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Liste des enseignants de l'UFR de Médecine de l'Université Grenoble Alpes Résultats : Nous avons réalisé 20 résections tumorales assistées de l'échographie peropératoire avec ESW d'Octobre 2018 à Février 2020. Nous avons conservé les 2 sondes linéaires (SL10-2 et SLH20-6 "hockey stick"), établi le protocole de houssage et le positionnement de l'échographe en salle d'opération. Les acquisitions se feront en pré-résection après ouverture de la dure-mère, en per-résection puis en post-résection, avec une acquisition mode B (profondeur 40 mm), puis doppler, puis ESW (fenêtrage de 0 à 30 kPa) pour chaque sonde. 80% des patients opérés avec ce protocole avaient une ETC, ce qui tendrait à permettre une meilleure SSP et une meilleure SG, sans toutefois atteindre la significativité.

Conclusion :

Nous réaliserons une étude prospective afin d'évaluer objectivement l'apport clinique de l'élastographie dans la résection de tumeurs cérébrales.

MOTS CLÉS : Brain-shift, élastographie ShearWave, échographie per-opératoire, tumeur cérébrale, neuro-oncologie.

Background

The incidence and mortality of primary brain tumors have been increasing for decades. However, advances in therapeutic management enabled an increase in mortality that is less important than that of the incidence since the 2010s [START_REF] Defossez | Estimations nationales de l'incidence et de la mortalité par cancer en France métropolitaine entre 1990 et 2018. Étude à partir des registres des cancers du réseau Francim[END_REF]. The gold standard treatment for primary brain tumors, with the exception of cerebral lymphoma, is surgical excision when possible. Indeed, it is established that overall survival (OS) and progression-free survival (PFS) is better in patients who have surgical resection and more with gross total resection (GTR), especially in the case of gliomas [START_REF] Balañá | SEOM clinical guidelines for anaplastic gliomas (2017)[END_REF][START_REF] D'amico | Extent of Resection in Glioma-A Review of the Cutting Edge[END_REF][START_REF] Jakola | Surgical resection versus watchful waiting in low-grade gliomas[END_REF][START_REF] Martínez-Garcia | SEOM clinical guidelines for diagnosis and treatment of glioblastoma (2017)[END_REF][START_REF] Sepúlveda-Sánchez | SEOM clinical guideline of diagnosis and management of low-grade glioma (2017)[END_REF][START_REF] Weller | European Association for Neuro-Oncology (EANO) guideline on the diagnosis and treatment of adult astrocytic and oligodendroglial gliomas[END_REF]. This surgical resection must be as complete as possible (oncological objective) while preserving healthy and functional brain tissue to not cause definitive neurological deficit (functional and quality of life objective).

However, the surgical differentiation of healthy and pathological tissues, with eye or by touch, is very subjective and is far from being simple, especially in the case of gliomas. To help this surgical differentiation to remove tumors, neurosurgeons have long used neuronavigation technology (CAMI: computer aided medical intervention). This technology is based on preoperative imaging (most often MRI), co-registered with the skull of the patient intraoperatively. As the cerebral parenchymal structures move relative to the skull throughout the operation, the accuracy of neuronavigation deteriorates: this phenomenon is called "brainshift".

Brain-shift is a non-linear phenomenon: it is more important on the surface than in depth and can reach displacements greater than 20 mm and 7 mm, respectively [START_REF] Nabavi | Serial intraoperative magnetic resonance imaging of brain shift[END_REF][START_REF] Nimsky | Quantification of, visualization of, and compensation for brain shift using intraoperative magnetic resonance imaging[END_REF]. The causes impacting the amplitude and direction of these deformations are numerous: loss of CSF, positioning of the patient, size of the craniotomy and opening of the dura mater, surgical procedure, pre-existing or reactive cerebral edema [START_REF] Gerard | Brain shift in neuronavigation of brain tumors: A review[END_REF]. Even if the advent of neuronavigation was a revolution in neurosurgical practice and especially for the resection of brain tumors, this technology must be constantly criticized by the neurosurgeon during the surgery. Indeed, it gives general information on the location of the tumor (to the nearest mm or cm) but it does not give precisely the tumor borders, which resection is the most important point in terms of GTR.

Several brain-shift compensation methods have been studied since the early 2000s. The principle of these methods is to acquire intra-operative images (MRI, ultrasound, CT scanner, cortical surface) and to register it with the preoperative MRI using a rigid or elastic compensation model [START_REF] Bayer | Intraoperative Imaging Modalities and Compensation for Brain Shift in Tumor Resection Surgery[END_REF][START_REF] Carter | Application of soft tissue modelling to image-guided surgery[END_REF][START_REF] Gerard | Brain shift in neuronavigation of brain tumors: A review[END_REF][START_REF] Joldes | Real-time prediction of brain shift using nonlinear finite element algorithms[END_REF]29,[START_REF] Morin | Brain-shift compensation using intraoperative ultrasound and constraint-based biomechanical simulation[END_REF].

