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ABSTRACT

Background: In this study, a fast dose kernel method (DKM) taking into
account an appropriate buildup factor to calculate dose rate distributions
around brachytherapy sources was presented. In addition, the dose
distribution in various tissue-equivalent materials was investigated using this
method. Materials and Methods: To validate the accuracy of the proposed
method, the dose rates in water was calculated by dose kernel method and
those obtained by Monte Carlo simulation, thermoluminescent dosimetry
(TLD) measurements and AAPM Task Group 43 (TG-43) formalism were
compared. The validated dose kernel method (DKM) and the MCNP5 code
were then applied to evaluate the effect of tissue composition on dose
distribution around a Low Dose Rate (LDR) Ir-192 source located in phantoms
simulating water, bone and lung tissue. Results: The calculated dose rates
were in good agreement with published data for water phantom. Statistical
analysis showed that there is no significant difference in terms of dose
distribution between the method used in this study and other established
methods. Also, the results indicated that the tissue composition affects the
dose distribution significantly. Based on the results of this study, the
assumption of a homogeneous water phantom in dosimetry of radioactive
sources used in brachytherapy may lead to either overestimation of up to
45% or underestimation of up to 19% in bone and lung tissues, respectively.
Photon isodose distributions in water, bone and lung were also presented.
Conclusion: Results provides an alternative calculating method for quality
assurance purposes using a fast and accurate dose kernel method.
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INTRODUCTION used in radiotherapy have significantly
improved in the last years, they are still limited

Radiation therapy, is a cancer treatment
technique that wuses ionizing radiation.
Brachytherapy is a form of radiotherapy where a
radioactive source is placed inside or next to the
area requiring treatment. In radiotherapy,
accurate dosimetry is essential to achieve local
tumor control while avoiding an unacceptable
risk to normal tissues. Although standard
commercial treatment planning systems (TPS)

in terms of estimating dose distributions in
heterogeneous media (M. The biological effect of
ionizing radiation on human tissues depends on
absorbed dose, type of radiation energy and
organ irradiated. Photons interacting with body
tissues not only lose their energy and finally get
absorbed, but also give rise to new photons by
multiple scattering. The magnitude of the later
effect can be estimated by the so-called buildup
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factor.

Several studies have been conducted to
examine the dose distributions of Ir-192 wires,
using different methods (e.g., film dosimetry or

thermoluminesence dosimeter (TLD)
measurements, and Monte Carlo simulations,
etc.) (2.

In 1995, the American Association of
Physicists in Medicine (AAPM) Task Group No.
43 published a protocol including formalism for
brachytherapy dose calculation and was later
updated in 2004 as TG-43 U1 ). This protocol is
based on dosimetry parameters such as
air-kerma strength (Sk), dose rate constant (A),
geometry factor G(r,0), radial dose function g(r)
and anisotropy function. The TG-43 parameters
are either measured with suitable detectors or
calculated with Monte Carlo simulation
techniques ) and are essential, as they account
for accurate determination of dose rate
distribution around brachytherapy sources.
However, these parameters and the commonly
used dose calculation algorithms are based on
the assumption of a homogenous water
phantom. In clinical cases, the brachytherapy
sources are located inside the patient tissues,
which are heterogeneous, making the dose very
difficult to be assessed accurately (5. Monte
Carlo has been considered as one of the most
accurate dose calculation method for
determining radiation dose deposition in
heterogeneous  materials. @~ However, MC
simulations have been associated with
extremely long calculation time, impeding
applications in clinical practice.

In a previous work, Monte Carlo methods
were used to determine the effect of tissue
inhomogeneities on dose distribution from
Cf-252 brachytherapy source ©).

In this study, a simple and fast dose kernel
method taking into account an appropriate
energy absorption buildup factor (EABF) was
developed to calculate dose rate distributions
around brachytherapy sources. The buildup
factor is a multiplicative factor used to get the
corrected response to uncollided photons by
including the contribution of scattered photons.
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It depends on the atomic number of the
absorbing medium, the incident energy and the
penetration depth, as well as the shape of the
radiation source and the medium. To validate
the accuracy of our dose kernel method, the dose
rates in water phantom obtained by this method
were compared with those obtained using
Monte Carlo simulation, thermoluminescent
dosimeter (TLD) (M and AAPM TG-43 formalism
(®). The thermoluminescent dosimeters (TLDs)
are routinely used to measure the dose around
brachytherapy sources due to their small size
and high precision ).

