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Abstract

Ultra-high dose rate radiotherapy known as Flash radiotherapy (FLASH-RT) offers tremen-
dous opportunities to improve the therapeutic ratio of radiotherapy by sparing the normal
tissue while maintaining similar tumoricidal efficacy. However, the underlying biophysical
basis of the FLASH effect remains under active investigation with several proposed mecha-
nisms involving oxygen depletion, altered free-radical chemistry, and differential biological
responses. This article provides an overview of available experimental and computational
tools that can be utilized to probe the tumor and normal tissue microenvironment. We
analyze in vitro, ex vivo, and in vivo systems used to study FLASH responses. We describe
various computational and imaging technologies that can potentially aid in understanding
the biophysics of FLASH-RT and lead to safer clinical translational.

Keywords: flash radiotherapy; biophysics; microenvironment; tumor response; normal
tissue protection; computational modeling; experimental systems; in vivo imaging

1. Introduction
The therapeutic application of ionizing radiation in cancer management has evolved

significantly in the past century. Conventional radiotherapy (CONV-RT), typically deliv-
ered in small daily fractions of 1.8–2.0 Gy/fraction at dose rates on the order of ∼0.3 Gy/s
over several weeks, has demonstrated remarkable efficacy in tumor control but is limited
by dose-related toxicities to surrounding healthy tissues [1]. As precision in radiation
delivery and understanding of radiobiological processes improved, novel modalities are
being investigated to enhance the therapeutic index. One such recent innovation is FLASH
radiotherapy (FLASH-RT), a novel modality in which therapeutic radiation doses are deliv-
ered at ultra-high dose rates (UHDR)—typically ≥40 Gy/s—over very short irradiation
times [2–4]. This modality was first shown in 2014 to markedly spare normal lung tissue in
mice while maintaining tumor control [5], and subsequent work has confirmed the so-called
the “FLASH effect” of normal-tissue protection in multiple organs (e.g., lung, intestine,
brain, skin, etc.) without loss of antitumor efficacy [6]. This sparing of healthy tissue—the
FLASH effect—represents a potential paradigm shift, broadening the therapeutic window
of radiation therapy [3,7]. The underlying biophysical basis remains under active investiga-
tion, with several proposed mechanisms involving oxygen depletion, altered free-radical
chemistry, and differential biological responses (e.g., immune and vascular effects) [8,9].

While prior reviews have explored isolated facets of the FLASH effect—from oxygen
depletion and radical recombination models to early clinical case reports—this article
represents the first comprehensive, methodology-driven critique of FLASH-RT biophysics.
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We integrate computational simulations, real-time sensor platforms, and organ-on-chip
systems within a single framework to map each tool onto specific microenvironmental
metrics, from fiber-optic oxygen probes and photoacoustic pO2 mapping to Monte Carlo
track-structure and multi-scale stochastic modeling. By systematically reviewing in vitro,
ex vivo, and in vivo studies, we identify critical gaps in measurement capabilities—such
as the need for physiologically relevant oximetry—and propose a coordinated roadmap
for leveraging emerging technologies to refine mechanistic models, optimize treatment
planning algorithms (including oxygen-depletion and free-radical kinetics), and accelerate
safe, efficacious clinical translation of FLASH-RT.

2. Biophysics of FLASH-RT
With its UHDR pulses spread within milliseconds or less, FLASH-RT is a significant

departure from CONV-RT [8]. The extreme dose rate has important implications. First, all
radiation (and thus most DNA damage) occurs within milliseconds, effectively a single
fraction without time for sublethal damage repair during irradiation. Secondly, because
normal tissue sparing occurs without loss of tumor kill, the therapeutic index appears
to improve [10]. The early physicochemical processes of radiation interaction, such as
radical recombination, oxygen chemistry, and ionization event creation, are significantly
altered by this high dose rate, resulting in less net oxidative damage in healthy tissues [4].
Important biophysical phenomena, as illustrated in Figure 1, include distinct microdosi-
metric energy-deposition patterns that modulate biological responses, transient radiolytic
oxygen depletion (ROD) that is insufficient for full hypoxia but contributes to reduced
indirect damage, and overlapping ionization events that favor radical–radical recombi-
nation [11]. Optimizing FLASH methods, dosimetry, and eventually clinical translation
require understanding these processes.
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Figure 1. Schematic representation of key biophysical phenomena influencing radiobiological out-
comes. The illustration highlights the distinct microdosimetric energy-deposition patterns that
modulate cellular responses, transient radiolytic oxygen depletion (ROD) that, while insufficient
to induce full hypoxia, reduces indirect DNA damage, and overlapping ionization events that en-
hance radical–radical recombination, thereby altering the balance of chemical species involved in
radiation-induced damage.
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2.1. Dosimetric and Practical Considerations

Implementing FLASH-RT clinically requires precise dosimetry to ensure appropriate
UHDR delivery while managing beam characteristics. Physical measurements confirm that
conventional linear accelerators (LINACs) can be adapted to FLASH by increasing pulse
charge and minimizing spill-over, but verifying dose uniformity and real-time monitoring
remain impending challenges [12]. The radiobiological mechanisms driving the FLASH
effect remain incompletely understood, necessitating advanced dosimetric methods to re-
solve energy deposition at microscopic scales. Microdosimetry, which quantifies stochastic
energy deposition in cellular or subcellular volumes, is pivotal for elucidating the spatial
and temporal patterns of radiation interactions that underpin FLASH-specific biological
outcomes [13,14]. Microdosimetric studies using Geant4-DNA demonstrate that FLASH
pulses produce dense clusters of energy deposition over sub-micron scales, altering the
spatial distribution of ionization and favoring localized radical recombination [15].

Conventional dosimetry protocols, optimized for standard dose rates, face significant
limitations under FLASH conditions. Ionization chambers, for instance, exhibit substan-
tial recombination losses in ultra-high dose-per-pulse regimes, necessitating corrections
that introduce uncertainties [16,17]. Passive detectors such as radiochromic films (e.g.,
Gafchromic EBT3) and alanine require rigorous calibration to account for potential dose-
rate dependencies and energy response variations [16,18]. Furthermore, macrodosimetric
measurements often overlook microscopic heterogeneity in energy deposition, which are
critical for understanding the differential responses of tumor and normal tissues. The
unique pulse structures and instantaneous dose rates of FLASH beams can alter ioniza-
tion density and track structure, influencing radical production and oxygen consumption
dynamics—factors directly related to the FLASH effect [19,20].

Recent advances in detector technology have begun to address these challenges. Syn-
thetic diamond detectors (e.g., PTW flashDiamond), with their high spatial resolution and
minimal recombination effects, are promising for microdosimetric applications in FLASH
electron and photon beams [21,22]. Similarly, silicon-based devices and single-event count-
ing pixel detectors (e.g., Medipix) offer real-time, high-resolution dose mapping, enabling
the characterization of beamlet interactions at submillimeter scales [23]. These tools, com-
bined with Monte Carlo (MC) simulations, provide insight into the microenvironment
of energy deposition, bridging the gap between physical dose delivery and biological
efficacy [24,25]. Developing robust microdosimetric frameworks is essential to optimize
FLASH-RT. By correlating microscopic dose distributions with radiobiological endpoints,
such as DNA damage repair kinetics and oxygen enhancement ratios, microdosimetry
can refine dose prescription paradigms and validate mechanistic hypotheses [13,26]. As
FLASH RT transitions toward clinical implementation, integrating microdosimetric data
into treatment planning systems will be crucial for maximizing therapeutic ratios and
ensuring the safe, precise delivery of UHDR radiation [27,28].

2.2. Dose-Rate, Pulse Structure in FLASH-RT

Beyond average dose rate, FLASH’s pulse structure—dose per pulse (DPP), pulse
repetition frequency (PRF), and total beam-on time—critically shapes biophysical effects
as illustrated in Figure 2 redrawn from El Naqa et al. [29]. This figure demonstrates that
methods on optical imaging (e.g., Cerenkov emission (CE)) or ultrasound imaging (e.g.,
ionizing radiation acoustic imaging (iRAI)) can make single-pulse dosimetry feasible. For
instance, ten pulses are required to deliver a 10 Gy fraction each 1–6 µs long and separated
by roughly 10 ms (100 Hz repetition rate) with a per-pulse dose rate ≥106 Gy/s. This pulse
microstructure provides multiple, short-duration checkpoints to detect any misalignment
or errors between planned and delivered pulses and, if needed, halt the delivery process,
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which can be critical to avoid radiation-induced injuries [29–31]. Optical methods are more
suited for superficial treatments (e.g., electron-based FLASH RT) while ultrasound methods
can make measurements at deeper tissues (e.g., proton-based FLASH RT).

Figure 2. A schematic representation of the pulse structure in an idealized FLASH-RT beam, charac-
terized by high instantaneous dose rates per pulse (Ḋpulse) and ultrashort pulse durations (∆tpulse).

Preclinical investigations by Böhlen et al. [32] established that normal-tissue sparing
exhibits a dose-dependent sudden effect transition (SET) in response to single-fraction
irradiation, characterized by a threshold dose and an asymptotic sparing factor. Beyond
this threshold, the FLASH-modifying factor (FMF) diminishes toward its minimum value,
conferring pronounced normal-tissue protection under UHDR conditions. Complementing
these findings, Grilj et al. [30] systematically evaluated pulsed electron FLASH-RT in
murine models, identifying average dose rates (DRav) as the dominant temporal beam
parameter for preserving intestinal integrity. In their study, Grilj et al. irradiated C57BL/6
mice with a 17 Gy single-fraction dose using a prototype electron linear accelerator (LINAC),
modulating PRF and DPP to decouple DRav and DPP effects. Toxicity endpoints included
overall survival and jejunal crypt regeneration at 96 h post-irradiation. Reducing DRav

while maintaining high DPP (>1 Gy/pulse) exacerbated intestinal damage and mortality,
whereas elevating DRav to ≥100 Gy/s—even at constant DPP—maximized FLASH sparing.
This threshold DRav of 100 Gy/s emerged as critical for mitigating radiation-induced
crypt loss and improving survival, independent of DPP variations. These results align
with Böhlen et al.’s framework [32], wherein surpassing a dose-rate or DPP threshold
triggers nonlinear biological sparing. Grilj et al. further demonstrate that DRav, rather than
instantaneous dose rate or DPP alone, governs the FLASH effect in pulsed beams. Their
findings underscore DRav as a scalable parameter for clinical FLASH-RT systems, providing
a pragmatic benchmark for accelerator design. Together, these studies delineate two
interlinked prerequisites for FLASH efficacy: (1) a threshold dose or dose-rate to activate
the SET mechanism and (2) sustained DRav ≥ 100 Gy/s to maintain tissue protection,
irrespective of the beam pulsing structure.
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3. Free Radicals and Effect-Modifying Molecules
FLASH-RT generates an intense burst of free radicals (•OH, e−aq, H•, O•−

2 ) over micro-
to millisecond timescales. These radicals drive both direct biomolecular damage and
secondary chain reactions (e.g., lipid peroxidation), but the presence of effect-modifying
molecules (endogenous antioxidants, small reactive species, and exogenous radioprotectors)
can dramatically alter net biological outcomes.

3.1. Radiolysis of Water and Primary Reactive Species

The radiolysis of water mediated by FLASH-RT constitutes a central mechanism
underlying the distinct biological effects associated with UHDR radiation. Ionizing tracks
deposit energy that ionizes and excites water, yielding primary reactive species. The main
products are hydrated electrons (e−aq), hydroxyl radicals (•OH), and hydrogen atoms (H•),
along with molecular products like hydrogen gas (H2) and hydrogen peroxide (H2O2) [33].
For example, one generalized radiolysis scheme is:

H2O
γ−→ e−aq + H• + •OH + (H2, H2O2, HO•

2 , . . .) (1)

where radical yields depend on LET and dose rate. These radicals initiate a cascade: e−aq
and H• consume O2 to form superoxide and •OH, while •OH and H• attack biomolecules
or recombine. In oxygenated cells, •OH reacting with DNA is typically irreversibly fixed
by O2 to yield stable damage [34]. Thus, in CONV-RT, indirect DNA damage by •OH is
enhanced by oxygen. In FLASH-RT, the altered radical kinetics (very high instantaneous
•OH) lead to higher recombination (e.g., 2 •OH → H2O2, or •OH+ e−aq → HO−), reducing
net effective •OH concentrations [34,35].

3.2. Temporal and Spatial Kinetics of Radical Chemistry

Primary radicals in aqueous solution have lifetimes on the order of microseconds (a
few µs in bulk water) and diffuse only nanometers before reacting [33]. At conventional
dose rates (∼0.1 Gy/s), ionization events are spatially isolated, so radicals (•OH, e−aq) diffuse
to biomolecules and induce damage [36]. Under FLASH-RT, ionization events overlap
extensively, driving radicals to recombine (e.g., •OH +• OH → H2O2; ROO• + ROO• →
non-radical products) before reaching targets [35,37]. A computational physicochemical
model confirms that radical–radical recombination rates at UHDR are up to an order of
magnitude higher than at conventional rates, reducing net ROS yields [35,38].

