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Purpose: This study aimed to evaluate whether high-energy X-rays (HEXs) of the PARTER (platform for
advanced radiotherapy research) platform built on CTFEL (Chengdu THz Free Electron Laser facility)
can produce ultrahigh dose rate (FLASH) X-rays and trigger the FLASH effect.
Materials and methods: EBT3 radiochromic film and fast current transformer (FCT) devices were used to
measure absolute dose and pulsed beam current of HEXs. Subcutaneous tumor-bearing mice and healthy
mice were treated with sham, FLASH, and conventional dose rate radiotherapy (CONV), respectively to
observe the tumor control efficiency and normal tissue damage.
Results: The maximum dose rate of HEXs of PARTER was up to over 1000 Gy/s. Tumor-bearing mice
experiment showed a good result on tumor control (p < 0.0001) and significant difference in survival
curves (p < 0.005) among the three groups. In the thorax-irradiated healthy mice experiment, there
was a significant difference (p = 0.038) in survival among the three groups, with the risk of death
decreased by 81% in the FLASH group compared to that in the CONV group. The survival time of healthy
mice irradiated in the abdomen in the FLASH group was undoubtedly higher (62.5% of mice were still
alive when we stopped observation) than that in the CONV group (7 days).
Conclusion: This study confirmed that HEXs of the PARTER system can produce ultrahigh dose rate X-rays
and trigger a FLASH effect, which provides a basis for future scientific research and clinical application of
HEX in FLASH radiotherapy.
� 2021 The Authors. Published by Elsevier B.V. Radiotherapy and Oncology 166 (2022) 44–50 This is an

open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Cancer is the first or second leading causes of death in humans
beings aged less than70 years in 91 of 172 countries, and the third
or fourth leading cause of death in another 22 countries [1]. Radio-
therapy is one of the most widely used anti-tumor therapy meth-
ods [2]; 60–70% of cancer patients need radiotherapy during their
cancer treatment process [3].

The conventional dose rate radiotherapy (CONV, �0.1 Gy/s) [4]
can not only shrink the tumor but also lead to radiation-induced
toxicities in normal tissues. Normal tissue complications limit
the dose that can be delivered to the tumor. In 2014, the first
in vivo ultrahigh dose rate (FLASH, >40 Gy/s) radiation experiment
was performed and found that tumors can be effectively sup-
pressed while healthy tissues were spared [5]; this phenomenon
was termed the FLASH effect. The performance of FLASH was supe-
rior to CONV radiotherapy [6]. Therefore, FLASH seemed to be a
promising technique for cancer treatment. Although the mecha-
nisms underlying the FLASH effect remain unclear and some nega-
tive results have been reported [7], many FLASH studies performed
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on animals [5–6,8–14] and the first human treatment in Switzer-
land showed satisfactory results [15]. Based on the aforementioned
studies, the US Food and Drug Administration approved the
research device exemption for the first FLASH clinical trial [16].

Electrons [4–5,7,11–13,17–20], kilo-voltage (kVp) X-rays
[10,21] and protons [22–24] have been utilized in FLASH preclini-
cal research. Electrons and kVp X-rays are usually used to treat
superficial tumor sites but are not suitable for tumors situated
deep within the body. Protons can be used to treat deep tumors,
but the high construction and operating costs discourage its use.
High energy X-ray (HEX), which is the most widely used beam type
in radiotherapy, penetrates deeply, has a small divergence, and is
affordable. Unfortunately, it is difficult to generate ultrahigh dose
rate HEX (HEX-FLASH) mainly because it requires use of ultra-
high beam current (e.g., the minimum requirement of mean cur-
rent in FLASH irradiation is several mAs for HEXs while only doz-
ens of lAs for electrons are available); hence, it has not been
used in in vitro or in vivo FLASH research to the best of our
knowledge.

