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Protons and carbon ions (hadrons) have useful properties for the treatments of patients affected by oncological

pathologies. They are more precise than conventional X-rays and possess radiobiological characteristics suited for

treating radio-resistant or inoperable tumours. 
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1. Introduction

“Hadron therapy”, a word that has entered the vocabulary of medicine, indicates the therapeutic use of “hadrons”,

nuclear particles known in the past only in physics research centres. Hadrons derive their name from the Greek

‘hadrós’ (‘strong’), which identifies the force with which their main constituents, the quarks, interact (coined by

Soviet physicist Lev B. Okun). The hadrons used today in hadron therapy centres all over the world are protons,

containing three quarks, and carbon ions—made of six protons and six neutrons and thus containing 36 constituent

quarks—and very recently also helium ions , composed of two protons and two neutrons, hence containing 12

quarks. The treatments with carbon ion beams are often referred to as CIRT, which stands for Carbon Ions

Radiation Therapy. In particle physics, carbon ions are relatively light particles and therefore they are called light

ions. The convention is different in radiotherapy where carbon ions are often referred to as heavy particles to

distinguish them from protons.

Rationale and Diffusion of Hadron Therapy in the World

Charged atomic nuclei, such as protons or carbon ions, have a completely different energy deposition curve with

respect to X-rays, showing the characteristic Bragg peak at the end of their path in tissues (Figure 1) .
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Figure 1. Energy deposition in water by X-ray photons, protons and carbon ions. The energy of the X-rays is 21

MeV. The energy of the two particles is selected to provide the same range: 148 MeV/u for protons and 270 MeV/u

for carbon ions .

The energy deposited per gram of matter (i.e., the ‘dose’) is low when the hadron beam enters the body and is

mainly concentrated at the end of the range. The so-called Bragg peak is rather narrow (few millimetres) and to

cover the full longitudinal extension of the tumour a superposition of Bragg peaks with different heights and depths

is necessary, creating a Spread Out Bragg Peak (SOBP). The use of a focused beam of millimetric transverse

dimensions-displaced by scanning magnets in the plane perpendicular to the beam direction-allows the painting of

slices of a tumour. The combination of longitudinal (varying the beam energy) and transversal (by magnetic

scanning) displacement of the beam creates an almost ideal coverage of the tumour volume and a low radiation

dose deposited outside. Carbon ions are more precise than protons because, due to the larger mass, they have a

reduced longitudinal range variation (straggling) and a smaller lateral scattering thus a sharper lateral penumbra .

Carbon ions have a different action on the cells of the traversed organs with respect to protons or X-rays. At the

end of their range the energy deposition per unit length (the ‘Linear Energy Transfer’ or LET) is producing a larger

number of irreparable double strand DNA (deoxyribonucleic acid) breaks with a much higher probability of cell

killing . This action is usually expressed in terms of the relative biological effectiveness (RBE), which is defined
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as the ratio of the photon dose and the dose of the particle radiation leading to the same biological effect. RBE of

carbon ions on the tumour can be as high as 3, thus allowing the delivery of a higher biological dose in the tumour

target with respect to photons and protons, while keeping the same ‘biological’ dose in the surrounding normal

tissues, or the same dose in the tumour and reduced doses and damages to the normal tissues. Moreover, the

higher fraction of clustered DNA lesions produced by ions, which cannot be repaired by the usual cellular

mechanisms, is processed via alternative end-joining mechanisms  and opens the way to the use of smart radio-

sensitizers that makes tumour cells more sensitive to ion therapy. Another quantitative advantage is that ions have

a reduced Oxygen Enhancement Ratio (OER) and are hence less dependent on the availability of oxygen in the

tumour tissue. This means that they are effective in the treatment of hypoxia-related radio-resistant tumours, so

that they can eradicate tumours that are resistant to X-ray and proton therapy . The latter represent 1–3%

of all patients treated with X-rays, for whom CIRT is the only effective radiation treatment.