Based on this scientific observation, the TIMC-IMAG (Grenoble, France), with the help of the INRIA-MIMESIS (Strasbourg, France) and SINTEF (Trondheim, Norway) and the participation of the Grenoble neurosurgery department, developed a method for compensating intraoperative brain-shift using the acquisition of intraoperative ultrasound and a constraintbased biomechanical simulation method. Indeed, Morin et al. developed this method by updating the preoperative MRI images using the intraoperative doppler and mode B ultrasound images and an elastic constraint-based biomechanical model simulating the deformation of the parenchyma after the opening of the dura mater and during surgical resection (Fig. 1, Fig1 bis) [29,[START_REF] Morin | Brain-shift compensation using intraoperative ultrasound and constraint-based biomechanical simulation[END_REF].

The MRI and ultrasound acquisitions allowing the development and the validation this method were provided by the SINTEF team and the neurosurgery department of Trondheim [1, 20-22, 37, 44, 48]. Ultrasound is an extremely attractive modality for the intraoperative acquisition images to visualize tumors in intracerebral surgery. This imaging modality has been used by neurosurgeons for several years [START_REF] Selbekk | Ultrasound imaging in neurosurgery: approaches to minimize surgically induced image artefacts for improved resection control[END_REF][START_REF] Unsgaard | Brain operations guided by real-time two-dimensional ultrasound: new possibilities as a result of improved image quality[END_REF] because it notably offers real-time control during tumor resection. The use of intraoperative ultrasound has been shown to increase the GTR rate and advantage the quality of life of patients with glioma [START_REF] Jakola | Quality of life in patients with intracranial gliomas: the impact of modern image-guided surgery[END_REF].

Intraoperative ultrasound in neurosurgery is, therefore, a rapidly expanding modality and will probably be a key tool in the next decade to improve the resection of intracerebral tumors, due to the advantages linked to its portability, its maneuverability, the possibility of making acquisitions in real-time, overcoming the brain-shift and finally its cost-effectiveness [START_REF] Eljamel | The effectiveness and cost-effectiveness of intraoperative imaging in high-grade glioma resection; a comparative review of intraoperative ALA, fluorescein, ultrasound and MRI[END_REF][START_REF] Mahboob | Intraoperative Ultrasound-Guided Resection of Gliomas: A Meta-Analysis and Review of the Literature[END_REF][START_REF] Moiyadi | Non-enhancing gliomas: does intraoperative ultrasonography improve resections?[END_REF][START_REF] Sastry | Applications of Ultrasound in the Resection of Brain Tumors[END_REF][START_REF] Sweeney | Efficacy of intraoperative ultrasonography in neurosurgical tumor resection[END_REF][START_REF] Wang | The value of intraoperative ultrasonography in neurosurgery[END_REF]. The standard B-mode used in intraoperative conditions has shown its effectiveness in helping to monitor tumor resection by delimiting these borders [START_REF] Shinoura | Delineation of brain tumor margins using intraoperative sononavigation: implications for tumor resection[END_REF] . Besides, navigation devices based on 3D ultrasound have been developed to compensate intraoperative brain shift [5, 20, 24, 28-30, 37, 38, 52].

Moreover, the new ultrasound acquisition modalities, called elastography, could assess the stiffness of tissue, bringing an objective complement to the subjective assessment of the surgeon with intraoperative palpation. Dynamic elastography, called "ShearWave" elastography (SWE) is based on the concept of propagation of shear waves, which allows to quantify the stiffness of the tissue by measuring the local velocity of shear waves generated directly in the tissue by waves of low frequencies. Indeed, the shear waves propagating at a speed of 1 to 10m/s, it is necessary to use ultrasonography acquisitions with frame frequencies higher than 1000fps to follow in real-time these transient mechanical vibrations [START_REF] Bercoff | Supersonic shear imaging: a new technique for soft tissue elasticity mapping[END_REF][START_REF] Sarvazyan | Shear wave elasticity imaging: a new ultrasonic technology of medical diagnostics[END_REF].

