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Abstract: Microbeam radiation therapy (MRT), a preclinical form of spatially fractionated

radiotherapy, uses an array of microbeams of hard synchrotron X-ray radiation.
Recently, compact synchrotron X-ray sources got more attention as they provide
essential prerequisites for the translation of MRT into clinics while overcoming the
limited access to synchrotron facilities. At the Munich Compact Light Source (MuCLS),
a beamline at one of these novel compact X-ray sources, a proof of principle
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experiment was conducted applying MRT to a xenograft tumor mouse model. First,
subcutaneous tumors derived from the established squamous carcinoma cell line FaDu
were irradiated at a conventional X-ray tube using broadbeam geometry to determine a
suitable dose range for the tumor growth delay. For irradiations at the MuCLS, FaDu
tumors were irradiated with broadbeam and microbeam irradiation at integral doses of
either 3 or 5 Gy and tumor growth delay was measured. Microbeams had a width of 50
pUm and a center-to-center distance of 350 um with peak doses of either 21 or 35 Gy. A
dose rate of up to 5 Gy/min was delivered to the tumor. Both doses and modalities
delayed the tumor growth compared to a sham-irradiated tumor. The irradiated area
and microbeam pattern were verified by staining of the DNA double-strand break
marker yH2AX. This study demonstrates for the first time that microbeam radiation
therapy can be successfully performed in vivo at the MuCLS.
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Abstract

Microbeam radiation therapy (MRT), a preclinical form of spatially fractionated radiotherapy, uses an array of
microbeams of hard synchrotron X-ray radiation. Recently, compact synchrotron X-ray sources got more attention as
they provide essential prerequisites for the translation of MRT into clinics while overcoming the limited access to
synchrotron facilities. At the Munich Compact Light Source (MuCLS), a beamline at one of these novel compact X-
ray sources, a proof of principle experiment was conducted applying MRT to a xenograft tumor mouse model. First,
subcutaneous tumors derived from the established squamous carcinoma cell line FaDu were irradiated at a
conventional X-ray tube using broadbeam geometry to determine a suitable dose range for the tumor growth delay.
For irradiations at the MuCLS, FaDu tumors were irradiated with broadbeam and microbeam irradiation at integral
doses of either 3 or 5 Gy and tumor growth delay was measured. Microbeams had a width of 50 um and a center-to-
center distance of 350 um with peak doses of either 21 or 35 Gy. A dose rate of up to 5 Gy/min was delivered to the
tumor. Both doses and modalities delayed the tumor growth compared to a sham-irradiated tumor. The irradiated
area and microbeam pattern were verified by staining of the DNA double-strand break marker yH2AX. This study
demonstrates for the first time that microbeam radiation therapy can be successfully performed in vivo at the
MuCLS.
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Introduction

Microbeam radiation therapy (MRT) is a preclinical, spatially fractionated form of radiation therapy. MRT deposits
very high doses, also referred to as peak dose, in parallel and planar beams with a width of 25 to 75 pum and a
spacing of 100 to 400 um. The deposited dose between two microbeams is lower than the tolerance dose of the
normal tissue. This so-called valley dose is influenced by scattering of secondary electrons and photons from
adjacent peaks (Sabatasso et al. 2011).

First in vitro and in vivo experiments focusing on tumoricidal effects of spatially fractionated irradiations were
performed at large synchrotron radiation facilities such as the European Synchrotron Radiation Facility in France
(Bouchet et al. 2010; Gil et al. 2011; Regnard et al. 2008). Owing to their ultra-high dose rates of hundreds of Gray
per second and a small beam divergence, synchrotrons are particularly suited to maintain the microbeam pattern
within the tissue without blurring (Bartzsch and Oelfke 2017). Synchrotron-generated X-ray MRT induces a
differential radiobiological response in tumor and normal tissues. While the normal tissue is exceptionally tolerant to
the high doses in peak regions, the tumor growth is delayed and even sometimes controlled after MRT (Bouchet et
al. 2010; Croshie et al. 2010; Laissue et al. 1998; Serduc et al. 2009). The mechanisms playing a role in the
differential response of tumor and normal tissue are still unknown but there is some evidence of a differential repair
of the vasculature as well as bystander effects which are, at least in part, responsible for the sparing effect
(Dilmanian et al. 2007).

