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Abstract

Objective. Spatially-fractionated radiotherapy (SFRT) delivered with a very-high-energy electron
(VHEE) beam and a mini-GRID collimator was investigated to achieve synergistic normal tissue-
sparing through spatial fractionation and the FLASH effect. Approach. A tungsten mini-GRID
collimator for delivering VHEE SFRT was optimized using Monte Carlo (MC) simulations. Peak-to-
valley dose ratios (PVDRs), depths of convergence (DoCs, PVDR < 1.1), and peak and valley doses in a
water phantom from a simulated 150 MeV VHEE source were evaluated. Collimator thickness, hole
width, and septal width were varied to determine an optimal value for each parameter that maximized
PVDR and DoC. The optimized collimator (20 mm thick rectangular prism with a 15 mm x 15 mm
facewith a7 x 7 array of 0.5 mm holes separated by 1.1 mm septa) was 3D-printed and used for VHEE
irradiations with the CERN linear electron accelerator for research beam. Open beam and mini-GRID
irradiations were performed at 140, 175, and 200 MeV and dose was recorded with radiochromic films
in a water tank. PVDR, central-axis (CAX) and valley dose rates and DoCs were evaluated.

Main results. Films demonstrated peak and valley dose rates on the order of 100 s of MGy/s, which
could promote FLASH-sparing effects. Across the three energies, PVDRs of 2—4 at 13 mm depth and
DoCsbetween 39 and 47 mm were achieved. Open beam and mini-GRID MC simulations were run to
replicate the film results at 200 MeV. For the mini-GRID irradiations, the film CAX dose was on
average 15% higher, the film valley dose was 28% higher, and the film PVDR was 15% lower than
calculated by MC. Significance. Ultimately, the PVDRs and DoCs were determined to be too low for a
significant potential for SFRT tissue-sparing effects to be present, particularly at depth. Further beam
delivery optimization and investigations of new means of spatial fractionation are warranted.

1. Introduction

Radiation therapy (RT) is prescribed to cancer patients with the intent to cure or for palliation. In either case, the
objective of treatment is to maximize damage to cancer cells while minimizing side effects for the patient in
particular, due to damage in critical organs. Spatially-fractionated radiotherapy (SFRT) and FLASH RT
delivered at ultra-high dose rates (UHDRs) are two new non-standard radiotherapy techniques of great interest
in modern oncology due to the distinct normal-tissue-sparing effects they can each elicit. Recent discussion has
arisen on a possible synergy between the two techniques which could potentially result in the increase of their
individual therapeutic windows (Schneider et al 2022). However, research on potential delivery methods to
achieve the two tissue-sparing effects in deep-seated tumours simultaneously is needed. This study investigates
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Figure 1. A conceptual diagram for combining FLASH RT and spatially-fractionated RT using a very-high-energy electron source.

the feasibility of UHDR mini-GRID (GRID with mini beams) radiotherapy using a very-high-energy electron
(VHEE) source.

SERT is a technique which employs non-uniform dose distributions, in particular, alternating low- and
high-dose regions, typically achieved via collimation. The 2D collimated form of SFRT is known as GRID
therapy due to the grid pattern it produces. Today, SFRT and GRID therapy are used to treat patients with
limited local control options, including patients with advanced cancers, bulky tumours, and or radioresistant
tumours (Neuner et al 2012, Billena and Khan 2019, Choi etal 2019, Yan et al 2020, Owen et al 2022). Relative to
standard RT, SFRT techniques offer a high biologically effective dose (BED) and the capacity to reduce normal
tissue toxicity (Mohiuddin et al 1999, Yan et al 2020) without reducing the effectiveness of tumour treatment.
The preferential normal-tissue sparing is hypothesized to be a result of bystander effects (Widel 2016),
differential vascular damage, and anti-tumour immune responses (Yan et al 2020). Although the radiobiological
mechanisms behind the reduction in toxicity are not entirely known, minimizing valley dose and maximizing
peak-to-valley dose ratio (PVDR) has been shown to be linked to the normal tissue sparing potential (Dilmanian
etal 2002, Smyth et al 2016). However, particle type and beamlet size have been shown to affect which dosimetric
quantities do in fact indicate normal tissue sparing (Fernandez-Palomo et al 2022).

While SERT presents a change to the spatial structure of radiotherapy treatment, FLASH RT presents a
change to the temporal structure of treatment delivery. FLASH RT is characterized by the effect that it produces,
lesser toxicity to normal tissue without compromising tumour control. Though the biological mechanisms
behind the effect are not entirely understood, FLASH RT is primarily a combination of UHDRs and rapid
treatment times (<0.1 s) (Esplen et al 2020, Wilson et al 2020). Numerous animal (mice, mini pigs, and cats) and
tissue (brain, neural stem cells, and skin) studies have shown that sub-second, UHDR treatment can reduce
toxicity to healthy tissue without compromising tumour treatment (Levy et al 2019, Vozenin et al 2019, 2019).
Presently, radiolytic oxygen depletion and transient cellular hypoxia, perhaps constrained to hypoxic (i.e. stem)
cell compartments, and radical recombination are favoured radiobiological hypotheses for the effect (Adrian
etal 2020, Labarbe et al 2020, Bronk et al 2022), but may not entirely account for the observed effects in vivo
(Zhou et al 2020, Boscolo et al 2021). The dosimetric and temporal conditions needed for the FLASH effect
remain to be fully understood and while the average dose rate and the timescale of irradiation appear to also be
important, the exact parameters remain uncertain and appear to be multifactorial (Ruan et al 2021, Bohlen et al
2022). A conceptual diagram showing UHDR SFRT using a VHEE source is presented in figure 1.

