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Introduction

The aim of radiotherapy is to deliver the maximum dose to the tumour while sparing organs at risk. Intensity Modulated Radiotherapy (IMRT) has made it possible to reduce the dose to organs at risk but initial IMRT planning may need replanning in case of volumetric changes of tumor, organs at risk or the patient. Improvements in tumor definition include the use of multimodal imaging (Computed Tomography (CT scan), Magnetic Resonance Imaging (MRI), Positron Emission Tomography (PET)) and tumor targeting during radiotherapy through Image-guided radiotherapy (IGRT) using advanced in-room setup imaging such as cone-beam CT (CBCT) and further, MRI-linac.

Currently, MRI-linac allows adaptive radiotherapy (ART) based on the anatomy of the day. ART has also been developed using PET and various tracers to account for interfractional changes in tumor biology. A recent concept of emission-guided radiotherapy (EGRT) has also emerged by using PET-linac [START_REF] Fan | Emission guided radiation therapy for lung and prostate cancers: a feasibility study on a digital patient[END_REF]. The ultimate step is ART with dose painting. Even though this concept has been validated, its clinical impact remains to be demonstrated. This article focusses on PET and MRI-based ART for lung, head and neck, cervix and prostate tumors.

PET tracers for ART

PET-CT is currently indispensable in oncology for diagnosis, radiotherapy planning and follow-up. Many PET tracers can guide radiotherapy (Tables 1,2).The glucose analogue [18F] fluoro-2-deoxy-D-glucose (FDG) is the most widely used tracer to guide radiotherapy, exploiting the increased metabolic rate of tumour cells. The mechanisms underlying FDG labelling not only depend on increased glycolysis and glucose transporter density but also on cell proliferation, hypoxia or activation of oncogenic signaling pathways [START_REF] Hoeben | Molecular PET imaging for biology-guided adaptive radiotherapy of head and neck cancer[END_REF]. Oxygen deprivation (hypoxia) is an important factor in radiotherapy resistance and poor survival. Specific tracers have been developed to define hypoxic areas in various cancers including head and neck or lung cancer. The most common PET hypoxia tracer is 18F-fluoromisonidazole (FMISO) [START_REF] Marcu | Imaging of Tumor Characteristics and Molecular Pathways With PET: Developments Over the Last Decade Toward Personalized Cancer Therapy[END_REF]. However, limitations of F-MISO include slow diffusion, tumour accumulation and washout, resulting in low hypoxic contrast imaging. 18F-fluoroazomycin-arabinoside (18F-FAZA), a more hydrophilic marker, is associated with poor disease-free survival in 18F-FAZA-positive tumours [START_REF] Mortensen | FAZA PET/CT hypoxia imaging in patients with squamous cell carcinoma of the head and neck treated with radiotherapy: results from the DAHANCA 24 trial[END_REF]. F-flortanidazole (18F-XH4), 18F-labeled fluoroerythronitroimidazole (FETNIM) or 18F-2-nitroimidazol-pentafluoropropyl acetamide (18F-EF5) are interesting surrogate markers of radioresistance [START_REF] Komar | Prognostic value of tumour blood flow, [18F]EF5 and [18F]FDG PET/CT imaging in patients with head and neck cancer treated with radiochemotherapy[END_REF]. Finally, other radiopharmaceuticals have exploited the lipophilic properties of copper (64Cu) mainly coupled with diacetyl-bis(N4methylthiosemicarbazone) (ATSM) to identify areas of tumour hypoxia. The latter has good sensitivity but poor specificity to predict treatment response [START_REF] Lopci | Prognostic Evaluation of Disease Outcome in Solid Tumors Investigated With 64Cu-ATSM PET/CT[END_REF]. Its perfusiondependent distribution seems to limit its accuracy in defining hypoxic areas.

Tumour proliferation is also a poor prognostic factor. FDG PET/CT shows poor correlation between FDG uptake (metabolism) and Ki-67 proliferation index [START_REF] Meyer | Associations between FDG-PET and Ki 67index in head and neck cancer: A meta-analysis[END_REF].

[18F]Fluorothymidine (FLT), a pyrimidine analogue, is phosphorylated by thymidine kinase-1 during the S phase of the cell cycle and then trapped inside cells. Methionine is an essential amino-acid whose increased consumption is often correlated with cell proliferation. 11C-methionine PET/CT shows divergent results compared to FDG PET/CT [START_REF] Quartuccio | Non-18F-FDG PET/CT in the management of patients affected by HNC: state-ofthe-art[END_REF].

ART in lung tumors

Radiochemotherapy is standard treatment for locally advanced lung cancers but with a risk of recurrence and significant toxicities. Increasing the dose across the entire volume is deleterious as demonstrated by RTOG 0617 trial [START_REF] Bradley | Standard-dose versus high-dose conformal radiotherapy with concurrent and consolidation carboplatin plus paclitaxel with or without cetuximab for patients with stage IIIA or IIIB non-small-cell lung cancer (RTOG 0617): a randomised, two-by-two factorial phase 3 study[END_REF]. One option, therefore, is to increase the dose only in areas of radioresistance, but these may change from one fraction to another. Tumor shrinkage during radiotherapy and adaptation to tumor volume per-treatment is not easy and there is no correlation between volume changes during radiotherapy and patient prognosis [START_REF] Woodford | Adaptive radiotherapy planning on decreasing gross tumor volumes as seen on megavoltage computed tomography images[END_REF]. Today, ART for lung cancers has mostly been developed using PET.

