
Advances in Radiation Oncology (2022) 7, 100954
Scientific Article
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

Patricia van Marlen, MSc,* Wilko F.A.R. Verbakel, PhD, PDEng,
Ben J. Slotman, MD, PhD, and Max Dahele, PhD, MBChB

Department of Radiation Oncology, Amsterdam UMC, Vrije Universiteit Amsterdam, Cancer Center Amsterdam,
Amsterdam, the Netherlands

Received December 9, 2021; accepted March 21, 2022
Abstract
Purpose: Research suggests that in addition to the dose-rate, a dose threshold is also important for the reduction in normal tissue
toxicity with similar tumor control after ultrahigh dose-rate radiation therapy (UHDR-RT). In this analysis we aimed to identify
factors that might limit the ability to achieve this “FLASH”-effect in a scenario attractive for UHDR-RT (high fractional beam dose,
small target, few organs-at-risk): single-fraction 34 Gy lung stereotactic body radiation therapy.
Methods and Materials: Clinical volumetric-modulated arc therapy (VMAT) plans, intensity modulated proton therapy (IMPT) plans
and transmission beam (TB) plans were compared for 6 small and 1 large lung lesion. The TB-plan dose-rate was calculated using 4
methods and the FLASH-percentage (percentage of dose delivered at dose-rates ≥40/100 Gy/s and ≥4/8 Gy) was determined for various
variables: a minimum spot time (minST) of 0.5/2 ms, maximum nozzle current (maxN) of 200/40 0nA, and 2 gantry current (GC)
techniques (energy-layer based, spot-based [SB]).
Results: Based on absolute doses 5-beam TB and VMAT-plans are similar, but TB-plans have higher rib, skin, and ipsilateral lung dose than
IMPT. Dose-rate calculation methods not considering scanning achieve FLASH-percentages between »30% to 80%, while methods
considering scanning often achieve <30%. FLASH-percentages increase for lower minST/higher maxN and when using SB GC instead of
energy-layer based GC, often approaching the percentage of dose exceeding the dose-threshold. For the small lesions average beam
irradiation times (including scanning) varied between 0.06 to 0.31 seconds and total irradiation times between 0.28 to 1.57 seconds, for the
large lesion beam times were between 0.16 to 1.47 seconds with total irradiation times of 1.09 to 5.89 seconds.
Conclusions: In a theoretically advantageous scenario for FLASH we found that TB-plan dosimetry was similar to that of VMAT, but
inferior to that of IMPT, and that decreasing minST or using SB GC increase the estimated amount of FLASH. For the appropriate
machine/delivery parameters high enough dose-rates can be achieved regardless of calculation method, meaning that a possible FLASH
dose-threshold will likely be the primary limiting factor.
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Introduction
In recent years, interest in ultrahigh dose-rate (UHDR;
eg, ≥40 Gy/s) irradiation has increased greatly. Preclinical
studies suggest that UHDR results in less normal tissue
toxicity than conventional DR, while maintaining tumor
control. This enhancement in therapeutic ratio by UHDR
is called the FLASH-effect and has been observed in mul-
tiple in vitro and in vivo models.1-5 Although the exact
mechanisms of this effect are still unknown, thresholds
for dose-rate and the dose seem to play an important
role.6-8 It is unclear whether a minimum dose threshold
needs to be met or if the FLASH-effect increases with
dose.2 At this moment, dose thresholds up to 10 Gy have
been mentioned7,9 and if such values are accurate, there
are not many types of plans that will achieve this dose in
a single field/beam. Even though the high doses/fraction
associated with stereotactic body radiation therapy
(SBRT; typically 1-5 fractions of 6-30 Gy/fraction10) will
not easily exceed the dose thresholds for a single beam,
SBRT may still be one of the most suitable scenarios for
FLASH-irradiation of deep-seated tumors.

SBRT plays a central role in the treatment of peripher-
ally located, medically inoperable, early-stage non−small
cell lung cancer (ES-NSCLC) and lung metastases.11,12

Various SBRT fractionation schemes for ES-NSCLC,
varying from 30 Gy in a single fraction to 60 Gy in 5 to 8
fractions, have demonstrated comparable results,13,14 sup-
porting the use of single-fraction schemes, with advan-
tages of improved patient convenience and lower costs,
for tumors in certain locations, away from critical
organs.15-18 Such high-dose single-fraction schemes are
among those that are most likely to meet a potential
FLASH dose threshold, making them interesting for
UHDR treatment. In this analysis, we focus on single-
fraction 34 Gy SBRT for peripherally located ES-NSCLC
and small lung metastases as recently the Radiation Ther-
apy Oncology Group (RTOG) 0915 trial showed no dif-
ference in toxicity and survival between 1 £ 34 Gy and
4 £ 12 Gy.19,20 Furthermore, the lung is a suitable treat-
ment site for the clinical translation of FLASH-radiation
therapy, as lung fibrosis can serve as an in vivo indicator
of radiation-induced damage and can be monitored and
quantified.21,22 Although lung toxicity was not an issue
with single-fraction SBRT for a single lesion, treatment of
multiple lung lesions, either primary lung cancers or
metastases, is increasing and the risk of lung toxicity is a
limiting factor in how many lesions can be treated.23-25 A
FLASH-effect in such situations could be beneficial.