Patients with tumors in brain or lung surrounded by radiosensitive normal tissues would especially benefit from the
pronounced tissue sparing effect of MRT (Archer et al. 2017; Ibahim et al. 2014). However, the use of synchrotrons
for cancer treatment with MRT in clinics is hampered by the large space requirements and their cost-intensive
operation (Bartzsch and Oelfke 2017). Therefore, in recent years new compact X-ray sources were developed such as
the carbon nanotube X-ray source (Hadsell et al. 2013) or the Compact Light Source (CLS) (Eggl et al. 2016). CLSs
are based on the concept of inverse Compton scattering. Compton scattering is a collision between electrons and
laser photons producing nearly monochromatic X-rays. The CLS, located in Garching (Germany) and manufactured
by Lyncean Technologies Inc., USA, is a compact synchrotron source producing X-rays with photon energies of 15-
35 keV (Burger et al. 2017; Eggl et al. 2016). The unique features of the CLS are a small circumference of the
electron storage ring of 4.6 m and a short period of the laser undulator defined by the half of the laser wavelength of
0.5 um, allowing a size of the source of about 2 x 7 m? (Eggl et al. 2016). Originally, the CLS was developed for
pre-clinical imaging and diagnostic of pulmonary emphysema (Schleede et al. 2012b) or breast cancer (Schleede et
al. 2012a) but the CLS can also be adopted for MRT due to its synchrotron-like features.

The tumoricidal effectiveness and sparing effect of MRT at compact X-ray sources seems to be comparable to
previous observations made at synchrotrons. Treatment of brain tumors with MRT generated at the carbon nanotube-
based X-ray source extended the lifespan of tumor-bearing animals compared to an untreated control group (Yuan et
al. 2015). In contrast to MRT at synchrotrons using peak doses of more than 100 Gy (Fardone et al. 2018), even
lower peak doses of 48 or 72 Gy delayed tumor growth at compact X-ray sources (Yuan et al. 2015). At the beamline
of the Munich Compact Light Source (MuCLS), in vitro experiments showed an increased survival of normal tissue
cells with a lower frequency of chromosomal aberrations following MRT compared to broadbeam irradiation
(Burger et al. 2017).

Both compact X-ray sources (Jacquet and Suortti 2015) and synchrotrons (Prezado et al. 2009) produce X-rays with
a mean energy in the keV range. Additionally, compact X-ray sources have the advantage of lower operational costs
and a laboratory-sized scale. All these features render compact X-ray sources as suitable candidates for a future
implementation of MRT in clinics. To embed MRT in treatment plans of cancer patients, fundamental research of
biological mechanisms and dose concepts of MRT is necessary. Especially, studies using animal models at easily
accessible compact sources might help to understand MRT in more detail. Here, we show the first in vivo MRT
experiment at the MuCLS, a compact synchrotron X-ray source, and evaluate its tumoricidal effect in a mouse model
bearing a xenograft of squamous carcinoma cells. This proof of concept study introduces a compact X-ray source at
which MRT can be performed now and which can be used for MRT in vivo studies in the future.
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Materials and methods
Mouse ear tumor model

All experiments were performed using female, immunocompromised, 8-10 weeks old NMRI nu/nu mice obtained
from Charles River Laboratories. Mice were hosted at the experimental sites of the Klinikum rechts der Isar in
Munich according to the respective institutional guidelines and the German animal welfare regulations. The animals
were kept at 20-24 °C, 45-60 % relative humidity, at 12-h light-dark cycle and fed with commercial laboratory
animal diet and water ad libitum. All experiments were approved by the regional animal ethics committee (project
license 55.2-1-54-2531-62-2016).

Studies were carried out for the undifferentiated human head and neck cancer cell line FaDu maintained at 37 °C,
5 9% CO2 in Dulbecco Modified Eagle’s Medium with 1000 mg/ml glucose (Sigma-Aldrich Chemie GmbH, Munich,
Germany). The media was supplemented with 10 % FBS (Roche AG, Grenzach-Wyhlen, Germany), 2 mM
L-glutamine, 1 mM sodium pyruvate, 1 % Penicillin/Streptomycin (all Sigma-Aldrich Chemie GmbH, Munich,
Germany) and 10 mM HEPES (Thermo Fisher Scientific, Germering, Germany).