PET tracers in lung cancer

Metabolism tracers

Aerts et al. [START_REF] Aerts | Identification of residual metabolic-active areas within individual NSCLC tumours using a pre-radiotherapy (18)Fluorodeoxyglucose-PET-CT scan[END_REF] and Calais et al. [START_REF] Calais | Areas of high 18F-FDG uptake on preradiotherapy PET/CT identify preferential sites of local relapse after chemoradiotherapy for non-small cell lung cancer[END_REF] showed that high FDG-uptake areas on pretherapeutic FDG PET/CT scans were highly correlated to sites of local relapse or persistent abnormalities on post-therapeutic CT scans. These findings led to consider dose escalation on smaller sub-volumes, allowing better local disease control while minimising early and late toxicity. Nestle et al. demonstrated in a randomized trial (PET plan) that it was possible to increase the dose without increased toxicity based on pretreatment PET. This was confirmed in the European PET boost study. [START_REF] Nestle | Imaging-based target volume reduction in chemoradiotherapy for locally advanced nonsmall-cell lung cancer (PET-Plan): a multicentre, open-label, randomised, controlled trial[END_REF] Perradiotherapy FDG PET/CT uptake can also be a volume of interest [START_REF] Feng | Using fluorodeoxyglucose positron emission tomography to assess tumor volume during radiotherapy for non-small-cell lung cancer and its potential impact on adaptive dose escalation and normal tissue sparing[END_REF]. FDG-PET can be performed without artefacts (lung inflammation) and the persistence of 42 Gy pathologic fixation is pejorative [START_REF] Vera | FDG PET during radiochemotherapy is predictive of outcome at 1 year in nonsmall-cell lung cancer patients: a prospective multicentre study (RTEP2)[END_REF]. As a result, we proposed a French multicenter study with dose increase on per-radiotherapy FDG volume (RTEP7, NCT02473133). American study RTOG 1106 is also underway based on encouraging preliminary results by Kong et al. in a phase 2 as opposed to study RTOG 0617 [START_REF] Kong | Effect of Midtreatment PET/CT-Adapted Radiation Therapy With Concurrent Chemotherapy in Patients With Locally Advanced Non-Small-Cell Lung Cancer: A Phase 2 Clinical Trial[END_REF].

The definition of BTV (Biologic Target Volume) during radiotherapy is a crucial step but requires a consensus on the method of segmentation and current recommendations do not clearly answer the question for both pre-and per-therapeutic volumes [START_REF] Boellaard | FDG PET/CT: EANM procedure guidelines for tumour imaging: version 2.0[END_REF]. Previous studies defined dose levels to areas at risk according to TCP models or a predefined dose. Dose painting strongly depends on PET (3D averaged, 4D gated, 4D MIP) acquisition and segmentation methods (automatic with gradient, manual, fixed…) [START_REF] Thomas | Impact of tumour motion compensation and delineation methods on FDG PET-based dose painting plan quality for NSCLC radiation therapy[END_REF].

Resolving motion patterns of lung tumors for accurate dose calculation can be complex with tumor movement, size and deformation, which are dependent on tumor location.

Motion artifacts caused by respiratory movements can be reduced by 4D PET acquisitions and ITV (Internal taget volume) definition [START_REF] Scarsbrook | Respiratory-gated (4D) contrast-enhanced FDG PET-CT for radiotherapy planning of lower oesophageal carcinoma: feasibility and impact on planning target volume[END_REF]. Respiratory function defined by SPECT can also change during radiotherapy [START_REF] Lee | Functional lung avoidance and response-adaptive escalation (FLARE) RT: Multimodality plan dosimetry of a precision radiation oncology strategy[END_REF]. Current radiotherapy techniques allow functional area sparing, but it is necessary to take into account changes in healthy tissue and tumour during radiotherapy.

Hypoxia tracers

In a phase 2 study, increasing the dose of radiotherapy up to 86 Gy resulted in no excess toxicity at 3 years [START_REF] Vera | Radiotherapy boost in patients with hypoxic lesions identified by 18F-FMISO PET/CT in non-small-cell lung carcinoma: can we expect a better survival outcome without toxicity? [RTEP5 long-term follow-up[END_REF] with similar local control despite twice as large volumes.

Correlation between hypoxia and FDG hot spots is unclear [START_REF] Thureau | Comparison of Hypermetabolic and Hypoxic Volumes Delineated on [18F]FDG and[END_REF].

Others tracers

3′- [18F]fluoro-3′-deoxythymidine (18F-FLT may be used to select patients for increased dose or modified fractionation on subvolumes with high density of actively proliferating cells [START_REF] Thureau | Comparison of Hypermetabolic and Hypoxic Volumes Delineated on [18F]FDG and[END_REF]. 18F-FDG and 18F-FLT correlate with Ki-67 labeling index in pulmonary lesions, but correlation of 18F-FLT is stronger, confirming its link with tumor cell proliferation in lung cancer. In areas with significant proliferation, 18F-FLT fixation decreases rapidly during radiotherapy, which does not make this tracer optimal for ART [START_REF] Vera | Simultaneous positron emission tomography (PET) assessment of metabolism with ¹⁸F-fluoro-2-deoxyd-glucose (FDG), proliferation with ¹⁸F-fluoro-thymidine (FLT), and hypoxia with ¹⁸fluoromisonidazole (F-miso) before and during radiotherapy in patients with non-small-cell lung cancer (NSCLC): a pilot study[END_REF].

Anti-angiogenic therapy targeting tumor neovasculature is one of the promising approaches in treating lung cancer. 68Ga-labeled dimerized-RGD (68Ga-RGD2) is a tracer of Integrin αvβ3. This tracer has already been tested to evaluate anti-angiogenic drugs but not radiotherapy [START_REF] Kang | Inter-heterogeneity and intraheterogeneity of αvβ3 in non-small cell lung cancer and small cell lung cancer patients as revealed by 68Ga-RGD2 PET imaging[END_REF].

MRI and lung cancer

Thoracic MRI has had limited role in lung cancers due to low lung density and the resulting low signal-to-noise ratio, as well as the presence of respiratory and cardiac movements. MRI/linacs may change indications for MRI in lung ART. Indeed, CT scan (CT or CBCT) is often not very informative for ART and hypoxia PET is little accessible.

The use of 1.5T MRI/linacs should allow functional sequences such as BOLD (blood oxygenation level dependent). The reproducibility of these sequences (BOLD or others as TOLD (tumour oxygenation level dependent) will have to be confirmed, particularly for mobile tumors [START_REF] O'connor | Imaging tumour hypoxia with oxygenenhanced MRI and BOLD MRI[END_REF]. The incorporation of motion data to RT planning also needs further investigation [START_REF] Kumar | Magnetic resonance imaging in lung: a review of its potential for radiotherapy[END_REF].

PET and MRI guided ART in head and neck cancer

ART for squamous head and neck cancer (HNSCC), aiming to correct for anatomical variations occurring during the treatment course, is mostly based on CT or CBCT. The main clinical goals of ART is to decrease toxicity by sparing OARs, in particular the parotid gland, and to increase local control using accurate dose escalation, based on PET.

