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Abstract

Purpose: To evaluate the dosimetric accuracy for small field proton irradiation relevant for pre-clinical in vivo studies
using clinical infrastructure and technology. In this context additional beam collimation and range reduction was
implemented.
Methods and materials: The clinical proton beam line employing pencil beam scanning (PBS) was adapted for the irra-
diation of small fields at shallow depths. Cylindrical collimators with apertures of 15, 12, 7 and 5 mm as well as two
different range shifter types, placed at different distances relative to the target, were tested: a bolus range shifter
(BRS) attached to the collimator and a clinical nozzle mounted range shifter (CRS) placed at a distance of 72 cm from
the collimator. The Monte Carlo (MC) based dose calculation engine implemented in the clinical treatment planning sys-
tem (TPS) was commissioned for these two additional hardware components. The study was conducted with a phantom
and cylindrical target sizes between 2 and 25 mm in diameter following a dosimetric end-to-end test concept.
Results: The setup with the CRS provided a uniform dose distribution across the target. An agreement of better than 5%
between the planned dose and the measurements was obtained for a target with 3 mm diameter (collimator 5 mm). A
2 mm difference between the collimator and the target diameter (target being 2 mm smaller than the collimator) sufficed
to cover the whole target with the planned dose in the setup with CRS. Using the BRS setup (target 8 mm, collimator
12 mm) resulted in non-homogeneous dose distributions, with a dose discrepancy of up to 10% between the planned
and measured doses.
Conclusion: The clinical proton infrastructure with adequate beam line adaptations and a state-of-the-art TPS based on
MC dose calculations enables small animal irradiations with a high dosimetric precision and accuracy for target sizes
down to 3 mm.
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1 Introduction

Pre-clinical in vivo studies are essential components of
basic and translational research in radiation oncology, e.g.,
to improve understanding of radiation effects in tissues, to
test hypothesis or to develop multimodality treatments. For
photon beam therapy, commercial solutions have been
developed including high-precision small animal irradiators
with image guidance that enable to mimic advanced photon
therapy [1-3]. The situation is different for particle beams,
mainly due to higher investment costs for particle accelera-
tors. Although new approaches for small animal particle
therapy emerge from laser-driven proton beam generation
[4,5], most current experimental settings for pre-clinical
in vivo studies are based on technology developed for clin-
ical particle therapy [6-8]. This situation is expected to
remain in the coming years.

Despite the increasing number of particle therapy facili-
ties, the experience of performing pre-clinical studies with
proton or carbon-ion beams is limited. The lack of dedicated
small animal particle beam irradiators and the required adap-
tations of clinical beam lines might be the dominant factors.
On the other hand, setting up a pre-clinical small animal irra-
diation solution based on recent technological advancements
(e.g., commercially available Monte Carlo based dose calcu-
lation, scanned beam delivery) for clinical particle therapy
does not require large additional investments (on top of
the cost of an existing facility). Above all, the research out-
come achieved in clinical beam lines might even be more
representative from a translational research perspective.
Disadvantages of utilizing a clinical beam line are the neces-
sary adaptations to be able to irradiate very small volumes at
shallow depths with high precision and accuracy in the pres-
ence of steep dose gradients. Pencil beam scanning (PBS) is
becoming the most prevalent delivery method in particle
therapy enabling a conformal target irradiation [9-11]. Pro-
ton pencil beam sizes are typically between 7 and 20 mm
(full width at half maximum (FWHM)), with increasing
diameter for lower energies. These dimensions are relatively
large compared to target sizes in small animals (95% of all
in vivo studies are conducted in mice [12]). Consequently,
healthy tissue sparing is not optimal and passive beam shap-
ing tools, such as collimators, are required. Attention should
be given to neutron production and activation of the collima-
tor and safe handling of the collimator by the user after irra-
diation experiments. A range shifter (RS) is needed since
even the lowest proton energies, typically around 60 MeV
in clinical beam lines, would position the Bragg peak at
too large a depth in small animals. An overview of typical
structures and organ sizes in small animals is given in the
Supplementary material, Table A. Specific guidelines and
recommendations for the welfare and use of animals in can-
cer research provide the maximal tumor sizes, where the
mean tumor diameter should not exceed 12 mm in mice
and 25 mm in rats [12].

