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Purpose: Compared with conventional dose rate irradiation (CONV), ultrahigh dose rate irradiation (UHDR) has shown
superior normal tissue sparing. However, a clinically relevant widening of the therapeutic window by UHDR, termed “FLASH
effect”, also depends on the tumor toxicity obtained by UHDR. Based on a combined analysis of published literature, the cur-
rent study examined the hypothesis of tumor isoefficacy for UHDR versus CONV and aimed to identify potential knowledge
gaps to inspire future in vivo studies.

Methods and Materials: A systematic literature search identified publications assessing in vivo tumor responses comparing
UHDR and CONV. Qualitative and quantitative analyses were performed, including combined analyses of tumor growth and
survival data.

Results: We identified 66 data sets from 15 publications that compared UHDR and CONV for tumor efficacy. The median
number of animals per group was 9 (range 3-15) and the median follow-up period was 30.5 days (range 11-230) after the first
irradiation. Tumor growth assays were the predominant model used. Combined statistical analyses of tumor growth and sur-
vival data are consistent with UHDR isoefficacy compared with CONV. Only 1 study determined tumor-controlling dose
(TCDsy) and reported statistically nonsignificant differences.

Conclusions: The combined quantitative analyses of tumor responses support the assumption of UHDR isoefficacy compared
with CONV. However, the comparisons are primarily based on heterogeneous tumor growth assays with limited numbers of
animals and short follow-up, and most studies do not assess long-term tumor control probability. Therefore, the assays may be
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insensitive in resolving smaller response differences, such as responses of radioresistant tumor subclones. Hence, tumor cure
experiments, including additional TCDs, experiments, are needed to confirm the assumption of isoeffectiveness in curative set-

tings. © 2023 Elsevier Inc. All rights reserved.

Introduction

In several preclinical models from different laboratories,
ultrahigh dose rate (UHDR) irradiation has been reported
to cause less damage to normal tissues than conventional
dose rate (CONV) irradiation' " while maintaining tumor
growth control.” """ This selective sparing of normal tis-
sues is termed “FLASH effect” and has the potential to
broaden the therapeutic window in radiation therapy (RT).
As a result, there has been a surge in scientific interest in the
use of UHDR irradiation, and most studies thus far have
focused on UHDR irradiations of normal tissues. However,
for UHDR RT to broaden the therapeutic window, tumor
control efficacy must not be compromised in clinically rele-
vant settings. Although several mechanisms for the FLASH
effect have been proposed, including radiolytic oxygen
depletion and vascular, inflammatory, and immune
responses, so far none of them could be sufficiently vali-
dated."**’

There are several approaches to studying the efficacy of
radiotherapeutic interventions in vivo. The most recognized
preclinical method is the tumor control probability (TCP)
design, which can determine a tumor-controlling dose
(TCDsy, the dose at which 50% of the animals are
cured).”!"*? To detect late recurrences, at least 3 months of
follow-up, preferably longer for some tumor models, is
required.”’ Hereby, the curable potential of a treatment can
be evaluated because the assay is thought to reflect the kill-
ing of all clonogenic cells. The assay requires a large number
of animals, is labor intensive and time consuming. Alterna-
tive assays assess tumor growth and offer more time-, cost-,
and labor-efficient methods. Instead of determining the
dose required to cure the animals, repeated tumor measure-
ments are used to determine tumor growth/shrinkage and
derived quantities, such as probability of growth, time to
regrowth, tumor growth delay, or the doubling time of
tumors.”* Such growth assays are thereby useful to detect
abilities of anticancer treatment to inhibit tumor growth.”
However, their relevance in a curative setting is question-
able. Part of the disadvantages could be referred to heteroge-
neity within tumors. A large bulk of tumor cells may be
nonclonogenic and could be eliminated by irradiation
resulting in tumor shrinkage. However, subclones of clono-
genic cells may be less responsive to the treatment and cause
treatment failure, even if the initial measured response was
tumor shrinkage. Findings provided by tumor growth assays
can thus be indicative for a certain response, but results
should preferably be confirmed using other assays.”'