. Anatomical and metabolism variations during the treatment course justifying ART in head and neck cancer

During the HNSCC radio-chemotherapy course, morphological changes take place both in target volumes and organs at risk (OAR). GTV decreases by about 70% and parotids by 30%, which may go with position variations, due to volume variations and weight loss during treatment, of the order of 5 kg [START_REF] Gensheimer | ART for head and neck cancer: Are we ready to put it into routine clinical practice?[END_REF].

ART aims to minimize deviations from initially planned dose distributions based on the principle of replanning during treatment [START_REF] Gensheimer | ART for head and neck cancer: Are we ready to put it into routine clinical practice?[END_REF]. However, whereas morphological imaging allows only geometrical adaptations considering mostly OARs, functional imaging can, in addition, be used to adapt/increase the dose by highlighting significant areas for tumour control.

In HNSCC, FDG PET/CT is increasingly used both for diagnosis and response to treatment. To target FDG avid tumour regions [START_REF] Pugachev | Dependence of FDG uptake on tumor microenvironment[END_REF], volume-based metabolic parameters such as metabolic tumor volume (MTV) and total lesion glycolysis (TLG) appear to have superior performance in identifying patients at risk than standardized uptake value (SUVmax) [START_REF] Schwartz | Metabolic tumor volume as a prognostic imaging-based biomarker for head-and-neck cancer: pilot results from Radiation Therapy Oncology Group protocol 0522[END_REF]. However, it is unknown whether increased dose as a boost in these subvolumes, can translate into increased tumour control probability. Therefore, which volumes should be targeted? Most loco-regional recurrences after radio(chemo)therapy in HNSCC occur within metabolic volumes +/-10 mm [START_REF] Mohamed | Patterns-of-failure guided biological target volume definition for head and neck cancer patients: FDG-PET and dosimetric analysis of dose escalation candidate subregions[END_REF]. Until now, identification of tumor sub-volumes is not reliable enough to serve for large-scale spatially selective dose escalation trials. A phase 1 dose-escalation trial to 82 Gy reported long-term toxicity issues [START_REF] Rasmussen | Phase I trial of 18F-Fludeoxyglucose based radiation dose painting with concomitant cisplatin in head and neck cancer[END_REF]. More accurate definition of the volumes at risk of recurrence could be achieved through voxel-scale analysis using radiomics techniques [(clinicaltrials.gov/NCT02469922) [START_REF] Beaumont | Voxel-based identification of local recurrence sub-regions from pre-treatment PET/CT for locally advanced head and neck cancers[END_REF].

Monitoring metabolic parameters during radiochemotherapy with SUVmax and TLG decrease while the extent of MTV decreases or increases (notably due to peritumoral inflammation), could be interesting [START_REF] Min | 18F-FDG PET-CT performed before and during radiation therapy of head and neck squamous cell carcinoma: Are they independent or complementary to each other?[END_REF]. Persistent hypermetabolism during treatment is a pejorative prognostic factor [START_REF] Min | 18F-FDG PET-CT performed before and during radiation therapy of head and neck squamous cell carcinoma: Are they independent or complementary to each other?[END_REF]. Metabolic imaging for ART is therefore promising to target hypermetabolic regions. Two kinds of dose-escalation regimens can be developed. The first consists of delivering a boost to a hypermetabolic volume within the anatomo-clinical target volume designated as the biological target volume. The second, referred to as "dose-painting by numbers", consists of delivering different doses at the voxel scale according to FDG uptake values [START_REF] Bentzen | Theragnostic imaging for radiation oncology: dose-painting by numbers[END_REF]. Dose escalation up to 80.9 Gy seems feasible with dose-painting by numbers, but increases the risk of late mucosal ulcers [START_REF] Madani | Maximum tolerated dose in a phase I trial on adaptive dose painting by numbers for head and neck cancer[END_REF]. ART with metabolic imaging improves the sparing of the OARs [START_REF] Berwouts | Three-phase adaptive dose-painting-by-numbers for head-and-neck cancer: initial results of the phase I clinical trial[END_REF]. It yields local, regional and distant control rates as with conventional IMRT. ART FDG-PET/CT-based dose escalation is being investigated in a phase II trial conducted by the Ghent team and a phase III trial by the Netherland Cancer Institute [START_REF] Berwouts | Long-term outcome of 18F-fluorodeoxyglucose-positron emission tomography-guided dose painting for head and neck cancer: Matched case-control study[END_REF] while ART dose deescalation is investigated in HPV-positive patients [START_REF]Adaptive Radiation Treatment for Head and Neck Cancer -Full Text View -ClinicalTrials[END_REF].

. Hypoxia-re-oxygenation targeted in PET based ART in head and neck cancer

Hypoxia is a well-known risk factor of failure to radiotherapy. Non-invasive imaging with FMISO and FAZA hypoxia tracers shows significant decrease in most patients during treatment, thus revealing re-oxygenation [START_REF] Rischin | Prognostic significance of [18F]-misonidazole positron emission tomography-detected tumor hypoxia in patients with advanced head and neck cancer randomly assigned to chemoradiation with or without tirapazamine: a substudy of Trans-Tasman Radiation Oncology Group Study[END_REF][START_REF] Bollineni | Dynamics of tumor hypoxia assessed by 18F-FAZA PET/CT in head and neck and lung cancer patients during chemoradiation: Possible implications for radiotherapy treatment planning strategies[END_REF]. Moreover, persistence of hypoxic areas during treatment is a strong risk factor for loco-regional recurrence [START_REF] Rischin | Prognostic significance of [18F]-misonidazole positron emission tomography-detected tumor hypoxia in patients with advanced head and neck cancer randomly assigned to chemoradiation with or without tirapazamine: a substudy of Trans-Tasman Radiation Oncology Group Study[END_REF][START_REF] Bollineni | Dynamics of tumor hypoxia assessed by 18F-FAZA PET/CT in head and neck and lung cancer patients during chemoradiation: Possible implications for radiotherapy treatment planning strategies[END_REF].