After the validation, the dose kernel method
and Monte Carlo simulation were used to
evaluate the effect of tissue composition on dose
distribution around a Low Dose Rate (LDR)
Ir-192 brachytherapy source. This effect was
evaluated in three phantoms consisting of water,
bone and lung tissue. In this study, Monte Carlo
simulations were performed using the Monte
Carlo N-Particle transport code (MCNP5) (X-5,
2003) and 5x108 histories were run to obtain an
estimate relative error of less than 1%.

The aim of this study was to use the dose
kernel method as a fast and convenient quality
assurance method for the verification of dose
distributions calculated by the treatment
planning system for brachytherapy sources. The
choice of this method is motivated by the fact
that it takes into account of radiation scattering
and attenuation in tissue equivalent phantoms
with different compositions.

MATERIALS AND METHODS

Figure 1 shows a schematic diagram of the
geometry assumed in the DKM dose calculation
around the simulated low dose rate (LDR) Ir-192
brachytherapy source (19. The source has an
effective length of 5 cm and an external diameter
of 0.3 mm. The central core was 0.1 mm in
diameter encapsulated in a 0.1 mm platinum
sheath. We assumed that the radioactive
material is uniformly distributed within the
Ir-192 core.
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Figure 1. Illustration of the LDR Ir-192 source and the geometry assumed in the dose calculation.

Phantoms the International Commission on Radiation Units

To illustrate the effect of tissue composition and Measurements (ICRU) (1. The mass
on the dose distribution around the simulated attenuation coefficients and mass energy
LDR Ir-192 brachytherapy source, three absorption coefficients for water, bone and lung
spherical phantoms simulating water, bone and tissue were obtained by interpolation of the data
lung tissue are used. These phantoms had the published by the National Institute of Standards
same geometric structure but vary in terms of and Technology (NIST) (12, The elemental
material and density. The elemental composition and mass densities of the tree
compositions and mass densities of these phantoms are listed in table 1.

phantoms were adopted from report No. 44 of

Table 1. The elemental compositions (fraction by weight) and mass density of the three phantoms used in this study.

H c N o Na | Mg P S c K Ca | Density (g/cm®
Cortical
bone | 0-034| 0.155 | 0.042 | 0.435 | 0.001 | 0.002 | 0.103 | 0.003 0.225 1.92
Lung
fissue | 0-103(0.105 | 0.031 | 0.749 | 0.002 0.002 | 0.003 | 0.003 | 0.002 0.26
Water |0.112 | 0.888 1.04
Int. J. Radiat. Res., Vol. 17 No. 4, October 2019 533
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Dose kernel method

The absorbed dose rate (Gy/s) at the dose
point for a poly-energetic point isotropic photon
source is given by equation 1 (13);

D)= Y AnE, {%ﬁe“ }Bm (u(E,)r)
(1)

where A is the activity of the source in Bq, n;
denotes the number of photon emitted with
energy E; per nuclear disintegration, E; is the
energy emitted by the source in unit of MeV, k is
the constant converting energy from the unit of
MeV/g to Gy, p is the density of the medium in
g/cm3, u(E) is the linear attenuation coefficient
for each energy in cm-!, pen(Ei) is the linear
absorption coefficient for each energy in cm
and Ben(u(Ei)r) is the energy absorption buildup
factor. From this formula one can derive the
dose rate for a filtered line source.

The dose rate,dDp at point P(xy)
contributed by the source element of length dy
is given by the equation 2:

dD, = Zs,nikgi{@ﬁeﬂw } B, (u(E,)r)dy
(2)

The expression of the elemental dose rate for
a point isotropic source given by the equation 2
can be used in determining the dose rate for a
line source. As the source density was assumed
to be uniformly distributed, the dose rate at
point P(x,y) from the centre of the line source is,
then, given by equation 3:

2,

L2
: E) 1 ey
D(xy)= [daD,= | ZS,nIkEZ[MWe HED }Ben(ﬂ(E,)r)dy

-L/2 -L/2 1 p
(3)

Where L is the length of the source and S is
the linear activity of the source.

