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ABSTRACT

The purpose of this study was to evaluate the central axis dose in the build-up region and the surface dose of a 6 MV and 10
MV flattened photon beam (FB) and flattening filter free (FFF) therapeutic photon beam for different square field sizes (FSs) for
a Varian Truebeam linear accelerator using parallel-plate ionization chamber and Gafchromic film. Knowledge of dosimetric
characteristics in the build-up region and surface dose of the FFF is essential for clinical care. The dose measurements were
also obtained empirically using two different commonly used dosimeters: a p-type photon semiconductor dosimeter and a
cylindrical ionization chamber. Surface dose increased linearly with FS for both FB and FFF photon beams. The surface dose
values of FFF were higher than the FB FSs. The measured surface dose clearly increases with increasing FS. The FFF beams
have a modestly higher surface dose in the build-up region than the FB. The dependence of source to skin distance (SSD) is
less significant in FFF beams when compared to the flattened beams at extended SSDs.
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Introduction

The dose at the skin surface is the sum of the two
component doses; the first results from contaminant
electrons from the air, in the collimator, and in the scattering
material in the beam path,!™® and the second component
comes from secondary electrons produced in the irradiated
patient. The dose from secondary electrons generated in
the patient depends primarily on the field size (FS) of the
irradiated field but reaches an asymptotic value for large
fields with sufficiently deep backscattering material to
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produce a lateral electron equilibrium."" However, the dose
from contaminant electrons from the head depends strongly
on clinical setup, such as FS, beam modifier (wedge), tray,
block, and source-to-surface distance (SSD).["1!

In previous studies, the surface dose from therapeutic
photon beams was investigated by using one of the
various types of dosimeter, such as a thermoluminescence
dosimeter,"”" radiochromic film,!>*"% and many types of
parallel-plate  ionization chambers."”?*!  Fixed-electrode
separation (parallel-plate) chambers are now commonly
available andare also convenient formeasuring the surface dose
in clinical situations. However, their accuracy in the build-up
region remains in doubt because a cavity perturbation from
the chamber volume causes excess ionizations. To obtain an
accurate surface measurement, the ionization reading must be
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corrected by considering the perturbation conditions. Velkley
et al.** proposed using the correction factors derived from
aluminum-walled ~ extrapolation-chamber ~ measurements
obtained by adjusting the depth dose curves in the build-up
region from several types of fixed parallel-plate ionization
chambers. Recently, Gerbi and Khan®!! have provided a
modified approach in accurate estimation of surface dose.

In recent times, interest has increased in the use of flattening
filter-free (FFF)®) Xeray photons. When the flattening filter
is removed from the X-ray beam path, photon production
should be far more efficient, and dose rate should increase
substantially at the treatment target, which is especially
beneficial for high-dose per-fraction delivery techniques,
such as stereotactic radiosurgery (SRS) and stereotactic body
radiation therapy (SBRT). Use of the FFF mode for SBRTI
n lung-cancer treatment can significantly reduce beam-on
time and can facilitate breath-hold or respiratory gating!”’!
for more precise management of organ motion. In addition,
FFF Xerays are thought to offer dosimetric advantages!®!
such as reduced peripheral doses, out-of-field scattered
dose,?3% and head scatter.’?*? The FFF beams contain
more low-energy components and have softer energy spectra
than the corresponding flattened beams, which can lead to
increased dose in the build-up region. Meanwhile, the FFF
photons undergo less head scatter®! because the flattening
filter is absent from gantry head of the lincar accelerator,
which may decrease the dose in the build-up region. In the
build-up region where longitudinal electronic disequilibrium
exists, these two competing factors determine the build-up
dosimetric characteristics of the FFF photons. The first factor
canreduced given that the mean energy of primary photons
is reduced in the FFF beams. However, the second factor will
increase d_because of the reduced contamination by head
scattering of the FFF photons. The dose in the build-up region
due to FFT photons thus becomes interesting and may differ
from that due to conventional flattened photons. Numerous
publications discuss on the surface dose measurements for
FFF beams from Varian and Elekta accelerators.”>?” However,
relatively few dosimetric studies consider Gafchromic
film-based surface dose measurements of FFF photon beams.