Although most FLASH-experiments have used single,
open electron,1-5 and photon beams,26 UHDRs can also
be generated using proton beams,7,27,28 with the advan-
tage that they can treat larger and deep-seated tumors. In
particular single, high energy transmission beams (TBs),
where the Bragg-peak is placed outside the patient, seem
to be the easiest and most practical option for UHDR pro-
ton treatment. No energy modulation is needed and they
also have a steeper penumbra and increase robustness by
eliminating range uncertainties. Proton UHDR TBs have
demonstrated better plan quality than volumetric-modu-
lated arc therapy (VMAT) for fractionated lung29-31 and
head and neck cancer32 and have recently been selected
for the first proton FLASH clinical trial,33 but they have
difficulty achieving similar healthy tissue sparing to inten-
sity modulated proton therapy (IMPT), due to dose depo-
sition behind the target.32

A recent publication, which also focused on FLASH for
single-fraction 34 Gy lung SBRT, compared different
dose-rate calculation methods and showed how they
influence the estimated amount of FLASH-dose.34 It has
become clear that not only the dose-rate, but other factors
such as the dose delivered in a certain period of time
should also be taken into account. Additionally, it is useful
to translate the FLASH-dose into a clinically relevant out-
come, which also makes comparison with other treatment
plans possible. In this study we have therefore focused on
the following aspects of UHDR-delivery of single-fraction
lung SBRT: (1) plan quality comparison of UHDR proton
TB with VMAT and IMPT; (2) analysis of the amount of
FLASH using not only multiple dose-rate calculation
methods, but also various (more and less-favorable) dose
and dose-rate thresholds and (machine) parameter set-
tings; and (3) quantification of the FLASH-effect on TB-
plans by calculating a FLASH-modified dose (FMD)
based on dose and dose-rates.
Methods and Materials
Treatment planning and quality comparison

This work was conducted as part of an Institutional
Review Board approved retrospective treatment planning
protocol. Six anonymized clinical computed tomography
(CT) scans with a single, small, peripherally located lung
tumor, either ES-NSCLC (n = 4) or a lung metastasis
(n = 2), were randomly selected from the group of
patients treated with 1 £ 34 Gy. The internal planning
volume (ITV), defined using a 10-phase free-breathing 4-
dimensional CT scan, was 1.39 to 8.58 cm3 and the plan-
ning target volume (PTV; ITV + 5 mm margin), was 7.70
to 19.02 cm3. All tumors had been clinically treated with a
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single fraction of 34 Gy using a dual-arc photon VMAT
treatment plan (RapidArc, Varian Medical Systems, Palo
Alto, CA). For comparative purposes, a seventh, substan-
tially larger lung tumor (ITV 54.54 cm3, PTV 107.78
cm3), was included.

For each of the 7 patients 4 coplanar proton plans were
made (research version Eclipse treatment planning sys-
tem, Varian Medical Systems): 3 TB-plans using either a
3-, 5-, or 10-beam setup, and one 3-beam IMPT-plan.
The beam energy of the TBs was 250MeV, which was suf-
ficient to place the Bragg-peak outside the patient and
irradiate only with the proximal beam section. The
IMPT-plans were robustly optimized, taking 5 mm iso-
center shifts and 3% range uncertainties into account.

All proton plans, both TB and IMPT, were made with
the support of the Python Eclipse Scripting Application
Programming Interface (PyESAPI, Varian Medical Sys-
tems) and used multifield optimization to optimize spot
weights (Eclipse-PT, Varian Medical Systems). Fixed mini-
mum (ITV, PTV) and maximum (PTV, ring, spinal cord,
trachea, aorta, esophagus, skin, rib, contralateral lung, heart)
dose volume objectives were used, while mean dose objec-
tives (skin, rib, lungs minus ITV, contra- and ipsilateral
lung, heart) were variable. Three rounds of optimization
were performed, iteratively adjusting the mean dose objec-
tives to 90% of their respective mean dose value. After the
last optimization, spots with <100 monitor units (MU)
were removed. All proton plans prioritized avoidance of the
spinal cord, contralateral lung, and heart, and were normal-
ized such that 95% of the PTV received 100% of the pre-
scription dose (V100% = 95%), ITV V95% ≥115% and
PTV maximum dose up to 140%. The plan quality was
compared with that of the clinical VMAT plan and was also
evaluated using dose volume histograms (DVHs) and PTV,
ITV, and OAR dose statistics, the latter of which were
benchmarked against the dose constraints from the RTOG
0915 trial.19,20 Although TB-delivery is so quick that it could
be done during a brief breathhold, possibly enabling plan-
ning on the GTV instead of ITV, we used the ITV to allow
for a better comparison with VMAT and IMPT.
Dose-rate analyses

TB-plan data such as 3-dimensional (3D) spot doses,
structures and spot parameters were obtained using PyE-
SAPI and loaded into Matlab (version R2018b, Math-
Works, Natick, MA) to perform dose-rate calculations. In
most UHDR-research using single, open beams, the dose-
rate is described as the total (beam) dose divided by the
entire irradiation time. For proton pencil-beam scanning
(PBS) delivery, the definition of dose-rate is not as
straightforward, as multiple spots (and beams) deliver
dose to a certain voxel sequentially. This has led to a vari-
ety of dose-rate calculation methods,35 each making their
own assumptions. In this article we consider the following
4 methods: (1) UHDR-contribution (UHDRc)29,32; (2)
dose-averaged dose-rate (DADR)36; (3) PBS dose-rate
(PBS-DR)35; and (4) average dose-rate (ADR).

