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ABSTRACT

Background: The purpose of this study was to investigate the dosimetric
characteristics of a new type of two-dimensional diode detector array used
for quality assurance of stereotactic radiosurgery (SRS). Materials and
Methods: The devices used in this study were the SRS MapCHECK detector
and the StereoPHAN. The detector has 1013 diode detectors over an area of
77 x 77 mm’. The reproducibility, dose linearity, dose rate dependencies,
output factors (OPFs) and angular dependencies were investigated as
dosimetric characteristics. The OPFs were measured and compared between
AP and PA direction ranging from 0.5 x 0.5 to 7 x 7 cm’. The angular
dependencies were measured using 19 gantry angles. Results: The dose
reproducibility and linearities showed sufficient performance of 6 MV and 10
MV. At 40 MU/min, there was a 1.3% difference from the ionization chamber
measurements. For the flattening filter-free beam, there was no dose rate
dependency from the 400 MU/minute to 2400 MU/minute, and the variation
was within 0.5%. For small irradiation fields of 1 cm or less, the measured
value of the SMC differed in AP and PA directions by up to 4.5%. The
maximum gantry angle dependency of the detector was 5.3%. A maximum
difference of -3.1% occurred between the measurements and TPS
calculations. Conclusion: Results indicate that the new 2D diode detector is
stable and useful for QA and end-to-end testing of SRS due to its excellent
dose characteristics, high resolution and ease of handling when combined
with the StereoPHAN.

Keywords: SRS MapCHECK, dosimetric QA, end-to-end testing, 2D diode detector
array, 2D measurement.

INTRODUCTION

Two-dimensional (2D) detectors are now a
standard, useful tool in advanced radiotherapy
for Linac quality assurance (QA) and
patient-specific QA. 2D detectors are efficient for
many QA procedures because they can measure

many point doses reliably, and are easy to set up
(1.2). While their advantages include dose
stability, low error rates, time-saving in QA and
economic advantages over the long term, a
drawback when compared with film is their low
resolution. To overcome these shortcomings,
some small high-resolution 2D-detectors have
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been developed based on liquid-filled or vented
ionization chambers, or on diodes (-7). In
practice, there are some limitations to each type
of detector, and it is important to understand
their respective characteristics. For a vented
ionization chamber, the minimum size of the
detector is limited to a size that allows sufficient
signal strength to be obtained. Additionally, the
measurement position of an ionization chamber
is influenced by the detector volume which
becomes large in regions having a steep dose
gradient(®). The liquid-filled ionization chamber
offers dosimetry in a smaller volume than a
vented ionization chamber, but such detectors
have a directional (angular) dependency of up to
5% (). In addition, responses of the liquid-filled
ionization chamber are influenced by the dose/
pulse and mean photon energy (4. Diodes are
small detectors and thus suitable for verifying
complex dose distributions. However, their
responses are also influenced by the dose/pulse
and mean photon energy, and a diode array may
have significant angular dependences within
+10% (2910,

kkmDose distributions in radiotherapy are
often generated using various characteristic
beam parameters such as the flattening-filter-
free (FFF) beam. Stereotactic radiosurgery (SRS)
is a high-precision radiotherapy technique, and
the overall treatment needs to be within
submillimeter accuracy (1. Furthermore, the
dose distribution of SRS is often complicated by
using intensity-modulated radiotherapy (IMRT),
volumetric-modulated arc therapy (VMAT),
many small fields, and the presence of multiple
targets. Thus, careful commissioning,
patient-specific QA and end-to-end testing are
essential to ensure the safety of these
treatments. For this reason, many studies have
been conducted on patient-specific QA with SRS
in recent years, using high-resolution film for
dosimetry (12-14). Although these studies have
shown good results and led to a variety of
innovations, the film-based approach has
disadvantages in terms of time and efficiency.
Recently, Sun Nuclear Corporation (USA)
released new equipment for SRS verification: the
SRS MapCHECK detector (Sun Nuclear
Corporation, USA: SMC) with the StereoPHAN

