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Introduction: Following first clinical trials, the development of FLASH proton

therapy (FLASH-PT) into a mature treatment modality is ongoing, while physical

and biological conditions underlying the FLASH effect remain uncertain. Our aim

is to assess the impact of these uncertainties on clinical FLASH-PT through a

novel approach.

Methods: A systematic literature reviewwas conducted to collect relevant in vivo

preclinical studies as well as FLASH-PT treatment planning and delivery

approaches. This information was used to perform an impact assessment: the

FLASH-PT process from patient selection to treatment delivery was divided into

steps, and seven FLASH conditions were defined. The FLASH conditions included

physical, delivery-related, and radiobiological aspects. For each step and FLASH

condition, scores were assigned based on the (i) criticality for clinical

applications, (ii) current knowledge, and (iii) available mitigation strategies.

These scores were combined to obtain an overall impact for all FLASH

conditions ranging from insignificant impact not affecting clinical routine to

severe impact causing severe complications for clinical translation.

Results: In total, 14 preclinical and 27 treatment planning studies were identified.

From these, 47 combined scores were reported in the impact assessment. A

severe impact was found for patient selection in the context of radiobiological

uncertainties for the robustness of the FLASH effect with respect to beam pauses

and interruptions and for the evaluation of dose rate due to their importance in

the treatment process combined with remaining unknowns. Moderate to

insignificant impact was found for fractionation and FLASH-PT treatment

delivery mode (transmission or Bragg peak beams), as these offer strategies to

circumvent uncertainties. Overall, dose requirements, the use of multiple fields,

and dose rate conditions emerged as the most crucial factors.
frontiersin.org01

https://www.frontiersin.org/articles/10.3389/fonc.2025.1550264/full
https://www.frontiersin.org/articles/10.3389/fonc.2025.1550264/full
https://www.frontiersin.org/articles/10.3389/fonc.2025.1550264/full
https://www.frontiersin.org/articles/10.3389/fonc.2025.1550264/full
https://www.frontiersin.org/articles/10.3389/fonc.2025.1550264/full
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2025.1550264&domain=pdf&date_stamp=2025-09-11
mailto:a.zur.horst@hollandptc.nl
https://doi.org/10.3389/fonc.2025.1550264
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://doi.org/10.3389/fonc.2025.1550264
https://www.frontiersin.org/journals/oncology


Abbreviations: BP, Bragg peak; DADR, dose-averaged d

field optimization; DMF, dose-modifying factor; DR, d

enhancement ratio; IMPT, intensity-modulated proton t

tissue complication probability; OAR, organs at risk; PBS

PBS-DR, pencil beam scanning dose rate; PT, proton

assurance; RF, ridge filter; RM, range modulator; R

transmission beam; UHDR, ultra-high dose rate

energy electrons.

zur Horst et al. 10.3389/fonc.2025.1550264

Frontiers in Oncology
Conclusions: Since uncertainties about the FLASH conditions hinder the

utilization of its full pre-clinical potential in clinical practice, focusing future

preclinical experiments to gain further phenomenological rather than only

mechanistic insights on these aspects is recommended.
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1 Introduction

Ultra-high-dose-rate (UHDR) irradiation has shown

considerable potential to spare normal tissues while maintaining

tumor control, referred to as the FLASH effect (1, 2). Various

degrees of sparing have been observed in pre-clinical studies for

different models, tissues, and endpoints (2, 3). The basic conditions

for the FLASH effect have thus far been identified as average dose

rates exceeding 40–100 Gy/s, with total irradiation times below

200–500 ms and total (fraction) doses of above 4–10 Gy (2, 4).

Current evidence suggests that the phenomenon of the effect does

not critically depend on sub-millisecond temporal fine structure of

dose delivery, as it has been observed in experiments with particles

with different temporal structures (5–9), e.g., electrons (10–15),

photons (16), and protons (17–20).

In FLASH proton therapy (FLASH-PT), the highest overall dose

rates are reached at the highest available energy of 230–250 MeV

(21, 22), leading to transmission beams (TB) in foreseen neuro-

oncological, head-and-neck, and thoracic applications. To combine

the potential benefits of FLASH with the dose conformity in proton

therapy (PT), Bragg peak (BP) FLASH-PT is under development.

Conventional intensity-modulated PT (IMPT) relies on upstream

energy modulation with a degrader—at the expense of scatter and

loss of beam current—and the energy switching takes too long to be

UHDR-compatible (21). Alternatives under development include

static energy modulation devices, such as patient-specific 3D-

printed ridge filters (23, 24).

While the biological and physiological mechanisms underlying

the FLASH effect and its parameters are actively researched, the

clinical development of UHDR is also advancing: treatment planning

studies (25–29) and first patient treatments (30, 31) have already been

conducted—for example, a recent clinical trial for FLASH-PT has

demonstrated the technological feasibility in palliative single-fraction
ose rate; DFO, disjoint

ose rate, FER, FLASH

herapy; NTCP, normal

, pencil beam scanning;

therapy; QA, quality
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8-Gy treatments of bone metastases with a single pencil beam

scanning (PBS) transmission beam (31, 32). However, more

advanced treatment planning and delivery approaches require a

deeper understanding of the FLASH effect and its integration in a

treatment workflow. This includes developments in quality assurance

(33, 34), FLASH modeling (35), and assumptions about physics

parameters, along with fulfilling clinical requirements for plan

quality and technological delivery.

To date, a systematic approach to link knowledge about the FLASH

effect and the development as a new clinical treatment modality for PT

is missing. This can be approached by modifying frameworks such as

the Failure Modes and Effects Analysis (FMEA) (36–39) to integrate

insights from literature with current knowledge gaps and to evaluate

their impact and risks in all steps of the treatment process.

The aim of this paper is to identify which aspects in biology and

physics are essential for the development of FLASH-PT and identify

unknowns as well as currently available mitigation strategies and

solutions for these based on literature. In doing so, we aim to

systematically and quantitatively assess the impact of different

FLASH conditions on the treatment process.To that end, we

performed a systematic literature review to extract in vivo pre-

clinical data and treatment planning studies. We searched

preclinical studies to quantify the physical FLASH conditions

(dose, dose rate, fractionation, and beam pauses) and

radiobiological aspects, and catalogued treatment planning

approaches for FLASH-PT to gain insights on delivery-related

FLASH conditions (delivery time, treatment mode). Based on the

findings, our primary objective is to obtain an overall impact to

identify comparatively low-risk first clinical applications, to guide

clinical FLASH-PT treatment approaches, and to focus future pre-

clinical research elucidating the FLASH effect.
2 Materials and methods

To assess the impact of remaining physical and radiobiological

FLASH unknowns on the PT process, an impact analysis

comprising several steps was developed: first, treatment process

steps were defined, and knowledge gaps about the FLASH effect in

that context were identified. Based on this, the focus for a systematic

literature review on the FLASH effect was set, the results were

categorized, and relevant conditions were defined.
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The population included in vivo pre-clinical and treatment

planning studies. UHDR irradiation (intervention) of above

40 Gy/s was compared to conventional dose rate irradiation

(below 1 Gy/s). For the pre-clinical studies, outcomes were

converted to FLASH enhancement ratios (FER) to quantify the

FLASH effect. The FER is defined as the ratio of doses at ultra-high

and conventional dose rates that are necessary to achieve the same

biological effect. For the planning studies, approaches were

catalogued and grouped in different categories. The data

extraction and analysis characterized different FLASH conditions

and informed the impact assessment.

