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Simple Summary: Dosimetry for preclinical radiotherapy research requires the standardization
of dose validation and quality assurance procedures. Except for dose reference measurements,
dosimetric quality control of image-guided small animal irradiation platforms is mostly performed
with passive detectors (alanine and gafchromic films). This results in the inconvenient task of
lengthy post-processing. In this paper, we carried out a dosimetric characterization of an active
detection system based on inorganic scintillators in medium-energy X-rays. We implemented a cross-
calibration framework based on international dosimetric protocols to assess the energy dependence of
the detector. Additionally, we determined relative output factors for very small fields and compared
them to other measurement systems (EBT3 film and CMOS sensor). We demonstrated the suitability
of the inorganic scintillation system for the development of phantom-based end-to-end tests for dose
verification in newly implemented preclinical radiotherapy irradiation techniques.

Abstract: The purpose of the study was to characterize a detection system based on inorganic
scintillators and determine its suitability for dosimetry in preclinical radiation research. Dose rate,
linearity, and repeatability of the response (among others) were assessed for medium-energy X-ray
beam qualities. The response’s variation with temperature and beam angle incidence was also
evaluated. Absorbed dose quality-dependent calibration coefficients, based on a cross-calibration
against air kerma secondary standard ionization chambers, were determined. Relative output
factors (ROF) for small, collimated fields (<10 mm x 10 mm) were measured and compared with
Gafchromic film and to a CMOS imaging sensor. Independently of the beam quality, the scintillator
signal repeatability was adequate and linear with dose. Compared with EBT3 films and CMOS,
ROF was within 5% (except for smaller circular fields). We demonstrated that when the detector
is cross-calibrated in the user’s beam, it is a useful tool for dosimetry in medium-energy X-rays
with small fields delivered by Image-Guided Small Animal Radiotherapy Platforms. It supports
the development of procedures for independent “live” dose verification of complex preclinical
radiotherapy plans with the possibility to insert the detectors in phantoms.

Keywords: radiation detectors; radiation dosimetry; preclinical radiotherapy; X-rays

1. Introduction

Preclinical studies are able to accurately model biological and physical aspects of
clinical scenarios in radiation oncology. They are critical to the development of personalized
and precision medicine and its translational success. The use of preclinical irradiators with
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image-guidance capabilities, combined with in vivo (tumour) models embedded in mice,
offers unique possibilities to cross-examine the radiotherapy response of tumours and
normal tissues. Research performed in those scenarios has the potential to translate into
improvements in clinical outcomes. Targeted preclinical irradiations are mostly performed
using dedicated Image-Guided Small Animal Radiotherapy Platforms (IGSARTP). These
devices are capable of delivering realistic radiotherapy plans with beams in the medium-
energy X-ray range (0.5-4 mm Cu, in terms of Half Value Layer (HVL)). Due to the size
of the targeted regions of interest (ROI), IGSARTP are designed to deliver very small,
individual, or combined treatment fields. The complexity of the systems and the need for
high accuracy, however, may present additional challenges.

The lack of reproducibility of preclinical data has been reported by several authors.
While some of the challenges are related to the specific biology of the preclinical models,
there is a consensus on the lack of standardisation and systematic quality assurance for
preclinical radiotherapy [1,2]. At the same time, the unavailability of physics support and
training for scientists working with biological and preclinical irradiators leads to dosimetric
errors and significant variations in the accuracy of the dose delivered between centres and
research groups [3,4]. As a result, the comparability and reliability of published results
might be compromised [5], and therefore, their translation to novel clinical findings and
future benefit to cancer patients might be compromised.

An additional contribution to the above-mentioned difficulties is the fact that current
Codes of Practice (CoP) for dosimetry in medium-energy X-rays (IPEMB [6], AAPM TG-
61 [7], NCS-10 [8], and IAEA TRS 398 [9]) refer to conditions for reference and relative
measurements that are difficult to replicate in the confined spaces of IGSARTP. Determina-
tion of the absorbed dose to water at the surface of the phantom or at 2 cm depth (according
to the in-air and in-phantom formalisms, respectively) relies on the use of tabulated correc-
tion factors that have been established experimentally or by Monte Carlo simulations. The
correction factors consider that absorbed dose measurements are performed in irradiation
conditions that are typical for clinical kV orthovoltage irradiators, where full backscatter
conditions can be achieved. Dosimetry in the medium-energy X-ray range is challenging.
One of the reasons relates to the fact that scatter contributions to the dose at points closer to
the surface are larger (compared with the MV range) and also significantly dependent on
the field size and thickness of the backscatter material. There have been efforts to quantify
those effects, but only for fields of 10 mm x 10 mm and larger [10,11].

The complexity of radiotherapy plans delivered by IGSARTP is increasing [12], as
are attempts to implement micro-IMRT to deliver clinically analogous treatment tech-
niques [13]. The introduction of spatially fractionated radiotherapy (microbeams) and
FLASH, associated with small animal irradiators, is also gaining momentum in preclin-
ical research [14,15]. Validation of dose delivered by preclinical radiotherapy plans is
still mostly performed with radiochromic films, alanine, and thermoluminescent dosime-
ters (TLDs) [3,16-18]. These detectors need post-processing and significant expertise for
their handling and appropriate analysis of the results. EBT3 Gafchromic film (Ashland
Advanced Materials) is the most widespread type of film used for dosimetry in the kV
energy range. The latest generation of EBT films shows a better performance in terms
of energy dependence than its predecessors; however, the total energy response of EBT3
films irradiated in ®*Co has been reported to be around 8% larger than the response in a
1.63 mm Cu (HVL) X-ray beam [19]. Working with alanine requires specific infrastructure
and equipment (electron paramagnetic resonance (EPR) spectroscopy), which is not widely
accessible. Additionally, the absorbed dose to water measured with alanine in the kV
X-ray energy range using a ®’Co calibrated EPR system also requires the application of
corrections [20]. While the majority of experimental determinations of the relative response
of alanine have been performed in well-characterized X-ray beams, there is still a need for
a better understanding of how the relative efficiency is affected when measurements are
carried out in small, self-shielded preclinical irradiators [21]. The use of micro ionization
chambers, such as the PTW 31022, has also been described for measurements of absorbed
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dose in preclinical irradiators [22]. Although measurement results can be processed im-
mediately after the irradiation, their use is limited by the larger size of the detector in
comparison to the smaller fields used for the delivery of more conformal plans.

