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1 | INTRODUCTION

FLASH radiotherapy refers to the delivery of radiation at ultra-high
dose rates, i.e., in excess of an average dose rate of 40 Gy per second.!

Research on and clinical use of FLASH radiotherapy are increasing

Abstract

Previously, a synchrotron-based horizontal proton beamline (87.2 MeV) was success-
fully commissioned to deliver radiation doses in FLASH and conventional dose rate
modes to small fields and volumes. In this study, we developed a strategy to increase
the effective radiation field size using a custom robotic motion platform to automat-
ically shift the positions of biological samples. The beam was first broadened with a
thin tungsten scatterer and shaped by customized brass collimators for irradiating
cell/organoid cultures in 96-well plates (a 7-mm-diameter circle) or for irradiating mice
(1-cm? square). Motion patterns of the robotic platform were written in G-code, with
9-mm spot spacing used for the 96-well plates and 10.6-mm spacing for the mice. The
accuracy of target positioning was verified with a self-leveling laser system. The dose
delivered in the experimental conditions was validated with EBT-XD film attached to
the 96-well plate or the back of the mouse. Our film-measured dose profiles matched
Monte Carlo calculations well (1D gamma pass rate >95% with the criteria of 2%/1
mm/2% dose threshold). The FLASH dose rates were 113.7 Gy/s for cell/organoid irra-
diation and 191.3 Gy/s for mouse irradiation. These promising results indicate that
this robotic platform can be used to effectively increase the field size for preclinical

experiments with proton FLASH.
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nationally and worldwide,? largely because of the potential for FLASH
radiotherapy to reduce toxicity to normal tissues while maintaining
the same level of tumor control as radiation delivered at conven-
tional dose rates (~2 Gy per minute on average).>® However, the

physio-chemical and biological basis for FLASH effects remains largely

Fada Guan, Dadi Jiang, Xiaochun Wang and Ming Yang contributed equally to this work.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2024 The Author(s). Precision Radiation Oncology published by John Wiley & Sons Australia, Ltd on behalf of Shandong Cancer Hospital & Institute.

168 wileyonlinelibrary.com/journal/proé

Prec Radiat Oncol. 2024;8:168-181.


https://orcid.org/0000-0001-8477-7391
https://orcid.org/0000-0003-3746-4557
mailto:XRZhu@mdanderson.org
mailto:RMohan@mdanderson.org
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://wileyonlinelibrary.com/journal/pro6

GUAN ET AL.

@ WILEY- 122

unknown. The mechanisms underlying the ability of FLASH radiother-
apy to spare normal tissues are still being investigated but may involve
inherent differences between normal tissues and tumors related to
oxygenation.? Oxygen is critical for the cytotoxic effects of radiation,
and thus well-oxygenated tissues such as the intestines are easily dam-
aged by radiation. FLASH radiotherapy is thought to spare normoxic
tissues by rapidly consuming oxygen in the targeted area, which obvi-
ates the toxic effects of oxygen in irradiated tissues. According to this
hypothesis, the response of tumor tissues does not vary between con-
ventional and FLASH dose rates because many tumors, particularly
pancreatic cancer, are hypoxic.'© Whether very high dose rates cause
oxygen depletion in tissues, thereby rendering healthy tissues radiore-
sistant, while delivering much higher biologically effective doses to
tumor tissues, even in highly hypoxic areas, remains an open ques-
tion. Another hypothesis of the FLASH effect is that the ultra-high
dose rate radiation induces a distinct immune response.*>12 Because
the irradiation time is much shorter in FLASH, far fewer lymphocytes
would be irradiated, thereby reducing the subsequent induction of
chromosomal aberrations.11-13 However, even if fewer lymphocytes
are exposed, those lymphocytes may receive a greater dose. Regard-
less, evidence to support the immune effects of FLASH radiotherapy is
preliminary. 141>

FLASH radiotherapy has the potential to herald a new era in
cancer treatment if it demonstrates the same or similar treatment
effects in tumors for which toxicity limits the use of curative radi-
ation doses. Early explorations of this premise include clinical trials
of electron FLASH with animals (cats and mini pigs), some of which
have revealed late toxic effects.’® A clinical trial of electron FLASH
for human skin melanoma metastases was begun in 2021 (Clin-
icalTrials.gov identifier: NCT04986696). The FAST-01 trial (begun
in 2020) has demonstrated the feasibility of proton-based FLASH
for human extremity bone metastases (ClinicalTrials.gov identifier:
NCT04592887).17:18 The newer FAST-02 trial, which was begun in
2023 and is currently open to patient enrollment, is designed to
assess toxicity profiles of proton FLASH and pain relief in subjects
with painful thoracic bone metastases (ClinicalTrials.gov identifier:
NCT05524064).17 Details of these and other planned FLASH clinical
trials are presented elsewhere.20-24