The variables r and y may be related to the
single variable 0 and the fixed perpendicular
distance x by the transformations given by
equations (4):

r= x sech, y= x tan® and dy = x sec?0 dO
(4)

534

The integrated dose at point P(x,y) for a line
source of length L is then given by equation 5:

Ho(E) 1
p  4r(xsech)’

HI
D(x,y)= > S, kE, J.{ g H(Exsect }Ben (H(E,)xsecO)xsec” Gd0
! q

(5)

Where 61 and 6; are the angular integration
limits. These angles are given by equations 6:

oL i
6, =tan}(—=) And &, = tnm'l(%“}
X

(6)

The photon attenuation in the source capsule
is taken into account by incorporating an
effective  attenuation correction using an
effective filtration coefficient, w, (4. The
expression of dose rateD(x,y)in Gy/s at the
dose point is then given by equation 7:

: S, & U (E, &
D) =k D H D o [ xsec(@re =0 g
4 S 14 8
(7)

where S is the linear activity in Bq/cm, pw(Ei)
is the effective filtration coefficient in cm-1, t is
the capsule thickness in cm.

In this study, the energy absorption buildup
factor of water bone and lung tissue was
calculated by using the Geometric Progression
(G.P) formula given by equations 8 (15):

B(E,r)y=1+((b-1r for k=1
(b-1)(K"-1)
BE.r)=1+2— A% 77
(E,r) K_1 for k=#1
tanh(—— — 2) — tanh(~2)
Where K(E,»)=cr®+d k
1— tanh(-2)

for r<40mfp

where E is the incident energy and r is the
distance from the source center in mean free
path (mfp). The fitting parameters a, b, c, d and
Xk depend on the attenuation medium and
source energy. K represents the dose
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multiplication factor.

The G.P fitting parameters were determined
by the American National Standard Institute
(ANSI-6.4.3) (6., The resulting energy
absorption G.P fitting parameters for water,
bone and lung tissues were given by S.R
Manohara et al. (7).

Monte Carlo simulation

The Monte Carlo simulation of radiation
therapy treatment allows accurate prediction of
the radiation dose distribution delivered to the
patient. In this study, the MCNP5 code was used
to calculate the dose distribution around an
Ir-192 LDR brachytherapy source in water, bone
and lung simulating phantoms. The source was
placed in the center of spherical phantoms of 15
cm radius and the dose rates were calculated in
cells of 2 cm height and 2 cm radius. Moreover,
the F8 tally was used for dose calculations. The
Ir-192 photon energy spectrum used in this
simulation was obtained from Brookhaven
National Laboratory (18). In addition, an apparent
activity of 1 mCi/cm was assumed.

Statistical analysis

A statistical analysis of data was performed
using IBM SPSS-23 software with an error of
a=5%. A p-value less than 0.05 was considered
to be statistically significant.

RESULTS

To validate the accuracy of dose kernel
method, the dose rates in water phantom
determined by this method and those obtained
using Monte Carlo simulation,
thermoluminescent dosimetry (TLD)
measurements and AAPM Task Group 43
(TG-43) formalism were compared.

Table 2 shows a comparison between the
measured and the dose kernel method
calculated dose rates in water phantom for
distances along and away from the source. The
dose measurements were carried out using LiF
thermoluminescent dosimeter (TLD) chips @)
with dimensions of Imm x 1 mm x 1mm. The
uncertainty in the measurement is

Int. J. Radiat. Res., Vol. 17 No. 4, October 2019

approximately + 4%. In general, a reasonable
agreement is obtained. The maximum deviation
(D (%)) of 11.18% between measurement and
calculation was observed at dose points close to
the source (< 0.5 cm). In this region, the dose
gradient is extremely steep and a measurement
device must have both high spatial precision and
low sensitivity to rapidly changing radiations
dose.

Table 3 shows a comparison of dose rates
calculated in water phantom using dose kernel
method, MCNP5 code and TG-43 formalism, at
different distances along the transverse axis of
the source. Dose kernel method calculated
results are shown to be in perfect agreement
with those obtained using MCNP5 code and
TG-43 formalism. The observed maximum
percentage difference between the DKM results
and the two methods was less than 4.76%.

The t-paired test was used to compare the
dose rates calculated by DKM, TLD, MCNP, and
TG43 methods. Table 4 shows the p-values of
these methods compared with each other.

