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Purpose: Spot-scanning hadron arc radiation therapy (SHArc) is a novel delivery technique for ion beams with potentially improved
dose conformity and dose-averaged linear energy transfer (LET) redistribution. The first dosimetric validation and in vitro verification
of carbon ion arc delivery is presented.

Methods and Materials: Intensity-modulated particle therapy (IMPT) and SHArc plans were designed to deliver homogeneous
physical dose or biological dose in a cylindrical polymethyl methacrylate (PMMA) phantom. Additional IMPT carbon plans were
optimized for testing different LET 4-boosting strategies. Verifications of planned doses were performed with an ionization chamber,
and a clonogenic survival assay was conducted using A549 cancer lung cell line. Radiation-induced nuclear 53BP1 foci were assessed to
evaluate the cellular response in both normoxic and hypoxic conditions.

Results: Dosimetric measurements and clonogenic assay results showed a good agreement with planned dose and survival
distributions. Measured survival fractions and foci confirmed carbon ions SHArc as a potential modality to overcome hypoxia-induced
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radioresistance. LET4-boosted IMPT plans reached similar LET4 in the target as in SHArc plans, promising similar features against
hypoxia but at the cost of an increased entrance dose. SHArc resulted, however, in a lower dose bath but in a larger volume around the

target.

Conclusions: The first proof-of-principle of carbon ions SHArc delivery was performed, and experimental evidence suggests this novel

modality as an attractive approach for treating hypoxic tumors.

© 2024 Published by Elsevier Inc. on behalf of American Society for Radiation Oncology. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Spot-scanning hadron arc (SHArc) radiation therapy,
the first arc delivery technique for light and heavy ions,
was introduced in silico for proton, helium, carbon, oxy-
gen, and neon ion beams' * offering potential treatment
benefits such as increased normal tissue sparing from
higher doses, possible enhanced target dose-averaged lin-
ear energy transfer (LET,4), and potential reduction in
high-LET4 components in organs at risk (OARs). Devel-
opment of treatment planning and optimization is ongo-
ing at the Heidelberg Ion-Beam Therapy Center (HIT),
with initial in silico studies. SHArc therapy could be deliv-
ered with either an isocentric gantry or with a gantry-less
approach using a rotating chair for treatment in an
upright position.” For carbon ions SHArc, LET4 was pre-
dicted to increase in the target volume from ~40 keV/um
to ~80-140 keV/um compared with conventional carbon
ions delivery." Moreover, favorable LET, distributions
were possible with the SHArc approach, with maximum
LET in clinical target volume (CTV)/gross tumor volume
(GTV) and potential reductions of high-LET4 regions in
normal tissues and OARs. Compared with photon volu-
metric arc therapy, SHArc affords substantial reductions
in dose to the normal tissue (40%-70%).>

Tumor hypoxia can significantly diminish the response
to radiation therapy,”® because of reduced production of
reactive oxygen species and consequently in DNA dam-
age, leading to a poorer prognosis. High-LET radiation
can increase cell killing of hypoxic tumors compared with
low-LET radiation (eg, photons and protons) via induc-
tion of more complex DNA damage, resulting in an
increased relative biological effectiveness (RBE).” Thus,
theoretically, high-LET carbon ions delivery should allow
efficient cell killing independently of the oxygen status.®
In reality, however, current clinical planning and delivery
standards for intensity-modulated particle therapy
(IMPT)"” using carbon ions do not yield high enough
LET in the tumor to efficiently eradicate the hypoxic
niche. More specifically, LET4 values in patient treatment
typically reach values up to 30-50 keV/um, which can be
considered low- to mid-range values, with a strong depen-
dency on the tumor volume and beam arrangements.
Higher LET levels (2100 keV/um for carbon ions) are
found mostly in the distal edge of the tumor and/or in the
surrounding healthy tissues."”” Therefore, LET4-boosting

strategies in the target may be necessary to overcome
tumor radioresistance factors like hypoxia.'”'" Novel
approaches are emerging with the intent to effectively
boost LETy in the target, such as LET4-optimization for
IMPT plan with heavy ions as recently introduced in a
commercial treatment planning system (TPS),'” carbon
ion arc therapy, or multi-ion therapy strategies combining
lower and higher LET particles.' "

