Advances in Radiation Oncology (2024) 9, 101492

advances

in radiation oncology

www.advancesradonc.org

Scientific Article

Anesthetic Oxygen Use and Sex Are Critical 1L
Factors in the FLASH Sparing Effect

Armin D. Tavakkoli, BA,* Megan A. Clark, BE,” Alireza Kheirollah, PhD,’
Austin M. Sloop, MS,” Haille E. Soderholm, BA,” Noah J. Daniel, MS,’

Arthur F. Petusseau, PhD,” Yina H. Huang, PhD,° Charles R. Thomas Jr, MD,*
Lesley A. Jarvis, MD, PhD,*“ Rongxiao Zhang, PhD,° Brian W. Pogue, PhD,’
David J. Gladstone, ScD,” and P. Jack Hoopes, DVM, PhD*""*

“Department of Radiation Oncology, Geisel School of Medicine at Dartmouth, Lebanon, New Hampshire; "Thayer School of
Engineering, Dartmouth College, Hanover, New Hampshire; “Department of Immunology and Microbiology, Geisel School of
Medicine at Dartmouth, Lebanon, New Hampshire; “Department of Radiation Oncology, Dartmouth-Hitchcock Medical
Center, Lebanon, New Hampshire; ‘Department of Radiation Medicine, New York Medical College, Valhalla, New York; and
'Department of Medical Physics, University of Wisconsin School of Medicine, Madison, Wisconsin

Received 20 November 2023; accepted 26 February 2024

Purpose: Ultra High Dose-Rate (UHDR) radiation has been reported to spare normal tissue, compared with Conventional Dose-Rate
(CDR) radiation. However, important work remains to be done to improve the reproducibility of the FLASH effect. A better
understanding of the biologic factors that modulate the FLASH effect may shed light on the mechanism of FLASH sparing. Here, we
evaluated whether sex and/or the use of 100% oxygen as a carrier gas during irradiation contribute to the variability of the FLASH effect.
Methods and Materials: C57BL/6 mice (24 male, 24 female) were anesthetized using isoflurane mixed with either room air or 100%
oxygen. Subsequently, the mice received 27 Gy of either 9 MeV electron UHDR or CDR to a 1.6 cm® diameter area of the right leg skin
using the Mobetron linear accelerator. The primary postradiation endpoint was time to full thickness skin ulceration. In a separate
cohort of mice (4 male, 4 female), skin oxygenation was measured using PdG4 Oxyphor under identical anesthesia conditions.

Results: Neither supplemental oxygen nor sex affected time to ulceration in CDR irradiated mice. In the UHDR group, skin damage
occured earlier in male and female mice that received 100% oxygen compared room air and female mice ulcerated sooner than male
mice. However, there was no significant difference in time to ulceration between male and female UHDR mice that received room air.
Oxygen measurements showed that tissue oxygenation was significantly higher when using 100% oxygen as the anesthesia carrier gas
than when using room air, and female mice showed higher levels of tissue oxygenation than male mice under 100% oxygen.
Conclusions: The skin FLASH sparing effect is significantly reduced when using oxygen during anesthesia rather than room air. FLASH
sparing was also reduced in female mice compared to male mice. Both tissue oxygenation and sex are likely sources of variability in UHDR
studies. These results suggest an oxygen-based mechanism for FLASH, as well as a key role for sex in the FLASH skin sparing effect.
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Introduction

Ultra High Dose-Rate (UHDR) radiation has been
shown to spare normal tissue (FLASH effect) compared
with Conventional Dose-Rate (CDR) radiation.'” Still,
important work remains to be done to optimize the magni-
tude and reproducibility of the FLASH effect.”” Studies
demonstrating a positive FLASH effect have used a wide
variety of beam parameters, doses, animal models, and
endpoints to optimize the effect.” For instance, using skin
toxicity as the primary endpoint, Soto and colleagues
showed FLASH sparing at 30-40 Gy but not at 10-20 Gy,
whereas Duval and Aulwes et al demonstrated sparing at
25 Gy but not 30 Gy in the same animal model and under
similar electron beam parameters.”'’ Using a proton
beam, Huang et al showed mouse strain-specific FLASH
sparing at 27 Gy, but not at 15 Gy or 22 Gy."" On the other
hand, studies that do not show FLASH sparing are some-
times considered to not have met the correct UHDR
conditions.'>"” This observation suggests that there are fac-
tors at play that modulate the FLASH effect that have not
yet been identified. These variations, in part, stem from the
lack of a solidified understanding of the factors underlying
the FLASH mechanism and how it is modulated by differ-
ent variables, such as the underlying biology of the model.

