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Purpose: X-ray microbeam radiation therapy is a preclinical concept for tumor treatment promising
tissue sparing and enhanced tumor control. With its spatially separated, periodic micrometer-sized
pattern, this method requires a high dose rate and a collimated beam typically available at large syn-
chrotron radiation facilities. To treat small animals with microbeams in a laboratory-sized environ-
ment, we developed a dedicated irradiation system at the Munich Compact Light Source (MuCLS).
Methods: A specially made beam collimation optic allows to increase x-ray fluence rate at the posi-
tion of the target. Monte Carlo simulations and measurements were conducted for accurate
microbeam dosimetry. The dose during irradiation is determined by a calibrated flux monitoring sys-
tem. Moreover, a positioning system including mouse monitoring was built.

Results: We successfully commissioned the in vivo microbeam irradiation system for an exemplary
xenograft tumor model in the mouse ear. By beam collimation, a dose rate of up to 5.3 Gy/min at
25 keV was achieved. Microbeam irradiations using a tungsten collimator with 50 pm slit size and
350 pm center-to-center spacing were performed at a mean dose rate of 0.6 Gy/min showing a high
peak-to-valley dose ratio of about 200 in the mouse ear. The maximum circular field size of 3.5 mm
in diameter can be enlarged using field patching.
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Conclusions: This study shows that we can perform in vivo microbeam experiments at the MuCLS
with a dedicated dosimetry and positioning system to advance this promising radiation therapy
method at commercially available compact microbeam sources. Peak doses of up to 100 Gy per treat-
ment seem feasible considering a recent upgrade for higher photon flux. The system can be adapted
for tumor treatment in different animal models, for example, in the hind leg. © 2020 The Authors.
Medical Physics published by Wiley Periodicals LLC on behalf of American Association of Physicists

in Medicine. [https://doi.org/10.1002/mp.14433]

Key words: compact synchrotron source, inverse Compton source, microbeam dosimetry,
microbeam radiation therapy, preclinical study, small animal RT

1. INTRODUCTION

In the last three decades, various experimental, preclinical
studies on x-ray microbeam radiation therapy (MRT) have
shown treatment effects often superior to those achieved by
conventional radiation therapy with homogeneous broad
beams. In the last two decades, various studies on x-ray
microbeam radiation therapy (MRT) have shown its benefi-
cial treatment effect compared to conventional homogeneous
radiation therapy.' > To widen the therapeutic window, the x-
ray beam is subdivided by an absorbing grid into an array of
periodic parallel beams tens of micrometers wide separated
by about 200-400 pm. Doses of several hundreds of Gray in
the microbeam peaks are well tolerated by the normal tissue
in case kiloelectronvolt (keV) x rays are applied and hence
the range of scattered secondary electrons is short. Microbe-
ams spare normal tissues, notably normal blood vessels.>®
Conversely, it has been shown that the destruction of tumor
vascular systems by microbeams is relevant for the therapeu-
tic effect.””'” Further research on microbeam radiation effects
in vivo, particularly on vessels, is required. To avoid motion-
induced blurring of the microbeam pattern, a high dose rate
of about 100 Gy/s or higher is essential to achieve irradiation
times below 1 .13 Moreover, a well-collimated beam
allows to achieve a low valley dose. Due to these strong
requirements of x-ray beam properties, MRT has mainly been
developed at a few large synchrotron facilities worldwide and
access for future patient treatment will be limited. Addition-
ally to the use of conventional x-ray tubes for MRT experi-
ments in vitro,'* different designs for smaller x-ray sources
have been tested or proposed,’”” " which demonstrates the
need of such a compact tool. Here, we used the Munich Com-
pact Light Source (MuCLS), a compact synchrotron based
on the concept of inverse Compton scattering with relatively
low operational costs.'® In previous work, it was shown that
microbeam irradiations of normal tissue cells in vitro reduced
the number of chromosomal aberrations and increased cell
survival compared to homogeneously irradiated cells.'” Con-
sequently, a dedicated setup for in vivo experiments with
small animals at a laboratory-sized x-ray source was built for
preclinical studies on MRT. It shapes the beam, performs
online dosimetry, and accurately positions and controls the
animal. We validate the setup by irradiating tumors xeno-
grafted in mouse ears. The performance and possible applica-
tions of the setup are analyzed and discussed.
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In previous work, it was shown that microbeam irradia-
tions in vitro lead to a reduced number of chromosomal aber-
rations and an increased cell survival compared to
homogeneously irradiated normal tissue cells. Following
these promising results, a dedicated setup for in vivo experi-
ments with small animals was built. Such a system allows to
perform preclinical studies on MRT at a laboratory-sized x-
ray source in order to better understand the radiobiological
effects of MRT. In this study, we present a dedicated
microbeam irradiation setup installed at the MuCLS to shape
the beam, perform online dosimetry, and accurately position
and control the animal. We validated the setup using a tumor
model in the mouse ear. The performance and possible appli-
cations of the setup are analyzed and discussed.

