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This simulation study proposes a chemical mechanism to define a surrogate to the
tumor control during micro- and mini-beam radiation therapy (MBRT). The main focus
is proton-MBRT (pMBRT) and the methods developed are applied also to photon-MBRT
(MRT). In both cases, the classical interpretation of physical dose cannot be used to
explain the observed biological effect and a change of paradigm may be required. MBRT
was reported to provide tumor control with reduced side effects when compared to
standard dose delivery. The underlying mechanisms leading to a differential response of
the normal tissue and the tumor are still unknown. In this work, we propose a chemical
mechanism to describe the efficacy of MBRT. The model was developed starting from
the observation that pMBRT led to long term survival without significant side effects of
rats implanted with a high-grade glioma. We distribution of a generic radiation-induced
molecule or radical could be a surrogate to describe the biological effect. The specific
mechanisms leading to cell damage were outside the scope of this work. The molecules
and radicals were selected according to a set of properties: (i) they should be stable to
allow diffusion achieving coverage of the dose-valleys, (i) they should reach a steady
state in production versus removal, (iii) they should be a product of water radiolysis, and
(iv) they should have oxidizing capacity. A convolution model was developed to assess
the property (i) keeping the analysis as general as possible. The tumor coverage was
defined widening the interpretation of the ICRU-62 recommendations. The properties (i)
and (i) were investigated with the TRAX-CHEM software. The property (iv) was used to
exclude not relevant chemical species. The results show that hydrogen peroxide fulfills
all the requirements. Moreover, the modeling of its temporal and spatial distributions
demonstrate that a uniform coverage of the target by this reactive oxygen specie (ROS)
can be achieved during the beam-on time. The model was compared and proven to be
compatible with three independent photon micro-beam and proton mini-beam animal
experiments. We conclude that hydrogen peroxide is a good candidate to describe the
mini-beam and micro-beam efficacy. Further experiments are proposed to experimentally
benchmark the model and to correlate the hydrogen peroxide concentration to the tumor
control probability.

Keywords: mini-beam, micro-beam, TRAX, MBRT, proton therapy, proton mini-beam, hydrogen peroxide, spatially
fractionated radiation therapy
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1. INTRODUCTION

Technological developments play an important role in the
improvement of cancer therapy. Radiation-therapy is, in
particular, a rapidly evolving field and it is used as a form of
treatment for as many as half of the cancer patients [1]. The
refinement of the treatment techniques improved patient care
and led to an increase in the survival rate. Long term survivors are
the ones who potentially benefit the most from the developments
aiming to reduce the side effects of radiation-therapy. The
most commonly chosen approach to affect the lesions without
inducing side effects is improving the conformality of the
dose delivery. A prominent example is the increasing usage
of advanced photon delivery techniques such as volumetric
modulated arc therapy [2]. Further reduction to the dose
delivered to normal tissue may be obtained with beams of
charged particles. While electron beams can be employed for
superficial tumors, high energy proton, and ion beams allow
to escalate the dose to deep located target volumes while
reducing the burden to the normal tissue due to their physical
and biological characteristics [3]. Further improvements will
be investigated at the new generation facilities [4]. In general,
the approaches adopted in clinical practice aim to achieve
tumor control by delivering a uniform dose to the target
volume. In pre-clinical studies several other options have been
investigated, which not always base their rationale on uniform
dose distributions and conformality. A prominent case is the
micro- and mini-beam radiation therapy (MBRT), where a
spatial pattern of high-dose beamlets alternates with low-dose
valleys. This has been investigated in animal experiments with
photon beams (MRT) at synchrotron facilities [5] and recently
at dedicated light sources [6]. Also recently, proton beams
were deployed as well (pMBRT) [7]. The investigation of
MBRT requires a change of paradigm. The reduction of the
side effects to the organs at risk are not achieved by reducing
their integral dose, but thanks to a differential response of
normal and tumor tissue to the radiation delivered with a well-
defined spatial fractionation. Two recent studies investigated the
tumor response to MRT for mice implanted with squamous
carcinoma [6] and to pMBRT for rats implanted with high-
grade glioma [8]. In the former, the tumor growth delay was
compared between a tumor-bearing control group, mice treated
with broad-beam and with micro-beams. Two different dose
levels were investigated. In the latter, a long term follow-
up was performed to monitor the side effects and tumor
response for normal and tumor-bearing animals. The rats were
either part of the control group or were treated with mini-
beams at one dose level. The animal experiments reported
that pMBRT preserved the tumor control. The interpretation
of such result is the aim of the current study. Moreover, a
previous MRT study performed at a synchrotron facility was
also taken into account [9]. In this case, Regnard et al. found
that the probability to ablate the implanted intracerebral 9L
gliosarcoma increased by a factor more than 7 when decreasing
the spacing of micro-beams from 200 to 100 wm. Differences
in normal tissue toxicity were also observed, but will not be
further investigated in the current study, which will focus on the

MBRT efficacy in tumor tissue. All the previous studies included
histological analysis.

