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Abstract
Purpose: In ultrahigh dose rate radiotherapy, the FLASH effect can lead to
substantially reduced healthy tissue damage without affecting tumor control.
Although many studies show promising results,the underlying biological mecha-
nisms and the relevant delivery parameters are still largely unknown.It is unclear,
particularly for scanned proton therapy,how treatment plans could be optimized
to maximally exploit this protective FLASH effect.
Materials and Methods: To investigate the potential of pencil beam scanned
proton therapy for FLASH treatments, we present a phenomenological model,
which is purely based on experimentally observed phenomena such as potential
dose rate and dose thresholds, and which estimates the biologically effective
dose during FLASH radiotherapy based on several parameters. We applied this
model to a wide variety of patient geometries and proton treatment planning
scenarios, including transmission and Bragg peak plans as well as single- and
multifield plans. Moreover, we performed a sensitivity analysis to estimate the
importance of each model parameter.
Results: Our results showed an increased plan-specific FLASH effect for trans-
mission compared with Bragg peak plans (19.7% vs. 4.0%) and for single-
field compared with multifield plans (14.7% vs. 3.7%), typically at the cost of
increased integral dose compared to the clinical reference plan. Similar FLASH
magnitudes were found across the different treatment sites, whereas the clini-
cal benefits with respect to the clinical reference plan varied strongly. The sen-
sitivity analysis revealed that the threshold dose as well as the dose per frac-
tion strongly impacted the FLASH effect, whereas the persistence time only
marginally affected FLASH. An intermediate dependence of the FLASH effect
on the dose rate threshold was found.
Conclusions: Our model provided a quantitative measure of the FLASH
effect for various delivery and patient scenarios, supporting previous assump-
tions about potentially promising planning approaches for FLASH proton ther-
apy. Positive clinical benefits compared to clinical plans were achieved using
hypofractionated,single-field transmission plans.The dose threshold was found
to be an important factor, which may require more investigation.
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1 INTRODUCTION

FLASH radiotherapy has gained increasing interest in
recent years. Many studies have shown a protective, so-
called “FLASH” effect on healthy tissues without com-
promising tumor control for dose delivered orders of
magnitude faster than in conventional radiotherapy.

In 2014,Favaudon et al.found that mice irradiated with
electron beams at dose rates>40 Gy/s did not show any
lung fibrosis, whereas the same dose levels delivered at
0.03 Gy/s induced substantial fibrosis.1 Importantly, no
dose rate-dependent difference in the tumor control was
observed.

Since then, many other studies have confirmed the
protective effects on a variety of healthy tissue types and
preclinical models.2–10

In these studies, the delivery physics is central to the
experimental setup and discussion. Although the initial
publication of Favaudon et al. focused on 40 Gy/s, it
is not clear where in the FLASH dose rate range this
value falls. Some studies regard 40 Gy/s as a minimum
threshold for observing the FLASH effect,5 whereas oth-
ers suggest that 100 Gy/s is the minimum.4 Even the
very definition of dose rate is a point of discussion, as
some authors highlight the importance of the instanta-
neous dose rate within the pulsed microstructure of the
radiofrequency (RF) beam delivery system,11 whereas
the often-reported value (like 40 Gy/s) is the time-
averaged dose rate. Other studies suggest the pres-
ence of a minimum dose threshold to trigger the FLASH
effect.7

The search for a biologically meaningful dose and
dose rate definition gains even more importance for pen-
cil beam scanned (PBS) proton therapy, where a narrow
proton beam is scanned spot by spot to cover the whole
target, giving rise to a spatially and temporally varying
dose rate.Several groups attempted to quantify the dose
rate in order to estimate the potential magnitude of the
FLASH effect for certain PBS treatment plans. Van de
Water and colleagues introduced the “Dose-Averaged
Dose Rate” (DADR), calculating the voxel-wise instan-
taneous dose rate of every spot and taking the dose-
weighted average of these dose rates.12 The “Spot-Peak
Dose Rate” analysis presented by Van Marlen et al.13

goes one step further and differentiates between spot-
wise dose rates to calculate the voxel-wise percent-
age of the total dose that is delivered above a certain
threshold dose rate. Although these dose rate metrics
can give a first-order estimate of the dose rates corre-
lated to a certain treatment plan, they ignore the dead
times in-between spots needed to scan the beam lat-
erally or change the beam energy. A different dose rate
definition that overcomes this limitation is the “PBS dose
rate” recently presented by Folkerts et al.14 This metric
includes the dead times in the voxel-wise average dose
rate, while excluding the time before the first and after
the last dose contribution to a given voxel. Although this

PBS dose rate correlates more closely with the field-
averaged dose rates reported in electron FLASH litera-
ture than DADR, it does not differentiate between spots
that are delivered at different instantaneous dose rates,
and thus the dose in any voxel is assumed to either be
delivered fully as FLASH, or with no FLASH at all when
simply assuming a dose rate threshold.

