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ABSTRACT

Introduction: This work aimed to evaluate the accuracy of using parallel plane against thimble chambers in
beam data commissioning of the high dose gradients region for versa HD linear accelerator performing
clinical advanced modulated radiation treatment techniques.

Material and Methods: All clinical commissioning data were collected from Elekta VVersa HD for energies
of 6 MV, 10 MV, 6 MV FFF, and 10 MV FFF for different field sizes using thimble ionization chamber
CC13, some from the pool of the measured data were rescanned using parallel plate chamber PPCO5 and
Gafchromic films and compared to those collected using the thimble ionization chamber.

Results: The skin doses differences measured by thimble chamber against reference films were (0.8%, 0.5%,
1.2% 4.7%) and for the parallel plane chamber against films were (8.4%, 9.7%, 9%, 12%) for 6 MV, 10 MV,
6 MV FFF, 10 MV FFF, respectively. The parried test-test showed a highly significant difference (p <0.001)
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Conclusion: Robust and consistent scans were obtained for the thimble chamber compared to the parallel
Radiation Dosimeter

plane chamber in the highest dose gradient of buildup and penumbra regions. Using a parallel plane chamber
might bring dosimetric clinical uncertainties affecting the modeling of the gradient regions in the treatment
planning system.
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Introduction

The main objective of radiation treatment is to
cover the tumor target with the prescription dose
while ensuring that the organ at risk and healthy
tissue receive the minimum dose. To accomplish this,
a high level of accuracy and precision are required all
through the entire process [1].

According to the IAEA publication [2] a thimble
ionization chamber with the volume on the order of
0.1 - 0.2 cm3 is the most suitable for beam data
collection. The measurements in rapidly changing
gradients regions as buildup in percentage depth dose
(PDD) and penumbra in the beam profile need more
accurate detector and it highly recommends the
parallel plate chambers for the measurement in this
regions.

The impact of the detector volume on penumbra
width has been broadly investigated due to its major
impact on the beam modeling of radiotherapy
treatment planning [3,4].

Profile measurements in high gradient areas
require maintaining proper detector and detector
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orientation. High dose rates may be beneficial for
respiratory control or breath-holding treatments,
where delivery time is limited [5,6]. Most of the
benefits of removing the flat filter increase beam
intensity, especially near the central axis. Increasing
the intensity reduces treatment time, reduces out-of-
field doses, improves beam modeling accuracy,
increases dose rates, smooth the X-ray spectrum,
head-scattered radiation, and non-uniform beams
[7,8]. As a rule, FFF beams provide maximum high
dose rates of 1400 MU / min and 2400 MU/min for 6
MVFFF beams and 10 MVFFF beams, respectively [9].
Increased dose rates allow for faster delivery,
reduce the impact of patient and/or target movement,
and improve patient comfort. [10]. The advantage of
FFF beams has been shown clearly in small fields,
especially for stereotactic radiotherapy/radiosurgery
(SRT / SRS) treatment, which is suitable for volume-
modulated arc radiotherapy (VMAT). [11,12].
Treatment planning systems require profiles from
very small fields to the maximum field size available to
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model the penumbra and off-axis coefficients of open
and wedge-shaped fields. [13].

The Flattening filter free beams had a higher ion
recombination correction factor than the beams with
the flattening filter [14].

In our previous work [15], we have studied the
uncertainty of the parallel plate and thimble ionization
chambers readings in terms of photon flux and
stability during measurements..

The aim of the present work is to investigate the
accuracy of parallel plane ionization chambers in
commissioning beam data for linear accelerators
against thimble ionization chambers and study the
possibility of using Gafchromic films to judge the
accuracy of data collected by the two ionization
chambers.

