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Résumé

Les progrès majeurs récents obtenus en radiothérapie par photons conformationnelle par modulation d'intensité (RCMI), radiothérapie stéréotaxique (SBRT) (et attendus avec la radiothérapie guidée par résonance magnétique (MRgRT)) ont permis de réduire substantiellement la toxicité d'une irradiation délivrée dans les voies aérodigestives supérieures.

La protonthérapie peut être un pas de plus, dans le paysage compétitif de la radiothérapie de précision. Cependant, la sélection des patients pour la protonthérapie ne peut être sporadique, au cas par cas, dans un cadre de routine non formalisée au risque de passer à cote d'une opportunité d'amélioration des soins. En effet, une telle stratégie de sélection ne répond pas aux exigences de la médecine fondée sur les preuves. L'adressage en protonthérapie, en alternative à la RCMI ou la radiothérapie stéréotaxique, doit être tracé (ProtonShare®), et envisagé dans une perspective de recherche clinique formalisée utilisant des essais randomisés à grande échelle. Ces essais peuvent être "enrichis" par une présélection personnalisée utilisant une prédiction individuelle à partir de modèles biomathématiques. Par ailleurs, la plateforme Française Radiotransnet peut permettre certains développements précliniques (e.g., protonthérapie radiothérapie FLASH, mini-faisceaux de protons, combinaison avec l'immunothérapie, etc). Le défi français de la protonthérapie est donc de collaborer aux niveaux national et international pour démontrer que les coûts supplémentaires apportent non seulement cliniquement mais aussi économiquement un bénéfice à court, moyen et long termes. L'article actuel donne une vision des auteurs des défis à relever et des opportunités pour évaluer la protonthérapie dans les carcinomes épidermoïdes de la tête et du cou.

Mots clefs: ORL/ voies aérodigestives supérieures, cancer, radiothérapie de précision, personnalisation, protonthérapie, essai clinique

I Introduction

Proton therapy (PT) is certainly a divisive issue on the worldwide healthcare scene, and in France in particular. A common quote from the "old men" is that there has been no clinical progress at all in proton therapy over the last 30 years. On one hand, it is true to say that building evidence for PT has been, and continues to be, a road with hurdles and little achievement [START_REF] Frank | Intensity Modulated Proton Therapy for Head and Neck Tumors: Gilding the Lily or Holy Grail?[END_REF]. One could even say, provocatively, that the gap in favor of PT for the socalled consolidated indications has even shrunk in the last three decades. Dramatic accelerations in computer science and accelerator technology in the 1990's, in room image-guidance in the 2000's, have benefited photon-based techniques such as intensity modulated radiotherapy (IMRT) and stereotactic body (intra-and extracranial) radiotherapy (SBRT) [START_REF] Thariat | Past, present, and future of radiotherapy for the benefit of patients[END_REF]. This is to the point where IMRT and SBRT have now partially compensated for the intrinsically sub-optimal photon dose distribution. Photon dose gradients can be steeper using multiple mini-beams or extreme photon fluence modulation with dose accurately and adaptively delivered, even for moving tumors, using sophisticated tracking. And there we stand with PT… It is fair to say that radiation oncologists offer a plethora of potential new indications for PT and that the number of PT facilities continues to dramatically increase worldwide. PT is a paradoxically "old -innovative technique". Improvement and miniaturization of proton accelerators, implementation of active scanning, and development of in room imaging have substantially modified the landscape, costs, and clinical potential of PT.

On top of the Babel tower of PT indications lie head and neck cancers. Except for most pediatrics / Teenagers-Young Adults (TYA) indications and low-grade tumors, head and neck tumors are probably the best candidate to benefit from PT owing the expected reduction in treatment toxicity. Head and neck tumors indeed typically develop in a complex anatomic environment involved in basic physiologic functions, e.g., chewing, swallowing, tasting, smelling, hearing, … and in social interaction e.g., visual appearance and speech. Moreover, PT also holds promises to escalate the dose in tumors unsatisfactorily treated with photons [START_REF] Jakobi | Increase in Tumor Control and Normal Tissue Complication Probabilities in Advanced Head-and-Neck Cancer for Dose-Escalated Intensity-Modulated Photon and Proton Therapy[END_REF].

Considerable financial and political pressure has always been put on radiation oncologists to improve their performances and quality of care, but little means have been given to radiotherapy although it is a very cost-effective anti-cancer treatment. Compared to some systemic therapies, which create a tremendous buzz for a modest benefit in less than 15% of patients, at an extremely high cost and in absence of true predictive biomarker for patient selection, the radiotherapy expenses may be viewed as "almost negligible".

