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Clinical and technical challenges of cancer reirradiation: Words of wisdom Short running title: Challenges in reirradiation

Since the development of new radiotherapy techniques that have improved healthy tissue sparing, reirradiation (reRT) has become possible. The selection of patients eligible for reRT is complex given that it can induce severe or even fatal side effects. The first step should therefore be to assess, in the context of multidisciplinary staff meeting, the patient's physical status, the presence of sequelae resulting from the first irradiation and the best treatment option available. ReRT can be performed either curatively or palliatively to treat a cancerrelated symptom that is detrimental to the patient's quality of life. The selected techniques for reRT should provide the best protection of healthy tissue. The construction of target volumes and the evaluation of constraints regarding the doses that can be used in this context have not yet been fully codified. These points raised in the literature suggest that randomized studies should be undertaken to answer pending questions.

Introduction

In the early 2000 s, following a meeting on reirradiation (reRT), the British Journal of Radiology published a commentary encouraging radiation oncologists to provide international guidelines for the management of patients likely to undergo reRT [START_REF] Jones | Retreatment of cancer after radical radiotherapy[END_REF]. Special workflow processes, such as the reRT special medical physics consult (ReRT-SMPC) process, have recently been introduced in an attempt to standardize the management of these patients [START_REF] Paradis | The special medical physics consult process for reirradiation patients[END_REF]. However, to our knowledge, there are still no specific guidelines for reRT management, despite the fact that many cohorts of patients have undergone reirradiation at various cancer sites (Supplementary data 1) [START_REF] Wells | The Newcastle-Ottawa Scale (NOS) for Assessing the Quality of Non-Randomized Studies in Meta-Analysis[END_REF][START_REF] Myrehaug | Reirradiation spine stereotactic body radiation therapy for spinal metastases: systematic review: International Stereotactic Radiosurgery Society practice guidelines[END_REF][START_REF] Nieder | Update of human spinal cord reirradiation tolerance based on additional data from 38 patients[END_REF][START_REF] Kawashiro | Reirradiation of spinal metastases with intensity-modulated radiation therapy: an analysis of 23 patients[END_REF][START_REF] Loi | Stereotactic reirradiation for local failure of brain metastases following previous radiosurgery: Systematic review and metaanalysis[END_REF][START_REF] Straube | Reduced volume SIB-IMRT/IGRT to head and neck cancer in elderly and frail patients: outcome and toxicity[END_REF][START_REF] Kazmi | Re-irradiation for recurrent glioblastoma (GBM): a systematic review and meta-analysis[END_REF][START_REF] Montagne | Second conservative treatment for second ipsilateral breast tumor event: A systematic review of the different re-irradiation techniques[END_REF][START_REF] Boimel | Proton beam reirradiation for locally recurrent pancreatic adenocarcinoma[END_REF][START_REF] Mcduff | Liver reirradiation for patients with hepatocellular carcinoma and liver metastasis[END_REF][START_REF] Berman | Proton reirradiation of recurrent rectal cancer: dosimetric comparison, toxicities, and preliminary outcomes[END_REF][START_REF] Fernandes | A prospective study of proton beam reirradiation for esophageal cancer[END_REF][START_REF] Wild | Re-irradiation with stereotactic body radiation therapy as a novel treatment option for isolated local recurrence of pancreatic cancer after multimodality therapy: experience from two institutions[END_REF][START_REF] Owens | External beam re-irradiation in rectal cancer[END_REF][START_REF] Haque | Reirradiation to the abdomen for gastrointestinal malignancies[END_REF], Svajdova et al, Rulach et al., 2018[START_REF] Nicosia | What is the role of reirradiation in the management of locoregionally relapsed non small-cell lung cancer?[END_REF][START_REF] Tsang | Re-irradiation for paediatric tumours[END_REF][START_REF] Baty | Salvage reirradiation for local prostate cancer recurrence after radiation therapy. For who? When? How?[END_REF][START_REF] Sadozye | Re-irradiation in gynaecological malignancies: a review[END_REF][START_REF] Straube | A second course of radiotherapy in patients with recurrent malignant gliomas: clinical data on re-irradiation, prognostic factors, and usefulness of digital biomarkers[END_REF]). Yet, the vast majority of these studies did not include data from simultaneous control groups with primary irradiation at the same site.

Given the risk of life-threatening complications after reRT (or at least those that significantly affect the quality of life), patients with locoregional recurrences are more generally treated with surgery or systemic treatments alone, either chemotherapy or, increasingly, immunotherapy. However, the risk of second recurrence and toxicity after these treatments remains high, especially for head and neck cancers [START_REF] Shetty | Salvage surgery in recurrent oral squamous cell carcinoma[END_REF], and re-irradiation in this context could be a useful additional therapeutic modality. This study aimed to review the literature to identify the clinical and technical challenges of reRT, to propose criteria for patient selection, technical choice and target volume delineation, and organ-at-risk constraint definition.

