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RESUME 

 

L’imagerie cérébrale joue un rôle crucial chez les patients victimes d’un accident vasculaire cérébral 

(AVC). L’avènement de la thrombectomie mécanique a bouleversé la prise en charge des patients 

atteints d’AVC ischémique et par conséquent la place de l’IRM à la phase aigüe. Notre travail de thèse 

se propose d’étudier l’apport de l’IRM multimodale dans la prise en charge de l’AVC ischémique à la 

phase aigüe. 

Dans cette perspective, nous avons couplé l’analyse des IRM d’admission de la cohorte HIBISCUS-

STROKE (CoHort of Patients to Identify Biological and Imaging markerS of CardiovascUlar Outcomes 

in Stroke) au devenir fonctionnel, au volume final de l’infarctus et à la dynamique des marqueurs 

sériques de l’inflammation.  

Dans la première partie de notre travail, nous avons examiné l’apport de l’IRM dans la sélection des 

patients éligibles à une thrombectomie mécanique. Nous avons observé que les techniques d’angio-

IRM étaient inférieures à l’artériographie cérébrale dans la localisation de l’occlusion intracrânienne 

malgré la prise en compte du caractère migratoire du thrombus.  Nous avons montré que l’estimation 

du volume de la pénombre ischémique variait substantiellement selon le logiciel de post-traitement 

utilisé et que ces différences pouvaient impacter la sélection des patients éligibles à une thrombectomie 

mécanique. Dans une étude pilote, nous avons observé que les paramètres optimaux définissant le 

trouble de perfusion variaient selon le logiciel utilisé. 

Dans la deuxième partie de notre travail, nous avons évalué l’apport pronostic de l’IRM chez les patients 

ayant bénéficié d’une recanalisation efficace après thrombectomie mécanique. Nous avons observé 

que le « brush sign » était associé à une croissance >11.6mL du volume de l’infarctus et que des 

hypersignaux FLAIR vasculaires peu étendus étaient associés à un moins bon résultat fonctionnel à 3 

mois. 

Dans la troisième partie de notre travail, nous avons examiné les relations entre la perméabilité de la 

barrière hémato-encéphalique sur l’IRM d’admission et la réponse neuroinflammatoire. Sur la population 

totale, nous avons montré qu’une perméabilité accrue de la barrière hémato-encéphalique était 

associée à un volume plus important de l’infarctus sur la population totale. Chez les patients à moins 

de 6h du début des symptômes, nous avons observé qu’une perméabilité accrue était associée à un 

volume plus important de l’infarctus et à des taux sériques plus importants de métalloprotéase 

matricielle 9. 

La cohorte HIBISCUS-STROKE nous a donc permis de préciser l’apport de l’IRM dans la sélection et 

le pronostic des patients et d’identifier les facteurs associés à une augmentation de la perméabilité de 

la barrière hémato-encéphalique à la phase aigüe. 

 

 

 

Mots-clés : IRM ; angio-IRM ; IRM de perfusion ; Infarctus cérébral ; Thrombectomie mécanique ; 

Lésions d’ischémie-reperfusion ; métalloprotéase matricielle 9 
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ABSTRACT 

 

Cerebral imaging plays a crucial role in stroke patients. The advent of mechanical thrombectomy has 

transformed the management of acute ischemic stroke (AIS) patients, and consequently the role of MRI 

in the acute phase. Here, we propose to study the contribution of multimodal MRI to the management 

of AIS. 

To this end, we have coupled the analysis of admission MRI from the HIBISCUS-STROKE (CoHort of 

Patients to Identify Biological and Imaging markerS of CardiovascUlar Outcomes in Stroke) cohort with 

functional outcome, final infarct volume and the dynamics of serum markers of inflammation.  

In the first part of our work, we examined the contribution of MRI to the selection of patients eligible for 

mechanical thrombectomy. We observed that MRI angiography techniques were inferior to cerebral 

arteriography in localizing intracranial occlusion, despite taking into account the migratory nature of the 

thrombus.  We showed that the estimation of the volume of the ischemic penumbra varied substantially 

according to the post-processing software used, and that these differences could have an impact on the 

selection of patients eligible for mechanical thrombectomy. In a pilot study, we observed that the optimal 

parameters defining the volumes of perfusion defect varied according to the software used. 