The first 2 methods, UHDRc and DADR, use the
voxel-specific dose-rate distribution resulting from the
different spot dose-rates of each spot. The spot dose-rates
are defined as the voxel spot dose divided by the spot irra-
diation time. We assume spot-by-spot scanning, which
means that the beam only irradiates when located at the
spot-center and is turned off during scanning. Because
doses are only delivered during the so-called spot beam-
on times, we chose to use these times in the spot dose-rate
calculations. After obtaining the voxel-specific dose-rate
distribution, the UHDRc and DADR could be calculated.
The UHDRc is defined as the percentage of local dose
delivered at UHDRs:

UHDRc x; y; zð Þ ¼
X

i: dri x;y;zð Þ�TDR

Di x; y; zð Þ
Dtot x; y; zð Þ

0
@

1
A ¢ 100%

with dri the spot dose-rate of spot i at voxel (x,y,z), Di the
spot dose of spot i at voxel (x,y,z), Dtot the total beam
dose at voxel (x,y,z), and TDR the UHDR-threshold. This
method has been described in 2D earlier,29,32 but we use it
in 3D. The DADR gives the dose-rate averaged over all
spots, weighted by the dose share of each spot to a voxel:

DADR x; y; zð Þ ¼
X
i

dri x; y; zð Þ ¢ Di x; y; zð Þ
Dtot x; y; zð Þ

The third method, the PBS-DR, takes a different
approach and includes scanning time in its calculations,
thereby acknowledging the temporal element of PSB
delivery. It points out that most of the dose accumula-
tion at a voxel occurs during a short time because only a
limited number of spots delivers a significant dose to a
voxel. The PBS-DR in a beam voxel is therefore calcu-
lated by only considering a certain substantial part
of the voxel dose and the time it takes to deliver that
dose:

PBS� DR x; y; zð Þ ¼ Dtot x; y; zð Þ � 2 ¢ TD;PBS x; y; zð Þ
t1 x; y; zð Þ � t0 x; y; zð Þ

This equation formulates how the effective irradiation
time starts at t0, when the voxel dose surpasses a certain
dose threshold TD,PBS, and ends at t1, when the total voxel
dose minus the dose threshold is reached. We chose a
fixed TD,PBS of 1cGy, similar to the threshold previously
used in the literature.35

The fourth method, the ADR, gives the total local dose
divided by the total irradiation time and therefore also
includes the time to deliver spots far away from the loca-
tion. This is the dose-rate mentioned by most single, open
beam UHDR-research.
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Because multiple dose-rate thresholds have been men-
tioned,7 we have chosen to do our dose-rate calculations
for an UHDR-threshold TDR of both 40 Gy/s and
100 Gy/s, which are usually the lowest and highest dose-
rate threshold mentioned in the literature.
Energy-layer based gantry current vs spot-
based gantry current

The gantry-current (GC) is an important determinant
of the irradiation time and can be varied using 2 different
techniques. Usually the GC is constant for the entire
energy-layer and scaled to deliver the lowest spot MU in
the shortest possible spot time (energy-layer based [EB]
GC). Another possibility, not yet clinically available, is to
vary the GC per spot (spot-based [SB] GC), meaning that
all spots are irradiated for the minimum spot time (if fea-
sible, otherwise delivered at highest achievable current).
This can greatly decrease irradiation time and we were
interested in how these 2 GC techniques affected the
dose-rate and FLASH-modified dose. A minimum spot
time of 2 ms is currently clinically achievable,37 but was
assumed to get as low as 0.5 ms, which is not yet clinically
available, but is technically feasible on certain
machines.38,39
FLASH-modified dose

The biological mechanism responsible for the FLASH-
effect remains unclear, making it difficult to calculate a
definitive FLASH-effect from the treatment plan.
Although some theories claim that avoidance of radiating
circulating immune cells are of importance in mediating
the normal tissue protective effect,40 oxygen depletion is
more frequently proposed as an explanation.41-44 Assum-
ing that oxygen depletion is an important contributor to
the FLASH-effect, a dose and dose-rate threshold will be
relevant,45 which is confirmed by most preclinical studies.
We therefore based our estimated FMD not only on dose-
rate threshold TDR, but also on a dose threshold. In many
articles a minimum of 10 Gy is believed necessary for
FLASH,7,9 but in recent studies the FLASH-effect was
observed for doses as low as 7 Gy5 and 4 Gy.46 For that
reason we analyzed the FMD for a dose threshold TD of 4
Gy and 8 Gy. Both the dose and dose-rate analyses were
executed for each beam separately because the time
between beam irradiations is far higher than the time nec-
essary to reoxygenate the tissue (reoxygenation through
diffusion is in the order of 10−3s to 10−2s,44 while time
between beams is >30 s) and we assumed the environ-
ment had been restored to its initial state before a subse-
quent beam irradiation.

For all dose-rate methods the amount of voxel beam
dose delivered at dose-rates higher than TDR was
determined and when this dose exceeded the dose thresh-
old TD, it was considered FLASH-dose. The FLASH-dose
was adjusted by dividing the physical dose by a FLASH-
factor. The exact value of the FLASH-factor is unknown,
but it has been estimated between 1.1 to 1.8,7 suggesting
the FLASH-effect would equal a dose reduction of »10%
to 45%. FLASH-modification was only applied to tissue
outside the ITV and we considered 3 FMD scenarios for
FLASH-factors of 1.4 and 1.8, a clinically achievable sce-
nario (minST = 2 ms, maxN = 200 nA, EB GC) with
FLASH-thresholds of 4 Gy and 40 Gy/s and 2 best case
scenarios (minST = 0.5 ms, maxN = 400 nA, SB GC): the
first with FLASH-thresholds of 4 Gy and 40 Gy/s and the
second with FLASH-thresholds of 8 Gy and 100 Gy/s.
Results
Plan comparison