Until the biological mechanisms behind the FLASH
effect are better understood, the proper definition of
dose rate will remain elusive. This study attempts to
sidestep this issue by instead introducing a phenomeno-
logical FLASH effectiveness model. Our model is based
on the idea of Mazal et al.,15 who suggested the use
of an effectiveness factor for the contribution of every
pencil beam to every voxel: this factor takes a value <1
if a certain portion of dose is delivered as FLASH, and
equal to 1 otherwise. This concept allows the estima-
tion of the potential biologically effective dose reduc-
tion for highly variable treatment deliveries, common
to intensity-modulated proton therapy (IMPT). In order
to determine what dose is delivered as FLASH, our
extended model incorporates four parameters: a dose
threshold, a dose rate threshold, a FLASH effectiveness
factor, and a persistence time within which FLASH is
still considered active after the FLASH trigger window
has ended. In contrast to the previously mentioned dose
rate definitions, this model includes basic radiobiologi-
cal considerations, without making assumptions about
the underlying biological mechanisms.

The aim of the current study, focused on PBS proton
delivery, is to quantify the potential FLASH effect for a
variety of treatment sites using different treatment plan-
ning and delivery strategies, and additionally to assess
the FLASH sparing dependence on physical character-
istics such as dose rate and dose thresholds as well
as the persistence time. In addition, we compare any
potential dosimetric benefits of FLASH proton therapy
with current clinical practice.To this purpose,we present
a FLASH effectiveness model, which combines repre-
sentative PBS delivery dynamics with a parametrized
implementation of the aforementioned physical parame-
ters allowing for a survey of high dose rate PBS proton
treatment plans. Because the only biology assumed is
a FLASH sparing “factor,” and all physical variables are
parameterized, this model enables the creation of can-
didate FLASH treatment plans based on realistic deliv-
ery parameters available clinically today, and as such
could help guide future biology research aimed at clini-
cal translation of proton FLASH therapy.

2 MATERIALS AND METHODS

2.1 FLASH effectiveness model

The FLASH effectiveness model attempts to consider
experimental observations to calculate the biologically
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F IGURE 1 Illustration of the procedure of determining whether
the dose delivered at time t (red marker) is delivered in FLASH mode
(top panel). If the average dose rate and the total dose delivered
between any t0 ≤ t and t1 ≥ t (black markers) are above the
respective thresholds, FLASH is triggered at time t. Bottom panel:
spot-wise dose rate that defines the given cumulative dose

effective dose in the presence of the FLASH effect. The
idea was first presented by Mazal et al.15 and imple-
mented in MATLAB (version 2018a) for this work. The
principle is the following: if the time varying dose rate
and dose to a voxel are above the respective thresholds,
FLASH is “triggered” for that voxel. Once triggered, the
FLASH effect will remain “active” within this voxel for a
certain period of time, known as the persistence time.
Any dose delivered as FLASH is assumed to be bio-
logically less “effective” and thus multiplied by a FLASH
effectiveness factor (FEF) that is <1 (correlating to the
reduced toxicity).Because the FLASH effect only affects
healthy tissue cells without altering the tumor response,
the model assigns this factor only to healthy tissues,
while keeping the dose in tumor cells unchanged (i.e.,
FEF = 1). Details of the algorithm follow.

2.1.1 Triggering FLASH

For every voxel v, consider the cumulative dose deliv-
ered as a function of time, dv(t) (see Figure 1). In a
PBS delivery, multiple temporally and spatially sepa-
rated pencil beams will contribute to dv(t). All pencil
beams contributing to the respective voxel are delivered
between tstart and tend. For every time point t between
tstart and tend with nonzero dose contribution, FLASH is
triggered if there exist t0 and t1 with tstart ≤ t0 ≤ t ≤ t1 ≤

tend, which fulfil the following two conditions:

dv (t1) − dv (t0)
t1 − t0

≥ DRthr,

dv (t1) − dv (t0) ≥ Dthr,

where DRthr describes the dose rate threshold and Dthr
is the dose threshold. In other words,FLASH is triggered
for any time point during the dose delivery if there is
a time window around this time point within which the
average dose rate including any dead times is above the
dose rate threshold and the total dose delivered is above
the dose threshold. This definition may result in multi-
ple FLASH trigger windows per treatment field. Each of
those FLASH trigger windows is followed by a persis-
tence time, within which the FLASH effect is still consid-
ered active,regardless of the dose or dose rate delivered
in this period.The FLASH trigger itself is independent of
the persistence time. More information on how the time
points t0 and t1 are determined can be found in the Sup-
porting Information.

2.1.2 Parameters

The above-presented model includes four main param-
eters: the dose threshold Dthr, the dose rate thresh-
old DRthr, the FLASH persistence time, and the FEF.
Although the FEF only scales the magnitude of the
FLASH-induced dose reduction linearly, the other three
parameters influence the spatiotemporal FLASH distri-
bution in a nontrivial way. The FLASH persistence time
could be interpreted as reoxygenation time in case the
oxygen depletion hypothesis proves true but is also a
valid FLASH-prolonging parameter in the case of differ-
ent biological mechanisms.

