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Purpose: Radiation therapy is an important treatment component for patients with lung cancer. However, the survival time
gained with clinical radiation therapy techniques is relatively short. Data from preclinical experiments suggest that synchro-
tron microbeam radiation therapy could be much better suited to control malignant brain tumors than current clinical con-
cepts of radiation therapy. Even at peak doses of several hundred gray, the extent of functional deficits is low.
Methods and Materials: We have developed the first mouse model to study the effects of microbeam irradiation in lung
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tissue.

Results: Up to peak doses of 400 Gy, no acute adverse effects were seen.
Conclusion: This model is well suited to explore the potential of microbeam radiation therapy in the treatment of lung
cancer and the response of normal lung tissue and organs at risk. � 2021 The Authors. Published by Elsevier Inc. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Lung cancer is reported to have an incidence between 33.9
and 60 in 100,000, accounting for more than 10% of all
new cancer cases annually.1,2 For many of those patients,
radiation therapy is an essential component of the inter-
disciplinary therapeutic approach.

Dose prescription to the lung is limited because of a high
risk of pneumonitis, an inflammatory condition of the lung
tissue caused by irradiation, which frequently results in
lung fibrosis, leading to a severely reduced quality of life.3

The fairly recent concept of stereotactic body radiation
therapy offers patients with small lung tumors a much
shorter treatment concept. However, such concepts are
applicable only to a limited number of small peripheral
lesions. High toxicity has been observed after treatment for
central lesions.

Stereotactic radiation therapy works on the basis of
spatial dose fractionation at the millimeter range.
Throughout the past decades, the new concept of micro-
beam radiation therapy (MRT) has been developed in pre-
clinical studies. MRT can be considered stereotactic
radiosurgery with spatial dose fractionation at the micro-
meter range. In brain tissue, it has already been shown in
small animal models of malignant brain tumors that the
tumor control and normal tissue sparing achieved with
MRT are superior to broad beam irradiation.4-6 The better
morphologic preservation of normal tissue structures
resulted in well-sustained brain function in small and large
animal models.7,8

Two phantom studies of microbeam irradiation in the
lung were published in the 1990s.9,10 We have designed and
conducted the first feasibility study to investigate the acute
response of lung tissue to microbeam irradiation in mice.

Methods and Materials

The experiments were conducted at the biomedical beam-
line ID17 of the European Synchrotron Radiation Facility
(ESRF) in Grenoble, France. All experimental protocols
were approved by the Ethics Committee and by the French
Ministry of Education and Research (permission number
7363-20l61 026150 13147).

A fixed space, multislit collimator, the design of which
has been described in detail previously,11 was inserted into
the x-ray beam generated by the synchrotron source to
generate an array of quasi-parallel microbeams. The result
was an inhomogeneous dose distribution with periodically
alternating sequences of peak dose (high dose) zones and
valley dose (low dose) zones in the target tissue. The in-
dividual beam width was 50 mm and the center-to-center
distance was 400 mm.

Before irradiating the animals, absolute dosimetry was
performed following the protocol developed by Fournier
et al.12 The active volume of a PTW PinPoint ionization
chamber (type 31014, PTW, Freiburg, Germany) was
aligned in the center of a 20 � 20 mm2 field and placed at
20 mm depth in a water-equivalent plastic cube phantom to
determine the beam dose rate. The ionization chamber was
calibrated with a TH200 radiation source to match the
energy spectrum of the synchrotron radiation used in this
experiment. The minimum field size measurable by the
PinPoint chamber was respected. Under these reference
conditions, the dose rate of the x-ray beam was determined
in Gy/s/mA with an uncertainty of 4.4% (2s). At the
beginning of each irradiation procedure, the actual electron
current of the synchrotron storage ring was considered to
determine the dose rate in Gy/s to deliver the prescribed
target dose.

Healthy male C57/BL6 mice obtained from Charles
River France underwent microbeam irradiation of the right
lung with an array of quasi-parallel microbeams. General
anesthesia with isoflurane, tracheal intubation, and me-
chanical ventilation allowed reliable induction of an
inspiratory apnea of a duration of approximately 10 sec-
onds, sufficiently long to conduct microbeam irradiation at
peak doses up to 400 Gy. The duration of the entire pro-
cedure, including the induction of anesthesia and intuba-
tion, positioning of the animal in the beam, and irradiation,
ranged between 15 and 20 minutes.

Because no previous studies have examined the response
of cardiac tissue and the impulse conduction system of the
heart to high MRT peak doses, irradiation of the heart was
avoided. Preirradiation imaging was conducted in irradia-
tion position, and the position of the animal was corrected
where necessary to ensure that the heart was outside the
irradiation field (Fig. 1).

The typical alveolar structure of the lung with its mul-
tiple nonserial interfaces among air, fluid, and soft tissue
makes dose calculation extremely challenging.13 The peak
and valley doses were calculated assuming a homogeneous
mixture of water and air, where concentrations depended on
the observed Hounsfield units of a computed tomography
(CT) scan obtained with a spatial resolution of 197 mm
using the CT component of a small animal positron
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Fig 1. Screen shot of the control room terminal with the animal positioned in the beam (A) and the preirradiation x-ray
image (B), both with the beam array entry zone marked.
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emission tomography/CT scanner (Inveon, Siemens). This
CT scan was also used to outline the heart and the spinal
cord as organs at risk. Monte Carlo calculation with the
Geant4 tool package was conducted for a field size of 3.9 �
13 mm, corresponding to 9 vertical microbeams, in the
right lung of the animals. Uncertainties of the Monte Carlo
simulations for peak and valley doses are estimated below
7%. A more detailed description of the experimental setup
is provided as supporting material.
Results

We conducted a pilot experiment with 2 different peak
doses (nZ 18/group). The peak entrance doses were 40 Gy
and 400 Gy and the valley doses were nominally 0.42 Gy
and 4.2 Gy, respectively. Thus, the peak-to-valley dose ratio
at the beam entrance was approximately 95 at a depth of 3
mm. The dose on the heart, the most important organ at risk
with irradiation of the thoracic cavity, was calculated to be
on average 0.11 Gy for a peak dose of 40 Gy and 1.1 Gy for
a peak dose of 400 Gy (Fig. 2).

