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Introduction

Glioblastoma (GBM) is the most common malignant primary brain tumor in adults, with an incidence rate of 2-5 per 100,000 population [START_REF] Larjavaara | Incidence of gliomas by anatomic location[END_REF][START_REF] Baldi | Descriptive epidemiology of CNS tumors in France: results from the Gironde Registry for the period 2000-2007[END_REF][START_REF] Ostrom | CBTRUS Statistical Report: primary brain and other central nervous system tumors diagnosed in the United States in 2010-2014[END_REF]. Performing maximum safe resection is now standard practice in the neurosurgical community. Surgical techniques such as awake surgery, intraoperative MRI, intraoperative ultrasound, and fluorescence-guided microsurgery have been developed in order to achieve full resection wherever surgically possible [START_REF] Garzon-Muvdi | Intraoperative imaging techniques for glioma surgery[END_REF].

Extent of resection and residual volume are the classic metrics used in the postoperative period to quantify tumor resection and estimate patient survival. Extent of resection allows data to be discretized as complete resection (or gross total resection), near total resection, subtotal resection, or partial resection, and has been extensively correlated with overall survival (OS). However, residual volume seems to be a more accurate predictor of survival [START_REF] Grabowski | Residual tumor volume versus extent of resection: predictors of survival after surgery for glioblastoma[END_REF][START_REF] Woo | Determining a cut-off residual tumor volume threshold for patients with newly diagnosed glioblastoma treated with temozolomide chemoradiotherapy: a multicenter cohort study[END_REF]. For example, a recent analysis based on 1511 patients showed a strong log-linear relationship between OS and residual volumes ranging from 0 to 20 cm 3 [START_REF] Ellingson | Validation of post-operative residual contrast enhancing tumor volume as an independent prognostic factor for overall survival in newly diagnosed glioblastoma[END_REF]. Several authors have proposed cut-off values below which the usefulness of resective surgery is debatable.

These values range from 70 to 98% for extent of resection, and from 2 to 5 cm 3 for residual volume [START_REF] Grabowski | Residual tumor volume versus extent of resection: predictors of survival after surgery for glioblastoma[END_REF][START_REF] Woo | Determining a cut-off residual tumor volume threshold for patients with newly diagnosed glioblastoma treated with temozolomide chemoradiotherapy: a multicenter cohort study[END_REF][START_REF] Sanai | An extent of resection threshold for newly diagnosed glioblastomas[END_REF][START_REF] Oppenlander | An extent of resection threshold for recurrent glioblastoma and its risk for neurological morbidity[END_REF][START_REF] Chaichana | Establishing percent resection and residual volume thresholds affecting survival and recurrence for patients with newly diagnosed intracranial glioblastoma[END_REF][START_REF] Stummer | Extent of resection and survival in glioblastoma multiforme: identification of and adjustment for bias[END_REF]. There have been numerous meta-analyses and literature reviews dealing with volume metrics and OS in GBM [START_REF] Brown | Association of the extent of resection with survival in glioblastoma: a systematic review and meta-analysis[END_REF][START_REF] Hardesty | The value of glioma extent of resection in the modern neurosurgical era[END_REF][START_REF] Sl | Maximizing safe resection of low-and high-grade glioma[END_REF][START_REF] Almeida | The value of extent of resection of glioblastomas: clinical evidence and current approach[END_REF][START_REF] D'amico | Extent of resection in glioma-a review of the cutting edge[END_REF].