Based on the publication of Pratx et al., an FEF of
0.67 was chosen for this study, allowing for a maxi-
mal sparing of 33%.16 Favaudon et al.1 and Montay-
Gruel et al.4 have observed the FLASH effect for dose
rates above 40 and 100 Gy/s, respectively, which were
assumed as potential thresholds in this study. The dose
threshold is currently less well-explored. Some studies,
however, suggested a value of 5–10 Gy.1,4 Lastly, the
FLASH persistence time is estimated to be in the range
of 200–500 ms.16

2.2 Treatment planning scenarios
and anatomical sites

Several treatment planning strategies were evaluated in
this study, as summarized in Table 1. Three major char-
acteristics were varied:(i) which part of the proton pencil
beam is used to cover the tumor, that is, conventional
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TABLE 1 Overview over the different treatment planning scenarios

Plan name Mode
Energy
modulation

Number of
fields

Single field upstream (SU) Bragg peak Upstream 1

Multifield upstream (MU, clinical reference plan) Bragg peak Upstream 2–4

Single field downstream (SD) Bragg peak Downstream 1

Multifield downstream (MD) Bragg peak Downstream 2–4

Single field transmission (ST) Transmission None 1

Multifield transmission (MT) Transmission None 7–11

Note: Number of fields of the MU/MD plans: 2 (pancreas, prostate, lung), 3 (brain), and 4 (nasal cavity). Number of fields for the MT plans: 7 (PR1), 9 (PA1/2, LU1,
NC1), 10 (BR1, NC2, PR2), and 11 (BR2, LU2).

F IGURE 2 Illustration of the three delivery techniques considered in this study

Bragg peak based versus transmission/shoot-through
planning; (ii) whether the beam energy is modulated
using a conventional upstream degrader or downstream
range-shifter plates close to the patient; and (iii) the
number of fields per plan. Each of these characteristics
affects the total dose per spot as well as the delivery
dynamics and thus may influence the FLASH effect.
The difference between upstream- and downstream-
modulated plans were simulated because high energies
are generally transported more efficiently (see Sec-
tion 2.3), which renders downstream energy modulation
using range-shifter plates an interesting approach.17

Please note that the range-shifter plates were modeled
by adjusting the water equivalent depth of each voxel in
steps of 4.6 mm, which in turn increased the spot sizes
at the target position compared to upstream-degraded
plans due to increased multiple coulomb scattering.
The difference between upstream and downstream
energy modulation as well as transmission planning is
illustrated in Figure 2.

All treatment plans were generated using an in-
house-developed planning system based on the open-
source planning toolkit “matRad.”18 Multifield plans were
optimized using IMPT,19 whereas transmission plans
only contained pencil beams with the highest available
beam energy of 229 MeV. Spot widths (sigma, in-air at
isocenter, without pre-absorber) ranged approximately
between 5.2 and 2.3 mm for energies of 71 and 229 MeV,
respectively. Please note that no air gap was modeled,
representing a best-case scenario for the range shifter
plans in terms of spot sizes and thus of plan quality and
integral dose.In order to remove low-weighted spots and
potentially increase the dose rate, the number of spots

in all treatment plans was greatly reduced by applying
the spot-reduction algorithm presented by Van de Water
et al.20

Treatment plans were generated for five different
treatment sites: brain (BR), lung (LU), nasal cavity (NC),
pancreas (PA), and prostate (PR). Each of these five
treatment sites is represented in this study by two sep-
arate patient geometries, that is, 10 geometries were
investigated in total. To facilitate practical comparison
between treatment sites, all cases were planned with a
prescribed dose of 60 Gy, delivered in 30 fractions, irre-
spective of the dose that was prescribed clinically. We
used prioritized multicriterial optimization, aiming first
at adequate target coverage (V95% ≥ 98%) and target
homogeneity (V107% ≤ 2%), followed by improving dose
conformality (using ring structures around the target vol-
ume) and reduction of OAR doses. If a clinical treatment
plan was available (for the brain, lung, nasal cavity, and
pancreas cases), the (scaled) clinical OAR doses were
set as planning goal, otherwise OAR doses were mini-
mized as much as possible (for the prostate cases).

The single-field beam angles were selected manu-
ally, generally trying to avoid normal tissue exposure as
much as possible. For the multifield Bragg peak-based
plans, the original clinical field arrangements were used
if available, with the exact number of fields depending
on the treatment site: two fields for the pancreas and
lung cases, three fields for the brain cases, and four
fields for the nasal cavity cases. For the prostate cases,
a typical two-field lateral parallel-opposed arrangement
was applied. Multifield transmission planning was ini-
tiated with a 120-field arrangement, distributed over
three noncoplanar arcs (–30, 0, and 30 degrees with
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respect to transverse plane, 9-degree field separation
within each arc) for the brain, nasal cavity, and pan-
creas cases, or distributed over a single coplanar arc (3-
degree field separation) for the lung and prostate cases
to avoid fields entering via the arms or legs. Fields were
subsequently excluded in an iterative fashion until fur-
ther exclusion would result in deterioration of dosimet-
ric plan quality, resulting in seven to 11 transmission
fields remaining in the plan depending on the case. This
approach was similar to the energy layer-reduction tech-
nique described previously.21

All such FLASH planning scenarios were compared to
standard,but spot-reduced,multifield Bragg peak-based
plans with upstream energy modulation using the orig-
inal clinical field arrangements as a reference in terms
of dose to healthy tissue.