Recent works have developed proton arc delivery with
existing gantry systems as proof of concept toward the
first prototype system.'” Others have built a dedicated
rotational staging system for dosimetry and radiobiologi-
cal investigations using a fixed-beam setup.'® The biologi-
cal investigations have been limited to proton therapy and
have shown increased RBE as a function of LET for clini-
cally relevant distributions. To date, there are no studies
that demonstrate the arc delivery system for other ions
such as helium and carbon.

In this work, a dedicated rotational system was devel-
oped for investigating the feasibility and efficacy of arc
delivery, mimicking upright position treatment, at a syn-
chrotron-based facility for light and heavy ions, through
dosimetry and biological studies. Planning and dosimetry
for arc versus conventional IMPT were performed for car-
bon ions. In vitro study with a tumor cell line was carried
out. Additionally, tumor cells in hypoxia have been irradi-
ated, showcasing the capability of carbon ions SHArc to
eradicate hypoxic tumor cells while keeping a reasonably
low-dose bath, thus potentially widening the therapeutic
window in carbon ion therapy. SHArc plans have been
additionally compared in silico against IMPT strategies
aiming to increase LETy in the target, in a phantom and
an exemplary glioblastoma patient.

Methods and Materials

Experimental setup

A cylindrical polymethyl methacrylate phantom (20 cm
in diameter) was used for the first dosimetric and in vitro
biological verification of arc delivery with carbon ions (Q1/
Q2 2023 at HIT). Four inserts were made in the phantom
(Fig. 1A, B) in order to allocate the ionizing chamber (Pin-
Point-TM31015 chamber, PTW) for dose verification and
2-mL tubes (Eppendorf) for cell irradiation (Fig. 1B). A
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Figure 1 (A) Experimental setup with rotational stage and polymethyl methacrylate (PMMA) phantom with inserts for Pin-
Point-TM31015 chamber (PTW) chambers and Eppendorf tubes. (B) Schematic of the phantom, depicting insert geometry and
measurement positions P1-P4. (C) Screenshots of a representative carbon SHArc generated plan (physically optimized) and cor-
responding film measurements. (D) SHArc and IMPT carbon ions biologically optimized plans. The optimization goal was 3 Gy
(RBE) in the planning target volume (PTV, marked with an orange line). The resulting biological dose, physical dose and LET4
distributions are displayed. Profiles are also shown for the positions indicated with lines on the 2D distributions. The arrows

labeled as P1, P2, P3, and P4 indicated the positions for dose and biological measurements.
Abbreviations: IMPT = intensity-modulated particle therapy; LET4 = dose-averaged linear energy transfer; SHArc = spot-scanning hadron arc therapy;
TPS = treatment planning system.
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positioning stage was used, which was rotating between 2
consecutive particle delivery (spill). At HIT, the pause
between each spill is about 3 to 4 seconds.'”

Planning of IMPT and SHArc plans in a
cylindrical phantom

The treatment plans for carbon ions delivery in the
horizontal room were designed and optimized for both
SHArc and opposing 2-field arrangement with the clinical
TPS RayStation 11B (RaySearch Laboratories). The plan-
ning target volume was a cylinder of 3 cm radius and
4 cm height centered at the isocenter.