Hypoxia imaging in a dose-painting by numbers approach, compared to conventional IMRT, could increase tumor control probability from 55.9 to 70.4% [START_REF] Thorwarth | Hypoxia dose painting by numbers: a planning study[END_REF], without excess toxicity. ART with FMISO PET/CT is also used for dose de-escalation (from 70 to 60 Gy) in HPV-positive patients [START_REF] Lee | Strategy of Using Intratreatment Hypoxia Imaging to Selectively and Safely Guide Radiation Dose De-escalation Concurrent With Chemotherapy for Locoregionally Advanced Human Papillomavirus-Related Oropharyngeal Carcinoma[END_REF] without pre-therapeutic hypoxia or with hypoxia resolving after 1 week of radiotherapy. Interestingly, none of the 10 patients treated by dose deescalation experienced 2-year recurrence while one patient with hypoxic tumor undergoing metastatic progression [START_REF] Lee | Strategy of Using Intratreatment Hypoxia Imaging to Selectively and Safely Guide Radiation Dose De-escalation Concurrent With Chemotherapy for Locoregionally Advanced Human Papillomavirus-Related Oropharyngeal Carcinoma[END_REF].

. Proliferation targeted in PET based ART in head and neck cancer

Rapid proliferation of clonogens surviving radiotherapy, referred to as accelerated repopulation, is a known cause of failure in HNSCC. Proliferation imaging, mainly with FLT PET/CT, is a good surrogate of accelerated repopulation [START_REF] Li | Spatial Concordance of Tumor Proliferation and Accelerated Repopulation from Pathologic Images to 3′-[18F]Fluoro-3′-Deoxythymidine PET Images: a Basic Study Guided for PET-Based Radiotherapy Dose Painting[END_REF]. Intensity of FLT labelling decreases from about 50% after 2 weeks of treatment to 70% after 4 weeks.

These kinetics have significant prognostic value on loco-regional control, disease-free survival and overall survival. FLT PET/CT could even perform better than FDG PET/CT [START_REF] Hoshikawa | Prognostic value comparison between (18)F-FLT PET/CT and (18)F-FDG PET/CT volume-based metabolic parameters in patients with head and neck cancer[END_REF]. Dose-escalation strategies could be designed to boost proliferating FLT-PET/CT positive volumes. However, more correlative data on proliferation imaging and patterns of failure are needed to propose ART strategies.

Other tracers

Epidermal growth factor receptor (EGFR) is one of the main players in cell proliferation in HNSCC and a therapeutic target for cetuximab. The use of radiolabeled antibodies targetin EGFR is limited by their large size, low diffusion capacity and slow clearance, affecting their sensitivity and specificity. Smaller EGFR-targeting peptide probes are in preclinical stage [START_REF] Marcu | Imaging of Tumor Characteristics and Molecular Pathways With PET: Developments Over the Last Decade Toward Personalized Cancer Therapy[END_REF]. Programmed Cell Death-1/Ligand-1 (PD-1/PD-L-1) imaging using immuno-labelled antibodies, mainly with radioactive Zirconium (89Zr), are investigated to predict immunotherapy response in 2 clinical trials in HNSCC [START_REF] Verhoeff | Programmed Cell Death-1/Ligand-1 PET Imaging: A Novel Tool to Optimize Immunotherapy?[END_REF]. Finally, tumour angiogenesis is a crucial process in tumour development and progression. Targeting αvβ3 integrins with radiolabeled RGD (arginine-glycine-aspartic) peptides, such as 18F-Galacto-RGD or RGD-K5 seems to be the most interesting strategy in HNSCC [START_REF] Mena | Molecular Imaging and Precision Medicine in Head and Neck Cancer[END_REF].

Remaining issues of PET based ART in head and neck

PET based ART poses at least three main challenges.

1: Optimal timing of PET imaging in ART is uncertain. Adapting radiotherapy too early could deprive information about treatment response and accurate identification of areas at risk of recurrence. On the contrary, later adaptation limits the impact of adaptive strategies and poses the technical problem of the correct delineation of target volumes whose identification is altered by inflammatory phenomena. This optimal timing varies between studies from 1 to 3 weeks [START_REF] Garibaldi | Interim 18F-FDG PET/CT During Chemoradiation Therapy in the Management of Head and Neck Cancer Patients: A Systematic Review[END_REF]. Indeed, the prognostic value of intra-treatment FDG-PET may be greatest at 3 weeks from the start of treatment [49. Variations in FDG PET parameters are greater in the first 10 fractions than in subsequent fractions [START_REF] Subesinghe | Alterations in anatomic and functional imaging parameters with repeated FDG PET-CT and MRI during radiotherapy for head and neck cancer: a pilot study[END_REF].

Lastly, the increase in FDG uptake related to inflammatory processes could be significant after week 3 [START_REF] Hentschel | Serial FDG-PET on patients with head and neck cancer: Implications for radiation therapy[END_REF]. Another important issue regarding the timing concerns the number of re-imaging and consequent re-planning during treatment. These issues are being addressed in an ongoing prospective trial, TEMPORAL, evaluating the predictive value of FDG PET scans at weeks 2 and 4 of radiotherapy (clinicaltrials.gov/NCT02469922) [START_REF] Min | 18F-FDG PET-CT performed before and during radiation therapy of head and neck squamous cell carcinoma: Are they independent or complementary to each other?[END_REF].

Another issue concerns the correct delineation of target volumes, in particular because of the FDG uptake by the surrounding tissues, either physiologically (e.g. vocal cords) or due to inflammatory phenomena. It seems therefore necessary to develop standardized delineation methods and among them, the good accuracy of gradient-based delineation methods appears to be of particular interest [START_REF] Geets | A gradient-based method for segmenting FDG-PET images: methodology and validation[END_REF].

2: Replanning is time-consuming (up to a full working day). Automation of treatment plan adaptation by deformable image coregistration method addresses this problem. ART guided by functional imaging also encounters issue of day-to-day consistency of PET images in the same patient, reported as moderate to good.

