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ASH radiation therapy (RT)
has shown potential to increase
the therapeutic index for can-

cer treatment. In vivo animal studies
have shown a differential response be-
tween normal tissues and tumor!- with
improved normal tissue sparing but
comparable tumor control relative to
conventional RT. This phenomenon,
or the “FLASH effect,” is exhibited at
ultrahigh dose rates (UHDRSs) of ap-
proximately 40 Gy/s or higher.'*# In
this review, “FLASH” is used to de-
scribe biological FLASH effects and
is distinct from “ultrahigh dose rate,”
pertaining simply to physical dose rate
expressed in Gy/s. Although used in-
terchangeably in the literature, this dis-
tinction is made since many complex
physical parameters of radiation, be-
yond simply mean dose rate, may con-

tribute to the biological effects, and is a
topic under investigation.’

Studies of what we now recognize as
the FLASH effect date to the 1960s,®
although recently interest has been rekin-
dled. Although technological advance-
ments in RT delivery have improved
toxicities associated with radiation, this
remains an ongoing hurdle in optimiz-
ing treatment efficacy. Contemporary
preclinical studies continue to show a
stark reduction in normal tissue toxicity
with FLASH-RT compared with con-
ventional dose-rate RT, demonstrated
across multiple organ systems, includ-
ing the brain,**-!! skin,'*!3 lungs,' and
gastrointestinal tracts? in multiple spe-
cies, including mice, zebrafish, cats, and
pigs.!?4%-13 The clinical implications of
the FLASH effect could provide major
improvements in the oncologic care of

patients and give rise to a new, highly
impactful modality of treatment, provid-
ing the impetus for clinical translation of
FLASH-RT?

Pre-clinical FLASH-RT in animal
studies has been made possible through
dedicated experimental systems or
modification of pre-existing RT sys-
tems, including specialized electron
linear accelerators (linacs),'* proton
beamlines,'® synchrotron light sources
producing kilovoltage x-rays,'® and
conversion of clinical linacs.!”!® Re-
cently, the first human treatment with
FLASH-RT was conducted for the
treatment of a CD30+ T-cell cutane-
ous lymphoma lesion at Lausanne
University Hospital in Switzerland."
The institution employed an Oriatron
eRT6 5.6 MeV linac (PMB ALCEN),
specifically engineered for accelerating
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Table 1. FLASH Technologies Currently in Use for Active Clinical Trials
Facility Machine Modality Energy Therapeutic Nominal Dose Maximum  Trial Trial # of
depth trialdose per fieldsize indica- startdate patients
rate pulse tions

CHUvZ IntraOp Electron 6and9 2and2.5¢cm 300Gy/s  30and 6cmdiameter Melanoma  June 2021 7-21

Mobetron MeV 3.3Gy/s skin

metastases

Cincinnati Varian Proton 250 MeV ~26.¢cm 60 Gy/s N/A 7.5x20cm Painful Nov 3,2020 10
Children’s/  ProBeam extremity
UC Health PBS bone
Proton metastases
Therapy
Center®

FemurFS7x10 - Planning Approved - Transversal - CTFemur

FIGURE 1. FAST-01 clinical trial treatment plan for a right femoral metastasis. The blue dose cloud represents the plateau region of the proton

2 [FemurA - Unapproved - Transversal - CTFemur

beam, delivering ~8 Gy to the target. Contrary to conventional proton treatment planning, transmission fields traverse through the entire thick-
ness of the right leg, with the Bragg peak deposited outside of the body at the distal end of the beam.

electrons for UHDR-RT. The treatment
intent was to achieve equivalent tumor
control while reducing skin toxicity
for a patient who received 110 prior
spot radiation treatments to multiple
lymphoma skin lesions. Given the nu-
merous treatments that the patient has
received in the past, FLASH-RT was
considered for potential toxicity reduc-
tion. Ultimately, treatment was deemed
feasible and safe, with favorable out-
comes for both tumor control and skin
toxicity, opening the door for further
clinical evaluation of FLASH-RT.

Since then, enrollment and treatment in
the world’s first FLASH-RT clinical trial,
FAST-01, has started at the University of

Cincinnati, assessing feasibility of single
fraction proton FLASH-RT for painful
bone metastases.?’ With additional bur-
geoning FLASH-RT human clinical tri-
als underways, this review aims to cover
the technological basis for FLASH-RT
clinical trials and explores the modalities,
treatment parameters, technical limita-
tions, and potential indications of current
UHDR-RT technologies.

