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Abstract

Background/aim: Radiation dosimetry requires special phantoms which are comparable with
organs and tissues of a human body. The lung is one of the organs with a low density.
Therefore, it is important to create and use lung equivalent phantoms in dosimetric controls.
The aim of this study was to investigate the importance of using lung equivalent phantoms for
different respiratory phases during measurements with both computed tomography (CT) and
linear accelerator.
Materials and methods: The maximum lung inhalation phantom (LIP) and lung exhalation
phantom (LEP) were created for two respiratory phases. The Hounsfield Unit (HU) values
based on the selected slice thickness and CT tube voltages were investigated, as well as the differ-
ence between energy and algorithms used in the treatment planning system.
Results: It was found that the change in HU values according to slice thickness were more
significant in measurements for respiratory phases. The dose difference between LEP and
LIP at a point which is located 1 cm below the surface of the phantoms was found as 1·0%
for 6 megavolt (MV) and 2·8% for 18 MV. The highest difference between the two algorithms
was found to be 7·22% for 6 MV and 10·93% for 18 MV for LIP phantom.
Conclusion: It can be said that the LIP and LEP phantoms prepared in accordance with
respiratory phases can be a simple and inexpensive method to investigate any difference in
dosimetry during respiratory phases. Also, measured and calculated dose values are in good
agreement when thinner slice thickness was chosen.

Introduction

The human body has a complex anatomy with regions of different density such as soft tissue,
lungs, bones and organs containing air. Computed Tomography (CT) scans are used to deter-
mine the clinical and physical data of these organs before radiotherapy treatment planning for
cancer patients. CT images contain the basic physical information such as size, shape and loca-
tion of inhomogeneous structures, as well as electron densities (EDs) determined by Hounsfield
Units (HUs) which are defined individually for each tissue.1

In radiation therapy, specific phantoms are required to simulate the organs and tissues of
the human body. These phantoms enable the verification of congruity between the treatment
planning systems (TPS) and dose distribution in the patient’s body.2–4 Lung is one of the most
important low-density organs in the human body. Some commercial lung phantoms contain
about 60% carbon, 10% hydrogen and 20% oxygen,5 whereas healthy adult lung tissue contains
approximately 10% carbon, 10% hydrogen and 75% oxygen.6 This dissimilarity between the
physical properties of commercial lung phantoms and human lung tissue is a proverbial issue.
Some researchers have used corks of 0·2–0·4 g/cm3 density with an expectation of representing
normal lung tissue more accurately.7 Chang et al.5 report that the dosimetric properties of corks
are very similar to lung tissue due to their physical properties and elemental composition. The
natural movement of the lung occurs during inhalation and exhalation phases. The HU values
are−814 and−735 in the upper part of the lung, and−819 and−720 in the lower part of the lung
during inhalation and exhalation, respectively. Aarup et al.8 have observed lung densities rang-
ing from 0·1 to 0·4 g/cm3 for deep inspiration breath-hold and end-expiration, respectively.

In radiotherapy treatment planning, optimisation is based on the requirement of the maxi-
mum dose to the target volume while minimising the dose to the surrounding normal tissue.
Accurate determination of the dose distribution in the lung requires advanced dose calculation
algorithms. The dose calculation by TPS frequently uses the convolution and superposition
algorithms. The dosimetric predictors of radiation-induced lung complications are related to
the dose distributions created by these algorithms.

Without any tissue-density correction, the actual dose in the tumour and normal tissue
cannot be estimated accurately. In addition, the calculated dose depends on several different param-
eters such as energy, field size and the number of fields. In radiotherapy, treatment plans are
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performed and evaluated on axial sliceswhichwere obtained in a static
period. However, a normal human lung inhales 12 times per minute.

In this study, phantoms that are suitable for simulating maxi-
mum inhalation and exhalation phases were created. In these
phases, HU values obtained based on the selected slice thickness
and CT tube voltages, and also the difference between energy
and used algorithms in treatment planning, were investigated.
In addition, to investigate the effects of the patient’s respiratory
movement on absorbed dose, the calculations performed by TPS
were confirmed via measurements from a linear accelerator
(LinAc). For this purpose, a lung inhalation phantom (LIP) was
prepared by increasing the amount of air in the lung and a lung
exhalation phantom (LEP) was constructed by replacing the air
volume with cork layers, as home-made phantoms. The usability
of these phantoms to represent inhomogeneous structures employ-
ing different calculation parameters were investigated.