2. MATERIALS AND METHODS

The Compact Light Source (CLS, Lyncean Technologies
Inc., USA) is a laboratory-sized synchrotron using the principle
of inverse Compton scattering. In our system, the collision of
infrared laser pulses with highly energetic electron bunches cre-
ates x rays in the range of 15-35 keV; details can be found in
Achterhold et al., 2013*° and Eggl et al, 2016."® Up to
3 x 10" ph/s are emitted with a beam divergence of
42 mrad, having an almost monochromatic energy spectrum of
about 4% bandwidth. The system has a footprint of 3 x 5m?.

Figure 1 depicts a schematic drawing of the microbeam
irradiation setup in the experimental hutch of the MuCLS.
We focused the photon flux for microbeam irradiations using
a dedicated polycapillary optic (Institute for Scientific Instru-
ments GmbH, Germany) placed at 1.8 m to the source.

For online dose monitoring, a scintillation counter was
installed to control the flux in front of the sample. An
inclined 7-pum thin polyethylene foil scatters a tiny fraction of
the photons onto a scintillator-based detector system installed
at 90° to the beam path. This relative intensity counter is cali-
brated with a photon counting detector (Pilatus 200K, Dec-
tris, Switzerland) to collect absolute online information on
the x-ray flux. Downstream of the scintillation counter, an
aperture shapes the beam. For microbeam irradiations, differ-
ent gratings can be inserted to create spatially separated
beamlets. Here, we show irradiations of tumors grown in the
mouse ear. The mouse ear was positioned directly down-
stream of the aperture. Additionally to the online dose moni-
toring system, radiochromic films (Gafchromic EBTS3,
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FiG. 1. Schematic drawing of the x-ray beam path for in vivo microbeam irradiations at the Munich Compact Light Source (MuCLS).

Ashland, USA) were placed on the back of the mouse ear to
verify the given dose.

This in vivo study was approved by the ethics committee
of the government of Upper Bavaria (reference number
55.2.1.54-2532-62-2016). Xenograft tumors were grown in
nude NMRI nu/nu mice from subcutaneously injected FaDu
cells (head-and-neck cancer cell line) suspended in Matrigel
following the protocol of Oppelt et al.*' Irradiation is per-
formed when the tumor reaches a minimum diameter of
2 mm in the ear plane (details can be found in?>%).

Due to the small tumor size, precise positioning is highly
important. Thus, the mouse ear was aligned to the beam
using motorized stages with semi-automatic control. The
215-250 pm thin,” low-absorbing ear allows to easily con-
trol the tumor position by a CCD camera system.

3. RESULTS

Here, we show the characteristics and performance of the
main components necessary for microbeam irradiations at the
MuCLS: the shaped x-ray beam, the dosimetry system as well
as the positioning and treatment of the tumor.

3.A. Collimating polycapillary optic

We maximized the x-ray flux for small animal irradiations
with a sample size of a few mm. At the MuCLS, experiments
can be performed at a minimum distance of about 4 m down-
stream of the source, where the field of view extends to a
diameter of 16 mm. Thus, a collimation or focusing system is
required to efficiently exploit the available photons.

