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Purpose: Microbeam radiation therapy is a preclinical concept in radiation oncology. It spares normal tissue more effectively
than conventional radiation therapy at equal tumor control. The radiation field consists of peak regions with doses of several
hundred gray, whereas doses between the peaks (valleys) are below the tissue tolerance level. Widths and distances of the
beams are in the submillimeter range for microbeam radiation therapy. A similar alternative concept with beam widths
and distances in the millimeter range is presented by minibeam radiation therapy. Although both methods were developed
at large synchrotron facilities, compact alternative sources have been proposed recently.

Methods and Materials: A small-animal irradiator was fitted with a special 3-layered collimator that is used for preclinical
research and produces microbeams of flexible width of up to 100 pm. Film dosimetry provided measurements of the dose
distributions and was compared with Monte Carlo dose predictions. Moreover, the micronucleus assay in Chinese hamster
CHO-K1 cells was used as a biological dosimeter. The focal spot size and beam emission angle of the x-ray tube were modi-
fied to optimize peak dose rate, peak-to-valley dose ratio (PVDR), beam shape, and field homogeneity. An equivalent colli-
mator with slit widths of up to 500 um produced minibeams and allowed for comparison of microbeam and minibeam field
characteristics.

Results: The setup achieved peak entrance dose rates of 8 Gy/min and PVDRs >30 for microbeams. Agreement between
Monte Carlo simulations and film dosimetry is generally better for larger beam widths; qualitative measurements validated
Monte Carlo predicted results. A smaller focal spot enhances PVDRs and reduces beam penumbras but substantially reduces
the dose rate. A reduction of the beam emission angle improves the PVDR, beam penumbras, and dose rate without impairing
field homogeneity. Minibeams showed similar field characteristics compared with microbeams at the same ratio of beam
width and distance but had better agreement with simulations.

Conclusion: The developed setup is already in use for in vitro experiments and soon for in vivo irradiations. Deviations be-
tween Monte Carlo simulations and film dosimetry are attributed to scattering at the collimator surface and manufacturing
inaccuracies and are a matter of ongoing research. © 2020 Elsevier Inc. All rights reserved.
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Introduction

Microbeam radiation therapy (MRT) is a preclinical
method in radiation oncology with the potential to sub-
stantially improve the therapeutic efficacy of radiation
therapy without increasing side effects." In MRT, a colli-
mator spatially modulates the radiation dose on a micro-
meter scale, a concept that has been termed spatial
fractionation.” Arrays of planar beams a few tens of mi-
crometers wide are created, with unconventionally high
peak doses of several hundred grays. These beams are
separated by low dose regions (valleys) with doses below
the tissue tolerance level. Such beam geometries spare
normal tissue compared with conventional treatments,”®
and microbeams have successfully ablated tumors in mice
and rats.””” Although the radiobiological mechanisms are
little understood, preclinical data suggest that the close
vicinity of high and low dose values triggers an immune
response. "’

The application of MRT is technically challenging.
Generation of beam profiles on a micrometer scale that
maintain their shape with increasing depth in the patient
demands low beam divergence, a small source size, and
photon energies in the order of 100 keV. Short exposure
times, and hence high dose rates, are required to avoid
blurring of the micrometer-sized dose patterns owing to
cardiovascular or respiratory motion in the tissue.'”"” Until
now, only large, third-generation synchrotrons have pro-
vided suitable beam properties, which has limited devel-
opment of MRT in the past 25 years to a couple of large
synchrotron facilities such as the European Synchrotron
Radiation Facility in Grenoble, France.

Compact microbeam irradiators based on inverse
Compton scattering,l“l’15 carbon nanotube sources,l() and
converted x-ray tubes'’ have been suggested. However, so
far, none of them have achieved the clinically required
beam properties.

X-ray tubes, a cost-effective and easily handled source,
have also been used for preclinical research with micro-
beams. Nevertheless, the low dose rate, the strongly
divergent radiation field, and the large source size of con-
ventional x-ray tubes are a challenge for experiments with
microbeams. Most existing x-ray tube—based systems
provide only larger beam widths greater than 100 pm,'®>"
which are typically referred to as minibeams, at dose rates
less than 5 Gy/min. With carbon nanotube sources, MRT
treatments of mice at low dose rates have successfully been
carried out”' and demonstrated that the effect of motion-
induced dose blurring for microbeams can be limited by
proper fixation of the animals during irradiation.

