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1 | INTRODUCTION

Particle minibeam therapy (PMBT) has gained much
attention in recent years. As a form of spatially fraction-
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Abstract

Particle minibeam therapy (PMBT) has emerged as an advanced modality
within spatially fractionated radiation therapy, using the physical properties of
protons,ions,and electrons to achieve superior normal tissue sparing whilst pre-
serving spatial dose distribution at depths that are unachievable in conventional
kV or MV X-rays. As with any novel radiotherapy technique, successful transla-
tion into routine clinical practice requires robust evidence of efficacy, safety, and
technical feasibility. This review presents a coordinated roadmap for the devel-
opment and future implementation of PMBT, identifying the key challenges that
must be addressed to enable safe and effective clinical implementation. This
review highlights the interconnected nature of PMBT research and proposes
the priority areas for future investigation, and the steps necessary to guide
PMBT from experimental concept, towards clinical implementation. As most of
the steps are relevant to all particle types, PMBT will be referred to in general,
where specific particle types will be discussed where appropriate.

KEYWORDS
minibeam therapy, particle minibeam therapy, PMBT workshop

ated radiotherapy (SFRT), this modality is comprised of
several sub-millimeter particle beams delivering a non-
uniform dose at a shallow depth. This creates regions
of high dose (referred to as “peak” regions), adjacent
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to regions of low dose (referred to as “valley” regions).
Due to scattering, this can result in a homogeneous
dose in the target region, however, the target dose may
also be heterogeneous. For the purposes of this review,
minibeam radiation therapy (MBRT), refers specifically
to X-ray minibeam radiation therapy and is itself a form
of SFRT. PMBT represents the particle-based subset of
minibeam radiotherapy. A related technique, microbeam
radiation therapy (MRT), uses much smaller beam
widths (typically tens of micrometers) and is primarily
implemented at synchrotron facilities. For completeness,
the acronym pMBRT (proton minibeam radiation ther-
apy), is noted as a specific subset of PMBT; it will only
be referenced again where distinctions specific to this
subset are being considered.

Spatially fractionated X-ray GRID therapy, using
millimeter-sized beams, was first used over a cen-
tury ago."2 It has been shown that its therapeutic
efficacy improves as the beam size decreases.* How-
ever, the smallest and most effective beamlets can
only be generated at synchrotrons, with very limited
patient accessibility and significantly high capital costs.
More recent adaptations of SFRT techniques of GRID
and lattice radiation therapy (LRT), use centimeter-wide
beams and have shown favorable tolerance profiles
and good tumor control in early published results.®
These techniques were applied mostly in combination
with standard radiation therapy (RT) for both curative
and palliative treatments. The combination with parti-
cle beams is a developing technology that is regarded
as highly promising for improving patient outcomes?
benefiting from the advantages and accessibility of pro-
ton, ion, and electron beam therapy. Reproducible data
showed that PMBT is associated with reduced acute
and long-term toxicity while anti-tumoral effects were
equal or superior to standard proton therapy in healthy
and tumoral brain models.”~'2 Taken together, the pre-
clinical data (Section 2) highlights the potential of PMBT
to widen the therapeutic window in human cancer care.
Moreover, PMBT seems to trigger specific biological
mechanisms including the induction of an anti-tumoral
immune response.'®'* To date, there is no internation-
ally agreed standard for measurement and reporting of
radiation dose (Section 3). In addition, no patient PMBT
treatments have been reported (Section 4), however,
the potential is supported by the accumulation of pos-
itive clinical data from treatments with other spatially
fractionated radiation therapy techniques.'®

PMBT holds promise for tumors considered radiore-
sistant such as high-grade glioma and large brain
metastasis,'® but also for conditions with narrow ther-
apeutic windows and high probability of RT toxicity,
such as pediatric tumors'” or reirradiation.'®'? Addition-
ally, combined treatments of immunotherapy and PMBT
could take advantage of the immunomodulatory impact
of the technique to improve both local and distant out-

comes in tumors with high-risk of metastatic spread,
such as triple negative breast cancer?%-2?

Preclinical research provides evidence of some
underlying mechanisms that may lead to favorable out-
comes for patients, but in-human clinical trials remain
the gold standard for clinical adoption. Commencing
such ftrials in humans require careful consideration to
ensure both the safety of enrolled patients and the
production of meaningful data.

To accelerate the transition of PMBT from bench-
top to bedside, the first international PMBT workshop
was held in Paris, France, in 2023. The event aimed
to promote knowledge exchange, stimulate discussion,
and to collectively make steps towards clinical imple-
mentation. At the third international PMBT workshop,
held at the National Physical Laboratory (NPL), UK, in
March 202522 the community came together to develop
this white paper, the primary objective of which is to
provide a roadmap that identifies and prioritizes the
key scientific, technical, and clinical challenges that
need to be addressed to enable the safe and effective
clinical adoption of PMBT. Perspectives from radiobi-
ology, dosimetry, engineering, and clinical practice are
presented in dedicated sections, reflecting the distinct
constraints and opportunities within each field. While the
focus is on PMBT specific requirements, topics that are
more broadly valid for SFRT are described in that wider
context.

2 | RADIOBIOLOGY PERSPECTIVE

To truly exploit the benefits of PMBT, an understand-
ing of the radiobiological implications of this modality is
needed, spanning the underlying mechanisms and tox-
icity effects. Data from these studies can then be used
to optimize the treatment and aid in clinical translation.

21 | Toxicity in healthy tissues

The remarkable capacity of SFRT to spare normal
tissues has been consistently demonstrated across var-
ious animal models, including mice, rats, and rabbits, as
well as in multiple organs, such as the brain, bone, lung,
and spinal cord.'® This tissue-sparing effect is closely
linked to the well-established dose-volume relationship,
whereby a decrease in beam width leads to increased
normal tissue tolerance?*

In PMBT, where broader beams (0.5-1.0 mm) are
employed, peak doses up to 100 Gy have been reported
as well tolerated. However, toxic effects become appar-
ent at peak doses of 150 Gy or higher, depending
on beam width® Importantly, robust normal tissue
sparing has been observed across several spatially
fractionated particle modalities, including pMBRT,'? car-
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bon minibeam radiation therapy (C-MBRT)5-%¢ and
neon ion minibeam therapy?® in addition to previous
observations with photon-based techniques.3°

The “cell migration and repopulation” hypothesis, sup-
ported by time lapse imaging studies and histopatholog-
ical studies, proposes that non-irradiated or minimally
irradiated tissue regions preserve viable clonogenic
cells capable of migrating into damaged areas and pro-
moting tissue regeneration.3' According to this model,
the preserved microdomains act as reservoirs of surviv-
ing cells that contribute to the repopulation of irradiated
regions, thereby limiting necrosis and preserving tis-
sue function. Additional mechanisms, including vascular
preservation and maintenance of local tissue home-
ostasis, may also contribute to the enhanced normal
tissue tolerance observed after spatially fractionated
irradiation.

2.2 | Mechanisms of PMBT

The biological effects in PMBT go beyond ‘simple’ cell
death, where the effects appear more at the tissue/organ
level, and systemic level. Proposed mechanisms of
action for either MBRT or PMBT include differential vas-
cular effects*2-35 cell signaling effects;*®%’ inflamma-
tion, and immunomodulatory effects'" 33840 including
abscopal effects at the tumor and healthy tissue level.
Additional mechanisms include stem cell migration,*’
generation and diffusion of free radicals, which may
contribute to biological effects in valley regions in
tumors*242 In the following subsections, several pro-
posed mechanisms and the existing experimental evi-
dence and knowledge gaps will be briefly described.

2.2.1 | Immunomodulation

There is increasing evidence of the determinant role
of the immune system in the anti-tumoral response of
SFRT** Recent studies'®'440 have demonstrated the
crucial role of T cells in the anti-tumor response in SFRT
by showing that the absence of efficient mature CD8*
T cells prevented the response to treatments, unlike
immunocompetent animals. This was not observed in
conventionally irradiated animals, irradiated at the same
mean dose. An increased tumor infiltration by CD8*
T cells and B cells was observed following treatment.
Enhanced infiltration of CD3* T cells, without evalu-
ation of the specific T-cell subset, as well as CD4*
lymphocytes and natural killer cells, was also reported
in primary Lewis mouse lung carcinoma tumors irra-
diated with LRT*> Moreover, PMBT may be effectively
combined with immunotherapy, where several promising
results have been observed in preclinical studies, using
different tumor models. 046

2.2.2 | Vascular impact

PMBT selectively targets tumor vasculature while spar-
ing normal blood vessels, due to fundamental differ-
ences in vascular architecture, density, and biological
resilience*’*® Normal tissue blood vessels are rel-
atively sparse, spatially organized, and supported by
stable structures including smooth muscle cells and
pericytes*%°0 As a result, most capillaries and small
vessels lie between the minibeam paths, avoiding direct
irradiation. Even vessels within high-dose regions bene-
fit from adjacent undamaged endothelium, which rapidly
repopulates irradiated segments. Furthermore, normal
vasculature is well oxygenated and equipped with effi-
cient DNA damage repair mechanisms, enhancing its
resistance to radiation-induced injury.®’

In contrast, tumor vasculature is dense, tortuous,
leaky, immature, and structurally unstable, often lack-
ing sufficient pericyte coverage and exhibiting poor
perfusion. This disorganized and compact microvas-
culature increases the likelihood that many vessels
intersect minibeam paths and receive lethal localized
doses. Endothelial cells in these vessels sustain exten-
sive radiation damage leading to apoptosis, vascular
collapse, and hemorrhage®>°3 Tumors also exhibit a
reduced capacity for vascular repair due to an unfa-
vorable microenvironment and limited access to normal
tissue repair mechanisms.