2.3 Delivery dynamics

All simulations were performed for the delivery dynam-
ics of representative clinical proton scanning gantry.
We considered a theoretically achievable beam inten-
sity, neglecting any safety or monitoring restrictions. The
maximum beam intensity at isocenter as a function of
energy ranged between 5.0 × 109 and 1.2 × 1012 pro-
tons per second for energies of 71 and 229 MeV,respec-
tively, as shown in figure S2 of Van de Water et al.,12

assuming a cyclotron current of 800 nA and consider-
ing the transmission of the beamline and the gantry for
each proton energy.22,23 Furthermore, it was assumed
that the intensity of the beam could be varied spot wise,
ensuring a minimum spot duration of 3 ms.Lateral scan-
ning between the spots was assumed to take 3 ms and
the energy switching times were 250 and 50 ms for
upstream and downstream energy modulation, respec-
tively. Every field was considered separately, that is, the
time between fields was assumed to be much greater
than the persistence time and the trigger windows were
restricted to one field at a time.

2.4 Analysis

The voxel-wise FLASH dose, or FEF-weighted dose
Dv,FEF, was calculated using the following formula:

Dv,FEF =
∑

t

(
dv (t) ⋅{(1 − FEF) , if dv (t) delivered as FLASH

1, else

)
,

with dv(t) being the dose delivered to voxel v at time t.
The FLASH effect for a plan p was then quantified

using two figures of merit: the relative reduction of the
integral dose ∆ID and the relative reduction of the mean
dose in the margin around the gross tumour volume that

defines the planning target volume (GTV-to-PTV mar-
gin) ∆MD due to the FLASH effect:

∆ID (p) = (
1 − IDFLASH(p)

IDPhys(p)

) × 100%
∆MD (p) = (

1 − MDFLASH(p)
MDPhys(p)

) × 100%,

where the subscripts “FLASH” and “Phys” refer to
the FEF-weighted and the physical dose distributions,
respectively. In addition, the clinical benefit CB of FLASH
was quantified in terms of the difference between the
FEF-weighted integral dose of each plan and the phys-
ical integral dose of the clinical reference plan Ref:

CB (p) = (
1 − IDFLASH(p)

IDPhys(Ref)

) × 100%.
The integral dose ID was calculated as the sum of

the dose of all dose-receiving voxels outside the PTV.
The clinical benefit was defined using the integral dose
rather than using organ doses because of its indepen-
dence of the specific beam arrangement and because
of its applicability to a broad variety of treatment sites.

The analysis of this study was split into three parts.
First, the magnitude of the FLASH effect was investi-
gated using all planning approaches listed in Table 1
for one pancreas patient (PA1), together with a spe-
cific set of simulation parameters: 5 Gy dose threshold,
40 Gy/s dose rate threshold, 0.67 FEF, 200 ms persis-
tence time, and a fraction dose of 22.3 Gy (explained
below). This part of the analysis was used to determine
the most promising planning scenarios and exclude
plans with no substantial FLASH effect from further
analysis. Second, the two most promising planning sce-
narios (i.e., single-field downstream energy-modulated,
single-field transmission) were investigated for all 10
patient datasets and for the same simulation parame-
ters mentioned above in order to identify any depen-
dence of the FLASH effect on the treatment site. Lastly,
because the correct values of the simulation parame-
ters are unknown, a sensitivity analysis was performed
to identify which parameters influence the magnitude
of the modeled FLASH effect most. The analysis was
done in a one-at-a-time fashion, neglecting any inter-
parameter correlations, varying the dose threshold, the
dose rate threshold, the persistence time, and the dose
per fraction separately around their respective reference
values of 5 Gy,40 Gy/s,200 ms,and 22.3 Gy/fx.The con-
sidered parameter ranges were 0–25 Gy, 40–520 Gy/s,
0–500 ms, and 4.8–22.3 Gy/fx. The values for the dose
per fraction were chosen to be biologically equivalent to
a reference fractionation of 30 × 2 Gy using a tumor %∕'
ratio of 10 Gy and assuming treatments with one to 10
fractions.
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F IGURE 3 Example dose distributions showing all planning strategies for the pancreas case PA1. The considered parameters were
22.29 Gy fraction dose, 5 Gy dose threshold, 40 Gy/s dose rate threshold, and 200 ms persistence time. (a) Physical dose distributions, given in
percent of the prescribed dose. (b) Voxel-wise FLASH effect given as the effective dose reduction relative to the respective voxel dose. Note that
no reduction is shown within the GTV, because it mainly consists of tumor cells, which are assumed not to be subject to FLASH. (c)
FEF-weighted dose, given in percent of the prescribed dose. (d) Plan descriptions. S, single-field plan; M, multi-field plan; U, upstream energy
modulation; D, downstream energy modulation; T, transmission (no energy modulation). FEF, FLASH effectiveness factor

