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INTRODUCTION

Lung cancer is the

leading

ABSTRACT

Background: Presence of inhomogeneities such as lung tissue with low
density can perturbs the dose distribution in the path of therapeutic photon
beam and causes undesired cold or hot spots. The aim of this study was to
investigate the effect of lung tissue inhomogeneities on dose distribution in
thorax irradiation. Materials and Methods: The Monte Carlo simulation (MC)
code of EGSnrc-based BEAMnrc was used to calculate dose distribution for 6
MV- Siemens Primus linear accelerator (Linac) in a homogenous phantom.
Dose perturbation and inhomogeneity corrected factors (ICFs) were
calculated due to implementation of lung tissue depended to the lung density
and field size. Results: The maximum increased dose in lung tissue with lung
density of 0.5 and 0.25gr/cm3 was 15.9%, 16.2%, 15.6%, 23.8 %, 24.8% and
25.0% for 6 x 6, 10 x 10 and 20 x 20 cm? field sizes, respectively. The
maximum ICF for these field sizes was 1.16 and 1.25 for lung density of 0.5
and 0.25gr/cm’, respectively. The maximum dose reduction in lung tissue
with density of 0.25 and 0.5gr/cm® was 19.5% and 4.2 %, and the related ICF
was estimated 0.84 and 0.95, respectively. Conclusion: Involvement of lung
tissue in the path of irradiation perturbs the dose distribution which is
dependent to the lung density and field size. The ICFs resulted from our MC
model could be useful to accurately calculate the dose distribution in
radiotherapy of lung abnormalities.

Keywords: FElectronic disequilibrium, lung cancer radiotherapy, Monte Carlo
simulation, inhomogeneity correction factor.

to the peripheral healthy tissues has been still
remained as a main challenge in radiation

cause of treatment, so that the necessary accuracy may

cancer-induced death among both men and
women in the U.S,, responsible for 161,840 deaths
in 2008. Only 15% of those diagnosed with lung
cancer survive for five years after diagnosis (.
Radiotherapy with megavoltage photon beam is
one of the major options to treat the lung cancer
beside the surgery and chemotherapy strategy.
Accurate delivery of the prescribed maximum
dose to the tumour volume with minimum dose

be required to be within 2-3% (2),

Dose calculation by many algorithms in the
presence of large inhomogeneities such as lung
tissue is challenging due to lack of charge
particle equilibrium; as well wide range of lung
density throughout the patient’s breathing cycle
(3-5). Mesbahi et al. (2014) investigated the effect
of electronic disequilibrium on lung dose with
small photon beams. They showed that the dose
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reduction with small fields in the lung was very
enormous and this inaccurate prediction of
absorbed dose inside lung and also lung
soft-tissue interfaces may lead to critical
consequences for treatment outcome (6.
Furthermore, movement of lung tissue during
inspiration is crucial to gating and tumour
tracking (7). Chang-li etal. (2015) evaluated the
impact of respiratory motion on dose
distribution of 3DCRT (three-dimensional
conformal radiotherapy) and IMRT (intensity-
modulated radiotherapy). They resulted that the
respiratory motion could blur the target dose
distribution of 3DCRT and IMRT; the respiratory
motion largely affected the marginal dose
distribution of 3D-CRT, while affected the whole
target volumes of IMRT (8),

Owing to these challenges accurate dose
measurements by dosimeters or dose
calculations by treatment planning systems
(TPSs) are limited under conditions of realistic
composition and geometry. The dosimetric
errors during treatment of lung tumors with
stereotactic body radiation therapy were
studied by Altunbas etal. (2013). Their results
indicate that dosimetric bias introduced by unit
tissue density plans cannot be characterized as
underestimation or overestimation of dose
without taking the tumor location into account
). Senthilkumar and Ramakrishnan (2011)
develop a low cost homogeneous and
heterogeneous phantom and compared the
measured absorbed dose by ionization chamber
with the values of 3-D Plato TPS for different
radiotherapy treatment techniques. Their
results confirmed that Heterogeneity correction
would definitely improve the cancer treatment
of the heterogeneity region (10),