The impact was assessed for each process step and FLASH

condition by scoring (i) the process-related criticality, (ii) the

available knowledge from literature, and (iii) the mitigation

strategies and solutions from literature. A final impact for

FLASH-PT was calculated from the scores.
2.1 Definition of treatment process steps
and FLASH conditions for the impact
assessment

The impact assessment was performed for clinical treatment

planning and delivery of FLASH-PT with respect to seven

conditions (see Figure 1). Physical FLASH conditions included
Frontiers in Oncology 03
dose, dose rate, fractionation, and beam pauses. Delivery time

and treatment mode were defined as delivery-related aspects;

additionally, the radiobiology (related to the variability of the

biological response across tissues or patients) of FLASH was

considered. The treatment process was divided into 11 steps:

patient selection, target volume delineation and OAR contouring,

treatment planning system (configuration), dose prescription and

reporting, definition of dose objectives, choice of treatment mode

(TB or BP) and beam directions, placement of spots, optimization

of spot weights, plan robustness, plan evaluation, and QA

and delivery.
2.2 Literature search

For the informed scoring and impact assessment, a systematic

literature review was performed of the following:
i. Published pre-clinical in vivo data that compares

responses to UHDR and conventional (CONV)

irradiations of normal tissue to characterize the

physical FLASH conditions.

ii. Published treatment planning studies that provide

insights into the generation, optimization, and

evaluation of FLASH proton therapy treatment plans.
FIGURE 1

Overview of FLASH conditions (physical conditions: dose requirements, fractionation, beam pauses and number of fields, dose rate; delivery-related
conditions: delivery time, treatment mode; tissue- und patient-related radiobiological aspects: radiobiology) and treatment process steps (from
patient selection to QA and delivery).
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In a general search for FLASH radiotherapy and the FLASH

effect, records published since 2014 were included (until March 8,

2024). Additionally, conference abstracts from the last 2 years were

included. Details on the screened databases and search strategies for

each of the databases can be found in Supplementary Tables S1 and

S2 in the Supplementary Material. The review was not registered, a

protocol was not prepared. The results were manually screened with

Covidence (Covidence systematic review software, Veritas Health

Innovation, Melbourne, Australia.; available at www.covidence.org)

by one reviewer; duplicates and irrelevant entries were removed in

the title and abstract screening. Records within the field of FLASH

radiotherapy were then screened according to the exclusion criteria:

comments, letters, editorials; micro-/mini-beam and other

radiotherapy approaches, detectors and dosimetry, infrastructure,

radiochemistry, mechanistic simulations, study protocols, reviews,

and treatment planning with electrons were excluded. In vivo pre-

clinical studies regardless of particle type and treatment planning

studies for FLASH-PT were included in the full-text screening.

Conference abstracts with a related published article were removed.
2.3 Data extraction from in vivo pre-clinical
studies

In vivo pre-clinical records on normal tissue sparing with

FLASH were assessed in full-text screening to quantify the

physical FLASH conditions defined above. For the data

extraction, CONV and UHDR data—irrespective of beam

modality (electrons, protons, photons assumed to produce

FLASH effect regardless of their fine structure (5–9))—needed to

be available for the data extraction. CONV and UHDR were defined

as averaged dose rates below 1 Gy/s and above 40 Gy/s, respectively.

The dose rate is averaged over the entire treatment fraction. The

extracted datasets included information about the biological system

and irradiated volume, the endpoint and assessment time, beam

characteristics, dose, averaged dose rate (ADR), other UHDR

characteristics such as pulse width, dose per pulse and pulse

frequency, and delivery time. While these experimental

parameters may vary between beam modalities, we assumed that

all experiments were descriptive of the FLASH effect based on the

currently available information. Pre-clinical experiments will be

referred to as pFLASH (proton FLASH) or eFLASH (electron

FLASH) to specifically address pre-clinical work with the

respective beam modality, in contrast to FLASH-PT which is used

to address clinical considerations. As the aim was to characterize the

physics parameters from the preclinical studies, negative results and

tumor control studies (e.g (40, 41).,) were excluded for the

description of these FLASH conditions; equivalent tumor control

was assumed using UHDR. This may add to the publication and

selection bias but aids in the characterization of the effect in terms of

additional normal tissue sparing.

To quantify the FLASH effect for the parameters of interest, the

FLASH enhancement ratio (FER) or a dose-modifying factor

(DMF = 1/FER) was used; it depends on the biological system,

endpoint and dose, and potentially on the physical FLASH
Frontiers in Oncology 04
condition. FER >1 indicates a normal tissue sparing through the

FLASH effect. If FER was not directly provided in the extracted

records, a conversion was performed depending on the data

availability for each condition. If numerical experimental data was

not available, it was digitized from graphs using WebPlotDigitizer

(42). The data points themselves as well as their uncertainty (e.g.,

reported as standard deviations) were converted to the FER.

For the quantification of the FLASH effect as a function of dose,

data from a recent review by Böhlen et al. (3) was extracted; its

results were used for the characterization of dose with respect to

FER. The fit function to describe the DMF with respect to dose was

derived from normal tissue complication probability (NTCP)

functions by Böhlen et al. (3), and its function parameters (dose

threshold and maximal sparing effect) were calculated for individual

and pooled data series. The inverted function (FER) was used for a

graphical representation of their individual and pooled results in

this work.

For the quantification of the FLASH effect as a function of dose

rate, at least three different dose rates had to be reported in the

datasets: a CONV and UHDR as previously defined, and

intermediate dose rate(s). FER values needed to be extractable

from the data; alternatively, ratios of intermediate dose rates

between CONV and UHDR needed to be derivable. Similar to the

approach by Böhlen et al. (3), the datapoints of the individual sets

were then fitted and displayed with a logistic function (Equation 1,

with dose rate and fit parameters, and FERmax).

F( _D) _D50,  g FER
50 ,  FERmax =

FERmax

1 + e−g
FER
50 ( log ( _D)− _D50)

+ 1 (1)

For the beam pause condition, pauses between subsequent

pulses or fields had to be reported and FER values needed to be

extractable from the data. For the fractionation condition,

fractionation schemes (irradiations separated by at least 24 h)

needed to be tested with CONV and UHDR. The results were

interpreted based on the occurrence of the FLASH effect.

Due to the heterogeneity in the dose rate studies, little data on

the beam pauses and the categorical representation of the

fractionation condition, the individual results were not

synthesized further. Nevertheless, general trends of these physical

parameters may be derived from the results, even as the body of

evidence will continue to grow with further pre-clinical studies.

The risk of bias was assessed using the SYRCLE Risk of Bias

(RoB) (43) tool, which aligns with Cochrane but is tailored to

animal studies. Ten domains were assessed in the categories (low/

high/unclear) for the following types of bias: selection bias,

performance bias, detection bias, attrition bias, reporting bias

and other.
2.4 Data extraction from treatment
planning studies

Treatment planning studies for FLASH-PT were assessed in full

text screening to extract solutions for incorporating the FLASH

effect in PT and mitigation strategies for knowledge gaps or
frontiersin.org
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necessary changes due to its incorporation. Records had to utilise at

least one UHDR treatment mode (TB or BP) proposed for FLASH-

PT and be tested on patient datasets. The extracted treatment

planning studies included information about treatment mode,

ridge filter design, treatment information (site, number of patient

datasets, fractionation), number of fields, spot reduction methods,

optimization technique, DR definition and evaluation methods. The

studies were grouped according to their treatment mode, treatment

sites, ridge filter design approaches, spot reduction approaches, dose

rate metrics and optimization methods used.

The risk of bias was assessed using a modified RoB framework

in the following categories: selection bias, data quality, study design,

comparative measures, outcome measures, statistical analysis,

reporting transparency, conflict of interest; see Supplementary

Table S8 in the Supplementary Material.
2.5 Impact assessment

The impact assessment for clinical FLASH-PT was performed

considering deviations from the conventional approach. The

method presented below will be referred to as “impact assessment”.

