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The aim of the present study is to develop a parametric bone modelling algorithm
which takes into account bone microarchitecture. This approach allows to generate
hematopoietic bone segment phantoms based on literature-derived micro- and macro
dimensions. We propose a method for subdividing bones into small segments which can
be described by simple geometric shapes lled with a stochastically generated rod-like
model of the trabecular structure with appropriate voxel resolution. This approach avoids
the disadvantages of non-parametric individual modelling based on computer tomography
scans. The parametric method allows the simulation of individual variability in bone-specic
dimensions. The model presented in this paper will be used to describe the geometry of
hematopoietic sites, which in turn will serve as a basis for calculating the doses of irradiation
of the hematopoietic cells of the bone marrow from the incorporated beta-emitters.
Keywords: micro- and macro- structure of the trabecular bone; stochastic modelling;
voxelization.

Introduction

The bones of the human skeleton are composed of spongiosa covered with a compact
bone layer, or cortical bone (Fig. 1). Spongiosa is a porous structure with friable lying
bone trabeculae permeating bone marrow  the soft tissue of the internal bone cavity,
which includes hematopoietic cells (active bone marrow).

. Outer cortex and internal spongy structure (trabecular bone) of the human lumbar
vertebra
Fig. 1

Skeleton geometry modelling is widely used in biomedical research, for example, in
studying the mechanical properties of bone in traumatology and implantation [1]; in
studies of relationships between bone morphology and dierent diseases (osteoarthritis,
osteoporosis) [2]; in radiation dosimetry [35], and so on. We are interested in the latter
problem.
Dierent tasks require dierent levels of geometric details and dierent degrees of
realism. For example, very realistic individual models of a patients bone shape are created
for medical examination with gamma irradiation (computer tomography, cyber knife,
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SPECT systems). Hovever, there is no need to build a material microstructure model;
both cortical and sponge bones can be considered as homogeneous structures in terms of
photon transport [3]. Bone dosimetry for alpha emitters doesn't require a description of
the bone shape (due to short pathlength of α-particles). The dimensions of a bone segment
model are usually not larger than 2 mm [4]. However, it is extremely important to describe
the trabecular structure at the sites of radionuclide localization (for instance, trabecula
surfaces and adjacent intertrabecular space) as accurately as possible.
Dose estimation in active marrow exposed to bone-seeking beta-emitters, such as 89 Sr
or 90 Sr/90 Y (energies of electron emission are 0  1,5 MeV and 0  2,4 MeV, respectively),
is an important task in bone dosimetry. Monte Carlo simulations of electron  photon
transport to calculate the active marrow doses are based on the geometrical modelling of
bone structures [4,5,19]. The description of spongy bone microarchitecture in the model is
important due to high probability of low-energy electron emission. The mean free paths of
the electrons of the 90 Sr/90 Y spectra (in the continuous-slowing-down approximation) are
in the range of 13 mm, depending on the density of the bone media. These dimensions
are comparable to the thickness of the cortical layer of skeletal bones. Therefore, the
evaluation of the contribution of contaminated cortical bone into bone marrow dose relies
on the accurate description of cortical thickness. The maximum free path (for electrons
yielding with maximum energy) in a spongy bone can reach 59 mm. These dimensions
are comparable to the linear dimensions of many bones of the skeleton. Thus, the model
geometry should consist of accurate descriptions of the ne structure of spongiosa and
cortical bone thickness, as well as descriptions of macro-dimensions of the bone.
New computer tomography (CT)-based methods are widely applied to developed
computational phantoms [5], among which there are phantoms designed for bone dosimetry
of beta-emitting radionuclides [6  8]. Such phantoms were developed using a combination
of micro- and macro- CT images of human bones. The advantage of this CT-based method
lies in the high realism of the complex bone shape description, as well as the possibility
of an adequate description of bone-specic microstructure. However, the method has a
number of disadvantages, such as:
• The computations are laborious and expensive.
• A detailed scan of the whole skeleton takes a long time and results in high radiation
exposure. Cadavers are commonly used, associated with organizational diculties.
• A single cadaver based model needs not be representative and does not allow the
estimation of uncertainties associated with the variability of human anatomy.
• The voxel dimensions of the model should be at least twice as small as the dimensions
of the imitated structural components to allow accurate simulation of electron-photon
transport. In practice, the voxel resolution of the model is limited by computational power.
For example, the voxel sizes of the models describing large bone segments [68] were
restricted to 100  200 µm, despite the fact that the thickness of the trabeculae (the
modeled structural elements) ranges from 40 to 400 µm. Inadequate voxelization can lead
to errors in dose calculations. In theory, it is possible to change the voxelization when
increased computing power is available, but in practice this is dicult to implement, since
it would be necessary to repeat the analysis and alignment of CT and µCT images.
• Cortical bone thickness is xed based on the CT, however CT resolution (about
1mm) is insucient to determine cortical thickness for most of bones (for example, about
0,4mm in vertebral bodies [9].
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Moreover, high individual variability of bone shapes and macro-dimensions negates
the advantages of the high realism of the model of a single (or a population-average) body.
The aim of the present study is to develop an algorithm of parametric bone modelling,
which allows the generation of phantoms of hematopoietic bone segments based on
literature-derived micro- and macro dimensions.
We propose an approach that permits easy subdivision of bones into small segments
which can be described by simple-shape geometric gures with appropriate voxel
resolution. The parameters of the proposed cadaver-free model can be obtained from
publications on morphometry and hystomorphometry widely presented in the biomedical
literature. The proposed cadaver-free method avoids the disadvantages of non-parametric
individual modelling based on CT scans. The parametric approach allows the simulation
of individual variability of bone-specic dimensions.
1.