Implementing new radiotherapy techniques has always been difficult. IMRT was validated through a small phase-3 trial in 2011 [START_REF] Nutting | Parotid-sparing intensity modulated versus conventional radiotherapy in head and neck cancer (PARSPORT): a phase 3 multicentre randomised controlled trial[END_REF] after years of implementation in routine practice in some countries. It is now massively implemented to the point where 3D radiotherapy is no longer considered ethical. The SBRT paradigm shift for oligometastases was reported in 1995.

Yet, first evidence was only recently reported in two randomized phase 2 trials, at a time where SBRT is massively used in routine practice [START_REF] Palma | Stereotactic ablative radiotherapy versus standard of care palliative treatment in patients with oligometastatic cancers (SABR-COMET): a randomised, phase 2, open-label trial[END_REF][START_REF] Gomez | Local consolidative therapy versus maintenance therapy or observation for patients with oligometastatic nonsmall-cell lung cancer without progression after first-line systemic therapy: a multicentre, randomised, controlled, phase 2 study[END_REF]. SBRT is delivered using dedicated or versatile SBRT machines and patient number who benefit from it is considerable. In France, in retrospect, clinical research funding programs have only recently started funding SBRT trials [START_REF] Qu | Is SABR Cost-Effective in Oligometastatic Cancer? An Economic Analysis of the SABR-COMET Randomized Trial[END_REF].

And how is the situation for proton therapy worldwide and in France in particular? (see [START_REF] Dendale | Proton therapy in France in 2019[END_REF][START_REF] Thariat | Why proton therapy? And how?[END_REF][START_REF] Weber | Profile of European proton and carbon ion therapy centers assessed by the EORTC facility questionnaire[END_REF][START_REF] Weber | Proton therapy and the European Particle Therapy Network: The past, present and future[END_REF])

In the US, although insurance denial by some companies is responsible for low patient referral and patient selection biases (e.g., based on financial capacity), several phase 3 trials have now been conducted [START_REF] Liao | Bayesian Adaptive Randomization Trial of Passive Scattering Proton Therapy and Intensity-Modulated Photon Radiotherapy for Locally Advanced Non-Small-Cell Lung Cancer[END_REF]. In Japan, very few patients are hardly included into clinical trials but rather in retrospective multicenter cohorts. In Europe where PT centers are mainly located at academic institutions, randomized trials are ongoing in various centers such as Aarhus (Denmark), Manchester (United Kingdom), Dresden (Germany), and CNAO (Italy) [START_REF] Weber | Proton therapy and the European Particle Therapy Network: The past, present and future[END_REF][START_REF] Hansen | NTCP model validation method for DAHANCA patient selection of protons versus photons in head and neck cancer radiotherapy[END_REF][START_REF] Muralidhar | Head and Neck Cancer Clinical Research on ClinicalTrials.gov: An Opportunity for Radiation Oncologists[END_REF]. In France, no randomized trial has been conducted to specifically assess PT, and the participation of French centers to international ongoing trials have even been denied funding by the French National Cancer Institute (INCa). However, INCa encourages participation in international trials, and internationalization of French trials as performed through the International Rare Cancer Initiative (IRCI) / INCa collaboration and funding the GORTEC 2016-02 SANTAL (NCT02998385) trial IMRT (or PT) +/-cisplatin in sinonasal and salivary gland tumors. Therefore, is this a missed opportunity or a challenge to take-up? It is true that proton therapy has dramatic dose distribution advantages if planned and delivered optimally [START_REF] Beddok | Proton therapy for head and neck squamous cell carcinomas: A review of the physical and clinical challenges[END_REF][START_REF] Thariat | Imaging issues specific to hadrontherapy (proton, carbon, helium therapy and other charged particles) for radiotherapy planning, setup, dose monitoring and tissue response assessment[END_REF]. Is this enough to consider that randomized controlled trials or even prospective data collection is thus no longer necessary or even justified? One knows that one of the main reasons to perform randomized control trials is to ensure that all factors (known or unknown) potentially influencing response to radiotherapy, are well balanced between the 2 arms of the study, thus allowing a fair assessment of the tested advantage of the experimental arm. Scientific methods of evaluation of new technologies may not be performed by using the same tools as recommended for drugs and Bayesian statistics may be necessary in PT trials. Conduction of randomized controlled studies in PT undoubtedly requires national collaboration, and probably even more joining international network. Considering economic pressure that health care systems are facing, demonstration that PT treatments are not only less toxic and/or more effective, but also bring an economic added value in term of improved Quality-Adjusted Life Year (QALY) is another challenge to take-up.