Bartzsch et al”> demonstrated the generation of preclin-
ical microbeams 50 [m in width for in vitro experiments

with an x-ray tube. They used a tungsten collimator with a
fixed slit width and tilted slits. By moving the collimator to
a distance of only 7 cm from the focal spot and placing
the sample directly in front of the collimator, they achieved
high dose rates of up to 18 Gy/min. However, the large
beam divergence, the field inhomogeneity, and a rapidly
decreasing ratio between peak and valley doses with dis-
tance to the collimator render such a system unsuitable for
in vivo treatments.

Recent technical developments in preclinical radiation
therapy research strive to mimic clinical standards and
improve comparability to clinical treatments. Small-animal
irradiators have been developed that provide image guidance
and adaptive treatment planning.”’ Prezado et al’’ and
Esplen et al** developed minibeam setups for such systems.
Prezado et al made major modifications to the small-animal
platform by introducing multiple stages. Using a divergent
slit collimator with a central slit width of 400 pm, they
created 7 minibeams with peak dose rates of up to 3.5 Gy/
min in a depth of 1 cm. Inhomogeneity across the radiation
field was observed, and the peak dose rate decreased by 40%
toward the outer beams. Esplen et al used a parallel multislit
collimator built from steel bars separated by double-sided
tape. For the small anode focal spot, they measured 0.5
Gy/min at a phantom surface at a collimator distance of 3
cm. Slit width varied largely around 155 pum, and the field
uniformity suffered from the collimator’s parallel slit orien-
tation. Both setups produced minibeams, and to the knowl-
edge of the authors, no such system in the microbeam
domain exists with beam widths of less than 100 pm.

The current study presents a system capable of pro-
ducing microbeams of variable beam width between a few
tens of micrometers and 100 pm at dose rates of up to 8.0
Gy/min in a small-animal irradiator. A collimator with
adjustable slit width and tilted slits was mounted at a source
distance of 21.2 cm. The radiation geometry was modified
by adjusting the beam emission angle, slit width, and focal
spot, and the individual parameters were optimized with
regard to dose rate, peak-to-valley dose ratio (PVDR), and
field homogeneity. The relatively high dose rate and the
homogeneous field facilitated preclinical in vivo studies
with high peak doses under flexible field configurations.
The system can easily be changed to the normal open field
configuration and can also be fitted with a minibeam
collimator shaping beams of up to 500 um wide.

To validate physical dosimetry and detect possible
bystander effects, biological dosimetry was applied, which
allows the detection of radiation effects on a cellular
level.”” The well-established cytokinesis-block micronu-
cleus assay was performed to evaluate micronuclei forma-
tion as a biological endpoint®® resulting from DNA and
chromosome damage.
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Methods and Materials
Setup of the microbeam source

X-ray source

For the production of microbeams, we integrated a multislit
collimator into the Small Animal Radiation Research
Platform (SARRP) and the small-animal irradiator XenX
(Xstrahl, Camberley, UK). The experiments presented in
this article were conducted using the XenX platform
located at the XXX. The platform accommodates a Comet
MXR-225/22 x-ray tube (Varian Medical Systems, Salt
Lake City, UT) installed on a rotating gantry and is
equipped with a motorized sample stage. The mean spectral
energy of the x-ray tube is approximately 80 keV when
operated with filtering of 0.8 mm beryllium and 0.15 mm
copper (calculated from a Monte Carlo simulation using the
x-ray tube specifications and the mass attenuation co-
efficients derived from Berger et al’’). The anode has a
target angle of 20 degrees and offers a dual focal spot
mode. Experiments were conducted using the small focal
spot (0.82 x 0.8 mm?) at a maximum tube power of 640W
and the large focal spot (3.55 x 2.95 mm?) at 3000W.
Varian provides the focal spot sizes according to the norm
EN 12543-1.%%

Microbeam and minibeam collimator

To generate spatially fractionated radiation fields, a custom-
made tungsten multislit collimator was developed that
shapes the homogeneous radiation field into multiple mi-
crobeams at a distance of 212 mm from the x-ray source. It
consists of 3 parallel plates and has a total thickness of 7
mm. The collimator comprises 51 slits of 100 um width and
20 mm height, separated by a center-to-center (ctc) distance
of 400 um on the sample side. The slits are not parallel but
are tilted and follow the beam divergence of the x-ray
source similar to previous setups.”” A cross-section of the
collimator is shown in Figure 1.

The collimator was manufactured using wire-cutting
techniques (T&G Engineering Ltd, West Byfleet, UK).
During the manufacturing process, the 3 plates were fixed
to each other to guarantee slit alignment. The 3.5-mm-thick
middle plate of the collimator was mounted movably be-
tween the upper and lower plate, allowing for variable slit
width of up to 100 pum.

