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1 | INTRODUCTION

Purpose: To evaluate a two-dimensional diode array for patient-specific quality
assurance of VMAT stereotactic radiosurgery (SRS) plans.

Methods: The diode array,an SRS MapCHECK (SRSMC), was composed of a
77 mm X77 mm face-centered array having a spacing of 2.47 mm. Sixty SRS
plans were selected from our clinical database, 30 for treatment of a single tar-
get and 30 for multiple targets. The target sizes ranged from 2.4 mm to 44.7 mm
equivalent diameter (median 8.7 mm). The plans were delivered to the diode
array. For multiple target plans, two measurements were obtained at two loca-
tions, one corresponding to the largest target and the other to the smallest target.
Gamma using a 3%/1 mm criteria and the dose to the center diode were com-
pared with radiochromic film (RCF). Dose to selected regions of the detector
electronics was calculated.

Results: The mean difference between the center diode and RCF was —1.2%.
For a threshold of at least 95% of detectors/pixels having gamma < 1 for a
3%/1 mm criteria, SRSMC and RCF gave consistent results for 79 of the 90
measurements. For plans with an arc having a patient support angle of 90° or
270°, the median dose to the electronics was 0.65% of the prescription dose.
Conclusions: SRSMC is an efficient tool for accurate patient-specific quality
assurance of VMAT single and multiple target radiosurgery, yielding similar clin-
ical decisions as radiochromic film.
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The efficiency of VMAT SRS has led vendors to
develop systems that automate planning for multiple

The use of volumetric modulated arc therapy (VMAT)
to deliver stereotactic radiosurgery (SRS) is becoming
increasingly common."? Furthermore, planning tech-
niques have been developed that produce high-quality
plans for simultaneous treatment of multiple lesions
using a single isocenter>° When combined with high
dose rate flattening filter-free beams, these plans can
be delivered very efficiently, having treatment times
similar to those for conventional fractionation.®

brain targets using a single isocenter (e.g., HyperArc,
Varian Medical Systems, Palo Alto, CA; and BrainLab
Multiple Metastasis Elements™, BrainLab, Munich,
Germany).” BrainLab Multiple Metastasis Elements™ is
a linear accelerator agnostic planning system, whereas
HyperArc is specifically for the TrueBeam Delivery
System (Varian Medical Systems, Palo Alto, CA).
HyperArc relies on a normal tissue objective (NTO)
specific to multi-target radiosurgery planning and allows
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automated delivery without a requirement for room
entry to change couch angles.

For patient-specific optimized plans, the current stan-
dard of care requires measurements to assess the
accuracy of dose delivery®~'" Measurement of VMAT
SRS plans is challenging because of the small target
sizes. Small target sizes require a high-resolution detec-
tor and a careful compensation for detector response in
small field sizes.'? We used radiochromic film (RCF) for
patient-specific quality assurance of HyperArc plans.'®
RCF has high resolution and, with careful calibration,
can provide accurate dosimetry.'*~'® However, RCF is
labor-intensive and requires delay between irradiation
and analysis. Based on the work of Rose et al.'” and
Ahmed et al.’®, we hypothesized that a high-resolution
two-dimensional diode array could be used to replace
RCEF for patient-specific quality assurance of HyperArc
plans.

2 | METHODS
The SRS MapCHECK (SRSMC) (Sun Nuclear Corpora-
tion, Melbourne, FL) is composed of 1013 n-type diodes
having a volume of 0.007 mm3 (0.48 mm x 0.48 mm
x 0.03 mm) arranged in a 77 x 77 mm? face-centered
array. Each diode is spaced 2.47 mm from its four near-
est neighbors. The array is enclosed in a 320 mm X
105 mm x 45 mm polymethyl methacrylate (PMMA)
package.'” The SNC Patient software (version 8.2) cor-
rects the diode measurements to account for pulse repe-
tition rate, diode temperature, and angular dependence
of response. These corrections have been reported to
resultin errors much less than 2% except under extreme
conditions, most notably field sizes 5 mm or less."®

The SRSMC is used in conjunction with the Stereo-
PHAN (Sun Nuclear Corporation, Melbourne, FL), a
phantom composed of PMMA. The geometry of the
StereoPHAN is a 15.2 cm diameter cylinder capped with
a hemisphere of the same diameter. When inserted into
the StereoPHAN, the center of the SRSMC detector
array is located at the center of the cylinder and the
hemisphere, 7.6 cm from the tip of the phantom. The
phantom, and thus the array, can be rotated around the
longitudinal axis; for this work, the array was fixed in the
coronal plane of the phantom. For the creation of veri-
fication plans in the treatment planning system (TPS),
a digital phantom was created using MATLAB (Math-
Works, Natick, MA) composed of empty CT images with
1 mm spacing and a structure set containing the exter-
nal contour of the phantom. The phantom was stored as
DICOM files and imported into the Eclipse TPS (Varian
Medical Systems, Palo Alto, CA). In Eclipse, the CT value
inside the external contour was set to the relative elec-
tron density of PMMA (1.19) and assigned the material
PMMA."” The DICOM files for the digital phantom are
provided in the supplementary materials.