The surface dose is machine dependent and can be
affected by many parameters, including the FS, the
source-to-surface distance, the presence of beam modifiers,
and the angle of beam incidence. Because of the steep
dose gradient near the surface as well as in the build-up
region, careful considerations are required in the selection
of detectors. Generally, the size of the detector along the
beam direction should be as small as possible. Extrapolation
chambers are the detectors of choice for surface dose.
However, its availability is limited and its use in surface
dose measurements is very time-consuming. Instead,
fixed-separation plane-parallel chambers are commonly
used for surface dose and the dose in the build-up region.
Because of their relatively large separation compared with
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the extrapolation chamber and their small guard ring,
the plane-parallel chambers show an over-response in the
build-up region and especially at the surface.

The purpose of this study was to evaluate the central axis
dose in the build-up region and the surface dose delivered by
a flattened photon beam (FB) and FFF beam (6 MV and 10
MV) for different square FSs with an ionization chamber and
Gafchromic film. The dose measurements were also obtained
with different source to skin distance (SSD) for a Varian
"TruebeamlinearacceleratorusingNACP-02. Article TG-1061*)
highly recommended that the surface dose measurements
should not be carried out with a scanning device, but in
our study, we used cylindrical ionization chamber (CC13)
cylindrical chamber to measure the surface doses of FB and
FFF photon beams to compare (scanning and nonscanning)
surface doses values measured with NACP-02, Gafchromic
film, and a p-type photon semiconductor dosimeter (PFD).

Materials and Methods

In this study, 6 and 10 MV FB and FFF beams of
Truebeam (Varian Medical System, Palo Alto, CA, USA)
linear accelerator were used. Based on our commissioning
data with a standard source to skin distance (SSD) of
100 cm and FS of 10 em X 10 ecm, d_ is 1.5 and 2.4 cm
for 6 MV and 10 MV FB and 1.4 and 2.2 cm for 6 MV and
10 MV FFE respectively.

The surface doses delivered by the I'B, and FI'T" beams
were measured using a plane-parallel ionization chamber
(NACP-02, IBA-Scanditronix, Germany) with DOSE 1 (IBA,
Germany) electrometer in a solid water-equivalent phantom
with adequate backscattering material. The solid water
phantom has a physical density of 1.04 g/em?. The NACP-02
chamber has a Mylar foil and graphite window with a combined
thickness of 0.6 mm (104 mg/em?). The electrode spacing
1s 2.0 mm, and the collecting electrode diameter is 10 mm.
The surface dose measurements were done with the FB and
FFF beams aligned along the central axis with square FSs of
5cm X 5em,8cm X 8cem, 10 ecm X 10 cm, 15 em X 15 cm,
20cm X 20 cm, and 30 cm X 30 cm at 100 cm source-to-surface
distances and with build-up depths extending from the surface
to just beyond the maximum depth.

The perturbation effect was corrected using a method
proposed by Gerbi and Khan.?!! To account for polarity effects,
the measurements were done at both positive and negative
voltage (+300 V and —300 V) for FB and FFF beams.

EBT2  (Gafchromic) films were irradiated in a
30 ecm X 30 cm X 30 c¢m solid water phantom. The doses
in the surface and build-up region dose were measured with
the film sandwiched tightly between slabs and irradiated while
oriented parallel to the beam axis. The film picces themselves
were 6 cm X 25 cm. Each irradiation step delivered 200
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monitor units. All films were scanned 24 h after irradiation.
An Epson 10000XL (Epson America, Inc., Long Beach, USA)
flatbed document scanner was used to scan the films following
the manufacturer scanning protocol and recommendations.
Epson software was used for scanning the films in transmission
mode with a resolution of 75 dpi and with all image
enhancements turned off. The images were saved as 48-bit tag
image file format files for further analysis. The surface dose of
the scanned images was calculated by using OmniPro — I'mRT
software (Version 1.6; IBA dosimetry, Germany).