Many preclinical FLASH studies have been based on modified elec-
tron therapy.®252¢ However, the short penetration range of electrons
limits their use for treating deep-seated tumors. Proton therapy, as
compared with conventional photon (x-rays) and electron therapy,
spares normal tissues by depositing Bragg peak doses at tumor targets
but lower dose at the beam entrance and no exit dose to normal tissues.
If this normal tissue sparing could be further enhanced by delivering
protons at ultra-high dose rates,2”-28 FLASH proton therapy could be
more potent than other conventional modalities in improving clinical
outcomes.

Both particle physics-driven biological studies and clinical appli-
cations of FLASH radiotherapy require detailed characterization of
the particle beams. Our team recently adapted a synchrotron-based
horizontal beamline (Hitachi, Ltd., Tokyo, Japan) to deliver FLASH pro-

ton radiotherapy; details of the physics commissioning procedures

and results are reported elsewhere.?? After the commissioning pro-
cess, this proton FLASH beamline was used for preclinical studies; in
some of these studies, a double-scattering system was designed and
mounted in the beamline for irradiation experiments based on the
spread-out Bragg peak (SOBP).3%31 Spot-scanning irradiation has also
been proposed, but this horizontal beamline is not equipped with steer-
ing magnets to control the scanning path of proton beams, and such
magnets cannot be installed because of the compact design of the noz-
zle. Therefore, strictly speaking, the current beamline cannot be used
to implement spot-scanning delivery. To resolve this issue, we report
here our novel alternative method for mimicking the spot-scanning
technique. In clinical spot scanning, the irradiation target is localized
to a fixed position while the proton beam actively scans the irradi-
ation target. In our alternative design, the proton beam direction is
fixed along the central axis while a robotic motion platform is used
to control the planar motion of the target so that the target can be
scanned. Here, we describe the characterization of this FLASH proton
beam involving the robotic motion technique and its use in two types
of preclinical experiments. Our premise is that adapting this low-cost
robotic motion platform can avoid the need for installing steering mag-
nets while achieving sufficiently large irradiation fields to mimic the

spot-scanning technique.

2 | MATERIALS AND METHODS

2.1 | Proton beamline

A synchrotron-based horizontal proton beamline at our institution was
commissioned to deliver dose in either FLASH or non-FLASH mode and
has been dedicated for preclinical studies of proton FLASH effects.??
The increased dose rate required for FLASH delivery by our syn-
chrotron system is accomplished by adjusting the charge in one “spill”
(proportional to number of protons in a bunch per cycle) and the spill
length (pulse-on time). The system can achieve several proton currents
and spill lengths to deliver different dose rates and different doses
per spill in FLASH mode. We chose one particular beam condition (“ID
401”) for our preclinical experiments based on the stability of the beam
output and precise dose control.2?

While this beamline can deliver only a single beam energy of 87.2
MeV, various functions are made possible by several components
installed in the nozzle along the beam direction. The entrance window
of this nozzle is a 0.05-mm-thick stainless-steel foil (o = 8.0 g/cm3).
A profile monitor (multi-wire ion chamber) and a reference monitor
(multi-wire ion chamber) are installed next to the entrance window.
The output signal from the reference monitor is fed to the amplifier of
the main dose monitor for the readout of monitor units (MU) to control
the beam output. An optional first scatterer, located 17 cm down-
stream of the entrance window, is placed next to the reference monitor.
This first scatterer is a 0.3-mm-thick tungsten film (o = 19.3 g/cm?3) that
can be used to broaden the beam profile laterally. The next component
is a large-hole collimator made of brass (o = 8.07 g/cm?3); the 10-cm

inner diameter of this collimator allows the beam to pass through to
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FIGURE 1 Schematic of Monte Carlo modeling of the proton FLASH beamline.

minimize interactions with its metal parts. This large-hole collimator is
installed vertically; it is also used as the stand for alignment of experi-
mental devices, and the center of the hole at the exit surface is defined
as the isocenter for experimental setups. The distance between the
experimental isocenter and the entrance window is approximately 55
cm. The isocenter plane was chosen as the reference plane for charac-
terizing the dose and dose rate of this beamline. The dose rate depends
strongly on the use of beam shaping devices and the choice of experi-
mental setup; as such, in this report we sought to minimize confusion
by specifying the experimental condition and location at which the
dose rate is reported. This FLASH beamline was modeled with the
Geant4 Monte Carlo simulation toolkit3233 with Gafchromic™ film
(Ashland Specialty Ingredients, G.P., Wilmington, DE) and Advanced
Markus chamber (PTW, Freiburg, Germany) measurements performed

for validation (Figure 1).