This study aimed to evaluate whether high-energy X-rays
(HEXs) of PARTER (platform for advanced radiotherapy research)
platform built on CTFEL (Chengdu THz Free Electron Laser facility)
can produce ultrahigh dose rate X-rays and trigger a FLASH effect.
Methods and materials

Irradiation devices

HEX-FLASH irradiation was performed using the PARTER plat-
form at the CTFEL [25–26], Chengdu, China, in which the supercon-
ducting linac can produce 6–8 MeV electrons with an adjustable
mean current of up to 10 mA and an energy spread of less than
0.2% (root mean square measured at a beam energy of 8.2 MeV)
(Supplementary 1). For comparison, irradiation with CONV doses
was performed using a 6 MV beam from a clinical Elekta Precise
linac (Elekta AB, Stockholm, Sweden) in the Mianyang Central
Hospital.
Dosimetry

GafchromicTM EBT3 radiochromic films (Ashland Inc., Coving-
ton, Kentucky, USA) were used for absolute dose measurement.
Before the FLASH experiment, the EBT3 film was calibrated using
a 6 MV beam from a clinical Elekta Precise linac and a farmer ion-
ization chamber FC65-G (IBA Dosimetry GmbH, No. 1463) associ-
ated with an IBA DOSE1TM electrometer (Supplementary 2). In
the FLASH irradiation, a CeBr3 scintillator was mounted down-
stream of the mice as a dose monitor (Supplementary 2) At the
time of irradiation of each mouse, EBT3 film was inserted between
the mice and the PMMA holder (Fig. 1a) to measure the dose deliv-
ered to each mouse. Two fast current transformer (FCT) devices,
named FCT1 and FCT2, were installed in the accelerator for non-
destructive measurement of the pulsed beam current (Supplemen-
tary 3). As a general procedure, Monte Carlo computing (MCC) was
performed using the Geant4 [27] platform. The bremsstrahlung
target, collimator, and the sample were carefully modeled to
obtain the dose distribution on the PARTER platform. The accurate
parameters of the electron beam were measured by the FCT
devices and used as the input to the MCC. The accuracy of the
MCC results were validated by EBT3 film measurements.
Animal experiment and ethics statement

Three independent experiments were performed to study the
tumor control, damage to the normal lung tissue (whole-thorax
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irradiation), and intestine (whole-abdomen irradiation) of FLASH
and CONV radiotherapies.

For the tumor control experiment, we subcutaneously inocu-
lated EMT6 mouse breast cancer cells into the back skin of six -
week-old BAL b/c female mice. The diameter of the tumors had
reached approximately 12–15 mm at the time of irradiation. The
tumor-bearing mice were divided into three groups: a control
group (0 Gy/1F, n = 30), FLASH group (18 Gy/1F, 8 MeV, 1000 Gy/
s, n = 15), and CONV group (15 Gy/1F, 6 MeV, 0.1 Gy/s, n = 15).
The radiation field was square shaped with the length of sides
1.5 cm to cover the tumor.

For the whole-thorax irradiation experiment, the six-week-old
C57BL/6 female mice were divided into three groups: control
(0 Gy/1F, n = 18), FLASH group (30 Gy/1F, 8 MeV, 1200 Gy/s,
n = 20), and CONV group groups (24 Gy/1F, 6 MeV, 0.1 Gy/s,
n = 20). An irradiation field of 2 cm (lateral) � 2 cm (craniocaudal)
was used to cover the whole thorax. The upper limit of the irradi-
ation field reached the auricle’s lower edge in natural condition.

For the whole-abdomen irradiation experiment, the six-week-
old C57BL/6 female mice were divided into three groups: control
(0 Gy/1F, n = 18), FLASH group (15 Gy/1F, 8 MeV, 937 Gy/s,
n = 20), and CONV group groups (12 Gy/1F, 6 MeV, 0.1 Gy/s,
n = 20). An irradiation field of 2 cm (lateral) � 4 cm (craniocaudal)
was used to cover the whole abdomen. The upper edge of the irra-
diation field was defined as the lower part of the thorax (2 cm
below the lower edge of the auricle).

Five mice from each group were euthanized at 72 h post-
irradiation (pi) for Hematoxylin and eosin (HE) and Masson’s tri-
chrome staining of lung and intestine. We used a microscope to
observe the normal tissue sections stained with HE at 200 or 400
times magnification. Other mice were observed for 63 days. Mice
survivals were checked every day and the tumor sizes were
checked every other day. The tumor volume was calculated as
V = 0.52 � long diameter � (short diameter) [2].

To eliminate the interferences occurring owing to lethal doses
and inconsistencies in the administered total doses in FLASH and
CONV radiotherapies, the whole-thorax and whole-abdomen irra-
diation experiments were repeated, and the total doses delivered
with CONV and FLASH irradiation were strictly controlled and ver-
ified. We chose six-week-old BAL b/c female mice, as these are
reported to have better radiotolerance [28], and strictly verified
that an equal dose (30 Gy) was delivered to the whole thorax in
a single fraction of FLASH (700 Gy/s, 6 MeV, n = 8), and CONV
(0.1 Gy/s, 6 MeV, n = 7) irradiation. The same procedure was per-
formed on their abdomens except that the total dose was set to
12 Gy for the FLASH (700 Gy/s, 6 MeV, n = 8) and CONV groups
(0.1 Gy/s, 6 MeV, n = 8); 8 mice were used as the control sample
for both thorax and abdomen irradiation. (Experiment details have
been summarized in supplementary 4).

