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Abstract

Robotic radiosurgery/Radiotherapy is increasingly adopted in clinics, and
quality assurance (QA) of CyberKnife’s variable-aperture Iris™ collimators
requires sub-millimeter precision. Conventional film-based QA for the 12
Iris™ cone sizes (ranging from 5 to 60 mm) is both time consuming (120
minutes for all or 30 minutes for 3 cone sizes) and highly experience depen-
dent. To improve the efficiency, a high-resolution 2D diode detector array,
sampling every 2.5 mm, was evaluated for Iris™ aperture size QA. This study
focused on a spatial frequency analysis, a dose profile reconstruction, and a
sensitivity study to beam size variances. Dose profiles of the 12 cones scanned
with a high-resolution diode in a water tank were utilized as the gold stan-
dard for comparison. Spatial Fourier transform of these profiles were ana-
lyzed to explore applicable sampling frequency. Next, the dose profiles were
artificially sampled with a 2.5 mm gap, and then interpolated using a Py-
thon-based cubic B-spline. Finally, sensitivity of the diode array system to
various field sizes was measured by changing source to detector distance. We
found, utilizing the diodes system, QA time was reduced to less than 10 mi-
nutes. Spatial frequency of the dose profile showed little contribution beyond
0.2 mm™', so a Nyquist sampling of 0.4 mm™" is appropriate for dose verifica-
tion, corresponding to a 2.5 mm gap. Dose profiles were reconstructed using
Cubic B-spline with good agreements to nominal for cones 7.5 mm and larg-
er. The measured Iris™ size using the SRS MapCheck had a standard error of
+0.12 mm. Primarily, the 2D Diode array with a spatial resolution 0.4 mm™ is
appropriate for dose verification for these cones above 7.5 mm, and its appli-
cation would substantially improve Iris™ QA efficiency.
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1. Introduction

Using high radiation doses delivered to small tumors in one or a few fractions,
stereotactic radiosurgery (SRS) and stereotactic body radiation therapy (SBRT)
is capable of increasing tumor cure and reducing normal tissue toxicity [1].
Currently, SRS/SBRT is widely utilized with increasing popularity as a dominating
treatment modality for intracranial and extracranial metastases. In these treat-
ments, high doses are delivered within sub-millimeter spatial accuracy using
many small radiation fields. Compared with conventional radiotherapy, higher
quality assurance (QA) standards are implemented for SRS/SBRT to safeguard
its more demanding spatial and dosimetric accuracy [2]. ASTRO and ACR
guidelines state “strict protocols for quality assurance (QA) must be followed in
SRS/SBRT” [3]. As technology advances and regulatory requirements become
more stringent, it is imperative to expedite efforts towards achieving a harmonious
balance between accuracy and efficiency.

Combining real-time x-ray image guidance with robotic technology, the Cy-
berKnife (CK) system™ (Accuray, USA) is a popular system for SRS and SBRT. By
mounting a minjature x-band linear accelerator on a high-precision robotic arm,
CK delivers 6 MV flat-filter-free (FFF) photon beams with a high dose rate up to
2000 MU/minute. In addition to fixed SRS cone, CK’s variable aperture Iris™
collimator allows for a more versatile and efficient SRS/SBRT delivery. As de-
picted in Figure 1, similar to the adjustable opening in an optical camera, in
Iris™ the radiation beam aperture is shaped remotely by the collimator to deliv-
er optimized conformal dose to the tumor. This collimator consists of 2 hex-
agonal banks of tungsten segments, upper and lower stacked together to produce
a 12-sided aperture, with a sketch design shown in Figure 1(b). Using the auto-
mated Iris™ collimators system, the circular radiation beam apertures from the
CK Linac were approximated with regular dodecagons of various cone sizes.
This Iris™ system consists of 12 discrete cone sizes, ranging from 5, 7.5, 10...to
60 mm, respectively. Periodical QA on the Iris™ system is essential for this
high-precision, variable-aperture system. However, conducting QA becomes

challenging due to the intricate nature of small-field dosimetry. This challenge

Lower
Bank

() (b)

Figure 1. (a) A photo of the CK Iris™ collimator; (b) a schematic plot of the Iris™ col-
limator, beam shape is collimated with two banks (upper and lower) of tungsten seg-
ments.
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stems from various factors, including the detector volume averaging effect, the
absence of lateral charged particle equilibrium, the presence of steep horizontal
dose gradients, and the elevated dose rate of the Flattening Filter Free (FFF)
beam [4] [5].

