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Purpose: Animal studies with ultrahigh dose-rate radiation therapy (FLASH, >40 Gy/s) preferentially spare normal tissues without
sacrificing antitumor efficacy compared with conventional dose-rate radiation therapy (CONV). At the University of Washington, we
developed a cyclotron-generated preclinical scattered proton beam with FLASH dose rates. We present the technical details of our
FLASH radiation system and preliminary biologic results from whole pelvis radiation.
Methods and Materials: A Scanditronix MC50 compact cyclotron beamline has been modified to produce a 48.7 MeV proton beam at
dose rates between 0.1 and 150 Gy/s. The system produces a 6 cm diameter scattered proton beam (flat to § 3%) at the target location.
Female C57BL/6 mice 5 to 6 weeks old were used for all experiments. To study normal tissue effects in the distal colon, mice were
irradiated using the entrance region of the proton beam to the whole pelvis, 18.5 Gy at different dose rates: control, CONV (0.6-1 Gy/s)
and FLASH (50-80 Gy/s). Survival was monitored daily and EdU (5-ethynyl-2�-deoxyuridine) staining was performed at 24- and 96-hours
postradiation. Cleaved caspase-3 staining was performed 24-hours postradiation. To study tumor control, allograft B16F10 tumors were
implanted in the right flank and received 18 Gy CONV or FLASH proton radiation. Tumor growth and survival were monitored.
Results: After 18.5 Gy whole pelvis radiation, survival was 100% in the control group, 0% in the CONV group, and 44% in the
FLASH group (P < .01). EdU staining showed cell proliferation was significantly higher in the FLASH versus CONV group at both 24-
hours and 96-hours postradiation in the distal colon, although both radiation groups showed decreased proliferation compared
with controls (P < .05). Lower cleaved caspase-3 staining was seen in the FLASH versus conventional group postradiation (P < .05).
Comparable flank tumor control was observed in the CONV and FLASH groups.
Conclusions: We present our preclinical FLASH proton radiation system and biologic results showing improved survival after whole
pelvis radiation, with equivalent tumor control.
© 2023 The Author(s). Published by Elsevier Inc. on behalf of American Society for Radiation Oncology. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction
Radiation therapy (RT) is one of the major methods
for cancer treatment, with more than half of cancer
patients receiving radiation at some time point. Advanced
radiation techniques have been developed in the past dec-
ades to more precisely target the tumor and reduce nor-
mal tissue toxicities.1 In recent years, there has been
tremendous interest in ultrahigh dose-rate radiation
(FLASH, with dose rate >40 Gy/s) for cancer treatment
due to the observed “FLASH effect” in multiple preclinical
studies—a phenomenon that preferentially spares normal
tissues without sacrificing antitumor efficacy compared
with conventional dose-rate radiation (CONV).2 The
FLASH effect has been reported in several in vivo models
spanning multiple body sites and normal tissues including
the brain, lungs, and intestinal tract.3-9

Conventional x-ray RT remains one of the major ther-
apies for cancer, but current clinical x-ray radiation facili-
ties cannot produce ultrahigh-dose-rates in excess of the
40 Gy/s required for FLASH radiation. However, many
clinically used proton accelerators can be upgraded to
produce ultrahigh-dose-rate radiation for patient treat-
ment. Interest in FLASH proton RT has increased in
recent years and published studies have shown promising
results.10-13

Although studies have been published to demonstrate
the capability of FLASH proton radiation in reducing nor-
mal tissue toxicities and improve overall survival while
preserving tumor control capability, more studies are
needed to understand the mechanism of FLASH proton
RT, and to support translation of the technique to routine
clinical application.14,15 Additional research is needed to
understand both the technical requirements needed to
both produce and confirm the FLASH effect (preferential
normal tissue sparing) and investigate the biologic under-
pinnings of this effect. In this article, we present our insti-
tution’s preclinical proton FLASH radiation system,
which has been used to conduct investigations of FLASH
radiation in the mouse pelvis. Our system uses a 48.7
MeV cyclotron-generated preclinical proton beam with a
continuous slowing down range of about 18 mm in water
for mice studies. Our preclinical system produces ultra-
high-dose-rate radiation under conditions that are dis-
tinct from all other published literature, adding to the
scientific community’s ability to explore the technical
requirements to produce the FLASH biologic effect. Com-
pared with FLASH radiation to the abdomen as published
by other groups,10 radiation to the mouse pelvis can pro-
duce a survival difference between the FLASH and con-
ventional dose rate arms in <15 days, versus around 20 to
25 days for abdominal radiation.