The mouse ear tumor model was originally established by the group of Suit et al. in 1965 and recently published as
suitable model for low energy irradiation by Beyreuther et al. (2017). In order to suppress the immune response, two
to four days before tumor cell injection nude mice were whole-body irradiated in a specifically designed cage which
allows only a two dimensional movement of the mouse. Whole-body irradiation took place with 4 Gy of 200 kVp
15 mA X-rays filtered by aluminum (Xstrahl Ltd., UK). Then, 1 pl per gram body weight of the antibiotic Convenia
(Zoetis Schweiz GmbH, Zirich, Switzerland) was subcutaneously injected into the neck. For tumor cell injection,
about 100,000 FaDu tumor cells were resuspended with 50 pl Matrigel (Corning, Matrigel Basement Membrane
Matrix). Mice were anaesthetized intraperitoneally with a mixture of 1 mg/ml medetomidin, 5 mg/ml midazolam and
0.05 mg/ml fentanyl. About 5 pl of the ice-cooled tumor cell suspension were injected subcutaneously between the
cartilage and skin at the center of the right ear. The anesthesia was antagonized by subcutaneous injection of AFN
(composed of 0.5 mg/ml atipamezole, 5 mg/ml flumazenil and 3 mg/ml faloxone). Tumor growth was measured
every second day using a digital caliper of 0.01 mm accuracy (DigiMax 29422, Wiha, Buchs, Switzerland). The
location of the tumor at the ear allows size measurement in three dimensions. Tumor volume was determined

according to the formula V = % X a X b X c. The length a of the tumor was defined as the size of the tumor parallel

to the main blood vessels. The width b is perpendicular to the tumor length in the plane of the mouse ear. Measuring
the maximum extension out of this plane, the height ¢ was derived. Tumors with a maximum length of 2 mm and a
maximum width of 1.8 mm were included into the experiment. There were no limitations regarding tumor height. A
second criterion for tumor irradiation was the color of the tumor which changed from white to red once the tumor
was vascularized. Only red-colored tumors were included into the experiment.

Irradiations at a conventional X-ray tube

A pilot study was carried out to estimate X-ray doses which induce a growth delay of xenograft FaDu tumors in the
ear. This study was performed at the Small Animal Radiation Research Platform (SARRP , Xstrahl Ltd., UK) using
doses of 3 and 6 Gy (Oppelt et al. 2015) applying 70 kVp X-rays filtered by aluminum. Irradiation took place with a
dose rate of 2.4 Gy/min. For irradiations, a round-shaped field size of 4 mm in diameter was used. The distance
between target and X-ray source was 350 mm. The tumor was centered in the irradiation field and homogeneously
irradiated perpendicular to the plane of the mouse ear. Dose delivery was verified using a radiochromic film
(Gafchromic EBT-3, Ashland, USA). Dose values refer to mean doses over the central area of the field as measured
with radiochromic film (calibrated with an ionization chamber in an open field) before the actual experiments was
performed.

On day of irradiation, the tumor had to fulfill the predefined criteria for size and color. Tumor growth was
determined during a follow-up period of 30 days. Volume measurements were stopped earlier if one tumor
dimension reached 8 mm (abort criteria). Growth delay of irradiated tumors was compared to unirradiated control
tumors. In total four FaDu tumors were irradiated, two tumors per dose respectively, and three tumors served as
control.
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Tumor irradiation at MuCLS and follow-up

The radiobiological effect was compared between microbeam and broadbeam irradiation by determining the
radiation-induced tumor growth delay at the MuCLS situated at the Munich School of BioEngineering in Garching
(Germany).

The CLS was operated with a mean energy of 25 keV X-rays having a bandwidth of 3.6 %. The distance between
mouse ear and X-ray source was 4 m. The dose at the plane of the ear was calculated from the measured photon flux.
For this purpose, we used an in-house built, highly transmissible intensity counter which was placed in the beam in
front of the irradiation target. The intensity counter was calibrated using a photon-counting detector (Pilatus 200K,
Dectris Ltd., Baden, Switzerland). The details of the technical implementation and dosimetry are reported in a
separate paper (Burger et al. in preparation), basic information about the MuCLS are reported in Eggl et al. (2016).