MBRT has been investigated at two different spatial scales.
In both cases, the setup utilizes arrays of parallel thin radiation
planes separated by short distances. In first approximation, along
the transverse profile, the radiation can be modeled by a series of
equidistant rectangular peaks separated by valleys without direct
delivery of the beam. We aimed to keep the study as simple
as possible in order to avoid biases in the results due to the
choice of free parameters. The profiles can be characterized by
their center-to-center distance c-t-, i.e., the spacing between the
areas with direct radiation, and the full width half maximum
of the radiation peaks FWHM. In the case of mini-beams,
the c-t-c can be as wide as few millimeters and the FWHM
up to the millimeter scale [8]. To achieve such beam profiles,
dedicated mechanical collimators are typically designed [10].
The presence of a collimator leads on one hand to a reduction
of the dose rate with respect to a broad beam irradiation and
on the other hand to scattering of the primary radiation. The
former is taken into account in the current study by analyzing
the total irradiation time, which if long enough may allow the
propagation of radiolysis products in the valleys. The latter leads
to the presence of a non-zero dose in the valleys, which is then
characterized by the peak to valley dose ratio PVDR. High values
are achievable with novel techniques such as magnetic focusing
for ion beams [11]. The physical dose delivered in the valleys
is therefore small compared to the average dose delivered in the
tumor, which leads to a significant part of the tumor volume
to be under-dosed. Nonetheless, several animal experiments
report delayed tumor growth [6], improved survival fraction [12],
and tumor control with cases of tumor eradication [8]. Such
effects cannot be explained by the low physical dose delivered
to the valleys. Alternative interpretations including cell-signaling
cascades have been proposed for the normal tissue sparing [13].
Recently, the correlation between tissue damage and the level
of reactive oxygen species (ROS) has been proposed [14]. The
related radiolysis products can be nowadays accurately modeled
by dedicated simulation codes, such as TRAX-CHEM [15]. This
work aims to fill the gap in the interpretation of the tumor
control observed in MBRT, combining the previously mentioned
results to investigate a chemical mechanism for mini-beam and
micro-beam efficacy.

This study consists in three subsequent phases. First, we
investigate the spatial distributions of the physical dose and the
radiolysis products during MBRT. Then, we analyze and model
the spatial and temporal evolution of the molecules and radicals
produced by the radiation beam. Finally, the model is used to
interpret previous MBRT animal experiments.

2. MATERIALS AND METHODS

The spatial distribution of ROS was investigated to develop
a model interpreting the MBRT efficacy. The current work
was based on simulations and it provides a more in-depth
analysis of previously published MBRT animal studies. No
animal experiments were conducted within the current study.
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The model was developed starting from the observation that
pMBRT led to long term survival without significant side
effects of rats implanted with a high-grade glioma [8]. It was
then applied to MRT used to irradiate mice with squamous
carcinoma [6] and rats with intracerebral 9L gliosarcoma [9].
We selected the three previously cited studies since they
provided all the parameters required to compare the simulations
to the experimental data. Namely, the complete dosimetric
description of the irradiation, the total irradiation time, and
the observation of a biological effect. We investigated whether
the distribution of a radiation-induced molecule or a radical
could be a surrogate to describe the biological effect. The specific
mechanisms leading to cell damage were outside the scope of this
work. Four properties were defined, to restrict the investigation
solely to relevant radiation-induced molecules or radicals. The
conditions were:

(i) it should be stable to allow diffusion during beam-on,
achieving coverage of the dose-valleys
(ii) it should reach a steady state in production versus removal
within few microseconds of beam-on
(iii) it should be a product of water radiolysis
(iv) it should have oxidizing capacity to allow damage of
proteins, lipids and DNA.

The choice of the conditions was motivated by the following
properties. (i) The relevant distance of diffusion is the one that
the molecules and radicals can reach during beam-on. In absence
of radiation, the reactive chemical species are rapidly removed
by antioxidants [16]. (ii) The steady state is required since the
time scale of the biological effects is much longer compared to
the one of the physics phenomena that trigger the process. Fast
processes that do not reach the steady state, while contributing
indirectly to the steady state of other processes, are not expected
to be directly correlated to a biological effect. The radiation-
induced molecules or radicals that reach the steady state are
chosen as a potential surrogate for the biological effect. (iii) The
surrogate for the biological effect of MBRT should be directly
or indirectly generated by ionizing radiation. Therefore, other
processes leading to water dissociation were excluded. (iv) The
reactivity of the molecule or radical is required in order to induce
a chemical or biological effect.

The study was divided in three subsequent phases. First, the
property (i) was assessed keeping the analysis as general as
possible. We investigated the diffusion of molecules and radicals
from their production in the peaks to the valleys. No constraints
were imposed at this stage. The details are presented in section
2.1. The second phase investigated the properties (ii) and (iii)
with the software TRAX-CHEM [17]. The simulations were
based on the properties of the proton mini-beams reported by
[8]. The spatial distributions of twelve different molecules and
radicals were tracked over several orders of magnitude of their
time evolution. The details are provided in section 2.2. Finally,
in the third phase, we compared the characteristic diffusion
times of the molecules and radicals with the irradiation times
adopted in the previous mini-beam [8] and micro-beam [6]
animal studies. The methodology of the comparison is presented
in section 2.3.