In CDR radiation therapy, it is widely believed that the
presence of oxygen and generation of free radicals is nec-
essary for optimal killing of cancer cells. This is supported
by the observation that well-oxygenated tumors are 2 to
3 times more sensitive to radiation than hypoxic
tumors.'* This radio-sensitization effect caused by oxy-
gen, the oxygen enhancement ratio (OER), is calculated
as the ratio of the dose required to achieve the same bio-
logic effect under hypoxic conditions to that under nor-
moxic conditions. Notably, the OER varies by type of
radiation therapy. For instance, the OER with proton
therapy (OER, ~3), now believed to be similar for photon
therapy, is about twice that of neutron or heavy-ion radia-
tion therapy (OER, ~1.5).°

Despite the mechanism(s) of the FLASH sparing effect
being an active topic of research, some of the most promi-
nent hypotheses behind the mechanism of FLASH sparing
continue to be oxygen based.'® In fact, isolated studies have
shown that hyperoxygenation and hypoxic conditions
reduce or eliminate the FLASH effect.'” The concept of
OER is therefore paritculalry interesting in this context. If
FLASH sparing is more sensitive to changes in tissue oxy-
gen, then it would follow that different OERs apply to
UHDR compared to CDR radiaiton. This would make tis-
sue oxygenation an imporant source of variability in
FLASH literature. Yet, most of the FLASH literature fails to
report on or control for in vivo experimental variables that
could meaningfully alter tissue oxygenation. These include
type, concentration, and duration of anesthetic use; use of
anesthetic oxygen; and physiological parameters, such as

body temperature, respiratory rate, and sex.'® This makes
variations in tissue oxygen a likely and poorly controlled
source of varijability in UHDR studies. We therefore believe
that further studies are needed that evaluate the FLASH
sparing effect in dermal tissue under room air and 100%
oxygen conditions, and between sexes, with direct tissue
oXygen measurements.

In vivo measurements of tissue oxygenation are
extremely challenging. While electrodes can provide pre-
cise readings, the measurement technique is damaging to
the tissue, consequently not reporting the oxygenation of
the normal healthy tissue and only providing a point sam-
ple measurement.'” Other methods, like paramagnetic
oxygen sensors (EPR oximetry), are invasive and require
injection-site healing, and nuclear magnetic resonance
relaxation methods can only report relative changes in
averaged O, levels.”’ Therefore, optical methods that use
a sensor (either a camera or fiber-optic fiber as the detec-
tor) to measure the quenching by oxygen of fluorescence
probes have been used reliably to measure both the distri-
bution and the average of the distribution, respectively, in
vivo. The fluorescent probe PdG4 Oxyphor, specifically,
has been used repeatedly to report extracellular oxygen
levels in tissues, with the phosphorescence detector cali-
brated to extract absolute pO, readings from the lifetime-
based quenching of PdG4.” ** Although injection of the
fluorescent probe has the potential to disrupt tissue archi-
tecture, the small injection volume and high needle gauge
are not likely to cause significant tissue damage.

Here, we hypothesized that anesthetic oxygen use and/
or sex contribute to the variability of the FLASH effect
and aimed to evaluate this hypothesis using mouse skin.
We used subcutaneous injections of PdG4 Oxyphor to
measure changes in tissue oxygenation under room air
and 100% oxygen.

Methods and Materials

Skin irradiation

Animals

Forty-eight C57BL/6 mice (24 male, 24 female), rang-
ing from 8 to 10 weeks of age, were acquired from Jackson
Laboratories and allowed to acclimate for at least 3 days.
Two days before the planned radiation delivery, the mice
were tagged, and the right leg and leg area was shaved.