The conventional dosimetric QA system of choice for the CK Iris™ is the ra-
diochromic film (Ashland, USA), which is also recommended by the CK vendor.
In addition to having a high spatial resolution, film is a water tissue equivalent
material which provides radiation response that is independent of beam ener-
gies. However, film dosimetry is complex and effort-consuming. For example,
film response to dose fluctuates with the film batches, and is affected by the film
polarization orientations. Scanning conditions, the time gap between the irradia-
tion and the readout, and many other factors all affect the accuracy of film do-
simetry. As a result, film-based QA can be quite time-consuming and exper-
tise-dependent. For the Iris™ film-based QA, each cone field size takes about 10
minutes. For making QA tasks manageable, most clinics sample only 3 out of the
12 cones in routine monthly QA.

Similar to the measurement for patient-specific QAs, high resolution elec-
tronic QA devices have been explored to replace film in Iris™ machine QA.
There are various candidate systems: SRS MapCheck is a diode-array with a res-
olution of 2.5 mm (Sun Nuclear Corp, Melbourne, FL), as is a replacement of the
earlier SRS Profile system with a spatial resolution of 4 mm; Octavis 1000 SRS is
a liquid-filled ionization-chamber array with a resolution of 2.5 mm (PTW,
Germany) [6]; Octa is a 2nd generation monolithic silicon-diode array with a
resolution of 0.3 mm (Univ. of Wollongong, Australia) [7]; and QA Stereo-
Checker is a portal dosimetry type scintillator-amorphous silicon detector with a
resolution of 0.3 mm (Standard Imaging). Intuitively, high resolution is impor-
tant for SRS QAs. At the same time, the total number of detectors increases as a
power of two with the resolution for 2D detector arrays, and the cost will in-
crease. It remains unclear what detector resolution is sufficient for the CK Iris™
QA, to achieve a sub-millimeter accuracy.

This study aims to assess the suitability of the SRS MapCheck system as a
substitute for radiochromic film in monthly CK Iris™ field size QA: The spatial
frequency distribution of CK beam profiles was analyzed using Fast Fourier
Transformations (FFT). A comparative analysis was then conducted, comparing
dose profiles and reconstructions obtained through cubic B-spline interpolation
for beams of different sizes. The primary objective was to determine the limita-
tions in applicability resulting from detector sampling resolution of 2.5 mm. Ad-
ditionally, the impact of beam size variations was evaluated by increasing the
source-to-detector distances to measure the system’s sensitivity in achieving

sub-millimeter accuracy.

2. Methods

In this study, the suitability of the SRS MapCheck (Sun Nuclear Corp, Mel-
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(a)

bourne, FL) for the CK Iris™ field size QA was explored. The SRS MapCheck
has a 2D detector array consisting of 1013 n-type solid-state diodes, sandwiched
by two pieces of rectangular polymethyl methacrylate (PMMA) blocks. A CT
image shows the diode array in Figure 2(a). Each diode has a measurement area
is 0.48 x 0.48 mm” and a thickness of 0.03 mm, yielding an active measurement
volume of 0.007 mm’. The distance between the diode center is 2.5 mm, corres-
ponding to a spatial sampling frequency of 0.4 mm™". A sketch plot is presented
in Figure 2(b), overlaid with a dose profile of CK Iris™ = 7.5 mm beam.