Technological Basis for Active
Clinical Trials in FLASH-RT

Two clinical trials are active at the
time of writing of this review article.
They each employ different radiation
modalities and delivery methods, which

are summarized in Table 1. The techno-
logically feasible treatment parameters
are discussed below.

Cincinnati Children’s/University
of Cincinnati Health Proton
Therapy Center (FAST-01)
Cincinnati Children’s/University of
Cincinnati Health Proton Therapy Cen-
ter is actively enrolling in a single-arm,
prospective, feasibility trial named
FAST-01 sponsored by Varian Medi-
cal Systems to treat painful extremity
bone metastases. The trial started in No-
vember 2020 with the plan to enroll 10
patients with up to 3 painful extremity
bone metastases without prior radiation

June 2021
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FIGURE 2. Schematic representation of dose assignments in the 3+3 algorithm for two parallel groups (small/large volume skin metastases) of
the CHUV FLASH-RT clinical trial for metastatic melanoma lesions. DLT = Dose limiting toxicity. MTD = Maximum tolerated dose.

therapy or other local therapy to the
treatment sites.?® The goal of the trial
is to assess the technical feasibility and
safety of 8 Gy in 1 fraction of proton
UHDR-RT for human treatment, and to
evaluate the pain response and toxicity
associated with this treatment.

This trial utilizes a Varian ProBeam
pencil-beam scanning gantry with no
significant modification of the beam
line or accelerator. The primary mod-
ifications are a primary dose monitor,
rated for UHDR, and a change to the
treatment planning workflow. The
proton therapy system delivers a mon-
oenergetic 250 MeV single-layer trans-
mission radiation field at no less than
40 Gy/s and a nominal isocenter dose
rate of 60 Gy/s. Transmission fields
enter and exit through the patient’s
body, thereby delivering therapeutic
dose using the entrance plateau region
of a Bragg peak, as opposed to using
the Bragg peak region itself as in con-
ventional proton therapy treatments
(Figure 1). In some regards, the FAST-
01 treatment plans are comparable to
opposed-beam photon plans rather than
intensity-modulated proton therapy or
compensator-based passive scattering
proton therapy.

Field sizes range from 7.5 x 7.5 cm?
to 7.5 x 20.0 cm?, which are suitable for
treatment of a wide range of extremity
tumors. The length of the plateau re-
gion of the beam is relatively homoge-
nous up until the point where the Bragg
peak begins to form, which is at a wa-
ter-equivalent depth of 26 cm, and this
point is defined as the maximum depth
of treatment. However, a limitation of
transmission fields is the lack of nor-
mal tissue sparing that would typically
be achieved by elimination of exit dose
from conventional Bragg peak fields.

Additional details regarding this sys-
tem are published in Cunningham et
al’s recent study on soft tissue and skin
toxicity in mice.?! They describe de-
livering 35 Gy and 15 Gy to a 25 x 23
mm? field at isocenter via single-layer
spot patterns made up of 30 separate
spots with a uniformity specification of
+2.5%. The frequency of beam directly
from the cyclotron is quasi-continuous,
at approximately 72 MHz, and the spot
patterns contain spots of equal weight
and are scanned continuously. For this
study, a maximum mean dose rate of
115.1 Gy/s was achievable at isocenter.

This configuration with its relatively
wide range of field sizes and depths will

allow for a plethora of clinical indica-
tions. The FAST-01 trial is an import-
ant clinical and technological starting
point for proton pencil-beam scanning
UHDR-RT and will pave the way for
additional trials and technological de-
velopments in the future. The design of
the FAST-02 trial for another palliative
indication is already under way.??

Centre Hospitalier Universitaire
Vaudois (CHUV) | Lausanne
University Hospital

Centre Hospitalier Universitaire Vau-
dois (CHUYV), Lausanne University
Hospital, performed the first human
treatment using FLASH-RT." The team
is now opening a FLASH-RT clinical
trial that is enrolling as of June 2021.
The approved phase I trial will deter-
mine the FLASH-RT dose that is able to
provide durable tumor control for mel-
anoma skin metastases without causing
significant toxicity, with a goal to enroll
7to 21 patients (Figure 2).