3.3. Radiolytic Oxygen Depletion (ROD) and Transient Hypoxia

FLASH pulses consume dissolved molecular O2 faster than blood perfusion that can
reoxygenate tissue via rapid reactions with radiolytic radicals (e−aq + O2 → O•−

2 ; H•+O2 →
HO•

2), transiently lowering pO2 [39,40]. Moreover, Monte Carlo simulations show that
radical recombination conserves much of the oxygen, limiting net depletion [41]. Thus,
ROD likely contributes partially in normal tissue sparing but cannot be the dominant
mechanism [42]. Figure 3, redrawn from Ashraf et al. (2020) [43], illustrates the influence of
oxygen concentration and radiation delivery method (FLASH vs. CONV) on radiosensitiv-
ity and the oxygen enhancement ratio (OER). As shown, increasing oxygen concentration
generally enhances both radiosensitivity and OER. Furthermore, the relative efficacy of
FLASH and CONV techniques varies depending on whether the cellular environment is
hypoxic or normoxic.
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Figure 3. Graphs illustrate the impact of oxygen concentration and radiation delivery technique
(FLASH vs. CONV) on (A) radiosensitivity and (B) the oxygen enhancement ratio (OER) [43].

3.4. Interaction with Effect-Modifying Molecules

Endogenous antioxidants—including glutathione (GSH), ascorbate (AH−), and toco-
pherols (TOH)—alongside rapid production of small reactive species (•NO), biomolecules
radicals (•R), and peroxyl radicals (ROO•) intercept, causing neutralizing interactions in
which they are critical in determining the efficacy and safety of FLASH-RT outcomes [35].
Monte Carlo modeling (IONLYS-IRT) incorporating GSH, AH−, •NO, and TOH shows
that antioxidants compete effectively rather than radical–radical recombination, quenching
peroxyl radicals and preventing lipid peroxidation [35].

4. In Silico and Sensor Tools for Tumor/Normal Microenvironment
In silico and sensor-based tools are crucial for understanding the microenvironmental

dynamics driving the FLASH effect, these tools bridge molecular radiochemistry and
whole-tissue physiology, guiding the optimization of FLASH-RT protocols.

4.1. In Silico Modeling of FLASH Microenvironment
4.1.1. Monte Carlo Track-Structure Simulations

Monte Carlo track-structure codes such as Geant4-DNA simulate individual ion-
ization events and subsequent water radiolysis and inter-track chemistry at nanometer
scales, predicting yields of •OH, e−aq, and H• radicals under FLASH dose rates [15,44].
Extensions to TOPAS-nBio incorporate inter-track interactions, showing up to an order-
of-magnitude increase in radical–radical recombination rates at UHDR, thereby reducing
net ROS yields [45,46]. These simulations also model DNA damage clustering differences
between conventional and FLASH pulses, providing mechanistic insight into differential
normal-tissue sparing.

In summary, track-structure simulations offer detailed predictions of radical yields
and spatial clustering that underpin the FLASH effect. However, they remain limited
by the absence of direct experimental validation in complex biological media and by
simplified assumptions regarding their cellular geometry and diffusion. Future work
should couple such simulations with live-cell measurements of ROS dynamics and include
explicit modeling of chromatin organization and subcellular compartments to bridge the
gap between physical predictions and observed tissue responses.
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4.1.2. Reaction–Diffusion PDE Models

Partial differential equation (PDE) models, particularly reaction–diffusion systems,
are used to simulate the spatiotemporal dynamics of oxygen concentration in biological
tissues. In oncology, these models integrate key factors like vascular geometry, metabolic
consumption, and ROD to predict transient hypoxia in tumors and rapid reoxygenation in
normal tissues during FLASH-RT [35,47,48]. Continuum reaction–diffusion frameworks of
tumor hypoxia and reoxygenation couple tissue oxygen transport with radiolytic consump-
tion and metabolic uptake. The Transport of Oxygen Dynamics (TOD) model quantifies O2

reaction kinetics with radicals and rediffusion from vasculature, predicting only modest
net ROD at clinically relevant doses [47,49]. Phenomenological 1D–3D models integrate
vascular geometries and dose-rate parameters to simulate oxygen enhancement ratio (OER)
modulation during FLASH, concluding that ROD alone cannot fully explain the FLASH
effect [48].

Overall, PDE-based approaches capture tissue-scale oxygen dynamics and suggest
that transient radiolytic oxygen depletion contributes only partially to the FLASH effect.
Yet, they often neglect dynamic perfusion changes, heterogeneity of vascular networks,
and interactions with other radical species. To strengthen mechanistic understanding,
experimental measurements of pO2 transients in vivo (e.g., via fiber-optic oximetry) should
be used to validate model predictions, and future models must integrate blood flow
dynamics and the heterogeneous tissue microarchitecture.

4.2. Sensor Technologies for Real-Time Microenvironment Mapping
4.2.1. Optical Oxygen Probes and Fiber-Optic Oximetry

Phosphorescent Oxyphor molecule, Pd- or Pt-porphyrin-based nanoprobes enable
oxygen imaging via quenching of triplet lifetimes, achieving temporal resolutions up to
3.3 kHz during proton FLASH [50]. Water-soluble phosphorescent nanoparticles combined
with fiber-optic instruments have measured in vitro O2 kinetics at 200 Hz under UHDR,
validating computational ROD predictions [51]. These systems allow sub-millisecond
tracking of pO2 in cell suspensions and tissue phantoms.

These optical probes provide exceptional temporal resolution for monitoring rapid
oxygen changes during FLASH pulses. However, most studies are limited to simplified
phantom or cell-suspension models under ambient oxygen levels. There is a need for
in vivo validation in tissues at physiological pO2 levels, alongside calibration against
complementary methods (e.g., photoacoustics), to ensure quantitative accuracy and to
determine how oxygen dynamics correlate with biological endpoints.

4.2.2. Photoacoustic Imaging

Photoacoustic lifetime (PALT) imaging employs oxygen-sensitive dyes to map
hemoglobin saturation and dissolved O2 in tumors with 200 µm spatial resolution [52]. In
vivo demonstrations have shown dynamic changes in oxygenation post-FLASH in murine
tumor models, correlating with treatment efficacy [53]. Photoacoustic modalities thus can
offer label-free, high-resolution mapping of vascular responses to UHDR.

Photoacoustic methods uniquely combine depth penetration with oxygen sensitivity,
revealing localized vascular responses to FLASH. Nonetheless, limitations include potential
signal confounds from hemoglobin concentration and laser fluence variability. Future work
should establish standardized quantification protocols, integrate multi-wavelength imaging
for absolute pO2 levels, and validate findings against invasive oxygen electrodes.
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4.2.3. Ionizing-Radiation Acoustic Imaging (iRAI)

iRAI leverages acoustic waves generated by rapid thermoelastic expansion upon
radiation absorption to reconstruct 3D dose distributions in real time. Studies show lin-
ear correlation between iRAI signal amplitude and delivered dose, enabling deep-tissue
dosimetry during single FLASH pulses [54]. Volumetric imaging systems using matrix
array transducers have achieved frame rates sufficient for UHDR verification in clinical
settings [55]. Ba Sunbul et al. used Monte Carlo-based simulations and the Matlab k-Wave
toolbox to model the FLASH-RT using iRAI [56].

iRAI offers a promising window into dose deposition in deep tissues without ex-
ogenous contrast. However, its spatial resolution and sensitivity under heterogeneous
tissue properties require further characterization. Experimental benchmarking against
gold-standard dosimeters and exploration of combined iRAI–optical approaches will be
essential to confirm its accuracy for clinical FLASH QA purposes.

4.2.4. Microfluidic and Organ-on-Chip Platforms

Microphysiological systems and organ-on-chip platforms integrate living human cells
within microfluidic channels to recapitulate key aspects of tissue architecture, mechanical
forces, and biochemical gradients. Incorporated electrochemical and optical sensors enable
controlled FLASH exposures in physiologically relevant 3D environments [57]. Such de-
vices provide a controlled microenvironment in which pH, dissolved oxygen, redox poten-
tial, and other critical parameters can be monitored in real time during irradiation, making
them powerful tools for dissecting the FLASH effect [58]. The human Lung Alveolus-on-
Chip—originally developed by Huh et al. [59]—consists of two parallel microchannels
separated by a porous, flexible membrane coated with primary human alveolar epithelial
cells on one side and pulmonary microvascular endothelial cells on the other, all subject to
cyclic strain to mimic breathing motions [59]. Dasgupta et al. recently adapted this platform
to study acute radiation-induced lung injury under UHDR exposures, measuring epithelial
barrier integrity via trans-epithelial electrical resistance (TEER) sensors and quantifying
cytokine release in the perfusate post-FLASH [60]. Radiotherapy-on-Chip platforms embed
patient-derived colorectal cancer organoids in a 3D matrix within microfluidic channels
outfitted with impedance sensors (for cell viability and barrier integrity) and optical pH/O2

probes, enabling real-time monitoring during FLASH irradiation [61]. By combining these
computational and experimental approaches, researchers can iteratively validate their
models, refine mechanistic hypotheses (e.g., about ROD vs. radical recombination), and
optimize FLASH-RT parameters for both tumor control and normal-tissue protection.

Organ-on-chip systems can bridge the gap between in vitro simplicity and in vivo
complexity, offering physiologically relevant microenvironments under UHDR. Yet, chal-
lenges include limited throughput, integration of immune components, and translation of
readouts to whole-organ responses. Future development should focus on higher-density
platforms, incorporation of vascular perfusion, and correlation with animal-model out-
comes to validate these microphysiological insights.

5. In Vitro vs. Ex Vivo vs. In Vivo Measurements
Characterizing the tumor microenvironment (TME) under FLASH irradiation requires

complementary models—from simplified cell cultures to intact organisms—to capture
biochemical, physiological, and systemic responses. In vitro assays allow precise control
over oxygen tension, radical scavengers, and molecular endpoints (e.g., ROS generation,
DNA damage), while ex vivo tissue preparations preserve native architecture and per-
fusion elements for short-term functional studies. In vivo models integrate full vascu-
lar, immune, and metabolic networks to assess clinically relevant endpoints (e.g., tumor
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growth delay, immune cell infiltration). Collectively, these measurements may describe the
mechanisms of the FLASH effect—specifically, the tissue-sparing properties under UHDR
irradiation—through precise characterization of its biophysical and molecular dynamics.
Such insights could directly inform the optimization of translational FLASH-RT protocols
for future clinical trials.

5.1. In Vitro Models

In vitro systems offer precise control over environmental parameters—such as oxygen
tension and radical scavenger concentrations—and enable high-throughput mechanistic
studies of FLASH-RT effects on tumor cells. Two-dimensional monolayer cultures and 3D
spheroids have both been employed to dissect the radiobiology of FLASH irradiation.

5.1.1. Oxygen Dynamics and Radiolytic Yields

Recent in vitro studies have established that the FLASH effect is intrinsically
oxygen-dependent, with its radioprotective outcomes critically influenced by oxygen
tension [62–65]. These investigations into oxygen dynamics during FLASH irradiation chal-
lenge the hypothesis that ROD alone accounts for normal-tissue sparing. In vitro studies
using cultured cells under controlled O2 conditions demonstrate that transient hypoxia
induced by FLASH pulses is minimal and short-lived [66]. Advanced techniques such as
fluorescence/phosphorescence lifetime imaging microscopy (FLIM/PLIM) that offer subcel-
lular resolution for mapping oxygen gradients [67,68] and electron paramagnetic resonance
(EPR) oximetry reveal that UHDR irradiation causes sub-second O2 reductions of only dips
of a few mmHg in cell suspensions, with full recovery within seconds post-pulse [64,69].

These in vitro measurements confirm that FLASH pulses induce only transient, small-
magnitude oxygen depletion in cell suspensions, suggesting ROD is not the sole driver
of the FLASH effect. However, they lack validation under physiologically relevant pO2

conditions and do not account for tissue architecture or perfusion. Future experiments
should extend these measurements to 3D cultures and ex vivo tissues at physiological
oxygen tensions, and correlate real-time oximetry with downstream biological endpoints.

5.1.2. ROS Generation and DNA Damage

The mechanistic basis of FLASH-mediated tissue sparing is hypothesized to stem
from UHDR-induced radical–radical recombination, where the transient surge of free
radicals leads to mutual annihilation, thereby reducing indirect DNA damage [47,47].
To probe these fleeting radicals, in vitro models employ fluorogenic ROS sensors (e.g.,
DCFDA) and EPR coupled with spin traps, which stabilize short-lived species for detec-
tion [70,71]. Immuno-spin trapping further enhances sensitivity, enabling identification
of DNA-bound radicals [72]. Post-irradiation oxidative stress, a stable proxy for radical
damage, is assessed via DNA strand breaks (Comet assay), γH2AX foci for double-strand
breaks, and lipid peroxidation assays using fluorogenic lipophilic probes [73,74]. These
methodologies collectively elucidate how FLASH irradiation minimizes ROS-mediated
genomic injury in normal tissues while maintaining cytotoxic efficacy in tumors, underscor-
ing the pivotal role of controlled oxygen environments and radical chemistry in optimizing
FLASH-RT protocols.

