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Systematic collection and analysis for insights in the FLASH mechanism

Collection of CDR and UHDR in vitro cell survival data for given dose, pO2, radiation
source and temporal dose delivery structure.

1. Systematic review and meta analysis of CDR and UHDR in vitro data: compare
historical data and mechanistic explanation with more recent data focussing on FLASH
(year range: 1967 - 2024)

2. To what extent (based on the historical data) can the observed differences between
CDR and UHDR in vitro data be explained by the radiolytic oxygen depletion (ROD)
can contribute to a given extent, and to what extent is there a sign of other mechanisms
(e.g. FLASH)?

3. Information from in vitro are transferable to in vivo? Comparison with behaviour of
FLASH effect of in vivo data.

4. Easy access to historical in vivo data for the scientific community.
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Record and report identification

Records identified from PubMed:
Databases (n = 1861)
Registers (n = 0)

v

Records removed before
screening:
Duplicate records removed (n
=0)
Records marked as ineligible
by automation tools (n = 0)
Records removed for other
reasons (n = 0)

Records identified from:
Websites (n = 0)
Organisations (n = 0)
Records known to authors
and citation searching (n =
XX)

!

Records screened »| Records excluded

(n=1861) (n=0)

Reports sought for retrieval »| Reports not retrieved Reports sought for retrieval ,| Reports not retrieved
(n=1861) RGED) (n =XX) "l (n=0)

Reports assessed for eligibility = Reports assessed for eligibility o

=1861) Reports excluded: (n=Xx) Reports excluded:

A4

Reports included in analysis (n =
XX

)
Data sets from reports included
in analysis (n = XX)

See text for selection criteria (n =
XX)
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See text for exclusion criteria (n
=0)

Publications with
mammalian cell survival
data from UHDR irradiation (
>= 30 Gy/s)

PubMed query:
“FLASH” AND
(“RADIOTHERAPY” OR
“‘RADIATION” OR
“IRRADIATION”)

Old UHDR publications
added manually from
various sources.

30 Publications, ~2500 data
points




Database structure

IDs
Reference, Set ID, Data ID, Data Source, Label — pre (% ) post (% )
_ Energy (MeV/u)  92.70 94.79
Bio LET (keV/pm) 11.35 17.72
In vivo / in vitro, Biological system, Environment, pO2 (%),
Endpoint, Value, Value min, Value max, Min/max uncertainty type
variable pre (%) post (%)
Radiation Dose per pulse (Gy) 39.85 63.78
Dose rate avg. (Gy s71) 82.97 85.56
Source, Scanning type, Particle, Energy (MeV/u), LET (keV/um), Dose rate inst. (Gy S—l) 46.80 58.26
e Exposure time (s) 52.01 85.56
Number of pulses 61.27 63.78
Dose time structure PRF (HZ) 26.25 26.25
Pulse duration (ns) 48.80 48.80
Dose total (Gy), Dose per pulse (Gy), Dose rate avg. (Gy s-1)
Dose rate inst. (Gy s-1), Number of pulses, Exposure time (s),
Pulse duration (ns), PRF (Hz)
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Overview of the data

|
| Cell line (pO,%)
“1 Tumoral cells: ~20 : 4 As49(1-21) 4 Ls178Y (NA)
. HLF (21 LU-HNSCC4 (21
Normal cells: 3 I toCcHLFE ¢ LuHNscee @)
I 4 CHO(0-21) 4 M10(NA)
1 $ CHO-K1,(0-21) ¢ MCF7(21)
Parlicle 1 1e-011 ¢ DU145(1.6-20) ¢ MDA-MB-231 (21)
~ photon : 4 aLzst (21) 4 MRC5 (21)
. electron | ¢ H1437(1-21) ¢ NS1(NA)
401 . proton | ¢ Hasaa-21) 4 P3ss(0-21)
(2]
5 ~ helum | 4§ HAPT (21) 4 PANCO2 (NA)
o 1 =
2  cabon | B $ HCTHe(21) ¢ SF763(21)
o | s & 4 Hela(0-21) ¢ TsA(21)
16-03
s . @ '° 4 ¢ HSG (21) 4 U2s1(1.3-21)
2 | f ¢ HSGeC5(21) ¢ US7-MG (21)
=X
= 1 4 IMR90 (NA) 4 vre(-21)
2001 1 4 KPC(NA) 4 wibr(21)
|
I o«
I Particle
1 1e-05 A T ® photon
! A electron
: * = proton
+  helium
0_! [beta] 1
I . . | . . = carbon
1967 1969 1970 1972 1978 1979 1991 2004 2010 2011 2019 2020 2021 2022 2023 2024 | 0 10 D02:e otal (G )30 40
Year | y