In this framework, the current article provides a review from the authors on the opportunities and challenges for the development of PT in France for the treatment of primary head and neck tumors.

II Opportunities in PT in France

There are several opportunities for the development of PT in France, and it is obvious that it is the proper time to take initiatives and come to solutions. Patients and health care payers are waiting for proper and ambitious guidelines for the use of PT at large, and in head and neck tumors, in particular.

In view of advances in current photon techniques (IMRT, SBRT, Magnetic Resonance (MR)linac) along with the higher investment cost of proton therapy (current one-room facilities representing roughly 5-10 times the cost of IMRT and SBRT facilities) and the lack of proper reimbursement of PT, building evidence for PT through high quality data is an urgent necessity.

Referring patients for PT based on subjective belief, and/or only referring unfavorable cases when IMRT/VMAT is felt to be at substantial risk for severe toxicities or lack of efficacy will not help building evidence. Case-matched retrospective cohorts have provided mixt results, as they are associated with some unavoidable biases (see clinical experience with PT in head and neck squamous cell carcinomas [START_REF] Lin | PTCOG Head and Neck Subcommittee Consensus Guidelines on Particle Therapy for the Management of Head and Neck Tumors[END_REF][START_REF] Press | Clinical Review of Proton Therapy in the Treatment of Unilateral Head and Neck Cancers[END_REF][START_REF] Gunn | Proton Therapy for Head and Neck Cancer: A 12-Year, Single-Institution Experience[END_REF][START_REF] Bahig | Patient-Reported Outcomes after Intensity-Modulated Proton Therapy for Oropharynx Cancer[END_REF][START_REF] Gamez | Deintensification Strategies Using Proton Beam Therapy for HPV-Related Oropharyngeal Cancer[END_REF] in special 2021 issue of the International Particle Therapy Journal). Last, complexifying the issue is the fact that patients may increasingly be requesting PT after hearing from vendors or proton radiation oncologists in the media. Patient wishes would have to come into the play, but only after they have been properly informed based on objective data.

Randomized controlled trials

Few retrospective studies from the USA and from European countries including trials from the PT center in Groningen (The Netherlands) have reported a lower incidence of acute and late toxicity after PT treatment for head and neck squamous cell carcinomas of the pharyngo-larynx compared to historical control series treated with IMRT/VMAT [START_REF] Tambas | First experience with model-based selection of head and neck cancer patients for proton therapy[END_REF][START_REF] Tambas | Development of advanced preselection tools to reduce redundant plan comparisons in model-based selection of head and neck cancer patients for proton therapy[END_REF][START_REF] Van Dijk | Robust Intensity Modulated Proton Therapy (IMPT) Increases Estimated Clinical Benefit in Head and Neck Cancer Patients[END_REF][START_REF] Kanayama | External validation of a multifactorial normal tissue complication probability model for tube feeding dependence at 6months after definitive radiotherapy for head and neck cancer[END_REF][START_REF] Brouwer | Selection of head and neck cancer patients for adaptive radiotherapy to decrease xerostomia[END_REF][START_REF] Cheng | Development and evaluation of an online three-level proton vs photon decision support prototype for head and neck cancer -Comparison of dose, toxicity and cost-effectiveness[END_REF]. However, no randomized control trial has ever been reported yet. One randomized phase 2-3 trial (NCI NCT01893307) is ongoing at MD Anderson Cancer Center in Houston to demonstrate the lower incidence of late toxicity after PT compared to IMRT.

Randomized control trials and prospective data registry are the only ways to generate high quality data providing evidence to justify the use of PT for the treatment of pharyngo-laryngeal tumors, and the former is to be preferred. For these trials, acute and/or late morbidity and Quality of Life (QoL) should be chosen as endpoint. In some clinical situations, e.g., locally advanced nasopharyngeal carcinoma or nasal and para-nasal sinus tumors, an efficacy endpoint could also be used, as PT may allow to deliver a slightly higher dose without increasing toxicity, thus potentially increasing the local tumor control.