For the assessment of each FLASH condition in each treatment

process step, it was first determined if there was any impact. If so,

three sub-categories were scored on a 3-point scale [1 – 3]: the

available knowledge, the criticality for clinical application, and

proposed mitigation strategies and solutions proposed for

FLASH-PT. A higher score indicates more critical, less

understood, and less mitigable aspects, see Table 1. Finally, five

impact levels were defined:
Fron
i. Insignificant impact (scores 1, 2): Adjustments for

planning and delivery are small, easily manageable and

do not affect clinical routine.
tiers in Oncology 05
ii. Minor impact (scores 3, 4): Updates to hardware and

software require slight adjustments in protocols but are

manageable with existing strategies.

iii. Moderate impact (scores 6, 8): Slight adjustments in

planning and delivery that pose challenges in the process.

iv. Major impact (scores, 9, 12): Substantial modifications

are required to mitigate for uncertainties and enable

delivery effectively. More knowledge and solutions for

planning and delivery is required.

v. Severe impact (scores 18, 27): Planning and delivery is

hindered by missing knowledge and mitigation

strateg ies , caus ing severe compl ica t ions for

clinical translation.
The scoring was performed independently by two of the authors

active in the medical physics field with the information obtained

through the literature review. Consensus was reached by those

authors in a subsequent session; each sub-score was reviewed, and

deviating scores were resolved. The scores of each sub-category

were multiplied to a final impact score for each FLASH condition

and treatment planning step and mapped to the impact levels

defined above. The multiplication was chosen in order to put

more weight on intermediate to high scores. For each parameter,

the individual scores were summed.

For example, the effect of beam pauses on the choice of treatment

mode and beam directions could be scored as highly critical (score: 3)

for all clinical applications because beam interruptions may happen

even for single-field treatments. Limited knowledge on beam pauses

(score: 2) was available from the extracted data in the context of

multiple fields in one fraction. While this uncertainty can be

circumvented with single-field treatment, beam interruptions

cannot, resulting in limited mitigation strategies (score: 2). After

multiplication of these subscores, major impact was derived (total

score: 12), indicating that more knowledge is needed.
TABLE 1 Scoring categories on a three-point scale used for the determination of final impact score.

Category Score Description

No FLASH variable not relevant at this stage.

Low 1

Criticality: The FLASH variable imposes changes and limits but is not critical at this process stage.
Knowledge: There is a reasonable (more than five) amount of independent literature for the FLASH variable for multiple
clinical treatment regimes.
Mitigation: The knowledge gap about the FLASH variable can be circumvented for several common clinical applications;
mitigation strategies or solutions in treatment planning have been proposed and tested in multiple studies.

Intermediate 2

Criticality: The FLASH variable imposes changes and limits and is critical for some clinical applications at this process stage.
Knowledge: There are some reports (less than three) of independent literature for the FLASH variable for limited clinical
applications.
Mitigation: The knowledge gap about the FLASH variable may be circumvented in some clinical applications; mitigation
strategies or solutions in treatment planning have been proposed or only have a minor effect on the occurrence of the
FLASH effect and the generation of clinically acceptable plans. Proposed solutions are under development and require further
research.

High 3

Criticality: The FLASH variable imposes changes and limits and is critical for all clinical applications at this process stage.
Knowledge: The effects of this FLASH variable are unknown.
Mitigation: The knowledge gap about the FLASH variable cannot be circumvented and affects the occurrence of the FLASH
effect or the generation of a clinically acceptable treatment plan. No solutions have been proposed.
Criticality for clinical applications, available knowledge, and proposed mitigation strategies and solutions were defined.
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3 Results

3.1 Literature search

A total of 1867 records were found and screened. The screening

strategy is summarized in a PRISMA flow diagram (44) in Figure 2.

For the characterization of the physical FLASH conditions based on

in-vivo pre-clinical studies, 14 records were included. Additionally,

the screening yielded 27 treatment planning studies. Further details

on the results from the screened databases and search strategies for

each of the databases are provided in Supplementary Tables S1, S2

in the Supplementary Material.

The risk of bias for both pre-clinical studies and treatment

planning studies is provided in Supplementary Tables S7, S8 in the

Supplementary Material. For the former, the overall risk of bias in

the individual studies was low or unclear. The baseline
Frontiers in Oncology 06
characteristics were adequately chosen, the reports did not suffer

from reporting selective or incomplete outcomes. However, in some

cases, it was unclear if the animals were randomly housed and the

sequence was generated. More often, it was unclear if the allocation

was concealed and if the investigators were blinded.

The risk of bias in the treatment planning studies was generally

low as well. Concerns arose mainly from the selection of data due to

the small number of patients used for testing. The data quality was

generally good as clinical data had been used. The study design,

comparative methods and outcome measures all raised low

concerns. IMPT or VMAT were chosen for comparison with

FLASH plans, which were designed according to the current state

of knowledge, and conventional outcome measures of radiotherapy

such as dose metrics and dose volume histograms were adapted for

dose rate. Additionally, the reporting seemed transparent and

complete. Since the tests were sometimes performed on a limited
FIGURE 2

PRISMA flow diagram (44). In the identification step, the databases were searched, and duplicates were automatically removed. In the screening step,
manual duplicates were removed, sought for retrieval according to the general exclusion criteria, and then assessed for eligibility according to the
specific inclusion criteria for the pre-clinical and treatment planning studies. This led to 14 pre-clinical studies and 27 treatment planning studies
having been included.
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dataset, statistical analyses have not always been performed. Some

studies received funding from industrial partners, which might pose

as a conflict of interest.

3.1.1 In vivo pre-clinical studies
One systematic review by Böhlen et al. (3) was identified for the

quantification of dose. They analysed 27 experimental datasets. The

dose dependence of normal tissue sparing was parametrized for

individual data (10, 14, 15, 19, 45, 46) from a single dataset or for

pooled data grouped into all data, mammalian data, mammalian

skin data, mammalian data without skin, and mouse gut data.

Different tissues, endpoints, animal species, and beam types (e.g.

electrons or protons) were included. The dose threshold and

maximum sparing effect were determined in the review, their

results were converted to dose-FER curves as seen in Figure 3 for

the individual (A) and pooled data (B). Results showed a variable

dose threshold, if any was determined, and a variable maximum

sparing effect. A smaller effect was found for mouse gut (maximum

FER = 1.18 ± 0.09) compared to skin or lung data (maximum

FER = 1.96 ± 0.12 for skin data, maximum FER = 1.49 ± 0.05 for all

pooled data). With the creation of the different sub-groups, the

sensitivity to the investigated tissue types was reduced. In the low-

dose region, data are lacking.

Seven records quantified the dependence of the FLASH effect on

dose rate (8, 11, 13, 15, 20, 47, 48) (Supplementary Table S3 in the

Supplementary Material). Different tissues, endpoints, animal

species, beam types and dose prescriptions were included. The

dose rate dependence was parametrized by the maximum FER,

midpoint, and steepness. The maximum FER ranged between 1.07

and 1.49, the midpoint dose rate value from 0.2 Gy/s to 5.5 Gy/s, the

steepness parameter from 0.6 to 5.1 s/Gy. This variability prohibited

further synthesis, with additional confounds due to different dose

prescriptions and species as well as beam types. Across datasets,

maximum sparing was reached within 25–250 Gy/s (Figure 4), also

depending on the conventional DR used for comparison. The data
Frontiers in Oncology 07
suggest a saturation of the FLASH effect at high dose rates. At

intermediate DR, reduced sparing was observed throughout the

data, except for non-significant findings for mouse gut (15) and

zebrafish embryos (47).

The effect of beam pauses on the FLASH effect was investigated

in 4 records (15, 48–50), with one only providing a qualitative

description (49). Two pFLASH datasets (48, 50) followed a similar

protocol and used total doses of 30–40 Gy with 2-minute pauses on

mice skin and muscle, respectively. A reduced sparing effect was

observed with an increasing number of pauses at the same total

dose, i.e. FER = 1.44-1.61 for a single delivery, 1.18-1–28 with one

pause and 1.07-1.10 for two pauses. One eFLASH dataset (15) used

two pulses and pauses ranging from milliseconds to seconds on

mouse gut. The results were non-significant for the 30–31-week-old

mice. For the 9–10-week-old mice, a decreasing sparing effect was

observed with increasing pauses (CONV DR is not available for

comparison). Since pFLASH studies differed in their timing setup

from the eFLASH, the results were not synthesized further. The

qualitative dataset (49) comparing the histology of lungs observed

no differences between a single delivery and a delivery of 20 Gy split

into 10 beams separated by 1 min. For further details on the

extracted datasets, see Supplementary Table S4 in the

Supplementary Material.