FRIDA - In-vitro database (March 4, 2026)



Evaluation of isoffective dose ratios (IDR)

t
1 T T

I I

I I DTr f
B . . DRy = — ¢
_5 : : Drest isoeffect
© . N |
S Reference : :
o SFRef i !
S
= I I
0 Isoeffect level —aD—BD?
5 - SFret(D) =

Dyt . test( ) =€
v IDR =
testlisoeffect
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IDR(D) : “piecewise” fit and ROD hypothesis

AR IDR-weighted fose (Gy(IDR))
- Vozenin et a}.’(;019), Mi ' DIDR =D x IDR(D)

“Piecewise” phenomenological function

w Voze et al. (2019), Mice
= Hornsey and Bewley (1971), 02 vs 1 for D S D T
& e IDR(D) =
& / .-t? =
Q / |

IDR,q, + (1 — IDRaSy)% for D > Dy

Vozenin et al. (2049), Zebrafish ,ik 4
i \ 4
% F

H{f*{

+l Hornsey and Bewley (1971), N2 vs 02
/

Radiolytic oxygen depletion (ROD) [Boscolo et al. 2021]

/ Bourhis et al. (2019), Mice

. D, OER 4yn(pO
"B IDRT(pO2) = by = OE;{(p(gz)z)

' ' ' ' ' '
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Dose [Gy] Ttest |igoeffect isoeffect
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Identification of the “reference” and “test” sets

IDR Reference sets:
CDR (ADR < 2 Gyl/s)
1) pO,>19%
2) pO,=19%

IDR Test sets:
UHDR (ADR > 90 Gy/s)
(same pO, as Ref.)

IDR02 Reference set:
UHDR (ADR > 90 Gy/s)
PO, > 19 %

IDR02 Test set:
UHDR (ADR > 90 Gy/s)
PO, <19 %

pO2 mean (%)

201

CDR, normoxici

UHDR, normoxic

e ® | e °
. 1
1 CDR, hypoxic E i UHDR, hypoxic
M *
x P e
ox x £ = °
x Vo=
‘e ® -
% . ': °
te ¢! %2 . s ol
1e—:—01 I 13105 1e+l-09 1e+‘-13
ADR mean (Gy/s)

Reference

Adrian2020

®  Adrian2020fromgraph

Adrian2021
Almeida2023
Auer2011
Bayart2019
Bayart2020
Berry1969
Berry1972
Buonanno2019
Epp1972
Gerweck1979
Grilji2020
Khan2021
Liliedahl2022

Ling1978
Matsuura2010
Michaels1978
MontayGruel2019
Nias1969
Nias1970
Nomura2024
Schulz1978
Shinohara2004
Tashiro2022
Tessonier2021
Tinganelli2022
Town1967
Venkatesulu2019
Zackrisson1991
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Example of analysis (Adrian et al. 2020)

le+00+4

Ref: Adrian2020-3-Fig.1_hyg
Cell: DU145
p02: 1.6%

* . = 1e-021 Particle: electron
a = .
- o =] T Energy: 10 MeV
& = =
5 9 g
;ij % « 7 -4~ Adrian2020-4-Fig.1_hyp
° )\ *® 3 e
14 o 10+ Type
q — exp. fit
- ROD
1e-04-
' %
(0]
04 e 0
0 10 20 0 10 20 0 10 20
Dose (Gy) Dose (Gy) Dose (Gy)
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Example of analysis (Tessonier et al. 2021)