In the second part of our work, we assessed the prognostic contribution of MRI in patients who had 

achieved successful recanalization after mechanical thrombectomy. We observed that “brush sign” was 

associated with >11.6mL growth in infarct volume, and that mild vascular FLAIR hypersignals were 

associated with poorer functional outcome at 3 months. 

In the third part of our work, we examined the relationships between blood-brain barrier permeability on 

admission MRI and neuroinflammatory response. In the total population, we showed that increased 

blood-brain barrier permeability was associated with greater infarct volume. In patients within 6 hours of 

the onset of symptoms, we observed that increased permeability was associated with larger infarct 

volume and higher serum levels of matrix metalloprotease 9. 

The HIBISCUS-STROKE cohort gave us the opportunity to assess the contribution of MRI to patient 

selection and prognosis, and to identify factors associated with increased blood-brain barrier 

permeability in the acute phase. 

 

 

 

 

 

 

 

Keywords: MRI; angio-MRI; perfusion MRI; cerebral infarction; mechanical thrombectomy; ischemia-

reperfusion lesions; matrix metalloprotease 9 
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PREAMBULE 

 

Ce travail s’inscrit dans le projet de recherche hospitalo-universitaire MARVELOUS 

(ANR-16-RHUS-0009) de l’Université de Lyon. L’ensemble des données analysées sont 

issues de la cohorte HIBISCUS-STROKE (Cohort of Patients to Identify Biological and Imaging 

markerS of CardiovascUlar Outcomes in Stroke ; NCT : 05263804) qui a inclus des patients 

hospitalisés dans l’unité de soins intensifs neurovasculaires de l’hôpital Neurologique et 

Neurochirurgical Pierre Wertheimer (Hospices Civils de Lyon) pour un AVC ischémique traité 

par thrombectomie mécanique. Les patients inclus dans cette cohorte bénéficiaient d’une IRM 

multimodale d’admission, d’une analyse dynamique des marqueurs biologiques de 

l’inflammatoire et d’une IRM de suivi permettant de quantifier la lésion ischémique finale. 

L’objectif de la cohorte était de déterminer les valeurs pronostiques de l’IRM multimodale, des 

marqueurs biologiques et de caractériser leurs relations. 
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INTRODUCTION : ELEMENTS BIBLIOGRAPHIQUES 

 

CHAPITRE 1 : L’infarctus cérébral. 

1.1 Généralités. 

Les accidents vasculaires cérébraux (AVC) constituent un problème majeur de santé 

publique. En 2019, les AVC demeuraient la seconde cause de mortalité dans le monde après 

les cardiopathies ischémiques avec 12.22 millions de cas incidents et représentaient la 

troisième cause combinée de handicap acquis chez l’adulte et de mortalité [1]. L’infarctus 

cérébral ou AVC ischémique représentait la principale cause d’AVC avec 7.63 millions de cas 

incidents [1]. L’infarctus cérébral est défini comme une dysfonction neurologique persistante 

pendant au moins 24 heures avec des preuves d’ischémie cérébrale aigue sur l’imagerie ou 

l’anatomopathologie [2]. Les principales étiologies de l’infarctus cérébral regroupent 

l’athérosclérose des artères cervicales, l’athérosclérose des artères intracrâniennes, la 

microangiopathie et les dissections artérielles. Les facteurs de risque d’AVC ischémique sont 

principalement l’hypertension artérielle, la dyslipidémie et les cardiopathies tel que la fibrillation 

atriale [1]. 

 

1.2 Physiopathologie de l’AVC ischémique 

1.2.1 L’occlusion artérielle intracrânienne et ses conséquences hémodynamiques : 

L’occlusion artérielle est responsable d’une réduction de la perfusion du parenchyme 

cérébral conduisant à l’infarctus cérébral. A la fin des années 70, des études 

électrophysiologiques ont permis de démontrer la coexistence de trois compartiments 

tissulaires distincts [3,4] : 

- Le noyau ischémique correspondant à un tissu cérébral irréversiblement nécrosé et 

survenant suite à une réduction très sévère du débit sanguin cérébral. 