Basic Assumptions

We will proceed from the following assumptions.
1. According to preliminary estimates [10], variations in the geometric shape of bones
with similar linear dimensions do not introduce a signicant error (<5%) in the calculation
of doses. Therefore, it is possible to describe the shape of the bone with simple geometric
gures (stylized phantoms).
2. The cortical layer is considered as 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 cortical thickness.
Cortical thickness (
) is a parameter of the model, which can be estimated from
literature data.
3. The trabecular bone can be described by an isotropic stochastically deformed
network structure, with beams randomly varying in width. This model can parametrized
using standard literature-derived indicators of bone microarchitecture, such as:
• mean trabecular thickness (
) and its intra-specimen variability;
• average distance between the trabeculae  trabecular separation (
) and its
intra-specimen variability; and
• average bone volume  to  total volume ratio of the entire cancellous bone (
),
and the range of its admissible values.
4. The generated analytical model must be voxelized at a given resolution.

Cb.Th

Tb.Th

2.

Tb.Sp
BV/TV

The Bone Shape Model

The following geometric objects are used as the stylized phantoms designed to describe
the
of bones:

shape

. Stylized phantoms

Fig. 2
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The parameters of these gures are known from the literature and are specied by the
user.
For example, a fragment of a rib body can be described by a rectangular parallelepiped,
as shown in Fig. 3. Standardized morphometric indices, such as and (see, for example,
[11]) are averaged over the entire length of the edge and are attributed to the height and
width of the model parallelepiped. The length of the segment of the edge is chosen on
the order of 3 lengths of the maximum range of electrons (in the example presented, 3
cm). The average value of the cortical thickness is also taken on the basis of the literature
data [12]. Similarly, the neck of the hip is modelled by a cylinder, the head of the hip and
humerus is half-ellipsoidal, the wings of the sacrum are triangular, the region of the spines
of the femur and humerus is truncated cones, the acetabulum is a double cylinder, etc.

h

w

. An example of creating a stylized rib phantom

Fig. 3

Cb.Th

The main microparameter at this stage is
. The stylized model of the shape
of the bone and its cortical layer encompasses a region of space lled with a trabecular
structure. The trabecular structure of the bone is simulated by immersing the phantom
in an enclosing rectangular parallelepiped (carcass), and drawing the main parameters, as
discussed below.
3.

A Stochastic Model of the Trabecular Bone Structure

The microstructure of the trabecular bone is modelled in four stages: construction of
the framework, randomization of the framework nodes, stochastic modelling of rod-like
bone structures, and calibration of the model.

3.1. Construction of the Frame

Tb.Sp
Tb.Sp
Tb.Th

The main microparameters at this stage are trabecular separation (
) and
trabecular thickness (
). In a simple initial frame with cubic cells
will be
equal to the length of the edges of cells, or conditional trabeculae. According to data from
the literature [1315],
can be considered a normally distributed value, while
has a lognormal distribution.
We take the correct frame in R3 composed of rectangular parallelepipeds with edges
parallel to the coordinate axes K = {(t1 , t2 , t3 ) : ai ≤ ti ≤ bi , i = 1, 2, 3.} to construct the
framework (Fig. 4, left). The dimensions of the frame are chosen so that the gures of the
stylized phantoms (F) are completely immersed in them:
≥ .