282

phantom (Sun Nuclear Corporation, USA). The
SMC is a high-density 2D diode array with 1013
silicon diodes, designed for patient-specific QA
and end-to-end testing. The diode used in the
SMC is a SunPoint2 diode (Sun Nuclear
Corporation, USA) with a detection area of
roughly 0.23 mm?2 As mentioned above, diode
detectors are known to have dose rate and
energy dependence. It is also important to clarify
the basic characteristics of the new 2D diode
array detector for the FFF beam, because many
treatment plans using FFF beams are performed
in SRS. In addition, the SMC is the first
commercial 2D diode array detector to offer
angular correction for each gantry angle. As far
as we know, no scientific paper so far has
examined the characteristics of this new diode
array detector. This study aimed to clarify the
various dosimetric characterizations of the SMC
for conventional (with-flattening filter: WFF)
and FFF beams. These results provide useful
data for more effective use of the new diode
array detector.

MATERIALS AND METHODS

Characterization of detector and phantom

The SMC is designed to be held by the
StereoPHAN and is equipped with 1013 small
diodes; the active detector area of each diode is
0.48x0.48 mm?Z and the active detector volume is
0.007 mm3. The effective measurement area of
the SMC is 77x77 mm? and the distance between
the centers of the detectors is 2.47 mm at 45°
(3.5 mm in-line diode spacing), so 55 detectors
are contained in a 2x2 cm? treatment field.
Figure 1 shows the physical specifications of the
SMC and StereoPHAN. The SMC is able to
perform absolute and relative dose analysis
using SNC Patient Software (Sun Nuclear
Corporation, USA). The supporting energies of
the SMC are 6 MV and 10 MV with both WFF and
FFF beams. The SMC is inserted into the
StereoPHAN and can be rotated and measured at
any angle for axial-sagittal viewing. The physical
dimensions (length/width/height) of the SMC
and the StereoPHAN are 320x105x45 mm3 and
518x276x323 mm3. The 162 mm cylinder of the
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StereoPHAN can be rotated through 360°, which
allows the measurement of an arbitrary section
using the SMC (figure 1).

ssp=100cm O
152 mm (axial)
!

270°

180°
(a)

Figure 1. Schematic diagram and dimensions of the SMC and
inserts within the StereoPHAN (a), appearance of the SMC (b),
internal detector arrangement and geometry (c).

According to the AAPM Task Group 218
report (3, the angular dependence of a general
diode array detector is within 10%, and angular
dependence should be taken into account for the
2D  array measurement. The angular
dependencies of diode arrays result from the
sensitivity of diode detector to the incident
beam angle and non-water equivalence of the
diode array (circuit boards, other detectors and
air gaps). The SMC is the first commercial
detector that can automatically correct angular
dependencies. Any angular correction algorithm
needs to know the incidence beam angle;
however, the SMC allows estimation of the
incident beam angle using only the data
measured by the device with two printed circuit
boards. As a preparatory step for measuring
using the SMC, array calibration is performed
from both anterior-posterior (AP) and
posterior-anterior (PA) directions, and these
data are wused for angular dependency
calibration. The angular dependency correction
for the diode response is performed by
constructing and applying an array calibration,
which is a weighted sum of AP and PA array
calibrations. The angular dependencies of the
SMC caused by differences in water equivalence
are handled by converting computer
tomography (CT) values on a treatment planning
system. The weighting factor of the sum of the
sensitivity of diode and non-water equivalence
is a function of the incident beam angle. In
clinical use, angular dependency corrections are
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calculated and applied for each beam-on update.

Experimental setup for measurements and
analysis of dosimetric characterization

All measurements were carried out using 6
MV WFF, 10 MV WFF, 6 MV FFF and 10 MV FFF
with a TrueBeam (Varian Medical Systems, USA).
The reference conditions for 6 MV WFF, 10 MV
WFF, 6 MV FFF, and 10 MV FFF were 5 x 5 cm?,
source-surface-distance (SSD) 100 cm and 100
monitor-unit (MU). Reference dose rates were
500 MU/min for the WFF beam, 1000 MU/min
for the 6 MV FFF, and 1600 MU/min for the 10
MV FFF. These reference conditions were used
for the array calibration.