2.1. Generalization of the Dose Coverage

Concept

2.1.1. From Physical Dose to gRM Concentration

This study investigates the secondary water products produced
by radiation, known as radiolysis. We define gRM as the
generic Radical or Molecule produced during radiolysis, and that
diffuses through the cells after being produced. The international
recommendation of ICRU established that the dose values in the
PTV should be confined within 95 to 107% of the prescribed
dose [18]. This classical concept of physical dose coverage of the
target volume is not respected in MBRT, due to the presence
of low-dose valleys (Figure 1). We hypothesize that a coverage
within 95 and 107% is not provided directly by the physical dose,
but by a secondary product of the interaction between ionizing
radiation and water target. As a matter of fact, the values assumed
by the physical dose will not enter directly our model, which will
focus on the distribution of the secondary products. The gRM
is created at the interaction point between the ionizing radiation
and the target and it can be any of the radicals and molecules
listed in Table 1. Its concentration at the moment of creation is
assumed to be directly proportional to the physical dose. Starting
from a point-like physical dose distribution and assuming the
condition (i) to be respected, at a given time point, the gRM will
have a given spatial distribution. Keeping the analysis as general
as possible, we model such distribution with a Gaussian function.
In a one dimensional representation, the gRM distribution is
parameterized by its amplitude Ay, standard deviation o} and
mean . While uy = 0 for the symmetry properties of the
problem, the other parameters evolve in time according to the
specific properties of each radical or molecule: A : = Ag(t) and
oy : = ok(t). Given a physical dose distribution D(x), the relative
concentration of gRM can be calculated with a convolution:

peru(x) = k- D(x) ® ——e *k (1)

2w o

where k is a normalization factor. In other words, the distribution
D(x) is converted into pera(x) through a kernel of width oy.
Likewise, the prescribed physical dose can be converted into
a mean concentration of gRM. It is promptly seen that for a
classical uniform D(x) respecting the ICRU recommendation,
also pgra(x) is within the 95 to 107% limits. On the other hand,
for MBRT, such condition is not respected by D(x) but it may be
respected by pery(x) depending on the value assumed by oy.

2.1.2. Calculation of oy in Previous pMBRT Studies

Prezado et al. reported that the pMBRT used in their experiments
were characterized by a width of 1.1 mm at 1 cm depth, PVDR
of approximately 6.25 and c-t-c = 3.2 mm [8]. We calculated
the value of oy required for pgra(x) to be within the 95 to
107% limits for this experiment. The physical dose distribution
was reproduced with a series of identical Gaussian functions.
A more direct approach adopting rectangular functions was
also investigated (Figure 1). The Equation (1) was applied to
the physical dose distribution and the uniformity of gRM was
recorded at varying oy. The smallest oy producing a pgra(x)
distribution respecting the ICRU recommendation was recorded
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FIGURE 1 | One dimensional representation of the conversion from the physical dose deposited by pMBRT to the spatial distribution of a generic molecule or radical
(gRM). Two scenario are compared: (left) Gaussian shaped and (right) rectangular shaped mini-beams. In both cases, the following parameters were adopted:
c-t-c = 3200 um, FWHM = 1100 um, PVDR = 6.25, and ox = 1250 um. The data matches the values in [8], which reported the dosimetric data at a depth of 1 cm.

as 6. We compared the 6 values obtained with Gaussian-shaped
and rectangular-shaped mini-beams. An exemplary conversion
of D(x) into pgra(x) for the two cases is presented in Figure 1.
The same approach was then applied to MRT experiments.
The value of 64 was calculated for the micro-beam experiment
reported by [6]. Here, the dosimetric parameters were: width
= 50 um and c-t-c = 350 um. The PVDR was not explicitly
reported, but the authors say that it was much higher than 48.
We adopted PVDR = 50 in our simulations. It should be noted
that higher values would have negligible influence on the results
of the gRM distribution, as its value at high PVDR is dominated
by the peak dose. Finally, we calculated 6y, for the two irradiation
conditions reported by [9]. In the first case, a c-f-c = 200 um
was used and the PVDR was 42.3 at 5 mm. In the second one,
a c-t-c = 100 um was used and the PVDR was 14.2 at 5 mm.
All the experiments were performed with beams of width =
25 pum generated with a dedicated collimator at the European
Synchrotron Radiation Facility (ESRF) [19]. We will reference the
experiments with the same nomenclature used by Regnard et al.,
i.e., series 200*! for the first and series 100RL for the second