The described collimator design has 3 main features
contributing to improvement of the microbeam field char-
acteristics compared with previous compact sources. First,
the tilted slits follow the beam divergence and enhance field
homogeneity. Second, the source distance was chosen as a
compromise between field homogeneity and low diver-
gence on one hand and a high dose rate on the other hand.
Third, the projected focal spot size was made adjustable by
a flexible collimator orientation. In addition, the setup
provides variable slit widths and hence flexibility for pre-
clinical experiments.

ﬂ/ 20°

JiN
I
212 mm
s RRRRRN
L/ /] HERRRW A4
——————————— 1 mm
10 mm
20 mm

PMMA phantom

Fig. 1. Schematic view of the microbeam experiment. A
conventional x-ray tube with a 20-degree target angle radi-
ates onto a multislit collimator at a 212-mm source distance.
The collimator slits are tilted to account for beam diver-
gence, and the collimator middle plate can be shifted to
adjust the effective slit width (see magnified view in the red
box). Dosimetry is performed in a PMMA phantom with
dimensions of 55 x 55 x 100 mm® in depths of 1, 10, and 20
mm. (A color version of this figure is available at https://doi.
org/10.1016/j.ijrobp.2020.09.039.)

Similarly, a minibeam collimator was manufactured
(FEOB Inc, Forstern, Germany) with 11 slits of 500 pm
width and 2 mm spacing. The movable middle plate offers
slit widths between 0 and 500 pm. Fields are referred to as
microbeams if generated with the microbeam collimator and
as minibeams if generated with the minibeam collimator.

Integration of the collimator into the experimental
setup
The mouse holder provided by the XenX has a source
distance of 350 mm and can only take low weight. There-
fore, an aluminum frame and a stand were designed to
mount the collimator to the motorized sample stage of the
XenX as depicted in Figure 2A. The system was set up so
that both bottom-up and top-down irradiations could be
conducted. Translational positioning of the collimator was
carried out using the XenX motorized stage. In addition, the
developed setup offered a further degree of freedom for the
collimator orientation: By guiding the collimator along a
curved recess in the aluminum frame, the angle between
collimator and anode could be adjusted (Fig. 2D).
Adjustment of the slit width was accomplished by 2
PIAK10 piezo actuators (Thorlabs Inc, Dachau/Munich,
Germany) with a typical step size of 20 nm and a travel
range of 10 mm. A connected controller offers external
motion control on the computer via the Thorlabs software.
The PIAK10 operates only in open-loop mode and lacks a
feedback system on the actuator position. Therefore, the
sensor GT2-P12K (Keyence, Neu-Isenburg, Germany) was
installed as an external feedback system. Using an elastic
sensor head and an integrated CMOS sensor with an
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Aluminium
backbone

Fig. 2.

| =i

2 Measurement sensor

(A) Photograph of the experimental microbeam setup integrated to the XenX x-ray cabinet. (B) Magnification of the

collimator system, including 2 piezo actuators and a measurement sensor for variation of the slit width. (C) The microbeam
field monitored by the fluorescence screen. (D) Depiction of how the collimator is guided along the curved recess in the

aluminum frame.

absolute scale, it detects position changes with a constant
resolution of 1 m over a range of 12 mm.

Both the actuators and the measurement sensor were
integrated to the aluminum frame holding the collimator, as
shown in Figure 2B, and are not part of the XenX system.

Adjustment procedures

To generate reproducible microbeam fields, the collimator
position relative to the anode and the slit width were
adjusted before each experiment. In the envisaged experi-
mental starting configuration, the collimator slits were
aligned with the anode in x-direction (Fig. 1), and the slits
were completely open. This configuration maximizes the
radiation intensity behind the collimator with regard to
collimator position and slit width. Therefore, it can be
determined based on relative intensity measurements.

The microbeam field intensity was qualitatively
observed on a fluorescence screen with green light emission
(CAWO solutions, Schrobenhausen, Germany) and moni-
tored by a C930 webcam (Logitech, Lausanne,
Switzerland) that we mounted to the aluminum frame
(Fig. 2A). An example for an observed microbeam field is
depicted in Figure 2C. To reduce noise, the intensity was
integrated over a time interval of 10 seconds and the entire
microbeam field. For gradual variation of either the slit
width or the collimator position, the changing intensity was
recorded using MATLAB (MathWorks Inc, Natick, MA).