22 |
modes

Time structures in FLASH and non-FLASH

Understanding the time structure of the beam delivery is crucial
for reporting the instantaneous dose rate and average dose rate of
this modified system. Protons from a synchrotron are delivered in a
quasi-continuous mode. The operation cycle of our synchrotronis 2 s
regardless of the dose rate. Simplified time structures for non-FLASH
and FLASH mode in our synchrotron are compared in Figure 2. In
non-FLASH mode, the pulse-on length is 0.5 s to deliver protons in a
full spill, and the idle time before the start of the next pulse is 1.5 s.
The duty cycle (ratio of pulse-on time and operation cycle) in the non-
FLASH mode is 25%. In contrast, in FLASH mode, the pulse-on length
is shortened to approximately 0.1 s at maximum (ID 401 in this study)
to deliver a full spill with a duty cycle of only 5%. In FLASH mode, the

duty cycle can be lowered further when only a partial spill is deliv-

ered. The pulse structures of a full spill and a partial spill recorded by
an oscilloscope (Tektronix, TDS 3014B) are compared in Figure 3. The
fluctuation in these pulse structures indicates that the instantaneous
proton fluence rate and dose rate vary over time within a pulse. In gen-
eral, pulse height decreases with time. Notably, the MU and pulse-on
time of a full spill vary in different deliveries. Therefore, we recorded
the MU and spill length (in ms) for each FLASH dose delivery in our
experiments.

In FLASH mode, a typical full spill of protons corresponds to approx-
imately 1450 MU with a pulse-on time of approximately 0.1 s. In the
partial spill shown in Figure 3B, the pulse-on time was 41.8 ms for 807.4
MU. The pulse-on time vs. output MU in a single spill (full or partial)
from a set of data collected on the same day and the second order poly-
nomial fit of the data (adjusted R? = 0.965) are illustrated in Figure 4.
The superlinear increase of recorded pulse-on time with output MU
indicates that the average MU delivery rate (i.e,, MU/ms) in a pulse
decreases when the machine MU is set to a higher value. Because the
delivered dose is proportional to its MU, the average dose rate within
a pulse also decreases with MU. The large signal fluctuation within a
pulse (e.g., Figure 3) makes acquiring the instantaneous dose rate chal-
lenging. In this report, to minimize confusion, the dose rate is expressed
as the “average” value within a pulse, i.e., delivered dose divided by
the pulse-on time length. Because the main dose monitor is an open-
air ion chamber, the output MU needs to be corrected to be the value
at the standard environmental conditions of temperature at 22°C and
pressure at 101.33 kPa (~1 atmosphere). All the output MU values in
this report refer to the standard values with these temperature and
pressure corrections.

The output MU and pulse-on time are fundamental quantities for
calculating the dose and dose rate, and so in this report they are
provided together with the average dose rate for each setup. In this
study, in FLASH mode, most of the desired dose (<20 Gy) can be deliv-

ered within a single pulse (full or partial spill), and thus the average
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FIGURE 2 Simplified time structures of the dose delivered by the synchrotron used in (A) conventional dose rate (i.e., non-FLASH) and (B)

FLASH modes.
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spill (partial or full) in FLASH mode. The second order polynomial fit of
the experimental dataset shows a superlinear increase of recorded
pulse-on time with output MU.

dose rate can reasonably be expressed within a pulse. In non-FLASH
mode, however, the MU delivery rate is much lower. Because strong
ion recombination takes place in the main dose monitor (open-air ion
chamber) in FLASH mode, with the same number of protons delivered,

the output MU (proportional to collected charge in the dose monitor)

ratio was found to be 0.928 between the FLASH and non-FLASH mode.
With the same setup, the ratio of average dose rate “during duty cycle”
between the FLASH and non-FLASH mode was approximately 131.8.
If the average dose rate of non-FLASH mode is calculated consider-
ing the idle time (which is 3 times the pulse-on time), the above ratio
couldbe 527.2 (= 131.8 x 4). In this report, we present only the average
dose rate of FLASH mode, with its non-FLASH counterpart acquired
by scaling accordingly. For example, if the FLASH dose rate averaged
within a pulse is 100 Gy/s, its non-FLASH dose rates averaged within a
pulse and within a full cycle would be 0.76 and 0.19 Gy/s, which are still
higher than the conventional dose rate of ~2 Gy/min (0.03 Gy/s) used
in current clinical applications.

