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Purpose: The FLASH effect designates normal tissue sparing by ultra-high dose rate (UHDR) compared with conventional
dose rate irradiation without compromising tumor control. Understanding the magnitude of this effect and its dependency on
dose are essential requirements for an optimized clinical translation of FLASH radiation therapy. In this context, we evaluated
available experimental data on the magnitudes of normal tissue sparing provided by the FLASH effect as a function of dose,
and followed a phenomenological data-driven approach for its parameterization.
Methods and Materials: We gathered available in vivo data of normal tissue sparing of conventional (CONV) versus UHDR
single-fraction doses and converted these to a common scale using isoeffect dose ratios, hereafter referred to as FLASH-modi-
fying factors (FMF= (DCONV/DUHDR)|isoeffect). We then evaluated the suitability of a piecewise linear function with 2 pieces to
parametrize FMF £ DUHDR as a function of dose DUHDR.
Results: We found that the magnitude of FMF generally decreases (ie, sparing increases) as a function of single-fraction dose,
and that individual data series can be described by the piecewise linear function. The sparing magnitude appears organ-specific,
and pooled skin-reaction data followed a consistent trend as a function of dose. Average FMF values and their standard devia-
tions were 0.95 § 0.11 for all data <10 Gy, 0.92 § 0.06 for mouse gut data between 10 and 25 Gy, and 0.96 § 0.07 and 0.71 §
0.06 for mammalian skin-reaction data between 10 and 25 Gy and >25 Gy, respectively.
Conclusions: The magnitude of normal tissue sparing by FLASH increases with dose and is dependent on the irradiated tissue.
A piecewise linear function can parameterize currently available individual data series. � 2022 Elsevier Inc. All rights reserved.
Introduction
Large single doses (05 Gy) administered within short over-
all delivery durations (90.2 seconds) using ultra-high dose
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rates (UHDR) result in reduced damage to normal tissues
while also retaining antitumor efficacy compared with doses
delivered with conventional dose rates (CONV) on the scale
of minutes.1-6 This differential effect, referred to as the
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FLASH effect, is receiving significant attention in the field of
radiation therapy (RT), because dose-modifying factors for
normal tissue sparing from 1.1 up to 1.8 have been reported
and could be exploited to improve the therapeutic ratio.1,3,6

Normal tissue sparing by the FLASH effect has now been
confirmed by different institutes and for different beam
modalities (electrons, photons, protons), species (mouse,
rat, cat, mini pig, zebrafish), organs (brain, gastrointestinal
tract, lung, skin), and endpoints (lethal dose, skin and gut
reactions, neurologic tests), including early and late toxic
effects.1-5,7,8 All this has led recently to the treatment of the
first human patient.9 However, although the amount and
quality of experimental data can be regarded as conclusive
from an evidence perspective, the data are sparse from a
quantitative and modeling perspective.

Understanding the magnitudes and dependencies of the
FLASH effect on dose-delivery parameters (ie, dose, tempo-
ral beam delivery structure, and fractionation scheme) is an
essential requirement for its successful clinical translation
with an optimized therapeutic ratio, and may also contrib-
ute to a better understanding of its mechanism. Also, the
sparing potential for different biologic systems and end-
points needs to be understood quantitatively. Several recent
treatment planning studies have quantified the FLASH
effect using binary yes/no threshold models,10-13 resulting in
discontinuous responses and, in the case of a yes/no thresh-
old value for dose,12,13 in a hormesis effect (ie, a small
increase in dose over the threshold results in a decreased
effect for the concerned normal tissue). These choices are
mostly the result of the still-developing knowledge base for
the FLASH effect, and underline the need for more quantita-
tive descriptions backed by data and more systematic
investigations of relevant dependencies. Several potential
FLASH-effect mechanisms have been proposed but to date,
none of these hypotheses has been validated.2,6,14-24 Hence,
while the mechanisms of the FLASH effect for normal tis-
sues are under investigation, one can quantify basic depen-
dencies of the magnitudes of the FLASH normal tissue-
sparing effect by following a phenomenological top−down
approach based on available experimental in vivo data, and
assess current uncertainties in the prediction of the FLASH
effect based on uncertainties of the experimental data used
for such modeling.

Normal tissue complication probabilities (NTCP) for a
given irradiated organ and volume depend primarily on the
administered dose; thus, this work focused on quantifying
the magnitude and behavior of normal tissue sparing by the
FLASH effect as a function of single-fraction dose based on
available experimental evidence. For this purpose, we gath-
ered and reformatted available experimental in vivo data of
the FLASH sparing effect for normal tissues, and expressed
them in terms of isoeffect dose ratios on a common scale as
a function of dose. In a second step, we parametrized sub-
groups of data using a phenomenological function derived
from the sigmoidal response behavior typically observed for
NTCP.
Methods and Materials
Definition of FLASH-modifying factor

Analogous to the definition of relative biological effectiveness
for different radiation qualities,25 the FLASH-modifying fac-
tor (FMF) for UHDR irradiations is defined as the ratio of
doses that need to be administered at conventional dose rates
(DCONV) and UHDR (DUHDR) to achieve an isoeffect for a
given biologic system and endpoint:

FMF ¼ DCONV

DUHDR
jisoeffect ð1Þ

The FMF is the inverse of the dose-modifying factor, found
in various publications about the FLASH effect.1,3 An FMF
value <1 corresponds to normal tissue sparing of UHDR
compared with CONV irradiation; hence, normal tissue
sparing by the FLASH effect increases when FMF decreases.