Elastography is a technology widely used in many specialties, for the assessment of liver fibrosis, thyroid nodules or in breast imaging, allowing to differentiate benign and malignant lesions [START_REF] Bamber | EFSUMB guidelines and recommendations on the clinical use of ultrasound elastography. Part 1: Basic principles and technology[END_REF][START_REF] Cosgrove | EFSUMB guidelines and recommendations on the clinical use of ultrasound elastography. Part 2: Clinical applications[END_REF][START_REF] Dietrich | EFSUMB Guidelines and Recommendations on the Clinical Use of Liver Ultrasound Elastography, Update 2017 (Long Version)[END_REF][START_REF] Săftoiu | The EFSUMB Guidelines and Recommendations for the Clinical Practice of Elastography in Non-Hepatic Applications: Update 2018[END_REF]. Preliminary approaches based on conventional elastography and ShearWave have already been evaluated in neurosurgery [START_REF] Scholz | Current status of intraoperative real-time vibrography in neurosurgery[END_REF][START_REF] Scholz | Vibrography during tumor neurosurgery[END_REF]. In 2015, Chauvet. D et al ., using intraoperative SWE managed to quantify the stiffness of normal brain and tumoral tissues and confirmed the reliability of this biomarker to differentiate benign and malignant lesions [START_REF] Chauvet | In Vivo Measurement of Brain Tumor Elasticity Using Intraoperative Shear Wave Elastography[END_REF]. Indeed, other teams showed the interest of elastography for determining the gliomas grade or the link with the Ki-67 [START_REF] Baskan | Relationship of intraoperative ultrasound characteristics with pathological grades and Ki-67 proliferation index in intracranial gliomas[END_REF][START_REF] Cepeda | Intraoperative Ultrasonographic Elastography: A Semi-Quantitative Analysis of Brain Tumor Elasticity Patterns and Peritumoral Region[END_REF][START_REF] Del Bene | Advanced Ultrasound Imaging in Glioma Surgery: Beyond Gray-Scale B-mode[END_REF][START_REF] Pino | New Hope in Brain Glioma Surgery: The Role of Intraoperative Ultrasound[END_REF][START_REF] Prada | Intraoperative Strain Elastosonography in Brain Tumor Surgery[END_REF][START_REF] Wang | The relationship between intra-operative ultrasonography and pathological grade in cerebral glioma[END_REF]. Furthermore, [START_REF] Chan | A novel technique of detecting MRI-negative lesion in focal symptomatic epilepsy: intraoperative ShearWave elastography[END_REF], have reported the detection by SWE of increased stiffness zone, during a cortectomy surgery (cerebral resection of the symptomatic region of focal epilepsy), which corresponded to focal cerebral dysplasia, not detected by conventional mode B ultrasound [START_REF] Chan | A novel technique of detecting MRI-negative lesion in focal symptomatic epilepsy: intraoperative ShearWave elastography[END_REF].

The project developed by the TIMC-IMAG team of Grenoble is a continuation of these results, based on three main axes:

1-The development of new methods to model the interaction between dissected tissue and tumor resection.

2-Reliable, fast, and automatic segmentation of intraoperative ultrasound images using "AI machine learning" [START_REF] Carton | Automatic segmentation of brain tumor resections in intraoperative ultrasound images using U-Net[END_REF][START_REF] Ilunga-Mbuyamba | Patient-specific model-based segmentation of brain tumors in 3D intraoperative ultrasound images[END_REF][START_REF] Nitsch | Automatic and efficient MRI-US segmentations for improving intraoperative image fusion in image-guided neurosurgery[END_REF].

3-Integrating intraoperative SWE acquisitions in this brain shift compensation' method,

to measure and increase the tumor segmentation reliability.

The objective of this work was the development of a reliable and reproducible clinical protocol for intraoperative ultrasound acquisition with SWE, during the resection of brain tumors, to have quality acquisitions that can be used to this project. This second objective was to analyze the clinical follow up of patients operated by this protocol.

Methods

Ultrasound machine

To realize the intraoperative ultrasound's acquisitions (B-mode, Doppler and ShearWave elastography), we used the ultrasound scanner Aixplorer® of Super SonicImagine, a CE marked medical device for the diagnostic imaging (general imaging, analysis of blood flow and elasticity imaging of soft tissue) with invasive applications including cerebral.

This system uses the UltraFast™ technology developed by SuperSonicImagine, allowing to acquire up to 20,000 frames per second, which is 200 times faster than conventional ultrasound.

Therefore, the quality of images in B-mode is very good, allowing a reliable diagnosis of the tumor presence or absence and tumor borders. Besides the quality of the resulting images, this technology allows to realize the SWE, using the Doppler UltraFast™ technology. This ultrasound scanner technology, by providing additional precision to B-mode and Doppler, could improve our registration methods.

Probes

The SWE acquisitions were acquired with 4 different probes:

-SuperLinear SL10-2 probe: linear probe with a bandwidth of 2-10 M Hz, with a footprint of 38mm, size, and characteristic comparable to the probe used in Trondheim (12 MHz FLA (35mm)).

-SuperMicroConvex SMC 12-3 probe: 28 mm convex footprint probe, 3-12 MHz bandwidth, with a field of view of 138°.

-SuperLinear SLH20-6 "hockey stick" probe: 26 mm linear footprint probe, 6-20 MHz bandwidth.

-SuperEndocavity Volumetric 12-3: 3D endocavity probe, with an acoustic impression of 28mm, a field of view of 146° extended to 180°, which can perform a 3D acquisition in Bmode.

Intracerebral tumor resection procedure

The SWE acquisitions were realized during a common intracranial tumor resection procedure assisted by intraoperative ultrasound. The ultrasound scanner (vascular ultrasound of reduced quality, with B-mode and doppler mode) was routinely used to improve the resection of intracerebral tumors represented by the low-grade gliomas, the high-grade gliomas, and metastasis. Ultrasound was not routinely used for resection of meningiomas and other extra parenchymal tumors.

The tumor resection procedure assisted by intraoperative ultrasound proceeded as follows:

-Installation of the patient in a Mayfield's headrest. The head is usually deviated to the side that permit to expose the best the tumor localization at the zenith and to perform a horizontal craniotomy (very important for the ultrasound acquisition).

