REPORTS OF PRACTICAL ONCOLOGY AND RADIOTHERAPY 21 (2016) 63-70

g REPORTS OF PRACTICAL
= ONCOLOGY AND
RADIOTHERAPY

Available online at www.sciencedirect.com

ScienceDirect

journal homepage: http://www.elsevier.com/locate/rpor i

Original research article

A surface energy spectral study on the bone @

} CrossMark

heterogeneity and beam obliquity using the
flattened and unflattened photon beams

James C.L. Chow®"*, Amir M. Owrangi®¢

2 Department of Radiation Oncology, University of Toronto, Toronto, ON M5G 2M9, Canada
b Radiation Medicine Program, Princess Margaret Caner Center, University Health Network, Toronto, ON M5G 2M9,

Canada

¢ Department of Medical Physics, Sunnybrook Health Sciences Center, Toronto ON M4N 3M5, Canada

ARTICLE INTFO

Article history:

Received 6 May 2015

Received in revised form

30 September 2015

Accepted 5 November 2015
Available online 30 November 2015

Keywords:

Unflattened photon beam
Energy fluence spectrum
Surface dosimetry

Bone heterogeneity

Beam obliquity

Monte Carlo simulation

ABSTRACT

Aim: Using flattened and unflattened photon beams, this study investigated the spectral
variations of surface photon energy and energy fluence in the bone heterogeneity and beam
obliquity.

Background: Surface dose enhancement is a dosimetric concern when using unflattened
photon beam in radiotherapy. It is because the unflattened photon beam contains more
low-energy photons which are removed by the flattening filter of the flattened photon beam.
Materials and methods: We used a water and bone heterogeneity phantom to study the dis-
tributions of energy, energy fluence and mean energy of the 6 MV flattened and unflattened
photon beams (field size = 10 cm x 10 cm) produced by a Varian TrueBEAM linear accelerator.
These elements were calculated at the phantom surfaces using Monte Carlo simulations.
The photon energy and energy fluence calculations were repeated with the beam angle
turned from 0° to 15°, 30° and 45° in the water and bone phantom.

Results: Spectral results at the phantom surfaces showed that the unflattened photon beams
contained more photons concentrated mainly in the low-energy range (0-2 MeV) than the
flattened beams associated with a flattening filter. With a bone layer of 1 cm under the phan-
tom surface and within the build-up region of the 6 MV photon beam, it is found that both
the flattened and unflattened beams had slightly less photons in the energy range <0.4 MeV
compared to the water phantom. This shows that the presence of the bone decreased the
low-energy photon backscatters to the phantom surface. When both the flattened and
unflattened photon beams were rotated from 0° to 45°, the number of photon and mean
photon energy increased. This indicates that both photon beams became more hardened
or penetrate when the beam angle increased. In the presence of bone, the mean energies of
both photon beams increased. This is due to the absorption of low-energy photons by the
bone, resulting in more beam hardening.
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Conclusions: This study explores the spectral relationships of surface photon energy and
energy fluence with bone heterogeneity and beam obliquity for the flattened and unflattened
photon beams. The photon spectral information is important in studies on the patient’s

surface dose enhancement using unflattened photon beams in radiotherapy.

© 2015 Greater Poland Cancer Centre. Published by Elsevier Sp. z o.o. All rights reserved.

1. Background

To make the delivery of some recent radiotherapy techniques
such as intensity modulated radiotherapy and volumetric
modulated arc therapy more efficient, medical linear accel-
erator capable of producing unflattened photon beams was
developed.’™ With the removal of the flattening filter which
generates a uniform beam profile for 3D-conformal radiothe-
rapy, the output of the photon beam is highly increased.®’
For example, the Varian TrueBEAM linear accelerator can pro-
duce 1400 monitor units (MU) and 2400MU per minute for
the 6 and 10 MV photon beams, respectively. This dose rate
from the flattening-filter free linear accelerator is about 2-3
times higher than the conventional accelerator producing flat-
tened photon beams, and can shorten the treatment time.®°
Therefore, the patient throughput can be increased. Moreover,
for the increasingly popular hypofractionated and stereotactic
body radiotherapy, the unflattened photon beam is useful.'-1®
As some patients may be undergoing some kind of breath hold
technique to manage respiratory motion issues, a fast treat-
ment is necessary to take into account the patient’s comfort
and intrafraction organ motion.'?