3 RESULTS

3.1 Detailed analysis of one pancreas
patient

To illustrate the respective treatment plans, Figure 3a
shows an example slice through the dose distribu-
tions for all planning scenarios for pancreas patient
PA1. Identical field arrangements were chosen for
upstream and downstream energy modulation, as was
the case for all patients. The voxel-wise FLASH dose
reduction is depicted in subfigure (b) as a percent-
age of the physical voxel dose, assuming the refer-
ence FLASH model parameters. Please note that no
dose reduction is shown inside the GTV because tumor
cells were assumed not to be affected by FLASH. All
plans exhibited some FLASH, with the lowest amount
of FLASH seen for multifield Bragg peak plans. For
Bragg peak-based plans, FLASH mainly occurred in
the entrance region and at the distal end of a field.
For the single-field transmission plan, however, FLASH
was observed along the full beam path. The FEF-
weighted dose distributions are presented in Figure 3c.
A similar overview for all patients can be found in
Figure S1.

A quantitative analysis of the FLASH effect in PA1
is presented in Figure 4. The FEF-weighted dose vol-
ume histograms for the GTV-to-PTV margin in compari-
son to the non-FEF-weighted clinical reference plan are
shown in Figure 4a. The margin volume is of particu-
lar interest because it is a high-dose region that poten-

tially consists of both healthy tissue and tumor cells.
Under the assumption that the FLASH effect works on a
cellular level, a potential differential response would be
most pronounced and clinically interesting in the mar-
gin. Note that the margin is part of the PTV, indicat-
ing that the physical (non-FEF-weighted) dose within
this region was nearly identical for all plans. In addi-
tion, Figure 4c shows the reduction in FEF-weighted
integral dose for all planning scenarios separately. Fig-
ures 4a and 4c show that there was more FLASH
dose reduction for single-field plans (blue) than for
multifield plans (red), with an average ∆ID of 14.7%
and 3.7% over the three delivery scenarios, respec-
tively. Transmission plans (dotted) resulted in substan-
tially higher FLASH effects than downstream (dashed)
or upstream (solid) modulated plans, with ∆ID of 19.7%,
4.8%, and 3.1%, respectively, when averaged over sin-
gle and multifield plans. Comparing the FEF-weighted
ID of any plan to the physical ID of the clinical ref-
erence plan, as quantified by the clinical benefit and
plotted in Figure 4d, paints a different picture. Single-
field plans showed a higher clincal benefit than multi-
field plans with average CB numbers of –10.3% and
–36.6%, respectively, when averaged over all delivery
scenarios. This is partly due to the chosen shorter path
lengths of single-field plans compared to the clinical
plan. However, only upstream-modulated plans showed
a positive CB (6.2%), with downstream-modulated and
transmission plans having reduced mean CBs of –
21.6% and –54.9%, respectively. This indicates that the
increased physical dose conformation provided by the
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Single-field plans

Multi-field plans

Reference plan

Color:

Downstream modulation

Transmission

Upstream modulation

Line style / texture:

(a) (b)

(c) (d)

F IGURE 4 Comparison of the magnitude of the FLASH effect for the different planning approaches for the pancreas case PA1. The
considered parameters were 22.29 Gy fraction dose, 5 Gy dose threshold, 40 Gy/s dose rate threshold, and 200 ms persistence time. Note that
the clinical reference plan is a multifield, upstream-modulated plan, that is, it corresponds to the red solid plots when considering the
FLASH-weighted dose. (a) DVHs of the GTV-to-PTV margin for all planning scenarios. The red and blue curves indicate the FEF-weighted
doses, whereas the black curve shows the physical (non-FEF-weighted) dose of the clinical reference plan as a comparison. (b) Legend of the
colors and of the different line styles (for [a]) and face textures (for [c] and [d]). (c) Reduction of the integral dose induced by the FLASH effect
for every plan separately. Bars close to zero indicate little FLASH, whereas bars close to 33% present near-maximum FLASH. (d) Clinical benefit
of each FEF-weighted plan compared to the clinical physical reference plan. Positive values indicate less FEF-weighted integral dose for the
respective plan than for the non-FLASH-weighted clinical plan. DVH, dose volume histogram; FEF, FLASH effectiveness factor

upstream modulation outweighs the increased FLASH
effects resulting from either dowstream modulation or
transmission.

As such, and to reduce the data load, the fur-
ther analysis focussed on the two planning strate-
gies that proved most promising to induce substan-
tial FLASH effects without compromising the clini-
cal benefit much—single-field transmission (ST) and
single-field, downstream energy modulation (SD). The
single-field, upstream enegery modulation plan (SU),
despite providing a higher clinical benefit than the
SD plan, was not chosen because its clinical benefit
originates from the plan conformality rather than the
FLASH effect. Although the results for all the plans
have only been shown for one specific patient, the
same conclusions can be drawn for all 10 patients
(see Figure S2).