2.1. Theoretical Exploration of Sampling Frequency

In order to evaluate the CK Iris™ QA by the SRS MapCheck, the output factors
and dose profiles of various Iris™ sizes from the CK commissioning data were
first analyzed to investigate the impact of detector sampling frequency for ge-
neric detectors. The commission data were originally measured with a 3-D wa-
ter scanning tank (MP3-M Phantom Tank, PTW, Freiburg, Germany) and a
diode detector (60018 Diode, PTW, Freiburg, Germany). The dose computing
inside the CK treatment planning system was built by modeling the commis-
sioning data. The gradient of output factor changes as a factor of Iris™ aperture
size, computed between adjacent cone sizes. Also, the spatial frequency of the
commissioned 1D dose profiles were analyzed using a spatial Fourier transform,

Equation (1), to find applicable sampling frequency.
Fk — zr’:‘;; Dn * e—i2nkn/N (1)

where N = number of space samples during commissioning; D, = value of the

diode signal at space 1z F;, = amount of frequency kin the signal.
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Figure 2. Example of a figure caption (figure captin). (a) SRS MapCheck 2D detector array shows in CT images. (b) Sketch of the
detector array with a spatial resolution of 2.5 mm measuring a 7.5 mm of Iris™ beam.
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2.2. SRS MapCheck Measurements of Field Size

Subsequently, the CK Iris™ field sizes were measured with the SRS MapCheck,
with the experimental setup shown in Figure 3. The SRS MapCheck was flatly
positioned on a robotic couch, with its diode detector center vertically aligned
with the CK Linac gantry, with a source to detector distance (SDD) of 80 cm.
The alignment process consists of two steps. First, the map check was aligned
with an in-room laser system and visually verified with a naked eye, ensuring an
accuracy of 2 mm. Second, the alignment was further refined using the CK two
orthogonal X-ray systems and verified by 4-fiducials integrated within the SRS
MapCheck detector, resulting in an improved accuracy of 1 mm.

From the SRS MapCheck, diode measurement along the two orthogonal and
the two diagonal axes were collected and averaged to generate a 1D dose profile.
From the 1D profile, the Iris™ field size was measured at a full width of half
maximum.

Using a cubic B-spline interpolation, each 1D dose profile was reconstructed
from the diode measurements along the sampling axis. The SNC software, pur-
chased with SRS MapCheck, is a “black-box” solution designed for the field size
measurement. Due to proprietary reasons, there is no access to the reconstructed
profile data using the commercial software. Therefore, we developed an in-house
Python Scripting. Using the Scripting, the individual diodes were sorted by their
distances to the beam center. Next, a cubic polynomial function described in Eq-
uation (2) was employed to interpolate a continuous curve connecting the mea-

surement points:

Figure 3. Setup of the CK Iris™ QA using the SRS MapCheck.
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D, (x)=a,x* +b,x*+C,x+d,, (2)

where for the n™ diode, its distance to the beam center is denoted as X; , and the
diode measurement is D, (X). Smoothness and continuity of the curve across
the diodes was maintained by equalizing the first (Equation (3)) and second de-

rivatives (Equation (4)) at the sampling diode locations:

d d

&anl(x)zaDn(X), (3)
d? d?
(0= 27D, (1) @

The interpolated curves were overlaid with the commissioning data, to ex-
amine the correlation between the commissioning and SRS MapCheck Data. The
applicability of this method to utilize SRS MapCheck measurements for CK
Iris™ field size QA was evaluated by comparing the differences between the

commission data and the fitted measurement data.

2.3. SRS MapCheck Field Size Sensitivity

To study the sub-millimeter resolution of the SRS MapCheck, its sensitivity to
the Iris™ field size variation was studied. Because the Iris™ system cannot be
programmed with intentional field size variances, measurements were made by
manually changing the source to detector distances (SDDs). For each cone, all
Iris™ field sizes were measured with a range of SDDs at 75, 76, ..., and 85 cm,
respectively. Because the projected Iris™ field size on the detector surface is
proportional to the SDD, these setup configurations correspond to the change of
nominal field size, respectively. Each Iris™ beam with 100 MU was delivered
sequentially. The time gap between next Iris™ beams was <5 seconds. Using a
SNC Patient QA software, these measured profiles were saved into one movie
file. The Patient QA software was capable of extracting each Iris™ beam profile.
With Cubic B-Spline interpolation built in, this QA software provided a one-

click approach for the Iris™ field size measurements.