After the validation, the dose kernel method
and the MCNP5 code were used to evaluate the
effect of tissue composition on dose distribution
around the Ir-192 LDR brachytherapy source. To
evaluate the accuracy of the DKM method for
dose calculation in different tissue equivalent
materials, the dose rates in bone and lung
phantoms obtained by this method were
compared with those obtained using Monte
Carlo simulation. Figure 2 presents the product
of dose rate and the square of the distance as a
function of distance calculated in bone and lung
phantoms using dose kernel method (DKM) and
MCNP5 code. As it can be seen, there is a good
agreement between the two methods. The
maximum percentage difference between the
values obtained by the two methods is 4.65%
and the maximum mean absolute percentage
difference is 2.54% and 1.07% for lung and bone
respectively.

Figure 3 shows the relative dose distribution
calculated in water, bone and lung phantoms,
obtained by dose kernel method, at distances
ranging from 0.1 to 15 cm from the source along
its transverse axis. The relative dose rate was
defined as the ratio of dose rate in bone and lung
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to the dose rate in water. From this figure, it can
be seen that the tissue elemental compositions
have a significant influence on dose distribution
especially at distances far from the source.
According to the result of the DKM, the
percentage difference between the dose rates
distribution in water, bone and lung phantoms
along transversal axis of the source increases as
the distance from the source center increases.

Indeed, at depth greater than 5 cm the bone
dose would be overestimated by up to 45%,
whereas the lung dose would be underestimated
by up to 19% at depth greater than 8.5 cm. This
behavior is attributed to the differences in mass
densities and effective atomic number of these
phantoms, which consequently leads to different
mass attenuation, absorption coefficient of
photons and dose buildup factors.

Table 2. The comparison of dose rates (cGy/h) calculated by dose kernel method (DKM) with thermoluminescent dosimeter
(TLD) measurements in water for distances along and away from the source.

Along Y(cm)
Q‘é";‘; 0.0 1.0 2.0 3.0

DKM | TLD | D(%) | DKM | TLD | D(%) | DKM | TLD | D(%) | DKM | TLD | D (%)
0.25 | 54.07 | 54.10 | 0.06 | 53.39 | 59.80 | 10.72 | 48.19 | 52.30 | 7.87 | 7.75 | 7.00 | 10.66
05 |2532|27.00 | 6.22 | 24.68 | 27.40 | 9.92 | 20.70 | 2330 | 11.18 | 6.45 | 7.06 | 8.60
075 | 15.77 | 15.60 | 1.11 | 15.20 | 15.00 | 1.36 | 12.29 | 1270 | 3.19 | 5.26 | 5.18 | 1.62
10 |11.04 | 11.00 | 0.41 | 1055 | 1090 | 3.18 | 843 | 894 | 570 | 433 | 436 | 0.66
15 | 641 | 666 | 370 | 6.07 | 6.15 | 1.25 | 490 | 549 | 10.81 | 3.08 | 3.33 | 7.55
20 | 421 | 458 | 814 | 398 | 3.90 | 208 | 3.29 | 3.44 | 445 | 231 | 2.29 | 0.73
30 | 220 | 226 | 2.85 | 210 | 2.25 | 6.87 | 1.82 | 191 | 491 | 144 | 1.47 | 230
40 | 133 | 133 | 014 | 1.28 | 1.24 | 360 | 1.15 | 1.11 | 404 | 097 | 096 | 1.54
50 | 089 | 087 | 1.79 | 0.86 | 0.84 | 2.55 | 079 | 0.77 | 3.16 | 0.70 | 0.67 | 4.25

Table 3. Comparison of dose rates calculated in water phantom, using dose kernel method, MCNP5 code and TG-43 formalism,
along the transverse axis of the source.

Distance (cm)| 0.25 0.5 1 1.5 2 2.5 3 a4 5 6 8 10
MCNP 53.7 | 2564 | 1134 | 6.6 | 432 | 3.05 | 2.24 | 135 | 0.89 | 0.62 | 0.34 | 0.21
DKM 54.07 | 2532 | 11.04 | 6.41 | 421 | 297 | 220 | 133 | 0.89 | 0.63 | 0.35 | 0.22
D®(%) 071 | 1.25 | 265 | 2.88 | 255 | 2.62 | 1.79 | 1.48 | 0.00 | 1.61 | 2.94 | 4.76
TG43 51.96 | 24.76 | 1098 | 639 | 42 | 2.96 | 219 | 1.32 | 0.87 | 0.61 | 035 | 0.22
D®(%) 406 | 226 | 055 | 031 | 0.24 | 0.34 | 046 | 0.76 | 2.30 | 3.28 | 0.00 | 0.00

Table 4. P-values of the t-paired test resulted from the comparison of DKM, TLD, MCNP and TG43 results.