While it is advantageous to use an unflattened photon
beam in radiation dose delivery, the exclusion of the flatten-
ing filter from the beam has some dosimetric concerns. The
removal of the flattening filter largely decreases the beam
attenuation and increases the photon fluence, but it also
affects the photon energy distribution or beam quality.'*'8
The presence of the flattening filter uses to remove a large
number of low-energy photons and results in beam hardening.
For the unflattened photon beam, however, these low-energy
photons are part of the beam and contribute to the dose
deposition in the photon beam build-up region close to the
patient surface. Compared to the flattened photon beam,
though unflattened beam has less head scatter and leakage,
measurements and Monte Carlo simulations have found that
irradiation of the unflattened photon beam results in a higher
surface dose than the flattened beam.'*?° This indicates that
the low-energy photons may play an important role in the sur-
face dose enhancement of the unflattened beam. It is therefore
worthwhile to compare the photon energy and energy flu-
ence spectra between the flattened and unflattened beams.
For unflattened beams, it is useful to identify in which low-
energy range the photons have a higher intensity.

Apart from the presence of extra low-energy photons in
the unflattened photon beams, it is well-known that the
surface dose is also affected by heterogeneities close to
the build-up region and the variation of beam obliquity.?>??
Heterogeneities close to the patient surface such as bone,
affects the backscatter contribution to the surface dose. This

dosimetric impact is an issue in the lung and head-and-neck
radiotherapy,”® where the rib and skull are close to the patient
surface and the bone backscatter would affect the photon
beam energy spectrum. It is therefore worthwhile to inves-
tigate the different effects of the flattened and unflattened
photon beams on the backscatter photons arising from the
bone heterogeneity due to their different beam qualities. Fur-
thermore, as the patient’s external contour is curved and not
perfectly perpendicular to the incident photon beam, beam
obliquity is inevitable and would affect the surface dose in
radiotherapy. It is found from measurements and Monte Carlo
simulations that surface dose increases with an increase of
beam angle.?** However, spectral variations of photon energy
and energy fluence in the beam obliquity for the flattened and
unflattened beams have still not been reported.

2. Aim

In most previous dosimetric studies on unflattened photon
beams, the flattening filter from a conventional linear acceler-
ator was not designed in dose measurements or Monte Carlo
simulations, respectively.”-'82>?7 It should be noted that these
conventional linear accelerators were not designed to pro-
duce clinical unflattened photon beams. In this study, the
Varian TrueBEAM linear accelerator specifically designed to
produce clinical unflattened photon beams was used. Photon
energy and energy fluence spectra at surface were calcu-
lated by Monte Carlo simulations using the water and bone
heterogeneous phantom (bone phantom). Through spectral
comparisons of photon energy and energy fluence, variations
of the unflattened beam quality in the presences of bone het-
erogeneity and beam obliquity were analyzed.

3. Materials and methods
3.1.  Water and bone heterogeneous phantom

To compare the photon energy and energy fluence spectra
with and without the bone heterogeneity, a water and bone
phantom with the same dimension (13cm x 20cm x 20 cm)
was used in our Monte Carlo simulations. The bone phantom
in Fig. 1 has a bone layer with thickness equal to 2cm. This
bone layer was sandwiched by two water layers with thick-
nesses equal to 1cm (on top of the bone layer) and 10cm
(under the bone layer). The bone layer was positioned within
the build-up region of the 6 MV photon beam with the depth
of maximum dose equal to 1.5cm. In the Monte Carlo simu-
lation, the ICRPBONE700ICRU bone in the EGSnrc-based Pegs4
dataset was used (ICRP 1975).?% The density of the bone layer
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Fig. 2 - Photon energy spectra at the water phantom surface
for the 6 MV flattened and unflattened photon beams.
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Fig. 1 - Schematic diagram (not to scale) showing the E 0.20 4
calculation geometry of the bone phantom irradiated by the 3
6 MYV flattened and unflattened photon beams (field < a5
size=10cm x 10 cm). The isocenter was at 10 cm depth £
from the phantom surface. The photon beams were rotated 2 010
from 0° to 45° and the thickness of bone was equal to 2 cm. 1
Photon energy and energy fluence spectra were calculated 0'05':
at the phantom surface (horizontal broken line). —_— ]
Calculations using the same beam geometry but a water % 4 5 5 & = .
phantom “{lth the bone replaced by water were repeated Energy (MeV)
for comparison.
p 10
0.9
0.8
was equal to 1.75g/cm?, and the bone contained H, C, N, O, é 6 MV Unflattened Beam (Water Phantom)
Mg, P, S, Ca and Zn with weight ratios equal to 4.69, 1.2, 0.29, o 07 6iMV Unflattened: Beami{Bone: Rhaniom}
2.79,0.0091, 0.34, 0.098, 0.52 and 0.00015, respectively. ‘% 06
o ]
- 054
3.2.  Beam calculation geometries ﬁ 04 ;
© =k
£ ]
6 MYV flattened and unflattened photon beams with field size < 03
equal to 10cm x 10 cm produced by the Varian TrueBEAM lin- 02
ear accelerator were used. The water and bone phantom were
irradiated by the photon beams with isocenter located at 10 cm &l E
depth of the phantom (Fig. 1). The source-to-surface distance 0.0 3——— 1Ty — )
was equal to 90 cm. Apart from calculating the photon energy 0 L & b 4 5 6 B
and energy fluence spectra for the flattened and unflattened Energy (MeV)

