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ABSTRACT

Extraordinary normal tissue response to highly spatially fractionated X-ray beams has been explored for over 25 years.
More recently, alternative radiation sources have been developed and utilized with the aim to evoke comparable effects.
These include protons, which lend themselves well for this endeavour due to their physical depth dose characteristics
as well as corresponding variable biological effectiveness. This paper addresses the motivation for using protons to
generate spatially fractionated beams and reviews the technological implementations and experimental results to date.
This includes simulation and feasibility studies, collimation and beam characteristics, dosimetry and biological consider-
ations as well as the results of in vivo and in vitro studies. Experimental results are emerging indicating an extraordinary
normal tissue sparing effect analogous to what has been observed for synchrotron generated X-ray microbeams. The
potential for translational research and feasibility of spatially modulated proton beams in clinical settings is discussed.

INTRODUCTION

Technological advances in radiation delivery and treatment
planning have notably improved the shaping of high dose
regions to the surface of tumour volumes and this conformal
precision also reduces dose to organs-at-risk." However,
treatments of tumours close to sensitive structures, such as
the central nervous system, as well paediatric cancers are
still compromised by the upper tolerance dose of normal
tissue structures. Finding novel approaches that reduce
normal tissue damage is of utmost importance. This is the
case for the utilization of distinct spatial dose distributions,
commonly referred to as spatially fractionated radiation
therapy (SFRT). In SFRT, irradiation is performed by using
highly spatially modulated beams, as illustrated in Figure 1.
The dose profiles on the beam entrance side consist of peaks
and valleys in contrast to homogeneous profiles in stan-
dard radiation therapy (RT). The beams may be spatially
fractionated in one or two directions, referred to as micro/
minibeams (Figure la) and GRID (Figure 1b), respec-
tively. The concept of SFRT was first introduced in 1909
by German physician, Alban Kohler,” to achieve better
skin sparing for deep seated tumours. The value of GRID

or Sieve therapy for the treatment of difficult cases without
risk of skin necrosis was further reported in the 1950s.*”
The advent of megavoltage beams for RT, providing higher
penetration and better skin sparing, resulted in SFRT to be
consigned to oblivion for several decades. GRID therapy
was “rediscovered” in the 1970s using Co-60 units®® and
later in the 1990s by using megavoltage beams provided
by medical linear accelerators (linacs).'” Linac-based grid
therapy is still in use at a few hospitals in the USA, recently
also with clinical proton beams,'"!? to deliver large, single
fraction doses to patients with bulky tumours to shrink
or palliate the disease with minimum damage to normal
tissues. 18

In parallel developments, pre-clinical research was carried
out by Curtis, Zeman and co-workers'*?' at Brookhaven
National Laboratory, starting in 1959, in the context of
studies on the possible biological effects of cosmic radia-
tion. They observed a highly non-linear inverse relation-
ship between radiosensitivity and tissue volume exposed.
The experiment they conducted involved irradiation of
mouse brains with a deuteron beam of varying sizes and
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Figure 1. lllustration of spatially fractionated proton beams
that produce a uniform dose at depth. (a) multiplanar beams
generated with a collimator and (b) pencil beams generated
with steering magnets.

doses. The tolerance dose criterion was the onset of cavitation,
defined as histologic lesion 24 days after exposure. For the 1
mm, 75 pm and 25 pm wide beams, cavitation was observed
after 250, 750 and extraordinarily high 10,000 Gy, respectively.'’
For the 25 um beam, doses of 4000 Gy were needed to produce
death of nerve and glial cells. This was accompanied, however,
by an intact overall tissue architecture and no permanent blood
vessels damage.**! Three decades later, Slatkin and colleagues,
also from Brookhaven National Laboratory, decided to further
exploit these early observations. Along with the advent of
third-generation synchrotron sources providing kilovoltage
X-ray beams with negligible beam divergence and high bril-
liance, they proposed microbeam radiation therapy (MRT).***?
The use of perfectly parallel beams results in a pattern of peaks
and valleys that remain fairly constant with tissue depth.*~%®
This contrasted with the relatively rapid degradation of the grid
patterns with depth of the first grid therapies. The promise was
that extraordinary normal tissue sparing could be maintained
well below the skin level. This was indeed repeatedly confirmed,
with most experiments concentrating on the effects of MRT
on the central nervous system in several animal models.*~>*
Doses as high as 600 Gy delivered with microscopic beams were
well-tolerated without signs of radionecrosis but maintenance
of the overall tissue architecture and permanence of apparently
normal vessels in the path of the microbeams. MRT has also
been shown, despite extremely heterogeneous dose distributions,
to delay tumour growth and in some cases induce tumour abla-
tion in different kinds of tumours in rodents.***°

The need for ultra-high dose rates (>100 Gy s™) to prevent
blurring by cardiosynchronous pulsations*! of the peak and
valleys patterns, the need for low-kilovoltage energies (<200
keV),*? and the technical challenges related to positioning and
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dosimetry triggered the exploration of minibeam radiation
therapy (MBRT)*>*® with slightly larger but still submillimetre
beams. MBRT is less vulnerable to beam smearing than MRT,***
technically easier to implement and feasible with higher ener-
gies.*> MBRT has also been shown to significantly increase the
normal tissue resistance in animal experiments with respect to
uniform irradiation,**~>° while delaying tumour growth.*¢>!