Compared methods Distance along the source axis Y(cm) p-value
DKM-TLD 0.0 0.237
DKM-MCNP 0.0 0.308
DKM-TG43 0.0 0.208

1.0 0.195

DKM-TLD 2.0 0.088

3.0 0.978
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Figure 2. The product of dose rate and the square of the
distance as a function of distance calculated in bone and lung

phantoms using dose kernel method (DKM) and MCNP5 code.

In order to investigate the effect of scattering
and attenuation, in each phantom, on the dose
distribution around the source, the combined
buildup and attenuation factor Ben(px)exp(-px)
was evaluated for water, bone, and lung
phantoms. This factor was calculated using
equation 9 (19);

2 E B, (u(E,)x)exp(—p(E)x)p,, (E;)
B,, (ux)exp(-ux) = Z" R

€)

Figure 4 shows the variation of the combined
buildup and attenuation factor as a function of
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Figure 3. The dose ratio of bone and lung tissue to water
calculated using dose kernel method (DKM) along the source
transverse axis.

the distance from the source calculated for
water, bone and lung. From this figure, it can be
seen that as the distance increased, the
combined buildup and attenuation factor
decreased much more in bone than in water, and
decreased less in lung tissue than in water.
Indeed, at distance less than 4 cm from the
source, the buildup factor is more than sufficient
to compensate for attenuation. However, at
distances greater than 4 cm form the source, the
compensation for attenuation by scattering is
not complete and, therefore, the factor exp(-px)
predominates (20).

B(ux)exp(-px)

0.4 T T T T T T

0 1 2 3 4 5 6

T
8 9 10 11 12 13 14 15

Distance from the source center (cm)

Figure 4. The combined buildup and attenuation factor, Ben(ux)exp(-ux), as a function of distance from the source center at its
transverse axis calculated for bone, lung and water.
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Figures 5 and 6 show the calculated dose
rates using MCNP5 code as a function of energy
at distances of 1 and 10 cm, in the lung, bone
and water phantoms, respectively. From these
figures, it can be seen that the dose rate in bone
is higher than that in water and lung tissue
especially at lower energies. Furthermore, as the
distance from the center of the source increases,
the differences between the dose rates in bone,
water and lung tissue increase. These
differences are due to changes in elemental
composition and mass density which confirms
the findings stated previously.
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Figure 5. The calculated dose rate as a function of energy in
water, bone and lung tissue at a distance of 1 cm from the
center of the source along its transverse axis.
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[=}

K-Axis(cm)
Figure 7. A comparison between the isodose distributions in
bone and water.
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Figures 7 and 8 show the DKM calculated two
dimensional dose distributions around the
source, in the x-y plane, for water-bone and
water-lung phantoms, respectively. The isodose
curves were normalized to 100% at depth of
maximum dose in each phantom. The
percentage difference between the dose in water
and bone phantoms at transverse plane of the
source, increases by increasing the distance
from the source center. Moreover, the maximum
percentage differences are observed for bone
phantoms which confirm the result of Figure 3.
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Figure 6. The calculated dose rate as a function of energy in
water, bone and lung tissue at a distance of
10 cm from the center of the source along its transverse axis.
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Figure 8. A comparison between the isodose distributions in
lung and water.
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DISCUSSION

Accurate and fast dose calculation algorithms
play an important role in treatment planning
because it must be consistent with the dose
distribution in the irradiated volume (21),

In this study, a fast and accurate analytical
dose kernel method (DKM) taking into account
an appropriate energy absorption buildup factor
was presented to calculate dose rate
distributions around Ir-192 brachytherapy line
source. The DKM dose rates calculated in water
phantom were validated against experimental
measurements performed using
thermoluminescent dosimetry (TLD) and also
against Monte Carlo simulation results and
AAPM TG-34 formalism values (tables 2- 4). A
good agreement between the calculated dose
rates and published data was obtained. The
results of t-paired test indicated that the p-value
of any two methods compared with each other is
higher than 0.05 which means that there is no
significant difference between the calculated
dose rates. In addition, the same agreement was
observed between DKM and MCNP5 code results
in bone and lung phantoms. The small difference
observed at distances near the source could
mainly due to the interpolation accuracy and
also to different cross-section data employed,
namely ENDF/B-VI.8 data library in MCNP5 and
XCOM/NIST tabulation.