UHDR has been shown to spare normal tissue in a vari-
ety of tissues, including the brain, skin, lung, and gastroin-
testinal tract.'™*>”” These sparing effects have been

demonstrated in a variety of animal models (including zebra
fish, mouse, rat, cat, and mini pig) and for a variety of beam
qualities (including electron, photon, proton, and carbon
ion irradiation). The magnitude of the FLASH normal tissue
sparing effect has been reported to range from ~5% to 50%
(in terms of isoeffective doses),'®***” and a recent meta-
analysis of single-fraction irradiations reported that the
magnitude of FLASH tissue sparing increases with higher
doses and varies among tissues.”” Remarkably, most studies
report that UHDR maintains in vivo tumor efficacy com-
pared with CONV.'®%8 There are exceptions, however, such
as cell line dependent response to UHDR," or even increased
tumor efficacy for UHDR.””” Of note, most current studies
that assess in vivo tumor efficacy of UHDR have used tumor
growth as the endpoint.

In this study, we present a comprehensive review and
analysis of the current evidence on the tumor efficacy of
UHDR versus CONV irradiation in preclinical in vivo mod-
els. For this purpose, we used the published literature to
examine the hypothesis of UHDR tumor isoefficacy com-
pared with CONV irradiation by conducting a qualitative
review and combined quantitative analyses of available
experimental data. Hereby, we aimed at identifying potential
knowledge gaps to inspire future in vivo studies.

Materials and Methods

Record and report identification

We conducted a systematic review of published reports
comparing the response of in vivo tumors (ie, preclinical
animal tumor models) to UHDR and CONYV irradiation. To
do so, we searched PubMed (https://pubmed.ncbi.nlm.nih.
gov/) for references published between January 2014 and
October 2022 using the query: FLASH AND (“RADIO-
THERAPY” OR “RADIATION” OR “IRRADIATION”).
Our search query resulted in 1114 results. We screened the
query results manually for data on in vivo tumor responses
to UHDR irradiations in comparison to CONV irradiations
and added other publications to the best of our knowledge.
A record and report identification and screening flowchart
based on PRISMA (Preferred Reporting Items for System-
atic Reviews and Meta-Analyses)’’ is provided in Table E1.
Data sets from a report were included if they met the follow-
ing selection criteria:

1. It contains in vivo tumor response data for both UHDR
irradiations with a time-averaged dose rate (TADR) >
40 Gy/s and CONYV irradiations (with TADR between
0.001 and 1 Gy/s).
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2. It contains tumor response data for (at least) one of the
following clinically relevant endpoints: probability of
survival, TCP, probability of tumor regrowth, tumor
growth data (this encompasses relative and absolute data
of tumor size, volume, weight, and bioluminescence),
number of solid tumors, metastatic tissue volume, and
ascites volume.

3. It was obtained for comparable biologic system groups
and comparable irradiation conditions (ie, same dose
and fractionation scheme, same or similar energy spectra
and field sizes/dose distributions for CONV or UHDR
irradiations).

Data extraction, categorization, conversion, and
combined quantitative analysis

The not-yet-well-understood mechanism of action of the
FLASH effect is present for UHDR irradiations of normal
tissues, resulting in their protection, but supposedly does
not result in any response changes for tumors when irradi-
ated with UHDR. It is generally assumed that this differen-
tial response is due to intrinsic biologic differences between
tumors and normal tissues, involving an interplay between
physics, chemistry and biology.'®*’ The overarching goal of
this analysis is to present available experimental data in a
concise quantitative manner and to examine pooled data for
signs of systematic response differences of tumors to UHDR
and CONYV irradiation.

In most publications numerical experimental data were
not available and we digitized them from the original graphs
using WebPlotDigitizer.”* The majority of the endpoints
were reported as “time after irradiation” or “time after inoc-
ulation,” often at multiple time points. To facilitate a com-
bined analysis of these data sets, we converted all reporting
times to “time after first irradiation” t in days.