Scintillators (organic and inorganic) have been identified as reliable detectors for real-
time dosimetry in several radiotherapy applications [23-26]. One of the challenges for
their use as dosimeters is the presence of Cerenkov radiation that is produced during
irradiation in the fibre itself, which appears as noise to the detectors’ signal associated with
the absorbed dose. Several techniques have been developed to reduce the undesirable
effect. Sample optical filtering and chromatic removal are among the most commonly
implemented procedures [27]. Cerenkov radiation seems to have less prominence in the
response of inorganic scintillators due to their higher light yield [26]. Despite the increased
popularity of scintillator detectors for dosimetry among different energy ranges, including
those of IGSARTP [28], characterization of the energy dependence in the medium-energy
X-ray range has been rarely reported in the literature. The small size of the detectors makes
them attractive for measurements in the typically small fields delivered by small animal
irradiation platforms.

In this study, the suitability of a commercially available inorganic scintillator, DoseWire
(DoseVue, N. V, Diepenbeek, Belgium), for real-time quality assurance (QA) and mea-
surements of dose delivered by preclinical radiotherapy plans was assessed. Similar
investigations will be performed for organic scintillators in future studies. Dosimetry char-
acterization of the detector in terms of reproducibility, linearity with dose, evaluation of
the response with variation of dose-rate, angle of incidence, as well as beam quality (HVL),
was performed at the National Physical Laboratory (NPL), Teddington, UK, employing
reference medium-energy X-ray beam qualities (ranging from 0.5 mm Cu to 4 mm Cu).
Angular dependence and the feasibility of measuring very small field relative output factors
(ROF) as well as the applicability of a quality correction factor for measurements of dose in
the end user’s beam (Xstrahl SARRP device) were evaluated.

2. Materials and Methods
2.1. Inorganic Scintillator-Based Detector

DoseWire (DoseVue, N. V, Diepenbeek, Belgium) consists of a small hemisphere (1
mm diameter) of europium-doped yttrium oxide inorganic scintillating material (Y,O3:Eu)
coupled to an optical fibre. Scintillations are emitted in the 600-650 nm wavelength range.
The scintillator material’s effective atomic number (Zeff) is 30.79, and its density is equal to
3.4 g/cm?®. The detector has a high scintillator light yield and a reduced Cerenkov effect,
resulting in a higher signal-to-noise ratio (SNR) [26], compared with those of similar size
using organic scintillators.

Figure 1a shows a DoseWire scintillator detector coupled to the optical fibre and
subsequently to the robust extension cable, which is connected to the convertor interface.
The measurement system characterized in this work has only one channel. The interface is
powered by a USB connection to a laptop.

The signal acquisition workflow is schematized in Figure 1b. The scintillator material
undergoes luminescence when irradiated. The light is delivered through the optical fibre
to the signal convertor interface box (Figure 1(a.4)), where it is converted into electrical
pulses by a photomultiplier tube (PMT) and subsequently to a digital signal. DoseVue
(proprietary) software analyses and displays the cumulative number of counts in real time.
The information is saved in “plain text” format files.

Three scintillator detectors from two different production batches (all with 1 m of
optical fibre) were characterized: DWS1, DWS2, and DWS3.
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Figure 1. (a) DoseVue system: (a.1) DoseWire detector, (a.2) optical fibre, (a.3) extension cable,
(a.4) signal convertor interface, (a.5) DoseVue software. (b) Signal acquisition workflow.

2.2. Experimental Measurements
2.2.1. Detector’s Response with Temperature Variation

The light yield of a scintillator can gradually decrease with increasing temperature.
For detectors with potential use in radiotherapy applications, the effect was first reported
for BC-400-based plastic scintillators [29]. In preclinical self-contained X-ray cabinets,
temperature during the irradiation workflow can rise significantly (from controlled room
temperature around 20 °C up to 35 °C, according to our experience). This will have an
effect on the temperature inside the phantoms used for dosimetry measurements.

To assess the magnitude of the effect on the DoseWire scintillator, measurements
of the stability of the response at different temperatures were performed. The detectors
were irradiated (one at a time), submerged in water, inside a T100-R1 refrigerated, heated,
circulating bath with a digital control (Stability £0.1 °C) (Grant Instruments) [30]. Due
to practical considerations related to the size of the water bath and the need for the beam
to enter vertically through the water reservoir (0° gantry angle), the irradiations were
performed at the NPL Theratron 780 (®9Co) facility (Figure 2). The scintillator was placed at
2 cm depth, centred in a 5 cm x 5 cm field. Five independent measurements of the signal
accumulated by the delivery of 2 Gy were recorded at each temperature level, ranging from
19 °C to 35 °C.

A linear response model over the temperature range (Equation (1)) was selected to
describe the measured data [31].

SS = $So(1 4 a(T — Tp)) 1)

where SS is scintillator signal at temperature T, SSy is the signal at the reference temperature
To (20 °C in our case) and « is the temperature coefficient.

2.2.2. Signal Repeatability, Linearity with Dose and Detector Response with the Dose Rate

The scintillators’ signal repeatability, linearity with dose, and response with variation
of the dose rate were investigated at four reference medium-energy X-ray qualities (ex-
pressed in terms of HVL) using the 300 kV therapy level calibration facility at NPL (see
Table 1).
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Figure 2. Theratron 780 facility and R1 Grant water bath. A zoomed photograph of the scintillator
positioned inside the water bath at the centre of the radiation field.