On the day of radiation delivery, the mice were anes-
thetized using isoflurane (induction: 3% isoflurane
delivered at 500 mL/min for 3 min; maintenance: 1.5%
isoflurane delivered at 100 mL/min) in either room air or
100% oxygen. Core body temperature was measured via a
rectal probe and maintained at 37.5°. Mice were, on
average, maintained on anesthesia for 10 min before irra-
diation.
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Radiation delivery

A Mobetron intraoperative linear electron accelerator
(IntraOp Inc, USA) was used to deliver a 27 Gy dose of
9 MeV CDR or UHDR radiation. A shielded collimator
was used to collimate the radiation field to a 1.6 cm?
diameter circular field. The right leg of prone mice was
positioned on a 3D-printed holder, and a 1.6 cm® diam-
eter area, centered at the midleg, was irradiated. For
CDR delivery, the average dose rate was 0.17 Gy/s. For
UHDR delivery, the average dose rate was 200 Gy/s,
and the 27 Gy radiation was delivered in 2 pulses
(2 x 3.16 us at 120 Hz).

To calibrate dose delivery, the target CDR and UHDR
dose was delivered to phantom (deceased) mice 24 h
before the experiment, and dosimetry was verified by
radiochromic film (EBT-XD) and thermolumiescent
dosimeter. On the day of the experiment, quality assur-
ance was conducted to ensure that both the UHDR and
CDR beam output was within 5% of the expected value.
The dose delivered to each animal was monitored by
beam-current transformer measurements and verified by
radiochromic film, calibrated from prior data.

Study 1: Irradiation Experiment

24 24
] 100% 02 Room Air
Induction: 3% Isoflurane
- = at 500 ml/min
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2
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Time to
ulceration

Figure 1

Study endpoint

Mice were checked daily for skin lesions at the irradia-
tion site by 2 independently trained investigators. On the
day that a full thickness ulcer was noted, lesions were
photographed. Discrepancies in the time to ulceration
observed by the trained staff were resolved by a veterinary
pathologist. Time to full thickness skin ulceration was
used as the primary study endpoint for survival analysis.
Mice that did not show lesions were monitored for
20 days postirradiation and censored at that time for sur-
vival analysis. All nonlesion mice were monitored for an
additional 10 days beyond the study endpoint to ensure
lack of lesion development. The study design is summa-
rized in Fig. 1.

Measuring tissue oxygenation

Eight C57BL/6 mice (4 males, 4 females) were used
over the course of 2 days; on the first day, the mice were
anesthetized with 100% oxygen mixed with isoflurane,
and on the second day, the mice were induced while

Study 2: Tissue Oxygen Measurements
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A visual demonstration of the study design. In study 1, 48 C57BL/6 mice (24 male, 24 female) were anesthetized

using isoflurane delivered in 100% oxygen or room air and received 27 Gy of radiation to right leg skin using a Mobetron
linear accelerator. Time to skin ulceration was measured as the primary endpoint. In study 2, 8 C57BL/6 mice (4 male, 4
male) received subcutaneous injections of PdG4 Oxyphor and were anesthetized similarly to study 1. An excitor-detector
fiber-optic pair was used to read tissue oxygenation levels at the injection site. Figure created with BioRender.com.
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breathing room air mixed with isoflurane. To simulate the
breathing conditions of the mouse on the day of irradia-
tion, each mouse was anesthetized as described in section
2.1. After a 3 min induction period, the left rear legs of
the mice were shaved, and 0.05 mL of 100 uM PdG4 dis-
solved in phosphate-buffered saline was injected subcuta-
neously into the legs. The phosphorescence lifetime was
read out by a commercial system (OxyLED, Oxygen
Enterprises, Philadelphia, Pennsylvania) that was cali-
brated with the Stern-Volmer emission time constants for
the PdG4 sample injected. From this system, the fiber pair
contained a pulsed red (637 nm) excitation light and a
collecting fiber, connected to an avalanche photodiode
detector. This fiber was positioned approximately 5 mm
from the skin surface, and oxygen pressure (mm Hg) was
read out repeatedly for 10 min to sample the tissue pO,
value. Core body temperature was maintained at 37.5° via
external heating pad.

Statistical analyses

Using time to skin ulceration as the primary study
endpoint, Kaplan-Meier survival curves were constructed
for the irradiated mice. The log-rank test (Mantel-Cox)
was used to compare survival data, and results were veri-
fied by Cox regression tests. The tissue oxygen measure-
ment data were analyzed using independent sample ¢
tests. All analyses were conducted using the SPSS Statisti-
cal Package (IBM Corp, USA). Graphics were constructed
using GraphPad Prism (Prism Inc, USA) and BioRender
software.