3: Finally, the technical limitations of PET, such as spatial resolution, restrict the performances of PET-based radiotherapy. [START_REF] Leibfarth | Potentials and challenges of diffusion-weighted magnetic resonance imaging in radiotherapy[END_REF] could be used to guide RT adaptation and dose escalation [START_REF] Wong | Changes in multimodality functional imaging parameters early during chemoradiation predict treatment response in patients with locally advanced head and neck cancer[END_REF]. However, the geometry of DW-MRI in HNSCC is complex due to air cavities causing large magnetic field inhomogeneities. Using conventional DW-MRI, acquired with echo planar imaging (EPI), geometric distortions in ADC maps can be up to one centimeter [START_REF] Teng | Adaptive Boost Target Definition in High-Risk Head and Neck Cancer Based on Multi-imaging Risk Biomarkers[END_REF]. The development of geometrically accurate DW-MRI sequences on an MRI-linac system is ongoing [START_REF] Houweling | FDG-PET and diffusion-weighted MRI in head-and-neck cancer patients: Implications for dose painting[END_REF].

MRI guided ART in head and

In total, PET imaging seems to be more explored than MRI to guide ART in HNSCC.

Dose-painting approaches may however use combined functional MRI and PET imaging in an ART perspective [START_REF] Teng | Adaptive Boost Target Definition in High-Risk Head and Neck Cancer Based on Multi-imaging Risk Biomarkers[END_REF].

ART in cervical cancer

Radio-chemotherapy of locally advanced cervical cancer (LACC) faces several technical difficulties. One of them is the concordance between the planned and the delivered treatment. Indeed, during radiotherapy, important morphological variations may occur for both target volumes and OARs. The uterus exerts rocking movements that modify the position of the uterine fundus of up to 5 cm in the anterior-posterior plane. Translational movements of up to 2 cm occur related to variations in rectal distention. Finally, the tumour volume decreases by an average of 2/3 during treatment [START_REF] Briens | ART: Strategies and benefits depending on tumor localization[END_REF]. In order to take into account all these modifications and to adapt radiotherapy as well as possible, ART protocols have been developed, mainly based on treatment plan libraries. Several treatment plans are computed on CT scans, with different bladder fillings for example. At each fraction, the most suitable plan is selected from IGRT (CT, cone-beam CT or MV-CT). Such strategy enables better target volume coverage and significant dose reduction in the bladder and GI structures [START_REF] Briens | ART: Strategies and benefits depending on tumor localization[END_REF]. PET and MRI may also be used to guide ART strategies.

PET guided ART in cervical cancer

In addition to morphological characteristics, assessment of functional parameters using PET/CT metabolic imaging is an important part of cervical cancer staging and follow-up.

Indeed, in locally advanced cervical cancers (LACC), FDG PET/CT improves lymph node assessment compared to MRI or contrast-enhanced CT [START_REF] Gandy | FDG-PET Imaging in Cervical Cancer[END_REF]. Performing an FDG PET/CT as part of the initial extension work-up of LACC modifies the initial management of about 1/3 of the patients, and is therefore recommended by European Society of Gynaecological Oncology (ESGO), European Society of Radiotherapy and Oncology (ESTRO) and European Society of Pathology (ESP) [START_REF] Gandy | FDG-PET Imaging in Cervical Cancer[END_REF]. It also modifies the radiotherapy fields. However, as in other tumour localisations, the risk of false positives must be pointed out, linked, for example, to ovarian or uterine physiological fixations.

The low spatial resolution is associated with a risk of false negatives, for example, in lymph node micro-metastases or low FDG avidity of some tumours (e.g. mucinous tumours).

FDG PET/CT has important prognostic value, not only by allowing proper staging, but also by revealing metabolic characteristics. Volume-based metabolic parameters such as metabolic tumour volume (MTV) and total lesion glycolysis (TLG) on baseline FDG PET/CT appear to be better predictors than maximum standardized uptake value (SUVmax). However, elevated nodal SUVmax is a pejorative prognostic factor for recurrence and survival [START_REF] Gandy | FDG-PET Imaging in Cervical Cancer[END_REF]. Using a "radiomics" approach, intra-tumoral FDG heterogeneity appears as a consistent negative predictor of recurrence, progression-free survival (PFS) and overall survival (OS) [START_REF] Lucia | Prediction of outcome using pretreatment 18 F-FDG PET/CT and MRI radiomics in locally advanced cervical cancer treated with chemoradiotherapy[END_REF].

As for HNSCC, the kinetics of response to radiochemotherapy assessed by FDG PET during treatment increases the prediction capability of PET, each patient being his/her own reference. Early complete metabolic response, in the 3rd week of treatment, is a significant positive prognostic factor [START_REF] Bjurberg | Prediction of Patient Outcome With 2-Deoxy-2[END_REF]. The prognostic value of partial metabolic response is more difficult to establish. However, low MTV and TLG values during radiochemotherapy are associated with better OS [START_REF] Carpenter | Changes on Midchemoradiation Therapy Fluorodeoxyglucose Positron Emission Tomography for Cervical Cancer Are Associated with Prognosis[END_REF] and have better prognostic value than SUVmax [START_REF] Krhili | Use of Metabolic Parameters as Prognostic Factors During Concomitant Chemoradiotherapy for Locally Advanced Cervical Cancer[END_REF]. MTV decreases by 65% and TLG by 85% at week 4 of treatment.

The determination of these parameters by adapted thresholds (55% of SUVmax for MTV and 32% for TLG) provides a good predictive value for survival [START_REF] Leseur | Pre-and per-treatment 18F-FDG PET/CT parameters to predict recurrence and survival in cervical cancer[END_REF]. Like in HNSCC, optimal timing is uncertain. Kidd et al showed that the predictive value of FDG PET CT was better at week 4 than week 2 during treatment [START_REF] Kidd | Changes in Cervical Cancer FDG Uptake During Chemoradiation and Association With Response[END_REF]. However, week 4 appears too late to adapt chemoradiotherapy, as it is usually administered in 5 weeks. Nevertheless, it can be of great value in tailoring brachytherapy following external beam radiotherapy.

Thus, two potential implications of intra-treatment FDG PET/CT in an ART approach can be envisaged in LACC. First, it identifies patients with a favourable prognosis, who could be candidate for dose de-escalation. On the contrary, the persistence of poor prognostic metabolic parameters such as high MTV or TLG values could support dose escalation protocols in the primary tumour or lymph nodes. However, information on the correlation between patterns of failure and metabolic imaging parameters is still unknown and there is no consensus about the optimal threshold for delineation from FDG PET/CT. Thus, to our knowledge, only ART strategies based on morphological imaging have been tested in cervical cancer to date. The metabolic information offered by FDG PET/CT in this strategy could further improve the prognosis in these patients.