3.2 FLASH at different tumor sites

The magnitude of the FLASH effect is compared for dif-
ferent treatment sites in Figure 5 for the ST and SD
plans. The plots contain the results for two patients per
site as indicated by the two separate bars per plan
and site. For the transmission plan (ST), the ∆ID of all
patients was 30.8(1.2)%, given as mean(standard devi-
ation). Similar values were found for the margin dose
reduction ∆MD, averaging 32.4(1.2)%. As already found
for the single pancreas case, the ID and margin mean
dose reduction for the downstream-modulated Bragg
peak plan (SD) were substantially lower than for the
transmission plan in all patients, averaging 9.6(2.9)%
and 12.0(2.6)%, respectively. Although the magnitudes
of the FLASH effect within one plan were compara-
ble among all patients, the clinical benefit of each plan,
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F IGURE 5 Comparison of the magnitude of the FLASH effect
for five different treatment sites with two patients each and the two
selected planning strategies. (a) FLASH effect in terms of integral
dose reduction for each plan separately. (b) FLASH effect in terms of
mean dose reduction within the GTV–PTV margin. (c) Clinical benefit
of each FEF-weighted plan compared to the clinical physical
reference plan. Positive values indicate a lower FEF-weighted
integral dose for the respective plan than for the non-FEF-weighted
clinical plan. (d) Legend for subfigures (a) to (c). FEF, FLASH
effectiveness factor

given by –15.1(18.0)% and –1.6(11.1)% for the trans-
mission and Bragg peak plans, respectively, varied dras-
tically, as reflected by the large standard deviation. For
the given reference FLASH parameters, the nasal cavity
and prostate cases were the only sites that presented
a positive clinical benefit for the SD plans, whereas
for the ST plans, only the NC1 case showed a posi-
tive clinical benefit. For the brain, lung, and pancreas
cases, the clinical benefit was negative for both planning
scenarios.

Please note that the interpatient variability in ID or
margin mean dose reduction was also limited for the
plans not shown in this section,whereas the clinical ben-
efit was strongly patient dependent. Corresponding dia-
grams can be found in Figure S3.

For easier comparisons among different treatment
sites, the analyses were performed using the integral
dose definition. The interested reader will find data on
specific organs at risk in Figure S4.

3.3 Sensitivity analysis

Figure 6a shows the dependence of the FLASH effect
on dose per fraction, dose threshold, dose rate thresh-
old, and persistence time in terms of ∆ID for the ST and
the SD plans, with ID reduction varying between 0% (no
FLASH effect) and 33% (all dose delivered as FLASH,
using an FEF of 0.67). Given the reference parameters,
the magnitude of the FLASH effect strongly depends
on the dose per fraction and the threshold dose (upper
row in Figure 6a), with high fraction doses and low dose
thresholds inducing most FLASH. This was particularly
pronounced for the transmission plans, which showed
a substantial FLASH effect already for the reference
parameters. It is worth pointing out that for most patients,
the ST plan induced high FLASH effects for a threshold
dose up to close to the fraction dose, at which a sudden
drop occurred (top right plot). For the SD plan, a similar
drop occurred at much lower dose thresholds. A rather
continuous decline of the FLASH effect was found as
a function of increasing dose rate thresholds for both
scenarios, as seen in the bottom left plot. Lastly, as indi-
cated by the bottom right, the FLASH effect was found to
be largely independent of the persistence time for either
planning approach.

The clinical benefit of both planning approaches, illus-
trated in Figure 6b, revealed the same overall trends that
were described above. Because a relatively broad vari-
ety of clinical benefits among the different patients had
been found at the reference parameters, it is not a sur-
prise that the clinical benefit data showed a wider spread
than the ID reduction also when varying the parameters
one at a time, resulting in the broader bands in Figure 6b
compared with Figure 6a.
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F IGURE 6 Sensitivity analysis of the FLASH effect for varying parameter values. The shaded bands include all 10 patients for the
single-field transmission plan (dotted) and the single-field, downstream-modulated Bragg peak plan (ruled). The solid line describes the median.
The dashed-dotted line indicates the reference value of each parameter. The dotted lines in the upper right plots additionally indicate the
fraction dose as a reference. (a) Reduction in integral dose within one plan due to FLASH. Low values indicate little FLASH, whereas 33%
(dotted line) describes a maximally possible FLASH effect. (b) Clinical benefit of each plan compared to the clinical reference plan (MU).
Positive values indicate a lower integral dose of the respective FEF-weighted plan compared to the non-FEF-weighted clinical reference plan,
thus showing a potential clinical benefit. (c) Legend for both (a) and (b). FEF, FLASH effectiveness factor

4 DISCUSSION

In this study, we utilized a novel FLASH effectiveness
model to investigate the potential impact of various PBS
delivery scenarios and model parameters on the FLASH

effect. Based on our phenomenological description, we
identified a larger magnitude of FLASH for fewer fields
per plan and when applying transmission beams instead
of exploiting the Bragg peak. The clinical benefit com-
pared to a clinical reference plan, however, was more
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favorable for Bragg peak plans than for transmission
beams due to the latter’s lower level of dose conformal-
ity. In addition, the clinical benefit varied greatly among
different patient geometries and treatment sites. Lastly,
the sensitivity analysis revealed that the FLASH effect
most strongly depended on the fraction dose and dose
threshold, with only a marginal influence of the persis-
tence time.Our results show that some plans can poten-
tially induce large FLASH effects;however,one must not
forget about the pitfalls introduced by the, in some cases,
considerably increased healthy tissue dose even after
considering the FLASH dose reduction.