Results

Skin irradiation

The actual radiation dose delivered at the surface was
27 £ 1.5 Gy (5%). All mice were checked daily for skin
lesion development at the irradiation site. As we have pre-
viously described, mice typically progress through dry
and wet skin desquamation before full thickness ulcera-
tion/epidermolysis, though detection of wet and dry squa-
mation can be variable. Therefore, time to full thickness
skin ulceration was used at the primary endpoint.

Within the UHDR group, out of 12 mice breathing
room air, 5 developed full thickness ulcerations. The
remaining 7 mice did not develop lesions during the 20-
day study period or 10-day follow-up period and were
therefore censored from survival analyses at 20 days.
Therefore, the median survival (time to skin ulceration)
for room-air-breathing UHDR mice was greater than
20 days. On the other hand, out of the 12 mice breathing
100% oxygen, 11 developed ulcerations, and 1 did not,

with a median time to skin ulceration of 12 days. This dif-
ference in time to skin ulceration was significantly differ-
ent between the groups (P < .05).

Within the CDR group, out of 12 mice breathing room
air, 11 developed ulcers, with a median time to ulceration
of 9.5 days. Likewise, out of the 12 mice breathing 100%
oxygen, 11 developed ulcers, but with a median time to
ulceration of 15.5 days. This difference was not signifi-
cantly significant.

Comparing the UHDR group to the CDR group,
UHDR mice breathing 100% oxygen did not significantly
differ from CDR mice breathing 100% oxygen in terms of
the median time to skin ulceration (12 and 15.5 days,
respectively). Conversely, UHDR mice breathing room air
showed a significantly longer time to ulceration than
CDR mice breathing room air, with a median time to skin
ulceration of greater than 20 days and 9.5 days, respec-
tively. These data are summarized in Fig. 2.

Separating the irradiation data by sex provided fur-
ther insight into these differences. Within the UHDR
group, female and male mice breathing room air did
not differ significantly in terms of the time to skin
ulceration, with a median time to ulceration of greater
than 20 days compared with 18 days, respectively. In
contrast, female mice breathing 100% oxygen developed
skin ulcerations in a median of 11 days, which was sig-
nificantly shorter than the median time to ulceration of
male mice breathing 100% oxygen (15.5 days). This is
summarized in Fig. 3A.

Looking at sex differences in the CDR group, female
and male mice breathing either room air or 100% oxygen
did not differ significantly in terms of the time to skin
ulceration. These data are summarized in Fig. 3B.

Skin oxygenation measurements

The mean pO, of the leg in male mice breathing
100% oxygen (36 £ 7 mm Hg) was significantly higher
than that in male mice breathing room air (21 £+ 3 mm
Hg). Similarly, the mean pO, of the leg in female mice
breathing 100% oxygen (56 £ 11 mm Hg) was signifi-
cantly higher than that in female mice breathing room
air (2644 mm Hg). Interestingly, the mean pO, for
male mice breathing 100% oxygen was significantly dif-
ferent from that for female mice, as well; however, the
difference in mice breathing room air was not signifi-
cant. Results of tissue oxygenation measurements are
summarized in Fig. 4.

