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Abstract
Proton minibeam radiotherapy (pMBRT) is an external beam radiotherapy method with reduced side effects by taking advantage of
spatial fractionation in the normal tissue. Due to scattering, the delivered small beams widen in the tissue ensuring a homogeneous
dose distribution in the tumor. In this review, the physical and biological principles regarding dose distribution and healing effects
are explained. In the last decade, several preclinical studies have been conducted addressing normal tissue sparing and tumor control
in-vitro and in-vivo, using human skin tissue and mouse or rat models. The major results acquired in these studies are summarized.
A further newly emerging therapy method is FLASH radiotherapy, i.e. the treatment using ultra-high dose rates. The possibility of
combining these methods in proton minibeam FLASH therapy (pMB FLASH) is worked out. Additionally, technical feasibility and
limitations will be discussed by looking at simulations as well as preclinical studies and also pointing out new ways of delivering
the desired tumor dose, such as interlacing. We will also highlight the opportunities that emerge regarding high dose radiation,
hypofractionation and the combination with immunotherapy.
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Introduction
Radiotherapy (RT) is besides chemotherapy, surgery
and immunotherapy, one of the four pillars of cancer
treatment. Approximately 50% of all cancer patients
worldwide are treated using radiotherapy. The application
of radiation from the outside of the body (external beam,
EBRT) is the major way of applying radiotherapy. The
most frequently used method worldwide is intensity
modulated radiotherapy (IMRT) using x-rays. Radiation
affects tissue by damaging DNA in the cells. Therefore,
healthy tissue is also damaged in the beam path in front
(proximal) and behind (distal) the tumor, which limits
the dose that can be applied to the tumor. The main aim of
modern radiotherapy is to widen the therapeutic window,
i.e. either by enhancing the efficiency of tumor control or
by reducing the risk of side effects. Already in 1946, the
idea of using protons for radiotherapy was introduced by
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R.R. Wilson [1]. Due to the unique depth dose distribution
of particles following the Bragg curve, no radiation is
applied to tissue behind the tumor, as particles are stopped
in the Bragg peak [2]. This clearly reduces the chances of
side effects, although healthy tissue in front of the tumor
is still exposed to radiation and therefore damaged.
A method to reduce normal tissue damage in front of the
tumor is spatial fractionation, introduced in 1909 by Alban
Köhler via the use of grids in x-ray therapy [3]. Spatial
fractionation - as opposed to time/dose fractionation
- reduces radiation damage in normal tissue by simply
sparing (large) parts of it from radiation. Continuous
research from the 1950s led to the development of
microbeam radiotherapy (MRT) using dedicated
research beamlines at synchrotron radiation sources in
Brookhaven National Laboratory (USA) [4] and ESRF
in France in the 1990s [5], investigating the benefits and
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constraints of the MRT method for patient treatment. In
MRT, radiation is applied in a grid like pattern with high
doses in the radiation channels and low doses in the valleys
in between. Using photons for this method, the tumor is
irradiated with the same beam pattern with peaks and
valleys as the normal tissue. Typical dimensions of the
microplanar beams for pre-clinical studies are 25-100 µm
with a spacing of several hundred µm. Entrance doses of
several hundred Grays and valley doses of approx. 10-30
Gy are conventionally used in this method [6-8]. Although
promising results in rat and mouse brains [8-10] give
the opportunity to push this method further to clinical
trials, several disadvantages and problems remain.
First of all, valley doses are very high regarding the
normal tissues but at the same time low in the tumor:
healthy tissue between the microbeams is still receiving
non-negligible doses which limit the beneficial effects of
MRT, while tumor cells in the valleys might not be killed
by doses lower than in conventional RT, thus endangering
efficient tumor control. Furthermore, the problem of
irradiating tissue behind the tumor remains using photon
beams. Finally, the production of a beam pattern with
such small sizes for clinical use is technically challenging.