Recent data also point out even more significant biological effects of ion therapy, including reduced angiogenesis

, reduced metastasis  and increased immune response following exposure to light ions . This implies

that ion therapy can be used to enhance the effectiveness of cancer immunotherapy.

The idea of using protons to treat tumours dates back to 1946, when the American scientist Bob Wilson 

understood their potential due to the physical characteristics of the deposited dose. It is important to note that, until

the end of the 1980s, patients were irradiated at accelerators built for nuclear and sub-nuclear physics research

and adapted to radiotherapy, with all the associated drawbacks. At the beginnings of the 1990s, the era of modern

hadron therapy finally began, with centres dedicated exclusively to clinical activity. The first proton therapy facility is

the Loma Linda University Medical Centre, in California . Three rooms are equipped with rotating magnetic

systems (isocentric ‘gantries’) of about ten meters diameter and a mass of about 100 tons that allow—for the first

time—to vary the direction of incidence of the proton beam on the patient, as usually happens in conventional

radiotherapy. In Japan, in June 1994, the first patient was treated with a carbon ion beam of about 4000 MeV at the

Heavy Ion Medical Accelerator Centre in Chiba . In this case, the beams are fixed, horizontal and vertical, and

they serve three treatment rooms. A few years ago, the centre was upgraded with the addition of new treatment

rooms, one of which equipped with a carbon ion gantry made of superconducting magnets.

The National Centre for Oncological Hadronterapy (CNAO) operates in Pave, Italy. Patient treatments started in

2011 and both protons and carbon ions are routinely delivered in three treatment rooms. Each room has a

horizontal beam and room 2 has an additional vertical beamline. A fourth room, with a horizontal beamline, is fully

devoted to research. Figure 2 shows the hospital facility and the synchrotron accelerator.
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Figure 2. Left: in front the Centre for Oncological Hadron therapy (CNAO) hospital building, in the back the power

station and the roof of the synchrotron vault. Right: view of the synchrotron and of the beam transport lines.

The growth and diffusion of hadron therapy requires many efforts and international collaborations. To this end, the

European Network for Light Ion Hadron Therapy (ENLIGHT)  continues to play a central role in the development

and diffusion of hadron therapy and in meeting the needs of the community for the education of specialised

professionals.

More recently, the four European hadron therapy facilities offering CIRT, together with 18 Partners from 14

European countries, launched a four-year collaboration project named HITRIplus (Heavy Ion Therapy Research

Integration plus), that has been approved in the framework of the Horizon 2020 research and innovation

programme (agreement GA N. 101008548).

HITRIplus is a multidisciplinary collaborative project, aiming to open the existing facilities to the clinical and

research communities, to integrate and advance biophysics and medical research in cancer treatment with ions

and, in parallel, to develop innovative technologies for the next generation of centres.

Currently, proton therapy and CIRT are expanding worldwide with 94 proton therapy centres, as reported by the

Particle Therapy Group website ; the synchrotrons of twelve centres perform CIRT with maximum ion energy of

about 400 MeV/nucleon, which corresponds to 27 cm range in water. Proton therapy centres are mainly located in

the United States (41 centres), Europe (19 centres), Japan (17 centres) and the UK (5 centres). Carbon ion centres

are located in Japan (6 centres), Europe (4 centres) and China (2 centres). Four European clinical centres (CNAO,

Heidelberg Ion Therapy Center—HIT, MedAustron and Marburger Ionenstrahl-Therapiezentrum—MIT), one

Japanese and one Chinese centre produce both carbon ions and protons, thus they are called ‘multi-particle

centres’. There are at present 32 proton centres and 6 carbon ions centres under construction. In addition, 26 new

proton facilities and 2 carbon ions centres, including the first one in USA, are in the planning phase.

