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ABSTRACT

Background: Beam matching is widely used to ensure that linear accelerators used in radiotherapy have equal dosimetry
characteristics. Small-field output factors (OF) were measured using different detectors infour beam-matched linear accelera-
tors and the measured OFs were compared with existing treatment planning system (TPS) Monte Carlo algorithm calculated
OFs.

Materials and methods: Three Elekta Versa HD™and one Elekta Infinity™linear accelerators with photon energies of 6 MV
flattening filter (FF), 10 MVFF, 6 MV flattening filter free (FFF) and 10 MVFFF were used in this study. All the Linac’swere
beam-matched, Dosimetry beam data were + 1% compare with Reference Linac. Ten different type of detectors (four ion-
izationchambers and six diode detectors) were used for small-field OF measurements.The OFs were measured for field sizes
of 1% 1to 10 X 10 cm? and normalized to 10 x 10 cm*field size. The uncorrected and corrected OFs were calculated from
these measurements. The corrected OF was compare with existing treatment planning system (TPS) Monte Carlo algorithm
calculated OFs.

Results: The small-field corrected and Uncorrected OF variations among the linear accelerators was within 1% for all energies
and detectors. An increase in field size led to a reduction in the difference between OFs among the detectors, which was
the case for all energies. The RSD values decreased with increasing field size. The TRS 483 provided Detector-specificoutput-
correction factor (OCF) reduced uncertainty in small-field measurements.

Conclusion: It is necessary to implement the OF-correction of small fields in a TPS. Special care must be taken to incorporate
the corrected small-field OF in a TPS.

Key words: output factor; small field; linear accelerator; treatment planning system
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Introduction

The aim of advanced radiotherapy treatment
techniques is the delivery of highly conformal
and accurate doses to tumors, while reducing

the normal tissue dose. The treatment flexibility
and efficiency of radiotherapy departments could
be improved if linear accelerators (linacs) were do-
simetrically identical, and patients could be treat-
ed using any linac without the need to adjust their
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treatment plans. Identical dosimetric character-
istics can be achieved using beam-matched linacs
[1]. In the literature, there are many studies avail-
able for beam-matched linacs from different ven-
dors [1-8]. Beam matching is performed during
a customer acceptance procedure (CAP), ensuring
the clinically acceptable degree of accuracy between
linacs. A satisfactory beam match is determined by
ensuring that the beam data percentage depth dose
at 10cm depth (PDD,,), beam profiles, output, out-
put factors (OF), and multi-leaf collimator (MLC)
leaf transmission factor for a linac is matched as
closely as possible to one set from a reference linac.
The treatment planning system (TPS) beam data
are generated based on the reference beam data set.
To limit the exposure to toxic levels of radiation in
normal tissues and organs at risk in Stereotactic
Radiosurgery (SRS), Stereotactic Body Radiother-
apy (SBRT) and Stereotactic Radiotherapy (SRT)
plans, a large number of small fields are used [9].
These small fields are created using an MLC or
a circular cone collimator. There are various chal-
lenges related to the measurement of small-field
dosimetry due a rapid dose fall-oft at the beam
edges and partial occlusion of the primary radia-
tion source [10-14]. Small-volume and high-spa-
tial-resolution detectors are required to measure
small-field OFs [15-16]. There is currently no ide-
al detector available to measure small fields, due
to the engineering of detector design, tolerance
limits and perturbation factors. The lack of lateral
charge particle equilibrium (LCPE), volume aver-
age and non-tissue equivalence of detector mate-
rials prompts the need for detector-specific output
correction factors (OCF) [10-11, 17].
Detector-specific OCF that have been obtained
for various detectors are available in the literature,
which were determined based on any of the fol-
lowing empirical methods: (i) use of an empirical
comparison between the field and reference de-
tector signal ratio to generate the correction factor
[16-21]; (ii) use of a numerical simulation model
such as Monte Carlo to generate the correction fac-
tor [22-24]; (iii) use of a semi-empirical approach.
Most researchers work with this last method, com-
paring measurement and simulation to generate
the correction factor [17, 23-24].
The American Association of Physicists in
Medicine (AAPM) and the International Atomic
Energy Agency (IAEA) published the Technical