These assays demonstrate reduced ROS-mediated DNA damage under FLASH versus
CONV-RT dose rates, supporting radical recombination models. Nevertheless, most studies
are conducted in oversimplified monolayer cultures and lack direct comparison with in vivo
oxidative markers. Incorporating 3D tissue constructs and coupling ROS measurements
with functional readouts (e.g., cell viability, senescence) will be critical to validate these
mechanisms under more realistic conditions.
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5.1.3. Clonogenic Survival Assays

The clonogenic assay remains the gold standard for quantifying reproductive cell
death after irradiation [75]. It captures all forms of radiation-induced lethality (mitotic
catastrophe, apoptosis, necrosis, etc.) by measuring a cell’s ability to form colonies, serving
as an in vitro surrogate for tumor sterilization in vivo [76]. Early studies described “hockey-
stick” survival curves under normoxia, where FLASH and CONV dose rates diverged at
higher doses (>7–10 Gy), suggesting FLASH sparing [77,78]. However, reproducibility
was inconsistent [79,80], prompting investigations into oxygen dependency. Hypoxia
lowered the dose required for survival curve “breaks,” linking FLASH effects to oxygen
depletion [79–82]. Later studies found no differences in normoxia or anoxia [83,84], while
recent work reports mixed outcomes: FLASH spared H454 glioblastoma [62] and some
human lines [85] but reduced survival in murine pancreatic cancer cells [86] or showed
no effect in A549 and IMR90 cells [63,87]. Hypoxia consistently enhanced FLASH sparing
in DU145 and A549 spheroids [63,88]. Despite challenges, the clonogenic assay remains
indispensable for FLASH research. Collaborative studies across mechanistic investigations
(e.g., oxygen scavengers) are critical to unravel FLASH biology.

Clonogenic assays confirm that FLASH-RT can spare clonogenic potential in some
cell types, but inconsistencies arise from divergent oxygen conditions and assay protocols.
Standardized oxygen control, dose regimens, and cross-laboratory comparisons are needed
to establish robust survival benchmarks and clarify the cell-specific determinants of the
FLASH-RT sensitivity.

5.2. Ex Vivo Models

Ex vivo tissue models preserve native extracellular matrix architecture, partial vascu-
lature, and cell–cell interactions, allowing short-term functional assessment of FLASH-RT
in a quasi-physiological context.

5.2.1. Organotypic Slice Cultures (OSC)

Thin tumor or normal tissue slices (200–400 µm) maintain multicellular complexity.
Mouse lung slices exposed to FLASH pulses reveal a significantly higher proportion
of replicating cells after FLASH versus CONV irradiation, robustly demonstrating the
normal-tissue-sparing FLASH effect in OSCs and facilitating rapid, medium-throughput
toxicity screening without requiring additional animal use. Studies show dose-dependent
reductions in cell division and viability—measured via histological markers and live-
dead staining—while cytokine release (e.g., IL-6, TNF-α) in perfusate can be quantified,
facilitating rapid toxicity screening without full animal use [89].

OSC models bridge in vitro and in vivo contexts by preserving the tissue architecture,
yet they are limited by short viability windows and lack of immune and systemic factors.
Extending culture longevity, incorporating perfusion bioreactors, and validating OSC
responses against in vivo endpoints will enhance their translational relevance.

5.2.2. Microelectrode and Optical Measurements

Ex-vivo studies combining microelectrode recordings and optical measurements have
established a multi-modal framework for probing the biophysical mechanisms of the
FLASH effect: in acute rodent hippocampal slices, stable field excitatory postsynaptic poten-
tial (fEPSP) amplitudes, slopes, and paired-pulse facilitation ratios recorded via 32-channel
flexible perforated microelectrode arrays during UHDR FLASH-RT, which contrast sharply
with the attenuation seen under CONV-RT dose rates [90]. Another mechanism utilizes
optical measurements: concurrent Cherenkov emission imaging during proton and electron
FLASH pulses, which provides spatially resolved maps of dose deposition and free-radical
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generation in ex vivo samples [91,92] and diffuse optical spectroscopy of ex vivo skin and
muscle further underscores the importance of accurately characterizing tissue absorption
and scattering coefficients to interpret luminescence-based measurements [93,94]. These
ex vivo findings demonstrate the preservation of long-term potentiation and cognitive
outcomes following FLASH-RT.

These multi-modal techniques offer high-resolution biophysical insights in intact
tissue, but their translation to clinically relevant organs and time scales remains unexplored.
Integrating long-term functional assays and correlating electrical/optical readouts with
histopathological outcomes will be important next steps.

5.3. In Vivo Models

Recent in vivo investigations consistently demonstrate that UHDR FLASH-RT
markedly spares normal tissues while preserves tumor control efficacy, a phenomenon
termed the “FLASH effect” [3]. In murine skin models, FLASH-RT reduces fibrosis, epider-
mal contraction, and collagen deposition compared to conventional dose-rate RT CONV-
RT [95]. In vivo gastrointestinal studies reveal significantly lower lipid peroxide accumu-
lation in intestinal tissues post-FLASH and correlate with reduced mucosal injury [96,97].
Neurocognitive assessments further show long-term preservation of learning and memory
in rodents receiving cranial FLASH-RT versus CONV-RT [62]. Mechanistic in vivo work
corroborate that transient radiochemical oxygen depletion, attenuated ROS bursts, and
maintenance of mitochondrial integrity as central drivers of normal-tissue sparing [98,99]

In vivo models provide compelling evidence of the FLASH effect across multiple
organs and species, yet mechanistic biomarkers (e.g., real-time ROS, oxygen transients)
are rarely measured in situ. Incorporating intravital imaging and molecular biosensors,
alongside standardized functional endpoints, will be essential to link biophysical processes
to clinical outcomes.

6. Example Use Cases (Pre-Clinical and Clinical)
6.1. Pre-Clinical Trials
6.1.1. Brain/CNS

Mouse studies of cranial irradiation provide strong evidence of lower oxidative injury
with FLASH. Montay Gruel et al. [62] delivered 10 Gy to mouse brains using X-rays (FLASH:
∼100 Gy/s vs. CONV: 0.07 Gy/s) and found that FLASH spared neurocognitive function
while CONV caused lasting deficits [62]. Correspondingly, FLASH-treated brains showed
significantly lower H2O2 levels and almost no neuroinflammation (microglial activation)
relative to CONV [62]. In these mice, FLASH also preserved neuronal morphology and
synaptic density, whereas CONV induced dendritic loss and astrogliosis (an oxidative-
stress marker) [62]. Complementing this, Limoli and colleagues reported that FLASH whole
brain irradiation elicited far less oxidative DNA damage and blood–brain barrier disruption
than CONV, preserving synaptic integrity [100]. In juvenile mice, hypofractionated FLASH
similarly attenuated gliosis and vascular injury. Together, these studies imply that FLASH
produces less diffusible ROS or more rapidly quenches them in brain tissue, thereby
reducing downstream peroxidation and inflammatory signaling [100].

6.1.2. Lung

Thoracic FLASH markedly reduces radiation induced pulmonary injury. Fouillade
et al. [101] found that a single 17 Gy FLASH electron dose (∼100 Gy/s) to mouse lungs
(vs. CONV 0.1 Gy/s) preserved lung progenitor cells and halved the incidence of late
senescence [101]. Transcriptomic analyses showed that FLASH minimized upregulation of
pro inflammatory genes (e.g., EGR1, TGF-β1, NF-κB) after irradiation [101]. In consequence,
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FLASH irradiated lungs had much fewer senescent cells and DNA-damaged cells at late
times than CONV, suggesting more complete repair. These findings were supported by
histology: FLASH lungs showed minimal inflammation and fibrosis, whereas CONV lungs
developed thickened septa and collagen deposition [101].

6.1.3. Intestine/Abdominal

UHDR abdominal irradiation likewise attenuates oxidative injury. Zhu et al. [102]
irradiated mice (BALB/c nude) with whole abdomen 6 MV X-rays (FLASH: >150 Gy/s
vs. CONV: 0.1 Gy/s, single 10–15 Gy). FLASH-treated mice exhibited markedly less acute
intestinal mucosal damage and faster recovery than with CONV [102]. Blood tests showed
fewer inflammatory leukocytes and lower TNF-α/IL-6 chronically in FLASH animals.
Strikingly, ROS probe signals in intestine were higher immediately after FLASH than
CONV, yet lipid peroxidation (malondialdehyde) was significantly lower with FLASH [102].
This suggests that FLASH-triggered ROS are quickly neutralized (by antioxidants) before
initiating lipid damage. Overall, FLASH dramatically reduced markers of oxidative stress
and inflammation in gut tissue. Earlier work similarly showed that abdominal FLASH
(electron or X-ray) preserves intestinal crypts and reduces serum inflammatory markers
(TNF-α, IL-6) relative to CONV RT [6].

6.1.4. Skin and Other Tissues

FLASH also mitigates radiation damage in skin and other tissues, though oxidative
endpoints have been less studied. In murine skin, Soto et al. [103] found much lower
incidence of moist desquamation and collagen fibrosis after electron FLASH (180 Gy/s) than
CONV. Allen et al. [100] similarly reported no acute dermatitis and reduced late depilation
with whole body FLASH compared to CONV [104]. These phenotypic sparing effects imply
lower local oxidative stress in skin, consistent with observations of reduced inflammatory
infiltrates. In breast, heart, and other models, FLASH likewise prevents capillary loss and
inflammatory cytokine expression seen with CONV. By contrast, preclinical tumor studies
show comparable or enhanced ROS damage with FLASH; for example, multiple cell-line
xenografts exhibit similar DNA damage and killing with FLASH vs. CONV (consistent
with maintained tumor control). The tissue selectivity of FLASH (protecting normal but
not tumor) is often attributed to tumor cells’ higher baseline oxidant load and iron-driven
Fenton chemistry—making them less able to capitalize on the brief radical recombination
in FLASH [8,105].

6.2. Clinical Trials
6.2.1. First-in-Human Electron FLASH RT

The first in-human application of FLASH RT was reported by Bourhis et al. [7] (2019),
who administered a single 15 Gy in 90 ms fraction of 5.6 MeV electron-based FLASH RT to a
75-year-old patient with cutaneous T-cell lymphoma, demonstrating procedural feasibility
and absence of acute toxicity.

6.2.2. FAST-01: Proton FLASH for Extremity Bone Metastases

FAST-01 is a prospective, single-center, nonrandomized phase I study enrolling
10 adult patients (age range 27–81 years) with 1–3 painful bone metastases in the extremities
(excluding hands, feet, and wrists) and life expectancy >2 months, without fractures or
prior radiotherapy at the treatment site(s). Each bone metastases treated with a single
8 Gy fraction of proton FLASH RT delivered at ≥40 Gy/s using a FLASH-enabled Varian
ProBeam system [106]. Protocol assessments included workflow feasibility, pain response,
and acute treatment-related toxicities up to 3 months post-treatment, with no dose-limiting
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toxicities observed. Clinical outcomes revealed pain relief in 67% of treated sites at 1 month
and complete response in 50% of sites, with no unexpected adverse events reported[106].

6.2.3. FAST-02: Proton FLASH for Thoracic Bone Metastases

Following FDA IND approval being granted, the FAST-02 trial was initiated to treat
symptomatic metastatic lesions of the thoracic bones in 10 adult patients with 1–3 painful
non-spinal thoracic bone metastases, utilizing the same 8 Gy single-fraction proton FLASH
RT regimen at UHDR [107]. Follow-up assessments occur on treatment day, day 7, day
15, months 1–3, and every 6 months thereafter. The study is anticipated to be completed
by 1 May 2027, reflecting a 2.5–4 year timeline encompassing enrollment through data
analysis. This study aims to assess safety, pain palliation, and workflow parameters in
a more anatomically challenging region, leveraging transmission-mode proton beams to
achieve ultrahigh dose rates in a clinical setting [107].

The long-term safety profile of FLASH-RT remains uncertain, as pivotal trials like
FAST-02 (completion 2027) are currently limited to 2.5–4-years follow-ups, leaving late
effects (≥5 years) entirely unexplored. Extended follow-up in such studies will be essential
to determine whether FLASH’s protective mechanisms translate into sustained safety in
humans or unveil latent risks not captured in the current short-term assessments.

7. Current Challenges
FLASH-RT delivers therapeutic doses at UHDR; (≥40 Gy/s) to exploit a normal-

tissue–sparing “FLASH effect” while maintaining tumor control. However, its clinical trans-
lation is impeded by (1) technical challenges in dosimetry accuracy and beam-parameter
reproducibility [95,108] (2) treatment-planning system (TPS) and quality-assurance (QA)
gaps [108,109], (3) incomplete mechanistic understanding of the FLASH effect (oxygen
depletion, radical chemistry) [9,108], (4) preclinical–clinical translation issues (model vari-
ability, tissue hypoxia) [110], and (5) economic, regulatory, and infrastructural barriers
(equipment cost, training, approval pathways) [111]. A consolidated overview of the major
challenges and corresponding gaps in FLASH-RT biophysics and clinical translation is
summarized in Table 1 and is discussed below.

7.1. Technical Dosimetry and Beam Delivery
7.1.1. Dosimetric Accuracy of UHDR

Accurate dose and dose-rate measurements at FLASH-RT level intensities remains
challenging: conventional ion chambers and diodes suffer from dose-rate-dependent
response and saturation effects under UHDR conditions [109]. Newer dosimeters, primarily
parallel plate are designed to address these issues [112].

7.1.2. Beam Parameter Characterization and Reproducibility

The magnitude of the FLASH-RT effect is highly sensitive to beam pulse structure,
mean dose-per-pulse, and total dose rate; yet many UHDR systems lack real-time mon-
itoring of these parameters, leading to inter-institutional variability and compromised
reproducibility [113,114].