To estimate the dose perturbations due to the
heterogeneities, Monte Carlo (MC) calculation
has been proved to be a useful tool, because it
adequately accounts for the lack of electron
equilibrium close to the different interfaces by
considering the density effect when simulate the
photon and electron transport within the patient
body (11,

In this study dose perturbation in presence of
different densities of lung tissues was
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calculated by EGSnrc-based MC code; BEAMnrc
and DOSXYZnrc and the purpose was to
calculate the essential inhomogeneity correction
factors (ICFs) in different depths upper or lower
from the lung inhomogeneities. The calculated
Quantitative data in this study could be used as
guideline to help physicists to evaluate and/or
correct the dose distribution estimated manually
or produced by different TPS algorithms in
present of lung inhomogeneity across the
beamline.

MATERIALS AND METHODS

Measurements

The PPDs and dose profiles (at depth of 10
cm) of 6 MV Linac (Siemens Primus, Germany)
were measured by 0.13 cm3 ionization chamber
(PTW, Freiburg, Germany) with DOSE1
electrometer (Scanditronix-Wellhofer, Germany)
for field size of 6 x 6, 10 x 10 and 20 x 20 cm?.
All dose measurements were carried out at
source to surface distance (SSD) of 100 cm in a
IBA-Blue water phantom (IBA dosimetry
Schwarzenbruck, Germany) with dimensions of
50 cm3 and were processed by dosimetry
software of RFAplus (Version 5.2, Scanditronix-
Wellhofer, Germany). Each measurement was
repeated three times with precision of * 0.2%.
The recommendations of international atomic
energy agency (IAEA) protocol, TRS-398 (12)
were followed during dose measurements.

MC calculation

The Linac head (Siemens Primus-6 MV
photon mode, Germany) was modelled by
EGSnrc-based BEAMnrc code (13) as described in
our previous work . All needed dimensions and
materials to build the MC model of Linac head
were extracted from vendor data. Using the
BEAMnrc code the exit window, target, primary
collimator and flattening filter, monitoring
chambers, mirror and jaws were simulated by
proper component modules (CMs) including of
SLAB, FLATFILT, CHAMBER, MIRROR and JAWS,
respectively. The components of modelled Linac
head are shown in figure 1.
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Figure 1. Schematic view of simulated 6 MV- Siemens Primus
Linac head and a lung tissue contained phantom for dose
calculation.

Different parameters of incident electron
beam (such as energy and radial distribution)
were tuned by trial and error method until to
reach an ideal matching between measured and
calculated PPDs and dose profile curves. The
phase space file for each field size was generated
at the source-to-surface distance (SSD) of 100
cm. The number of histories was dependent on
the field size, e.g. 100 x 106, 50 x 106 and 20 x
10¢ particles for 6 x 6, 10 x 10 and 20 x 20 cm?
field sizes, respectively. The DOSXYZnrc code
was used to calculate the dose in defined voxels
of water phantom with dimensions of 50 cm3.
The voxel size wassetto1 x 1 x 0.2and 0.2 x 1 x
1 cm3 to calculate the PDD and cross-line dose
profile curves, respectively. The homogenous
soft tissue and inhomogeneous lung tissue
phantoms were simulated separately. The
components of soft tissue (p=1 gr/cm?3) and lung
tissue (p=0.25 and 0.5 gr/cm3) were
obtained from ICRU, report No. 44 (4. For
inhomogeneous phantom, the dimension of each
two lung tissues was 6 x 15 x 10 cm3 and located
in depth of 4 cm from the surface of soft tissue
phantom. Irradiation of phantoms were

Int. J. Radiat. Res., Vol. 18 No. 3, July 2020

modelled for two anterior-posterior (AP) and
lateral (LAT) irradiation projections.

The dose difference percentage (%Dnpifference)
was calculated using the equation 1 at a given
depth:

__ Dgofe tissue—LPlung tissue

DEoft tissue

Where D soft tissue 1S @ dose at a depth in the
homogeneous soft tissue phantom and D 1ung tissue
is the dose at same depth in the inhomogeneous
lung phantom.