Besides beam delivery, a reliable treatment planning pro-
cess including accurate dose calculation is a prerequisite for
in vivo research. Again, for photon beam therapy, dedicated
small animal treatment planning systems (TPS) have been
developed and are commercially available [13,14], while
for particle therapy no such solutions are available. The
advantage of commercial solution comes along with an easy
implementation of animal positioning (and coordinate trans-
formation), image fusion, plan optimization as well as dose
and linear energy transfer (LET) calculation. Such an infras-
tructure simplifies the workflow and macro- and micro dosi-
metric data acquisition significantly. Although pre-clinical
in-vivo studies require a multidisciplinary setting, it can be
expected that researchers of other professions than Medical
Physics, e.g., biologist benefit from user friendly commercial
systems in which treatment planning workflows are inher-
ently implemented. In most particle beam therapy related
pre-clinical studies, pre-defined structures were irradiated
with monoenergetic beams, a scenario that does not reflect
clinical reality [15-17]. The LET variations as an important
factor concerning radiobiological effects cannot be efficiently
studied in monoenergetic beams. Continuous developments
and technological advancements in radiation oncology push
the current boundaries, where MC based dose calculation is
one prominent example. The availability of treatment plan-
ning systems with MC algorithms along with small calcula-
tion grids, adequate for proper visualization and delineation
of small structures, will offer notable improvements.

In this study we report on a small field proton irradiation
capability relevant for pre-clinical in vivo studies. Both dose
delivery and dose calculation aspects are covered, with as
main objective the determination of the lower field size lim-
its for small volume irradiations, fulfilling the criteria of
acceptable dose agreement of 5% between the planned and
measured dose. The effects of beam collimation and energy
degradation were investigated for cylindrical target sizes
between 2 and 25 mm in diameter. Validation of a clinical
TPS with MC based dose calculation for small field irradia-
tion is performed and its limitations are revealed. Even
though the results presented are center specific, the experi-
mental setting and the related commissioning aspects are
generally applicable for other centers aiming at small animal
irradiations with clinical proton beams.

2 Materials and methods

2.1 Beam delivery

All investigations were performed in the research irradia-
tion room of the synchrotron based clinical particle therapy
center (MedAustron Ion Therapy Center, Wiener Neustadt,
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Austria). The beamline and in-room equipment, such as
robotic positioning table (BEC, Germany) and in-room imag-
ing devices (MedPhoton, Austria), were tailored and com-
missioned comparable to the clinical irradiation rooms [13].

Protons were delivered with a fixed horizontal beamline in
the form of narrow beams with lateral spot sizes of 7 mm
(FWHM) for the highest nominal beam energy (252.7 MeV)
and 21 mm for the lowest beam energy (62.4 MeV). The
beams were scanned laterally across the field by fast-
scanning magnets (using the pencil beam scanning dose deliv-
ery technique) and the beam energies were varied by active
energy modulation directly in the synchrotron [18,19].

Several adaptations of the beam line were necessary to
irradiate small targets. The lowest available nominal proton
energy is 62.4 MeV, corresponding to a range of 30 mm in
water. For shallow target depths, typical in small animals,
two different types of range shifter (RS) were tested for
energy degradation, placing their scatter contributions at
two distances relative to the phantom. The bolus RS (BRS)
was attached directly to the phantom in the form of a PMMA
(Polymethyl Methacrylate) block with a water equivalent
thickness (WET) of 2.4 cm. Beam energies for the setup with
BRS varied between 62.4 MeV and 76.9 MeV. The second
type was the clinical, nozzle-mounted RS (CRS) with a
WET of 3.5 cm. The CRS was inserted into the beam path
at the end of the beamline at a distance of 72 cm from the
phantom’s surface. The typical energy range in the setup with
the CRS was between 72.4 MeV and 86.4 MeV.