-Installation of the neuronavigation and the ultrasound scanner on the left side, and of the ultrasound scalpel, the bipolar and the aspiration on the right side.

-Antiseptic cleaning, sterile draping of patient, instruments, and ultrasound probes.

-Surgical approach with skin incision, dissection, and separation of the tissues and realization of the craniotomy according to the information from the neuronavigation and the size of the lesion.

-Opening and suspension of the dura mater.

-Realization of a pre resection ultrasound scan. (Fig. 2) -Installation of the microscope.

-Start of tumor resection with the realization of transcortical approach according to neuronavigation and ultrasound scan informations.

-After satisfactory resection, hemostasis of the borders and realization of a new acquisition of ultrasound, per -resection.

-Real-time visualization of the tumor residues on the ultrasound scanner.

-Resection of tumor residues if functionally possible for optimization of surgical resection (GTR). -If there is no more residue or if it is impossible to extend without functional risk, new hemostasis, and closure of the surgical approach plan by plan.

Acquisition of ShearWave Elastrography

The SWE acquisition was coupled with a conventional B-mode acquisition, with a depth of 40mm and a resolution of 200 μm. The elastography was realized according to the technique described by Bercoff et al [START_REF] Bercoff | Supersonic shear imaging: a new technique for soft tissue elasticity mapping[END_REF]. In summary, the stress waves were generated in the brain during a short time (≈ 100 μs). Then, a short movie of these stress waves was recorded in real-time using the UltraFast™ technology with an ultrasonic scanner (up to 20,000 fps). The stiffness maps were extracted by analyzing the speed of the recorded shear waves. The speed of the shear waves is directly linked to the tissue's stiffness, locally homogeneous and quasi-incompressible through the relation: E = 3ρVs² (where E is Young's modulus (stiffness), ρ the density (≈ 1000 kg/m 3 ) and Vs the shear wave speed in m/s). Finally, the stiffness was color-coded in kilopascals (kPa) and overlaid on a conventional B-mode image, thanks to a color scale ranging from blue to red, the blue representing the softer and the red the stiffer (Fig. 3).

Retrospective patient analysis

We made a clinical retrospective analysis of GTR, local recurrence, PFS, and OS. GTR was defined as resection without visual residual enhancing tumor, or FLAIR signal for low-grade glioma (LGG), on MRI or CT scan performed within 3 days after surgery. We also analyzed the OS and PFS depending on the quality of resection (GTR or no-GTR) in two sub-group of tumors (glioblastoma or high-grade glioma (HGG)). We compared the proportion of GTR and PFS between patients with glioma operated with our new protocol and patients with glioma operated without protocol, as a control group. This control group without protocol represented patients operated with intraoperative ultrasound procedure routinely, as used by the same surgeon, during the same period of developing the protocol. Statistics were performed with RStudio, version 1.2.5033 [START_REF]RStudio: Integrated Development for R[END_REF]. We use Kaplan-Meier's method and a log-rank test to analyze local recurrence, PFS, and OS, with stratification on types of tumors (glioblastoma and HGG) and on GTR. We use a Fisher test to analyze GTR between patients operated with protocol and without protocol.

Results

Twenty tumor's resections were performed with intraoperative ultrasonography by Aixplorer ultrasound scanner with SWE, from the 25/10/2018 to the 25/02/2020, to establish a repeatable protocol with quality SWE acquisitions.

Determining the correct probe type

We have removed from the protocol the use of convex and 3D convex probes because of the difficulty of intraoperative interpreting B-mode and elastography images, due to the distortion of the field of view, problematic for the localization in space. Therefore, we retained the probes 2 linear probes: SuperLinear™ SLH20-6 "hockey stick" and SuperLinear™ SL10-2. They provided appropriate image quality, without field distortions, with depths of 40mm (clinically sufficient), reliable, allowing an intuitive and clinically interesting interpretation. They also allowed the elastography acquisition ShearWave of better quality and has the possibility of TriVu (combination of the B-mode, Doppler, and SWE images). The SuperLinear™ SL10-2 provided a very interesting overview of the tumor and the parenchyma-tumor interface. The SuperLinear™ SLH20-6 "hockey stick", with its higher frequency (6-20 MHz) and its smaller size, can fit in the resection cavity and provides a high-resolution intra-resection visualization of tumor resection borders, allowing a clearer distinction of tumor residues (Fig. 4).

Validation of the material present in the operating room

The sterile probe drape already present (Ref. CE5920) didn't allow the realization of optimum quality images while preserving the operating security standards: the length of the drape, too short, hampered maneuverability to make acquisitions and increased the risk of sterility faults. Furthermore, the drape didn't allow an optimal fitting of the probe which affect the quality of acquisitions. We have chosen a longer sterile probe drape (Ref. 706004) and developed a draping protocol of ultrasound probes to optimize the acquisition's quality (Annex, Fig. 5).