Discussion

The literature on UHDR radiation and the FLASH
effect shows wide variability in the presence and extent of
normal tissue sparing, hinting that there may be unknown
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Figure2 Kaplan-Meier curves demonstrating time to skin ulceration in leg skin of ultrahigh-dose-rate (UHDR) and con-
ventional dose-rate (CDR) irradiated mice under room air and 100% oxygen conditions. Animals were removed from the
study when a full thickness ulcer developed. Mice that did not show lesions after 20 days postirradiation were censored for
survival analysis and monitored for an additional 10 days to ensure that no lesions developed. UHDR room air mice
(median, >20 days) developed ulcers significantly later than both UHDR 100% oxygen mice (median, 12 days) and CDR
room air mice (median, 15.5 days). UHDR 100% oxygen mice did not differ significantly from CDR 100% oxygen mice
(median, 12 days). CDR room air mice and CDR 100% oxygen mice did not differ from each other in terms of the time to
ulceration. *P < .05, ns = not statistically significant.
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Figure 3 Kaplan-Meier curves demonstrating sex differences in time to skin ulceration in leg skin of ultrahigh-dose-rate
(UHDR) and conventional dose-rate irradiated mice under room air and 100% oxygen conditions. (A) Male and female
UHDR room air mice did not differ in terms of the time to skin ulceration. However, female mice in the UHDR 100% oxy-
gen group developed ulcers earlier than male mice in the same group. (B) No significant differences were seen between
male and female conventional dose-rate mice in either room air or 100% oxygen conditions. *P < .05, ns = not statistically
significant.
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Figure 4 Direct tissue pO, measurements under room
air and 100% oxygen conditions using PdG4 Oxyphor.
Mice that received 100% oxygen had significantly higher
tissue pO, levels than room air mice. The female mice
that received 100% oxygen (mean, 56 mm Hg; SD, 11)
had higher tissue pO, levels than the male mice that
received 100% oxygen (mean, 36 mm Hg; SD, 7). *P <
.05, ns = not statistically significant.

sources of variability in in vivo studies. Here, we set out to
determine the effect of oxygen use during anesthesia on
FLASH sparing of normal skin tissue, supplemented by
tissue oxygen measurements. We accomplished this by
irradiating animals with CDR or UHDR radiation while
delivering anesthesia using either 100% oxygen or room
air as the carrier gas and measuring the time to skin ulcer-
ation.

Our results show that the time to ulceration in CDR
radiation is not significantly affected by the oxygen con-
centration of the carrier gas. Conversely, UHDR-irradi-
ated mice that received room air showed a significantly
increased time to skin ulceration. Indeed, over half of
the mice in the UHDR room air group did not show
ulceration over the course of the study, compared with
just 1 mouse in the UHDR 100% oxygen group. Com-
paring the UHDR- to CDR-irradiated mice, we observed
no FLASH sparing effect in mice breathing 100% oxy-
gen. On the other hand, significant sparing was seen
between UHDR and CDR mice receiving room air as the
carrier gas.

Breaking down our results by type of radiation and by
sex, we showed a significantly reduced time to ulceration
in female mice that received UHDR while breathing 100%
oxygen compared with that in male mice. However, no
sex difference was seen in UHDR mice that received
room air or in CDR mice under either condition. This is
an interesting finding, particularly considering the sex dif-
ferences seen in our tissue oxygen measurements.

Using the PdG4 Oxyphor, we were able to repeatably
measure oxygen levels in the mouse leg skin tissue.
Although tissue oxygenation levels were similar between
male and female mice under room air conditions, female

mice breathing 100% oxygen showed significantly higher
tissue pO, levels than male mice breathing 100% oxygen.
This difference correlates with the difference seen in the
time to ulceration between male and female mice in the
UHDR 100% oxygen group, in which female mice (who
showed higher tissue oxygen levels) ulcerated faster and
were thus more radiosensitive. Though the mechanism
behind the higher tissue oxygenation levels in female
mice requires further investigation, we propose higher
estrogen levels in female mice as a possible contributor.
Estrogen is a potent angiogenesis factor, and it plays a
critical role in both the maintenance and repair of dermal
blood vessels.”* If the dermis of a female mouse was more
effectively vascularized, higher tissue oxygenation levels
under anesthesia would be expected.

In summary, we made several important observations:
First, the presence of 100% oxygen negated any FLASH
sparing effect, primarily through its effect on UHDR-
irradiated mice. Second, male and female mice are equally
radiosensitive following CDR radiation under room air
and 100% oxygen anesthesia conditions. Third, female
mice are more radiosensitive than male mice when irradi-
ated with UHDR radiaiton under 100% oxygen, but not
under room air conditions. This However, once again,
this difference was not seen in CDR-irradiated mice.

We suspect that other anesthetic conditions, such as
depth of anesthesia (isoflurane/sevoflurane concentra-
tion, flow rate, and length of induction and maintenance)
and physiological parameters like respiratory rate and
body temperature, are likely to have a pronounced effect
on tissue oxygen levels, and consequently, the extent of
sparing in UHDR radiation. For instance, in a current,
separate study, we have found that maintaining animals
at 3% isoflurane results in significantly lower tissue oxy-
genation levels than those observed at the 1.5% used in
this study.