HyperArc is a highly automated system for treat-
ment planning and delivery of intracranial radiosurgery.
It comprises a dedicated planning tool in the Eclipse
TPS and automated delivery on the linear accelerator.
The system uses VMAT using up to 4 arcs selected from
table angles 0°,45°,315°, and either 90° or 270°.

The patient-specific quality assurance protocol for
HyperArc at our institution used EBT-XD RCF (Ashland
Global Holdings Inc., Wilmington, Delaware).'® A strip of
film 5 cm x 20 cm was placed in the coronal plane of an
18 cm x 17 cm x 20 cm PMMA slab phantom, with pins
for marking the film to establish the phantom coordinate
system. For multiple target plans, two verification plans
were created corresponding to the largest and the small-
est target volumes. For each verification plan, the isocen-
ter was placed such that the center of the target of inter-
est was located at the origin of the phantom coordinate
system. At the start of each measurement session, the
phantom was positioned using the on-board kilovoltage
imaging system. For each measurement, the phantom
was shifted according to the verification plan. Calibration
curves for RCF were obtained for each measurement
session using a stepped dose pattern generated using
a standard MLC field-in-field pattern.!* The RCF was
digitized at 96 dpi using a flat-bed scanner (Perfection
V700, Epson America Inc., Long Beach, CA) operated
in the transmission mode and 16-bits per color channel.
The calibration film pixel values for each color channel
were fit to dose using a three-parameter function and
the patient-specific film images were converted to dose
using a three-channel technique.'®

Sixty HyperArc VMAT SRS plans were selected from
our clinical database. Thirty plans were for the treat-
ment of a single target and thirty plans were for the
treatment of multiple targets. The target sizes ranged
from 2.4 mm to 44.7 mm equivalent diameter (median
8.7 mm), where the equivalent diameter is the diame-
ter of a sphere having the same volume as the target.
All treatment plans used the 10 MV flattening filter-free
beam (2400 MU/min maximum dose rate) on an Edge
linear accelerator equipped with an HD120 multileaf col-
limator (Varian Medical Systems, Palo Alto, CA). Every
plan had at least one non-coplanar arc, and 20 plans
had an arc in the sagittal plane (table angle 90° or 270°).
The dose was calculated using 1 mm grid spacing and
either the AAA algorithm version 13.6.23 (23 plans) or
AcurosXB version 15.5.11 (37 plans) (Varian Medical
Systems, Palo Alto, CA).

The SRSMC measurement process was analogous
to the RCF protocol. The same isocenter position as the
corresponding RCF verification plan was used for the
SRSMC verification plan, thus centering the dose distri-
bution for the target of interest on the center detector
of the diode array. The planning process is illustrated in
Figure 1. At the start of a measurement session, antero-
posterior (AP) and lateral views were acquired using the
on-board kilovoltage imaging system and the position
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FIGURE 1

Smallest target

Schematic of verification planning for multiple-target plans. For each treatment plan, two verification plans were created such

that the center of the largest and smallest targets were located at the origin of the phantom coordinate system

was adjusted using the detector plane, the edge rows
and columns of the array, and the location of the cen-
tral (CAX) diode. For each measurement, the phantom
was shifted according to the verification plan using auto-
mated couch movement available at the control console.
A dose calibration using a 4 cm x4 cm field was done
before each measurement session.

The SRSMC measurements were analyzed using
SNC Patient version 8.2 and the RCF measurements
were analyzed using in-house software developed in
MATLAB (The MathWorks, Inc., Natick, MA). The CAX
dose was compared with the average dose in a 1
mm? region of interest for the corresponding RCF mea-
surement. Gamma calculations'® were done for both
SRSMC and RCF using criteria 3%/1 mm, a 10% dose
threshold, and global normalization. The in-house soft-
ware interpolated the TPS dose calculations onto a
0.1 mm grid for the gamma calculation. SNC patient
used the simplex method described by Ju et al?°
Because the RCF measurements were done using
strips of film 5 cm wide, the gamma analysis region of
interest was limited to a 20 mm radius from the origin of
the phantom coordinate system.

