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Abstract

The main concern in radiotherapy of the breast is covering the target volume and increasing the dose absorbed by tumor
cells. The aim is intended to provide a pertinent moldable perspective to the currently utilized methods of calculating
Kerma value (KV) as a function of distance from nipple. The KV in the breast deformed for two shapes, such as cylindri-
cal-conical (CC) and cubic-rectangular (CR), was simulated using Monte Carlo method with appropriate assumptions and
a 2 MeV X-ray system. The source was positioned near the right breast. Simulation results demonstrated that decreasing
height of CR shape reduced the absorption and scattering cross-sections as well as the KV. Relative accumulated dose
for a CR-shaped breast was 96.89% lower than that for CC-shaped breast. The KV in the breast decreased with increasing
distance from the nipple (depth) for both shapes, but for right and left breasts in CR form was independent from depth
with no change between breasts as depth increased. The relative difference in KV between the breasts was significant
for CR shape, in which the KV was high at low depths and decreased linearly with increasing depth. Tumors are often
differentiable in the breast form; hence, the normal breast should be deformed into CR shape to improve the degree
of tissue protection in adjuvant radiotherapy. It is expected that the dose absorbed by the gland will be more strongly
increased for CC shape rather than for CR shape in radiation therapy.
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Abbreviations 22% of all cancers in women worldwide [1]. The most
KV Kerma value common diseases in breast cancer in women are calcifi-
cC Cylindrical-conical cation, ductal, tubular, and lobular carcinoma formations
CR Cubic-rectangular [2, 3], which are regularly distinguished by mammogra-
MCNPX Monte Carlo N-particles code version X phy images. If the cancer is detected in the early stages of

RBand LB Right and left breasts growth, it may be treated quickly [4-7]. The dose absorbed
by an individual patient after an exposure to ionizing radi-

ation is seldom documented as a routine matter by imag-

1 Introduction

According to the World Health Organization, approxi-
mately one million people worldwide are diagnosed with
breast cancer annually. Predominately a disease of high-
income developed countries, breast cancer accounts for

ing. In addition, no standardized clinical protocols exist
to quantify the dose to the breast tissue of the individual,
and the absorbed doses vary widely among individual
patients. Therefore, it is not possible to evaluate accurately
the dose of radiation absorbed by the breast for a popu-
lation from imaging. The X-ray radiation is the standard
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method in radiation therapy, but the risk of damage to the
normal tissues exists. The mean glandular dose is used as
a quantity for determining the radiation risk in the course
of radiation treatment. The absorbed dose is estimated
with the assumption of homogeneous tissue distribu-
tion. In reality, the accuracy of the estimate is controver-
sial, because the breast is composed of inhomogeneous
tissues [8-10]. This study is intended to provide a pertinent
moldable perspective to the currently utilized methods of
calculating the KV as a function of distance from nipple. In
this study, a 2 MeV X-ray system is simulated by the Monte
Carlo method with various shapes of breast deformation,
with the aim of diminishing the transfer of doses to adja-
cent healthy tissues.

2 Methods and materials
2.1 Theory

The interactions of radiation with matter are diverse
because of the media diversity of energy and material. In
this study, the Kerma parameter was evaluated in a tis-
sue-equivalent material by Monte Carlo simulations of a
simplified model of the compressed or deformed breast.
To decrease the Kerma value (KV) and to increase the sig-
nal-to-noise ratio, methods based on both the shielding
design and the deformation of the breast may be used.
Here, two shapes of deformed breast tissue, known as
cylindrical-conical (CC) and cubic-rectangular (CR), are
introduced and compared, as shown in Fig. 1. Both shapes
have the same breast volume, since the breast density
remains unchanged under deformation. With this assump-
tion, the relationship between the two geometric shapes
may be expressed as follows:
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Fig. 1 Schematic of the deformed breast in simulation as cylindri-
cal-conical shape (left), and cubic-rectangular shape (right)
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_ (1+3apPHH  C
X=nX <T + Z) (1)
C+ (1 + a)H = constant (K) (2)

where a and B are trivial fractional dimensions of the
cone height (H) and cylinder diameter (D), respectively.
K is the total height of the CC shape. X is the height of
the CR shape, indicating a model for the deformed breast.
The most important indices of Egs. (1, 2) are independ-
ent from the value of D, with respect to the aforemen-
tioned assumptions. In other words, the base area of the
breast is independent of the computations and results.
These equations are represented schematically in Fig. 2
with Kamounts of 10, 15, and 20 cm and a and {3 values
approaching zero. In this special case, the rate of decrease
in X with the increase in H is theoretically determined
to have the slope of —0.5235, indicating a 152.5° angle,
referred to henceforth as the deformed angle of the breast,
in which there is optional changing rate on the breast. The
rate of change in X versus H is always a constant value
under all circumstances by definition.