Clinical challenges

Patient selection: Risk/benefit balance

The indication for reRT must weigh the expected efficacy of this salvage treatment against the risk of acute or late toxicity that could be fatal or impair quality of life, keeping in mind the adage "primum non nocere". The outcomes and toxicities experienced by patients reirradiated for curative purposes differ enormously depending on the cancer site reirradiated (Table 1). In pelvic cancer, severe toxicities of reRT can include fistula, bowel obstruction, abscess, general tissue necrosis, gastrointestinal bleeding, urinary strictures, skin ulcers, and pain [START_REF] Kamran | To radiate or not to radiate-the challenges of Pelvic Reirradiation[END_REF]. Retrospective studies on rectal cancer indicated that toxicity was notable, with 13 out of 50 (26%) patients experiencing grade 3 or 4 late toxicities. In lung cancer, severe pulmonary toxicity was observed in up to 21% of patients. This was usually radiation pneumonitis requiring oxygen or even respiratory support [START_REF] De Ruysscher | High-dose re-irradiation following radical radiotherapy for non-small-cell lung cancer[END_REF]. In locally recurrent gliomas, reRT may lead to a higher incidence and greater severity of adverse events, such as necrosis, cognitive disturbance and secondary malignancies, especially in the youngest patients. In a recent study, Liu et al. have prospectively compared endoscopic surgery and reRT for the treatment of resectable locally recurrent nasopharyngeal carcinoma. Twenty of the 101 patients who underwent reRT died due to late toxic effects specific to radio-therapy [START_REF] Liu | Endoscopic surgery compared with intensity-modulated radiotherapy in resectable locally recurrent nasopharyngeal carcinoma: a multicentre, open-label, randomised, controlled, phase 3 trial[END_REF]. Moreover, Tanvetyanon et al. studied the prognostic factors for survival after salvage reRT in 109 patients with HNC [START_REF] Tanvetyanon | Prognostic factors for survival after salvage reirradiation of head and neck cancer[END_REF]. They highlighted the profound nega-tive effect of co-morbidity and organ dysfunction on survival. In this series, acute and late toxicities of grade 3 or higher occurred in 45 pa-tients (43.7%) and 49 patients (47.5%), respectively. Nonetheless, tox-icities observed after reirradiation are not necessarily greater than those observed after a first irradiation. For example, Arthur et al. showed that reirradiation of patients with recurrent breast cancer did not result in a very high rate of radiation-induced fibrosis [START_REF] Arthur | Effectiveness of breast-conserving surgery and 3-dimensional conformal partial breast reirradiation for recurrence of breast cancer in the ipsilateral breast[END_REF]. Moreover, salvage surgery can sometimes induce more complications than reRT. For prostate carcinoma, a recent meta-analysis of 150 studies showed that reRT with high-dose-rate (HDR) brachytherapy, low-dose-rate (LDR) brachytherapy, or stereotactic body RT (SBRT) resulted in significantly lower rates of severe genitourinary toxicity than did salvage radical prostatectomy, and rates of severe gastrointestinal toxicity were significantly lower following HDR brachytherapy than following surgery [START_REF] Valle | A systematic review and meta-analysis of local salvage therapies after radiotherapy for prostate cancer (MASTER)[END_REF]. In addition, postoperative com-plications are more frequent and more severe when surgery is performed in a previously irradiated field [START_REF] Locatello | Estimating the risks and benefits before salvage surgery for recurrent head and neck squamous cell carcinoma[END_REF].

Therefore, all patients being considered for curative reirradiation (reRT) must be evaluated by a multidisciplinary team, including at least surgical oncologists, medical oncologists, radiation oncologists, pa-thologists, and radiologists specializing in oncology. If the patient has no surgical history, regardless of the time between initial irradiation and recurrence, salvage surgery should always be the first salvage option to be discussed in the light of the likelihood of harmful sequelae [START_REF] Goodwin | Salvage surgery for patients with recurrent squamous cell carcinoma of the upper aerodigestive tract: when do the ends justify the means?[END_REF]. If the histological and immunohistochemical analyses of the surgical specimen show unfavorable characteristics, such as incomplete resection, peritumoral vascular emboli, and lymph node invasion with capsular rupture, postoperative reRT and/or systemic therapy, including immunotherapy [START_REF] Plavc | Challenges in combining immunotherapy with radiotherapy in recurrent/metastatic head and neck cancer[END_REF], should be considered, especially for head and neck cancers (HNC) [START_REF] Foster | Is it worth It? Consequences of definitive head and neck reirradiation[END_REF]. For brain tumors, a neurosurgical evaluation is always essential, as surgery may increase survival [START_REF] Azoulay | Benefit of re-operation and salvage therapies for recurrent glioblastoma multiforme: results from a single institution[END_REF]. Surgery would also allow a histological evaluation for progressing glioblastoma. Systemic treatment must be included in the salvage treatment to enhance the effect of the RT or to take into account a possible although yet undetected metastatic recurrence. However, caution should again guide the choice of treatment. A recent study showed that unexpected lethal lung events may occur in patients receiving systemic therapy following thoracic re-irradiation [START_REF] Yang | Clinical outcomes and toxicity predictors of thoracic re-irradiation for locoregionally recurrent lung cancer[END_REF].