- La pénombre ischémique correspondant à un tissu cérébral en état de sidération 

fonctionnelle mais non nécrosé et potentiellement viable en cas reperfusion. Ce tissu est le 

siège d’une réduction plus modéré du débit sanguin cérébral. 

- L’oligémie correspondant un tissu cérébral hypoperfusé mais fonctionnel et non à 

risque de nécrose en l’absence de reperfusion. 
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Historiquement, la tomographie par émission de positons à l’15O a été la première 

technique d’imagerie à imager la pénombre ischémique et à définir son profil 

hémodynamique par [5-7] : 

- Un débit sanguin cérébral abaissé entre 7-8.5mL/100g/min et 17-22mL/100g/min 

- Une consommation d’oxygène relativement préservée 

- Une augmentation de la fraction d’extraction de l’oxygène (>70%) 

 

1.2.2 Les collatérales, le temps et le devenir du tissu cérébral : 

En l’absence de reperfusion, la pénombre ischémique est « consommée » et rejoint le 

noyau ischémique. La vitesse de propagation du noyau ischémique vers la pénombre est 

hautement variable d’un sujet à un autre [8]. Près de 25% des sujets présentant un AVC 

ischémique par occlusion proximale de la circulation antérieure sont dits « progresseurs 

rapides » et se présentent avec un noyau ischémique très étendu malgré une prise en charge 

hospitalière précoce [9]. A l’inverse, d’autres patients dit « progresseurs lents » peuvent 

conserver une pénombre ischémique substantielle jusqu’à 48h [10,11]. L’élément déterminant 

supposé de cette hétérogénéité inter-individuelle est la qualité de la circulation collatérale 

cérébrale c’est-à-dire un réseau vasculaire ancillaire stabilisant le débit sanguin cérébral 

lorsque l’artère principale est occluse [12]. Une circulation collatérale adéquate peut contribuer 

à maintenir la viabilité de la pénombre ischémique en l’absence de reperfusion [13]. Le 

recrutement et le maintien de ces réseaux anastomotiques notamment leptoméningés dépend 

de l’âge, du sexe, de la glycémie et du siège de l’occlusion artérielle [14]. D’autre facteurs 

comme les comorbidités cardio-pulmonaires, la configuration anatomique vasculaire cérébrale 

et la génétique entrent également en jeu [15,16]. 

 

1.2.3 Les conséquences de l’infarctus sur l’unité neurovasculaire : 

La barrière hémato-encéphalique (BHE) est une interface dynamique importante entre 

le système vasculaire et le système nerveux centrale. Elle régule l'homéostasie ionique du 

système nerveux central et protège les tissus neuronaux de substances potentiellement 

toxiques et d’agents pathogènes en contrôlant l’entrée des nutriments et la sortie des déchets 

[17]. En règle générale, la BHE se réfère principalement à l'endothélium du système 

vasculaire. Son développement et son maintien impliquent, outre les jonctions intercellulaires 

endothéliales et les jonctions serrées, les péricytes, les astrocytes, les neurones et la matrice 

extracellulaire. Ce groupement cellulaire fonctionnel est appelé l’unité neurovasculaire [18].  
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Le parenchyme cérébral est un important consommateur d’oxygène et de glucose. 