We present preclinical mouse pelvic radiation stud-
ies demonstrating that our ultrahigh-dose-rate proton
radiation system produces better survival after FLASH
radiation versus conventional dose rate radiation, and
this improved survival is associated with normal tissue
sparing in the distal colon, with equivalent tumor con-
trol under the conditions studied. We also present a
new biologic endpoint for FLASH experiments with a
relatively fast (<15 days) and easy to measure readout
(survival versus death). This will facilitate future
experiments exploring the technical requirements to
generate the FLASH biologic effect, including experi-
ments testing dose rates, dose thresholds, beam pauses,
and other technical parameters.
Methods and Materials
Proton system design and beam delivery

The University of Washington hosts a Scanditronix
MC50 compact cyclotron that generates a 50.5 MeV
(peak energy) proton beam of 2 cm diameter directed to
center on a fully stopping 5.6 mm diameter graphite colli-
mator and a 0.9 mm thick graphite scatterer. The scat-
tered proton beam then travels 20 m down a 6.3 cm
diameter evacuated beampipe and exits through a Kapton
window. This results in a 6 cm diameter scattered proton
beam (flat to§ 3%) at the target location 1 m downstream
from the Kapton window (Fig. 1) that has a beam energy
48.7 MeV. More details regarding this system can be
found in prior publications.16,17 All mice were irradiated
in the entrance region of the 48.7 MeV beam. Reported
dosimetry is based on a constant relative biologic effec-
tiveness = 1.0 (high-energy entrance plateau region of the
beam). The FLASH dose rate ranged from 50 to 80 Gy/s
and the CONV dose rate ranged from 0.6 to 1 Gy/s.
Proton beam dosimetry

Absolute dose was measured using the Advanced Mar-
kus chamber (PTW) in a small water tank connected to a
factory calibrated Keithley 6517B electrometer (Keithley).
The Advanced Markus chamber was cross calibrated at our
clinical proton facility, Fred Hutchinson Proton Center,
using a NIST traceable PPC05 chamber (IBA Dosimetry).

During irradiation, dose is monitored using a PTW
60019 microDiamond detector (PTW) positioned at the
edge of the beam, connected to a Pyramid I128
Electrometer (Pyramid), which can turn the beam off
once the desired dose is reached (Fig. 1). The diamond
detector is calibrated daily against the Advanced Mar-
kus chamber. The ratio between the readings from the
Advanced Markus chamber and the microDiamond
detector was measured at different dose rates and the
dose per nC of the microDiamond detector was deter-
mined.



Figure 1 Proton beam exit window, microDiamond dose detector, and telecentric light source.
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For each day of radiation, Gafchromic EBT3 film (Ash-
land) was used to verify dose delivered by placing a
3 £ 3 cm piece of film in both the radiation entrance and
exit side of the mouse. Uniform CONV and FLASH beams
were produced and verified with EBT3 film measurements
(Fig. 2). Pelvis tissue thickness was approximately 6 mm in
our experimental setup (Fig. 3), and the depth dose gradi-
ent was approximately 20% between entrance to exit in the
mice. All reported doses in this study are the entrance dose
unless otherwise stated. A graphic user interface allowed
investigators to set the dose, deliver beam, and record dose,
dose rate, and delivery time.

The percent-depth-dose (PDD) curve of the beam is
shown in Fig. 2B, as measured using the Exradin A11 ion
chamber. In our experimental setup (Fig. 3), the thickness
of the mouse body is 6 mm, therefore using the PDD
curve, the ratio of the exit dose to the entrance dose is
1.17, which is consistent with measured film data. The
reported dose rate is at the entrance of the mouse, and the
dose rate at the exit of the mouse will be »1.17 times of
the reported dose rate.
Animal studies

