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Abstract

Purpose: To perform dosimetric characterization of a minibeam collimator in both carbon and
oxygen ion beams to guide optimal set up geometry and irradiation for future radiobiological studies
using these beams.

Methods: Carbon and oxygen minibeams were generated using a prototype tungsten multislit
collimator presenting line apertures 700 pm wide, which are spaced 3500 pum centre-to-centre
distance apart. Several radiation beam spots generated the desired field size of 15x15 mm? and
production of a 50 mm long spread out Bragg peak (SOBP) centered at 80 mm-depth in water. Dose
evaluations were performed with two different detectors: a PTW microDiamond® single crystal
diamond detector and radiochromic films (EBT3). Peak-to-valley dose ratio (PVDR) values, output
factors (OF), penumbras and full width at half maximum (FWHM) were measured.

Results: Measured lateral dose profiles exhibited spatial fractionation of dose at depth in a water
phantom in the expected form of peaks and valleys for both carbon and oxygen radiation fields.
The diamond detector and radiochromic film provided measurements of PVDR in good agreement.
PVDR values at shallow depth were about 60 and decreased to about 10 at 80 mm-depth in water.
OF in the center of the SOBP was about 0.4; this value is larger than the corresponding one in
proton minibeam radiation therapy measured using comparable collimator due to a reduced lateral
scattering for carbon and oxygen minibeams.

Conclusions: Carbon and oxygen minibeams may be produced by a mechanical collimator.
PVDR values and output factors measured in this first study of these minibeam radiation types
indicate there is potential for their therapeutic use. Optimization of minibeam collimator design
and the number and size of focal spots for irradiation are advocated to improve PDVR, values and

dose distributions for each specific applied use.
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I. INTRODUCTION

The unique physical and biological properties of charged particles provide a higher tumor
dose conformability and an increased relative biological effectiveness (RBE) with respect
to conventional radiotherapy (RT) [1-3]. Profiting from these advantages, hadron therapy
(HT) has been successfully employed over the past years [4-7]. Among the different types
of ion species, carbon ions are considered to have optimal properties, in terms of superior
physical and biological characteristics [8]. Heavier ions are disfavoured by higher damage in
the entrance channel, despite beneficial properties such as high RBE and reduced scattering.
However, the combination of the benefits of heavy ions and of minibeam radiation therapy
(MBRT) may further increase its therapeutic index since spatial fractionation of dose has
been reported to increase the tolerance of normal tissue to radiation [9-11]. This indicates a
potential for hadron MBRT to increase the therapeutic ratio in application to radio-resistant
tumors by combining the attributes of increased radiation tolerance of normal tissues in
MBRT with hadron beam high relative biological effectiveness and improved target dose
conformation [12]. In particular, oxygen might be a good candidate to efficiently overcome
radio-resistance of hypoxic tumors [13]. For this purpose, carbon and oxygen MBRT were
evaluated in this study.

The dose profiles of MBRT consist in a pattern of peaks and valleys, i.e., with high
doses along the beams paths (peak dose) and low doses (valley dose) in the spaces between
them [14, 15]. The ratio between the peak and the valley doses (peak-to-valley dose ratio,
PVDR) is an important dosimetric parameter in spatially fractionated techniques, since it
plays an important role in the biological response. To spare normal tissues, high PVDRs

and low valley doses are requested [16, 17]. Doses as high as 100 Gy in one fraction were
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well tolerated by normal rat brain (whole brain irradiation), when using synchrotron 600 pym
wide minibeams, in comparison with 22 Gy delivered in standard irradiations [9-11].

The combination of the prominent advantages of hadrons and MBRT has been proposed
in previous works. Prezado et al. [18] showed the favorable dose distributions of proton
MBRT (pMBRT) with 700 um wide proton beams. As a result, pMBRT has been recently
implemented at a clinical center [19]. A first biological indication of the advantages of
carbon MBRT was presented in the work of Dilmanian et al. [20]. One rabbit brain was
irradiated with arrays of 130 MeV /nucleon carbon 300 ym wide beams at a research facility
(Brookhaven National Laboratory). Target doses of 40 Gy were deposited in a single fraction
and little damage was observed in the surrounding brain [20]. Despite the limitations of this
work (poor statistics and short-term follow up), the results suggested that segmented thin
carbon beams can be used to reduce the impact on the non-targeted tissues in carbon
therapy. However, statistically significant studies with clinical beams, including long-term
follow-up and a dose-escalation, are needed to confirm the clinical potential of this technique.
That is why the main aim of this work was to implement hadron MBRT at a clinical
center (Heidelberg Ion-Beam Therapy Center-HIT [21, 22|, Germany) and to perform a first
dosimetric evaluation to guide the forthcoming radiobiological experiments.