Suite à la baisse du débit sanguin cérébral, il existe un défaut d'apport en oxygène et de 

glucose qui se traduit, à l’échelle cellulaire, en un arrêt des pompes sodium-potassium (Na+/K+ 

ATPase) et calcium (Ca2+ ATPase). Une accumulation intracellulaire de sodium survient et 

provoque un gonflement osmotique des cellules ou œdème cytotoxique [19]. Ce phénomène 

peut être détecté par la diminution du coefficient de diffusion apparent (ADC) de l'eau qui se 

traduit par une augmentation du signal tissulaire en IRM de diffusion (DWI) [20]. A ce stade, 

la BHE est principalement intacte [21]. Sur le versant vasculaire, les troubles ioniques induisent 

un gonflement des cellules endothéliales qui est responsable d’une altération des jonctions 

serrées puis d’une une rupture [21]. Le dysfonctionnement des mitochondries conduit au 

relargage d’espèces réactives de l’oxygène comme les anions superoxydes dégradant 

également la BHE [21]. Conséquence de la lésion ischémique, la rupture de la BHE contribue 

à son extension en autorisant le passage de macromolécules du système vasculaire vers le 

système nerveux central [22]. Elle est associée à la survenue d’un œdème vasogénique, d’une 

transformation hémorragique et à un pronostic fonctionnel péjoratif [23-27]. En outre, il est 

supposé qu’elle joue un rôle déterminant dans la survenue des lésions d’ischémie-reperfusion 

après traitement de reperfusion [28,29]. 

 

1.2.4 L’évolution de la barrière hémato-encéphalique : 

Historiquement, on pensait que la rupture de la BHE survenait à la phase subaigüe de 

l’AVC ischémique. Sur l’imagerie, elle était le plus souvent objectivée sous la forme d’un 

réhaussement gyriforme [30]. Dès 2004, Warach et Latour ont démontré que la rupture de la 

BHE survenait, chez certains patients, quelques heures après l’administration d’une 

thrombolyse intraveineuse, sous la forme d’un réhaussement des espaces sous-

arachnoïdiens sur l’IRM en pondération Fluid-Attenuated Inversion Recovery (FLAIR) [29]. 

Ces observations ont conduit à proposer un modèle perméabilité de la BHE biphasique avec 

une première ouverture à 6h, une fermeture et une deuxième ouverture entre 72 et 96h [21]. 

Actuellement, la littérature suggère plutôt une dynamique plus continue avec deux pics de 

perméabilité sans fermeture intermédiaire [21,28,31-34]. Une première ouverture a été 

documentée chez l’homme dans les 6 heures après l’occlusion artérielle [35-37]. Durant les 

72h suivantes, la réponse neuroinflammatoire participe à l’augmentation de la perméabilité et 

le second pic est observé [28,31,33,38]. 
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Figure 1 : Dynamique présumée de la perméabilité de la BHE au cours de l’AVC ischémique 

 

 

 

 

 

 

 

 

 

 

 

Cette figure illustre la dynamique présumée de la perméabilité de la BHE au cours l’AVC 

ischémique, d’après Bernardo-Castro et al [21]. 

 

1.2.5 Les mécanismes impliqués dans la rupture de la barrière hémato-encéphalique : 

Outre les troubles ioniques, la rupture de la BHE obéit à un processus 

physiopathologique complexe qui implique d’autres facteurs dont : 

- Le stress oxydatif : le dysfonctionnement mitochondrial survient peu après l’occlusion 

vasculaire et induit un excès de production d’espèces réactives de l’oxygène lésant 

directement les cellules endothéliales et participant ainsi à la formation de l’œdème 

vasogénique [39].  

- Les métalloprotéases matricielles (MMP) : cette famille enzymatique regroupe des 

protéases dépendantes du zinc qui sont rapidement exprimées par la microglie, les astrocytes 

et les leucocytes au décours de l’accident ischémique. Elles dégradent directement la 

membrane basale et les protéines constitutives des jonctions serrées [39].  

- Les médiateurs inflammatoires relargués par la microglie et les cellules 

immunitaires périphérique : la nécrose cellulaire induit de la libération de multiples 

molécules déclenchant une cascade neuroinflammatoire qui implique notamment des 

cytokines pro-inflammatoires dont la famille des interleukines et du TNF-α.   Cette cascade 
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conduit à une activation de la microglie et au recrutement de cellules immunitaires 

périphériques dont les polynucléaires neutrophiles et les lymphocytes T [39].  