Sub-second FLASH irradiations synergize well with spatially-fractionated techniques, given that loss of
spatial fractionation often occurs as a result of organ motion due to treatment times longer than physiological
motion. The normal tissue-sparing effects of FLASH RT and SFRT are thought to occur through different
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biological mechanisms (Schneider et al 2022) and thus have different physical and delivery requirements; as an
example, SFRT does not seem to have the same requirements on the beam time structure, threshold dose,
irradiation time, and tissue oxygen concentration that FLASH radiotherapy does (Dilmanian et al 2003, Adrian
etal 2020, Vozenin et al 2020, Wilson et al 2020). Therefore, future studies using sources that are capable of
spatially-fractionated and open beam UHDR irradiations could help determine the potential for combining the
techniques and determining to what degree each technique contributes should the effects synergize (Wright et al
2021). Only a few low-energy x-rays with steep dose fall-off with depth generated by synchrotrons have shown
the capacity for UHDR micro-fractionation delivery (Smyth et al 2018, Montay-Gruel et al 2022). Other sources
with the potential for combining FLASH and SFRT need to be investigated, especially since the list of particle
types and beam energies that are UHDR-compatible continues to grow (4.5 and 224 MeV protons (Beyreuther
etal 2019, Buonanno et al 2019), MeV photons (Esplen ef al 2022), keV photons (Bazalova-Carter and

Esplen 2019), MeV electrons (Favaudon et al 2014, Vozenin et al 2019), very-high-energy electrons (Rahman
etal 2022), Heions (Tessonnier et al 2021)).

In this study, very-high-energy electron beams (VHEE, 50-250 MeV) are considered for radiotherapy
(DesRosiers et al 2000, Papiez et al 2002, Yeboah et al 2002, Yeboah and Sandison 2002, DesRosiers et al 2008).
VHEE beams are a newer particle source in radiation oncology studies, their low sensitivity to tissue
inhomogeneities compared to photon and proton beams and their high penetration depth as compared to
clinical 4-20 MeV electron beams make them appealing sources from a physics perspective (Bazalova-Carter
etal2015, Palma et al 2016, Schiiler et al 2017, Whitmore et al 2021). In terms of FLASH-compatibility, VHEE
sources readily achieve UHDRs, even at modest beam currents, and can easily perform sub-second irradiations
(Schiiler et al 2022). For performing SFRT, VHEE sources are advantageous due to their low lateral scatter, as
compared to lower energy electron sources (Martinez-Rovira et al 2015, Clements et al 2023). One potential
complication with VHEEs and a tungsten collimator is that the radiation yield of 200 MeV electrons in tungsten
is ~849% (Berger et al 1999) and therefore it is expected that the collimator will also serve as a source of
Bremsstrahlung x-rays. A similar work presented by Pensavalle Jet al showed that the Bremsstrahlung dose was
10% of the electron dose in the peak regions for a 9 MeV beam impinging on a 5 mm tungsten target. The 9 MeV
radiation yield is 28% and therefore the Bremsstrahlung contribution in our work is expected to be higher.
However, since our proposed tungsten collimator is 2 cm thick, it will completely attenuate some of the
generated Bremsstrahlung x-rays. In addition, the high mass collisional stopping power of 200 MeV electrons
and the low mass energy absorption coefficient of Bremsstrahlung x-rays in water will cause a 200 MeV electron
to deposit more dose compared to a Bremsstrahlung x-ray (Dunning and Bazalova-Carter 2019) and the effect of
Bremsstrahlung dose will be mitigated to a degree. Due to these competing effects, predicting the significance of
the Bremsstrahlung dose is not a simple task.

This work investigates the feasibility of UHDR mini-GRID radiotherapy usinga VHEE source, a technique
which could further widen the therapeutic windows of radiation therapy if capable of synergizing FLASH RT and
SERT. First, a mini-GRID collimator is optimized and 3D-printed for mini-GRID film dosimetry witha UHDR
VHEE source. For the purpose of this work, Monte Carlo (MC) simulations are employed for an accurate
representation of the irradiation setup. Finally, MC simulations of the experimental mini-GRID irradiation
setup are presented. Due to the limitations in the current size of VHEE sources, in this study, we focus on small
VHEE SFRT fields.

2. Materials and methods

2.1. CLEAR VHEE beamline

The CERN linear electron accelerator for research (CLEAR) beamline comprises a VHEE linear accelerator
capable of producing electron beams with energies between 60 and 220 MeV and provides tunability for a large
number of beam parameters, as indicated in table 1 (Korysko et al 2023)).

The beamline can readily achieve UHDR conditions compatible with FLASH studies (Corsini et al 2021).
The user facility for experimentation consists of an In-Air Test Area. The CLEAR-Robot (C-Robot) can be
installed in this area, which includes three independent linear motion stages (in x, , and z), a grabber, and a
camera which assists in the moving of samples in and out of a polymethyl methacrylate (PMMA) water tank
centred in the beam path (Korysko et al 2023). The water tank is capable of holding 3D-printed radiochromic
film holders of various lengths in which films (35 mm x 40 mm) can be spaced at 0.5 cm intervals (Korysko et al
2023). First, a simplified particle representing the CLEAR VHEE electron beam was used as the particle source
for the mini-GRID collimator optimization. Next, open beam and mini-GRID irradiations were performed
using the mini-GRID collimator on the CLEAR beamline and modelled by MC.
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Figure 2. (a) Labelled diagram of Monte Carlo simulation geometry for collimator optimization. (b) 2D view of mini-GRID collimator
entrance face with hole width and septal width indicated.

Table 1. CLEAR beam parameters.
Adapted from Korysko et al 2023. CC BY 4.0.