First, plans were optimized to ensure a uniform and
conformal physical dose within the target of 1, 2, and 6
Gy with standard IMPT (physically optimized IMPT,
IMPTpo) or with SHArc (physically optimized SHArc,
SHArcpp). The aim was to verify dosimetrically the
SHArcpo (IMPTpo) delivered plans, as well as to validate
in vitro microdosimetric kinetic model (mMKM) based
biological predictions in the TPS.'®'” For SHArcpo, the
plan consisted of 90 carbon ions beams separated every 4°
over a 360° arc, with 1 energy chosen per angle. Three
energies have been used, repeating every 12° 254.71,
257.00, and 259.29 MeV/u (range in water of 12.5, 12.7,
and 12.9 cm, respectively) for carbon ions. For IMPTp, 2
opposite fields were used covering the entire target, and
the energy slices ranged from 205.60 to 284.84 MeV/u
(range in water, 8.5-15.2 cm). Delivery time was about 7
minutes for both the investigated delivery techniques. As
initial verification of the setup and delivery feasibility, the
polymethyl methacrylate phantom with a radiochromic
film (Gafchromic EBT film, Advanced Materials Group,
International. Specialty Products) (Fig. 1C) was irradiated
with the 6 Gy SHArcpo plan. An additional plan consider-
ing an organ at risk and its film verification is presented in
Figure El. Second, biological dose (RBE-weighted dose)
optimization was performed achieving a biological dose
of 3 Gy (RBE) in the planning target volume for both
SHArc (biologically optimized SHArc, SHArcgo) and
IMPT (biologically optimized IMPT, IMPTgp) as shown
in Fig. 1D. For SHArcpo, the plan consisted of 90 carbon
ions beams separated every 4° over a 360° arc, with 1
energy per angle and alternating energy layers at each
angle of 244.21, 246.57, and 248.91 MeV/u (range in
water of 11.6, 11.8, and 12.0 cm, respectively). Every 12°
the same energy is used. A slight energy shift compared
with the SHArcpo was applied (range difference of about
—0.9 cm) to increase the LETq4 further in P1 for SHArcgo.
For IMPTpo, the energy layers ranged from 205.60 to
284.84 MeV/u (range in water, 8.5-15.2 cm). The num-
bers of particles for the IMPTpo and SHArcgo were
1.46 x 10° and 1.48 x 10°. Delivery time was about 7
minutes for both the investigated delivery techniques. The

LET, increase in the SHArc plan was ensured through the
energy selection, with the Bragg peak of each energy layer
finishing near the center of the phantom. In comparison,
the IMPT plan energy layers are covering the whole target
for each beam. The resulting biological dose, physical
dose, and LET| distributions are shown in Fig. 1D for car-
bon ions SHArcgo and IMPTgo. Verifications of
SHArcpo and IMPTjo dosimetric and biological predic-
tions were performed. Additionally, carbon ions SHArcpo
and IMPTgq plans were delivered in hypoxic conditions.

Three additional approaches were investigated in silico
and are presented in the Supplementary Materials: 2 bio-
logical dose LET 4-boosted carbon ions IMPT optimiza-
tions and 1 LET 4-boosted SHArc.

Dosimetric verification of the experimental
plan

The physically and biologically optimized SHArc
(SHArcpo and SHArcgo) and IMPT (IMPTpo and
IMPT30) plans were verified with a PinPoint-TM31015
ionization chamber at positions P1-P4 (Fig. 1B) following
clinical protocols.”’ Films have been used as the initial
qualitative verification method of the entire workflow
(Fig. 1C and Figure E1).

Cell culture and experimental in vitro
validation

Human lung epithelial cells A549 (p53 wild-type adeno-
carcinoma; ATCC) were cultured in Dulbecco modified
Eagle medium, supplemented with 10% heat-inactivated
fetal bovine serum (Millipore) and 1% penicillin/strepto-
mycin (Thermo Fisher Scientific) at 37°C at 5% CO and
21% O,. Prior to the irradiations with carbon ions, the
parametrization from x-ray irradiation of the mMKM
inputs used in the TPS was performed and is presented in
the Supplementary Material and Figure E2. For the cell
irradiation setup inside the phantom for carbon ion beam
irradiation, the cells resuspended in 1 mL of medium were
added to the 2-mL tubes (Eppendorf) and centrifuged at
1000 rpm for 5 minutes to ensure the cell pellet was cor-
rectly located at the bottom during irradiation. The tubes
were then sealed with perforated parafilm to prevent
medium leakage while ensuring gas exchange. The cells
were then incubated in either 21% O, in an incubator or
1% O, using an in-incubator hypoxia chamber (C-cham-
ber; Biospherix) for 3 hours before the irradiation. The
hypoxia chamber controller allowed for the monitoring
and control of CO, and O, concentrations (ProOx and
ProCO2 model; Biospherix) prior to irradiation. To verify
hypoxia status of the medium within the Eppendorf tubes,
a Greisinger GOX 100 oxygen sensor was inserted directly
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prior to irradiation. At the time of irradiation, pO, values
were ~21% and ~1.0% for the normoxic and hypoxic sam-
ples, respectively. After irradiation, the cells were seeded in
25-cm” flasks (triplicates) and incubated for 5 days at 37°C
at 21% O2 and 5% CO,. Nonirradiated cells under the
same environmental conditions were used as controls.
After colonies were formed, these were fixed with 75%
methanol and 25% acetic acid for 10 minutes at room tem-
perature and stained with 0.1% crystal violet for 10
minutes. Colonies containing more than 50 cells were
counted as survivors.