The reproducibility of the output of the SMC
was investigated by taking five measurements
under the reference conditions. Regarding
reproducibility, a dose of more than 0.5 Gy was
used, all 1013 detectors were considered
separately, and the relative standard deviation
(RSD) and its dispersion for each detector were
analyzed. The dose linearity of each beam from 5
MU to 1000 MU was assessed using the same
measurement setup. The measured MU values
were 5, 10, 20, 30, 50, 100, 200, 300, 500, 7000,
and 1000 MU.

The dose rate dependences were measured
for 5 x 5 cm? and 100 MU at nominal dose rates
of 40, 100, 300 and 500 MU/min for the WFF
beam, 400, 600, 800, 1000, 1200 and 1400 MU/
min for 6 MV FFF, and 400, 800, 1200, 1600,
2000 and 2400 MU/min for 10 MV FFF.

The OPFs were assessed by delivering 100
MU from 0.5x0.5 cm? to 7x7 cm? square fields
with AP and PA planes to verify the variation
due to the difference of the incident surface. The
dose rate dependency and the OPF were
compared with ionization chamber
measurements. The dose rate dependencies
were measured using a 0.125 cc Semiflex
chamber (PTW 31010, Germany).

The angular dependencies were measured
using 19 gantry angles. The angles of incidence
near the horizontal direction of the detector
(near 90°) were obtained at a fine pitch gantry
angle, and the usefulness of the gantry angle
correction was verified. We used a treatment
planning system RayStation (TPS; version 8,
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RaySearch) to verify the angular dependencies
of the SMC. CT images of the SMC within the
StereoPHAN were taken to calculate TPS doses.
The Hounsfield unit (HU) of CT images of the
StereoPHAN with the SMC was overridden to a
density of 1.2 g/cm3, which is the recommended
value to compare dose distributions. In order to
compare the SMC measurements with the TPS
calculations, the absolute dose value of the SMC
was calibrated with the planned dose using the
0° beam.

RESULTS

The differences between the array
calibration factors in the AP and PA directions
were 7.15 * 0.43% for 6 MV and 5.46 + 0.38%
for 10 MV. The array calibration factors for each
detector were generally close, and no difference
in sensitivity was observed among the detectors.
Table 1 shows the average and maximum RSDs
of detectors irradiated over 0.5 Gy and all
detectors. For the detectors in the irradiation

field, the average value of RSD was 0.13% and
the maximum value was 0.2%. The RSDs for all
detectors were less than 1.06%. The detector
with the largest RSD at each energy was a
detector irradiated very a low dose, less than 3
cGy. There was no energy dependency in
the variation of the reproducibility.

Figure 2 shows the dose linearities of WFF
and FFF beams from 5 to 1000 MU of center
detector. The right figure shows an enlarged low
dose area of less than 100 MU. The low MU
regions of 5, 10, 20, and 30 represent the
average of three measurements. The coefficients
of determination (R2) were 1.000 for all beams,
and the results showed good dose linearity.

The results of the dose rate dependencies are
shown in Figure 3. For the FFF beam, there were
negligible dose rate dependencies from the
minimum to the maximum dose rates, and the
variations were within 0.5%. In contrast, for the
WFF beam, the response decreased at low dose
rates, and the maximum difference from the
ionization chamber was 1.3% at 40 MU/min.

Table 1. Average and maximum RSDs and dispersion of the RSDs of detectors irradiated over 0.5 Gy and all detectors.

More than 0.5 Gy

All detectors

(%) Average RSD | Dispersion of the RSD [Maximum RSD| Average RSD | Dispersion of the RSD | Maximum RSD
6 MV WFF 0.06 0.02 0.11 0.18 0.13 0.86
10 MV WFF 0.06 0.03 0.14 0.23 0.19 1.02
6 MV FFF 0.13 0.03 0.20 0.23 0.15 1.06
10 MV FFF 0.08 0.02 0.15 0.20 0.14 0.82

The OPFs for 6 and 10 MV / WFF and FFF
beams are shown in table 2. Table 2 shows the
OPFs measured using SMC of AP and PA
directions and differences between AP or PA
directions of the SMC. For fields larger than 2x2
cm?, the OPFs between AP and PA direction
agreed well, within 1%. For small irradiation
fields of 1 cm or less, the measured value of the
SMC differed in AP and PA directions by up to
4.5%.