Fractionated dose deliveries were extracted from four records

(51–54), all using mice brain function to assess different (hypo-)

fractionated schedules (Supplementary Table S5 in the

Supplementary Material). Novel object recognition and

electrophysiology tests were used (see Figure 5). No difference

was observed between the control and FLASH groups alongside a

significant reduction of brain function for the CONV group for one

to three fractions of 10, 2 × 7, and 10 × 3 Gy across the presented

tests. However, the FLASH effect was lost at a single delivery of 14

Gy; no significant results were reached at 4 × 3.5 Gy. As the

fractionation scheme differed for each experiment, the results

were not synthesized further.
FIGURE 3

FER vs. dose. The fit function and function parameters (dose threshold and maximal sparing effect) for the individual (from a single dataset) and
pooled data series were derived from Böhlen et al. (3). (A) Individual data series fits (Favaudon, 2014 (10), Vozenin, 2019 (14), Soto, 2020 (45), Zhang,
2020 (46), Ruan, 2021 (15), Sørensen, 2022 (19)). (B) Pooled data series fits of 27 datasets. The data were pooled into different sub-groups (all data,
mammalian data, mammalian skin data, mammalian data without skin, and mouse gut data).
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Because only positive results were included for the

quantification of the physical FLASH conditions, the results

might be biased toward a larger FLASH effect. In addition to the

selection of reports, a publication bias that favors positive results

regarding the FLASH effect might be present. Moreover, as the

overall body of literature is small, the overall certainty in the body of

evidence could also be regarded as small.

3.1.2 Treatment planning studies
Data from 27 records (24–29, 55–75) are summarized in

Supplementary Table S6 in the Supplementary Material, the main

results of the analysis with respect to solutions and mitigation

strategies for FLASH-PT are shown in Figure 6.

The ridge filter (RF) design for BP FLASH-PT to reduce overall

delivery time followed different approaches: part of the studies

relied on conventional energy switching or downstreammodulation

(29); general bar RF (66), pin-RF (24), universal range shifters and

range compensators (68), ridge pin designs (75), and 3D-RM (23)

were also used. Dose calculation was facilitated by ray-tracing or

pre-calculating the ridge filters for different pin heights (see

Supplementary Table S6 for more information).

Different methods for spot reduction to reduce the overall delivery

time have been tested: spot map optimization (68, 72), PB resampling

(76, 77), iterative spot reduction (66), pencil beam direction (PBD)-

based spot reduction (24), the design of sparse RF, or other reductions

that are embedded into optimization algorithms (67, 74, 75).
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Various DR metrics were used: sliding window (25), dose

threshold DR (57), spot-peak DR (26), time-averaged DR, PBS-

DR (78), and dose-averaged DR (DADR) (27). In several studies,

various definitions were used for the evaluation; the heterogeneity

reflected the uncertainty about the most suitable definition.

While most studies used conventional optimization approaches

(single/multi-field optimization, single-field uniform dose or

IMPT), others proposed novel approaches: simultaneous dose and

DR optimizations (55, 65, 75), objectives to optimize for disjoint

fields (DFO) (25), a sequential approach to optimize the scan

patterns after dose optimization (SPO) (63), or other approaches

(arc IMPT) (74). Dose rate optimization relied on different DR

metrics such as DADR and PBS-DR.

Delivering a single field per fraction as a subset of a multi-field

plan (alternating fields) was proposed to ensure the technical

deliverability of FLASH proton therapy (56) or to circumvent and

mitigate uncertainties about the effect (28). Transmission beams

were tested with a varying number of fields, with too few fields

resulting in unacceptable plan quality with respect to dose

conformity (59, 61). With spot spacing, a trade-off between plan

quality and FLASH-dose was seen (62, 64). Evaluation tools include

dose rate volume histograms and dose rate distributions.

Furthermore, irradiation times, number of irradiations, and

metrics such as the FLASH coverage were used. Others used the

FLASH-modified dose based on FER or the FLASH effectiveness

model (29).
FIGURE 4

Converted FER vs. averaged dose rates for eight datasets [Saade, 2023 (47), Karsch, 2022 (8), Loo, 2017 (13), Montay-Gruel, 2017 (11), Ruan, 2021
(15), Cunningham, 2021 (20), Poulsen, 2024 (48)] for eFLASH (e) and pFLASH (p) for zebrafish embryos (ZFE) or mice. Proton irradiations with
pencil beam scanning (PBS) are specified in the figure. Logistic fits for datasets with significant differences were added [exceptions: Ruan2021
(15) and Saade2023 (47)].
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FIGURE 6

Summary of data analysis from extracted treatment planning studies. (A) Treatment modes (TB: transmission beams; BP: Bragg peak beams; TB and
BP; Hybrid and TB/BP). (B) Treatment sites [pancreas, breast, lung, neuro, prostate, head and neck (H&N), and liver]. (C) Ridge filter designs
[concepts: general bar RF (66), pin-RF (24), universal range shifters and range compensators (68), ridge pin designs (75), 3D-RM (23)]. (D) Spot
reduction (SR) algorithms [concepts: spot map optimization (68, 72), PB resampling (76, 77), iterative spot reduction (66), pencil beam direction
(PBD)-based spot reduction (24), the design of sparse RF or embedded (67, 74, 75)]. (E) Dose rate (DR) metrics [concepts: sliding window (25), dose
threshold DR (57), spot-peak DR (26), time-averaged DR, PBS-DR (78), dose-averaged DR (DADR) (27)]. (F) Optimization algorithms of spot weights
[concepts: standard, simultaneous (55, 65, 75), disjoint fields (DFO) (25), additional scan pattern optimization (SPO) (63), arc IMPT (74)].
FIGURE 5

Fractionation. (A) Discrimination index from novel object recognition test for different fractionation schemes and biologically effective dose (BED) for
brain (a/b = 3) for the control, CONV, and FLASH group from Montay-Gruel, 2021 (54) and Allen, 2023 (52). Shaded areas show no significant
differences between CONV and FLASH. (B) Electrophysiology (mean potentiation 50–60 min after theta burst stimulation) for the control, CONV,
and FLASH group from Allen, 2023 (52), Alaghband, 2023 (51), and Limoli 2023 (53).
Frontiers in Oncology frontiersin.org09

https://doi.org/10.3389/fonc.2025.1550264
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


zur Horst et al. 10.3389/fonc.2025.1550264
In the selected reports, a variety of approaches were present in

each category, which might not be attributed to reporting biases and

lack of certainty in the body of evidence but rather reflected the

explorative and advancing developments in FLASH-PT treatment

planning and delivery.
3.2 Impact assessment

The results of the impact assessment on clinical FLASH-PT are

shown in Figure 7. The information from the review was used to

inform the knowledge and mitigation strategies’ scores and

combine it with what was relevant in each step of the treatment

process. The overall order of importance for the FLASH conditions

and aspects did not change before a consensus was reached. The

sub-scores for criticality, knowledge, and mitigation strategies—that

were reviewed in a discussion about each intersection—were equal

for 101 of 144 sub-scores; the remainder deviated by one point from

another in the individual scoring. All deviations were discussed to
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reach a consensus. The individual sub-scores are reported in

Supplementary Tables S9–S11 in the Supplementary Material.

Different impact levels were reached for various pairs of FLASH

conditions and process steps. An insignificant and minor impact

only calls for small adjustments in clinical routine, while a major

and severe impact results in substantial modifications to either

mitigate uncertainties or ensure the deliverability.