We would like to stress that our presented model
is applicable regardless of the biological processes
responsible for the FLASH effect. It is purely based
on observations, such as the existence of dose and
dose rate thresholds that were reported by several
groups.1,4,7 We do not claim to explain any of the
underlying biological mechanisms but rather model the
observed phenomena. In that sense, the persistence
time built into our simulations is just another parame-
ter to fit the model to observations and does not nec-
essarily represent a reoxygenation time. Furthermore,
this parameter was found to have only little impact on
the FLASH effect, at least in the range investigated and
for the considered reference parameters, which is why
it could even be omitted to simplify the model without
substantially affecting its accuracy. The main reason for
the limited impact of the persistence time is that for the
investigated plans, either most spots or only very few
spots trigger FLASH in a voxel, which is why there are
only a few spots that could profit from a persistence
time. On the other hand, the model is easily adaptable
to other parameters that will arise from a future better
understanding of the FLASH effect.

Although a nonzero dose threshold was suggested by
several experimental studies and would be supported
by the oxygen hypothesis, we also performed simula-
tions without any dose threshold. This allowed us to
investigate the potential magnitude of the FLASH effect
under the assumption that it is mediated by mecha-
nisms that do not demand any dose threshold. Again,
this strengthens our model by rendering it independent
of the underlying, not yet fully understood biological
processes.

Moreover, our study covered a wide range of poten-
tial dose thresholds in order to sensitize the community
to this parameter’s importance. Although many experi-
ments focused on how the achievable dose rate affected
FLASH,1,4,7,9,24 only a few studies have investigated the
dependence of the FLASH effect on the total delivered
dose.7,25 Our results indicate that the dose threshold is
just as important as the dose rate threshold and thus
should not be left out of consideration in future biologi-
cal experiments. Indeed,depending on the fraction dose,
the dose threshold may be the limiting factor for achiev-
ing FLASH.

Besides the apparent purpose of the dose threshold
parameter, namely, the modeling of a potential biologi-
cal dose threshold, it can additionally serve to tune the
dose rate definition. The presented model uses a vari-
able window width within which the dose rate as well as
the dose itself need to be greater than their respective
thresholds in order to trigger FLASH. On the one hand,
by setting the dose threshold close to zero, the model
tends to consider a smaller window size,and thus calcu-
lates the spot-wise dose rate, which is generally greater
than an averaged dose rate that includes dead times.On
the other hand, a dose threshold close to the maximum
voxel dose inevitably increases the window size and as a
consequence leads to an averaged dose rate definition
that is similar to the PBS dose rate introduced by Folk-
erts and colleagues.14 Because it is not currently known
which kind of dose rate definition correlates most with
the observed FLASH effects, such an additional dose
rate tuner strengthens our model considerably.

Our simulations suggested that, within model
assumptions and the investigated parameter space,
substantial FLASH effects can only be observed in
single-field transmission plans. The reasons for this are
threefold. First, transmission plans lead to a much more
homogeneous dose level along the entire beam paths
compared to Bragg peak-based plans, meaning that
the involved healthy tissues receive a dose close to the
prescribed dose, which in turn increases the chance to
exceed the threshold dose. Second, the transmission
fields in our study consisted of a single energy layer,
and as such had fewer spots with increased spot weight
compared to the Bragg peak plans, which included
many more spots in multiple energy layers. Because
the minimum spot duration was assumed to be fixed
(3 ms), the delivery of low-weighted spots necessitates
a reduction of the beam current and thus the dose
rate. And lastly, the transmission plans used only the
highest available beam energy, that is, 229 MeV, which
generally provided the highest beamline transmission
efficiency. This was true for the downstream-modulated
plans as well, because the beam energy was modulated
just in front of the patient and thus only reduced the
beam current marginally. This last point thus explains
the differences in the predicted FLASH effects between
upstream-modulated and transmission/downstream-
modulated plans.

It is worth mentioning that for the Bragg peak plans,
most FLASH was found at the distal end of each field.
In our study, we did not model any linear energy trans-
fer (LET) or relative biologal effectiveness (RBE) differ-
ences along the proton beam. The increased LET (and
corresponding increased RBE) at the distal end of a
treatment field, which partially falls onto healthy tissues,
could be at odds with the beneficial FLASH effect. This
potential loss of FLASH benefits is not present for trans-
mission plans, because the high-LET regions lie out-
side of the patient.On the other hand,distal-end FLASH
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effects could conversely help mitigate against such RBE
effects.