Report Series (TRS-483) protocol for small-field
dosimetry [10]. The protocol contains a set of de-
tector-specific OCF for detector manufactured by
different vendors, such as. PTW Dosimetry (Ger-
many), IBA Dosimetry (Germany), Sun Nuclear
Corporation (United States), and Standard Imag-
ing (United States).

Smith et al., 2020, evaluated the TRS483 pro-
tocol recommended OF for 6MV FF beam using
nine detectors in Elekta SRS cone and MLC [19].
However, in that literature the data is not available
for 6MV FFF, 10MV FFF and 10MV FF beams.
Also, the small field OCF data is not available
for Elekta Medical Systems (United Kingdom)
beam matched linacs. Most of Institute TPS algo-
rithms were commissioned based on uncorrected
OFs data. In our Institute, the four-beam matched
Linac’s have been in clinical use since 2016. This
TPS-Monti Carlo algorithm was commissioned
based on uncorrected OFs data. Hence in this
study, the 6 MV and 10 MV [flattening filter (FF)
and flattening filter free (FFF)] photon beams
small-field OFs were measured and compared us-
ing ten detectors. The corrected OFs were com-
pared to the existing TPS-Monti Carlo algorithm
calculated OFs.

Materials and methods

Elekta agility multi-leaf collimator

Three Elekta Versa HD™ (Elekta AB, Stock-
holm, Sweden) and an Elekta InﬁnityTM‘ (Elekta
AB, Stockholm, Sweden) linacs are in clinical use
in our institution. These four linacs are equipped
with photon beam of 6, 10, and 15 MV FF beam,
and the Versa HD linear accelerators have the ad-
ditional features of 6 MV and 10 MV FFF photon
beams. All four linacs have in-built 160-leaf Agili-
ty Multi-leaf collimators. The lower jaw is a tung-
sten block and MLC leaves are the upper jaw, their
widths are 5 mm, and they cover a maximum field
size of 40 x 40 cm’ at the isocenter. The linacs
PDD, beam profile, MLC transmission and OF are
beam-matched as per the Elekta customer accep-
tance test (CAP) guidelines.

Detectors
Ten different types of detectors, four ionization
chambers and six diode detectors (three shield-
ed and three unshielded diodes) were used for
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Table 1. Physical characterizes of detectors

Active volume Effective TRS-483 detector specific OCF
dimensions Material atomic minimum equivalent square filed
number (Z.4) (Sain) used in these studies’
) o Dia— 6 mm
IBA CC13 G e el Height — 5.8 mm Air 7.6 2.06
ionization chamber
Volume —0.13 mm®
) o Dia—2 mm
IBA CCO1 AU ey e Height — 3.6 mm Air 7.6 116
ionization chamber
Volume — 0.1 mm’
Disk Dia— 2 mm
IBA PFD 3G Shielded diode Thick — 0.06 mm Silicon 14 1.16
Volume — 0.19 mm’
Disk Dia— 2 mm
IBA EFD 3G Unshielded diode Thick — 0.06 mm Silicon 14 1.16
Volume — 0.19 mm’
- Dia —2 mm
PTW PINPOINT Air filled-cylindrical . .
31014 jonization chamber e =il Air S (8l
Volume — 15 mm’
PTW SEMIFLEX i indri Dia =55 mm
GG aIe Uz Height — 6.5 mm Air 7.6 2.06
31010 ionization chamber
Volume — 125 mm’
Disk Dia— 1.13 mm
PTW DIODE P
o Shielded diode Thick — 2.5 um Silicon 14 1.16
Volume — 0.0025 mm’
Disk Dia — 1.13 mm
PTW DIODE E
T Unshielded diode Thick — 30 um Silicon 14 1.16
Volume — 0.03 mm’
Disk Dia— 1.13 mm
PTW DIODE SRS
T Unshielded diode Thick — 250 um Silicon 14 1.16
Volume — 0.3 mm’
Square 0.8 X 0.8 mm’
Eggggg‘;ém Shielded diode Thick — 30 um Silicon 14 1.16
Volume — 0.019 mm’