7.2. Treatment Planning and Quality Assurance
7.2.1. Treatment Planning System Adaptation

Existing treatment planning system (TPS) algorithms are calibrated for conventional
dose rates (0.5–5 Gy/min) and do not model UHDR-specific interactions (e.g., rapid oxygen
depletion). Without dedicated UHDR modules, dose calculations may be inaccurate for
FLASH-RT fields [108]. This would require the development of dedicated planning systems
that can take dose rate optimization as part of their design.
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7.2.2. QA Frameworks

There is currently no consensus on quality assurance (QA) protocols for UHDR deliv-
ery. Conventional QA phantoms and workflows must be adapted or redesigned to verify
beam flatness, symmetry, and output constancy at ≥40 Gy/s [109,115], which constitute
higher risk mitigation requirements.

7.3. Biological Mechanisms and Preclinical Models
7.3.1. Oxygen Depletion Hypothesis

One leading hypothesis posits that FLASH-RT rapidly depletes molecular oxygen, tran-
siently creating hypoxia that protects normal tissues. However, in vitro experiments at high
oxygen tensions (ambient O2 concentration 21%) often fail to replicate the effect, indicating
a need to study oxygen kinetics under physiologically relevant tensions (4–7%) [9,116].

7.3.2. Radical Chemistry and Alternative Mechanisms

Physicochemical models suggest peroxyl radical recombination and antioxidant path-
ways may also play critical roles in the FLASH effect. Yet, these mechanisms remain
under-investigated in vivo, demanding comprehensive molecular and imaging studies [37].

7.3.3. Preclinical Model Variability

Preclinical demonstrations of normal-tissue sparing span multiple species and end-
points but use heterogeneous beam modalities (electrons, protons, heavy ions) and dose
regimens. This variability complicates direct translation; standardized in vivo protocols are
urgently required [117].

7.4. Clinical Translation Challenges
7.4.1. Patient Selection and Clinical Endpoints

Current human trials (e.g., FAST-01/02) [106,107] focus on palliative bone metastases
with single-fraction endpoints (pain relief). Expansion to curative indications and incorpo-
ration of long-term functional outcomes will necessitate careful patient stratification and
endpoint harmonization.

7.4.2. Equipment and Infrastructure

Most clinical linear accelerators (LINACs) cannot deliver UHDR; retrofitting existing
machines is complex, and very high energy electron (VHEE) or proton therapy platforms
are costly and are limited in availability [118]. Institutions must assess trade-offs between
electron, proton, and emerging VHEE sources for deep-seated tumors.

7.5. Regulatory, Economic, and Logistical Barriers
7.5.1. Cost and Training

Specialized UHDR hardware, dosimetry devices, and facility upgrades impose sub-
stantial capital expenditure. Additionally, physicists and therapists require new training
programs for UHDR operation and safety procedures [109].

7.5.2. Regulatory Pathways

FLASH-RT currently lies outside established radiotherapy regulatory frameworks.
Early engagement with regulatory authorities, such as the U.S. Food and Drug Admin-
istration (FDA) and the European Medicines Agency (EMA), will be essential to define
the necessary requirements for investigational device exemption (IDE) applications or
CE marking. Additionally, coordinated efforts among stakeholders to draft consensus
guidelines will be critical to facilitate clinical translation [110].
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Table 1. Summary of Major Challenges and Gaps in FLASH-RT and Translation.

Challenge Key Issue Gap/Need Source

Dosimetry and
Detection

Detector saturation and
dose-rate dependency at
UHDR levels

Development of high-speed,
FLASH-compatible dosimeters
and redesigned phantoms

[109,112]

Beam Repro-
ducibility

Inconsistent pulse struc-
ture and lack of real-time
beam monitoring

Standardization of beam delivery
parameters and inter-center repro-
ducibility protocols

[113,114]

Treatment Plan-
ning Systems
(TPS)

Conventional TPSs do not
model FLASH-specific
physics or oxygen dynam-
ics

Dose-rate–aware TPS algorithms
with oxygen-depletion models

[108]

Quality Assur-
ance (QA)

No validated QA tools or
protocols at FLASH dose
rates

QA frameworks and phantoms
specific to ≥40 Gy/s with real-time
verification tools

[109,115]

Biological Mech-
anisms

Incomplete modeling of
ROS, oxygen depletion,
and radical interactions

Multi-scale in vitro/in vivo/in sil-
ico integration for mechanistic dis-
covery

[9,37]

Preclinical Mod-
els

Heterogeneity in species,
beam types, and outcome
endpoints

Standardized animal models and
study protocols

[117]

Clinical Trial De-
sign

Focused mainly on pallia-
tive care with limited long-
term data

Trials addressing curative intent
and long-term toxicity, functional
endpoints

[106,107]

Infrastructure Limited access to FLASH-
capable platforms
(LINACs, protons, VHEE)

Strategic investment aligned with
tumor site requirements

[118]

Training and Op-
erations

Operational unfamiliarity
and lack of clinical FLASH
experience

Education, credentialing, and
FLASH-specific clinical training
pathways

[109]

Regulation Absence of specific reg-
ulatory frameworks for
FLASH devices and proto-
cols

Engagement with FDA/EMA and
establishment of approval and
safety standards

[110]

8. Recommendations
Based on the aforementioned challenges, we identify a set of strategic recommenda-

tions aimed at addressing key gaps in beam characterization, treatment planning, quality
assurance, mechanistic research, and regulatory alignment. These recommendations are
summarized in Table 2 and are intended to guide stakeholders across research institutions,
clinical centers, industry, and regulatory bodies in building a sustainable and evidence-
based foundation for FLASH-RT in the clinic.
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Table 2. Summary of Recommendations for Advancing FLASH-RT Implementation.

Recommendation Area Proposed Action Objective/Outcome

Standardization of Beam
Characterization

Establish consensus protocols for
measuring dose per pulse, repe-
tition frequency, and mean dose
rate across platforms

Ensure consistency and re-
producibility of FLASH-RT
data across institutions

Dedicated UHDR Treatment
Planning Modules

Integrate oxygen depletion and
radical kinetics into TPS algo-
rithms

Enable biologically informed
dose calculations tailored to
FLASH-specific effects

Quality Assurance Frame-
works

Develop UHDR-compatible
phantoms and detectors; stan-
dardize QA via professional
organizations (e.g., AAPM,
ESTRO)

Improve reliability, safety,
and clinical comparability

Mechanistic Research Ad-
vancement

Conduct multicenter preclinical
studies under physiologic oxy-
gen tensions using molecular
and imaging endpoints

Elucidate biological mecha-
nisms and identify biomark-
ers for FLASH effect

Preclinical Consortia Forma-
tion

Coordinate interinstitutional net-
works to share beam time, proto-
cols, and data

Improve reproducibility, en-
able large-scale validation,
and support meta-analyses

Regulatory Engagement Collaborate with FDA/EMA to
define device classes, standards,
and clinical trial guidelines

Accelerate regulatory
approval and ensure compli-
ance readiness

Economic and Infrastructure
Planning

Perform cost–benefit analyses;
support public–private partner-
ships

Mitigate capital costs and
promote sustainable FLASH-
RT deployment

8.1. Standardization of Beam Characterization Protocols

Establish consensus guidelines for the measurement of key beam parameters, in-
cluding dose per pulse, pulse repetition frequency, and mean dose rate, across different
delivery platforms. Harmonized protocols will ensure consistency, reproducibility, and
comparability of FLASH-RT data generated at various institutions.

8.2. Implementation of Dedicated UHDR-TPS Modules

Incorporate models of oxygen depletion and radiation-induced radical chemistry into
UHDR treatment planning algorithms to enable accurate prediction of FLASH effects. These
dedicated TPS modules will support biologically informed dose calculations, facilitating
optimized treatment designs that account for the unique radiobiological mechanisms
underlying FLASH-RT.

8.3. Establishment of Robust QA Frameworks

Develop UHDR-compatible phantoms and high-resolution detectors tailored for
FLASH-RT beam properties. Standardize QA procedures through collaborative efforts led
by professional bodies such as the American Association of Physicists in Medicine (AAPM)
and the European Society for Radiotherapy and Oncology (ESTRO) task groups, ensuring
reliability, safety, and consistency across clinical and research settings.

8.4. Advancement of Mechanistic Research

Undertake multicenter, standardized preclinical studies conducted under clinically
relevant oxygen tensions to elucidate the biological mechanisms underlying FLASH-RT.
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Integrate molecular, imaging, and functional endpoints to comprehensively assess tissue
response, enabling the identification of biomarkers and refinement of therapeutic models
for clinical translation.

8.5. Forge Preclinical Consortia

Coordination of interinstitutional networks to facilitate the sharing of beam time,
standardized protocols, and preclinical data. Such collaborative consortia will enhance
reproducibility, enable large-scale meta-analyses, and accelerate the validation of FLASH-
RT mechanisms and outcomes across diverse experimental settings.

8.6. Early Engagement with Regulatory Authorities

Collaborate proactively with FDA and the EMA to establish clear UHDR device
classifications, dosimetry standards, and clinical-trial design criteria. Simultaneously,
develop grant-supported training initiatives to build regulatory expertise and ensure
workforce readiness for FLASH-RT implementation.

8.7. Economic and Infrastructure Planning

Conduct comprehensive cost–benefit analyses of electron, proton, and VHEE delivery
platforms, and advocate for public–private partnerships to mitigate upfront capital and
operational expenditures.

9. Conclusions
FLASH-RT is a promising technology for better targeting the cancer while sparing the

surrounding normal tissue. However, many biophysical factors that affects the microenvi-
ronment remain unknown. We summarize current challenges and make recommendations
to address them, emphasizing the role of emerging computational and imaging technolo-
gies that can bridge this gap leading to better understanding of underlying radiobiology
and safer clinical implementation.

Author Contributions: I.G.A. and I.E.N. contributed to the conceptualization and the writing of the
manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by National Institute of Health (NIH) grants R37-CA222215 and
R01-CA266803.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable. Links are provided in the cited literature.

Conflicts of Interest: I.E.N. is the co-founder of IRAI Technologies, LLC. He serves as deputy editor
of the Journal of Medical Physics and co-Editor-in-Chief of BJR/AI. He receives funding from NIH,
DoD, and foundations. I.G.A declares no conflicts of interest.

References
1. Spitz, D.R.; Buettner, G.R.; Petronek, M.S.; St-Aubin, J.J.; Flynn, R.T.; Waldron, T.J.; Limoli, C.L. An integrated physico-chemical

approach for explaining the differential impact of FLASH versus conventional dose rate irradiation on cancer and normal tissue
responses. Radiother. Oncol. 2019, 139, 23–27. [CrossRef] [PubMed]

2. Shiraishi, Y.; Matsuya, Y.; Fukunaga, H. Possible mechanisms and simulation modeling of FLASH radiotherapy. Radiol. Phys.
Technol. 2024, 17, 11–23. [CrossRef] [PubMed]

3. Limoli, C.L.; Vozenin, M.C. Reinventing Radiobiology in the Light of FLASH Radiotherapy. Annu. Rev. Cancer Biol. 2023, 7, 1–21.
[CrossRef] [PubMed]

4. Yang, X.X.; Luo, H.; Zhang, J.J.; Ge, H.; Ge, L. Clinical translation of ultra-high dose rate flash radiotherapy: Opportunities,
challenges, and prospects. World J. Radiol. 2025, 17, 105722. [CrossRef] [PubMed]

http://doi.org/10.1016/j.radonc.2019.03.028
http://www.ncbi.nlm.nih.gov/pubmed/31010709
http://dx.doi.org/10.1007/s12194-023-00770-x
http://www.ncbi.nlm.nih.gov/pubmed/38184508
http://dx.doi.org/10.1146/annurev-cancerbio-061421-022217
http://www.ncbi.nlm.nih.gov/pubmed/39421564
http://dx.doi.org/10.4329/wjr.v17.i4.105722
http://www.ncbi.nlm.nih.gov/pubmed/40309475


Antioxidants 2025, 14, 899 18 of 23

5. Favaudon, V.; Caplier, L.; Monceau, V.; Pouzoulet, F.; Sayarath, M.; Fouillade, C.; Poupon, M.F.; Brito, I.; Hupé, P.; Bourhis, J.; et al.
Ultrahigh dose-rate FLASH irradiation increases the differential response between normal and tumor tissue in mice. Sci. Transl.
Med. 2014, 6, 245ra93. [CrossRef] [PubMed]

6. Lin, B.; Huang, D.; Gao, F.; Yang, Y.; Wu, D.; Zhang, Y.; Feng, G.; Dai, T.; Du, X. Mechanisms of FLASH effect. Front. Oncol. 2022,
12, 995612. [CrossRef] [PubMed]

7. Bourhis, J.; Sozzi, W.J.; Jorge, P.G.; Gaide, O.; Bailat, C.; Duclos, F.; Patin, D.; Ozsahin, M.; Bochud, F.; Germond, J.F.; et al.
Treatment of a first patient with FLASH-radiotherapy. Radiother. Oncol. 2019, 139, 18–22. [CrossRef] [PubMed]

8. Chow, J.C.L.; Ruda, H.E. Mechanisms of Action in FLASH Radiotherapy: A Comprehensive Review of Physicochemical and
Biological Processes on Cancerous and Normal Cells. Cells 2024, 13, 835. [CrossRef] [PubMed]

9. Ma, Y.; Zhang, W.; Zhao, Z.; Lv, J.; Chen, J.; Yan, X.; Lin, X.; Zhang, J.; Wang, B.; Gao, S.; et al. Current views on mechanisms of
the FLASH effect in cancer radiotherapy. Natl. Sci. Rev. 2024, 11, nwae350. [CrossRef] [PubMed]