23 |
spots

Measuring the original and broadened beam

The original beam spot is narrow and thus is not suitable for irradiating
large targets. The beam profile can be broadened laterally by inserting
an optional first scatterer into the beamline. The setups for both the
narrow and broadened beams, measured with Gafchromic™ EBT-XD
films in the isocenter plane, are shown in Figure 5. EBT-XD films were
chosen for their extended effective range of dose response (0.4 to 40
Gy) and their dose-rate-independence within the range of dose rates in
our proton FLASH system.3*
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through the first scatterer.

The depth dose along the central axis from the broadened beam
spot was measured with EBT-XD film and with an Advanced Markus
chamber at a few locations in a plastic water phantom.2? The measure-
ment data were used to validate and calibrate the Geant4 Monte Carlo
simulations. For the original narrow beam, only film measurements
and Monte Carlo simulation were used to acquire depth dose data
because the central area of the original beam is smaller than the diame-
ter (5.0 mm) of the sensitive volume of the Advanced Markus chamber.
lon chamber measurements were corrected for ion recombination for

ultra-high dose rates.3*

2.4 | Robotic motion technique for increasing the
radiation field size

The field size from a single beam, even when broadened by the scat-
terer, is not large enough to cover biological samples in preclinical
experiments. Two possible solutions can be used to extend the field
size: (1) using a double-scattering system to further broaden the beam
size, as implemented by Titt et al. for this nozzle,?° and (2) using a scan-
ning technique to deliver multiple beamlets to different locations to
form a large field. In clinical applications, steering magnets are used
to control the beam direction in the scanning mode. Because installing
steering magnets in this horizontal beam nozzle was not feasible,
we applied a robotic motion technique to move the target location
between beam deliveries to mimic the spot-scanning technique and
extend the field size to cover larger targets. The workflow for this pro-
cess is illustrated in Figure 6. The narrow beamlet is broadened by the
first scatterer and then collimated by a small-hole collimator (made of
brass, 20 cm x 20 cm x 2 cm). A collimated circular beam is used for
in vitro experiments with cells or organoids cultured in 96-well plates;
a collimated square beam is used for in vivo experiments involving
irradiation of small animals.

To meet these goals, a dedicated experimental platform was
designed that includes a self-leveling laser positioning system and a
robotic motion platform (Rotrics, Shenzhen, China). A step-and-shoot
beam delivery strategy was used to irradiate the biological samples.
The motion pattern was written in the programming language G-code,

and the code was sent from a computer to the robotic platform to con-

trolits motion. Awebcam was also installed in the nozzle to monitor the
motion of the target along the predefined motion pattern for accurate
dose delivery to the appropriate location.

24.1 | Setup for in vitro high-throughput
experiments

The experimental setup involving a high-throughput 96-well plate
mounted on the robotic motion platform with laser localization is
showninFigure 7. A7-mminner diameter collimator was used to match
the inner diameter of a well. This experimental platform has been used
to irradiate both cells and organoids.3¢ After the dose is delivered to a
specified well, the 96-well plate is moved to the next target well. This
step-and-shoot procedure is repeated until all target wells are irradi-
ated. To avoid leakage of medium, the vertically oriented 96-well plate
was sealed during cell/organoid irradiation using a foil (AlumaSeal Il
Adhesive Sealing Foil for Plates, Research Products International).
The spatial and dosimetric accuracy of dose delivered to the wells
was validated with a piece of EBT-XD film aligned with and attached
to the bottom of the 96-well plate (Figure 8). Film-measured dose
profiles were compared with Monte Carlo-calculated profiles. A 7-
cm air gap was present between the end of the 7-mm circular hole
collimator and the bottom of the 96-well plate, but no extra buildup
was used before the plate. The plates are made of polystyrene (o =
1.09 g/cm?3), and the wells are ~1.2 to 1.3 mm thick at the bottom.
Irradiations were done with the entrance dose so as to exclude the
effect of linear energy transfer (LET) on biological responses as in the
Bragg peak region from FLASH dose rate irradiation. Dose rate was
the physical quantity of interest in the current experimental design;
if both dose rate and LET effects are to be investigated, a multi-step
range shifting device or compensator can be used as we described

elsewhere.3+37-39

2.5 | Setup for in vivo small-animal irradiations

For mouse irradiation experiments, a collimator with a 1 cm x 1 cm

square hole is used to match a typical tumor size. For irradiation of



GUAN ET AL.