The inherent advantages of charged particle beams in RT use
along with the increasing accessibility of proton therapy centres
has prompted the consideration of the synergies between spatial
dose fractionation and the use of protons.”* *" Termed proton
minibeam radiation therapy (pMBRT), it offers several intrinsic
dosimetric advantages over X-ray-based MBRT, including the
distinct radiobiological properties of protons,® and the possi-
bility of producing uniform dose at depth, while maintaining
modulation on the beam entrance side. The biological evalu-
ations performed to date confirm a remarkable reduction in
normal tissue toxicity”>*%? even with supramillimetre beams.®*

The aim of this work is to review the developments on pMBRT
since the first publications in 2013. This includes the technical
aspects and dosimetric considerations as well as an overview of
the beam parameters at different facilities that have been utilized
to date. This is followed by a review of published radiobiology
experiments as well as considerations for a common framework
to describe and report dose from spatially fractionated beams.
The final part of the paper discusses future developments and
potential for translational research.

TECHNICAL ASPECTS

Proton minibeams can be generated similarly to synchrotron
generated microbeams by shaping a broad beam into multiplanar
arrays by means of a multislit collimator,”>*>***® as illustrated in
Figure la. In contrast to the 25-100 um-wide kilovoltage MRT
beams, characteristically spaced 200-400 pm, MBRT typically
uses 2300 pm wide beams with on-centre distance reaching from
twice the width to 3.5 mm. An alternative approach, shown in
Figure 1b, is pencil beam scanning, whereby an array of proton
pencil beams is sequentially placed at defined distances to form a
grid pattern of high and low dose regions.>® Both approaches are
henceforth referred to as proton minibeams.

Beam design considerations

Proton minibeams and proton grid therapy have a distinct dosi-
metric advantage over X-ray-based spatially modulated beams
in that a uniform dose can be delivered at the depth of the Bragg
peak (BP) even if merely a single beam direction is used. This
fundamentally distinguishes pMBRT from X-ray GRID thera-
pies, where typically non-uniform dose in the tumour is used
with the aim to debulk large tumours. For a proton the energy
loss along its path is inversely proportional to the square of the
proton’s velocity, becoming a relatively large energy loss just
before stopping. For a beam of protons, this results in a dose
build up toward the end of the proton beam range that is laterally
spread out due to multiple coulomb scattering along the proton
beam path. Due to its small area dimension, a single minibeam in
isolation may not exhibit a large BP. But by strategically placing
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Figure 2. Concept of proton minibeams. Simulated dose distributions with spread out Bragg peak for (a) homogeneous broad
with permission.

beam (top) and (b) minibeam (bottom) irradiation. Figure adapted from Sammer et a
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adjacent minibeams at an appropriately calculated distance, their
lateral scattering dose clouds at the end of the proton range can
be overlapped to result in a reconstituted large BP providing a
laterally continuous uniform peak dose distribution at depth,
while also maintaining high spatial beam modulation on the
entrance side.”® This is depicted in Figure 2, which illustrates the
difference between a uniform and non-uniform pMBRT beam,
both with spread-out BP. pMBRT contrasts with X-ray-based
MBRT, in which at least two orthogonal interlaced planar arrays
are required to generate uniform dose at depth, leading to a more
complex and error prone irradiation geometry. On the other
hand, one of the drawbacks for very narrowly collimated proton
beams is that the BP to entrance dose ratio becomes smaller
than unity due to the reduction in in-scatter leading to a loss of
charged particle equilibrium, which negates the inherent phys-
ical advantage of dose deposition of protons with depth. Further
details of this phenomenon can be found in, e.g. Hong et al.**
Therefore, minibeam widths >300 um are desirable to maintain a
reasonable entrance to BP ratio.*

The incident proton beam energy and the type of beam collima-
tion determine the proton beam spectrum and hence the pene-
tration characteristic of the proton minibeams. The peak beam
energy dictates the depth of the BP and the energy distribu-
tion about the peak determines the sharpness of the distal dose
falloff. The distance between incident minibeams governs the
peak-to-valley dose ratio (PVDR) and the degree of dose overlap
between individual BPs. For collimator generated minibeams,
the position of the collimator relative to the irradiation object
has a strong influence on the PVDR.””% For instance, retracting
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a pMRT multislit collimator from a water phantom by 2 cm
reduced the PVDR by a factor of 10, from 37 to 3.7 in one study,”’
indicating the complexity of the dosimetry. A further factor is
the collimator material in combination with the collimator posi-
tion, which governs the amount of neutron contribution to the
irradiation object, which was quantified by several authors>”*>¢
and discussed in several commentaries®>*”%® and further below.