Another essential beam line adaptation consisted of a col-
limator. The range shifter modulated pencil beams are large
compared to target sizes of less than 3 cm. In practice, that
means that without using a collimator a substantial part of
the animal outside of the target volume would be covered
with a dose similar to the target dose. The collimators used
in this study were made of brass with a thickness of 10 mm
(corresponding to about 5 cm WET) and with cylindrical
apertures of 15, 11, 7 or 5 mm in diameter.

2.2 Dose calculations

All dose calculations for small fields were performed in
the commercial TPS RayStation v7.99.3 (RaySearch Labora-
tories, Sweden) developed for clinical applications. The
beam model was validated by dose verification measure-
ments in isocentric as well as non-isocentric conditions
according to clinical requirements [20] with a total uncer-
tainty of 3% (1 Standard Deviation) for MC based dose cal-
culations (clinical MC dose engine v4.3).

2.3 Phantom

The block shaped phantom, representing in its size a
small animal, consisted of water equivalent Gammex-457
CTG (Sun Nuclear, USA) material with a density of
1.04 g cm-3 and PMMA with a density of 1.19 g cm-3. The
cylindrically shaped target (Gammex) with a diameter of
25 mm and length of 15 mm was surrounded by PMMA.
Individual slabs with an area of 40 � 40 mm2 and a thick-
ness of 5 mm were assembled to form the phantom. The first
slab of the phantom consisted of PMMA only and the target
started at a depth of 5 mm. Slicing of the phantom was a
practical solution allowing detector insertion at various dis-
crete depths. Furthermore, the individual slabs could be
combined to allow for different setups, i.e., with the BRS
or CRS. The phantom was positioned with its surface close
to the isocenter at a distance of about 70 cm from the nozzle.
In one of the two RS setups, the BRS was positioned directly
in front of the phantom.
2.4 Treatment planning

The computed tomography (CT) dataset of the phantom
was acquired with a microCT system (X-cube, Molecubes,
Germany), dedicated to small animal imaging with a resolu-
tion of 200 lm and tube voltage of 50 kV. The 3D volumet-
ric data set from the microCT system was subsequently
converted into sliced format with the 3D slicer software
(https://www.slicer.org) and the DICOM header was modi-
fied to allow import into the clinical TPS. The same image
set was used for treatment plan creation and dose calculation
for all tested scenarios. The material properties were over-
written in the TPS with the known properties of the phantom
materials (density and material compositions). A schematic
representation of the setup with the phantom and corre-
sponding overwritten materials (collimator, CRS, BRS, tar-
get) is shown in Fig. 1. Small targets with various
diameters (25 mm down to 2 mm) and a constant thickness
of 15 mm were delineated with a resolution of 1 mm concen-
trically within the Gammex material.

Every irradiation field was optimized in the TPS to deli-
ver a prescribed physical dose of 1 Gy to the target. All treat-
ment plan optimizations and dose calculations were solely
based on the MC algorithm. The the smallest possible
(1 � 1 � 1 mm3) dose calculation grid size, optimized with
10^5 particles per spot and a tolerance of 0.5% on the rela-
tive type-A uncertainty (1SD) of the dose in each target
voxel was applied in the final dose calculation. A combina-
tion of parameters, including a spot distance of 1 mm or
2 mm, which are standard settings for patient treatments to
achieve uniform lateral dose distributions, was tested to find
an optimal solution for the predicted dose distribution.