beams with beam angle set to zero at the phantom surface
(i.e. horizontal broken line in Fig. 1), spectral calculations were
repeated with photon beams rotated to 15°, 30° and 45° clock-
wise for the water and bone phantom.

Fig. 3 - Photon energy spectra at the water and bone
phantom surface for the 6 MV (a) flattened and (b)
unflattened photon beams.
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3.3. Monte Carlo simulations

3.3.1. Phase-space files of the flattened and unflattened
photon beams

The Geant4 and EGSnrc-based Monte Carlo code were used
to model the Varian TrueBEAM linear accelerator.?>3° The
gantry head of the linear accelerator was modelled by the
Varian Monte Carlo study team using the Geant4 code.’3
Phase-space files containing information of the particle’s type,
location, orientation and energy for the 6 MV flattened and
unflattened photon beams were then generated by the team
and used in our simulations.?* Since the scoring planes (planes
at which the simulated beam phase-space data are scored)
of the phase-space files generated by the Geant4 code were
merely up to the position above the jaws, the BEAMnrc code®
was used to transport the Geant4 phase-space file through the
secondary collimator (X-Y jaws). The reason to use the BEAM-
nrc code is that complex simulation programming related to
the geometry of jaws can be avoided by taking advantage of the
component-module approach of the code, which is not found
in the Geant4. The phase-space files generated by the BEAMnrc
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contained particle data of the 6 MV flattened and unflattened
photon beams with field size equal to 10cm x 10cm at the
isocenter. In the verification of the Monte Carlo simulations,
each phase-space file (contained 1 x 10° particles) from the
EGSnrc was verified by comparing the Monte Carlo dosimetry
with the commissioning data acquired from measurements
using ionization chamber and scanning water tank. By com-
paring the percentage depth doses calculated and measured
by Monte Carlo simulation and ionization chamber as shown
elsewhere,?0:3 it is found that such dosimetric deviation was
within 1% and therefore the phase-space files of the flattened
and unflattened photon beams were verified.

3.3.2.  Calculations of the photon energy and energy

fluence spectra

Photon energy and energy fluence spectra were calculated
from phase-space files (Section 3.3.1) including the water and
bone phantom in the Monte Carlo model using the BEAM-
nrc. The scoring plane of the phase-space file with multiple
crossers (backscattered photons) was set at the phantom sur-
face as shown in the horizontal broken line in Fig. 1. The
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Fig. 4 - The variations of photon energy spectra in beam angle for the 6 MV (a) flattened photon beams (water phantom), (b)
unflattened photon beams (water phantom), (c) flattened photon beams (bone phantom) and (d) unflattened photon beams

(bone phantom).
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Fig. 5 - Photon energy fluence spectra at the water
phantom surface for the 6 MV flattened and unflattened
photon beams.

EGSnrc-based BEAMDP code® was used to determine the
photon energy and energy fluence spectra based on the phase-
space data. The number of bins in each spectrum was set
to 650 with energy range from O to 6.5MeV. To compare
the flattened and unflattened photon beams regarding beam
obliquity, Monte Carlo simulations were repeated in both the
water and bone phantom with beam angles equal to 15°, 30°
and 45°.