Feasibility of uniform target irradiation

Prezado et al first considered the use of proton minibeams in
2013 in their GATE/Geant4® Monte Carlo simulation study,”
in which they simulated two proton energies, 105 MeV and 1
GeV. They concluded that similar or higher PVDR compared to
MBRT can be achieved, with penumbras sharper than that of a
GammaKnife beam. They also evaluated an interlaced arrange-
ment for the higher energy beam to obtain a uniform dose in the
target. The same team implemented pMBRT at a clinical centre
(Institut Curie Centre de Protonthérapie d'Orsay) in 2014°® by
using mechanical collimators.**®°

In 2013, Dollinger and co-authors® took advantage of the beam
widening at the distal end of parallel proton beams to obtain a
uniform dose in the tumour. In their pioneering experiment with
a20 MeV proton beam on a human skin model, described further
below, their irradiation geometry resembled a lattice with 10-50
pum wide microchannels spaced 500 pum apart. They concluded
that proton microchannel irradiation maintains cell viability and
reduces inflammatory responses and genetic damage compared
to homogeneous irradiation.
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Dilmanian et al,” one of the early pioneers of microbeam radio-
therapy, conducted Monte Carlo simulations with MCNPX"
in 2015 to investigate the beam characteristics of a multislit
collimator generated 109 MeV proton minibeam to produce a
uniform dose on a clinical particle facility. They considered both
pencil beam scanning and used a 5 cm thick tungsten collimator
with 300 pm beam width and 1 mm on-centre spacing.

Lee et al>> used TOPAS’! Monte Carlo simulations to system-
atically optimize their pMBRT collimator design for a preclin-
ical 50.5 MeV proton beam line in 2016. They also obtained a
slit width of 300 um with 1 mm on-centre spacing as an optimal
configuration to obtain a uniform dose at depth. For the colli-
mator material, iron was suggested instead of tungsten because
of the considerably lower neutron yield at that energy. They
further investigated the trade-offs between different collimator
thicknesses and the resulting PVDR. They concluded that ideally
the collimator should be made thicker than theoretically neces-
sary to stop the beam to achieve sharp penumbras and high
modulation. However, this is at cost of a drop in dose rate with
collimator thickness.

In similar work, investigating collimator material and opti-
mizing their existing collimator geometry of 400 pum with a
centre-on distance of 3.2 mm for a 100 MeV beam, Guardiola
et al®® concluded that although the neutron yield of a tungsten
collimator is up to three times higher than that of other mate-
rials, the overall neutron dose contribution is less than 1% and
therefore negligible. Nonetheless, uncertainties in the relative
biological effectiveness (RBE) of neutrons remain a concern,®
in particular in the valley regions. This is because the valley dose
is thought to be the determining factor for normal tissue toler-
ance.”” Alternative materials that have been proposed to reduce
the neutron dose by approximately 30% include nickel, iron and
brass.”

The most sophisticated framework to obtain optimal irradia-
tion geometry was recently presented by Sammer et al.*® They
defined the incident beam geometry and energy within an
elegant inverse planning approach and evaluated the effective-
ness of different beam geometries in terms of survival fractions.
The overall aim was to optimize the geometry and distances
between the minibeams to minimize overall cell killing outside
the target, while maintaining uniform dose coverage at depth.
Opposed to previous work, this was achieved by utilizing the
linear quadratic (LQ) model instead of dose-based optimiza-
tion. The difference being that the LQ model incorporates the
characteristic non-linear cell killing behaviour with increasing
dose. Planar and both square and hexagonal lattice arrangements
were considered for the incoming beam geometry. Optimisation
was carried out for clinical proton beam energies with spread-
out-BPs and realistic tumour depths. They concluded that pencil
beams, in particular in a hexagonal arrangement, were supe-
rior to planar beam geometry, in terms of minimising normal
tissue damage and treatment delivery efficiency. These findings
highlight the limitations of merely dose-based optimization of
minibeam arrangements. They further suggest that future clin-
ical implementation should focus on pencil proton beams rather
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than on planar proton minibeams to maximize the efficacy of
spatial fractionation