To account for the small energy bandwidth of the CLS
spectra of about 4% and to be compatible with the different
energies that can be chosen at the CLS, the optic has to pro-
vide a reasonably high efficiency over a broad energy range.
This means that losses due to its insertion need to be over-
compensated by the increase in fluence rate in the desired
irradiation area. Additionally, the device must accept the
divergence angle of the cone of 4 mrad and offer an entrance
diameter of at least 7 mm. For an installation of the optic in
the cave, the current setup requires a focus distance of about
2 m and a device length below 20 cm. These requirements
can be fulfilled by polycapillary optics consisting of bundles
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of capillaries through which the x rays travel by external
reflection. As the above-mentioned parameters differ from
standard x-ray tube setups or synchrotron radiation facilities,
a dedicated optic was designed (Institute for Scientific Instru-
ments GmbH, Germany).

The performance of a polycapillary optic about 62 mm long
(L), with entrance/exit  diameters: Dj, =11.85 /
Doyt = 11.95 mm is presented as an example. The Dj, of the
optic was positioned at fi, = 1.8 m downstream of the source,
equivalent to the input focal distance. A schematic drawing (not
to scale) of the x-ray path through the optic is shown in
Fig. 2(a). The dose distribution at the entrance of the polycapil-
lary optic was measured with a radiochromic film, see
Fig. 2(b). Figure 2(d) shows the central horizontal (blue) and
vertical (red) line profile. To align the optic, a raster scan was
carried out by linear movement and tilt of the optic in horizon-
tal and vertical direction perpendicular to the beam axis. The
focal spot quality in terms of intensity and shape was deter-
mined by direct imaging at the output focal distance fo,r = 2 m
using an Andor Zyla 5.5 sCMOS camera (Oxford Instruments,
United Kingdom) with a fiber-optically coupled scintillator
(6.5%6.5 um? pixel size) and by indirect imaging of the focal
spot propagated by about 12.5 m using the Pilatus 200K pho-
ton-counting detector. To stay below the saturation limit of the
SCMOS camera, the x-ray beam flux was reduced by a slight
misalignment of electron bunch and laser pulse collision. Fig-
ure 2(c) shows the direct image of the focal spot with the corre-
sponding central horizontal (blue) and vertical (red) line
profiles in Fig. 2(e). The data were processed with a median fil-
ter (kernel size of 15) to reduce noise which had negligible
influence on the quantitative analysis. By fitting a Gaussian to
the data, the full width at half maximum (FWHM) of the focal
spot in both horizontal and vertical direction was determined to
2.5 and 2.7 mm, respectively. Finally, the FWHM values were
corrected for the point-spread function of the camera system of
about 11.5 um?>* by applying a Richardson—Lucy deconvolution
algorithm.” Thus, the actual focal spot reaches 2 mm in hori-
zontal and 2.3 mm in vertical direction. To cover larger field
sizes in the range of 3.5 mm in diameter, a second polycapil-
lary optic is available (not shown here).

Furthermore, we determined the efficiency of the polycap-
illary optic for the 25 keV energy configuration at the
MuCLS. The transmission of the optic was measured by
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FiG. 2. (a) Schematic drawing of the polycapillary optic for x-ray beam shaping (not to scale). (b) At the entrance position, the x-ray dose was measured with a
radiochromic film. (c) At the focal spot, a camera system recorded the intensity distribution. Accordingly, horizontal (blue) and vertical (red) line profiles from

the center of both images are shown in (d) and (e).

comparing the total photon flux with and without optic. For
this purpose, the calibrated scintillation counter was placed
in front of the camera system. Thus, the absolute number of
photons per second was monitored allowing to correct for
alternating flux during the measurement. We measured the
transmission of the described optic to 44% of the incoming x
rays. According to the results above, we assumed these pho-
tons to be confined within an ellipse of 1 x 1.15x
nmm?(3.6mm?). The untreated beam extends at the focal
position to 7 x 8.25 X amm? (181.4mm?). In conclusion,
this polycapillary optic permits to enhance the x-ray intensity
by a factor of 22.
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3.B. Setup for in vivo irradiations