This trial utilizes an IntraOp Mobe-
tron mobile linac optimized for UHDR
delivery,” conventionally used intraop-
eratively or for dermatologic treatments.
To accomplish UHDR, the control sys-
tem was modified to enable prescribing
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Table 2. UHDR-RT Technologies with Published Parameters that
Should be Suitable for Clinical Trials in Selected Indications
Facility Machine Modality Energy Therapeutic Dose rate Dose Size of Potential
depth (at SSDs per flat field clinical
outside of pulse indications
treatment
head)
Lund ELEKTA Electron 8 MeV 1.0-2.0cm Upto120Gy/s  Upto19Gy,  10x10cm Cutaneous
University? Precise at cross-hair but0.18 Gy malignancies
foil at cross-hair
foil
Dartmouth Varian Electron 10 MeV 5.0cm Upto271Gy/s  0.75Gywith ~ 1-15x1-15em  Small
University' Clinac withapplicator ~ applicator cutaneous
2100C/D malignancies
Stanford Varian Electron 16-18MeV ~ 5.5¢cm 50-80 Gy/s 0.28-0.44Gy  10x10cm Cutaneous
University? Clinac (potentially up  malignancies,
21EX to20x20cm)  extremity
soft-tissue tumors,
partial breast
irradiation
CHUV™ QOriatron Electron 5and6MeV 1.8-2.3cm 1000 Gy/s Maximum 20cmdiameter  Cutaneous
eRT6 10 Gy malignancies
CHUV% PMB Electron 10 MeV ~3cm 350 Gy/s 1.2 Gy 10cmdiameter  Intraoperative RT
FLASH
KNiFE
University of IBA Proteus  Proton 230MeV  0-15g/cm? 60-100 Gy/s N/A 1x2cm Small
Pennsylvania®  Plus cutaneous
malignancies or
extremity tumors

the number of pulses for delivery, setting
the number of pulses for both the elec-
tron gun and solid-state modulator.”? The
pulse width and pulse frequency are pro-
grammable and can be set from 0.5-4 ps
and 5-90 Hz, respectively.

The Mobetron unit was commis-
sioned for 6 and 9 MeV nominal ener-
gies using conventional protocols for
commissioning of a medical linac as
per the guidelines of AAPM TG-72 .2
As per Moeckli et al, commissioning
was performed at the linac exit window,
corresponding to a source-to-surface
distance (SSD) of 17.3 cm, represent-
ing the maximal mean dose rate that can
be achieved, as well as 20 cm further at
37.3 cm SSD, to be used for treatment
under clinical protocol. This SSD cor-
responded to mean dose rates of ~300
Gy/s, similar to their preclinical exper-

iments as well as for the first patient
treated with FLASH-RT.!?

At the protocol-specified treatment
SSD of 37.3 cm, maximum dose-per-
pulses of 3 Gy and 3.3 Gy is achieved
for 6 and 9 MeV energies, respectively,
with treatment depths — defined as the
depth beyond the depth dose maximum
at which 90% of the maximum dose is
seen (R90) — of 2 to 2.5 cm, well-suited
for cutaneous treatments. Treatment
field sizes, defined by the 90% isodose
line, are at a 6 cm maximum at treat-
ment SSD.

Available UHDR-RT Technologies

Enabling Future Clinical Trials
Current technologies for UHDR-RT

delivery that have potential for future

clinical trial use are summarized in
Table 2.

Dedicated Electron UHDR
Treatment Machines

Several dedicated electron UH-
DR-RT systems have been developed.
The Oriatron eRT6 has been used for
the first human treatment, as discussed
previously.!” This system was custom
built by PMB ALCEN and commis-
sioned by CHUYV to deliver electrons
with 5-6 MeV energy with a maximum
dose-per-pulse of 10 Gy with a pulse
repetition frequency of 5-200 Hz. The
maximum average dose rate is 1000
Gy/s. The eRT6 is capable of delivering
UHDR at a conventional treatment SSD
of 100 cm with field sizes from 1.6 to 20
cm with an R80 of 1.8 to 2.3 cm.'