Parameters Values

Beam energy 30-220 MeV
Beam energy spread <0.2% rms
Bunch length rms 0.1-10 ps
Bunch frequency 1.50r3.0 GHz
Bunch charge 0.005-1.6 nC
Norm. emittance 1-20 pym
Bunches per pulse 1-200

Max. pulse charge 87nC
Repetition rate 0.8333-10 Hz

2.2.Mini-GRID collimator optimization

An optimized mini-GRID collimator would ideally maximize PVDR and minimize valley dose since these have
all been shown to be driving factors in maximizing the tissue-sparing effects seen in SFRT (Dilmanian et al 2002,
Fernandez-Palomo et al 2022).

The CERN mini-GRID collimator was designed and optimized using TOPAS (v3.6) MC simulations
(Perl etral 2012, Faddegon et al 2020) and the process outlined below was similar to previous work
(Clements et al 2022). To achieve 2D minibeam spatial fractionation, a mini-GRID collimator made of tungsten
was simulated for use on the CLEAR beamline.

Dose was scored in a rectangular (2 cm x 2 cm X 10 cm) water phantom. A simplified VHEE source, based
on the capabilities of CLEAR, was modelled as a non-divergent 150 MeV Gaussian electron beam with
0, = 0, = 2.55 mmlocated 1 cm upstream from the mini-GRID collimator (Poppinga et al 2020). The mini-
GRID collimator was initially defined as a cylindrical body of tungsten with a 1cm radius and an array of 25
parallel square holes arranged ina 5 x 5 square pattern. Three geometric parameters of the mini-GRID
collimator were optimized: (1) the thickness (the dimension along the beam axis), (2) the hole width, and (3) the
septal width (thickness of tungsten between holes) (see figure 2(b)). The optimization was performed by
exploring a range of values for each parameter while the others were held constant. The values tested for each
parameter are presented in table 2 along with the ‘default’ collimator parameter values designated with an
asterisk. Each parameter space was tested with the other two collimator parameters set to their ‘default’ value.
For all simulations, the World was composed of air, the source-to-collimator distance (SCD) was held at 1 cm,
and the collimator-to-surface distance (CSD) was held at 5 cm. The geometric setup for the simulations is shown
in figure 2(a).

The mean dose to medium per electron was scored in a water phantom in (0.1 mm X 0.1 mm X 5 mm)
voxels with the larger voxel dimension along the beam direction (depth into the water phantom) for 1 x 10°
electron histories. The mean dose per electron was then divided by the fundamental charge in nC to obtain the
dose per nC. Standard deviation was also scored, and MC uncertainty for the calculated quantities was
determined to be <1%.

The grid-averaged peak dose per charge, valley dose per charge, and PVDR were calculated as functions of
depth in the water phantom. The 25 peaks of the phantom surface layer were found using local maxima finding
with threshold dose per charge values and spacing between peaks as additional constraints. Valleys were
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Table 2. GRID collimator parameters to be
optimized with bold values indicating ‘default’

parameters.

Optimization parameters Values (mm)
Thickness 30, 50, 70,90, 110
Hole width 0.3,0.5,0.7,0.9, 1.1
Septal width 0.3,0.5,0.7,0.9, 1.1

similarly identified. The mean peak dose per charge was calculated as the mean 0f250.3 mm X 0.3 mm areas and
the mean valley dose per charge was calculated as the mean 0f 80.1 mm x x mm areas where x was the field size
of the grid-patterned dose distribution. The uncertainty was taken as the standard error of the ROIs for the mean
peak dose per charge and mean valley dose per charge. The peak and valley finding algorithm was used for the
first depth alone and then propagated throughout the phantom since the source and collimator holes were
parallel.

The PVDR was calculated as

(©).)

PVDR = (1
(?)
9 valley
where <(§) ) is the mean peak dose per charge and <(§) }is the mean valley dose per charge, both
peak valley
calculated as detailed above. The error on the PVDR was calculated as follows:
2 2
SCRIREEH
1 € q valle
APVDR = PVDR x || —— 0/ | {2 D] )

ERIRICH

where A( (%) )yand ((2) ) are the standard error and the mean of the peak dose per charge, A <(§) )
peak peak valley

and ( (2) ) are the standard error and mean of the valley dose per charge.
valley

Based on the results of the mini-GRID collimator optimization (see section 3.1), the tungsten collimator was
3D printed (M&I Materials, Manchester, UK) as a 20 mm thick rectangular prism witha 15 mm x 15 mm face
witha7 x 7 array of 0.5 mm holes separated by 1.1 mm septa (see figure 3(a)). Note that this was a larger set of
holes compared to the MC-simulated collimator. The array was enlarged to cover a larger field size to alleviate
potential experimental alignment issues.

The TOPAS physics module used in the collimator optimization was the ‘g4em-standard-opt4’ package and
the particle cutoff distance was set to 0.1 mm for all particles, all other physics parameters were left as their
default (Perl er al 2012, Faddegon et al 2020).

2.3. Film dosimetry setup at CLEAR

The experimental setup for film irradiations consisted of a vacuum beamline, a 200 pm thick yttrium aluminum
garnet (YAG) scintillation screen that was used as a scatterer for beam enlargement, a 0.1 mm Kapton exit
window, the mini-GRID collimator (see section 2.2), and a water tank in which film holders could be precisely
placed using the multi-axis CLEAR robot (Korysko et al 2023). Films (35 mm x 40 mm) were placed in multi-
film stack phantoms, which were inserted into the tank and then irradiated by the beam (figure 3(c)).

The mini-GRID collimator was placed on a motion stage and was centred on the incoming beam using a
laser. The mini-GRID collimator and the film holders were placed as close to the entrance of the water phantom
as possible to maximize PVDR. The films used were GAFchromic EBT?3 films (Ashland Inc., Wayne, NJ, USA),
which have a dynamic dose range between 0.1 and 20 Gy (GAFChromic EBT3 Film Specifications, ). These films
were selected for UHDR VHEE dosimetry due to their dose-rate independence, high spatial and dose accuracy
(1% error) and the suitability of their dose range for capturing the low valley doses while aiming for ~15 Gyin
the central beamlet of the GRID dose distribution (Bazalova-Carter et al 2015, Casolaro et al 2019). Films were
placed in holders with spacings between films of either 0.5 or 1 cm.