Dosimetry measurements in carbon and oxygen MBRT are particularly challenging due
to the small field sizes used (less than 1 mm), and the variation of linear energy transfer
(LET) as a function of depth. These constraints limit the choice of detectors. Therefore, the
first objective of our work was to evaluate the suitability of the chosen systems for carbon
and oxygen MBRT. To the best of our knowledge, this is the first reported experimental
dosimetry study using heavy ions with such small field sizes. The beams were chosen to be

700 pm wide for two reasons:
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e This beam size is large enough not to be vulnerable to beam smearing from cardiac
pulsations [23], and, therefore, extremely high dose rates, such as those available at

synchrotrons, are not needed.

e To be able to compare our data with previous works in x-rays MBRT and in pMBRT

19, 24].

In the first phase, the main targets will be neurological, i.e. tumors that can be stabilized
against pulmonary and/or cardiac cycles. That is why our evaluation is focused on the
human head as the main final target, and therefore, clinical relevant energies were employed
(150-300 MeV /nucleon). This novel RT approach might allow a reduction in the side effects
in normal tissues. The potential gain in therapeutic index could open the door to an efficient
treatment of very radio-resistant tumors. It might also make charged particle therapy more
amenable to administration in either a single dose fraction or in a very small number of
fractions. Finally, hadron MBRT might also be of interest for radio-surgical interventions,
such as the treatment of Arteriovenous Malformations (AVMs), where high doses are applied

in one fraction.

II. MATERIALS AND METHODS

A. TIrradiation configuration

Irradiations (carbon and oxygen beams) were carried out at the fixed horizontal beam exper-
imental station available at HIT (Germany) [21, 22]. The main irradiation parameters are
described in Table I. Spread Out Bragg Peak (SOPB) irradiations, 50 mm long and centered
at 80 mm-depth, were performed. SOBP beam intensities and energies were computed using

the experimental planning program TRiP [25, 26]. In order to cover a given irradiation field
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size, several hundreds of beam spots per energy slice were used. The spot size was between
3.8-7.0 mm; the step size was 1 mm both in the horizontal and vertical direction. The beam

momentum spread was around 0.1-0.2%. Beam divergence was less than 1 mrad [27].

TABLE I: Main irradiation parameters used in carbon and oxygen MBRT experiments: the field
size (Field size) and the step size used to create the whole irradiation field size (Step size); the
range of full width at half maximum focus sizes (FWHM Focus); the range of energies to create
an SOBP of 50 mm centered at 80 mm-depth in water (labelled as Energies) and the energy step

size in millimeters (Energy step size).

IQC 160
Field size (mm?) 15x15 15x15
Step size (mm?) 1x1 1x1

FWHM Focus (mm) 4.6-7.0 3.84.9
Energies (MeV /nucleon) 165-230 196-272

Energy step size (mm) 3 (17 energies)

Carbon and oxygen minibeam patterns were generated by interposing a first prototype
of multislit collimator (MSLC) into the beam. The collimator is made of tungsten and was
manufactured by electro-erosion (see Figure 1). This collimator was inspired by the one used
in our previous work in proton MBRT [19]. It was designed with the same intended future
research/clinical motivation: the treatment of radio-resistant brain tumors. The MLSC has
several (5) 700 pum wide line apertures (beam width), separated by 3500 pm (center-to-
center or c-t-c distance). The thickness, height and lateral dimensions of the MSLC are

70 mm, 90 mm and 20 mm, respectively. The latter dimension imposed an irradiated area
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of 15x15 mm?, which would be enough to irradiate a whole rat brain in preclinical studies
with neurological tumors as a first target. The distance between the collimator exit and the
phantom entrance was 50 mm. A set of lasers present in the experimental room was used

to align the collimator.

FIG. 1: On the left side is shown a photograph of the multislit collimator used to generate the
oxygen and carbon minibeams. On the right, a scheme shows how the minibeams are generated

by using the mechanical collimator (not to scale).

B. Dosimetry

One of the main aims of this work was to perform a first dosimetry study in carbon and
oxygen MBRT. The task is very challenging and error prone due to the extremely small field
sizes used. New physical aspects, such as the volume averaging effect [28] or the lack of sec-
ondary electron equilibrium [29], start to play a non-negligible role and the approximations
of classical radiation physics tend to be valid to a lesser extend compared to larger fields.
In addition, LET dependence is a limiting factor concerning detector choice in parti-
cle therapy, with the exception of the ionization chambers. However, currently there is no

available ionization chamber providing a sub-millimetric spatial resolution. For all the afore-
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mentioned reasons, in this work, two independent detector systems were used: i) the PTW
microDiamond® single crystal diamond detector [30]; and ii) radiochromic films (EBT3)

[31]. More details about these detectors are given later.