2.Hadron Therapy Achievements and Challenges

2.1. Pre-Clinical Radiobiology Research

[18]
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In recent years, radiation biology is experiencing a shift in the research topics, from more classical cellular end

points, such as DNA damage and RBE quantification, to studies of the tissues and of the microenvironment . For

example, it is well recognized that low-LET ionizing radiation might promote migration and invasion of tumour cells,

while the few data collected so-far with high-LET radiation studies do not lead to clear conclusions . What is

known to be fundamental in the modulation of migration of tumour cells exposed to ionizing radiation is the

influence of the microenvironment. Therefore, the study of the influence of radiation on the migratory and invasive

capacity cannot ignore the cells that populate the tumour stroma, especially in the case of pancreatic cancers, that

is characterized by abundant stroma cells including cancer-associated fibroblasts, which are known to orchestrate

the crosstalk with tumour cells .

For this reason, thanks to a collaboration with Polyclinic San Matteo, CNAO is evaluating the cellular effects of

carbon ion irradiated pancreatic adenocarcinoma cells and mucosal melanoma cells using extracellular matrix

(ECM) scaffolds obtained through organ decellularization. Compared to 2D cell cultures, these ECM-derived bio-

scaffolds retain growth factors, cytokines and chemokines that facilitate cell attachment, tissue integration,

remodelling and differentiation. Furthermore, these scaffolds guarantee the transport of oxygen and nutrients to the

seeded cells and ensure the physiological exit of the waste metabolites produced by the cells . With this

experimental approach, one can create in vitro a 3D growth microenvironment that mimics very closely the native

tissue and it is, therefore, possible to evaluate more comprehensively the biological effects of radiations.

Together with direct invasion of surrounding tissues, perineural invasion is another crucial route of cancer spread,

since numerous tumour cells have an innate ability to actively migrate along nerves, thanks to the signals of

various molecules secreted by both tumour cells and non-tumour cells of the microenvironment . Very few

studies have addressed the influence of photon radiotherapy on this type of spreading, although it is considered as

a marker of poor prognosis for numerous malignant neoplasms, including head-and-neck, pancreatic, prostate,

colorectal, and salivary cancers. With the aim of providing useful information for the treatment with hadron therapy

of these types of tumours, at CNAO a research group has started to investigate in vitro the influence of high LET

radiation on migration and invasion of salivary gland adenoid cystic carcinoma and mucosal melanoma cells after

different irradiation protocols, using also Neurotrophin-3 and specific inhibitors/antagonists.

To date, the reasons for the inter-individual variability of the response to radiotherapy within the same group of

tumours with the same histology/site/stage are not known, nor is the origin of the different radiosensitivity of the

irradiated healthy tissues. Thus, pre-clinical carbon ion radiobiology urgently needs also studies aiming at guiding

patient selection and treatment protocols to achieve optimal clinical results. In this direction, CNAO researchers

have recently started an experimental project to study the radio-sensitivity and induced molecular alterations of

different radiation types on cancer-derived models and on organoids of head-and-neck squamous cell carcinomas

. Although local control is generally very high with carbon ion beams in most malignancies, in some cases

radiotherapy must be combined with systemic therapies to control metastasis and increase survival. Nevertheless,

to date very few radiobiology studies specifically investigated the potential synergistic interactions of

chemotherapeutic agents/radio-sensitizer and ion irradiations. CNAO research is moving towards the evaluation of

an inhibitor of apoptosis proteins as radio-sensitizer combined with protons or carbon ions, to provide the biological
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background supporting future clinical trials with particles radiotherapy combined with these drugs in head-and-neck

cancer patients.

Finally, since the use of immunotherapy has become a critical treatment modality in many advanced cancers, one

of the most asked questions in clinical radiobiology of carbon ions concerns the speculations that these irradiations

may enhance tumour immunogenicity and, consequently, whether abscopal effects and the combination CIRT with

immunotherapy can produce better clinical outcomes .

2.2. Clinical Activities: Pathologies and Results

CNAO treated more than 3700 patients with a wide range of pathologies, whose incidence rates are indicated in

Figure 3. A little more than half of them (55%) were treated with carbon ions.

Figure 10. (a) Incidence of tumour pathologies treated at CNAO; (b) Number of patients treated each year at

CNAO.