The planning approach used in this study, namely, the
spot-reduction algorithm, does not explicitly include the
dose rate in the optimization process, but the increased
dose rates are a consequence of the reduction of the
number of spots.As such, it would not be straightforward
to directly optimize the FLASH dose reduction using our
framework. However, our presented FLASH effective-
ness model is independent of the used optimizer, and
thus it would be possible to include this model into the
cost function of any other optimizer, resulting in a simi-
lar framework as the simultaneous dose and dose rate
optimizer recently presented by Gao et al.26

In summary, our model is the first quantitative rep-
resentation of previous findings, that is, that trans-
mission plans and fewer treatment fields are likely to
induce higher FLASH effects than conventional plan-
ning scenarios.12 The sensitivity analysis additionally
revealed that, in order to achieve a clinical benefit of
the transmission plan compared to the clinical reference
plan, hypofractionated treatments with increased frac-
tion doses will be required. As an ancillary effect, this
would also improve the patient comfort due to a consid-
erably shorter treatment duration.

Our study was affected by certain limitations. First,
we would like to mention that some assumptions about
the machine characteristics are not currently clinically
usable. The beam current was modeled in a way that
is only restricted by physical limitations such as beam
loss between the accelerator and the treatment isocen-
ter. Any artificial beam current restrictions implemented
for patient safety were ignored. Considering only clini-
cally applied beam currents would result in lower dose
rates and thus in lower FLASH effects. This is partic-
ularly true for transmission and downstream-modulated
plans,which, in our study, fully exploited the higher,phys-
ically feasible beam currents. The same holds for our
assumptions that the beam current could be varied spot
by spot. A system where the beam current is varied,
for instance, in-between energy layers would imply a
change in dose rate for most spots to match the beam
current for to the lowest weighted spot in each energy
layer. In order to circumvent this issue, one would have
to include the minimum spot weight per energy layer in
the optimization process,as, for example, shown by Gao
and colleagues.27

Moreover, our dose calculation algorithm did not
model any air gap between the range-shifter plates and
the patient surface in the downstream-modulated plans.
The results presented in this study thus represent a
setup where the range shifters are placed very close to
the patient surface, which may not be feasible with cur-
rent clinical machines.

Another point worth highlighting is that we based our
selection of the most promising planning approaches on
a certain set of reference parameters, and in particular

we assumed a nonzero dose threshold.This choice was
based on several previously presented studies, which
reported a FLASH effect only above a certain minimal
dose.7,25 It cannot be excluded,however,that there might
be situations that do not present such a threshold. In
the case of a 0 Gy dose threshold, the difference in
ID reduction between the planning scenarios was found
to be much smaller, whereas the differences in clini-
cal benefit were comparable to the nonzero threshold
results (data not shown here). This implies that for a
0 Gy dose threshold, Bragg peak-based planning sce-
narios would show FLASH effects that are compara-
ble to transmission plans while providing a better dose
conformality, thus becoming more clinically relevant.Fur-
thermore, we assumed a general tumor alpha/beta ratio
of 10 Gy for all tumor sites,whereas the actual number is
clearly tumor specific. However, the alpha/beta ratio was
only used to provide reasonable values for the fraction
doses—our sensitivity analysis will provide an estima-
tion of the expected FLASH effects for any desired frac-
tion dose within the investigated range due to the rather
monotonous dependence of the FLASH effect on the
fraction dose.

Finally, in our FLASH effectiveness model, we consid-
ered all dose delivered within the FLASH triggering win-
dow and subsequent persistence time as FLASH dose,
basically assuming FLASH to be triggered and to end
instantaneously, as described by a step function. How-
ever,depending on the underlying biological mechanism,
a more continuously varying FEF might provide a more
appropriate description of the FLASH effect, and the
model could be extended to also consider gradual vari-
ations in the FEF during dose delivery. On the one hand,
such a varying FEF might lead to a lower FLASH effect
because a part of the trigger dose would be weighted
with a greater FEF. On the other hand, one could imag-
ine that the FLASH trigger would be extended to include
small dose contributions before what we considered to
be the trigger window, and thus even increase the total
FLASH effect.

To wrap up, we would like to state that we have left
passive scattering out of consideration of this study on
purpose. Our aim was to first compare Bragg peak to
transmission planning in a comprehensive way for vari-
ous treatment sites and for a broad range of parameters.
Based on our findings, in our next study we will inves-
tigate how to exploit the conformality of Bragg peak-
based plans while still achieving meaningful FLASH
effect, for example, by means of passive scattering
plans. Another delivery method to investigate is the use
of range modulators in combination with a scanned
beam, which provides increased dose rates due to the
simultaneous delivery of an entire spread-out Bragg
peak while maintaining the conformality of downstream
energy modulated plans. The resulting FLASH effect is
expected to be higher than for IMPT plans but potentially
lower than for transmission plans.
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5 CONCLUSION

The FLASH effect varied among different planning sce-
narios and for different parameter values. Meaningful
FLASH effects were found for single-field transmission
plans in particular. In order to see a potential clinical
benefit for those plans, hypofractionation schemes were
required, because the FLASH effect was challenged
by the reduced dose conformality compared to clinical
IMPT plans. Further, the dose threshold was found to
be an important and potentially limiting parameter for
FLASH and should thus not be ignored in any future bio-
logical studies.
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