Another quite new exploration is FLASH radiotherapy,
i.e. radiotherapy using ultra-high dose rates ≥ 40 Gy/s
[11], which has been shown to reduce radiation toxicity
in normal healthy tissues with similar tumor control
efficiency as conventional dose rate irradiation in preclinical models. The reduction in normal tissue toxicity
was first discovered in the last century in murine gut
and skin models [12,13] and confirmed in mice tail using
high instead of conventional dose rates [14]. In 2014,
this phenomenon has been “re-discovered” by Favaudon
et al. [11], yielding sparing of normal tissues together
with a comparable tumor effect as in conventional RT,
examined with electrons, photons and protons in various
normal tissue and tumor models [11,15-17]. Already a
first melanoma patient was treated using FLASH therapy
[18]. Studies using pulsed proton beams with FLASH
dose rates have also been performed in cells [19-24],
tissues [24] and mice [25] at the ion microbeam SNAKE
(superconducting nanoprobe for applied nuclear (kern-)
physics experiments, Garching Germany) [26,27],
showing the same normal tissue and tumor effects. The
difference in dose application time between FLASH and
conventional RT (<100 ms vs. minutes) is maybe even
more relevant than the dose rate (commonly used to
define FLASH). According to Bourhis et al. and Weiss et
al., the total irradiation time leads to a difference in the
consumption of local oxygen inducing hypoxia in FLASH
irradiated cells and could thus explain the advantage
for normal tissue but no benefit for tumor cells [28,29].
Furthermore, a lower fraction of circulating blood cells is
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irradiated, however with (much) higher doses, potentially
affecting the response of the immune system [30].
Proton minibeam radiotherapy (pMBRT) and especially
combining it with FLASH radiotherapy (pMB FLASH)
can give solutions to all the challenges of x-ray MRT
and MBRT, while including all advantages of proton
and FLASH radiotherapy. In this article, we will give an
overview on the various performed preclinical studies
on pMBRT as well as on possibilities for future studies
in both pMBRT and pMB FLASH. Finally, we will give a
perspective on the implementation of pMBRT into clinics
and its potential to revolutionize radiotherapy regarding
hypofractionation and by its combination with FLASH.

Proton Minibeam Radiotherapy Principle
Physical background
Proton minibeam radiotherapy [31,32] exploits the
large angular straggling (Multiple Coulomb scattering)
of the protons to merge the widened minibeams to a
homogeneous broad beam in the tumor and achieve
a conformal dose distribution like in conventional RT
(Figure 1). Minibeam irradiation is similar to conventional
pencil beam scanning techniques, where a pencil beam
of size σ (or FWHM = 2.35 σ, typically a few mm) is
scanned on a rectangular grid covering the target area. In
standard proton RT, the inter-beam or center-to-center
distance (ctc) between two adjacent points on the grid
is typically chosen smaller than 1.5 – 2 times the pencil
beam width (ctc ≤ 2σ), resulting in a nearly homogeneous
dose distribution in the tumor, but also already in the skin
of the patient. In micro- or minibeam irradiations, the
proton beam width is much smaller, in the micrometer
or at least sub-millimeter range , while the inter-beam
distances remain in the millimeter range. Due to small
angle scattering of the protons, together with initial beam
divergence, the minibeams spread laterally while passing
through normal tissue and merge together at the depth
of the tumor. The inter-beam distance is optimized for a
dose coverage of the target between 95% and 107% of the
prescribed tumor dose according to ICRU [33]. The ctc
can be further enlarged when introducing additional beam
divergence or when dropping the upper dose constraint
and allowing heterogeneous tumor doses with only a limit
for the minimum prescribed dose. The number of protons
per minibeam is the same as in the case of mm-sized pencil
beams applied on the same grid, and thus results in a
homogeneous tumor irradiation with the same average dose
that is reached with a scanned pencil beam or broad beam.
The dose profile with peaks and valleys is often
characterized by the peak-to-valley dose ratio (PVDR),
which is the quotient of the dose in the minibeams and
the dose between the beams. Large PVDR ratios at the
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Figure 1: Dose simulation of a minibeam geometry for a tumor lying in 10 cm depth with a width of 5 cm. In the
entrance channel, the beams are small with very high doses inside the beams and no dose in the valleys. The beams
Figure 1
spread with tissue depth and tumor dose is homogeneous. Image made available by M. Sammer.