Tumor growth delay was compared between treated animals and a sham-irradiated, control animal. On day of
irradiation, the tumor had to fulfill the predefined criteria for size and color. Animals were anaesthetized as described
for tumor cell injection (see section mouse ear tumor model). The ear of the anaesthetized mouse was fixed onto the
mouse holder with removable tape (Fig. 1a). Additional heating to 32-33 °C allowed the maintenance of the body
temperature of the anaesthetized mouse. Tumors were positioned in the middle of the irradiation field and irradiated
perpendicular to the plane of the mouse ear. A positioning system allowed for accurate placement of the tumor in the
X-ray beam with a circular irradiation field of 2.3 mm in diameter.

Tumor-bearing mice were randomly assigned to the following irradiation groups: sham, microbeam or broadbeam
irradiation. Irradiations took place with a dose rate up to 5 Gy/min for broadbeam and 0.6 Gy/min for microbeams.
Tumors were irradiated with an integral dose of either 3 or 5 Gy. These doses for broadbeam irradiations were
chosen with the aim to compare the same integrated doses for broadbeam and microbeam irradiations. Therefore,
tumors were irradiated with microbeams using peak doses of either 21 or 35 Gy and valley doses below 0.2 Gy,
respectively. Microbeams with a width of 50 um and a center-to-center distance of 350 um were generated using a
highly absorbing tungsten collimator with a ratio of 1/7 slit to 6/7 tungsten. The irradiation pattern and dose to each
irradiated tumor was measured by a radiochromic film (Gafchromic EBT-3, Ashland) (Fig. 1b). For this, the
radiochromic film was positioned behind the tumor of each mouse. Sham irradiation follows the same protocol with
exception that the X-ray beam remained switched off. After irradiation the animals were retained in quarantine
during the follow-up period. Tumor growth was measured as described before (see section mouse ear tumor model).
Mice were euthanized as soon as the tumor length reached 8 mm (Fig. 1c).

Staining of yH2AX on histological tumor sections

To prove irradiated area and microbeam pattern additional animals were irradiated with microbeams and assigned to
histological analysis. Tumor sections were stained with hematoxylin and eosin (H&E). Staining of the DNA double-
strand break marker yH2AX was performed to verify irradiation side and pattern retrospectively. The treated animal
was sacrificed 1 hour after microbeam irradiation when the maximum expression of yH2AX is assumed (Kinner et
al. 2008). The tumor was resected and fixed in 4 % (w/v) neutrally buffered formalin, embedded in paraffin and cut
into 3 um slices for H&E staining or for immunohistochemistry. Immunohistochemical staining was performed
under standardized conditions on a Discovery XT automated stainer (Ventana Medical Systems, Tucson, AZ) using
rabbit anti-yH2AX (1:500, NB100384, NOVUS Biologicals, Wiesbaden, Germany) as a primary antibody and
Discovery Universal (Ventana Medical Systems, Tucson, AZ) as secondary antibody. Signal detection was
conducted using the Discovery® DAB Map Kit (Ventana Medical Systems, Tucson, AZ). The stained tissue sections
were scanned with an AxioScan.Z1 digital slide scanner (Zeiss, Jena, Germany) equipped with a 20x magnifying
objective.

Results

Pilot study for tumor growth delay after broadbeam irradiation at SARRP

Tumor cells were subcutaneously injected into the ear of NMRI nude mice. In all mice, tumors developed and grew
to a size of 2 mm in diameter at which homogeneous irradiation took place. Changes in tumor volume were
measured after both 3 and 6 Gy at the SARRP. Figure 2 shows the FaDu tumor growth delay over a period of

4
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25 days. Control tumors had a volume doubling time of 2.76 + 0.4 days. At 3 Gy tumor growth was delayed in one of
two mice. Following 6 Gy broadbeam irradiation, both FaDu tumors were controlled in their growth.