Table 1. NPL therapy level (medium-energy X-rays) reference qualities.

Nominal Generating Additional Filtration HVL (mm Cu)
Potential (kV) (mm Sn + mm Cu + mm Al) ! First Second 2
135 0+027+12 0.50 0.85
180 0+054+1.0 1.00 1.69
220 0+1.40+09 2.00 2.87
280 15+0.26+1.0 4.00 4.39

! The X-ray tube has an inherent filtration of 0.3 mm beryllium plus 4.8 mm of PMMA. % Second HVL determined
by SpekCalc calculations [32].

In normal operation conditions, the tube current is set to 10 mA. The facility’s beam line
is horizontal and includes a transmission monitor chamber that allows for the verification of
the stability of the X-ray source output across all sets of measurements. A bespoke LabVIEW-
coded interface was written for accurate control of the shutter’s openings and closings.

Measurements were performed in a 30 cm x 30 cm x 30 cm phantom (slabs with a
total of 28 cm of Bart’s WT1 solid water (Phoenix Dosimetry Ltd. n.d.), with the detectors
positioned at 2 cm depth. WT1 material has been employed before in preclinical orthovolt-
age X-ray experiments [33]. In the absence of a customized slab to hold the detector, the
scintillators were sandwiched between a pair of 1 cm-thick skinless water equivalent bolus
material [34] (Figure S1 in supplementary information). In this measurement configuration,
the detector’s longitudinal axis was perpendicular to the beam axis. The source for the
surface of the phantom (SSD) was set at 75 cm. The field size at the SSD was 7 cm in
diameter, and the positioning of the effective point of measurement (EPOM) of the detector
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at the centre of the radiation field was verified with the Gafchromic RTQA film (Ashland
Advance Materials).

At each beam quality, the detectors were irradiated for 30 s. The average of 10 readings
was considered for the analysis of the results. The coefficient of variation (CV) in %,
expressed as the ratio of the standard deviation of the mean (SD) versus the average, was
the metric used to report the short-term repeatability of the response of the scintillators.
The coefficient of variation of the readings of the monitor chamber (corrected by pressure
and temperature) was also calculated to eliminate variations due to output instability.

The linearity of the response with dose was also assessed for the three detectors. With
the tube current at normal operation conditions (10 mA) and for all beam qualities, the
detectors were irradiated with doses corresponding to the following irradiation times
(in seconds): 5, 20, 30, 60, 120, 240, 500, and 1000. Values of dose corresponding to the
irradiation times were previously determined with a traceably calibrated 2611 secondary
standard (SS) ionization chamber (S/N 134) and a PTW Unidos electrometer (S/N 0091)
performed in the same irradiation conditions as those for measurements with the scintillator
(chamber at 2 cm depth in a 30 cm x 30 cm x 30 cm WT1 phantom with an SSD of 75 cm).
At each beam quality, the scintillator signal was normalized to the signal at the maximum
delivered dose (for 1000 s), and the results were plotted against the irradiation time.

The response of the scintillators as a function of the dose rate was also evaluated. For
each quality, the irradiation time was kept constant at 30 s and different dose rates were
obtained by changing the X-ray tube current in the range from 2.95 mA to 11.1 mA. The
absorbed dose rate at each tube current was established by measurements with the SS 2611
ionization chamber (achieved dose rate range 2.5 to 15 cGy/min). For each beam quality
and scintillator, a series of three measurements were acquired. The ratios of the scintillators’
signals versus the monitor chamber’s signals were calculated and normalized against the
ratio at the operational tube current of 10 mA. For comparison, the ratios of the SS 2611 IC
versus the monitor chamber’s signals were also calculated and normalized to the value of
the tube operational current. Results were plotted for all beam qualities, and the coefficient
of regression (R) for a linear fit was extracted.

2.2.3. Angular Response

The investigation of the variation of the scintillator response with the angle of inci-
dence of the beam was performed in Xstrahl’s small animal radiation research platform
(SARRP) at the UCL Cancer Institute (CI). The SARRP is one of the two commercially avail-
able IGSARTPs. The irradiation platform has a gantry and a robotic stage-based animal
positioning system. Both can rotate around the isocentre, which is situated 35 cm from
the radiation source. The radiation research platform allows for the delivery of complex
radiotherapy plans. Its rotational capabilities allow for a comprehensive assessment of the
angular response of the detector.

The first set of measurements was performed in air by placing the scintillator with its
longitudinal axis perpendicular to the beam axis. The detector was fixed to the positioning
system, and the EPOM was positioned to coincide with the isocentre at the intersection of
the lasers and verified with a cone-beam CT image acquisition. The gantry was rotated in
increments of 30° until completing a 360° rotation. We will further refer to this measurement
configuration as longitudinal angular response.

For the second set of measurements, a bespoke holder was used to place the detector
with its longitudinal axis parallel to the radiation beam axis. The detector’s sensitive
volume was in the air, and its EPOM was placed at the isocentre. Due to limitations with
the positioning holder, the gantry was rotated (clockwise) only from —120° to 120° in
30° steps. This will be further referred to as the polar angular response. Further gantry
angles were not investigated as the beam would not be able to reach the detector without
interacting first with the holder (Figure S2 in supplementary information).

For both sets of measurements, the 10 mm x 10 mm collimator was used to deliver
a 30 s static beam, and three readings of the detector signal were acquired at each gantry
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angle position. The average of three readings at each gantry angle was normalized to
the average of the readings at a 0° gantry angle. Results were plotted in a polar graph
with a radial axis representing the variations of the normalized response and the standard
deviation of the mean of the three readings.