As it is likely that prospective controlled trials will necessitate large patient numbers, it is unreasonable to consider that the 3 French PT facilities will be able to conduct such studies alone. Participation to multicentric studies with European or international cooperative groups is thus the only way to go. In that respect, the three-French PT centers under the leadership of the senior authors of this publication have agreed to participate to the Danish trial DAHANCA 35 aiming at comparing protons to photons for the treatment of pharyngo-laryngeal squamous cell carcinomas (Figure). It is expected that the 2 nd submission for a financial support from INCa will allow a participation to the study.

Prospective data registry

In clinical situations where there are no randomized trials available or such trials are not possible, prospective data collection in national or international databases should be encouraged [START_REF] Weber | Proton therapy and the European Particle Therapy Network: The past, present and future[END_REF]. This may typically occur for tumors with low incidence, such as nasal or para-nasal sinus tumors, or tumors from patients not eligible for randomized trial for various reasons, such as previous history of cancer, severe comorbidity, or patient refusal. In France, the Protonshare web platform designed in Nice in 2015, is registering referrals for PT in partnership with industry (Aquilab®) and the French Society of Radiation Oncology (SFRO). At the European level, the European Proton Therapy Network (EPTN) through a collaboration between the European Society for Radiation Oncology (ESTRO) and the European Organization for Research and Treatment of Cancer (EORTC) has developed a data base platform to prospectively collect data from patients treated by PT for various tumor site [START_REF] Weber | Proton therapy and the European Particle Therapy Network: The past, present and future[END_REF]. This database includes recording of generic information (e.g. tumor site, tumor type, stage, previous cancer treatment), as well as specific data (e.g. radiation dose, acute and late toxicity, outcome data), for the various tumor location of interest for PT. Data transfer tests are being performed now in few European PT centers, and an agreement form to be signed by all participating institutions is being finalized.

Prospective collection of dosimetric data

Both for patients included into randomized controlled trials and for patients included into prospective registry, dosimetric data should be stored in proper format to allow confrontation of clinical and dose distribution data; from such comparisons, one should be able to generate Tumor Control Probability (TCP) and NTCP relationships. The Protonshare web platform should be used for comprehensive recording of patients referred to PT.

In pediatric radiation oncology in France, the PediaRT platform has been installed to prospectively collect dosimetric data for all children treated by radiation, being photons or protons. It turns out that the data are unfortunately not exhaustively uploaded for both a lack of resources in some centers, and an absence of willingness to do so in others.

III Challenges in PT in France

There are several challenges and/or unanswered issues for a more comprehensive implementation of PT for head and neck tumors on a more routine basis.

Tumor site and tumor stage

Whether all head and neck sites should be eligible or prioritized for PT treatment is debated in the community. In view of the heavy workload of pediatric tumors treatment, it may be tempting to prioritize PT for highly-curable oropharyngeal HPV-positive tumor and/or for fitter patients with a longer life expectancy. However, normal tissue sparing may be beneficial for any tumor type. Noteworthy, some institutions, based on their PT experience, contraindicate the treatment of laryngeal tumors for fear of PT-induced chondronecrosis or tumor underdosage because of tissue-air interface uncertainties and movements. They also contraindicate oral cavity tumors (typically inoperable very advanced ones) because of their poor prognosis and the risk of osteoradionecrosis. However, formal demonstration of excess toxicities or lack of efficacy in these tumor sites with PT compared to photons is lacking, and the multicentric MD Anderson phase 2-3 trial (NCI NCT01893307) has included oropharyngeal tumors only. Thus, to date, there is no compelling argument not to include all head and neck tumor subsites for PT treatment.

Whether all stages should be eligible for PT may also be discussed. The lack of a low-tointermediate dose bath contribute to reduce the rate of xerostomia, dysphagia, fatigue, and potentially lymphopenia. Back to the future, initially IMRT was advocated for good prognosis tumors only, but it also turned out to be of significant benefit in advanced stages. Of note, in advanced stage tumors where ipsilateral parotid, and pharyngeal constrictor muscles are very close to the tumor, PT may not always be better than IMRT. Therefore, for these advanced stage tumor, it may be necessary to assess the advantage of PT over IMRT on an individual basis before selecting. In its early experience, the PT teams of Groningen (The Netherlands) and the MD Anderson (US) have reported that one third of patients may typically undergo PT [START_REF] Gunn | Proton Therapy for Head and Neck Cancer: A 12-Year, Single-Institution Experience[END_REF][START_REF] Tambas | First experience with model-based selection of head and neck cancer patients for proton therapy[END_REF].