WILEY- 12

Narrow beam

Broad beam n

Circular beam

In vitro
000000000000
OO0000OO0VO0OY
ololelelololelelol0l0le)
(ole]ololelolole]0l0lele;
ololelelololelelololele)
olojelelelelolelelelele;
000000000000
QOQOQQOQOOQVY,

96-well plate

T o m m o o @ >

-
-~

Small-hole
collimators

Scatterer

In vivo

Square beam

FIGURE 6 Schematicillustrating the workflow for experiments involving increased irradiation field size. Mouse image from Tyler E, Kravitz L.

Scidraw. https://doi.org/10.5281/zenodo.3925901 (2020).

7mm |
circular hqle
collimator

Stand with a
10 cm | \

\

circular'hole

FIGURE 7
organoids in culture.

larger targets, such as the entire abdomen of a mouse, several square
fields can be patched to form a large field, a procedure that can also
be achieved using the robotic motion platform. The setup for irra-
diating a mouse abdomen, with a custom holder for the mouse and
an anesthesia device, is shown in Figures 9 and 10. The distance
between the end of the square-hole collimator and the mouse holder
is 2.7 cm, and a ~1-cm air gap is present between the end of the
collimator and the abdomen of the mouse. The mouse abdomen is

~1.3 to 1.5 cm thick, and the entire abdomen area is ~3 cm x 3

generator

Image of the robotic motion platform and a self-leveling laser positioning system for high-throughput irradiation of cells or

cm. The spatial and dosimetric accuracy of dose delivery was val-
idated using a piece of EBT-XD film attached to the back of the

mouse.

2.6 | Film scanning and dose analysis

The EBT-XD films were scanned with an EPSON Expression 10000XL
flat-bed scanner (Epson America, Inc., Los Alamitos, CA) at 24 to 48
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cm thick; the whole abdomen areais ~3cm x 3 cm.

hours after irradiation at a resolution of 254 dpi (0.1 mm x 0.1 mm per
pixel) in the RGB mode with 16-bit color depth per channel. The film
images were saved in the tagged image file format (TIFF). Film images
were analyzed with ImageJ software®° (version 1.53c). EBT-XD films
have been calibrated in both proton FLASH and non-FLASH modes and
found to be dose-rate-independent within the range of dose rates in
our proton beamline.®* The dose map of each film was acquired from
its corresponding dose calibration curve (i.e., converting optical density
to dose).

2.7 | Comparing film measurements and Monte
Carlo calculations

In all cases, the films used were marked on four sides to localize the
center of the beam. Each film in each experimental setup was aligned
by using the laser system to ensure that the film center coincided with
the beam center. Each experimental setup was also modeled by Geant4
Monte Carlo simulation. The film-measured dose distribution was com-
pared with the Monte Carlo-calculated results, and 1D gamma analysis
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was performed for each setup using the open-source software PyMed-
Phys (version 0.39.3)*! (https://pypi.org/project/pymedphys/). The film
measurement results were used as the reference, and Monte Carlo cal-
culations as the evaluation. Because dose delivery in this study was
from a small field, we set more stringent criteria for gamma analysis,
specifically 2%/1 mm. The dose threshold value was set to 2% of the
maximum dose in the reference dataset for the global gamma index (y)
calculation to evaluate the accuracy of low dose tails as well. In addi-
tion, field width, flatness, and symmetry of small-field dose profiles
were calculated using an in-house Python script as defined by Varian
Medical Systems (Palo Alto, CA).

3 | RESULTS

3.1 | Original narrow and broadened beams

The filmimages measured in the isocenter plane for the original narrow
beam and the broadened beam after passing through the first scatterer
(Figure 5) are shown in Figures 11A and 11B. In the film measurement
of the original narrow beam, a partial spill of 209.9 MU was delivered
with a pulse-on time of 9.8 ms; in the film of the broadened beam, a
partial spill of 1204.1 MU was delivered with a pulse-on time of 68.3
ms.

