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Abstract

Purpose In the present short report, we encompass the radiobiological and dosimetric advantages of particle beam radio-
therapy and we illustrate the oncological pathway for patients eligible for hadrontherapy being used at the National Center
for Oncological Hadrontherapy (CNAO).

Methods With a narrative approach, we examined the clinical and practical aspects of hadrontherapy compared to tradi-
tional photon beam radiotherapy. We described the need to select patients considering the intrinsic characteristics both of
the tumour and the patient. Moreover, we described the decisional oncological tree and the patient pathway by our facility.
Results Considering the dosimetric and radiobiological characteristics of particle beam radiotherapy, the selection of patients
can not be done regardless of the intrinsic tumour and patient hallmarks. In particular, the tumour radioresistance, the patient
radiosensitivity and the need to avoid post-actinic toxicities in long-term survivors should guide the clinical indication. The
finite range of particles should be considered to avoid treatment uncertainties. Multidisciplinary national and international
collaboration is crucial to better manage patients to treat with hadrontherapy and to create robust clinical evidence.
Conclusion Hadrontherapy, with its distinctive physical and biological advantages, heralds a promising era in the field of
precision radiotherapy. Patients’ radiosensitivity, tumour radioresistance, and treatment uncertainties should be considered
to enhance the efficacy and to ameliorate the selection of patients.

1 Introduction patients. The advantages in terms of toxicity reduction of

intensity-modulated radiation therapy (IMRT) are now well

Over the past decades, several significant improvements
have been made in the radiotherapy (RT) field enhanc-
ing precision, effectiveness, and quality of life of cancer
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known [1, 2] However, despite the high conformality of
this technique, the organs at risk (OARs) still receive low
to moderate radiation doses that may lead to the develop-
ment of radiation-induced side effects. The introduction of
hypofractionation and stereotactic ablative radiotherapy has
further brought the clinical community closer to the goal of
precisely targeting the tumour with an excellent safety pro-
file, but unfortunately, despite the proven benefits especially
in the oligometastatic setting [3—6], further research is man-
datory for the definition of optimal selection criteria, dose-
fractionation schedules, and predictive factors. Considering
that over 50% of oncological patients need RT during their
oncological road and, in light of the improvement of sur-
vival thanks to the therapeutic progress, all efforts should
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be made to increase the quality of life also by reducing the
toxicity. In this scenario, the growing interest in the applica-
tion of new RT technology, such as particle beam RT (also
known as hadrontherapy), appears justified by the ballistic
and radiobiological proprieties of particles. Indeed, on one
hand, the dose distribution of the particles allows maximal
dose release at the tumour depth, followed by sharp distal
dose fall-off which is responsible for a more effective OAR
avoidance. On the other, protons and carbon ions exhibit
a distinctive energy deposition curve compared to X-rays,
characterized by the Bragg peak at the termination of their
path within tissues [7]. In addition, the heightened relative
biological effectiveness (RBE) of carbon ions, coupled with
their ability to induce clustered DNA damages, provides
a distinct biological and immunological advantage [8],
increasing the therapeutic window between tumour control
probability (TCP) and normal tissue complication probabil-
ity (NTCP) [9]. These benefits are particularly prominent
in the case of radioresistant tumours, radio-induced malig-
nancies, challenging anatomical regions, and recurrent set-
tings. In this scenario, hadrontherapy represents a valuable
biology-based strategy potentially leading an optimization
of tumour control, while reducing normal tissue injury from
radiation damage even modulating the immune system. This
approach is fully integrated into the frame of tailored RT
and oncological treatments.

To provide a holistic snapshot of the clinical implications
of hadrontherapy, herein we will encompass briefly the
radiobiological and dosimetric advantages of particle beam
RT over photon beam RT (X-RT) and we will design a pos-
sible oncological pathway for patients eligible for hadron-
therapy based on the clinical practice used in our particle
beam institution.

2 Tumour and patient’s hallmarks: a guide
for the selection criteria and the clinical
indications for particle beam RT

To better select patients eligible for particle beam RT, the
multidisciplinary oncological team should take into account
the intrinsic tumour and the patient’s specific characteristics.

