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A B S T R A C T

This study shows that an increase in average dose rate delays the onset, and reduces the severity, of radiation induced skin toxicity in mice following hemi-thorax 
irradiation. The FLASH sparing effect’s magnitude and dependence on dose rate appear similar following irradiations using 6 MV photon and 6 MeV electron beams.

Introduction

Previous studies have shown that average dose rate/total delivery 
time are key parameters for the FLASH effect [1]. This was first shown in 
mice following 10 Gy whole brain irradiation, using a novel object 
recognition test to evaluate memory function two months post irradia
tion. Reduced neurotoxicity was seen for dose rates ≥30 Gy/s, with 
further reduction with increasing average dose rates, with full sparing 
seen at dose rates ≥100 Gy/s [2]. How the FLASH effect varies with 
average dose rate has also been shown in mouse intestines. Using a 
Swiss-roll crypt assay, the number of crypts remaining following 11.2 Gy 
or 12.5 Gy whole abdominal irradiation showed significant sparing at 
dose rates ≥280 Gy/s and ≥310 Gy/s, respectively. Again, sparing 
increased with increasing average dose rates [3]. Another recent pub
lication used a similar assay as well as survival to show significant 
sparing at 106 Gy/s following 17 Gy whole abdominal irradiation. That 
study also indicated that average dose rate is the most important tem
poral parameter for the FLASH effect [4]. These studies used 6 Mega 
electron Volt (MeV) electron beams. A similar dose rate escalation study 
using transmission 244–250 MeV proton beams, evaluated radiation- 
induced skin toxicity in mice following 39.3 Gy back limb irradiation. 
Here, a FLASH sparing effect was seen from 2-5.6 Gy/s, with greater 
sparing for further increased average dose rates [5].

Most preclinical FLASH studies, like those mentioned above, have 
used electron or proton beams [1]. However, the vast majority of 
radiotherapy treatments utilise Mega Voltage (MV) photon beams [6]. 
Therefore, for the future clinical translation of FLASH radiotherapy, it is 
important to also investigate the FLASH effect for MV photon beams. 

However, it is challenging to reach the ultra-high dose rates needed for 
FLASH with MV photon beams because of the relatively poor efficiency 
of production of bremsstrahlung photons [6]. In our previous work, we 
have shown how adding a tungsten foil as a bremsstrahlung target and 
reducing the source-to-surface distance (SSD) at our dedicated 6 MeV 
electron FLASH linear accelerator (linac) [7], allows us to also produce 6 
MV photon beams usable for preclinical FLASH studies [8].

In this study, we investigate how the FLASH effect varies with 
average dose rate for radiation-induced skin toxicity in mice, following 
irradiation from 6 MeV electron and 6 MV photon beams.

Material and methods

All animal research was conducted in accordance with UK Home 
Office Guidelines, following the ARRIVE (Animal Research: Reporting 
of In Vivo Experiments) guidelines, and approved by the University of 
Oxford Animal Welfare and Ethical Review Body (AWERB), under 
University of Oxford project licence PP8415318. Female C57BL/6 mice 
(aged 8–10 weeks at time of irradiation) were purchased from Charles 
Rivers UK Ltd, housed in a temperature-controlled environment with a 
12-hours reversed-phase light/dark cycle (lights on 07:00 h), and pro
vided with food and water ad libitum at the Department of Biomedical 
Services, Radiobiology Research Institute, University of Oxford, Oxford.

For the irradiation, the mice were anesthetised using isoflurane (4 % 
for anaesthetic induction and 2 % for maintenance, with a total anaes
thesia time of less than 10 min) supplemented with 95 % oxygen (1/1 
mixture with air resulting in a mixture of approximate 60 % oxygen), 
and then placed upright in a mouse cradle in front of a horizontal beam 
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(Fig. S1 in supplementary material) [3,7]. For the electron beam irra
diations, beam collimation was achieved using a 6 mm thick brass plate, 
with a 20 × 20 mm2 central aperture. Meanwhile for photon beam ir
radiations, beam collimation was achieved using a 50 mm thick Wood’s 
metal layer, with a 17 × 17 mm2 (used for the 25 and 30 Gy deliveries) 

or 20 × 20 mm2 (used for the 20 Gy delivery) central aperture (Fig. S2 in 
supplementary material). The mice were positioned such that the 
collimator shielding only enabled high dose exposure of the right half of 
the thorax. A single dose of 20, 25, or 30 Gy was prescribed and verified 
with GafChromic EBT-XD film (Ashland Inc, Covington, KY, USA) 