1. microDiamond® detector measurements

The PTW microDiamond® detector consists of a single crystal diamond detector (SCDD).
It has a very small sensitive volume (0.004 mm?) with a thickness of 1 ym in one of the direc-
tions, providing a micrometrical spatial resolution if used perpendicular to the measurement
direction [30]. This makes the microDiamond® detector a very good candidate for small
field dosimetry, as in the case of hadron MBRT. The performance of this type of detectors
has already been proved in standard carbon therapy measurements [32]. In particular, it is
one of the few existing detectors showing negligible LET dependence [32].

Measurements were performed in the MP3-P water tank phantom (60x60x50 cm?)
equipped with a 3-axis motor system [33]. The thickness of the PMMA entrance window of
the water phantom was 3 mm (water equivalent path length of 3.5 mm). The detector was
placed with the smallest thickness dimension (1 pum) perpendicular to the beam. The step
size used for the measurements was 100 pm in steep dose gradient regions and was increased
to 200 pm in low gradient dose regions. Profiles were measured at several depths in water
(33, 53 and 83 mm). Direct measurements at shallower depths were not possible, due to the

water tank wall and the space needed by the holder of the detector.
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2. EBTS3 film measurements

Measurements (twice per irradiation configuration) were also performed with EBT3
Gafchromic® films, which were placed perpendicularly to the incoming beam at different
depths in a PMMA slab phantom. The positions of the films in the PMMA phantom were
translated to water equivalent depth, by using a depth scaling factor (1.165) [34].

Radiochromic films provide the high spatial resolution required by the small field sizes
used and they were already successfully used in x-ray and proton MBRT [19, 35-37]. Films
were analyzed with a flat bed scanner (Epson Perfection V750-M Pro Scanner) at 1200 dpi,
using the methodology described in the work of Devic et al. [38]. For the handling of the films,
the recommendations provided by Task Group 55 of the American Association of Physics
in Medicine (AAPM) [39] were taken into account. Following the work of Martisikové and
Jékel [40], a photon calibration (*"Cs, 662 keV photons) was performed. In addition, the
triple channel method was used for film dosimetry.

A comparison between dose measurements with an ionization chamber (TM30013 PTW
Farmer®, sensitive volume of 0.6 cm®) and with the radiochromic films was performed at
several depths with the classical seamless irradiation field, in order to evaluate quenching
effects [40]. Figure 2 shows film sensitivity dependence as a function of depth for both
detectors. Film sensitivity is reduced at depth, due to LET increase towards the end of the
particle track. In the case of carbon beams, this reduction is around 20% at the center of
the SOBP region. As expected, the corresponding values for oxygen (around 40%) are larger
than for carbon beams. Dose values obtained with the films were corrected by quenching

effects.
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FIG. 2: Carbon (left) and oxygen (right) dose measurements at several depths in a solid water
phantom. Doses were measured with the TM30013 PTW Farmer ionization chamber and with the
2

EBTS3 radiochromic films to evaluate quenching effects. The irradiation field size was 50x50 mm

(classical seamless irradiation field).

III. RESULTS AND DISCUSSION

This section reports on the dosimetric results obtained, which constitute the first experi-
mental proof of feasibility of the technique and an evaluation of the detectors chosen. This
dosimetry study could serve to guide the first biological experiments of this innovative ap-
proach. We mainly focused on the peak-to-valley dose ratio (PVDR), which is an essential
dosimetric parameter in spatially fractionated techniques for its role in biological response
[16]. Output factors (OF), penumbra values and the beam full width at half maximum
(FWHM) were also assessed.

Figure 3 shows the lateral dose profiles for carbon and oxygen MBRT, showing the spatial
fractionation of the dose. The observed reduction of PVDR values with lateral distance
might arise from the use of ‘large’ focal spots (FWHM between 4 to 7 mm; see Table I),

as well as from the initial collimator design. Further optimization of the collimator and/or
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beamline setup might lead to improved dose distributions.
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FIG. 3: Lateral dose profiles for carbon (left) and oxygen (right) MBRT measured with EBT3
radiochromic films are represented at 95.8 mm water equivalent depth. The irradiation field size

was 15x15 mm?2.

Central PVDR values as a function of depth are presented in Figure 4 (on the left, for
carbon MBRT and, on the right, for oxygen MBRT). As explained in section II B, due to the
extreme irradiation conditions, two independent detector systems (microDiamond® detector
and EBT3 Gafchromic® films) were used.