Tb.Th
Tb.Sp

VK VF
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Fig. 4

. The framework for microstructure modelling (left) and grid cell notation (right)

Dividing abscissa (t1 ), ordinate (t2 ) and applicate (t3 ) into m, n and l parts,
respectively, the frame nodes can be denoted as follows:

a1 = t01 < t11 < ... < tn1 = b1 ,

a2 = t02 < t12 < ... < tm
2 = b2 ,

a3 = t03 < t13 < ... < tl3 = b3 ,

where each of the frame nodes is denoted by the ordered number triplet (i, j, k),
corresponding to the node coordinate Mijk = (ti1 , tj2 , tk3 ). The notation Mijk = (ti1 , tj2 , tk3 ))
will always refer to a grid cell as shown in Fig. 4 (right), so that grid cell numbers range
from
to (n, m, l).
The parameters of the framework partitioning, (i.e., the values ∆tis = ts+1
− tsi , i =
i
1, 2, 3, s = 0, 1, 2, ..., Ni , N1 = n, N2 = m, N3 = l, ) are determined by the characteristic
distances between the trabeculae in the horizontal, vertical and frontal directions.
As a rst approximation, we can assume that the values∆tis = ts+1
− tsi are suciently
i
close to
 the characteristic distance between the trabeculae, so that the horizontal,
vertical and frontal dimensions of the frame parallelepiped are multiples of this quantity.

(1,1,1)

Tb.Sp

3.2. Node Randomization



 ξ1 
ξ2
Let ξ =
denote a Gaussian random variable with the zero vector of averages


ξ3
and the covariance matrix Kξ
 2

σ1 k12 k13
Kξ =  k12 σ22 k23  .
k13 k23 σ32
It should be noted that we assume the node permutations are mutually independent events.
Each permuted node M̄ijk can be expressed in terms of its initial state M = Mijk according
ijk
ijk
to the following rule (Fig. 5): M̄ = M + ξ M ⇒ t̄ijk
s = ts + ξs , s = 1, 2, 3

. Transformation of the framework elements and the volume calculation

Fig. 5
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Thus, the transformed framework is based on the natural transformation of the original
edges in accordance with the transformed node positions. For example, an edge initially
linking the nodes Mijk and Mi+1,jk will turn into an edge linking the mapped nodes (M̄ijk
and M̄i+1,jk ). The randomization parameters (that is, the values σi2 , kij ) are determined by
1
the scattering and correlation relationships of the value
. As the rst approximation,
2
2
we can assume that σi = σ , kij = 0.

Tb.Sp

3.3. Parameters of the Modied Framework
A
A
B
B
B
If A(tA
1 , t2 , t2 ) and B(t1 , t2 , t2 ) are arbitrary adjacent nodes, then the length of
corresponding edge can be expressed as follows:
√
B
A
A 2
B
B
A
A 2
B
B
A
A 2
|ĀB̄| = (tB
1 + ξ1 − t1 − ξ1 ) + (t2 + ξ2 − t2 − ξ2 ) + (t3 + ξ3 − t3 − ξ3 ) .

For example, the length of transformed abscissa-directed (frontal) edges (Mijk Mi+1jk →
M̄ijk M̄i+1jk ) can be calculated as
√
+ ξ1i+1,jk − ξ1ijk − ti1 )2 + (ξ2i+1,j,k − ξ2ijk )2 + (ξ3i+1,jk − ξ3ijk )2 .
|M̄ijk M̄i+1jk | = (ti+1
1
The length of transformed ordinate-directed (lateral) edges, Mijk Mij+1k → M̄ijk M̄ij+1k ,
and applicate-directed (vertical) edges, Mijk Mijk → M̄ijk M̄ijk+1 edges can be calculated
similarly.
Let ∆tpss , ps = 1, 2, ..., Ns , s = 1, 2, 3 denote the distance between the parallel edges
of the parent framework, where s = 1 corresponds to the frontal direction; s = 2 to the
lateral direction; and s = 3 to the vertical direction. The vector of node permutations (for
example, in the frontal direction),



  i+1jk
− ξ1ijk 
 ∆ξ1   ξ1
∆ξ2
,
∆ξ =
=
ξ i+1jk − ξ2ijk

  2i+1jk
ijk 
∆ξ3
ξ3
− ξ3
is the Gaussian [13] random variable with the zero vector of averages and the covariance
matrix