We demonstrate the performance of the microbeam irradia-
tion setup for an exemplary treatment of a tumor xenografted to
a mouse ear. This tumor model is well-suited to the setup
parameters of the CLS. Figure 3 shows photographs of the
experimental setup. In the left image, the pink, dotted line repre-
sents the x-ray beam path. The beam exits from the cave into
the experimental hutch through a beam pipe. For constant flux
monitoring, the scintillation counter is installed in front of the
sample. Downstream of the counter, the beam aperture made of
stainless steel is positioned, which is mounted together with the
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FiG. 3. Photographs of the microbeam irradiation setup for treatment of xenograft tumors in the mouse ear. The left image shows the individual setup compo-
nents. The x-ray beam path is presented as a pink, dotted line. The upper and lower right images show front and back side of the removable mouse holder. The
exposed mouse ear bearing a tumor at the center is visible from the front side (reddish spot on mouse ear). A radiochromic film was placed downstream of the

mouse ear, as seen at the back side.

mouse holder (see below) on a rotation axis for alignment per-
pendicular to the optical axis and on two linear stages to opti-
mize its position with respect to the focal spot given by the
polycapillary optic.

With the currently available 3 mm diameter circular and
1.5 x 1.5mm? quadratic apertures, different irradiation field
sizes can be chosen (visible in Fig. 4). The quadratic aperture
can be used to irradiate larger tumors by patching several irradi-
ation fields to each other. The fields are irradiated separately
and the tumor is repositioned in-between using the motorized

stages, causing a time delay <1 min. The positioning is per-
formed such that the neighboring borders of two fields lie within
the FWHM of the focal spot to keep the dose as homogeneous
as possible throughout the field. Figure 4(e) shows a radiochro-
mic film irradiated with a stitched microbeam field.

For microbeam irradiations, a grating is inserted in an
accurately sized carving on the back side of the aperture,
which enables repeatable positioning of the absorbing grid in
the x-ray beam path. Different 1 x 1cm? gratings made of
200—um thick tungsten are available (fabricated by laser

(e)

FiG. 4. Tumor positioning for the mouse ear model with a CCD camera. Following the described procedure, tumors in (a)—(d) were centered using (a) an open
circular field, (b) an open quadratic field, (c) a circular field with grating and (d) a quadratic field with grating. (e) shows an image of the irradiated radiochromic

film with microbeams using field patching.
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micro-machining, Laser Micromachining Ltd., UK). So, the
microbeam width can be changed on the order of tens of
micrometers, while the spacing is variable on the order of
hundreds of micrometers. Here, a 50— um slit size with a cen-
ter-to-center spacing of 350 or 400 um is used, yielding a
maximum dose rate of 0.6 Gy/min.

To shield the mouse head from scattered x rays, a stainless
steel plate with ear sparing was constructed (see Fig. 3). The
mouse ear can be fixed with removable tape on the plate to
avoid any motion of the tumor. The body of the mouse is
placed in a heatable aluminum cylinder. This mouse holder is
installed on three additional translational stages to ideally
position the tumor-bearing mouse ear in the x-ray beam. In
particular, the distance to the grating is minimized to avoid
blurring of the microbeam pattern. To maintain the mouse
body temperature during anesthesia, a heating pad, covering
the mouse holder, is operated at a temperature of about 32°C.
A webcam allows to monitor breathing motion during irradia-
tion. Positioning and heating are controlled from outside the
experimental hutch. Due to the transparency of the mouse
ear, the positioning of the tumor in the field of view is
achieved by a transmission image in visible light [Figs. 4(a)—
4(d)]. The image is recorded with a macroCCD camera such
that the mouse ear can easily be moved to the desired position
using the externally controlled motors.

If necessary, a fast shutter and direct control of the CLS
allow to stop the irradiation in less than two seconds. Follow-
ing an interruption, the software evaluates the partial dose
given to the tumor and the irradiation can be continued to
deliver the remaining requested dose.

3.C. Microbeam characterization

We performed experimental and simulation studies to
accurately determine the microbeam dose profile produced
by the above-shown setup at the MuCLS. One important
characteristic for microbeam dosimetry is the so-called peak-
to-valley dose ratio (PVDR) as the peak dose must be high
enough to cause vascular damage to the tumor and the valley
dose low enough to achieve a sparing effect in the normal tis-
sue.” Here, the PVDR is determined by film dosimetry vali-
dated by Monte Carlo simulations.