Most experiments reported endpoints related to tumor
growth to assess differences between UHDR and CONV
irradiation. This included measured size or volume (e,
based on tumor extensions measured in 1 to 3 dimensions),
weight, and bioluminescence. For the sake of brevity, we
will refer hereafter to all of these endpoints as “tumor size”
endpoints. We normalized all tumor size endpoints to rela-
tive tumor size (ie, SUFPR(£) and SSONV(t)) with respect to
the day of the first day of irradiation (ie, t = 0 d) to compute
the tumor size ratio

GUHDR (¢
rS(t) = rCelONv< ) (1)

rel (t)

Tumor sizes were interpolated linearly between the mea-
sured data points. For 2 studies,' >’ tumor weight was mea-
sured only once after sacrificing the mice and weight at the
first day of irradiation (t = 0 d) is unknown. For these data
sets, we assigned the average weight measured for the
CONV and the UHDR group at the time of sacrifice for
t = 0 d. To obtain scalar and time-resolved measures of
tumor sizes with reduced fluctuations for each individual

data set for statistical tests, we also computed averages of I's(
t) over the whole data set time span (r's) and over times
spans of 10 days, that is, I's(t,t +9). To the extent that
experimental data were available, rs(t, t + 9) was computed
between 1 and 50 days, that is, averages for 1 to 10, 11 to 20,
21 to 30, 31 to 40, and 41 to 50 days.

Probability (or percentage) of survival of tumor-bearing
animals at a given time t in days after UDHR and CONV
irradiations (PYHPR(t) and PCONV(t)) was also reported by
multiple studies. According to the scope of our study, data
sets in which the death cause was clearly specified to be due
to radiation-induced side effects (and not tumor-related
events) were not included (this resulted in the exclusion of 1
data set’). Using the reported Kaplan-Meier survival
curves, we extracted data to estimate survival for the indi-
vidual mice. Time-to-event was calculated from the first day
of irradiation. We performed an analysis of the individual
mice data, comparing UHDR with CONV irradiation, and
the Kaplan-Meier method was used to visualize the com-
bined survival probability. In addition, using these data we
also computed the difference in survival probability as

dp(t) — PUHDR(t) _ PCONV(t) (2)

If the PUHPR(t) and PCONV(t) are either both zero or
both 1, the quantities are likely not sensitive to possible
response differences between UHDR and CONV irradia-
tions. Therefore, we computed dp(t) only for values of
PUHDR(t) and PCONV(t) where at least 1 of them was differ-
ent from zero (>0.01) and from 1 (<£0.99). This led to the
exclusion of 1 additional data set because both survival
curves are at 100% over the whole data range.”* We evalu-
ated the integrated difference in survival probability as

Dp=1d- ZdP(ti) 3)

where i runs from day 1 to the end of the follow-up tiax,
that is, t; = 1 d,2 d, ..., tnax- Dp provides a scalar metric
that assesses cumulative gain (>0) or loss (<0) in survival
days for UHDR irradiation compared with CONV irradia-
tion.

A combined analysis of data on TCP was not attempted
because TCP was defined very heterogeneously for different
studies (see Results section for details).

Survival differences from the combined Kaplan-Meier
curve were compared by the log-rank test and by a Cox
regression model to estimate an effect size. The assumption
of proportional hazards was tested by the Schoenfeld resid-
uals test. The assumption of normality is not generally sup-
ported for Inrs, Inrs(t,t+9), and Dp (evaluated by
Shapiro-Wilk test). Therefore, 2-sided Wilcoxon signed
rank tests were used to test for differences from isoeffective-
ness of UHDR and CONYV irradiations (ie, null hypothesis
is that UHDR and CONV samples come from the same dis-
tribution) for Inrs, Inrs(t,t+9), and Dp. Furthermore,
we performed bivariate correlation analyses to check for
possible dependencies of 15, I's (£, t + 9), and Dp on the irra-
diation parameters: dose-per-fraction d, total dose D,
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time-averaged dose rate (TADR), intrapulse dose rate
(IPDR), and exposure time (ET). We used Pearson’s R cor-
relation coefficient to test for linear correlations and Spear-
man’s p and Kendall’s 7 to test for rank correlations. P
values below 5% were considered to be statistically signifi-
cant. Data processing, data analysis, and visualization were
performed using Python version 3.8 and its libraries (nota-
bly numpy, pandas, and scipy)”” and R 3.6.3 (survival, surv-
miner, ggplot2).”®