Using this concept with slightly changed naming conven-
tion (analogous to the one used for proton and ion beam
therapy25), a dose D delivered with UHDR can be converted
into an isoeffective FMF-weighted dose DFMF; delivered at
conventional dose rates, as follows:

DFMF ¼ FMF ¢D ð2Þ
Derivation of FMF from experimental data

We performed a systematic literature review of published in
vivo data that compare normal tissue responses of UHDR to
CONV irradiations. We searched PubMed in October 2021
using the following query: FLASH AND (“radiotherapy”
OR “radiation” OR “irradiation”) for articles published in
2014 (ie, the year Favaudon et al2 published their seminal
article) and afterward. The query produced 903 results. We
screened the query results manually for in vivo data of
normal tissue responses to UHDR irradiations compared
with CONV irradiations from which FMF values could be
derived. To the best of our knowledge, we also added further
data sets known to us that did not contain the term
“FLASH” (ie, specifically older data sets published before
2014).

A report and record identification and screening flow-
chart based on Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA)26 is provided in
Table E1. A study was included if the following criteria were
fulfilled: (1) contained in vivo normal tissue data for both
UHDR irradiations with a time-averaged dose rate (TADR)
>40 Gy/second and CONV irradiations (TADR: 0.001-1
Gy/second); (2) normal tissue data for a clinically relevant
functional endpoint (eg, survival, skin/lung reaction scores,
necrosis, deformity, growth, neurocognitive tests) or end-
points with a direct link to functional outcome (ie, in prac-
tice, crypt survival); and (3) FMF values needed to be
extractable from the data. We excluded data sets from 2
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studies27,28 that were obtained in tissues with artificially
reduced oxygen concentration (by clamping or N2 breath-
ing), because tissue sparing of UHDR compared with
CONV irradiation was reported in these studies to be
completely suppressed in such anoxic/hypoxic conditions
with all resulting FMF values effectively close to 1, even for
high doses up to 80 Gy. Consequently, almost all analyzed
in vivo data sets were obtained for physiological oxygen
concentrations (physoxic).29 The properties of the 27 identi-
fied data sets are summarized in Table 1.

Most of the time, experiments were not intended to pro-
vide FMF, and data needed to be extracted and converted to
FMF. If numerical experimental data were not directly avail-
able in a publication, we digitized the information from the
original graphs using WebPlotDigitizer.42 The original data-
point for DUHDR and the interpolated value of DCONV pro-
vided the FMF values, as depicted in the diagram in
Figure 1. For interpolation, we used original published fits
whenever applicable. Otherwise, we used linear interpola-
tion between the closest datapoints. Experimental uncer-
tainties for FMF (FMFupper and FMFlower) were estimated
according to the same procedure, but using the standard
error of the mean (upper and lower error bar) of the UHDR
data (Fig. 1), if available (data marked with an asterisk in
Table 1). We used original datapoints for DUHDR and the
interpolated value of DCONV rather than the other way
around, because there was a tendency toward more data-
points, a larger data range, and less data fluctuations for
CONV data, making interpolation more precise.

No FMF values were obtained for UHDR datapoints if
the latter were outside of the data range for the CONV
effect, except a few cases for which UHDR datapoints were
closely below or above the last CONV datapoint. For these,
FMF values were determined either by using the CONV
datapoint and interpolating the UHDR data instead or by a
short linear extrapolation of CONV data (always <10% in
dose). These datapoints are identified in Figure 2. Further-
more, dose levels with no and full effect (ie, below the onset
of a measured NTCP threshold and at 100% NTCP) were
not considered for the analysis, because dose levels for an
isoeffect necessary to derive an FMF value are not uniquely
defined for 0% and 100% effect.

As described, isoeffective CONV and UHDR dose levels
need to be matched to obtain FMF values (Fig. 1). Of note,
this implies that usually data for 2 or more CONV dose lev-
els are necessary for interpolating to an isoeffective UHDR
dose level. Consequently, only studies that reported the out-
come of an endpoint for multiple dose levels (ie, dose-
response studies) generally enabled us to obtain FMF values,
and studies using a single dose level usually needed to be
excluded because no FMF values could be derived. An
exemption worth mentioning were studies for which there
was an isoeffective response for the same dose level of
UHDR and CONV data.

Data processing, data analysis, and visualization were
performed using the R statistical computing language and
its libraries.43 A running average (n = 20) and local second-
degree polynomial regression fit (LOESS from R library
“stats” with span = 1) was performed to visualize local data
averages and general trends as a function of dose.
Parametrization of dose dependence of normal
tissue sparing

With the purpose of providing a convenient phenomenolog-
ical parametrization of the dose dependence of experimental
FMF values, we propose a continuous 2-parameter function,
and evaluate its capability in describing the data using good-
ness-of-fit indicators. To date, single- and multifraction in
vivo experiments have required large doses per fraction
(05 Gy) to demonstrate sizable normal tissue sparing by
the FLASH effect.1,3,6,44 Hence, we hypothesize that a mini-
mum threshold dose DT is needed for the FLASH effect to
occur, and that there is consequently no (or a negligibly
small) difference in response to CONV and UHDR irradia-
tion for lower doses. NTCP are commonly described by
logistic or probit functions as the following45:

NTCPX DXð ÞDX
50;g

X
50
¼ 1

1 þ e�gX50ðDX�DX
50Þ

ð3Þ

NTCPX DXð ÞDX
50;g

X
50

¼ 1
2

1 þ erf
gX
50ðDX � DX

50Þffiffiffi
2

p
� �� �

ð4Þ

respectively, where X can be either CONV or UHDR, DX
50 is

the 50% effect dose threshold, and gX
50 is quantifying the

slope at 50% effect. Hence, if one assumes that NTCP dose
−response curves are described either by a logistic or a
probit curve, both for CONV and UHDR irradiations, for D
> DT; one can insert either of the 2 equations into Equation
1. Because both equations depend on the term gX50ðDX � DX