All in vitro experiments were performed in triplicates 3
times; the results are given as mean values and standard
error of the mean. Statistical comparison between out-
comes in hypoxic and normoxic conditions was per-
formed using a 2-tailed unpaired Student ¢ test with
significance level « set to 0.05.

Planning of IMPT and SHArc plans for an
exemplary glioblastoma patient

An anonymized recurrent glioblastoma patient was
taken as proof of principle for comparing different planning
strategies. In this work, the biological dose was planned at
51 Gy (RBE) in 17 fractions. The IMPT plan was optimized
with 2 opposite beams covering the whole target. The
IMPT LETg4-optimized plan (IMPTigr) used the same
beams as in standard IMPT, but adding a LET 4-optimiza-
tion function to the GTV to reach 80 keV/um. The SHArc
plan was optimized for 20 beams (every 18°) over a 360°
arc. Each beam was planned for 5 energies, separated by
3 mm depth, distributed over the center of the target in the
beam eye view. For the LET4-optimized SHArc plan, the
same beams and energies were used, but adding a LETy4-
optimization function to the GTV to reach 80 keV/um. A
robust evaluation of the CTV and GTV coverage was car-
ried out, considering 3 mm position (14 positions) and 3%
range (step of 1.5%) uncertainties. An additional evaluation
for 3 mm position and 1.5% range uncertainties was also
made assuming the possibility of performing planning
based on dual-energy CT images, reducing uncertainties on
stopping power ratio value estimation.”’ Seventy and 42
scenarios were generated for the 2 evaluations, respectively.

Results

Dosimetry

Dosimetric results for IMPT and SHArc plans for car-
bon ions are summarized in Table 1. An exemplary dose
map of the SHArcpo plan and the IMPTpo as well as
SHArcpo are displayed in Fig. 1. A video of the 7-minute
entire irradiation of a SHArcpo plan (with a speed-up

Table 1 Dosimetric summary for carbon ions IMPT and
SHArc plans
Position Dose agreement:
name: planned vs
Planning LET, measured
Optimization modality (keV/um) (mean %+ SD)
Physical IMPTpo  P1:343 —0.1% % 0.4%
P2:38.4 2.0% £ 0.6%
P3:30.6 —0.2% £ 0.2%
P4: 14.6 —0.5% % 0.1%
SHArcpo P1:37.4 —0.3% = 0.2%
P2:55.6 —1.7% % 0.6%
P3:18.1 —2.4% £+ 0.3%
P4:14.8 —0.2% £+ 0.2%
Biological IMPTso  P1:44.6 —0.4% £ 0.3%
P2:50.3 0.9% =+ 0.4%
P3:27.9 —2.5% % 0.9%
P4:14.7 0.2% % 0.5%
SHArcgo P1:87.3 —0.2% %+ 0.9%
P2:54.5 7.9%* £ 2.1%*
P3:18.5 2.2% £ 0.3%
P4:15.5 3.9% £ 1.2%
*Indicates measurement in a large dose gradient.
Planning modality and corresponding LET4 values at the measure-
ment point are reported. Following clinical QA procedure, the mea-
sured-to-calculated dose difference, normalized to the maximum
calculated beam dose, was adopted as the main dosimetric evalua-
tor.”® The standard deviation has been calculated from multiple (at
least 3) repeated chamber measurements.
Abbreviations: IMPT = intensity-modulated particle therapy;
SHArc = spot-scanning hadron arc therapy.