We restricted the combined quantitative analyses of
overall trends and statistical tests (described previously) to
solid tumors without artificially altered tumor oxygenation
state. This was done because liquid tumors are not necessar-
ily representative for the gross of tumors treated with RT
and require particular tumor models* and because the oxy-
genation state of a biologic system during irradiation is
known to have a decisive effect on its response to UHDR
irradiation.”**”*® In practice, this resulted in the exclusion
of 6 data sets (1 vascular clamp, 1 carbogen breathing, and 4
leukemia; see Discussion section) from 2 publications.™”
We performed univariate analysis including data sets for all
particle types and for electron and proton data set sub-
groups separately. The conducted data pooling resulted in
heterogeneous animal and tumor models. To reduce data
set heterogeneity and to examine the robustness of the
results, we conducted subgroup analyses for data sets using
glioblastoma models and for data sets using limb or flank

Table 1

—17,29,30,33,34,39,40

tumor models. Subgroups for other tumor categories and
tumor sites contain each less than 10 data sets (from 1 or 2
reports only) and are not reported.

Results

From a total of 15 reports, we identified 66 different experi-
mental data sets (defined as direct comparisons of tumor
responses to UHDR and CONV irradiation for a specific
tumor model endpoint and using the same irradiation con-
ditions) that fulfilled the selection criteria. A summary of
the tumor models, endpoints, and irradiation parameters of
the corresponding experiments is given in Table 1 and a
more extensive overview is provided in Table E2. The
majority of the data sets reported tumor responses by meas-
urements of tumor growth using calipers or similar
(n = 25), or via bioluminescence (n = 8), followed by data
sets reporting survival probability (n = 19) (Table 1). Sur-
vival of solid tumor-bearing rodents was reported in 5 publi-
cations for in total 15 data sets, and survival >3 months was
achieved for a subset of animals in 3 of the
publications.””*’ Long-term control of solid tumors (at
around 3 months after irradiation) was assessed by 3
publications,'”***" including a TCDs, determination in one
of them (Table 2). Three additional publications reported
TCP with unconventional definitions and/or shorter follow-

Summary of the experimental tumor models, endpoints, and irradiation parameters of the 64 data sets included in
this study that compare the response of in vivo tumor models between UHDR and CONV irradiations from 15 reports

2—4,11,13

Property

Values

Rodent species (number of data sets)

Human tumor models (xenografts)

Murine tumor models (syngeneic)

Animals per (control, CONV, or UHDR) group, median (range)*

Endpoints (number of data sets)

Last data point/maximum follow-up time after first irradiation (d),
median (range)

Particle type (number of data sets)
Total dose (Gy), median (range)

Dose per fraction (Gy), median (range)
Fraction number, median (range)
UHDR TADR (Gy/s), median (range)*
UHDR IPDR (MGy/s), median (range)*

Mice (54), rats (12)

Human xenografts: breast cancer, glioblastoma, human T-cell
acute lymphoblastic leukemia

Lung carcinoma, glioblastoma, pancreas cancer, ovarian cancer,
oral squamous cell carcinoma, (fibro-, osteo-) sarcoma, breast
cancer

9(3-15)

Size/volume/weight (25), bioluminescence (8), survival (19), TCP
(7), “tumor regrowth probability” (2), ascites (3), number of solid
tumors (1), metastatic tissue (1)

30.5 (11-230)

Electrons (49), protons (15), carbon ions (2)
17.5 (4-60)

14 (3.5-60)

1 (1-5)

210 (60-7.8 x 10°)

0.59 (6.2 x 107>-7.8)

A more detailed overview of the data sets is given in Table E2.

UHDR = ultrahigh dose rate.

Abbreviations: CONV = conventional dose rate; IPDR = intrapulse dose rate; TADR = time-averaged dose rate; TCP = tumor control probability;

" In the case that only a range of values was reported by the original publication, the mean value was used for computation of the median.
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Table 2 Overview of different TCP and “tumor regrowth
probability” definitions used in published preclinical com-
parisons of ultrahigh dose rate irradiations with conven-
tional dose rate irradiations

Reference Definition of tumor control

Bourhis et al (2019)]6 TCP = (VCTRL = VRT)/v(TRb where V
is the tumor volumes measured 15 d
after irradiation for different dose

levels
Diffenderfer et al “Tumor regrowth probability” defined
(2020)"° as tumor growth to 4 times the
starting tumor volume at a given time
Velalopoulou et al Percentage of tumors with a volume
(2021)° <500 mm® at a given time
Konradsson et al No measurable tumor at 100 d after
(2022)*° inoculation for different dose levels. In
addition, “stable disease” was defined
as tumor diameter >0 mm but less
than or equal to the tumor diameter at
day of first irradiation.
Liljedahl et al No sign of tumor growth at day 91
(2022)*°