The inhomogeneity correction factor (ICF)
from the equation 2 is the ratio of dose at a
depth in the inhomogeneous lung phantom (D
lung tissue) to the dose at same depth in the
homogeneous soft tissue phantom (D soft tissue)-

ICF = Jhng time (2)
Do ft tissue

All calculations were executed until the
maximum statistical uncertainty of each detector
reached < %0.5 inside the field and < %1 outside
the field. To assess this statistical uncertainty,
the history number of 4 x 10° was sampled from
the loaded phase space file. The variance
reduction method of directional Bremsstrahlung
splitting (DBS) technique with splitting number
of 1000 was used. In all calculations, ECUT, AE,
PCUT and AP were set to 0.700 and 0.01 MeV,
respectively. The electron range reduction
method with ESAVE_GLOBAL= 2 MeV was
defined in all designed CMs of linac head
exception for the CM of target where
ESAVE_GLOBAL was 0.700 MeV. All other
parameters were set to default values. All runs
were performed on a machine with 21 x 3.00
GHz CPU and 16 GB of RAM by parallel
processing.

RESULTS

Validation of MC 6 MV siemens linac head

In this study, the MC simulation was applied
for obtaining PDD in homogeneous and
inhomogeneous lung phantom. The mean energy
of 6.2 MeV, the Gaussian energy spread with
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FWHM=1 MeV and the Gaussian spatial spread
with FWHM=1 mm for incident electron beam
were used to gain the best agreement between
the measurements and MC calculations. The
maximum relative error was < 1% for dose
profile. The measured and calculated PDD and
dose profile curves are shown in figure 2. The
estimated gamma index (<1) shows that the MC
calculated and measured PDDs and dose profiles
are in good agreement for all investigated fields.
The MC relative errors were < 0.5% for PDD
curves, except for the first build up voxel that

1104 ~10 1104

B.6 x 6 cm’

was not reported here where the measurements
could be affected by the inherent volume of the
ion chamber @5 and also by electron
contaminations (16). The maximum relative error
was <1 % for dose profile near the field edges.
These accuracies were less than the
recommended value of 2% (7). The source of
these negligible differences may be potentially
originated from inaccurate provided data by the
vendor or/and non-ideal tuning of incident
electron beam parameters due to its time
consuming process.
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Figure 2. Comparison of calculated depth dose and dose profile curves with measurements for homogeneous water phantom to
benchmark the MC model. The calculated and measured PDD for field size of A. 6 x 6 cm?, C. 10 x 10 and E. 20 x 20 cm?. The
calculated and measured dose profile curve for field size of B. 6 x 6 cm?, D. 10 x 10 and F. 20 x 20 cm®. The estimated gamma index
(<1) shows that the MC calculated and measured data are in good agreement.

MC calculated dose in homogenous soft tissue
and inhomogeneous lung phantom

In this study, the PDD curves in homogenous
soft tissue and inhomogeneous lung phantom
were calculated and compared for field sizes of 2
x2,4%x4,6x%x6,10 x 10 and 20 x 20 cm? for AP
(figure 3) and LAT (figure 4) directions. For
large field sizes, less attenuation of primary
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photon is predominate in absorbed dose and as
expected dose in the lung region is higher
compared to same depths in homogeneous soft
tissue; i.e. 15.9%, 16.2% and 15.6% at the end
edge of lung-soft tissue interface with lung
density of 0.5gr/cm3 for 6 x 6, 10 x 10 and 20 x
20 cm? field sizes, respectively.
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DISCUSSION