50Þ
; both equations can be rearranged as (see Appendix E1 for a
detailed derivation)

FMF Dð ÞFMFmin; DT

¼
1 for D� DT

1� FMFminð Þ DT

D
þ FMFmin for D> DT

8<
: ð5Þ

with the following parameter correspondences for FMFmin

and DT for both the logistic and probit models:

FMFmin ¼ gUHDR
50

gCONV
50

and DT

¼
DCONV
50 � DUHDR

50 ¢ gUHDR
50

gCONV50

1� gUHDR
50

gCONV50

ð6Þ

Here, D and DT both refer to the single fraction UHDR
doses. Of note, this behavior corresponds to a sudden effect
transition (SET) that is compatible with any phenomenon
that causes the radiobiological effectiveness of the deposited



Table 1 Experimental in vivo data comparing normal tissue sparing of UHDR and CONV irradiations analyzed in this work

Identification References Biologic system
Endpoint
(assessment time)

Oxygenation
state Beam type

Irradiated body
part (collimator/
field size)

CONV dose
ranges, Gy

UHDR dose
range, Gy

CONV
TADR,
Gy/s

UHDR
TADR, Gy/s

UHDR pulse
width, ms

UHDR dose
per pulse, Gy

UHDR
frequency, Hz

UHDR
intrapulse
dose rate,
MGy/s

Total
delivery
duration,
ms

71.1* Hornsey and
Bewley
(1971)27

Mouse gut Survival (5 d) O2 breathing e− 7 MeV Whole body 8-13 8-17 1 17-83y 2 N/A 400 0.021-0.104z 100-1000z

74.1* Field and Bewley
(1974)28

Rat skin Skin reactions
(7 d-35 d)x

Physoxic e− 7 MeV Feet 19-31 19-50 0.03, 0.08, 1║ 67, 83 N/A N/A N/A N/A 230-750z

74.2*,{ Field and Bewley
(1974)28

Rat skin Skin reactions
(5 wk-23 wk)x

Physoxic e− 7 MeV Feet 24-31 30-36 0.03,1║ 67 N/A N/A N/A N/A 450-540z

74.3{ Field and Bewley
(1974)28

Rat feet Deformity (6 mo) Physoxic e− 7 MeV Feet 24-31 30-36 0.03,1║ 67 N/A N/A N/A N/A 450-540z

82.1*,{ Hendry et al
(1982)30

Mouse tail Necrosis ND50

(7 wk)
Physoxic e− 10 MeV Tail 50-70 50-70 <0.1# 48, 145 0.5-5 1, 3 50 0.6, 1 <4500

14.1 Favaudon et al
(2014)2

Mouse lung Average lung
reaction score
(fibrosis; 24 wk,
36 wk)x

Physoxic 137Cs g-rays/
e− 4.5 MeV

Thorax (18 £ 20
mm2)

13-16 17-30 0.03 60 1 <5 100-150 N/A 280-500z

17.1** Loo et al
(2017)31

Mouse gut Survival LD50

(20 d)
Physoxic e− 20 MeV Abdomen (20 mm) 10-22 10-22 0.05 70, 210 N/A N/A N/A N/A 50-310z

18.1*,{ Smyth et al
(2018)32

Mouse whole
body

Acute radiation
syndrome
TD50

yy

(<60-68 d)

Physoxic 93/124 keV
photons

Whole body (Ø100
mm/30 £ 100
mm2)

5.1-10.1 3.6-9.0 0.05 39.1zz N/A N/A N/A N/A 92-230z

18.2*,{ Smyth et al
(2018)32

Mouse gut Gastrointestinal
syndrome
TD50

yy

(<60-68 d)

Physoxic 93/124 keV
photons

Abdomen
(100 £ 60 mm2/
30 £ 60 mm2)

7.4-14.8 5.5-13.8 0.06 38.3zz N/A N/A N/A N/A 144-360z

18.3*,{ Smyth et al
(2018)32

Mouse brain Neurologic
symptoms
TD50

yy (<38 d)

Physoxic 93/124 keV
photons

Brain (100 £ 30
mm2/30 £ 30
mm2)

9.8-19.6 7.6-18.9 0.06 41.3 N/A N/A N/A N/A 184-458z

19.1* Vozenin et al
(2019)1

Zebrafish Fish length (5 d) 21% O2
xx e− 6 MeV Whole body 5-12 5-12 �0.08 2.8-6.7 £ 106z 1.8 5-12 Single pulse 2.8-6.7z 0.0018

19.2{,║║ Vozenin et al
(2019)4

Mini pig skin Skin reactions
(7-48 wk)x

Physoxic e− 6 MeV Back (Ø26 mm) 22-34 22-34 �0.08 220-340 1.8 2.2-3.4 100 1.2-1.9 90

19.3{ Montay-Gruel et
al (2019)3,8

Mouse brain Memory, novel
object
recognition
(2 mo)

Physoxic e− 6 MeV Brain (Ø17 mm) 10 10-14 0.09-0.16z 5.6-7.8 £ 106z 1.8 10-14 Single pulse 5.6-7.8z 0.0018