Surface dose was also measured using two common
dosimeters: A p-type photon PF'D and a CC13. The readings
from each detector were assigned to the effective point
of measurement for each individual detector. For CCI13
chamber, the effective point was determined automatically
by the computerized scanning system. The effective points
of measurement, when measuring with the PIFD dosimeter
and with the NACP-02 chamber, were assumed to be at
front surface and at the bottom of the entrance-window
electrode, respectively.

Results

All the results given below for point-dose measurements
are mean values from at least five repeated measurements.
The standard deviations are <1.5% and also partly
crosschecked on different days to confirm the initial results
remain at least within =1.5%.

Surface dose versus field size

The surface dose within the build-up region increases
linearly with the FS by about 1% per cm? for both the FB and
FFF photon beams. The surface dose for any FS is defined as
the dose measured at surface for that field size divided by the
dose at d _ata 10 cm X 10 cm field. The relative surface
dose is defined as the fractional surface dose divided by
D_ for the corresponding field for which the dose was

max

measured. The surface dose for FB and FFF beams for various
I'Ss was measured using the NACP-02 chamber and EBT?2
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film, and the results are shown in Figure la and b. For the 6
MV-FB (6 MV-FFF) beam, the surface dose ranges from 13.1%
to 35.7% (24.5% to 46.6%) when measured by EBT?2 film for
FSs from 5 cm X 5 em to 30 cm X 30 em (SSD is 100 cm
for phantom surface). For the 10 MV-FB (10 MV-FFF) beam,
the surface dose ranges from 9.5% to 31.8% (17.1% to 39.6%)
when measured by EBT?2 film for FSs from 5 cm X 5 cm to
30 cm X 30 cm (SSD is 100 em for phantom surface). The
surface doses for the FFF beams are consistent with those for
the FB beam for F'Ss from 5 cm X 5 ¢cm to 30 em X 30 cm.
However, as the FS was increased from 5 cm X 5 cm to
30 em X 30 cm, increases in the values of surface dose were
observed for both FB and FFE

Doses at different build-up depths

The build-up dose was modestly higher than that of the
FB photons for build-up depth at 'S of 5 cm X 5 cm to
30 cm x 30 cm [Figure 2a and b]. For 6 MV-FB and 6 MV-FFF
with a F'S of 10 cm X 10 cm, the surface dose increased from
17.3% t0 89.1% and 26.6% t0 92.5% in the first 5> mm build-up
depths and 17.3% to 98.7% and 26.6% to 99.1%, respectively,
in the first 10 mm build-up depths. Iigure 3 shows that the
surface dose increased from 13.4-73.1% to 21.4-78.5% in the
first 5 mm build-up depths and 13.4-90.3% and 21.4-92.7%,
respectively, in the first 10 mm build-up depths for 10
MV-FB and 10 MV-FFF with a FS of 10 cm X 10 cm. The
difference in build-up dose between 6 MV-FB and 6 MV-FFF
beams range from 8.8% to 1.5% for FSs 5 cm X 5 cm to
30 cm X 30 cm [Figure 4a]. The maximum differences were
observed in the smaller field size and minimum build-up dose
differences were observed in the largest I'S.

The difference in build-up dose between 10 MV-IB
and 10 MV-FFF beams ranges from 22.4% to 6.6% for F'Ss
5cm X 5 cmto 30 cm X 30 em [Figure 4b]. The maximum
differences were observed in the smaller FS and minimum
build-up dose differences were observed in the largest FS.
The build-up dose difference between the FB and FFF
photon beams remains same for the different energies, but
the quantitative value is higher in the higher energy.