Indeed, the objective was to have a drape that perfectly fits the shape of the probes to avoid the formation of an air bubble between the drape and the acoustic imprint, which would impair the acoustic contact. At left side, presence of an air bubble

Finalization of the intraoperative ultrasound acquisition protocol

This acquisition protocol differed from a conventional brain tumor resection procedure by the need to integrate the ultrasound system in the space of the operating room and the need to position the patient to obtain optimal images.

The final procedure and the acquisition protocol retained were as follows:

1) Disposition of the ultrasound in the operating room to optimize the visualization of neuronavigation and ultrasound scanner simultaneously while maintaining a sterile operating framework (annex): positioning on the left of patient, to not hinder the instruments' passage by the nurse instrumentalist, between the neuronavigation and the patient, at a distance of 10cm from the patient, at the level of the patient's hips, to allow to maintain optimal sterility for the sterile draping of the patient and the sterile draping of the probe, while keeping a sufficient length of cable from the probe to access the operating site.

2) Positioning of the patient with a craniotomy the most horizontal as possible, to acquire images of the best possible quality in B-mode and SWE. The horizontal position allows the ultrasound acquisitions to be made in submerged conditions, necessary in order to have a homogeneous echogenic environment between probe and brain [START_REF] Mahboob | Intraoperative Ultrasound-Guided Resection of Gliomas: A Meta-Analysis and Review of the Literature[END_REF][START_REF] Săftoiu | The EFSUMB Guidelines and Recommendations for the Clinical Practice of Elastography in Non-Hepatic Applications: Update 2018[END_REF][START_REF] Sastry | Applications of Ultrasound in the Resection of Brain Tumors[END_REF][START_REF] Unsgaard | Brain operations guided by real-time two-dimensional ultrasound: new possibilities as a result of improved image quality[END_REF].

3) Probes' draping according to the protocol with the sterile gel for ultrasound probe.

4) It is important to note that before the realization of acquisitions (points 5 to 8), in particular intra-resection and post-resection, it is necessary to perform hemostasis of the resection cavity as perfectly as possible before immersion in physiological serum. Indeed, the contamination of the borders of the tumor cavity with blood could lead to an over-brightness phenomenon (increase in the echogenicity of the resection cavity's borders when ultrasound waves pass from the aqueous environment to the parenchymal) and modify the interpretation of elastography (harder rigidity of blood clots) [START_REF] Chauvet | In Vivo Measurement of Brain Tumor Elasticity Using Intraoperative Shear Wave Elastography[END_REF][START_REF] Selbekk | Ultrasound imaging in neurosurgery: approaches to minimize surgically induced image artefacts for improved resection control[END_REF][START_REF] Unsgaard | Brain operations guided by real-time two-dimensional ultrasound: new possibilities as a result of improved image quality[END_REF]. 6) Repetition of the three ultrasound times (points 5a. to 5c.) with the SuperLinear ™ SLH20-6 "hockey stick" probe. 7) Repeat points 5 and 6 in intra-resection (at least 2 acquisitions) (Fig. 7) 8) Repeat points 5 and 6 in post-resection before surgical closing (Fig. 8) SLH 20-6, "hockey stick" SL10-2 9) Once all acquisitions have been performed, they were exported using an anonymization software from Aixplorer TM ultrasound scanner to be exploited.

Retrospective patient analysis 20 patients were operated from the 25/10/2018 to the 25/02/2020. They were mostly men in their forties, with a high-grade glioma (HGG) tumor on the right side (Table 1).

During these 20 operations, we performed 86 intraoperative acquisitions of ultrasound, with an average of 4.3 acquisitions per operation (4 to 6 acquisitions). We obtained GTR in 80% of all cases. No adverse effect, especially infectious, have been reported with this protocol.

The average follow-up was 10.7 months (6 to 19 months). We observed 4 local recurrences (20%), 1 in a patient with initial GTR and 3 in patients with subtotal resection, with an average onset of 5.5 months. We observed 5 deaths, with an average onset of 7.2 months. We cannot have the median survival for all tumors, due to a short following time and too few events (Fig.

Table 1. Description of the protocol population description 9). We observed disease progression in 9 patients, with an average onset of 4.7 months and a median of PFS of 10 months (Fig. 10).

The sub-group analysis showed a tendency to better OS and PFS in the GTR group for HHG and a tendency to better OS in GTR group for glioblastoma, without reaching significance (Fig. 11, 12 and 13.). However, the PFS was significantly higher in the GTR group versus no-GTR group in the glioblastoma group (median PFS 10 versus 4 months respectively, p=0.042, Fig. 14).

The proportion of GTR was 76.4% in the glioma group with protocol (n=17) versus 50% in glioma group without protocol (n=6) (p=0.32, IC 0.03-3.43). The median of PFS in the glioma group with protocol was 10 months versus 4.5 months in the glioma group without protocol (p=0.12, Fig. 15, Table 2). 