Moreover, SFRT induces differential molecular
responses between tumor and normal tissues. Tumors
show upregulation of pro-inflammatory cytokines such
as TNF-a and IL-6, along with endothelial adhesion
molecules like ICAM-1, which amplify the vascular
response and increase radiosensitivity. Prezado et al.
demonstrated that SFRT enhances tumor vascular
permeability by activating inflammatory signaling path-
ways, facilitating therapeutic agent extravasation and
exacerbating vascular disruption.®

The predominance of immature vessels in tumors
correlates to increased capillary rarefaction, enlarged
inter-vessel distances, and reduced vessel density and
perfusion after SFRT. These pathological changes are
notably dissimilar to the relatively preserved perfusion,
blood volume, and vascular density in normal tissues.

Therefore, PMBT may selectively disrupt immature,
disorganized tumor vasculature while sparing mature,
stable normal vessels, leading to enhanced tumor vas-
cular damage and differential molecular responses that
aid tumor control. Nonetheless, critical gaps remain in
fully understanding the molecular mechanisms driving
these vascular effects, especially the roles of inflamma-
tory signaling and permeability to molecules of interme-
diate size. Further research is essential to characterize
how vascular maturation influences radiosensitivity, clar-
ify vascular repair kinetics and explore combination
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therapies, leveraging increased vascular permeability to
improve clinical outcomes.

2.2.3 | Vascular and immune dynamics in
response to ionizing radiation

Irradiation of the tumor vasculature can induce vasculo-
genesis, increased vascular permeability, reduced peri-
cyte coverage® and expression of adhesion molecules
like VCAM-1 and ICAM-1 on the endothelial cells
surface®® The latter facilitates immune cell adhesion
and subsequent diapedesis into the tumor°® Access of
circulating T cells can be enhanced after RT because of
changes in pericytes-associated markers like NG2 and
aSMA >’

Understanding these complex interactions between
ionizing radiation, endothelial cells, and immune infiltra-
tion and how they can be modulated by altering dose
delivery methods (conventional versus MBRT, homoge-
nous dose distributions versus heterogeneous doses) is
vital for optimizing cancer therapy. Interpreting the com-
plex interplay within the tumor microenvironment (TME)
including the endothelial response, lymphocyte, and
myeloid cell infiltration, and how they impact spatial dose
modulation is key for further developments of MBRT.

2.2.4 | Bystander effects

Bystander (‘cohort’) effects following SFRT irradia-
tion have been demonstrated in both in vitro and in
vivo studies, although mechanistic investigations have
been performed predominantly in vitro3%3” In vivo
evidence includes increased TNFa levels observed
after GRID irradiation in patients®® and in murine
Lewis lung carcinoma models treated with LRT*® In
addition, increased expression of genes involved in
DNA repair, cell cycle arrest, heat shock response,
and apoptosis have been reported in valley-region
cells following GRID irradiation.3%3” Bystander effects
have also been observed in MRT, both in vivo
and in vitro®%%0 Some beneficial bystander-mediated
responses have been hypothesized to contribute to
normal tissue sparing®' Supporting indirect evidence
includes increased turnover of heat shock protein 71
(HSP71) in the contralateral non-irradiated brain hemi-
sphere of irradiated rats*® a response that has been
associated with protection against neurological damage.

2.2.5 | Freeradicals

Free radicals are known to induce direct and indirect
cellular damage, with DNA as a prime target5? Under-
standing how PMBT generates free radicals and its
role in cell death can significantly enhance the clinical

potential of PMBT. Studies using Monte Carlo (MC) and
TOPAS-nBio simulations have shown that radical types
and quantities differ between peak and valley dose
regions.*243.63.64 Da| Bello et al.identified hydrogen per-
oxide as a radiolysis product that stably diffused to fully
cover the dose valley with a strong oxidizing property,
serving as a suitable candidate among reactive oxy-
gen species (ROS) involved in PMBT efficacy** Masilela
et al. demonstrated that radiation quality significantly
influences ROS levels in MBRT, with heavy ions produc-
ing more radicals in valleys as linear energy transfer
(LET) increases*® Consequently, ROS led to cellular
damage through both the targeted and non-targeted
effects mediated through several cellular processes
such as cell signaling, bystander effects, DNA damage,
lipid damage, eventually inducing cell death. However,
evidence suggests that the dose heterogeneity inher-
ent to PMBT, reduces the oxygen dependency of the
tumors, thus indicating the potential efficacy of PMBT
in the treatment of hypoxic tumors.8°

2.3 | Multimodality treatments

The unique physical and biological effects of SFRT
make it a promising modality for combination therapies,
with the potential to improve therapeutic outcomes?
Pro-inflammatory and immunogenic microenvironment
triggered by PMBT can synergize with immunothera-
pies, such as immune checkpoint inhibitors, to potenti-
ate antitumor immune responses®® Combining SFRT
with targeted molecular therapies may further exploit
tumor-specific vulnerabilities, such as defective DNA
repair pathways or aberrant signaling networks, thereby
enhancing radiosensitivity and tumor control.

MBRT and PMBT could be integrated with other treat-
ment modalities to broaden its clinical impact? Recent
preclinical studies demonstrate that combining MBRT
with immunotherapy® chemotherapy, advanced parti-
cle therapy techniques and high dose rate (“FLASH”)
delivery can increase tumor control or normal tissue
sparing.?” beyond what is achieved with MBRT alone.

2.3.1 |
blockade

MBRT plus immune checkpoint

A study by Rivera et al. tested kV X ray MBRT com-
bined with anti PD L1 checkpoint inhibition in a dual
tumor murine mammary carcinoma model. A minibeam
peak/valley dose of 50 Gy/3.7 Gy produced a stronger
abscopal (distant tumor) response than a peak/valley
dose of 100 Gy/7.4 Gy and was significantly more effec-
tive than uniform radiation therapy plus anti PD L1 (p
= 0.04948). Flow cytometry profiles showed that MBRT
preserved resident CD3* and CD8* T cell populations
and, when paired with PD L1 blockade, increased sys-
temic CD8* T cells. These results suggest that the low
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dose valley regions (<5 Gy) permit immune cells to sur-
vive and migrate, turning the irradiated tumor into an in
situ vaccine that synergizes with checkpoint blockade.??

2.3.2 | MBRT mediated microenvironment
reprogramming

MBRT was observed to induce spatially fractionated
dose distributions with high peak-to-valley dose ratios
(PVDR) in triple-negative breast cancer using a 3D-
printed collimator. MBRT significantly reduced tumor
proliferation and hypoxia compared with conventional
radiotherapy at identical valley doses. On a mechanis-
tic level, MBRT attenuated the hypoxia-inducible fac-
tor 1-alpha (HIF-1a)/vascular endothelial growth factor
receptor (VEGFR) signaling, resulting in inhibited angio-
genesis, enhanced pericyte coverage, and enhanced
vascular architecture in line with vascular normaliza-
tion. The vascular alterations reduced tumor hypoxia
and indicated that MBRT has the potential to potentiate
angiogenesis and hypoxia-relevant therapies. %8

In agreement with these results, MBRT also improved
the delivery of chemotherapy. Fazzari et al. discovered
that spatially fractionated irradiation facilitated intra-
tumoral drug delivery and penetration compared with
standard irradiation.3® This was also observed in the
context of enhanced vascular functionality and lower
interstitial barriers allowing for more chemotherapeu-
tic agents to build up in the tumor microenvironment.%°
This supports the hypothesis that vascular remodel-
ing induced by MBRT modulates tumor oxygenation
while also improving systemic therapy delivery and
efficacy.’®

2.4 | Open questions

To support the clinical translation of PMBT, there
are several unanswered questions that will aid in the
optimization of this modality. Some of these include
investigating the differential effects between PMBT and
MBRT or the effects on healthy tissues to determine
the normal tissue sparing mechanisms. Due to the com-
plexity of the various factors associated with PMBT
(particle type, dose rate, heterogeneity in dose delivery
etc.), clear descriptions of the experimental conditions
are crucial for comparisons to be effectively made
between different studies. The ideal scenario would con-
duct a parametric study to determine the biological
impact of each individual parameter, replicated and val-
idated at independent institutes. Another crucial aspect
is that many studies have been conducted in research
facilities, where there is a growing need for more preclin-
ical studies to be performed under clinically applicable
conditions. Findings from these could then be utilized
to optimize the conditions and demonstrate the true
benefits of PMBT.