The crossline (horizontal) dose profiles (normalized by the output
MU, in Gy/MU) from film measurements and Monte Carlo calculations
are compared in Figure 11C. The gamma pass rates were 100% for the
narrow beam and 99.8% for the broadened beam. The full width at
half maximum (FWHM) of these two beam profiles from Monte Carlo
calculations was 8.0 mm for the narrow beam and 22.0 mm for the
broadened beam. The average dose rates (dose/pulse-on time) at the
beam center were 1670 Gy/s for the narrow beam and 190 Gy/s for
the broadened beam (Figure 11D). Although the first scatterer greatly

reduces the dose rate (to 11.4%), the dose rate of the broadened beam
was still higher than the common FLASH threshold of 40 Gy/s.

We also evaluated the average dose rate from a full spill (1450 MU,
pulse-on time 100 ms) of Bragg curves along the central axis, with
and without the first scatterer (Figure 12). Dose rate was calculated
from the Monte Carlo-generated dose and a pulse-on time 100 ms of
a full spill. The entrance dose rate for the original narrow beam was
~1000 Gy/s with a full spill of 1450 MU, which is lower than the dose
rate of 1670 Gy/s in Figure 11D obtained from a partial spill beam of
209.9 MU. Because the average dose rate of a spill decreases with MU
(Figure 4), the dose rate from a full spill will be lower than that of a par-
tial spill. The Bragg peak dose rate of the original narrow beam was as
high as 4500 Gy/s. In contrast, the Bragg peak dose rate of the broad-
ened beam was reduced to 660 Gy/s. Use of the first scatterer also
reduced the range of the proton beam (Figure 12).

3.2 | Collimated circular beam for in vitro
experiments

Neither the original narrow beam nor the broadened beam was
suitable for irradiation experiments that require conformal dose dis-
tribution to a target geometry. Thus to irradiate a single well in the
96-well cell culture plate, a 7-mm circular hole collimator was used
to shape the broadened beam profile to conform to the inner diame-
ter of that well, and a film was attached to the bottom of the 96-well
plate (with a distance between the end of the circular collimator and
the film of ~7 cm [Figure 8]). The film image of a collimated circular
beam is shown in Figure 13A, and the crossline dose profiles from the
film measurement and the Monte Carlo simulation are compared in
Figure 13B. The film was irradiated by 1612.1 MU with a pulse-on time
of 104 ms, made of a full spill of 1450 MU with 96.5 ms and a partial
spill of 162.1 MU with 7.5 ms. The derived average dose rate profiles
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FIGURE 11 Comparison of the original narrow beam and the broadened beam with the use of the first scatterer. The film measurement was

obtained in the isocenter plane.

from the film measurement and the Monte Carlo simulation are shown
in Figure 13C. The average dose rate at the central axis (CAX) point
according to the Monte Carlo simulation was 113.7 Gy/s. The gamma
pass rate between the film measurement and the Monte Carlo simula-
tion was 99.3%. Other radiation field profile-related parameters were
also calculated for the Monte Carlo-generated profile. The field width
was 8.0 mm (distance between 50% to 50% of CAX dose). The penum-
bra (distance between 80% and 20% of CAX dose) was 0.8 mm on either
side. The symmetry was 0.6% between the left and right half of the dose
profile. From -3 to 3 mm, the dose ranged from 94.2% to 100.6% of
the CAX dose, and the flatness was 3.3%. From -2 to 2 mm, the dose
ranged from 98.7% to 100.6% of the CAX dose, and the flatness was
1.0%. These results indicate that the cells or organoids in a well could
receive a uniform dose.