Fig. 1. Increasing the average dose rate of photon beam irradiations delays the radiotoxicity emergence and reduces skin toxicity. (A) Skin toxicity scoring scale with 
representative pictures. (B-D) Skin radiotoxicity emergence. Right lung of mice was irradiated with a single dose of (B) 20 Gy, (C) 25 Gy, or (D) 30 Gy at different 
dose rates and mice were monitored every other day to determine the time of skin toxicity onset. Mean values are shown with error bars representing ± SEM. (E-G) 
Macroscopic skin lesions scoring at 8 weeks post irradiation, based on the skin toxicity scoring scale, after (E) 20 Gy, (F) 25 Gy, or (G) 30 Gy photon beam irradiation. 
Bars represent the median and red dots indicate animals that had to be euthanised early for meeting skin toxicity euthanasia criteria (moist desquamation-ulceration). 
* p <0.05; ** p <0.01; *** p <0.001; **** p <0.0001. (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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measurements before and after mice irradiation at the surface of a 
mouse phantom (Fig. S3 in supplementary material). Additional online 
dosimetry was performed with an Advanced Markus ionisation chamber 
at 1 mm depth in solid water (15 × 15 × 2.1 cm3 RW3 slabs, PTW- 
Freiburg GmbH, Freiburg, Germany). The beam energy was main
tained for all dose rates by slight detuning of the radiofrequency source 
and online monitoring of the resulting beam energy [7]. Variations in 
dose rate were achieved by changing the pulse amplitude (by adjusting 
gun heater current) and the repetition rate of the 3.4 µs wide (macro-) 
pulses delivered (Tables S1-S4 in supplementary material).

An ordinal scale was used to score skin toxicity (Fig. 1A): 0 = normal; 
1 = depigmentation; 2 = alopecia (± depigmentation); 3 = erythema 
(±alopecia and depigmentation); 4 = dry desquamation; 5 = moist 
desquamation-ulceration. All mice were monitored every other day for 
8 weeks post irradiation for development of skin toxicity within the 
radiation field. Mice noted to develop cutaneous lesions were monitored 
daily. Mice meeting euthanasia criteria (moist desquamation-ulceration 
or moist desquamation that did not improve after 10 days) were 
euthanised via cardiac exsanguination at any point the criteria were met 
during the study and their skin toxicity was scored at that point. All 
other mice were euthanised and scored for skin toxicity at the 8-week 
timepoint.

GraphPad Prism 10 software (GraphPad Software Inc., La Jolla, CA, 
USA) was used for statistical analysis. One-way ANOVA with Šídák’s 
multiple comparisons test was used to analyse the radiotoxicity emer
gence data, with results presented as mean ± standard error of the 
mean. Mann-Whitney test was used to compare the distribution of skin 
toxicity scoring. The Kaplan-Meier method was performed to compare 
the median survival using Log-Rank test. For all tests, a p-value <0.05 
was considered statistically significant.

Results

For 20 Gy photon beam hemi-thorax irradiations, a delay in onset of 
radiation-induced skin toxicity with increasing average dose rates was 
seen from 0.7 Gy/s, with a significant delay seen from 2 Gy/s, with a 
further delay at higher dose rates (Fig. 1B). Similar results with delay in 
onset of toxicity were seen for 25 and 30 Gy irradiations (significant for 
30 Gy/s and ≥3 Gy/s, for 25 and 30 Gy, respectively), albeit with a 
shorter delay with increased doses (Fig. 1C-D). While mice irradiated 
with 20 Gy could be kept alive until the 8-week time point post irradi
ation, this was not the case for those that received 25 and 30 Gy. At this 
time, the severity of the skin toxicity showed a trend to be reduced with 
increasing dose rate (Fig. 1E-G). Significant sparing was seen for ≥3 Gy/ 
s and ≥1 Gy/s for 25 and 30 Gy irradiation, respectively.