Time is a significant factor in reRT. Cancer-related life expectancy may be longer without reRT, which carries the risk of irreversible sequelae such as respiratory insufficiency, myelitis, necrosis or fistula, even though, in the short term, reRT may alleviate symptoms and impede local tumor progression. The likelihood of a high-risk of radiation-related cancers should be discussed only in patients with long life-expectancy even after local relapse.

Concerning the interval between RT courses, there is no proven correlation with reRT toxicities (see below). Some data suggested that reRT to the prostate area within 4.5 years of prior RT could be associated with a higher risk of grade 4 toxicity [START_REF] Nguyen | Magnetic resonance image-guided salvage brachytherapy after radiation in select men who initially presented with favorablerisk prostate cancer: a prospective phase 2 study[END_REF]. Conversely, if the progression-free interval is shortened, the reRT should be maximally aggressive [START_REF] Mcavoy | Definitive reirradiation for locoregionally recurrent non-small cell lung cancer with proton beam therapy or intensity modulated radiation therapy: predictors of high-grade toxicity and survival outcomes[END_REF]. Early local recurrence may be a sign of underdosing during the first irradiation, for example, after prostate brachytherapy [START_REF] Crehange | Cold spot mapping inferred from MRI at time of failure predicts biopsy-proven local failure after permanent seed brachytherapy in prostate cancer patients: implications for focal salvage brachytherapy[END_REF], or a sign of radioresistance. In the latter case, the reRT could allow to consecutively increase the dose at the target volume and therefore potentially improve the local control. In this perspective, for external beam RT, it could be useful to use other particles than those used in the first irradiation, such as proton versus photon, or to choose another dose rate (see below the section "techniques for reRT").

The selection of patients eligible for reRT therefore remains chal-lenging [START_REF] Shi | Investigating the effect of reirradiation or systemic therapy in patients with glioblastoma after tumor progression: a secondary analysis of nrg oncology/radiation therapy oncology group trial 0525[END_REF]. The assessment by the clinician in charge of reRT and the multidisciplinary approach are essential before clear guidelines can be drawn up from randomized trials.

Several authors have proposed nomograms and algorithms to help radiation oncologists choose the best option for patients with local recurrence after a first irradiation, particularly in HNC [START_REF] Tanvetyanon | Prognostic factors for survival after salvage reirradiation of head and neck cancer[END_REF][START_REF] Strojan | Recurrent and second primary squamous cell carcinoma of the head and neck: When and how to reirradiate[END_REF][START_REF] Boustani | Long-term outcomes and safety after reirradiation in locally recurrent nasopharyngeal carcinoma in a non-endemic area[END_REF]. The main prognostic factors included in these nomograms were: comorbidity, organ dysfunction, isolated neck recurrence, location of the recurrence, tumor bulk before reRT, dose of reRT and time since the first irradiation. More recently and more generally, Do rr et al. suggested that a decision on reRT should systematically take into account: [START_REF] Jones | Retreatment of cancer after radical radiotherapy[END_REF] the location of the recurrence (or second tumor) in relation to the primary tumor, [START_REF] Paradis | The special medical physics consult process for reirradiation patients[END_REF] the dosimetric parameters of the initial radiation therapy (RT), [START_REF] Wells | The Newcastle-Ottawa Scale (NOS) for Assessing the Quality of Non-Randomized Studies in Meta-Analysis[END_REF] the use of concomitant treatment, such as surgery, chemotherapy and targeted therapy for the first tumor and for recurrence, and [START_REF] Myrehaug | Reirradiation spine stereotactic body radiation therapy for spinal metastases: systematic review: International Stereotactic Radiosurgery Society practice guidelines[END_REF] the time since treatment of the first tumor (Do rr and Gabry ś, 2018). Machine learning-based models for predicting and classifying RT-induced com-plications, or for rapid dose predictions, are also evolving and could play an important role in the management of reRT [START_REF] Isaksson | Machine learning-based models for prediction of toxicity outcomes in radiotherapy[END_REF].