2.2. Simulation of the Radiolysis Products
2.2.1. The TRAX-CHEM Software

The evolution of proton tracks in water through the physical,
pre-chemical, and chemical stage was simulated using the
TRAX [20] code and its recent extension TRAX-CHEM [17].
Implementation of track chemistry in water [17], the addition
of dissolved oxygen [21], and the respective reaction channels
have been previously described in detail. In brief, physical
particle interactions are simulated with an event-by-event Monte
Carlo approach. Ionization and electronic excitation events lead
to molecular dissociations whose coordinates and ionization
or excitation state are passed over to the prechemical stage
together with thermalized secondary electrons. There, molecular

"The group 200* includes the series 200LR1, 200LR2, 200RL

dissociation and thermalization of the fragments are simulated
and conclude after ~ 1 ps. These radiolytic species are then
tracked as they diffuse and react with each other according
to well-known rate constants, and the products of reactions
amongst themselves or with water or dissolved molecular oxygen
are continuously included into the pool of active chemical
species, whereas the consumed reactants are removed. The type
of radical and coordinates of all active species are recorded
at specified intermediate time points. The spatial dissolution
of the track structure into a microscopically homogeneous
distribution is normally reached at ~ 1 us together with chemical
equilibrium. Photon beams were not simulated in the current
study. We defined the temporal evolution of the distribution of
the molecules based on proton simulations only. This is justified
by the fact that the primary radical yields as well as the diffusion
process of the molecular species in water are insensitive to
radiation quality at low linear energy transfer.

2.2.2. Temporal Evolution of A, and oy

For radiolysis simulation with TRAX-CHEM, conditions were
set as follows. The source was an infinitesimally thin proton
beam of kinetic energy Ex = 92 MeV, ie., equivalent to the
mean energy at 1 cm depth in water of the beams used in
the experiments reported by [8]. It was placed immediately in
front of the target volume where interactions can take place.
The target was a water cylinder of 3 um height and 10 um
radius with an oxygenation value of 6%, resembling physiological
conditions at body temperature. Secondary particles (electrons)
were followed explicitly through all interaction events until
7€V, ie., below the threshold for electronic excitations. At that
point, the residual kinetic energy was converted into one final
displacement in a random direction according to [22]. We
tracked over time the distribution of twelve radiolysis products
in order to identify a potential gRM fulfilling the requirement
(ii). Table 1 summarizes the molecules and radicals tracked. The
simulations were sampled at multiple time points from 10712
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to 107> s. An example of the production and diffusion of OH®,
H,0,, and other species is reported in Figure 2. We first analyzed
the temporal evolution of Ax(t) for all the molecules and radicals
and then o (t) for the ones respecting the condition (ii).

The total number of molecules or radicals for each of the
species listed in Table 1 was recorded at multiple time points. In
this analysis, the number of events was integrated over the whole
target. The species were separated in two categories, depending
on their behavior at the latest simulation time point. In the first
category, we included the species that did not reach a steady state
and were still increasing or decreasing in their total amount. In
the second category, we included only the species that reached
the steady state, i.e.,, dAx/dt = 0. The first were excluded from
further analysis as the condition (ii) was not respected.

We analyzed the radial positions of the species in the second
category. This was done taking into account the absolute distance
from the beam axis and collecting the data in histograms. The
chosen landmark of the distribution was Pgg, i.e., the 68th
percentile. Its value evolved with time. We defined oy (t): =
Peg(t) and their values were collected at the previously defined
time points of the simulation. The temporal evolution of oy (f)
was fitted with a power law for t > t;, where t; was the first time
point of the simulation where Ay(t) reached a steady-state. The
functional form was chosen in accordance to the data presented
in section 3.2. The parameterization was oy(t) = a - (t/ to)P.
We fixed the parameter t 1's, which defines the unit for
the time.

TABLE 1 | Breakdown of the molecules, radicals, and ions followed in the
TRAX-CHEM simulations.

2.3. Tumor Coverage by gRM in Previous
MBRT Animal Experiments

Keeping the analysis as general as possible, we assume that a given
gRM fulfills the conditions (i)-(iv) and that it can be identified by
the methods presented in sections 2.1, 2.2. For such gRM, it can
be defined a characteristic time f at which also the generalized
definition of tumor coverage by ICRU is fulfilled. This can be
promptly calculated by inverting the parameterization, i.e.,

2

This characteristic time can be correlated with the beam-on
in the animal experiments, being the latter the only significant
time scale for the radiochemical processes. We postulate that (2)
corresponds to the minimum beam-on time required for a MBRT
irradiation to achieve tumor coverage by gRM. This assumption
is justified by the phenomena happening at longer and shorter
time scales. For beam-on times longer than £, the steady state of
gRM has already been reached and therefore the postulate applies.
For beam-on times shorter than 7, the steady state of gRM may
not always be reached through simple diffusion at a later time
point. Metabolic processes remove molecules and radicals from
the target and therefore modify the gRM distribution. Therefore,
we directly compared the time scale of £ with the beam-on time.
Given texp, the beam-on time in a MBRT experiment, the gRM
can be a potential surrogate to describe the biological effect if the
condition fexp > t is met. Therefore, we analyzed previous MBRT
animal experiments where tumor control was reported and we
compared their fey, with our calculation of ) and i.