[26]
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After an initial clinical trial stage, it is necessary to obtain the CE certification for the CNAO medical device. The

number of treated patients per year has grown year after year (Figure 10). Currently, the Centre treats almost 600

patients yearly and its operational capacity might be increased by about 20%. The Italian Ministry of Health has

introduced a list of pathologies for which treatments are authorized and reimbursed by the National Health System,

the so-called Essential Levels of Assistance (LEA). The admitted pathologies are the following ten:

chordomas and chondrosarcomas (of the skull base and of the spine);

meningioma;

brain tumours (trunk);

adenoid cystic carcinomas of the salivary glands;

orbit tumours including eye melanoma;

sino-nasal carcinomas;

soft tissue and bone sarcomas (all sites);

recurrent tumours (retreatment);

patients with immunological disorders;

paediatric solid tumours.

The Health Ministry is currently discussing other categories considering selection criteria based on the evolution of

NTCP or Tumour Control Probability (TCP). NTCP-based patient selection for haematological malignancies is

currently being implemented at CNAO in collaboration with Institut Curie of Paris (France). Within the ten

categories identified by the LEA, it is estimated that each year, in Italy, around 5000 patients should be treated with

protons and around 1000 with carbon ions over a total population of 60 million.

For this reason, it appears essential to create a network, where CNAO operates as a hub, connected to other

future national proton therapy centres. This distribution model is ideally interesting, but it needs solid and defined

patient selection mechanisms and strong interdisciplinary interactions between CNAO and other hospitals, to

manage the all-around complexity of particle therapy patients.

Patients’ data show that almost 25–30% were treated at CNAO in a re-irradiation setting and 15% of patients have

large tumour volumes (>500 cc); nevertheless, the local control appears promising and consistent with the

literature data available for similar hadron therapy treatments.

The loco regional toxicities, routinely scored with Common Toxicity Criteria Adverse Events (CTCAE), are mild and

in some cases even better than literature, thanks also to the performance of the active scanning system and the

careful treatment planning.

During the last two years more than 100 papers were published in scientific journals by CNAO researchers. In

2021, 50 publications with overall Impact Factor 290.5 were published. It is not the purpose of this text to present

the clinical results related to the single pathologies, but a small summary of the most common diseases treated at

CNAO is here outlined, presenting data on skull bases chordomas, head-and-neck tumours and malignant mucosal
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melanoma. Data are taken from a literature review of the Scientific Direction, in collaboration with the medical staff

and with the Istituto Mario Negri (Milan, Italy).

2.3. Skull Base Chordoma and Chondrosarcoma

Chordoma is a rare primary bone tumour arising from notochord remnants with an incidence of 0.8–1 per million,

with approximately one-third arising from the midline clivus and skull-base. Chondrosarcomas are malignant

cartilaginous tumours that occur in approximately 1.0 per 2 million at the skull base. For both these tumours, the

importance of surgery has been well established. Complete resection is desired as optimal goal of surgical

procedure; however, it is often precluded by tumour location and the surrounding critical structure such as

brainstem or optic pathways.

As a result, any residual or microscopic disease is targeted by radiation therapies to reduce the risk of disease

recurrence or progression and improve prognosis. To date, photon radiation is the most accessible radiation

modality; however, the major limitation of this modality for skull base chordomas and chondrosarcomas is that the

delivery of the required dose is limited by the risk of injury to adjacent normal structures, such as the brainstem and

visual pathway. Particle beam therapy (proton therapy (PT) and CIRT) appears to be the most effective radiation

modality in the management of skull-base chordomas, allowing the delivery of high radiation dose levels,

maximizing the positive balance between Gross Tumour Volume (GTV) optimal dose coverage and organ at risk

sparing. Moreover, CIRT has several theoretical advantages: (1) it has a sharper penumbra than PT, allowing even

better normal tissue sparing; (2) it is less dependent on fractionation; and (3) it has a higher relative biologic

effectiveness in comparison to other modalities with respect to tumour cell death.