Techniques for reirradiation

Historically, reRT was limited to simple techniques, such as three-dimensional conformal radiation therapy (3D-CRT), and palliative doses. These led to a limited improvement in longterm survival, for instance, in locally recurrent non-small cell lung carcinoma (NSCLC) [START_REF] Green | Lung cancer: retreatment of local recurrence after definitive irradiation[END_REF]. Technological innovations over the past 20 years have made high-dose re-irradiation a possible treatment option. Indeed, as previously mentioned, healthy tissues are far better protected, especially in reRT. The technique used should limit as much as possible doses to organs-at-risk (OAR). Table 1 summarizes the main results of recent highlevel prospective studies using different reRT techniques at different sites.

Intensity-modulated radiation therapy (IMRT)

IMRT with IGRT was the first step in improving OAR sparing [START_REF] Chen | Prospective trial of high-dose reirradiation using daily image guidance with intensity-modulated radiotherapy for recurrent and second primary head-and-neck cancer[END_REF]. Nevertheless, the incidence of severe late toxicity remains high with IMRT in reRT. Takiar et al. retrospectively studied outcomes and toxicities in 201 patients reirradiated for HNC, and reported 2-year and 5-year grade 3 toxicity in 32% and 48% of the patients, respectively [START_REF] Takiar | Reirradiation of head and neck cancers with intensity modulated radiation therapy: outcomes and analyses[END_REF]. Similarly, in rectal carcinoma, Tao et al. recently evaluated outcomes and toxicity in 101 patients treated with hyper-fractionated pelvic reRT with IMRT. They found 34% of grade 3-4 late toxicity at 3 years [START_REF] Tao | Hyperfractionated accelerated reirradiation for rectal cancer: an analysis of outcomes toxicity[END_REF].

Proton therapy

PT, as compared with photon therapy, has the potential to optimize locoregional control while significantly reducing toxicity. The physical properties of protons allow energy to be deposited at a specific depth, called a Bragg peak, with a rapid drop in energy beyond this point (Beddok et al., 2020). These physical properties of protons are particu-larly important in reRT, because they allow definitive, rather than palliative doses of reRT [START_REF] Verma | Systematic assessment of clinical outcomes and toxicities of proton radiotherapy for reirradiation[END_REF].

Retrospective [START_REF] Mcavoy | Definitive reirradiation for locoregionally recurrent non-small cell lung cancer with proton beam therapy or intensity modulated radiation therapy: predictors of high-grade toxicity and survival outcomes[END_REF] and prospective [START_REF] Chao | Multi-institutional prospective study of reirradiation with proton beam radiotherapy for locoregionally recurrent non-small cell lung cancer[END_REF] data have also emerged showing an advantage of protons in reRT, with some severe toxicities but at a fairly low incidence. For instance, Chao et al. reported the results of 57 patients treated at three proton centers for recurrent NSCLC in or near their prior radiation field. Overall, grade 3 or higher acute and/or late toxicity developed in 24 (42%) patients, acute toxicity developed in 22 (39%) patients, and late toxicity developed in seven (12%) patients [START_REF] Chao | Multi-institutional prospective study of reirradiation with proton beam radiotherapy for locoregionally recurrent non-small cell lung cancer[END_REF]. PT can also be an optimal choice for the treatment of HNC, and particularly nasopharyngeal and sinonasal cancer, as intensity-modulated proton therapy (IMPT) has proved to be superior to intensity-modulated radiation therapy (IMRT) from a bio-logical and physical standpoint. PT also shows improved sparing (especially in terms of the integral dose) of critical healthy structures at the skull base (which are numerous, e.g., optic nerves, optic chiasm, pituitary gland, brainstem, temporal lobes, cochlea, cranial nerves, pterygoid muscles...) [START_REF] Blanchard | Proton therapy for head and neck cancers[END_REF]. Such sparing is particu-larly important in the reRT setting [START_REF] Phan | Reirradiation of head and neck cancers with proton therapy: outcomes and analyses[END_REF]. PT can be useful for rectal cancer recurrence, particularly in the case of inoperable iso-lated local recurrence in the presacral region, to better spare the bowel and bladder without having to sacrifice the hip joints and pelvic bones (Simone et al., 2020). PT can help reduce acute and late toxicities in reRT for gastrointestinal malignancies [START_REF] Verma | Clinical outcomes and toxicities of proton radiotherapy for gastrointestinal neoplasms: a systematic review[END_REF], and can be very useful in reRT for esophageal [START_REF] Decesaris | Assessing outcomes of patients treated with re-irradiation utilizing proton pencil-beam scanning for primary or recurrent malignancies of the esophagus and gastroesophageal junction[END_REF], pancreatic [START_REF] Boimel | Proton beam reirradiation for locally recurrent pancreatic adenocarcinoma[END_REF], anal, and rectal recurrences [START_REF] Moningi | Definitive hyperfractionated, accelerated proton reirradiation for patients with pelvic malignancies[END_REF].