 

1.3 Stratégies thérapeutiques actuelles dans l’infarctus cérébral 

Outre une hospitalisation en unité de soins intensifs neurovasculaires, la stratégie 

thérapeutique actuelle repose sur les traitements de reperfusion. 

 

1.3.1 La thrombolyse intraveineuse 

L'efficacité clinique de la thrombolyse intraveineuse par alteplase a été démontrée en 

1995 dans l'essai contrôlé randomisé du « National Institute of Neurological Disorders and 

stroke rt-PA » chez des patients sélectionnés par scanner cérébral sans injection et dans un 

délai de 3 heures après l’apparition des symptômes [40]. En 2008, l'essai contrôlé randomisé 

ECASS 3 a démontré l'efficacité clinique de la thrombolyse intraveineuse jusqu’à 4h30 après 

le début des symptômes [41]. L’étude WAKE-UP a ensuite permis d’élargir les indications de 

thrombolyse intraveineuse aux patients présentant un déficit neurologique d’horaire inconnu 

si l’IRM n’objectivait pas d’œdème vasogénique (mismatch DWI-FLAIR) [42]. Plus récemment, 

la notion de fenêtre tissulaire s’est substituée à la notion de fenêtre temporelle. L’étude 

EXTEND a démontré un bénéfice à la thrombolyse intraveineuse jusqu’à 9h après le début 

des symptômes chez des patients présentant, sur l’imagerie, une pénombre ischémique 

substantielle définie par un rapport entre le volume d’hypoperfusion et le volume du noyau 

ischémique d’au moins à 1,2, une différence d’au moins 10mL et un volume du noyau 

ischémique inférieur à 70mL [43]. Néanmoins, l’apport de la thrombolyse intraveineuse est 

limité par la survenue de complications hémorragiques dans 6 à 8% des cas et une efficacité 

moindre pour les occlusions proximales [44,45]. 

 

1.3.2 La thrombectomie mécanique 

En complément de la thrombolyse intraveineuse, la thrombectomie mécanique a été 

proposée pour lever les occlusions artérielles intracrâniennes proximales. Cette procédure 

consiste à naviguer par voie endovasculaire jusqu’au site d’occlusion artérielle puis de réaliser 

une ablation du thrombus au moyen d’un stent retriever et/ou d’une thromboaspiration sous 

contrôle radiologique. Les premiers essais cliniques randomisés ont démontré l’efficacité de 

la thrombectomie mécanique jusqu’à 6 heures après le début des symptômes chez les patients 

présentant une occlusion artérielle proximale [46-48]. Une méta-analyse démontrait que la 

thrombectomie mécanique évitait la perte d’autonomie pour un patient sur cinq [49]. Par la 

suite, le bénéfice de la thrombectomie mécanique a été démontré pour les AVC ischémiques 

à présentation tardive jusqu’à 24 heures après le début des symptômes lorsque l’imagerie 
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objectivait une pénombre ischémique substantielle [50,51]. De même que la thrombolyse 

intraveineuse, la thrombectomie mécanique est limitée par des complications hémorragiques 

avec un taux estimé entre 2 et 7% [52]. En outre, près de 25 à 54% des patients présentent 

une recanalisation dite futile c’est-à-dire une évolution clinique défavorable définie par un 

score modifié de Rankin (mRS) ≥ 2 malgré une thrombectomie réussie (score de reperfusion 

de thrombolyse modifié dans l’infarctus cérébral (mTICI) ≥ 2B) [49,53,54]. Le rôle des lésions 

d’ischémie-reperfusion est suspecté [55,56]. 

 

CHAPITRE 2 : L’apport de l’imagerie dans l’infarctus cérébral à la phase aigüe. 

 

Bien que la tomographie par émission de positons à l’15O soit toujours l’examen de 

référence pour l’imagerie de la pénombre ischémique, sa faible accessibilité en urgence et la 

logistique requise ont conduit au développement de l’IRM multimodale et du scanner 

multimodal. 

