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Introduction: Several predictors have been described to early diagnose malignant middle cerebral artery infarction (MMI) and select patient for hemicraniectomy. Nevertheless, few studies have asses them among patients with acute ischemic stroke undergoing mechanical endovascular thrombectomy (MET). The overall objective in this study was to evaluate these predictors in patients undergoing MET in the purpose to guide the medical care in the acute phase.

Methods:

We selected patients from a prospective local database which reference all patients eligible for treatment with Alteplase thrombolysis and/or mechanical endovascular thrombectomy in acute stroke. We investigated demographic, clinical, and radiological data. Multivariate regression analysis was used to identify clinical and imaging predictors of MMI.

Results:

In 32 months, 66 patients were included. 18 (27.3%) developed MMI. Malignant evolution was associated with: severity of neurological deficit and level of consciousness at admission, infarct size in DWI sequence and involvement of other vascular territories.

Study groups didn't differ in terms of successful reperfusion. Two variables were identified as independent predictors of MMI: DWI infarct volume (p < 0,001) and time to thrombectomy (p = 0.018). A decision tree based on these two factors was able to predict malignant evolution with high specificity (100%) and sensibility (73%).

Conclusion:

Our study proposes a practical decision tree including DWI lesion volume and delay before thrombectomy to early and accurately predict MMI in a subgroup of patients with MCA infarction undergoing MET regardless to the status of reperfusion.

INTRODUCTION

Malignant middle cerebral artery infarction (MMI) is defined as the development of a lifethreatening, space-occupying brain edema, usually 2-5 days after middle cerebral artery (MCA) stroke onset. Mortality reaches 78% in some studies [START_REF] Hacke | Malignant" Middle Cerebral Artery Territory Infarction Clinical Course and Prognostic Signs[END_REF], mainly as a result of transtentorial herniation.

Several conservative treatments have been proposed, but in a pooled analysis of three randomized controlled trials in 2007, only decompressive craniectomy was found to be effective, reducing mortality and increasing the number of patients with a favorable functional outcome [START_REF] Vahedi | Early decompressive surgery in malignant infarction of the middle cerebral artery: a pooled analysis of three randomised controlled trials[END_REF]. As the effect of surgery seems to depend on early implementation (i.e., within 48 hr of symptom onset), several clinical and paraclinical predictors have been described in a bid to identify patients at risk of MMI at an early stage [START_REF] Hofmeijer | Predictors of Life-Threatening Brain Edema in Middle Cerebral Artery Infarction[END_REF]. Of these factors, early infarct size on diffusion-weighted imaging (DWI) has the highest positive predictive values [START_REF] Oppenheim | Prediction of Malignant Middle Cerebral Artery Infarction by Diffusion-Weighted Imaging[END_REF][START_REF] Thomalla | Prediction of malignant middle cerebral artery infarction by magnetic resonance imaging within 6 hours of symptom onset: A prospective multicenter observational study[END_REF].

In 2015, five randomized trials demonstrated the efficacy of mechanical endovascular thrombectomy (MET) in patients with acute ischemic stroke caused by occlusion of the proximal anterior circulation and thus at risk of MMI [START_REF] Goyal | Endovascular thrombectomy after large-vessel ischaemic stroke: a meta-analysis of individual patient data from five randomised trials[END_REF]. More recently, a meta-analysis conducted by the HERMES collaboration confirmed the efficacy of MET, even in patients with large infarcts [START_REF] Roman | Imaging features and safety and efficacy of endovascular stroke treatment: a meta-analysis of individual patient-level data[END_REF]. Although recanalization has not been shown to be associated with a lower risk of MMI [START_REF] Hofmeijer | Predictors of Life-Threatening Brain Edema in Middle Cerebral Artery Infarction[END_REF], some observational studies have found a significantly reduced rate of hemicraniectomy in patients with proximal artery occlusions since the introduction of thrombectomy with stent retriever [START_REF] Sporns | Impact of the Implementation of Thrombectomy with Stent Retrievers on the Frequency of Hemicraniectomy in Patients with Acute Ischemic Stroke[END_REF].

In the present study, we assessed the early predictors of MMI that have already been identified in patients with MCA infarction treated with thrombectomy, in order to discuss the indications for decompressive surgery in this specific population.