MEDICAL PHYSICS 212
3 | DOSIMETRY PERSPECTIVE

The method of measuring and reporting radiation dose
in PMBT is yet to be resolved, with discrepancies in the
approach varying between centers. Standardization of
the dosimetric methodology is required before routine
clinical implementation.

3.1 | Parameters of interest

Parameters relevant to PMBT are categorized as either
geometric, or dosimetric.”’ The extent to which these
geometric and dosimetric parameters influence the
biological response remains not fully understood.”’
The complex nature of PMBT, characterized by pro-
nounced dose gradients, introduces challenges for
dosimetry./?’4 Tissue heterogeneities further com-
pound these dosimetric challenges.”® In particular, the
influence of heterogeneities such as bone and lung on
peak broadening, valley-dose elevation, and the preser-
vation of spatial modulation remains an area requiring
further investigation. While Monte Carlo methods remain
the most robust approach for modelling particle trans-
port in PMBT, their application to ultra small fields and
heterogeneous media require additional validation to
confirm the reliability of estimated peak and valley
doses under these conditions./® At present, there is
no consensus regarding the minimum set of parame-
ters that need to be reported for a complete clinical
description.

3.1.1 | Dosimetric parameters

Frequently reported dosimetric parameters include:

(i) Peak dose (PD), valley dose (VD), and PVDR.
Additional quantities such as average dose (AV-D),
integrated dose (ID) and flatness have also been
reported with multiple definitions. Definitions of PD
encompass: the maximum dose within the high-dose
regions, peak prominence (representing the dose
difference between a peak and its lowest contour
line),”® and the average along a line profile posi-
tioned on each peak.”” VDs are analogously defined
through various approaches.

The PVDR is likewise subject to several definitions.
Examples include the average peak dose divided by
the average valley dose across all peaks and valleys
within a dose profile’®7° or for each individual peak,’®
the ratio between the central peak only and its adja-
cent valleys?’ or a single representative peak and
valley dose derived from the average of dose profiles
from multiple measurements at the same depth.”” AV-D
might be interpreted as the volume-average dose’*8°
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or as the average between the first and last peaks
across a surface profile.!> Given the highly heteroge-
neous dose distributions inherent to PMBT, a quantity
reflecting the variation among peak doses holds consid-
erable interest. For instance, Kim et al. defined flatness

DPmax—DPmi

as (ZPma==Pmin » 100), where Dpjyay and Dp,,;, denote
mea_x‘Fmein o . 79

the maximum and minimum peak doses, respectively.

In highly spatially fractionated beams, the VD may
approach zero gray, which causes the PVDR to increase
without bound. To avoid this numerical instability, an
alternative quantity known as the valley-to-peak dose
ratio (VPDR) has been proposed®' VPDR takes val-
ues between zero and one, making it a more stable and
interpretable parameter in situations where the valley
dose is extremely low. An infrequently reported dosimet-
ric metric is Bragg-peak-to-entrance dose ratio,? which
is useful when comparing PMBT surface-dose-related
toxicities or assessing the relative sparing of entrance
tissues. As it is currently unclear which of these param-
eters are essential, it is recommended to report all of
those listed (PD, VD, AV-D, ID and flatness), providing for
each a clear description of how it was determined.

ii. Dose rate: different definitions of dose rate should
be distinguished; the explicit bunch-averaged dose
rate (dose rate of the individual particle bunches),
the pulse-averaged dose rate (dose rate within the
RF pulse), and the average dose rate (total dose
divided by total treatment time). Until further clarity
is available it is recommended to report all these
dose rates, providing for each a clear description of
how it was determined.®® Moreover, thinking about
a possible synergistic effect with the FLASH effect,
which is triggered by both dose per pulse and dose
rate thresholds2*8° it is necessary to define: the
peak zone and average dose rate, dose-per-pulse
and instantaneous dose-per-pulse within this zone
(particularly for minibeams obtained by dose painting
with pencil beam scans).

iii. Homogeneous versus heterogeneous distributions
at the target: depending on the configuration used for
PMBT, the target (Planning Target Volume (PTV)) is
irradiated with homogeneous or heterogenous dose
distributions, which impacts the way the mini beam
effect is exploited. The authors recommended that
the level of homogeneity in the target region is
described by a homogeneity index or by the PVDR
in at least three depths within the target region
(proximal, central, distal).

3.1.2 | Geometric parameters

Examples of geometric parameters commonly used
to evaluate preclinical MBRT and PMBT plans that
use fixed collimators are®®-87: (i) collimator gap width

(open beam segment width), (ii) center-to-center spac-
ing between beam segments, (iii) collimator-surface-
distance (alternatively described as the phantom-to-
collimator distance®®).

These parameters describe the physical geometry
imposed by the collimator and determine the initial
beam layout before interaction with tissue or scatter-
ing processes. In addition, radiation-field-derived spatial
parameters are often reported because they character-
ize the pattern formed in the irradiated volume. These
include, for example: (iv) valley width, (v) the percentage
of the volume encompassed by peak regions, and (vi)
the full width at half maximum (FWHM) of the minibeam,
potentially at different depths, which reflects the effective
beam broadening resulting from scattering, energy loss,
or delivery technique.

Similar geometric parameters are commonly recorded
for clinical GRID SFRT radiotherapy studies (using com-
mercial or bespoke designed collimators). In the case of
LRT, (i) number of vertices, (ii) median center-to-center
distance between nearest neighbors’ vertices, (iii) Gross
tumor volume (GTV) volume and (iv) vertices-to-GTV
volume ratio are among the most cited &°

For plans involving multiple PMBT fields from dif-
fering or non-coplanar beam directions, the report-
ing should include the beam-incidence angles and
the three-dimensional spatial coordinates defining
each field’s placement (e.g., entry point or isocenter
position).%°

Finally, although not currently frequently reported
parameters, microdosimetric quantities may provide
beneficial information for comparing configurations and
demonstrating biological effectiveness, as shown in sev-
eral Monte Carlo studies %4912 The energy distribution
and other microdosimetric quantities vary across and
along the PMBT patterns, which could correlate with
the radiobiological outcomes. Specifically, microdosimet-
ric spectra and related average quantities could be
measured to account for the different beam quality at
the peaks and the valleys for example to account for
changes in energy spectrum due to secondary particles
produced at the edges of minibeam collimators.

3.2 | Reference dosimetry

Following established codes of practice such as the
IPEM Code of Practice for Proton Therapy,”® TRS-398%*
or AAPM TG-51%° reference dosimetry aims to mea-
sure the absorbed dose under reference conditions that
reflect the dose delivered to the target in a clinical envi-
ronment. For conventional radiotherapy, the reference
field is a large, uniform, 10 x 10 cm? beam, with the
measurement point situated within a region of charged-
particle equilibrium and minimal dose gradient. These
conditions are designed to ensure reproducibility and
consistency across institutions.
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In PMBT, however, treatment fields are inherently
non-uniform and often consist of spatially modulated,
high-gradient patterns 8% If the dose within the tar-
get region is reasonably uniform, for example when
a spread-out Bragg peak is combined with a PMBT
field that relies on multiple Coulomb scattering to elim-
inate spatial fractionation before the beam reaches the
target,’® then reference dosimetry can be performed
directly in that target region or in the closest available
region where the dose remains uniform and free of
strong gradients.

If, however, the dose is strongly non-uniform in the tar-
get region, an approach deviating from that of conven-
tional radiotherapy is required as previous assumptions
essential for conventional reference dosimetry (field
uniformity, lateral charged-particle equilibrium, and neg-
ligible volume-averaging distortion) no longer hold. This
may need new approaches in compiling preclinical and
clinical data, such as that proposed by Bassler et al.?’
in their work on calibrating monitor units in terms of
biological outcome or Elbanna et al. in their work on
personalized radiation dose 8

As reference fields for absolute dosimetry, a range
of options may be considered. This roadmap does
not assert which, if any, of these approaches will ulti-
mately prove most suitable for long-term PMBT clinical
adoption; rather they are presented as candidate meth-
ods for consideration. Several examples are listed here,
although this is not intended to be an exhaustive list:

(i) an open field created by removing the mechanical
collimator or by disabling the focusing mechanism
that realizes the SFRT field. This produces the
largest uniform field that the beam delivery system
can deliver and allows reference dosimetry to follow
TRS-398% with only minor adaptations if the sys-
tem cannot generate a full 10 x 10 cm? field. While
this is likely the most accurate way of performing
reference dosimetry, as it satisfies the assumptions
of field uniformity and charged-particle equilibrium,
the disadvantage is that the correlation between the
reference field and the clinically delivered fields is
low. Therefore, relative dosimetry of the SFRT fields
with respect to the reference dosimetry will bear a
large uncertainty.