To evaluate the dose to the electronics outside of
the active measurement area, the synthetic phantom
was extended to include the electrometer and readout
electronics. Regions-of-interest (ROIs) 10 mm x 10 mm
were contoured centered around component ROIls

identified by Sun Nuclear product engineering. The
ROIls included two electrometers, an amplifier, a voltage
reference, and communication electronics. The mean
and maximum doses to the ROIs were calculated.

3 | RESULTS

The imaging technique for the orthogonal alignment
images was 80 kVp and 5 mAs. An image filter was
applied to enhance the contrast of the diodes. Of the
filters available on the Edge on-board imaging system,
“Dynamic Filter” and “Highlight” were found to be use-
ful for visualizing the diode array on the AP image. A
7.7 cm aperture representing the extent of the diode
array was superimposed on the AP image, the corners
of which were aligned to the corresponding detectors.
The AP image was then magnified to further refine the
alignment of the isocenter to the center diode. It was
noted that the superior and inferior ends of each diode
were brighter than the center, which was presumed to be
the solder connections. The diodes could not be visual-
ized on the lateral image, so the vertical position of the
measurement plane could not be determined directly.
However, a fiducial marker located superior to the array
was used to evaluate the vertical position of the array.
Example orthogonal alignment images are shown in
Figure 2.
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(a)

FIGURE 2
(c) lateral view

Dose profiles for all 90 measurements are shown in
the supplementary materials. Example dose profiles for
the SRSMC and RCF are shown in Figure 3 for the treat-
ment plan illustrated in Figure 1. A Bland—Altman plot
comparing the CAX diode with RCF is shown in Fig-
ure 4. The mean difference between the CAX diode and
the RCF was —1.2% (95% confidence interval —1.6% to
—0.8%). There was no difference between single-target
and multiple-target plans (two-sample f-test p = 0.93).

Clinical decision-making using the gamma index is
based on the number of pixels/detectors having a
gamma index < 1. The tolerance limit recommended by
the AAPM task group 218 is gamma passing rate > 95%
with 3%/2 mm and a 10% dose threshold."" However,
task group 218 also recommended using a more strin-
gent criteria for SRS. A recent study of action limits for
SRS concluded that the spatial tolerance criteria could
be reduced to 1 mm?’, therefore we used 3%/1 mm
and a 10% dose threshold. The number of measure-
ments having >95% passing rate was 85 (94.4%) and
82 (91.1%) for SRSMC and RCEF respectively, and 78
(86.7%) measurements had >95% passing rate for both
SRSMC and RCFE A comparison between the gamma
pass rates for SRSMC and RCF is shown in Figure 5.
Figure 5 is divided into four quadrants. In quadrants llI
and |V, the passing rate is >95% for SRSMC. In quad-
rants Il and I, the passing rate is >95% for RCF.In quad-
rant |, both SRSMC and RCF have passing rates < 95%.
Seven plans met the criteria for SRSMC but not for
RCEF For six of these measurements (2, 15, 56, 65, 80,
and 81 in the supplementary material), the pass rates
were < 95% due to dose discrepancies for which the
RCF dose was greater than TPS in the high-dose region
of the target. For the seventh measurement (59 in the
supplementary material), the pass rate was < 95% due
to dose discrepancies in the low-dose region, suggest-

(b)

A 2 kV image-guided setup images of the SRS MapCHECK (SRSMC). (a) Anteroposterior (AP) view, (b) magnified AP view, and

ing an error in the calibration of the film. Both measure-
ments for two multiple-target plans (measurements 10,
11, 49, 50 in the supplementary material) met the crite-
ria for RCF but not for SRSMC. All were for small targets
having equivalent diameters 2.4, 2.8, 3.8, and 5.8 mm,
for which the SRSMC reported dose at the center of
the phantom lower than RCF —4.6%,—3.7%,—3.5%,and
—3.3%, respectively.

The box plots of the dose received by the electronics
are shown in Figure 6 for three groups of plans, plans
having a single target (N = 30), plans having multiple
targets without a sagittal arc (N = 10), and plans having
multiple targets with a sagittal arc (N = 20). The largest
median dose to all the ROls is less than 0.02% of the
prescription dose for plans without a sagittal arc (patient
support angle 90° or 270°). For plans with a sagittal
arc, the median dose is much larger, with electrometer
2 receiving the highest median dose 0.65% of the pre-
scription dose.

4 | DISCUSSION

A significant advantage of a two-dimensional diode
array compared to the film is the efficiency of use and
the immediate availability of results after measurement.
Furthermore, RCF requires careful calibration and pro-
cessing protocols to achieve accurate results. This study
demonstrated that a two-dimensional diode array can
obtain results equivalent to the film, resulting in similar
gamma analysis outcomes using tolerance limits appro-
priate for SRS.

