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Background and purpose: A sub-mm resolution Complementary Metal Oxide Semiconductor sensor has been
developed for stereotactic radiotherapy quality assurance. Herein we evaluate its basic dosimetric performance
and its application for linac C-arm stereotactic body radiotherapy (SBRT) plan quality assurance.

Materials and methods: The detector was integrated into its accompanying phantom or in Water Equivalent Plastic
(WEP). The measurement reproducibility, stability, dose linearity and dependence on angularity, dose rate and
field size were investigated. Clinical plan measurements were compared to our radiotherapy treatment planning
system and radiochromic film. Sensitivity to introduced Multi Leaf Collimator (MLC) offsets was evaluated by
simulating single MLC offsets in SBRT plans and comparing measurements to expected doses.

Results: Signal reproducibility was within + 0.1 % and output calibration was stable over a 6 month period.
Detector showed good linearity with dose (r? = 1). Signal decreased by 5 % when dose rate was decreased from
1300 MU/min to 300 MU/min. Output factors agreed within 0.5 % of chamber measurements for 1x1 cm field
sizes or greater. Angularity measurements showed good agreement with reference. For measurement of planned
clinical doses, gamma pass-rates were 98.5 % =+ 2.3 % (treatment planning system reference, 2 %/2mm) and
99.2 % =+ 1.0 % (film reference, 2 %,2mm). The detector also showed sensitivity to errors of 1 mm offsets in MLC
positioning.

Conclusion: The detector performed well when used for pre-treatment SBRT plan quality assurance, offering a
good alternative to radiochromic film.

stereotactic radiation fields [9]. However, single element sensors pro-
vide very little information about the broader dose distribution.

1. Introduction

Stereotactic Body Radiotherapy (SBRT) treatments are characterised
by a high dose per fraction, steep dose gradients and small radiation
fields. High dose rate Flattening Filter Free (FFF) radiation beams are
often used, and treatments may be delivered using coplanar or non
coplanar beam arrangements or Volumetric Modulated Arc Therapy
(VMAT). This poses challenges to achieving reliable and sufficiently
accurate pre treatment verification of planned radiation doses [1-5].
Radiochromic film is often considered the detector of choice for SBRT
verification, as no volume averaging effects are observed due to its high
spatial resolution [6]. Measurements are also independent of dose rate,
energy and angularity [7]. However, film exposure and processing can
be very labour intensive and require careful calibration, storage and
handling [8]. A recent report demonstrated favourable accuracy of a set
of synthetic diamond detectors for point dose measurements in
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The need to develop 2D and 3D radiation detectors with significantly
greater spatial resolution has prompted a move towards solid state and
liquid filled detector arrays, which contain smaller sensor elements but
are still capable of generating large magnitude signals. This has resulted
in a small range of digital commercial devices suited to pre treatment
verification of stereotactic radiotherapy treatment plans. Characterisa-
tion of these detectors in stereotactic radiation beams has been recently
reported [10-12], and their suitability for Patient Specific Quality
Assurance (PSQA) has been demonstrated for Cyberknife® Stereotactic
Radiosurgery (SRS) [13] as well as linac based SRS [14,15] and SBRT
[16,17]. These devices have spatial resolutions of ~ 2.5 mm. Due to the
finite detector size, volume averaging and interpolation between sensor
elements is required, which adds measurement uncertainty. Recent
publications have demonstrated promising results for the use of
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complementary metal oxide semiconductor (CMOS) technology for ra-
diation dosimetry [18,19]. This has led to the commercial clinical
release of a detector consisting of 100,000 CMOS elements with an
effective spatial resolution of 0.4 mm. This sensor provides continuous
dose profiles without the need for significant volume averaging or dose
interpolation between the sensor elements. Its application for PSQA has
been demonstrated for Cyberknife® SRS [20]. Our work evaluates the
clinical CMOS detector’s performance for C-arm linac SBRT plan quality
assurance.

We report the detector’s basic dosimetric properties including signal
reproducibility and stability, relationship between signal reported and
dose, dose rate, field size (through measurement of output factors) and
angularity. To assess clinical dose measurement performance, 22 SBRT
plan doses of 6 MV FFF energy were measured and compared to those
calculated using our Treatment Planning System (TPS) and measured
using radiochromic film. Additionally, SBRT plans containing a single
introduced MLC offset were measured and compared to the calculated
doses using gamma analyses for a range of clinically relevant gamma
parameters to characterise the detector’s sensitivity.