10. Vozenin, M.C.; De Fornel, P.; Petersson, K.; Favaudon, V.; Jaccard, M.; Germond, J.F.; Petit, B.; Burki, M.; Ferrand, G.; Patin, D.;
et al. The Advantage of FLASH Radiotherapy Confirmed in Mini-pig and Cat-cancer Patients. Clin. Cancer Res. 2019, 25, 35–42.
[CrossRef] [PubMed]

11. Battestini, M.; Missiaggia, M.; Bolzoni, S.; Cordoni, F.G.; Scifoni, E. A multiscale radiation biophysical stochastic model describing
the cell survival response at ultra-high dose rate under different oxygenations and radiation qualities. Radiother. Oncol. 2025,
207, 110895. [CrossRef] [PubMed]

12. Tang, R.; Yin, J.; Liu, Y.; Xue, J. FLASH radiotherapy: A new milestone in the field of cancer radiotherapy. Cancer Lett. 2024,
587, 216651. [CrossRef] [PubMed]

13. Subiel, A.; Romano, F. Recent developments in absolute dosimetry for FLASH radiotherapy. Br. J. Radiol. 2023, 96, 20220560. .
[CrossRef] [PubMed]

14. Battestini, M.; Missiaggia, M.; Attili, A.; Tommasino, F.; La Tessa, C.; Cordoni, F.G.; Scifoni, E. Across the stages: A multiscale
extension of the generalized stochastic microdosimetric model (MS-GSM2) to include the ultra-high dose rate. Front. Phys. 2023,
11, 1274064. [CrossRef]

15. Chappuis, F.; Tran, H.N.; Zein, S.A.; Bailat, C.; Incerti, S.; Bochud, F.; Desorgher, L. The general-purpose Geant4 Monte Carlo
toolkit and its Geant4-DNA extension to investigate mechanisms underlying the FLASH effect in radiotherapy: Current status
and challenges. Phys. Med. 2023, 110, 102601. [CrossRef] [PubMed]

16. Jaccard, M.; Petersson, K.; Buchillier, T.; Germond, J.F.; Durán, M.T.; Vozenin, M.C.; Bourhis, J.; Bochud, F.O.; Bailat, C. High
dose-per-pulse electron beam dosimetry: Usability and dose-rate independence of EBT3 Gafchromic films. Med. Phys. 2017,
44, 725–735. [CrossRef] [PubMed]

17. Poppinga, D.; Kranzer, R.; Farabolini, W.; Gilardi, A.; Corsini, R.; Wyrwoll, V.; Looe, H.K.; Delfs, B.; Gabrisch, L.; Poppe, B. VHEE
beam dosimetry at CERN Linear Electron Accelerator for Research under ultra-high dose rate conditions. Biomed. Phys. Eng.
Express 2020, 7, 015012. [CrossRef] [PubMed]

18. Kokurewicz, K.; Schüller, A.; Brunetti, E.; Subiel, A.; Kranzer, R.; Hackel, T.; Meier, M.; Kapsch, R.P.; Jaroszynski, D.A. Dosimetry
for New Radiation Therapy Approaches Using High Energy Electron Accelerators. Front. Phys. 2020, 8, 568302. [CrossRef]

19. Esplen, N.; Mendonca, M.S.; Bazalova-Carter, M. Physics and biology of ultrahigh dose-rate (FLASH) radiotherapy: A topical
review. Phys. Med. Biol. 2020, 65, 23TR03. [CrossRef] [PubMed]

20. Yang, Y.; Kang, M.; Chen, C.C.; Hu, L.; Yu, F.; Tsai, P.; Huang, S.; Liu, J.; Turner, R.; Shen, B.; et al. Commissioning a 250 MeV
research beamline for proton FLASH radiotherapy preclinical experiments. Med. Phys. 2023, 50, 4623–4636. [CrossRef] [PubMed]

21. Kranzer, R.; Schüller, A.; Bourgouin, A.; Hackel, T.; Poppinga, D.; Lapp, M.; Looe, H.K.; Poppe, B. Response of diamond detectors
in ultra-high dose-per-pulse electron beams for dosimetry at FLASH radiotherapy. Phys. Med. Biol. 2022, 67, 075002. [CrossRef]
[PubMed]

22. Bourgouin, A.; Hackel, T.; Kapsch, R.P. The PTB water calorimeter for determining the absolute absorbed dose to water in
ultra-high pulse dose rate electron beams. Phys. Med. Biol. 2023, 68, 115016. [CrossRef] [PubMed]

23. Yap, J.; Bal, N.; Kacperek, A.; Resta López, J.; Welsch, C. Medipix3 for dosimetry and real-time beam monitoring: First tests at a
60 MeV proton therapy facility. J. Instrum. 2021, 16, T11001. [CrossRef]

24. El Naqa, I.; Pater, P.; Seuntjens, J. Monte Carlo role in radiobiological modelling of radiotherapy outcomes. Phys. Med. Biol. 2012,
57, R75. [CrossRef] [PubMed]

25. Clements, N.; Esplen, N.; Bateman, J.; Robertson, C.; Dosanjh, M.; Korysko, P.; Farabolini, W.; Corsini, R.; Bazalova-Carter, M.
Mini-GRID radiotherapy on the CLEAR very-high-energy electron beamline: Collimator optimization, film dosimetry, and Monte
Carlo simulations. Phys. Med. Biol. 2024, 69, 055003. [CrossRef] [PubMed]

26. El Naqa, I.E. A Guide to Outcome Modeling in Radiotherapy and Oncology: Listening to the Data, 1st ed.; CRC Press: Boca Raton, FL,
USA , 2018. [CrossRef]

http://dx.doi.org/10.1126/scitranslmed.3008973
http://www.ncbi.nlm.nih.gov/pubmed/25031268
http://dx.doi.org/10.3389/fonc.2022.995612
http://www.ncbi.nlm.nih.gov/pubmed/36212435
http://dx.doi.org/10.1016/j.radonc.2019.06.019
http://www.ncbi.nlm.nih.gov/pubmed/31303340
http://dx.doi.org/10.3390/cells13100835
http://www.ncbi.nlm.nih.gov/pubmed/38786057
http://dx.doi.org/10.1093/nsr/nwae350
http://www.ncbi.nlm.nih.gov/pubmed/39479528
http://dx.doi.org/10.1158/1078-0432.CCR-17-3375
http://www.ncbi.nlm.nih.gov/pubmed/29875213
http://dx.doi.org/10.1016/j.radonc.2025.110895
http://www.ncbi.nlm.nih.gov/pubmed/40233874
http://dx.doi.org/10.1016/j.canlet.2024.216651
http://www.ncbi.nlm.nih.gov/pubmed/38342233
http://dx.doi.org/10.1259/bjr.20220560
http://www.ncbi.nlm.nih.gov/pubmed/37086074
http://dx.doi.org/10.3389/fphy.2023.1274064
http://dx.doi.org/10.1016/j.ejmp.2023.102601
http://www.ncbi.nlm.nih.gov/pubmed/37201453
http://dx.doi.org/10.1002/mp.12066
http://www.ncbi.nlm.nih.gov/pubmed/28019660
http://dx.doi.org/10.1088/2057-1976/abcae5
http://www.ncbi.nlm.nih.gov/pubmed/34037536
http://dx.doi.org/10.3389/fphy.2020.568302
http://dx.doi.org/10.1088/1361-6560/abaa28
http://www.ncbi.nlm.nih.gov/pubmed/32721941
http://dx.doi.org/10.1002/mp.16364
http://www.ncbi.nlm.nih.gov/pubmed/36932693
http://dx.doi.org/10.1088/1361-6560/ac594e
http://www.ncbi.nlm.nih.gov/pubmed/35226892
http://dx.doi.org/10.1088/1361-6560/acce1d
http://www.ncbi.nlm.nih.gov/pubmed/37072007
http://dx.doi.org/10.1088/1748-0221/16/11/T11001
http://dx.doi.org/10.1088/0031-9155/57/11/R75
http://www.ncbi.nlm.nih.gov/pubmed/22571871
http://dx.doi.org/10.1088/1361-6560/ad247d
http://www.ncbi.nlm.nih.gov/pubmed/38295408
http://dx.doi.org/10.1201/9780429452659


Antioxidants 2025, 14, 899 19 of 23

27. Mascia, A.E.; Daugherty, E.C.; Zhang, Y.; Lee, E.; Xiao, Z.; Sertorio, M.; Woo, J.; Backus, L.R.; McDonald, J.M.; McCann, C.; et al.
Proton FLASH Radiotherapy for the Treatment of Symptomatic Bone Metastases: The FAST-01 Nonrandomized Trial. JAMA
Oncol. 2023, 9, 62–69. [CrossRef] [PubMed]

28. Spruijt, K.; Mossahebi, S.; Lin, H.; Lee, E.; Kraus, J.; Dhabaan, A.; Poulsen, P.; Lowe, M.; Ayan, A.; Spiessens, S.; et al. Multi-
institutional consensus on machine QA for isochronous cyclotron-based systems delivering ultra-high dose rate (FLASH) pencil
beam scanning proton therapy in transmission mode. Med. Phys. 2024, 51, 786–798. [CrossRef] [PubMed]

29. El Naqa, I.; Pogue, B.W.; Zhang, R.; Oraiqat, I.; Parodi, K. Image guidance for FLASH radiotherapy. Med. Phys. 2022, 49, 4109–4122.
[CrossRef] [PubMed]

30. Grilj, V.; Zayas, A.V.; Sesink, A.; Devanand, P.; Repáraz, D.; Paisley, R.; Sprengers, K.; Passelli, K.; Pernot, J.; Böhlen, T.T.; et al.
Average Dose Rate is the Major Temporal Beam Structure Parameter for Preserving Murine Intestines with Pulsed Electron
FLASH-RT. Int. J. Radiat. Oncol. 2025, 2025, S036030162500389X. [CrossRef]

31. Beddok, A.; Lahaye, C.; Calugaru, V.; De Marzi, L.; Fouillade, C.; Salvador, S.; Fontbonne, J.M.; Favaudon, V.; Thariat, J. A
Comprehensive Analysis of the Relationship Between Dose Rate and Biological Effects in Preclinical and Clinical Studies, From
Brachytherapy to Flattening Filter Free Radiation Therapy and FLASH Irradiation. Int. J. Radiat. Oncol. Biol. Phys. 2022,
113, 985–995. [CrossRef] [PubMed]

32. Böhlen, T.T.; Zeverino, M.; Germond, J.; Kinj, R.; Schiappacasse, L.; Bochud, F.; Herrera, F.; Bourhis, J.; Moeckli, R. Hybrid
ultra-high and conventional dose rate treatments with electrons and photons for the clinical transfer of FLASH-RT to deep-seated
targets: A treatment planning study. Radiother. Oncol. 2024, 201, 110576. [CrossRef] [PubMed]

33. Jay-Gerin, J.P. Fundamentals of Water Radiolysis. Encyclopedia 2025, 5, 38. [CrossRef]
34. Von Sonntag, C. Free-Radical-Induced DNA Damage and Its Repair: A Chemical Perspective; Springer: Berlin/Heidelberg,

Germany, 2006. [CrossRef]
35. Rabeya, I.; Meesungnoen, J.; Jay-Gerin, J.P. Oxygen Depletion and the Role of Cellular Antioxidants in FLASH Radiotherapy:

Mechanistic Insights from Monte Carlo Radiation-Chemical Modeling. Antioxidants 2025, 14, 406. [CrossRef] [PubMed]
36. Abolfath, R.; Grosshans, D.; Mohan, R. Oxygen depletion in FLASH ultra-high-dose-rate radiotherapy: A molecular dynamics

simulation. Med. Phys. 2020, 47, 6551–6561. [CrossRef] [PubMed]
37. Hu, A.; Qiu, R.; Li, W.B.; Zhou, W.; Wu, Z.; Zhang, H.; Li, J. Radical recombination and antioxidants: A hypothesis on the FLASH

effect mechanism. Int. J. Radiat. Biol. 2023, 99, 620–628. [CrossRef] [PubMed]
38. Baikalov, A.; Abolfath, R.; Schüler, E.; Mohan, R.; Wilkens, J.J.; Bartzsch, S. Intertrack interaction at ultra-high dose rates and its

role in the FLASH effect. Front. Phys. 2023, 11, 1215422. [CrossRef]
39. Grilj, V.; Leavitt, R.J.; El Khatib, M.; Paisley, R.; Franco-Perez, J.; Petit, B.; Ballesteros-Zebadua, P.; Vozenin, M.C. In vivo

measurements of change in tissue oxygen level during irradiation reveal novel dose rate dependence. Radiother. Oncol. 2024,
201, 110539. [CrossRef] [PubMed]

40. Boscolo, D.; Scifoni, E.; Durante, M.; Krämer, M.; Fuss, M.C. May oxygen depletion explain the FLASH effect? A chemical track
structure analysis. Radiother. Oncol. 2021, 162, 68–75. [CrossRef] [PubMed]

41. Lai, Y.; Jia, X.; Chi, Y. Modeling the effect of oxygen on the chemical stage of water radiolysis using GPU-based microscopic
Monte Carlo simulations, with an application in FLASH radiotherapy. Phys. Med. Biol. 2021, 66, 025004. [CrossRef] [PubMed]

42. Scarmelotto, A.; Delprat, V.; Michiels, C.; Lucas, S.; Heuskin, A.C. The oxygen puzzle in FLASH radiotherapy: A comprehensive
review and experimental outlook. Clin. Transl. Radiat. Oncol. 2024, 49, 100860. [CrossRef] [PubMed]