19.4*,{ Beyreuther et al
(2019)33

Zebrafish Survival (4 d) 21% O2
xx p 224 MeV

(plateau)
Whole body 10-43 10-43 0.08 100 N/A{{ N/A{{ N/A 0.0005{{ 100-430z

19.5* Beyreuther et al
(2019)33

Zebrafish Pericardial edema
(3, 4 d)x

21% O2
xx p 224 MeV

(plateau)
Whole body 10-43 10-43 0.08 100 N/A{{ N/A{{ N/A 0.0005{{ 100-430z

19.6* Beyreuther et al
(2019)33

Zebrafish Spinal curvature
(3, 4 d)x

21% O2
xx p 224 MeV

(plateau)
Whole body 10-43 10-43 0.08 100 N/A{{ N/A{{ N/A 0.0005{{ 100-430z

20.1*,{ Levy et al
(2020)34

Mouse gut Crypt survival
(96 h)

Physoxic e− 16 MeV Abdomen
(30 £ 40mm2)

12-16 12-16 0.079 216 5 2 108 0.4 56-74z

(Continued)
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Table 1 (Continued)

Identification References Biologic system
Endpoint
(assessment time)

Oxygenation
state Beam type

Irradiated body
part (collimator/
field size)

CONV dose
ranges, Gy

UHDR dose
range, Gy

CONV
TADR,
Gy/s

UHDR
TADR, Gy/s

UHDR pulse
width, ms

UHDR dose
per pulse, Gy

UHDR
frequency, Hz

UHDR
intrapulse
dose rate,
MGy/s

Total
delivery
duration,
ms

20.2* Soto et al
(2020)5

Mouse skin Skin reactions
(8 wk, some
earlier)

Physoxic e− 16 MeV Hemithorax
(20 £ 20mm2)

10-40 10-40 0.075 180 5 2 90 0.4 56-222z

20.3{ Soto et al
(2020)5

Mouse skin Survival (50, 100,
150 d)x

Physoxic e− 16 MeV Hemithorax
(20 £ 20mm2)

10-40 10-40 0.075 180 5 2 90 0.4 56-222z

20.4 Zhang et al
(2020)35

Mouse gut Survival (9, 12 d)x Physoxic p 229 MeV
(plateau)

Abdomen (ellipse
16 £ 12 mm2)

13-22 13-22 0.03-0.08 �120 (106-
138)

0.003{{ N/A{{ 106 £ 106 N/A{{ 96-181

21.1{ Evans et al
(2021)36

Mouse gut Survival LD50

(23 d)
Physoxic p 230 MeV

(spread-out
Bragg peak)

Abdomen (Ø11
mm)

10-16 10-19 0.1 96 (72-120) 21 0.125z 756 0.0062 100-200z

21.2* Ruan et al
(2021)37

Mouse gut Crypt survival in %
(3.75 d)x

95% O2

breathing
e− 6 MeV Abdomen (30 £ 33

mm2)
5-11.8 5-12.5 0.25 2.2-5.9 £ 106 3.4 7.5-20 Single pulse 2.2-5.9 0.0034

21.3*,{ Velalopoulou et
al (2021)38

Mouse skin Skin reactions
(maximum of
0-8 mo)x

Physoxic p 230 MeV
(plateau)

Leg (20 £ 20 mm2) 30, 45 30, 45 0.39-0.65 69-124 N/A{{ N/A{{ N/A N/A{{ 240-650z

21.4{ Velalopoulou et
al (2021)38

Mouse skin (soft
tissue)

Survival (60 d) Physoxic p 230 MeV
(plateau)

Leg (20 £ 20 mm2) 30, 45 30, 45 0.39-0.65 69-124 N/A{{ N/A{{ N/A N/A{{ 240-650z

21.5*,{,** Ollivier et al
(2021)39

Zebrafish Fish length (5 d) 21% O2
xx e− 6 MeV Whole body 8.1-11.2 7.9-10.8 �0.08 4.4-6.0 £ 106 1.8 7.9-10.8 Single pulse 4.4-6.0 0.0018

22.1{ Gaide et al
(2022)9,40

Human skin Skin reactions (0-3
mo, 24 mo)x

Physoxic e− 8/6 MeV Arm (28 £ 27
mm2/42 £ 34
mm2)

15 15 0.087 166 1 1.5 100 1.5 90

22.2 Sørensen et al
(2022)41

Mouse skin Skin reactions (11-
25 d)x

Physoxic P 244/250
MeV
(plateau)##

Feet (20 £ 30
mm2)

23.2-39.2 31.2-53.5 0.35-0.40 65-92 (132-
212 Gy/s
PBDR)