From the tumour perspective, hadrontherapy (and,
among particles, mainly carbon ions) is suitable for over-
coming tumour radioresistance [8]. Radioresitant tumours
have a low /P ratio, with a consequent slow proliferation,
a large hypoxic fraction [10] and a high amount of cancer
stem cells [11, 12]. Taken together, all these hallmarks seem
to be insurmountable by conventional RT.

Indeed, hypoxia leads to epithelial-mesenchymal tran-
sition inducing circulating tumour cell (CTC) formation,
migration and invasiveness and significantly increasing
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the angiogenesis-related gene expression, facilitating CTC
entry into the blood flow [13]. Moreover, hypoxia acti-
vates several hypoxia-inducible factors (HIFs) implicated
in metabolic, angiogenetic, cell growth and differentiation,
survival, and apoptosis pathways [14]. However, it has been
proved that, over X-RT and proton beam RT (PBT), carbon
ion radiotherapy (CIRT) significantly reduces the ability
of tumour cells to invade and migrate [15—17], decreases
the HIF expression and delays tumour growth [18-20]. For
these reasons, when the radiation oncologists have to decide
the type of radiation to use, they should take into account
the oxygen enhancement ratio (OER), that is the ratio of
dosages in oxic and hypoxic tissues that can reach up to 3.
OER is strongly dependent on the partial pressure of oxy-
gen and on the linear energy transfer (LET), but is barely
influenced by the dose [21, 22]. Nakano et al [23] clinically
demonstrated that CIRT can overcome hypoxia-induced
radioresistance in bulky cervical uterine carcinomas. To the
best of our knowledge, this trial is the only clinical expe-
rience based on real-world data about the effectiveness of
high LET with low OER in hypoxic tumours. Nevertheless,
the remarkable clinical outcomes, recently summarized by
Pompos et colleagues [24], for CIRT in patients with well-
known hypoxic diseases (i.e. pancreatic cancers, sacral
chordoma, osteosarcomas, mucosal melanomas, soft tis-
sue sarcomas, liver and prostate malignancies), point to the
importance of a lower OER to reduce the impact of intrin-
sic radioresistance by high LET. However, OER has been
proven to be higher in vitro than in vivo [25-27], suggesting
that hypoxia is not the only factor to be considered in these
challenging cases.

In recent years a growing interest in the impact of CIRT
on the tumor microenvironment and immune response has
emerged. Experiments on human tongue squamous carci-
noma (7ca8113 and Cal27) and the glioma cell lines (Ln229
and Ln18) showed the ability of CIRT to upregulate the cal-
reticulin and the programmed cell death ligand 1 (PD-L1)
in normoxic conditions as compared to X-RT and PBT [28].
PD-L1 expression increased after CIRT also in cervical ade-
nocarcinoma (HeLa) and human osteosarcoma (U20S) cell
lines [29, 30] and the data was confirmed clinically on spec-
imens obtained by patients treated with CIRT for cervical
adenocarcinomas [29]. These pieces of evidence suggested
that CIRT mediated the oncological immunogenic cell
death. The induction of an abscopal effect after CIRT both
in preclinical [31, 32] and also in sporadic clinical expe-
riences supported the hypothesis that CIRT works through
the immune system more than X-RT [33, 34]. To create evi-
dence, several trials are now exploring this thesis in large
bulky tumours treated partially (PArtial Tumor irradiation
targeting HYpoxic segment -PATHY-) [35] or in metastatic
radioresistant settings in combination with immunotherapy
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[36]. Notably, the physics of particles justifies their immu-
nogenic effects. Indeed, a significantly high amount of naive
T-lymphocytes and memory T-cells, which are necessary to
initiate and maintain a tumour-specific immune response,
are spared by the lowered integral dose of CIRT compared
to XRT or PBT [33]. Among hadrons, protons have a simi-
lar biological effectiveness of X-RT except for a little area
closest to the edge of their range, where there is an increased
LET that causes an increase of RBE [37], supporting the
need to prefer CIRT for the tumours that exhibit radioresis-
tant hallmarks.