60 50
= a5
50
a0
# £
A0 #
£
g £ .
a g
o a
B 30 B 5
3 g
a0 -
& —+—6MV-FB NACP Chamber “ d //'/— 10MV-FB NACP Chamber
—=— 6MV-FB GafChromic film / —&— 10MV-FB GafChromic film
10
i0 —s— GMV-FFF NACP Chamber —— 10MV-FFF NACP Chamber
———GMV-FFF GafChromic film ~—— 10MV-FFF GafChromic film
" 0
o 5 10 15 20 25 0 o 5 10 15 20 s 0
E Field Size in cm’ E Field Size in cm?*

Figure 1: Surface dose of flattened photon beam and FFF beam as a function of field size at a 100 cm SSD. (a) For 6 MV and (b) for 10 MV
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Figure 3: Relative surface dose of flattened photon beam and FFF photon
energy as a function of field size at a SSD of 100.0 cm measured with
EDT2 film

Figure 5a and b compares the depth-dose curves for the
FB and FFF beams measured with various detectors for a
10 cm X 10 cm field. The three detectors measured the
percent depth dose for the depth beyond the build-up region,
and the results from the different detectors are consistent
with each other, and these results are consistent with that
of Das et al.*® However, near the surface, the results of the
three detectors differ significantly from the measured depth
dose obtained with the EBT? film.

The surface dose measured with CC13is 21.5% and 18.3%
greater than when measured with NACP-02 for the 6 MV-FB
and 6 MV-FFF beams, respectively, and 20.2% and 13.2%
greater than measured with NACP-02 for the 10 MV-FB and
10 MV-FFF beams, respectively, for a 10 em X 10 ¢cm FS,
at 100 em SSD. The surface dose measured by PFD is 6.4%
and 9.7% greater than when measured by NACP-02 for the
6 MV-FB and 6 MV-FFF beams, respectively, and 11.3% and
14.1% higher than the NACP-02 measured surface dose of
10MV-FB and 10 MV-FFE respectively, fora 10 cm X 10 cm
FS,at 100 cm SSD. The surface dose measured by EBT?2 film

is 17.3% and 19.2% less than when measured by NACP-02
for the 6 MV-FB and 6 MV-FFF beams, respectively, and
9.7% and 8.4% less than when measured by NACP-02 for
the 10 MV-FB and 10 MV-FFF beams, respectively, for
10 cm X 10 cm FS, at 100 cm SSD.

Surface dose at different SSD

The FS was defined at 100 cm SSD for all the different
SSD clinical setups. The surface dose increases slightly
with decreasing SSDs, although this effect is relatively
small with <2% change when going from 100 cm to 80 cm
for a field size of 10 cm x 10 em and for both FB and FFF
photon beams. The skin dose increased rapidly as the SSD
decreased for both FB and FFF photon beams, especially in
larger fields. For example, the decrease in SSD can increase
the skin dose up to §% for large fields (30 cm X 30 cm) for
both FB and FFF photon beams. The surface doses decrease
slightly with increasing SSDs, although this effect is
relatively small with <1.0% change when going from 100 cm
to 120 cm for both FB and FFF photon beam:s for a field size
of 10 em X 10 cm. Thus, we can expect a large difference
of skin dose between SSD and source-to-axis clinical setup.

Discussion

Although previous studies comprehensively described
FFF beam dosimetric characteristics,?>?>2>¥] the dose in
the build-up region nevertheless is well worth quantifying,
and its clinical impact is worth pursuing. For high-energy
photons used in conventional radiotherapy, skin dose may
be less of a concern because of the skin-sparing effect, which
allows high-energy photons to be delivered to deep-seated
tumors without exceeding the tolerance of the skin. However,
for the unconventional hypofractionated”*! (SBRT, SRS)
delivery where the fractional dose is extremely high, an
acute skin reaction can occur. Therefore, it is clinically
important to analyze and compare the characteristics of the
build-up dose for the both FB and FFF photons.