Stereotactic body radiation therapy (SBRT)

SBRT makes use of extreme hypofractionation, up to a session of 20 Gy in the brain, and allows a very steep dose gradient-by definition. It delivers at least 50% of the prescribed dose 2 cm around the target volume [START_REF] Benedict | Stereotactic body radiation therapy: the report of AAPM Task Group 101[END_REF]. It is therefore a technique of choice for reRT, especially for the brain [START_REF] Sanders | Gamma Knife radiosurgery: scenarios and support for re-irradiation[END_REF][START_REF] Møller | Costa toxicity and efficacy of re-irradiation of high-grade glioma in a phase I dose-and volume escalation trial[END_REF], lung [START_REF] Milano | Review of thoracic reirradiation with stereotactic body radiation therapy: A focus on toxicity risks[END_REF], prostate [START_REF] Jereczek-Fossa | Salvage stereotactic body radiotherapy (SBRT) for intraprostatic relapse after prostate cancer radiotherapy: An ESTRO ACROP Delphi consensus[END_REF], spinal metastases [START_REF] Myrehaug | Reirradiation spine stereotactic body radiation therapy for spinal metastases: systematic review: International Stereotactic Radiosurgery Society practice guidelines[END_REF][START_REF] Garg | Prospective evaluation of spinal reirradiation by using stereotactic body radiation therapy[END_REF], head and neck cancer [START_REF] Vargo | A prospective phase 2 trial of reirradiation with stereotactic body radiation therapy plus cetuximab in patients with previously irradiated recurrent squamous cell carcinoma of the head and neck[END_REF] and pancreatic carcinomas [START_REF] Wild | Re-irradiation with stereotactic body radiation therapy as a novel treatment option for isolated local recurrence of pancreatic cancer after multimodality therapy: experience from two institutions[END_REF]. This technique again poses the problem of the risk/benefit ratio: a biologically higher dose par fraction is disadvantageous when considering OAR, especially in patients with a greater potential for late lethal complications. However, if the primary tumor has already demonstrated resilience to the initial course of RT, SBRT allows bio-logical doses much higher than IMRT.

Brachytherapy

Brachytherapy allows the desired dose to be very precisely delivered to the chosen location, because it involves putting a radioactive element in contact with the target. This technique therefore appears very useful in the setting of reRT, particularly in prostate cancer reRT, as a very high biological dose can be delivered to the area where the recurrence is located [START_REF] Murgic | Focal salvage high dose-rate brachytherapy for locally recurrent prostate cancer after primary radiation therapy failure: results from a prospective clinical trial[END_REF][START_REF] Crook | A prospective phase 2 trial of transperineal ultrasound-guided brachytherapy for locally recurrent prostate cancer after external beam radiation therapy (nrg oncology/RTOG-0526)[END_REF]. Brachytherapy is particularly useful in the management of local recurrence of breast cancer. A second breast conserving treatment could be possible if sur-gery is followed by re-irradiation using multi-catheter pulse dose rate (PDR) BT. The reported toxicities were mild [START_REF] Montagne | Second conservative treatment for second ipsilateral breast tumor event: A systematic review of the different re-irradiation techniques[END_REF][START_REF] Kauer-Dorner | Partial breast irradiation for locally recurrent breast cancer within a second breast conserving treatment: alternative to mastectomy? results from a prospective trial[END_REF].

It should be noted that in case of salvage BT after a first BT, it would be useful to use a different source or dose rate from those used the first time.