PATIENTS AND METHODS

Study design and patients

We analyzed the clinical and imaging findings for patients with acute MCA infarction who had undergone MET at Rennes University Hospital between January 2016 and September 2018. These data came from a prospective single-center database. Additional information was obtained from the patients' medical records. The local database records all patients eligible for treatment with alteplase thrombolysis and/or MET in acute stroke.

Inclusion criteria were 1) age 18-60 years, 2) acute MCA stroke diagnosed by MRI within 6 hr of symptom onset (patients with an unknown time of onset were included if there was a fluid-attenuated inversion recovery (FLAIR)/DWI mismatch as defined in recent studies [START_REF] Thomalla | DWI-FLAIR mismatch for the identification of patients with acute ischaemic stroke within 4• 5 h of symptom onset (PRE-FLAIR): a multicentre observational study[END_REF][START_REF] Thomalla | MRI-Guided Thrombolysis for Stroke with Unknown Time of Onset[END_REF], and 3) proximal vessel occlusion diagnosed on time-of-flight magnetic resonance angiography (TOF-MRA).

Clinical and radiological assessment

The severity of the neurological deficit on admission was assessed in the emergency department by a certified stroke neurologist, using the NIHSS [START_REF] Brott | Measurements of acute cerebral infarction: a clinical examination scale[END_REF] and Glasgow Coma Scale. Demographic data including age, sex, vascular risk factor, atrial fibrillation, and previous stroke were collected. Clinical outcome was assessed with the modified Rankin Scale (mRS) at 90 days [START_REF] Van Swieten | Interobserver agreement for the assessment of handicap in stroke patients[END_REF]. Stroke etiology was classified according to the TOAST criteria [START_REF] Adams | Classification of subtype of acute ischemic stroke. Definitions for use in a multicenter clinical trial. TOAST. Trial of Org 10172 in Acute Stroke Treatment[END_REF]. The MCA infarction was initially diagnosed with MRI, which comprised an axial DWI sequence, TOF-MRA of the intracranial arteries, a gradient-echo sequence to exclude intracranial hemorrhage, and a FLAIR sequence. Diagnosis of vessel occlusion was primarily based on intracranial TOF-MRA. Three types of occlusion were considered: [START_REF] Hacke | Malignant" Middle Cerebral Artery Territory Infarction Clinical Course and Prognostic Signs[END_REF] isolated MCA occlusion; (2) intracranial bifurcation of the internal carotid artery occlusion (carotid T occlusion); and (3) vessel occlusion involving the extra-or intracranial ICA plus the MCA main stem (TANDEM occlusion). Infarct volume (DWI volume) was measured on the apparent diffusion coefficient (ADC) maps using a semiautomatic method described elsewhere [START_REF] Oppenheim | Prediction of Malignant Middle Cerebral Artery Infarction by Diffusion-Weighted Imaging[END_REF].

Acute stroke management and endovascular procedure

Treatment with IV alteplase was administered to patients within a 4.5-hr window, in accordance with current guidelines [START_REF] Furie | Guidelines for the Early Management of Patients With Acute Ischemic Stroke[END_REF]. In the case of contraindication for recombinant tissue plasminogen activator (rt-PA), direct MET was considered. Time between symptom onset and rt-PA injection was recorded. MET was performed under conscious sedation or general anesthesia (at the discretion of the medical team). Neurointerventionalists used a coaxial (6F or 8F guiding catheter) or triaxial (long introducer sheath 7 or 8F guiding catheter with an intermediate aspiration catheter) system, a microcatheter-delivered stent retriever, and manual aspiration during stent retrieval. No patients received intra-arterial infusion of thrombolytics. Time to thrombectomy was recorded, as was time to first pass of the MET device. Reperfusion status was evaluated in accordance with the thrombolysis in cerebral infarction (TICI) grading system, with successful reperfusion defined as TICI ≥ 2b.

Endpoint: Definition of MMI

The primary endpoint of the study was the occurrence of MMI, based on the definition used in randomized controlled trials [START_REF] Vahedi | Early decompressive surgery in malignant infarction of the middle cerebral artery: a pooled analysis of three randomised controlled trials[END_REF]: 1) clinical signs of large MCA territory infarction with an NIHSS score > 15 and a level of consciousness ≥ 1 on Item 1a of the NIHSS, either on admission or after secondary deterioration; 2) large space-occupying MCA infarction on follow-up MRI or CT of at least two-thirds of the MCA territory, with compression of ventricles or midline shift; and 3) no other obvious cause for neurological deterioration.