2.2.4. Energy Dependence and Cross-Calibration in Medium Energy X-ray Beams

Due to the composition of the scintillator material, it is expected for the detector to
exhibit a difference in its response to different radiation beam qualities. The energy depen-
dence of the scintillator’s response was studied by irradiating one DoseWire scintillator
detector (DWS1) at the previously specified HVLs (Table 1). The cross-calibration was
performed against an NPL 2611 secondary standard chamber (SS 2611).

With detectors at 2 cm depth, readings were acquired in solid water (WT1), as de-
scribed in Section 2.2.2. For each HVL, the following experimental sets were performed:

Measurements with the NPL 2611 secondary standard chamber (SS) and PTW Unidos
electrometer, full backscatter (Full_BS) and 60 s for charge collection.

A. Measurements with DWSI1, Full_BS, and 30 s for counts collection.

B. Measurements with the SS 2611 and PTW Unidos electrometer, 3 cm backscatter
(3 cm_BS), and 60 s for charge collection

C. Measurements with DWSI1, 3 cm_BS, and 30 s counts collection time.

Measurements with 3 cm backscatter were performed to simulate conditions as recom-
mended by the commissioning protocol set by Xstrahl to determine the beam output of
SARRP devices [35].

The absorbed dose to water rate (Gy/s) at a depth of 2 cm in water (or water equivalent

phantom), lezzz, was calculated from the 2611 chamber measurements, following the
recommendations for the in-phantom formalism, as described by the IPEM CoP [6,36].

Dw,Z:Z = MNKkCh [(ﬁen /p)w/air} 2=2 & (2)

where M (charge/s) is the measurement system’s readings corrected for temperature and

pressure, Nk is the chamber calibration coefficient, [(ﬁm /0)w/a ir} o is the mass energy

z=2,
absorption coefficient ratio, water to air, averaged over the photon spectrum at 2 cm depth

of water and field diameter (subsequently identified by the symbol ©). Finally, k., is the
correction factor that takes into consideration changes in the response of the ionization
chamber that was calibrated in air and is used to perform measurements in water.

A beam quality dependent calibration coefficient kq,Re f_HVL(DWS1) (Gy/counts) was

determined as the ratio of the ionization chamber measured absorbed dose rate, D, (ss) .—2cm

(Gy/s), versus the signal rate from the scintillator Coimtsw( DWS1),z=2cm (COUNts/s):

kg rer_HVL(DWS1) = Duw,Ref_HVL(SS),z=2em/ COUNtSy, Rof HVL(DWS1),2=20m 3)

For every experimental condition: A, B, C, and D, two independent sets of measure-
ments (each with three repeats) were performed for the determination of the k, r.r_ v (pwst)
Two series of calibration coefficients were determined, k, r.¢ pvi(pwsi)_ru_ps and
kg, ref HVL(DWS1)_3cm_ps, for full backscatter and 3 cm backscatter conditions, respectively.

2.2.5. Cross-Calibration in the User’s Beam

The cross-calibration approach was also performed at UCL’s CI SARRP device (X-
ray tube operated at 220 kV and 13 mA), further referred to as the user’s beamn. With an
additional filtration of 0.15 mm Cu and a HVL of 0.667 mm Cu.

The NPL SS 2611, chamber, and DWS1 were placed at a 2 cm depth in a 30 cm X
30 cm x 5 cm water equivalent phantom (the scintillator was sandwiched between the
previously mentioned bolus material). The detectors were irradiated with the 13 cm (side of
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the equivalent square) open field at an SSD of 33 cm. The position of the detectors” EPOM
was at the centre of the irradiation field.
Following Equation (3), the beam quality-dependent calibration coefficient

k%@?}i Ag;{g AI;XIE HVL(DWS1) was determined as the ratio of the measured absorbed dose rate

Dy sARRP_HVL(SS),z=2em (GY/s), versus the signal rate from the scintillator,

Countsy, s ARRP_HVL(DWS1),z=2cm (COUNts/s). Its value was compared with the one obtained
from the second-degree polynomial fitting of the calibration coefficients determined in

non-full backscatter conditions at the four NPL medium-energy X-ray reference beam
Fitted@Ref_HVL

q,3cm_BS,SARRP_HVL(DWS1)

The process in the user’s beam was repeated a different day, but this time the scintillator

was cross-calibrated against the traceably calibrated UCL’s SS ionization chamber, PTW
30012 (SN 149).

For each process, the average of five measurements was taken for the reported values.
Each day, two sets of measurements were performed.

qualities, k

2.2.6. SARRP Relative OUTPUT Factor Measurements

To deliver image-guided targeted irradiations, the SARRP at UCL uses individual
or combined beams defined by a set of brass collimators with small circular, square, or
rectangular fields (up to an area of 10 mm?). The measurement of profiles and the relative
output of such small fields requires detectors with high spatial resolution. The challenge
that these types of measurements pose is highlighted in a review of the commissioning of
forty-three IGSARTP [37], which shows a large spread on reported relative dose output
factors (ROF) for small circular collimators (e.g., between 0.3-0.8 for 1 mm O field).

The majority of published research refers to the use of film for ROF determination [38,39]. Films
have adequate spatial resolution, but the processing and analysis need to be performed
off-line. The accuracy of the results depends on having a well-established procedure for
handling, scanning, and converting optical density (or pixel value) into values of dose [40].

The three investigated scintillators (DWS1, 2, and 3) were used to measure the SARRP’s
ROF. Similar measurements with two other types of detectors were also performed: EBT3
Gafchromic™ films (Ashland, NJ, USA) and a large format 50 mm pixel pitch complemen-
tary metal-oxide—-semiconductor (CMOS) detector vM1212, “Lassena” [41]. All detectors
were positioned at the SARRP’s isocentre, at 2 cm depth in a water equivalent phantom, and
33 cm SSD, with 3 cm backscatter. The ROF obtained with the different types of detectors
was compared.