(i) a point dose measurement in the non-uniform
region of a representative SFRT reference field
against which relative dosimetry can be conducted.
For GRID or LRT this is a viable option, and the
dosimetry problems can be reduced to those of
small-field dosimetry (e.g.,IAEA TRS-483°° for pho-
tons). Given the very steep dose maxima present in
many other PMBT applications this may not be an
option.

(iii) average dose over a well-defined area of a rep-
resentative PMBT field perpendicular to the beam
direction. This option has been studied by Cotterill

MEDICAL PHYSICS 2"

et al., showing that this is possible, but revealing that
lateral positioning uncertainty can be a dominating
contribution to the uncertainty.'®® A considerable
difficulty is the geometrical matching of standards
(e.g., calorimeter) and reference dosimeters (e.g.,
ionization chambers).

(iv) average dose over a well-defined volume of a rep-
resentative PMBT field. This option could reduce
some of the uncertainties of the area approach
but still be prone to the difficulty of geometrical
matching.

(v) laterally integrated dose of a single slit, multiple slits
or the entire field of a representative PMBT field
using a detector which is sufficiently large to cap-
ture the entire lateral profile. This option reduces
positioning uncertainty and enhances reproducibil-
ity but would only be possible in fields that are not
too large.

(vi) a dynamically acquired integrated dose of a single
slit, multiple slits or the entire field of a representa-
tive PMBT field by scanning a detector through the
field. The method is similar to the approach previ-
ously demonstrated by Prezado et al. for microbeam
radiotherapy.'" It is reciprocally equivalent to the
previous method similarly as the dose-area-product
for a single pencil beam in scanned particle beams
is derived from a point dose measurement in a
pencil beam scanned field.

3.3 | Relative dosimetry
For PMBT beams, it is no different from conventional
radiotherapy that ideally a full 3D dose distribution is
known to support prescriptive radiation treatment. For
conformal radiotherapy, this is achieved through the
use of output factors, lateral profiles and percentage
depth doses for a representative set of fields in order
to create a beam model, which can be incorporated
into a treatment planning software (TPS). With increas-
ing complexity of radiotherapy delivery, fluence-based
or particle-number-based dose calculation methods or
approaches based on full Monte Carlo simulations of
the beamline are increasingly used instead of model-
based dose calculations.'’? Consequently, the approach
to relative dosimetry has shifted to measure the param-
eters necessary to commission these dose calculation
systems, such as small field profiles and output fac-
tors, penumbrae, and verifying the dose calculation
system for more complex dose distributions as part of
commissioning.'03.104

As PMBT necessarily relies on Monte Carlo dose cal-
culation or other sophisticated dose calculation engines,
a similar approach is appropriate. Given the vast variety
of possible SFRT applications, it is difficult to provide
a generic recommendation, but a non-exhaustive list is
presented in this roadmap of how it could be imple-
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mented in PMBT, with the community to investigate,
assess, and evaluate which, if any, are the most suitable.
There are two main experimental conditions:

(i) Open field conditions: As described in Section 3.2,
an open field created by delivering the beam with-
out any collimation or magnetic focusing can serve
as the reference field for absolute dosimetry when
a uniform region is unavailable within the PMBT
configuration. In relative dosimetry, this same open
field provides the baseline against which measure-
ments in the PMBT field are normalized. Relative
dosimetry then proceeds using detectors capable of
resolving the steep dose gradients characteristic of
PMBT fields to acquire appropriate measurements.
The resulting measurements are subsequently refer-
enced to the open-field calibration by applying the
appropriate tabulated or Monte Carlo derived cor-
rection factors. Although this approach resembles
the methodology described in IAEA TRS-483% for
dosimetry of “small beams”, it must be acknowl-
edged that PMBT minibeams are far smaller than
the centimeter-scale fields addressed in that code of
practice and thus require careful interpretation. The
detector used for reference dosimetry need not be
the same as that used for relative dosimetry.

The relative dose in a PMBT field (Qg";jffg ) following

TRS-483 formalism is therefore given by:

folin
Telin, fref — Qlin kf clin:fref
chin ’ Qref Mf,—ef chin ’ Qref
Qref

where Mg”’li is the detector reading in the PMBT field,
Mgeff is the detector reading in the open-field refer-

ence (Section 3.2),and kg”;{’f’g i is the output-correction
factor.

ii. Measurements for validation of Monte Carlo tools:
To validate the Monte Carlo simulations required for
PMBT dose calculation, measurements should be
performed at well-defined depth using detectors with
sufficiently high spatial resolution. For low energy
electrons, as an example, this depth may correspond
to the surface or the depth of maximum dose. The
simulations should be performed in at least two con-
figurations. The first configuration reproduces the
open-field reference condition defined in Section 3.2.
This provides a normalization factor for the com-
puted dose distributions in terms of absolute dose,
starting from a specific and arbitrary number of gen-
erated events. The second configuration reproduces
the measurements of the PMBT experiment. Con-
tinuing the example for low energy electrons, this
should include the minibeam shaping components,

whether mechanical collimator or magnetic scanning
system, and be done at the same depth as the exper-
imental measurement. The resulting dose distribution
from this second simulation is then normalized to that
obtained using the open-field condition.

Additionally, measurements of the average dose
across the minibeam pattern at the same depth will be
required, as well as the percentage dose distribution.
The related region of interest for these measurements
must be properly established in terms of size and shape,
according to the specific minibeam pattern used. These
averaged quantities ensure that the measured features
of the PMBT field can be accurately aligned with the
corresponding Monte Carlo results.

3.4 | How to measure the required
quantities

The experience gained with conventional irradiation
delivery devices and patient-specific quality assurance
(PSQA) can be translated to the specific requirements
of PMBT. Measurements of depth dose curves and off-
axis dose distributions are well established, in addition
to the use of radiochromic films and 2D arrays within
phantoms.'% Local quality assurance (QA) programs
for the different SFRT modalities have been covered by
several groups.'06.107

New detector technologies are being developed to
support QA in PMBT, addressing the challenges posed
by steep dose gradients and high dose rates.'%8-110 |n
addition, bespoke phantoms (as test objects for dosi-
metric verification) must be developed for PMBT to
accommodate these new types of arrays. The combi-
nation of these innovations is essential for enhancing
PSQA, ensuring accurate treatment delivery, and reduc-
ing uncertainties in complex PMBT techniques.

Suitable detectors require the following characteris-
tics for dosimetry in PMBT:

(i) high spatial resolution for minibeam dose distribu-
tion measurements (<100 pym)

(ii) high sensitivity for the accurate measurement of the
valley dose (low dose regions)

(iii) wide dose range sensitivity to simultaneously mea-
sure the peak and the valley dose

(iv) independence of the response from the energy
spectrum and from the LET

Table 1 lists various detectors that have been either
considered for use in PMBT or have been evaluated with
SFRT and could be applicable to PMBT, showing how
they match the requirements above and their respective
advantages.

Due to their spatial complexity, special care is needed
at the time of performing reference and QA measure-
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TABLE 1 Summary of detectors considered for use in PMBT.
Spatial Temporal Additional
Detector resolution resolution Advantages Disadvantages comments
Radiochromic Film''"112 <25 ym Not real time, 24-h 2D imaging, high Single use. Scanning procedure  New methodology
depending on  needed as spatial resolution, and conditions are critical to the ~ proposed with
scanner processing time considered energy  result. High LET causes optical fiber probe
resolution and independent over quenching. Careful handling for real-time
film type clinical energies required to avoid scratches and  readout''?

lonization Chambers

Pixelated solid state
Detectors

Silicon/Diamond/Silicon

Carbide109,1 14-116

Scintillating fiber'!”

Strip detectors'18:119

Scintillator coupled with a

camera'20

Ge|122

lonoacoustic'23.124

Cherenkov/ Optical'?®

Calorimeters'00

Sizes: mm-cm

<100 pm

<100 pm (fiber)

<100 pm

<1 mm

MM -mm
(depending on
gel type and
imaging
technique
used)

<1 mm

N/A

mm-cm

Real time
measurement

Real time response

Real time response

Real time response

Real time response

Passive, non-real
time

Real-time
measurement

Real-time image

Real-time
measurement

Commonly used in
radiation therapy,
established training.
Suitable to evaluate
broad beam

conditions. Traceable

Minimal directional

dependence <0.65%

Water equivalent,
inexpensive

Fast, real time
High resolution
images

Can be dose rate
independent 2!

3D dose imaging
capability. Dose rate
independence (for
NIPAM)

Non-invasive
/Passive. Real-time.