MRI guided ART in cervical cancer

In cervical external-beam radiotherapy, MRI is used at different steps [START_REF] Cree | The Potential Value of MRI in External-Beam Radiotherapy for Cervical Cancer[END_REF]: diagnostic, delineation, treatment planning or treatment response. MRI is recommended as the imaging method of choice in brachytherapy, due to the excellent soft-tissue contrast and tumour visualization [START_REF] Dimopoulos | Recommendations from Gynaecological (GYN) GEC-ESTRO Working Group (IV): Basic principles and parameters for MR imaging within the frame of image based adaptive cervix cancer brachytherapy[END_REF] and morphological and functional MRI could be used in an ART workflow for patients with cervical cancer. In the aim of MRI (re) planning, only one study reported pseudo-CT generation from MRI in cervical radiotherapy [START_REF] Maspero | Dose evaluation of fast synthetic-CT generation using a generative adversarial network for general pelvis MR-only radiotherapy[END_REF]. In this study, three-dimensional fast spoiled gradient-echo dual echo with a Dixon reconstruction (fat and water separation) was used. A deep learning network (conditional GAN) was trained with prostate CT and MR images. Dose differences between reference CT planning and pCT planning were within 2%. Using MRI-linac, intra-fraction movements can be managed thanks to gating with cine-MRI sequence. Such strategy allows CTV-PTV margin reduction, resulting in better OAR dose sparing. In case of large variations, online replanning can be performed.

Morphological MRI guided ART in cervical cancer

Functional MRI guided ART in cervical cancer

DCE-MR is an interesting image modality for tumour response prediction. Mayr et al.

[74] established functional risk volumes from DCE-MRI that could predict outcomes as early as 2-5 weeks of treatment. Based on DW-MRI, ADC was identified as a biomarker of tumour response and early response (at mid-treatment) [START_REF] Hameeduddin | Diffusion-weighted imaging and dynamic contrastenhanced MRI in assessing response and recurrent disease in gynaecological malignancies[END_REF]. Implementation of functional sequences in MRI-linac should allow adaptive workflow. ART strategies could be set according to treatment response and higher doses could be delivered to hypoxic tumour areas [START_REF] Hoskin | Hypoxia dose painting in prostate and cervix cancer[END_REF].

In total, MR-guided radiotherapy is a promising tool for cervical cancer since it allows to daily monitor a dose to critical structures, adapt for anatomical variations, and potentially reduce toxicity to OARs while simultaneously increasing the delivered dose to tumour.

ART in prostate cancer

A dose-effect relationship has been demonstrated for prostate cancer radiotherapy, both in terms of biological control for the most aggressive diseases (in the absence of androgen deprivation) and in terms of digestive and urinary toxicities. If highly conformal techniques such as intensity modulated radiotherapy have historically improved patient outcome, the accuracy of any radiotherapy delivery is however limited by multiple factors: CT scan based organ delineation, set up error and inter-/intra-fraction organ motion, rotation and deformation. Indeed, if IGRT and the recent hypofractionated SBRT techniques correct for prostate displacements by performing a rigid registration, these techniques cannot take however in account large rotations and organ deformations occurring in the seminal vesicles and in most of the organs at risk (bladder, rectum and small bowel) during the treatment course. A systematic population-based PTV definition exposes the patients to an increased risk of toxicity if the margins are loo large and to an increased risk of recurrence if they are too small. The historical ART approach, using standard fractionation, was based on off-line CT scan-based strategies, not solving the issues of organ visualization and on-line correction. Modifying the standard single CTbased planning radiotherapy or this historical ART approach toward a more complex MRI based hypofractionated ART appears an attractive new strategy to solve these issues.

First approaches of prostate cancer ART based on CT scan and CBCT

The inter/intra-fractionation deformations occurring during prostate radiotherapy are well quantified . For instance, 200 CBCT images matched for 10 patients to planning CT images using deformable registration identified large prostate deformations, mainly in the anterior direction with a maximum of 10 mm, 5 mm and 3 mm in 1%, 17% and 76% of cases, respectively [START_REF] Mayyas | A novel approach for evaluation of prostate deformation and associated dosimetric implications in IGRT of the prostate[END_REF]. RT can induce an initial increase in prostate size, followed by a constriction at the end of RT [START_REF] King | Electromagnetic transponders indicate prostate size increase followed by decrease during the course of external beam radiation therapy[END_REF]. With SBRT, prostate swelling can persist even after radiotherapy [START_REF] Gunnlaugsson | Change in prostate volume during extreme hypo-fractionation analysed with MRI[END_REF]. SV deformations can be large, with changes in the posterior direction of >5 mm and >3 mm in 7.5% and 44.9% of cases [START_REF] Mayyas | A novel approach for evaluation of prostate deformation and associated dosimetric implications in IGRT of the prostate[END_REF]. Considerable inter-fraction deformation can also occur for the bladder. Using elastic registration methods, differences in mean dose reached 7 Gy in average (up to 18 Gy) for the bladder and 2

Gy (up to 4 Gy) for the rectum [START_REF] Nassef | Quantification of dose uncertainties in cumulated dose estimation compared to planned dose in prostate IMRT[END_REF]. ART in prostate cancer has been used for years using CT or CBCT strategies. An offline adaptive process, i.e. using information from the first three to five treatment fractions to provide feedback for future deliveries, has been first historically used to correct systematic variations. Indeed, adapted personalized reduced PTV reduced OAR irradiation and toxicity, while allowing dose escalation, in non-randomized trials. More recently, 3D CBCT imaging has been used for fraction adaptation by including non-rigid deformations and dose mapping. One of the main limitations is the low quality of tissue visualization with CBCT.