No signs of potential adverse effects owing to pulmo-
nary or cardiac toxicity, such as audible breath sounds,
pulmonary distress, or decrease in general activity, were
seen in the mice at any time during the 72-hour observation
period after microbeam irradiation. No motor deficits as
signs of spinal cord toxicity were observed. The
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Fig 2. Dose-volume histogram (DVH) for peak dose and valley
spinal cord after microbeam irradiation with peak doses of 40 Gy
shape of the curves for peak doses of 40 Gy and 400 Gy is iden
observation was conducted continuously for approximately
1 hour after irradiation in a wake-up room setting, in 2-hour
intervals for the following 8 hours, and 3 times daily
thereafter.

Aiming for a constant post-end-expiratory pressure
during irradiation, we were able to standardize the experi-
ment throughout all experimental groups. Furthermore, we
also successfully standardized the harvest of the lung tissue,
to reproduce the irradiation morphology as close as
possible. The gamma H2AX immunostain, representing the
number of DNA double-strand breaks caused by the irra-
diation, resulted in intense fluorescence along the micro-
beam paths in all irradiated groups. After irradiation with
peak doses of 400 Gy, the intensity of the immunofluo-
rescence increased continuously during the first 3 days after
irradiation (Fig. 3 and Fig. E3). This can be explained by
delayed cell death due to secondary processes, including
radiation-induced bystander effects. The intensity of the
gamma H2AX stain along the microbeam paths is signifi-
cantly lower after irradiation with peak doses of only
40 Gy.
Discussion

This was the first time that the lung of mice was chosen as
target organ for microbeam irradiation. We have shown that
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tical, but the values differ by a factor of 10.



Fig 3. Microphotographs of lung tissue after gamma H2AX immunostain. The staining intensity is much less intense at 24
hours after irradiation with peak doses of 40 Gy (A), compared with 400 Gy (B). The staining intensity increases contin-
uously until the end of the observation period at 72 hours after irradiation, as shown in the immunofluorescence images at 48
hours (C) and 72 hours (D) after irradiation with peak doses of 400 Gy.
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no acute adverse effects occurred after MRT with peak
doses up to 400 Gy.

In the present study, the irradiation dose was based on
Monte Carlo simulations designed to simulate both the
reference conditions and the irradiation geometry in the
animals. An experimental dosimetry study for the micro-
beam irradiation was not performed. The development of
specific phantoms to reproduce the irradiation geometry in
the animals in combination with high-resolution detectors
could be an interesting theme for future studies.

The diameter of an alveolus, the structural unit in which
gas exchange takes place, is about 200 mm in humans and
35 to 45 mm in mice.14 Thus, dose calculation in human
patients might be somewhat easier with respect to the
changes of air/fluid/soft tissue interfaces, but more
demanding because of the increase in scatter expected in
the larger target areas in human patients, which would
result in a decrease in the peak-to-valley dose ratio.10

To allow irradiation of irregularly (not rectangular)
shaped targets without risking functional cardiac damage,
the experimental setup should be refined. One could
introduce a multileaf collimator, which allows temporary
blocking of microbeam paths in analogy to clinical radia-
tion therapy. Another solution might be the insertion of a
radio-opaque mask protecting the heart.

Provided that a low toxicity profile can be shown in
long-term studies after MRT in the lung, we suggest testing
a scenario in which MRT is used as a simultaneously in-
tegrated boost in a clinical radiation therapy schedule to
achieve a higher single-fraction dose. Clinically, the
simultaneously integrated boost concept has been shown to
result in longer local recurrence-free survival in patients
with NSCLC.15 This could be an especially interesting
approach in patients with a low percentage of PD-
L1epositive tumor cells reported in the initial histology.

A high percentage of PD-L-1epositive cells within a
tumor correlates to a high responsiveness of the tumor to
newly developed checkpoint inhibitors and thus to better
tumor control and longer survival times.16 Recent data
suggest that hypofractionated radiation therapy might
support the induction of PD-L1. This radiation
therapyeinduced PD-L1 expression has been reported to be
stable and long-lasting in vitro as well as clinically.17-19

MRT can be considered a hypofractionated radiation ther-
apy approach par excellence, with between 1 and 3 frac-
tions reported in the literature. It would be interesting to
follow up the work hypothesis that MRT induces the check
point inhibitor PD-L1 and thus improves tumor respon-
siveness to immunotherapy.

With its extremely good preservation of normal tissue
function observed previously in brain tissue, MRT might
also prove to be a good approach to increase both the
quality of life and the recurrence-free interval for patients
with lung cancer.

Conclusion

Microbeam irradiation studies in the lung of mice are
technically feasible, albeit technically challenging. The
mouse model can therefore be considered a suitable tool for
further preclinical studies focused on the treatment of lung
cancer and the study of normal tissue tolerance.
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