beam entrance are desired for efficient radiotherapy with
low normal tissue damage, meaning peak doses that are
lethal to most dividing cells and valley doses that are low
enough to allow most normal cells to survive the radiation.
Biological background
A higher tolerance for spatially segmented than for
continuous radiation beams is attributed to undamaged,
migratory cells adjacent to the radiation-damaged
areas [4,5], but the biological mechanisms are still not
completely understood. In minibeam or grid therapy, small
non-confluent areas of the skin and subcutaneous normal
tissues have been shown to tolerate large radiation doses
without significant acute or late normal tissue damage
[34-36]. This is attributed to the “dose-volume effect” [37],
which means that the maximum tolerable doses increase as
irradiated tissue volumes are made smaller. The cells in the
path of the minibeams receive very high doses causing high
cell death rates in these regions, but migrating viable cells
from the unirradiated regions adjacent to the irradiated
site can infiltrate the damaged tissue and thus reduce
tissue necrosism [4,38]. Another possible explanation
is the “microscopic prompt tissue repair effect” for submillimeter beam diameters, describing the fast repair of
capillary blood vessels in the direct path of the minibeams
via regeneration of angiogenic cells from the undamaged
regions in-between within days or even hours, which then
can support and enhance the repair of other normal tissues
in the minibeam paths [39-41]. Further effects that might
play a role in minibeam radiotherapy are the so-called
radiation-induced bystander effects in cells not directly hit
by radiation [42,43].
Preclinical studies with pMBRT
The investigation of the effects of proton minibeam
radiotherapy was started with skin tissue irradiations at
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the ion microbeam SNAKE [31,34]. These studies showed
enhanced tissue viability, less expression of inflammatory
parameters and enhanced conservation of genetic stability
in a human skin model using proton microbeams of 10 µm,
50 µm and 180 µm. The promising results in this tissue
studies initiated a variety of preclinical animal studies.
In the first in-vivo study at SNAKE, the right ear of
BALB/c mice was chosen as a more authentic and
complex skin model with vasculature and all naturally
occurring cell types, together with a working immune
system. Irradiations using a grid of 4 × 4 minibeams
with a size of 180 µm (square) and a ctc distance of 1.8
mm were compared to a homogeneous field of 7.2 mm
× 7.2 mm [44]. The mean dose in both cases was 60 Gy,
which means a minibeam dose of 6000 Gy (peak dose)
and a valley dose of 0 Gy in between the minibeams.
Minibeams were generated by scanning a focused
microbeam (i.e. beam size of ~ 1 µm) to form a quadratic
spot of the desired sub-millimeter dimensions. Despite
the low proton energy of only 20 MeV, the found effects
on the mouse ear are still transferrable to clinics, as
the difference in dose deposition and scattering is not
relevant for the proof of concept. In the 90 days follow-up,
the authors show that the acute side effects, represented
by ear swelling and inflammation scoring, were absent
after minibeam irradiation, whereas ear swelling of up
to 4 times and clear erythema, desquamation, changes
in ear morphology as well as hair loss was monitored
in the homogeneously irradiated ears. Additionally,
histologic findings 90 days after irradiation showed
loss of sebaceous glands, inflammation, fibrosis and
enlargement of epidermis for homogeneous irradiation
and no histological changes for minibeam irradiation.
More recent studies also investigated the dependence on
minibeam size in order to mimic the way of the beam to
the tumor and to elaborate the recommendations for the
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largest beneficial minibeam size [45]. A photon study on
single beams spots showed that for beam sizes ≥ 3 mm,
severe side effects occur and only beam sizes of up to 1 mm
produced no side effects when applied alone. Guided by
this study, the group investigated the effects of different
proton minibeam sizes and irradiated mouse ears with 4
× 4 proton minibeams with a ctc of 1.8 mm and Gaussian
shaped beams with sizes of σ = 95, 199, 306, 411 and
561 µm (standard deviation) [46]. They could show that
each minibeam geometry induced less acute side effects
compared to homogeneous irradiation (σ = 883 µm), again
monitored by ear thickness and inflammation scoring.