VMAT, IMPT, and TB-plan dose statistics and the
RTOG 0915 constraints are given in Table 1. The 5-beam
TB-plans are illustrated in Fig. E1 and Fig. E2 shows the
VMAT, IMPT, and 5-beam TB-plan, and DVH, for a sin-
gle lesion. RTOG 0915 constraints were met for all OARs
in all plans. Note that the RTOG requirements are defined
for lungs-GTV instead of lungs-ITV; however, even evalu-
ating the entire lungs will not result in the limits set by
RTOG 0915 being exceeded. In contrast with Bragg-peak
proton beams, TBs have a reasonably constant dose depth
profile, with the entry dose comparable to the dose in the
target. This led to high skin and rib doses for the 3-beam
TB-plans, and 5-beam and 10-beam plans achieved better
sparing. Because the plan quality of 5- and 10-beam plans
was comparable and a possible dose threshold for FLASH
is more easily reached with fewer beams, we focused the
remaining FLASH analyses only on the 5-beam TB-plans.
TB-plans using 3 beams were not considered for the anal-
yses as the corresponding plan quality was insufficient.
Compared with VMAT and IMPT, TB-plans achieved
better/similar sparing of spinal cord, esophagus, trachea,
and heart. However, IMPT was better for ribs (mean
dose + 0.8 Gy), skin (mean dose + 0.5 Gy), and lungs,
with in particular larger lung volumes receiving ≤10 Gy
(V5 Gy/V10 Gy + 30%/+ 46%).
Dose-rate analyses

Table 2 gives the FLASH-percentages for all dose-rate
calculation methods and multiple FLASH-requirements
and machine parameters. The FLASH-percentage is the
percentage of dose delivered at dose-rates higher than
TDR and exceeding TD. The chosen values for the mini-
mum spot time (minST)/maximum nozzle current



Table 1 dose statistics of VMAT, IMPT and TB-plans for 3-, 5- and 10-beams (3b, 5b, 10b). Maximum and mean doses are given in Gy, volume receiving x Gy (VxGy) in
cm3. Column ‘RTOG 0915’ lists the requirements given by the RTOG 0915 trial. Columns ‘1-6’ give the averages for patients 1-6 (small lung lesions), columns ‘7’ the dose
statistics of patient 7 (larger tumor). Empty cells denote zeros.

Structure Metric
RTOG
0915

VMAT IMPT TB 3b TB 5b TB 10b
TB 5b-
VMAT

TB 5b-
IMPT

1-6 7 1-6 7 1-6 7 1-6 7 1-6 7 1-6 1-6

Spinal cord max 14Gy 4.1 7.5 0.3 6.3 3.4 10.7 2.0 8.3 2.2 7.6 -2.1* 1.7

V10Gy <0.35cm3

V7Gy <1.2cm3 1.0 0.1

Esophagus mean 1.6 6.0 0.1 1.6 1.7 2.9 3.3 -1.6** -0.1

max 15.4Gy 4.0 12.0 1.0 9.7 8.8 0.4 6.8 0.9 6.0 -3.6** -0.6

V11.9Gy <5cm3

V8Gy 2.9 0.1 0.1

Heart mean 0.9 0.2 0.5 0.5 0.5 0.5 -0.4* -0.1

max 22Gy 7.0 0.4 4.9 6.9 6.5 6.6 -0.4 1.6

V16Gy <15cm3

Trachea mean 0.6 6.4 0.1 2.2 4.1 4.3 3.4 -0.6 -0.1

max 20.2Gy 4.6 16.3 2.2 9.8 1.2 14.1 0.4 9.5 0.5 9.5 -4.2* -1.8

V10.5Gy <4cm3 3.3 1.8

V8Gy 6.5 0.1 4.7 1.5 0.8

Ribs mean 2.2 5.8 0.8 2.9 1.6 5.0 1.5 5.1 1.5 4.9 -0.6** 0.8**

max 30Gy 21.0 38.1 22.2 36.5 25.1 37.3 23.1 36.4 22.6 36.7 2.1 0.9

V22Gy <1cm3 1.4 58.7 1.0 42.9 1.8 57.0 1.2 51.5 1.1 54.7 -0.1 0.2

V16Gy 6.3 127.1 3.0 71.8 12.6 83.4 5.4 87.4 4.4 83.8 -0.9 2.4

V12Gy 22.3 176.8 9.1 97.0 50.9 207.7 18.5 120.2 13.8 116.0 -3.8 9.4

Skin mean 1.2 4.0 0.4 1.1 1.0 4.1 0.9 3.8 0.9 3.9 -0.3** 0.5**

max 26Gy 9.4 16.4 10.9 12.9 18.0 18.7 14.1 15.1 12.7 13.8 4.7** 3.2

V23Gy <10cm3 0.1 -0.1

V16Gy 1.3 0.4

V10Gy 27.3 0.6 6.3 12.4 74.2 3.9 26.3 1.1 31.8 3.9** 3.4**

(continued on next page)
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Table 1 (Continued)

Structure Metric
RTOG
0915

VMAT IMPT TB 3b TB 5b TB 10b
TB 5b-
VMAT

TB 5b-
IMPT

1-6 7 1-6 7 1-6 7 1-6 7 1-6 7 1-6 1-6

Lung (c) mean 0.4 1.1 0.1 0.1 0.4 0.1 1.0 -0.3** 0.1

V20Gy

V10Gy 0.2 2.4 5.8 3.3 1.2 0.1 3.3 3.3

V5Gy 0.5 23.8 5.1 9.7 16.9 67.0 22.1 112.0 16.4 16.9

Lung (i) mean 2.6 5.1 1.7 3.8 2.0 4.3 1.4 4.3 1.9 4.3 -1.1 -0.2

V20Gy 40.5 197.9 43.5 150.6 42.7 183.7 38.8 184.2 37.0 173.5 -1.7 -4.6

V10Gy 147.4 347.4 112.9 255.7 179.4 329.7 142.1 314.6 135.0 312.5 -5.3 29.3

V5Gy 323.1 439.2 197.6 331.4 253.8 373.2 270.5 389.8 258.1 377.7 -52.6 72.9**

Lungs-ITVy mean 1.4 3.0 0.8 1.8 1.0 2.2 1.0 2.3 1.0 2.5 -0.5** 0.2

V20Gy 37.2 178.3 40.2 131.0 39.5 164.1 35.7 164.5 33.9 153.9 -1.5 -4.5

V10Gy 144.0 328.0 109.7 236.0 178.8 315.8 142.3 294.9 132.9 293.0 -1.8 32.6**

V7.4Gy <1000cm3 210.1 373.0 147.1 275.4 220.4 340.4 213.8 354.8 202.1 354.8 3.7 66.7**