Materials and Method

In this study, axial slices of water and two lung equivalent phan-
toms were scanned by a CT device (GE-Light Speed 64, GE, United
States) and the images were sent to the TPS (CMS Co., Ltd,
St Louis, MO, United States) to obtain a treatment plan and the
corresponding doses. The calculated doses were then compared
with the measurements taken by Elekta Synergy Platform
(Elekta, Crawley, UK) LinAc.

Ethical considerations

This study was approved by the Institutional Scientific Research
Ethics Committee. All procedures were performed in accordance
with the ethical standards of the institutional research committee
and with the 1964 Helsinki Declaration and its later amendments
or comparable ethical standards. Informed consent was waived
owing to the retrospective chart review nature of the study.

Phantoms

For the LEP phantom, 15 cork pieces, each 2mm thick, were placed
in an oval cup of 8×17×5·5 cm3 dimensions in such a way that
there was no gap among the pieces. For the LIP phantom,

one-third of cork pieces were replaced by air. Both phantoms
were fixed in a 30×20×3 cm3 container filled with water. The
measurement set-up of the phantoms is shown in Figure 1. The
third phantomwith the same geometry was formed to contain only
water having homogeneous structure, which was used as a control
phantom. All three phantoms created in the clinic were home-
made phantoms.

CT scan processes

Four different axial CT scan procedures were performed for the
phantoms, each being performed at the same constant current of
130 mA but with different slice thicknesses and tube voltages as fol-
lows: slice thickness 0·625 mm and 80 kV tube voltage (0·625/80),
0·625 mm and 140 kV (0·625/140), 3·75 mm and 80 kV (3·75/80),
and 3·75 mm and 140 kV (3·75/140). In the CT images, HU values
were read at four different points selected along the centre axis
(called as HUmean) which were then sent to TPS for planning.

TPS processes

The outer frame of each image was first contoured in the TPS.
Then, for each energy, the EDs corresponding to the HU values
were plotted against the CT number (CT–ED) for 80 and 140 kV.
The calculations were performed by using 6 and 18 megavolt
(MV), for multiple fields (3×3, 4×4, 5×5, 10×10 and 20×20 cm2)
by convolution and superposition algorithms for three different
phantoms. In calculations, the source–surface distance (SSD) was
set to 100 cm. The doses corresponding to 100 Monitor Units
(MU) were calculated for each field size.

LinAc processes

Before the measurements in LinAc, each energy was calibrated to
have 1 cGy to be equal to 1 MU at the maximum dose point. Each
of the three phantoms were placed between points A (1 cm over the
phantom) and B (1 cm under the phantom), which have 0·6 cc
cylindrical ion chamber (IBA, FC65-P cylindrical ion chamber),
as shown in Figure 1 for scanning in CT. These points were chosen
so as to find the effects of the respiratory phases on the central axis
of the beam and close to the home-made phantoms. The measured
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Figure 1. The set-up schema of LEP and LIP.
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values obtained with electrometer (Dose1, IBA) were then con-
verted to absorbed dose by using calibration factors and temper-
ature–pressure corrections.

Results

The HUmean values in the axial slices of the water-phantom were
similar according to the applied tube voltage (kV) and slice thick-
ness (HUmean ± std.deviation=1·00 ± 10 for both kV and slice
thickness). For the LIP, the HUmean value increased (−848·50 ±
47 and −841·78 ± 61 for 80 and 140 kV, respectively) with increas-
ing kV. Also, by increasing the slice thickness, the HUmean value
increased (−841·78 ± 63 and −811·68 ± 49 for 0·625 and 3·75
mm, respectively). In a similar manner for the LEP, HUmean values
were 784·40 ± 44 and−781·29 ± 52 for 80 and 140 kV, respectively,
which indicated an increase both with increasing kV and with slice
thicknesses (−781·29 ± 56 and −748·82 ± 47 for 0·625 and 3·75
mm, respectively). According to these results, the change in
HUmean value according to slice thicknesses is more significant
and implies the importance of thinner slice thicknesses in planning
CT scans.