3.C.1. Film dosimetry

The experimental measurement was performed using Gaf-
chromic EBT3 films. Films were calibrated at a conventional
irradiation system (Small Animal Radiation Research Plat-
form (SARRP), xstrahl Ltd, UK) with a sufficient field size
and dose rate following the recommended protocol.”® To test
film response for its spectral dependence, 30 and 50 kVp x-
ray spectra were used for the calibration at the SARRP. The
film response differed by less than 1% for the two x-ray peak
energies, much less than overall calibration uncertainty of
3.3% given by the ionization chamber (TM23342, PTW, Ger-
many). Therefore, we assumed that the calibration at the
SARRP is also valid for the 25-keV MuCLS spectrum.
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In MRT, peak and valley doses differ by several orders of
magnitude. Since radiochromic films can only cover up to
one order of magnitude in dose difference, irradiation of two
separate films with adapted exposure times is necessary to
determine the peak and valley doses, respectively. Films were
taped to 1.6-mm thick PMMA slabs, which allowed to
account for x-ray scattering within the irradiation sample,
here the mouse ear. For irradiation, the films were positioned
4 mm downstream of the grating. Subsequently, the films
were read out with an optical microscope following Bartzsch
et al.”” The resulting dose distributions from both films were
rescaled by their relative exposures and merged (cf. Sec-
tion 3.C.3).

3.C.2. Simulation

The simulation of the dose distribution was carried out with
the Geant 4 Monte Carlo simulation toolkit version 10.0 using
the Livermore physics libraries.”® Source shape and size were
implemented by sampling the initial photon positions from a
Gaussian distribution with 45 um standard deviation. Initial
particle directions were homogeneously distributed with a
divergence of £2 mrad following the beam characteristics of
the CLS."® For the energy distribution of the x rays, the spec-
trum at the 25-keV configuration was measured and included
in the particle generation. Additionally, the silicon and beryl-
lium exiting windows and the stainless steel beam pipe in the
CLS cave were implemented. The focusing optic with a focus
size of 3.3 x 3.7mm?’ was simulated by manually changing
particle directions according to the optics specifications. The
polyethylene foil, the aperture, and the grating (see Fig. 1) were
also included. A slit width of 50 um and a center-to-center
spacing of 400 pm were chosen. The film was implemented as
a 280-pum thick layer of polymer mimicking the film composi-
tion, and positioned 4 mm downstream of the grating like in
the in vivo experiments.

3.C.3. Comparison of simulated and experimental
data

The simulated and measured dose distributions are shown
in Fig. 5. The central profile of the measured dose distribu-
tion is illustrated in Fig. 6.

While the peak doses follow the uncollimated beam shape
with a FWHM of 3.3 mm in the direction perpendicular to
the microbeams, the valley doses have a broader distribution
due to x-ray scattering. This leads to a PVDR highest in the
center and decreasing towards outer areas of the beam.

For comparison of simulation and measurement, a zoom
into both the dose profiles and the dose histograms is shown
in Fig. 7. The width and height of the peaks and valleys in the
dose profiles in Fig. 7(a) match very well, and the histograms
(Fig. 7(b)) show a clear separation of peak and valley doses.

Since the peak and valley doses vary over the field of
view, the overall PVDR was calculated using the cumulative
dose histogram [see Fig. 7(c)]. The peak dose was defined as
the dose that 60% of the peak area, that is 60%-1/8 = 7.5%
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of the total beam area, received at least. The valley dose is
defined accordingly as the dose that the peak area plus 60%
of the valley area, that is, 1/8+60%-7/8=65% of the total area,
received at least [see dotted lines in Fig. 7(c)].

The calculated PVDR from the measured dose distribution
is 210 £ 15, from the simulated 190 + 20. The uncertainty
in the simulated dose distributions of about 10% mainly
stems from the uncertainties in the underlying physical inter-
action properties (investigated by using different underlying
physics lists). Additionally, the simplified model for the poly-
capillary optic may also influence the dose distribution.

Hence, the PVDRs in measurement and simulation agree
within their uncertainties, indicating a valid simulation and
measurement protocol.