2. Materials & methods

Computed Tomography (CT) scans were acquired using a Philips
BigBore CT Scanner. Treatment plans were produced using Raystation
version 7.0 or version 10.0 (RaySearch Laboratories, Sweden) using the
RaySearch collapsed cone convolution algorithm with a 0.1 cm resolu-
tion dose grid. Radiation was generated by 5 matched Elekta Versa HD
Linear Accelerators using clinical beams of energy 6 MV FFF (TPRy,10
= 0.679).

The myQA SRS Detector and Phantom are products of IBA Dosimetry
(Schwarzenbruck, Germany). Sensor size is 12 x 14 cm, sensor element
size is 0.4 x 0.4 mm and spatial resolution is 0.4 mm leaving no spacing
between elements. The detector is inserted into a cylindrical phantom
with a diameter of 19 cm with a hemispherical end for non-coplanar
cranial treatments. The phantom is composed of Acrylonitrile buta-
diene Styrene (density = 1.06 g/cm®) where the centre of the CMOS
detector is positioned at 9.5 cm depth and may be replaced with film or
chamber inserts. Film dosimetry was performed using EBT3 film (Ash-
land Speciality Ingredients). Films were scanned using an Epson X10000
Scanner and analysed using myQA Patients. For ion chamber dosimetry,
an NE2571 Farmer chamber (sensitive volume = 0.6 cms), CC04
chamber (IBA Dosimetry, volume = 0.04 cm®) and a Razor chamber (IBA
Dosimetry, volume = 0.01 cm®) were used.

2.1. Basic dosimetric performance

For reproducibility, the % deviation between six successive mea-
surements relative to the first measurement was reported. For stability,
output calibration factors acquired each month were compared to pre-
vious months. For dose linearity, the CMOS detector and a Farmer
chamber were irradiated simultaneously. The CMOS detector was set up
with an SSD of 100 cm, measurement depth of 6.7 cm in WEP, and the
ion chamber was positioned with its sensitive volume on the central axis
downstream of the CMOS detector. The Farmer chamber signal was used
to correct detector signal to account for any non linearity in the output of
the linear accelerator. For each measurement, the normalised detector
signal from a central 4 mm x 4 mm Region of Interest (ROI) was used for
our reported values. For dose rate dependence, the detector and a
Farmer chamber were set up as for dose linearity measurements. The
signal reported from a central 4 mm x 4 mm detector ROI was compared
to signal from the Farmer chamber. Signals were normalised to the
signal at the maximum nominal dose rate. Dose Per Pulse (DPP)
dependence was studied according to the method used by Biasi et al.
[21]. Briefly, the detector was set up at 5 cm depth in WEP, and average
CMOS detector readings to a central 4 x 4 mm ROI were reported for
various SSDs to modulate dose per pulse. These measurements were
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replicated using a farmer chamber, and a ratio of CMOS reading/
chamber reading was used to define the detector’s DPP sensitivity.
Measurements for ion recombination effects at each DPP were per-
formed according to the two voltage method [22]. DPP values were
calculated by scaling a literature value for a Elekta versa 6MV FFF [23]
by ion chamber ratios measured under reference and our conditions. For
field size dependence, output factors were measured using the CMOS
detector and compared to corresponding measurements made using a
Farmer chamber from 10x10cm to 5x5c¢m, a CC04 chamber from 5x5cm
to 2x2cm and using a Razor chamber from 2x2cm to 0.5x0.5 cm. De-
tectors were positioned at 95 cm SSD and 5 cm depth in WEP under full
scatter conditions and 100 MUs were delivered. Three sets of measure-
ments were performed for each field size. For field sizes smaller than
3x3cm, beam profiles were acquired using the Razor chamber with a
Blue Phantom Smartscan Watertank (IBA Dosimetry) to position the
chamber at the centre of the profile. For angular dependence, the CMOS
detector was integrated into the SRS Phantom, positioned at machine
isocentre and exposed to 100 Monitor Units (MU), 6 MV FFF, 4 cm x 4
cm beam. The average signal to a central 4 mm x 4 mm ROI was
recorded for each measurement and was normalised to the signal
measured for the exposure at 0° gantry angle. These data were compared
to the angular correction data provided by IBA.

2.2. Clinical dose measurement

A total of 22 coplanar VMAT SBRT plans for various anatomical sites
(lung, spine, prostate, nodes and liver) were recalculated onto the CT
volume of the CMOS detector and CMOS phantom using a 1 mm dose
grid. An appropriate isocentre for each plan was chosen and the plans
were then delivered to the CMOS detector within the phantom. Mea-
surements were acquired at a frame rate of 2 frames per second and
corrected for uniformity, output and angularity. A gantry angle sensor
was used to report the incident beam angle required for the angular
correction of each frame whilst the detector remained stationary. For
analysis, the align data tool within the myQA software was used to
remove any additional translational offsets between the planned/film
and CMOS doses. Subsequently, a global gamma analysis was per-
formed. For plan measurements using film, the film insert was inserted
into the phantom (replacing the detector) prior to the exposure.