The calculated absorbed dose values on calculation points (CP)
A and B for multiple fields and different photon energies (6 and
18 MV) were shown in Table 1–3 in the water-phantom, LEP
and LIP, respectively. At the same time, both the superposition
and convolution algorithms were used for dose calculations on
the CT images taken at different tube voltages and slice thicknesses.
As shown in Table 1, the maximum difference between the two
algorithms for water was 0·7%. However, in the presence of an

Table 1. The calculated absorbed doses (cGy) and percent differences in two
algorithms and slice thicknesses/tube voltages for water

Calculated absorbed dose for water (cGy)

Algorithm

Energy
Slice thickness (mm)/
tube voltage (kV) CP Convolution Superposition

Difference
(%)

6 MV 0·625/80 A 461·3 460·1 0·26

B 306·9 304·8 0·68

0·625/140 A 462·5 460·7 0·39

B 309·7 307·7 0·65

3·75/80 A 463·7 462·3 0·30

B 311·4 309 0·77

3·75/140 A 462·8 462 0·17

B 309·1 306·3 0·91

18 MV 0·625/80 A 475·9 471·3 0·97

B 356·6 355·9 0·20

0·625/140 A 475·1 471·7 0·72

B 358·7 356·8 0·53

3·75/80 A 476·7 473·4 0·69

B 360·3 357 0·92

3·75/140 A 475·6 471·7 0·82

B 358·4 355·7 0·75

CP, calculated point; Difference %, the percent difference between two algorithms; cGy,
centigray; MV, megavolt.

Table 2. The calculated absorbed doses (cGy) and percent differences in two
algorithms and slice thicknesses/tube voltages for LEP

Calculated absorbed dose for LEP (cGy)

Algorithm

Energy
Slice thickness (mm)/
tube voltage (kV) CP Convolution Superposition

Difference
(%)

6 MV 0·625/80 A 462·4 465·6 0·69

B 369·4 348·5 5·66

0·625/140 A 465·1 466·5 0·30

B 368 347·1 5·68

3·75/80 A 464·4 465·9 0·32

B 369 349·3 5·34

3·75/140 A 465·2 465·9 0·15

B 366·1 349 4·67

18
MV

0·625/80 A 476·6 461·5 3·17

B 402·8 368·2 8·59

0·625/140 A 476 459·3 3·51

B 401·8 370 7·91

3·75/80 A 478·2 459·9 3·83

B 402·6 370·3 8·02

3·75/140 A 478·3 458·9 4·06

B 400·3 370·9 7·34

CP, calculated point; Difference %, the percent difference between two algorithms; cGy,
centigray; MV, megavolt.

Table 3. The calculated absorbed doses (cGy) and percent differences in two
algorithms and slice thicknesses/tube voltages for LIP

Calculated absorbed dose for LIP (cGy)

Algorithm

Energy
Slice thickness (mm)/
tube voltage (kV) CP Convolution Superposition

Difference
(%)

6 MV 0·625/80 A 460·2 462·1 0·41

B 371·7 345·3 7·10

0·625/140 A 460 461·7 0·37

B 373·1 346·6 7·10

3·75/80 A 463·5 464·2 0·15

B 371·3 348·6 6·11

3·75/140 A 462 461·2 0·17

B 372·4 345·5 7·22

18 MV 0·625/80 A 473·6 465·2 1·77

B 404·6 362·1 10·50

0·625/140 A 473·7 467·1 1·39

B 403·6 359·5 10·93

3·75/80 A 476·5 464·3 2·56

B 404·5 366·6 9·37

3·75/140 A 453·5 464 2·32

B 383·5 362·8 5·40

CP, calculated point; Difference %, the percent difference between two algorithms; cGy,
centigray; MV, megavolt.
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inhomogeneous structure, the convolution algorithm seems to be
insufficient as shown in Tables 2 and 3. The highest difference
between the algorithms was 7·22 and 10·93% for 6 MV and 18
MV, respectively, in the calculation at point B of the LIP phantom.

CT scans for respiratory phases are very important in the treat-
ment planning of lung regions.9 In this study, the calculated maxi-
mum dose difference at point B between LEP and LIP was 1·00%
for 6 MV and 2·80% for 18 MV. Also, the maximum dose differ-
ence at point A between LEP and LIP was 1·02 and 1·70% for 6MV
and 18 MV, respectively. This result shows that the absorbed dose
was affected by the difference between the maximum inhalation
and exhalation phase, especially at high energies.

The measured and calculated absorbed dose differences at
both points A and B each of tube voltage and slice thickness for
6 MV were shown in Figure 2. The measured and calculated dose
differences according to the tube voltage and slice thickness were
very low in the water. The highest difference was 0·4% at point A
and 0·9% at point B. The maximum difference between the calcu-
lated and the measured absorbed dose values of LIP was 5·49%
at point B for 3·75 mm and 80 kV. For both LEP and LIP, the var-
iations in absorbed dose according to the slice thicknesses and tube
voltages were calculated. For both energies, the calculated doses at
point B have shown that the absorbed dose value increased as the

slice thickness increased. The maximum increase was found to be
1·23% at 18 MV for LIP. All other differences of absorbed doses
calculated were less than 1%.