The location of the detectors” EPOM at the centre of the irradiation field is crucial
during small-field measurements. For the scintillators, the position for the maximum signal
was verified by continuously irradiating with a 3 mm x 3 mm field (at a 0° gantry angle)
while visualizing the number of photon counts at different positions of the robotic stage.
At the position of maximum signal (EPOM at the centre of the radiation field), five repeats
of 30 s irradiation were acquired, with each of the seven available collimators (& 0.5 mm, &
1 mm,3mm X 3mm,3mm X 9 mm, 5 mm X 5 mm and 10 mm x 10 mm). At the end
of each measurement, the total number of photon counts was recorded. The process was
repeated for each of the detectors. Two sets of measurements were performed for DSW1.

For measurements with EBT3, film sheets were cut into 8 x 7 cm? pieces for dose
calibration and output factor measurements. A nine-point calibration curve (dose range
between 0 and 11 Gy) was obtained by irradiating pieces of film in the same conditions
as the SS ionization chamber and as described in Section 2.2.5. The dose delivered to each
calibration point was calculated based on the previously determined absolute dose rate

output: Dy, s sARrp_HVL(SS),z=2cm (GY/8). For the ROF measurements, two sets of the same
size pieces of film were irradiated for 90 s with the square and rectangular collimators and
for 180 s with the smaller circular collimators, respectively. Films were scanned 48 h after
the irradiation, using an Epson Expression 10000XL flatbed scanner with 720 DPI resolution.
The triple channel method, as implemented in FilmQA Pro™ software (Ashland) was
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used for the film analysis. Multi-channel dosimetry improves dose accuracy by removing
the effects caused by the non-homogeneity of the films and artifacts from the scanner [42].
For each collimator, the values of dose for the red, green, and blue channels in a region of
interest (ROI) at the centre of the irradiation field were recorded and averaged.

For measurements with the vM1212 CMOS, a fixed 28 ms integration time was selected
to avoid saturation and guarantee the linear response of the detector. The linearity of the
relative pixel response was initially calibrated against current measurements with the SS
ionization chamber. A corrected image was acquired for each collimator (averaged over a
number of frames to reduce noise and with the subtraction of the dark image to eliminate
the effect of dark currents) [43]. The detector’s signal (averaged pixel values) within a ROI
at the centre of the radiation field was recorded for each collimator.

To be able to compare square, rectangular, and circular fields, the rectangular dimen-
sions of the field sizes were converted into equivalent diameters (& in mm) [44].

For each detector, ROF were calculated as:

Measured Signal g ()

ROFy y (sm) = 4

Measured Signal@11.3(mm)

where, Measured Signalg ) refers to the response of the detector for a given collimator
x and Measured Signalgy 3(,um), to the response at the reference collimator, in this case the
10 mm X 10 mm (11.3 mm equivalent diameter, J).

2.3. Uncertainties

Reproducibility, linearity, dose rate dependence, ROF, and directional response Type
A uncertainties were determined through the standard deviation of the mean (SDOM) of
repeated measurements with a coverage factor of 1 (k = 1).

The uncertainty budget of the determination of the scintillator detector HVL-dependent
calibration coefficient was derived according to the guide to the expression of uncertainty
in measurement from the Joint Committee for Guides in Metrology [45]. The overall uncer-
tainty for the experimental determination of k; iy (pws1), in the reference and user’s beam
qualities is detailed in Table 5, in the Section 3.4.3. The reported uncertainties consider not
only variations under the same conditions but also the repositioning of the measurement
setup for the three DWS detectors.

3. Results
3.1. Detectors Response with Temperature Variations

No statistically significant differences in the response to variations in temperature in
the range between 19 °C to 35 °C were found for any of the three scintillators. The result is
confirmed by the small value of the temperature coefficient «, which on average (for the
three scintillators), was 1.14 x 1073 °C~!. The largest value for the normalized response
(85/5Sp) was 1.005 for DWS1 and DWS2, at 19 °C, and the lowest was 0.996 at 35 °C
for DWS2.

3.2. Repeatability, Linearity with Dose and Detector Response with the Dose Rate

Each scintillator has its own response in terms of counts. The ratios of the responses
of DWS2 and DWS3 versus DWS1 are 1.1951 4+ 0.0016 and 1.0673 £ 0.0012, respectively.
The results are averaged over the four beam qualities. The small standard deviation on the
ratios demonstrates that independently of a different intrinsic response, each detector has a
similar relative energy response.

On average, over the three detectors and four beam qualities, the signal repeatability
is 0.41%, as expressed by the coefficient of variation. The worst repeatability was shown by
the DWS2 at 4 mm Cu HVL (CV = 0.88%).

Table 2 presents a summary of the results of the measurements performed to evaluate
the repeatability of the scintillators’ response.
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Table 2. Repeatability measurements for the scintillator detectors.

0.5 mm Cu 1 mm Cu 2mm Cu 4 mm Cu

Seintillator DWS1 21,057.36 19,765.84 10,028.23 3205.56
counts) ! DWS2 25,115.18 23,626.34 12,005.56 3831.85

COUIS DWS3 22,514.24 21,097.56 10,699.68 3416.74
Standard DWS1 84.74 56.65 33.40 24.40
D““T ar DWS2 83.83 58.13 34.78 33.76
eviation DWS3 82.25 57.21 34.62 16.43
Coefficient of DWS1 0.40 0.29 0.33 0.76
Vofi fi“(o/o) DWS2 0.33 0.25 0.29 0.88
ariation {7 DWS3 0.37 0.27 0.32 0.48

Monitor IC (1C) ! 0.047055 0.067651 0.066751 0.065559

Standard Deviation 0.000014 0.000030 0.000029 0.000025
Coefficient of variation (%) 0.03 0.04 0.04 0.04

! Average of 10 readings, each acquired for 30 s.