For 30 Gy electron beam hemi-thorax irradiations, a trend towards a 
delay in onset of skin toxicity was seen for increased average dose rates, 
and a significant delay seen from 10 Gy/s (Fig. 2A). The majority of mice 
in this cohort required euthanasia due to the severity of their skin 
toxicity prior to the 8-week time point post irradiation. Increasing 
average dose rates resulted in significantly (p <0.01) better survival 
(Fig. 2B), with all mice irradiated at the highest average dose rate of 
1,800 Gy/s surviving until the 8-week time point. The severity of the 
skin toxicity was reduced with increased average dose rate, with sig
nificant sparing seen at 1,800 Gy/s (Fig. 2C).

By matching the lowest and highest photon dose rates with our 
electron dose rates, while also evaluating a much higher electron dose 
rate, we were able to assess what the effect of an increased dose rate 
beyond the current capabilities of our photon setup would mean for the 
FLASH effect. Significant differences between 20, 25, and 30 Gy could be 
seen in delay in onset and severity of toxicity at the 8-week timepoint 
(Fig. 2D-E). A dose-modifying factor (DMF, defined as the dose required 
for a given effect in the higher dose rate group divided by the dose 
resulting in the same effect in the 0.1 Gy/s group [9]) for FLASH of ≈1.5 
could be seen for the highest vs. lowest electron dose rate (as 30 Gy at 
1,800 Gy/s showed a similar delay and severity of toxicity to 20 Gy at 

0.1 Gy/s), while this DMF was reduced to ≈1.2–1.25 for 30 Gy/s (where 
25 Gy at 30 Gy/s was slightly more toxic than 20 Gy at 0.1 Gy/s, while 
30 Gy at 30 Gy/s showed a similar toxicity to 25 Gy at 0.1 Gy/s, Fig. 2D- 
E). Similarly, for the photon irradiation our results indicated a FLASH 
DMF for 30 Gy/s of ≈1.2–1.25 (where 25 Gy at 30 Gy/s showed a similar 
toxicity to 20 Gy at 0.1 Gy/s, while 30 Gy at 30 Gy/s showed slightly less 
toxicity than 25 Gy at 0.1 Gy/s, Fig. 1).

Discussion

While preclinical FLASH studies have mainly been performed with 
electron and proton beams, the vast majority of all radiotherapy treat
ments are delivered with MV photon beams [6]. The photon beam 
studies published so far have mostly used kilovoltage (kV) photon 
beams, e.g., with beams from large synchrotron facilities [10,11] or 
beams from x-ray tubes [12,13]. A limitation with such beams is their 
penetration ability in tissue, and for x-ray tubes in FLASH studies there is 
also the issue with photoelectric effect, which has a significant role in 
the biological response for the soft energy spectra produced [14]. FLASH 
studies published so far using MV photon beams have utilised large fa
cilities [15], with the majority coming from the PARTER platform which 
is part of the superconducting linac installation at the Chengdu THz Free 
Electron Laser (CTFEL) facility [16]. Though capable of higher dose 
rates, these large facilities share comparable limitations to our setup; 
with a short SSD and limited field size. By using the same linac for ultra- 
high as conventional dose rates, with the same mouse setup and pulse 
structure for electron and photon irradiations, our setup enables a direct 
comparison of the FLASH effect between these modalities.

The short SSD results in a divergent beam (Fig. S4) and a large effect 
on dose with any variation in SSD. This sensitivity to variation in SSD 
was reflected by the larger spread of toxicity scores within the photon 
irradiated groups, meaning that even a small setup variation could result 
in a large variation in toxicity as exemplified by the outlier mouse with a 
skin toxicity score of 5 in the 10 Gy/s irradiation group in Fig. 1G. The 
beam divergence and wide penumbra required the use of a collimator 
with a smaller aperture for the 25 and 30 Gy photon beam deliveries, to 
limit the dose to the gastrointestinal tract, and to better match the high 
dose area of irradiated skin on the mouse for electron beam irradiations 
(Fig. S2 in supplementary material).