N/A*** N/A*** N/A N/A*** 0.35-0.73

Abbreviations: CONV = conventional dose rate; FMF = FLASH-modifying factor; LD50 = dose for 50% incidence of mortality; N/A = not available; ND50 = dose for 50% incidence of necrosis; PBDR = local pencil beam dose rate for 95% dose; TADR = time-averaged dose rate;
TD50 = dose for 50% incidence of specified toxicity; UHDR = ultra-high dose rate.
* Experimental uncertainties for FMF values were estimated.
y Data series includes data acquired with mixture of TADR between 17 and 83 Gy/s, and contains some datapoints obtained below inclusion TADR threshold of 40 Gy/s. However, these data were included because all UHDR datapoints for 17 to 83 Gy/s are well described by a single
normal tissue complication probabilities curve, and no change of effect can be inferred in the range of 17 to 83 Gy/s for this experimental setup.
z Value deduced/estimated based on other beam parameters.
x Pooling multiple endpoints/assessment times.
║ FMF values were obtained using both CONV dose rates 0.03 and 1 as reference, where applicable.
{ Data from which only 3 or less FMF values were obtained.
# FMF values were obtained by averaging CONV dose levels <0.1 Gy/s.
** Data from study that was not peer-reviewed.
yy Specific toxicity endpoints were severe (15%-20%) weight loss compared with pre-experimental weight and signs of poor well-being (severe diarrhea, moribund behavior, hunched posture, lack of grooming), decline in activity levels, appetite/water intake, and abnormal neurologic
signs (seizures, fitting, ataxia, balance disorders).
zz FMF value included because TADR for the irradiation setup was only slightly <40 Gy/s and other data from the same study were included, because they were obtained with a TADR slightly >40 Gy/s.
xx Oxygen concentration of fish egg medium upon sealing.
║║ Data only allowed for estimation of one-sided limit of FMF ≤0.74. FMF of 0.74 was assumed in this work as a conservative estimate.
{{ IBA Proteus Plus (Louvain-La-Neuve, Belgium) C230 Cyclotron.
## Scanned beam.
*** ProBeam (Varian Medical Systems, Palo Alto, CA).
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Fig. 1. Conversion of dose-effect data to FLASH-modify-
ing factor (FMF) values for in vivo data. Datapoints were
used for ultrahigh dose rates (DUHDR), and interpolated val-
ues for conventional dose rates (DCONV). Uncertainties for
FMF values (FMFupper and FMFlower) were obtained accord-
ing to the same procedure but using the upper and lower
error bar for the UHDR data, if available.
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dose beyond DT to change (suddenly) from 1 to a reduced
constant value of FMFmin < 1 (ie, any additional damage
caused by doses above DT has a constant reduced additional
effect of FMFmin). Because the SET function (Eqn. 5) is
inversely proportional to dose D for D> DT and constant
below, a piecewise linear behavior is implied for FMF-
weighted dose DFMF as a function of dose D. Last, this form
implies that (1) if the slopes gUHDR

50 and gCONV
50 of the NTCP

dose−response curves are equal, then DT ! § 1 ; (2)
gUHDR
50 < gCONV

50 is a necessary requirement so that
FMFmin < 1; and (3) the NTCP slope ratio gUHDR

50

gCONV50
defines the
Fig. 2. FLASH-modifying factor (FMF) values of normal tissu
grouped by species and organ/body region (ie, mouse brain, rat
mouse whole body, and zebrafish whole body). Datapoints obtain
interpolating ultra-high dose rate data are indicated by black open
figure legend, the reader is referred to the web version of this artic
minimum FMF that can be reached for high doses. Of note,
shallower NTCP slopes for UHDR compared with CONV
irradiation were observed experimentally, for instance, by
Hornsey and Bewley.27

We performed nonlinear regression using the SET
function to fit experimental FMF values as a function of
dose, and obtained parameter estimates and goodness-of-
fit indicators. All regressions and analyses were performed
using the R statistical computing language and its librar-
ies.43 The 95% confidence intervals (CIs) and 95% predic-
tion intervals (PIs) of the fits were obtained using an
augmented covariance matrix and Monte Carlo sampling
(R library “propagate”).
Individual data series

We evaluated the capability of the SET function to fit individ-
ual experimental data series with 4 or more FMF values
(Tables 1 and 2). For this purpose, we excluded data from
Beyreuther et al33 because they reported mostly negative
results with FMF values not significantly different from 1
(Fig. E1). We performed a nonlinear regression of the SET
function to obtain parameter estimates for DT and FMFmin

and the residual standard deviation s. The SET function is
piecewise linear when multiplied with dose; thus, we also
report the coefficient of determination R2 as an additional
indication of the goodness-of-fit for data represented as DFMF

¼ FMF ¢D versus D using only data with D>DT: If FMF
uncertainties were available, we evaluated the aforementioned
quantities using a weighted fit of the data with relative
es as a function of single-fraction ultra-high dose rate dose,
foot, mouse gut, mouse lung, mammalian skin, mouse tail,
ed by small extrapolation of conventional dose rate data or
circles. (For interpretation of the references to colour in this
le.)



Table 2 Parameter estimations of DT and FMFmin, their standard uncertainties, and residual standard deviation s obtained
from nonlinear regression to individual and pooled data series using the SET function (Eqn. 5)

Identification/data pool n DT, Gy FMFmin s R2
Avg. FMF
<10 Gy

Avg. FMF
10-25 Gy

Avg. FMF
>25 Gy

Individual data series

71.1 9 8.6 § 1.1 0.70 § 0.07 0.0078 0.966

74.1 13 17.9 § 1.4 0.43 § 0.05 0.0114 0.743

14.1 5 13.4 § 0.4 0.12 § 0.03 0.0155 0.766

19.1 8 (6) 6.0 § 1.7 0.65 § 0.17 0.0282 0.642

20.2 5 (3) 16.3 § 3.8 0.48 § 0.14 0.0158 0.947

20.4 4 0.0 § 90.8 0.94 § 0.27 0.0497 0.914

21.2 5 0.0 § 9.0 0.93 § 0.06 0.0120 0.991

22.2 31 0.0 § 8.6 0.69 § 0.06 0.0372 0.841

Pooled data

All data 123 (115) 9.6 § 0.8 0.67 § 0.02 0.1087 0.884 0.95 § 0.11 0.92 § 0.08 0.73 § 0.11

Mammalian 95 (88) 11.3 § 0.7 0.60 § 0.02 0.0846 0.913 1.01 § 0.03 0.92 § 0.08 0.70 § 0.07

Mammalian skin 59 (56) 16.6 § 1.3 0.51 § 0.03 0.0590 0.807 N/A 0.96 § 0.07 0.71 § 0.06

Mammalian without skin 36 (34) 9.9 § 0.9 0.60 § 0.05 0.1047 0.897 1.01 § 0.03 0.90 § 0.08 0.63 § 0.14