Both the RSs and collimators were modelled in the TPS.
The BRS was represented by an extra slab of PMMA added
in front of the phantom. The CRS could be selected in the
TPS as an external element. For the dose calculations with

https://www.slicer.org


Figure 1. Experimental setup with a collimator. a) The stack of three films is placed in the second measurement position (P2). The
microDiamond detector is inserted into the holder and placed just behind the films. b) Schematic representation of the experimental setup.
The collimator (brass), bolus BRS (PMMA) or air (for CRS), phantom and target (red dotted rectangle) were delineated and overwritten in
the TPS with the corresponding materials. The measurement positions (for EBT3 films and microDiamond detector) are labeled for the
proximal position with P1 and for SOBP positions with P2 and P3. They are indicated in the figure with the grey dashed lines. The beam is
coming from the left.
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CRS, the BRS in the microCT scan was overwritten in the
TPS by air (Fig. 1).

The collimator was simulated in the TPS by delineating
and overwriting the proximal part of the microCT scan of
the setup by brass material, leaving out the cylindrical open-
ing of the respective collimator size, which was overwritten
by air. Additionally, open fields without collimator in the
beam line were simulated and measured.

2.5 Dose verification

Dose delivery verification was performed with two detec-
tors: the microDiamond (PTW-60019, PTW, Germany) and
EBT3 radiochromic film (GafchromicTM, USA). The active
volume of the microDiamond detector (0.004 mm3) has a
circular diameter of 2.2 mm and thickness of 1 mm. The
detector was cross-calibrated against a Roos-type ionization
chamber (PTW-34001, PTW, Germany), which was cali-
brated in terms of absorbed dose to water in a Co-60 beam
traceable to the German primary standard of absorbed dose
[21]. EBT3 films were chosen for measurements of lateral
dose distributions due to their high spatial resolution and tis-
sue equivalency. Three film sheets of 5 � 4 cm2, each with a
thickness of 278 mm (WET 0.358 mm), were stacked
together and inserted at three different depths (P1, P2, P3,
see Fig. 1b) of the target. The proximal position P1 was at
the beginning of the target and measurement positions P2
and P3 at 5 mm and 10 mm depth within the target, respec-
tively. Due to the limited beam time only the positions
within the spread-out Bragg Peak (SOBP) (P2, P3) were
investigated for some setups. The final reported dose value
and the corresponding uncertainty at each position was an
average of lateral line profiles from three films with its esti-
mated standard deviation. To account for the non-linearity of
the net optical density of the films as a function of absorbed
dose to water, films were calibrated against the Advanced
Markus ionization chamber (PTW-34045, PTW, Germany).
The corresponding calibration curve was obtained at 2 cm
depth in water, at a nominal proton energy of 179 MeV
and for a dose range of 0.25–12 Gy. The film handling
and evaluation is described in more detail in [22].

Signal quenching due to the beam energy dependence of
radiochromic films was experimentally determined at each
measurement depth (position) by comparison with the
microDiamond measurements. A plan to irradiate the target
of 2.5 cm (without any collimator) was created in the TPS
for the same energy range as the setup with the clinical range
shifter. Dosimetric measurements (without collimator) were
performed with either 3 films or the microDiamond detector
at 3 positions within the phantom (P1, P2, P3). The response
of cross-calibrated EBT3 films was compared to microDia-
mond response to determine quenching corrections. By
doing so factors of 1.04 were obtained for positions P1
and P2 and 1.06 for position P3. These factors were subse-
quently applied for films in all other setups, respectively.

To increase the beam time efficiency and reduce the mea-
surement time, the microDiamond detector in a face-on ori-
entation was typically placed right behind the three films and
irradiated simultaneously such that the flat face of the
microDiamond encapsulation was aligned behind the films
with positions P1, P2, P3 (such that the sensitive diamond
layer of the detector was 1.5 mm deeper than the start of
the target). The setup with the collimator where the films
and microDiamond detector were irradiated at the second



Table 1
Summary of parameters and settings of all investigated setups. The clinical range shifter is used in the setup (unless stated otherwise). The
reported dose values for EBT3 films (and corresponding standard uncertainties) are determined from an average of lateral line profiles
(within the defined target size) of three films. The microDiamond detector provides the point dose at the center of the field. The standard
deviations of the microDiamond measurements were smaller than the number of reported digits and are therefore not reported. The values
in brackets represent the corresponding dose values from the TPS.