All the mice mentioned in this paper were purchased from
Sichuan University, Chengdu China. Before the experiments were
conducted, approval regarding animal ethics was obtained from
the Animal Ethics Committee of Mianyang Hospital (approval
number: P2020032). For animal experiments, we followed guideli-
nes of assessment for human end-points in animal experiments
published in 2018, in China.
Statistics analyses

We calculated the average tumor volume in the tumor-bearing
mice and overall survival of mice irradiated at different dose rates.
Statistical analysis was performed using GraphPad Prism v.8.4.0
(GraphPad, La Jolla, CA) software. Single factor analysis of variance
(ANOVA) was used to analyze the changes in the mean tumor vol-
umes of tumor-bearing mice in the three groups. Results were
expressed as mean values ± standard deviation. Survival curves



Fig. 1. Parameters and results of the basic HEX-FLASH experiment on PARTER. (a) The schematic diagram of the HEX-FLASH experiment on PARTER. (b) A mouse was fixed on
the PMMA holder while being exposed to FLASH irradiation, and (c) a EBT3 film was stuck on the backside of the holder to verify the location of the irradiation field in the
mouse and to assist with dose measurement. (d) The current and pulse width of the linac measured using FCTs with a time resolution of nanoseconds, installed on the
beamline, and (e, f) the time histories were compared with those obtained using the scintillator. To measure the dose rate and distribution, six EBT3 films were mounted at
various depths from 4 mm to 55 mm in the solid water phantom, which is located at the sample position 7 cm behind the rear surface of the target chamber and irradiated
using a HEX beam of 7 MeV/3.8 mA. (g) The mean dose rate was given by the total dose measured by film divided by the time of delivery measured by the FCT and Scintillator.
The mean dose rates within three different radii (R10, R20, and R30 mm) in the EBT3 films agree with the MCC results based on the beam current given by FCT with a
discrepancy of 1% at most of the points and approximately 3% near the surface. Smaller radii show higher mean dose rates because of the center-edge dose attenuation, and
the maximum mean dose rate within R10 mm, achieved at 0.5 cm depth, was approximately 750 Gy/s. The dose distribution in the phantom was measured before every
biological experiment. (h) Four EBT3 films were mounted at a depth of 4–16 mm of the PMMA phantom behind the collimator window (2 � 2 cm) and were irradiated for
15 ms by a HEX beam of 6 MeV/5.35 mA. (i) 2D dose distribution and profiles in the x-direction in each film. HEX: high-energy X-rays; PARTER: platform for advanced
radiotherapy research; PMMA: poly(methyl methacrylate); FCT: fast current transformer; MCC: Monte Carlo computing; R:radius.

FLASH effect with ultrahigh dose rate high-energy X-rays
were compared using the Kaplan–Meier method with a log-rank
test. All statistical tests were conducted at a significance level of
5%, and a two-tailed p-value＜0.05 indicated a statistically signifi-
cant difference; 95% CIs were also calculated.

Results

The high-energy electron beam produced by the superconduct-
ing linac on CTFEL was guided to bombard the rotating tungsten
target on PARTER and converted to bremsstrahlung X-rays for
FLASH irradiation (Fig. 1a–c). This procedure was essentially the
same as that in the CONV radiotherapy machine; thus, the energy
spectra of HEX on PARTER were similar to those of the CONV radio-
therapy machine; this was confirmed by MCC [29].