Last, the benefit of PT treatment lies in the fact that it may also allow dose escalation for bulky disease. Thus, to date, there is no compelling evidence to advocate PT treatment for specific stages only, and to exclude locally advanced disease.

A less explored issue is whether PT could also be used in the postoperative setting. In the series of patients treated with PT at MD Anderson Cancer Center, more than one third of the cases were treated post-operatively [START_REF] Gunn | Proton Therapy for Head and Neck Cancer: A 12-Year, Single-Institution Experience[END_REF]. Therefore, the postoperative setting should not remain a blind spot but should also be assessed with extra caution for the delineation of the postoperative clinical target volumes.

Trial enrichment

Enrichment is a common process in medical oncology trials when a predictive biomarker identified as a surrogate for response to a given therapy can then be used to select patients who are more likely to benefit from the therapy. This reduces the number of patients required to show a benefit and contribute to more cost-effective clinical research processes. In head and neck radiotherapy, NTCP-enriched trial methodology should become the standard procedure as it not only "saves" patients from participating to a study without expected benefit, but it also allows to enrich the trial by only concentrating on patients doomed to benefit from PT. In The Netherlands where 3 PT centers are routinely treating patients with head and neck tumors, patient selection is based on the so-called "model-based approach" by which the expected benefit of PT is assessed by a NTCP evaluation of xerostomia and/or dysphagia based on comparative photons and protons dose distribution [START_REF] Tambas | First experience with model-based selection of head and neck cancer patients for proton therapy[END_REF]. Although properly validated, no other European center are routinely using this approach to select their head and neck cancer patients for protontherapy; they all favor prospective clinical trials such as in the Danish DAHANCA-35 trial and in the TORPEDO Manchester trial. But in both trials, patient enrichment is performed before randomization to only accrue into the trial those who are expected to benefit from PT based on variation in dose distribution. NTCP enrichment is however a time-consuming process considering that while it already takes half a day to generate an IMRT/VMAT plan, it may take up to two-to-three days for an IMPT plan [START_REF] Tambas | Development of advanced preselection tools to reduce redundant plan comparisons in model-based selection of head and neck cancer patients for proton therapy[END_REF]. One should be aware that extrapolation of NTCP models built with data of patients treated with photons to those treated with protons has failed for items such as mucositis [START_REF] Blanchard | Toward a modelbased patient selection strategy for proton therapy: External validation of photon-derived normal tissue complication probability models in a head and neck proton therapy cohort[END_REF], at least partly because the dose profile to the whole mucosae is different between photons and protons. For other common toxicities, model performances may be sensitive to delineation uncertainty, endpoint chosen, patient or physician assessment [START_REF] Tambas | First experience with model-based selection of head and neck cancer patients for proton therapy[END_REF][START_REF] Tambas | Development of advanced preselection tools to reduce redundant plan comparisons in model-based selection of head and neck cancer patients for proton therapy[END_REF][START_REF] Brouwer | Differences in delineation guidelines for head and neck cancer result in inconsistent reported dose and corresponding NTCP[END_REF], and currently have blind spots; for example, fatigue and pain are not yet recapitulated by any organs. Therefore, while numerous works are being conducted to improve current predictions with the newly accessible artificial intelligence tools [START_REF] Kouwenberg | Model based patient pre-selection for intensity-modulated proton therapy (IMPT) using automated treatment planning and machine learning[END_REF], prospective randomized trials is likely to still be useful in clinical research.

Clinical endpoints for PT trials

Proton beams are low LET radiation, and even if the LET is slightly higher than with photons, it translates into a small RBE difference of only 10%. Thus, at equivalent RBE-dose, no difference in efficacy is expected between PT and IMRT. Consequently, at equivalent prescription and delivered dose to the tumor, only difference in acute and/or late toxicity is to be expected.

In this framework, endpoints of PT randomized trials mostly concentrate on toxicities using validated scales for early and late toxicities (Table 1). Patient-Reported Outcome Measures (PROM) and quality of life endpoint should also be integrated [START_REF] Meadows | Patient-reported outcome measures: an overview[END_REF][. For specific sub-sites (e.g. oropharyngeal) scale to assess dysphagia such as the MD Anderson Dysphagia Inventory (MDADI) scoring systems could be also added [START_REF] Hutcheson | What is a clinically relevant difference in MDADI scores between groups of head and neck cancer patients?[END_REF].