The IntraOp Mobetron intraoperative
RT system is another dedicated elec-
tron UHDR machine that is discussed
in the CHUYV section above. In addition

June 2021
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LYY -

FIGURE 3. Novel configuration for electron ultrahigh dose rate radiation therapy (UHDR-RT)

& e

by No and Wu et al at Stanford University. A coneless electron applicator system is used for
field shaping and to allow for closer surface-to-surface differences to achieve UHDRs, using
a reversible configuration of a Varian Trilogy. An anatomical phantom is pictured on the treat-

ment couch as a patient surrogate.

to CHUYV, this UHDR system exists at
Ohio State University Comprehensive
Cancer Center, The University of Texas
MD Anderson Cancer Center, Univer-
sity of California Irvine, and the Centre
Hospitalier de I’Université de Montreal.
In 2021, a commissioning paper was
published with details of the system.?

Given the R80 value of the eRT6 (1.8
to 2.3 cm) and the R90 values of the
Mobetron system (2 to 2.5 cm), these
systems are most suitable for clinical
trials involving cutaneous lesions, as
well as intraoperative RT.

Clinical Linac-Based Electron
UHDR-RT Delivery

To increase accessibility to FLASH-
RT utilization and research, multiple
groups have developed configurations
using clinical linacs to output electron
UHDR-RT. Without the need for a dedi-
cated specialized UHDR machine, there
is potential for a wider range of radiation

teams and centers to be able to conduct
future clinical trials.

Schiiler et al at Stanford University
configured a Varian Clinac 21EX for
small animal irradiation.!” They tuned
the beam using a custom 20 MeV pro-
gram printed circuit board to customize
the control parameters, with the gun cur-
rent and radiofrequency driver manually
adjusted to achieve the maximum dose
rate. The measured output showed a per-
centage depth dose (PDD) curve similar
to that of 16-18 MeV conventional elec-
tron output; 220 Gy/s was attainable at
the level of the mirror, which was used
for animal experiments, with a field di-
ameter encompassed by the 90% isodose
level of 4.1 cm. Additional work is being
conducted by No and Wu et al using a
novel configuration on a Varian Trilogy
that uses a flat electron-arc applicator in
place of a standard electron cone, with
the scattering foil retained in the beam’s
path (Figure 3).25 This has shown

UHDRs of 50 to 80 Gy/s at SSDs of 90
and 70 cm, respectively. The output is a
flat, symmetrical beam with an 80% dose
diameter of at least 10 cm (potentially up
to 20 cm), with an R90 of 5.5 cm. This
configuration is limited by the dose rate
decreasing due to the presence of the
scattering foil, which limits the SSDs
that can be used to maintain UHDRs.
However, the relatively large range of
treatment field sizes will allow for po-
tential future clinical trials on superficial
tumors, such as cutaneous malignancies,
sarcomas, or partial breast irradiation.
Lempart et al at Skane University
Hospital and Lund University in Swe-
den have modified an Elekta Precise
clinical linac to deliver electron UH-
DR-RT.?® The team manually adjusted
the gun current, modulator charge rate,
and beam steering values, as well as
disabled the interlocks to operate the
machine in electron mode without the
electron applicator. With the scatter-
ing foils in the beam’s path, dose rates
of 30 and 300 Gy/s were achieved at
the cross-hair foil (53 cm SSD) and at
the wedge position (19 cm SSD), re-
spectively, with the beams resembling
8 MeV electrons. Beam flatness of <
5% was found for a 20 x 20 cm? area
and for a 2 cm diameter circular area,
respectively, at those positions. When
the scattering foils were removed, the
dose rates increased to 120 to 1000
Gy/s, respectively, and the areas of
beam flatness < 5% were reduced to 10
x 10 cm? and a 1.5 cm diameter circle,
respectively. As such, at the clinically
practical SSD position (ie, outside of
the gantry head) published in this study
of 53 cm SSD, the scattering foils had to
be removed to achieve UHDRs, which
limited the flat beam width to 10 cm.
Furthermore, they observed that the
total dose delivered seemed to become
unstable (standard deviation increased
to 7% to 11%) when >10 minutes
passed after the machine warm-up pro-
cedure, although this improved with
fine-tuning of the resonance frequency
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of the accelerator. As part of unpub-
lished work, the team has been able to
configure this system to produce a beam
at a dose rate of 200 Gy/s at 100 cm
SSD with a flat field size of 12 x 12 cm?
(personal communication).