3.D. Online dosimetry

Due to machine-intrinsic variations of the photon flux, an
online dosimetry system is required to monitor the dose
delivery to the sample. It is sufficient to determine the inte-
gral dose if the setup components, here the grating absorption
and the irradiated material, are well known. A calibrated, rel-
ative intensity counter allows to measure the photon counts in
front of the irradiation setup. The retrieved photon fluence
(photon counts per area) at the photon counting detector was
converted to dose D at the sample position by using the
mass-energy absorption coefficient of the sample’s mate-
rial,”” the energy spectrum of the beam, and the geometric
positions. This calculation can be used for an open, homoge-
neous beam. The energy spectrum was computed by Monte
Carlo simulation using the parameters of the spectrum mea-
sured with an analyzer as given in."® The influence of grat-
ings and polycapillary optic on the photon flux was
determined before the experiment. We chose to apply a prede-
termined dose within a quite homogeneously irradiated area,

that is, within the FWHM of the focal spot produced by the
polycapillary optic (cf. red ellipsoids in Fig. 8). This area is
smaller than the one given by the aperture [cf. Fig. 2(e)]. The
FWHM of the focal spot was determined by film dosimetry
for each irradiation field (circular or quadratic). Taking these
parameters into account, the given dose during irradiation
can be retrieved from the in-beam intensity counter. The inte-
grated dose value was recalculated by a dedicated script every
second to ensure an immediate automated beam interruption
as soon as the desired dose was reached.

4. DISCUSSION

We presented the microbeam irradiation system at the
MuCLS for in vivo treatment of few millimeter-sized, superfi-
cial tumors. For the first time, we achieved in vivo microbeam
irradiations at an inverse Compton scattering source and trea-
ted xenograft tumors in the mouse ear.

4.A. Using the MuCLS with polycapillary optic for
MRT

Choosing an appropriate beam focusing optic allows to
efficiently make use of the available x-ray photons. This is
important as high peak doses are required for MRT. Using
the optic that yields an ellipsoid focal spot size of
1 x 1.15 x mwmm? instead of the unfocused beam, a 22-fold
increase in x-ray intensity was measured. The second avail-
able optic providing a minimum focal spot size of
1.65 x 1.85 x mmm? enhances the intensity by a factor of
11. The presented polycapillary optics are appropriate for the
energy range available at the MuCLS. If a future machine
design would allow for higher energies, which are desirable
for in vivo MRT studies due to their higher penetration depth,
different focusing options might be required as the efficiency

o o o o
n w » (6]
Dose [a.u.]

o
o

0.0

Fic. 8. Measured dose distributions using a polycapillary optic. Scanned radiochromic films show the entire field of view determined by the respectively (a) rect-
angular or (b) round aperture. The corresponding areas within the full width at half maximum of the Gaussian-shaped dose distribution are indicated by red ellip-

soids. Only these areas contribute to the integral dose used for online dosimetry.
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of polycapillary optics decreases with energy. Especially, also
a monochromatic option could be used. With larger modifica-
tions along the beam path, the use of Kirkpatrick-Baez mir-
rors for 8- to 20-keV x rays could also be considered.™

The chosen model of a tumor-bearing mouse ear is well-
suited for the small field of view and the low x-ray energy at
the MuCLS. Moreover, the tumor is easily kept in place,
demonstrated in the corresponding experimental study using
yH2AX staining,”® which is important for the longer irradia-
tion times of up to 1 h at the MuCLS in contrast to the dura-
tion of milliseconds to seconds at large-scale synchrotron
facilities.” If tumors at different positions, for example, in
the brain, shall be treated, brain motion due to the heart beat
might alter the microbeam pattern.”” A study with similar
dose rates as available at the MuCLS has shown successful
brain irradiation of mice using image guidance.*> Another
option to control the irradiation position would be cardiac
and respiratory gating. To compare our results with existing
studies, one has to take into account the influence of long
irradiation times on the early mechanisms for blood vessel
repair triggered upon microbeam irradiation. With the current
dose rate, microbeam peak doses of several tens of Gy are
achievable. A peak dose above 100 Gy would be desirable in
order to reach vessel ruptures in the tumor, which is consid-
ered to be one of the main reasons for the therapeutic effect
of MRT."? Yet, several studies also showed vascular changes
like a reduced blood flow below 100 Gy.*** Upcoming
experiments may benefit from higher dose rates due to
upgrades of the CLS system. In addition, a future machine
design could make available a larger number of photons at
the expense of a broader energy bandwidth which is accept-
able for MRT treatment.