∆ξ
∆ξ
2
2
σ1(i+1jk)
+ σ1(ijk)
k12
k13
 ∆ξ

∆ξ
2
2
σ2(i+1jk)
+ σ2(ijk)
k23
K∆ξ =  k12
,
∆ξ
∆ξ
2
2
k13
k23
σ3(i+1,jk) + σ3(ijk)
i+1jk
ijk
∆ξ
= kpd
+ kpd
, p, q = 1, 2, 3. A similar expression can be easily written for
where kpq
other two directions. If the permutation scattering is signicantly smaller than the typical
1 Here it is useful to bear in mind the following circumstance: the average value of the intertrabecular
space is very unstable ([11]) and can vary within fairly wide limits. Therefore, the adjustment and selection
of the values for the parameter Tb.Sp take into account the behaviour of the ratio of the volume of bone
tissue (BV ) to the total bone volume (TV ). The desired value of this ratio is set by the user as a range
of possible values before starting the simulation. If the resulting value of the BV / TV ratio diers from
the desired value slightly  the parameters Tb.Sp are accepted. Otherwise, they are adjusted so that the
BV / TV ratio falls within the desired range.
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2
2
size of parent framework structures, σp(ijk)
<< (∆tijk
p ) , then a rst approximation of the
average distance between edges of the transformed framework can be calculated as2 :

(

σ1i+1jk
i
M (∆lijk ) = ∆t1 +
∆ti1

)2 (

σ1ijk
+
∆ti1

)2 (

σ2i+1jk
+
∆ti1

)2 (

σ2ijk
+
∆ti1

)2 (

σ3i+1jk
+
∆ti1

)2 (

σ3ijk
+
∆ti1

)2
.

This relationship allows us to specify the parameters of the original framework in order to
obtain the desired parameters of the modied one.

3.4. Cell Volume of the Transformed Frame
Let A1 A2 A3 A4 B1 B2 B3 B4 be the nodes of the transformed frame for a given cell (ijk)
(Fig. 5)3 . The cell can be subdivided into two prisms, A1 A2 A4 B1 B2 B4 and A2 A3 A4 B2 B3 B4 ,
and each of the prisms can be further subdivided into 3 triangular pyramids as shown in
Fig.5 to simplify the volume calculation.
Pyramid volume can be calculated as V = 16 |(⃗a, ⃗b, ⃗c)|, where (⃗a, ⃗b, ⃗c) is the triple scalar
product of the reference vectors of a pyramid.
2
2
Assuming (as above) σp(ijk)
<< (∆tijk
p ) and considering only those elements of triple
2
scalar product whose degree of smallness does not exceeded σp(ijk)
, the volume of the
4
pyramid can be calculated as follows :
j
j−1
ij−1k−1
k−1
k
Ṽ = 16 ((ti1 − ti−1
− ξ1i−1j−1k−1 )(tj2 − t2j−1 )(tk3 − tk−1
1 )(t2 − t2 )(t3 − t3 ) + (ξ1
3 )+
ijk−1
ij−1k−1
ij−1k
ij−1k−1
j
i−1
k−1
i−1
i
k
i
+(ξ2
− ξ2
)(t1 − t1 )(t3 − t3 ) + (ξ3
− ξ3
)(t1 − t1 )(t2 − t2j−1 )).

3.5. Modelling of Stem-Like Bone Structures
We assume that a single trabecula is located on every edge of the modied frame
(Fig. 6). The distribution of trabecular thicknesses within most bone samples is somewhat
asymmetric and can be approximated by a lognormal distribution [14,15]. In each modied
node M̄ijk , we generate a random variable Rijk with given characteristics M (Rijk ) =
R, σ 2 (Rijk ) = σ 2 . If M̄i+1jk is a node adjacent to the node M̄ijk , then the trabecula will
be modeled as a truncated cone with the axis M̄ijk M̄i+1jk and spherical surfaces of radii
Rijk and Ri+1jk respectively at the bases.
The trabecula volume (Fig. 6) can be calculated in 4 steps:
1. Calculation of the conical frustum volume (the radii of the bases are (R1 , R2 ) and
the length is L):

