximum electron path length in
spongiosa is about 5-9 mm). The evolution of
computational phantoms was from simplest chord-
based infinite spongiosa [7] to paired-image based
voxel description (combination of CT and uCT images)
[8] of hematopoietic sites of the human skeleton.

The advantage of the paired-image based method is
in high realism of the description of complex bone
shape as well as in the possibility of an adequate
description of bone microstructure. However, the
method has a number of disadvantages, viz.:

- the method is laborious and expensive;

- the wuse of cadavers 1is associated with
organizational difficulties;

- cortical bone thickness is fixed based on the CT,
for which the resolution is insufficient;

- in practice, the limitation in voxel resolution of
the computational phantom often results in narrowing
down the strong points given by puCT;

- one cadaver-based model can be non-
representative and does not allow estimation of the
uncertainties associated with individual variability of
human anatomy.

Moreover, high individual variability of bone
shapes and macro-dimensions negates the advantages
of the above-mentioned high realism of the models.
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Therefore, the aim of this study was to elaborate on
the cadaver-free algorithm for parametric bone
modeling, which allows for generating the phantoms of
hematopoietic bone segments to calculate both
unbiased population-average DFs and corresponding
uncertainties.

We were supposed to create the generator of bone
segment geometry based on literature-derived micro-
and macro dimensions.

2. TERMS AND DEFINITIONS

Basic parameters of bone microstructure model
were fixed as follows:

- Tb.Th — trabecular thickness (um);

- Th.Sp — trabecular separation (um);

- BV/TV — bone volume fraction of spongiosa (%)
- Ct.Th — cortical thickness (um)

All the terms are in agreement with
histomorphometry nomenclature [9].

3. MODEL DESCRIPTION

3.1. Basic approaches

We proceed from the following assumptions:

- two separate sources are cortical bone and
trabecular bone; the target is bone marrow;

- subdivision of bones into small segments,
which could be described by simple-shape
geometry (stylized phantoms);

- the cortical layer is a homogeneous and
isotropic substance located between two
surfaces, one of which is the outer boundary of
the stylized phantom, and the other is
separated from it inside the phantom by a
distance equal to the Ct.Th;

- the trabecular bone can be described by an
isotropic rod-like model based on a three-
dimensional deformable-grid with
stochastically perturbed nodes and randomly
varied edge thickness;

- the model parameters and their variability can
be derived from publications on morphometry
and hystomorphometry widely presented in
the biomedical literature;

- the data on intra-specimen variability of Tb.Th
and Tb.Sp can be used for simulation of bone
microarchitecture;

- the data on BV/TV and its individual
variability can be used for calibration of
simulated microstructure;

- the data on individual variability of Ct.Th as
well as bone segment macro-dimensions can
be used for generation of a number of
phantoms simulating the individual variability
of bone geometries.
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3.2. Geometries of stylized phantoms

A number of simple-shape figures can describe
bone segments, such as box, elliptic cylinder, truncated
elliptic cone, hemi ellipse, pyramid, elliptic-based tube.
Literature-derived dimensions of real bones were
associated with corresponding stylized phantoms.

3.3. Stochastic model of the trabecular bone
microstructure

The microstructure of the trabecular bone is
modeled in four stages: (1) creation of 3-dimentional
grid; (2) randomization of the grid nodes; (3)
stochastic modeling of rod-like trabeculae; and (4)
calibration of the model.

The initial three steps are shown in the Figure 1.
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Figure 1. Three steps of stochastic model of the trabecular
bone microstructure: 1) creation of the grid based on Tb.Sp; 2)
node randomization; 3) Modeling of rod-like trabeculae.

The basic grid represents the cubic lattice with
increment equal to the mean bone-specific Tb.Sp. The
nodes of the grid are randomized according to the
assumption of a normal distribution of Tb.Sp
(Norm[o;0m.sp]). The rod-like trabeculae along the
edges of deformed grid are the space bounded by
truncated cones, which are based on the cross sections
of the spheres at the nodes of the lattice. The diameters
of the spheres are randomly drawn according to the
assumption of a lognormal distribution of Tb.Th
(LogNorm[urv.mh; o1p.m]). Actually, the assumptions of
normality of Tb.Sp and lognormality of Tb.Th are not
contradicted by literature data [10]-[11].