Film dosimetry

For all experiments, the x-ray tube voltage was held con-
stant at 225 kV. Maximum tube currents are 2.8 mA for the
small focal spot and 13 mA for the large focal spot.
Microbeam experiments were conducted for both focal-spot
sizes, whereas minibeam experiments used the large focal
spot only. Dosimetry was performed using Gafchromic
EBT3 films (Ashland Inc, Covington, KY). EBT3 films
provide an optimum dose range between 0.2 and 10 Gy and
a spatial resolution of at least 25 um according to the
manufacturer. However, higher resolutions have been ach-
ieved experimentally.”””’ The radiation fields were

measured in a 55 x 55 x 100 mm® PMMA phantom. For Q7

microbeams, dose was measured in depths of 1, 10, and 20
mm and averaged over 10 mm parallel to the microbeams.
For the minibeams, dose was continuously measured over
depth with a film oriented perpendicular to the microbeams
and parallel to the beam direction. The peak and valley
doses were measured separately, and exposure times were
selected to keep the absorbed dose between 1 and 6 Gy.
Except for read-out and irradiation, films were wrapped
in aluminum foil to protect them from undesired exposure
to ambient light. More than 24 hours after irradiation, films
were scanned using an optical upright Axio Imager Z1
microscope (Zeiss, Oberkochen, Germany) following
Bartzsch et al.”’ Film orientation was kept constant for all
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microscope readouts, and scans were performed with white
LED light. A monochromatic camera imaged the films
through an EC Plan Neofluar objective with 5x magnifi-
cation and a resolution of 1.29 pum. The Zeiss software

Q8 AxioVision SE64 recorded stitched images, which were

exported to MATLAB. Sample inspections showed no
difference between readout with white light and the
frequently used red color channel.”’

Calibration of the films was carried out by exposing a set
of films to homogeneous reference doses between 1 and 10
Gy. Reference dosimetry was done using a Farmer
TM30010-1 ionization chamber (PTW, Freiburg, Germany)
following the TRS398 protocol.” The chamber was cali-
brated by the Physikalische-Technische Bundesanstalt in
Braunschweig, Germany, for a 150-kVp x-ray field with a
0.8 mm beryllium and 0.5 mm copper filter. The films and
the ionization chamber were irradiated using the same
filtering but 220 kV tube voltage. The difference in beam
quality was corrected by the beam quality correction factor
kQ.

Finally, the microscope images were converted to dose
and averaged over 4 x 4 pixels (5.16 x 5.16 m?) using
MATLAB to compromise between low noise and high
resolution of the microbeam structure. Peak dose rate is
defined as the mean over the central 20% of the peak width
and valley dose rate as the mean over a range of 140 m in
the central valley.

Biological dosimetry

Normal CHO-KI1 tissue cells were cultivated in RPMI-1640
growth medium, supplemented with 10% fetal bovine
serum, 1% L-glutamine, 1% penicillin-streptomycin, and
1% sodium pyruvate (all from Sigma-Aldrich, Steinheim,
Germany). We seeded 6 x 10* cells on Nunc Laboratory-
Tek II chamber slides with a seeding area of 20 mm X
20 mm. Irradiations were performed with an x-ray tube
voltage of 225 kV and a tube current of 13 mA. Micro-
beams were produced using the microbeam collimator with
the large focal spot and a slit width of 50 pm (ctc 400 pm).
The chamber slides were placed directly on the collimator
surface and were irradiated using the bottom-up configu-
ration of the setup to increase peak dose rate and PVDR.
During irradiation, the cells were covered with 2 mL of
medium to prevent drying up. Film dosimetry was per-
formed before the cell experiments: small pieces of EBT3
films were placed into a chamber slide and covered by a
piece of PMMA having the same filling volume as the
medium. Based on the results, the irradiation times of the
separate peak and valley irradiations were adjusted such
that a peak dose rate of 3.05 Gy/min and a valley dose rate
of 0.075 Gy/min were delivered to the cells. Treatment with
3 g/mL cytochalasin B right after irradiation resulted in
binuclear cells, which allowed identification of micronuclei
exclusively in cells that had undergone only 1 nuclear di-
vision after irradiation.”® Twenty-seven hours after

irradiation, the cells were fixed and stained with DAPI.
Using Metafer (Metasystems, Altlussheim, Germany) at an
automated fluorescence microscope Axio Observer 7
(Zeiss, Oberkochen, Germany), the micronuclei and binu-
clear cells were automatically analyzed and the exact co-
ordinates of the cells determined. A reference curve was
established using homogeneous irradiation with doses from
0 to 4 Gy and a dose rate of 7.2 Gy/min. At least 1000 cells
per dose were counted. To get spatial information, the po-
sition of cells relative to the next microbeam center was
scored in bins of 12.5-um and 25-um widths for peak and
valley irradiations, respectively.