Guidelines recommend performing an MR examination within 72 hours of surgery to evaluate the extent of surgical resection, 2-6 weeks after chemoradiotherapy to evaluate response, and then every 3-4 months for follow up [START_REF] Weller | EANO guideline for the diagnosis and treatment of anaplastic gliomas and glioblastoma[END_REF]. A preradiotherapy MRI scan (PRMR) can help neurooncologists diagnose and manage true or pseudoprogression of GBM, by indicating which patients have early progression before the start of chemoradiotherapy. Furthermore, PRMR can be used to identify different patterns of growth correlated with different OS rates [START_REF] Majós | Preradiotherapy MR imaging: a prospective pilot study of the usefulness of performing an MR examination shortly before radiation therapy in patients with glioblastoma[END_REF][START_REF] Pirzkall | Tumor regrowth between surgery and initiation of adjuvant therapy in patients with newly diagnosed glioblastoma[END_REF][START_REF] Saraswathy | Evaluation of MR markers that predict survival in patients with newly diagnosed GBM prior to adjuvant therapy[END_REF][START_REF] De Barros | Impact on survival of early tumor growth between surgery and radiotherapy in patients with de novo glioblastoma[END_REF], early progression being correlated with a poorer prognosis [START_REF] De Barros | Impact on survival of early tumor growth between surgery and radiotherapy in patients with de novo glioblastoma[END_REF]. Although some authors claim that preradiotherapy tumor volume is an independent prognostic factor associated with a poorer OS [START_REF] Pirzkall | Tumor regrowth between surgery and initiation of adjuvant therapy in patients with newly diagnosed glioblastoma[END_REF][START_REF] Saraswathy | Evaluation of MR markers that predict survival in patients with newly diagnosed GBM prior to adjuvant therapy[END_REF], no study has yet compared OS rates in relation to postoperative MRI (POMR) versus PRMR residual volumes.

The aim of our study was to establish which MRI (POMR or PRMR) examination based on residual volumes is more predictive of OS values for resected GBM.

Material and Methods

Patients:

This retrospective study formed the second part of a research project (for the patient selection flowchart, see [START_REF] De Barros | Impact on survival of early tumor growth between surgery and radiotherapy in patients with de novo glioblastoma[END_REF]). Briefly, we included 75 patients with newly diagnosed IDH-wildtype supratentorial GBM (WHO 2016 classification) [START_REF] Louis | The 2016 World Health Organization Classification of Tumors of the Central Nervous System: a summary[END_REF] treated at our institute between 2007 and 2018. All these patients underwent surgical resection first, followed by chemoradiotherapy, in accordance with STUPP et al.'s protocol [START_REF] Stupp | Radiotherapy plus concomitant and adjuvant temozolomide for glioblastoma[END_REF].

For each patient, we collected OS, postoperative tumor volume and extent of resection, and preradiotherapy tumor volume and residual extent of resection.

We studied times between surgery, POMR, and PRMR, and times between surgery and the start of radiotherapy. Based on POMR, extent of tumor resection was classified as incomplete resection, if there was residual enhancing tissue, or complete resection if the tumor's enhancing component total resection had been achieved [START_REF] Pirzkall | Tumor regrowth between surgery and initiation of adjuvant therapy in patients with newly diagnosed glioblastoma[END_REF][START_REF] Villanueva-Meyer | Early tumor growth between initial resection and radiotherapy of glioblastoma: incidence and impact on clinical outcomes[END_REF].

Readers should be aware that patients treated rapidly after surgery did not undergo a PRMR in our institution so they could not be included.

All data were anonymized and, as required under French law, the French Data Protection Authority was informed.

Image acquisition

Preoperative and immediate POMR were performed on 1.5 (Philips Ingenia; Philips, Best, The Netherlands; or Siemens Avanto; Siemens, Munich, Germany) or 3 T (Philips Intera Achieva; Philips, Best, The Netherlands) MR scanners. All sequences included at least the acquisition of a 1-mm thick 3D T1-weighted sequence before and after injection of a gadolinium-based contrast agent. Diffusion-weighted images (DWI) were obtained, and we calculated the apparent diffusion coefficient (ADC) map. All PRMR images were acquired with another 1.5 T scanner in the radiotherapy department. All sequences included at least 1mm thick T1 gradient-echo pre-and post-contrast enhancement.

Image analyses

As described elsewhere in greater detail [START_REF] De Barros | Impact on survival of early tumor growth between surgery and radiotherapy in patients with de novo glioblastoma[END_REF], visual assessment was performed by the first author (ADB) on iPlan Net Server (BrainLab, Munich, Germany). Complicated cases were reviewed with a neuroradiologist (MR). An image fusion tool was used to compare two different images (T1/T1 post-contrast or T1 post-contrast/ADC). Next, volumetric measurements were made using semi-automatic segmentation (smartbrush) or the manual segmentation option proposed by the software. We performed segmentation on gadolinium contrast enhancement on initial MRI, then POMR and PRMR. An example of volumetry is provided in Figure 1. Regions of new contrast enhancement on the PRMR were visually compared with the extent of reduced diffusion seen on postsurgical ADC, to differentiate tumor growth from postsurgical injury. We assumed that necrotic tumor with peripheral enhancement was considered in its entirety, in terms of volume on presurgical images.