All animal studies were reviewed and approved by
the Institutional Animal Care and Use Committee. A
6-axis Mecademic Meca500 robotic arm wirelessly
controlled by a Microsoft Xbox One controller acted as
the mouse support and positioning assembly, with a
3-dimensional printed mouse bed attached to the robot
as the end effector (Fig. 3A). The scattered proton
beam is collimated to match the target area with
variable jaw collimators constructed from custom
graphite blocks, PanaVise Model 376 vise heads, and
80/20 framing profiles and motion accessories (Fig. 3A-
B). The mouse is aligned against a laser produced coor-
dinate system defining the coronal, sagittal, and trans-
verse planes. The final proton field shape on target is
verified with a telecentric light field produced by an
Advanced Illumination 625 nm High Intensity Coaxial
Spotlight coupled with an Edmund Optics 60 mm Tele-
centric Backlight Illuminator lens (Fig. 3B). The light
source is centered on the beam axis for verification and
slides out of the way before irradiation.

C57BL/6 female mice 5 to 6 weeks old (The Jackson
Laboratory) were used for studies. Ketamine/xylazine
(87.5 mg/kg ketamine, 2.5 mg/kg xylazine) was used to
anesthetize mice for procedures. Typically, 6 to 8 mice
were assigned per treatment arm: (1) control (which is
treated with sham radiation); (2) conventional dose rate
radiation (CONV); and (3) ultrahigh-dose-rate radiation
(FLASH). Experiments were conducted to study both nor-
mal tissue effects of radiation and tumor control effects.

To study survival after whole pelvis radiation with both
CONV and FLASH dose rates, 18.5 Gy was given to a field
size that was 1.5 cm tall (along the long axis of the mouse)
and 6 cm wide (to cover the entire width of the mouse
plus about 1.5 cm extra each side because the mouse
width was usually 3 cm). Each mouse is aligned against a
laser produced coordinate system defining the coronal,
sagittal, and transverse planes, centered between the pair
of lower nipples on the mouse. Reproducibility of the
mouse positioning is demonstrated by the dermal depig-
mentation visible 1-month postradiation, in 2 different
mice as shown in Fig. 3C.



Figure 2 (A) Example proton beam profiles at the beam entrance side of mouse for a 1.5 cm £ 3 cm collimated field
using EBT3 film. (B) Percent-depth-dose curve of the beam. In our experimental setup (Fig. 3), the thickness of the mouse
body is 6 mm, therefore using the Percent-depth-dose curve, the ratio of the exit dose to the entrance dose is 1.17. The
reported dose rate is at the entrance of the mouse, so the dose rate at the exit of the mouse will be »1.17 times of the
reported dose rate. Abbreviations: CONV = conventional dose-rate radiation therapy; PDD = percent-depth-dose.
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Flank tumor experiments

For flank tumor experiments, B16 cells at 105 cells/
flank in 200 mL phosphate buffer saline were injected into
right mouse flanks. On day 14 postimplantation, mice
were treated with sham radiation (control group), CONV,
or FLASH radiation to 18 Gy. Radiation was given if
tumor size was >100 mm3. Tumor size was tracked post-
radiation. Mice were checked frequently and euthanized
upon onset of severe morbidity, including hunched pos-
ture, tumor volume >3000 mm3, social withdrawal, rela-
tive immobility, or apparent weight loss >30%.
Histology

Distal colon tissues from whole pelvis radiation groups
were collected for histologic evaluation (1 cm length of tissue
collected starting from 3 mm above the anus). Hematoxylin
and eosin cleaved caspase 3 (C-CASP3), and EdU were per-
formed. Prior publications have shown that after abdominal
radiation to the proximal intestines, FLASH radiation better
preserves the proliferation of intestinal crypts,10,11,18 and pro-
duces less apoptosis18; we wanted to explore whether the
same effects can be seen in the distal colon tissues. Colon
tissue was prepared in cross-section format.

For EdU (5-ethynyl-2�-deoxyuridine) assays, at 24 and
96 hours post radiation, approximately 25 mg/kg (0.5 mg in
a 20 g mouse) of 5-ethynyl-20-deoxyuridine (EdU; Invitro-
gen Cat# A10044) in phosphate buffer saline was injected
intraperitoneally into the mice 3 to 4 hours before euthana-
sia. EdU is incorporated into newly synthesized DNA and is
a measure of cell proliferation. EdU was detected according
to the manufacturer’s instructions. Number of EdU + cells/
crypt were assessed by counting at least 100 crypts per
mouse section. For each mouse, 3 cross section slides were
analyzed. Gamma-H2AX staining was used to confirm the
collected colon tissue was irradiated on all samples.