Technical challenges

Target volume definition

No consensus has been reached regarding the target volume definition definition in the context of reRT. Target volume definition thus varies considerably and depends on the target organ irradiated and the center in which the patient is treated. To limit the risk of radiationinduced toxicity, the target volume should nevertheless be as small as possible. This is particularly true if the target is adjacent to OAR, with a risk of life-threatening acute toxicity in patients with a short life expectancy, or late sequelae in other patients whose quality of life may be irreversibly impaired. Therefore, contrary to the usual approach for a first irradia-tion, in reRT, the target volume is often limited to the macroscopically visible part of the tumor (the so-called gross tumor volume [GTV]). Delineation of this GTV for local recurrence after prior RT can be particularly challenging, considering the often-significant degree of radiofibrosis in this zone. Multimodal imaging, especially dual energy CT [START_REF] Ng | Comparison of tumor delineation using dual energy computed tomography versus magnetic resonance imaging in head and neck cancer re-irradiation cases[END_REF], MRI and PET/CT, can significantly improve target delineation and should be used in this case to help define the GTV (Fig. 1). For instance, in their prospective study in glioma, Miwa et al. planned the reRT using 11 C-methionine positron emission tomography (MET-PET)/computed tomography (CT)/magnetic resonance imaging (MRI) fusion. The region of increased amino acid tracer uptake on MET-PET was defined as the GTV [START_REF] Miwa | Re-irradiation of recurrent glioblastoma multiforme using 11C-methionine PET/CT/MRI image fusion for hypofractionated stereotactic radiotherapy by intensity modulated radiation therapy[END_REF]. In the near future, radiomics for reRT will certainly also help to delineate the GTV (Akram et al., 2020). In addition, the GTV should not include doubtful structures of suspected malignancy. This is even more true than in the case of a first irradiation, and confirmation by cytological sampling or biopsy should not be delayed. For instance, in NSCLC, the patient could be referred to interventional pneumology for endobronchial ultrasound to resample the mediastinal and hilar lymph nodes, after which only those lymph nodes that have been found to be pathologically implicated should be included in the GTV. In this context, it is also suggested to work closely with the surgeon to define the GTV. In addition, the margin that takes into account microscopic invasion (clinical target volume [CTV]) should be very small, as described by Popovtzer et al. in HNC (Popovtzer et al., 2009). Similarly, modern IGRT techniques, such as daily CBCT or even better, MR-LINAC [START_REF] Doty | Stereotactic MR-guided online adaptive radiotherapy reirradiation (SMART reRT) for locally recurrent pancreatic adenocarcinoma: a case report[END_REF], can be used to reduce as much as possible the margin that usually takes into account set-up uncertainties (the provisional target volume [PTV]) [START_REF] Intven | Online adaptive MRguided radiotherapy for rectal cancer; feasibility of the workflow on a 1.5T MR-linac: clinical implementation and initial experience[END_REF].

Organ-at-risk sparing

Currently, there are no international recommendations regarding dose constraints to organs at risk (OAR) in reRT. However, it can be expected that reRT to an OAR that has already received a high or low dose in the first irradiation can induce high-grade toxicities. The radiation-induced toxicities of OAR with serial functional subunits (FSU) (i.e.: such as arteries, spinal cord, gastrointestinal tract etc....) are potentially very different from those in parallel FSU (liver, kidneys, lung etc. ...).

OAR organized in serial FSU

Very high cumulative doses could be catastrophic in OAR organized in serial FSU [START_REF] Crane | Balancing fractionation and advanced technology in consideration of reirradiation[END_REF] (2.6%) patients receiving salvage reRT for HNC, of which 76% were fatal [START_REF] Mcdonald | Risk of carotid blowout after reirradiation of the head and neck: a systematic review[END_REF]. No significant difference was observed between patients with or without salvage surgery prior to reRT or between those with or without con-current chemotherapy during reRT. Carotid blowout is also frequent in patients reirradiated with SBRT for relapsed HNC [START_REF] Yamazaki | Reirradiation using robotic image-guided stereotactic radiotherapy of recurrent head and neck cancer[END_REF]. The risk of carotid rupture is higher if the tumor has invaded the vessel, if there is ulceration, or if the patient has had neck lymph node dissection [START_REF] Yamazaki | Frequency, outcome and prognostic factors of carotid blowout syndrome after hypofractionated re-irradiation of head and neck cancer using CyberKnife: a multi-institutional study[END_REF]. As yet, there is no consensus on dose constraints for large vessels (e.g. carotid and aorta) in this specific context of reRT. Nevertheless, a cumulative dose greater than 120

Gy is related to a significant increase in the risk of vessel blowout [START_REF] Evans | Aortic dose constraints when reirradiating thoracic tumors[END_REF][START_REF] Dionisi | Organs at risk's tolerance and dose limits for head and neck cancer re-irradiation: a literature review[END_REF][START_REF] Isaksson | Machine learning-based models for prediction of toxicity outcomes in radiotherapy[END_REF]. The time between the first RT and reRT (30 months [1-185]) was not associated with the risk of serious toxicity induced by reRT.

One of the main issues in reRT, especially when the local recurrence is close to the spinal cord, is the risk of radiation myelitis. An extensive study of spinal reRT in rhesus monkeys showed that the risk of radiation myelopathy decreased over time, suggesting a forgetting factor at least for this organ, and nervous tissue in general [START_REF] Ang | Extent and kinetics of recovery of occult spinal cord injury[END_REF]. However, caution should be exercised in the transfer of these experimental data to humans, as the duration of follow-up in these experiments was limited to 2-2.5 years after reRT, whereas cases of human myelopathy sometimes occur after a longer latency. Increasing time between the initial irradi-ation and reRT is probably an important factor, although there is currently no consensus on a "time-dose factor" [START_REF] Nieder | Update of human spinal cord reirradiation tolerance based on additional data from 38 patients[END_REF]. Moreover, the kinetics of brachial plexus recovery seems to be similar to that of the spinal cord. In retrospective studies, the one-year freedom from brachial plexus-related neuropathy rates were 67% and 86% for patients who were treated with a maximum cumulative dose greater than and less than 95.0 Gy, respectively. The one-year complication-free rates were 66% and 87% for patients re-irradiated within two years of initial treatment, respectively [START_REF] Chen | Tolerance of the brachial plexus to high-dose reirradiation[END_REF].