The two sets of measurements, displayed in Figure 4, are in good agreement. The PVDR
values for both ions follow the same trend. The highest PVDR is found near the phantom
surface, reaching a value of 50-60 at 10 mm-depth. Then, PVDR values decrease due to
multiple Coulomb scattering and the contribution of secondary fragments in depth, that
fill the valleys. Carbon minibeams present slightly lower PVDR values with respect to
oxygen minibeams. However, in both cases, the PVDR values obtained in normal tissues
are significantly higher than in x-rays MBRT [24], for which a net gain in tissue sparing has
been shown [11]. This supports the potential of carbon and oxygen MBRT for normal tissue

sparing capability. A quasi-homogeneous dose distribution or lower PVDR values may be
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obtained in the tumor by using interlaced irradiations, as in previous spatially fractionated

RT techniques studies [41, 42].
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FIG. 4: Central PVDR values as a function of the water equivalent depth for carbon (left) and
oxygen (right) MBRT measured with the microDiamond® detector and the EBT3 radiochromic

films. The irradiation field size was 15x15 mm?2.

The FWHM of the central beam and the penumbra (measured as the lateral distance
between 80% and 20% of the maximum dose) are represented in Figures 5 and 6, respec-
tively. They were assessed from EBT3 radiochromic measurements, due to the larger spatial
resolution with respect to the microDiamond® (limited to 100-200 pm).

Both FWHM and penumbra values increase as a function of depth, due to multiple
Coulomb scattering. Central beam FWHM range between around 700-1700 um and between
700-1500 pm for carbon and oxygen ions, respectively. These values are largely reduced with
respect to pMBRT, where FWHM values range from 1000 pm at the entrance up to 2500 pym
at 40 mm-depth [19].

In addition, penumbra values are extremely narrow (less than 1000 pum in the case of
carbon beams, and less than 750 um for oxygen beams) in comparison with the 3-5 mm

penumbras in standard radiosurgery [43], which would benefit the sparing of delicate adjacent

This article is protected by copyright. All rights reserved.



structures.

2500

2000 F

Central beam FWHM (pm)

1500

1000

500

: "Carbon, EBT3 Films'-—ju—-

20

40 60 80 100
Depth (mm)

120

Central beam FWHM (pm)

2500

2000 F

1500

1000

500 F

: 'Oxygen‘ EBT3 F‘ilms’-—ji—-

SOBP

20 40 60 80 100
Depth (mm)

120

FIG. 5: Central beam FWHM as a function of the water equivalent depth for carbon (left) and

oxygen (right) MBRT measured with EBT3 radiochromic films.
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Finally, OF were evaluated for carbon and oxygen beams at 83 mm-depth (center of

SOBP region) as the central minibeam peak dose with respect to the corresponding dose in

broad beam configuration for a field size of 15x15 mm?. Due to the sub-millimetric field

sizes used in this work, low OF values are obtained. In particular, for carbon beams, the

OF are 0.37 & 0.02 (EBT3 Gafchromic®) and 0.34 4 0.02 (microDiamond®), respectively,
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showing a good agreement between both detectors. In the case of oxygen beams, the values
are slightly higher (around 0.37 £ 0.03). Both values are higher than in proton MBRT, for
which the OF was around 0.2 at 80 mm-depth [19] due to the reduced lateral scattering with
respect to proton minibeams. Higher output factors might be obtained with an optimized

beam application system (i.e. active collimation, as shown in [44]).

IV. CONCLUSION

This work presents an experimental dosimetric study in carbon and oxygen MBRT. It is the
first time that measurements in sub-millimetric field sizes in carbon and oxygen therapy are
reported. Two different detector systems (microDiamond® detector and EBT3 Gafchromic®
films) were used. The two sets of measurements show a good agreement, confirming the
reliability of those systems for small field dosimetry in mixed LET irradiations, when proper
corrections are applied.

Moreover, the PVDR values measured (up to 60) are significantly higher than the ones
obtained in x-rays MBRT, for which a net gain in tissue sparing has been proven. This
suggests that carbon and oxygen MBRT might lead to a significant reduction of normal tissue
complication probability. This benefit would be achieved in addition to the already existing
advantages of hadron beams, i.e. their inverse dose profile and the enhanced biological
effectiveness in the tumor.

The confirmation of the potential of this innovative approach requires the realization of
biological experiments. If successful, this could open the door for a dose escalation in the
tumor, of special interest in the case of radio-resistant tumors, like gliomas. Next steps
include the further optimization of beamline setup and minibeam generation, including

neutron background contamination assessment, as well as biological evaluations.
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