2.3. Sensitivity to MLC offsets

The sensitivity of the detector was investigated by studying its ability
to detect dose differences corresponding to incorrect MLC configura-
tions within SBRT treatment plans. For four SBRT treatment plans, a
single MLC leaf within the target was withdrawn by 1, 2 or 5 mm to
simulate the mis calibration of a crucial MLC. Doses from unmodified
plans and plans with an introduced offset were calculated using the TPS
and measured using the CMOS detector integrated into the phantom.
Doses calculated for plans with introduced offsets were compared with
doses calculated for unmodified plans to produce a ‘calculated gamma
map’ for each introduced offset. This provided the TPS’s estimation of
the effect of the offset MLC on dose delivered. Similarly, doses measured
for plans with introduced offsets were compared with doses measured
for unmodified plans to produce a ‘measured gamma map’ for each
offset. This provided the detector’s estimation of the effect of the MLC
offset on dose delivered. Doses measured using the CMOS detector for all
plans were compared to TPS doses for the unmodified plans using a
range of clinically relevant gamma parameters. To establish the clinical
effect of these offsets, plan Conformity Indices (CI) were calculated ac-
cording to the UK SABR Consortium guidelines [24].
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Fig. 1. Assessment of the detector’s basic dosimetric response to 6 MV FFF beams. A) dose linearity. B) Field size dependence and C) angular dependence as a
function of gantry angle. The software’s default angular correction values are also shown and normalised to the value used when the detector is perpendicular to the
incident beam (gantry angle = 0°).
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Fig. 2. Further assessment of the detector’s basic dosimetric response to 6 MV FFF beams. A) dose rate dependence (error bars show +1 standard deviation, n=3), B)
Dose Per Pulse dependence within the range of SSDs 70cm to 120cm. Corresponding SSDs shown.

3. Results
Table 1
3.1. Basic detector performance Gamma pass rates for all 6MV FFF SBRT plans when compared to planning dose
o distributions.
The detector signal was within 0.1 % of the baseline signal, and the z_rteatme“t Couch moves/ y Pass Rates (%)
. . g . 1te cm
detector did not report significant background signal. Measured output 3%,3 2%, 2 1%, 1 3%, 1
calibrations were typically valid for up to 6 months post measurement. mm mm mm mm
As shown in Fig. 1.A, the detector showed a linear response with dose Prostate 0 99.8 98.9 95.3 96
(R2 = 1), and the difference between the detector signal and the Spine 0 100 99.9 88.1 99.4
chamber signal was at most 1.4 % over 5 — 8000 MU. Fig. 1.B shows the Spine 0 99:5 95.5 72:9 o1.2
f d usine the d 4 well with chamb Pelvic Node 5Lt 100 99.6 92 98.4
output factors measured using the detector agreed well with chamber Prostate 0 99.7 99.5 92.4 99.9
measurements. Factors corresponding to field sizes of 1 cm x 1 cm or Para Aorta 3 Ant 100 100 100 100
larger were within 0.5 % of chamber doses, and factors corresponding to Liver 21Lt, 100 99.4 87.6 99.7
0.5 cm x 0.5 cm and 0.6 cm x 0.6 cm differed by 2.6 % and 3.4 %, Aortic Node 3 Ant 100 99.7 60.5 95.9
respectively. The detector shows a non-isotropic response as a function Pelvic Node 3Rt 100 100 8o.8 .1
pectively. € san PIC T€Sponse Prostate 0 100 99.8 83.2 99.9
of incidence angle (Fig. 1.C), with signal from beams delivered at close Adrenal 3Lt 100 99.8 92.4 99.8
to 90° relative to the plane of the detector requiring the most significant Sacrum 3 Rt, 6 Pos 99.9 96.2 72.7 93.1
correction. When angular correction was applied to the signals Tliac Node 4 Lt 100 100 93.5 100
measured at each gantry angle, the maximum difference between the Liver 9 Ant 99.4 98.3 86.6 97.3
ioenal d at Gantrv Anele — 0° and all other sienal 230 Liver 3 Pos 99.3 94.9 75.6 95.3
signal measured at Gantry Angle = 0° and all other signals was —2.3 %, Liver 5Lt 1 Inf 09.9 06.3 50.3 071
and the average percentage difference was 0.0 % + 1.2 %. Lung 71t, 5 Pos 100 99.7 91.5 99.9
Fig. 2.A shows the detector’s recorded signal increased with Lung 6 Rt, 5 Pos 100 99.6 84.1 98.8
increasing dose rate, and this dependence was most pronounced at lower Lung 3 Lt, 3 Pos 100 99.9 94.8 99.5
. . Lung 7.5 Rt, 8 Pos 99.6 91.3 51.6 90.5
dose rates. For instance, at a dose rate of 350 MU/min, the do.se reported Spine 0 100 078 748 022
by the detector was 95.3 % of the dose reported at the maximum dose Spine 0 100 100 93.7 08.7
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Fig. 3. Coronal dose distribution of a 6 MV FFF SBRT spine plan measured by the CMOS detector, calculated using the TPS and measured using film. Corresponding
global gamma analysis comparisons comparing CMOS doses to TPS and film doses are also shown (2%/2mm,15% threshold).
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Fig. 4. Calculated and measured gamma maps comparing the sensitivity of the
TPS and the CMOS detector to introduced single 1, 2 and 5 mm MLC offsets for
a 6 MV FFF SBRT node plan. Gamma parameters were 1%/1mm,
15% threshold.
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rate (1300 MU/min). Fig. 2.B shows a 5 % variation in DPP sensitivity
across the DPP range of 0.38 — 1.02 mGy/pulse which corresponds to
SSDs of 70 cm to 120 cm. Variation in kjo, across this range of DPP was
within 0.25 %.