*TRS-483 suggested maximum detector specific output correction factors (OCF) for the equivalent square field size 8 cm

OF measurements. The physical characteristics of
the detectors are shown in Table 1. The PTW Uni-
dos and IBA Dose 1 electrometers were used for mea-
surement. The bias voltage for the ionization cham-
bers was +300 V, while that of the diode was 0 V. For
all measurements, the ion chambers and edge diode
were positioned perpendicular to the central axis of
the beam and all other diodes were positioned par-
allel to the central axis of the beam. The measure-
ment setup used in this study is shown in Figure 1.
All the detectors are used to measure OF reading
for 1 x 1 cm® to 10 x 10 cm’ field size, except IBA
CC01 and PTW Semiflex, because detector specific
OCR factor for 1 x 1 cm’ field size is not available

in the TRS-483 protocol. These detectors OF mea-
surements were done for 2 x 2 cm’ to 10 x 10 cm’
field sizes.

Equivalent square field (S;.)
measurement

The detector-specific output correction fac-
tor is provided in the TRS 483 protocol (Tab. 26
and 27) these were calculated based on energy
and equivalent square small-field sizes [10]. Geo-
metrical field size was converted into equivalent
square small-field size (Sg,): equivalent square
fields were calculated for field sizes ranging from
1 x 1to 10 x 10 cm’ for the four linear accelera-
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lonization
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Figure 1. Detectors position in the central axis of the beam. SSD — source to surface distance

tors, as suggested by the TRS 483 protocol, using
formula (1).

Sciin = VA*B (1)

In a square field of size A and B, the radia-
tion field full width at half maximum (FWHM)
is in-line and cross-line direction perpendicular
to the central axis of the beam, at a source to sur-
face distance (SSD) of 90 cm and a depth of 10 cm.
The IBA CCO01 was used for S, measurements
and initial commission beam data were measured
used the same detector.

Output factor measurement

Output factor measurements were performed
using the IBA Dosimetry (Blue phantom?®)
with myQA Accept software. The phantom scan-
ning dimensions were: 480 mm (L) x 480 mm
(W) x 410 mm (H), with a positional reproduc-
ibility of + 0.1 mm. The measurements were per-
formed at an SSD of 90 cm and a depth of 10 cm,
and the detector was positioned at the isocenter.
The OF was measured for field sizes between 1 x 1
and 10x10 cm’ using the ten different types of de-
tectors, with the 10 x 10 cm’field size as a reference
size for all photon energies. The measurements
were performed in all four linacs. Pre- and post-ir-
radiation leakage was noted before each measure-
ment. For each energy, the measurement was re-
peated three times with 100 monitor unit (MU).
The output consistency and beam quality (TPRy,,)

were monitored every day before measurements
were obtained. The uncorrected OFs were calculat-
ed using formula (2).

Detector reading for given field size
Detector reading for reference field size

(2)

Uncorrected OF =

Detector-specific output correction was applied
to each detector and the corrected output factor
was calculated.

Detector reading for given field size
Detector reading for reference field size

Corrected OF =

X Detector specific OCF *

3)

*Correction factor provided in TRS 483 protocol
(Tab. 26 and 27).