4, Results

The photon energy spectra of the 6 MV flattened and unflat-
tened photon beams at the water phantom surface are shown
in Fig. 2. In this study, the particle fluence is defined as the
quotient dN by dA, where dN is the number of photons enter-
ing an imaginary sphere with cross-sectional area equal to A.
Similarly, energy fluence is the quotient of dE by dA, where
dE is the total energy of all photons entering the sphere. For
bone heterogeneity, the photon energy spectra of the flattened
and unflattened beams in the water and bone phantom are
shown in Fig. 3(a) and (b). For beam obliquity, Fig. 4(a) and (b)
shows the photon energy spectra of the flattened and unflat-
tened beams with beam angles equal to 0°, 15°, 30° and 45°
at the water phantom surface, while Fig. 4(c) and (d) shows
the corresponding spectra at the bone phantom surface. All
photon energy spectra (Figs. 2-4) were calculated using the
same flattened and unflattened beam phase-space files with
the same number of particles, and normalized to the maxi-
mum intensity in all beam calculation geometries (different
beam angles and phantoms) for comparison. For the photon
beam energy fluence, Fig. 5 shows fluence spectra of the 6 MV
flattened and unflattened beams at the water phantom sur-
face. The variations of photon energy fluence spectra in the
bone heterogeneity are shown in Fig. 6(a) for the flattened
beams at the water and bone phantom surface. Similarly,
Fig. 6(b) shows photon energy fluence spectra for the unflat-
tened beams. Fig. 7(a) and (b) shows the photon energy fluence
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Fig. 6 - Photon energy fluence spectra at the water and
bone phantom surface for the 6 MV (a) flattened and (b)
unflattened photon beams.

spectra of the flattened and unflattened beams in different
beam angles (0°, 15°, 30° and 45°) at the water phantom sur-
face, while Fig. 7(c) and (d) shows the corresponding spectra
with the same beam geometry using the bone phantom. All
photon energy fluence in Figs. 5-7 was normalized to the max-
imum intensity in all beam calculation geometries. Variations
of mean photon beam energy in beam angle for the flattened
and unflattened beams at the water and bone phantom sur-
face are shown in Fig. 8.

4.1.  Effect of the flattening filter on the surface photon
energy and energy fluence spectra

The effect of flattening filter on the photon beam energy spec-
tra at the water phantom surface is shown in Fig. 2. The
unflattened photon beam contained more number of photons,
mostly concentrated in the low-energy range (0-2 MeV). When
the flattening filter was used, those low-energy photons were
absorbed resulting in a flattened beam spectral curve with
lower intensity. For the photon energy fluence comparison,
Fig. 5 shows thatin the absence of flattening filter, more energy
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Fig. 7 — The variations of photon energy fluence spectra in beam angle for the 6 MV (a) flattened photon beams (water
phantom), (b) unflattened photon beams (water phantom), (c) flattened photon beams (bone phantom) and (d) unflattened

photon beams (bone phantom).

fluence was found in the low-energy range. As the increase
of photon number was more significant in the low-energy
range, and the energy fluence counted on the total energy con-
tributed by photons, the increase of energy fluence was found
decreased with an increase of photon beam energy. Moreover,
the difference between the flattened and unflattened photon
beams in Fig. 5 was less significant compared to that in Fig. 2.
This is because even there were more low-energy photons
found in Fig. 2 without using the flattening filter, the increase
of energy fluence in Fig. 5 was less because the energy of each
photon was low.

4.2.  Effect of the bone heterogeneity on the surface
photon energy and energy fluence spectra

In Fig. 3(a) and (b) showing the photon energy spectra of the
flattened and unflattened beams at the water and bone phan-
tom surface, it is seen that there was a small increase of
photons in the water phantom. This shows that the pres-
ence of bone absorbed some low-energy photons from the

beam leading to a decrease of bone backscatters. Since this
effect occurred in both the flattened and unflattened photon
beams, the presence of flattening filter did not affect the bone
backscatters. However, considering the related photon energy
fluence for the flattened and unflattened beams in Fig. 6(a),
and (b), it can be seen the two spectral curves (water and
bone phantom) were almost the same, even there was a small
decrease of photons observed in the bone phantom (Fig. 3).
This indicates that the bone heterogeneity, though slightly
reduced the number of photons at the phantom surface, did
not affect the energy fluence and hence the surface dose depo-
sition.