No impact was found for the target volume delineation and

OAR contouring step. The total sum of impact scores for each

parameter is highest for the beam pauses, followed by dose rate.

Dose requirements, i.e., a potential minimum dose, often have a

major impact due to their criticality for all clinical applications and

limited knowledge and mitigation strategies. The scores for the

fractionation condition are lower due to their reduced criticality and

available mitigation strategies, i.e., avoid fractionation in near-

future applications. Beam pauses and the number of fields are

highly critical in the choice of beam directions and in robustness,

and limited or no knowledge and mitigation strategies may result in

a major to severe impact of these. A similar pattern was observed for
FIGURE 7

Impact assessment of the treatment process for FLASH-PT for near-future applications for physical FLASH conditions (dose, fractionation, beam
pauses and number of fields, dose rate), delivery-related requirements (delivery time, treatment mode to account for transmission and BP beams),
and the requirements to account for radiobiology. For each process step and FLASH condition, (i) the available knowledge, (ii) the criticality for
clinical application, and (iii) the proposed mitigation strategies and solutions were scored on a three-point scale [1–3]. A higher score indicates more
critical, less understood, and less mitigable aspects. Then, five impact levels were assigned by multiplying the sub-scores, ranging from insignificant
impact not affecting clinical routine to severe impact causing severe complications for clinical translation. The summed scores for each condition
were used to describe the overall impact.
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the dose rate requirement at steps with a major or severe impact. A

radiobiological understanding is highly critical throughout most

treatment planning steps due to the possible clinical consequences

of changes in the biological effect but often has a minor to moderate

impact due to the possibility to circumvent the uncertainties.

Treatment mode alterations with respect to TB or BP beams

produced from ridge filters offer knowledge and solutions for

FLASH-PT, resulting in moderate to insignificant impact.
4 Discussion

We conducted an impact assessment of several FLASH

conditions on the FLASH-PT treatment process. To this end, we

identified (i) the currently available knowledge and gaps therein, (ii)

the criticality for several aspects of clinical application, and (iii)

mitigation strategies and solutions based on data extracted from a

systematic literature review. In accordance with the FLASH

conditions defined above, our main findings are discussed below.

Substantial uncertainty remains with respect to the lower and

upper limits of dose (in one fraction) for the FLASH effect (3),

which has a major impact on the selection of treatment sites and

dose to tumor and OAR. The lack of data for lower doses and the

pre-clinical setup using single doses on small volumes further

introduces uncertainty of its clinical translatability.

Since fractionation may have a differential effect on the FLASH

effect beyond fraction dose thresholds, it is considered as an

independent condition. However, limited pre-clinical data (51–

54) constrains fractionation schemes compatible with both

FLASH and clinical applications. To circumvent uncertainties

about fractionation, single-fraction or hypo-fractionated

treatments have been proposed (4, 79).

Multiple beams allow for robust and conformal treatment plans

but introduce pauses during the delivery of one fraction. Beam

pauses on the order of tens of seconds to minutes emerge as the

most crucial parameter for treatment planning and delivery due to

their relevance for multiple fields and for treatment interruptions.

Limited knowledge about re-irradiation during one fraction (15,

48–50) restricts the number of fields; the application to more

complex sites or the use of transmission beams becomes

infeasible with respect to dose conformity. Limited knowledge

about beam interruptions adds a severe safety concern to the

delivery of FLASH-PT plans.

Various studies (8, 11, 13, 15, 20, 47, 48) support a minimum

average dose rate for an optimal FLASH effect with electrons and

protons. Various dose rate definitions have been proposed to

account for temporal and spatial aspects of dose delivery with

PBS. However, it is unknown which serves as the best predictor of

the FLASH effect (80). This has a major impact on the optimization

and evaluation steps. Machine information such as beam current

for the calculation of dose rate in the TPS and a robust approach

regarding delivery-related fluctuations have to be integrated into the

planning process.

To decrease delivery time, spot placement and reduction (24,

66–68, 72, 74–77) are critical for the deliverability of PBS FLASH-
Frontiers in Oncology 11
PT, as the reduction of spots is likely to increase the dose rate

(PBS-DR).

Radiobiological unknowns about the magnitude of the normal

tissue sparing by the FLASH effect across tissues or patients can be

safely circumvented in most planning steps by staying within

conventional constraints on physical dose. In this way, it may be

considered as an added benefit in the evaluation of a clinically

acceptable plan. However, the lack of mechanistic understanding on

both normal tissue and tumor response has a severe impact on the

patient selection step and creates barriers for clinical translation.

Transmission beams come at the disadvantage of dose distal to

the target and decreased dose conformity, which limits beam

directions and treatment sites. In contrast, using the plateau

region reduces range uncertainties, making it feasible for, e.g.,

lung treatments (81). Additionally, transmission beams (64) or

dedicated algorithms (75) circumvent LET uncertainties. For BP

FLASH-PT, the ridge filter design, optimization, and robustness

(manufacturing, positioning, plan adaptation), evaluation, and QA

need to be constructed for this new planning and delivery process.

For QA and delivery of dose, dose rate, and beam pauses, sub-

millisecond resolution is required. Protocols and detectors are being

developed and tested for UHDR conditions; the temporal

characteristics could also be extracted from machine log files (33,

34). Some process steps such as delineation and contouring require

no or little changes for FLASH-PT or offer knowledge and

mitigation strategies that reduce the impact of biological

uncertainties and treatment mode aspects.

The characterization of physical conditions using the extracted

pre-clinical data is limited by the current body of literature,

uncertainties in the datasets, the FER conversion, and

assumptions about the FLASH effect, e.g., the independence of

particle type (5–9) and a saturation above 40–100 Gy/s and no

sparing for the baseline. Furthermore, the inhomogeneity of the

datasets with respect to the delivery of single (passively scattered)

beams or PBS (20, 48, 50) is not reflected in the average dose rates

used for analysis. A synthesis of individual results aside from the

dose condition (3) is not feasible yet due to lack of data (3). Aspects

relevant for the clinical translation, such as using lower doses (per

fraction), multiple fields, considering larger volumes, and different

targeted tissues, cannot be fully derived from pre-clinical studies.

The extracted treatment planning studies followed various

UHDR-compatible approaches. As FLASH-PT planning and

delivery is still in the early development stage, it concentrated on

presenting new algorithms and proof-of-principle mitigation

approaches and solutions rather than demonstrating clinical

feasibility for a selected patient group. Some approaches (26, 56–

59, 61, 62, 68, 69, 71, 72) have been used in multiple treatment

planning studies by the same research group. Another limitation in

the reviewed studies can be regarded as the continuous

development and incorporation of gained knowledge on FLASH-

PT planning and delivery, which limits the use of initial approaches.

During the review process, we mainly relied on single screening,

risk of bias rating, and data extraction, which introduced the risk of

error. Nevertheless, the plausibility of decisions was discussed with

a second author; the subsequent impact assessment was performed
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dually and independently. Furthermore, only a small number of

records with large variability were included in the final analysis,

which may further reduce the validity of the results. Ultimately, the

confidence in the overall conclusions is not expected to change due

to these methodological limitations. As more data becomes

available, the methodology can be revisited. Similarly, tumor

control studies could be added in future analyses.

The impact assessment effectively integrates available

information of the FLASH effect with the treatment process steps

and was used to evaluate the status of the clinical development of

the modality. Key focus areas—available knowledge and gaps,

criticality for clinical applications, and solutions and mitigation

strategies for its incorporation—were scored for different FLASH

conditions and process steps. However, dependencies may exist

between different process steps due to the proposed solutions and

mitigation strategies for FLASH-PT. Furthermore, there might be

unknown dependencies and connections that cannot be fully

accounted for. Mitigation strategies for beam pauses such as

alternating fields (4, 28) or disjoint fields (25) come at the

expense of normal tissue sparing through fractionation or

robustness against uncertainties, respectively. Apart from

optimization algorithms, dose rates can also be increased by

determining an optimal spot spacing or disabling repainting (48)

at the expense of dose homogeneity and robustness against

(breathing) motion, respectively. As another example,

hypofractionation potentially leads to a different impact of setup

uncertainties (82), and single fields do not allow to mitigate RBE

uncertainties. Depending on the choice of treatment mode and

treatment indication, the individual impact may differ.