Statistical analysis

We began by performing descriptive analyses for each variable we collected. Continuous variables were summarized as mean, median, standard deviation, and maximum and minimum values. Categorical variables were expressed as counts and percentages. We then ran bivariate analyses to compare each variable with the explained variable (MMI occurrence). Continuous variables were compared using the Student t test when they followed a Gaussian distribution and the Mann-Whitney U test when they did not.

Categorical variables were compared using the chi-squared test or Fisher's exact test, as appropriate. We then calculated a multivariate logistic regression model. In order to obtain this model, we first selected age, sex and all variables with a statistically significant association with MMI occurrence in bivariate analyses (p < 0.05) in a pre-selection model.

In order to facilitate the interpretation, time to thrombectomy was divided by 20 to highlight the effect of additional 20 minutes and DWI lesion volume by 10 to highlight the effect of an additional 10 mL on the occurrence of MMI. From this model we then applied automatic forward stepwise selection of variables, using the Akaike information criterion to create the final model. We also performed a receiver operating characteristic (ROC) analysis to evaluate the performance of the final predictive model. Youden's index was used to determine the optimum cut-off point with the best couple sensitivity-specificity tradeoff.

Model validity was assessed using bootstrap sampling techniques. Finally a decision tree was created using the CART method. Statistical analyses were performed with R version 3.5.

RESULTS

Population data and baseline characteristics

Between January 2016 and September 2018, 110 patients under 61 years underwent MET for acute MCA infarction. Of these, 44 patients were excluded from the analyses because of the absence of MRI on admission [START_REF] Soize | How sustained is 24-hour diffusion-weighted imaging lesion reversal? Serial magnetic resonance imaging in a patient cohort thrombolyzed within 4.5 hours of stroke onset[END_REF], a lack of data [START_REF] Van Swieten | Interobserver agreement for the assessment of handicap in stroke patients[END_REF], or recanalization prior to MET [START_REF] Brott | Measurements of acute cerebral infarction: a clinical examination scale[END_REF]. The remainders were divided into two groups: those who developed MMI (n = 18, 27.3%), and those who did not (n = 48, 72.7%). Table 1 gives the baseline clinical and demographic characteristics of both groups. There were no differences in medical history between the two groups. The patients who developed MMI had a higher NIHSS on admission (18.9 vs. 14.0, p = 0.002) and a lower level of consciousness (50.0% vs. 2.1%, p < 0.001). The groups did not differ on stroke etiology according to the TOAST classification (p = 0.50).

Imaging findings

Involvement of additional vascular territories was significantly associated with MMI occurrence (38.9% vs. 6.2%, p = 0.003) (Table 2). Infarct volumes in DWI were also greater in the MMI group (133 vs. 30.6 mL, p < 0.001). Figure 1 shows the ROC curves for the prediction of MMI by DWI lesion volume on early MRI and time to thrombectomy. The volume threshold for the highest sensitivity (83.33%) and specificity (85.42%) was 64 mL.

Positive predictive value (PPV), negative predictive value (NPV), sensitivity and specificity were also calculated for other DWI lesion volume thresholds (Table 3). 

Treatment and outcome data

The proportion of patients treated by intravenous thrombolysis (IVT) was more or less the same in both the MMI and non-MMI groups (72.2% vs. 66.7%, p = 0.66), as was time to IVT (154 vs. 145 min, p = 0.59) and status of reperfusion (p = 0.18) (Table 4). However, time to thrombectomy was significantly longer in the MMI group (333 vs. 272 min, p = 0.009). Of the 18 patients who developed MMI, 13 had undergone hemicraniectomy, performed 8-74 hr (M = 35) after stroke onset. In this group, five patients (38%) had a favorable outcome at 3 months (mRS score 3), five (38%) a poor one (mRS score 4), and three (24%) died in the acute phase from transtentorial herniation despite hemicraniectomy. The five patients who did not undergone hemicraniectomy-mostly because of hemorrhagic transformation-all died.