The validated dose kernel method (DKM) and
the MCNP5 code are then applied to investigate
the effect of tissue composition on dose
distribution around Ir-192 brachytherapy source
in three phantoms consisting of water, bone and
lung tissue. This effect increases as the photon
energy decreases because of the dependence of
photoelectric effect on photon energy and
effective atomic number of the absorbing
material. At depth greater than 9 cm the bone
dose would be overestimated by up to 45%,
whereas the lung dose would be underestimated
by up to 19% at depth greater than 8.5 cm.
These results are consistent with those obtained
by C. H Wu et al ® who found an
overestimation by 47% at depths greater than 5
cm for bone by using Monte Carlo simulation.
Indeed, the tissue elemental compositions and

Int. J. Radiat. Res., Vol. 17 No. 4, October 2019

mass densities have a significant influence on
dose distribution especially at distances far from
the source (figure 2 and 3). This influence can
be justified by considering the fact that
photoelectric effect has a role in absorption of
radiation in tissue. Since bone has a higher
effective atomic number due to constituents
with higher atomic numbers, the probability of
the photoelectric effect in bone is higher than
lung and water. As a result, it will receive more
doses near the source. On the other hand, the
dose decreases much more in bone as the
distance increases from the source. These
results were in a general agreement with the
findings of other workers (20).

According to the combined buildup and
attenuation factor B(px)exp(-px) results (figure
4), it can be seen that as the depth increased,
this factor decreased more slowly for lung than
for water due to linear attenuation coefficient
being small for lung tissue, whereas it decreased
faster in bone than in water due to the linear
attenuation coefficient being higher in bone than
in water. The combined buildup and attenuation
factor calculation results agree with the radial
dose function simulation results reported by
Hsu S-M et al.?9 using EGS4, FLUKA, and
MCNP4C codes.

According to the isodose curves (figures 7
and 8), as the distances increased, we found that
the dose for lung was higher than water, while
the dose for bone was less than water which
confirms the findings stated previously. It can
also be concluded that the assumption of
homogeneous water phantom in dosimetry of
radioactive sources, made in brachytherapy, can
ultimately leads to either dose overestimation or
underestimation in bone and lung tissue
respectively. Therefore, tissue composition
should be taken into account when accurate
dose calculations are required.

CONCLUSION

In this study, a fast dose kernel method
(DKM) taking into account an appropriate
buildup factor to calculate dose rate
distributions around brachytherapy sources was
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presented. Dose Kkernel method calculated
results in water phantom are shown to be in
perfect agreement with those obtained using
MCNP5 code and TG-43 formalism and
thermoluminescent dosimetry (TLD)
measurements. Statistical analysis of data was
performed by IBM SPSS-23 software. The
obtained results showed that there is no
significant difference between the calculated
dose rates in water phantom using the DKM and
those obtained using the three methods. In
addition, the DKM method was used to evaluate
the effect of tissue density and tissue
composition on dose distribution around the
Ir-192 LDR brachytherapy source. The DKM
calculated dose rates in bone and lung tissue
were compared with those obtained with
MCNP5 code. A good agreement was also
observed between the two results. In addition,
the obtained results showed that the elemental
compositions and mass densities, of the tissue
equivalent materials, have a significant influence
on dose distributions. The results of this study
confirmed the accuracy of our DKM for dose
calculations around brachytherapy sources.

In this work, we are limited to dose
distribution around Ir-192 but dose kernel
method which includes the effect of scattering
and attenuation in phantoms can further
extended to other brachytherapy sources
(Pd-103, 1-125 and Yb-169) and other tissues
such as muscle, fat, brain, etc.

Also, with this method, the effect of tissue
heterogeneity can also be taken into account in
brachytherapy dose calculation by using two
regions buildup factors.

Conflicts of interest: Declared none.
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