Monte Carlo simulations

Monte Carlo simulations were carried out in the 10.4.2
version of Geant4 software using the low-energy Penelope
physics library. The dimensions of the tungsten collimator
and the geometry of the setup followed the technical design
of the experiment. The focal spot of the anode was modeled
by a Gaussian distribution based on focal spot dimensions
provided by the manufacturer and with an energy distri-
bution according to the simulated x-ray tube spectrum. We
simulated 10° photon histories, and primary and secondary
particles were tracked with a cut-off range of 1 um. The
energy deposited in the PMMA phantom is scored along
a cartesian grid with voxel sizes of 5 m x 100 m x 1 mm
(x x y x z; Fig. 1).

Comparisons between open-field dose measurements
and corresponding simulations were used to calibrate the
scored energy to dose rate. In addition, reference mea-
surements with the XenX were conducted to verify the
focal spot model. To validate the model of the x-ray source,
a pinhole aperture of 500 um diameter was mounted onto a
brass collimation nozzle 18.5 cm long (both provided by
Xstrahl), and the focal spot was projected onto an EBT3
film at a source distance of 35.5 cm. The geometry was
mimicked in Monte Carlo, and simulated dose profiles were
compared with the film measurements.

Results
Setup of the microbeam source

The horizontal position of the collimator along the x-axis
(Fig. 1) was determined with an accuracy of at least 100 wm
using the fluorescent screen, the webcam, and MATLAB
intensity analysis. Figure 3 shows the underlying relation
between the total intensity of all beams and the horizontal
position of the collimator. At the position of maximum
output, the tilted collimator slits focused on the x-ray source.
With increasing distance from this position, the slits lost
focus and the intensity output rapidly decreased. The in-
tensity was less sensitive to the alignment along the y-axis
and z-axis. Therefore, y and z positions were measured a
single time and kept constant for all experiments.
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(A) Relation between the integrated intensity of all beams and the horizontal collimator position. The intensity is

normalized to its maximum. (B) Magnified microscopic image revealing the rough surfaces of a fully opened microbeam
collimator slit. (C, D) The film dosimetry profile of a microbeam field with beams 50 [tm wide was obtained by combining 2
independent measurements with either peak or valley dose in the range between 1 and 6 Gy.

The initial slit width of 100 um was adjusted with a
tolerance of 1 pm. The impact of this deviation was eval-
uated by Monte Carlo simulations, which showed that the
related uncertainties of peak dose rate and PVDR were less
than 5% for beams 50 um wide.

Film dosimetry

Microbeam field characteristics

Figure 3 shows the microbeam profiles measured for a slit
width of 50 pm at 1 mm depth in the phantom. The profiles
represent the dose average over 2.58 mm parallel to the
beams in the center of the microbeam field.

Peak doses are characterized by high uniformity with a
relative mean absolute deviation of the median peak dose
rate across the profile of 5% (Fig. 3). This deviation
increased with increasing depth in phantom and decreasing
slit width. For a slit width of 25 pum, the peak dose rate
across the profile varied by 15% around the median in 20
mm depth. In contrast, the valley dose rate followed a
pillow-shaped curve with an approximately symmetrical
decrease toward the edges. Figure 3 shows details of the
profile and demonstrates the well-resolved microbeam
structure on the EBT3 films.

The full width at half maximum of the peaks was
measured in dependence of the adjusted beam width in 1

mm distance from the collimator. Mean peak widths of 103
pm and 48 pwm were achieved for intended values of 100
pm and 50 pm. With a measured value of 35 pum, the de-
viation was larger for an aimed peak width of 25 im. Beam
widths varied across the profile, with a relative standard
deviation between 7% and 10%. The variation can be
explained by manufacturing inaccuracies and rough colli-
mator surfaces, as shown in Figure 3.

A series of 4 independent measurements including
calibration of the setup, irradiation, microscopy, and anal-
ysis for slit widths of 100 um and 50 pum proved high
reproducibility of the peak dose rate and the peak width
within an uncertainty of 5% and 4%, respectively. Scans of
the film with the microscope and analysis could be repro-
duced with a relative standard deviation less than 3.5% in a
series of 3 measurements.

The main results of microbeam film dosimetry are
summarized in Table 1 and analyzed in the following
section.