Rahman and Ashraf et al at Dart-
mouth University have developed a
configuration on a Varian Clinac 2100
C/D whereby the team removed the
x-ray target, flattening filter, and scat-
tering foil from the path of the beam
and selected a 10 MV photon beam en-
ergy.'® With this set-up, a dose rate of
310 Gy/s at 100 cm SSD and depth of
4 cm with the jaws wide open (40 x 40
cm? field size) were achievable. Using
an electron applicator, they found dose
rates of 271 Gy/s with a 2 cm circular
cutout and 235 Gy/s with a 1 cm circu-
lar cutout. The practical range of depth
was approximately 5 cm. However, the
team found that the dose per pulse re-
quired a “ramp-up” and did not become
stable until delivery of ~10 pulses. Also,
the beam profile was Gaussian in the
absence of the flattening filter and scat-
tering foil, which made for a relatively
narrow flat beam width. Experiments
on animal tumor models and clinical
veterinary treatments are underway
using this configuration. There is poten-
tial to treat patients in the future, with a
possible upcoming feasibility trial on
treating patients with advanced skin le-
sions that are surgically unresectable ?’

Proton UHDR-RT

Currently, the technology for proton
UHDR-RT has shown dose rates = 40
Gy/s with proton pencil beams, but chal-
lenges exist with attaining mean dose
rates in the UHDR range in a larger vol-
ume with a spread-out Bragg peak.?® As
such, many proton UHDR systems uti-
lize a transmission radiation field, which
directs the plateau region of the beam
through the entire thickness of the body
such that the proton beam enters, exits,
and then stops outside the body.?!8
The “FLASHForward Consortium”

sponsored by Varian is an aggregate of
20 institutions (and growing) in the US,
Europe, and Asia, representing radiation
therapy centers with research programs
in FLASH-RT with the goal of advanc-
ing research and clinical applicability of
proton UHDR-RT.?2

The Varian ProBeam system has
been used for proton UHDR-RT and
has been discussed above in the section
on the FAST-01 clinical trial.

The IBA Proteus Plus system, another
clinical proton machine, can deliver
proton UHDR-RT with energies up
to 230 MeV. Diffenderfer et al at the
University of Pennsylvania created a
configuration of this system whereby
a double-scattered proton beam was de-
livered quasi-continuously at 106 MHz
with a beam current up to 300 nA.%»°
They were able to achieve mean dose
rates of 60 to 100 Gy/s at isocenter. Ho-
mogenous dosimetry was observed
within a range of 0 to 15 g/cm?. This
configuration has been used for mice ex-
periments with a collimated beam size of
1 x 2 cm?. This same group conducted a
simulation experiment where they the-
orized that a beam current of > 500 nA
would provide an effective field dose
rate of > 40 Gy/s for a field size of 4 x
4 cm?. However, this did not account for
scanning magnet slew time and energy
switching time, which the authors dis-
cussed were limiting factors in achieving
larger field sizes. The IBA Proteus Plus
system was also used by Beyreuther et al
for experiments on zebrafish embryos,
where 100 Gy/s was delivered to a 6.5
mm diameter area.*

There are potential solutions to in-
crease the field size of proton UH-
DR-RT while still reaping the benefits
of the Bragg peak. For instance, passive
scattering and the use of ridge filters
can produce larger fields, but this leads
to particle loss and decreased dose rate,
as well as requiring significantly higher
incident beam currents. Pencil-beam
scanning is another possible option
that can produce UHDRs at individual

SA-CME (see page 5)

spots, but maintaining the dose rates
across the entire treatment volume can
be limited by the speed of the scanning
magnets and the penumbra between
scanning layers. Indeed, further exper-
iments are required to assess the feasi-
bility of these and other configurations
for proton UHDR-RT, as well as their
consequent biological effects ?%-!