Target
size
[mm]

Coll. size/dist.
to phantom
[mm]

TPS
modelling
of collimator

Dose at P1 (proximal target) [Gy] Dose at P2, P3 (SOBP) [Gy]

EBT3 (TPS) micro
Diamond (TPS)

EBT3 (TPS) micro
Diamond (TPS)

25 11/40 no 1.10 ± 0.10 (1.00) 1.14 (1.00) 1.11 ± 0.11 (1.01) 1.10 (1.02)
12 – no 1.05 ± 0.03 (0.98) 1.05 (1.00) 1.04 ± 0.02 (1.02) 1.07 (1.02)
12 15/20 yes 1.02 ± 0.08 (1.01) 1.03 (1.00) 1.00 ± 0.01 (1.02) 1.03 (1.02)
12 15/20 yes (0.92) BRS 1.09 (1.00) BRS 1.04 ± 0.08 (0.96)BRS 1.04 (1.09) BRS

8 11/20*/** yes – – 0.98 ± 0.03*/0.81 ± 0.39** –

8 11/20 yes 0.98 ± 0.01 (0.99) (0.99) 0.99 ± 0.01 (1.00) (1.00)
8 11/20 no 1.01 ± 0.02 – 0.97 ± 0.02 1.01
8 11/40 no 1.06 ± 0.02 – 1.02 ± 0.02 1.02
5 7/20 yes 0.93 ± 0.01 (0.99) 0.96 (0.95) 0.97 ± 0.01 (1.00) 1.05 (0.99)
4 7/20 yes 0.87 ± 0.01 (0.98) (0.95) 0.98 ± 0.04 (1.00) 1.03 (1.00)
4 5/20 yes 0.86 ± 0.02 (0.94) 0.96 (0.98) 1.08 ± 0.06 (1.02) 1.23 (1.16)
3 7/20 yes 0.88 ± 0.01 (1.03) (0.98) 0.98 ± 0.01 (1.01) 1.04 (1.00)
3 5/20 yes 0.88 ± 0.01 (1.01) 0.95 (0.98) 1.02 ± 0.02 (1.02) 1.09 (1.04)
2 5/20 yes 0.84 ± 0.01 (0.96) 0.91 (0.94) 0.98 ± 0.03 (0.93) 1.04 (1.01)
BRS Bolus range shifter.

* Collimator with 1 mm horizontal misplacement.
** Collimator with 2 mm horizontal misplacement.
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measurement position (P2) is shown in Fig. 1a). The type-A
uncertainty assessment for the microDiamond detector was
performed without films, with repetitive measurements
where the detector was placed at one measurement position
and irradiated with the same field three times.

The impact of collimator misalignment and the propaga-
tion of the collimator position accuracy on the target dose
distribution were quantified with the setup using the CRS.
The collimator was either well aligned with the phantom
(centered) or shifted by 1 mm and 2 mm in both horizontal
directions. In total 15 different configurations were used
with different targets, collimators and other relevant settings,
an overview of which is provided in Table 1. In general,
only minor differences were observed in lateral profiles
between position P2 and P3 (both in SOBP). The averaged
values of these two positions obtained from detectors are
listed in Table 1. Larger discrepancies were observed for
position P1, especially for smaller targets (< 5 mm), as dis-
cussed in Section 3.3.

In addition to measurements, independent dose calcula-
tions were carried out for some measurement scenarios using
Gate/Geant4 simulations [23,24]. In the simulations the
exact experimental setup was modeled tracking all particles
through the nozzle elements using a validated beam model
[19]. The simulation settings were identical to those reported
in an earlier study [25].