Mouse gut 25 (24) 6.7 § 2.7 0.85 § 0.06 0.0585 0.908 0.99 § N/A 0.92 § 0.06 N/A

Abbreviations: Avg. = average; FMF = FLASH-modifying factor; N/A = not available. R2 was obtained for data, and predictions are represented as DFMF

versus D for doses larger than DT. n is the number of observations. The number of observations above DT is indicated in the same column by the value in
parentheses, in case it was reduced. For pooled data, FMF averages and their corresponding standard deviations are provided for 3 different dose regions.
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weights defined by w ¼ ðFMFupper � FMFlowerÞ�2: A fit with
equally weighted data was performed otherwise.
Pooled data

We pooled the data by different categories containing a sub-
stantial amount of data to evaluate averaged FMF values for
the single fraction dose regions <10 Gy, 10 to 25 Gy, and
>25 Gy, and obtain parametrizations as a function of dose
together with associated uncertainty intervals using the SET
function. For this purpose, we evaluated the pooled data
groups (Table 1, third column): all data, mammalian data,
mammalian skin data (including skin reactions and survival
based on euthanasia due to skin reactions), mammalian data
without skin data, and mouse gut data (including survival
and crypt survival). Nonlinear regression and its evaluation
were performed as described herein. The pooled data con-
tains FMF values with and without FMF uncertainties; there-
fore, pooled fits were obtained using equally weighted data.
Results
Derivation of FMF from experimental data

Figure 2 summarizes the experimental evidence gathered
regarding the magnitude of normal tissue sparing provided
by the FLASH effect, quantified by FMF, as a function of sin-
gle-fraction dose and grouped by species and organ/body
region (ie, mouse brain, rat foot, mouse gut, mouse lung,
mammalian skin, mouse tail, mouse whole body, and zebra-
fish whole body). The same data grouped by study is shown
in Figure E1. Of note, these FMF values were derived inde-
pendently from any assumptions on the modeling and
parametrization of the FLASH effect.

The cumulated experimental FMF values highlight the
general trend toward smaller FMF values (ie, a larger
sparing effect) for higher doses. This trend is visualized in
Figure E1 by a running average and the LOESS regression
to the data, which offers a smoothed average of the run-
ning average. The figures show that FMF values exhibit a
considerable spread of the individual experiments, and
some data emerge as outliers of the observed average
FMF values. Averages and standard deviations of FMF
values in dose regions between 5 and 10 Gy, 10 and 25
Gy, and >25 Gy are provided in Table 2 for the pooled
data groups.

Pooled mammalian data and pooled mammalian skin
data are displayed in Figure 3. Select data series from single
experiments with 4 or more datapoints are displayed in
Figure 4 as a function of DFMF versus single fraction dose D.
Most of the individual data series show a consistent trend of
monotonic decreasing FMF values for larger doses, but the
data series by Zhang et al,35 Ruan et al,37 and Velalopoulou
et al38 on mouse skin suggest partially an inverse trend.



Fig. 3. Pooled mammalian data (top) and pooled mammalian skin data (bottom) by identification, plotted as FLASH-modify-
ing factor (FMF) versus single-fraction ultra-high dose rate dose. A regression to the data using the sudden effect transition (SET)
function is shown (solid line) with the 95% prediction interval (light gray band) and 95% confidence interval (dark gray band).
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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However, FMF values from these series have considerable
uncertainties. For instance, data from Zhang et al is
based on an assay with 5 mice per group,35 and for data
from Velalopoulou et al, the skin reaction score started to
saturate at 45 Gy.38 In the series by Ruan et al, the FLASH
irradiations were performed under some level of
hyperoxygenation.37
Parametrizations of individual data series and
pooled data

Figure 4 shows that most individual FMF data sets can be
parametrized by the SET function when expressed as DFMF

versus D. This is corroborated quantitatively by the good-
ness-of-fit indicators s and R2 (Table 2).



Fig. 4. Experimental data series from in vivo experiments with more than 3 observations, plotted as DFMF = FMF£ D versus
single-fraction ultra-high dose rate dose D. This representation allows for a visual assessment of the (piecewise) linearity of the
individual data series. Fits of the sudden effect transition (SET) function to individual data series with equal weights are shown
as solid lines. An FMF of 1 (DFMF = DÞ is indicated by the gray dashed line. Abbreviation: FMF = FLASH-modifying factor.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fits of the SET function to pooled mammalian data and
mammalian skin data are shown in Figure 3, together with
their 95% CI and 95% PI. SET fit parameters, s, and R2 are
provided in Table 2 for all pooled data groups.
Discussion
Magnitudes and general trends of experimental
data

Assuming an isoefficacy in tumor control, the achievable
magnitude of normal tissue sparing for clinical scenarios
will be pivotal for the added value of FLASH RT using
UHDR. Hence, the achievable magnitude of normal tissue
sparing needs to be assessed, modelled, and optimized based
on available experimental evidence. In this work, we gath-
ered currently available experimental data of normal tissue
sparing from in vivo studies performed with single-dose
irradiation of small volumes (using field sizes of 2-4 cm at
most) for clinically relevant endpoints, and converted them
to a common scale using FMF. We are not aware of other
works that attempt a systematic evaluation of the dose
dependency and magnitude of normal tissue sparing by the
FLASH effect based of isoeffect dose ratios derived from
gathered experimental data.

For the single data series and pooled data groups, there is
generally a trend toward increased normal tissue sparing (ie,
a smaller FMF) for larger single-fraction doses. This trend
suggests that treatments with large fraction doses should be
used to increase normal tissue sparing provided by the
FLASH effect. For single-fraction doses <10 Gy, all FMF
values of Figure 2 are >0.85, with an average of 0.95 § 0.11
(Table 2). From a clinical perspective, this implies that,
based on the experimental evidence from preclinical single-
fraction animal studies in small tissue volumes gathered in
this work, a 5% normal tissue sparing by the FLASH effect
in terms of dose can be expected on average in this dose
region.