The group of Prezado et al. at the Orsay proton therapy
center [47] showed the positive effect of proton minibeams
in rat brain. The whole (tumor-free) rat brain was irradiated
with a mean dose of 25 Gy either homogeneously or in
a minibeam geometry with planar beam sizes of 1.1 mm
× 2 cm and a beam distance of 3.2 mm, generated via a
multislit collimator. The peak dose for the minibeam
geometry was 57 Gy and the valley dose 8.8 Gy. The
rats were followed up for 6 months. Homogeneously
irradiated rats showed a delayed weight gain with 15%
less maximum weight compared to non-irradiated or
minibeam treated mice. Additionally, homogeneously
irradiated rats showed clinical symptoms such as apathy
and reduced appetite (3 out of 8 had to be sacrificed).
Furthermore, these rats showed permanent epilation and
moist desquamation of the irradiated skin comparable
to the effects seen in the studies of Girst et al. 2016 [44]
and Sammer et al. 2019 [46]. In contrast, minibeam
irradiated mice only showed reversible epilation in the
path of the minibeam and no clinical symptoms or weight
loss were observed. Further investigations performed
on the homogeneously irradiated rat brains using MRI
revealed severe damage in the hippocampal formation,
hypothalamus, periaqueductal gray areas, basal forebrain
and brainstem. Furthermore, the blood brain barrier was
broken in various locations. By contrast, the minibeam
irradiated rat brains showed no abnormalities in the MRI
scans. Additional histopathological analysis revealed
various lesions including neuro-inflammatory processes
and necrosis in the homogeneously irradiated brains,
whereas only one rat irradiated with minibeams showed
lesions, which however were much less pronounced.
In a further study, Prezado and co-workers investigated
the potential of pMBRT on tumor treatment using
high-grade gliomas in rats. Here, they could show that
irradiation of gliomas using minibeam geometry achieved
tumor control in 22% of the mice. Again, no side effects
were visible for 6 months after irradiation after applying
a mean dose of 30 Gy with the same geometry than in
the previous study leading to a peak dose of 70 Gy [48].
Furthermore, in their most recent study, they compared
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proton minibeam and conventional proton treatment in
rat gliomas with a single shot mean dose of 25 Gy. Despite
the absence of any detectable tumor after 170 days followup, the homogeneously irradiated group showed only
22% survival with substantial brain damage. In contrast,
minibeam treatment led to tumor control with increased
survival of up to 67% and less severe brain toxicity [49].
Fractionation, high dose and FLASH effect in
minibeam therapy
All preclinical pMBRT studies performed so far
have used single doses much higher than in clinical
radiotherapy which resulted in no or only low side effects.
In the BALB/c ear model, homogeneous irradiation with
single doses higher than 10 Gy [44] and also fractionation
using 4 daily fractions of up to 30 Gy [50] have shown
dose-dependent adverse effects in mouse skin. This argues
strongly for the performance of minibeam radiotherapy
with high dose fractions and thus a lower total number
of fractions, called hypofractionation. Nevertheless, the
question remains, if fractionated minibeam therapy
can lower the side effects and how the location of the
minibeams between different fractions should be chosen
to give the most positive effect. Several possibilities are
explored in an ongoing study at SNAKE [51]. Here it is
tested, if it is necessary to always hit the very same position
of the minibeams, or never hit an irradiated position
again, or if the beam location for each fraction is not of
interest. The outcome of this study will clearly influence
the technical feasibility of pMBRT, as patient positioning
in the range of 100 µm would be necessary to ensure
that the very same position is hit in every fraction. This
would bring enormous challenges to patient positioning.
As already discussed in a recent review by Eling et
al. from ESRF [52], the effects seen in MRT or MBRT
experiments at these ultra-high doses might already
include the FLASH effect. While the dose rate used in the
rat brain studies by Prezado was 2 Gy/min, the dose rate
used for the minibeam irradiations at SNAKE [44] was
approximately 75 Gy/s, so already in the FLASH region.
Beside the large spatial fraction of the ear tissue between
the minibeams spots that were spared completely from
irradiation, this ultra-high dose rate within the minibeams
might have contributed as well to the high tolerance
of the ear skin to high dose minibeam irradiations.
Using pMB FLASH would thus further reduce problems
with intra-fractional movements such as breathing.
