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Cancer ion therapy is constantly growing, thanks to its increased precision and, for heavy ions, its increased biological
effectiveness (RBE) with respect to conventional photon therapy. The complex dependence of RBE on many factors
demands for biophysical modelling. Up to now only the Local Effect Model (LEM), the Microdosimetric Kinetic Model
(MKM) and the “mixed-beam” model are used in clinics. In this work the BIANCA biophysical model, after extensive
benchmarking in vitro, was applied to develop a database predicting cell survival for different ions, energies and doses.
Following interface with the FLUKA Monte Carlo transport code, for the first time BIANCA was benchmarked against in
vivo data obtained by C-ion or proton irradiation of the rat spinal cord. The latter is a well-established model for CNS
(Central Nervous System) late effects, which in turn are the main dose-limiting factor for head-and-neck tumors.
Furthermore, these data have been considered to validate the LEM version applied in clinics. Although further
benchmarking is desirable, the agreement between simulations and data suggests that BIANCA can predict RBE for C-ion
or proton treatment of head-and-neck tumors. In particular, the agreement with proton data may be relevant if the current
assumption of a constant proton RBE of 1.1 is revised. This work provides the bases for future benchmarking against
patient data, as well as the development of other databases for specific tumor types and/or normal tissues.
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| 1. Introduction

Cancer ion-beam therapy is spreading more and more worldwide, with more than 220,000 patients treated and more than
100 facilities in operation by the end of 2019. While most patients have been irradiated with protons, about 28,000 have
been treated with C-ions (www.ptcog.ch).

Due to the high dose localization in the Spread-Out Bragg Peak (SOBP) region, radiotherapy treatments with charged
particles like protons or carbon ions are characterized by a highly conformal dose distribution in the tumor. Furthermore,
heavy ions like carbon possess a higher biological effectiveness within the SOBP. This is thought to be due to a higher
level of DNA damage clustering, which is less likely to be repaired. This is an advantage especially for patients with
radioresistant tumors, like head-and-neck tumors.

| 2. RBE

As a consequence, the RBE variation along the beam needs to be known as precisely as possible. This is especially true
if the dose is delivered by an active beam scanning technique as employed at CNAO in Pavia (Italy) and HIT in
Heidelberg (Germany) because the RBE has to be predicted for each point in the treatment field.

The RBE is a complex quantity depending not only on radiation quality (that is, particle type and Linear Energy Transfer,
or LET), but also on the considered effect level and thus fractional dose: in general, higher survival levels imply higher
RBE values, and vice versa. In addition, more radioresistant cells, which in general have a lower o/ ratio, tend to show
higher RBE values with respect to more radiosensitive cells, which are characterized by a higher o/ ratio.

Therefore, predicting RBE for heavy ions requires appropriate models. Currently, only three models are applied in clinics:
the Local Effect Model (LEM) in Europe and Shanghai (China) e.g., L& the Microdosimetric Kinetic Model (MKM) e.g.,
Bl and the “mixed-beam” model e.g.,  in Japan. The LEM was first applied to tumors of the skull base, considering late
reactions of the central nervous system (CNS) as the main endpoint; indeed, late effects in the CNS are the main dose-
limiting factor for head-and-neck tumors. Since data on CNS radiation tolerance in patients are scarce, animal studies are
necessary.



Although absolute dose values obtained in such studies may not be directly transferable to patient cases, relative values
such as the RBE and its dependence on treatment parameters may be more applicable. The rat spinal cord is known as a
well-established model to investigate CNS late effects Bll8l and it has been applied to measure RBE values for C-ion
therapy e.g., RIBIA and protons 9, These are the main in vivo data that have been used to benchmark the clinically
employed LEM version (LEM I), but also the more recent version LEM IV [,

In the present work, the BIANCA (Blophysical ANalysis of Cell death and chromosome Aberrations) biophysical model,
after extensive in vitro validation e.g., L1213 \was applied to establish a radiobiological database (i.e., alpha and beta
cell survival parameters as a function of particle type and energy). The model was then tested against available rat spinal
cord data for carbon ion and proton irradiations. Using the FLUKA Monte Carlo transport code, e.g. 14! which is used at
HIT in Heidelberg (Germany) and CNAO in Pavia (ltaly) for treatment plan verification/re-calculation, the RBE was
predicted for the experimental settings and compared to experimental data.

Although further benchmarking is desirable, the agreement between simulations and data suggests that BIANCA can
predict RBE for C-ion or proton treatment of head-and-neck tumors; in particular, the agreement with proton data may be
relevant if the current assumption of a constant proton RBE of 1.1 is revised. This work therefore provides the bases for
future benchmarking against patient data, as well as the development of other databases for specific tumor types and/or
normal tissues.
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