Upcoming FLASH-RT Technologies
Pluridirectional High-energy
Agile Scanning Electronic
Radiotherapy (PHASER)

Current state-of-the-art clinical RT
machines based on x-rays can deliver
highly conformal doses with image
guidance to general large-volume
deep-seated cancer targets, but are or-
ders of magnitude too slow to deliver
UHDR-RT owing in large part to the
inefficiency of bremsstrahlung x-ray
production and inherently slow me-
chanical systems for gantry rotation and
intensity modulation. Major technical
hurdles must therefore be overcome to
deliver conformal photon FLASH-RT.
Researchers at Stanford and the SLAC
National Accelerator Laboratory dis-
covered novel particle accelerator
principles, originally conceived to over-
come breakdown in ultrahigh gradient
(>100 MeV/m) accelerator structures,
which also greatly increase the radio-
frequency (RF) power efficiency. This,
combined with novel strategies to elim-
inate slow mechanical components,
forms the basis of pluridirectional
high-energy agile scanning electronic
radiotherapy (PHASER).*

In the distributed RF-coupling ar-
chitecture with genetically optimized
cell design (DRAGON) for electron
accelerators, the shape of the acceler-
ating cells is optimized to minimize the
peak surface magnetic fields, a key con-
tributor to RF power loss to generating
waste heat in the accelerator structure.
More efficient transfer of RF power
to the electron beam and the ability of
the accelerator to operate with a higher
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FIGURE 4. Rendering of the integrated pluridirectional high-energy agile scanning electronic radiotherapy (PHASER) system, adapted from
Maxim et al.®2 Multiplex klystrino RF power: Rendering of assembled klystrino, a compact, lower voltage RF power source. An array of klystri-
nos is arranged around the patient to provide irradiation from multiple angles in rapid succession for conformal RT. RAPID power distribution
network: RF phased-array power distribution (RAPID) network of waveguides includes 16 input ports (green arrows) for 16 klystrinos, so their
combined power can be directed to any of the 16 output ports (red arrow) connected to 16 treatment beamlines. DRAGON linear accelerator:
Twenty-cell prototype of the distributed RF-coupling architecture with genetically optimized cell design (DRAGON) linear accelerator structure.
RF is fed into each cell whose shape is optimized to minimize the peak surface magnetic fields for maximum power efficiency and resistance to
RF breakdown. SPHINX electronic intensity modulation: A 20 x 20 channel prototype of the scanning pencil-beam high-speed intensity-modu-
lated x-ray source (SPHINX) collimator array. This allows for intensity-modulation to be achieved electronically by scanning the electron beam in
conjunction with an extended bremsstrahlung conversion target and this multichannel collimator array to produce scanning x-ray beamlets. Alto-
gether, 16 klystrinos provide power through the RAPID network, which is directed to 16 stationary DRAGON linear accelerators that each pro-
duce a beamline. The beamlines are arranged in a conical geometry that share an isocenter with a full-ring CT imager. Each beamline includes a
SPHINX system to allow for intensity modulation.

duty factor without exceeding tempera-
ture limits combine to enable 30-fold
higher beam current compared with
conventional clinical linacs operating
at 10 MV energy.*® A phased-array RF
power network allows combining the
output power of multiple small, lower
voltage RF power sources (klystrinos)
and rapidly switching the summed
power to any one of an array of linac
beamlines (eg, 16) arranged around the
patient to provide irradiation from mul-
tiple angles in rapid succession for con-
formal RT, eliminating the need for a
mechanical rotating gantry and provid-
ing a compact overall form factor. In-
tensity-modulation from each direction
can also be achieved electronically by
scanning the electron beam in conjunc-
tion with an extended bremsstrahlung

conversion target and multichannel col-
limator array to produce scanning x-ray
beamlets. Figure 4 illustrates the core
components that make up PHASER.

Very High-energy Electrons
(VHEE)

As electron energy increases from
conventional 4-20 MeV to very high-en-
ergy (eg,> 100 MeV), the depth-dose
characteristics of the beam change from
only superficially penetrating to deep
penetration with lower entrance and exit
dose for a given dose at depth compared
to MV energy x-rays.’*3° As a possible
short-term path to clinical FLASH ap-
plications, the Stanford group simulated
the impact of applying higher peak RF
power (through pulse compression of
output from a commercial klystron) to

the 10 MeV DRAGON linac designed
for the PHASER platform, finding that
40 MeV acceleration would be achiev-
able at a beam current sufficient for
UHDR when treating directly with elec-
trons.’” Opposing beams at this energy
could produce a homogeneous dose dis-
tribution similar to a photon plan for an-
atomic sites with modest thickness, such
as a pediatric brain, at dose rates up to >
400 Gy/s. The same principles are being
used to design compact high-gradient ac-
celerators with 100+ MeV beam energy
for very high-energy electron (VHEE)-
based conformal FLASH therapy.*
Another technology capable of de-
livering FLASH dose rates with VHEE
is being investigated by researchers at
CHUYV and CERN.3® The full details
of this technology are not yet available
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at the time of this writing but report a
conceptual design of a unique appara-
tus based on a compact linear collider
(CLIC) accelerator technology enabled
to accelerate electrons to treat tumors up
to 15 to 20 cm in depth. We anticipate
the proposed technology, noted to be ca-
pable of treating large and deep-seated
tumors, would likely offer high clinical
relevance.