 

2.1 L’IRM multimodale : 

L’IRM T2* permet d’exclure le diagnostic d’hémorragie cérébrale avec une sensibilité 

similaire au scanner proche de 100% [57,58]. L’IRM de diffusion est considérée comme la 

méthode la plus fiable pour identifier le noyau ischémique avec un sensibilité de 83% contre 

26% pour le scanner [58]. Chez les patients présentant un horaire de début des symptômes 

inconnu, la séquence FLAIR conditionne l’administration de la thrombolyse intraveineuse en 

objectivant ou non l’œdème vasogénique [42]. L’angio-IRM (angio-IRM Time-of-Flight (ARM-

TOF) et/ou l’angio-IRM des troncs supra-aortiques avec injection (ARM-CE) permettent de 

documenter une occlusion artérielle intracrânienne conditionnant une thrombectomie 

mécanique. Pour les AVC de présentation tardive, l’IRM de perfusion donne une estimation 

du débit sanguin cérébral dont le mismatch avec l’IRM de diffusion permet d’estimer le volume 

de la pénombre ischémique [59]. Néanmoins, l’évaluation de la pénombre ischémique en IRM 

est dépendante de l’exploitation des données natives de l’IRM de perfusion. L’estimation des 

volumes du trouble de perfusion présente des variations substantielles en fonction de la 

méthode de calcul et du paramètre hémodynamique choisi [60]. Enfin, l’IRM multimodale est 

la technique de référence dans le diagnostic des autres pathologies cérébrales de révélation 

pseudo-vasculaire (stroke-mimics) [58,61]. 
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2.2 Le scanner : 

Le scanner est une alternative à l’IRM et présente certains avantages dont une plus 

large disponibilité et des temps d’acquisitions plus courts. Pour les AVC de moins de 4h30, le 

scanner permet d’éliminer l’hémorragie cérébrale et de documenter le siège de l’occlusion 

artérielle conditionnant ainsi les traitements de reperfusion [62]. Pour les AVC de présentation 

tardive, le scanner de perfusion permet de quantifier la pénombre ischémique [63]. Plus 

récemment, une étude a même suggéré que pour les AVC de présentation tardive avec un 

score de tomodensitométrie précoce du programme d’accident vasculaire cérébral de l’Alberta 

(ASPECTS) élevé, une sélection par scanner sans perfusion avant thrombectomie mécanique 

n’était pas inférieure à inférieure à une sélection par scanner avec perfusion [64]. Pour certains 

auteurs, le scanner est ainsi une méthode à privilégier car de réalisation plus rapide et plus 

pratique. Récemment, Kim et al ont conduit une étude observationnelle de grande taille 

comparant la sélection des patients avant traitement endovasculaire et n’ont pas montré de 

différence entre une sélection par IRM et une sélection par scanner sur le devenir fonctionnel 

à 3 mois [65]. Néanmoins, les auteurs indiquaient qu’une sélection par IRM pouvait réduire le 

risque d’hémorragie intracrânienne symptomatique [65]. En outre, une analyse post-hoc de 

l’étude THRACE a conclu qu’une sélection par IRM ne différait pas significativement les 

traitements de reperfusion et n’impactait pas l’issue clinique à 3 mois [66]. Enfin, une étude 

observationnelle a signalé un taux plus important de recanalisation futile en cas de sélection 

par scanner avant thrombectomie par rapport à une sélection par IRM [67]. 

 

2.3 L’apport pronostic de l’IRM : 

L’organisation de la thrombectomie mécanique pose des défis logistiques et 

économiques aux systèmes de soins [68]. En dépit de son efficacité, le taux de recanalisation 

futile après thrombectomie mécanique est estimé à environ 25% dans les essais cliniques 

randomisés et jusqu’à 54% en pratique clinique [49,53,54]. Outre le délai, le score du National 

Institutes of Health Stroke Scale (NIHSS) et l’étendue des lésions ischémiques, peu de 

facteurs prédictifs préalables aux traitements sont rapportés [69,70]. Ainsi, l’identification de 

biomarqueurs prédictifs est jugée crucial pour certains auteurs afin d’assurer une meilleure 

sélection des patients [68].  