Regarding the postoperative MRI scans, a thin contrast enhancement rim was not considered for volumetry. Thick linear enhancement was considered abnormal and was delineated without the resection cavity for volumetry [START_REF] Ekinci | Earlypostoperative magnetic resonance imaging in glial tumors: prediction of tumor regrowth and recurrence[END_REF].

Volumetric analyses

All previous studies based on volumetry used postsurgical MRI to calculate residual contrastenhancing tumor volume and its correlate (extent of resection). We performed similar calculations, but using PRMR in addition to POMR, to obtain PRMR residual tumor volume and PRMR residual extent of resection for comparison with POMR residual tumor volume and POMR extent of resection. POMR extent of resection was calculated as follows:

(preoperative tumor volume -postoperative tumor volume)/preoperative tumor volume). The same procedure was followed to calculate residual extent of resection on PRMR, replacing postoperative volume with preradiotherapy volume. We introduced the term residual extent of resection for PRMR compare to extent of resection which is a dedicated term for POMR volumetric measurements. It is important to note that residual extent of resection on PRMR could have a negative value if the residual tumor volume was greater than the initial one, as a result of explosive regrowth between POMR and PRMR. For example, one patient with an initial tumor volume of 21.01 cm 3 had an estimated 93.5% extent of resection on POMR (residual volume: 1.37 mL). However, 6 weeks later on PRMR, tumor volume was 36.11 cm 3 , with a residual extent of resection of . . . = -0.72

Statistical analysis

Survival was calculated by our statistician (SC) as the time between the date of surgery and date of death or date last known alive, and censored accordingly. Kaplan-Meier curves were plotted to compare survival in the complete resection and incomplete resection groups. For all graphs, we performed a log-rank test to evaluate statistical significance. P values less than or equal to 0.05 were considered statistically significant. Statistical analyses were performed with the help of an experienced statistician from the neurological department of our institution, using commercially available software (XLSTAT 2017; Addinsoft, Paris, France).

RESULTS

Volumetric data and different times are summarized in Table 1. Patients' median age was 62 years, and 55% were male. Median overall survival was 18.9 months (range: 15.8-23.5). At the time of the final assessment (May 2018), 18 of the 75 patients we had initially studied were still alive. As explained in a previous study [START_REF] De Barros | Impact on survival of early tumor growth between surgery and radiotherapy in patients with de novo glioblastoma[END_REF], 54 patients experienced regrowth between POMR and PRMR that could be either fairly moderate or explosive, and eight of these patients belonged to the POMR complete resection subgroup (n = 27). Figure 2 illustrates changes in extent of resection and tumor volume between POMR and PRMR,

showing some cases of residual tumor progression. Because of these cases, we postulated that the data acquired with PRMR are more sensitive than POMR data when it comes to predicting patients' OS. Figure 4 shows that PRMR predicted OS significantly better than POMR, regarding the evaluation of residual tumor volumes. We defined an arbitrary cut-off volume of 3 cm 3 for residual tumor in accordance with the literature described above. (our study was not built to define a precise reliable cut-off and it was only defined for the illustration of our purpose). In In summary, PRMR was a significantly better predictor of OS than POMR was, according to the notions of extent of resection and residual tumor volume.