UHDR irradiations were performed with and without the mini-GRID collimator in place for energies of 140,
175, and 200 MeV. For the open beam (without the mini-GRID collimator) irradiations, the total charge
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Figure 3. (a) Diagram of the mini-GRID collimator design. (b) Photo of the 3D printed tungsten mini-GRID collimator. (c) Photo of
the film irradiation setup at CLEAR. (d) The simulation setup for CLEAR irradiations.

required to deliver a maximum of ~15 Gy was determined by the beam operators (based on previous operational
and experimental experience”). For the mini-GRID irradiations, the open beam charges were scaled down by a
factor given by the central peak dose ratio between MC simulations with and without the mini-GRID collimator.
The beam energy, beam size, charge delivered, bunch charge, bunch frequency, and repetition rate for each
irradiation are presented in table 3.

In addition to the films in the water tank, at least one background film was left in a holder beside the water
tank for each irradiation to measure any dose that may have been delivered to the films as the beam was being
adjusted to the desired parameters or from beam losses during sub-optimal low-energy acceleration runs.

2.4. Film analysis

After irradiation, the films were placed in a light-tight envelope overnight and scanned after 24 hrs usinga
Perfection V800 flatbed scanner (Epson, Suwa, Japan) at 300 dpi resolution. The green channel scanned films
were then analyzed using a custom Python script. The equation used to convert from the green colour intensity
to dose was:

_ (a — cX)

X-=b" )

* Personal communication with Pierre Korysko and Wilfrid Farabolini.
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Table 3. Beam parameters for three sets of mini-GRID and open beam (OB) film irradiations at CLEAR.

Beam parameters #1 #2 #3

Energy (MeV) 199.4 (~200) 175 140

Size oy, Jy" (mm) (4.12 4+ 0.20,4.01 £ 0.20) (4.63 1+ 0.26,4.67 £ 0.27) (5.70 4+ 0.26,5.50 £ 0.27)
Charge delivered (nC) Mini-GRID: 8.2, OB: 6.8 Mini-GRID: 7.1, OB: 5.2 Mini-GRID: 19.2, 0B: 10.5
Bunch charge (pC) 200 200 ~100

Bunch frequency (GHz) 1.5 1.5 1.5

Pulse repetition rate (Hz) 0.8333 0.8333 0.8333

* Beam size as measured at 13 mm depth in water.

where D is dose, X is the green colour intensity, and a, b, and c are calibration parameters. The films were
calibrated with 5.5 MeV electrons using the eRT6 Oriatron (1 ys pulse width at 10 Hz with a 0.05 Gy s~ ! mean
dose rate) at the centre hospitalier universitaire vaudois (CHUV). It has been shown that the energy response of
GAFChromic films is flat for VHEE (Bazalova-Carter et al 2015).
Once the delivered dose had been calculated from the film pixel value, the mean dose of the background film
was subtracted. The film doses were subsequently converted to dose rate using:
D=p. dog 4)
o

where D is dose rate, D is dose, 1ot 18 the total charge delivered for an irradiation, gy, is the charge per bunch, and
fyis the bunch frequency. Note that in this study, the dose rate considered is the dose rate within a pulse. In the
film irradiation component of this study, we used single-pulse dose delivery since the CLEAR beam can deliver
high doses in a single pulse, up to ~160 Gy for the beam sizes considered in this work (Hart et al 2024).

To examine the effect of depth in water on the central axis (CAX) dose rate (or central peak dose rate), the
central beam pixel was found and a4.2 mm x 4.2 mm areaanda0.25 mm X 0.25 mm area were averaged to
determine the mean CAX dose rate for open beam and GRID, respectively. The standard error of the ROIs was
taken as the uncertainty. The central pixel of each peak ROI was found using a slight Gaussian blur and alocal
maxima finder. For mini-GRID irradiations, the effect of depth in water on the valley dose rate was also studied.
The valleys were defined as two 0.25 mm X 1.25 mm regions. One was 0.85 mm above the central beam pixel
which is 1.25 mm in x and 0.25 mm in y (along the adjacent horizontal valley), and the other was 0.85 mm to the
left of the central beam pixel and 0.25 mm in x and 1.25 mm in y (along the vertical valley).

PVDR and its associated error were calculated as per equations (1) and (2) using dose rate instead of dose-
per-charge and with the peaks and valleys defined above.

2.5. Monte Carlo simulation of 200 MeV irradiations

The 200 MeV open beam and mini-GRID irradiations performed at CERN were simulated in TOPAS MC.
200 MeV was the energy that was selected due to the beamline being optimized for this energy and it
demonstrated the largest depth of convergence.

The MC model included the GRID collimator, the steel holder for the GRID collimator, and the water
phantom (the PMMA was approximated as water). Based on measurements, the post-YAG screen scattered
beam was defined at the exit window as a 199.4 MeV Gaussian electron beam with a 1 MeV energy spread. The x
and y beam position spread and angular spreads were initially based on YAG screen measurements of the beam
in air after being scattered by a first YAG screen. Ultimately, the spreads were adjusted until agreement was seen
between open beam simulation o, and o, values and film values. Ultimately, the o, and o, values were
determined as 1.31 mm and 1.91 mm and the xand y angular spreads were set as 0.5168° and 0.5070°,
respectively.

Twenty simulations of 5 x 10° primary electrons were run in parallel for both open beam and mini-GRID
setups. The mean dose to medium per particle was scored in the (14 cm X 11 cm X 42 cm) water phantom with
(0.01 cm x 0.01 cm x 0.025 cm) voxels. Standard deviation was also scored, and MC uncertainty for the
calculated quantities was <3%. The x and y voxel size was chosen as 0.1 mm to approximate film readout and the
zdimension (depth) was chosen to approximate the thickness of the films (~0.280 mm). To obtain the mean
dose, the mean dose to medium per particle for all voxels was divided by the fundamental charge and multiplied
by the total charge delivered for the 200 MeV irradiations (6.8 nC for open beam and 8.2 nC for mini-GRID).