No recurrent tumor at 90 d after
irradiation for different doses;
included TCDs,

Serensen et al
(2022)"

Abbreviations: CTRL = control group; RT = irradiated group;
TCDs, = the dose at which 50% of the animals are cured; TCP = tumor
control probability.

up (details in Table 2). Reported endpoints also included
occurrence of lung metastases, tumor number, and ascites
volume (Table E2). Findings and conclusions of 12 of the 15
included reports support an isoefficacy hypothesis for
UHDR irradiation of tumors (Table E3).

Tumor response after UHDR and CONV
irradiations: General characteristics

Figure 1 provides an overview of relative tumor responses
reported for UHDR compared with CONV irradiations for
all endpoints included in this study (ie, tumor size, survival,
TCP, etc), while indicating whether trend differences were
reported to be statistically significant or not.

Tumor responses

The only study determining TCDs, reported a nonsignifi-
cant difference of 4% for UHDR and CONV."”

As the majority of the experiments assessed tumor size,
we performed detailed analyses of the reported results.
Most studies reported nonsignificantly different tumor
sizes after UHDR and CONV irradiations. Exceptions
are 3 studies that reported UHDR as significantly more

effective in reducing tumor sizes of U87 glioblastoma
(but not for H454 glioblastoma investigated in the same
study), for hypoxic U87 glioblastoma (by clamping), and
when irradiating osteosarcoma with carbon ions.>*”*’
Figure 2 displays the development of UHDR over
CONV tumor size ratios Ts(t) after the first irradiation
and Table E4 provides the corresponding averages and
medians of T's and T5 (£, t 4+ 9). Figure E1 presents Ts(t) for
data sets using glioblastoma models and for data sets using
limb/flank tumor models. For tumor size ratios smaller
than 1, UHDR irradiation was more effective in reducing
tumor size (ie, in favor of UHDR irradiation) and vice
versa. For times up to 50 days post irradiation, the median
(and mean) of all tumor growth data is about 1 and com-
patible with an isoeffect of UHDR and CONV irradiations
for tumors. Accordingly, these differences are statistically
not significant between 1 and 50 days, as summarized in
Table E4. For times longer than 50 days, there is only a sin-
gle data set.

Survival

Two-hundred seventy-six animals with 178 events from
14 data sets were included (1 data set was excluded
because it specified death due to radiation lethality’*) in
the survival analysis of reconstructed individual mice
data. For glioblastoma tumor models, median survival
was 55.5 (95% confidence interval, 44-77) and 46 (43-
59) days for UHDR and CONV, respectively (hazard
ratio, 0.84 [95% confidence interval, 0.62-1.14], P = 0.26)
(Fig. 3a). Between 50 and 90 days there was a nonsignifi-
cant trend in favor of UHDR. Analysis for all included
data and subgroup analysis of limb/flank tumor models
are provided in Fig. E2. Differences in survival probabili-
ties between UHDR and CONV irradiations dp(t) are
displayed in Fig. 3b. Figure E3 presents dp(t) for data sets
using glioblastoma models. For values of dp(t) > 0, UHDR
irradiation is more effective in prolonging survival com-
pared with CONV irradiation (ie, in favor of UHDR irradi-
ation) and vice versa. Median (and mean) of all dp(t) for
the time region with more than 3 observations (up to about
80 days) is about 1 and compatible with an isoeffect of
UHDR and CONV irradiations. The distribution of the
corresponding Dp values was also statistically compatible
with an isoeffect (Table E4).

Tumor response after UHDR and CONV
irradiations: Correlations with irradiation
parameters