V7Gy <1500cm3 223.7 381.0 153.9 281.7 226.1 344.4 224.9 371.6 214.8 370.8 1.2 71.0**

V5Gy 320.3 443.5 194.2 311.7 255.5 363.2 283.9 437.1 276.9 470.0 -36.5 89.6**

body mean 0.6 1.7 0.2 0.8 0.4 1.3 0.4 1.4 0.4 1.4 -0.2** 0.1**

* 0.01 < p-value < 0.05;
** p-value < 0.01; paired t-test with alpha = 0.05
y Note: RTOG0915 requirements are for Lungs-GTV
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(maxN) are currently feasible (0.5 ms/400 nA) or clini-
cally used (2 ms/200 nA). In all scenarios the DADR
results in the highest percentage of FLASH-dose, fol-
lowed by the UHDRc, PBS-DR, and ADR. Because the
first 2 methods do not include scanning time, it was
expected that their dose-rates would end up higher than
for the PBS-DR and ADR methods. This is confirmed by
Fig. 1, which shows for clinically used parameters (EB
GC, minST = 2 ms, maxN = 200 nA) the dose (A) and
dose-rate for all 4 calculation methods (B-F) in a single
beam of a 5-beam TB-plan. Here the DADR reaches
dose-rates over 250 Gy/s, while the PBS-DR and ADR
only achieve »70 Gy/s and »50 Gy/s, which are barely
higher than the lower threshold of 40 Gy/s and do not
meet the threshold of 100 Gy/s. For the larger tumor the
dose-rates are even lower: DADR achieves around
200 Gy/s, and PBS-DR and ADR only go up to »50 Gy/s
and »10 Gy/s (Fig. E3).

Because the UHDRc and DADR easily exceed the dose-
rate threshold TDR, the FLASH-percentages of these dose-
rates depend mainly on the dose threshold TD. The PBS-DR
and ADR percentages are more dependent on TDR for less
favorable machine settings (EB GC, high minST, low
maxN), but this shifts to TD-dependence as advantageous
machine settings increase the dose-rates. As expected, the
highest FLASH-percentage (»80%) is found for FLASH-
requirements of 40 Gy/s and 4 Gy, with a SB GC,
maxN = 400 nA and minST = 0.5 ms. This percentage is
similar for all dose-rate methods and approaches the per-
centage of dose exceeding TD, implying that for these
parameters all calculation methods achieve sufficiently high
dose-rates. For TD = 8 Gy and TDR = 100 Gy/s FLASH-per-
centages are much lower and vary between 0% to 46%.

From Table 2 it also follows that a SB GC leads to
higher FLASH-percentages compared with an EB GC.
This difference is more pronounced for 2 ms/200 nA set-
tings than for 0.5 ms/400 nA because there exists a certain
MU threshold which is proportional to the multiplication
of the minimum spot time and maximum nozzle current.
Only spots with less MUs than this threshold are influ-
enced by changing the GC technique (by using a higher
current for the SB GC than for the EB GC). Spots with
more MUs than this threshold are delivered at the highest
current feasible by the machine, both for an EB GC and a
SB GC. Therefore, using a SB GC instead of an EB GC is
more beneficial in plans with many low MU spots or
when the MU threshold is high (achieved by increasing
the minimum spot time and maximum nozzle current).

Figure 2 shows how the FLASH-percentages are influ-
enced by the choice of TD and TDR. The upper figures show
that dose-rate threshold TDR barely affects the FLASH-per-
centages of the UHDRc and DADR methods, and PBS-DR
and ADR percentages decrease strongly for higher TDR (for
a constant TD). Dose threshold TD does strongly influence
the percentages of UHDRc and DADR (for a constant
TDR), as demonstrated by the lower figures.



Fig. 1 Dose A, ultra-high dose-rate radiotherapy contribution (UHDRc) with FLASH-threshold of 4 Gy/40 Gy/s B and
8 Gy/100 Gy/s C, and different dose-rates (D, dose-averaged dose-rate [DADR]; E, average dose-rate [ADR]; and F, proton
pencil-beam scanning dose-rate with a dose cut-off of 0.01 Gy) of a single beam of a 5-beam transmission beam-plan (for a
small lesion). In the right-upper corner the corresponding cross-section of the beam is given. Delivery parameters are
minST = 2ms, maxN = 200nA, energy-layer based gantry current (EBGC).
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FLASH-modified dose

Table 3 gives ribs and lungs-ITV dose statistics of the
IMPT-plans, 5-beam TB-plans and the 3 FMD scenarios
Fig. 2 The upper figures show the influence of dose-rate thresh
or spot-based gantry-current and TD = 4 Gy/8 Gy using diffe
radiotherapy contribution [UHDRc], dose-averaged dose-rate [D
age dose-rate [ADR]). The lower figures show for the same dos
TD on the FLASH-percentage for energy-layer based or spot-ba
centages are averages of all 6 small lesion patients. Delivery para
(calculated using UHDRc and ADR, as these methods
result in high and low FLASH-percentages; and FLASH-
factor = 1.4). The DVHs of these plans for a single patient
are shown in Figure 3. The Supplementary Materials
old TDR on the FLASH-percentage for energy-layer based
rent dose-rate calculation methods (ultra-high dose-rate
ADR], proton pencil-beam scanning dose-rate, and aver-

e-rate calculation methods the influence of dose threshold
sed gantry-current and TDR = 40 Gy/s/100 Gy/s. The per-
meters are minST = 2ms, maxN = 200nA.