As in the film analysis, 1D profiles and CAX dose were compared to the film results for both mini-GRID and
open beam simulations. The ROIs (and their size) were selected to be approximately equivalent to those from
film analysis. The CAX ROI for the open beam was 1.6 mm x 1.6 mm, and for mini-GRID, the CAX ROI was
0.3mm X 0.3 mm, and the valleys were two 0.3 mm x 1.4 mm regions, similar to the film analysis. For the open
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Figure 4. Simulated 1D mini-GRID profiles for depths in water (z) of 2.5 mm, 22.5 mm, and 22.5 mm for the upper, lower, and
middle parameter values for collimator thickness, hole width, and septal width. The MC statistical uncertainty is <1% in high-dose

beam case, the 0, and o, values as a function of depth were also compared to films. For the mini-GRID case,
valley dose and PVDR were also compared.
For these simulations, the physics list was expanded to include neutron physics and the cutoff distance was
decreased due to smaller water phantom voxels. The physics list comprised the following modules ‘g4em-
standard_opt4’, ‘g4h-phy_QGSP_BIC_HP’, ‘gddecay’, ‘gdion-binarycascade’, ‘g4h-elastic. HP’, ‘g4stopping’,

‘g4radioactivedecay’, and ‘gdem-extra’ and the cutoff distance was set to 0.004 cm for all particles.

3. Results

3.1. Mini-GRID collimator optimization
1D-profiles across the center of the mini-GRID dose distributions are plotted for all of the optimization values
tested for each parameter at water depths (z) of 2.5 mm, 22.5 mm, and 42.5 mm (see figure 4).
The collimator thickness plot at z = 2.5 mm depth in figure 4(a) revealed distinct peaks and valleys which
perfectly overlapped in x, but peak and valley doses varied for the different collimator thicknesses. The
z=22.5 mm depth plot in figure 4(b) displayed much higher valley doses (nearing 1 Gy nC ") with peaks and
valleys still presenting similar overlap in x for all thicknesses. At the z = 42.5 mm depth (figure 4(c)), the peaks
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and valleys were essentially indistinguishable for all collimator thicknesses and a Gaussian-like profile remained
which decreased in dose for longer collimators.

In the hole width study, the z = 2.5 mm plots (figure 4(d)) presented vastly different peak and valley doses, as
well as peak widths for the tested hole widths. Due to the collimator design, the effective size of the mini-GRID
field was larger for larger hole widths. At the z = 22.5 mm depth (figure 4(e)), the profiles display much higher
valley doses and lower peak doses, in particular for the smaller holes. At z = 42.5 mm (figure 4(f)), peaks and
valleys could not be distinguished and Gaussian-like profiles decreasing in output and widening in beam size
were observed.

The z = 2.5 mm plots (figure 4(g)) in the septal width study presented distinct peaks and valleys with similar
peak widths across the collimators. As expected, the effective field size was larger for larger septal widths. At
z=22.5 mm depth (figure 4(h)), the valley dose was higher for all collimators but it was particularly increased
for the smaller septal widths. Similar to the collimator thickness and hole width parameter variations, the plots at
z = 42.5 mm depth for septal widths (figure 4(i)) presented no discernible peaks and valleys for any septal width.
The profiles were Gaussian-like with dose decreasing and width increasing with increasing septal width.

Mean peak dose per charge, mean valley dose per charge, and PVDR as functions of depth in the water
phantom for all tested values of collimator thickness, hole width, and septal width are shown in figure 5.

Figure 5(a) presented higher surface peak doses for larger collimator thicknesses. Each collimator followed a very
similar trend with depth. The peak dose initially decayed until ~30 mm depth where the peak dose decrease
became less sharp. The peak dose per charge at 2.5 mm depth was 3.15 4 0.04 Gy nC ™ for the 3 cm thick
collimator and 2.55 4 0.03 Gy nC ™" for the 11 c¢m thick collimator. In figure 5(b), the valley doses for all
collimator thicknesses were statistically indistinguishable at shallow depths, followed by a sharp increase until a
maximum was reached at ~35 mm depth, noting that the maximum valley dose was 1.17 x larger for the 3 cm
collimator compared to the 11 cm collimator. Past z &~ 35 mm depth, the valley dose decreased with
approximately the same slope for all collimators. In figure 5(c), the PVDR decreases similarly for all collimator
thicknesses and it converges to an ultimate plateau of PVDR = 1.

The peak dose fall-off as a function of depth for different collimator hole widths is presented in figure 5(d).
The hole widths, in order from highest to lowest initial peak dose, were 0.5 mm, 0.7 mm, 0.9 mm, 1.1 mm, and
0.3 mm. However, smaller hole widths presented a steeper dose fall-off causing a cross-over of multiple curves
ultimately resulting in larger hole widths having higher peak doses past depths of 30 mm. The valley dose plots
in figure 5(e) presented low initial values for all hole widths which were followed by a steep increase until
ultimately reaching a maximum and followed by a gradual decrease with steeper slopes for larger hole widths.
Considering the extreme cases, the 1.1 mm hole width collimator had a maximum valley dose per charge of
1.35 £ 0.09 Gy nC™ ', whereas the 0.3 mm hole width collimator had a maximum valley dose per charge of
0.49 + 0.01 Gy nC™". The PVDR plots (figure 5(f)) revealed that the 0.3 mm hole width presented a surface
PVDR 0f39.4 + 1.4 and the 1.1 mm hole width case had a surface PVDR of 18.9 + 1.3.