Dosimetry

Dosimetry of SFRT beams is intrinsically challenging due to the
narrow dimensions of the high spatial modulation. For absolute
dosimetry, the gold-standard in RT are ionization chambers,
which do not have the spatial resolution to resolve the peak and
valley regions. Therefore, film dosimetry is the main option for
both absolute and relative dosimetry,”>*® with cross calibrated
diamond detectors with a 1 um sensitive detector layer as an
alternative option.”” Another option is a scintillation detector
which can count individual protons.®® With regard to Gafchromic
films, Peucelle et al successfully corrected for film saturation
using EBT3 film.”® They provided a detailed uncertainty budget
for their approach and estimated a combined uncertainty of
4%, consisting of individual uncertainties resulting from abso-
lute dose determination with an ionization chamber, optical
density readout and film calibration. Gafchromic films are also
known to exhibit a linear energy transfer (LET) dependence
and this becomes relevant for proton dosimetry, especially when
lower energy protons are present.”* These lower energy protons
are primarily near the BP and in the valley regions as a result
of in-scatter within the collimator channels, the latter of which
can lead to an underestimation of the valley dose. The energy
dependence manifests itself with an under response with depth
and reaches a maximum towards the end of the proton range.
The magnitude of the Gafchromic EBT film underresponse can
amount to 20-30% at the peak of the Bragg curve®®’> or even
>30% below 50 MeV.”® Cao et al’® characterised the under-re-
sponse of EBT3 film by comparing it with ion chamber and
microdiamond detector measurements and corresponding
Monte Carlo simulations to determine a film calibration curve
as a function of depth and hence LET. The energy dependence
as a function of LET was found to be highly non-linear within
the uncertainties of film positioning and statistical uncertainties
of the simulations. This highlights that to obtain reproducible
results careful film calibration with regard to dose and spectral
characterisation by means of Monte Carlo simulations> are
recommended.

Operational proton minibeams

Currently, there are four facilities that have implemented
and delivered proton minibeams and are actively conducting
research. They are groups in Orsay, France, the Technical
University in Munich, Germany, the University of Maryland/
MD Anderson, USA and the University of Washington in Seattle,
USA. A summary of the beam details is given in Table 1.

The first implementation of pMBRT was achieved in 2014°® at
the Institut Curie—Centre de Protonthérapie d'Orsay, a clin-
ical proton therapy facility. A 230 MeV proton cyclotron (IBA,
Belgium) delivers the beam to a universal nozzle-equipped
gantry and two horizontal beamlines. In a first phase, proton
minibeams were generated with mechanical collimators®®®® with
400 and 700 um-width and on-centre distances of 3200 and 3500
um, respectively. The beam geometries were chosen to obtain
a quasi-homogeneous dose distribution in the target while
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Beam . . . .
. Collimator material/ Slit/channel Spacing Approx. dose
Author Location energy . . .
thickness width (um) (um) rate (Gy/min)
(MeV)
1400, 2800,
Prezado et al. Orsa 105 Brass/ 5 cm & magnetic lead/ 70 700 3500 B
(2013) Y 1 GeV cm & magnetic 700 1400, 2800,
3500
Dollinger et al. .
(2013) Munich 20 PBS 10-50 500 40-100
Girst et al. Munich 20 PBS 260-520 1800 40-100
(2015)
Dilmanian et
al. (2015) MD Anderson 109 Tungsten/ 5 cm 300 1000 90
Peucelle et al. 400 3200
(2015) Orsay 100 Brass/ 5 cm 200 3500 2
Lee et al.
(2016), Seattle 50.5 Steel/ 2.5 cm 300 1000 10-20
Meyer et al.
(2017)
Guardiola e al. Orsay 100 Brass, tungsten, nickel, iron 400 3200 6
(2017)
Prezado et al. Orsay 100 Brass/5 cm 400 (1100 in rat) 3200 2
(2017)
Mossahebi et
al. (2017) Maryland 80-140 Tungsten/5 cm 300 1000 90
de Marzi et al. 123 .
(2018) Orsay 150 PBS 400 (1100 in rat) 1000 6

PBS, pencil beam scanning;

retaining sufficient spatial fractionation in normal tissue.” The
first series of biological studies®® confirmed the main working
hypothesis: pMBRT provides a remarkable gain in normal tissue
sparing. Recently pMBRT was implemented on a pencil beam
scanning system,’”’ obtaining a dose rate of 6 Gy min' in the
central minibeam at the BP position. Further optimization with
the goal of obtaining an adequate dose rate to be able to treat
patients within a reasonable time frame of a few minutes are
ongoing.