√
1
V (L, R1 , R2 ) = πL(R12 + R1 R2 + R22 ), L = l2 − (Ri+1jk − Rijk )2 − (R1 − R2 )2 ,
3
√
√
Rijk l2 − (Ri+1jk − Rijk )2
Ri+1jk l2 − (Ri+1jk − Rijk )2
, R2 =
.
R1 =
l
l
2 Hereinafter, all equations are presented for frontal-directed perturbations. Lateral- and verticaldirected perturbations can be described by direct analogy.
3 The node B in the current notation corresponds to M̄
2
ijk
4 It should be noted that the average volume of randomly transformed frameworks is practically
equal to the volume of the parent framework. In contrast, the average edge lengths become larger after
transformation.
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Fig. 6

. Trabecula volume calculation

2. Calculation of the volume of the spherical segments: VSi = πH 2 (R − 13 H) where
H can be computed for two nodes using the parameters
shown in the Fig.6. For the
√
2
left node (Rijk < Ri+1jk ): H2 = Rijk + u2 , u2 =
Rijk − R22 , and for the right node
√
2
(Rijk < Ri+1jk ):H1 = Ri+1jk − u1 , u1 = Ri+1jk
− R12 .
3. Subtraction of the volume of the supplementing spherical segments V (L, R1 , R2)−VSi .
4. Calculation of the overall trabecular volume as a sum of volumes of conoidal
structures (after subtraction of the supplementing spherical segments) and spherical
structures at the nodes of the transformed grid.
4.

Model Ñalibration

Tb.Sp

It should be noted that
is an uncertain parameter and if adopted in the rodlike model it may lead to incorrect estimation of the spongioza density. In other words,
this model can only be considered the rst approximation. It is therefore important to
t a criterion of adequacy, where an acceptable range for the volume ratio BV /T V is
adopted (see above footnote 1), in order to obtain model volume ratios corresponding to
values observed in reality. For this purpose, we have developed a multi-step procedure for
calibrating
values. The calibration is performed by changing the average distance
between nodes at each step until the model ratio (BV /T V )i is equal to the calibration
value (BV /T V )Calibr specied by the user before starting the simulation.
The iterative calibration algorithm is as follows. An additional coecient
(
) is introduced into the formula for calculating the distance between nodes:

Tb.Sp

Tb.Sp.Factor

∆tis = ris+1 − ris = T b.Sp.F actor · T b.Sp.
The perturbation vector is also multiplied by this coecient:




∆ξ1i+1
∆ξ1i
∆ξi+1 =  ∆ξ2i+1  = T b.Sp.F actor ·  ∆ξ2i  .
∆ξ3i
∆ξ3i+1

Tb.Sp.Factor

At the rst calibration step,
is assumed to be equal to 1. We model the
cellular structure, obtain the model ratio (BV /T V )i at the i-th step, and compare it to
the calibration value (BV /T V )Calibr . If they do not coincide, the new value
is calculated according to the following formula:
(
)
(BV /T V )i
(T b.Sp.F actor)i
·
+1 ,
(T b.Sp.F actor)i+1 =
2
(BV /T V )Calibr

Tb.Sp.Factor

where i is the index of the calibration step.
Âåñòíèê ÞÓðÃÓ. Ñåðèÿ ≪Ìàòåìàòè÷åñêîå ìîäåëèðîâàíèå
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BV/TV

When the
ratio calculated for the current model falls within the admissible
range, the obtained model is considered calibrated, and the associated characteristics of
the trabecular structure can be used for further calculations.
5.