No significant correlations with the irradiation parameters
d, D, TADR, IPDR, and ET were indicated by bivariate cor-
relation analysis testing for linear and rank correlations.
Table E5 provides a comprehensive summary of the results
from correlation analysis.
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Fig. 1. Frequency distribution of trends of relative tumor responses reported for UHDR and CONYV irradiations for all end-
points included in this study (ie, tumor size, survival, TCP, ascites, etc) grouped by beam particle type (see legend). Relative
trends in endpoints were grouped as follows. For “UHDR more effective” the endpoint suggests a higher tumor toxicity/pro-
longed survival for UHDR compared with CONV irradiation (ie, in favor of UHDR irradiation) whereas “CONV more effec-
tive” suggests the opposite. These groups are further split indicating if a statistically significant difference at a significance level
of P below 5% was reported or if no significant difference was reported (ns/nr) between CONV and UHDR irradiations. For
data set and evaluation details, see Tables 1 and E2. Abbreviations: C = carbon ion beam; CONV = conventional dose rate;
e = electron beam; nr = significance not reported; ns = not significant; p = proton beam; TCP = tumor control probability;
UHDR = ultrahigh dose rate.
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fication (see Table E2) with the exclusion of data for which the tumor oxygenation state was artificially altered. Median (black
solid line), quartiles (gray band), and mean (red dotted line) values of data are also displayed. For tumor size ratios smaller
than 1, UHDR irradiation is more effective in reducing tumor size (ie, in favor of UHDR irradiation) and vice versa. Of note,
data sets Lil22.2 and Mon21.13 continue with values <1 x 10~" until day 46 and 56, respectively, but are no longer displayed
due to the limited graph range. Abbreviations: CONV = conventional dose rate; Q1 = first quartile; Q3 = third quartile;
UHDR = ultrahigh dose rate.
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Fig. 3.
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and mean (red dotted line) values of data are also displayed. For values of dp(t) > 0, UHDR irradiation is more effective in pro-
longing survival compared with CONYV irradiation (ie, in favor of UHDR irradiation) and vice versa. For data set details, see
Table E2. Abbreviations: CI = confidence interval; CONV = conventional dose rate; HR = hazard ratio; Q1 = first quartile;

Q3 = third quartile; UHDR = ultrahigh dose rate.

Discussion

Tumors are known to be decisively aberrant from normal
tissues and it is generally assumed that some of these intrin-
sic biologic differences give rise to an improved therapeutic
index of UHDR irradiation, notably by maintaining an iso-
efficacy to tumors. We conducted a systematic review and
combined analyses of published experimental data compar-
ing response differences of in vivo tumor models to UHDR
and CONV irradiations. Twelve out of the 15 identified
publications support an isoefficacy hypothesis for UHDR
irradiation of tumors and report predominantly nonsignifi-
cant response differences. Based on these reports, the isoeffi-
cacy of UHDR and CONV irradiations for tumor tissues has
become the commonly proclaimed working hypothesis

when assessing the clinical potential of FLASH

RT.16,18,20,26,28

Thirteen of the 15 identified publications used tumor
growth assays to assess treatment efficacy. Only 3 publica-
tions reported tumor control after a 3-month follow-up.
The isoefficacy hypothesis for tumors is supported by our
combined analysis of tumor growth data. In addition, a
combined analysis of survival data revealed no significant
differences between UHDR and CONYV irradiations. These
findings imply that if a deviation from isoefficacy exists for
tumors irradiated with UHDR, it is either below the detect-
ability limit using currently available data and employed
analysis techniques (notably, the pooled analyses may be
hampered by heterogeneities among the studies, including
different animal/tumor models and endpoints, varying irra-
diation conditions, and the overall limited amount of
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available experimental data) or it may exist only for specific
tumors, endpoints, and irradiation conditions. Supporting
the second point, 4 recent studies found UHDR to be signifi-
cantly more effective than CONV irradiation in tumor mod-
els, but mostly only for some of the investigated
settings.”**>*" It would be of large therapeutic interest, in
particular, if it is confirmed that UHDR irradiation is sub-
stantially more toxic than CONV irradiation in clinical set-
tings for hypoxic tumors, as suggested by one of these
studies.”