Relative standard deviation
Relative standard deviation (RSD) was calcu-
lated for the uncorrected and corrected output
factor values for the various detectors, with differ-
ent beam energies (6MVFF, 6MVFFF, 10MVFE
and 10MVFFF) and field sizes [19].
Standard deviation

RSD = x 100 (4)
Mean

Comparison of measured
and TPS-generated OFs
The Elekta Medical Systems (Monaco 5.51.10),
UK TPS beam data was commissioned for Mon-
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te Carlo, Pencil Beam, and collapsed cone con-
volution algorithms. The OF was calculated for
field sizes of 1 x 1 to 10 x 10 cm’with a 10 Gy
dose at an SSD of 90 cm and a depth of 10 cm
[24]. The water phantom with the dimension of
30 cm x 30 cm X 30 cm was created in the TPS
to calculate OF using the Monte Carlo algorithm.
The dose per MU was calculated for each field size,
which was then normalized to a 10 x 10 cm’ field
size. The corrected OFs were calculated from mea-
surement and compared with the TPS Monte Car-
lo algorithm calculated OFs.

Results

Equivalent square field (S.)
measurement

Equivalent square field size was calculated for
each field size using formula (1). Table 2 shows
the calculated equivalent square field sizes for 6
MV FE, 6 MV FFE 10 MV FFE and 10 MV FFF pho-
ton beams from all four linacs. For all energies S,
field size increases with decrease in geometric field
size.

Output factor measurement
The OF measurements were performed for field
sizes ranging from 1 x 1 to 10 x 10 cm” using ten
different types of detectors. An OF measurement
was not performed for the detectors IBA CCl13
and PTW semi flex (0.125 cc) for a field size of
1 x 1 cm’because a detector-specific OCF for these

detectors was not available in the literature [14].
The uncorrected and corrected OFs were calculat-
ed using formulas (2) and (3). Figures 2-4 and 5
show variations in uncorrected and corrected OFs
with respect to field size for the 6 MV FF, 10 MV FF,
6 MV FFF, and 10 MV FFF photon beams, respec-
tively. The IBA EFD detector shows the maximum
variation in the uncorrected OF with 1 x 1 cm’
field size for all the energies. For energies and de-
tectors, the difference in OF reduces after applying
the detector specific correction factor compared to
uncorrected OF. Among the entire beam matched
linacs the difference in OF is within 1% for all de-
tectors.

Relative standard deviation

The percentage of RSD was calculated for the un-
corrected and corrected OF values. Tables 3-5,and 6
show the calculated RSD values for the uncorrect-
ed and corrected OFs for the 6 MVFF, 10 MVFE 6
MVFFE and 10 MVFFF photon beams, respective-
ly. The maximum RSD was observed for the field
size 1 x 1 cm’ among all the detectors and energies.
After applying the detector-specific OCE, the RSD
value reduced to 2.25 + 0.05 (%) for 1 x 1cm” field
size less than 1% for > 2 x 2 cm’field size for all
energies.

Comparison of measured
and TPS-calculated OFs
The TPS calculated OFs were compared
with measured OFs. The percentage of variation

Table 2. The calculated equivalent square filed sizes for all four linear accelerators

Equivalent square field (S;,) [cm]

g:;:jn;ii:ical Versa HD1 Versa HD2 Versa HD3 Infinity
length [cm] 6MV 10MV 10MV 6MV 6MV 10MV 10MV 6MV 6MV 10MV 10MV 6MV 10MV
FFF FF FFF FFF FF FFF FF FFF FF FFF FF FF
1.16 1.18 1.17 1.20 1.16 1.22 1.18 1.18 1.17 1.24 1.19 1.22 1.20
2 2.11 2.09 2.06 2.08 2.13 2.12 2.08 2.10 2.11 2.10 2.12 2.09 2.09 2.10
3 3.08 3.07 3.05 3.07 3.11 3.09 3.08 3.10 3.10 3.08 3.09 3.07 3.09 3.08
4 4.06 4.01 4.04 4.02 4.07 4.04 4.02 4.05 4.08 4.07 4.09 4.09 411 4.01
5 5.02 5.00 5.03 5.0 5.04 5.03 5.01 5.02 5.04 5.03 5.05 5.02 5.01 5.03
6 6.02 6.01 6.00 5.98 6.05 6.02 6.03 6.03 6.04 6.02 6.04 6.05 6.03 6.02
7 7.01 6.95 6.97 6.99 7.00 6.99 6.99 6.98 7.03 7.01 7.04 7.03 7.00 7.00
8 7.98 7.97 7.98 7.96 7.99 7.96 7.97 7.98 8.01 7.98 7.99 8.00 7.98 7.99
9 8.99 8.97 8.99 8.96 8.98 8.98 8.95 8.96 8.99 8.98 8.96 8.97 8.96 8.98
10 9.97 9.95 9.95 9.97 9.98 9.96 9.92 9.93 9.96 9.94 9.95 9.97 9.99 9.95