Model Voxelization and Cortical Layer Description

The nal simulation result should be presented in the voxel form for further use
in dosimetric calculations and visualization. The subdivision into elementary volumes
(voxels) is carried out by a grid of planes located at equal distances from each other and
perpendicular to each of the coordinate axes. The distance between the planes corresponds
to voxel resolution.
We assume that each voxel contains one of the four homogeneous llings:
(1) bone marrow;
(2) bone substance of trabeculae;
(3) bone substance of the cortical layer;
(4) empty space.
Thus, the simulated body is a Boolean four-dimensional array of voxels, represented by
three coordinates corresponding to one of the corners of the cube-voxel, and a value from
1 to 4 corresponding to lling the voxel.
Unlike the analytically modeled trabecular structure and surfaces corresponding to the
shape of the bone, the cortical layer model is created during the voxelization process. For a
voxel partition in the volume of the space on which the stochastic model of the trabeculae
(
) is dened, we construct a parallelepiped (P ), in which the modeled gure (F ) is
fully contained and for which the lengths of its edges are multiples of the voxel resolution
VF ≤ VP ≤ VK . Here VF , VP , VK are the volumes of the respective gures. We determine
whether a voxel belongs to a particular structure based on the central point of the voxel
via the following steps:
1. If the coordinate of the center point of the voxel does not belong to to the space
bounded by the surfaces of the gure F , then the voxel is assigned material 4.
2. Otherwise, we determine how far the center point is located from the nearest face of
F. If the distance is less than or equal to the thickness of the cortical bone, then material
3 is assigned to the voxel.
3. If the previous steps do not yield a result, material 2 is selected if the central
point belongs to the space corresponding to the elements of the rod-like structure of the
trabeculae; and material 1 if it does not.
Fig. 7 shows the result of the voxelization of the rib model, previously described as
an example (see Fig. 3). In this example, no empty space was generated. Bone structures
(materials 3 and 2) are shown in black. Bone marrow (material 1) is shown in white.

VK

. Visualization of the horizontal section of a rib segment

Fig. 7
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6.

Simulation of Individual Variability

Simulation of individual variability is achieved by perturbing the input parameters
of the model5 . For this purpose, we construct a number of models with randomly
generated main parameters based on the population-average macro-dimensions,
calibrated
and their person-to-person variability (namely, user-dened literaturebased standard deviations). The calibration factor (
) for all of these models
is the same. Each of the resulting models is subjected to verication; here the calculated
ratio must fall into the admissible range.
The drawing of micro- and macro-parameters is carried out with lognormal and normal
approaches respectively, within 90% of the condence interval. The values must
as
follows:
1. If ξ1 , ξ2 are the random variables describing the
parameters of the model,
and ξ1 takes a value x1 , then the value ξ2 = x2
with the value ξ1 = x1 if Fξ2 (x2 ) =
Fξ1 (x1 ). Here Fξ (x) is the cumulative distribution function of the random value ξ . The
value can be easily obtained as x2 = Fξ−1
(Fξ1 (x1 )).
2
2. If ξ1 , ξ2 are the random variables describing the
parameters (
and
) of the model, and ξ1 takes a value x1 , then value ξ2 = x2
with the value
ξ1 = x1 if Fξ2 (x2 ) = 1 − Fξ1 (x1 ). Here Fξ (x) is the cumulative distribution function of the
random value ξ . The value can be easily obtained as x2 = Fξ−1
(1 − Fξ1 (x1 )).
2
The Box  Muller [20] algorithm was used to draw the normal and lognormal random
variables.

Tb.Sp

Tb.Th,

Tb.Sp.Factor

BV / TV

agree

agrees

Tb.Sp

macro

micro

agrees

Tb.Th

Conclusion

Originally, parametric stochastic model of bone geometry was developed to be applied
for the radiation risk assessments in the South Urals. Radioactive contamination in the
South Urals in the 1950s led to radiation exposure to people who were subsequently
included in epidemiological cohorts to investigate radiation risk. Among the radionuclides
which contaminated the environment, aecting the residents along the Techa riverside
and in the East Urals Radioactive Trace, Strontium isotopes were the most dangerous for
bone marrow exposure. For example, a statistically signicant relationship between the
radiation dose and leukemia cases was found in the Techa River cohort [17]. Thus, the
assessment of the doses from the incorporated 89,90 Sr, aimed at improving the Dosimetric
System of the River Techa (TRDS) [18], is of paramount importance in the dosimetric
studies currently under way in the JCCRER 1.1 project.
The model presented in this paper will be used to describe the geometry of
hematopoietic sites, which in turn will serve as the basis for calculating the doses of
irradiation of the hematopoietic cells of the bone marrow.
Currently, work is under way to implement the presented algorithm in the form of a
computer programme with an interface designed for radiation biophysicists. The output
will be compatible with the existing programme for modelling the transport of emissions.
5 Note that when constructing a set of models, the macro parameters of the bone (linear dimensions)
are subject to the normal distribution. Macro-parameters are assumed to be connected. (If one of the
parameters turned out to be higher than the average, then for the others we expect values greater than
the average.) Cortical thickness is an independent parameter. When modelling the variants of the spongy
structure, its parameters (trabecular thickness and trabecular space) are also related: the greater the
thickness of the trabeculae, the less the trabecular separation.
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Besides incident-specic study, the model will allow estimating dosimetric uncertainties
due to individual variability of bone geometry for the rst time. Moreover, the results
obtained with the model will be useful for verication of complex CT- and µCT- based
models of ICRP [68].