A high cumulative dose could also induce many gastrointestinal tract complications including perforation, fistula, stricture, and adhesions, particularly when the reRT is administered near luminal structures, given the low recovery of bowel after multiple courses of RT. For the esophagus, previous dose escalation studies and limited reRT data sug-gest that the fistula threshold occurs at approximately 85-90 Gy of cu-mulative equivalent dose (EQD2) [START_REF] Meijneke | Reirradiation and stereotactic radiotherapy for tumors in the lung: dose summation and toxicity[END_REF].

OAR organized in parallel FSU

Although potentially less affected by a new irradiation than organs arranged in serial FSU, organs arranged in parallel FSU must also be spared during this second phase, in particular, to avoid organ in-sufficiencies. While De Ruysschser et al. did not provide lung dose constraints, the combined cumulative lung V20 < 40% should be limited, as recommended, to reduce the risk of grade 3 or higher toxicity [START_REF] Fischer-Valuck | Challenges in re-irradiation in the thorax: managing patients with locally recurrent non-small cell lung cancer[END_REF].

Moreover, there are few data on the tolerance of the liver to repeated doses of radiation Massachusetts General Hospital reported their results for 49 patients who were re-irradiated for liver lesion. Reirradiation appeared to be feasible, with only 4.1% of patients experiencing radiation-induced liver toxicity. They proposed to limit the volume of unirradiated liver to at least 800 cc under 15 Gy, a constraint similar to that used in primary liver radiotherapy [START_REF] Mcduff | Liver reirradiation for patients with hepatocellular carcinoma and liver metastasis[END_REF]. As for large vessels, the time between the first RT and reRT (9 months [START_REF] Straube | Reduced volume SIB-IMRT/IGRT to head and neck cancer in elderly and frail patients: outcome and toxicity[END_REF][START_REF] Kazmi | Re-irradiation for recurrent glioblastoma (GBM): a systematic review and meta-analysis[END_REF][START_REF] Montagne | Second conservative treatment for second ipsilateral breast tumor event: A systematic review of the different re-irradiation techniques[END_REF][START_REF] Boimel | Proton beam reirradiation for locally recurrent pancreatic adenocarcinoma[END_REF][START_REF] Mcduff | Liver reirradiation for patients with hepatocellular carcinoma and liver metastasis[END_REF][START_REF] Berman | Proton reirradiation of recurrent rectal cancer: dosimetric comparison, toxicities, and preliminary outcomes[END_REF][START_REF] Fernandes | A prospective study of proton beam reirradiation for esophageal cancer[END_REF][START_REF] Wild | Re-irradiation with stereotactic body radiation therapy as a novel treatment option for isolated local recurrence of pancreatic cancer after multimodality therapy: experience from two institutions[END_REF]) was not associated with the risk of serious RT-induced toxicity. A protocol using indocyanine green would make it possible to assess baseline liver function to determine dose prescription [START_REF] Suresh | Using indocyanine green extraction to predict liver function after stereotactic body radiation therapy for hepatocellular carcinoma[END_REF].

In this case, liver dose constraints can follow the model that titrates the mean liver dose (MLD) to indocyanine green, adjusted for the risk of decompensation. For patients off trial, constraints could be V19Gy < 700 cc and MLD < 15 Gy [START_REF] Benedict | Stereotactic body radiation therapy: the report of AAPM Task Group 101[END_REF]. For reRT cases, the same constraints can be used for a plan sum, considering the prior liver dose but with a 50% discount, assuming repair in the interval between treatment courses [START_REF] Owen | Challenges in reirradiation of intrahepatic tumors[END_REF].

Functional imaging of normal tissues might be an elegant approach to optimizing the beam arrangement in reRT [START_REF] De Bari | Should we include SPECT lung perfusion in radiotherapy treatment plans of thoracic targets? Evidences from the literature[END_REF].

Finally, no internationally defined guidelines are available for organ dose limits in reRT.

Nevertheless, the American Radium Society and American College of Radiology recently proposed composite dose con-straints in 2 Gy equivalent doses: esophagus, V60 < 40% and DMax < 100-110 Gy; lung, V20 < 40%; heart, V40 < 50%; aorta/great ves-sels, DMax < 120 Gy; trachea and proximal bronchial tree, DMax < 110 Gy; spinal cord, DMax < 57 Gy; and brachial plexus, DMax < 85 Gy (Simone et al., 2020). We summarized in Table 2 the main OAR constraints proposed in the different published studies.