In the septal width study, the peak dose plots as functions of depth in figure 5(g) demonstrated that larger
septal widths produced lower peak doses. Examining the extreme cases, the surface peak dose was
3.38 4 0.03 Gy nC ™' for the 0.3 mm septal width collimator and 2.05 + 0.06 Gy nC™ " for the 11 mm septal
width collimator. In all cases, the peak dose rapidly decreased with depth, ultimately reaching a point at
z~2 30 mm past which the decrease in peak dose became less steep. The depths at which this point was reached
increased with septal width and the slopes of the final part of the curves decreased with septal width. The valley
dose curves in figure 5(h) showed that larger septal widths presented notable increases in the depth at which the
valley dose began to sharply increase, as well as decreases of the maximum valley dose. The maximum valley dose
was 0.26 & 0.02 Gy nC ™" for the 1.1 mm septal width collimator and 1.42 + 0.03 Gy nC ™" for the 0.3 mm septal
width case. The PVDR plot in figure 5(i) showed that septal width had the biggest impact on PVDR.

For each tested parameter, depth of convergence (PVDR < 1.1) was also calculated to study how deep spatial
fractionation is maintained, the results are presented in table 4. Surface PVDR for each collimator is also
presented in table 4.

3.2. Film dosimetry at CLEAR
2D open beam and mini-GRID dose rate distributions from the films irradiated at 200, 175, and 140 MeV at
CLEAR are presented in figure 6.

The 2D dose rate distributions for the open beam irradiations presented well-formed Gaussian beams for
200 MeV and 175 MeV with a slight misshaping for the 140 MeV beam. At 13 mm depth, the beam sizes were
0= (4.12 £ 0.20) mmand o, = 4.01 & 0.20 mm, 0. = (4.63 £ 0.26) mm and 0,, = (4.67 £ 0.27) mm, and
0= (5.70 £ 0.26) and 0, = (5.50 & 0.27) mm for 200, 175, and 140 MeV, respectively. The 2D mini-GRID
profiles for 200 MeV and 175 MeV presented well-centred dose rate distributions with some misshaping of the
beam for 140 MeV where the highest dose rate was seen in the corner of the collimator. For all energies, the peaks
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Figure 5. Simulated mean peak and valley dose per charge and PVDR as functions of depth in water for all tested parameter values for
collimator thickness, hole width, and septal width. The MC statistical uncertainty is <1% on the calculated quantities.

Table 4. Surface PVDR (z = 2.5 mm) and depths of convergence (DoC) for the tested values of collimator thickness, hole width, and septal
width.

Col. thickness ~ Surface PVDR DoC Holewidth ~ Surface PVDR DoC Septal width ~ Surface PVDR DoC

3 cm 31+1 31.0 mm 0.3 mm 39+ 1 27.5 mm 0.3 mm 14+1 26.0 mm
5cm 34+1 30.8 mm 0.5 mm 3441 30.8 mm 0.5 mm 34+1 30.8 mm
7 cm 33+ 1 30.8 mm 0.7 mm 261 32.6 mm 0.7 mm 53 +2 34.9 mm
9 cm 30+1 30.6 mm 0.9 mm 22+1 34.2 mm 0.9 mm 74 + 4 38.0 mm
11 cm 2841 30.4 mm 1.1 mm 19+1 35.1 mm 1.1 mm 98 +7 41.1 mm

were well-defined at 13 mm depth, distinguishable at 33 mm depth, and no peaks or valleys could be visually
identified at z = 63 mm.

1D-profiles across the center of the Gaussian dose rate distributions in x at 13 mm, 33 mm, and 63 mm
depths for 200, 175, and 140 MeV open beam and mini-GRID irradiations are shown in the top row of figure 7.
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Figure 7. 1D mini-GRID and open beam dose rate profiles across the center of the beam from EBT3 GAFChromic films at 13 mm,
33 mm, and 63 mm depths for (a) 200 MeV, (b) 175 MeV, and (c) 140 MeV. (d) Central axis dose rate, (e) valley dose rate, and (f)
PVDR as functions of depth in water.

The central axis dose rate, valley dose rate, and PVDR were plotted as functions of depth for 200 MeV, 175 MeV,
and 140 MeV in the bottom row of figure 7.

The 200 MeV open beam profiles (figure 7(a)) presented the highest dose rates of the three energies at all
depths. The dose rate drop-off with depth was evident in both mini-GRID and open beam profiles. For the mini-
GRID irradiation, CAX dose rate decreased by a factor of ~2.2 from 13 to 33 mm depth, and at 63 mm depth, no
peaks or valleys were seen. For the 175 MeV irradiation (figure 7(b)), similar trends were seen. In the open beam
irradiations, the 175 MeV CAX dose rate fall-off was more pronounced between 13 mm to 33 mm depth than
was seen at 200 MeV. The mini-GRID profiles were very similar to the 200 MeV case. In agreement with
200 MeV, the 63 mm mini-GRID plot presents no distinguishable peaks or valleys. The 140 MeV 1D profiles
(figure 7(c)) show a larger beam size compared to the 200 MeV and 175 MeV open beam profiles. The peak and
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valley dose rates at 13 mm depth are more similar for 140 MeV than for 200 MeV and 175 MeV. At 33 mm
depth, the mini-GRID profile peaks are barely identifiable and finally at 63 mm depth no peaks or valleys
are seen.