Potential for 3D dose

mapping

Can be used to
optimize beam
focusing

Could serve as
dosimetric standard.
High accuracy (for
very sophisticated
and complex
designs)

defects

Low spatial resolution. Averages
over the measuring volume.
Positioning inaccuracies. No
suitable protocols for minibeams

Requires radiation quality
correction factors. Sensitive to
cumulative radiation damage.
Energy dependency

One dimensional. Need to move
to scan the beam. Energy
dependency

Sensitive to cumulative radiation
damage. Sensitive to position
misalignment. Energy
dependency

Energy dependency

Passive detector that requires
post processing. Sensitivity to
oxygen concentration. Requires
careful handling. Potential toxicity
during preparation and disposal.
Quenching effects

Very weak acoustic signals would
need to be detected. Short beam
pulses are required to generate
ultrasound signals.

Currently unexplored for
minibeam detection

Used for qualitative visualization
only

Viewpoint can cause image
distortions meaning quantitative
information cannot be extracted

Instruments typically owned by
standards labs. Operation and
analysis requires specialist
knowledge. Poor spatial
resolution. Only

measures average dose over a
defined area. Positioning
inaccuracies significantly
increase uncertainties

NIPAM polymer
gel dosimeter
used for 3D
verification of LRT

Primary standard
graphite
calorimeter used
in cited work

ments in SFRT. Uncertainties related to the positioning 4 |

and orientation of the detectors and reproducibility of

the collimated minibeams might have a large influ-
ence in the determination of absorbed dose and dose

distributions.%0

In conventional

ENGINEERING PERSPECTIVE

particle therapy, dose delivery is
achieved either via passive scattering or pencil beam

scanning using focused beams. In passive systems, the
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beam is shaped and spread by a series of scattering
foils, range shifters, rotation wheels and collimators.'?°
In pencil beam scanning, scanning magnets are used
to raster the focused cm-sized pencil beam across the
target volume. The fundamental principles of both tech-
niques can be adapted to PMBT, where the key require-
ment is a sub-millimeter beam size and a spatially
modulated fluence distribution.®®

41 | Magnetically focused beams
PMBT, using magnetically focused beams, involves
the use of specialized magnetic optics—most notably
quadrupole magnets—to demagnify the beam size. By
carefully tuning the beam optics, a broad initial beam can
be transformed into a tightly focused pencil or planar
beam with sub-millimeter widths, which can be scanned
over the desired field at the patient. This approach offers
key advantages that position it as the ideal solution for
PMBT.'27-128 |n particular, the beam is not physically
obstructed, and the beam current is preserved, which
is crucial for integrating emerging ultra-high dose rate
delivery techniques such as FLASH RT. Furthermore,
magnetic focusing avoids the introduction of additional
scattering sources, eliminating secondary radiation pro-
duction due to the collimator, and the consequential
increase in valley dose that can compromise tissue
sparing. The magnetic system’s tunability also allows
rapid switching between different minibeam config-
urations without mechanical adjustments, supporting
flexible treatment plans and adaptive therapy. Preclin-
ical studies using focused minibeams have already
been conducted at the ion microprobe SNAKE (Super-
conducting Nanoprobe for Applied Nuclear (Kern-
)physics Experiments) in Garching (Germany), showing
reduction of side effects compared to homogeneous
irradiation.!" 129

However, these advantages come with substantial
technical and economic challenges. Clinical facilities
today lack the dedicated beamline optics necessary
to achieve the required sub-millimeter beam sizes at
treatment depth. Constructing such systems requires
the design and installation of high-gradient magnetic
lenses with precise control and stability, demands major
modifications to existing beamlines or the development
of new research-focused beamlines.'*? Additionally, the
calibration, QA, and beam monitoring systems must be
adapted or redeveloped to characterize and maintain
these highly focused beams accurately. Due to these
complexities, magnetic focusing for PMBT remains in
the research and development stage, with no current
clinical installations capable of delivering sub-millimeter
minibeams via focusing. The most advanced system, the
MiniBEE (Minibeam BEamline for pre-clinical Experi-
ments), is currently being built at the Helmholtz-Zentrum
Berlin.’31.132 This system will focus a 70 MeV proton

(a) Mechanical collimation

FIGURE 1 Planar minibeam generation through mechanical
collimation. Green: Beam profile of a divergent beam at the start.
Dark orange: Multi slit collimator. Light orange: Beam envelopes.
Several planar minibeams are produced by either scanning of a
pencil beam or using a large incident beam.

beam to ~50 uym (o) beamspot size. It will be the first
system capable of systematically focusing high-energy
proton beams to such small sizes, serving as a platform
for preclinical studies and engineering developments in
beam delivery, dose-monitoring and beam application
modes. Systems like that are a crucial step towards
clinical implementation. Furthermore, the timeline for
clinical translation depends on sustained investment
in beamline engineering, commissioning, and regula-
tory approval processes. It is within the next 10 to
15 years, contingent upon the successful construction
of dedicated beamlines, thorough preclinical validation,
and early-phase clinical trials. Magnetic focusing is a
highly flexible technology for particle minibeam produc-
tion and fulfills all desired requirements in terms of
application times and pattern, whilst avoiding secondary
radiation. However, its technical complexity and chal-
lenging implementation make it a long-term goal and
make it unsuitable for the first implementation of PMBT
into the clinic.

4.2 | Mechanical collimation
Mechanical collimation (Figure 1), as the second option,
achieves beam size reduction by physically blocking
parts of the beam using multi-slit apertures or grids posi-
tioned near the patient or within the treatment nozzle.
This technique is well-established in MBRT’7:133.134 gnd
has been adapted for particle therapy,'>® with promising
preclinical results.!36:137

The transportable multi-slit collimation system devel-
oped by Ahmed et al.”® is a prime example of such a
device, designed as a modular multi-slit collimator com-
patible with existing clinical proton therapy nozzles and
used for preclinical experiments at the University Pro-
ton Therapy Dresden, Germany'3® and the University
of Washington Therapy Center, USA.'9 Its precision-
manufactured slits generate arrays of proton minibeams
with consistent widths (e.g. 250 ym) and spacing (e.g.
1 mm center-to-center (ctc)), producing high PVDR,
crucial for sparing normal tissue.
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Mechanical collimation offers the practical advan-
tage of rapid integration into existing therapy rooms
without requiring extensive beamline redesign.'*® This
compatibility makes it an attractive candidate for early
clinical translation. However, several technical chal-
lenges accompany this approach. First, blocking part
of the beam leads to significant current loss, reducing
the achievable dose rate and precluding the immediate
use of FLASH modalities. Second, particle interactions
within the collimator material generate secondary parti-
cles and scattered particles, increasing the valley dose
and complicating dose distributions. This secondary
radiation requires careful dosimetric characterization
and enhanced radiation protection measures. Finally,
collimators are typically static and customized for partic-
ular beam configurations, limiting flexibility.'*® Ongoing
improvements to collimator design focus on optimizing
slit geometry and materials to minimize scattering and
secondary radiation.®’

4.3 | Integrating production techniques
into clinical practice

Weighing the advantages and disadvantages of both
production techniques, we conclude that for rapid clini-
cal translation, collimation is the pathway to be followed,
while not losing the focus on further development of
magnetically focused beams, as in the long term, this
option is highly flexible, versatile in terms of beam
patterns and superior regarding dose delivery.

To initiate a clinical trial with collimated minibeams,
several obstacles must be addressed. On the hard-
ware side, integrating collimators into existing nozzles
requires mechanical support structures, accurate align-
ment mechanisms, and beamline shielding evaluations.
We suggest developing and using a support system that
can easily fit into various gantry types, together with
a standardized collimator in the first clinical trials. This
has the advantage that dosimetry can be done in detail
at a research gantry for the system in general and a
QA protocol can be developed for use in all other cen-
ters, to allow fast integration and have the least impact
on the clinical routine. For full characterization, facilities
like the National Physical Laboratory (NPL) in the UK
can use advanced dosimetry tools, like calorimeters, to
obtain a comprehensive, traceable dosimetric character-
ization of the beam, which can serve as a beam model
for treatment planning.

In terms of the software, TPS must be adapted to han-
dle spatially modulated fields, including realistic beam
modeling, MC simulations, and biological effect model-
ing. Currently, one of the most significant limitations is
the lack of experimental reference data for benchmark-
ing dose distributions, beam interactions, and tissue
response. Without validated models, treatment planning
output remains uncertain, limiting clinical confidence.

Therefore, a concerted effort must be made to gener-
ate high-quality dosimetric and biological data to inform
and validate treatment planning.

4.4 | Practical considerations for PMBT
delivery

The time of delivery for a scanning treatment differs
from having a dose delivery through a mask. This causes
different dose rates and can impact the biological effect.
If there are very short total radiation delivery times, with
possible beneficial biological effects (e.g. FLASH effect),
it may not be possible to stop irradiations within the treat-
ment time. Therefore, the stability of radiation delivery
must be high enough to trust the “single shot”.