2.2 Simulation method and computation
of geometrical parameters

To protect neighboring tissue, the radiation is blocked with
shielding. The complex transportations and interactions of
particles were modeled with the Monte Carlo method and
MCNP code [11]. Here, the Monte Carlo N-Particles code
version X (MCNPX) was used, which obtains a history of the
contribution of each photon in producing the KV and dose
rate. This code is applicable for the accessibility and control
offered overall parameters included in the computations.
The code permits the tractable detection of the particles
based on the cross-sections of different interactions, as
well as providing the flux, dose, and Kerma determination.
These output factors in the form of tallies, which indicate
the amount of energies deposited in the tissues, have
been characterized by this code in different situations. An
estimation of the energy per gram output was performed
using the F6 tally, in which the energies accumulated in
the defined geometric cells, yielding energy released in a
mass unit, and the KV were calculated as follows:

F6 = p./pg /// H(E)® (E, t) dE dV dt 3)

where O(E), E, t, V, p,, pg and H(E) are the energy-
dependent fluence (particles/cm? MeV), energy value,
time, volume, atomic density, mass density, and heating
response function, respectively. The KV, corresponding
to F6, increases with increasing X-ray energy, absorption
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Fig.2 a The height of the cube (X) as a function of that of the
cone (H) and the width of the nipple at a=0.1 and K=20 cm. b The
height of the cube (X) as a function of that of the cone (H) while the
summation of the cone heights is constant (measured in cm) for K
amounts of 10, 15, and 20 cm at a=p=0

coefficient, and particle flux. The deformation of the geo-
metric shape of the defined breast changes the cross-
sectional area of the breast, which decreases the KV and
dose rate. The F4 and/or F2 tallies, along with the FMn card,
in which the particle flux in a defined cell and/or surface
(estimated volumetrically or by area) may also be used by
this code as follows:

FMn = C/CD(E) R, (E)dE )

where R(E) is an operator of the additive and/or multipli-
cative response functions from the MCNPX cross-section
libraries or other specifically designated quantities. The
constant C is an arbitrary scalar quantity used for nor-
malization. The material number m must appear on an
Mm card. The F4 and/or F2 tallies used in MCNP are track
length tallies, which sum the distances traveled by particu-
lar types of particles in defined volumes and/or surfaces.
The units of volume- and/or surface- and time-normalized
F4 and/or F2 tallies are particle/cm?. Investigation of the
energy transfer occurred by determining the characteris-
tics of the cross-section of an interaction, as the absorp-
tion and scattering cross-sections of the simulations were
considered from the ENDF/B-VII.1 libraries [12]. To suitably
model the breast, the real size, shape, thickness, width,
length, and surface area were considered. The breast vol-
ume ranges between 400 and 1200 cm?, so the volume of
942.5 cm® was used for these simulations [13]. The input
data included a combination of defined cells and surfaces
in which variously shaped breasts were located in a finite
air sphere at first. Then, density of various tissues in the
deformed breast was considered in a three-dimensional
scheme. The X-ray energy was 2 MeV, a source that propa-
gates towards the breast to assess the dose and Kerma
values using relevant tally cards.

3 Results

The changes in CR height versus the changes in cone
height of the CC shape and the size variations of the breast
nipple at the total height of 20 cm and f=0.1 is shown
in Fig. 2a. As the cone height increases, the CR height
decreases at a distinct slope; the minimum deformation
occurs when the conic part of the CC shape is insignifi-
cant compared to the cylindrical component. Thus, the
largest breast has the lowest height in the CC shape, and
will absorb the highest dose compared to the average
situation. Figure 2b indicates that, as the total CC height
changes, the changes in CR height versus the changes in
CC height occur with a constant slope under the assump-
tion of negligible nipple size; this slope is defined as the
deformed angle. This angle varies negligibly with the
changing size of the nipple; thus, when the tumor was
positioned in the nipple itself, the deviations in the com-
putations were trivial.