factor of ~8) is available in the Supplementary Material.
The corresponding LET,4 values in keV/um at the mea-
surement positions (P1-P4) are also reported. Following
the clinical quality assurance (QA) procedure, the mea-
sured-to-calculated dose difference, normalized to the max-
imum calculated beam dose, AD,,,,, was adopted as the
main dosimetric evaluator.”” The mean and standard devi-
ation of AD,,,, for all the investigated plans is shown in
the last column of Table 1. For the central position, mean
AD,,,.. was below 1% for both IMPTpg and SHArcpg plans
with variations up to 2.5% in other positions. Additionally,
for SHArcgo and IMPTgo, mean AD,,,,, values were 3.5%
and —0.5%, respectively, as reported in Table 1 together
with corresponding LET values.

The results of an in silico comparison of the features of
different planning strategies, in terms of RBE-weighted
dose, LET4, and corresponding dose volume histograms
(DVH) and LET4 volume histograms (LVH), are pre-
sented in Supplementary Materials.

In vitro verification of IMPT and SHArc plans

In Fig. 2, in vitro verification of the IMPTpo and
SHATrcpo plans for both beam modalities is shown for the
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Figure 2 In vitro validation of the clinical treatment planning system (TPS) to predict cell survival as function of dose for
IMPTpo (A) and SHArcpo (B) plans with carbon ions. Microdosimetric kinetic model (mMKM)-based TPS predictions are

depicted with lines for measurement positions P1, P2, P3, and P4 while experimental data are shown as points with error bars.
Abbreviations: IMPT = intensity-modulated particle therapy; SHArc = spot-scanning hadron arc therapy.

4 measurement positions (P1-P4). In general, model pre-
dictions match the experimental data for both beam deliv-
ery approaches. Quantitatively, considering P1 and P2,
that is, the positions with larger dose spans, the mean
relative differences between the measured and predicted
logarithm of survival fraction were 1.3% and 2.2% for
IMPTpo and SHArcpo, respectively.

The in vitro verification of the biologically optimized
plans depicted in Fig. 1D was performed to assess the dif-
ference between measured and expected survival values
for P1 and P2. IMPTgo expected and measured survival
fractions were 0.34 (0.35) and 0.36 & 0.02 (0.36 = 0.03)
for P1 (P2), whereas for SHArcpo, they were 0.35 (0.36)
and 0.35 &£ 0.07 (0.40 % 0.10) for P1 (P2).

The results of the in vitro measurements in P1 for the
biologically optimized carbon ions plans (SHArcpo and
IMPTj30) in either normoxia (O2~21%) or hypoxic condi-
tions (O2~1%) are presented in Fig. 3. Clonogenic
survival assay results are presented in Fig. 3A, B. When
comparing irradiations under normoxic and hypoxic con-
ditions, IMPTpq showed a statistically significant increase
in radioresistance in hypoxic compared with normoxic
conditions (P = .004), whereas SHArcpo kept a similar level
of cytotoxicity (P = .4942). This was additionally confirmed
by comparing the radiation-induced nuclear 53BP1 foci at
30 hours postirradiation as shown in Fig. 3C, D. Higher
survival fraction of IMPTgq in hypoxia was correlated with
a lower amount of remaining 53BP1 signals at 30 hours.
The ratios between the average number of 53BP1 foci per
nucleus in hypoxic conditions and that in normoxic condi-
tions are about 2.0 £+ 0.5 and 0.8 £+ 0.2 for IMPTgp and
SHArcpo irradiations, respectively. Representative images
for IMPTgo- and SHArcpo-induced nuclear 53BP1 foci at
30 hours postirradiation are shown in Figure E3.