The considerations in plan generation with respect to dose,

fractionation, beam pauses, and the mechanistic aspects may be

generalizable to other treatment modalities; for example, very-high-

energy electrons (VHEE) (83) as the link between those FLASH

conditions and planning steps are not specific to FLASH-PT

delivery characteristics. Meanwhile, treatment planning steps such

as optimization, evaluation, and QA relate to the delivery

characteristics of PBS PT as well as practical machine limitations,

e.g., on achievable and safe dose rates.

The FLASH effect was demonstrated for both plateau and BP

(84, 85) irradiations pre-clinically, with higher dose rates available

in the BP and less tolerable dose observed at same dose rates in the

BP (9). Few applications for transmission beams are foreseeable and

were tested in treatment planning studies, but the technical

limitation to achieve UHDR with BP beams was overcome with

hardware developments. The decreased delivery time may offer the

ability to “freeze” tumor and organ motion, which has great

potential to reduce uncertainties in conjunction with motion

management strategies (34). FLASH-PT may further offer

opportunities to expand and safely use hypofractionation (2).

Radiobiological modeling is based on mechanistic hypotheses

(35), phenomenological observations (29, 86), or a combination of

both (48). Models can be integrated first as an evaluation tool and

be refined based on pre-clinical and clinical data to enable their use
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in plan generation and optimization. Parameters like dose, timing,

and machine-related parameters should be adaptable and

integrable. The modeling, optimization, and evaluation of the

FLASH effect with respect to dose rate requires a definition

relating the delivery timing to corresponding radiobiological

evidence [e.g., field dose rates of around 80 Gy/s correspond to a

PBS-DR95% of 185 Gy/s with total delivery times of up to 730 ms in

one pFLASH study using PBS (19)].

Uncertainties about the FLASH effect with respect to dose and

delivery dynamics—dose rate and timing—require further pre-

clinical studies for a more complete characterization. Low doses

and fractionated treatments may be investigated in conjunction for

different tissue types. Most relevant for clinical translation,

however, is the effect of beam pauses or split doses within a

fraction and how the FLASH effect dynamics evolve from its

observed effect at high dose rates to multiple re-irradiations

within one fraction to the tissue recovery observed for

fractionated deliveries. Systematically varying the duration of the

beam pauses and the magnitude and number of split doses could

provide further insights needed when using small fraction doses or

multiple fields in one fraction.

Gaining evidence about normal tissue sparing and tumor

control in humans will also help to decrease radiobiological

knowledge gaps. Palliative or oligo-metastatic settings could

facilitate safe application for early FLASH-PT. Large fraction

doses and single fields with either transmission or BP beams

could already be tested in these clinical indications. Future

treatment planning studies should maintain their focus on the

development and integration of solutions for FLASH-PT while

also considering the potential of clinical treatment planning and

delivery for selected treatment sites with respect to deliverability,

safety, plan quality, and robustness. Furthermore, exploring the

possibilities to combine FLASH and conventional IMPT or

boosting the FLASH effect in certain regions might be considered,

especially with respect to larger target volumes.

In summary, the integration of the FLASH effect into clinical

proton therapy is already foreseeable in some clinical applications

but requires the extension of planning, delivery, and uncertainty

mitigation strategies. This includes the development of modular

and adaptable treatment planning systems and parameter

sensitivity analyses to ensure robust planning despite the

remaining FLASH uncertainties. Biological unknowns about the

dose threshold and delivery timing (fractionation, beam pauses, and

dose rate) hinder the adequate understanding and modeling of the

FLASH effect, which is crucial for FLASH-PT planning and delivery

strategies for a wider range of clinical applications.
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structure and dose rate as determinants for the flash effect observed in zebrafish
embryo. Radiotherapy Oncol. (2022) 173:49–54. doi: 10.1016/j.radonc.2022.05.025

9. Horst F, Bodenstein E, Brand M, Hans S, Karsch L, Lessmann E, et al. Dose and
dose rate dependence of the tissue sparing effect at ultra-high dose rate studied for
proton and electron beams using the zebrafish embryo model. Radiotherapy Oncol.
(2024) 194:110197. doi: 10.1016/j.radonc.2024.110197

10. Favaudon V, Caplier L, Monceau V, Pouzoulet F, Sayarath M, Fouillade C, et al.
Ultrahigh dose-rate FLASH irradiation increases the differential response between
normal and tumor tissue in mice. Sci Transl Med. (2014) 6:245ra293. doi: 10.1126/
scitranslmed.3008973

11. Montay-Gruel P, Petersson K, Jaccard M, Boivin G, Germond J-F, Petit B, et al.
Irradiation in a flash: Unique sparing of memory in mice after whole brain irradiation
with dose rates above 100 Gy/s. Radiotherapy Oncol. (2017) 124:365–9. doi: 10.1016/
j.radonc.2017.05.003

12. Montay-Gruel P, Acharya MM, Petersson K, Alikhani L, Yakkala C, Allen BD,
et al. Long-term neurocognitive benefits of FLASH radiotherapy driven by reduced
reactive oxygen species. Proc Natl Acad Sci U.S.A. (2019) 116:10943–51. doi: 10.1073/
pnas.1901777116

13. Loo BW, Schuler E, Lartey FM, Rafat M, King GJ, Trovati S, et al. (P003) delivery
of ultra-rapid flash radiation therapy and demonstration of normal tissue sparing after
abdominal irradiation of mice. Int J Radiat OncologyBiologyPhysics. (2017) 98:E16.
doi: 10.1016/j.ijrobp.2017.02.101

14. Vozenin MC, Hendry JH, Limoli CL. Biological benefits of ultra-high dose rate
FLASH radiotherapy: sleeping beauty awoken. Clin Oncol (R Coll Radiol). (2019)
31:407–15. doi: 10.1016/j.clon.2019.04.001

15. Ruan JL, Lee C, Wouters S, Tullis IDC, Verslegers M, Mysara M, et al. Irradiation
at ultra-high (FLASH) dose rates reduces acute normal tissue toxicity in the mouse
gastrointestinal system. Int J Radiat Oncol Biol Phys. (2021) 111:1250–61. doi: 10.1016/
j.ijrobp.2021.08.004

16. Montay-Gruel P, Bouchet A, Jaccard M, Patin D, Serduc R, Aim W, et al. X-rays
can trigger the FLASH effect: Ultra-high dose-rate synchrotron light source prevents
normal brain injury after whole brain irradiation in mice. Radiother Oncol. (2018)
129:582–8. doi: 10.1016/j.radonc.2018.08.016

17. Beyreuther E, Brand M, Hans S, Hideghety K, Karsch L, Lesmann E, et al.
Feasibility of proton FLASH effect tested by zebrafish embryo irradiation. Radiother
Oncol. (2019) 139:46–50. doi: 10.1016/j.radonc.2019.06.024

18. Velalopoulou A, Karagounis IV, Cramer GM, KimMM, Skoufos G, Goia D, et al.
FLASH proton radiotherapy spares normal epithelial and mesenchymal tissues while
preserving sarcoma response. Cancer Res. (2021) 81:4808–21. doi: 10.1158/0008-
5472.Can-21-1500

19. Singers Sørensen B, Krzysztof Sitarz M, Ankjaergaard C, Johansen J, Andersen
CE, Kanouta E, et al. In vivo validation and tissue sparing factor for acute damage of
pencil beam scanning proton FLASH. Radiother Oncol. (2022) 167:109–15.
doi: 10.1016/j.radonc.2021.12.022