The measurements on the surface area with a
parallel-plane ionization chamber, however, overestimate
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Figure 5: The percentage depth dose curves obtained using the Gafchromic film, cylindrical ionization chamber, photon semiconductor dosimeter, and
NACP-02 chamber for the flattened photon beam and FFF photon beams with 10 cm x 10 cm field size. (a) 6 MV and (b) 10 MV

the surface dose because the chamber is perturbed in
methods and materials. Upon applying the correction
factor, the open field doses measured for both 6 and 10
MV FB beams and 10 em X 10 c¢m fields decrease from
44.9% and 31.1% to 35.8% and 22.0%, respectively, and
for both 6 and 10 MV FFF beams, surface doses decrease
from 55.3% and 38.9% to 46.2% and 29.8%, respectively.
The corrected values for 6 MV-FB are similar to the surface
doses of 33.4% measured by Ishmael Parsai et al.,’”! with
an extrapolation chamber at a depth of 0.5 mm and with
the same IS energy.

The surface dose increases linearly with FS for both 6
MV-FB and 10 MV-FB, and 6 MV-FFF and 10 MV-FFF
beams, which is due to increased electron emission from
the collimator and from air. The measured surface dose
for the 6 MV-FB and 10 MV-FB, and 6 MV-FFF and
10 MV-FFF beams plotted in Figure 1 against equivalent
square shows statistically significant difference between the
FB and FFF modes for both NACP chamber and EBT?2 film
measured surface doses. These results reveal the important

contribution of the flattening filter to the surface dose for
FSs exceeding 10 cm X 10 cm. Removal of flattening filter
leads to decrease in head scatter (Sc)?*#732% for FSs above
10 cm X 10 cm.

The beam-hardening effect imposed by the flattening
filter helps reduce the surface or skin dose. However, the
filter also produces a large amount of scattered radiation
that tends to deposit energy at shallow depths, thereby
adding to the surface dose, and this effect depends
strongly on FS. Dalaryd et al.™*" and Kragl et al.’” found
that the build-up dose increases with depth in solid water
and the surface dose and build-up region dose delivered
by the FFF beam produced by an Elekta Precise linac
slightly exceeds that delivered by the FB from the same
source. These results agree with our data. The photon
spectrum of the FFF beam contains a greater proportion
of low energy photons (<1 MeV) and lesser proportion of
high energy photons compared to the FB photon beam
due to the loss of beam hardening occurring through the
filter.12>4
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For both the FB and FFF photon beams, the surface dose
clearly increases with increasing I'S, regardless of the detector
used to make the measurement. This result is mainly due to
the increasing number of scattered electrons in the air and
collimator. The surface dose measured by PFD dosimeter
and the CC13 chamber differ greatly from that measured
by the NACP-02 chamber. For a 10 cm X 10 c¢m FS, the
PFD and CCI13 dosimeters measured high percentage
surface doses of about 37.8% and 56.6% for 6 MV-I'B and
55.8% and 64.6% for 6 MV-IFI'l" and 31.4% and 41.4% for
10 MV-FB and 44.0% and 54.6% for 10 MV-FFF photon
beams, respectively.

A very large discrepancy was found when using the
PID dosimeter and the CC13 chamber for surface dose
measurements compared to NACP-2 measured values.
The higher surface doses observed with the PFD and
CC13 dosimeter with the 10 cm X 10 ecm FS were about
37.8% and 56.6% for 6 MV-FB and 55.8% and 64.6% for 6
MV-FFF and 31.4% and 41.4% for 10 MV-FB and 44.0% and
54.6% for 10 MV-FFF photon beams, respectively. Lukkana
Apipunyasopon et al.,"! reported scale down in the over-
response of the measured surface dose by using correction
factors of 0.294 and 0.378 for CCI13 chamber and PFD
respectively for a field size of 10 x 10 cm?. Upon applying
the correction factors, the surface dose delivered by the 6
MV-FB, 6 MV-FFE 10 MV-FB and 10 MV-FFF were 14.3%,
21.1%, 11.9% and 16.6% for PFD and 16.3%, 19.0%, 12.2%
and 16.1% for CCI3, respectively, for 10 ecm x 10 ¢cm FS.
These corrected surface doses are consistent with published
values.