Accelerator Laboratory SNAKE, Munich, Germany

At SNAKE (Supraleitendes Nanoskop fiir angewandte Kernener-
gie-Experimente), a large variety of biological experiments have
been performed on a regular basis since 1970. It is a Tandem
accelerator of the “Emperor” (MP) series and manufactured by
High Voltage Engineering Corporation, located at the Acceler-
ator Laboratory at the TUM campus in Garching. The scanning
ion microprobe delivers focused ion beams with sub micrometre
irradiation accuracy, enabling irradiation of, e.g. cell nuclei with
single or tallied ions. Details of the facility can be found else-
where.”*#® For pMBRT, a 20 MeV proton beam is focused or
collimated to a submillimetre beam size and translated such
that tissue between the minibeams receive nearly zero dose.
For mouse irradiations a specially developed, temperature-con-
trolled aluminium holder was developed.> For in vivo dosim-
etry, every proton hitting a scintillator-photomultiplier detector
positioned directly in the beam path can be counted, such that

the dose to any area can be accurately calculated. The LET of
the proton beam on the surface is 2.7 keV um™ and the range of
protons in water is <5 mm.”?

The University of Texas MD Anderson Cancer
Center (MDACC, Houston, TX) and University of
Maryland School of Medicine (Baltimore, MD)

In 2013, a collaboration was formed by Dilmanian, Krishnan and
Eley to investigate the potential of proton minibeam therapy and
to begin experimental testing with high-energy protons using a
clinical system and a tungsten multi slit collimator.> Initial work
was carried out on the Hitachi PROBEAT synchrotron acceler-
ator (Tokyo, Japan) at the MD Anderson Proton Therapy Center,
Houston, TX. A 100 MeV proton beam was utilized in combi-
nation with a 5 cm tungsten multislit collimator producing 300
pm planar proton minibeams with 1 mm on-centre spacing,
resulting in a 23:1 PVDR. The initial results established that
proton minibeam therapy if feasible on existing clinical proton
therapy facilities and it was concluded that the approach could
achieve low-enough valley doses to expect tissue sparing effects.
In further work by the group, a small animal irradiation plat-
form was constructed at the Maryland Proton Treatment Center,
using optical components and precision translation stages.81 On
the Varian Medical Systems ProBeam superconducting cyclo-
tron accelerator (Palo Alto, CA), pencil beams are available
to generate proton minibeams with a collimator of the same
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specifications as previously used at MD Anderson. Measured
PVDR for proton energies of 80, 100, 120, and 140 MeV were 25
+5,31£3,20+2,and 15+ 2.%

University of Washington, Seattle, USA

The University of Washington developed the first image-guided
experimental small animal platform to investigate radiobio-
logical effects of proton beams.®* The heart of the facility is a
Scanditronix MC50 cyclotron, which was installed in 1983 for
fast neutron therapy,® for which it is still used clinically. One
of the fixed neutron beamline room was converted in 2012 to a
research proton beamline with a maximum energy of 50.5 MeV.
The beamline is fully integrated into an X-ray small animal irra-
diator (SARRP, Xstrahl Ltd, Camberley, Surrey, UK), with high
resolution cone beam CT. The proton beam is near monoener-
getic and produces a pristine BP between 7 and 21 mm depth. To
produce a proton minibeam with a uniform dose at depth, a 25
mm thick multislit steel collimator with 300 um slit width and 1
mm on-centre spacing is utilized.” A full dosimetric characteri-
zation of the beam, including LET, energy spectrum, and RBE on
a per voxel based was recently carried out.””

BIOLOGICAL WORKS

3D human skin model

First experimental evidence demonstrating reduced negative
irradiation effects of microchannel irradiation with protons
compared with homogeneous broad beam irradiation® was
conducted in 2013 at SNAKE in Munich. The investigation was
carried out on a commercially available in vitro three-dimen-
sional (3D) human skin model (Epiderm FT ', MatTek Corpo-
ration, Ashland, MA, USA) to account for the preserved 3D
geometric arrangement and communication of cells present in
tissues in vivo. The skin model was used as a target system for
assessing micronucleus induction to get a non-animal skin-based
genotoxicity assay.** The skin was chosen as an example for an
acute side effect since acute radiation dermatitis is common in
RT and occurs during or after the end of radiotherapeutic treat-
ment. Despite improvements in technology that have greatly
reduced the burden of cutaneous reactions, radiation dermatitis
remains an important side effect. Even today, approximately 85%
of patients will experience skin reaction in the exposed area.®®

In an in vitro study,* greater cell viability and lower cytogenetic
damage was demonstrated using the MTT (3-(4,5-dimethylthi-
azol-2-yl)-2,5-diphenyltetrazolium bromide) tissue viability and
micronuclei assays, with a reduced and shorter inflammatory
response, measured as the release of inflammatory cytokines in
the culture medium of the skin.