 

 

 



 17 

2.4 Imagerie de la barrière hémato-encéphalique en IRM : 

Les deux méthodes d’imagerie de la BHE les plus couramment utilisées reposent sur 

l’administration d’un agent de contraste [71] :  

- L’IRM dynamique de réhaussement du contraste (IRM-DCE) basée sur modification 

du signal T1 induite par l’agent de contraste 

- L’IRM dynamique de susceptibilité du contraste (IRM-DSC) basée sur les 

modifications du signal T2 ou T2* induites par l’agent de contraste. 

 

2.4.1 Les bases biophysiques de l’IRM-DSC et DCE : 

Contrairement au scanner, l’IRM détecte les modifications des temps de relaxation 

locaux de l’eau induites par l’agent de contraste et non directement sa présence. 

L’administration de l’agent de contraste induit deux effets principaux distincts [72]: 

- L’interaction directe, à l’échelle moléculaire, entre l’agent de contraste et l’eau 

- L’effet mésoscopique induit par la compartimentalisation de l’agent de contraste, à 

l’échelle cellulaire et/ou vasculaire. 

Ainsi, les raccourcissements des temps de relaxation T1, T2 et T2* reflètent une combinaison 

entre la concentration de l’agent de contraste, ses propriétés magnétiques, sa distribution au 

sein des compartiments tissulaires, la microstructure locale (l’architecture vasculaire et 

tissulaire), la diffusion de l’eau et les échanges d’eau au travers des membranes cellules [72]. 

 

2.4.2 Bio-distribution de l’agent de contraste : 

La bio-distribution de l’agent de contraste dans les tissus détermine en grande partie 

les modifications des temps de relaxation tissulaires. La plupart des agents de contraste IRM 

utilisés en pratiques cliniques sont des molécules de bas poids moléculaire qui diffusent 

librement après injection, traversent le système vasculaire et passent dans l’espace inter-

cellulaire [71]. Le tissu cérébral normal constitue une exception car la BHE empêche 

quasiment toute extravasation de l’agent de contraste [72]. En cas de rupture de la BHE, la 

compartimentalisation de l’agent de contraste au sein du système vasculaire n’est plus 

respectée et l’agent de contraste peut diffuser dans l’espace extravasculaire extracellulaire 

affectant ainsi les temps de relaxation tissulaires T1 pour l’IRM-DCE et T2* pour l’IRM-DSC 

[72]. 
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2.4.3 La quantification de la perméabilité de la barrière hémato-encéphalique en IRM-DCE : 

L'analyse quantitative des données d'IRM-DCE repose classiquement sur un modèle 

pharmacocinétique à deux compartiments, qui comprend la fraction de volume du plasma 

sanguin (𝑣𝑝) et la fraction de volume de l'espace extracellulaire extravasculaire (𝑣𝑒) [72]. Une 

fois l’agent de contraste injecté dans le flux sanguin, il peut diffuser de manière réversible dans 

l’espace extracellulaire extravasculaire avec des constantes de vitesse qui reflètent l'influx 

(Ktrans) et l'efflux (kep) de l'agent de contraste à travers l'endothélium vasculaire [72]. En 

appliquant des modèles pharmacocinétiques bi-compartimentaux tels que ceux développés 

par Tofts et Kéty [73,74], la détermination du Ktrans au sein revient à résoudre l’équation 

suivante: 

𝐶𝑡(𝑡) = 𝐾𝑡𝑟𝑎𝑛𝑠∫𝐶𝑝(𝑡)exp(−𝑘𝑒𝑝(𝑇 − 𝑡))𝑑𝑡

𝑡

0

 

Avec : 

- 𝐶𝑡(𝑡): la concentration de l’agent de contraste dans le plasma 

- 𝑘𝑒𝑝 = 𝐾𝑡𝑟𝑎𝑛𝑠/𝑣𝑒 

 

La résolution de cette équation fait habituellement appel à une méthode d’ajustement linéaire 

des moindres carrés [72]. 

Figure 2 : Modèle de Tofts-Kéty. 