Further investigation into the source of the sex differ-
ences in FLASH sparing and tissue oxygenation is also
needed. Skin as a model for FLASH effects may also be
problematic because of the variability in control over skin
oxygenation between animals, sexes, and physiological
conditions, although at the same time, it presents as an
interesting model in which factors affecting the mecha-
nism of FLASH may be teased out. This work makes clear
the need for careful control and reporting of these varia-
bles in future UHDR in vivo studies.

Disclosures

The authors declare that they have no known compet-
ing financial interests or personal relationships that could
have appeared to influence the work reported in this

paper.



Advances in Radiation Oncology: June 2024

Oxygen, sex, and the FLASH effect 7

Acknowledgments

We are grateful for the radiation resources provided by

Dartmouth-Hitchcock Medical Center Department of
Radiation Oncology.

References

10.

11.

. Vozenin MC, Hendry JH, Limoli CL. Biological benefits of ultra-

high dose rate FLASH radiotherapy: Sleeping beauty awoken. Clin
Oncol. 2019;31:407-415.

. Allen BD, Alaghband Y, Kramar EA, et al. Elucidating the neurolog-

ical mechanism of the FLASH effect in juvenile mice exposed to
hypofractionated radiotherapy. Neuro-Oncol. 2023;25:927-939.

. Montay-Gruel P, Acharya MM, Gongalves Jorge P, et al. Hypofrac-

tionated FLASH-RT as an effective treatment against glioblastoma
that reduces neurocognitive side effects in mice. Clin Cancer Res Off
J Am Assoc Cancer Res. 2021;27:775-784.

. Romano F, Bailat C, Jorge PG, Lerch MLF, Darafsheh A. Ultra-high

dose rate dosimetry: Challenges and opportunities for FLASH radia-
tion therapy. Med Phys. 2022;49:4912-4932.

. Venkatesulu BP, Sharma A, Pollard-Larkin JM, et al. Ultra high dose

rate (35 Gy/sec) radiation does not spare the normal tissue in car-
diac and splenic models of lymphopenia and gastrointestinal syn-
drome. Sci Rep. 2019;9:17180.

. Beyreuther E, Brand M, Hans S, et al. Feasibility of proton FLASH

effect tested by zebrafish embryo irradiation. Radiother Oncol.
2019;139:46-50.

. Oppelt M, Baumann M, Bergmann R, et al. Comparison study of in

vivo dose response to laser-driven versus conventional electron
beam. Radiat Environ Biophys. 2015;54:155-166.

. Bourhis J, Montay-Gruel P, Jorge PG, et al. Clinical translation of

FLASH radiotherapy: Why and how? Radiother Oncol. 2019;139:11-17.

. Duval KEA, Aulwes E, Zhang R, et al. Comparison of tumor control

and skin damage in a mouse model after ultra-high dose rate irradi-
ation and conventional irradiation. Radiat Res. 2023;200.

Soto LA, Casey KM, Wang J, et al. FLASH irradiation results in
reduced severe skin toxicity compared to conventional-dose-rate
irradiation. Radiat Res. 2020:194.

Huang Q, Gerwek L, Peigen H, Scheumann J. Multivariate determi-
nants of the FLASH effect in skin. Abstract presented at: Interna-

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

tional Congress for Radiation Research. Montreal, CA; August 27,
2023.

Wilson JD, Hammond EM, Higgins GS, Petersson K. Ultra-high
dose rate (FLASH) radiotherapy: Silver bullet or fool’s gold? Front
Oncol. 2020;9:1563.

Zhang Q, Gerweck LE, Cascio E, et al. Absence of tissue-sparing
effects in partial proton FLASH irradiation in murine intestine. Can-
cers. 2023;15:2269.

Robert Grimes D, Partridge M. A mechanistic investigation of the
oxygen fixation hypothesis and oxygen enhancement ratio. Biomed
Phys Eng Express. 2015;1: 045209.

Brahme A. Accurate analytical description of the cell survival and
dose-response relationships at low and high doses and LETs. Com-
prehensive Biomedical Physics. Elsevier; 2014:121-142.

Jansen J, Knoll ], Beyreuther E, et al. Does FLASH deplete oxygen?
Experimental evaluation for photons, protons, and carbon ions.
Med Phys. 2021;48:3982-3990.