Technical parameters and limitations
Several theoretical studies on the size and arrangement
of proton beams for pMBRT have been conducted. The
studies in the group of Prezado rely on planar beams,
i.e. beams that are small in one direction and large in the
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other. Identifying the best possible beam arrangement is
necessary to get the best possible sparing of healthy tissue,
while preserving tumor control.
Sammer et al. [53] conducted a simulation study on this
topic, where they simulated the cell survival from the skin
entrance to the tumor for different beam geometries planar, pencil with quadratic arrangement and pencil with
hexagonal arrangement (Figure 2).
They chose the ctc distances in the different geometries
such that the dose in the tumor was between 97.5% and
103.5% of the desired tumor dose. Dose distributions were
calculated using MATLAB and LAP-CERR [54]. Physical
doses were translated into theoretical cell survival using
the linear quadratic model and mean α and β values for
human cells from the database PIDE at 2 Gy and 10 Gy.
It turned out that a lower cell survival on the way to the
tumor can be expected using a planar beam arrangement
compared to both pencil beam geometries, which are quite
similar. This result clearly suggests the use of pencil beams
instead of planar beams for future research and clinical
implementation. In the hexagonal arrangement, the
homogeneity criterion is met earlier compared to quadratic
arrangement. For implementation, this means that for the
same initial beam size and divergence the ctchexagonal can
be chosen 1.14 times larger than the ctcquadratic, resulting
in an additional slight enhancement of tissue sparing for
the hexagonal arrangement.
The remaining question is now on how to prepare the
minibeams for clinics, which have to be in the range of one
millimeter or better below. There are two main methods
of preparing a minibeam - collimation or focusing - which
both have advantages and disadvantages. The beam size
for collimated beams is limited by the scattering of the
beams within the multislit collimator and at the edges –

also leading to higher valley doses - and is in the range of
several hundreds of micrometers [41]. In the first clinical
implementation of pMBRT at the Institut Curie-Orsay
proton therapy center, minibeams of 400 and 700 µm
width were generated using 230 MeV protons [55]. A
further limit to the usage of collimators is the production
of secondary radiation, especially neutrons, due the
stopping of the majority of particles in the collimator [56].
For minibeam therapy, the collimator has to be very close
to the patient which further enhances the parasitic dose
the patient is exposed to [57].
Therefore, a more favorable way of producing minibeams
is by focusing a proton beam. Due to magnet stiffness
and lens production variability resulting in chromatic
aberrations, the possible achievable size for protons used
for patient treatment is in the 100 µm range. This is still
sufficient to meet the requirements of pMBRT, which
requires beams (<1 mm). The major problem is, that these
small beam sizes together with sufficient dose rates can only
be achieved for beams having sufficient brightness. These
high-quality beams cannot be provided using conventional
accelerators such as synchrotrons or cyclotrons [58]. The
extraction mechanism for synchrotrons drastically changes
the horizontal phase space [59,60] and in cyclotrons the
degrader which is necessary to slow down the beam for
patient treatment also destroys phase space [61], which
makes proper focusing as chromatic aberrations occur.
A promising accelerator technology, which was already
introduced in the 1920s is the LINAC principle [62,63].
These linear radiofrequency accelerators provide pulsed
beams of high brightness and ultra-high dose rates.
This technology was supplanted by the - at that time
- smaller and more cost efficient circular accelerators
but is currently being rediscovered. The development in
precise metal component production and radiofrequency
technology possibly makes them smaller and more cost

Figure 2: 2D Dose simulations of pencil beam arrangements either quadratic (a) or hexagonal (b) with ceter-tocenter distances ctcq and ctch, respectively. c) shows the 2D dose distribution of a planar beam with ctcp. From
Sammer et al. [53].
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efficient. Currently, a prototype LINAC accelerator for
patient treatment is under construction by the company
AVO-ADAM [64] and will be located in London.

Conclusion
In this short review, we showed that proton minibeam
radiotherapy alone and in combination with FLASH
radiotherapy is a promising method for future tumor
treatment. The unique depth dose distribution of particle
radiation already spares the tissue behind the tumor.