All three scintillators showed a linear response with dose in the range up to 2.5 Gy.
The results are independent of the beam quality (HVL). Normalized scintillator signal
versus dose (expressed in terms of the irradiation time in s) was fitted to a line with a
coefficient of regression of R = 0.9999. A graph with dose linearity for all beam qualities is
presented in the supplementary information (Figure S3).

The analysis of the measurements to determine the scintillators” response to dose
rate variations (expressed by the tube current) is summarized in Figure 3. On average
(considering the responses of the three studied detectors and all beam qualities), the DWS
system presents a variation < 2% in the dose rate range achievable by the 300 kV facility
at NPL (2.5 to 15 cGy/min). The largest variation (2.9%) was measured for DWS3 at the
lower dose rates and for the 4 mm Cu HVL.

1.03 | 0.5 mm Cu 1 mm Cu
1.02 |
1.01 % § § »*
100} & . S |2 a § i
@ 0.99
S 0.98 |- X DWS1
2 097 X DWS?2
¢ 0-96 - + Dws3
3 B DWS Average
103t 2mmCu | A ss2611lc | 4mmCu
bt
g Ul F A
Z 100} A ¥ x ¥ 2 A o w
0.99 |- X ¥
0.98 | X ﬁ
0.97 | + 4+
0.96 |
1 1 1 1 1 1 1 1 1 1
295 4.98 796 10111 295 4.98 796 10 11.1

Tube Current (mA)

Figure 3. Normalized scintillators” response to dose rate variation (expressed by changes in the tube
current) for different HVLs (0.5, 1, 2 and 4 mm Cu). Errors bars represent the standard deviation of
the mean (no visible if smaller than the data point marker).



Cancers 2023, 15,987

11 0f 19

3.3. Angular Response of the DoseWire

The angular response of the detector is presented in Figure 4. For all gantry angles,
the response along the longitudinal axis of the scintillator is within 0.5%. In this first case
(Figure 4a), the axis of rotation was parallel to the detector’s axis of symmetry (longitudinal
axis), and therefore, a small angular dependence was expected.

L 210°
Normalized Response:¢| 4., Normalized Response: ¢ 180°

SD: SD:

(a) (b)

Figure 4. Angular response of DWS 1 scintillator detector. (a) longitudinal response, (b) polar

response. Response is normalized against the signal measured at SARRP 0° gantry angle. SD
correspond to the standard deviation of three readings at each gantry angle.

A different result was obtained when evaluating the angular dependence while ro-
tating the gantry perpendicular to the axis of symmetry. The maximum difference was
found at the extreme angles in both opposite directions with respect to the 0° gantry angle,
with a lower signal measured by the scintillator (3.34% and 3.24% difference at 120° and
—120°, respectively). The result was expected given the detector’s hemispherical shape
(Figure 4b).

3.4. Energy Dependence and Scintillator’s Cross-Calibration
3.4.1. Scintillator Detector Calibration Coefficients at NPL Reference Medium
Energy X-rays

Table 3 below presents a summary of the measurements acquired at the four NPL
medium-energy X-ray qualities, with both the DWS1 and the SS 2611 ionization chambers.
The values are the average of three readings.

Figure 5 shows the energy dependence of the DSW1 scintillator, represented by the
beam quality calibration coefficient k; r.r rvi(pws1), calculated according to Equation (3).
For both backscatter conditions: full and 3 cm backscatter (Experiments A-D), values on
the graph are the average over the two independent set of measurements.
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Table 3. Measurements recorded during the DWSI cross-calibration at NPL 300 kV facility.

0.5 mm Cu 1 mm Cu 2mm Cu 4 mm Cu
Set 1: Full Backscatter (A and B)
552611 average dose 1745 x1073 2564 x 1073 2.464 x 103 2.335 x 103
rate (Gy/s)
DWSI average 700.98 626.00 311.90 97.37
signal (counts/s)
Set 1: Full Backscatter (A and B)
852611 average dose 1748 x 1073 2,560 x 1073 2.460 x 103 2332 x 103
rate (Gy/s)
DWS1 average 702.10 628.70 316.23 99.02
signal (counts/s)
Set 1: Full Backscatter (A and B)
552611 average dose 1.690 x 10-3  2.499 x 1073 2.460 x 1073 2302 x 103
rate (Gy/s)
DWSI average 668.62 618.51 304.97 92.41
signal (counts/s)
Set 1: Full Backscatter (A and B)
552611 average dose 1688 x 1073 2495 x 1073 2421 x 103 2.294 x 103
rate (Gy/s)
DWSI average 669.45 622.39 306.11 93.03

signal (counts/s)

kq,Ref__HVL(DWS1) x 107°¢ (Gy/counts)

30
’ O kq,Ref HVL(DWS1) Full BS
25 + kq,Ref HVL(DSW1) 3cm_BS 3;
20 - '
15 2
10 -
] =
g:d y=1.237x2+0.460x+2.109
: SR ly=1.355x%+0.209x+2.251
O T T I
05 2 4
HVL (mm Cu)

Figure 5. Beam quality dependent calibration coefficient, kq, determined in conditions of full and

3 ecm backscatter, respectively. Error bars stand for the combined standard uncertainty (k = 1). When

not visible, the value is smaller than the data point marker.

The largest difference between the calibration coefficients for full and 3 cm backscatter

conditions was 4.31% for the hardest beam quality (i.e., 4 mm Cu HVL). The scintillator
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shows a large energy dependence. For both backscatter conditions, the calibration coeftfi-
cient is around nine times larger at 4 mm Cu HVL compared with 0.5 mm Cu HVL. For the
SS 2611, the same ratio is smaller than 1.02.

3.4.2. Scintillator Cross-Calibration in the User’s Beam

Results of the measurements acquired during the cross-calibration at UCL's SARRP
facility are summarized in Table 4.

Table 4. Measurements recorded during the DWSI cross-calibration at UCL’s SARRP facility.