For the case of chordoma, in Iannalfi et al. 2020 , a collection of 135 patients (70 PT and 65 CIRT) treated at

CNAO between November 2011 and December 2018 has been analysed. PT was delivered with a total dose of 74

Gy in 37 fractions, while CIRT total dose was 70.4 Gy(RBE), delivered in 16 fractions. CIRT has been used in more

complicated cases. After a median follow-up of 44 (range, 6–87) months, 14 (21%) and 8 (11%) local failures were

observed in CIRT and PT group, respectively. Five-year local control (LC) rate was 71% in CIRT cohort and 84% in

PT cohort. The estimated 5-year overall survival (OS) rate in the CIRT and PT group was 82% and 83%,

respectively. On multivariate analysis, optic pathways and/or brainstem compression and dose coverage are

independent prognostic factors of local failure risk. High-rate toxicity grades ≥ 3 were reported in 11% of patients.

Generally, the main role of particle radiotherapy in the treatment of chordomas has obtained wide consensus.

Prospective observational studies and/or registries can help to find prognostic factors for local control and survival

and to provide criteria for a patient-customized treatment strategy. Model-based approach can be useful to define

toxicity risks for critical issues as temporal lobe necrosis.

2.4. Head-and-Neck Tumours

Historically, radiation therapy has played an essential role in the management of head-and-neck cancers (HNCs),

in various clinical settings. Modern technologies, including intensity modulated radiation therapy (IMRT) and

volumetric modulated arc therapy (VMAT), have aided decreasing beam-on treatment time and making the delivery

[27]
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of photon radiation therapy more conformal and precise. Consequently, these technologies have reduced late

toxicities, such as xerostomia, trismus, temporal lobe necrosis, neurological injury, and hearing impairment. In the

landscape of treatment advancement for HNCs, particle therapy plays an important role. Recently, IMPT, thanks to

its physical and biological features, has emerged as a potentially advantageous technique for treating HNCs,

reducing dose to organs at risk (OARs) without jeopardizing tumour control, theoretically allowing a safe dose

escalation. Proton therapy offers a dosimetric advantage over IMRT in the management of HNCs. While respecting

dose constraints for normal tissues, IMPT is a promising technique for treatment-related toxicity reduction and

potential dose escalation. In dosimetric comparisons, both techniques often sufficiently covered the target volume

without issues. However, average minimum, maximum, and mean doses to the target volume are in general all

higher for IMPT. Furthermore, IMPT appears to have an overall advantage in OAR doses in the brain stem, spinal

cord, optic structures, cochlea, larynx, contralateral parotid and oral cavity with only a few exceptions. Dosimetric

evidence of the superiority of IMPT compared to IMRT needs to be confirmed through evidence based clinical

advantages. Several clinical studies are currently underway to provide compelling evidence for the clinical benefit

of IMPT in HNCs. While IMPT has been employed purely for dosimetric properties, CIRT offers similar favourable

physical characteristics, as well as an additional radiobiological advantage for radio-resistant tumours, such as

salivary glands HNCs, malignant mucosal melanomas and sarcomas.

Salivary gland tumours (SGTs) are uncommon diseases that represent about <1% of the all HNCs diagnosed in

Europe. They arise either in the major or minor salivary glands, which are both located in the head and neck and

include >20 histotypes . SGTs have a known radio-resistance as well as frequently horseshoe-shaped

volume and proximity to radiosensitive normal structures. For resectable cases, the mainstay of treatment is

complete surgical resection with adequate free margins. In high-risk patients with adverse prognostic factors,

based on the pathology results (close/positive margins, high grade, T size, vascular/perineural invasion and lymph

node involvement), postoperative radiotherapy (PORT) is recommended. Patients with unresectable or inoperable

SGTs undergo radiation therapy (RT) alone. Among SGTs, adenoid cystic carcinoma (ACC) is characterized by a

high frequency of local recurrence; in the literature, it is the most investigated histotype to be treated with particles.