The work was funded by the Federal Medical-Biological Agency of the Russian
Federation and the US Department of Energy's Oce of International Health Programs in
the framework of joint US-Russian Project 1.1.
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ÏÀÐÀÌÅÒÐÈ×ÅÑÊÀß ÑÒÎÕÀÑÒÈ×ÅÑÊÀß ÌÎÄÅËÜ
ÃÅÎÌÅÒÐÈÈ ÊÎÑÒÈ
1
2
2
Â.È. Çàëÿïèí , Þ.Ñ. Òèìîôååâ , Å.À. Øèøêèíà
1

Þæíî-Óðàëüñêèé ãîñóäàðñòâåííûé óíèâåðñèòåò, ã. ×åëÿáèíñê,
Ðîññèéñêàÿ Ôåäåðàöèÿ
2
Óðàëüñêèé íàó÷íî-ïðàêòè÷åñêèé öåíòð ðàäèàöèîííîé ìåäèöèíû, ã. ×åëÿáèíñê,
Ðîññèéñêàÿ Ôåäåðàöèÿ
Öåëüþ íàñòîÿùåãî èññëåäîâàíèÿ ÿâëÿåòñÿ ðàçðàáîòêà àëãîðèòìà ïàðàìåòðè÷åñêîãî ìîäåëèðîâàíèÿ êîñòåé ñ ó÷åòîì îñîáåííîñòåé èõ ìèêðîàðõèòåêòóðû, êîòîðûé ïîçâîëÿåò ãåíåðèðîâàòü ôàíòîìû ãåìàòîïîýòè÷åñêèõ ñåãìåíòîâ êîñòè íà îñíîâå ëèòåðàòóðíûõ äàííûõ î ìèêðî- è ìàêðî- ðàçìåðàõ ñåãìåíòîâ. Ìû ïðåäëàãàåì ïîäõîä,
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ïîçâîëÿþùèé ìîäåëèðîâàòü êîñòè ïóòåì èõ ðàçáèåíèÿ íà íåáîëüøèå ñåãìåíòû, îïèñûâàåìûå ãåîìåòðè÷åñêèìè ôèãóðàìè ïðîñòîé ôîðìû, çàïîëíåííûå ñòîõàñòè÷åñêè ãåíåðèðóåìîé ñòåðæíåïîäîáíîé ìîäåëüþ òðàáåêóëÿðíîé ñòðóêòóðû, ñ ïîäõîäÿùèì ðàçðåøåíèåì âîêñåëà. Ïðåäëàãàåìûé ìåòîä ïîçâîëÿåò èçáåæàòü íåäîñòàòêîâ íåïàðàìåòðè÷åñêîãî ìîäåëèðîâàíèÿ, îñíîâàííîãî íà èíäèâèäóàëüíîé êîìïüþòåðíîé òîìîãðàôèè.
Ïàðàìåòðè÷åñêèé ïîäõîä ïîçâîëÿåò, òàêæå, ìîäåëèðîâàòü èíäèâèäóàëüíóþ èçìåí÷èâîñòü êîñòíî-ñïåöèôè÷åñêèõ ðàçìåðîâ. Ìîäåëü, ïðåäñòàâëåííàÿ â ýòîé ñòàòüå, ìîæåò
áûòü èñïîëüçîâàíà äëÿ îïèñàíèÿ ãåîìåòðèè ãåìîïîýòè÷åñêèõ ñàéòîâ, êîòîðûå, â ñâîþ
î÷åðåäü, ñëóæàò îñíîâîé äëÿ ðàñ÷åòà äîç îáëó÷åíèÿ ãåìîïîýòè÷åñêèõ êëåòîê êîñòíîãî
ìîçãà îò èíêîðïîðèðîâàííûõ áåòà-èçëó÷àòåëåé.
Êëþ÷åâûå ñëîâà: ìèêðî- è ìàêðî- ñòðóêòóðà òðàáåêóëÿðíîé êîñòè; ñòîõàñòè÷åñêîå ìîäåëèðîâàíèå; âîêñåëèçàöèÿ.
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