RCF agreed well with a plastic scintillator detector??
so the systematic 1.2% difference between the SRSMC
and RCF suggests a difference in response of the
diode array due to the non-coplanar VMAT delivery of
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Measured and calculated dose profiles through the phantom center for the treatment plan illustrated in Figure 1 for (a) the

smallest target measured with SRS MapCHECK (SRSMC), (b) the smallest target (volume 0.1 cm?, equivalent diameter 5.8 mm) measured with
radiochromic film, (c) the largest target (volume 4.1 cm?, equivalent diameter 19.9 mm) measured with SRSMC, and (d) the largest target
measured with radiochromic film. Note that the treatment planning system calculations and dose scales are different because SRSMC and

radiochromic film measurements used different phantoms

Bland-Altman plot of measurement-to-plan ratio
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FIGURE 4 Bland-Altman plot of measurement-to-plan ratio for
the center diode (CAX diode) of the SRS MapCHECK (SRSMC) and
radiochromic film (RCF) at the center of the phantom

patient plans and the coplanar calibration geometry. Fur-
ther investigation is needed to determine if this differ-
ence is consistent across multiple diode arrays and if
an improved calibration technique can be developed to
reduce the difference.

The SRSMC is suitable for routine patient-specific
quality assurance of VMAT, multiple-target radiosurgery
treatment plans. However, given the systematic dif-
ference in absolute dose at the central diode and
the courser resolution compared to film, the SRSMC
should be supplemented with other tools when com-
missioning a VMAT SRS program. Because RCF, gel
dosimetry, and other high-resolution detectors require
specialized equipment and expertise, it is challenging
for most clinics to use them. Therefore, clinics should
take advantage of end-to-end testing services provided
by third parties, such as the M. D. Anderson Dosimetry
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FIGURE 5 Comparison of gamma failure rates for SRS

MapCHECK (SRSMC) and radiochromic film (RCF). For quadrants IlI
and |V, the passing rate is >95% for SRSMC. For quadrants Il and llI,
the passing rate is >95% for RCF. SRSMC and RCF agree (both pass
or both fail) for quadrants | and Il and disagree in quadrants Il and IV

Calibration Laboratory, when commissioning a VMAT
radiosurgery program.

The application of several diode arrays, including the
SRSMC, to SRS PSQA has recently been reported by
Xia et al?! Xia et al.investigated a range of spatial/dose
criteria for gamma analysis and found that the spatial tol-
erance criteria could be reduced to 1 mm. They specif-
ically concluded that 3%/1 mm could be applied for the
SRSMC. Using the suggested 3%/1 mm, we found that
SRSMC agreed well with RCF.

This work focused on the measurement of individual
targets at the center of the diode array. Simultaneous
measurement of multiple targets is challenging because
it is uncommon for multiple targets to be in the same
plane. The SRSMC can be rotated to place at least two
targets in a common plane, but this technique signif-
icantly increases the complexity of the measurement
process. Investigation of the SRSMC for simultaneous
measurement of multiple targets is a potential topic for
future work.

Our RCF technique used strips of film that were 5 cm
wide. This technique eliminated the need for a cor-
rection to account for the lateral response of the film
scanner.'® However, for larger targets, the dose distribu-
tion extended beyond the limits of the film. Because the
SRSMC is 7.7 cm wide, it is more suitable for larger tar-
gets.

The SRSMC electronics are distant from the high-
dose region and are not directly irradiated during most
of a VMAT delivery. The calculation accuracy of out-of-
field dose by TPSs is significantly less accurate than in
the treated volume 2 so the calculations presented here
have significant uncertainty. However, it is evident that
the dose to the electronics is small but non-negligible,
particularly for irradiation at table angles 90° or 270°.
The effect of this dose on the long-term performance

(a) Single target
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FIGURE 6 Box and whisker plots of calculated dose to the
amplifier (A), communication (C), electrometer 1 (E1), electrometer 2
(E2), and voltage reference (VR) electronic locations
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of the device remains to be seen. In our clinical prac-
tice, we have been using the SRSMC clinically and have
irradiated it more than 450 times totaling more than
6000 Gy, of which treatment plans containing vertex
beams accounted for 1860 Gy (31%). To date, we have
not observed any failures of diodes or electronics.

5 | CONCLUSION

The SRSMC is an efficient tool for accurate patient-
specific quality assurance of VMAT single and multiple-
target radiosurgery. For a 3%/1 mm tolerance level, the
SRSMC yields similar clinical decisions as radiochromic
film.
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