Beyond the immunological advantages, its characteristic
dose deposition makes CIRT suitable for tumours located in
challenging anatomical localization and close to high radio-
sensitive normal tissues. This is true also for PBT where
the maximum deposition of the energy is at the end of the
particle range, within Bragg’s peak. Hence, both PBT and
CIRT offer unparalleled target conformality with a signifi-
cantly reduced integral dose to normal tissues compared to
the most modern X-RT with a consequent lower risk of post-
actinc adverse events. This is particularly worthwhile in all
those scenarios where the tumours are unresectable and/or
recurrent but the radiation oncologists must respect strict
anatomical constraints, such as in malignancies located in
the skull base [38, 39] or near the spinal cord [40] as well
as recurrent in the head-and-neck region [41-43] or in the
pelvic area [44—47].

Shifting to a “patient-tailored” perspective, the age, the
comorbidities, the previous treatment (including RT but also
chemotherapy regimens) as well as the genetic background
are crucial aspects to consider in the decision-making
flowchart.

Data from the most updated survey on the current practice
among European PBT centres showed how adult patients
are submitted to protons if the main objective is toxicity
risk decrease or, more rarely, dose escalation. In addition,
both younger and geriatric patients can benefit from PBT,
the former due to longer life expectancy, and the latter due
to increased vulnerability [48]. In children and really young
populations, all efforts should be made to reduce the risk of
the more dramatic adverse event: the radio-induction of sec-
ondary malignancies. Literature data demonstrated that PBT
is associated with a significantly lower risk of second cancer
compared to X-RT, a result that cannot be ignored in long-
surviving cancer patients [49—51]. Furthermore, we should
remember that the most frequent cause of death in long-term
survivors from a mediastinal X-RT for Hodgkin lymphoma
is the cardiovascular disease provoked by the combination
of cardiotoxic chemotherapies and unnecessary doses to the
heart and its substructures, highlighting the need to better
select patients to enrol for PBT [52]. No less important, in a
tailored strategy that considers the patient’s quality of life,

we should consider the possibility of hadrontherapy to pre-
serve fertility in children and young patients [53, 54].

Unforeseen toxicities might occur in patients with indi-
vidual radiation sensitivity (iRS) based on their genetic
background. NTCP models and a variety of tests to enhance
toxicity prediction, such as iRS tests, might be useful in
selecting high-risk patients to be treated with hadrontherapy,
considering the potential advantages of particles in reducing
unexpected toxicities also in this challenging group [55].

Figure. 1 Synthesized the hadrontherapy’s indications in
relation to tumour and patient characteristics.

3 Managing the particle range uncertainties
in challenging anatomical situations

The dosimetric advantage of hadrontherapy is due to its
finite range. However, this edge might be potentially penal-
izing and related to a high risk of uncertainties due to dose
computation, delivery, patient positioning, simulation imag-
ing (i.e. uncertainty in the Hounsfield Unit to water equiva-
lent path length calibration curve), intra- and interfraction
anatomy variations (i.e.: breathing pattern, organ motion and
filling status) as well as possible density variations found by
the particles during their path to the target [56]. To over-
come these limits several techniques were implemented.
Concerning organ motion management, different strate-
gies are currently carried out in hadrontherapy facilities [57,
58]. Unfortunately, the adaptive RT with carbon ions is still
unrealistic worldwide because of the current quality of in-
room imaging, the long time necessary for plan optimiza-
tion, and the unavailability of an online dose evaluation/
replanning on intra-treatment cone-beam computed tomog-
raphy (CBCT). At CNAO, the approach consists of a robust
optimization on four-dimensional imaging simulation, an
off-line adaptive approach along with a gated-dose delivery,
rescanning and compression of the abdomen [59—63].
Moreover, the presence of high Z materials (such as
metal prostheses and devices) creates additional uncertain-
ties due to the significant perturbation effect on simulation
imaging and distortion of dose distribution, leading to a
compromised tumour coverage and a suboptimal OAR spar-
ing. If a metallic device can not be avoided, a multidisci-
plinary discussion with the surgeons is mandatory to choose
the correct metal type to use [64]. In addition, considering
the substantial impact of organ filling status along with the
variation of the anatomical interface, in a safe hadronther-
apy dose distribution, a possible solution is to create space
between challenging OARs, such as the intestinal tract,
and the target. In this context, silicon [65], omentum [66],
Gore-Tex [67, 68], hydrogel [69] as well as polyglycolic
acid [70] were tested and proved to be safe and technically
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Fig. 1 Hadrontherapy’s indications guided by tumour and patient characteristics. The size of the arrow identifies the impact of the variables (in the