3.3 | Collimated square beam for in vivo
experiments

A 1-cm square hole collimator was used to shape the broadened beam

profile to conform to a typical tumor size in a mouse. A film was

attached to the back of a mouse bearing a tumor, and the distance
between the end of the square collimator and the film was 2.7 cm
(Figure 10). The film image of the collimated square beam is shown
in Figure 14A. The crossline dose profiles from film measurement and
Monte Carlo simulation are compared in Figure 14B. The film was irra-
diated by a partial spill of 1253.6 MU with a pulse-on time of 72.5
ms. The derived average dose rate profiles from film measurement
and Monte Carlo simulation (Figure 14C) indicate that the average
dose rate at the central axis point was 191.3 Gy/s in the Monte Carlo
simulation. The gamma pass rate between the film measurement and
the Monte Carlo simulation was 95.8%. Other radiation field profile-
related parameters calculated for the Monte Carlo-generated profile
were as follows. The field width was 10.6 mm; the penumbra was
0.5 mm on either side; and the symmetry was 0.9% between the left
and right half of the dose profile. From -4 mm to 4 mm, the dose
ranged from 96.2% to 100% of the CAX dose, and the flatness was
2.4%. These results indicate that a typical tumor in a mouse could
receive a uniform dose laterally. As shown in Figure 12, the depth dose
increased slowly in the first 2 cm, which is deep enough to maintain
a nearly constant depth dose in the mouse abdomen (~1.3 to 1.5 cm
thick).
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Given that scanning beams are required for the current state-of-the-
art technique of intensity-modulated proton therapy (IMPT), many
newly built proton therapy centers are solely equipped with scan-
ning nozzles. The former passive scattering technique is gradually
being eliminated in proton therapy. If ultra-high dose rate proton
FLASH is applied in clinics, scanning beams would be the first choice.
However, before proton FLASH is used in clinical applications, under-
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FIGURE 12 Average dose rate Bragg curves along the central axis
from the original narrow beam and the broadened beam with a full
spill (1450 MU, pulse-on time 100 ms). Dose rate was calculated from
the Monte Carlo-generated dose and the pulse-on time 100 ms of a
full spill.

3.4 | Multiple circular beam fields for in vitro
experiments

An image of a film with multiple circular beam spots (separated by 9
mm) attached to the bottom of the 96-well plate on the robotic plat-
form is shown in Figure 15A. The spots in the top half of the film were
from FLASH irradiation and those in the bottom half were from non-
FLASH irradiation. The crossline (horizontal) dose profiles across row
C of the 96-well plate from film measurement and Monte Carlo sim-
ulation are shown in Figure 15B. The gamma pass rate was 98.4%,
indicating good matching between film measurement and Monte Carlo
calculation and validating the high accuracy of spatial positioning and

dose delivery.

3.5 | Patched square beam fields for in vivo
experiments

An image of a film with patched square beam fields on the back of a
mouse undergoing abdominal irradiation is shown in Figure 16A. Four
1 cm x 1 cm beam fields (with 10.6-mm spacing vertically and horizon-
tally) were delivered on the robotic platform. The inline (vertical) dose
profiles across the center of the two patched square fields on the left
side of the mouse from film measurement and Monte Carlo simulation
are shown in Figure 16B. The gamma pass rate was 94.1%. Parame-
ters from the Monte Carlo-generated profile were as follows. The field
width was 21.2 mm; the penumbra was 0.5 mm on either side; the flat-
ness of the profile was 2.1%; and the symmetry was 0.6%. Notably,
the small diamond-shaped cold spot present at the center of the four
patched fields is one of the limitations of the current experimental
design. This is caused by the chamfer at each corner of the square-hole

collimator.

standing the biological mechanisms underlying scanning proton FLASH
is paramount. Because the experimental FLASH beamline at our proton
center is not equipped with a set of scanning magnets, we developed an
alternative strategy in which a robotic motion platform is used to con-
trol the motion of the target to achieve the extended radiation field size
for mimicking the spot-scanning technique.

When steering magnets are not available to implement beam scan-
ning, using a robotic motion platform with a laser localization system
has several advantages. The first is the considerably lower cost of such
a platform relative to installing a complicated steering magnet system.
Second, we have verified that this robotic system is highly accurate
for target positioning to ensure the spatial accuracy of beam delivery.
Third, use of the robotic platform can improve experimental efficiency
by eliminating the need to manually align the target between different
beam deliveries. As an example, our use of the robotic motion plat-
form facilitated motion control of 96-well plates so that a specified well
center could be accurately aligned to the beam center. Fourth, both
spatial and dosimetric accuracy could be validated by attaching film to
the target in the experimental setup (either the plate or the mouse).
Fifth, applying a step-and-shoot irradiation pattern could result in rapid
irradiation of several cell culture wells or a relatively large area on a
mouse. We conclude from these features that use of this robotic plat-
form can achieve equivalent target dose coverage by mimicking the
active scanning technique.