The pMBRT experiment by Prezado et al. was conducted with
collimated proton beams [8]. They reported that the irradiation
was performed with a dose rate of D = 2 Gy - min~! at 1 cm

*OH HsO™ *H Ho0 . .
° § depth. This depth was also the reference point used to report the
o Ho Ho0, oy-  Mmini-beam width. The peak dose was D = 70 Gy, which converts
into an irradiation time of f = 35 min = 2100 s. This value was
0, *HO, ‘0, HO,  used for our analysis.
 § T T € T ® T v € T ¥ T T T T T ¥ T T ¥ T T T T T ¥ T v T T
107" s 107 s { : 1075 s
400 | 4k 4k " .
200 | 1 4 1
e L
£ of I 1+ 1
> L ”:
-200 1 4 .
OH° L
400 H202 1 1 ; j
other species .
L 1 L 1 L 1 L 1 n 1 n n 1 I 1 n 1 I 1 I 1 1 I ki 1 n - 4 ) x .".l Ty . 1 1 -
-400 -200 0 200 400 =400 -200 0 200 400 -400 -200 0 200 400
X (nm) x (nm) X (nm)
FIGURE 2 | Two dimensional representation of the temporal diffusion of molecules and radicals simulated with the software TRAX-CHEM. The events displayed are
produced by a proton beam with kinetic energy Ex = 92 MeV in water.
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The MRT experiment by Dombrowsky et al. was conducted
with photon beams at the Munich compact light source (MuCLS)
[6]. The authors reported explicitly the irradiation time, which
varied depending on the experimental setup. The integral
dose rate for MRT was up to 0.6 Gy - min~!. Fluctuations
of the instantaneous values of D lead to total irradiation
times of (5.6 £ 0.8) min for the delivery of D = 3Gy.
For the purpose of our model, the shortest irradiation time
showing a biological effect is the relevant one. Therefore, we
calculated the minimum teyp, that could be achieved with D =
0.6 Gy - min~!, ie, texp = 300s. This value was used for
our analysis.

Uniformity gRM distribution at varying ok

1.04 g X X XXX XXX XXXXXX
___________________ e L e e e e i —————
X
- X
2 0.8 X
_.3 X
& X
S 0.6
3 x
(S}
2 0.4
g ; X
o
= X
= 021 -
X Simulated data
x> -—- 95% objective
0.0 0.5 1.0 1:5 2.0 2.5
Ok [mm]

FIGURE 3 | Dependence of the uniformity of the ROS spatial distribution with
respect to the value of oi adopted in the convolution of the physical dose
distribution. The parameterization of the physical dose distribution is analog to
what is presented in Figure 1.

The MRT experiment by Regnard et al. was conducted with
synchrotron radiation at the beamline dedicated to biomedical
research of the ESRF [19]. Compared to the previously
described experiments, MRT at synchrtoron facilities can achieve
significantly higher dose rates and therefore shorter irradiation
times. The authors reported that the effective beam-on time
was adjusted as a function of the ring current. The duration of
the irradiation was approximately 1s, value which we used for
our analysis.

It should be noted that the depth at which the MBRT are
investigated is a free parameter. The depths were fixed in the
previous experimental studies in relation to the tumor location.
The model presented in the current study takes in account the
dose distribution in the tumor, independently from its depth in
the animal. Therefore, the model is applicable at any arbitrary
depth, as long as the dose distribution is available.

3. RESULTS

3.1. Calculation of o in Previous MBRT
Studies

The requirement of 95 to 107% coverage was respected as soon
as gRM reached a lateral distribution with uniformity >0.95.
Figure 3 shows the evolution of the gRM uniformity with respect
to the value assumed by o}. A steep increase is observed for
approximately 0.5 mm < o} < 1.5mm. Outside this range,
the shape of the gRM distribution is dominated by the c-t-c
value (0p < 0.5mm) or by the convolution kernel (o} >
1.5 mm). The &y lies within the previously mentioned range.
Therefore, its value depends simultaneously on the distribution
of the physical dose and on the diffusion properties of gRM.
Deviations smaller than 3% were observed when comparing 6
calculated from Gaussian-shaped mini-beams and rectangular-
shaped mini-beams. The latter was used in the rest of the study.

Temporal evolution Ay

1.0 1
S 0.8
<
o
(V)
g
S 0.6 1
e}
=
3
G
o 0.41
2
S
©
K}
< 0.2 — H30%
—— OH-
0.0 =
1073 1072 101 10° 10! 102 103
Time [ns]

FIGURE 4 | Temporal evolution of the amount of molecules and radicals produced in the TRAX-CHEM simulations. The abundance of gRM are normalized by the
maximum values reached within the time range of the simulations. A sub-set of six among the twelve simulated species are shown. These are further sub-divided in
the first (left) and second (right) category depending on the behavior at the latest simulation time point.
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The values obtained for 65 were

1293 um
149 pm
83 um
41 um

for Prezado et al. [8]

for Dombrowsky et al. [6]

for 200* in Regnard et al. [9]
for 100LR in Regnard et al. [9]

3)

The calculation of the values (3) did not assume any a priori
information regarding the generation and diffusion properties of
the chemical species. We observe that the values required by 6y
are approximately half the c-t-c¢ distance.