43. Ashraf, M.R.; Rahman, M.; Zhang, R.; Williams, B.B.; Gladstone, D.J.; Pogue, B.W.; Bruza, P. Dosimetry for FLASH Radiotherapy:
A Review of Tools and the Role of Radioluminescence and Cherenkov Emission. Front. Phys. 2020, 8, 00328. [CrossRef]

44. Tran, H.N.; Archer, J.; Baldacchino, G.; Brown, J.M.C.; Chappuis, F.; Cirrone, G.A.P.; Desorgher, L.; Dominguez, N.; Fattori, S.;
Guatelli, S.; et al. Review of chemical models and applications in Geant4-DNA: Report from the ESA BioRad III Project. Med.
Phys. 2024, 51, 5873–5889. [CrossRef] [PubMed]

45. Derksen, L.; Flatten, V.; Engenhart-Cabillic, R.; Zink, K.; Baumann, K.S. A method to implement inter-track interactions in Monte
Carlo simulations with TOPAS-nBio and their influence on simulated radical yields following water radiolysis. Phys. Med. Biol.
2023, 68, 135017. [CrossRef] [PubMed]

46. Bertolet, A.; Ramos-Méndez, J.; McNamara, A.; Yoo, D.; Ingram, S.; Henthorn, N.; Warmenhoven, J.W.; Faddegon, B.; Merchant,
M.; McMahon, S.J.; et al. Impact of DNA Geometry and Scoring on Monte Carlo Track-Structure Simulations of Initial
Radiation-Induced Damage. Radiat. Res. 2022, 198, 207–220. [CrossRef] [PubMed]

47. Favaudon, V.; Labarbe, R.; Limoli, C.L. Model studies of the role of oxygen in the FLASH effect. Med. Phys. 2022, 49, 2068–2081.
[CrossRef] [PubMed]

48. Zou, W.; Kim, H.; Diffenderfer, E.S.; Carlson, D.J.; Koch, C.J.; Xiao, Y.; Teo, B.K.; Kim, M.M.; Metz, J.M.; Fan, Y.; et al. A
phenomenological model of proton FLASH oxygen depletion effects depending on tissue vasculature and oxygen supply. Front.
Oncol. 2022, 12, 1004121. [CrossRef] [PubMed]

http://dx.doi.org/10.1001/jamaoncol.2022.5843
http://www.ncbi.nlm.nih.gov/pubmed/36273324
http://dx.doi.org/10.1002/mp.16854
http://www.ncbi.nlm.nih.gov/pubmed/38103260
http://dx.doi.org/10.1002/mp.15662
http://www.ncbi.nlm.nih.gov/pubmed/35396707
http://dx.doi.org/10.1016/j.ijrobp.2025.04.021
http://dx.doi.org/10.1016/j.ijrobp.2022.02.009
http://www.ncbi.nlm.nih.gov/pubmed/35227789
http://dx.doi.org/10.1016/j.radonc.2024.110576
http://www.ncbi.nlm.nih.gov/pubmed/39395673
http://dx.doi.org/10.3390/encyclopedia5010038
http://dx.doi.org/10.1007/3-540-30592-0
http://dx.doi.org/10.3390/antiox14040406
http://www.ncbi.nlm.nih.gov/pubmed/40298624
http://dx.doi.org/10.1002/mp.14548
http://www.ncbi.nlm.nih.gov/pubmed/33089504
http://dx.doi.org/10.1080/09553002.2022.2110307
http://www.ncbi.nlm.nih.gov/pubmed/35938944
http://dx.doi.org/10.3389/fphy.2023.1215422
http://dx.doi.org/10.1016/j.radonc.2024.110539
http://www.ncbi.nlm.nih.gov/pubmed/39299575
http://dx.doi.org/10.1016/j.radonc.2021.06.031
http://www.ncbi.nlm.nih.gov/pubmed/34214612
http://dx.doi.org/10.1088/1361-6560/abc93b
http://www.ncbi.nlm.nih.gov/pubmed/33171449
http://dx.doi.org/10.1016/j.ctro.2024.100860
http://www.ncbi.nlm.nih.gov/pubmed/39381632
http://dx.doi.org/10.3389/fphy.2020.00328
http://dx.doi.org/10.1002/mp.17256
http://www.ncbi.nlm.nih.gov/pubmed/38889367
http://dx.doi.org/10.1088/1361-6560/acdc7d
http://www.ncbi.nlm.nih.gov/pubmed/37285861
http://dx.doi.org/10.1667/RADE-21-00179.1
http://www.ncbi.nlm.nih.gov/pubmed/35767729
http://dx.doi.org/10.1002/mp.15129
http://www.ncbi.nlm.nih.gov/pubmed/34407219
http://dx.doi.org/10.3389/fonc.2022.1004121
http://www.ncbi.nlm.nih.gov/pubmed/36518319


Antioxidants 2025, 14, 899 20 of 23

49. Rothwell, B.C.; Kirkby, N.F.; Merchant, M.J.; Chadwick, A.L.; Lowe, M.; Mackay, R.I.; Hendry, J.H.; Kirkby, K.J. Determining
the parameter space for effective oxygen depletion for FLASH radiation therapy. Phys. Med. Biol. 2021, 66, 055020. [CrossRef]
[PubMed]

50. El Khatib, M.; Van Slyke, A.L.; Velalopoulou, A.; Kim, M.M.; Shoniyozov, K.; Allu, S.R.; Diffenderfer, E.S.; Busch, T.M.; Wiersma,
R.D.; Koch, C.J.; et al. Ultrafast Tracking of Oxygen Dynamics During Proton FLASH. Int. J. Radiat. Oncol. 2022, 113, 624–634.
[CrossRef] [PubMed]

51. Ha, B.; Liang, K.; Liu, C.; Melemenidis, S.; Manjappa, R.; Viswanathan, V.; Das, N.; Ashraf, R.; Lau, B.; Soto, L.; et al. Real-time
optical oximetry during FLASH radiotherapy using a phosphorescent nanoprobe. Radiother. Oncol. 2022, 176, 239–243. [CrossRef]
[PubMed]

52. Folz, J.; Jo, J.; Gonzalez, M.E.; Eido, A.; Zhai, T.; Caruso, R.; Kleer, C.G.; Wang, X.; Kopelman, R. Photoacoustic lifetime oxygen
imaging of radiotherapy-induced tumor reoxygenation In Vivo. J. Photochem. Photobiol. 2024, 21, 100241. [CrossRef] [PubMed]

53. Jo, J.; Folz, J.; Gonzalez, M.E.; Paolì, A.; Eido, A.; Salfi, E.; Tekula, S.; Andò, S.; Caruso, R.; Kleer, C.G.; et al. Personalized
Oncology by In Vivo Chemical Imaging: Photoacoustic Mapping of Tumor Oxygen Predicts Radiotherapy Efficacy. ACS Nano
2023, 17, 4396–4403. [CrossRef] [PubMed]

54. Oraiqat, I.; Zhang, W.; Litzenberg, D.; Lam, K.; Ba Sunbul, N.; Moran, J.; Cuneo, K.; Carson, P.; Wang, X.; El Naqa, I. An ionizing
radiation acoustic imaging (iRAI) technique for real-time dosimetric measurements for FLASH radiotherapy. Med. Phys. 2020,
47, 5090–5101. [CrossRef] [PubMed]

55. Zhang, W.; Oraiqat, I.; Litzenberg, D.; Chang, K.W.; Hadley, S.; Sunbul, N.B.; Matuszak, M.M.; Tichacek, C.J.; Moros, E.G.; Carson,
P.L.; et al. Real-time, volumetric imaging of radiation dose delivery deep into the liver during cancer treatment. Nat. Biotechnol.
2023, 41, 1160–1167. [CrossRef] [PubMed]

56. Ba Sunbul, N.H.; Zhang, W.; Oraiqat, I.; Litzenberg, D.W.; Lam, K.L.; Cuneo, K.; Moran, J.M.; Carson, P.L.; Wang, X.; Clarke, S.D.;
et al. A simulation study of ionizing radiation acoustic imaging (iRAI) as a real-time dosimetric technique for ultra-high dose
rate radiotherapy (UHDR-RT). Med. Phys. 2021, 48, 6137–6151. [CrossRef] [PubMed]

57. Lacombe, J.; Phillips, S.L.; Zenhausern, F. Microfluidics as a new tool in radiation biology. Cancer Lett. 2016, 371, 292–300.
[CrossRef] [PubMed]

58. An, L.; Liu, Y.; Liu, Y. Organ-on-a-Chip Applications in Microfluidic Platforms. Micromachines 2025, 16, 201. [CrossRef] [PubMed]
59. Huh, D.; Leslie, D.C.; Matthews, B.D.; Fraser, J.P.; Jurek, S.; Hamilton, G.A.; Thorneloe, K.S.; McAlexander, M.A.; Ingber, D.E. A

Human Disease Model of Drug Toxicity–Induced Pulmonary Edema in a Lung-on-a-Chip Microdevice. Sci. Transl. Med. 2012,
4, 159ra147. [CrossRef] [PubMed]

60. Dasgupta, Q.; Jiang, A.; Wen, A.M.; Mannix, R.J.; Man, Y.; Hall, S.; Javorsky, E.; Ingber, D.E. A human lung alveolus-on-a-chip
model of acute radiation-induced lung injury. Nat. Commun. 2023, 14, 6506. [CrossRef] [PubMed]

61. Strelez, C.; Perez, R.; Chlystek, J.S.; Cherry, C.; Yoon, A.Y.; Haliday, B.; Shah, C.; Ghaffarian, K.; Sun, R.X.; Jiang, H.; et al.
Integration of Patient-Derived Organoids and Organ-on-Chip Systems: Investigating Colorectal Cancer Invasion within the
Mechanical and GABAergic Tumor Microenvironment. bioRxiv 2023. [CrossRef]

62. Montay-Gruel, P.; Acharya, M.M.; Petersson, K.; Alikhani, L.; Yakkala, C.; Allen, B.D.; Ollivier, J.; Petit, B.; Jorge, P.G.; Syage, A.R.;
et al. Long-term neurocognitive benefits of FLASH radiotherapy driven by reduced reactive oxygen species. Proc. Natl. Acad. Sci.
USA 2019, 116, 10943–10951. [CrossRef] [PubMed]

63. Adrian, G.; Konradsson, E.; Lempart, M.; Bäck, S.; Ceberg, C.; Petersson, K. The FLASH effect depends on oxygen concentration.
Br. J. Radiol. 2020, 93, 20190702. [CrossRef] [PubMed]

64. Moon, E.J.; Petersson, K.; Olcina, M.M. The importance of hypoxia in radiotherapy for the immune response, metastatic potential
and FLASH-RT. Int. J. Radiat. Biol. 2022, 98, 439–451. [CrossRef] [PubMed]

65. Petersson, K.; Adrian, G.; Butterworth, K.; McMahon, S.J. A Quantitative Analysis of the Role of Oxygen Tension in FLASH
Radiation Therapy. Int. J. Radiat. Oncol. 2020, 107, 539–547. [CrossRef] [PubMed]

66. Cao, X.; Zhang, R.; Esipova, T.V.; Allu, S.R.; Ashraf, R.; Rahman, M.; Gunn, J.R.; Bruza, P.; Gladstone, D.J.; Williams, B.B.; et al.
Quantification of Oxygen Depletion During FLASH Irradiation In Vitro and In Vivo. Int. J. Radiat. Oncol. 2021, 111, 240–248.
[CrossRef] [PubMed]

67. Kurokawa, H.; Ito, H.; Inoue, M.; Tabata, K.; Sato, Y.; Yamagata, K.; Kizaka-Kondoh, S.; Kadonosono, T.; Yano, S.; Inoue, M.; et al.
High resolution imaging of intracellular oxygen concentration by phosphorescence lifetime. Sci. Rep. 2015, 5, 10657. [CrossRef]
[PubMed]

68. Penjweini, R.; Roarke, B.; Alspaugh, G.; Gevorgyan, A.; Andreoni, A.; Pasut, A.; Sackett, D.L.; Knutson, J.R. Single cell-based
fluorescence lifetime imaging of intracellular oxygenation and metabolism. Redox Biol. 2020, 34, 101549. [CrossRef] [PubMed]

69. Jansen, J.; Knoll, J.; Beyreuther, E.; Pawelke, J.; Skuza, R.; Hanley, R.; Brons, S.; Pagliari, F.; Seco, J. Does FLASH deplete oxygen?
Experimental evaluation for photons, protons, and carbon ions. Med. Phys. 2021, 48, 3982–3990. [CrossRef] [PubMed]