Active scanning beams result in minimal beam loss,
while passive collimation may discard more than half
of the beam.'*" This not only increases treatment time
but also contributes to collimator activation and sec-
ondary neutron production.'*?~%4 |n passive PMBT,
activation of collimators should be considered. Colli-
mators are typically fabricated from high-Z materials
such as brass or tungsten, to achieve sufficient beam
shaping.2® However, these materials become activated
under particle irradiation.'*® Tungsten is effective for
beam collimation but exhibits longer decay times com-
pared to brass.'*® Among brass alloys, those composed
purely of Zn and Cu are preferable, to minimize the
production of long-lived radionuclides.'*® While the acti-
vation risk to patients is negligible compared to the dose
from treatment, cumulative exposure to activated colli-
mators represents a concern for clinical staff involved in
repeated treatment setups throughout the day. Mitigation
strategies include using internal self-shielding designs,
or alternating between multiple collimator sets to allow
for decay between uses.

The ability to deliver a spatially fractionated dose to
the target is limited by the physics of particle beams.'??
As the beam travels through a medium it broadens for
two reasons:

(i) Beam optics: The optics can be controlled by the
design of the beam delivery system. E.g. The
spot-size and divergence of the beam may be con-
trolled via beamline design, or the spot-size may be
sharpened by introducing collimation.

(i) Multiple Coulomb scattering: A particle beam inher-
ently broadens with depth as it travels through the
medium. This broadening cannot be controlled by
the design of the delivery system.

Multiple Coulomb scattering makes it difficult to main-
tain high PVDRs for millimeter-scale beams as the target
depth is increased. A planning study by Charyyev et al.
investigated the use of a brass collimator as a means of
producing millimeter-scale proton beams with a clinical
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pencil-beam scanning system for delivery of PMBT.'4”
The resulting PVDR was dependent on depth and beam-
let spacing. They concluded that 2 mm beamlets are
feasible using current clinical technology.

Centimeter-scale SFRT is less constrained by the
beam broadening which results from multiple Coulomb
Scattering, and its clinical implementation is more
advanced than PMBT. The similarities in the two
approaches, notwithstanding the differences in physical
scale, mean that clinical data and outcomes from SFRT
are relevant to PMBT and may be useful to guide its
clinical development. There may also be future studies
which leverage the similarities between the techniques,
and any clinical benefits shown for SFRT may prompt
further interest in PMBT.

5 | CLINICAL PERSPECTIVE

Carefully designed clinical trials are required to demon-
strate the efficacy of PMBT in patients. Considerations
for trial design include palliative versus curative settings,
disease type/location, tumor control/toxicity endpoints,
treatment planning/delivery strategies, QA procedures,
and accurate dosimetry.

5.1 | Types of irradiations that can be
prescribed (target coverage)

SFRT has been primarily applied in clinical settings for
palliative treatment using techniques such as GRID and
LRT.'5:148-150 |n contrast, PMBT and MBRT have so far
remained largely restricted to preclinical research.'® A
recent milestone was achieved in 2024, when Grams
et al. conducted the first clinical application of MBRT
using patient-specific 3D-printed collimator holders in
two patients, one with Merkel cell carcinoma and another
with recurrent preauricular squamous cell carcinoma.’””
Both patients experienced rapid pain relief and measur-
able tumor responses after only two treatment fractions,
demonstrating the clinical feasibility of MBRT. Jacobson
et al. also reported on the use of MBRT with an ortho-
voltage unit employed as a compassionate treatment in
a patient with recurrent mucosal melanoma, showing a
dramatic tumor response and minimal toxicity more than
6 months post-treatment.!®’

Preclinical evidence for SFRT is expanding across
a wide range of tumor types.'>2153 Glioblastoma (GB)
remains the most extensively studied tumor model in
MBRT research. In orthotopic rat models, both X-ray
MBRT'54.155 and PMBT-8.156.157 yielded significant sur-
vival benefits. Notably, PMBT led to long-term survival
rates of up to 83%, with evidence of immunological
memory in surviving animals.'®> Other preclinical stud-
ies further support the efficacy of SFRT in various tumor
types. Antitumor effects of GRID were demonstrated in

a murine sarcoma model,'®® and improved tumor control
was reported in a rat orthotopic breast cancer model.'®?
In lung cancer, LRT significantly delayed tumor growth
in a mouse model *°

5.1.1 | Homogeneous Irradiation

In this approach, a homogeneous lateral dose profile at
the depth of the tumor is achieved.'®? This method offers
the advantage of full homogeneous dose coverage of
the target while sparing proximal healthy tissue due to
the spatial modulation at the entrance. This can be used
for deep seated tumors with distal organs at risk (OAR),
like brain tumors.'®’

Since the target dose becomes homogeneous, stan-
dard treatment planning and prescription practices can
be used, including conventional dosimetric tools like
dose-volume histograms (DVHs) and conformity indices.
OARs along the entrance path may benefit from reduced
dose burden, potentially allowing for relaxed OAR
constraints.”®

5.1.2 | Heterogeneous Irradiation

In heterogeneous irradiation, the spatially fractionated
pattern throughout the entire beam path is maintained,
including the target volume itself. As a result, the tumor
receives a non-uniform dose, peak-and-valley doses do
not (fully) merge.'6?

This approach explores the potential to maximize
normal tissue sparing and to exploit new radiobiologi-
cal effects of spatial modulation within the tumor. This
can be used in superficial’” or extremity tumors (E.g.
bone metastasis in analogy to FLASH trial'®%) with a
shoot through approach. However, the non-uniform dose
distribution requires new prescription strategies both
for tumors and for nearby OARs. Traditional dosimetric
tools may be insufficient; instead, biologically informed
metrics and dedicated optimization of peak and val-
ley doses are necessary to ensure effective and safe
treatment planning.

5.2 | How to prescribe and plan

5.2.1 | Fractionation schemes

A recent survey of current SFRT clinical practices for
irradiation of bulky (advanced) tumors showed that the
most commonly used fractionation schemes among the
participants depended on the treatment intention: (i) pal-
liative: 1 fraction with 15-18 Gy, (ii) curative: 1 fraction of
15-20 Gy or 24 Gy in 3 fractions. It also showed that
SFRT is mostly combined with conventional external
RT, with a time gap that varied among the participants
(between 1 and more than 3 days).'%*
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Among other factors, the fractionation scheme will
depend on (a) tumor type, size and location, (b) radiobi-
ological response of cancerous and healthy tissues (c)
beam width and spacing (spatial fractionation geome-
try), (d) PVDR.

It has been proposed by several studies that SFRT
is integrated as a “boost’, either prior to, or after a
conventional course of RT (IMRT/VMAT) or combined
chemo-external RT treatment.'5>-16° The addition of
immunotherapy will play a significant role in elucidating
optimal RT fractionation schemes that involve the use
of SFRT techniques, fundamentally in deciding the most
effective time interval between the two modalities.'?> 170

5.2.2 |
PMBT

Treatment planning development for

To standardize the delivery and evaluation of outcomes
in SFRT and more specifically PMBT, it is essential
to involve developers of RT TPS. For techniques such
as GRID and VMAT Lattice, the work by Grams et al.
demonstrates that a comprehensive planning and evalu-
ation protocol can be established. Moreover, certain TPS
platforms (e.g. Eclipse (Varian, a Siemens Healthineers
company)) already offer the necessary tools to gener-
ate reliable treatment plans for GRID and LRT, which
can be effectively assessed and subjected to rigorous
QA procedures.'”’

A more complex challenge lies in the development
of planning tools for preclinical research, particularly
when using minibeams with protons or X-rays. In
these applications, TPSs must be capable of perform-
ing dose calculations within voxelated geometries that
resolve dose deposition at the scale of the beam size.
MC-based TPS implementations for medium-energy X-
ray dose calculations, such as Muriplan, SmART-XPS,
and SmaART-RAD, are already in use for preclinical
studies involving conventional and image-guided small
animal irradiation platforms. Additionally, systems like u-
RayStation (RaySearch Laboratories, Stockholm, Swe-
den) already support dose calculations for both X-ray
and proton-based deliveries. The next step in advanc-
ing this field is the integration of mini-beam collimators,
along with precise commissioning and optimization tools
that enable accurate planning with complex spatial dose
distributions.