Materials and Methods

This work was performed using a Versa HD linear
accelerator with 6 MV, 6 MV FFF, 10 MV, 10 MV FFF
photon beams. Measurements were made using a water
tank Blue Phantom? (IBA, Germany) with a scanning
range of 48 x 48 x 41 cm?®,

Photon beams profiles of the energy of 6 MV, 10
MV, 6 MV FFF, and 10 MV FFF were measured of
various field sizes of 5x5 cm?, 10x10 cm?, 15x15 cm?
and 20x20 cm? using different radiation detectors such
as thimble ionization chambers, parallel plane ionization
chambers. In-plane and cross-plane profile scans were
acquired for the above-mentioned fields at depths of
Dmax, 5 ¢m, 10 cm, and 20 cm.

The PDD and profile scan were processed with the My
QA software version (IBA, Germany). The PDD data
were smoothed and normalized to 100% by the value at
maximum dose depth (Dmax).

Gafchromic™ EBT3 film (Ashland, Bridgewater, NJ,
USA) with dose range: 0.2 - 10 Gy was held in the slap
phantom of relative electron density 1.045 and
dimensions of 30x30x30 cm? to measure the percentage
depth dose (PDD) and beam profiles for 10x10 cm? field
size at Dmax, then compare the films with the two
chambers for the same field size. Scanning of the film
was done using an Epson 11000 XL flat- bed document
scanner (version 3.49A) after exposure to 500 MUs. The
analysis was done using the MEPHYSTO mc2 software
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(PTW, Germany) at least 24 hours after irradiation to
minimize effects from post-irradiation coloration.

The penumbral width was defined within the central
80% of the full width at half maximum (FWHM) of the
processed profile. Within the specified region, flatness is
defined as the maximum ratio between any two data
points
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Dmax is the maximum dose and Dpin is the minimum
dose along the profile within the core 80% of the field
size.

The symmetry is defined as the maximum ratio

between two symmetric data points.
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Penumbra is defined as the spatial distance between
80% and 20% of the CAX value in the profile scan [16].
For FFF beams, all the profile absolute gradient values
are calculated. The maximum gradient (or maximum
slope) is then identified as the point of inflection. The
penumbra margin is calculated with the renormalized
profile at the inflection point which is defined at 50 % of
the dose.

The coefficient of variation of the ionization chamber
measurements (variance between the three measurements
including each measurement point) is 0.1% for the parallel
plate chamber and 0.5% for the thimble ionization
chamber. In addition, the coefficient of variation for the
various settings was 0.12%.

PDDs curves have been divided into two regions of
interest to investigate, surface dose at depth =0 and depth
of maximum dose. Figure (1) shows the measured values
of the surface dose for different energies and various square
field sizes with the two ionization chambers. Surface doses
are seen to increase almost linearly with increasing field
size, surface doses in FFF are generally higher than the FF
beams for different field sizes by the two chambers. It was
found that the parallel plate PPCO5 ionization chamber
showed an overresponse in the measurement of surface
dose, as shown in figure (2).

A
- e=fl=CC13 6 MV

g PPCO5 6 MV
CC13 10 MV

@i PPCO5 10 MV

=== CC13 6 MV FFF
PPCO5 6 MV FFF

20x20
e=@== CC13 10 MV FFF

Figure 1. The surface dose with (%) of different energies for the parallel plate PPCO5 ionization and the thimble ionization chamber CC13 at different field

sizes (cm?).
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Figure 2. The skin dose of different energies with the parallel plate PPCO5 ionization chamber, the thimble ionization chamber CC13, and Gaffchromic films

at 10x10 cm? field size.

Table 1. Dyax (Mm) of energies 6 MV, 6 MV FFF, 10 MV and 10 MV FFF for the parallel plate PPCO5 ionization and the thimble ionization chamber CC13

at different field sizes (cm?).

6MV 6 MV FFF 10 MV 10 MV FFF
Field size PPCO05 CC13 PPCO05 CC13 PPCO05 CC13 PPCO05 CC13
5x5 14.7 14.7 15 14.7 21.9 22.2 235 24.2
10x10 14.6 145 147 14.6 20.6 22 23.2 22
15x15 14.6 145 147 14.6 19.5 19.1 22 22
20x20 14.3 14.4 14 14 17.1 17.9 219 20.6
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Figure 3. The penumbra width inline (a) and crossline (b) of 6 MV at Dy, for the parallel plate PPC05 chamber and the thimble ionization chamber CC13 at

different field sizes.