Discussion

We tested several versions of protocols, especially regarding acquisition times. We chose to perform the first time of acquisition after the opening of the dura mater, and not before. Indeed, the opening of the dura mater on a brain which is often in chronic intracranial hypertension creates parenchymal displacements and so a brain-shift. Therefore, it is important to appreciate the tumor localization in the light of this brain-shift created even before resection. We chose to performed at least 2 acquisitions intra-resection, while minimizing the number of acquisitions:

indeed, the optimal acquisition's number should not extend the operating time and allow to see a significant advance in resection, and thus, to interpret the present residues to help the last resection time. We were careful about the lengthening of the operating time that may be caused by this protocol. The intra-operative ultrasound routinely performed lasts 15 minutes on average, in addition to the operatory time. The protocol we developed lasts 20 minutes on average, which is 5 minutes longer than the current use. The use of this protocol with this ultrasound scanner allowed us to improve considerably our ability to interpret B-mode but also multimodal acquisition, and thus also allowed to improve our clinical results. Indeed, the use of a quality ultrasound scanner with the possibility of multimodal acquisition (B-mode, Doppler, and SWE at the same time) increased the quality of resection, including in the case of infiltrating gliomas.

We can cite two examples of this:

-The tumor resection of a high-grade glioma (anaplastic pleomorphic xanthoastrocytoma) in a young woman with clear visualization of a residue on mode B ultrasound while the tissue in question seen under a microscope by an experienced surgeon was visually considered as healthy tissue. As a result, the resection was GTR, which could increase her PFS and OS [START_REF] Balañá | SEOM clinical guidelines for anaplastic gliomas (2017)[END_REF][START_REF] Weller | European Association for Neuro-Oncology (EANO) guideline on the diagnosis and treatment of adult astrocytic and oligodendroglial gliomas[END_REF].

-The tumor resection of an infiltrating of low-grade glioma (astrocytoma grade II) in a young woman with clear visualization of the limit of lesion versus the limit of the reactional parenchymal edema thanks to SWE, which would have not been possible in classical B-mode.

We were therefore able to achieve GTR without damaging the adjacent parenchyma, which corresponded to the language's area (Wernicke), and so avoided a potential irreversible aphasia of comprehension (Fig. 3) [START_REF] Cepeda | Intraoperative Ultrasonographic Elastography: A Semi-Quantitative Analysis of Brain Tumor Elasticity Patterns and Peritumoral Region[END_REF][START_REF] Moiyadi | Non-enhancing gliomas: does intraoperative ultrasonography improve resections?[END_REF][START_REF] Sepúlveda-Sánchez | SEOM clinical guideline of diagnosis and management of low-grade glioma (2017)[END_REF][START_REF] Weller | European Association for Neuro-Oncology (EANO) guideline on the diagnosis and treatment of adult astrocytic and oligodendroglial gliomas[END_REF].

Chan HW et al. already reported a case in 2014 in which SWE was able to detect, during a cortectomy for epilepsy, a dysplasia area whereas the pre-operative multimodal MRI and the classical intraoperative B-mode ultrasound could not identify it [START_REF] Chan | A novel technique of detecting MRI-negative lesion in focal symptomatic epilepsy: intraoperative ShearWave elastography[END_REF].

Several studies tend to show the interest of SWE in addition to classical B-mode intraoperative ultrasonography but none evaluating this clinical contribution [4, 9-11, 15, 35, 36, 49].

The establishment of our protocol will soon enable us to perform a prospective validation study of current practices, to evaluate objectively the clinical contribution of SWE in tumor resection (proportion of GTR) and its impact on PFS and OS.

We obtained a GTR in 80% of our patients operated with the protocol we developed. When comparing the GTR in glioma group with protocol versus without protocol, the GTR was better in the glioma group with protocol (76.4% versus 50%), without reaching significance. This result is comparable to those in the literature with intra operative ultrasound, that varies between 50 and 80% [START_REF] D'amico | Extent of Resection in Glioma-A Review of the Cutting Edge[END_REF][START_REF] Eljamel | The effectiveness and cost-effectiveness of intraoperative imaging in high-grade glioma resection; a comparative review of intraoperative ALA, fluorescein, ultrasound and MRI[END_REF][START_REF] Jakola | Quality of life in patients with intracranial gliomas: the impact of modern image-guided surgery[END_REF][START_REF] Mahboob | Intraoperative Ultrasound-Guided Resection of Gliomas: A Meta-Analysis and Review of the Literature[END_REF][START_REF] Selbekk | Ultrasound imaging in neurosurgery: approaches to minimize surgically induced image artefacts for improved resection control[END_REF][START_REF] Sweeney | Efficacy of intraoperative ultrasonography in neurosurgical tumor resection[END_REF][START_REF] Wang | The value of intraoperative ultrasonography in neurosurgery[END_REF]. However, our clinical analysis suffers from several weakness: the low number of patients included and the retrospective nature of our study.