3.2. Clinical plan measurement

The mean gamma pass rates comparing calculated and measured
doses for all 22 plans, were 98.5 % + 2.3 % and 97.2 % =+ 3.1 % for 2
%/2mm and 3 %/1mm, respectively. Individual pass rates for all SBRT
plans studied are shown in Table 1. Fig. 3 shows the dose distribution
from an SBRT spine plan measured by the CMOS detector, calculated by
the TPS and measured by film. Gamma analyses comparing the detector
and film measurements following the delivery of 7 SBRT 6MV FFF plans
provided mean pass rates of 98.3 % + 2.0 % and 96.6 % =+ 3.1 % for 2
%,/2mm and 3 %/1mm, respectively.

3.3. Sensitivity to MLC offsets

Fig. 4 shows calculated and measured global gamma maps
comparing a 6 MV FEF SBRT node plan with the same plan modified to
contain single MLC offsets of 1 mm, 2 mm and 5 mm, respectively. This
figure is representative of all four plans studied. Amongst the gamma
maps of these dose distributions the effect of the withdrawn MLC can
clearly be seen by the red band of failure, which increases in size with
increasing offset.

Fig. 5 shows the sensitivity of the CMOS detector to single MLC
offsets as a function of offset size and choice of gamma parameters.
When gamma parameters of 3 %/3mm were used, the detector was only
sensitive to the 5 mm introduced offsets. When gamma parameters 2
%,/2mm or smaller were used, it was sensitive to all offsets. However, for
gamma parameters smaller than 2 %/2mm, the average pass rate for the
unmodified plans also dropped markedly and pass rate variation
significantly increased. Overall, clear reductions in gamma pass rate
were observed with increasing MLC offset, which corresponded to an
increase in Planning Target Volume (PTV) mean dose and mean CI (an
increase of 2.1 % and 0.08, respectively, were observed for a 5 mm
introduced offset). Increasing CI corresponds to a decreased level of
conformity as CIs for all unmodified plans were greater than 1.

4. Discussion

The CMOS detector’s dose linearity is comparable to that reported
for other devices, and results were acquired through similar methodol-
ogies (although not all studies used FFF beams) [11,12,20]. Signal
reproducibility was similar to that reported elsewhere for Cyberknife®
beams [20]. Dose rate dependence was consistent with other reports of
the same device [20], and greater than that reported for the SRS Map-
Check, for which deviations of < 0.5 % compared to a chamber have
been reported for a similar range of dose rates [11,14]. Our linacs
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delivered almost all the MUs of our SBRT plans at dose rates exceeding
1000 MU/min, reducing the significance of this dependency. CMOS
signal decreased with decreasing DPP, a behaviour observed for de-
tectors of similar composition [25]. This sensitivity variation was + 2.5
% across the range we studied, which is similar to comparable devices
for 6 MV FFF [21]. Due to the geometry of the phantom and isocentric
VMAT nature of the plans, DPP effects would generally not be significant
but should be considered when interpreting measurements with large
offsets. The CMOS detector showed a similar field size dependence to the
SRS Mapcheck [14] and the PTW Octavius [12] for a similar range of
field sizes. Typically, these devices measure output factors within 1 % of
ion chamber measurements down to field sizes of 1 cm x 1 cm or 0.5 cm
x 0.5 cm, at which deviations of 2-3 % are observed [10,12,14]. The
CMOS detector showed an angular dependence like that observed for the
Octavius 1000 SRS [12] and the SRS Mapcheck [14] for equivalent
energies and similar field sizes. All these devices have methods of cor-
recting for this non isotropy, such as gantry mounted inclinometers,
which either apply a direct correction to measured signal or facilitate the
rotation of the detector such that it is always perpendicular to the
gantry. We concluded the CMOS detector’s gantry angle sensor provided
sufficient angular correction to measured doses.