5.3 | Recommendations
5.3.1 | Guidelines for PMBT prescription
and assessment

Clinical and physics guidelines for PMBT should be
developed in parallel to ensure safe and effective imple-
mentation. From the clinical side, treatment planning
should initially respect established OAR constraints and

MEDICAL PHYSICS 22

incorporate additional considerations specific to spa-
tially modulated dose distributions as clinical experience
grows. Prins et al. demonstrates that robust clinical
treatment planning of pMBRT can be established, with
trade-offs that should be considered during planning.'”?
On the physics side, guidelines should address beam
quality, spatial modulation stability, and verification pro-
cedures. Evaluation criteria should include both stan-
dard clinical metrics (e.g. dose-volume parameters,
tumor coverage, OAR sparing) and parameters specific
to minibeam delivery and QA (e.g. PVDR and beam
alignment). Integrating these aspects will be essen-
tial for standardized treatment planning and outcome
assessment within or across institutions.

As we consider translating PMBT toward clinical appli-
cation, there is a critical need to clarify how treatment
should be prescribed and assessed. Traditional pre-
scription models may not fully capture the spatially
modulated nature of PMBT dose distributions. Guide-
lines are recommended to define appropriate metrics,
and how these should be reported (as discussed in
Section 3.4).

Additionally, standardized methods for assessing
treatment efficacy and toxicity, both in preclinical and
clinical settings, are essential to enable consistent eval-
uation across studies and institutions. Such consensus
will lay the foundations for clinical protocol development
and regulatory acceptance across institutions.

5.3.2 | Patient sites

The selection of clinical sites for MBRT is driven partly
by geometry, with bulky (> 5 cm in any dimension'’")
or large (>100 cm?3, tumors being identified as potential
candidates, along with radio-resistant tumors."”"

Patient anatomical sites for PMBT should be selected
based on both clinical relevance and geometric feasi-
bility. Potential clinical indications include brain cancers,
head and neck cancers, breast cancer (particularly pos-
teroanterior configurations), lung tumors, and metastatic
lesions, especially in anatomically favorable regions. The
spatial modulation of minibeams may also offer benefit
in palliative settings, where reducing toxicity to surround-
ing tissue is critical. Site selection should consider not
only the tumor type but also beam access, motion man-
agement, and the ability to preserve minibeam geometry
throughout treatment.

533 |
endpoints

Selection and standardization of

Endpoint selection for PMBT trials should be guided by
consensus between radiation oncologists and medical
physicists and should rely on validated and standardized
criteria that are already widely used in clinical research.
This ensures consistency across institutions and allows

85UB017 SUOWIWOD BAITeaID 9 |gel(dde au Ag peusenob ae sejoiie YO ‘8sn J0 SN oy Akelq i auljuQ A8|IA UO (SUOIPUCD-pUe-SLelwoo" A8 IM Arelq Ul |uo//Sdny) SUONIPUOD pUe sWe | 8yl 8es *[9202/60/82] Lo Akeiqiauluo 481 ‘0990, dw/Z00T 0T/10p/wod Ao imArelq 1 jpul|uo-wudee//sdny wolj pspeoumoq ‘6 ‘9202 ‘60Z7ELrT



AHMAD ET AL.

1o | AEDICAL PHYSICS

meaningful comparison with conventional treatments.
Recommended endpoints include site-specific toxicities
to assess safety,and tumor control to evaluate treatment
efficacy. For example, skin toxicity may be particularly
relevant depending on the treatment site, and neurolog-
ical toxicities may include any signs of radiation-induced
cognitive deficits, edema, or tissue necrosis.?

Standardized criteria for assessing both tumor con-
trol and toxicity are crucial for the reproducibility of
PMBT studies. Consistency in reporting can be achieved
through validated grading systems for toxicity (e.g.,
CTCAE) and objective imaging assessments for tumor
response (e.g., RECIST 1.1""3 or RANO criteria'’* on
e.g. MRl or CT scans). Establishing such criteria will not
only harmonize treatment protocols but also improve
comparability of results across institutions and clinical
settings.

The authors are unaware of any ongoing PMBT clin-
ical trials at the time of submitting this roadmap, it
is perceived that initial reports may primarily describe
acute toxicity and early tumor response. However, as
with other oncological treatments, the ultimate evalua-
tion of its clinical usefulness will depend on long-term
endpoints such as overall survival, patient-reported out-
comes, and quality of life, metrics that are often most
relevant to patients.

5.3.4 | Clinical trials

For the clinical translation of PMBT, it is recommended
that initial trials be conducted at a single institution
to establish feasibility, safety, and workflow integration.
Once these foundations are validated, multi-institutional
studies should follow to assess reproducibility and
broader clinical applicability. Consistent reporting of
treatment parameters, including beam characteristics,
dosimetry metrics (e.g., Gy or alternative units), and
spatial modulation patterns, is essential for mean-
ingful interpretation and comparison across studies.
While standardized and accurate dosimetry is not a
strict requirement to initiate early-phase trials, multi-
institutional dosimetry audits and centralized, prospec-
tive RT QA will be essential as studies expand, ensuring
standardization of treatment for each patient. To estab-
lish the superiority of PMBT over standard of care, the
community must systematically gather high-quality data
through clinical trials with a comparative component and
validated endpoints. Extended registries, collecting data
on all treated patients will further support the assess-
ment of long-term outcomes, including survival, late
toxicity, and rare side effects.

6 | SUMMARY OF THE ROADMAP

Preclinical studies and clinical investigations are crucial
for identifying the optimal combinations, dosing regi-

mens, for timely integration of PMBT into clinical prac-
tice. In addition, the assessment of PMBT combined with
chemotherapy, immunotherapy, or other targeted agents
needs to be evaluated. Such multimodal approaches
may overcome current limitations of conventional radio-
therapy and further improve patient outcomes in resis-
tant and aggressive tumors compared to PMBT alone.
Table 2 outlines the key milestones identified by the
radiobiology, dosimetry, engineering, and clinical groups
as the priority actions, building on the research that has
been outlined previously in each respective section. As
many of these will occur concurrently, progress in one
area will inevitably inform the others.

6.1 | Interdisciplinary training and
communication

To provide the evidence needed for clinical translation,
the community must, where possible, try to reach a con-
sensus on the terminology used in reporting. Issues
in reporting are not novel and have been extensively
reported in conventional radiation therapy, where a con-
sensus on reporting was not always present.'”®> Here
however, we have the added complexity of varying radi-
ation type, fractionation pattern with varying levels of
heterogeneity in dose delivery, dose rate and delivery
schedule.

As with many other forms of RT, cross-disciplinary col-
laboration is a cornerstone of PMBT. Any novel medical
treatment is fundamentally clinically driven and opti-
mized to try and provide the best outcomes, to the most
patients, while minimizing the side effects.

However, the “why” and “what” are, at present, more
important than the “how”: why does the healthy tis-
sue toxicity decrease when we deliver PMBT, without
a reduction in tumor control, and what is the opti-
mal configuration to achieve this? Addressing these
questions effectively requires a continuous dialogue
between experts in beam delivery, dosimetric measure-
ment, radiation biology and clinical treatment. Without
understanding how the biological effectiveness of spa-
tial fractionation can be optimized, highly accurate
dosimetry may be wasted in measuring the wrong quan-
tities in the wrong locations. In addition, establishing a
universally agreed set of standard tests is essential to
allow comparison between different spatial fractionation
schemes so that effectiveness can be assessed by mul-
tiple centers in relation to a common reference. Even
with a quantity as apparently straightforward as dose,
differences in definition between physicists and biolo-
gists can impede communication, understanding and
progress. Prezado et al.'® proposed that collaborative
efforts focused on retrospective data analysis could help
identify the most meaningful correlations between dif-
ferent evaluation metrics, thereby supporting the devel-
opment of more appropriate prescription guidelines and
improving the assessment of PMBT efficacy.
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TABLE 2

Milestones for PMBT implementation. Stage 1 investigates and defines the technical challenges for each respective group. Stage

2 considers feasibility and initiates early validation. Stage 3 develops mechanistic understanding and establishes frameworks for clinical
implementation. Stage 4 advances biological understanding while integrating and implementing prototypes, workflows and procedures. Stage 5
focuses on standardization, optimization and validation. Stage 6 encompasses translation, scaling and deployment of all the milestones to
enable routine clinical use.