The geometric results of the output files from the
MCNPX code for the CC, CR, and CC-CR shapes have
been shown in Fig. 3a-c respectively. The tissue density
and dimensions of the CR shape were 1.04 g/cm? and 12
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(b)

(c)

Fig.3 a The simulated CC shape of the breast. b The simulated CR
shape of the deformed breast. ¢ The simulated CC and CR shapes of
the breasts

cmx 12 cm X 6.55 cm, respectively. The CC shape was a
cylinder with H=1and D=1.2 cm, a cone with H=10 and
D=12 cm, and a cylinder with H=5 and D=12 cm. The
number of particles for the simulation was 10”. The mean
error of the simulations in the output was 2%.
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The distributions of the simulated dose and KVs for
the CC shape according to depth were similar, corre-
spondingly for tissue and air equivalents used in the
code. With local increases in depth, both quantities are
decreased because of the decrease in the number of inci-
dent particles, as shown in Fig. 4a. A relative difference
is observed between the dose and KV for the CC shape
according to depth, because of statistical fluctuations
in the computations of the code, as shown in Fig. 4b. At
low values of depth, this difference is very trivia; and as
the depth increases, the difference is increased because
the secondary interactions and scattering factors are
increased.

For the CC shape, the distribution of KV in both right
and left breasts (RB and LB) with the source near the RB
indicated that the KV for the RB exceeds that of the LB,
because the amount of attenuation is increased with
increasing depth and distance from the source, as shown
in Fig. 4c. The relative difference between KVs for the RB
and LB of CC shape as a function of depth has been shown
in Fig. 4d. This difference is high at low values of depth,
and with increasing depth, the difference decreases as an
exponential function with a slope of 0.022 MeV/g cm and
approaches zero at depths of > 18 cm.

For the CR-shaped deformed breast, the distribution of
KV in both LB and RB with a source near the RB indicated
that the KV is independent of the depth, which differs from
the case with the CC shape. The differences between LB
and RB with increasing depth are insignificant, as indi-
cated in Fig. 5a. The relative difference between the KVs in
the RB and LB for the CR shape as a function of the depth
is shown in Fig. 5b. This difference is, again, high at low
values of depth, but decreases with increasing depth as a
linear function with a slope of 0.005 MeV/g cm.

In addition, the distribution of KV in the LB for the CR
shape and in the RB for the CC shape as a function of depth
has beenillustrated in Fig. 6a. The changes in KV between
breasts are independent of the depth in the CR shape, and
the difference between KV in the LB and RB with increas-
ing depth is insignificant. However, for the CC shape, the
change in KV at low values of depth gradually decreases
with increasing depth; at high values of depth, degree
of difference in KV severely decreased because of the
beam-hardening phenomenon. The relative differences
between the LB for CR shape and the RB for the CC shape
are indicated in Fig. 6b to be very high at low depth, and
with increasing depth decreases as a linear function with
a slope of 0.013 MeV/g cm.

Table 1 shows the accumulated KVs in the LB and RB for
the CR and CC shapes, correspondingly. The relative accu-
mulated KV in the CC shape is 96.89% more than that in
the CR shape. This indicates that the normal breast should
be positioned in the CR shape in treatment, because the
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Fig.4 a The simulated dose rate and KV as a function of depth for
the CC shape. b The relative difference between the dose rate and
KV for the CC shape at 2 MeV irradiation. ¢ The simulated KV in the

probability of forming tumors in the nipple of the breast
is high.

4 Discussion

The purpose of irradiating tissues is the recognition of
abnormalities and the treatment of abnormal tissues with
a minimum dose delivered to the other healthy tissues.
This may be achieved using suitable shielding, correct
deformation of the normal tissues, or both [13-22]. Here,
the deformation from the CC to CR shape was simulated by
the Monte Carlo method and the dose and KVs were com-
pared between shapes. Since the pair-production cross
section is higher than the photoelectric at 2 MeV energy,
the pair production was taken into account.