For C-CASP3, tissue sections were incubated in
C-CASP3 antibody (1:300; Cell Signaling Technology) at
4°C overnight in a humidified chamber. Biotinylated sec-
ondary antibody, ABC kit and DAB substrate were
employed to develop the signal. Visual assessment of ten
nonoverlapping £ 40 fields were performed per animal.



Figure 3 (A) Mouse positioning robot, jaw collimators, and laser coordinate system. (B) For whole pelvis radiation, each
mouse is aligned against a laser produced coordinate system defining the coronal, sagittal, and transverse planes, centered
between the pair of lower nipples on the mouse. This figure shows the robot arm holding the mouse holder, the lasers cen-
tered between the mouse lower nipples, and vertical collimators shaping the radiation field size to 1.5 cm in the long-axis
of the mouse. (C) Dermal depigmentation visible 1-month postradiation, in 2 different mice irradiated in the FLASH arm,
showing reproducible radiation fields across the animals.
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For gamma-H2AX staining to confirm tissues were
irradiated, tissue sections were incubated with mouse
mAb for Phospho-Histone H2A.X (Ser139, 9F3, Abcam).
Visualization of antibody binding was performed using
the Histofine Simple Stain Kit (Nichirei Corp.) and 3,30-
diaminobenzidine. Quantification of gamma-H2AX stain-
ing was not performed, but visual inspection of slides was
done to confirm tissue sections were irradiated. Micros-
copy was performed on a Nikon NiE upright fluorescent
microscope.
Survival

After whole pelvis irradiation to 18.5 Gy, mice were
monitored daily for survival for 1 month postradiation.
Death was defined as either an animal found dead in the
cage or met criteria for humane euthanasia per Institu-
tional Animal Care and Use Committee guidelines such
as weight loss >30%, hunched posture, social withdrawal,
or relative immobility.
Statistical analysis

Statistical analysis was carried out using GraphPad
Prism software. Survival was compared between groups
using log-rank Mantel-Cox test. Histologic results (EdU,
C-CASP3) were presented as means § standard error of
the mean. Statistical significance was calculated with
2 tailed Student’s t test for comparison between 2 groups.
P < .05 was considered significant.
Results
Survival after whole pelvis radiation

For mice treated with whole pelvis radiation to 18.5 Gy
in one fraction, survival at 21 days post irradiation was
100% for the control group, 0% for the CONV group, and
44% for the FLASH group (Fig. 4A). The differences were
statistically significant with P < .001 for control versus



Figure 4 (A) Survival after whole pelvis radiation to 18.5 Gy. Survival was 100% for the control group (0 Gy radiation),
0% for the conventional dose rate group, and 44% for the FLASH dose rate group (N = 6 for control group, N = 8 for con-
ventional group, N = 9 for FLASH group). P < .001 for control versus conventional groups, P = .035 for control versus
FLASH groups, and P = .017 for conventional versus FLASH groups. (B) Mice weight after radiation. Both FLASH and
conventional dose-rate radiation therapy irradiated mice lose weight after radiation, but the FLASH mice recover from the
weight loss faster than the conventional dose-rate radiation therapy mice. Weight loss data cuts off at day-10 postradiation
because deaths occur starting at that point, which would skew the weight data for the remaining live mice. Error bars rep-
resent standard deviation. All Experiment repeated at least in triplicate with similar differences between groups.
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conventional groups, P = .035 for control versus FLASH
groups, and P = .017 for conventional versus FLASH
groups. This improved survival in the FLASH arm is asso-
ciated with decreased weight loss in the FLASH arm, as
shown in Fig. 4B. Both FLASH and CONV irradiated
mice lose weight after radiation, but the FLASH mice
recover from the weight loss faster than the CONV mice.
Weight loss data cuts off at day-10 postradiation because
deaths occur starting at that point, which would skew the
weight data for the remaining live mice. All experiments
repeated in at least triplicate with similar differences
between groups (Fig. E1 shows results from 4 additional
sets of experiments).
EdU staining