From this pre-study, we concluded that, using a higher radiobiological effective X-ray radiation of 25 keV at the
CLS, a dose between 3 and 5 Gy might cause a measurable tumor growth delay at the MuCLS. With the aid of the
growth delay curves after broadbeam irradiation, the 15-fold of initial volume was used for calculation of the growth
delay of irradiated tumors in comparison to the sham-irradiated tumor at the MuCLS.

Effect of microbeam irradiation at the MuCLS on tumor growth

For the growth delay study at the MuCLS, FaDu cells were inoculated in the mouse ears and irradiated with sham,
microbeams and broadbeam using an integral dose of either 3 or 5 Gy, respectively. In 77 % of all mice, tumors
became visible and grew to the particular size on day of irradiation. After irradiation, tumor growth was recorded
until the tumors reached at least their 15-fold initial volume, as determined in the previous pilot study.

Figure 3 shows the tumor volume normalized to the volume at the day of irradiation over time for one mouse per
treatment. The tumor growth curves were linearly interpolated. This preliminary data indicate that growth of all
irradiated tumors was delayed compared to the sham-irradiated tumor. The time reaching the 15-fold initial volume
increased with increasing integrated dose from 3 to 5 Gy, independently from the radiation modality. On day 21 after
irradiation, the sham-irradiated tumor reached the 15-fold volume. After 3 Gy MRT and 5 Gy MRT, tumor growth
was delayed and the 15-fold initial volume was reached 3.5 days and 13.5 days later, respectively, compared to the
sham-irradiated tumor. For broadbeam irradiations, the 15-fold initial volume was estimated at day 30 and day 37.5
after 3 Gy and 5 Gy, respectively. This corresponds to a tumor growth delay of 9 days for 3 Gy and 16.5 days for 5
Gy. To conclude, these preliminary data show that MRT can induce a tumor growth delay and MRT studies can be
performed at the MuCLS now.

vH2AX staining of a tumor after microbeam irradiation at MuCLS

Figure 4a illustrates the FaDu xenograft tumor on day of irradiation. Tumor cells were grown in nodules surrounded
by matrigel, clearly separated from the surrounding tissue and above the cartilage. Figures 4b and 4c show
exemplarily the microbeam pattern, observed 1 hour after microbeam irradiation of 5 Gy. The whole area of the
injection side of tumor cells mixed with matrigel was irradiated with a total of eight microbeams. The lines with
yH2AX stained cells clearly correlate with the used microbeam width of 50 pum. In addition, the center-to-center
distance of microbeams on the immunologically stained ear sections matches with the pattern given by the tungsten
collimator (beam width of 350 um).

Discussion

This in vivo study demonstrates that microbeam irradiation can be performed at the MuCLS using a compact
synchrotron X-ray source. Microbeam and broadbeam irradiations at the MuCLS were able to induce tumor growth
delay using X-rays with a mean energy of 25 keV. The irradiation pattern of microbeams was confirmed by staining
of yH2AX.

Our preliminary results show that the delay of tumor growth was increased after broadbeam irradiations compared to
microbeam irradiations. This observation is contradicted to the well-studied advantageous effect of MRT (Dilmanian
et al. 2002; Regnard et al. 2008). However, in our proof of concept study we used only one tumor-bearing mouse per
treatment group which does not allow a conclusion on the tumoricidal effect of MRT. Yet, a possible explanation for
the reduced inhibitory effect of microbeam irradiations on tumor growth could be the delivered peak and valley dose.
At the MuCLS, FaDu tumors were irradiated with very low peak doses of either 21 or 35 Gy and a quite constant
valley dose below 0.2 Gy. Most of the in vivo studies used much higher doses in the valley and peak region of
around 20 Gy and several hundred Gy, respectively (Dilmanian et al. 2002; Serduc et al. 2009). Another important
parameter for tumor growth inhibition is the peak-to-valley dose ratio (PVDR). The PVDR should be low in the
tumor to inhibit any repair mechanisms (Prezado et al. 2009). In the MRT study of Serduc et al. (2009) PVDRs were
used between 18 and 48. This is in contrast to our study applying much higher PVDRs which might contribute to a
reduced tumor growth inhibition of microbeam irradiation. Another technical parameter could be the dose rate which
was much lower compared to MRT studies at synchrotrons using more than 100 Gy/s (Chtcheprov et al. 2014).