Comparison of carbon ions RBE-weighted
dose optimization strategies on an
exemplary glioblastoma patient

The resulting biological dose and LET, distributions,
and correspondent DVH and LVH are shown in Fig. 4.
LVH and DVH metrics are extracted and presented in
Table E2. The LETg4-optimized IMPT plan and both
SHArc plans exhibit high-LET values in the GTV (LET-
mean >80 keV/um), compared with the clinical IMPT
plan (LET e, of 60 keV/um). However, the dose in the
brain (without CTV with a 3 mm margin) presents higher
dose components in the LET4-optimized IMPT plan, as
highlighted by the line dose profile. Both SHArc plans
present a LETy4 redistribution inside the target volume,
the LET 4-optimized SHArc plan allows an optimal redis-
tribution within the GTV (LET gog9, ~ 81 keV/uum for the
LET4-optimized plan against 46 keV/um for the classic
SHArc plan). Similar to phantom results, SHArc plans
yielded in the patient the lowest LET 54 in the brain,
down to 67 keV/um compared with 93 keV/um for
IMPT techniques. In terms of robustness against position
and range uncertainties, the clinical IMPT approach
yields superior results for target coverage compared with
the other strategies (Table E3).

Discussion

The first dosimetric and in vitro evaluation of arc
delivery with carbon ions was performed, and the poten-
tial of high-LET, arc delivery with carbon ions to over-
come hypoxia-induced radiation resistance has been
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Figure 3 (A, B) Survival fraction of A549 cells irradiated with SHArcpo (A) or IMPTpo (B) in normoxia and hypoxia. (C, D)
30 hours postirradiation 53BP1 foci per nucleus in hypoxic and normoxic conditions after SHArcpo (C) or IMPTyq (D) delivery.

The P values are also reported.

Abbreviations: IMPT = intensity-modulated particle therapy; SHArc = spot-scanning hadron arc therapy.

demonstrated. This key feature of carbon ions SHArc
delivery could bring new possibilities to the clinic for the
treatment of hypoxic tumors, with the drawback of pre-
senting a low-dose bath in the patient but without
increasing the maximum dose in the target surrounding
normal tissues or beam entrance ports. For this purpose,
a framework mimicking upright treatment with a fixed
beamline was introduced, delivering SHArc plans to per-
form their verification dosimetrically as well as radiobio-
logically in vitro. The setup used could serve as preclinical
verification for future deployment of arc delivery with
upright positioning using, for example, the system pro-
vided by Leo Cancer Care.

SHArc plans were successfully optimized, and they are
presenting a particular shape in their dose/LET distribu-
tions as seen in Fig. 1C, D. The “peak” and “valley” struc-
tures shown in the LET4 and dose distributions at the
outward periphery of the phantom are linked to the opti-
mization process and the objective to achieve a homoge-
neous dose distribution. The density of the Bragg peak
positions, coming from the 90 angles, is higher in the cen-
ter of the phantom compared with the outer regions of

the target, owing to the prior energy selection to have a
high-LETj, in the core center of the target and the shape
of the phantom. Thus, during optimization of physical
and biological plans, the weights of these central spots are
reduced in order to achieve a homogeneous distribution,
leading to a decrease in dose/LET\.

Dosimetric verification of SHArcpo, IMPTpo, and
IMPTgo showed excellent results, whereas for carbon
ions SHArcpo, mean AD,,,, was 3.5%. Excluding meas-
urements (P2) with a large dose gradient (>0.04 Gy/mm),
similarly as performed during clinical QA, resulted in a
mean AD,,,, of 2.0%. The obtained results confirmed the
capability of the delivery system to irradiate an arc plan
generated using a clinical TPS. A limitation of this study
is that we have employed a simple homogeneous cylindri-
cal phantom for the dosimetric verification of the plans
with 90 beams. Additional dosimetric studies should be
performed using anthropomorphic phantoms, with fewer
angles but more energy layers per angle.