Multivariate analysis

Four patients were excluded from the multivariate analysis due to the absence of delay before reperfusion. The variables included in the pre-selection model were the age, the sex, the NIHSS score on admission, additional territory involved, the diffusion lesion volume and the time to thrombectomy. After the the stepwise selection, the final model included two factors as independent predictors of MMI: time to thrombectomy (OR = 1.68, 95% CI [1.15, 2.79], p = 0.018) and DWI lesion volume (OR = 1.92, 95% CI [1.42, 3.03], p < 0.001). From these two variables, we created a decision tree (Fig. 2). Sensitivity for the prediction of MMI was higher than with volume only (sensitivity = 73%, specificity = 100%), and increased the number of correct classifications to 93.5%. The out of bag error of the model was low, corrected sensitivity and specificity were 79% and 89% respectively. 

DISCUSSION

The present study showed that in patients with MCA infarction who have undergone MET, severity of neurological deficit and level of consciousness at admission, infarct size, and involvement of other vascular territories are significant predictors of malignant progression. These results and our MMI rate (27.3%) were consistent with previous studies of MMI predictors, notably Hofmeijer's meta-analysis [START_REF] Hofmeijer | Predictors of Life-Threatening Brain Edema in Middle Cerebral Artery Infarction[END_REF]. However this was the first report to specifically investigate the risk of malignant progression after MET using MRI as initial imaging. Multivariate logistic regression identified two independent variables that significantly predicted MMI: DWI infarct volume and time to thrombectomy. Infarct size in DWI was already known to be an accurate predictor of MMI, as two studies had reported high PPVs for two cutoff volumes: > 82 mL (PPV = 88%) and > 145 mL (PPV = 91%) on MRI carried out within 6 and 14 hr of onset, respectively [START_REF] Oppenheim | Prediction of Malignant Middle Cerebral Artery Infarction by Diffusion-Weighted Imaging[END_REF][START_REF] Thomalla | Prediction of malignant middle cerebral artery infarction by magnetic resonance imaging within 6 hours of symptom onset: A prospective multicenter observational study[END_REF]. Our study using early DWI volume found an optimum threshold of 64 mL (Youden's index = 0.68). However, as specificity and PPV increased with volume, a higher cutoff might be more useful in clinical practice for guiding early treatment decisions such as hemicraniectomy. Regarding time to thrombectomy, research had already shown that time from imaging to reperfusion is associated with functional outcome, reflecting accumulated injury before reperfusion [START_REF] Campbell | Penumbral imaging and functional outcome in patients with anterior circulation ischaemic stroke treated with endovascular thrombectomy versus medical therapy: a meta-analysis of individual patientlevel data[END_REF].

The association we found with a malignant progression was therefore not surprising.

The second observation of our study was that malignant progression was unrelated to post-MET reperfusion status, suggesting that a large infarct progresses to MMI regardless of the degree of recanalization. Findings in the literature on this subject are contradictory.

Recent studies report a lower level of MMI [START_REF] Candice | Abstract WP21: Successful Reperfusion With Thrombectomy in Patients With Large Dwi Lesion is Associated With Reduced Occurrence of Malignant Stroke[END_REF] and a better functional prognosis at 3 months [START_REF] Kaesmacher | Mechanical Thrombectomy in Ischemic Stroke Patients With Alberta Stroke Program Early Computed Tomography Score 0-5[END_REF][START_REF] Desilles | Successful Reperfusion With Mechanical Thrombectomy Is Associated With Reduced Disability and Mortality in Patients With Pretreatment Diffusion-Weighted Imaging-Alberta Stroke Program Early Computed Tomography Score ≤6[END_REF] after favorable recanalization of large-volume infarction. However, others have failed to find any link between grade of recanalization and malignant progression [START_REF] Davoli | Pretreatment predictors of malignant evolution in patients with ischemic stroke undergoing mechanical thrombectomy[END_REF]. The absence of correlation in our study may have resulted from a lack of power.

However, there may also be a physiopathological explanation. An acute diffusion lesion corresponds to irreversible ischemia [START_REF] Campbell | The Infarct Core is Well Represented by the Acute Diffusion Lesion: Sustained Reversal is Infrequent[END_REF], and this is directly related to the risk of MMI.

Although persistent reversibility of these lesions after recanalization has been demonstrated [START_REF] Soize | How sustained is 24-hour diffusion-weighted imaging lesion reversal? Serial magnetic resonance imaging in a patient cohort thrombolyzed within 4.5 hours of stroke onset[END_REF][START_REF] Labeyrie | Diffusion lesion reversal after thrombolysis: a MR correlate of early neurological improvement[END_REF], its extent remains modest, and it cannot therefore prevent the malignant progression of large infarct. In the light of these results, we believe that clinicians should not be falsely reassured about the risk of MMI after effective thrombectomy, and should focus more on early infarction volume and time to thrombectomy when deciding whether to carry out decompressive hemicraniectomy. Our decision tree might be able to predict malignant progression in patients with MCA infarction with a high percentage of correct classifications (93.5%).