FF — flattening filter; FFF — flattening filter free
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Figure 2. The uncorrected and corrected output factors (OF) for the 6 MV flattening filter (FF) photon beam

with respect to field size was observed for field siz-
es ranging from 1 x 1 to 10 x 10 cm’. Figures 6-8
and 9 show the percentage differences in OF with
respect to field size for the 6 MVFE, 10 MVFFE, 6
MVFFE and 10 MVFFF photon beams, respec-
tively. Wolfgang et al., 2018, shows that the action
limit for the measured and TPS algorithm gener-
ated OF was + 3% field size < 2 x 2 cm® and + 2%
field size > 2 x 2 cm”. Our results show less than 2%
Varian for all the field size, which is in good agree-
ment with the above finding. [24]. All the energies
unshielded diode OF shows the more variation
with respect to TPS OF. The TPS beam data was
commissioned using CCO1 ionization chamber.
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Discussion

Flexibility in radiotherapy treatment would be
improved if patients could be moved from one linac
to another without changing their treatment plans.
This may be achieved by employing beam-matched
linacs that have the same dosimetric parameters. In
this study, we used four beam-matched Elekta lin-
acs which contained the same type of Agility MLC
collimator. Small-field OF was measured and com-
pared for four beam-matched linacs using differ-
ent types of detectors. The measured OFs between
the beam-matched linacs were within 1% for all
energies and detectors.
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Figure 3. The uncorrected and corrected output factors (OF) for the 10 MV flattening filter (FF) photon beam

Wolfgang stated that when using shielded di-
odes for the dosimetry of small fields with FF-
and FFF-beams, the correction factors determined
for FF-beams could not necessarily be applied to
FFF-beams, particularly in the case of higher en-
ergies. There was no significant difference between
the dose responses of other detectors used for FF-
and FFF-beam small-field measurement. For the ten
detectors used in this study, there were no signifi-
cant differences in dose response between the de-
tectors, with the similar exception of the shielded
diode [25]. For all energies, the unshielded diode
showed over-response for the 1 x 1 cm” uncorrect-
ed OF measurement. Among the eight detectors

https://journals.viamedica.pl/rpor

used for the 1 x 1 cm? field size OF measurement,
the IBA EFD Diode showed the maximum vari-
ation of 4.79 % for a 6MV FF beam. Similar OF
values were observed for a field size > 2 x 2 at all
energies and for all ten detectors. An increase in
field size led to a reduction in the OF differences
between detectors for all energies.

FWHM was observed in Elekta SRS cone us-
ing high spatial resolution monolithic silicon de-
tector array (DUO) and compared with EBT3 film
and IBA SFD measurement, the result showed
the agreement of + 0.5 mm. The FWHM increased
with decrease in cone size [16]. Our study also
shows that there was no significant difference be-
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Figure 4. The uncorrected and corrected output factors (OF) for the 6 MV flattening filter free (FFF) photon beam

Figure 5. The uncorrected and corrected output factors (OF) for the 10 MV flattening filter free (FFF) photon beam
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Figure 6. Comparison of measured and treatment planning system (TPS) generated output factors (OF) for 6 MV flattening

filter (FF) photon beam
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Figure 7. Comparison of measured and treatment planning system (TPS) generated output factors (OF) for 10 MV flattening

filter (FF) photon beam

tween the geometric and calculated equivalent
square field (S.,) sizes for Agility collimator.