The dose rate was a critical parameter that was carefully mea-
sured to monitor the implementation of FLASH. The absolute dose
measured using medical radiochromic films (EBT3) showed good
agreement (discrepancy < 4%) with MCC results, which were based
on the electron number given by the FCT device. The time struc-
ture, mainly include the length of the macro pulse and period of
the micro pulse, was measured using the FCT and CeBr3 scintillator
(Fig. 1d, e) and agreed with the preset parameter of the linac. The
time histories of the dose rate given by the scintillator monitor and
the FCT showed good agreement (<1%), while approximately 5%
discrepancy was observed after approximately 1 ms when the
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beam power was higher than 40 kW (Fig. 1f). This discrepancy
might have been induced by beam energy attenuation and has
been corrected in the total dose. Both measurements and MCC
results showed that in an irradiation field with a diameter of
6 cm and at a depth of over 15 cm in water, the HEX dose rate pro-
duced by PARTER was higher than 50 Gy/s (Fig. 1g). The percentage
depth dose (PDD) in the sample was adjusted by changing the
beam current (1–10 mA) and energy (6–8 MV) of the supercon-
ducting linac. In our experiments, the dose rate of FLASH irradia-
tion in mice was 700–1200 Gy/s. As the depth increased, the
dose rates dropped rapidly, but the dose uniformity in the irradia-
tion field was improved. When both the collimator window and
target area were set as 2 � 2 cm, the dose uniformity ratios (ratio
of the maximum dose divided by the minimum dose) were 1.43
and 1.25 at depths of 4 and 16 mm, respectively (Fig. 1h, i). The
percent depth dose and dose profiles of the CONV beam are shown
in Fig. s1. MCC showed that approximately 9% of the dose depos-
ited at the surface layer (0–2 cm) was produced by leaked high-
energy electrons when the beam energy was set to 8 MeV, and
the dose from leaked electrons was less than 1% if the depth was
over 2 cm or the beam energy was set to 6 MeV. The recommended
beam energy for HEX-FLASH in our PARTER platform is 6 MV cor-
responding to a maximum dose rate of approximately 800 Gy/s in
mice. Dose calibration was performed before every biological
experiment to verify the status of PARTER and reconfirm the corre-
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lation coefficients among the dose rate, beam current, and scintil-
lator current. Correlation coefficients generally varied by less than
3% between each calibration.

For tumor bearing BAL b/c mice, observations at 63 days pi
revealed that the growth rates of tumors in the FLASH or CONV
groups were slower than those observed in the control group.
The slowest increase in tumor volume was observed in the FLASH
group, and the difference in tumor volume among the three groups
increased with time. The average tumor volume in the control
group was 40565.3 ± 8675.8 mm3 on the 40th day pi, whereas
the maximum volumes recorded in the CONV and FLASH groups
were approximately 30,000 and 15,000 mm3 during the entire
observation period (Fig. 2a). The difference between the CONV
and FLASH groups was statistically significant (p = 0.0002 in one-
way ANOVA). Significant differences in volumes among the three
groups were also validated with ANOVA (F = 25.14, p < 0.0001). Sig-
nificant differences (p < 0.005) were also observed among the sur-
vival curves of the three groups of mice (Fig. 2b); the median
survival times were similar in the FLASH (55 days) and CONV
(59.5 days) groups, while the control group had a lower (35.5 days)
median survival time. We speculated that the possible reason for
death was metastasis in the lungs or other parts of the mice.

For healthy C57BL/6 mice exposed to whole-thorax irradiation,
Masson special staining of the lung sections showed that alveolar
Fig. 2. (a) Evolution of EMT6 tumor homografts in BAL b/c mice. (b) Survival curves of tum
n = 15) and conventional (CONV) (15 Gy/1F, 6 MeV, 0.1 Gy/s, n = 15) groups respectiv
microscope. (d) Survival curves of healthy C57BL/6 mice of in the control (n = 18), FLASH
groups that received thorax irradiation (e) Masson special staining of the small intestin
C57BL/6 mice in the control (n = 18) FLASH (15 Gy/1F, 8 MeV, 937 Gy/s, n = 20) and CON
post-irradiation. p-values were derived with one-way repeated ANOVA: ***p < 0.001, **
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structures were similar between the FLASH and control groups,
whereas more disintegrated alveolar structures appeared in the
lung sections of the CONV group. Collagenous fiber staining
(blue-staining area) around the alveoli was more obvious in the
FLASH and CONV group than in the control group. However, under
the microscope, the blue-staining area of the FLASH group is light
and uniform; otherwise, the blue-staining area of the CONV group
seems to be more disorderly (Fig. 2c), suggesting that the degree of
alveolar fibrosis is more serious. The retained mice were fed for
more than two months, and their survival probability was moni-
tored. In thorax-irradiated mice (Fig. 2d), the survival rate was
100% in the control group, 90% in the FLASH group, and 50% in
the CONV group at the end of the observation. The median survival
time was not reached in the FLASH group because of the 90% sur-
vival rate, although it was 38 days in the CONV group. There was a
statistically significant difference (P = 0.038) in survival among the
three groups. The hazard ratio (HR) was 0.19, 95% confidence inter-
vals (CIs) were 0.035–1.010, and p was 0.0486 between the FLASH
and CONV groups; therefore, the risk of death decreased by 81% in
the FLASH group compared with that in the CONV group.