Table 3 ribs and lungs-ITV dose statistics of intensity-modulated proton therapy (IMPT), 5-beam transmission beam (TB) plans and three FLASH-modified dose (FMD)
scenarios using UHDR-contribution (UHDRc) and average dose-rate (ADR). The FMD scenarios are (1) currently used parameters of minST=2ms, maxN=200nA and EB GC
for FLASH requirements of 4Gy and 40Gy/s, (2) optimal parameters of minST=0.5ms, maxN=400nA and SB GC for FLASH-requirements of 4Gy and 40Gy/s and for (3) 8Gy
and 100Gy/s. The FLASH-factor is 1.4.

Structure Metric IMPT TB 5b

UHDRc4Gy,
40Gy/s2ms,
200nA, EB

UHDRc4Gy,
40Gy/s0.5ms,
400nA, SB

UHDRc8Gy,
100Gy/s0.5ms,
400nA, SB

ADR4Gy,
40Gy/s2ms,
200nA, EB

ADR4Gy,
40Gy/s0.5ms,
400nA, SB

ADR8Gy,
100Gy/s0.5ms,
400nA, SB

1-6 7 1-6 7 1-6 7 1-6 7 1-6 7 1-6 7 1-6 7 1-6 7

Ribs mean 0.7 2.9 1.6 5.1 1.3 4.1 1.0 3.8 1.3 4.5 1.5 5.1 1.0 4.6 1.3 5.1

max 21.9 36.5 23.0 38.4 17.7 30.1 14.4 28.0 20.5 34.3 22.5 38.4 14.3 35.9 20.3 38.3

V22Gy 1.1 42.9 1.3 54.7 0.4 26.9 0.0 20.1 0.5 34.6 1.3 54.7 0.0 37.2 0.4 54.7

V16Gy 3.1 71.8 5.6 89.7 1.9 61.6 0.7 57.1 2.4 71.1 5.5 89.7 0.7 76.3 2.3 89.7

V12Gy 9.2 97.0 19.3 121.8 6.7 94.8 2.4 89.6 8.5 107.7 15.7 121.8 2.3 110.6 8.0 121.8

Lungs-ITV mean 0.8 1.8 1.0 2.3 0.8 1.8 0.6 1.7 0.8 2.0 1.0 2.3 0.6 2.0 0.8 2.3

V20Gy 40.2 131.0 36.0 160.4 20.3 98.3 9.6 89.4 23.4 120.1 33.6 160.4 9.2 124.8 22.5 160.4

V10Gy 110.2 236.0 142.3 281.3 90.2 242.7 57.2 234.7 95.0 257.2 130.5 281.3 56.3 260.7 92.8 281.3

V7Gy 154.6 281.7 224.7 354.2 168.3 301.4 116.3 295.9 173.7 344.8 224.7 354.2 114.7 350.3 166.4 354.2

V5Gy 195.0 311.7 282.0 417.1 244.6 379.3 191.0 364.2 273.1 417.1 282.0 417.1 189.2 417.1 266.1 417.1
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Fig. 3 Dose-volume histograms of intensity modulated proton therapy-plan and 3 FLASH-modified doses (using ultra-
high dose-rate radiotherapy contribution [UHDRc] and average dose-rate [ADR]): (1) minST = 2 ms, maxN = 200 nA,
energy-layer based (EB) GC; TD = 4 Gy, TDR = 40 Gy/s, (2) minST = 0.5 ms, maxN = 400 nA, spot-based (SB) gantry-cur-
rent (GC); TD = 4 Gy, TDR = 40 Gy/s and (3) minST = 0.5 ms, maxN = 400 nA, SB GC; TD = 8 Gy, TDR = 100 Gy/s, for a
single patient. FLASH-factor = 1.4. Note that the kink in the dose volume histograms of the planning target volume origi-
nates from the fact that the dose of the internal planning volume is not modified.
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(Table E1 and E2 and Fig. E4) include the dose statistics
and DVHs of the other patients and other dose-rate calcu-
lation methods and for FLASH-factor = 1.8.

The FMDs obtained using UHDRc are better than for
ADR, which is expected based on the higher FLASH-per-
centages. However, for the optimal scenario (FLASH-
requirements: 4 Gy and 40 Gy/s, machine parameters:
minST = 0.5 ms, maxN = 400 nA and SB GC) even the
ADR-FMD approaches IMPT (for the ribs, body, and
skin around 7-8 Gy and lungs-ITV around 10 Gy). For
the larger tumor, the 3 UHDRc-FMDs are comparable
and also reach IMPT DVH (body and skin around 8 Gy
and ribs and lungs-ITV around 12 Gy), but the ADR-
FMDs do not, because the larger fields require more scan-
ning time.
Irradiation times