20. Cunningham S, McCauley S, Vairamani K, Speth J, Girdhani S, Abel E, et al.
FLASH proton pencil beam scanning irradiation minimizes radiation-induced leg
contracture and skin toxicity in mice. Cancers (Basel). (2021) 13:1012. doi: 10.3390/
cancers13051012

21. Jolly S, Owen H, Schippers M, Welsch C. Technical challenges for FLASH
proton therapy. Physica Med. (2020) 78:71–82. doi: 10.1016/j.ejmp.2020.08.005

22. Nesteruk KP, Psoroulas S. Flash irradiation with proton beams: Beam
characteristics and their implications for beam diagnostics. Appl Sci (Switzerland).
(2021) 11:1–11. doi: 10.3390/app11052170

23. Simeonov Y, Weber U, Penchev P, Ringbaek TP, Schuy C, Brons S, et al. 3D
range-modulator for scanned particle therapy: Development, Monte Carlo simulations
and experimental evaluation. Phys Med Biol. (2017) 62:7075–96. doi: 10.1088/1361-
6560/aa87f5

24. Ma C, Zhou J, Chang C, Wang Y, Patel PR, Yu DS, et al. Streamlined pin-ridge-
filter design for single-energy proton FLASH planning. Med Phys. (2024) 51:2955–66.
doi: 10.1002/mp.16939

25. Schwarz M, Traneus E, Safai S, Kolano A, van de Water S. Treatment planning
for Flash radiotherapy: General aspects and applications to proton beams. Med Phys.
(2022) 49:2861–74. doi: 10.1002/mp.15579

26. van Marlen P, Dahele M, Folkerts M, Abel E, Slotman BJ, Verbakel WFAR.
Bringing FLASH to the clinic: treatment planning considerations for ultrahigh dose-
rate proton beams. Int J Radiat OncologyBiologyPhysics. (2020) 106:621–9.
doi: 10.1016/j.ijrobp.2019.11.011

27. van de Water S, Safai S, Schippers JM, Weber DC, Lomax AJ. Towards FLASH
proton therapy: the impact of treatment planning and machine characteristics on
achievable dose rates. Acta Oncol (Madr). (2019) 58:1463–9. doi: 10.1080/
0284186X.2019.1627416

28. Habraken S, Breedveld S, Groen J, Nuyttens J, Hoogeman M. Trade-off in
healthy tissue sparing of FLASH and fractionation in stereotactic proton therapy of
Frontiers in Oncology 14
lung lesions with transmission beams. Radiotherapy Oncol. (2022) 175:231–7.
doi: 10.1016/j.radonc.2022.08.015

29. Krieger M, van de Water S, Folkerts MM, Mazal A, Fabiano S, Bizzocchi N, et al.
A quantitative FLASH effectiveness model to reveal potentials and pitfalls of high dose
rate proton therapy. Med Phys. (2022) 49:2026–38. doi: 10.1002/mp.15459

30. Bourhis J, Sozzi WJ, Jorge PG, Gaide O, Bailat C, Duclos F, et al. Treatment of a
first patient with FLASH-radiotherapy. Radiotherapy Oncol. (2019) 139:18–22.
doi: 10.1016/j.radonc.2019.06.019

31. Mascia AE, Daugherty EC, Zhang Y, Lee E, Xiao Z, Sertorio M, et al. Proton
FLASH radiotherapy for the treatment of symptomatic bone metastases: the FAST-01
nonrandomized trial. JAMA Oncol. (2023) 9:62–9. doi: 10.1001/jamaoncol.2022.5843

32. Daugherty EC, Zhang Y, Xiao Z, Mascia AE, Sertorio M, Woo J, 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. doi: 10.1186/s13014-024-02419-4

33. Spruijt K, Mossahebi S, Lin H, Lee E, Kraus J, Dhabaan A, 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) 51:786–98. doi: 10.1002/mp.16854

34. Zou W, Zhang R, Schüler E, Taylor PA, Mascia AE, Diffenderfer ES, et al.
Framework for quality assurance of ultrahigh dose rate clinical trials investigating
FLASH effects and current technology gaps. Int J Radiat OncologyBiologyPhysics.
(2023) 116:1202–17. doi: 10.1016/j.ijrobp.2023.04.018

35. Shiraishi Y, Matsuya Y, Fukunaga H. Possible mechanisms and simulation
modeling of FLASH radiotherapy. Radiol Phys Technol. (2024) 17:11–23. doi: 10.1007/
s12194-023-00770-x

36. Klüter S, Schrenk O, Renkamp CK, Gliessmann S, Kress M, Debus J, et al. A
practical implementation of risk management for the clinical introduction of online
adaptive Magnetic Resonance-guided radiotherapy. Phys Imaging Radiat Oncol. (2021)
17:53–7. doi: 10.1016/j.phro.2020.12.005

37. Huq MS, Fraass BA, Dunscombe PB, Gibbons JP, Ibbott GS, Medin PM, et al. A
method for evaluating quality assurance needs in radiation therapy. Int J Radiat
OncologyBiologyPhysics. (2008) 71:S170–3. doi: 10.1016/j.ijrobp.2007.06.081

38. Cantone MC, Ciocca M, Dionisi F, Fossati P, Lorentini S, Krengli M, et al.
Application of failure mode and effects analysis to treatment planning in scanned
proton beam radiotherapy. Radiat Oncol. (2013) 8:127. doi: 10.1186/1748-717X-8-127

39. Veronese I, De Martin E, Martinotti AS, Fumagalli ML, Vite C, Redaelli I, et al.
Multi-institutional application of failure mode and effects analysis (FMEA) to
cyberKnife stereotactic body radiation therapy (SBRT). Radiat Oncol. (2015) 10:132.
doi: 10.1186/s13014-015-0438-0

40. Venkatesulu BP, Sharma A, Pollard-Larkin JM, Sadagopan R, Symons J, Neri S,
et al. 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. doi: 10.1038/s41598-019-53562-y

41. Sørensen BS, Sitarz MK, Ankjaergaard C, Johansen JG, Andersen CE, Kanouta E,
et al. Pencil beam scanning proton FLASH maintains tumor control while normal
tissue damage is reduced in a mouse model. Radiother Oncol. (2022) 175:178–84.
doi: 10.1016/j.radonc.2022.05.014

42. Rohatgi A. WebPlotDigitizer, version 4.7 . Available online at: https://automeris.
io/WebPlotDigitizer.html (Accessed April 10, 2024).

43. Hooijmans CR, Rovers MM, De Vries RBM, Leenaars M, Ritskes-Hoitinga M,
Langendam MW. SYRCLE’s risk of bias tool for animal studies. BMC Med Res
Methodol. (2014) 14:43. doi: 10.1186/1471-2288-14-43

44. Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC, Mulrow CD, et al.
The PRISMA 2020 statement: An updated guideline for reporting systematic reviews.
BMJ. (2021) 372:n71. doi: 10.1136/bmj.n71

45. Soto LA, Casey KM, Wang J, Blaney A, Manjappa R, Breitkreutz D, et al. FLASH
irradiation results in reduced severe skin toxicity compared to conventional-dose-rate
irradiation. Radiat Res. (2020) 194:618–24. doi: 10.1667/rade-20-00090

46. Zhang Q, Cascio E, Li C, Yang Q, Gerweck LE, Huang P, et al. FLASH
investigations using protons: design of delivery system, preclinical setup and
confirmation of FLASH effect with protons in animal systems. Radiat Res. (2020)
194:656–64. doi: 10.1667/rade-20-00068.1

47. Saade G, Bogaerts E, Chiavassa S, Blain G, Delpon G, Evin M, et al. Ultrahigh-
dose-rate proton irradiation elicits reduced toxicity in zebrafish embryos. Adv Radiat
Oncol. (2023) 8:101124. doi: 10.1016/j.adro.2022.101124