Dosimetry is challenging at ultra-high dose rates. However, for the 
dose rates used in this study, the dose-per-pulse only reached 100–150 
mGy, except for the highest electron dose rate (5 Gy/pulse). So, for all 
but the highest electron dose rate, the ion recombination correction 
needed for the Advanced Markus is limited (a few %) [17], making it 
useful for relative online dosimetry.

In this study, we show that the time to onset of radiation-induced 
skin toxicity in mice following hemi-thorax irradiation is delayed, and 
the severity of toxicity reduced, with increasing dose rate (Figs. 1 and 2). 
We see similar skin toxicity profiles following 6 MV photon, and 6 MeV 
electron irradiations, though the differences in dose distributions (beam 
divergence, penumbra and depth dose shown in Figs. S4-S5) prevents a 
perfect correlation between prescribed doses and observed toxicity be
tween the modalities. For example, the full width at half maximum 
(FWHM) of the electron beam is consistently ≈20 mm from surface to 
10 mm depth in solid water, while the FWHM of the diverging photon 
beam increases with distance from the surface, from ≈19 and ≈22 mm at 
surface to ≈23.5 and ≈27.5 mm at 10 mm depth for the 17 × 17 mm2 

and 20 × 20 mm2 collimators, respectively. Furthermore, the penumbra 
(if defined as the distance of 75 % to 25 % of maximum dose) at the 
surface of the mouse phantom was substantially different between the 
electron (<1 mm) and the photon beam (≈9 mm). As demonstrated 
previously for skin toxicity following proton beam irradiation [5], an 
increase in average dose rate from conventional values (0.1 Gy/s) to a 
few (1–10) Gy/s is enough for significant sparing. Further increase to 30 
Gy/s (the highest achievable dose rate with our photon setup) shows a 
DMF of ≈1.2–1.25, for both photon and electron irradiation. This DMF 
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Fig. 2. Increasing the average dose rate of electron beam irradiations delays the radiotoxicity emergence and reduces skin toxicity. (A) Skin radiotoxicity emergence. 
Right lung of mice was irradiated with electrons with a single dose of 30 Gy at different dose rates and mice were monitored every other day to determine the time of 
skin toxicity onset. Mean values are shown with error bars representing ± SEM. (B) Kaplan-Meier survival curves for 30 Gy irradiation at different dose rates 
irradiation (n =5 for 1 Gy/s group, n =6 for 1,800 Gy/s group and n =7 for the other groups). (C) Macroscopic skin lesions scoring at 8 weeks post irradiation, based 
on the skin toxicity scoring scale, for 30 Gy irradiation at different dose rates. A separate experiment evaluating (D) skin radiotoxicity emergence and (E) macroscopic 
skin lesions scoring at 8 weeks post irradiation, for mice irradiated with electron beams in the dose range of 20 to 30 Gy in a single fraction at 0.1 Gy/s (left panel), 
30 Gy/s (middle panel) or ≥1,800 Gy/s (right panel). Bars represent the median and red dots indicate animals that had to be euthanised early for meeting skin 
toxicity euthanasia criteria (moist desquamation-ulceration or moist desquamation that did not improve after 10 days). * p <0.05; ** p <0.01; *** p <0.001; **** p 
<0.0001. (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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was increased to ≈1.5 for our highest used electron dose rates (≥1,800 
Gy/s), similar to FLASH DMF published values for skin toxicity 
following electron (1.45–1.54) and proton (1.44–1.58) beam irradiation 
[18,19]. These studies reached a DMF value of ≈1.5 while using sub
stantially lower average dose rates than our maximum here, of around 
80 Gy/s for protons and 230 Gy/s for electrons. This indicates that the 
DMF for skin toxicity increases with average dose rate, becomes sig
nificant at a few (1–10) Gy/s, and continues to increase with dose rate to 
the 80–230 Gy/s range [5,20], where it seems to saturate with limited 
additional benefits of using even higher average dose rates.

The FLASH sparing effect appears similar for irradiations using 6 MV 
photon, and 6 MeV electron beams, indicating that electron preclinical 
FLASH data can inform MV photon delivery. As the vast majority of all 
radiotherapy treatments delivered today utilises MV photon beams, it is 
an essential future clinical modality for FLASH radiotherapy.
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