Moreover, the GTR, in our study, was defined as resection without visual residual enhancing tumor, or FLAIR signal for LGG, on MRI or CT scan within 3 days after surgery, while it is not the gold standard especially for glioma [START_REF] Balañá | SEOM clinical guidelines for anaplastic gliomas (2017)[END_REF][START_REF] Martínez-Garcia | SEOM clinical guidelines for diagnosis and treatment of glioblastoma (2017)[END_REF][START_REF] Sepúlveda-Sánchez | SEOM clinical guideline of diagnosis and management of low-grade glioma (2017)[END_REF]. Therefore, we need an MRI scan less than 2 days after surgery, in the protocol of the new prospective study, to compare and conclude on the proportion of GTR.

Our study showed a significant improvement in the post-operative PFS on the glioblastoma group with GTR versus no-GTR, with a median of 10 months versus 4 months (p=0.042) (Fig. 14). Moreover, the comparison between the glioma group operated with and without protocol showed a better PFS in patients with protocol, with a median of 10 months versus 4.5 months, without reaching significance (Fig. 15).

Those result is comparable to those of the literature, with a median of PFS varying from 7 to 10 months in glioblastoma population with GTR [START_REF] D'amico | Extent of Resection in Glioma-A Review of the Cutting Edge[END_REF][START_REF] Martínez-Garcia | SEOM clinical guidelines for diagnosis and treatment of glioblastoma (2017)[END_REF][START_REF] Omuro | Glioblastoma and Other Malignant Gliomas: A Clinical Review[END_REF][START_REF] Pino | New Hope in Brain Glioma Surgery: The Role of Intraoperative Ultrasound[END_REF]. The GTR have already been established as of major importance in glioblastoma, in local disease control, of course, but also in PFS and OS [START_REF] D'amico | Extent of Resection in Glioma-A Review of the Cutting Edge[END_REF][START_REF] Martínez-Garcia | SEOM clinical guidelines for diagnosis and treatment of glioblastoma (2017)[END_REF][START_REF] Omuro | Glioblastoma and Other Malignant Gliomas: A Clinical Review[END_REF][START_REF] Pino | New Hope in Brain Glioma Surgery: The Role of Intraoperative Ultrasound[END_REF]. Indeed, the extend of tumor resection is the main prognosis factor in brains tumors with the same histological entity. Moreover, in the new WHO 2017 brain tumor classification, the isocitrate dehydrogenase gene (IDH) molecular classification of glioma tumors is a prognosis factor as important as the histological grade [START_REF] Weller | European Association for Neuro-Oncology (EANO) guideline on the diagnosis and treatment of adult astrocytic and oligodendroglial gliomas[END_REF]. Therefore, in our future study, we will have to consider the IDH statue in addition to histological grade.

Some authors showed that elastography permits the differentiation of high-grade and low-grade lesions [START_REF] Cepeda | Intraoperative Ultrasonographic Elastography: A Semi-Quantitative Analysis of Brain Tumor Elasticity Patterns and Peritumoral Region[END_REF][START_REF] Del Bene | Advanced Ultrasound Imaging in Glioma Surgery: Beyond Gray-Scale B-mode[END_REF][START_REF] Pino | New Hope in Brain Glioma Surgery: The Role of Intraoperative Ultrasound[END_REF][START_REF] Prada | Intraoperative Strain Elastosonography in Brain Tumor Surgery[END_REF][START_REF] Wang | The relationship between intra-operative ultrasonography and pathological grade in cerebral glioma[END_REF], that is probably in relation with the Ki-67 proliferation index [START_REF] Baskan | Relationship of intraoperative ultrasound characteristics with pathological grades and Ki-67 proliferation index in intracranial gliomas[END_REF]. In our future prospective study, thanks to SWE acquisitions, we could evaluate an intra-operative classification of tumors (high-grade vs low-grade lesions) and then correlate our clinical evaluation with the final histological status.

These acquisitions could be used to upgrade our brain-shift compensation model with stiff condition (parenchyma and tumor). To improve and automate the real time procedure of our compensation model, we will use automatic segmentation of intraoperative ultrasound images using "AI machine learning" [START_REF] Carton | Automatic segmentation of brain tumor resections in intraoperative ultrasound images using U-Net[END_REF][START_REF] Ilunga-Mbuyamba | Patient-specific model-based segmentation of brain tumors in 3D intraoperative ultrasound images[END_REF][START_REF] Nitsch | Automatic and efficient MRI-US segmentations for improving intraoperative image fusion in image-guided neurosurgery[END_REF]. Therefore, we need to match these ultrasound acquisitions with pre-operative scan by using Brainlab device or developing an experimental neuronavigation with the Custus X experimental surgical navigation software, that allows the fusion of MRI scan, CT scan and ultrasound imagery and the implementation of compensation model algorithms [START_REF] Askeland | CustusX: an open-source research platform for image-guided therapy[END_REF].

Thus, we could directly study the clinical contribution of this brain shift compensation model, with multimodal self-segmentation by the acquisition of intraoperative ultrasound, on brain tumor resection.