0.667 mm Cu
SS 2611 average dose rate (Gy/s) Set 1 6.254 x 1072
Dav 1 DWS1 average signal (counts/s) Set 1 23,620.03
y SS 2611 average dose rate (Gy/s) Set 2 6.314 x 1072
DWS1 average signal (counts/s) Set 2 23,927.97
SS PTW 30012 average dose rate (Gy/s) Set 1 6.242 x 102
Dav 2 DWS1 average signal (counts/s) Set 1 23,486.45
Y SS PTW 30012 average dose rate (Gy/s) Set 2 6.333 x 1072
DWS1 average signal (counts/s) Set 2 23,710.09

M@SARRP_HVL
q,3cm_BS,SARRP_HVL(DWS1

eraged over Set 1 and 2 was 2.643 x 107 (Gy/counts) and 2.664 x 10~ (Gy/counts) for
measurements with NPL SS 2611 and UCL SS PTW 30012, respectively. The difference
between the two (0.79%) is within the combined uncertainties of the reproducibility of
the setup and daily output variations of the SARRP device, as shown in the uncertainty
analysis section. For further comparison and discussion, we considered the average of the
two values.

The difference between the averaged measured calibration coefficient,
MESARRP_H VL ) (2.654 x 107%, Gy/counts) and that calculated by the polyno-

q,3cm_BS,SARRP_HVL(DWS1
) (2.999 x 10~° Gy/counts) was —13.02%. That is

(Fitted@Ref HVL
q,3cm_BS,SARRP_HVL(DWS1

a larger difference than what was expected. We will further discuss possible causes for

the differences.

The measured HVL-dependent calibration coefficient k )y av-

mial fitting,

3.4.3. Uncertainty Budget of the Determination of the Scintillator Detector HVL-Dependent
Calibration Coefficient

For the uncertainty analysis, differences in measurement conditions, both at NPL and
UCL’s facilities, were considered and summarized in Table 5.

Table 5. Measurements recorded during the DWSI cross-calibration at NPL 300 kV facility.

NPL 300 kV Facility UCL SARRP
Sources of Uncertainty Type A (%) TypeB (%) TypeA (%) TypeB (%)
Dose at 2 cm depth with SS (Gy/s) 321 3.632
SS charge measurement repeatability (nC) 0.09 0.08
Temperature (K) 0.02 0.10
Pressure (kPa) 0.04 0.10
DWSI readings repeatability (counts) 1.123 0.394
Reproducibility of the setup 1.555 1.56°
Combined standard uncertainty (k = 1) 3.73 3.97

! From NPL Report CIRM 41 [46]. 2 Adapted from the uncertainty budget for determination of absorbed dose in
a SARRP device, considering the use of the 30012 Farmer type ionization chamber (Table 7) [22]. 3 NPL 300 kV
facility worst case scenario: for 2 mm Cu, 4 mm Cu HVL and 3 cm BS. 4 UCL SARRP worst case scenario: Set 2, SS
PTW 30012, 3 cm BS. 3 Evaluated based on the percentage difference of k, values obtained when changing the
setup between different Sets. For SARRP it also includes the use of two different SS ionization chambers.
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3.5. Relative Output Factors

Signals from the three different detectors were analyzed for the different field sizes.
For each detector, response at each field size was normalized to that of the 10 mm x 10 mm
collimator (11.3 mm equivalent &J).

Except for the smaller 1 mm and 0.5 mm O collimator, ROF was measured with
the three DWS agreed within 0.5%. The standard deviation (expressed in terms of the
coefficient variation) of four independent determinations of the ROF for the 1 mm & was
1.38%, which, considering the size of the scintillator detector (1 mm &J), was a satisfactory
result in terms of the method used to position the detector at the centre of the radiation
field. The spread of the results for the 5 mm J was significantly larger, 18.59%, as expected,
given the larger dimensions of the detector in comparison with the field size.

Tables with the measurements and calculation of the ROF for each detector are pro-
vided as supplementary information (Table S1).

Figure 6 presents the ROF for the DWS as an average of the results for DSW1, 2, and
3. For comparison, the relative output factors measured with EBT3 films and the CMOS
Lassena detector are also shown.

oo olO  []

1.1 e
1ol 3 "
LL 5
@) =
& 0.9_ . i ¥§
S 08} X X DWS1,2,3 (Average)
g 5ol X EBT 3 Film
= [ X + CMOS Lassena
2 06}

3 _ Col. |[Eq@mm)| ¥ | X | 4+
© 05X 10x10| 113 1 1 1
= - 5x5 5.6 0.898 | 0.933 | 0.941
o 04} 3x3 3.4 0.855 | 0.894 | 0.896
12 : 3x9 5.1 0.896 | 0.926 | 0.931
0.3} 9x3 5.1 0.895 | 0.918 | 0.928
| o 1 1.0 0.688 | 0.780 | 0.836
02}k @ 0.5 05 | 0.241]0.511 0.508
0.5 1 34 5156 11.3

Collimator Equivalent Diameter (mm)

Figure 6. ROF for SARRP brass collimators. Detectors” EPOM positioned at 2 cm depth, at the
isocentre, 3 cm backscatter, and 33 cm SSD. Error bars represents a fixed standard deviation of +3%
for ROF, on the average over the three different detectors. Representative images of the different
field shapes and sizes (shown on the upper horizontal axis) were acquired with the CMOS Lassena
detector and are not at scale.

ROFs determined with the DWS are lower than those measured with EBT3 and
CMOS Lassena. Considering fields with an equivalent diameter (&) larger than 5 mm, the
differences between ROFs are on average —3.6% and —4.3% when comparing DWS with
EBT3 films and CMOS Lassena, respectively. That can be explained by the higher effective
atomic number (Z.g) of the material of the DSW detectors and differences associated with
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the energy response at fields with a smaller size than the reference field (10 mm x 10 mm)
in the medium-energy X-ray range that are less significant in the interaction with the EBT3
films and the CMOS detector. The same comparison for the 1 mm & collimator yields
differences larger than 10%. For the smaller 0.5 mm & collimator, ROF with the DWSs
is two times lower than that measured with the other two detectors. Those results were
expected due to the size of the DSW detectors (1 mm ) being respectively the same as and
larger than the referred field sizes.