The high spatial resolution and low spectral sensitivity
provided by radiochromic films make them ideal for
measuring dose distributions in regions in which a radiation
field produces a high-dose gradient. As expected, surface
dose increases with FS due to extra electron contamination
and photon head scatter. Table 1 shows the surface dose for
various F'Ss as measured by EBT2 Gafchromic film and by the
NACP-02 chamber. The NACP-02 chamber overestimates
the dose by 20% compared with the EBT2 Gafchromic film
forboth FB and FFF. We compared these results with those of
Butson et al.,*) who measured surface dose with Gafchromic
film type MD-55. The data obtained in the present work are
consistent with the results obtained with the Attix chamber
to within 3% for 6 MV high-energy photon beams. The
surface dose measured by Gafchromic film models HD-810,
EBT, I1S, and XR for a 6 MV photon beam was investigated
more comprehensively by Devic et al.*!

In general, with respect to the SSD increase, skin dose is
more pronounced for 6 MV-FB than for 10 MV-FB beams and
for small fields as compared to large fields.["**) The effect of
extended SSD (at 120 cm) dependence s less significant in
FFF beams compared to FB photon beams. This is due to
the loss of beam hardening occurring through the filter.

[Downloaded free from http://www.jmp.org.in on Wednesday, August 4, 2021, IP: 106.195.44.194]

Table 1: Comparison of relative surface doses
measured with different types of dosimeter for

6 MV-flattened photon beam and 6 MV-flattening
filter free photon beam and 10 MV-flattened photon
beam and 10 MV-flattening filter free photon beam

Type of detectors

Field size in cm?

5x5 10x10 15%15 20%20 30%30
NACP-02
6 MV-FB 33.2 35.8 41.6 46.3 51.9
6 MV-FFF 43.4 46.2 48.8 51.5 56.4
10 MV-FB 16.6 22 27.8 33.5 41.5
10 MV-FFF 36.8 29.8 32.8 37.5 43.6
Gafchromic
film (EBT2)
6 MV-FB 13.1 17.3 22.3 29.6 35.7
6 MV-FFF 24.5 26.6 32.8 40.1 46.6
10 MV-FB 9.5 13.4 18.2 23.4 31.8
10 MV-FFF 17.1 21.4 271 32.4 39.6
CC13
6 MV-FB 52.4 56.6 60.2 64.9 70.9
6 MV-FFF 61.6 64.6 67.4 69.5 72.4
10 MV-FB 33.5 41.4 47.1 52.3 60.2
10 MV-FFF 50.1 54.6 57.3 59.2 615
PFD
6 MV-FB 36.9 42.4 47.4 51.2 58.5
6 MV-FFF 50.5 55.8 58.7 61.8 66.4
10 MV-FB 25.6 31.4 36.8 42.6 51.7
10 MV-FFF 39.7 43.9 46.7 50.1 60.7

FB: Flattened photon beam, PFD: Photon semiconductor dosimeter,
CC13: Cylindrical ionization chamber

Conclusions

The FFF beams for both energies have a modestly higher
surface dose in the build-up region compared to FB. The
surface dose increases with increasing FS, regardless of
the detector and photon beams with or without flattening
filter. The dependence of SSD is less significant in FI'T
beams compared to the FB in extended SSDs. However,
the difference is not substantial and may be clinically
insignificant. Knowledge of the dosimetric characteristics
in the buildup region and of the surface dose delivered by
6 MV & 10 MV-FFF beams is useful for implementations
of IMRT, SRS, and SBRT techniques.
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