After pelvis radiation, EdU staining in distal colon tis-
sue showed cell proliferation was significantly higher in
the FLASH versus CONV group at both 24- and 96-hours
postradiation, although both radiation groups showed
decreased proliferation compared with the control group
(Fig. 5A-B). All comparisons between groups were signifi-
cantly different with P < .05 as shown in the Figure. Sam-
ple EdU assay images can be found in Fig. E2. Results
from 2 additional independent experiments are shown in
Fig. E3.
Cleaved caspase-3

At 24-hours post pelvis irradiation, lower cleaved cas-
pase-3 IHC staining was seen in the FLASH group versus
conventional group (Fig. 5C) indistal colon tissue,
although both irradiated groups showed a higher level of
C-CASP3 staining compared with the control group. All
comparisons between groups were significantly different
with P < .05 as shown in the figure. P < .001 for control
versus conventional groups and control versus FLASH
groups, and P = .013 for conventional versus FLASH
groups. Sample C-CASP3 assay images can be found in
Fig. E2. Results from 2 additional independent experi-
ments are shown in Fig. E3.
Tumor control

After 18 Gy of CONV and FLASH radiation to B-16
flank tumors on day 14-post implantation, tumor size was
similar between FLASH and CONV radiation groups, and
both radiation groups showed slower tumor growth than
the control group (Fig. 6). Results from an additional
independent experiment is shown in Fig. E4.
Discussion
In this article, we present our preclinical FLASH pro-
ton radiation system and biologic results showing normal
tissue sparing with equivalent tumor control. With rigor-
ous dosimetry, we show that after equivalent radiation
dose to the whole pelvis, there is superior survival after
FLASH radiation compared with conventional dose rate
radiation. This survival difference is measurable within
15 days after irradiation, providing an easy-to-measure
and fast biologic endpoint for future experiments testing
whether varying treatment parameters (such as fraction
dose, dose rate, beam pauses, etc) will affect the FLASH
survival advantage.



Figure 6 Flank tumor control experiments. On day-14 postimplantation with B16 cells, mice received 18 Gy to the flank
tumor. (A) Individual tumor sizes are shown. N = 10 in all 3 groups for 30 mice total. Tumor size was tracked and showed
improvement over the control arm for both radiation groups, with no significant difference between the FLASH and con-
ventional dose-rate radiation therapy radiation groups. (B) Average tumor sizes per group are shown. Error bars represent
standard error of the mean. Experiment repeated at least in triplicate with similar results.

Figure 5 EdU staining at 24 hours (A) and 96 hours (B) post radiation to the pelvis. More EdU positive cells were seen in
the FLASH group than conventional dose-rate radiation therapy group at both time points, with better recovery in the
FLASH group by 96 hours post radiation (N = 6 for control group, N = 6 for conventional dose-rate radiation therapy
group, N = 7 for FLASH group). (C) Cleaved caspase-3 IHC staining at 24 hours postradiation. Lower number of C-
CASP3 positive cells were seen in the FLASH group versus conventional group, although both irradiated groups showed a
higher level of C-CASP3 staining compared with the control group. Experiment repeated at least in triplicate with similar
differences between groups.
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The improved survival after FLASH irradiation to the
pelvis is associated with less weight loss in the FLASH
irradiated mice, less apoptosis after 24 hours in the
FLASH versus CONV group as shown by cleaved Cas-
pase-3 staining in the distal colon, and more cellular pro-
liferation in the FLASH versus CONV group as shown by
EdU staining at 24- and 96-hours postradiation. These
results in the distal colon confirm prior publications from
Stanford and the University of Pennsylvania that primar-
ily radiated the abdomen and more proximal intestinal
tissues.10,11,18 We also show equivalent flank tumor
control with FLASH and CONV radiation. With our
unique FLASH proton radiation platform, we plan to
engage in future studies to better understand the mecha-
nism behind the FLASH biologic effects, as well as the
physical/beam parameters required to see the FLASH
effect.

Of note, the temporal microstructure of the proton
beam used in this study is relatively constant. In other
words, there is not a pulse structure like there is for linac-
based electron and photon beams or some proton sys-
tems. Emerging data suggest that both the field dose rate
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as well as the dose-rate in the pulse may contribute to the
FLASH effect.19 Therefore, our system and beamline
offers one additional window into such effects.