4.3. Effect of the beam obliquity on the surface photon
energy and energy fluence spectra

The variations of photon beam energy and energy fluence
spectra in beam angle are shown in Fig. 4(a) and (b) for the
flattened and unflattened beams in the water phantom. When
the beam angle increased, more photons were found at the
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Fig. 8 - The variations of mean photon beam energy in
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phantom surface leading to surface dose enhancement. The
increase of photon was also observed concentrated in the
low-energy range. On the other hand, the extent of increased
photons was found getting more as the beam angle increased.
For both the flattened and unflattened photon beams, the
energy spectra were very similar between beam angles equal
to 0° and 15°. When the bone was added to the water phan-
tom (Fig. 4(c) and (d)), the change of photon energy spectra was
very small compared to without the bone. This shows that the
bone heterogeneity was not sensitive to the beam obliquity
regarding the photon beam energy spectra.

For variations of the surface photon energy fluence in
the beam obliquity, it is seen in Fig. 7(a) and (b) that the
energy fluence increased with beam angle for the flattened
and unflattened beams in the water phantom. Similar to
Fig. 4(a) and (b), it is found that the increase of energy fluence
from beam angles of 0° to 15° was smaller compared to larger
angles. This indicates that the variation of patient’s exter-
nal curvature (typically within the beam obliquity between
0° and 15°) would not affect the surface dose significantly.
Moreover, the energy fluence was found increased more in the
low-energy range than high-energy as beam angle increased.
Comparing Fig. 7(a) and (b), it can be seen that the unflat-
tened beam had more energy fluence in the low-energy range
because of the absence of flattening filter. When the water
phantom was changed to bone phantom with the same beam
geometry in Fig. 7(c) and (d), the variation of energy fluence
with and without the bone heterogeneity was small. This
shows that the bone absorption of photons did not affect
the energy fluence significantly. This may be because the
increased number of low-energy photons could only result in
very low energy fluence at the phantom surface. Similar to the
water phantom, when the beam angle increased, the energy
fluence was increased more and more in the bone phantom.
The increase of energy fluence from beam angle of 0° to 15°
was therefore less significant compared to from 30° to 45°.

For the mean energy of flattened and unflattened photon
beams varying with the beam angle, it is found in Fig. 8 that
the flattened photon beams had higher mean photon ener-
gies than the unflattened. This is because of the increase of
beam hardening due to the presence of the flattening filter. In
addition, all photon beam energies were seen to increase with
an increase of the beam angle. This indicates that the photon
beam became hardened when the beam angle increased. In
the presence of bone heterogeneity, the mean photon beam
energy increased in Fig. 8. This is because the bone absorbed
some low-energy photons backscattered to the phantom sur-
face. This resulted in a more hardened beam and an increase
of mean photon beam energy. In Fig. 8, differences of the mean
photon beam energies between the water and bone phan-
tom for the flattened and unflattened beams were small. This
shows that the presence of flattening filter did not affect the
bone backscatters to the phantom surfaces.

5. Conclusions

Spectral photon energy and energy fluence studies were car-
ried out on different beam obliquity using the flattened and
unflattened beams at the water and bone phantom sur-
face. It is found that the unflattened photon beam contained
more photons and energy fluence compared to the flattened
beam. The increase of photons was mainly concentrated in
the low-energy range of 0-2MeV. Comparing the water and
bone phantom, more low-energy photons (<0.4MeV) were
found at the water phantom surface. This shows that the
bone absorbed those photons from the beams (flattened and
unflattened), though the heterogeneity did not affect the
energy fluence at the surface. When the beam angle was
increased, the number of photon and energy fluence increased
at the phantom surface. The mean photon beam energy
increased with an increase of beam angle, showing photon
beam became more hardened in larger beam angle. The pres-
ence of bone also increased the mean photon beam energy, as
the bone absorbed some low-energy photons backscattered to
the phantom surface and resulted in a more hardened photon
beam. The new calculated spectral data in this study should
help to understand previously published results, in the radia-
tion physics aspect, concerning variations of beam quality in
the presence of bone heterogeneity, and beam obliquity using
the flattened and unflattened photon beams.
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