Impact of the collimator slit width

Measurements at depths of 1, 10, and 20 mm assessed the
influence of the collimator slit width on microbeam peak
dose rate, valley dose rate, and PVDR and are visualized in
Figure 4. All data points represent the median values across
the profile. The error bars consider the mean absolute
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745 Table 1 Results from microbeam film dosimetry for different depths in phantom, slit widths, focal spot sizes, and target angles™ o 807
746 808
747  Depth, mm 1 10 20 10 10 10 10 1 10 309
743 Beam width, pm 50 50 50 25 100 50 50 50 50 210
749 Focal spot Fine Fine Fine Fine Fine Broad Fine Broad Broad 811
750 Target angle, degrees 20 20 20 20 20 20 12 12 12 812
751 Peak dose rate, Gy/min 1.17 0.83 0.56 0.63 1.13 2.71 1.09 8.0 4.6 813
752 Valley dose rate, Gy/min 0.042 0.046 0.044 0.030 0.085 0.21 0.044 0.205 0.25 814
753 PVDR 28 18 13 21 13 13 25 39 18 315
754 Abbreviation: PVDR = peak-to-valley dose ratio. 816
755 * The reference measurement was conducted in a depth of 10 mm for a slit width of 50 pm, the small focal spot (0.82 x 0.8mm?), and the default target 817
756 angle of 20 degrees. For the remaining measurements, 1 parameter was varied, respectively, and all others remained constant. All measurements were 818
757 conducted using the microbeam collimator. PVDRs are rounded to integer values. 819
758 820
759 821
760 L . . . . 822
761  deviation across the profile, the uniformity of EBT3 films beam entrance, a substantial fraction of photons scatter out 823
762 of 3%, uncertainties from the dose calibration, and an error of the phantom, and therefore, the valley dose rate increases 824
763  of 2% accounting for the absolute dose measurement with within the first few millimeters in depth. The valley dose 825
764  the ionization chamber. rate reaches a plateau at a depth of about 10 mm and starts 826
765 Smaller slit width led to a reduced dose rate in the peak to decline together with the peak dose rate. However, in 827
766 and also to a reduction of valley dose rates owing to less contrast with synchrotron-generated microbeams, the 828
767 scattering. The ratio between ctc and slit width is particu- PVDR does not become constant in depth but is steadily 829
768 larly important for the PVDR: If this ratio increases, the decreasing because of the beam divergence. 830
769 scatter dose in the valley decreases, and hence, the PVDR 83;
;;(1) becomes higher. Impact of the focal spot size 2?3
772 With depth in the phantom, the peak dose rate decreased Figures 5B and S5E compare the 2 focal spot sizes provided 834
773 as a consequence of attenuation and scattering. Close to the by the XenX x-ray tube in terms of microbeam peak dose 835
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804 Fig. 4. Impact of the collimator slit width on the measured peak dose rate (A, C) and valley dose rate (B, D) in different 866
805 phantom depths. The results of film dosimetry and Monte Carlo simulations are compared for microbeams (A, B) and 867
806  minibeams (C, D). 868
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rate and PVDR. Both experiments were conducted with the
microbeam collimator and a slit width of 50 pum. Although
the large focal spot (3.55 x 2.95 mm?) was used with the
maximum tube current of up to 13 mA, the small focal spot
(0.82 x 0.8 mmz) was limited to a maximum current of 2.8
mA. At a depth of 1 mm, the ratio of the peak dose rate
between the 2 focal spots was approximately 4.6 and re-
flected the ratio between the tube currents. With increasing
depth, the peak dose rate of the large focal spot decreased
more rapidly compared with the small focal spot because of
larger beam penumbras and the related degradation of the
microbeam structure. For the same reason, the decrease of
the PVDR with depth is less steep for the small focal spot
than for the large focal spot. Quantitatively, the PVDR was
improved by up to 125% in a depth of 20 mm when using
the small focal spot.

Impact of the target angle
Figure 5G illustrates the reduction of the effective focal
spot size with the angle between collimator and anode, here
termed target angle. In the experiment, the microbeam
collimator was rotated around the anode to reduce the
default target angle of 20 degrees to the smallest possible
value of 10 degrees.

Reducing the target angle improved both peak dose rate
and PVDR by up to 39% as demonstrated in Figures 5A
and 5D.