Rational and feasibility for direct MRI-based planning and MRI only workflow

Uncertainties in anatomical structure visualization/delineation is a critical because generating systematic errors can deteriorate patient outcomes. If CT-scan is reference imaging for radiotherapy planning, and electron density for dose calculation, CT-scan depicts poor soft tissue contrast, leading to inaccuracy in tumor and OAR delineation as well as patient repositioning. CT-scan overestimates by 30% the prostate volume [START_REF] Christie | How Accurately Can Prostate Gland Imaging Measure the Prostate Gland Volume? Results of a Systematic Review[END_REF],

the tumor is not visualized and anatomical structures involved in erectile function (such as the penile bulb) are not well visualized. MRI improves organ delineation [START_REF] Pathmanathan | Comparison of prostate delineation on multimodality imaging for MR-guided radiotherapy[END_REF].

Unfortunately, diagnostic MRI cannot be directly used for delineation due to complex anatomical variations between CT-scan and MRI, even with rigid/elastic registration. In this context, direct MRI planning appears as an appealing modality. However, MRI does not provide electron density for dose calculation. Several methods based on advanced image processing have led to the generation of synthetic or pseudo-CT from MRI, finally allowing dose calculation [START_REF] Nyholm | A review of substitute CT generation for MRI-only radiation therapy[END_REF][START_REF] Johnstone | Systematic Review of Synthetic Computed Tomography Generation Methodologies for Use in Magnetic Resonance Imaging-Only Radiation Therapy[END_REF]. These methods can be divided into four categories: bulk density methods [START_REF] Lambert | MRI-guided prostate radiation therapy planning: Investigation of dosimetric accuracy of MRI-based dose planning[END_REF][START_REF] Chin | Feasibility and limitations of bulk density assignment in MRI for head and neck IMRT treatment planning[END_REF], probabilistic methods [START_REF] Gudur | A unifying probabilistic Bayesian approach to derive electron density from MRI for radiation therapy treatment planning[END_REF], atlas-based methods [START_REF] Guerreiro | Evaluation of a multi-atlas CT synthesis approach for MRI-only radiotherapy treatment planning[END_REF][START_REF] Persson | MR-OPERA: A Multicenter/Multivendor Validation of Magnetic Resonance Imaging-Only Prostate Treatment Planning Using Synthetic Computed Tomography Images[END_REF],

and more recently machine learning methods such as patch-based methods including random forest modeling [START_REF] Aouadi | Generation of synthetic CT using multi-scale and dual-contrast patches for brain MRI-only external beam radiotherapy[END_REF][START_REF] Largent | Pseudo-CT Generation for MRI-Only Radiation Therapy Treatment Planning: Comparison Among Patch-Based, Atlas-Based, and Bulk Density Methods[END_REF] and deep learning methods [START_REF] Largent | Comparison of Deep Learning-Based and Patch-Based Methods for Pseudo-CT Generation in MRI-Based Prostate Dose Planning[END_REF]. These methods can now be used for dose calculation in a clinical workflow as demonstrated recently in four studies [START_REF] Tenhunen | MRIonly based radiation therapy of prostate cancer: workflow and early clinical experience[END_REF][START_REF] Kerkmeijer | Magnetic Resonance Imaging only Workflow for Radiotherapy Simulation and Planning in Prostate Cancer[END_REF].

For MR-only planning to be implemented, MR images are also required for patient position verification purposes prior to treatment. 3D CBCT based patient treatment positioning has been investigated using manual fiducial marker registration [START_REF] Tyagi | Dosimetric and workflow evaluation of first commercial synthetic CT software for clinical use in pelvis[END_REF] and automatic bone and grey-value registration methods of Elekta's XVI system [START_REF] Korhonen | Feasibility of MRI-based reference images for image-guided radiotherapy of the pelvis with either cone-beam computed tomography or planar localization images[END_REF].

Synthetic-CT to CBCT registrations were comparable to planning CT to CBCT registrations (mean differences <1mm) indicating that synthetic-CT datasets can replace CT datasets, for manual or automatic registrations, for patient setup. In total, MRI can be used straight for pre-treatment planning or replanning, without the need for CT scans. of systematic replanning at each fraction. Finally, in a more advanced perspective, MRI sequences could also be used as surrogates of tumour response to adapt the total dose to the tumor response (i.e. dose escalation in the tumor index to non-responders).

MRI guided ART in prostate cancer

Longitudinal diffusion MRI analysis (every 2-5 fractions) appears feasible using the 0.35 T ViewRay MRI [START_REF] Yang | Longitudinal diffusion MRI for treatment response assessment: Preliminary experience using an MRIguided tri-cobalt 60 radiotherapy system[END_REF]. The apparent diffusion coefficient values from DWI has been shown to increase after treatment, with the greatest changes seen in patients with better outcomes [START_REF] Decker | Intensitymodulated radiotherapy of the prostate: dynamic ADC monitoring by DWI at 3.0 T[END_REF].

Clinical data of MRI-guided ART are limited due to the novelty of the approach, with only two published studies to the best of our knowledge. Preliminary data of 25 prostate cancer patients, undergoing 1.5 T MR-guided adaptive SBRT, reported optimal safety and excellent tolerability, without grade ≥ 3 events [START_REF] Alongi | 1.5 T MRguided and daily adapted SBRT for prostate cancer: feasibility, preliminary clinical tolerability, quality of life and patient-reported outcomes during treatment[END_REF]. The PTV consisted of CTV + 5mm margins in each direction, except for 3mm posteriorly. Two "adaptive" strategies were used. An "adapt-to-position" modality consists of only modifying the (isocenter) position in the pre-treatment CT, without daily delineation. An "adapt-to-shape" modality consisted in recontouring the daily MRI to adapt the plan of the day. Another phase II study enrolled 101 patient with T1-3bN0M0 prostate cancer [START_REF] Martens | Functional imaging early during (chemo)radiotherapy for response prediction in head and neck squamous cell carcinoma; a systematic review[END_REF]. MRI-guided adaptive SBRT delivered 5 fractions of 7.25 Gy to the target volume using daily plan adaptation with simultaneous relative sparing of the urethra to a dose of 6.5 Gy per fraction. The PTVprostate for treatment was derived after the addition of a 3 mm margin to the CTV, with subtraction of the PTVurethra. Before each fraction, a new high-resolution MRI scan was performed and rigidly registered to the simulation MRI scan by aligning on the CTV. A reoptimized plan used the same number and direction of intensity modulated radiation therapy beams as with baseline plan. The maximum cumulative grade ≥ 2 early GU and GI toxicity measured by any symptom at any study time point was 23.8% and 5.0%, respectively. No early grade 3 GI or GU toxicity was observed.