3 Results

3.1 Beam collimation

Fig. 2a demonstrates the importance of beam collimation
for small field irradiation; in the setup without a collimator
(neither planned in TPS nor included in the setup), a dose
of more than 0.5 Gy covered the whole phantom area
(40 � 40 mm2) laterally. The dose distribution in the target
was non-uniform and exceeded the planned dose by up to
7% (as measured with the microDiamond) at the center of
the target. The setup with the collimator (planned in TPS
for calculation) resulted in a homogeneous target dose distri-
bution agreeing within 1.5% with the planned dose (1 Gy).
The lateral penumbra (R80/R20) was 1 mm in this setup.

The results of the approach where a treatment plan
was designed for a target of 8 mm and a collimator of
11 mm was placed in front of the phantom (which was not
included for the dose calculation in the TPS) are shown in
Fig. 2b (blue and orange profiles). Two different distances
between the collimator and phantom (40 mm and 20 mm)



Figure 2. Lateral dose profiles (EBT3) in position P2 in the setups with CRS; a) for the target of 12 mm (T12) for the setup with and
without the collimator and b) for the target of 8 mm (T8) and collimator with 11 mm opening either modelled (included) in TPS (green line)
or not modelled (orange and blue markers) in the TPS. The shaded area indicates the target dimension, while the black dotted vertical lines
show the collimator openings.
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were investigated. The results were comparable to those
obtained with the approach where the collimator was mod-
elled in the TPS (also shown in Fig. 2b by the green profile).
Larger discrepancies between the planned and measured
dose were observed when the target size was larger than
the collimator opening (data shown in Table 1). In general,
dose calculation errors exceeded the limit of 5% for targets
larger than 1.5 cm at shallow depths of less than 1 cm in
combination with the CRS for both scenarios (with or with-
out the collimator).

The collimator misalignment was systematically tested in
the setup with the CRS and a target size of 12 mm (collima-
tor 15 mm). The averaged dose of 0.98 Gy was well within
the limits for the collimator shift of 1 mm. The shift of 2 mm
led to a significant underdosage compared to central align-
ments with an averaged target dose of 0.81 Gy. The line
dose profiles obtained from the irradiated films with a colli-
Figure 3. Lateral dose profiles (EBT3) at measurement position P2 (10
the BRS. Measurements with EBT3 films are compared with TPS and G
are also shown. The circles in the color maps indicate the target size
indicates the target dimension while the black dotted vertical lines sh
mator shift of 2 mm and those for the central alignment are
given in Supplementary material, Figure Ba).

3.2 Range reduction

Achieving a homogenous dose distribution in the TPS
was more challenging with the BRS when comparing the
two types of RS. The differences between the optimized
dose distributions for the BRS and CRS setups were in
agreement with those from independent dose calculations
(Gate/Geant4) and also confirmed by the measurements.
The dose distribution in the target with the CRS was homo-
geneous and the lateral penumbra of 1 mm was smaller com-
pared to the penumbra of 2 mm for the setup with the BRS.
Examples of lateral dose profiles acquired at the second
measurement position, from the Gate/Geant4 simulations,
TPS predictions and measurements with EBT3 films are
mm depth), a) for the setup with the CRS and b) for the setup with
ate/Geant4 calculations. The corresponding color map distributions
s and the area in which the dose was evaluated. The shaded area
ow the collimator opening.



Figure 4. Lateral dose profiles (EBT3) in SOBP at measurement
position P2 for target size of 4 mm with collimator openings of 5
and 7 mm. The shaded area indicates the target dimension, while
the dotted vertical lines indicate the collimator openings.
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shown in Fig. 3. In repeated measurements it was observed
that the setup with BRS was more prone to setup errors than
the setup with the CRS and even a small collimator
misalignment of less than 1 mm resulted in a pronounced
asymmetry in the dose distribution within the target (color
map distribution in Fig. 3b)). It is worth mentioning that
improved dose distributions with BRS, i.e., with more
homogeneous distribution across the target, were obtained
at smaller distances to the nozzle exit window (data not pro-
vided) even though the penumbra remained larger compared
to the CRS. Because the setup for the final animal irradiation
requires a certain airgap between the nozzle and the collima-
tor (> 50 cm), the majority of investigations in this study
were continued with the CRS.