Comparison of microbeams and minibeams

Figure 4 compares film dosimetry and simulations of
microbeam fields to minibeam fields with slit widths of 500
pm and 250 pum. Benefitting from the large slit widths and
the use of the large focal spot, the minibeam system
reached peak dose rates of 7.6 Gy/min, whereas the peak
dose rates of the microbeam system with the small focal
spot were less than 1.5 Gy/min. However, using the com-
bination of the large focal spot and the decreased target
angle of 12 degrees increased the microbeam peak dose
rates to up to 8 Gy/min. The decrease of peak dose rate and
valley dose rate over depth showed a similar tendency for
both minibeams and microbeams. Furthermore, the impact
of the minibeam slit width on the dose rate was comparable
to the impact of the slit width for microbeams (100 wm and
50 pm). In Figure SH, the PVDR measured for minibeams
and microbeams in depths of 1 and 10 mm are summarized.
PVDRs of minibeams and microbeams at equal ratios of ctc
and slit width are expected to be similar.

Comparison between experiment and simulation

For validation of the experiment, the results were compared
with Monte Carlo calculations. Monte Carlo results were
calibrated in open-field geometry to provide quantitative
results. The reference measurements of the pinhole focal-
spot projection agreed with the simulation within the
measurement uncertainties. Minor deviations of less than
10% were observed only at the edge of the focal spot. The

impact of these deviations on the microbeam peak dose and
PVDR was estimated to be less than 5% in a depth of up to
20 mm.

The results from the microbeam experiments were
compared in depths of 1, 10, and 20 mm. The microbeam
peak dose rates from Monte Carlo were 10% to 27% higher
than the results from film dosimetry. The valley dose rates
were between 7% and 56% lower. As a result, owing to the
uncertainties in both the peak and the valley dose rates, the
simulation predicted much higher values for the PVDR
than observed in the experiment. These deviations were
observed to increase with smaller slit widths and evidenced
the challenging beam production and detection mechanisms
for beams of small width.

For minibeams, the deviations in the simulated peak
dose rate from the experiment were between 10% and 20%.
The simulated valley dose rate deviated up to 20% from the
experiment except for 2 values within the measurement
uncertainties. Minibeam simulations showed better agree-
ment with measurements than microbeam simulations, as
expected from the larger slit widths (Fig. 4). Monte Carlo
simulations predict approximately 20% higher minibeam
peak dose rates than shown in the measurements, most
likely because of unaccounted scattering at uneven colli-
mator surfaces.

Although the experiment and simulation deviated in
absolute numbers, the qualitative agreement is good. In
particular, the experimentally observed dependence of dose
on depth and the collimator slit width is well reflected by
the simulation results.

Biological dosimetry

Cell exposure with homogeneous fields was used to create a
reference curve for biological dosimetry. The dose response
curve shows a linear increase of micronuclei per binucle-
ated cell (MN/BN). Accurate measurements were possible
only for doses from 0.1 Gy up to 4 Gy. For the microbeam
dose profiles in Figure 5, the micronucleus yield of all cells
within the same bin were averaged. A peak dose of 2 Gy
(film dosimetry) results in a mean micronucleus yield of
1.05 = 0.05 MN/BN in the peaks, corresponding to 2.13 £
0.11 Gy (biological dosimetry). However, irradiations with
a calculated valley dose of 2 Gy result in a slightly higher
mean micronucleus yield of 1.08 + 0.04 MN/BN in the
valleys, which equals 2.35 + 0.10 Gy (Fig. 5F).

Discussion

We presented a method to produce microbeams and mini-
beams in the small-animal irradiators SARRP and XenX,
which can be used for in vitro and in vivo preclinical
research. A microbeam and a minibeam collimator provide
beam spacing of 400 mm and 2 mm with beam width of up
to 100 um and 500 pm, respectively. The set-up allows
flexibility in the choice of beam width by use of a 3-layered
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The left column illustrates the impact of the target angle on peak dose rate (A) and peak-to-valley dose ratio

(PVDR) (D) in the microbeam fields. The schematic drawing in G shows the change of the target angle in the experimental
setup. The central column shows the impact of the focal spot size on the measured microbeam peak dose rate (B) and PVDR
(E) in different phantom depths. Small and large focal spots have dimensions of 0.82 x 0.8mm” and 3.55 x 2.95mm?,
respectively. Biological dosimetry profiles using micronuclei are shown for a peak dose of 2 Gy (C) and a valley dose of 2 Gy
(F). The table (H) summarizes PVDRs measured for minibeams and microbeams using the large and small focal spot,

respectively.

collimator design. Calibration procedures ensure repro-
ducibility of the generated radiation fields. Various mea-
sures were taken to improve the field properties compared
with designs in the past, resulting in the first time micro-
beam widths less than 100 pm have been used for pre-
clinical in vivo experiments at reasonable dose rates and
field properties.