70. Bai, X.; Ng, K.K.H.; Hu, J.J.; Ye, S.; Yang, D. Small-Molecule-Based Fluorescent Sensors for Selective Detection of Reactive Oxygen
Species in Biological Systems. Annu. Rev. Biochem. 2019, 88, 605–633. [CrossRef] [PubMed]

http://dx.doi.org/10.1088/1361-6560/abe2ea
http://www.ncbi.nlm.nih.gov/pubmed/33535191
http://dx.doi.org/10.1016/j.ijrobp.2022.03.016
http://www.ncbi.nlm.nih.gov/pubmed/35314293
http://dx.doi.org/10.1016/j.radonc.2022.08.011
http://www.ncbi.nlm.nih.gov/pubmed/35964762
http://dx.doi.org/10.1016/j.jpap.2024.100241
http://www.ncbi.nlm.nih.gov/pubmed/39005728
http://dx.doi.org/10.1021/acsnano.2c09502
http://www.ncbi.nlm.nih.gov/pubmed/36847392
http://dx.doi.org/10.1002/mp.14358
http://www.ncbi.nlm.nih.gov/pubmed/32592212
http://dx.doi.org/10.1038/s41587-022-01593-8
http://www.ncbi.nlm.nih.gov/pubmed/36593414
http://dx.doi.org/10.1002/mp.15188
http://www.ncbi.nlm.nih.gov/pubmed/34431520
http://dx.doi.org/10.1016/j.canlet.2015.11.033
http://www.ncbi.nlm.nih.gov/pubmed/26704304
http://dx.doi.org/10.3390/mi16020201
http://www.ncbi.nlm.nih.gov/pubmed/40047688
http://dx.doi.org/10.1126/scitranslmed.3004249
http://www.ncbi.nlm.nih.gov/pubmed/23136042
http://dx.doi.org/10.1038/s41467-023-42171-z
http://www.ncbi.nlm.nih.gov/pubmed/37845224
http://dx.doi.org/10.1101/2023.09.14.557797
http://dx.doi.org/10.1073/pnas.1901777116
http://www.ncbi.nlm.nih.gov/pubmed/31097580
http://dx.doi.org/10.1259/bjr.20190702
http://www.ncbi.nlm.nih.gov/pubmed/31825653
http://dx.doi.org/10.1080/09553002.2021.1988178
http://www.ncbi.nlm.nih.gov/pubmed/34726575
http://dx.doi.org/10.1016/j.ijrobp.2020.02.634
http://www.ncbi.nlm.nih.gov/pubmed/32145319
http://dx.doi.org/10.1016/j.ijrobp.2021.03.056
http://www.ncbi.nlm.nih.gov/pubmed/33845146
http://dx.doi.org/10.1038/srep10657
http://www.ncbi.nlm.nih.gov/pubmed/26065366
http://dx.doi.org/10.1016/j.redox.2020.101549
http://www.ncbi.nlm.nih.gov/pubmed/32403080
http://dx.doi.org/10.1002/mp.14917
http://www.ncbi.nlm.nih.gov/pubmed/33948958
http://dx.doi.org/10.1146/annurev-biochem-013118-111754
http://www.ncbi.nlm.nih.gov/pubmed/31018111


Antioxidants 2025, 14, 899 21 of 23

71. Khan, N.; Williams, B.B.; Hou, H.; Li, H.; Swartz, H.M. Repetitive Tissue pO2 Measurements by Electron Paramagnetic Resonance
Oximetry: Current Status and Future Potential for Experimental and Clinical Studies. Antioxidants Redox Signal. 2007, 9, 1169–1182.
[CrossRef] [PubMed]

72. Mason, R.P. Imaging free radicals in organelles, cells, tissue, and in vivo with immuno-spin trapping. Redox Biol. 2016, 8, 422–429.
[CrossRef] [PubMed]

73. Katerji, M.; Filippova, M.; Duerksen-Hughes, P. Approaches and Methods to Measure Oxidative Stress in Clinical Samples:
Research Applications in the Cancer Field. Oxid. Med. Cell. Longev. 2019, 2019, 1–29. [CrossRef] [PubMed]

74. Greene, L.E.; Lincoln, R.; Cosa, G. Spatio-temporal monitoring of lipid peroxyl radicals in live cell studies combining fluorogenic
antioxidants and fluorescence microscopy methods. Free. Radic. Biol. Med. 2018, 128, 124–136. [CrossRef] [PubMed]

75. Puck, T.T.; Marcus, P.I. Action of X-rays on mammalian cells. J. Exp. Med. 1956, 103, 653–666. [CrossRef] [PubMed]
76. Sia, J.; Szmyd, R.; Hau, E.; Gee, H.E. Molecular Mechanisms of Radiation-Induced Cancer Cell Death: A Primer. Front. Cell Dev.

Biol. 2020, 8, 41. [CrossRef] [PubMed]
77. Berry, R.J.; Hall, E.J.; Forster, D.W.; Storr, T.H.; Goodman, M.J. Survival of mammalian cells exposed to X rays at ultra-high

dose-rates. Br. J. Radiol. 1969, 42, 102–107. [CrossRef] [PubMed]
78. Town, C.D. Effect of High Dose Rates on Survival of Mammalian Cells. Nature 1967, 215, 847–848. [CrossRef] [PubMed]
79. Berry, R.J.; Stedeford, J.B.H. Reproductive survival of mammalian cells after irradiation at ultra-high dose-rates: Further

observations and their importance for radiotherapy. Br. J. Radiol. 1972, 45, 171–177. [CrossRef] [PubMed]
80. Nias, A.; Swallow, A.; Keene, J.; Hodgson, B. Survival of HeLa Cells from 10 Nanosecond Pulses of Electrons. Int. J. Radiat. Biol.

Relat. Stud. Phys. Chem. Med. 1970, 17, 595–598. [CrossRef] [PubMed]
81. Epp, E.R.; Weiss, H.; Djordjevic, B.; Santomasso, A. The Radiosensitivity of Cultured Mammalian Cells Exposed to Single High

Intensity Pulses of Electrons in Various Concentrations of Oxygen. Radiat. Res. 1972, 52, 324. [CrossRef] [PubMed]
82. Michaels, H.B.; Epp, E.R.; Ling, C.C.; Peterson, E.C. Oxygen Sensitization of CHO Cells at Ultrahigh Dose Rates: Prelude to

Oxygen Diffusion Studies. Radiat. Res. 1978, 76, 510. [CrossRef] [PubMed]
83. Cygler, J.; Klassen, N.V.; Ross, C.K.; Bichay, T.J.; Raaphorst, G.P. The Survival of Aerobic and Anoxic Human Glioma and

Melanoma Cells after Irradiation at Ultrahigh and Clinical Dose Rates. Radiat. Res. 1994, 140, 79. [CrossRef] [PubMed]
84. Zackrisson, B.U.; Nyström, U.H.; Ostbergh, P. Biological Response In Vitro to Pulsed High Dose Rate Electrons from a Clinical

Accelerator. Acta Oncol. 1991, 30, 747–751. [CrossRef] [PubMed]
85. Adrian, G.; Konradsson, E.; Beyer, S.; Wittrup, A.; Butterworth, K.T.; McMahon, S.J.; Ghita, M.; Petersson, K.; Ceberg, C. Cancer

Cells Can Exhibit a Sparing FLASH Effect at Low Doses Under Normoxic In Vitro-Conditions. Front. Oncol. 2021, 11, 686142.
[CrossRef] [PubMed]

86. Venkatesulu, B.P.; Sharma, A.; Pollard-Larkin, J.M.; Sadagopan, R.; Symons, J.; Neri, S.; Singh, P.K.; Tailor, R.; Lin, S.H.; Krishnan,
S. Ultra high dose rate (35 Gy/sec) radiation does not spare the normal tissue in cardiac and splenic models of lymphopenia and
gastrointestinal syndrome. Sci. Rep. 2019, 9, 17180. [CrossRef] [PubMed]

87. Buonanno, M.; Grilj, V.; Brenner, D.J. Biological effects in normal cells exposed to FLASH dose rate protons. Radiother. Oncol.
2019, 139, 51–55. [CrossRef] [PubMed]

88. Khan, S.; Bassenne, M.; Wang, J.; Manjappa, R.; Melemenidis, S.; Breitkreutz, D.Y.; Maxim, P.G.; Xing, L.; Loo, B.W.; Pratx,
G. Multicellular Spheroids as In Vitro Models of Oxygen Depletion During FLASH Irradiation. Int. J. Radiat. Oncol. 2021,
110, 833–844. [CrossRef] [PubMed]

89. Dubail, M.; Heinrich, S.; Portier, L.; Bastian, J.; Giuliano, L.; Aggar, L.; Berthault, N.; Londoño-Vallejo, J.A.; Vilalta, M.; Boivin,
G.; et al. Lung Organotypic Slices Enable Rapid Quantification of Acute Radiotherapy Induced Toxicity. Cells 2023, 12, 2435.
[CrossRef] [PubMed]

90. Limoli, C.L.; Kramár, E.A.; Almeida, A.; Petit, B.; Grilj, V.; Baulch, J.E.; Ballesteros-Zebadua, P.; Loo, B.W.; Wood, M.A.; Vozenin,
M.C. The sparing effect of FLASH-RT on synaptic plasticity is maintained in mice with standard fractionation. Radiother. Oncol.
2023, 186, 109767. [CrossRef] [PubMed]

91. Vasyltsiv, R.; Rahman, M.; Harms, J.; Clark, M.; Gladstone, D.J.; Pogue, B.W.; Zhang, R.; Bruza, P. Imaging and characterization
of optical emission from ex vivo tissue during conventional and UHDR PBS proton therapy. Phys. Med. Biol. 2024, 69, 075011.
[CrossRef] [PubMed]

92. Parks, A.; Hallett, J.; Niver, A.; Zhang, R.; Bruza, P.; Pogue, B.W. Review of Cherenkov imaging technology advances in
radiotherapy: Single-photon-level imaging in high ambient light and radiation backgrounds. Biophoton. Discov. 2024, 1, 020901.
[CrossRef]

93. Zaytsev, S.M.; Amouroux, M.; Khairallah, G.; Bashkatov, A.N.; Tuchin, V.V.; Blondel, W.; Genina, E.A. Impact of optical clearing
on ex vivo human skin optical properties characterized by spatially resolved multimodal spectroscopy. J. Biophotonics 2022,
15, e202100202. [CrossRef] [PubMed]

94. Setchfield, K.; Gorman, A.; Simpson, A.H.R.W.; Somekh, M.G.; Wright, A.J. Relevance and utility of the in vivo and ex vivo optical
properties of the skin reported in the literature: A review [Invited]. Biomed. Opt. Express 2023, 14, 3555. [CrossRef] [PubMed]

http://dx.doi.org/10.1089/ars.2007.1635
http://www.ncbi.nlm.nih.gov/pubmed/17536960
http://dx.doi.org/10.1016/j.redox.2016.04.003
http://www.ncbi.nlm.nih.gov/pubmed/27203617
http://dx.doi.org/10.1155/2019/1279250
http://www.ncbi.nlm.nih.gov/pubmed/30992736
http://dx.doi.org/10.1016/j.freeradbiomed.2018.04.006
http://www.ncbi.nlm.nih.gov/pubmed/29649566
http://dx.doi.org/10.1084/jem.103.5.653
http://www.ncbi.nlm.nih.gov/pubmed/13319584
http://dx.doi.org/10.3389/fcell.2020.00041
http://www.ncbi.nlm.nih.gov/pubmed/32117972
http://dx.doi.org/10.1259/0007-1285-42-494-102
http://www.ncbi.nlm.nih.gov/pubmed/4975207
http://dx.doi.org/10.1038/215847a0
http://www.ncbi.nlm.nih.gov/pubmed/6049731
http://dx.doi.org/10.1259/0007-1285-45-531-171
http://www.ncbi.nlm.nih.gov/pubmed/5015264
http://dx.doi.org/10.1080/09553007014550751
http://www.ncbi.nlm.nih.gov/pubmed/5310738
http://dx.doi.org/10.2307/3573572
http://www.ncbi.nlm.nih.gov/pubmed/4566064
http://dx.doi.org/10.2307/3574800
http://www.ncbi.nlm.nih.gov/pubmed/569880
http://dx.doi.org/10.2307/3578571
http://www.ncbi.nlm.nih.gov/pubmed/7938458
http://dx.doi.org/10.3109/02841869109092451
http://www.ncbi.nlm.nih.gov/pubmed/1958396
http://dx.doi.org/10.3389/fonc.2021.686142
http://www.ncbi.nlm.nih.gov/pubmed/34395253
http://dx.doi.org/10.1038/s41598-019-53562-y
http://www.ncbi.nlm.nih.gov/pubmed/31748640
http://dx.doi.org/10.1016/j.radonc.2019.02.009
http://www.ncbi.nlm.nih.gov/pubmed/30850209
http://dx.doi.org/10.1016/j.ijrobp.2021.01.050
http://www.ncbi.nlm.nih.gov/pubmed/33545301
http://dx.doi.org/10.3390/cells12202435
http://www.ncbi.nlm.nih.gov/pubmed/37887279
http://dx.doi.org/10.1016/j.radonc.2023.109767
http://www.ncbi.nlm.nih.gov/pubmed/37385377
http://dx.doi.org/10.1088/1361-6560/ad2ee6
http://www.ncbi.nlm.nih.gov/pubmed/38422545
http://dx.doi.org/10.1117/1.BIOS.1.2.020901
http://dx.doi.org/10.1002/jbio.202100202
http://www.ncbi.nlm.nih.gov/pubmed/34476912
http://dx.doi.org/10.1364/BOE.493588
http://www.ncbi.nlm.nih.gov/pubmed/37497524


Antioxidants 2025, 14, 899 22 of 23

95. Borghini, A.; Labate, L.; Piccinini, S.; Panaino, C.M.V.; Andreassi, M.G.; Gizzi, L.A. FLASH Radiotherapy: Expectations,
Challenges, and Current Knowledge. Int. J. Mol. Sci. 2024, 25, 2546. [CrossRef] [PubMed]

96. Yan, O.; Wang, S.; Wang, Q.; Wang, X. FLASH Radiotherapy: Mechanisms of Biological Effects and the Therapeutic Potential in
Cancer. Biomolecules 2024, 14, 754. [CrossRef] [PubMed]