Conclusion/Discussion

FLASH-RT holds exciting promise as
technological advancements occur at a
rapid pace. Preclinical studies show great
potential for FLASH-RT to widen the
therapeutic ratio in radiation treatments.
Novel upcoming clinical trials, enabled
by the development of new technologies
in RT, are helping to test those preclinical
findings for human translation.

As future trials in FLASH-RT de-
velop, several considerations arise
from limitations of current technolo-
gies. Electron therapy has limited tis-
sue penetration, and is suitable mainly
for superficial tumors and intraoper-
ative RT.>® However, this limitation
could potentially be remedied with the
use of VHEE, which has the penetra-
tion required for deep-seated tumors.
Current linacs for conventional photon
delivery cannot reach UHDRs. Solu-
tions for this require novel innovations
in linac development, such as those in
the PHASER system.*> While proton
beam therapy is highly suited for tar-
geting deep-seated tumors with normal
tissue-sparing dosimetry, currently
UHDR is achieved using transmission
fields from a single-beam direction,
which forfeits the conformity advan-
tage of protons. FLASH treatments tak-
ing advantage of the Bragg peak are
under development for more conformal
treatment. Electron and proton-based
FLASH platforms have already entered
clinical trials for select indications, and
Bragg peak proton FLASH delivery
will likely be implemented clinically in

the next 1-2 years. Meanwhile, x-ray
and VHEE FLASH are actively under
development and may reach the clinic
within 3-5 years. Within this time-
frame, however, much more research
is needed for the clinical implementa-
tion of FLASH. Currently, the pulse
structure, repetition rates, and other
beam characteristics that are required
to obtain an optimal FLASH effect are
yet unknown, as well as whether these
requirements are both strictly neces-
sary and sufficient. Given the short
beam on time, new technologies for ac-
curate dose monitoring will need to be
developed, including QA and calibra-
tions procedures. While some of these
technologies are costly for adoption by
most clinics, current superficial electron
FLASH and developing x-ray FLASH
technology have the potential to be
economical compared to conventional
medical linacs and compatible with ex-
isting clinical vaults.

It is also important to mention that
there are challenges in comparing
FLASH study results between different
modalities, as they vary significantly
in physical parameters such as pulse
structure, time structure, and definition
of dose rate. Additionally, while many
studies focus on the mean dose rate as
the primary driver of the FLASH ef-
fect, more complex factors are likely
at play, inclusive of dose per pulse, the
total number of pulses, and the dose-
rate within the pulse.’ Also, as the bi-
ological mechanisms underlying the
FLASH effect are still in question, the
impact of different modalities on in-
ducing this effect is an important topic
of investigation.

As highlighted in this review, there is
currently wide variability in UHDR-RT
delivery spanning multiple modalities
and delivery methods. Future standard-
ization is essential in the development
of larger UHDR-RT clinical trials that
span different research teams and insti-
tutions. Initial steps to address this have

SA-CME (see page 5)

begun,* with exploration of methods to
precisely measure the delivered UHDR
radiation, which can then lead to refer-
ence standards and dosimetry methods.
This would allow for both stringent qual-
ity assurance and comparison across dif-
ferent RT modalities, configurations, and
experimental settings.*!

As preclinical data on FLASH-RT
expands, and radiation therapy tech-
nology continues to advance, the con-
verging of the two have heralded the
beginning of FLASH human clinical
trials. Many complex questions remain,
including optimal indications, whether
the FLASH effect translates from ani-
mal models to patients, the selection of
treatment modality, and the implemen-
tation of dosimetry / quality assurance.
By being vigilant in this next step into
clinical translation of this new technol-
ogy, we can carefully unlock the vast
potential impact that FLASH-RT may
have on radiation treatment and onco-
logic care at large.
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