Figure 4 shows the angular dependencies
measured using the SMC. We set the reference
beam angle to 0°, i.e., perpendicular to the SMC,
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and calculated the angular dependencies of dose
differences to 0°. For angles except near-
horizontal, the maximum difference was 1.2%
and the angular dependencies were small. Data
acquired in the horizontal direction relative to
the detector array, i.e., at 80° - 95° and 270°,
showed a random variation relative to the gantry
angle, with a maximum difference of -5.3% for
the 10 MV WFF beam. Compared with the TPS,
there was a maximum difference of -3.87%
between the SMC measurements and the TPS
calculations, and the worst gamma value
(1 mm/2%) was 49.3% for the 10 MV WFF beam
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at 90° (table 3). Figure 5 shows a comparison of
dose distributions between the SMC and the TPS
of the 0° beam of each energy and the 85° and
90° beams of the 10 MV WFF. The dose
distributions from the 0° beam agreed very well
for all energies of WFF and FFF. This also
confirmed that the resolution of the SMC was
high and that the dose distributions in the
penumbra area were obtained with high
accuracy (figure 5a-d). Except for the horizontal

o 6 MV-WFF a

800 = 10 MV-WFF R? = 1.000 N
— 600 2 6 MV-FFF
) o 10 MV-FFF @
% 400 g
a

]
200 .
0 &8 (a)

0 200 400 600 800 1000

MU

line beams, all dose distributions were perfectly
consistent with the relative dose (gamma pass: 1
mm/2%, pass rate: 100%). These results
suggested that the decrease in the pass rate of
these beams reflects the deviation of the central
dose. In contrast, as expected, the slopes of the
dose distribution did not agree between the SMC
measurements and TPS calculations for the 90°
and 270° beams (figure 5e and 5f).

100
80 @

60

Dose (cGy)

40 g
20 8
o ©® » (b)

0 20 40 60 80 100
MU

Figure 2. Dose linearities of WFF and FFF beams from 5 to 1000 MU (a). An enlarged low dose area of less than 100 MU (b).

Table 2. Differences between OPF of AP or PA directions of the SMC and

the ionization chamber measurements.
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Table 3. Differences between the SMC measurements and TPS calculations with gantry angle. Gamma shows gamma-index pass
rate (1 mm /2%). Dose differences are calculated by the following formula: (SMC —TPS) / TPS x 100 [%)].

Local percentage difference from chamber measurements (%)
Gantry angle (°) 6 MV WFF 6 MV FFF
Gamma (1 mm/2%)Dose difference (%)/Gamma (1 mm/2%)|Dose difference (%)

0 100.0 0.00 100.0 0.00
45 100.0 0.81 100.0 0.66
80 80.6 1.65 63.1 2.77
85 95.3 0.49 95.5 0.90
90 54.6 -0.93 554 1.76
95 92.6 1.57 91.8 2.28
135 100.0 0.46 100.0 1.10
180 100.0 -0.35 100.0 0.71
270 59.7 -0.35 58.9 1.94

Gantry angle (%) 10 MV WFF 10 MV FFF
Gamma (1 mm/2%)|Dose difference (%)Gamma (1 mm/2%)|Dose difference (%)

0 100.0 0.00 100.0 0.00
45 100.0 0.67 100.0 0.81
80 95.7 0.08 76.9 1.63
85 96.7 -0.81 94.6 0.16
90 49.3 -3.87 52.8 -1.24
95 93.0 -0.24 92.0 1.36
135 100.0 -0.31 100.0 0.69
180 100.0 0.87 100.0 0.92
270 52.1 -3.46 56.0 -0.95

=]
o

a)j6 MVWFF 20

b) 6 MV FFF 100

(c) 10 MV WFF

= = =

260 Q60 3 80

v 2 & 60

Sa0 < 40 3

] & & a0
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Figure 5. Comparison of dose distributions between the SMC and TPS using 0° beam of each energy (a-d) and 85° and 90° beams
of 10 MV WFF (e, f). Closed symbols showed corrected data and open symbols showed uncorrected data.