Conclusion

Despite the contribution of neuronavigation technology, the brain-shift phenomenon impairs the GTR of brain tumors. Intraoperative ultrasound and its new acquisition methods, including SWE, overcome brain-shift to improve this resection. We develop a reproducible intraoperative ultrasound acquisition protocol, with SWE, during brain tumor resections. The use of the two linear ultrasound probes allows quality acquisitions in B-mode and SWE. We determined the positioning constraints of the ultrasound scanner to obtain a compromise between sterility and usability of the device, to realize a protocol for draping the probes, and to precisely define the operating times for carrying out the acquisitions. The acquisitions will be made in pre-resection after the opening of the dura mater, in intra-resection and in post-resection, using the SL10-2 probe then the SLH20-6 "hockey stick" probe, with acquisition B-mode (40mm depth), then doppler, then SWE (windowing from 0 to 30 kPa) at each step. The retrospective clinical analysis of our 20 patients showed 80% of GTR with the use of this protocol. Besides, there is a tendency in the improvement of overall survival and mainly in progression-free survival, in the glioblastoma subpopulation with GTR versus subtotal resection. The proportion of GTR and the PFS tend to be better in patient operated with our new protocol. Although the results do not reach significance, these data show the clinical contribution of this intraoperative ultrasound protocol. This preliminary work lays the foundations for a future prospective study to validate current practices to objectively assess the clinical contribution of elastography in addition to intraoperative ultrasonography, in the resection of brain tumors. The ultrasound acquisitions will be used in the self-segmentation projects by "machine learning" and in the 
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 2 Figure 2: Surgical approach, after opening dura matter, pre-resection, Ultrasound acquisition
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 3 Figure 3: B-mode and SWE acquisitions (SLH20-6), showing a clear delimitation of the lesion on the elastography compared to B-mode.
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 2062465 Figure 4: B-mode acquisitions, SL10-2 et SLH20-6
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 5 First acquisitions after the opening of the dura mater (duration: approximately 2 minutes): a. 1 st time ultrasound: B-mode ultrasound acquisition with the probe SuperLinear TM SL10-2 to define the depth to 40 mm and the optimal windows to optimize the visualization of the tumor (Fig. 6). b. 2 nd time ultrasound: Color doppler acquisition to see and identify the vascular structures present. c. 3 rd time ultrasound: SWE acquisition by placing a standard penetrance on a scale of 0-30 kP, realizing most snapshot on the parenchyma-tumor transition previously identified by B-mode acquisitions [11].
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 20626 Figure 6: B-mode acquisitions after opening dura mater, pre-resection, SL10-2 et SLH 20-6
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 7 Figure 7: B-mode acquisitions intraresection, SL10-2 et SLH20-6

Figure 8 :

 8 Figure 8: B-mode acquisitions post-resection, SL10-2 et SLH20-6
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 9 Figure 9: Kaplan Meier model of Overall survival on all tumors, time in months, confidence interval in red background.
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 10 Figure 10: Kaplan Meier model of Progression-free survival on all tumors, time in months, confidence interval in red background.
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 11 Figure 11: Kaplan Meier model of Overall survival on glioblastoma comparing with GTR vs no-GTR, time in months
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 12 Figure 12: Kaplan Meier model of Overall survival on high grade glioma comparing with GTR vs no-GTR, time in months
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 1315 Figure 13: Kaplan Meier model of Progression-free survival on high grade glioma, comparing with GTR vs no-GTR, time in months
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Annex

Be careful to not have any visible air bubble between the house and the acoustic imprint, in particular by placing a lot of ultrasound gel. Be careful with the "hockey stick", put a lot of gel to be able to tighten the cover well, because more difficult to cover well.
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A tous les externes avec qui j'ai eu plaisir de partager ma passion, véritables bras droit cliniques de l'interne de neurochirurgie.

Merci, à la famille Neurochirurgicale Grenobloise qui même si morcelée, forme une vraie famille qui se réunit lors des soirées annuelles de Mr GAY et qui se soutient lors des moments difficiles ; aux supers secrétaires, toujours là pour nous aider, taper nos dictées et gérer nos consultations ; au service de l'EST, qui m'a connu bébé interne puis tout le long de ces 5 ans ; et au service de l'OUEST ; aux ASH, qui nous chouchoutent et prennent soin de nous. Au Bloc de Neurochirurgie, le coeur de ce métier, où nous passons beaucoup d'heures, un peu comme notre sanctuaire.

A ma famille, ma mère et mon père, ma garde très rapprochée à qui je dois quasiment tout. A Mes frères et soeurs mauzacais, qui m'apaisent, me ramènent à la réalité et sont essentiels à mon bienêtre. A mes amis de fac et co-externes. A la coloc et l'inter-coloc, à mes amis grenoblois et co-internes A toi ma Ju' Ma plus belle rencontre, qui a bouleversé tous mes plans. Je n'étais pas préparé à tout cela… Tu es si belle, si aimante, si attentionnée. Tu es devenue tant pour moi. Ma confidente, ma globetrotteuse, ma biostatisticienne privilégiée, …, brillante médecin, éternelle scientifique que tu es et future grande universitaire que tu deviendras. Ma place est à tes cotés à t'épauler et à t'aimer. Je te promets que nous allons continuer à « denser » ensemble sur le rythme de la vie afin d'y découvrir toutes ces facettes. Je t'aime.