3.2. Temporal Evolution of Ax and oy

The dependency of Ay on the time point of the TRAX-CHEM
simulation is presented in Figure4. The two categories of
chemical species are reported in two separate plots. Only a sub-set
of the species in the first category is shown for conciseness. The
ones excluded from the plots are not relevant for the following
steps of the current study. The steady state was reached by
the following:

H,0, , H, , HO; (4)

while the remaining species listed in Table 1 did not respect
dAy/dt >~ 0. All three in (4) respected the condition (iii). Among
them, only H,O, respected the condition (iv), which is a reactive
oxygen species (ROS) and can be expected to be associated with
cellular damage [14]. Therefore, the further analysis is restricted
to hydrogen peroxide. For this ROS, the condition dA;/dt >~ 0
is respected. In particular, for t > 50 ns we observed deviations
of Ai(t) smaller than 0.25% from its mean value. Therefore, we
set t; = 50 ns.

The time-dependent histograms representing the spatial
distribution of the hydrogen peroxide radicals are shown in
Figure 5. The values of Pgg are calculated and reported in
the plot. At positions close to the beam axis, the number of
H,0,; decreases with increasing time due to the diffusion. A
minimum is observed in Figure5 for + = 100 ns due to the
logarithmic representation of the distance from the beam axis
and the ordinate scale. This takes into account the total number
of molecules at a given radial distance from the beam axis and
does not normalize by the volume over which such molecules are

Temporal evolution ok

X TRAX-CHEM simulation
1044 Parametrization (t > 50 ns)
— 6x107°
£
E
X
® 4x10-
3x107°
% >
% X
2x107° X X
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FIGURE 6 | Temporal evolution of the lateral displacement from the beam axis
of H>O». The crosses show the data points extracted from the TRAX-CHEM
simulations. The red line is the parameterization of the data points for t > t1,
where t; = 50 ns according to the temporal evolution of Ax.

distributed. The same data, plotted with a normalization by the
volume is provided in the Supplementary Material of the article.
The values Pgg were then used to parameterize oy(t).

The evolution of o(f) and the power law fit for ¢ > ¢, are
shown in Figure 6. This was parameterized with the variables in
SI units. The fit parameters were:

a=(48£02)-10"°m
b=(434+03)-10"" (5)

th=1s

The parameterization (5) was used to extrapolate oy (f) for times
greater than the last simulation time point.

3.3. Tumor Coverage by H>0; in Previous
MBRT Animal Experiments

The minimum widths of the Gaussian kernels to ensure coverage
of the target by H,O, were reported in Equation (3). Inserting
the values (5) into (2), we obtained the following minimum
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FIGURE 7 | Prediction of the minimum beam-on time required to achieve
uniform H, O, coverage for syncrotron experiments with PVDR = 71 and beam
width 25 um. The prediction is compared with previous experimental data [9].

irradiation times that would ensure the required diffusion of
hydrogen peroxide in the previous MBRT animal experiments:

2120 £240s for Prezado et al. [8]

- 139+ 1.5s  for Dombrowsky et al. [6] ©)
35+£04s for 200% in Regnard et al. [9]
0.70 £ 0.08 s for 100LR in Regnard et al. [9]

while the experimental irradiation times were

2100 s for Prezado et al. [8]
300s  for Dombrowsky et al. [6] (7)
1s for Regnard et al. [9]

texp =

In three out of the four experiments analyzed, it was valid that
texp = t. In such cases, according to the model presented,
the H,O, provided a coverage between 95 and 107% of its
mean concentration. As a matter of fact these experiments were
associated with high probabilities of tumor ablation or growth
delay. For the series 200* in Regnard et al., the uniform coverage
of H,O, was not reached during beam-on, since feyp < i.
This should be attributed to the high dose rate achievable at
a synchrotron and an increased c-t-¢ spacing. The group 200*
registered 2 ablated tumors in 32 irradiated rats. The series 100RL
produced 5 tumor ablations out of 11 rats.

We further investigated the differences between the series 200%
and 100RL. The worst case scenario to achieve HO, coverage
was taken into account, i.e., the maximum PVDR = 71 reported
at the skin entrance by [9]. We calculated for varying c-¢-c what
would be the minimum 7 predicted by our model. The result
and the comparison with the experimental data is presented in
Figure 7. The series 100LR belongs to the region with uniform
H,0, distribution, while the series 200% is attributed to the one
where such uniformity is not achieved.