The differences between the thimble chamber and films
in skin doses for 6 MV was 0.8 % while the parallel plate
was 8.4 %. For 10 MV, the thimble chamber showed a
0.5 % difference while the parallel plate was 9.7 %. For 6
MV FFF, the thimble was 1.2 % while the parallel plate
was 9 %. For 10 MV FFF, the thimble chamber was 4.7 %
while the parallel plate was 12 %.

As shown in table 1, the Dmax is directly proportional
with the collimator scatter effect and meanwhile, the
scattering effect decreases with increasing the field size
(Podgorsak 2005) [2].

Iran J Med Phys, Vol. 19, No. 2, March 2022

Beam Profiles and Penumbra

The rapid decrease at the edges of the radiation beam is
called the penumbra region which is defined as the space
between the 80% and 20% relative dose in mm. Figures 3-
6 represent the measured penumbra for different photon
beams for various square field sizes (5x5, 10x10, 15x15
and 20x20 cm?) at depths (Dmax, Ds, D10, D2o) cm in water
with two ionization chambers CC13 and PPCO5.

For FFF beams, all the profile absolute gradient values
were measured. The maximum gradient (or maximum
slope) was then identified as the point of inflection. The
penumbra margin was calculated with the renormalized
profile at the inflection point defined at 50% of dose.
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Figure 4. The penumbra width inline (a) and crossline (b) of 10 MV at Dy, for the parallel plate PPCO5 ionization and the thimble ionization chamber CC13 at

different field sizes.
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Figure 5. The penumbra width inline (a) and crossline (b) of 6 MV FFF at Dy, for the parallel plate PPCO5 ionization and the thimble ionization chamber

CC13 at different field sizes.
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Figure 6. The penumbra width inline (a) and crossline (b) of 10 MV FFF at D for the parallel plate PPCO5 ionization and the thimble ionization chamber

CC13 at different field sizes.

Measurements of PPCO5 provided wider penumbra and
higher flatness values. The paired t-test results showed a
highly significant difference (p<0.001) between the two
chambers in measurements of penumbra regions taking
over all the investigated field sizes and depths in both inline
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and crossline datasets. The mean differences in all
instances were not greater than 1.65 £0.19 mm as in 6 MV
inline measurements while very small as shown in 10 MV
crossline measured 0.82 £0.22 mm, as shown in figure (7).
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Figure 7. Mean differences of the measurements performed using PPC05 and CC13 chambers for the penumbra regions in inline and crossline dataset at 6
MV and 10 MV with and without flattening filter. Error bars represents 1 stander deviation.

Table 2. Profile analysis of 6 MV and 10 MV for field size 10x10 cm2 at Dmax by the parallel plate PPCO5 ionization chamber, the thimble ionization

chamber CC13 and gaffchromic film.

For 6 MV
Right

Detector Depth Scantype  Flatness Symmetry Left Penumbra Pe%umbra
CC13 15cm  Crossline 102.60% 101.50% 6.6 mm - 6.7 mm

PPCO5 15cm Crossline 103.20% 101.00% 8.2mm-8.2mm

Film 15cm Crossline 104% 101.90% 6.1 mm-6.2mm

For 10 MV

CC13 23cm  Crossline  103.50% 100.20% 8.2 mm - 8.3 mm

PPC05 23cm  Crossline  104.90% 100.50% 9.0 mm - 9.0 mm

Film 23cm  Crossline 104% 101% 7.5mm-7.6 mm

Table 3. Profile analysis of 6 MV FFF and 10 MV FFF for field size 10x10 at Dmax by the parallel plate PPCO5 ionization chamber, the thimble ionization

chamber CC13 and gaffchromic film.