Discussion

Extent of resection and residual tumor volume are acknowledged to be strong outcome factors for resected GBM [START_REF] Ellingson | Validation of post-operative residual contrast enhancing tumor volume as an independent prognostic factor for overall survival in newly diagnosed glioblastoma[END_REF][START_REF] Hardesty | The value of glioma extent of resection in the modern neurosurgical era[END_REF], but to our knowledge, this is the first time that these factors have been evaluated by comparing data from POMR versus PRMR. The latter is now widely used in oncology centers, even though there are no clear recommendations to do so in current guidelines [START_REF] Weller | EANO guideline for the diagnosis and treatment of anaplastic gliomas and glioblastoma[END_REF]. PRMR can result in modifications to radiation therapy planning, if it shows that the patient has an early tumor regrowth, and serve as a reference for imaging follow up. It can help clinicians distinguish between pseudo-and true progression at the first post-radiation MRI scan. In a previous paper, we showed that incomplete resection and longer delays between surgery and adjuvant treatment increase the risk of GBM regrowth and are factors for poorer outcomes [START_REF] De Barros | Impact on survival of early tumor growth between surgery and radiotherapy in patients with de novo glioblastoma[END_REF]. In the current study, we demonstrated the importance of PRMR for evaluating survival in GBM. Differences between POMR and PRMR can be attributed to several factors still not completely understood. One of them could be the different patterns of GBM progression during the interval between surgery and radiotherapy, as shown by Majós et al. [START_REF] Majós | Preradiotherapy MR imaging: a prospective pilot study of the usefulness of performing an MR examination shortly before radiation therapy in patients with glioblastoma[END_REF], who stratified patients according to the pattern of tumor regrowth on PRMR and found a steady and significant decrease in survival according to various regrowth patterns of resected GBM. Although they did not stratify their cohort according to residual tumor volume or extent of resection, their results were similar to ours. These results need to be confirmed with larger prospective cohorts. Unfortunately, data based on volumetry can still be very timeconsuming to acquire.

There are different GBM subtypes, and each behaves differently [START_REF] Rathore | Radiomic MRI signature reveals three distinct subtypes of glioblastoma with different clinical and molecular characteristics, offering prognostic value beyond IDH1[END_REF]. Many potential spectroscopic, diffusion, perfusion and molecular markers of early tumor regrowth before radiotherapy have been identified, with the debate focusing on which tumor profile is particularly at risk of rapid growth [START_REF] Pirzkall | Tumor regrowth between surgery and initiation of adjuvant therapy in patients with newly diagnosed glioblastoma[END_REF][START_REF] De Barros | Impact on survival of early tumor growth between surgery and radiotherapy in patients with de novo glioblastoma[END_REF][START_REF] Villanueva-Meyer | Early tumor growth between initial resection and radiotherapy of glioblastoma: incidence and impact on clinical outcomes[END_REF].

Limitations

Some points can limit the impact of this study. It was a retrospective study in a single center.

This cohort did not reflect our real practices because of the exclusion of patients treated rapidly after surgery because of the absence of PRMR. It could, in part, explain why we failed to define OS statistical differences in the POMR group and why our delays could be judged by certain as too long. Another limit is the low statistical power of our limited sample. But, the aim of this study was not to establish the precise OS of the patients treated in our institution but to compare the utility of PRMR volumetric measures with POMR measures.

Regarding the cut-off we used, it served solely to illustrate our purpose, as our study was not designed to define a precise and reliable cut-off. Furthermore, in the literature, cut-offs vary, bringing into question their medical relevance. We assume, like Ellingson and colleagues [START_REF] Ellingson | Validation of post-operative residual contrast enhancing tumor volume as an independent prognostic factor for overall survival in newly diagnosed glioblastoma[END_REF],

that a linear relationship between OS and residual volumes is a more accurate indicator.

However, the use of Kaplan-Meier curves always requires a cluster approach when comparing several groups. As one person performed all the volumetric measurements, this may have led to a measurement bias.

Conclusion

Volumetric data acquired with PRMR are more predictive of survival in patients with resected GBM. Differences in predicted survival between POMR and PRMR can be attributed to differences in tumor behavior prior to adjuvant therapy. Regarding the results of the current study and those in the literature, we urge physicians to systematically perform MRI before radiochemotherapy. The delay between POMR and PRMR was 27 days. The POMR extent of resection was 67.3%. The vicinity of the primary motor cortex and the cortico-spinal tractus explained the suboptimal resection.