Although not expected differences in efficacy need to be assessed between PT and IMRT to confirm that all the critical issues for PT (e.g., difference in daily treatment set-up, and modification of the anatomy) does not impact on patient outcome. In that regards, disease-free survival (DFS) which has been shown to be a good surrogate for overall survival need to be verified as secondary endpoint [START_REF] Liao | Bayesian Adaptive Randomization Trial of Passive Scattering Proton Therapy and Intensity-Modulated Photon Radiotherapy for Locally Advanced Non-Small-Cell Lung Cancer[END_REF]. For PT trials studying a difference in efficacy associated to a higher prescription dose, or the association between PT and systemic treatments, DFS together with local and/or regional control probability will then be used as primary endpoint.

Last, as PT is a financially demanding technology, and still with uncertainty about its impact on patients' outcome relative to the cost, it is thus important to investigate whether the investment is worthwhile, whether and for which patients it is cost-effective, and what is the expected impact on health care budget. Such analysis should be conducted in accordance with the recommendations of the French National Authority for Health (HAS) to assess the incremental cost-effectiveness ratio of PT expressed as cost per QALY and cost per Life Year gained using validated scales to assess patient outcome such as the EuroQol EQ-5D-5L instrument [START_REF] Feng | Psychometric properties of the EQ-5D-5L: a systematic review of the literature[END_REF].

Degree of standardization of the PT technique

It is beyond the scope of this review article to discuss the technical aspects of PT planning and delivery. Readers are referred to a recent publication on the subject [START_REF] Beddok | Proton therapy for head and neck squamous cell carcinomas: A review of the physical and clinical challenges[END_REF]. In a nutshell, patient should be treated with Intensity Modulated PT (IMPT) with optimal beam orientation to minimize the criticality of air/bone/soft tissue interfaces; the dose calculation should be done with robust planning using Monte-Carlo algorithms; all measures should be taken during treatment to assure a proper daily patient repositioning (e.g. use of kV-CT or CBCT), and weekly planning CT may need to be done to verify that the dose distribution is still in perfect agreement with the original dose planned. In addition to these planning and delivery issues, patient preparation for IMPT may require more systematic removal of in-field alien material such as metallic dental implants, which can increase the proton range uncertainties (3-10%) [START_REF] Beddok | Proton therapy for head and neck squamous cell carcinomas: A review of the physical and clinical challenges[END_REF][START_REF] Rousselle | Metallic implants and CT artefacts in the CTV area: Where are we in 2020?[END_REF].

Preclinical and early clinical developpements in PT

Although already in routine clinical use for few decades, several PT issues remain unresolved in 2021. Among them is the value of the relative biological effectiveness (RBE), which has been set at a value of 1.1 for clinical applications irrespective of the tumor or normal tissue of interest [START_REF] Paganetti | Roadmap: proton therapy physics and biology[END_REF]. There are pre-clinical studies suggesting that RBE value of proton beams increases at the end of the Bragg-peak, which may have a clinical relevance in the setting of spot scanning delivery. Other issues such as the use of ultra-high dose rate with PT (the so-called FLASH effect), the use of more hypofractionated regimens, the development of MR guided protontherapy delivery or the use of mini-PT beam needs comprehensive pre-clinical evaluation [START_REF] Mazal | Biological and Mechanical Synergies to Deal With Proton Therapy Pitfalls: Minibeams, FLASH, Arcs, and Gantryless Rooms[END_REF]. Also are concomitant association of systemic treatments such as chemotherapy, targeted agents or immune therapy expected to be similarly effective with PT compared to IMRT? There is a rationale to suggest that the combination of immune blockers with PT may be more effective that with IMRT by reducing the cell kill of neighboring and circulating T-lymphocytes required to elicit an effective immune response.

All these pre-clinical research topics still need to be properly addressed, and the Radiotransnet network (http://radiotransnet.fr), which aims at stimulating pre-clinical collaborations between French experimental radiotherapy centers, represent an ideal platform to tackle these issues.

IV Conclusion: ex pluribus unum

PT for head and neck tumors holds great promises to reduce treatment morbidity and/or to improve efficacy with higher dose delivery. Several randomized trials are underway to demonstrate the advantage of PT in comparison with IMRT/VMAT. Together with health economic analyses, such trials should contribute to position PT in the armamentarium of head and neck tumor treatment.

In this framework, the French PT centers are invited to join forces and participate to the ongoing trials, and for those tumors not eligible to these trials, to register their patients into the European EPTN database. Opportunities are not yet lost, and many challenges are there to be taken-up. It should be the responsibility of the existing PT centers and the ones to come to unite and share ideas and resources to move forward the exciting field of PT. 