rectangle) in the choice of the particle

Fig.2 CNAO’s decisional flow
chart. The size of the circles is
proportional to the number of
patients sent by the respective
centre; the “group icon” identifies
the multidisciplinary team; the
“telephone icon” is the direct
contact between specialist-spe-
cialist or patient-particle therapy
hub
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feasible. In addition, our group described a clinical-oriented
approach able to translate the currently available radiobio-
logical model in order to reduce the dissimilarity of CIRT
plans [71].

4 Following the hadrontherapy clinical
patient’s pathway
A hadrontherapy center can be incorporated within an onco-

logical center or operate as an independent outpatient facil-
ity, with or without the availability of X-ray accelerators.
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The indications for hadrontherapy can widely vary from
one country to another, according to national policies. In the
same way, the methods by which patients are referred from
oncological centers to hadrontherapy hubs differ world-
wide, according also to the established and recognized net-
works at the regional or national level. Patients often live far
from the particle beam center and, for this reason, we must
provide them at least logistical support. Figure 2 explains
the decisional tree used at our Institution to evaluate any
potential indications for hadrontherapy. It should be noted
that, in most cases, patients are referred to CNAO by a
multidisciplinary team (located mainly in tertiary centres
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Fig.3 The pathway of the patient
at CNAO. In the dotted rectangle
the situations that require mitiga-
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Center

followed by the oncological unit of academic hubs or gen-
eral hospitals). The multidisciplinary discussions of the
cases, also through a virtual national tumour board, are of
crucial importance in the correct selection of patients and in
the management of rare tumours, that are commonly cen-
tralised at our Institution [72]. In our experience, another
channel to evaluate patients is a direct contact between the
specialists of the referring centre and CNAO, while barely
a “self-patient referral”. Each case is evaluated considering
both the national indications and the possibility of being
included in ongoing and recruiting trials [73].

In particular, currently, for the following 10 indica-
tions, the Italian National Health System reimburses PBT
and CIRT equally, without distinguishing between the two
modalities:

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

2. meningiomas in challenging intracranial sites;

3. brain stem and spinal cord tumours;

4. adenoid cystic carcinomas of the salivary glands;

5. orbit tumours, including eye melanoma;

6. extremity radioresistant sarcomas;

7. soft tissue and bone sarcomas (head and neck, paraspi-
nal, pelvic, retroperitoneal);

8. recurrent tumours (re-irradiation);

9. patients with genetic or immunological disorders related

to higher radiosensitivity;
10. paediatric solid tumours.

Moreover, we activated prospective trials to evaluate possi-
ble new indications for particles (i.e. gynaecological tumors,
head and neck malignancies) [72]. In this scenario, consid-
ering the preclinical pieces of evidence about the immuno-
genic effect of hadrontherapy, especially when associated
with immune-checkpoint inhibitors, we are exploring the
feasibility and clinical activity of combining CIRT and
immunotherapy in clinical settings [36].

When a patient is considered potentially eligible for
hadrontherapy, we offer assistance for logistic issues and we
collaborate with spoke hospitals for supportive care and/or ,
when indicated, for the administration of systemic therapies

( Fig. 3).

5 Conclusions

Hadrontherapy, with its distinctive physical and biological
advantages, heralds a promising era in the field of precision
RT. To enhance the efficacy and ameliorate the selection
of patients, deeper reflections on patients’ radiosensitivity
and tumour radioresistance, as well as treatment uncertain-
ties, should be considered. A strong, creative, collaborative
national and international networking between experts in
hadrontherapy and rare tumours might lead to creating solid
data, clinical evidence, consensus and desirably guidelines.
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