The open beam central axis dose rates shown in figure 7(d) presented relatively linear decreases for all
energies with higher dose rates measured at the higher energies. The 200 MeV and 175 MeV mini-GRID CAX
dose plots presented similar trends with the 200 MeV CAX dose rates being ~1.1 x larger than 175 MeV. At
13 mm depth, the 200 MeV mini-GRID maximum dose rate was (4.90 + 0.11) x 108 Gy s~ ! the 175 MeV mini-
GRID maximum dose rate was (4.38 4 0.08) x 10® Gy s~ ' dose rate, and the 140 MeV mini-GRID maximum
dose rate was (0.85 & 0.02) x 10* Gy s~ . For all energies, the mini-GRID CAX dose rates decreased
exponentially until reaching a linear decrease similar to the open beam cases. Notably, the 140 MeV exponential
fall-off was slower compared to 175 MeV and 200 MeV. The valley dose rates showed relatively similar trends
across the three energies, with approximately linear decreases with depth. The valley dose rate was highest for
200 MeV, followed by 175 MeV and the 140 MeV valley dose rate was ~3 x lower than for 200 and 175 MeV. At
13 mm depth, the valley dose rates were (1.35 & 0.01) x 10° Gys™', (1.22 4+ 0.01) x 10* Gys™'and
(0.37 £0.01) x 10® Gys ' for 200 MeV, 175 MeV, and 140 MeV, respectively. Finally, PVDR (figure 7(f))
decreased sharply with depth before plateauing at PVDR &1 for all energies. PVDRs at 13 mm depth were
3.63 £0.08,3.61 £ 0.07,and 2.29 £ 0.05 for 200, 175, and 140 MeV, respectively. The approximate depths of
convergence (PVDR < 1.1) were 47 mm, 47 mm, and 39 mm for 200 MeV, 175 MeV, and 140 MeV,

respectively.

3.3. MC simulations of the 200 MeV CLEAR beam

Film and MC-simulated open beam 1D-profiles at 13 mm, 33 mm, and 63 mm depths in water phantom are
shown in figures 8(a)—(f) and simulated and measured at water depths from 0 to 100 mm are shown in

figure 8(g). Figure 8(h) shows simulated and measured CAX depth dose.
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Figure 9. Mini-GRID beam profiles from simulation and from film measurements at (a) 13 mm, (b) 33 mm, and (c) 63 mm depths.
Simulation and film comparisons with depth of (d) CAX dose, (e) valley dose, and (f) PVDR. The MC statistical uncertainty was <3%
in high-dose regions and on the calculated quantities.

For both open beam and mini-GRID cases, the measurements presented higher doses. The mean difference
in 0,and o, between open beam simulations and films for all depths was 0.5% and the mean CAX dose
difference was 3% higher for films.

Film and simulated mini-GRID 1D profiles at depths of 13 mm, 33 mm, and 63 mm are shown in
figures 9(a)—(c). CAX depth dose is presented in figure 9(d), valley depth dose in figure 9(e), and PVDR as a
function of depth is shown in figure 9(f).

For mini-GRID experiments, the mean film CAX dose was 14% higher, the valley dose was 27% higher and
the PVDR was 14% lower than in simulations.

4, Discussion

This study considered UHDR mini-GRID radiotherapy using a VHEE source. Such a technique has the potential
to widen the therapeutic window of radiation therapy, if capable of synergizing FLASH RT and SFRT. Firstly, a
mini-GRID collimator was optimized and 3D-printed for mini-GRID film dosimetry witha UHDR VHEE
source.

The optimized mini-GRID collimator, which was 3D-printed out of tungsten and used for film irradiations
with the CLEAR beamline, was designed based on the achievable beam sizes at CLEAR (Korysko et al 2023) and
the parameter variation results presented in section 3.1. The ideal mini-GRID collimator would maximize
PVDR and minimize valley dose since these have all been shown to be driving factors in maximizing the tissue-
sparing effects seen in SFRT (Dilmanian et al 2002, Fernandez-Palomo et al 2022). Ideally, PVDR would remain
high throughout the patient; since this is not easily achieved, another metric that was considered was the depth of
convergence (PVDR < 1.1). The depths of convergence seen in the parameter variations were relatively low (for
clinical tumour depths) so increasing this depth was a primary driver in our choices as well. In addition to these
factors, the profile would also hopefully be flat across mini-GRID peaks to improve the uniformity in the
tumour. Beam flatness could be improved by employing a flattening filter which is currently being developed for
CLEAR (Robertson et al 2023).

The first parameter that was chosen for the optimized mini-GRID collimator was the septal width. A 1.1 mm
septal width was chosen because it provided a reduction in valley dose (~5.5 x lower maximum valley dose as
compared to 0.3 mm septal widths) without as much compromise in peak dose (~1.6 x lower surface peak dose
as compared to 0.3 mm septal width) as seen in figure 5. Larger septal widths greatly increased PVDR and also
increased the depth of convergence (see table 4).

The next parameter that was chosen was the hole width of 0.5 mm. In the parameter variation (see figure 5),
the mini-GRID collimator with the 0.5 mm hole width presented the highest peak dose, the second lowest valley
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dose, the second highest initial PVDR, but also, unfortunately, the second shallowest depth of convergence.
Sincea 1.1 mm septal width with a large depth of convergence was already chosen, this compromise was deemed
reasonable.

The thickness of the fabricated mini-GRID collimator was chosen to be 20 mm, a value outside of the range
considered in the parameter variation. This small thickness was chosen because shorter collimators were seen to
maximize peak dose, though unfortunately at the cost of having the highest valley dose with minimal PVDR
improvement, albeit with the greatest depth of convergence (see figure 5 and table 4). The z = 2.5 mm peak dose
for the 30 mm collimator was 1.23 x higher than for the 110 mm collimator, whereas the maximum valley dose
was 1.17x higher. Since the increase in peak dose was more significant, this shorter collimator choice was
deemed reasonable. The slight increase in depth of convergence, which was seen as mini-GRID collimators were
shortened, was an added benefit. In addition to these geometric parameters, the collimator was made a
rectangular prism instead of a cylinder to facilitate alignment and holding. The holes also compriseda7 x 7
array rather than 5 x 5, to increase the number of peaks and thus field size.