Dose and fractionation

In view of what has been presented in the previous sections, one of the most important aspects of the initial evaluation of the patient for whom reRT is being considered would be to determine the dose that could be safely administered on the basis of the first irradiation. This requires an assessment of normal tissue tolerance doses for OARs, as well as of the potential consequences of late complications that may arise. This should be the basis for a fractionation choice to obtain an optimal bioequivalent dose. For instance, in brain tumor recurrences, no stan-dard of care fractionation scheme exists, but some possibilities for reRT could be 7.7-20 Gy in one fraction (SBRT), or a hypofractionated regimen with doses ranging from 18 Gy to 37.5 Gy in 3-15 fractions [START_REF] Shanker | Re-irradiation for recurrent high-grade gliomas: a systematic review and analysis of treatment technique with respect to survival and risk of radionecrosis[END_REF]. Fractionation must be considered with regard to the risk of cerebral radionecrosis. Individual radiosensitivity should also be considered in the decision to treat using reRT. Indeed, except for certain known syndromes that induce very high radiosensitivity and a high risk of serious radiation-induced toxicities (so called "over re-actors") [START_REF] Bentzen | Potential clinical impact of normal-tissue intrinsic radiosensitivity testing[END_REF], such as Fanconi's anemia syndrome (Beddok et al., 2020), each patient treated with radiation has individual radio-sensitivity.

Several tests exist and could be useful to determine radio-sensitivity before reRT. However, none of them are currently accepted as a reference test [START_REF] Ferlazzo | Functional assays for individual radiosensitivity: a critical review[END_REF]. A history of severe acute or late radiation-induced toxicities during a first irradiation remains, for the moment, the best objective endpoint in the decision to reirradiate, and in the choice of the dose and the fractionation of reRT [START_REF] Cosset | R éirradiations: quels crit`eres d écisionnels ?[END_REF]. Conversely, it should also be kept in mind that an early or late recurrence in the irradiated field results in radioresistance of the tumor (on the somatic level) and/or the patient (on the constitutional level). The dose used for curative reRT should therefore be at least as high (in biological equivalent if the particle or fractionation is changed) as the dose used for the first irradiation. For example, in HNC, the dose used in the first reRT protocols was 60 Gy (lower than the dose prescribed for the first exclusive irradiation) [START_REF] De Crevoisier | Full dose reirradiation combined with chemotherapy after salvage surgery in head and neck carcinoma[END_REF]. Recent studies have shown that increasing the dose beyond 66 Gy improved outcomes [START_REF] Caudell | Volume, dose, and fractionation considerations for IMRT-based reirradiation in head and neck cancer: a multiinstitution analysis[END_REF].

Conclusion

In conclusion, innovative techniques such as PT, SBRT or HDR-brachytherapy, which allow better OAR sparing than do more conven-tional techniques, are placing reRT back in the forefront. The selection of patients remains the critical point. The patient's general condition (WHO performance status) and the sequelae of the previous irradiation should always be taken into account. Decision-making on reRT based solely on dosimetric criteria is not an option, and a consultation with a radiation oncologist and a multidisciplinary approach should always be planned as soon as this therapeutic option is considered. Recommendations on target volume delineation and OAR dose constraints also remain unclear, and the use of IGRT and other techniques allowing PTV margin reduction should always be considered. This work emphasizes the urgent need for randomized clinical trials in this setting (Case Comprehensive Cancer Center, 2020).

Akram, F., Koh, P.E., Wang, F., et al., 2020. Exploring MRI based radiomics analysis of intratumoral spatial heterogeneity in locally advanced nasopharyngeal carcinoma treated with intensity modulated radiotherapy. PLoS One 15. Alterio, D., Turturici, I., Volpe, S., Ferrari, A., Russell-Edu, S.W., Vischioni, B., Mardighian, D., Preda, L., Gandini, S., Marvaso, G., Augugliaro, M., Durante, S., Arculeo, S., Patti, F., Boccuzzi, Table 1 Figure 1 Metabolic imaging for target volume definition and treatment planning in reirradiation. This figure shows the example of a patient reirradiated by proton therapy at the Institut Curie for a local recurrence of oropharyngeal cancer. To define the target volume, a registration was performed between the dosimetry scan and the PET scan showing the recurrence. The isodoses (green line: 5 Gy, yellow line: 20 Gy, orange line: 40 Gy, and pink line: 60 Gy) show that protons allow to considerably limit the irradiation of healthy tissues by focusing on the irradiation of the target volume (red line) defined using the PET hypermetabolism.

  

  

  

  (Table 2). McDonald et al. reported 41 cases of carotid blowout (CB) among 1554

Table 2