The generated microbeams were characterized with film
dosimetry and benchmarked to Monte Carlo simulations. In
the past, microbeams with 50 pum width and 400 pm
spacing were considered a good compromise between
tumor control and normal tissue sparing.”* The PVDR of a
20 mm x 20 mm radiation field of such microbeams is
greater than 18 within the first centimeter in a PMMA
phantom. The PVDR of minibeams with the same ratio of
spacing and beam width (ie, a beam width of 250 um and a
beam spacing of 2000 pwm) leads to even higher PVDRs of

greater than 25. Such PVDRs are similar to those achieved
with synchrotron-generated microbeams™”> and higher
than for most other x-ray tube—based minibeam or
microbeam systems.””** In contrast to synchrotrons, the
PVDR at the presented setup strongly decreased with depth,
but nevertheless, the decrease was sufficiently shallow to
treat mice when positioned close to the collimator surface.

Compared with a former microbeam setup®” and former
setups with small-animal radiation systems,”””* the field
homogeneity in terms of peak dose rates was substantially
improved to standard deviations of 5% to 8% and is simi-
larly low compared with reported values for synchrotron
generated microbeams.”®

Whereas peak entrance dose rates at the synchrotron for
MRT are up to 10 kGy/s, the presented setup achieves only
up to 8.0 Gy/min for microbeams, depending on the choice
of the focal spot and beam width. Such low dose rates
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require an immobilization of the target to avoid dose
blurring owing to organ motion. However, considering that
mice can be anaesthetized safely for up to 1 hour, MRT
typical peak doses of approximately 400 Gy can be applied.

Similar to Esplen et al,”* we found that using the small
focal spot size improves the PVDR but reduces the dose
rate because of the reduced maximum tube power. There-
fore, the larger focal spot size seems beneficial for use in
small-animal experiments. A way to further improve both
PVDR and peak dose rate is pivoting the collimator relative
to the x-ray tube and thus reducing the beam emission
angle. Dosimetry results show that a reduction of the
emission angle from 20 degrees to 12 degrees leads to an
increase in PVDR of up to 39% and in peak dose rate of up
to 31% in a depth of 10 mm with the small focal spot. The
combination of the decreased emission angle and the broad
focal spot leads to a similar increase of 38% for the PVDR
and an even higher increase in peak dose rate of 70%. This
configuration leads to the stated maximum peak dose rate
of 8 Gy/min and is therefore considered favorable for
small-animal experiments. The described findings from our
experiments are expected to be transferable to other small-
animal irradiators.

Comparisons to Monte Carlo simulations reveal good
qualitative agreement, but considerable quantitative differ-
ences are observed between measured and simulated doses.
Particularly at small beam widths, differences between
measurement and simulation can be up to 100%. We sus-
pect the reasons for these differences are rough collimator
surfaces, fabrication tolerances, and dust between the
collimator slits, which could not have been modeled and
become important at smaller slit widths. These confounders
will most likely reduce the peak dose rate and increase the
scattering into the valley as observed in this study’s results.
The strong deviations between simulation and measurement
illustrate the challenging fabrication process of collimators
with micrometer-sized apertures. For treatment planning, a
parameterized Monte Carlo model is currently being
developed that accounts for the discrepancies between ideal
and realistic setups in a parameterized model. Apart from
that, the model of the x-ray—source phase space may not be
accurate enough. Because focal-spot and collimator-slit
apertures are of similar width, the dose in the microbeam
field sensitively depends on the precise shape of the focal
spot.

The detected biological damage in the peaks was mostly
in accordance with the film dosimetry. For the valley irra-
diations, slightly higher doses were observed, which could
have been caused by possible bystander effects.

Conclusion

This study presented a method to produce microbeams and
minibeams with flexible widths of up to 100 pm and

500 pm and peak dose rates of up to 8 Gy/min at the small-
animal irradiators XenX and SARRP from Xstrahl. Peak
and valley dose rates, field homogeneity, and the beam
penumbras were characterized in measurements and Monte
Carlo simulations. It was shown that a reduction of the
beam emission angle improves PVDR and dose rate. The
choice of a small focal spot increases the PVDR and beam
shape but reduces the dose rate. The combination of a small
beam-emission angle and a large focal spot provides a good
compromise between high PVDR and high peak dose rates.
The developed setup produces microbeam fields with
suitable properties for in vivo experiments with mice and
meets the high technical requirements to enable preclinical
MRT in commercially available small-animal irradiators.
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