For minST = 2 ms and maxN = 200 nA the total beam
irradiation times (including scanning time) were for the
small lesions on average 0.31 s for EB GC and 0.11 s for
SB GC, leading to total irradiation times of 1.57 s for EB
GC and 0.56 s for SB GC. The larger tumor had an aver-
age beam irradiation time of 1.18 s/0.49 s and a total irra-
diation time of 5.89 s/2.45 s for EB/SB GC. For the most
advantageous beam parameters minST = 0.5 ms and
maxN = 400 nA, the beam irradiation times for the small
lesions reduced to on average 0.09 s/0.06 s for EB/SB GC
with a total irradiation time of 0.47 s/0.28 s for EB/SB GC.
The average beam time of the larger tumor was
0.36 s/0.22 s, resulting in a total irradiation time of



Advances in Radiation Oncology: July−August 2022 Single-fraction 34 Gy Lung Stereotactic Body Radia 11
1.81 s/1.09 s, for EB/SB GC. Specific beam and patient
data can be found in the Table E3.
Discussion
In this article we focused on evaluating the possible
FLASH-contribution for single fraction, high dose radia-
tion therapy, using a model of a single fraction of 34 Gy
for small lung lesions. We found that 5-beam TB-plans
can achieve similar or lower OAR doses to VMAT, but
have higher rib, skin, and ipsilateral lung dose compared
with Bragg-peak IMPT, due to TB exit dose. It is impor-
tant to realize that the IMPT-plans used in this article
have been robustly optimized, based on the CT scan, but
do not take density differences between CT scan and
treatment, nor changes during treatment, into account.
The IMPT-plans will therefore not be as good in reality,
but they have been included because they likely represent
the best possible plans.

We have mainly focused on smaller lesions because
currently at our facility a single fraction of 34 Gy is
mostly used for relatively small tumors, which is con-
sistent with the literature.47,48 However, the RTOG
0915 allows for single fraction delivery to larger
tumors as well and therefore we have included one
larger lesion as well. This lesion was added mainly for
illustrative purposes, showing that the DR calculation
methods are significantly influenced by tumor size.
The difference was particularly large for the PBS-DR
and ADR, which not only consider the local doses and
dose-rates, but are also dependent on scanning time or
a spot dose threshold, and if one of these methods
turns out to be of biological relevance, it will prove
difficult to achieve a FLASH-effect for larger tumors.

As it is not known yet which dose-rate calculation is
most representative of the FLASH-effect, we examined
several methods and analyzed the amount of FLASH-dose
for different FLASH dose and dose-rate thresholds and
machine parameters. We found that (1) dose-rate meth-
ods based on spot dose-rates (excluding scanning time)
easily exceed FLASH dose-rates mentioned in literature
(up to 100 Gy/s3,26), making TD the limiting factor for
FLASH; (2) methods including scanning time have diffi-
culty achieving sufficiently high dose-rates, but this can
be improved by adjusting machine parameters (eg,
increasing maxN or decreasing minST); (3) with favorable
machine parameters there is not much difference in
FLASH-percentage between dose-rate methods, implying
that the dose threshold TD is the limiting factor; (4) SB
GC leads to higher dose-rates compared with EB GC and
this difference is more pronounced in plans with many
low MU spots and for higher minST and lower maxN;
and (5) it is possible to increase the FLASH-percentage by
using a SB GC instead of an EB GC or by trying to achieve
a lower minST (with corresponding higher maxN) and
that the preference for one of these options depends on
the FLASH-thresholds: for lower TD and TDR it is not that
useful to use a SB GC instead of a EB GC, but decreasing
the minST can have a large effect, and for higher TD and
TDR the percentages increase a lot for a SB GC. Another
important observation is that for TD = 8 Gy/
TDR = 100 Gy/s the FLASH-percentage is only between
0% to 46%, meaning that even for single-fraction 34 Gy
almost no FLASH is present and finding a clinical applica-
tion for FLASH may prove problematic.

Some of our findings were confirmed by earlier
research, such as the DADR reaching higher values than
the PBS-DR.34 However, that publication observed that
the PBS-DR is highest at the beam edges and that the
DADR was more evenly distributed, while we found that
neither of these methods have a uniform distribution
(Fig. 1). These differences might be explained by the fact
that we focus on smaller lesions and show that beam char-
acteristics influence the dose-rate distribution signifi-
cantly.

For the small lesions, the UHDRc-FMDs approached
the IMPT DVH, as did the optimal ADR-FMD (for doses
>8 Gy for ribs, skin and body and for doses >10 Gy for
the lungs-ITV). The other 2 scenarios (low FLASH-
thresholds with clinical machine parameters and high
FLASH-threshold with improved machine parameters)
are comparable to each other for both UHDRc and ADR,
suggesting that machine parameters might be able to
compensate for unadvantageous FLASH-requirements.

Furthermore, the higher standard deviation for the
PBS-DR and ADR methods suggests there is more varia-
tion in FLASH-percentages between patients, meaning
that these methods are more sensitive to plan characteris-
tics. This is likely caused by the inclusion of scanning
time, which is highly dependent on spot locations, and is
longer for larger tumors. The standard deviation generally
increases for unfavorable FLASH-requirements for all cal-
culation methods, which means that the corresponding
doses and dose-rates are likely to be close to TD and TDR

and result in either no FLASH or a large amount of
FLASH.