The aim of a second study was to compare synchrotron generated
X-ray beams at the European Synchrotron Radiation Facility in
Grenoble, France, and proton microbeam irradiation at SNAKE
and to compare the effects of increasing minibeam width
on potential side effects in normal tissue.*® 20-MeV protons
minibeams with a 0 = 260 and 520 um and interchannel distance
of 1.8 mm were applied to a 3D human skin model and compared
to homogeneous proton irradiation. A significant reduction of
cytogenetic damage was observed for the widened minibeams

Meyer et al

compared to homogeneous irradiation. For homogeneously
overlapping minibeams, the cytogenetic damage did not exceed
that of homogeneous irradiation.*® Normal tissue irradiation
with either X-ray or proton minibeams maintained a higher cell
viability and DNA integrity compared to homogeneous irradia-
tion, and thus might improve normal tissue protection after RT.

Small animal studies

Most of the small animal work to date has been carried out on
normal tissue sparing. As the goal of proton minibeams gener-
ally is to deliver a uniform dose to the target, it is assumed that
tumour response is no different to when a broad beam is used to
deliver the same homogeneous dose. This is different to GRID
irradiation, which is used clinically to debulk large tumours,
for which the goal is to deliver high dose peaks, rather than a
uniform dose (see, e.g.'"). Clinically relevant proof-of-concept
results can only be obtained using proton minibeam irradiation
in an animal model where the complexity of irradiation effects,
including the response of vasculature and immune system, can
be analysed. In the study by Girst et al,>® the acute side effects
of proton minibeam irradiation were compared to those of
conventional homogeneous proton irradiation of the normal
tissue in a validated mouse model. Mouse ears were chosen as
a model for murine skin due to the small ear thickness of only
about 250 pm, which allowed the detection of 20 MeV protons
directly behind the ears. Visible reactions resulting from irradia-
tion were categorized as erythema, desquamation and changes of
ear morphology and hair loss. While homogeneous irradiation
with 60 Gy induced an up to fourfold increase in the ear thick-
ness and a high degree of oedema in both skin layers, no swelling
could be detected at any time-point after minibeam irradiation
at the same mean dose. Likewise, no erythema or desquamation
or hair loss was visible in the mice that were irradiated with the
proton minibeams compared to those that received a homoge-
neous proton irradiation. Histological analysis supported these
findings by showing no changes for minibeam-irradiated ears,
but a significant enlargement of the epidermis at the time of
the highest ear swelling together with large inflammatory and
necrotic regions after homogeneous irradiation. The results from
this animal study clearly demonstrated that proton minibeam
irradiation reduces the incidence of acute side effects compared
with conventional broad beam irradiation in a mouse ear model.

Prezado et al performed the first long-term evaluation of the
effects of pMBRT on normal brain.%? Fischer 344 rats (n = 8
per study arm) were exposed to 100-MeV protons with integral
doses of 25 Gy, using either solid beams or planar minibeams
with 1.1 mm minibeam widths and 3.2 mm on-centre spacing.
Minibeam peak doses were 58 Gy and the PVDR was 6.5:1 at 1
cm depth, with an effective mean dose of 25 Gy. Animals were
followed for up to 6 months after irradiation. A longitudinal
MRI study was carried out along with histological analysis. Rats
treated with conventional proton irradiation exhibited severe
moist desquamation and substantial brain damage. In contrast,
no significant damage was observed in the pMBRT group.®*
These results demonstrate that pMBRT leads to remarkable gain
in normal tissues tolerances in delicate and treatment limiting
organs, like the central nervous system. This opens the door for a
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Figure 3. Comparison of the RBEpgg (left axis) at different depths for different nominal proton beam energies simulated on the
University of Washington research proton beamline. The depth of the BP is shown on the right axis. BP, Bragg peak.
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more efficient treatment of highly radio-resistant tumours, such
as high-grade gliomas (GBM).

The Orsay team has recently also shown that pMBRT leads to
considerable tumour control in glioma-bearing rats with signifi-
cantly reduced toxicity. It was shown that tumour sterilization
can be achieved even with highly heterogeneous dose distribu-
tions®” and more work is currently under way to confirm these
findings.