Adrian G, Konradsson E, Lempart M, Back S, Ceberg C, Petersson
K. The FLASH effect depends on oxygen concentration. Br J Radiol.
2020;93: 20190702.

Rodman SN, Kluz PN, Hines MR, Oberley-Deegan RE, Coleman
MC. Sex-based differences in the severity of radiation-induced
arthrofibrosis. ] Orthop Res. 2022;40:2586-2596.

Jamieson D, Van Den Brenk HAS. Electrode size and tissue pO,
measurement in rats exposed to air or high pressure oxygen. J Appl
Physiol. 1965;20:514-518.

Swartz HM, Flood AB, Schaner PE, et al. How best to interpret
measures of levels of oxygen in tissues to make them effective clini-
cal tools for care of patients with cancer and other oxygen-depen-
dent pathologies. Physiol Rep. 2020;8.

Cao X, Zhang R, Esipova TV, et al. Quantification of oxygen deple-
tion during FLASH irradiation in vitro and in vivo. Int | Radiat
Oncol Biol Phys. 2021;111:240-248.

Lo LW, Vinogradov SA, Koch CJ, Wilson DF. A new, water sol-
uble, phosphor for oxygen measurements in vivo. In: Harrison
DK, Delpy DT, eds. Oxygen Transport to Tissue XIX. Vol 428.
Advances in Experimental Medicine and Biology. Springer US;
1997:651-656.

Esipova TV, Karagodov A, Miller J, Wilson DF, Busch TM, Vinog-
radov SA. Two new “protected” oxyphors for biological oximetry:
Properties and application in tumor imaging. Anal Chem.
2011;83:8756-8765.

Losordo DW, Isner JM. Estrogen and angiogenesis: A review. Arte-
rioscler Thromb Vasc Biol. 2001;21:6-12.