The PBS-DR also depends on the dose-threshold TD,

PBS of 1 cGy. This threshold determines which spots are
included in the calculation and can therefore influence
the DR significantly, especially for larger fields. It might
make more sense to use a method that considers the time
necessary to deliver a certain minimum dose, which has
been described earlier.49

We concentrated on single fraction 34 Gy lung SBRT
because beam doses >4 to 10 Gy are frequently consid-
ered necessary for the FLASH-effect, which if correct,
means that this will be difficult, if not impossible, to
achieve for most fractionated schemes. Because single-
fraction 34 Gy for ES-NSCLC was demonstrated to be
just as effective as multifraction schemes20 and can have
other benefits, such as patient ease and lower costs, it
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merits consideration as a candidate for moving FLASH
into the clinic. Other advantages are a small number of
OARs and the possibility to monitor radiation-induced
damage by evaluating lung fibrosis on CT-scans. Lung
fibrosis presents a practical problem for follow-up, as it
can make recurrent tumors harder to detect.21,22 If a
FLASH-effect reduces the amount of fibrosis, it will be of
clinical significance both by reducing potential toxicity, as
well as improving recurrence detection. Specifically
patients with multiple lung metastases, who are treated
more often with lung SBRT after the trial for Comprehen-
sive Treatment of Oligometastases (COMET-trial), can
benefit from a FLASH-effect. The first COMET-trial dem-
onstrated how patients with oligometastases (≤5 metasta-
ses) showed improved progression-free survival and
overall survival after SBRT treatment23-25 and a second
trial (SABR-COMET-10) will investigate the effect of
SBRT in patients with 4 to 10 metastates.50 Treatment of
a single lesion may not result in too high lung doses, but
the risk of radiation pneumonitis and fibrosis increases
when multiple lesions are treated, and a FLASH-effect
can be of clinical significance.

Another clinical benefit is that the short irradiation
time of TB-FLASH (<1.5 s) makes it easier to treat during
short breath-holds. The tumor position could be moni-
tored using fluoroscopy,51,52 irradiating only when the
tumor is in the right position.

The lungs are also a good site for the use of TBs, due to
their low tissue density. TBs are not influenced by density
changes and range uncertainty. Additionally, they do not
require layer switching, facilitate dose verification by dis-
tally placed detectors and can be delivered much faster
(»0.3 s for smaller lesions [ITV <9 cm3] and <1.5 s for a
larger tumor [ITV = 55 cm3]), making it possible to
deliver the entire fraction withing a single breathing
phase, thereby avoiding troublesome breath-hold techni-
ques. The effects of UHDRs on the linear energy transfer
at and around the Bragg-peak can also be ignored. How-
ever, the main disadvantage of TBs is the lack of use of
the Bragg-peak and in particular the low dose deposition
behind it. Currently, hedgehog filters are believed to be
the solution to this problem, but these also have their
drawbacks: they are highly prone to errors, make planning
more difficult, are patient- and beam-specific, and need to
be made in such a precise manner that, in contrast to TBs,
it is currently not easily possible to use them clinically.
However, it has been demonstrated recently that FLASH
dose-rates using single-energy Bragg-peaks are achievable
using range shifters and inverse optimization.53

Very high energy electron radiation therapy, achieving
energies up to 250 Mev, can also be an interesting possi-
bility for FLASH-RT, as similar dosimetry to that of TBs
has been simulated and measured.54,55 Because it is still
uncertain what exactly leads to the FLASH-effect, multi-
ple assumptions have had to be made in this analysis. The
exact dose-rate and dose threshold are still unknown,7,9
and we therefore decided to use multiple thresholds (40/
100 Gy/s and 4/8 Gy). However, it is likely there is a grad-
ually increasing effect based on dose-rate (and dose),
rather than a definite cut-off threshold. In addition, there
are several ways to calculate dose-rate, and it is not known
which one is applicable to calculate the FLASH-effect.
Therefore we showed the results for a variation of dose-
rate calculations. Also, the values for minST and maxN
have been selected based on clinically used parameters
and literature,38,39 but other values are possible and may
give rise to other conclusions. Furthermore, we have con-
sidered each beam separately, based on the oxygenation
hypothesis and the fact it only takes » 10−3s to 10−2s to
reoxygenate the tissue44 (compared with >30 s between
beam irradiations), leading to a return to the initial state
before a subsequent irradiation. However, this is just an
assumption based on the available literature, but more
radiobiologic research would be needed.

Additional research is not only required to understand
the mechanism behind the FLASH-effect, but also to clarify
other radiobiological aspects. For instance, (1) the (amount
of) FLASH-effect might be tissue specific; (2) the influence
of time between spots/beams/fractions on the FLASH-effect
is unknown; as is (3) the radiobiologically relevant definition
of dose-rate; and (4) factors such as dose and tissue oxygen
levels may also play some part in the origination of the
FLASH-effect.45 It would also be useful to investigate how
to increase the dose-rate by adjusting machine parameters
and plan characteristics, such as minimizing spot times,
increasing the gantry current or increasing spot MUs by
using spot reduction methods.36 Changing the scanning
pattern can also influence the FLASH-percentage, in partic-
ular if a dose-rate calculation method including scanning
time, such as ADR and PBS-DR, turns out to be important
for the FLASH-effect. Lastly, we focused on transmission
beams as UHDR proton treatments are now possible using
TBs, unlike Bragg-peak IMPT. But it is expected that also
Bragg-peak UHDR treatments will become possible in the
coming years.
Conclusions
In this article we have focused on single-fraction 34 Gy
lung SBRT and showed how 5-beam TB-plans can achieve
similar plan quality to VMAT, but have higher rib, skin
and ipsilateral lung dose compared with IMPT. We have
also analyzed the amount of FLASH-dose for multiple
dose-rate calculation methods, FLASH-thresholds and
delivery parameters and found that dose-rate calculation
methods excluding scanning time (UHDRc and DADR)
easily achieve FLASH dose-rates, while the PBS-DR and
ADR struggle to meet the dose-rate requirements. How-
ever, by adjusting machine parameters (decreasing
minST/increasing maxN or using a SB GC instead of an
EB GC) high enough dose-rates can be achieved for all
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calculation methods, meaning that in the end the FLASH
dose threshold TD is the limiting factor for FLASH.
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