The film irradiations presented instantaneous peak and valley dose rates on the order of 10° Gy s, well
above the nominal mean ultra-high dose rate threshold of 40 Gy s~ found in FLASH literature (Wilson et al
2020). In figure 7(d), the CAX dose rates for mini-GRID rapidly fell off and plateaued at around 40 mm depth in
water, as compared to the open beam irradiations which featured slow linear decreases in CAX dose rate. The
rapid fall-offin CAX dose rate for the mini-GRID irradiations as compared to the open beam irradiations is
simply a result of field size. The roughly linear decrease in valley dose rates seems to follow a similar trend as for
the open beam CAX dose rate profiles, suggesting that both begin obeying similar dose fall-offs.

The PVDRs at 13 mm depth for all energies were lower than expected based on the collimator optimization
PVDRs. This is likely due to the lack of beam divergence in simulations that resulted in higher PVDRs. Beam
divergence ultimately reduces peak dose and causes it to decrease more quickly with depth while also increasing
valley doses and the rate at which it increases with depth. MC simulations of the irradiations with a more
accurate beam definition presented more similar PVDRs to those seen in experiments.

The open beam simulation results presented in figure 8 showed excellent agreement in o, o, with films with
0.5% difference on average, which was a result of the beam divergence and initial o, o, being adjusted to achieve
such an agreement. The CAX dose rate plot in figure 8(h) had a slightly worse agreement (3% difference on
average) and the agreement for depths <30 mm was notably worse than for deeper depths. The 1D beam profiles
suggest that the CLEAR beam measured on film was not a perfect Gaussian and presented a sharper peak which
appeared to flatten with depth. This could be due to electron leakage through the beam shutter which was also
observed in more recent CLEAR experiments. The open beam 1D profiles in figures 8(a)—(f) also showcase the
agreement in o, 0, and the slightly worse agreement between the CAX doses. The mini-GRID simulation results
presented in figure 9 showed higher film doses than in simulation, similar to the open beam results. In particular,
the experimental valley dose was 27% higher on film than in simulation, as compared to the experimental peak
(CAX) dose which was 14% higher. The experimental valley doses were significantly higher compared to the
CAX doses. The higher CAX and valley film dose could be the result of the Bremsstrahlung photon dose (from
collimator interactions) captured on film not being analyzed correctly since the film calibration was done for a
5.5 MeV linac electron beam. The valleys would, in that case, show worse agreement due to them having a higher
percentage of the dose being from Bremsstrahlung photons. This conclusion is in agreement with a study by
Sorriaux etal. who showed that for the same optical density, electrons deliver a higher dose than photons
(Sorriaux et al2013). Additional TOPAS simulations were performed to determine the percentage of
Bremsstrahlung photon dose contributing to the total dose to confirm this hypothesis. The Bremsstrahlung
photon valley dose from 13 mm to 63 mm contributed to the total dose by 51%. Between these depths, it
decreased exponentially from 79% to 35% and the discrepancy between films and simulations decreased from
32% to 22%. The valley dose discrepancy as a function of Bremsstrahlung photon dose appeared to show a
reasonable correlation between Bremsstrahlung photon dose and the discrepancy between simulation and film,
supporting our hypothesis. For the CAX dose, on average 27% of the dose was due to Bremsstrahlung photons
between z = 13 mm and z = 63 mm, much lower than for valleys where 51% of the dose was due to
Bremsstrahlung photons. This supported our hypothesis that the discrepancy between film and simulations was
due to Bremsstrahlung photons since valleys showcased a larger discrepancy than the CAX dose did.

The depths of convergence (47 mm for 200 MeV) and PVDRs (figure 7(f)) that were achieved in this study
are likely too low for GRID-fractionation to reach deep-seated tumours. A considerable benefit of potential
VHEE treatments is the slower depth-dose fall-off compared to clinical photon beams (Whitmore et al 2021)
allowing for effective treatment of deep-seated tumours. The depth of convergence and PVDR would require
improvement for GRID VHEE normal tissue sparing. Additionally, the small field sizes that existing VHEE
sources are currently limited to reduce the number of patient cases in which open beam VHEE treatments could
be applicable. Nevertheless, small tumours may be an apt fit for these treatment modalities until new accelerator
technology allows for increased field sizes. Given the potential for FLASH and SFRT tissue-sparing effects, these
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treatments could still be well-suited to tumours near critical structures, but at shallow patient depths. Further
collimator optimization, focused on maintaining spatial fractionation with depth could prove of value for
improving the potential for such a technique. Another avenue to SFRT using VHEEs is pencil beam scanning,
which could improve PVDR by reducing the valley dose due to the Bremsstrahlung photons produced in the
collimator while also increasing the effective GRID field size.

5. Conclusion

In this study, Monte Carlo simulations were used to optimize the geometric parameters of a mini-GRID
collimator for irradiations with very-high-energy electrons at ultra-high dose rates. The optimized 3D-printed
tungsten mini-GRID collimator was used for VHEE film irradiations at the CLEAR user facility at CERN. Open
beam and mini-GRID irradiations were performed at 200, 175, and 140 MeV and later replicated in MC
simulation. Instantaneous dose rates on the order of 100 MGy s~ ' were achieved, encouraging future UHDR
irradiations, however, the PVDRs and depths of convergences achieved in this study were determined to likely be
too low for a significant potential for SFRT tissue-sparing effects, particularly at depth. Given the current
limitations in field size for VHEE source, VHEE mini-GRID treatments would therefore only possibly be
suitable for small tumours at depths shallower than the depth of convergence to maintain spatial fractionation in
normal tissues. To improve the PVDRs and potential for SFRT tissue-sparing effects, further optimization or
new means of achieving spatial fractionation are required. For example, pencil beam scanning to achieve a
higher degree of spatial fractionation with reduced valley doses while still delivering at UHDRs could be a
feasible solution for VHEE SFRT in the future.
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