DISCUSSION

We examined various dosimetric characteri-
zations of the SMC for WFF and FFF beams of 6
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MV and 10 MV. Our results indicate that the SMC
is a stable detector and useful for QA and end-to-

end testing of SRS. As shown in table 1 and
figure 2, the responses of the detector for 6 MV
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and 10 MV were stable and did not depend on
the beam type. Furthermore, the dose linearity
and reproducibility showed sufficient
performance. The results of array calibration
performed in the AP and PA directions indicated
that the diode detector demonstrates incident
angle dependency on the beam energy, and the
sensitivity variation among the detectors was
small. As for the reproducibility and dose
linearity, the results were equivalent to those of
previous studies that evaluated the performance
characteristics of two-dimensional detectors,
and confirmed that the performance is sufficient
(15, 16).

As in previous reports (7. 17. 18 ap
under-response of the diode detector was
observed at low dose rates, which is a known
limitation of diode detectors. The WFF beam
was examined up to at least 40 MU/min, which
is 29-33 cGy/min. Our results showed almost
the same dose rate dependency as reported by
Letourneau et al (19), and the basic performance
of the diode detector was considered to be
similar for dose rate. This under-response is due
to the fact that the recombination center near
the band edge of silicon becomes empty and
some of the generated charge carriers are lost to
these traps (19). The available dose rate for the
TrueBeam FFF beam used in this study was 400
- 2400 MU/min, and within this range, the dose
rate dependencies were within 0.5%. Since the
dose rate decreases during irradiation with the
VMAT, it is important to understand the
under-response due to this decrease in dose
rate.

The difference of the OPFs between AP and
PA direction of small fields of 1x1 cm? or less
was up to 4.54%. This larger difference for
smaller fields was considered to be caused by a
sensitivity change of the diode direction. Many
studies have examined dosimetry in small static
fields, reporting that the response characteristic
of the detector changes due to a volume effect, a
change in the energy spectrum in a small
radiation field, or a change influence by using a
solid phantom (20-25). From the TRS report 483
(26), the maximum uncertainty in measurements
of a small irradiation field of 0.5x0.5 cm using a
Sun Nuclear EDGE diode was estimated at about

Int. J. Radiat. Res., Vol. 19 No. 2, April 2021

+3.5%. However, the internal structure of the
SMC is complicated and the detectors are close
to each other, and the fluence change due to the
material of the SMC and the StereoPHAN has not
been clarified. It will be necessary to clarify
these points by Monte Carlo simulation or
measurements using other detectors.

As shown in figures 4, 5 and table 3, the
gantry angle dependencies of the SMC were
within 5.3% relative to 0°, and a maximum
difference of -3.1% occurred between the SMC
measurements and TPS calculations. Previous
studies using the diode detector array,
MapCHECK, and MapCHECK2, reported gantry
angle dependencies of 25-40% for horizontal
incidence beams (27-29). In these reports, the
incidence angle dependency was 5 - 10% even
with irradiation from an oblique field, From the
data without the angle correction (indicated as
dotted lines in figure 4), it can be seen that the
angle dependency of about 15% occurs in the
horizontal beam when the correction is not
performed, which is greatly improved by the
angle correction of the SMC. Improvements
include better detector performance, the shape
of the StereoPHAN, and the effect of automatic
gantry angle correction. Gantry angle
dependencies of 5-15% were also reported for
other  two-dimensional detectors  using
ionization chambers (+1518), and excellent results
were obtained in the present study. In
comparison with the treatment planning system,
results of 80° showed a 1.6 ~ 2.7% difference in
the central dose, which resulted in a lower
gamma-index pass rate. In addition, the SMC can
be used in combination with the StereoPHAN to
rotate the detection surface and obtain data at
any angle. A phantom must be uniformly
overwritten on TPS; however, patient
verification can also be performed while
avoiding the high-impact horizontal incidence
beam angle.

CONCLUSION

We reported various dosimetric
characterizations of the SMC for WFF and FFF
beams. The SMC showed excellent dose
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characteristics even in comparison with other
two-dimensional array type detectors. Although
its utility for actual clinical patient-specific QA
needs to be verified in the future because of the
dose dependencies by irradiation field and
incident direction, good results may be expected
because of the superior characteristics
compared with existing 2D detector arrays.
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