Even if the current analyses are consistent with UHDR
isoefficacy, most of the data rely on tumor growth assays (or
bioluminescence that correlates with tumor growth*"*?)
and a further discussion is warranted. Tumor growth
assessed days up to a few months after irradiation is an end-
point sensitive to differences in effects for the more radio-
sensitive tumor cell subpopulation. TCP (and the
corresponding TCDsy) measured after several months to
years, on the other hand, are clinically more relevant end-
points that may allow to capture the response of radioresist-
ant tumor cell subpopulations. Previous studies have
revealed poor correlations between tumor growth delay and
TCDs, in other radiobiological fields of research®***** and
the importance of proper TCDs, experiments has been
emphasized in particular for treatments with curative poten-
tial."> Additionally, we note that the current UHDR studies
report direct comparisons of tumor volumes and not tumor
growth delay (ie, the additional time needed for a treated
tumor to reach a certain volume compared with nontreated
tumors). In a recent paper it was found that the correlation
between tumor volume measurements and TCDs, was
worse than between tumor growth delay and TCDs, " A
discussion of the survival data is also warranted because
death does not necessarily reflect the natural course of
tumor progression. The decision to euthanize animals
depends on the discretion of the experimentalist, introduc-
ing a potential bias."” Reasons for euthanization (or sponta-
neous death) are not explicitly specified for individual
animals, and the criteria for euthanization differed among
studies or were not specified. In terms of survival events,
animals might die or be euthanized due to tumor progres-
sion or due to severe radiation side effects. All the analyzed
animals with an event (n = 178) were found in publications
using tumor growth assays and the corresponding group-
averaged tumor growth curves displayed tumor progression.
Although death from radiation-induced side effects cannot
always be ruled out, the animals have likely been sacrificed
due to tumor progression determined by the experimental-
ist. The previously discussed limitations of tumor growth
assays will also propagate to the survival endpoints.
Together, the currently available tumor growth results and
survival data may thus be insufficient predictors of potential
differences in TCP for UHDR versus CONV irradiation in
curative clinical settings.

It is also worth noting that experimental studies that
compare the normal tissue sparing of UHDR versus CONV
irradiation are frequently designed to detect differences as

small as = 5%.”°%*®*" By contrast, tumor assays comparing
the effects of UHDR versus CONV irradiation that we ana-
lyzed in this work may often not be sensitive enough to
detect changes of this magnitude. A recent meta-analysis
found that experiments reported average FLASH-modifying
factors (ie, isoeffect dose ratios) of 0.95 £ 0.11, 0.92 + 0.08,
and 0.73 = 0.11 for normal tissues exposed to single UHDR
fractions of <10 Gy, 10 to 25 Gy, and >25 Gy, respectively.”’
This highlights that the majority of the available data evi-
dence normal tissue sparing by FLASH of less than 10% for
doses per fraction <25 Gy. Tumor data analyzed in this
work were mostly acquired for doses per fraction <25 Gy
(median, 14 Gy; third quartile: 17 Gy), and although large
variations in tumor growth are to be expected, the number
of included animals per group was relatively low (median, 9;
third quartile: 11) (Table 1). Thus, one can speculate that
any potential differences in tumor response with magni-
tudes <10% could not be detected by most studies examined
in this work. Different sensitivities for detecting response
differences between UHDR and CONV irradiations for
tumors and for normal tissue may lead to a reporting bias.
That is, studies examining differences in responses of nor-
mal tissues with a higher sensitivity may report statistically
significant differences (which are often <10%) more fre-
quently than studies examining differences in responses of
tumors with a lower sensitivity.

The sparing of normal tissues by FLASH was generally
found to be larger for large single fraction doses >25 Gy’
and one can hypothesize that the same might be true for
tumor tissues. In that case, experimental designs using large
single fractions doses >25 Gy would be more sensitive and
would need to be less powered to detect possible differences.
Reassuringly, nonsignificant differences in TCDs, doses of
4% (49.1 [47.0-51.4] Gy and 51.3 [48.6-54.2] Gy for CONV
and UHDR irradiation, respectively), were recently reported
by Serensen et al for large single-fraction doses.'” A recent
randomized phase 3 trial treated nasal squamous cell carci-
noma of cat patients with UHDR RT (1 x 30 Gy, n =7) and
standard-of-care CONV RT (10 x 4.8 Gy, n = 9) and also
reported comparable local control (all cats but 1 in each
arm were tumor free after 1 year) and overall survival
time,'” although severe toxicity developed (probably due to
local overdosage) in 3 cats in the UHDR arm. However, due
to different UHDR and CONV RT arm schedules, the out-
come does not facilitate any conclusions on isoefficacy of
UHDR irradiations for tumors. The first-in-human UHDR
RT treatment was administered in 2018 to a patient with
cutaneous lymphoma.” Two distinct tumors were treated,
each with a single-fraction dose of 15 Gy UHDR and
CONV RT, respectively. At 2 years’ follow-up, there were
no differences in tumor control but also no differences in
acute reactions and late effects.”’