Figures:

An "explosive" early regrowth occurred with a PRMR residual extent of resection estimated at -144.6%. She died 4 months after surgery. Both residual tumor volume and extent of resection values were more scattered, owing to some early regrowth between surgery and radiotherapy. Median extent of resection was 98% for all patients, and 75% of patients had > 90% resection on POMR. PRMR indicated a median extent of resection of 89%, and only 49% of patients had > 90% resection. Regarding residual volume, we found a median residual volume of 0.77 cm 3 (77% of patients with a residue < 3cm 3 ) on POMR, and a median residual volume of 2.22 cm 3 (only 53% of patients with a residue < 3cm 3 ) on PRMR.

Abbreviations: POMR: postoperative MRI; PRMR: preradiotherapy MRI. This figure illustrates the differences between POMR and PRMR for stratified residual tumor volumes.

Abbreviations: POMR: postoperative MRI; PRMR: preradiotherapy MRI. 

Figure 3

 3 shows the Kaplan-Meier OS curves for complete resection versus incomplete resection. A log-rank test showed that the difference in OS became significant when OS was calculated on PRMR (p = 0.012) instead of POMR (p = 0.145).
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 1 Figure 1: Volumetric analyses performed on pre-operative, post-operative (POMR) and
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 2 Figure 2: Scatterplots of extent of resection according to POMR (top) and PRMR
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 3 Figure 3: Kaplan-Meier survival curves based on complete resection versus incomplete

Figure 4 :

 4 Figure 4: Kaplan-Meier survival curves based on residual tumor volume (3-cm 3 cutoff).
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confirms this hypothesis, showing median OS values with associated p values according to complete resection versus incomplete resection, extent of resection, and residual tumor volume.

Table 1 : Summary of the patient characteristics used for this study. Characteristics Number of patients: 75

 1 

	Age (years):	
	Median (range)	62 (25-84)
	Gender/Sex ratio:	1.21
	Male/Female	41(55%)/34(45%)
	Days between POMR and PRMR:	
	Median (range)	27 (10 -64)
	Days between surgery and radiotherapy:	
	Median (range)	43 (34 -79)
	Initial tumoral volume (cm3):	
	Median (range)	24.20 (0.09 -114.65)
	POMR tumoral volume (cm3):	
	Median (range)	0.77 (0.00 -31.65)
	POMR extent of resection (%):	
	Median (range)	98% (44 -100)
	POMR:	
	Complete resection / Incomplete resection	27 (36%) / 49 (64%)
	PRMR tumoral volume (cm3):	
	Median (range)	2.22 (0.00 -74.48)
	PRMR residual resection (%):	
	Median (range):	89% (-505 -100)
	PRMR:	
	No residual tumor / Residual tumor	19 (25%) / 56 (75%)
	Overall survival (Months):	
	Median (range)	18.9 (15.8 -23.5)
	Number of patients alive:	18/75 (24%)
	Number of tumor regrowth:	54/75 (72%)
	Abbreviations: POMR: Postoperative MRI; PRMR: Preradiotherapy MRI;

Table 2 : Median survival figures as a function of resection extent and residual tumor volume for POMR versus PRMR. P values based on log-rank test (significant differences in bold).

 2 

		POMR	p value	PRMR	p value
		Median (range) in		Median (range)	
		months		in months)	
	Complete				
	resection:	21.29 (18.20-28.88)		25.30 (20.01-30.85)	
	Number of	27/75 (36%)		19/75 (25%)	
	patients (%)		Early		
			regrowth		
	Incomplete				
	resection:	15.77 (13.63-19.35)	0.145	15.47 (13.63-18.89)	0.012
	Number of	48/75 (64%)		56/75 (75%)	
	patients (%)				
	Extent of			Residual extent of	
	resection:			resection:	
	100%	21.29 (18.20-28.88)		25.30 (20.01-30.85)	
	90-99%	16.56 (13.63-21.36)		17.05 (12.55-24.02)	
	<90%	14.82 (5.75-25.53)	0.231	15.47 (14.52-18.56) 0.031
	Residual				
	tumoral				
	volume:				
	0 cm3	21.29 (18.20-28.88)		25.30 (20.01-30.85)	
	0-3 cm3	14.90 (8.25-20.90)		17.22 (15.21-24.02)	
	> 3cm3	15.77 (14.82-25.53) 0.323	14.82 (8.25-19.35)	0.007

Abbreviations: POMR: postoperative MRI; PRMR: preradiotherapy MRI.
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