5
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However, it has been shown that high dose rates are as efficient as conventional dose rates of 0.03 Gy/s in
suppression of tumor growth (Favaudon et al. 2014). Therefore, the low dose rate of 0.6 Gy/min for microbeam
irradiations should not contribute to the weak tumor growth delay at the MuCLS. Nevertheless, our study showed
that even with such low peak and valley doses an inhibition of tumor growth can be induced compared to the sham-
irradiated tumor but in an extent which is much lower than the tumor growth inhibitory effect of broadbeam
irradiations using the same integral doses. The suppression of tumor growth after microbeam irradiation with low
peak doses of 48 Gy in combination with low valley doses below 5 Gy was also measured in MRT studies at a
compact X-ray source. They also confirmed a decreased effect on tumor growth inhibition of microbeam irradiation
compared to broadbeam irradiation (Yuan et al. 2015; Zhang et al. 2014). This less pronounced tumor growth
suppression after microbeam irradiations might be attributed to bystander effects. Bystander effects are especially
induced when doses below 0.5 Gy were delivered (Fernandez-Palomo et al. 2015) which was the case in regions
between adjacent beams in the MuCLS study. Bystander effects are related to DNA damage (Fernandez-Palomo et
al. 2015) and apoptotic cell death (Yuan et al. 2015) in the valley region. A dose below 0.2 Gy present in the valley
region of irradiated tumors at the MuCLS indicates a contribution of bystander effects to the observed inhibition of
tumor growth. Another finding of our study was the increased tumor growth inhibition after a high integral dose of
5 Gy compared to an integral dose of 3 Gy. It was measured for both treatment modalities. This is in line with the
study of Dilmanian et al. (2002) demonstrating a higher tumor control after delivering of higher peak doses and using
a constant valley dose.

In our study, tumors were irradiated with 50 um wide microbeams which were separated by 350 um. The paths of
microbeams can be detected by staining of yH2AX which is known as DNA double-strand break marker (Fernandez-
Palomo et al. 2015). The width and the spacing between two adjacent microbeams agree to the yH2AX positively
stained paths on ear sections. The immunohistochemical staining of YH2AX also shows that there is no blurring of
microbeams present. Blurring of microbeams, which results in broader beam widths and lower peak-to-valley dose
ratios, can happen due to respiration-induced tumor motion (Chtcheprov et al. 2014). Motion effects are more likely
observed when abdominal tumors (e.g. in liver or brain) are irradiated (Chtcheprov et al. 2014; Serduc et al. 2010).
At synchrotrons, motion blur can be reduced due to ultra-high dose rates of more than 100 Gy/s (Chtcheprov et al.
2014). Treating different targets, motion during microbeam irradiation at low dose rates might play an important
role, which has not yet been investigated.

A technical limitation of our study was the small circular irradiation field of 2.3 mm in diameter which corresponds
to the maximum tumor size plus a safety margin to irradiate. This tumor size is small compared to tumor sizes which
are conventionally irradiated in tumor growth delay assays in the hind limb. Subcutaneous tumors in the hind limb
have typically a size of about 8 x 4 mm? on day of irradiation (Zlobinskaya et al. 2014). The recently developed
mouse model for growth delay studies of small subcutaneous tumors is the mouse ear tumor model where tumor cells
were injected subcutaneously in the ear. This mouse ear tumor model allows the irradiation of tumors with a
minimum size of 2 mm (Oppelt et al. 2015). Moreover, mouse ears have the advantage of a small thickness of about
250 pm (Girst et al. 2016) which allows penetration of low energy X-rays and thus, the treatment of shallow-seated
tumors. In previous studies, the mouse ear tumor model showed a stable and high tumor take rate (Beyreuther et al.
2017). A tumor take rate of around 100 % has been recorded after inoculation of FaDu cells combined with pure
matrigel (Beyreuther et al. 2017). In our pilot-study, we also observed a tumor take rate of 100 %. However, it was
reduced to 77 % in the growth delay study at the MuCLS. This difference could be explained by failure in handling
such as a lower injected cell concentration or inadequate mixture of cell suspension before injection. A well-known
drawback of the FaDu tumor mouse ear model is a high risk of secondary tumors (Beyreuther et al. 2017). In our
study, secondary tumors developed at neck or base of the right ear in 20 % of all inoculated mice.