RBE and EUD considerations

One of the pertinent endeavours to ensure that experimental
results in SFRT are reproducible, is to have a framework that
allows to account for the differences between the spatially
fractionated beams used at different institutions. Currently,
no commonly agreed reporting standards or metrics exist
to compare mini-/microbeams of different geometries (i.e.
on-centre spacing, slit width), dose modulation (i.e. valley
dose, PVDR), beam type and energy (i.e. X-rays, protons,
carbon ions) and dose rates (i.e. 2-10000 Gy min}). Meyer
et al®’ proposed to include RBE and equivalent uniform dose
(EUD) considerations to account for beam type and energy as
well as beam modulation. They simulated the RBE for double
strand breaks (DSB) for the different proton beam energies of
the institutions mentioned in "Operational proton minibeams"
and found differences in RBEpgg of over 25% at the BP and
close to 50% at the distal end of the BP. On the beam entrance
side, the differences were less than 10% for nominal proton
beam energies between 30 and 109 MeV. This is illustrated in
Figure 3. They further found that the effect of the collimator on
the RBE weighted dose was minimal with regard to both the
peaks and valleys. In terms of the EUD, which is based on the

well-established LQ model for cell survival, it was shown that
in most situations the mean dose is not as previously thought a
suitable quantity to compare spatially fractionated and uniform
beam geometries, although this has historically often been used
for experimental comparisons to demonstrate the benefits of
SERT. The reason for the discrepancy between mean dose and
EUD is because cell kill is not a linear function of dose whereas
the mean dose is. In particular, the higher the dose the further
the EUD trends toward the valley dose.*® This reflects observa-
tions from MBRT experiments, for which typically high doses
in the order of tens or hundreds of Grays are used. It is generally
assumed that the toxicity is more dependent on valley region
parameters rather than the peak dose.”” Several studies investi-
gating partial volume irradiation with split beams and the effects
of low dose baths support this observation.*****? Possible expla-
nations for the increased efficacy of spatially fractionated beams
include in-field bystander effects,” cytokines* and differential
modulation of immune and inflammatory gene pathways.”*

RBE and EUD models have known limitations and have not yet
been verified experimentally for highly spatially modulated dose
distributions. Nevertheless, incorporating known responses,
such as spatially varying RBE and EUD, are an important step
toward inter-institutional reproducibility of experimental results.
Thus, the findings from these models should not be considered in
absolute terms but rather as a means to help interpret past find-
ings, prospectively explore trends and to design future experi-
ments. Biological effects that cannot be accounted for with these
models, such as the difference in beam geometries and dose rate,
need to be further explored and may help identify possible expla-
nations for the overall phenomena related to micro-/minibeams.
Further refinements and validation of the biological models and
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metrics for spatially modulated dose distributions are required
(see, e. g.92'94).

FUTURE

The ultimate goal is to translate and reproduce the findings from
small animal experiments into the clinic. The spatial fraction-
ation patterns in pMBRT strongly depend on the beam energy,
which is a function of the depth of the irradiation target. This will
require higher beam energies and, as each small proton beamlet
widens with depth, the on-centre spacing between adjacent
minibeams will become considerable larger, which in itself is an
advantage in terms of normal tissue sparing. However, on most
current clinical proton beam facilities, the smallest beam spots
available are several millimetres in diameter, depending on the
beam energy, and therefore much larger than what is expected
to elicit an extraordinary normal tissue sparing as described
here within. For robustness and to reduce the peak entrance
doses more than one beam direction will most likely have to be
considered. Several feasibility studies with multiple beams and
interlaced beam arrangements have been published”~*® in this
regard. While these planning feasibility studies use beam dimen-
sions that are not comparable to pMBRT, they provide an insight
into some of the practical obstacles that will have to be over-
come for successful clinical translation. In addition, even with
the larger dimensions of current clinical pencil beams, an EUD
effect can be expected, especially for high fraction doses,” which
could in itself provide a worthwhile advantage.

Although the physical characteristics of proton therapy are
well-understood, the biological aspects, particularly the complex
biological endpoints for normal tissue complications, have been
less explored in a systematic way. RBEs obtained from traditional
endpoints, such as clonogenic cell kill, are likely to have limited
applicability to assess proton action on multiscale end points,
such as cancer progression, tumour control and carcinogenesis
risk. In-depth and systematic proton radiobiology evaluations,
including the assessment on how protons act on multicellular
processes, such as angiogenesis, are essential for the optimization
of proton radiotherapy. The limited access to beam time and the
lack of an adequate image-guidance for small animal treatment
at clinical facilities create the need for the development of more
precision preclinical small animal proton therapy facilities. The
availability of such facilities will allow advancement in animal-
based proton RT research, thereby providing new insights into
the biological responses of proton vs photon irradiations and
helping to optimise the treatment protocols. The possibility of
performing systematic and comprehensive experiments would
help unravel the distinct biological mechanisms participating
when spatial dose fractionation is used.