http://refhub.elsevier.com/S2452-1094(24)00055-1/sbref0001
http://refhub.elsevier.com/S2452-1094(24)00055-1/sbref0001
http://refhub.elsevier.com/S2452-1094(24)00055-1/sbref0001
http://refhub.elsevier.com/S2452-1094(24)00055-1/sbref0002
http://refhub.elsevier.com/S2452-1094(24)00055-1/sbref0002
http://refhub.elsevier.com/S2452-1094(24)00055-1/sbref0002
http://refhub.elsevier.com/S2452-1094(24)00055-1/sbref0002
http://refhub.elsevier.com/S2452-1094(24)00055-1/sbref0003
http://refhub.elsevier.com/S2452-1094(24)00055-1/sbref0003
http://refhub.elsevier.com/S2452-1094(24)00055-1/sbref0003
http://refhub.elsevier.com/S2452-1094(24)00055-1/sbref0003
http://refhub.elsevier.com/S2452-1094(24)00055-1/sbref0003
http://refhub.elsevier.com/S2452-1094(24)00055-1/sbref0004
http://refhub.elsevier.com/S2452-1094(24)00055-1/sbref0004
http://refhub.elsevier.com/S2452-1094(24)00055-1/sbref0004
http://refhub.elsevier.com/S2452-1094(24)00055-1/sbref0005
http://refhub.elsevier.com/S2452-1094(24)00055-1/sbref0005
http://refhub.elsevier.com/S2452-1094(24)00055-1/sbref0005
http://refhub.elsevier.com/S2452-1094(24)00055-1/sbref0005
http://refhub.elsevier.com/S2452-1094(24)00055-1/sbref0006
http://refhub.elsevier.com/S2452-1094(24)00055-1/sbref0006
http://refhub.elsevier.com/S2452-1094(24)00055-1/sbref0006
http://refhub.elsevier.com/S2452-1094(24)00055-1/sbref0007
http://refhub.elsevier.com/S2452-1094(24)00055-1/sbref0007
http://refhub.elsevier.com/S2452-1094(24)00055-1/sbref0007
http://refhub.elsevier.com/S2452-1094(24)00055-1/sbref0008
http://refhub.elsevier.com/S2452-1094(24)00055-1/sbref0008
http://refhub.elsevier.com/S2452-1094(24)00055-1/sbref0009
http://refhub.elsevier.com/S2452-1094(24)00055-1/sbref0009
http://refhub.elsevier.com/S2452-1094(24)00055-1/sbref0009
http://refhub.elsevier.com/S2452-1094(24)00055-1/sbref0010
http://refhub.elsevier.com/S2452-1094(24)00055-1/sbref0010
http://refhub.elsevier.com/S2452-1094(24)00055-1/sbref0010
http://refhub.elsevier.com/S2452-1094(24)00055-1/sbref0011
http://refhub.elsevier.com/S2452-1094(24)00055-1/sbref0011
http://refhub.elsevier.com/S2452-1094(24)00055-1/sbref0011
http://refhub.elsevier.com/S2452-1094(24)00055-1/sbref0011
http://refhub.elsevier.com/S2452-1094(24)00055-1/sbref0012
http://refhub.elsevier.com/S2452-1094(24)00055-1/sbref0012
http://refhub.elsevier.com/S2452-1094(24)00055-1/sbref0012
http://refhub.elsevier.com/S2452-1094(24)00055-1/sbref0013
http://refhub.elsevier.com/S2452-1094(24)00055-1/sbref0013
http://refhub.elsevier.com/S2452-1094(24)00055-1/sbref0013
http://refhub.elsevier.com/S2452-1094(24)00055-1/sbref0014
http://refhub.elsevier.com/S2452-1094(24)00055-1/sbref0014
http://refhub.elsevier.com/S2452-1094(24)00055-1/sbref0014
http://refhub.elsevier.com/S2452-1094(24)00055-1/sbref0015
http://refhub.elsevier.com/S2452-1094(24)00055-1/sbref0015
http://refhub.elsevier.com/S2452-1094(24)00055-1/sbref0015
http://refhub.elsevier.com/S2452-1094(24)00055-1/sbref0016
http://refhub.elsevier.com/S2452-1094(24)00055-1/sbref0016
http://refhub.elsevier.com/S2452-1094(24)00055-1/sbref0016
http://refhub.elsevier.com/S2452-1094(24)00055-1/sbref0017
http://refhub.elsevier.com/S2452-1094(24)00055-1/sbref0017
http://refhub.elsevier.com/S2452-1094(24)00055-1/sbref0017
http://refhub.elsevier.com/S2452-1094(24)00055-1/sbref0017
http://refhub.elsevier.com/S2452-1094(24)00055-1/sbref0018
http://refhub.elsevier.com/S2452-1094(24)00055-1/sbref0018
http://refhub.elsevier.com/S2452-1094(24)00055-1/sbref0018
http://refhub.elsevier.com/S2452-1094(24)00055-1/sbref0019
http://refhub.elsevier.com/S2452-1094(24)00055-1/sbref0019
http://refhub.elsevier.com/S2452-1094(24)00055-1/sbref0019
http://refhub.elsevier.com/S2452-1094(24)00055-1/sbref0020
http://refhub.elsevier.com/S2452-1094(24)00055-1/sbref0020
http://refhub.elsevier.com/S2452-1094(24)00055-1/sbref0020
http://refhub.elsevier.com/S2452-1094(24)00055-1/sbref0020
http://refhub.elsevier.com/S2452-1094(24)00055-1/sbref0021
http://refhub.elsevier.com/S2452-1094(24)00055-1/sbref0021
http://refhub.elsevier.com/S2452-1094(24)00055-1/sbref0021
http://refhub.elsevier.com/S2452-1094(24)00055-1/sbref0023
http://refhub.elsevier.com/S2452-1094(24)00055-1/sbref0023
http://refhub.elsevier.com/S2452-1094(24)00055-1/sbref0023
http://refhub.elsevier.com/S2452-1094(24)00055-1/sbref0023
http://refhub.elsevier.com/S2452-1094(24)00055-1/sbref0024
http://refhub.elsevier.com/S2452-1094(24)00055-1/sbref0024

	Anesthetic Oxygen Use and Sex Are Critical Factors in the FLASH Sparing Effect
	Introduction
	Methods and Materials
	Skin irradiation
	Animals
	Radiation delivery
	Study endpoint

	Measuring tissue oxygenation
	Statistical analyses

	Results
	Skin irradiation
	Skin oxygenation measurements

	Discussion
	Disclosures
	Acknowledgments
	References