3.3 Field size and target coverage

Various field sizes in combination with different collima-
tors were investigated in order to find a minimal difference
between the collimator opening with respect to the target.
Fig. 4 compares dose distributions in the SOBP (average
of P2, P3) for the target size of 4 mm and two different col-
limators: 5 and 7 mm. A difference of 1 mm between the
aperture size (5 mm) and target size (4 mm) led to a dose
overestimation in TPS. For all tested target sizes, it was
found that a minimum of 2 mm between the aperture and tar-
get size (target size being 2 mm smaller than the aperture)
was needed to cover the target with the prescribed dose.
From all investigated setups, the larger differences did not
provide systematic improvements in target dose distribu-
tions. Table 1 summarizes the dosimetric results for all target
sizes and the respective collimator/ distance settings.

The dose could not be predicted within 5% by the TPS
for the collimators smaller than 7 mm at the first measure-
ment position (P1), just before the SOBP. The dose in this
part of the target acquired with EBT3 films systematically
decreased with smaller collimator diameter (Supplementary
material, Figure Bb). This might be attributed partially to
the broader beam distribution and larger scatter of low
energy protons contributing to the proximal target coverage.
Moreover, potentially higher LET contributions from low
energy protons can lead to pronounced signal quenching in
films. It is important to note that this discrepancy was smal-
ler between the microDiamond detector and TPS predic-
tions. The effective point of measurement of the detector
was positioned 1.5 mm deeper in the target (compared to
films because of the setup of the microDiamond behind three
films) and the agreement between the measurements and
TPS prediction was better at this depth.

4 Discussion

The purpose of this study was to investigate the feasibility
and accuracy of small field irradiation with proton beams
using clinical infrastructure. Target sizes ranging from
25 mm down to 2 mm were investigated from a dosimetric
point of view for in vivo radiobiological research. The
results demonstrate, on the one hand, the feasibility of using
the clinical proton treatment infrastructure for small field
high-precision and accurate pre-clinical small animal irradi-
ation, but underlines, on the other hand, the necessity of
beamline modifications. By doing so, acceptable dosimetric
agreement of better than 5 % between planning and mea-
surements was achieved in the target (within the SOBP)
for target sizes down to 3 mm for both detectors used, i.e.,
the microDiamond and EBT3 films. The results can be trans-
ferred to other centers equipped with pencil beam scanning
technology and Monte Carlo based dose calculation engines,
leading to comparable dosimetric accuracy when using range
shifters and collimators in a similar experimental arrange-
ment for small field irradiation.

Until now, available commercial TPSs were not recom-
mended for small field irradiation due to the potentially lim-
ited accuracy of the calculation of dose and lateral field
penumbrae [26]. Previous studies pointed out the limitation
of analytical dose calculations at tissue interfaces of different
tissue densities and complex anatomic geometries [27,28].
The analytical approach tested in the frame of this study
(data not provided) resulted in a poor target coverage and
unacceptable dose distributions when a collimator was
included in the dose calculations. The recent implementation
of MC based dose calculation solutions for proton beams,
however, significantly improves the dose calculation accu-
racy for small targets. Tailored solutions for clinical or
pre-clinical applications e.g., delineation accuracy adapted
to the high resolution of microCT scan and smaller dose cal-
culation grid size, as well as the inclusion of collimator, will
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continuously improve the treatment and research outcome in
the future.

Up to 6% higher doses were observed for the small field
irradiation using the CRS without a collimator. This over-
dose was, however, not observed with the collimator. This
might be explained by secondary particle production and
their modelling in the TPS. Secondary particles, which are
generally not accurately modeled in dose calculations algo-
rithms, are shielded when using collimators and therefore
contribute less to systematic dose uncertainties. In other
words, without a collimator a wide scatter field can con-
tribute substantially to the target dose [20] and thus explain
the observed dose deviations between measurements and
calculations for small fields. Therefore, besides the healthy
tissue and critical structure avoidance, the collimation can
also improve dose calculation accuracy for small fields rele-
vant to small-animal research.