3. Results
3.1. Relative Output vs Field Size

The dose output factor for various Iris™ cone sizes were measured by SRS
MapCheck after diode calibration. The relative output factor increases with the
Iris™ cone size, as shown by the red dots in Figure 4. The green dots in Figure 4
show the computed gradients of output factor over cone size. For Iris™ sizes
larger than 10 mm, the output factors are above 0.9, and increase slowly with the
Iris™ size at output gradients < 2%/mm. For the Iris"™ size of 10 mm, the output
factor is about 0.85, with an output gradient about 3%/mm. As Iris™ field size
further decreases from 7.5 mm to 5 mm, the output factor decreases from 0.78 to
0.54, corresponding to output gradients around 10%/mm for Iris™ size < 10

mm.
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Figure 4. The relative output factor (red dot) increases with the Iris™ cone size; the output factor

gradient (green dot) decreases with the cone size and approaches zero for Iris™ cone size > 12.5

mm.

3.2. FFT Analysis of Dose Profile

The 1D dose profiles for CK Iris™ beams commissioning, scanned with a 3D
water tank, are presented in Figure 5(a). As the cone sizes decrease from 60 mm
to 5 mm, the beam profiles change from bell-shaped to Gaussian shaped curves.
FFTs of those dose profiles are plotted in Figure 5(b), from which it can be ob-
served that the majority of the signal is at spatial frequencies < 0.2 mm™". How-
ever, for Iris™ sizes smaller than 10 mm, noticeable high frequency components
are also observed as shown in the zoomed-in plot in Figure 5(c). For instance,
the 2nd peak of the FFT component appears from 0.1 to 0.2 mm™" for Iris™ = 10
mm; from 0.13 to 0.26 mm™ for Iris™ = 7.5 mm; from 0.2 to 0.4 mm™" for Iris™

=5 mm, showing the largest expansion.

3.3. Cubic B-Spline Interpolation

As the FFT analysis above showed the existence of high frequency components
in small cone-size beams, the 1D beam profiles were inspected further overlay-
ing the Cubic B-spline interpolation from the 2.5 mm sampling from the water
tank-scanned dose profile for Iris™ sizes = 5, 7.5 and 10 mm, respectively. As
plotted in Figure 6(a), in general, the 2.5 mm sampled profiles agree well with
the tank-scanned profiles. However, small discrepancies are also observed, espe-
cially for the smallest size Iris™ = 5 mm. These profile differences are plotted in
Figure 6(b). It could be seen that for the 5 mm Iris"™ size, ~2.5% maximum dif-
ference was observed at distance 1.7 mm from the beam center. The maximum

difference was 0.6% at the off-axis distance of 4 mm for the Iris™ = 7.5 mm, and
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Figure 5. (a) 1-D dose profile of various CK Iris™ sizes; (b) Fourier transform of the dose
profiles; (c) Zoomed-in view of Fourier transform of the dose profiles for Iris™ sizes at 5,
7.5,and 10 mm.
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Figure 6. For Iris™ sizes = 5, 7.5 and 10 mm, (a) the profile overlays and (b) profile dif-
ferences are displayed comparing the interpolation using 2.5 mm sampling with the water
tank-scanned.

0.4% also at 4 mm for the Iris™ = 10 mm. In order to limit the measured dose
difference smaller than 2% during SRS/SBRT, SRS MapCheck using the cubic

B-spline should only be recommended for Iris™ > 7.5 mm in the clinic.

3.4. Accuracy of Iris Field Size Measured by SRS MapCheck

As described earlier, the sensitivity of SRS MapCheck measurements to field size
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changes was measured by varying SDD from 750 to 850 mm with a step size of
10 mm. Because the Iris™ size R is proportional to the corresponding SSD: R =
R, * SDD/SDD,, where R, is the nominal Iris™ size at SDD, = 800 mm. The
measured field sizes with the corresponding expected ones (the yellow lines) are
presented in Figure 7 for each of the cone sizes. A £0.2 mm band centered at the
expected Iris™ size is also added in the plot to aid visualization. Figure 7 shows
that for each Iris™ size, the measured field size changes linearly with the in-
crease of the SDD. The fitting results showed a high coefficient of determination
R® for each Iris™ size, increasing from 0.9814 to 0.9988 for Iris™ of 7.5 mm to
60 mm. The errors (the differences between the measured and the nominal
scaled) were plotted in a scatter plot in Figure 8(a). The histogram of the errors
was also plotted in Figure 8(b) and fitted with a Gaussian. The Gaussian fit
showed a mean difference # = —0.009 mm with o = 0.06 mm. Thus, the meas-