97. Levy, K.; Natarajan, S.; Wang, J.; Chow, S.; Eggold, J.T.; Loo, P.E.; Manjappa, R.; Melemenidis, S.; Lartey, F.M.; Schüler, E.; et al.
Abdominal FLASH irradiation reduces radiation-induced gastrointestinal toxicity for the treatment of ovarian cancer in mice. Sci.
Rep. 2020, 10, 21600. [CrossRef] [PubMed]

98. Sunnerberg, J.P.; Tavakkoli, A.D.; Petusseau, A.F.; Daniel, N.J.; Sloop, A.M.; Schreiber, W.A.; Gui, J.; Zhang, R.; Swartz, H.M.;
Hoopes, P.J.; et al. Oxygen Consumption In Vivo by Ultra-High Dose Rate Electron Irradiation Depends Upon Baseline Tissue
Oxygenation. Int. J. Radiat. Oncol. 2025, 121, 1053–1062. [CrossRef] [PubMed]

99. Guo, Z.; Buonanno, M.; Harken, A.; Zhou, G.; Hei, T.K. Mitochondrial Damage Response and Fate of Normal Cells Exposed to
FLASH Irradiation with Protons. Radiat. Res. 2022, 197, 569–582. [CrossRef] [PubMed]

100. Allen, B.D.; Alaghband, Y.; Kramár, E.A.; Ru, N.; Petit, B.; Grilj, V.; Petronek, M.S.; Pulliam, C.F.; Kim, R.Y.; Doan, N.L.;
et al. Elucidating the neurological mechanism of the FLASH effect in juvenile mice exposed to hypofractionated radiotherapy.
Neuro-Oncology 2023, 25, 927–939. [CrossRef] [PubMed]

101. Fouillade, C.; Curras-Alonso, S.; Giuranno, L.; Quelennec, E.; Heinrich, S.; Bonnet-Boissinot, S.; Beddok, A.; Leboucher, S.;
Karakurt, H.U.; Bohec, M.; et al. FLASH Irradiation Spares Lung Progenitor Cells and Limits the Incidence of Radio-induced
Senescence. Clin. Cancer Res. 2020, 26, 1497–1506. [CrossRef] [PubMed]

102. Zhu, H.; Xie, D.; Yang, Y.; Huang, S.; Gao, X.; Peng, Y.; Wang, B.; Wang, J.; Xiao, D.; Wu, D.; et al. Radioprotective effect of X-ray
abdominal FLASH irradiation: Adaptation to oxidative damage and inflammatory response may be benefiting factors. Med. Phys.
2022, 49, 4812–4822. [CrossRef] [PubMed]

103. Soto, L.A.; Casey, K.M.; Wang, J.; Blaney, A.; Manjappa, R.; Breitkreutz, D.; Skinner, L.; Dutt, S.; Ko, R.B.; Bush, K.; et al. FLASH
Irradiation Results in Reduced Severe Skin Toxicity Compared to Conventional-Dose-Rate Irradiation. Radiat. Res. 2020, 194,
618–624. [CrossRef] [PubMed]

104. Giannini, N.; Gadducci, G.; Fuentes, T.; Gonnelli, A.; Di Martino, F.; Puccini, P.; Naso, M.; Pasqualetti, F.; Capaccioli, S.; Paiar, F.
Electron FLASH radiotherapy in vivo studies. A systematic review. Front. Oncol. 2024, 14, 1373453. [CrossRef] [PubMed]

105. Geirnaert, F.; Kerkhove, L.; Montay-Gruel, P.; Gevaert, T.; Dufait, I.; De Ridder, M. Exploring the Metabolic Impact of FLASH
Radiotherapy. Cancers 2025, 17, 133. [CrossRef] [PubMed]

106. Daugherty, E.C.; Mascia, A.; Zhang, Y.; Lee, E.; Xiao, Z.; Sertorio, M.; Woo, J.; McCann, C.; Russell, K.; Levine, L.; et al. FLASH
Radiotherapy for the Treatment of Symptomatic Bone Metastases (FAST-01): Protocol for the First Prospective Feasibility Study.
JMIR Res. Protoc. 2023, 12, e41812. [CrossRef] [PubMed]

107. Daugherty, E.; Zhang, Y.; Xiao, Z.; Mascia, A.; Sertorio, M.; Woo, J.; McCann, C.; Russell, K.; Sharma, R.; Khuntia, D.; et al. FLASH
radiotherapy for the treatment of symptomatic bone metastases in the thorax (FAST-02): Protocol for a prospective study of a
novel radiotherapy approach. Radiat. Oncol. 2024, 19, 34. [CrossRef] [PubMed]

108. Kim, J.S.; Kim, H.J. FLASH radiotherapy: Bridging revolutionary mechanisms and clinical frontiers in cancer treatment—A
narrative review. Ewha Med. J. 2024, 47, e54. [CrossRef]

109. Zou, W.; Zhang, R.; Schüler, E.; Taylor, P.A.; Mascia, A.E.; Diffenderfer, E.S.; Zhao, T.; Ayan, A.S.; Sharma, M.; Yu, S.J.; et al.
Framework for Quality Assurance of Ultrahigh Dose Rate Clinical Trials Investigating FLASH Effects and Current Technology
Gaps. Int. J. Radiat. Oncol. 2023, 116, 1202–1217. [CrossRef] [PubMed]

110. Liu, J.; Zhou, G.; Pei, H. The clinical prospect of FLASH radiotherapy. Radiat. Med. Prot. 2023, 4, 190–196. [CrossRef]
111. Cheng, C.; Xu, L.; Jing, H.; Selvaraj, B.; Lin, H.; Pennock, M.; Chhabra, A.M.; Hasan, S.; Zhai, H.; Zhang, Y.; et al. The Potential

and Challenges of Proton FLASH in Head and Neck Cancer Reirradiation. Cancers 2024, 16, 3249. [CrossRef] [PubMed]
112. Liu, K.; Holmes, S.; Khan, A.U.; Hooten, B.; DeWerd, L.; Schüler, E.; Beddar, S. Development of novel ionization chambers for

reference dosimetry in electron flash radiotherapy. Med. Phys. 2024, 51, 9275–9289. [CrossRef] [PubMed]
113. Vozenin, M.C.; Bourhis, J.; Durante, M. Towards clinical translation of FLASH radiotherapy. Nat. Rev. Clin. Oncol. 2022,

19, 791–803. [CrossRef] [PubMed]
114. Liu, K.; Waldrop, T.; Aguilar, E.; Mims, N.; Neill, D.; Delahoussaye, A.; Li, Z.; Swanson, D.; Lin, S.H.; Koong, A.C.; et al.

Redefining FLASH Radiation Therapy: The Impact of Mean Dose Rate and Dose Per Pulse in the Gastrointestinal Tract. Int. J.
Radiat. Oncol. 2025, 121, 1063–1076. [CrossRef] [PubMed]

115. Bookbinder, A.; Selvaraj, B.; Zhao, X.; Yang, Y.; Bell, B.I.; Pennock, M.; Tsai, P.; Tomé, W.A.; Isabelle Choi, J.; Lin, H.; et al.
Validation and reproducibility of in vivo dosimetry for pencil beam scanned FLASH proton treatment in mice. Radiother. Oncol.
2024, 198, 110404. [CrossRef] [PubMed]

116. McKeown, S.R. Defining normoxia, physoxia and hypoxia in tumours—Implications for treatment response. Br. J. Radiol. 2014,
87, 20130676. [CrossRef] [PubMed]

http://dx.doi.org/10.3390/ijms25052546
http://www.ncbi.nlm.nih.gov/pubmed/38473799
http://dx.doi.org/10.3390/biom14070754
http://www.ncbi.nlm.nih.gov/pubmed/39062469
http://dx.doi.org/10.1038/s41598-020-78017-7
http://www.ncbi.nlm.nih.gov/pubmed/33303827
http://dx.doi.org/10.1016/j.ijrobp.2024.10.018
http://www.ncbi.nlm.nih.gov/pubmed/39461597
http://dx.doi.org/10.1667/RADE-21-00181.1
http://www.ncbi.nlm.nih.gov/pubmed/35290449
http://dx.doi.org/10.1093/neuonc/noac248
http://www.ncbi.nlm.nih.gov/pubmed/36334265
http://dx.doi.org/10.1158/1078-0432.CCR-19-1440
http://www.ncbi.nlm.nih.gov/pubmed/31796518
http://dx.doi.org/10.1002/mp.15680
http://www.ncbi.nlm.nih.gov/pubmed/35451077
http://dx.doi.org/10.1667/RADE-20-00090
http://www.ncbi.nlm.nih.gov/pubmed/32853385
http://dx.doi.org/10.3389/fonc.2024.1373453
http://www.ncbi.nlm.nih.gov/pubmed/38655137
http://dx.doi.org/10.3390/cancers17010133
http://www.ncbi.nlm.nih.gov/pubmed/39796760
http://dx.doi.org/10.2196/41812
http://www.ncbi.nlm.nih.gov/pubmed/36206189
http://dx.doi.org/10.1186/s13014-024-02419-4
http://www.ncbi.nlm.nih.gov/pubmed/38475815
http://dx.doi.org/10.12771/emj.2024.e54
http://dx.doi.org/10.1016/j.ijrobp.2023.04.018
http://www.ncbi.nlm.nih.gov/pubmed/37121362
http://dx.doi.org/10.1016/j.radmp.2023.10.005
http://dx.doi.org/10.3390/cancers16193249
http://www.ncbi.nlm.nih.gov/pubmed/39409872
http://dx.doi.org/10.1002/mp.17425
http://www.ncbi.nlm.nih.gov/pubmed/39311014
http://dx.doi.org/10.1038/s41571-022-00697-z
http://www.ncbi.nlm.nih.gov/pubmed/36303024
http://dx.doi.org/10.1016/j.ijrobp.2024.10.009
http://www.ncbi.nlm.nih.gov/pubmed/39424078
http://dx.doi.org/10.1016/j.radonc.2024.110404
http://www.ncbi.nlm.nih.gov/pubmed/38942121
http://dx.doi.org/10.1259/bjr.20130676
http://www.ncbi.nlm.nih.gov/pubmed/24588669


Antioxidants 2025, 14, 899 23 of 23

117. Li, M.; Zhou, S.; Dong, G.; Wang, C. Emergence of FLASH-radiotherapy across the last 50 years (Review). Oncol. Lett. 2024,
28, 602. [CrossRef] [PubMed]

118. Wu, Y.F.; No, H.J.; Breitkreutz, D.Y.; Mascia, A.E.; Moeckli, R.; Bourhis, J.; Schüler, E.; Maxim, P.G.; Loo, B.W. Technological Basis
for Clinical Trials in FLASH Radiation Therapy: A Review. ARO 2021, 2021, 6–14. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://dx.doi.org/10.3892/ol.2024.14735
http://www.ncbi.nlm.nih.gov/pubmed/39493433
http://dx.doi.org/10.37549/ARO1280

	Introduction
	Biophysics of FLASH-RT
	Dosimetric and Practical Considerations
	Dose‑Rate, Pulse Structure in FLASH-RT

	Free Radicals and Effect-Modifying Molecules
	Radiolysis of Water and Primary Reactive Species
	Temporal and Spatial Kinetics of Radical Chemistry
	Radiolytic Oxygen Depletion (ROD) and Transient Hypoxia
	Interaction with Effect‑Modifying Molecules

	In Silico and Sensor Tools for Tumor/Normal Microenvironment
	In Silico Modeling of FLASH Microenvironment
	Monte Carlo Track-Structure Simulations
	Reaction–Diffusion PDE Models

	Sensor Technologies for Real-Time Microenvironment Mapping
	Optical Oxygen Probes and Fiber-Optic Oximetry
	Photoacoustic Imaging
	Ionizing-Radiation Acoustic Imaging (iRAI)
	Microfluidic and Organ-on-Chip Platforms


	In Vitro vs. Ex Vivo vs. In Vivo Measurements
	In Vitro Models
	Oxygen Dynamics and Radiolytic Yields
	ROS Generation and DNA Damage
	Clonogenic Survival Assays

	Ex Vivo Models
	Organotypic Slice Cultures (OSC)
	Microelectrode and Optical Measurements

	In Vivo Models

	Example Use Cases (Pre-Clinical and Clinical)
	Pre-Clinical Trials
	Brain/CNS
	Lung
	Intestine/Abdominal
	Skin and Other Tissues

	Clinical Trials
	First-in-Human Electron FLASH RT
	FAST-01: Proton FLASH for Extremity Bone Metastases
	FAST-02: Proton FLASH for Thoracic Bone Metastases


	Current Challenges 
	Technical Dosimetry and Beam Delivery
	Dosimetric Accuracy of UHDR
	Beam Parameter Characterization and Reproducibility

	Treatment Planning and Quality Assurance
	Treatment Planning System Adaptation
	QA Frameworks

	Biological Mechanisms and Preclinical Models
	Oxygen Depletion Hypothesis
	Radical Chemistry and Alternative Mechanisms
	Preclinical Model Variability

	Clinical Translation Challenges
	Patient Selection and Clinical Endpoints
	Equipment and Infrastructure

	Regulatory, Economic, and Logistical Barriers
	Cost and Training
	Regulatory Pathways


	Recommendations
	Standardization of Beam Characterization Protocols
	Implementation of Dedicated UHDR-TPS Modules
	Establishment of Robust QA Frameworks
	Advancement of Mechanistic Research
	Forge Preclinical Consortia
	Early Engagement with Regulatory Authorities
	Economic and Infrastructure Planning

	Conclusions
	References