It has been shown that tumor growth can be delayed within a dose range of 3.8 to 7.9 Gy after 200 kV X-rays
(Beyreuther et al. 2017). In line with these results, our study at the MuCLS demonstrates that doses of 3 and 5 Gy of
broadbeam irradiations are also able to delay tumor growth at the considerably lower X-ray energy of 25 keV. The
single sham-irradiated tumor at the MuCLS reached the 15-fold initial volume on day 21 after irradiation. In contrast
to that, at the SARRP control tumors reached the abort criterion on day 12 for the latest. The slower tumor growth in
the MuCLS study might be ascribed to a stressful handling due to transportation from the animal house to the
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radiation facility and vice versa. Another reason for a disturbed tumor growth could be the animal housing under
quarantine conditions after irradiation at the MuCLS.

The low dose rate of compact X-ray sources is often discussed as a restriction of performing MRT in mouse models
(Bartzsch and Oelfke 2017; Yuan et al. 2015). The CLS can be operated with a dose rate of 0.6 Gy/min for MRT
which is in a comparable range of other novel compact microbeam sources, such as the carbon nanotube-based
irradiator with a dose rate of 1.2 Gy/min (Yuan et al. 2015). Due to recently installed system upgrades at the
MuCLS, higher dose rates are expected for future experiments. Nevertheless, the feasible dose rates of compact X-
ray sources are much lower than the ultra-high dose rates of hundreds of Gray per second typically used in MRT
studies at synchrotron facilities (Fardone et al. 2018). Despite the much lower dose rate at the MuCLS, our study
showed that the tumor volume growth was reduced after microbeam irradiation at both 3 and 5 Gy. It should be
noted that this tumor growth inhibition is more pronounced after broadbeam irradiations at the MuCLS. For future
studies, further technical improvements which are partially already implemented should achieve an increase in size
of the irradiation field, higher dose rates and peak doses for comparable MRT studies at compact X-ray sources and
synchrotron facilities.

In conclusion, this proof of principle experiment introduces a novel compact X-ray source for preclinical MRT
studies. The tumoricidal effect of MRT, even at low peak doses, delivered by the MuCLS was clearly demonstrated
but further studies are necessary. These findings deliver important insights into the necessary dose delivery of
microbeam irradiations at compact microbeam sources.

Ethical approval All applicable national and institutional guidelines for the care and use of animals were followed.
All procedures performed in this study involving animals were in accordance with ethical standards of the institution
at which the study was conducted (project license 55.2-1-54-2531-62-2016).
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Fig. 1a Tumor-bearing mouse ear is fixed with tapes onto the holder. The FaDu tumor has a size of 2 mm in
diameter and is red-colored on day of irradiation. b Radiochromic film placed behind the ear was irradiated using
microbeams with an integral dose of 5 Gy. Microbeam pattern with a beam width of 50 um and a spacing of 300 um
is visible. c lllustration of the tumor size at the end of the follow-up period of tumor growth delay experiment

Fig. 2 Growth delay of individual FaDu tumors without irradiation (black lines) and after broadbeam irradiation with
either 3 Gy (grey lines) or 6 Gy (grey dashed lines) using 70 kVp X-rays at the SARRP

Fig. 3 Normalized tumor volumes over the follow-up period after sham irradiation (black line), microbeam
irradiation (grey dashed lines) and broadbeam irradiation (grey lines) using 25 keV X-rays at the MuCLS. One
mouse per treatment was monitored until the tumor reached the 15-fold initial volume

Fig. 4 Histological analysis of FaDu tumors in mouse ears after 5 Gy microbeam irradiation at the MuCLS. Ear
sections were stained with (a) hematoxylin and eosin (10x magnification) or (b, c) YH2AX one hour post-irradiation.
Image b has a 5x magnification. In c, the same tumor as depicted in b is shown with a higher magnification of 10x to
illustrate the microbeam width of 50 um and a separation of 300 um. Only the part of the ear harboring the tumor is
shown
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