From a clinical perspective, SFRT may be the next step forward
in precision radiation medicine. Through the dose reduction
to normal tissue outside the entry channel of the narrow beam
setup, the anticipated damage to normal tissue and subsequently
the risk for treatment-related side effects may be reduced signifi-
cantly. At the same time, the total dose to the tumour can be
increased. Especially for radiation resistant tumours, this may
enhance local tumour control following the dose-response

Meyer et al

curves well characterized for most tissues, while not increasing
overall rates of side effects.

Another interesting area of future work is to combine and sepa-
rate out the magnitude of the sparing effects of spatial fraction-
ation and ultra-high dose rate irradiation. The latter is referred
to as FLASH irradiation® and uses dose rates in the order of 100
Gy s~1.1% While spatial fractionation has been shown to produce
normal tissue sparing effects on its own, combining spatial frac-
tionation with FLASH irradiation may or may not amplify this
effect and might help to shed some light in the underlying biology
governing the biological processes leading to tissue sparing.

Overall, two clinical approaches can be followed for SFRT: (1)
Reduction of changes to normal tissue with comparable local
control in diseased tissue or (2) comparable changes to normal
tissue and thus identical rates of side effects, but higher dose to
the tumour and thus improvement of outcome. From an onco-
logical perspective, both strategies are worthwhile following
depending on the tumour type evaluated. Patients with low-risk
tumours with long-term survival might benefit more from
reduction of side effects, thus Strategy 1; this group might
include lymphomas, low-grade gliomas or benign lesions such as
meningioma. Patients with radiation resistant tumours, such as
osteosarcoma, chordoma or chondrosarcoma, will mostly benefit
from Strategy 2, since local control is still not satisfactory.

While proton minibeams have shown the potential for a para-
digm shift in radiation treatment, clinical trials are required to
confirm the results from small animal experiments in humans.
One of the challenges will be to determine revised normal tissue
tolerance doses for spatially fractionated irradiation. As this is a
function of the irradiation geometry, the dose, and in some cases
the orientation of the beam relative to the functional subunits
of a certain organ, this is no trivial task. The first therapeutic
trials should evaluate the dose toxicity relationship and should
be Phase I studies. They could include primitive brain tumours
with a very poor prognosis, such as tumours which are inop-
erable with imprecise limits and are resistant to radiotherapy.
Another indication could be total brain irradiation for multiple
brain metastases.

The possibility of radiation-induced abscopal effects provides the
opportunity to test the association with some medical treatments
like targeted therapies such as anti-PD1. Lymphocytes are known
as the most radiosensitive cells in the mammalian body'"! and
the idea behind the potential immunogenic effects of SFRT is
the fact that in conventional uniform tumour irradiation tumour
infiltrating lymphocytes are eliminated with each daily fraction,
whereas spatially fractionated irradiation can be designed to
partially spare tumour infiltrating lymphocytes in or near the
tumour, allowing the opportunity to induce a systemic response.
Phase II studies will then need to be conducted to determine
the dose and antitumoral efficacy relationship according to the
tumour type and its tissue environment.

In addition to cancer treatment, the high-precision of SFRT
could be used for functional radiation treatments,” such as
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trigeminal neuralgia, treatment of epilepsy or other neurological
diseases such as Parkinsonism. Experimental setups have shown
that MRT to the hippocampus can deliver a highly precise dissec-
tion, without any radiation-induced oedema or radionecrosis 3
months after irradiation.'”® Histological analysis showed a very
well preserved hippocampal cytoarchitecture and confirmed the
presence of clear-cut microscopic transections across the hippo-
campus. Earlier experiments had shown that tissue dissection
with microbeams might be effective in epilepsy treatment due to
cortical transections.'*>!%*

CONCLUSIONS

Proton minibeams are a relatively new concept and currently,
only a few facilities worldwide have the technical capabilities
to deliver pMBRT beams. Opposed to classical X-ray GRID
therapy, pMBRT can also deliver a uniform dose to the target

BJR

while at the same time maximizing the beam modulation
along the proximal beam path. First encouraging experi-
mental results from small animal studies are emerging but
in order for this new technology to be successfully translated
into the clinic, interinstitutional reproducibility of the results
should be a high priority. This can only be achieved through
meticulous dosimetry and following recommended reporting
standards.’”'%>!% In the long run, the generation of proton
minibeams by means of magnetically focussed pencil beams
will provide the most convenient and versatile approach for
clinical implementation and will allow the widespread avail-
ability of proton minibeams. Apart from the technological
requirements, characterisation of the dose response of normal
tissue to different flavours of pMBRT and categorization of the
biological mechanism will be the most challenging part of the
endeavour on the road to clinical implementation.
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