6 MV FFF
Detector Depth Scan type Symmetry Left Penumbra Isel!%:f”nbra
CC13 1.5cm Crossline 101.10% 7.1mm-7.1mm
PPCO05 15cm Crossline 100.70% 8.8mm-8.8mm
Film 15cm Crossline 101.20% 6.5 mm-6.6 mm
10 MV FFF
CC13 2.3cm Crossline 101.00% 9.4mm-9.3mm
PPC05 2.3cm Crossline 100.60% 11.0 mm - 10.8 mm
Film 2.3cm Crossline 101.20% 8.6 mm-8.5 mm

The thimble chamber CC13 showed the narrowest
penumbra after the Gaffchromic films, while the largest
penumbra was presented by the parallel plate chamber, see
tables 2-3.

For 6 MV, the CC13 showed the closest result to the
films, the difference between the CC13 and films was 8%
(0.5 mm), while the difference between the parallel plate
and the films was 33% (2 mm). For 10 MV, the difference
between the CC13 and films was 9.2% (0.7 mm), while the
difference between the parallel plate and the films was
19.2% (1.5 mm).

For 6 MV FFF, the difference between the CC13 and
films was 8.3% (0.6 mm) while the difference between the
parallel plate and the films was 34.3% (2.3 mm). For 10
MV FFF, the difference between the CC13 and films was

Iran J Med Phys, Vol. 19, No. 2, March 2022

9.3% (0.8 mm) while the difference between the parallel
plate and the films was 27.4% (2.4 mm).

Figures (8-9) show the intervals of local dose
differences addressed the different behavior of FFF beams
compared to FF beams for the high dose gradient of the
penumbra regions.

The figures show a new approach and simply viewing
to figure out the beam characteristic differences of FFF
beams and the ability of CC13 chamber to distinguish
between different high energies (10 MV and 10 MV FFF)
as shown in 8b vs 9b, while the PPC05 showed less ability
to define the beam characteristics differences for the same
energy level.
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Figure 8. The local doses intervals show the differences between (a) 6 MV FF and 6 MV FFF and (b) 10 MV FF and 10 MV FFF beams in penumbra region

for CC13 chamber at depth 10 for 10x10 field size.
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Figure 9. The local doses intervals show the differences between (a) 6 MV FF and 6 MV FFF and (b) 10 MV FF and 10 MV FFF beams in penumbra region

for PPCO5 chamber at depth 10 for 10x10 field size.

Discussion

From the PDDs curve we can notice that the removal
of flattening filter causes a significant rise in the surface
dose for FFF beam compared to the FF beam, which can
be explained by the large amounts of low energies in
FFF beams which are no longer filtered out with the
flattening filter. The results were in a good agreement
with the previous studies as the skin dose showed an
increase with increasing the field size, and decreases
with increasing the energy. [17,18]

Conventional beams have a hardened beam
spectrum. That is, it tends to contain small amounts of
low-energy X-ray radiation, resulting in lower surface
doses. On the other hand, FFF beams contain a large
amount of low-energy photons. These are no longer
filtered out by the flattening filter.

It was found that the skin doses taken by the thimble
chamber were more reasonable closer with the skin
doses taken by reference films, while the parallel plate

71

PPCO05 ionization chamber showed an overresponse in
the measurement of surface dose, as shown in figure (2).

The overresponse in surface dose regions detected
by the plane-parallel chamber agreed with Das et al
2008 [1] who reported that the plane-parallel chambers
showed an overresponse in the buildup region and
especially at the surface. However, according to
Apipunyasopon et al 2012 [19] who investigated the
percentage depth dose in the build-up region and the
surface dose for the 6-MV photon beam from a Varian
linear accelerator, the thimble ionization chamber
showed an overresponse in the measurement of surface
dose.

The percentage surface doses observed with CC13
dosimeter with the field sizes of 5x5 cm?, and 10x10
cm? were about 50% and 55%, while in our
measurements were 46.9% and 50.5%, respectively.
Imae T et al 2020 [20] described the differences
between the surface and build-up doses of the Elekta
and Varian linacs. There are many differences between

Iran J Med Phys, Vol. 19, No. 2, March 2022
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the two linacs, for example, the head design, the
positions of the collimator jaws and the MLC. For a
given x-ray field size, Elekta linacs provide a smaller
solid angle from a measurement point toward the
flattening filter ,therefore a smaller number of low
energy scattered particles reaches the measurement
point.