4. DISCUSSION

This simulation study identified the distribution of hydrogen
peroxide as the candidate to interpret the mini-beam and micro-
beam efficacy. This molecule is a product of water radiolysis, it
is stable and it rapidly reaches the steady state in production
versus removal. Moreover, the H,O, has a strong oxidizing
capacity leading to damage of proteins, lipids, and DNA. Such
known properties are now combined with the observation that
the distribution of hydrogen peroxide had become uniform in
previous MBRT animal experiments where tumor control was
achieved. The plausibility of our hypothesis that a radical or
molecule can be used as surrogate to describe the biological
effect induced by MBRT is therefore confirmed and hydrogen
peroxide was identified as the chemical candidate. This is further
supported by the different tumor ablation probability reported by
Regnard et al. between the group 200* and 100LR. In the former,
the uniform H,0O, coverage was not reached during beam-on
and the fraction of animals with tumor ablation was seven-fold
smaller compared to the 100LR series, in which H,O, diffused
uniformly over the target.

The presented model aimed to identify a candidate for the
biological efficacy of MBRT in tumors. The investigation of
the differential effect between the former and normal tissue
was outside the scope of the current study. Nonetheless, the
identification of the hydrogen peroxide as the surrogate to mini-
beam and micro-beam efficacy can be used as a starting point
for such analysis. We discuss two phenomena, one physical and
one biological, which act in favor of a differential effect between
tumor and normal tissue. The first, related to the physics of
MBRT, applies especially to pMBRT. We hypothesized that the
tumor control is obtained because a homogeneous distribution
of hydrogen peroxide covers the target volume. Such coverage is
obtained due to a well-tuned combination of proton mini-beam
size and center-to-center spacing, which combined with H,O;
diffusion during beam-on, covers uniformly the tumor. On the
other hand, for pMBRT, the PVDR is high at the normal tissue in
the entry channel and it degrades with depth until reaching the
target [11]. Therefore, while an homogeneous H, O, distribution
is reached at the tumor, this is not always the case for the normal
tissue. In such case, dose volume effects may apply also to the
hydrogen peroxide distribution and therefore lead to a higher
tolerance of pMBRT in the normal tissue. This applies especially
to pMBRT experiments tuning the beam energy to deliver the
Bragg peak at the tumor location. The second, related to ROS
biology, applies also to MRT. Cancer cell have significantly higher
intracellular ROS levels relative to normal healthy cells [23]. For
this reason we believe that normal cells have a higher tolerance
to ROS relative to cancer cells, making them more resistant to
oxidative stress induced by MBRT through H,0O;. Despite these
two phenomena, the differential effect in normal and tumor tissue
is a key aspect of MBRT and will require further investigation.
The following discussion will focus on the biological efficacy of
MBRT in tumors.

This work was a simulation study aiming to provide
further interpretation of previous animal experiments. Few
simplification and assumptions were made. We did not aim to
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reproduce the physical dose distribution irradiated to the animals
in the previous studies with the highest accuracy achievable.
This was out of the scope of the current work and it is
instead the objective of studies dedicated to the beam design
[11] or treatment plans evaluation [24]. On the other hand,
these simplifications should not affect the results. The chosen
approach consisted in defining the physical dose distribution
based on the parameters c-t-c, FWHM, and PVDR reported by
the authors. The simplest model based on rectangular-shaped
D(x) was compared to a more realistic D(x) made of multiple
Gaussian peaks (Figure 1). The deviation in the estimation of 6y
with the two models was limited to the percent level. Therefore,
it can be assumed that a further refinement of the D(x) from
the multiple Gaussian peaks to a more complex simulation
reproducing with high fidelity the previous MBRT experiments
would not contribute significantly to the accuracy of the results
presented in this work. Therefore, the use of rectangular-shaped
D(x) distributions is justified. The little susceptibility of 6% to
small deviations of D(x) could be interpreted in the light of
the data presented in Figure 3. The ICRU objective of 95%
uniformity is reached at the upper end of the steep part of the
curve, i.e., toward the part where the curve tends asymptotically
to 100% uniformity. Among the parameters in (1), this part
of the curve is mostly dependent on oy. Therefore, the spatial
and temporal diffusion properties of the hydrogen peroxide
provide a greater contribution compared to small deviations
in the distribution of the physical dose. The ICRU objective
of 95% was assumed without error in this study. However,
this recommendation is the result of a long history of clinical
experience in many different conditions and therefore should
not be assumed as valid a priori for every application. Since the
95% of the dose is a minimum objective, it means that lower
values may still provide the desired biological endpoint. For what
concerns our study, lower uniformity values are correlated to
shorter irradiation times required to achieve the desired gRM
distribution. Therefore, even in presence of a lower objective
such as 90%, the values presented in (6) would still support the
applicability of our model when compared to (7). The maximum
dose objective of 107% does not enter directly in our model.
Finally it should be reminded that MBRT introduces a change of
paradigm. Therefore there is no evidence yet that the parameters
defined in the ICRU are strictly required to observe tumor
control. This study investigated whether a generalization of such
recommendation, which would still be valid and applicable in the
conventional therapy, could be adopted in MBRT experiments.
The current chemical-stage analysis comes as a complement
to previous studies analyzing the biological effects of spatially
fractionated dose distributions. While not all the biological
phenomena, such as the higher tolerance of normal tissue,
could be described through our proposed model; we showed
how the spatial distribution of H,O, is a potential highly
relevant parameter and should be further investigated. The
correct interpretation of such microscopic mechanisms of action
is required in order for spatially fractionated radiation to advance
toward a potential future clinical implementation [25].