For healthy C57BL/6 mice exposed to whole-abdominal irradia-
tion, the small intestines’ basic structure still existed; however, the
blue-staining areas were found different in all three groups
(Fig. 2e). The blue-staining area of the control group was close to
or-bearing BAL b/c mice in the control (n = 30), FLASH (18 Gy/1F, 8 MeV, 1000 Gy/s,
ely. (c) Masson special staining of the lung tissue of healthy C57BL/6 mice under
(30 Gy/1F, 8 MeV, 1200 Gy/s, n = 20) and CONV (24 Gy/1F, 6 MeV, 0.1 Gy/s, n = 20)
e tissue of healthy C57BL/6 mice under microscope. (f) Survival curves of healthy
V (12 Gy/1F, 6 MeV, 0.1 Gy/s, n = 20) group that received abdominal irradiation. pi:
**p < 0.0001.
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muscularis propria and was very uniform and thin, while the blue-
staining area of other two groups was uneven and thick, especially
in the CONV group. The blue-staining area revealed that the
inflammatory reaction after radiotherapy led to regeneration of
collagen fibers. The staining degree of FLASH group was between
that of control group and the CONV group. In the CONV group, col-
lagenous fibers staining was not only in the vicinity of the muscu-
laris propria, but it also extended to the periphery of the glandular
duct (Fig. 2e). In abdomen-irradiated mice (Fig. 2f), the survival
rate was 100% in the control group at 63 days pi, but all mice in
the FLASH and CONV groups died from radiation-induced enteritis
at 4–5 days pi with no statistically significant difference.

In the equal dose experiment, the median survival times of
thorax-irradiated mice in the FLASH (120 days) and CONV groups
(86 days) (Fig. 3a) were statistically different (HR 0.187; 95% CI
0.044–0.803; p < 0.0001), mice of two groups died from
radiation-induced pneumonia. With abdominal irradiation, the
FLASH group displayed obviously better survival curves than the
CONV group in which all mice lived for less than 10 days pi.
(Fig. 3b). In the FLASH group, 62.5% of the mice were still alive
when we stopped observation; therefore, we could not obtain a
value for the median survival time. The survival time of mice in
the FLASH group was undoubtedly higher than that in the CONV
group (7 days); the difference in survival between the two groups
was marginally significant (HR 0.369; 95% CI 0.113–1.202;
p = 0.0735). Despite this, the survival trend of mice treated with
HEX-FLASH radiotherapy was better.
Discussion

A critically important problem of this study was the precision of
the dosimetric system; the system consisted of an EBT3 film, FCT
beam monitor, and a scintillator dosimeter. The dose uncertainty
given by this system was ±5%, higher than that in CONV (generally
±2%); the range of deviation was acceptable for a prototype [30].
The real-time dose rate in the sample during irradiation, computed
according to the beam current given by FCT, differed from that esti-
mated by the scintillator, especially in the early macro-pulse with
high beam current. The discrepancy was because of energy atten-
uation in the linac. In addition, although only EBT3 film was used
in this study, a new EBT-XD film was scheduled to extend its dose
range to over 40 Gy. Compared with CONV radiotherapy, the ultra-
short irradiation time is a significant advantage of FLASH, but it is
also a big challenge for the real-time adjustment of the current and
Fig. 3. (a) Survival curves of healthy BAL b/c mice of the control (n = 8), FLASH (30 Gy/1
received thorax irradiation. (b) Survival curves of healthy BAL b/c mice of the control (n =
n = 8) groups that received abdominal irradiation.
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width of the macro pulse of the linac. In the present HEX-FLASH
study, the energy/current of the linac and width of the macro-
pulse are preset based on calibration and computing data, but
the inevitable power fluctuation of the linac during real-time irra-
diation leads to an actual dose that differs from the theoretical
value (usually ±5%). Although we had considered this fluctuation
in the dose design and that a large sample number can partially
counteract this effect in animal experiments, the interaction
between the dosimetric system and linac is an important consider-
ation for more precise experimentation and future clinical applica-
tion. A variety of dose rates are used throughout this work, because
it is difficult to control the dose rate at each experiment very
exactly, we expect all cases above 40 Gy/s to have the same FLASH
effect.