In terms of biological measurements, the IMPTpo and
SHATrcpo plans were used to irradiate human lung epithe-
lial cells A549 to benchmark RBE predictions based on
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Figure 4 Exemplary glioblastoma patient treatment with different delivery strategies: IMPT, LETg4-optimized IMPT
(IMPTgr), SHArc, and LET4-optimized SHArc (SHArc; g1). Biological dose and LET4 profiles are displayed as well as biological
dose and LET4 volume histograms (DVH, LVH) with the gross target volume (GTV, yellow in the patient distributions), clinical
target volume (CTV, orange in the patient distributions), and Brain (without CTV with 3-mm margins, pink in the patient
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Abbreviations: IMPT = intensity-modulated particle therapy; LET4 = dose-averaged linear energy transfer; SHArc = spot-scanning hadron arc therapy;

DVH = Dose volume histograms; LVH = LET4 volume histograms.

mMKM and verify the experimental setup for in vitro ver-
ification. In general, mMKM predictions were in good
agreement with cell survival as shown in Fig. 2. However,
for carbon ions at high dose levels (6 Gy) for P1 and P2
positions, mMKM tends to overestimate cell killing,
which warrants testing of updated mMKM versions”” that
have been introduced to better describe the B term for
higher LET particles.

The number of particles for the IMPTpo and SHArcgo
were 1.46 x 10° and 1.48 x 10°, that is, with no substantial
difference between the 2 delivery approaches. As shown in
previous works,' ” SHArc plan attributes, such as the num-
ber of particles, are influenced by the selected RBE model
and associated inputs (eg, tissue type) as well as selected arc
trajectory (partial or full arc), target size, and optimization
strategy (number of energy per angles, angle numbers).
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In terms of delivery time, SHArc plans took about 7
minutes, and thus, a small step in energy layer spacing for
IMPT plans was used (2 mm distance between each
energy layer position in water instead of the 3 mm used in
clinical practice) to increase the number of total energies
per beam, achieving a similar total delivery time. This
allows reducing potential differences in dose rate, which
could influence the biological effect (especially for lower
LET components). Developments are in progress at our
synchrotron-based facility to integrate more efficient
delivery methods that would allow delivery of more than
1 energy per spill, as already investigated in other cen-
ters.”’ >’

In order to keep a reasonable delivery time, the deliv-
ered SHArcpo plans used only 1 energy per angle, for a
total of 3 energies for the 90 angles, to slightly extend the
Bragg peak positions in the phantom and to be less sensi-
tive to range uncertainties. Using more energies, even
with fewer angles, could allow to reduce further range
uncertainties, increase the dose homogeneity, and distrib-
ute more homogeneously the high-LET4 component as
seen in the comparison of the optimization strategies
between SHArcgo and SHAr¢ gt

The SHArcpo plan presents a central core of 3 cm diam-
eter receiving >75 keV/um and >89 keV/um for the inner
2 cm diameter core, whereas the IMPTgg plan received in
this region a relatively homogeneous 45 keV/um. Such
high-LET} in the inner core of the target could be suitable
to overcome hypoxia-related radioresistance and is
highlighted by the results of the hypoxia experiments.
SHArcpo plan was isoeffective in killing in the central
region of the target, in both normoxia and hypoxia,
whereas the effectiveness of the IMPTgo plan is largely
reduced in hypoxia as shown in the upper panels of Fig. 3.
This was also confirmed by looking at the 30-hour postirra-
diation ratios of 53BP1 foci per nucleus in hypoxic and
normoxic conditions applying the 2 delivery approaches.
All the LET 4-boosting strategies presented in Supplemen-
tary Materials, with IMPT or SHArc, should result in
similar isoeffective killing of the radioresistant cells, accord-
ing to the LET4 value found in the inner core. Among these
plans, the LET4-boosted SHArc, with a reduced number of
angles but more energies per angle, even increased the
SHArc plan’s ability to create a homogeneous biological
dose in the target as well as, through LET 4-optimization, a
more uniform high-LET4 within its central core, that was
not achievable with a single energy per angle approach.

The oxygen level in the samples seemed to be relatively
stable (around 1%) in the cell environment as measured
with an oxygen sensor (OxyLite, Oxford Optronix) and
confirmed indirectly by the reproducibility of experiments
in hypoxic conditions.