For SGTs, Vischioni et al.  reported a retrospective study of 51 patients (pts) with inoperable recurrent SGTs

retreated with CIRT. Acute toxicity was G1 in 19 pts (37.3%), G2 in 19 pts (37.3%) and G3 in 2 pts (3.9%). The

median follow-up time was 19 months. Twenty-one (41.2%) patients had Stable Disease (SD) and 30 (58.8%)

tumour progression at the time of last follow-up. Furthermore, 9 (18%) patients had G1 late toxicity (scored

according to CTCAE), 19 (37%) had G2 and 9 (17. 5%) had G3. Two-year PFS and OS were 52.2% and 64%,

respectively.

SGTs are rare conditions that are difficult to manage; therefore, they need to be treated in referral high-volume

centres with a strong multidisciplinary expertise. Both CIRT and PT have been shown to be effective and safe in

SGTs, though possibly with different indications. In a setting of high-risk patients without macroscopic tumour after

surgery and proximity to radiosensitive normal structures, PT might be considered, while CIRT might be used in

most inoperable or operable, but locally advanced, cases. A body of compelling evidence shows that CIRT

improves LC, OS and toxicity in patients diagnosed with adenoid cystic carcinoma (ACC) . The definition of a
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tumour signature allowing to select CIRT vs. PT or IMRT is an open question. Given the high efficacy of CIRT at

CNAO, multidisciplinary follow-up in high expertise centres with well-trained oncologists in particle therapy should

be pursued for each patient.

2.5. Malignant Mucosal Melanoma

Malignant mucosal melanomas (MM) are extremely rare and aggressive cancers. Compared to cutaneous

melanomas, MM show different epidemiological and molecular features leading to unpredictable biological

behaviour and worse prognosis. The incidence is very low, with an estimated annual rate of 1.5 per million in

Europe . Despite recent advances in treatment options, patients’ survival remains very short, with a five-year OS

rate of only 25% regardless of stage . MM more frequently affect the upper aero-digestive tract, with the

paranasal sinuses and nasal cavity as the most common sites. Among all melanomas, primary melanomas

originating from the gynaecological tract are the rarest and really aggressive . Head-and-neck mucosal

melanoma (HNMM) comprise about 1% of all head-and-neck malignancies. Due to HNMM rarity and unpredictable

clinical course, prospective studies are challenging, and to date no optimal treatment modality has been fully

established. The mainstay of treatment for HNMM is surgery. Clear surgical margins are one of the most important

prognostic factors , but are often difficult to obtain due to the anatomical complexity of the region and its

proximity to vital structures.

Considering literature data, hadron therapy and CIRT in particular should be considered as a safe and effective

treatment modality in curative setting for HNMM  and gynaecological  patients not amenable to surgery.

This is valid thanks to the dosimetrical advantage over conventional photon radiotherapy in case of strict proximity

of organs at risk and to the radiobiological potential to overcome MM radio-resistance. This suggests that the

addition of a systemic treatment to CIRT in a multimodal approach may improve patients’ outcome, even though

the contribution of concomitant chemotherapy was not confirmed in other Japanese studies . Indeed, the major

concern for HNMM is the mortality resulting from the propensity to metastasize early and widely.

Literature data and preliminary CNAO clinical results confirm that particle therapy, and in particular CIRT, is a safe

and effective approach in the management of locally advanced HNMM. Preliminary data concerning the

combination between Immune Checkpoint Inhibitors (ICIs) and CIRT appear promising in this setting . These

considerations lead to conclude that it is extremely important to manage patients considering CIRT in a

multidisciplinary context in high expertise centres, in order to improve outcomes. Despite the good results in terms

of LC and toxicity, overall survival remains poor, and prospective studies, preferably multi-centric, given the rarity of

this disease, are needed to try to improve patients’ outcomes.