Clare et al., 2019, found that the RSD value for
corrected OF was reduced for all types of detector
compared to the uncorrected OF. The percentage
difference between the corrected and uncorrected
OF values decreased with increasing field size [19].
Our results also showed that the maximum RSD
variations among all detectors for a field size of
1 x 1 cm® were 3.57, 1.23, and 2.34% for uncorrect-
ed, corrected and maximum difference, respective-
ly. For a field size > 2 x 2 cm’, the RSD difference
was less than 1% for all energies and the RSD values
further decreased with increasing field size.

The corrected OFs obtained in this study were
in good agreement with the literature values,
and the TRS 483-detector-specific OCF helped
to reduce the uncertainty in small-field measure-
ments, mainly due to the loss of charge particle
equilibrium, source occlusion, detector material,
and chamber volume.

Wolfgang et al, 2018, show the treatment
unit measured and TPS OF data in multinational
audit. For the 2 x 2 cm” field size the mean values
of the ratio of calculated and reference OFs were
significantly different from unity, for Varian linacs
— Eclipse TPS the value was 1.030 + 0.003 (p-val-
ue < 0.01), for Elekta linacs — Monaco the val-
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Figure 8. Comparison of measured and treatment planning system (TPS) generated output factors (OF) for 6 MV flattening

filter free (FFF) photon beam
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Figure 9. Comparison of measured and treatment planning system (TPS) generated output factors (OF) for 10 MV flattening

filter free (FFF) photon beam

ue was 1.013 £ 0.003 (p-value < 0.01) and for Sie-
mens linacs — Oncentra the value was 1.033 + 0.006
(p-value = 0.016). The difference increased with
decrease in field size. In some institutions the dif-
ference was more than the action limit [24].

The corrected OF was compared with the TPS-cal-
culated OF, and the IBA EFD unshielded diode
showed the maximum variations of 4.81 + 0.10,
4.49 +0.28,4.65 +0.03, and 4.73 + 0.18% for 6 MV
FF, 6 MV FFE 10 MV FFE and 10 MV FFF photon
beams, respectively. In contrast, the IBA CCO01
chamber showed low variations of 0.96 + 0.09,
1.03 +0.14, 0.91 + 0.05 and 0.88 + 0.25% for 6 MV
FE, 6 MV FFE, 10 MV FFE and 10 MV FFF photon

beams, respectively. The TPS was commissioned
using an IBA CCO1 chamber. However, the TRS
483-recommended corrected factor was not used
during TPS commissioning.

Conclusion

The measured OFs for four beam-matched linear
accelerators were corrected using the detector-spe-
cific correction factors provided in the JAEA TRS
483 protocol. The corrections were applied to
all the detectors used in this study. However, for
the IBA CC13 and PTW SemiFlex 31010 chambers
the correction factors were applied for the field
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size > 2 x 2 cm’. The corrected OFs showed less
significant variations and were more consistent
than the uncorrected OFs for field sizes > 2 x 2 cm”.
Moreover, for a small-field size of 1 x 1 cm” the cor-
rected OF showed a similar response. The mea-
sured OF variations among the beam-matched lin-
acs were consistent for all detectors.

The corrected OF for the CC01 chamber showed
a maximum variation of 1.03% compared to
the TPS-calculated OE This could have been be-
cause the TPS OF was initially commissioned with-
out employing the JAEA TRS 483-recommended
correction factor. These findings suggest that it is
necessary to implement the corrected OF for small
fields in a TPS. Special care must be taken to incor-
porate the corrected small-field OF in TPS.
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