4. Discussion

No comprehensive characterization of the DoseWire inorganic scintillator system in
medium-energy X-rays has been reported. Our study of linearity, dose rate dependence, and
repeatability at four reference medium-energy X-ray qualities showed good performance,
with adequate short-term repeatability (CV < 0.5%) and excellent linear response with dose
in the investigated range (R = 0.9999). The largest response variation with dose rate was
2.9%, for 4 mm Cu HVL, where the signal of the detector was lower. Dose rates in reference
conditions of irradiations achieved by SARRP devices (0.0635 Gy/s) are substantially
higher than those at NPL 300 kV facility (0.0023 Gy/s). Within the same sampling time, the
signal is significantly higher at SARRP, and therefore, smaller variations with dose rate are
expected. Each of the available SDW detectors has its own (intrinsic) response (in counts/s)
to the same irradiation conditions. The inter-detector’s response variation was expected
as the scintillators’” emission characteristics are highly dependent on the manufacturing
process, including the crystal growth and doping;, its final dimensions, encapsulation, and
coupling with the optical fibre.

The angular response dependence of the detector along its symmetrical axis is neg-
ligible. However, along its polar axis, the dependence was larger, at 3.3% at the extreme
tested angles (—120° and +120°), decreasing to around 2% for —90° and +90°. That was
expected, considering the hemispherical shape of the scintillator. It will be important to take
this result into consideration if the device was used to establish protocols for pre-delivery
quality assurance or in-vivo verification of complex irradiation plans, including those with
non-coplanar beam entries.

A significant absorbed-dose energy dependence of the inorganic scintillator was ex-
pected. This is due to the photoelectric effect, which is the dominant interaction in the
medium-energy range, with cross-section values proportional to Z4/E3. The higher Zeff
of the Y,O3/Eu scintillator compared with that of water leads to a significant decrease in
the signal measured by the scintillator with an increasing beam energy, as shown by our
cross-calibration procedure. The calibration coefficient (expressed in terms of Gy/signal)
increases significantly with increasing beam quality (HVL) by dividing the determined
absorbed dose to water by the measured signal. With 3 cm backscatter material, the re-
sponse of the scintillator detector was within 1.4% of that of full backscatter for all reference
beam qualities, but for 4 mm Cu HVL, the difference reached 4.1%. The two commercially
available IGSARTPs deliver beams with qualities below 1 mm Cu. Our experimental results
give an indication that, with a proper cross-calibration process, 3 cm of water equivalent ma-
terial would provide sufficient backscatter for measurements with the scintillator without
significantly increasing the uncertainties of absorbed dose measurements. The significant
difference between the fitted and calculated energy dependence calibration coefficient k;
could be explained on the basis of the differences in the intrinsic response of the detector to
different levels of dose, such as the ones existing between the SARRP and NPL facilities.
Although the experimental assessment presents limitations in disassociating the absorbed
dose energy dependence from other factors affecting the detector’s response, the lack of
appropriate knowledge of the detector’s assembly and components limits the possibility of
Monte Carlo modelling.

With all the above, our recommendation will be to cross-calibrate each scintillator
detector individually and directly in the user’s beam.
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As previously mentioned, published values of ROF for SARRP devices varied signifi-
cantly and were mostly performed with EBT3 films. There is only one study that reports
ROF for the brass collimators measured from images acquired with the SARRP on-board
EPID camera-based system [47]. The uncertainty of small-field dosimetry in megavoltage
radiotherapy has improved through the compilation of data published by different research
groups. One of the most important recommendations is for the experimental determination
of ROF to be performed with more than one detector [48]. In order to improve dosimetry
verification of IGSARTPs, and considering that the routinely used field sizes in these devices
are smaller than those in clinical radiotherapy, the same approach should be considered.
The results presented here, to the best of our knowledge, are the first measurements of ROF
in medium-energy beams of preclinical irradiators with the use of an inorganic scintillator
and the first to compare the results between three different detectors. At this stage, in the
case of the scintillators, the ROF was calculated based only on the ratio of the measured
detector signals and not on the strict definition that considers the ratio of the absorbed
doses. Further experimental work, including analysis of EBT3 films scanned with better
resolution and additional measurement sets will help establish the possible need for field
size specific correction factors. Those would be able to consider the difference in response of
the inorganic scintillator to variations in the contribution of the lower energy components
of the X-ray spectra for different fields sizes. Monte Carlo simulations of the response of
the detector for that purpose were not possible as the exact composition of the effective
volume of the detector was not provided by the manufacturer.

5. Conclusions

The dosimetry characterization of the DoseWire scintillator system demonstrates the
feasibility of its use for quality assurance purposes and the relative measurements of param-
eters like the relative output factors of small fields delivered by IGSARTP. The inorganic
scintillators have the advantage over films and alanine in that they provide real time
measurement results and have smaller dimensions compared with ionization chambers.
The methodology described for its cross-calibration contributes to the development of
end-to-end tests aiming to achieve independent dosimetry verification of radiotherapy
plans delivered by image-guided small animal irradiation platforms. The development of
in-vivo dose verification procedures for treatments with larger fields, for example those
involving mouse total body irradiation, could expand the potential applications for the
use of the inorganic scintillator system not only for IGSARTP but also for conventional
preclinical cabinet dosimetry.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cancers15030987 /51, Figure S1: DoseWire cross-calibration setup, WT1
and bolus material; Figure S2: Setup for polar energy dependence investigation; Figure S3: Linearity of
inorganic scintillators” response; Table S1: Relative output factors, detailed set of measurements.
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