The A549 was chosen as a tumor cell line for initial in
vitro verification because of its consistent reproducibility
of the clonogenic results and a large hypoxia-induced
radioresistance as has been reported in previous

publications.'”*>*” Another limitation of this study is

that only one cell line in vitro has been used so far for the
evaluation of the effect of high-LET irradiation in over-
coming hypoxia-induced radioresistance. It will be impor-
tant to screen in vitro several tumor types to evaluate
which ones will be prime candidates for SHArc delivery
and in general high-LET irradiation. Additionally, a range
of oxygen levels should be investigated for a better under-
standing of the effect on the cell survival of high-LET4
irradiation as a function of O, level.

The results from the carbon LET 4-boosted IMPT plans,
presented in Supplementary Materials, indicate that suffi-
cient LET, values to overcome hypoxia-induced radiore-
sistance can be reached with an IMPT approach at the cost
of a higher beam entrance dose. Compared with classic
IMPT or SHArc plans, such entrance dose, could not be
suitable for OARs. From a clinical perspective, a patient
representative of a glioblastoma cancer was planned with
different approaches, clinical IMPT, LET4-optimized
IMPT, SHArc, and the first structure-based patient LETy-
optimized SHArc. LET-optimization strategies were per-
formed on the GTV, where a hypoxic niche could be
expected. LET 4-optimized SHArc benefits from the redis-
tribution to the target of the high-LET}, because of the ini-
tial energy and spot selections, as well as the novel TPS
functionality to optimize LETy, in order to reach a certain
LET value within a selected region of interest in the target.
Although the clinical IMPT plan yields superior robustness
results than the other strategies, because of the potential
hypoxic status of some tumor niches, it is possible that
even with a reduced dose level, owing to uncertainties, the
LET 4-boosted plans remain superior in terms of cell killing
(and tumor control). Those results also hint that robustness
optimization should be investigated further with SHArc or
LET4-optimization strategies, which are in general less
robust than the non-LET optimized plans. In other words,
even if the SHArc and LET -optimized plans seem less
robust against physical uncertainties compared with clini-
cal IMPT optimization, these plans can be more robust
against biological uncertainties (eg, radioresistance, hyp-
oxia, and RBE model differences), because of the LET
redistribution toward the target.'

These results support further research using SHArc
and other LET4-boosting strategies with carbon ions to
effectively combat radioresistance factors like tumor hyp-
oxia that could be encountered in some tumors like pan-
creatic adenocarcinoma and glioblastomas. Similarly,
high LET4 boosting may improve the biological robust-
ness of treatment delivery, in general, because cell
response to high-LET could, in theory, become less sensi-
tive to radioresistance factors, for example, tumor genetic
background, cell-cycle phase, and tumor repair profi-
ciency.”® Nonetheless, this study focused specifically on
hypoxia-related radioresistance, and future works should
investigate SHArc therapy (and other LET4-boosting
strategies) in context of such endpoints.
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This study involved irradiation of a central target for
simplicity purposes to verify the feasibility of SHArc
delivery and verify the soundness of the biological predic-
tions. Further studies would involve target centered at off-
axis points (such as P2 or P3), with or without partial arc,
as well as investigation on the energy selection process to
find a balance during planning between high-LET4 region
size and its minimum high-LET4 value. Furthermore,
SHArc delivery planning between gantry-less and heavy
ion gantry systems (step-and-shoot, gantry rotation speed
of ~3°/s) is envisioned to show the potential advantages
and disadvantages of these 2 delivery methods.

Conclusion

The first SHArc delivery, dosimetric verification, and
biological characterization were performed using carbon
ion beams. Experimental evidence suggests that arc deliv-
ery with carbon ions is effective in minimizing the hyp-
oxia-induced radioresistance in the high-LET4 tumor
core for the studied cell line. Substantial high LET4 boost-
ing in the target volume is made possible using SHArc
delivery. The SHArc delivery technique with carbon ions
may be an attractive approach for treating hypoxic tumor
niches without increasing the dose in the surrounding
normal tissues compared with other LET4-boosting tech-
niques but at the cost of a low-dose bath.
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