Our study had two main limitations. First, the small number of patients prevented us from generalizing our results, which will require further research with a larger population. We excluded a high number of patients because of the absence of MRI on admission, as our priority was to assess DWI infarct size in the acute stage, in order to confirm its reliability for predicting MMI in patients undergoing MET. We also chose to focus on patients under 60 years, as hemicraniectomy is not usually offered to older patients, for whom the DESTINY II study showed a worse outcome after surgery [START_REF] Jüttler | Hemicraniectomy in Older Patients with Extensive Middle-Cerebral-Artery Stroke[END_REF]. Second, we used a definition of MMI as objective as we could, and one that was similar to the definitions used in randomized controlled trials of hemicraniectomy, however this one remained open to interpretation. Lastly, although collateral circulation is presumed to be associated with initial infarct volume and clinical outcome. [START_REF] Hussein | Rates and predictors of futile recanalization in patients undergoing endovascular treatment in a multicenter clinical trial[END_REF]., we chose to not include it in the study due to a lack of well validated scales in time of flight MRI.

CONCLUSION

Our results allowed us to construct a practical decision tree including DWI lesion volume and time to thrombectomy, in order to provide an early and accurate prediction of MMI in a subgroup of patients with MCA infarction undergoing MET. Reperfusion status was not associated with malignant progression, and should not interfere with the decision to perform decompressive hemicraniectomy. Larger, prospective and multicenter studies are needed to validate these results.

Figure 1 .
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 2 Figure 2. Decision tree for the prediction of MMI. (n = 62)

TABLE 1 : Baseline Demographic and Clinical Characteristics

 1 

	MMI (n=18)	Non-MMI (n=48)	Group comparaison p -value

Values are mean ± SD (with range in parentheses below) or count (percentage as appropriate).MMI = malignant middle cerebral artery infarction; NIHSS = National Institutes of Health Strokes; CSG = Coma Scale Glasgow

TABLE 2 :

 2 Baseline

	MRI Findings			
				Group
		MMI (n=18)	Non-MMI (n=48)	comparaison
				p -value
	Vessel occlusion			p = 0.012
	Isolated MCA occlusion	7 (38.9%)	37 (77.1%)	
	Carotid "T" occlusion	5 (27.8%)	5 (10.4%)	
	TANDEM occlusion	6 (33.3%)	6 (12.5%)	
	Additional territory involved	7 (38.9%)	3 (6.2%)	= 0.003
	Diffusion lesion volume (mL)	133 ± 83.4 (2.0-289)	30.6 ± 28.8 (2.0-119)	p < 0.001
	Values are mean ± SD (with range in parentheses below) or count (percentage as appropriate). MMI = malignant
	middle cerebral artery infarction			

TABLE 3 : Specificity, Sensitivity, Negative and Positive Predictive Value for the prediction of MMI

 3 

			DWI lesion volume (mL)	
		≥ 70	≥ 82	≥ 110	≥ 120
	Specificity	85 %	91 %	97 %	100 %
	Sensitivity	77 %	66 %	61 %	60 %
	PPV	66 %	75 %	91 %	100 %
	NPV	91 %	88 %	87 %	88 %

PPV = positive predictive value; NPV = negative predictive value.

TABLE 4 : Treatment and Outcome Data

 4 Values are mean ± SD (with range in parentheses below) or count (percentage as appropriate).

		MMI (n=18)	Non-MMI (n=48)	Group comparaison p -value
	Intravenous thrombolysis	13 (72.2%)	32 (66.7%)	p = 0.66
	Time before thrombolysis (min)	154 ± 40.3 (106-270)	145 ± 44.0 (75.0-255)	p = 0.59
	Time to thrombectomy (min)	333 ± 76.4 (201-460)	272 ± 66,4 (140-410)	p = 0.009
	Status of reperfusion (TICI)			p = 0.18
	TICI ≤ 2a	6 (33.3%)	8 (16.7%)	
	TICI ≥ 2b	12 (66.7%)	40 (83.3%)	
	mRS at 90 days			p < 0.001
	Rankin ≤ 3	5 (27.3%)	44 (91.7%)