Superimposing this with spatial fractionation leads to
additional sparing of the healthy tissue in front of the
tumor. The beneficial effects for normal tissue have been
shown in several preclinical animal studies using either
mice or rats at the accelerator lab SNAKE in Munich
and at the Orsay proton therapy center in France. First
studies on tumor control using pMBRT have also been
conducted in Orsay. Further proton minibeams with small
animal platforms have been installed at the University of
Maryland/ MD Anderson Cancer Center [40,41] and at
the University of Washington in Seattle [65,66] in the last
years.
A lot of technical questions arise for such a new
technology, which are summarized in this article. One
major question is related to the PVDR, i.e. peak and valley
doses, in the normal tissue and in the tumor. Obviously,
valley doses should be close to zero at the skin, as only
this ensures least damage and thus least side effects.
The question on the PVDR in the tumor cannot easily be
answered. Following the ICRU constraints of 95% and
107% of desired tumor dose, clearly defines the PVDR
as 107%/95% = 1.126. Nevertheless, this new method
also gives the opportunity to really think in new paths.
Giving up the restriction on maximum dose of 107% of
tumor dose, further called pseudo-homogeneous, would
open up many possibilities to fully exploit the potential
of pMBRT and further decrease side effects. One of
these possibilities would be the interlacing of beams
from two or more entrance directions, i.e. adjusting
position and spacing of the beams such that the “gaps”
in the irradiation fields are filled from another direction.
Simulations
indicate
that
pseudo-homogeneous
irradiation of the tumor is then feasible even with larger
ctc distances. This again would reduce side effects in each
channel due to the splitting of the dose in more then one
channel as already exploited in conventional IMRT, with
the additional benefit of pMBRT. To investigate the full
potential of interlacing, further preclinical studies have
to be conducted. However, interlacing – together with
fractionation - would require an even higher delivery and
positioning accuracy.
With pMBRT, higher radiation tolerance of tissue
can be achieved resulting in the possibility of using
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higher doses per fraction. This opens the possibility of
hypofractionation, reducing costs as well as physical and
mental stress for the patient, but these treatment protocols
have to be investigated in detail using preclinical studies.
This opens the possibility of hypofractionation, reducing
costs and physical and mental stress for the patient, but
has to be investigated in detail using preclinical studies.
The reproducibility of the spot positions between different
fractions is already addressed in an ongoing study at
SNAKE but one major remaining question is how much
dose per fraction can be tolerated for certain beam sizes
in the normal tissue by also considering tumor control.
Additionally, pMB FLASH radiotherapy seems to be an
even more promising therapeutic approach. Some of the
studies shown, already used FLASH dose rates and the
results are all positive. Beside the biological FLASH effect,
tumor irradiation using high dose rates has one clear and
easy advantage: As irradiation time per minibeam, beam
direction and also per fraction is shortened to the subsecond regime, motion management is made very simple.
Breathing motion and even heartbeat are slow compared
to irradiation times of one single minibeam in pMBRT.
This opens the possibility to adapt the timing of beam
irradiation to the patient movement and thus enhance
treatment accuracy.
Finally, the technology for producing such beams is,
although not common, already existing, but will have
to be adapted to the special requirements of minibeam
fractionation, interlacing and FLASH pMBRT. New
technological developments which aim to execute pMBRT
and combine it with FLASH have to face and solve the
challenges and chances discussed in this review. Already
new technologies are emerging such as the PHASER
system [67] for FLASH therapy and the LINAC principle
[62,64] for pMBRT.
We suggest that for these emerging technologies,
currently established systems such as fixed beam or
usage of gantries should be critically evaluated. And the
most promising technology should be used to achieve
best possible results regarding accuracy, positioning
and timing. Finally, we encourage everybody to critically
but also open-mindedly evaluate the possibility of
hypofractionation using these technologies to further
enhance the positive effects for the patient during
treatment. Nevertheless, new developments should not
only include technological developments but also should
have a closer look to the involvement of the immune
system and evaluate the possibilities of combining
immunotherapy with the new radiotherapy methods.
Common immunotherapy drugs e.g. antagonizing CTLA4
[68] or blocking PD-1/PD-L1 pathway [69] are promising
to enhance tumor radiosensitivity and might further
enhance the prospects of pMBRT and FLASH therapy.
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