The detector demonstrated very good agreement with film and TPS
for the measurement of SBRT doses, indicating the detector’s dose rate
and DPP dependence weren’t significant. Literature examples of similar
detectors used for stereotactic radiotherapy PSQA employed a variety of
delivery techniques such as static IMRT fields [17], non coplanar arcs
[15], mixture of coplanar and non coplanar arcs [14,16] and Cyberknife
deliveries [13,20]. Furthermore, several treatment sites were studied
including brain lesions [13-15,20] and a range of SBRT sites [16,17].
These studies used tight gamma parameters to analyse their dose planes
due to the greater importance of dosimetric accuracy for stereotactic
treatments. We favoured the use of 2 %/2mm due to the high agreement
between the CMOS detector, film & planning system as well as the small
variation in pass rates. Although these parameters were also favoured in
other articles [17], our results demonstrated that the use of 3 %/1mm
would also be suitable for this detector, as was used in other publications
[13-16]. Literature pass rates for VMAT QA delivered by a C-arm linac
using these devices were 98.9 % using the MapCheck (3 %/1mm, n = 6)
[14], 96.0 % also for the MapCheck (3 %/1mm, n = 32) [16] and 99.3 %
for the Octavius (3 %/1mm, n = 15) [15]. These are comparable to the
CMOS detector pass rates and suggests that sample size as well as range

1.23
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Fig. 5. Mean gamma pass rates for four SBRT plans
with no introduced MLC offset, as well as introduced
1mm, 2mm and 5mm single MLC offsets. Measured
doses were compared to TPS doses for the original
plan. Results were analysed using five combinations
of global % dose difference and distance to agreement
(mm) parameters. Error bars represent + 1 standard
deviation unit across three technical repeats. Also

®3%/3mm included, calculated changes in mean CI and mean
©2%/ 2mm PTV dose corresponding to increased MLC offset.
B1%/2mm

B32%/ 1mm

B1%/ 1mm

MLC Single2 mm MLC Single 5 mm MLC
Offset

+2.1%

of treatment sites and delivery styles are an important consideration
when attempting to interpret these statistics. Our measured pass rates
were significantly greater than the rates reported for the same detector
when used to measure significantly non coplanar Cyberknife® deliveries
[20].

The use of gamma parameters 2 %/2mm offered good sensitivity to
MLC offsets with minimal variation. The detector’s resolution provides
clear visualisation of the gamma map manifestation of the MLC errors.
This is a very useful visual aid to assist the operator in diagnosing a mis
calibrated MLC, which reenforces the benefits of careful inspection of
pairs of dose distributions and their corresponding gamma maps to assist
the investigation of suspicious results. Similar work has been published
for the Octavius 1000 SRS [26]. In this study, MLC offsets of up to 0.5
mm were introduced into intracranial SRS plans. These offsets were
applied to half the MLCs on the X1 and X2 banks. These MLC errors
resulted in a reduction in gamma pass rates, but in terms of clinical
significance, the effect on Mean PTV dose was small (<2%) and the
effect on CI was inconclusive. Our observed increases in Mean PTV dose
difference and CI suggest single MLC offsets of the magnitudes studied
could have a significant clinical impact. The UK SABR Consortium rec-
ommends CIs for SBRT plans be within the range 1.1 — 1.25, depending
on target volume size [24]. Clearly however, the detector’s ability to
detect MLC offsets having clinical significance depends on the original
plan, it’s quality and department tolerances.

We conclude that the CMOS detector provides a good alternative to
film for SBRT QA, having provided consistent clinical dose measure-
ments without requiring inter element dose interpolation or significant
volume averaging. The detector also shows promise for being sensitive
to MLC offsets that could result in clinically significant dose differences.
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