The magnitude of FMF values and single-fraction dose
ranges for which FMF values can be derived are specific to
the biologic system and endpoint. For instance, FMF values
for mouse gut are predominantly in the dose range between
10 and 25 Gy, with an average FMF of 0.92 § 0.06. Instead,
data for mammalian skin span a dose range between 10 and
60 Gy, with FMF averages of 0.96 § 0.07 and 0.71 § 0.06
for dose ranges of 10 to 25 Gy and >25 Gy, respectively.
This means that FMF averages are relatively consistent
between the gut and skin, in the range of 10 to 25 Gy, but
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above 25 Gy, there is only data for the skin. Remarkably, in
the dose region above 25 Gy, similar FMF values of approxi-
mately 0.70 were obtained for both electron5,28 and proton41

skin irradiations.
Normal tissue sparing magnitudes of ≥20% are often

referred to in the literature as a figure of merit for nor-
mal tissue sparing by the FLASH effect.1,6 However, data
analyzed in this work indicate that most experimental
studies show lower sparing magnitudes for single-frac-
tion doses <25 Gy, and doses >25 Gy were needed by
most experimental studies to obtain sparing magnitudes
>20% (ie, FMF <0.80). Extremely hypofractionated treat-
ment regimens with ≥25 Gy per fraction are likely to be
of interest for a limited range of clinical indications,
because they prove often unsuitable to be used in large
volumes where most unmet clinical needs of RT are.
Furthermore, when delivering modern RT, critical nor-
mal tissues are usually already efficiently spared by steep
dose gradients and mostly receive doses significantly
below the prescribed dose. Hence, such lower normal tis-
sue doses may also decrease normal tissues sparing pro-
vided by the FLASH effect.

Therefore, the potential for additional sparing by the
FLASH effect will likely be the largest for tissue volumes
adjacent to the tumor, which are in the high dose region
(eg, in the margin of the planning target volume). In
particular, neurocognitive endpoints of the mouse
brain3,8 and mouse lung reactions2 exhibited larger nor-
mal tissue sparing of >20% (FMF <0.8) for single-frac-
tion doses <25 Gy, and these data could point to tissues
where a large therapeutic gain could be accomplished for
lower doses. However, corresponding FMF values are
outliers derived from 2 single experimental studies. Con-
sequently, the reproducibility and robustness of the FMF
magnitudes derived from these studies must still be cor-
roborated by further experiments.

The analyzed data are compatible with a minimum
dose threshold for significant normal tissue sparing to
appear, because available data tend toward an FMF of 1.0
for a decreasing dose (Figs. 2 and 4). However, because
of a lack of experimental data, we do not have FMF val-
ues for single doses <5 Gy. This lack is mostly owed to
the fact that hardly any clinically relevant normal tissue
complications arise for such low single-fraction doses and
FMF values are consequently not well defined, because
NTCP is zero. Fractionated studies may be more appro-
priate to assess the existence of significant in vivo normal
tissue sparing by the FLASH effect for the lower-dose
region of 1 to 10 Gy per fraction.

A better understanding of the behavior and magnitude of
the FLASH effect for fractionated treatments is also gener-
ally of paramount importance for clinical translation. A
recent study reported the existence of a normal tissue spar-
ing effect for fractionated UHDR compared with CONV
irradiations of the murine brain, but did not find a sparing
effect for 4 £ 3.5 Gy.44 Another study46 reported no normal
tissue sparing for cardiac and splenic models of
lymphopenia and gastrointestinal syndrome for fraction
doses down to 1 and 2 Gy per fraction, but used relatively
low TADRs of 36 Gy per second that are likely suboptimal
to achieve a pronounced FLASH effect.7
Parametrizations of individual data series

Individual data series can be parametrized by the SET func-
tion (Eqn. 5, Fig. 4, Table 2), which implies that the analyzed
experimental data are compatible with a phenomenon that
results in constantly reduced additional normal tissue dam-
age (parametrized by FMFmin) for all UHDR doses adminis-
tered beyond DT. This is one of the simplest behaviors of
FMF as a function of dose, which incorporates a minimum
dose threshold DT while avoiding discontinuities and a
hormesis effect. The assumption of a sudden transition,
inherent to the SET function, is simplistic, and we anticipate
that a gradual transition between the 2 response regions will
eventually result in a better description of future experimen-
tal data. This means that the adequacy of the SET function
to describe the dose response should be reexamined, specifi-
cally in the DT transition region, once more high quality
FMF data for extended dose ranges become available.

However, in the meantime, the SET function can be
regarded as sufficient to capture the general behavior of the
currently available experimental data series, given their data
spread and statistical uncertainties, and their mostly limited
dose ranges. Additionally, the convenience and advantage of
the SET function is its simple, linearizable, 2-free-parameter
relation with an increased fitting robustness compared with
3 or more free parameter relations (eg, sigmoidal curves),
and that it can be derived using the assumption of a sigmoi-
dal NTCP response beyond DT. Of note, the experimentally
observed dose dependency (ie, a dependency that can be
described by the SET function, but potentially with a grad-
ual transition region) is in agreement with the one observed
by in vitro cell experiments47,48 and compatible with the
dose dependency expected from radiolytic oxygen con-
sumption.16-18
Parametrizations of pooled data