  

Table Table :

 Table clinical trials of head and neck proton therapy Legend: AE: adverse events, HPV: human papilloma virus, IMRT: intensity modulated radiotherapy (with photons), PT: proton therapy (usually as intensity modulated proton therapy), PROM patient reported outcome measures, SAE: Serious adverse events, US : United States Tableau: Essais cliniques de protonthérapie dans les cancers épidermoïdes des VADS Figure Title Multinational EPTN-endorsed DAHANCA trial 35 randomized phase III design of proton therapy or IMRT for squamous cell carcinomas of the head and neck Titre : Design de l'essai de phase III randomisé multicentrique international dans le cadre du réseau Européen EPTN DAHANCA trial 35 de protonthérapie ou IMRT pour les cancers épidermoïdes de la tête et du cou

	ClinicalTrials				Number of			
	URL	Title	Conditions	Design / main endpoint	patients	Locations	Status	Intervention
		Randomized Trial of Intensity-Modulated Proton Beam Therapy						
		(IMPT) Versus Intensity-Modulated Photon Therapy (IMRT) for		Phase II/III: IMRT or PT / Rates of late grade 3-5				To compare the side effects of IMRT or
	NCT01893307	the Treatment of Oropharyngeal Cancer of the Head and Neck	Head and Neck	toxicity and cumulative incidence	360	US	Recruiting	PT + cisplatin
		DAHANCA 35: Proton Versus Photon Therapy for Head-neck		Phase III: randomized IMRT or PT (+-nimorazole +-				
	NCT04607694	Cancer	Head and Neck	cisplatin) / late dysphagia -xerostomia	600	International Recruiting	To spare normal tissues
		Study of Proton Versus Photon Beam Radiotherapy in the	Head and Neck,	Phase II: randomized definitive unilateral IMRT or PT				To reduce volumes of mucosae irradiated
	NCT02923570	Treatment of Head and Neck Cancer	unilateral	/ acute grade 2 mucositis	132	US	Recruiting	translating into reduced mucositis risk
			Oropharynx, HPV-	Phase II: randomized definitive unilateral IMRT or PT				
	NCT03829033 Photon Therapy Versus Proton Therapy in Early Tonsil Cancer.	positive or negative	/ acute & late AE	100	Sweden	Recruiting	To reduce toxicities
		Risk-adapted Therapy in Low-risk HPV+ Oropharyngeal Cancer						To tailor radio-or chemotherapy dose
		Using Circulating Tumor (ct)HPV DNA Profile -The ReACT	Oropharynx, HPV-	Phase II: HPV ctDNA Testing / definitive IMRT (PT				on clinical features and HPV blood test
	NCT04900623	Study	positive	allowed) / PFS	145	Boston, US	Recruiting	(NavDx)
								To define need for (and timing of) re-
						Philadelphia,		calibration of plans (/ tumor
		A Volume, Motion, and Anatomically Adaptive Approach to	Head and Neck	Prospective cohort: definitive IMRT (PT allowed) +-		Pennsylvania,	Active, not	volume/motion / anatomy / dose
	NCT02130427	Photon and Proton Beam Radiotherapy	(among other sites)	cisplatin	120	US	recruiting	distributions)
		TORS De-Intensification Protocol Version 2.0: Dose and	Oropharynx, HPV-	Phase II: postoperative IMRT (PT allowed) /		Pennsylvania,		To reduce irradiated neck volumes and
	NCT03729518	Volume Reduction in the Neck	positive	locoregional control	118	US	Recruiting	dose
								To reduce chemoradiation based on mid-
		Adaptive Treatment De-escalation in Favorable Risk HPV-	Oropharynx, HPV-					treatment tumor response (40% nodal
	NCT03215719	Positive Oropharyngeal Carcinoma	positive	Phase II: definitive IMRT (PT allowed) + cisplatin	54	New York, US Recruiting	shrinkage)
		Selective Avoidance of Nodal VolumEs at Minimal Risk (GCC	Oropharynx, HPV-	Phase II: definitive or postoperative IMRT (PT				To reduce contralateral elective nodal
	NCT04609280	20110) SAVER	positive	allowed) / contralateral out-of-field regional control	52	US	Recruiting	volumes
			Head and Neck					
		Image-guided Proton Therapy for the Treatment of Locally	(+skin) / Locally			Houston,		To hyperfractionate high-dose PT using
	NCT04870840	Advanced Unresectable Head and Neck Cancer	Advanced	Phase I : definitive PT / SAE	18	Texas, US	Recruiting	image guidance