2.6. Clinical Research Trials

Currently, CNAO is also performing clinical research and, for the following studies, the enrolment is ongoing:

PIOPPO (preoperative treatment of borderline operable pancreatic adenocarcinomas with chemotherapy and

radiotherapy with carbon ions) : a phase 2 study, to evaluate the neo-adjuvant combination approach with
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chemotherapy followed by short-course carbon-ion radiotherapy for borderline pancreatic adenocarcinomas ;

CYCLE (carbon ion radiation therapy in the treatment of mucosal melanomas of the female lower genital tract):

a phase 2 study to test the efficacy and the tolerability of carbon-ion treatments of unresectable gynaecological

mucosal melanomas;

CYCLOPS (Phase II clinical study on the re-irradiation of lateral pelvic recurrences of gynecological

malignancies) a phase 2 study, to evaluate the efficacy and tolerability of carbon-ion re-irradiation for not central

relapses of gynaecological neoplasms at the edge of the previous photon beam radiotherapy;

4D-MRI (guidance for organ motion management in particle treatments of thoraco-abdominal tumours): a

clinical trial to study the organ motion of thoraco-abdominal neoplasms through 4D MRI;

INSIDE: an experimental observational real-time live study of the particle range. This study is aimed at the early

identification of potential morphological modifications of the target or of the adjacent areas, which might cause

an anomaly in the dose distribution.

CNAO is also actively participating in the implementation of international clinical trials, such as:

STOPSTORM (a prospective European validation cohort for stereotactic therapy of Re-entrant tachycardia):

aimed at the definition and harmonization of ventricular tachycardia radiation therapy treatment options (both

medical and ablation therapy); to note that, at the end of 2019, in collaboration with Fondazione IRCSS

Polyclinic San Matteo of Pave, for the first time in the literature, a patient affected by ventricular tachycardia

(VT) has been successfully treated with proton beams at CNAO .

PROTECT (PROton versus photon Therapy for Esophageal Cancer—a Trimodality strategy): a randomized

clinical study aimed at building scientific evidence (in terms of efficacy and toxicity) on the proton pre-op

treatment, combined with chemotherapy, for oesophageal cancer. This clinical trial is then compared to the

current gold standard treatment, which is a combination of chemotherapy and IMRT.

Moreover, CNAO is an active partner of ETOILE, an international randomized study, aiming to compare the carbon

ion treatment to the traditional low-LET radiotherapy techniques (photons and protons) for radio-resistant

histologies. In addition, it is involved in the randomized observational SACRO study, promoted by the Italian

Sarcoma Group (ISG), that aims to compare upfront surgery to particle therapy in patients with sacral chordoma.

CNAO is also a partner, together with the Fondazione IRCSS Istituto Nazionale dei Tumori of Milan, of a

prospective study promoted by the Istituto Europeo di Oncologia (Milan) and funded by AIRC (Italian Association of

Cancer Research). The goal of this study is to evaluate the efficacy and toxicity of an early carbon ion boost,

followed by Image Guided IG-IMRT for high-risk prostate cancers.

Lastly, CNAO is analysing the results of the two Italian multicentre phase 2 clinical studies SINTART1 and

SINTART2, designed to primarily assess the efficacy of a multimodality treatment (induction chemotherapy,

surgery, photon and/or heavy ion radiotherapy) of patients with operable (SINTART1) and inoperable (SINTART2)

sinonasal carcinoma.
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A different model-based approach is worthwhile to mention as an alternative to clinical trials for hadron/proton

therapy. The relationship between dose distribution and the risk of radiation-induced toxicity is described by NTCP

. Based on an in silico NTCP analysis on predicted toxicity between photons RT and proton therapy, Langendjik

et al.  first suggested a step-wise RT methodology for selecting patients for proton therapy, accepted for the

treatment refund by the Dutch health authorities. Moreover, this approach, known as model-based method, is

implemented in the Netherlands to identify patients with head and neck cancer who may benefit most from proton

therapy . In brief, for each patient who may benefit from proton radiotherapy, a comparison between the most

optimal photon and proton therapy plans were performed with the aim of estimating the NTCP profiles (considering

the dose distribution and other clinical/treatment variables) for both techniques. The subtraction of photon-based

from the proton-based NTCP (ΔNTCP) gives the probability of toxicity and patients are considered eligible for

proton therapy if the model predicts less clinically relevant toxicity .
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