As previously mentioned, 2 recent works reported for in
vivo tumor models that UHDR beams may be more effective
than CONV beams for some conditions (U87 glioblastoma,
hypoxia).”*’ Another recent study reported that UHDR car-
bon ion irradiations were more effective compared with
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CONYV carbon ion irradiations in reducing tumor size and
metastatic lung tissue,”” and Chabi et al reported cell-line-
specific responses occurring already at 4 Gy for T-cell acute
lymphoblastic leukemia.* Also in vitro studies that evaluated
clonogenic survival of tumor cells after UHDR and CONV
irradiation have shown diverging results, with some
responses in favor of UHDR, others in favor of CONV, and
yet others compatible with an isoefficacy.””*”* All this
makes it plausible that response differences may be present
for certain in vivo tumors and may depend on both dose
delivery parameters (such as dose, exposure time, and irra-
diation type) as well as the biologic system, its condition,
and endpoint. Because the underlying mechanism of action
for the FLASH effect is not elucidated, it is an open question
whether the differential UHDR sparing of normal tissues
compared with tumors is generalizable in all scenarios and
represents an intrinsic biologic difference between tumors
and normal tissues.

There are several limitations in the current work. The
quantitative analyses rely on data from published figures,
with the accompanying uncertainties of extracting the data
(typically $3% and <0.1 days). For some data sets, the
reported average tumor size differed between the CONV
and UHDR groups on the day of the first irradiation
(Table E2). Further size differences between groups may
exist for data sets where only relative size data were reported
by the study. Tumor size may influence response to irradia-
tion,”” and such differences could therefore negatively affect
the comparisons. The survival data should be interpreted
cautiously due to lack of specified event reasons (spontane-
ous death, fulfillment of euthanization criteria due to tumor
progression or side effect) and the propagation of the limita-
tions in the tumor growth assays used. The pooled cohort is
heterogeneous and consists of different animal models and
tumor types, with varying endpoints, follow-up, euthanasia
criteria, irradiation doses, and beam parameters, and experi-
ments were performed in different laboratories. The hetero-
geneity hampers the accuracy and precision of the pooled
analyses and should be considered when interpreting the
results. Smaller differences in response, for instance in sub-
groups of tumors/models, could be blurred and not resolved
in the analyses. At the same time, subgroup analyses may be
of less relevance because they are affected by multiple
covarying factors.

Based on the findings of the present work, we propose
some leads for future studies to complement current experi-
mental evidence on the response of tumors to UHDR irradi-
ation and to address some of its current limitations:

¢ Investigate isoefficacy of UHDR irradiations using TCP
endpoints (including TCDs,) and prolonged follow-up
times. The correlation between TCDs, and tumor
growth in UHDR studies could then also be investi-
gated.

® Design studies to demonstrate an opening of the thera-
peutic window by simultaneously assessing effect dif-
ferences after UHDR and CONV irradiation for both

tumors and normal tissues and for endpoints and frac-
tionation regimens of clinical relevance.

® Aim at achieving similar sensitivities to detect differen-
ces between UHDR and CONV irradiations for tumors
and normal tissue to avoid reporting bias and to allow
clinically relevant comparisons. A prerequisite for this
is comparable quantities, such as TCP and normal tis-
sue complication probability, or isoeffect dose ratios
for both tumors and normal tissues.

® Include various tumor models, including transgenic
and orthotopic models, representing different histology
and radiobiological behaviors (eg, tumors with high
and low o/B-ratios and primary human tumors that
reflect population diversity encountered in the clinics).

® For possible future clinical implementation, it will also
be relevant to study tumor efficacy and widening of the
therapeutic window for multifractionated schedules
using low doses per fraction (in the range of 2-4 Gy).”

Conclusion

Summarizing, the results of the present study are compatible
with a tumor isoefficacy of UHDR irradiations on average.
However, it does not seem unlikely that biologic variations
among tumors could affect their response and suitability for
UHDR. The underlying mechanism of action for the FLASH
effect, defined as a differential response between normal tis-
sues and tumors, remains to be elucidated. A cautious
approach is therefore warranted before assuming tumor iso-
efficacy for all tumors and clinical scenarios.
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