Stage
1 2 3 4 5 6

Preclinical Establish key Demonstrate Define Characterize Link biological Validate systemic
biological efficacy and mechanistic immune and effects to responses and
questions and normal-tissue pathways vascular dosimetry & integrate into
early evidence response (cellular, tissue, contributions modality translation
needs systemic)

Dosimetry Definition of a Establishment of Establish link Disseminate Report findings Make generic
complete list of a list of between these recom- fora recommendations
dosimetry candidate candidate mendations for representative for reference and
parameters that reference reference testing in PMBT set of PMBT relative dosimetry
should be conditions conditions and facilities scenarios
reported depending on relative

application and dosimetry and
identify preferred identify a list of
equipment to preferred
ensure equipment for
traceability for relative

each dosimetry

Engineering Define PMBT Perform optics Build and Integrate Standardize Enable
beam-delivery and MC commission prototypes into near-term multi-center
requirements simulations for research TPS and QA clinical solutions, deployment:
(beam size, magnetic beamlines and procedures. prioritizing disseminate
dose rate, field focusing and prototype Implement collimation: standardized
size, secondary collimation; hardware (e.g. realistic beam modular collimation
radiation) and identify feasible focused models, define collimator solutions and, in
map them onto magnet systems, minibeam lines, commissioning designs, parallel, mature
existing gantry collimator modular workflows, and common support high-gradient
/room designs, multi-slit develop QA and systems, magnetic focusing
constraints activation, and collimators) with interlock harmonized beamlines toward

shielding needs dedicated strategies for dosimetry clinically robust,
dosimetry and time structure setups, and regulated systems
beam-monitoring.  and single-shot activa-
delivery tion/staff-safety
protocols

Clinical Establish the Build consensus Define Standardize Ensure Establish
clinical rationale on early clinical prescription planning and QA regulatory and collaborative

trial design models and for clinical use ethical structures
dosimetry preparedness

requirements

To support clinical translation, dedicated focus groups
should also be established around key technical and
clinical domains. For example, a dosimetry-focused
group may define recommended protocols for refer-
ence dose measurements, evaluate suitable detector
types, and address challenges such as spatial resolu-
tion, energy dependence, and calibration standards for
minibeam fields. Similar groups could be formed for
imaging, treatment planning, quality assurance proce-
dures, and clinical endpoint definitions, ensuring that
each aspect of the workflow is addressed through
common consensus and shared experience across
institutions.

6.2 | Vendor engagement

It is clear that accurate and effective dosimetry is
required and ideally should be available ahead of clin-
ical and technological drivers. To a certain extent, this
can only be possible if, as discussed in Section 3, the
parameters to be measured have been confirmed. In the
short term, dosimetry will likely be achieved by optimiz-
ing and consolidating existing technologies whilst the
field of PMBT continues to evolve. In the longer term,
however, it is highly likely new methods, and equipment
will be required to meet the changing needs of users as
PMBT matures.
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The route to market for new technologies is both
costly and time-consuming, so it is vital to engage ven-
dors at an early stage of development. Progression
through the Technology Readiness Levels, in com-
pliance with statutory legal and safety requirements,
often resulting in Medical Device Certification across
several countries can be an extremely costly and time-
consuming process. Progression of preclinical work and
early clinical trials may provide greater leverage for
development of new technologies. However, vendors
may be reluctant to develop and progress potentially
high-risk, new technologies unless there is clear evi-
dence of a strong scientific demand and typically a
world-wide market need.

Two recent examples in adjacent radiotherapy modal-
ities illustrate how industry engagement supports
developments: the long-standing MRI-Linac Con-
sortium, which has supported the establishment of
MRI-guided radiotherapy over more than a decade
with Elekta’s Unity system as the principal commercial
platform, and early-stage collaborations such as those
between Standard Imaging and FLASH radiotherapy
research groups, demonstrating how vendor involve-
ment can help mature novel technologies when there is
clear scientific momentum.

6.3 | Evaluating and reporting PMBT
plans—New ICRU recommendations

PMBT presents a challenge when applying ICRU rec-
ommendations, as its inherently non-uniform dose dis-
tribution conflicts with the conventional assumptions of
homogeneity and standardized dose reporting used in
traditional RT.

One of the main difficulties with the clinical implemen-
tation of PMBT is caused by the lack of standardization
on dose prescription and tools for evaluating the biolog-
ical effect of the physical dose distributions delivered.
That is especially enhanced when the spatially frac-
tionated pattern is maintained along the entire beam
path, down to the target volume, passing through the
healthy tissue.'’® This is to be expected, as the corre-
lation between quantifiable dosimetric parameters and
clinical treatment response in PMBT are not yet fully
understood.

Recent recommendations on this topic, aiming to
support clinical implementation of SFRT through
the development of clinical trials are being laid out
by the NRG Oncology-AAPM working group.'®®
Groups have outlined comprehensive evaluations
of the different metrics and treatment prescription
approaches currently used as well as suggest-
ing pathways to narrow the current knowledge
gaps.'5:177

6.4 | Ongoing challenges

Nevertheless, the clinical implementation of PMBT still
faces challenges. First, there is the dual-side common
challenge of the translation of preclinical results to
human care. Preclinical studies, especially in RT, are
necessary to establish the proof of concept of an inno-
vation, to gather initial positive comparative results and
safety data, to dig deeper into underlying biomecha-
nisms and determine the most favorable conditions of
use. However, they also exhibit harsh limitations, such
as the imperfection of their methods and statistics, lack
of correlation between human and animal physiology,
and the poorly representative surrogates of human
outcomes (e.g., skin toxicity, cognitive impairment after
whole brain RT and tumor growth).'”® Preclinical models
must increasingly mirror clinical scenarios. This includes
the use of orthotopic rather than ectopic tumors and
integrating both animal and human-derived data, ideally
using patient-derived cells.'”® Applying current stan-
dards of care in preclinical studies will also help evaluate
how PMBT can be incorporated into existing treatment
regimens, or in some cases, replace them. For instance,
standard-of-care protocols for GB have been estab-
lished in rodents'®® and may serve as a foundation for
PMBT approaches.

In addition, there needs to be a clear way to correlate
radiobiological findings with clinically relevant informa-
tion, where radiobiologically driven plan evaluation tools
have been proposed. In the context of SFRT combined
with conventional RT, biological effective dose (BED) is
found to be unsuitable for spatially fractionated modal-
ities due to the heterogeneous dose distribution and
biological response. A unifying spatial BED (s-BED)
parameter has been proposed to better predict tumor
and OAR response.'’® Similarly, spatially equivalent uni-
form dose (s-EUD), a variation upon the conventional
equivalent uniform dose (EUD) parameter, has been
proposed to represent the uniform dose that, delivered
over the same number of fractions as a non-uniform
distribution, would result in the same radiobiological
effect.’8".182 However, both s-BED and s-EUD require a
robust understanding of the underlying radiobiological
response prior to clinical implementation. Mathemati-
cal models incorporating radiation-induced intercellular
signaling (bystander effect) have also been developed
to account for non-localized biological responses that
cannot be explained through direct dose deposition
alone.151,183,184

As conventional treatments such as surgery,
chemotherapy, and radiotherapy may induce radioresis-
tance in residual tumor cells,'®>-187 assessing PMBT
in these therapeutic contexts could further clarify its
potential as an adjuvant or standalone therapy. More-
over, in the case of preclinical PMBT, most data were
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compiled using a one-session treatment and in an
entire organ while most RT schemes in human treat-
ment are fractionated and localized.'®® One may object
that these well-known limitations plead in favor of a
rapid move toward assessing the innovation in clin-
ical trials once reproducible high-quality preclinical
results are collected. Nevertheless, the community has
identified two main gaps that must be addressed to
fully realize the potential of PMBT: the limited under-
standing of the underlying radiobiological mechanisms,
and the relationship between PMBT’s dosimetric and
geometric parameters and the response of both nor-
mal and tumoral tissue.!”® As outlined in this review,
the parameters of PMBT treatment are numerous
and may largely vary. A key obstacle that may hinder
clinical implementation is the constrained access to
particle therapy worldwide. While the number of proton
therapy centers is rapidly growing, with a few carbon
ion facilities being planned or under construction,'®®
most patients with theoretical indications of particle
therapy are still treated with photon beam therapy, as
the number of available slots for particle therapy are
restricted.’®® Therefore, the initial indications for PMBT
and the design of early clinical trials must be carefully
chosen to avoid the dual risks of limited efficacy and
excessive toxicity, which could hinder PMBT from being
recognized as a valuable innovation. To prove the
benefit of PMBT, clinical investigations must be carried
out to produce, collect, analyze and evaluate clinical
data to verify the safety, performance, and favorable
benefit/risk ratio of the innovation. The innovation of
PMBT falls under the regulatory process of medi-
cal device.'"”! Before a clinical trial involving a new
device may begin, the proposed study and device must
undergo a review and notification process to ensure the
safety of study participants. This process is overseen
by national or supra-national health authorities (e.g.
European medical device regulation 2017/745/EU'92)
and requires time and skills to consider in the roadmap
of the innovation’s implementation.’®® In addition,
external dosimetry audits are needed to independently
quantify PMBT dose delivery and confirm adherence
to trial protocols,’®* however this requires agreed upon
dosimetric protocols and regulatory alignment.’®®

7 | CONCLUSION

The resolute pace of innovation in medicine prompts
significant research to gather robust and rigorous clin-
ical data on PMBT. There remain a significant number
of unanswered questions relating to the optimal form
of enabling routine clinical use of collimated proton
minibeams within the next five years, with other ions
not long after. This roadmap summarizes the key unan-
swered questions and obstacles that must be addressed
to enable routine clinical implementation.
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