The Monte Carlo simulation can be analyzed by the
interactions of rays in the materials, based on the scat-
tering and absorption cross-sections arising from the
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RB and LB for the CC shape. d The relative difference in the KV in
the LB and RB for the CC shape

photoelectric and Compton processes, by which the flux,
dose, and KV can be calculated. The photoelectric coef-
ficient decreases with the increase of the energy at low
energies, and is insignificant at the simulated energy of
2 MeV. By contrast, the Compton coefficient is decreased
with increasing energy at low energies, but after a critical
energy value is reached, the coefficient becomes constant
with the increase of energy before severely decreasing
above a second critical value. The Compton coefficient is
constant at energies of approximately 2 MeV. The contri-
bution of the Compton and photoelectric coefficients at
the energy studied were 98% and 2%, respectively via the
simulations. In general, at this energy value, the Compton
process dominates rather that the photoelectric process;
this indicates that the number of scattered photons is
increased and the dose absorbed by other organs is con-
sequently increased. The simulated KV at 2 MeV for the
CC shape decreased locally with increasing depth in the
breast, because of the decreased energy of the rays. The
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Fig. 5 a The simulated KV as a function of depth for the CR shape.
b The relative difference in the KV in the LB and RB for the CR shape

KV at different depths was approximately constant for the
CR shape; the probability of interactions increased for the
CC shape due to the large solid angle of the geometry.
Smaller solid angles correspond to lower probabilities of
interactions; the KV decreases with decreased solid angle,
because the production and interaction of the rays with
the material follow random models.

The accuracy in the dose computations is very impor-
tant; the total error should be lower than 5%. As abnormal
tissues are irradiated, neighbouring healthy tissues absorb
some of the dose from the scattered rays by necessity [23].
The non-target tissues in the breast receive an average
of 14.3% of the dose [24-26]. There is a minor difference
between the calculated and reported values, resulting
from fluctuations and statistical oversights [27]. However,
the difference in values is neglected in practical applica-
tions [28].

The deformed angle calculated from Eq. (1) is a con-
stant criterion under all situations. A minor error will exist
in the results when the protocol proposed here is followed,

SN Applied Sciences

A SPRINGERNATURE journal

1.0E-02

1.0E-03

‘—‘—1—i—‘—5\‘

y = -4E-05x + 0.0007
R*=0.8454

1.0E-04

KV (MeV/g)

1.0E-05 —a—R B Cone
—a—L B Cube
—— Linear (L B Cube)

1.0E-06 RB - CC shape

LB — CR shape
Linear (I.B — CR shane)

1.0E-07

0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0 16.0
Depth (cm)

(a) The simulated KV in the LB for the CR shape and in the RB for the CC shape

1.00

4
o
>3

e
o
=N

4
o
£

Relative Difference

y=-0.0126x +0.9949
R?=0.9824

4
o
[N

0.90
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0

Depth (¢cm)

(b) The relative difference in KV between the LB for CR shape and the RB for the CC

shape

Fig.6 a The simulated KV in the LB for the CR shape and in the RB
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Table 1 The accumulated KV in the LB for the CR shape and in the
RB for the CC shape

Accumulated Cube Relative dif-
Kerma (MeV/g) (deformed LB) ference
Accumulated 1.322x107" 4099x1073 96.89%
Kerma
(MeV/qg)

because the breast cannot precisely take the CR shape
because of the curvature of the borders of the volume.

5 Conclusions

A new method was proposed to decrease the dose
absorbed in adjacent healthy tissues based on the defor-
mation of breast tissue. This deformation of the breasts
into the CR shape was permitted by the flexibility of the
breast tissue. The absorbed dose and KVs were simulated
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in the different shapes by the MCNPX code. The results
showed that at low energy of ray, the dose and Kerma
values were similar, and with increasing depth, both
decreased. The Kerma at different depths was approxi-
mately constant for the CR shape, but decreased linearly
in the CC shape. The probability of ray-material interac-
tions increased for the CC shape due to the large solid
angle of the geometry. Smaller solid angles correlate to
lower probabilities of interactions, which will decrease
the Kerma because the production and interaction of rays
follow random models. Finally, deformation of the breast
may prevent injuries to healthy tissue in the treatment and
imaging processes.
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