The literature different results led us to conclude
that the measurement of surface dose from different
linear accelerators using different dosimeters is
institutional experience and should be specifically
performed for each institution based.

We noticed from our results that the lowest value of
Dmax is obtained for the largest field size (20x20) having
the lowest value of scattering effect. The difference in
Dmax for different energies scored more values rather
than the difference in Dmax measured with different
dosimeters especially with field size increases. For field
size 10x10 cm?, the parallel plate chamber was closer to
the films in the Dmax Values than the thimble chamber.

Even though it was expected that the parallel plate
ionization chambers with smaller active volume than
CC13 would give better and narrow penumbra, the
relatively large active diameter has caused a
deteriorating effect on the spatial resolution of the
measurements. Recently, Patatoukas et al 2018 [21]
mentioned that if all detectors have the same shape and
material, and vary only in the volumes, then the
investigation of the change in penumbra width with
increasing volume of the detector will be more accurate.

Compared to conventional photon beams, FFF
beams have many different properties. They have
different beam profiles,higher dose rates, different
photon energy spectra, and different head scattering
characteristics. In addition, the characteristics of FFF
beams include sharper penumbra, less head scatter, and
lower doses outside the field.

FFF beams have different characteristics compared
to conventional flattened beams. These differences
depend on whether the energy of the electrons hitting
the bremsstrahlung target has been increased. The
penumbra shoulder for FFF beams was found sharper
than that of flattened beams. The FFF penumbra has
been found to be comparable to or broader than the
penumbra for flattened beams. In general, however,
these differences are small between the FFF and the FF
beams between the three detectors CC13, PPCO05 and
Gaffchromic films.

The results showed that the penumbra width
increases with increasing beam energy because of an
increase in the range of laterally scattered electrons. It
also showed an increase with increasing depth and field
size.

The parallel plate also showed the best symmetry
with all energies. This is because of its geometry that
easily allows to adjust it for measurements, while the
thimble ionization chamber showed the best flatness.
The accurate measurements of the penumbra width
should be considered in clinical practice to avoid
unnecessary radiation exposure to the healthy tissues.

Iran J Med Phys, Vol. 19, No. 2, March 2022

Our investigations wusing different ionization
chambers in the recent clinical practice of the free
flattening filter beams in advanced radiotherapy
techniques will open a new horizon to understand the
behavior of characterizations of the FFF beams for the
clinical implementation, in addition introducing this
kind of new practice into radiation therapy with a well
understanding its characteristics.

Conclusion

The uncertainties in the ion chamber readings in
terms of photon flux and stability during measurements
for the parallel plate and thimble ionization chambers
were very low similar to the uncertainties associated
with ion chamber localization and positioning. The
results of the surface doses showed an increase with
increasing the field size, and decreases with increasing
the energy. Surface doses in FFF are higher than the FF
beams for different field sizes by the two chambers due
to the FFF beams contain larger amounts of low-energy
photons since these are no longer filtered out by the
flattening filter.

The skin doses taken by the thimble chamber were
more close to the skin doses than those taken by
reference films. The parallel plate PPCO5 ionization
chamber showed an overresponse in the measurement of
surface dose. Therefore, we recommend the use of the
thimble chamber when attempts are made to address the
skin dose.

The wider penumbra obtained by the parallel plane
chamber PPCO5 could affect the modeling of the
treatment planning system and disturb the dose
distribution accuracy , which might lead to undesired
clinical implications.

There was a significant difference between the
parallel plate chamber and the thimble chamber in the
penumbra regions over all the investigated field sizes
and depths in both inline and crossline beam scans.
Future work is therefore warranted to investigate
thoroughly the performance of the parallel plate
ionization chamber versus highly accurate radiation
dosimeters such as semiconductor dosimeters, diamond
chambers, and Gafchromic films.
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