		Nivolumab or Nivolumab Plus Cisplatin, in Combination With		Phase III: definitive IMRT (PT allowed) + cetuximab				
		Radiotherapy in Patients With Cisplatin-ineligible or Eligible		(cisplatin ineligible) or cispaltin +-nivolumab / AE,				
	NCT03349710	Locally Advanced Squamous Cell Head and Neck Cancer	Head and Neck	SAE	68	International Completed To add immunotherapy to chemoradiation
		Study of Pembrolizumab (MK-3475) or Placebo With						
		Chemoradiation in Participants With Locally Advanced Head		Phase III: definitive Accelerated (AFX) or Standard				
		and Neck Squamous Cell Carcinoma (MK-3475-412/KEYNOTE-		Fractionation (SFX) IMRT (PT allowed) + cisplatin +-			Active, not	
	NCT03040999	412)	Head and Neck	pembroluzimab / Event Free Survival	780	International	recruiting To add immunotherapy to chemoradiation
		Study To Compare Avelumab In Combination With Standard of						
		Care Chemoradiotherapy (SoC CRT) Versus SoC CRT for						
		Definitive Treatment In Patients With Locally Advanced						
		Squamous Cell Carcinoma Of The Head And Neck (JAVELIN		Phase III : definitive IMRT (PT allowed) + cisplatin +-				To add immunotherapy to standard of
	NCT02952586	100)	Head and Neck	avelumab	697	International Terminated	care chemoradiation
		P53 Mutational Status and cf HPV DNA for the Management of	Oropharynx, HPV-	Phase II: definitive IMRT (PT allowed) -+cisplatin (or			Active, not	To deintensify dose (60 Gy) in patients
	NCT03077243	HPV-associated OPSCC	positive (+-smokers)	carboplatin and paclitaxel) / PFS	215	US	recruiting	with < or more than 10 pack-years
						Rochester,		
		A Study of Mucosal Sparing Proton Beam Therapy (PBT) in		Prospective cohort : postoperative (TORS) mucosal		Minnesota,	Active, not	To integrate mucosal sparing into
	NCT02736786	Resected Oropharyngeal Tumors	Oropharynx	sparing PT / Local control	64	US	recruiting	optimization to reduce mucositis
		Intensity-Modulated Proton Therapy (IMPT) or TransOral						
		Robotic Surgery (TORS) for the Treatment of Low-Risk		Prospective cohort: IMPT or TORS / Functional		Houston,		To learn about symptoms and activity
	NCT02663583	Oropharynx Squamous Cell	Oropharynx	outcome by Activity Bands and MDADI	44	Texas, US	Recruiting	levels between PT or TORS
				Prospective cohort: definitive or postoperative PT any				
		Medical Data Collection of Patients With Head and Neck		head and neck site, Medical Chart Review and		Houston,	Active, not	
	NCT01627093	Cancer Treated With Proton Therapy	Head and Neck	PROM	600	Texas, US	recruiting	To reduce toxicities with PT
				Prospective cohort: definitive or postoperative PT any				
		Data Collection for the Assessment of Acute and Late Normal	Head and Neck	head and neck site / correlation between acute and		Houston,		
	NCT00991094	Tissue in Patients Treated With Proton Therapy	(among other sites)	late toxicities & dose distribution	5000	Texas, US	Recruiting	To reduce toxicities with PT
								To add immunotherapy synergistically
		Combination of Hypofractionated Proton Therapy With	Head and Neck				Not yet	with hypofractionated spatially selective
	NCT03764787	Immunotherapy I-HypoPT	(among other sites)	Phase I/II: PT + PD-1 Antibody / AE	30	China	recruiting	irradiation
								To better ensure tumor dose coverage
			Head and Neck (+	Phase II: definitive IMRT followed by a PT boost /				with PT without increase in acute
	NCT03183271	Proton Boost for Locally Advanced head and neck tumors	neuroendocrine)	acute toxicity and local response	20	Pavia, Italy	Completed	toxicties

NCT00797446 Photon/Proton Radiation Therapy for Oropharyngeal Cancers Oropharynx Prospective definitive IMRT+PT cohort / xerostomia 10 Jacksonville, Florida, US Terminated To achieve very-low grade xerostomia rates Direct IMRT

vs PT comparison Primary aim other than comparing IMRT and PT, but IMRT trial design allowing PT PT trial