There has been growing interest in FLASH radiation
since the study in 2014 by Favaudon et al showed it is pos-
sible to spare normal tissue from radiation toxicity with-
out compromising tumor control with ultrahigh-dose-
rate radiation.3 Most published studies so far were carried
out using electron RT: the study by Favaudon et al used
conventional gamma rays (137Cs) and FLASH electrons
(4.5 MeV) to irradiate the whole lung in mice. The results
showed that lung fibrosis started to develop at 8 weeks
after 17 Gy CONV RT but not FLASH RT, while 30 Gy
FLASH RT was required to induce significant fibrosis.
Their study also showed that FLASH RT was as efficient
as CONV RT in controlling xenografted human breast
and head & neck tumors as well as syngeneic orthotopic
lung tumors. Aside from mice, the FLASH effect has also
been observed in higher animal models: minipigs and
cats.5 Severe late skin fibronecrosis was only observed
with CONV RT not FLASH RT after a single dose of 28
to 34 Gy electron radiation in the minipig. Six cat patients
with nasal squamous cell carcinoma were treated with a
single dose (range, 25-41 Gy) of electron FLASH RT. All
cats responded well with only mild dermatitis/mucositis
and no late-stage toxicities. They saw 100% local control
at 6 months post radiation,5 although a later trial showed
unexpected late toxicities with FLASH at these high dose
single fraction regimens.20

Electron radiation has low tissue penetration, and cur-
rent RT electron system do not have beam shaping sys-
tems that allow fast and complex beam modulation, thus
limiting the wide application of electron FLASH RT for
patient treatment. Proton RT, on the other hand, provides
a wide range of penetration. If FLASH dose rates can be
achieved with a Bragg peak, this may further facilitate the
clinical implementation of FLASH radiation. Research
and development of proton FLASH RT has drawn more
attention in recent years. The study by Diffenderfer et al
used a clinical 230 MeV proton accelerator and double-
scattered protons to deliver a FLASH beam.11 Mice were
irradiated in the entrance part of the beam to the upper
abdomen, which is different from the present study,
which irradiated the lower pelvis. The study showed that
15 Gy FLASH proton RT (78 Gy/s) can significantly
reduce the loss of the proliferating intestinal crypt cells
compared with COVN proton RT (0.9 Gy/s) for whole
abdomen treatment. In the same study, the authors used a
xenograft pancreatic tumor model and found similar
tumor control between FLASH RT and COVN RT. A
recent study used the spread-out Bragg peak to generate
FLASH beam and found out that spread-out Bragg peak
FLASH has the same normal tissue sparing and tumor
control effects as does entrance FLASH.10 Cunningham et
al used a clinical pencil beam scanning technique for
FLASH and discovered better normal tissue sparing and
same tumor control compared with CONV proton
radiation.13

Not all studies on ultrahigh-dose-rate radiation have
reported a biologic advantage. For example, Zhang et al
in 2020 published that using the proton platform at
Massachusetts General Hospital, more mice survived
partial abdomen radiation in the FLASH proton group
than the COVN group.12 However, the same group
published in 2023 with a substantially larger sample
size,21 and found that all endpoints, including the sur-
vival fraction of mice, the surviving proliferating crypt
cells, and the counts of circulating lymphocytes showed
no FLASH-induced tissue-sparing effect at any dose
level. The exact cause of this change in results is
unclear. The authors concluded that more studies from
institutions with different ultrahigh-dose-rate radiation
systems are needed, to study differences in radiation
parameters and help determine the conditions needed
to generate the FLASH effect.

Despite the increasing body of literature on FLASH
radiation, further investigations and interinstitutional
comparisons are required to confirm the results and
understand the technical parameters required to induce
the FLASH effect clinically, as well as understand the bio-
logic mechanism behind the FLASH effect.19,22,23
Conclusion
We present our preclinical ultrahigh-dose-rate
(FLASH) proton radiation system and biologic results
showing normal tissue sparing with equivalent tumor
control. Future experiments will test the technological
parameters needed to produce the FLASH effect in a
clinical proton therapy system, as well as its biologic
mechanisms.
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