In experiments determining the anti-tumor effects of HEX-
FLASH, we observed significant differences in tumor growth delay
among the three groups (control, CONV, and FLASH groups), con-
sistent with the results reported by Favaudon et al [5]. HEX-
FLASH radiotherapy showed a surprisingly excellent tumor control
efficiency, the tumor volume of three groups was statistically dif-
ferent, although the subcutaneous tumor volume was a bit larger
than ideal at the time of irradiation, owing to the long waiting time
for the setting up of PARTER and getting permission for experi-
ments (there was a one week delay due to the 2019-nCoV outbreak
in China), and the volume of tumor had therefore reached 150 mm3

at the time of irradiation. However, this superior tumor control
effect shown by HEX-FLASH radiotherapy may be because of the
20% higher dose used in HEX-FLASH radiotherapy than in CONV
radiotherapy. In fact, it was previously reported that the same dose
FLASH and CONV radiotherapy have equivalent tumor control effi-
ciency [31,32]. In addition, guideline of assessment for human end-
points in animal experiments requires that tumor-bearing mice be
killed when the tumor volume exceeds 3000 mm3 to alleviate the
pain of experimental animals. However, during the preparation
period of the experiment, the 2019-nCoV outbroke in China. Con-
sidering the novelty and difficulty of this study, we put forward
to the Ethics Committee that we would like to observe the survival
of tumor-bearing mice at the same time. After obtaining the
approval of the Ethics Committee of our hospital, we continued
to feed the mice to collect more data on survival and tumor
volume.

The tumor volume was plotted only until day 54 pi because
only 1, 3, and 6 mice survived in the control, FLASH, and CONV
group, respectively; subsequent data were considered statistically
F, 700 Gy/s, 6 MeV, n = 8), and CONV (30 Gy/1F, 0.1 Gy/s, 6 MeV, n = 7) groups that
8), FLASH (12 Gy/1F, 700 Gy/s, 6 MeV, n = 8), and CONV (12 Gy/1F, 0.1 Gy/s, 6 MeV,
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uncertain. However, the survival data were not affected. In the
whole-thorax irradiation experiments, although the total dose
was 20% higher in the FLASH group than in the CONV group, the
FLASH group displayed protective effects on the lung tissue. The
survival curve for CONV exhibits an unusual shape, reaching 50%
survival very quickly, and then plateauing, the similar phe-
nomenon has appeared in the previous literature, [33–35], but
the exact reasons of this phenomenon need further research. This
result is a powerful evidence that HEX-FLASH radiotherapy has
protective effects on normal tissues. However, in the whole-
abdomen irradiation experiments, HEX-FLASH radiotherapy
showed no protective effects. A possible explanation for this result
is that different tissues have different tolerance rates to radiation;
for example, the median lethal dose (LD50) of the small intestine is
significantly lower than that of the lung in CONV radiotherapy
[29,36,37]. Owing to poor radio tolerance of the small intestine,
the dose delivered to the abdomen in the CONV group was already
its lethal dose. When a 25% higher dose was delivered in the FLASH
group, the mice died immediately. Thus, the protective effects of
FLASH were masked. In the equal dose experiment, when the same
dose of 12 Gy was delivered to the abdomen with FLASH or CONV,
a better survival trend was observed in the FLASH group than the
CONV group. This result is consistent with other studies that
reported the radio-protective effect of FLASH irradiation on the
intestine [31,32,38].

The main limitation of this study was that the total dose was
inconsistent in CONV and FLASH groups, and it was indeed difficult
to conclude whether differences are due to a FLASH effect or from
the increased dose. Since the FLASH effect is significant in the pro-
tection of normal tissue. Moreover, this is the first time we have
run an experiment on PARTER, and we have some concerns about
the stability of the machine. Considering the instability of the
machine, we prefer to make the total dose of the FLASH group
higher, so that our experimental results are also illustrative, if
the total dose of the flash group is lower, then our experimental
results are meaningless. Of course, we admit that this is a limiting
factor of our experiment. In future experiments, we will aim to
adjust the study design and answer this question scientifically.

In summary, this study was conducted in two parts. Firstly, the
generation of HEX-FLASH by the PARTER system and its physical
properties were confirmed. Secondly, the positive FLASH effects
triggered by HEX were observed. The current study provides a
basis for future scientific research and clinical application of HEX
in FLASH radiotherapy.
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