48. Poulsen PR, Johansen JG, Sitarz MK, Kanouta E, Kristensen L, Grau C, et al.
Oxygen enhancement ratio–weighted dose quantitatively describes acute skin toxicity
variations in mice after pencil beam scanning proton FLASH irradiation with changing
doses and time structures. Int J Radiat OncologyBiologyPhysics. (2024) 120:276–86.
doi: 10.1016/j.ijrobp.2024.02.050

49. Dai Y, Liang R, Wang J, Zhang J, Wu D, Zhao R, et al. Fractionated FLASH
radiation in xenografted lung tumors induced FLASH effect at a split dose of 2 Gy. Int J
Radiat Biol. (2023) 99:1542–9. doi: 10.1080/09553002.2023.2194403

50. Mascia A, McCauley S, Speth J, Nunez SA, Boivin G, Vilalta M, et al. Impact of
multiple beams on the FLASH effect in soft tissue and skin in mice. Int J Radiat Oncol
Biol Phys. (2024) 118:253–61. doi: 10.1016/j.ijrobp.2023.07.024
frontiersin.org

https://doi.org/10.1016/j.radonc.2022.07.011
https://doi.org/10.1016/j.radonc.2022.05.025
https://doi.org/10.1016/j.radonc.2024.110197
https://doi.org/10.1126/scitranslmed.3008973
https://doi.org/10.1126/scitranslmed.3008973
https://doi.org/10.1016/j.radonc.2017.05.003
https://doi.org/10.1016/j.radonc.2017.05.003
https://doi.org/10.1073/pnas.1901777116
https://doi.org/10.1073/pnas.1901777116
https://doi.org/10.1016/j.ijrobp.2017.02.101
https://doi.org/10.1016/j.clon.2019.04.001
https://doi.org/10.1016/j.ijrobp.2021.08.004
https://doi.org/10.1016/j.ijrobp.2021.08.004
https://doi.org/10.1016/j.radonc.2018.08.016
https://doi.org/10.1016/j.radonc.2019.06.024
https://doi.org/10.1158/0008-5472.Can-21-1500
https://doi.org/10.1158/0008-5472.Can-21-1500
https://doi.org/10.1016/j.radonc.2021.12.022
https://doi.org/10.3390/cancers13051012
https://doi.org/10.3390/cancers13051012
https://doi.org/10.1016/j.ejmp.2020.08.005
https://doi.org/10.3390/app11052170
https://doi.org/10.1088/1361-6560/aa87f5
https://doi.org/10.1088/1361-6560/aa87f5
https://doi.org/10.1002/mp.16939
https://doi.org/10.1002/mp.15579
https://doi.org/10.1016/j.ijrobp.2019.11.011
https://doi.org/10.1080/0284186X.2019.1627416
https://doi.org/10.1080/0284186X.2019.1627416
https://doi.org/10.1016/j.radonc.2022.08.015
https://doi.org/10.1002/mp.15459
https://doi.org/10.1016/j.radonc.2019.06.019
https://doi.org/10.1001/jamaoncol.2022.5843
https://doi.org/10.1186/s13014-024-02419-4
https://doi.org/10.1002/mp.16854
https://doi.org/10.1016/j.ijrobp.2023.04.018
https://doi.org/10.1007/s12194-023-00770-x
https://doi.org/10.1007/s12194-023-00770-x
https://doi.org/10.1016/j.phro.2020.12.005
https://doi.org/10.1016/j.ijrobp.2007.06.081
https://doi.org/10.1186/1748-717X-8-127
https://doi.org/10.1186/s13014-015-0438-0
https://doi.org/10.1038/s41598-019-53562-y
https://doi.org/10.1016/j.radonc.2022.05.014
https://automeris.io/WebPlotDigitizer.html
https://automeris.io/WebPlotDigitizer.html
https://doi.org/10.1186/1471-2288-14-43
https://doi.org/10.1136/bmj.n71
https://doi.org/10.1667/rade-20-00090
https://doi.org/10.1667/rade-20-00068.1
https://doi.org/10.1016/j.adro.2022.101124
https://doi.org/10.1016/j.ijrobp.2024.02.050
https://doi.org/10.1080/09553002.2023.2194403
https://doi.org/10.1016/j.ijrobp.2023.07.024
https://doi.org/10.3389/fonc.2025.1550264
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


zur Horst et al. 10.3389/fonc.2025.1550264
51. Alaghband Y, Allen BD, Kramár EA, Zhang R, Drayson OGG, Ru N, et al.
Uncovering the protective neurologic mechanisms of hypofractionated FLASH
radiotherapy. Cancer Res Commun. (2023) 3:725–37. doi: 10.1158/2767-9764.CRC-
23-0117

52. Allen BD, Alaghband Y, Kramár EA, Ru N, Petit B, Grilj V, et al. Elucidating the
neurological mechanism of the FLASH effect in juvenile mice exposed to
hypofractionated radiotherapy. Neuro Oncol. (2023) 25:927–39. doi: 10.1093/neuonc/
noac248

53. Limoli CL, Kramar EA, Almeida A, Petit B, Grilj V, Baulch JE, et al. The sparing
effect of FLASH-RT on synaptic plasticity is maintained in mice with standard
fractionation. Radiother Oncol. (2023) 186:109767. doi: 10.1016/j.radonc.2023.109767

54. Montay-Gruel P, Acharya MM, Goncalves Jorge P, Petit B, Petridis IG, Fuchs P,
et al. Hypofractionated FLASH-RT as an effective treatment against glioblastoma that
reduces neurocognitive side effects in mice. Clin Cancer Res. (2021) 27:775–84.
doi: 10.1158/1078-0432.Ccr-20-0894

55. Gao H, Lin B, Lin Y, Fu S, Langen K, Liu T, et al. Simultaneous dose and dose
rate optimization (SDDRO) for FLASH proton therapy. Med Phys. (2020) 47:6388–95.
doi: 10.1002/mp.14531

56. van Marlen P, Dahele M, Folkerts M, Abel E, Slotman BJ, Verbakel W. Ultra-
high dose rate transmission beam proton therapy for conventionally fractionated head
and neck cancer: treatment planning and dose rate distributions. Cancers (Basel).
(2021) 13:1859. doi: 10.3390/cancers13081859

57. Kang M, Wei S, Choi JI, Simone CB, Lin H. Quantitative assessment of 3D dose
rate for proton pencil beam scanning FLASH radiotherapy and its application for lung
hypofractionation treatment planning. Cancers (Basel). (2021) 13:3549. doi: 10.3390/
cancers13143549

58. Wei S, Lin H, Choi JI, Press RH, Lazarev S, Kabarriti R, et al. FLASH
radiotherapy using single-energy proton PBS transmission beams for
hypofractionation liver cancer: dose and dose rate quantification. Front Oncol.
(2022) 11:813063. doi: 10.3389/fonc.2021.813063

59. Wei S, Lin H, Huang S, Shi C, Xiong W, Zhai H, et al. Dose rate and dose
robustness for proton transmission FLASH-RT treatment in lung cancer. Front Oncol.
(2022) 12:970602. doi: 10.3389/fonc.2022.970602

60. Gao H, Liu J, Lin Y, Gan GN, Pratx G, Wang F, et al. Simultaneous dose and dose
rate optimization (SDDRO) of the FLASH effect for pencil-beam-scanning proton
therapy. Med Phys. (2022) 49:2014–25. doi: 10.1002/mp.15356

61. van Marlen P, Verbakel WFAR, Slotman BJ, Dahele M. Single-fraction 34 gy
lung stereotactic body radiation therapy using proton transmission beams: FLASH-
dose calculations and the influence of different dose-rate methods and dose/dose-
rate thresholds. Adv Radiat Oncol. (2022) 7:100954. doi: 10.1016/j.adro.
2022.100954

62. van Marlen P, van de Water S, Dahele M, Slotman BJ, Verbakel WFAR. Single
ultra-high dose rate proton transmission beam for whole breast FLASH-irradiation:
quantification of FLASH-dose and relation with beam parameters. Cancers (Basel).
(2023) 15:2579. doi: 10.3390/cancers15092579
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