Investigations of minimal collimator openings led to the
conclusion that a two-millimeter difference between the col-
limator and the target (target being 2 mm smaller than the
collimator) suffices to deliver the prescribed dose covering
the whole target in the CRS setup. Equal target and collima-
tor sizes led to constraints that could not be met in dose cal-
culations already at the treatment planning stage of the
irradiation workflow.

The limitations of the TPS with respect to dose calcula-
tion accuracy were reached at the proximal part of the target,
i.e., dose coverage decreased with decreasing collimator
diameter and target size at the proximal target depth. These
differences might be related to broader beam distribution and
larger scatter of low energy protons contributing to the prox-
imal target coverage. This uncertainty can be reduced by
applying target margins for in vivo irradiation studies, which
was not applied in this purely dosimetric investigation. An
opposite observation with higher target dose was reported
for small proton fields for ocular treatments [29]. The latter
study, however, reports measurements in a different setup
with a double scattering system and a different optimization
strategy that does not include patient specific weighting of
range modulation.

The relatively large distance of 72 cm between the CRS
and the collimator, as used in typical patient treatment config-
urations, provided a uniform dose distribution across the tar-
get, whereas the BRS solution resulted in a non-uniform
peak-shaped distribution. The BRS setup was in addition very
sensitive to misalignment errors whereas the setup with the
CRS tolerated slight lateral collimator misplacements of about
1 mm. This is in line with the study from Ciocca et al. [30],
where a comparison of different CRS locations, relative to tar-
get, was performed in the scope of beamline adaptations for
ocular treatments. Maximizing the air gap between CRS and
collimator increased the transversal dose homogeneity in the
target and decreased the lateral dose fall-off distance.

Challenges in small field dosimetry arise from the current
availability of appropriate detectors. Even though both
detectors used in this study have certain drawbacks, a com-
bination of a microDiamond detector and EBT3 films
proved to be adequate for small proton field dosimetry
within the target. The energy dependence of EBT3 films
requires proper film calibration and corrections for signal
quenching due to beam quality variation. MicroDiamond
detector is a suitable candidate for accurate absolute dose
determination in proton beams [31], which was confirmed
also for small fields in the frame of this study with additional
measurements and performance comparison of microDia-
mond against the Advanced Markus ionization chamber
(PTW, Freiburg) (data not reported). The disadvantage of
a single detector provides, however, only a point dose and
requires measuring in many points increasing the measure-
ment time especially in (energy-modulated) scanned beams.

Particle therapy centers aiming for pre-clinical studies
will need, besides adaptations of their clinical infrastructure,
clear guidelines for dose delivery and quality assurance to
ensure the accuracy and reproducibility of research, which
are still missing. Currently, it is recommended to follow as
close as possible the guidelines for patient treatment [26]
and involve the dosimetry physicists into the radiobiological
research [32]. These recommendations were closely fol-
lowed in this work.

Regarding several other steps of the treatment planning
and irradiation workflow in pre-clinical research, a clinical
planning CT reaches its limits in terms of resolution and
image quality for small structures. Dedicated imaging sys-
tems are therefore preferable, such as a microCT. The
microCT utilized in the present study to scan the phantom
provided excellent image quality at a resolution of
200 lm, which was five times higher than the typical clinical
CT used for treatment planning. Higher image quality comes
at a cost of increased imaging doses which are about an
order of magnitude higher for the microCT than for a clinical
CT. This is an important contribution and has to be consid-
ered in pre-clinical studies as it might alter the observed dose
response relationship [33].

5 Conclusion

An adapted clinical PBS beam line in combination with
state-of-the-art treatment planning system and MC based
dose calculations, provides adequate dosimetric accuracy
for small animal studies with proton beams for target sizes
down to 3 mm.
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