The current proton FLASH experimental design is also subject to
some limitations. First, only one beam energy (87.2 MeV) is available
for this proton FLASH beamline, and thus the short penetration range
means that only experiments involving cell cultures or small animals
are possible at this time. Second, film images showed that the dose
profile in each well was not uniform (Figure 15) because of the superpo-
sition of dose tails from adjacent beam spots. One possible solution for
this shortcoming could be to increase the spacing between the irradi-
ated wells, e.g., irradiating every other well. Third, the efficiency of the
experiments was much lower than the use of a real spot-scanning tech-
nique. Even though the motion platform can move quickly (within sec-
onds) after the dose is delivered to one location (e.g., a well), the proton
FLASH system needs at least 30 to 60 seconds to prepare for the next
beam delivery. Thus compared with a true scanning technique for irra-
diating alarge area, the actual time needed for our current experiments
was much longer. For example, for the four patched fields in Figure 16,
the total time needed can be 90 to 180 seconds, depending on the
actual beam preparation time of the system between two deliveries.

Nevertheless, our current findings can be extended to other future

studies. As an example, the current study focused only on dose rate
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FIGURE 13 (A)Filmimage of a collimated circular beam irradiated by 1612.1 MU proton FLASH. (B) Crossline dose profiles and (C) average
dose rate profiles from the film measurement and Monte Carlo simulation.
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FIGURE 14 (A)Filmimage of a collimated square beam irradiated by 1253.6 MU proton FLASH. (B) Crossline dose profiles and (C) average
dose rate profiles from film measurement and Monte Carlo simulation.

and its biological consequences; we used the entrance dose along the For example, the distal edge of a proton Bragg curve is usually placed to
Bragg curve to minimize the potential impact of LET. A multi-step com- normal tissue in the treatment, where the biological effect is increased
pensator (as used in previous experiments3437-3?) can be designed to by the high LET,** inducing a higher risk of toxicity such as necrosis,*?

study the synergistic effects of LET and FLASH dose rate in the future. however the FLASH effect might alleviate this issue.*® Investigating
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attached to the bottom of a 96-well plate with 9-mm spot spacing in
the motion pattern. (B) Crossline dose profiles across row C from film
measurement and Monte Carlo simulation.

the interplay of LET (increasing damage) and FLASH dose rate (sparing
normal tissue) in biological effects is a worthwhile research endeavor.
Second, the current study involved using a first scatterer to broaden
the beam, with a small-hole collimator used to shape the beam pro-
file to conform to the shape of the target. Use of these beam-shaping
devices reduced the dose rate to ~100 to 200 Gy/s (Figures 13 and 14).
To investigate dose rates beyond 1,000 Gy/s (Figures 11 and 12), we
could use the original narrow beam without the first scatterer and any
beam-shaping devices; in other words, a scan pattern could be opti-
mized through the superposition of multiple original narrow beams to
form a large irradiation field. The use of the small beamlet with higher
dose rates (>1,000 Gy/s) has great potential for application in pro-
ton FLASH-based radiosurgery. Third, installation of a robotic motion
and rotation platform equipped with high-precision imaging guidance
(e.g., cone-beam CT and bioluminescence tomography*4) would allow
proton FLASH-based IMPT for small-animal irradiation experiments.
The significance of this study lies in its demonstration of our suc-
cessful strategy to deliver proton FLASH to larger fields and volumes.
The novelty is in applying an automatic robotic motion platform to
accurately control the motion of the irradiation target (either 96-well
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FIGURE 16 (A)Filmimage from the back of a mouse undergoing
abdomen irradiation. 10.6-mm spacing was used in the motion pattern
of the robotic platform between 1 cm x 1 cm square fields. (B) Inline
(vertical) dose profiles across the center of two square-field patches
on the left side of the mouse.

plates or mice). The ultimate value of the present work is in paving the
way for investigations of the radiobiological mechanisms underlying
the effects of proton FLASH.

5 | CONCLUSIONS

We validated the feasibility of accurately irradiating preclinical sam-
ples with FLASH proton spots by using a robotic motion platform
and an external laser positioning system. The successful completion
of this work has paved the way for preclinical studies to improve our
understanding of the mechanisms underlying proton FLASH effects on
normal tissue sparing. The methods developed here can be extended
to other studies, including the synergistic effects of LET and dose rate,
and the implementation of much higher dose rate (>1,000 Gy/s) pro-
ton FLASH-based IMPT. The superior physics dose distribution and
potential radiobiological advantages of proton FLASH therapy enhance
the inherent ability of radiotherapy to control tumors while providing
further sparing of normal tissues, with the ultimate goal of improving
clinical outcomes.
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