The difference between the measured and calculated absorbed
doses at both points A and B for tube voltages and slice thicknesses
with 18MV were shown in Figure 3 where one may notice that the
measured and calculated dose differences for different tube volt-
ages and slice thicknesses were very low in the water. The highest
differences were found to be 0·5% at point A and 0·4% at point B.
The maximum difference between the calculated and measured
absorbed dose values of LIP were 5·00% at point B for 3·75 mm
and 80 kV.

Discussion

In the modern radiotherapy era, TPS algorithms considering inho-
mogeneous structures were introduced by with Batho10 and inho-
mogeneity correction has become an important part of treatment
planning especially in intensity-modulated radiation therapy
(IMRT).11 Implicating advanced algorithms in treatment planning
that are based on Monte Carlo modelling such as convolution,
superposition and collapse cone has improved the accuracy of dose
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Figure 2. The percent dose difference between themea-
sured and calculated absorbed doses at both points A
and B for tube voltages and slice thicknesses with 6 MV.
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calculation in radiotherapy.12–14 However, the plans usually need
determination of EDs from CT data to account for the effects of
inhomogeneity.14 A CT number–ED calibration curve must be
established to correlate the CT values with the corresponding
ED values before planning on CT slices. The HU value is 0 for
water and −1000 for air at standard temperature and pressure.

The CT number, in contrast, depends on the beam energy, den-
sity and number of atoms, as well as the attenuation property of
the medium.15 In addition, the CT number for a particular tissue
is not constant and the tube voltage is related to the field of view.
Therefore, one should be aware of the impact of these changes
while treatment planning, since a different CT number may be
given to the same tissue. Depending on the different scanning
parameters, many researchers report changes in the CT num-
ber,16–18 and some studies have been conducted to investigate
the dosimetric effects of non-homogeneous cubic or anthropomor-
phic phantoms.19,20 Consistent with this study, the effect of CT
voltage kV on inhomogeneity in low atomic structures was
reported to be clinically insignificant.21 Recently, Zurl et al.22 com-
pared CT parameters and showed that changes in HU could be as
large as 20%. However, the effect on the dose is limited with 1·5%.
Ebert et al.23 provided variability in the CT number in various set-
tings and tube currents. It has been shown that the tube current
(mA) does not play a role and CT number is affected only with
kV. As we reported in this study, the differences between CT num-
bers and tube voltages were minimal, between 0·3 (lung) and 1·0
(water) in the density region.

The convolution algorithms have TERMA (total energy
released per unit mass) and Kernel (a cumulative dose-spread array
of photons interacting in a single point in the medium) compo-
nents. The primary Kernel calculates the primary dose and the
scatter kernel calculates the first and multiple scatter doses. The
dose at any point can be calculated from the convolution of the
TERMA with the kernel. In order to account tissue heterogeneities
in a patient, kernel is scaled by radiological distances which are cal-
culated from the material densities defined by CT images. For this
reason, the superposition algorithms compute the dose by convolv-
ing the total energy released in the medium, with Monte Carlo-
generated energy deposition kernels. Especially in regions with
low density, the superposition algorithm must be used. In the
study, there were no differences in the algorithms for the doses
taken in the water equivalent phantoms, but it was found that
the superposition algorithm calculated more accurate results for
both LEP and LIP regions. In addition, according to the results
of this study, appropriate dose evaluation should be made for both
maximum inhalation and exhalation periods. Because, the differ-
ence between two periods may become significant especially when
the doses higher than tolerance, are reached the organs at risk.

In conclusion, the dose to the lung is becoming more important
to consider at high-dose and small-field applications such as IMRT
and stereotactic body radiation therapy. In this study, high-accu-
racy dose validation using CT images was performed with phan-
toms prepared using lung equivalent cork. It is thought that the
phantoms prepared in accordance with maximum and minimum
respiratory phases can be a simple and inexpensive method to
investigate any difference in the dosimetry of lung regions. This
study was carried out for the absolute dose at a certain point along
the central axis. In order to see any change in dose outside the axis,
it is recommended that similar studies should include film mea-
surements and Monte Carlo simulations which are the limitations
of this study.
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