1.004 1.0
0.754 1071
Ref: Tessonier2021-3-Fig.5B
Cell: H1437
- p02: 1%
= Particle: helium
- a T>u Energy: 12.08 MeV/u
o = 2 LET: 16 keV/um
0 0.50 IC) <
- E 7 0.31 -+— Tessonier2021-4-Fig.5B
a
5 1 Type
— exp. fit
0.25- - ROD
0.004 @ 04 e 0.14
0 5 10 0 5 10 0 5 10
Dose (Gy) Dose (Gy) Dose (Gy)
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Example of analysis (Grilj et al. 2020)

12
. 1e+00 A
o,
9~
4-
s Ref: Grilj2020-7-Fig.2C
Cell: TSA
- le-02+ p02: 21%
o~ Particle: proton
- [a] T>u Energy: 5.5 MeV
£ > 67 2 LET: 9 keV/um
- - . 7 -4~ Grili2020-9-Fig.2C
o
a
24 Type
— exp. fit
34 -+ ROD
¥ le-04
I 1) e m‘ $
04 @ 04 @
0 3 6 9 0 3 6 9 0 3 6 9
Dose (Gy) Dose (Gy) Dose (Gy)
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Correlations

Table 1: Correlation coefficients grouped by variable

pearson kendall spearman IDR_type variable
1 -034  -0.20 0.28 All data
2 015  0.09 0.12 IDR_T high 02 -
3 -025 -0.16 -0.22 IDR.O2.high ADR '--9%€
4 018  0.11 0.16 IDR.T_low_O2
5 047  0.49 0.62 All data
6 0.00  -0.01 -0.01 IDR.T high 02 N
7 059  0.65 0.80 IDR_O2_high_ADR P
8 021  0.10 0.12 IDR.T_low_O2
9 052  -0.36 -0.50 All data
10 -009  -0.15 -0.20 IDR._T high-O2
11 -045  -0.39 055 IDR O2high kDR Fo-ADR
12 0.09  0.03 0.04 IDR.T_low_O2
13 -058  -0.37 0.52  All data
14  -023  -0.16 -0.23 IDR.T high_02
15  -050  -0.39 -0.55 TDR.O2high ADR St-DPP
16  -0.10 0.3 0.04 IDR.T_low_O2

IDRasy

IDR Type . IDRo, (ADR > 90 Gy/s) . IDRy (19% <pO, <21%) ! IDRy (pC
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IDR vs. Dose vs. pO2: global trends

IDR_T_high_02 IDR_T_low_02

1.6
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X E .
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In vitro - in vivo? (still in discussion)

Effect

Observation (in vitro)

Feature comparison (in vitro vs.
preclinical data)

Dose dependence

For some datasets, IDR decrease with increasing dose.

Consistent only for a subset of
data. Global trend not clear.

Dose dependence: piecewise
linear behaviour

For some datasets, IDRT as a function of dose exhibits an
approximately piecewise linear behaviour

Consistent only in selected
dataset.

Temporal delivery structure
dependencies

Differential survival effects between UHDR and CDR. Prolonged
irradiations, tend to diminish differential sparing.

Consistent, but lack of dedicated
in vitro dose rate scan data.

Fractionation

Reduction of FLASH sparing with decreasing dose per fraction.

Likely consistent, but in vitro
fractionation data are lacking.

Tissue-related

Differential sparing effects are observed in normal-tissue-derived
cell lines and in tumoral cell, depending on dose and pO2

Inconsistent. Majority of
experiment with tumoral cells.

pO2

Oxygen tension modulates the magnitude of the differential
sparing effect. Normoxic cells show in general less sparing

Consistent
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