The effect of soft tissue-lung interface on
dose is apparent from figures 3 and 4.
Perturbation of dose in presence of lung
inhomogeneity compared to homogeneous soft
tissue is highly depended to field sizes, depths
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and lung density. Less attenuation of primary
photons when photon entering to lung tissue
increase dose to the lung. However, at the same
time, lower number of scattered photons in lung
compared to soft tissue reduce lung dose.
Decrease the lung density increase the
overestimated dose at all depths beyond the first
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soft tissue-lung interface, i.e. 23.8 %, 24.8% and
25.0% for lung density of 0.25gr/cms3. Hence,
maximum calculated ICFs at the end edge of lung
region for these large fields are greater than unit
and reach to maximum of 1.16 and 1.25 for
lung density of 0.5 and 0.25gr/cm3,
respectively. Mesbahi et al. (2006) (18) evaluated
the Eclipse TPS for lung dose calculations for 8
and 15MV photon beams of Varian 21EX linac by
measurments and MC calculations. They
reported a good agreement between different
implemented algorithms in Eclipse TPS with MC
results and measurements that indicated
significant increased dose for 10 x 10 cm? field
size. This result is consistent with our data. For a
field size of 4 x 4 cm? the maximum differences
up to 33% were found for TPS calculations and
measurement. From our data the maximum
decreased dose of 19% and the related ICF of
1.25 were calculated for 5 x 5 cm? field size.
Implementation of algorithms with higher
accuracy in TPSs to correct this difference is
essential in clinical practices. Ding et al. (2004)
(19 investigated the photon beam models
implemented in the CMS FOCUS TPS to predict
of absorbed dose in heterogeneous media. The
maximum dose difference of 6.9 % in lung
analogue was found for the Clarkson algorithm
with 5 x 5 cm? field size and 6MV photon beam.
They recommended the MGS as the accurate
dose calculation algorithm (with difference of
0.3%) when heterogeneous media are in the
small treatment fields.

In contrast to the large fields, for the small
field sizes such as 2 x 2 cm?, the dose decreases
rapidly in first depths of lung tissue and then
increase significantly beyond the lung region
compared to the homogeneous soft tissue. The
maximum dose reduction in lung region was
19.5% and 4.2 % for lung density of 0.25 and
0.5gr/cm3, respectively. Mesbahi et al. (2014) (©
reported a dose reduction of 13% for field size
of 2 x 2 cm2 In another study, Stathakis etal
(2012) @O calculated the dose reduction in
presence of 5 cm lung thickness for 6 MV photon
and the maximum dose reduction in lung was
reported approximately 16% for 2 x 2 cm? field
size. The ICF for underestimated dose region in
lung tissue with density of 0.25 and 0.5gr/cm3
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was extended to 0.84 and 0.95 for 2 x 2 cm? field
size, respectively. This dose reduction has been
reported in several studies and is more
pronounced for smaller field sizes, lower lung
densities and higher photon energies. Lower
scattered photons and lateral electronic
disequilibrium in these situations cause
significant reduction in lung dose. As presented
in figure 3.a and 4.a the lateral electronic
disequilibrium effect is important for small
fields especially for the low density tissues. The
electrons produced from Compton interaction
can transfer its energy to region outside the
applied field where the Compton electron range
is greater than the distance of interaction point
within a field to the field edge. This lateral
disequilibrium is more complicated for low
density medium such as lung tissue compared to
soft tissue due to the wider range of these
electrons. Hence, reduction of absorbed dose
within the used field is more crucial for low
density mediums. From literatures, more
algorithms implemented in different TPSs are
failed to accurately estimate absorbed dose in
lung tissue due to this significant lateral
disequilibrium 4 6 19-22) Furthermore, lateral
disequilibrium would be more significant
followed to use of higher photon energy.
Increase photon energy increases the energy
and range of Compton electron and,
consequently, more energy can transfer to the
outside of field. Kim YL etal (2016) confirmed
that Dose calculation algorithms play a very
important role in predicting the explicit dose
distribution; instantly, the PDD of air density
slab for the Acuros XB (AXB) algorithm was
differed by an average of 20% in comparison
with other algorithms (23). da Rosa etal (2010)
using the thermoluminescent dosimetry
measured more increased and decreased doses
compared to our calculated data for 10 x 10 and
2 x 2 cm? field sizes, respectively (22). These
discrepancies are expected due to apply the
higher energy of 15 MV photon beam. In all our
studied cases, dose was increased at the behind
depths of lung tissue where non-targeted health
tissues are located and need to be protected due
to the lower attenuation of primary photon in
passing of the lung tissue. Accurately knowing
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the magnitude of these increased doses and
apply the related ICFs is important to establish
an optimal treatment planning in thorax
irradiation. Implementation of these ICFs in
TPSs or considering them in manual calculations
to determine the actual delivered dose to the
target is curial and recommended.

CONCLUSION

Presence of lung tissue in irradiation field
perturbs the dose distribution and the
magnitude of these decreased or increased dos-
es is highly depended to the lung density and
field size. Our MC model and the estimated ICFs
could be useful to accurately calculate the dose
distribution in radiotherapy of lung tumours.
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