The FMF of the pooled mammalian skin data follow a
consistent general trend as a function of single-fraction
dose that can be parametrized by the SET function (Fig. 3
[bottom], Table 2). The skin data show an onset of the
FLASH effect for doses of approximately 20 Gy, and reach
an FMF of approximately 0.70 only for high doses of 30 to
50 Gy. Mammalian skin data generally exhibit normal tissue
sparing that manifests only at larger doses compared with
other mammalian data, which start to show tissue sparing
already for lower doses of approximately 10 Gy (Fig. 3 [top],
Table 2). The obtained parameterizations and their
associated CIs and PIs highlight the large variability of the
experimentally observed onset and magnitude of the FLASH
normal tissue sparing effect. As previously mentioned, a
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significant data variability is expected because we pooled
data obtained from different beams (particle type and
energy spectra) with varying temporal dose delivery charac-
teristics, as well as data from different biologic systems (spe-
cies, tissues, oxygenation states) and endpoints (including
late and early reactions).
Additional considerations and limitations

Several limitations and assumptions should be considered
when interpreting the results obtained in this work. Experi-
mental studies used for this analysis were not always
designed to provide accurate dose−response curves and facil-
itate the extraction of FMF values via isoeffect levels. Conse-
quently, sometimes only a few datapoints with significant
uncertainties were available as a function of dose, which may
have led to considerable uncertainties in the derived FMF
values. Furthermore, in dose regions where the dose response
is shallow, a small variation of the isoeffect level may lead to
a large variation of dose and derived FMF values.

The observed sparing magnitudes may relate to an intrin-
sic property of the investigated biologic systems and end-
points. However, analyzed FMF values originate mostly from
initial explorative experimental studies and for some analyzed
experiments, a suboptimal normal tissue sparing effect can be
expected due to the employed temporal irradiation parame-
ters. Temporal dose delivery parameters vary notably for
both CONV and UHDR irradiations between the different
data series examined herein, and vary even within individual
data series because different temporal delivery parameters,
such as total delivery duration or TADRs, were used to vary
the delivered dose for different datapoints within a measure-
ment series. Even though we found various reported temporal
delivery parameters (Table 1), we focused this study on dose
dependency to increase the statistics of our evaluation.

Furthermore, we used a TADR of 40 Gy per second as an
inclusion criterium for UHDR irradiations, because such a
value was found to produce a pronounced FLASH effect for
some experiments and this value is the most commonly
referred to in the literature.1,7,24 However, a precise TADR
value is not yet established and may actually vary depending
on irradiation conditions and biologic system. Experimental
studies report different onset and saturation regions of nor-
mal tissue sparing as a function of TADR, ranging between
<10 Gy per second, 20 Gy per second, and 280 Gy per sec-
ond for onset and between 10 Gy per second, 60 Gy per sec-
ond, 100 Gy per second, and >280 Gy per second for
saturation of the FLASH effect.7,24,30,37,49 These studies
clearly demonstrate a dose-rate dependency of the FLASH
effect and suggest, in part, a sigmoidal behavior with an
upper TADR saturation threshold, but additional experi-
mental studies are needed to understand and quantify this
dependency in more detail and disentangle the dependency
from other possible dependencies on beam type and tempo-
ral dose delivery parameters, as well as other possible depen-
dencies on the biologic system. In summary, even though
most FMF values analyzed in this work were obtained from
UHDR irradiations with TADRs of ≥60 Gy per second
(Table 1), some FMF values may be representative of a
TADR region where the FLASH effect is still increasing.

In addition to the spread of FMF values, the pooled para-
metrizations and averages obtained for a given dose range in
this work were often determined only by a few FMF values,
mostly originating from only a single or a few experiments.
Hence, significant systematic uncertainties may be expected,
and averages and parametrizations may be biased toward
certain experiments and endpoints by data frequency.

Finally, data presented in the literature about the FLASH
effect for normal tissue reactions are exclusively related to
small irradiated volumes, and all normal tissue data were
obtained for single-fraction experiments. For this reason,
our analysis cannot examine how the FLASH effect in vivo
behaves for large volumes and/or multiple fractions. A
study44 that was designed to assess the behavior of the
FLASH effect for fractionated treatments of mice concluded
that “FLASH-RT delivered with hypofractionated regimens
is able to spare the normal brain” but does not enable any
quantitative conclusions in terms of FMF.
Conclusions
We established a phenomenological description of the
FLASH effect in normal tissue as a function of single-fraction
UHDR dose using the SET function, which is compatible
with currently available experimental findings and implies an
increasing sparing effect for an increasing dose and a piece-
wise linear response behavior when expressed as DFMF versus
D. Parameterizations of combined FMF data provide a
means to assess expected toxicities for doses delivered with
FLASH RT compared with doses delivered with CONV RT
while providing uncertainty margins based on data. This
may help guide experimental and clinical trial designs and
may enable exploratory treatment planning studies that fac-
tor in the FLASH effect. At the same time, the data and par-
ametrizations we gathered should prove a useful benchmark
for future modeling attempts of the FLASH effect.

Preclinical data gathered in this study evidence normal
tissue sparing of 5% on average (in terms of dose) for sin-
gle-fraction doses <10 Gy, and that the sparing magnitude
of the FLASH effect depends on the type of irradiated nor-
mal tissue and generally increases with increasing single-
fraction dose. The amplitude differences in sparing by the
FLASH effect with dose and for different normal tissue sys-
tems could have an effect in the choice of indications for the
clinical transfer of FLASH RT. With regard to optimized
clinical translation, the analyzed data underline the need for
further preclinical studies that focus on optimizing and
defining beam irradiation parameters to achieve a maximal
normal tissues sparing, as well as evaluating the achievable
normal tissue sparing magnitude with dose−response
curves for clinically relevant organs, endpoints, doses, and
fractionation regimens.
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