4.B. Setup for in vivo irradiations

The current microbeam irradiation setup at the MuCLS
allows to treat few millimeter-sized tumors with tungsten
gratings of typical microbeam patterns, for example, 50 um
wide slit spaced by 350 um tungsten. Depending on shape
and size of the tumor, different apertures can be chosen. Fur-
thermore, the irradiation area may be enlarged and adapted to
the tumor by patching several irradiation fields with high pre-
cision. A polycapillary optic that creates a larger focal spot
would optimize the irradiation time, instead of using many
sequentially irradiated patched fields. Treating a tumor in the
mouse ear, the camera-based positioning system can rely on
the transparency of the sample. In case of an opaque sample,
such as a tumor in the hind leg, the positioning could be real-
ized using markers and placing the camera in front of the
sample in beam direction. Using the imaging system at the
MuCLS (absorption and phase-contrast imaging®>’’), the
measurement of tumor position and distribution could even
be integrated in the system.

Continuous supervision of the mouse and its body tem-
perature have been installed. For irradiations longer than
1 h, a ventilation equipment is available for the use of gas
anesthesia.

Medical Physics, 0 (0), xxxx

4.C. Microbeam characterization

The dose distributions determined in experiment and sim-
ulation were found to agree well within the expected uncer-
tainties, indicating a valid simulation and measurement
protocol. Yet, no scattering materials were taken into account
upstream. For deeper seated tumors, the PVDR will be lower
due to scattering in the surrounding tissue. Therefore, the
actual PVDR within a tumor cannot be measured but only
simulated knowing the depth and composition of the sur-
rounding material. The established protocol paves the way to
perform dose planning for future preclinical experiments,
especially considering deeper seated tumors. The PVDR for
the here-shown experiment at the MuCLS at around 200 is
significantly higher than the PVDR of about 20 applied at the
ESRF.*® However, as mentioned above, the PVDR at the
MuCLS will also be lower for tumors situated within sur-
rounding tissue.

The high PVDRs achieved here can be used for further
studies regarding the influence of the PVDR on overall tumor
control and tissue sparing. This might allow to specify useful
parameters for MRT treatment, performing a systematic study
of PVDR and microbeam size for the tumor model in the
mouse ear (extending studies described, for example, in Refs.
[39,40]). To compare the results to previous experiments at
the ESRF with lower PVDR, the microbeam irradiation at the
MuCLS can simply be followed by a homogeneous one. Due
to the small field of view at the current microbeam irradiation
setup, we used microbeams instead of beams wider than
100 pm, so-called minibeams (e.g., Ref. [41]). With the lar-
ger field of view achieved by field patching, a future study
could investigate the therapeutic effect of minibeams in small
animals.

4.D. Online dosimetry

We successfully commissioned an online dosimetry sys-
tem at the MuCLS to control the dose delivery during irradia-
tion. A dedicated irradiation software is available to monitor
and interrupt dose delivery when necessary. Moreover, it
allows to continue irradiation following any interruption
(e.g., short interruptions of x-ray delivery, insufficient anes-
thesia, failure of CLS system). This dosimetry system is well-
suited to compare relative doses, for example, when using the
same mean dose for microbeam and homogeneous treatment.
The system was optimized to deliver the desired dose within
a relative standard deviation of 1%.

Yet, taking into account the absorption of different objects
along the beam path like windows, gratings, and the sample
introduces errors into the absolute dose calculation. Possible
reasons are uncertainties of absorption coefficients in avail-
able data bases (e.g., Ref. [42,43]). Moreover, we measured a
quite large difference of 20% between dose determination via
photon counting and film dosimetry. While up to 10% of the
error can result from uncertainties of absorption coefficients
and the spectrum used for dose calculation, additional smaller
errors may be introduced by ionization chamber dosimetry
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for film calibration. To reduce these errors in the absolute
dose in future experiments, one approach is to replace the rel-
ative intensity counter by a transmission chamber calibrated
for the conditions at the MuCLS.

5. CONCLUSION

We successfully commissioned a technical setup for
in vivo microbeam irradiations at a laboratory-sized inverse
Compton source, including dosimetry. Thus, this promising
tumor therapy modality can now be studied in a preclinical
scenario at the MuCLS in order to contribute to the under-
standing of the radiobiological effect of MRT.
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