One further assumption in the study was the extrapolation of
the parameterization oy (f) to larger time scales compared to the

ones simulated with TRAX-CHEM. In particular, the simulations
ran until 107> s while the interpretation of the previous animal
experiments required times up to the order of 10? s for micro-
beams and 10 s for mini-beams. This extrapolation is supported
by three facts. First, the distribution of H,O; is parameterized
solely by Ay (t) and oy (¢) in the current study. The TRAX-CHEM
simulations were run until it was verified that dA;/dt >~ 0 was
respected and oy(t) was the only varying quantity. Deviations of
Ag(t) smaller than 0.25% were observed from t; until the latest
simulation point, i.e., over 3 orders of magnitude in time. Further
simulations beyond this time point would require additional
computational burden without a significant increase of the results
accuracy. Second, the physical properties of hydrogen peroxide
are close to the ones of water [26]. For example, its dipole
moment is only 22% larger than the one of H>O, it is uncharged
and protonated at physiological pH. Therefore, the diffusion in
the extracellular space of hydrogen peroxide is not expected to be
dumped and it can reach extended spatial distances. Moreover,
hydrogen peroxide is commonly treated as a molecule that
freely crosses membranes, with only some exceptions [26]. Such
property, combined with the condition (iv), supports the choice
of H,O; as a surrogate for radiation damage to the cells. Third,
this extrapolation was based on the property (i), which is the
long term stability of the hydrogen peroxide. This was simulated
by TRAX-CHEM in water. Shorter times can be expected in a
cellular environment, where the hydrogen peroxide is removed
by specific enzymes [27]. Nonetheless, the stability of H,0,
concentration over several minutes up to the hour is observed
also in cell cultures [28]. The stability of the concentration
investigated in the current work is limited to the beam-on time.
Therefore, the extrapolation of the data presented in Figure 6
to larger time points is justified. Future work may include
investigations with more realistic phantoms for the simulations
and a comparison to biological data. Moreover, the absolute
concentration of H,O; should also be the subject of investigation
of future more advanced simulations taking into account the
surrounding biological environment. A comparison of the
ROS levels in the experiments and the simulation simulation
predictions can then be performed. In the current study we
adopted a simple geometry in order to investigate the basic
phenomena related to out hypothesis. Finally, the comparison
between different simulation codes such as TOPAS-nBio [29],
[30], and PARTRAC [31] may also be of interest in future stages
of the project.

The work presented supports the potential explanation of the
MBRT anti-tumor efficacy though the distribution of H,O,. The
current study does not demonstrate the correlation between the
hydrogen peroxide concentration and the tumor control. Further
experimental studies will be necessary to assess such correlation.
If this is confirmed, the concentration of this ROS can be used
as a marker for the MBRT effect. Ideally, the level of hydrogen
peroxide will have to be measured by dedicated experiments. The
predictions obtained with the simulations should be confirmed
with a direct measurement of the absolute H,O, concentration
in real-time during beam-on with dedicated reagents, e.g.,
Amplex™ Red [32]. This would allow not only to experimentally
benchmark the kernel used for the conversion from physical
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dose to ROS concentration, but also to assess the absolute value
of pgrm(x) in the experimental setup. The level of HyO, after
the diffusion process should then be correlated to the tumor
control parameters in animal experiments. Damaging reactions
caused by ROS are known to induce cell death by oxidative stress.
Previous studies show that even at concentrations below the
required threshold, single ROS activated protein can lead to cell
death [33]. Moreover, H,O; is involved in developmental control
by triggering apoptosis and cell proliferation [34]. Finally, an
additional model describing the differential response of normal
tissue and tumor would be required to interpret the absence of
brain damage observed in the proton mini-beam experiments [8].
The investigation of additional models, the specific mechanisms
involved and the correlation between the hydrogen peroxide
concentration and the tumor control are left for future studies.
According to the results presented in this work, we limit the
discussion in presenting H,O; as the candidate to interpret the
mini-beam and micro-beam efficacy.

5. CONCLUSION

A simulation study to investigate a potential surrogate to describe
the efficacy of mini-beam and micro-beam radiation therapy
was presented. The hydrogen peroxide fulfilled the required
conditions; namely, it is a product of water radiolysis, it is
stable, it reaches rapidly the steady state in production versus
removal and it has oxidizing capacity to allow damage of
proteins, lipids, or DNA. It was demonstrated that the H,O,
produced in the dose-peaks diffuses to the dose-valleys during
beam-on leading to a homogeneous ROS distribution over
the target. This distribution respected the reinterpretation of
the ICRU recommendation for target coverage, while this was
not respected by the physical dose. The model was tested on
three previous independent photon micro-beam and proton
mini-beam animal experiments. When the predicted minimum
irradiation time matched the experimental data, the biological
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