In total, MRI-guided hypofractionated ART appears feasible and safe, in small patient series with short follow-up. Other phase II studies are warranted before proposing costeffectiveness comparisons in randomized trials.

Conclusions

In total, ART is a recent RT strategy aiming to correct for anatomical variations occurring 

  MRI allows more accurate and reproducible contouring in cervical cancer than CT imaging. Moreover, MR acquisitions during treatment course may allow management of inter-and intra-fraction variations. Two studies proposed ART with weekly MRI acquisitions. Oh et al.[START_REF] Oh | Hybrid ART with on-line MRI in cervix cancer IMRT[END_REF] combined weekly MRI (T2-weighted fast spin echo)-guidance for error correction with off-line replanning. Kerkhof et al.[START_REF] Kerkhof | Online MRI guidance for healthy tissue sparing in patients with cervical cancer: An IMRT planning study[END_REF] proposed a planning study simulating a MRI-linac online adaptive technique to model tracking and/or treating interand intra-fractional motion during treatment. They acquired weekly MR images and found significant dose reductions to OARs, while preserving PTV coverage. No study with online ART for cervical radiotherapy with MRI-linac has yet been reported to our knowledge.

  during the treatment course. Improving the tumour targeting while better sparing the OARs allows reducing PTV, and therefore hypofractionated treatments, depending on tumour localization. The clinical expected benefits are to decrease toxicity and to increase local thanks to dose escalation. The ART approach has been based first historically on per-treatment CT scan and/or CBCT images. PET and MRI guided ART open the possibilities to correct for both morphological and functional variations within a dose painting perspective and are also indispensable during many steps of cancer management.. The approach appears particularly indicated in lung, cervix and prostate cancers. PET/MRI guided ART strategies are however currently at the step of feasibility and prospective clinical data are missing. These complex and expensive treatments should not be proposed in routine but in clinical trials comprising strong quality controls.

  neckMRI provides superior soft tissue contrast in comparison with CT, allowing better definition of tumour and OARs. The lack of additional radiation exposure is another attractive feature for intra-treatment monitoring. MRI can be used at diagnostic, delineation, prediction of treatment response, treatment response, or treatment planning and morphological and functional MRI in an ART workflow for HNSCC patients[START_REF] Wong | The emerging potential of magnetic resonance imaging in personalizing radiotherapy for head and neck cancer: an oncologist's perspective[END_REF].3.6.1. Morphological MRI guided ART in head and neckHNSCC ART studies with CT have demonstrated the dosimetric benefit of replanning for OAR sparing. MRI could be used instead of CT for replanning. MRI replanning can be performed with an independent MRI-only workflow or using MRI-linac. The main issue of MRI (re)-planning is the lack of electron density information, necessary for dose calculation. To overcome this issue, methods have generated synthetic CT, also called pseudo-CT (pCT), from MRI. For HNSCC MRI-dose calculation, recent deep learning methods provided dose uncertainties lower than 2%. These methods used one or several MRI sequences, mainly T2 weighted sequence or Dixon reconstruction[START_REF] Qi | Multi-sequence MR image-based synthetic CT generation using a generative adversarial network for head and neck MRIonly radiotherapy[END_REF].Recent MRI-linac devices allow MRI acquisition before each treatment delivery. Daily plan treatment adaptation is therefore available. Chen et al. reported their initial clinical experience of MRI-guided radiotherapy for 18 patients[START_REF] Chen | MRI-guided radiotherapy for head and neck cancer: initial clinical experience[END_REF]. A TrueFISP sequence for daily MRI acquisition can be used and anatomic and dosimetric changes quantified

	(N=6) [56].							
	3.6.2. Functional MRI guided ART in head and neck			
	Functional MRI sequences are able to characterize tumour biology by providing
	quantitative	functional	parameters	such	as	tissue	cellularity,	vascular

perfusion/permeability and hypoxia. Diffusion-weighted MRI (DW-MRI) examines water diffusion through apparent diffusion coefficient (ADC, in mm²/s). ADC is inversely correlated with tumour cellularity. Dynamic contrast-enhanced (DCE-)MRI examines vascularity. DW and DCE-MRI in HNSCC radiotherapy

  MR-Linacs allow prostate radiotherapy guidance with MR imaging, identifying the prostate accurately, the tumor and surrounding OARs in real time whilst delivering radiotherapy, with a reduction in radiation exposure. MR-linacs allow hypofractionated stereotactic ART strategies, and address both systematic and random errors. In practice, even if challenging, adaptive re-planning does not need to start completely from scratch. An initial plan fully optimized from the planning images for the same patient can be adapted to the anatomy of the day thanks to image registration, automatic segmentation and plan optimization algorithms[START_REF] Pathmanathan | Magnetic Resonance Imaging-Guided Adaptive Radiation Therapy: A "Game Changer" for Prostate Treatment? International journal of radiation oncology[END_REF]. With online ART, prostate CTV-PTV margins can be reduced to 3 mm. Moreover, the MR-Linac system is designed to able to track/monitor prostate motion in real-time on 2D (cine) MRI during radiotherapy delivery, allowing further reduction of PTV margins. Indeed, the radiation beam can be paused, via gating, if prostate motion is detected outside a pre-defined range, and can be resumed if the prostate moves back into the range. Assessment of prostate intrafraction motion can be done through automatic fiducial marker tracking on 3D cine-magnetic resonance (MR) images with high spatial and temporal resolution[START_REF] De Muinck Keizer | Soft-tissue prostate intrafraction motion tracking in 3D cine-MR for MR-guided radiotherapy[END_REF]. In total, reduction in PTV margin around 1 to 2 mm should reduce both toxicities and recurrence by allowing a safe escalated dose delivery in the whole prostate or tumor. Furthermore,

deformable dose accumulation/monitoring for OARs in MR-guided prostate SBRT appears feasible and accurate

[START_REF] Bohoudi | End-to-end empirical validation of dose accumulation in MRI-guided ART for prostate cancer using an anthropomorphic deformable pelvis phantom[END_REF]

. Such dose-guided approach can guide plan adaptation/replanning based on cumulative dose during fractionated treatment, instead
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