It should be noted, Tb.Sp is a highly uncertain
parameter, which is very sensitive to the measurement
method. In other words, the model obtained with 3
above mentioned steps can be considered as a first
approximation only. An important stage is fitting the
BV/TV of the generated model to a literature-derived
value. This is the 4t step called the model calibration.

For this purpose, a special multi-step procedure for
calibrating of Tb.Sp has been developed. The
mathematical description of this model was published

[12].

3.4. Model voxelization and cortical layer
description

Unlike the analytically modeled trabecular
structures and bone segment shape, the homogeneous
cortical layer is generated in the process of voxelization
(at a given resolution). The voxel belonging to a
particular structure was defined according to the
central point of the voxel. Each voxel contains one of
four possible homogeneous fillings: (1) bone marrow;
(2) bone substance of trabeculae; (3) bone substance of
the cortical layer; (4) empty space. Figure 2 presents
the 2D image of a cross-section of generated and
voxelized model of a rib segment.

Figure 2. Visualization of the cross-section of a rib segment

3.5. Simulation of individual variability

The simulation of individual variability is realized
by perturbing the input parameters of the model. The
drawing of micro- and macro-parameters is carried out
with lognormal and normal approaches, respectively,
within the 90%CI. Each of the resulting models is
subjected to verification; viz., the calculated BV/TV
ratio must fall into the range of possible values.

4. APPLICATION OF NEW METHOD FOR SIMULATION OF
ADULT MALE EXPOSURE

Segment-specific DFs were calculated using the
MCNP6.2 code based on the generated geometric
models. Next, DFs related to the same bone were
averaged with weights equal to the normalized inverse
of bone marrow volumes (see Equation 1)

DF; = Z?: 1 Wi.jﬁi.j 6))

where i- number of a site; j — number of a segment (n-
number of segments of ith site); DF; ; and DF; respective
dose factors calculated for population-average

z weights (BMV — bone

_ MV
. W g = ==
parameters; W; ; S, BMY,

marrow volume).
Skeletal-average dose factor was calculated as
weighted average DF, (see Equation 2) for 12 sites
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under consideration (i=12). Weights (wi) were
assigned according to Campbell et al. [13] to be equal
to the site-specific fraction of active marrow.

DF = ¥7_, w;DF;, (2)

There is no correlation between w; and DF; (for a
source in the trabecular bone rs=-0.126, p=0.683; for a
source in the cortical bone rs=-0.182, p= 0.557).

Therefore, the relative standard uncertainty of DF can
be expressed by Equation (3) that describes the
propagation of uncertainty.

—Z
¥iZ, DF; W} (8%, +857)

12 757 2,42 )
Za‘:1DF!' w;

5=

(3)

where 6,,, are site-specific coefficients of variation

for wi (expressed in relative value units), which was
taken according to Campbell et al. [13]. The values of

&pr, correspond to coefficients of variation for DF,
which were estimated in the frame of this study.

As a result, the skeletal average DFs and
corresponding 90% confidence interval were estimated
for Sr isotopes incorporated into the cortical bone
volume (CBV) and trabecular bone volume (TBV) of an
adult male. Table 1 presents the example of dose
factors estimated for 9°Sr/9°Y in comparison with
preview estimates with chord-based and paired-image
methods.

Table 1. Skeletal average dose factors *10-11, Gy/s per Bq/g

90Sr/9°Y Study

Method
etho DF(am—TBv) |DF(aM—CBV)

Parametric 4.06 1.60 Current
random - (0.87—2.43) | study
generator (2.42-5.84)
Chord-based 4.75 0.95 [14, 15]
Paired image 2.8 2.9 [16]

As it can be seen from the table, the calculation
results (corresponding to the current study) are
presented in form of population-average and 90%CI
(shown in the parenthesizes). The confidence interval
was estimated for the first time since the earlier
performed calculations [14]-[16] were focused on
radiation protection and dealt with the concept of a
reference man. The previous one-cadaver based
estimates mainly fall into the 90%CI. However, the
population average DF(AM<«TBV) can differ from
point estimates by up to 30%; the population average
DF(AM«CBV) can differ from point estimates by up
to 80%.

5. CONCLUSION

The proposed cadaver-free method avoids the
disadvantages of non-parametric individual modeling
based on CT/uCT scans.
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For the first time, the simulation of individual
variability provides the uncertainty of dose factors.
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