ured Iris™ size using the SRS MapCheck had a standard error +A= +1.96 o =

+0.12 mm.
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Figure 7. Example of a figure caption (figure caption). The Iris™ size of measured vs. nominal-scaled (the yellow line: =R, *
SDD/SDD,) with SDDs at 750, 780, 790, 800, 810, 820, and 850 mm respectively.
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Figure 8. (a) The Iris™ size differences between the measured and the nominal scaled for all the cone sizes, with SDDs from 750
to 850 mm at a step size of 10 mm. (b) a Gaussian fit of the histogram of the Iris™ size measurement errors: +0.12 mm.
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4. Discussions

One important consideration when evaluating the suitability of the SRS Map-
Check for the Iris™ QA is the Nyquist frequency of the dose profile being meas-
ured. The Nyquist frequency is a concept used in digital signal processing to de-
termine the sampling rate required to accurately capture and reproduce a conti-
nuous signal. It relates to the highest frequency that can be correctly represented
in a sampled signal without causing distortions or inaccuracies. According to the
Nyquist-Shannon sampling theorem, we must sample at a rate that is at least
twice the highest frequency component present in the signal. Because the spatial
resolution of 0.4 mm™" for the SRS MapCheck, its highest sampling frequency
would be 0.2 mm™". However, the dose profiles have negligible contributions for

frequency > 0.2 mm™'

, and our results showed the dose profile could still be re-
produce with tolerable loss.

The ability to measure field size changes as small as 0.2 mm demonstrated the
high sensitivity of the SRS MapCheck system, which is important for accurately
detecting small changes in the intensity of the radiation beam where dose gra-
dient could be as high as 10%/mm. It agrees with the reproducibility of the Iris™
field size being tested and validated to be less than or equal to 0.2 mm in our
study. The cubic B-spline interpolation used by the SRS MapCheck system
enables the reconstruction of dose profiles with high authenticity, even when the
sampling resolution is only 2.5 mm. This is because the cubic B-spline interpola-
tion is able to smooth out any irregularities in the measured data, resulting in a
more accurate representation of the true dose distribution. Overall, the combi-
nation of the SRS MapChecKk’s high sensitivity and precision, along with its abil-
ity to accurately reconstruct dose profiles, makes it an effective tool for provid-
ing a consistent and high-precision monitoring of the CK Iris™ size.

In addition, one of the main advantages of the SRS MapCheck is its ability to
significantly reduce the time required for QA compared to conventional film-based
methods. In our study given, the measurement of 11 Iris™ cones took less than
10 minutes, with the setup being completed within 5 minutes and the delivery of
all Iris™ beams within 3 minutes. The use of a customized QA plan and x-ray
images to guide the alignment of the SRS MapCheck with four metal fiducials
inside the device also contributes to the time-saving benefits of the SRS Map-
Check. These features allow the system to be quickly and easily set up, reducing
the time required for setup and preparation. By automating the switching of the
Iris™ sizes, the system is able to more quickly and accurately deliver the various
beams required for QA, further reducing the time required for the process.

Nevertheless, the applicability of SRS MapCheck in CK Monthly Iris™ QA is
in agreement with its success in Linac QA [8], and the patient specific End-to-End
QA [9] [10]. In patient QA, it has been shown applicable to perform Gamma
analysis with tight criteria (e.g., 1 mm and 2%).

5. Conclusion

Our sensitivity study shows that the SRS MapCheck system is able to measure
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field sizes changes as small as 0.2 mm. Although the sampling resolution is only
2.5 mm, it has been shown sufficient for measuring CK Iris™ field sizes as these
dose profiles were found to have few components with spatial frequency higher
than 2 mm™. Moreover, the cubic B-spline interpolation enables the dose profile
to be reconstructed with high authenticity. By and large, the SRS MapCheck
provides a convenient and high-precision monitoring system for the CK Iris™

QA.
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