 

 

 

 

 

 

 

Cette figure illustre le modèle bi-compartimental de Tofts-Kety, d’après Yan et al [75]. 
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2.4.4 La quantification de la perméabilité de la BHE en IRM-DSC. 

En IRM-DSC, la quantification des paramètres hémodynamiques est dérivée de la 

théorie de la dilution des indicateurs [76,77]. En supposant que l’agent de contraste est 

compartimenté dans un vaisseau c’est-à-dire en cas d’intégrité de la BHE, un modèle 

pharmacocinétique unicompartimentale peut être appliqué et les paramètres 

hémodynamiques calculés à partir de la courbe de premier passage. La fonction d'entrée 

artérielle (CAIF(t)) caractérise l'entrée du système et la fonction de résidu (R(t)) décrit la fraction 

d'agent de contraste restant dans le système vasculaire au temps t après l'injection [72]. Dans 

une étude IRM-DSC, le signal dans chaque voxel reflète la concentration de l'agent de 

contraste dans le tissu, C(t), qui est liée à CAIF(t) et R(t) selon l'équation de convolution suivante 

[72] : 

 

𝐶𝑡(𝑡) =
𝜌

𝐻𝑓
𝐶𝐵𝐹∫𝐶𝐴𝐼𝐹(𝑡)R(t − τ)𝑑τ

𝑡

0

 

Avec : 

- 𝐶𝑡(𝑡): la concentration de l’agent de contraste dans le plasma 

- 𝜌 : la densité du tissu cérébral soit typiquement 1g/mL 

- 𝐻𝑓: le facteur d’hématocrite rendant compte de la différence d’hématocrite 

entre la fonction d’entrée artériel et le système capillaire [78]  

- CBF: Cerebral Blood Flow (Flux Sanguin Cérébral) 

 

A partir de l’évolution du signal IRM-DSC lors du premier passage de l’agent de 

contraste, CAIF(t) et C(t) sont mesurées. La fonction résidu R(t) est déterminée en déconvoluant 

les courbes CAIF(t) et C(t) et le CBF déterminé à partir de la hauteur initiale de la fonction de 

résidu. Les cartes du volume sanguin cérébral (CBV) sont ensuite dérivées en utilisant 

l’équation suivant [72]: 

𝐶𝐵𝑉 =
𝐻𝑓

𝜌

∫ 𝐶𝑡𝑖𝑠𝑠𝑢(𝑡)𝑑𝑡
+∞

−∞

∫ 𝐶𝐴𝐼𝐹(𝑡)𝑑𝑡
+∞

−∞
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En cas de rupture de la BHE, la compartimentalisation de l’agent de contraste au sein 

du secteur vasculaire n’est plus respectée. La fuite de l’agent de contraste réduit son effet T2* 

(effet T1 shine-through) car elle abaisse la différence de concentration entre l’espace 

intravasculaire et l’interstitium et induit une compartimentalisation de l’agent de contraste 

autour des cellules qui est responsable d’un gradient de champ magnétique mésoscopique 

[79]. De ce fait, l’effet de susceptibilité magnétique de l’agent de contraste devient variable 

dans le temps et contamine le signal prévu en particulier aux points temporels ultérieurs au 

pic de premier passage [79-81]. Ces effets influencent la dynamique temporelle du signal IRM-

DSC et perturbent le comportement linéaire de l’agent de contraste par rapport à la vitesse de 

relaxation et entraînent une surestimation du CBF et du CBV [82,83]. Des méthodes de post-

traitement des images ont été proposées pour compenser les effets de la fuite de l’agent de 

contraste sur le signal, dont la méthode de Weisskoff est la plus couramment utilisée [80]. 

Cette méthode traite l’effet T1 shine-through par un modèle d'ajustement linéaire estimant la 

différence entre l’effet de susceptibilité magnétique induit par l’agent de contraste mesuré et 

l’effet de susceptibilité magnétique attendu en l’absence d’extravasation de produit de 

contraste. Ce modèle fait appel à une constante d’extravasation du produit de contraste, le K2 

[80].  Pour certains auteurs, le paramètre K2 a été interprété comme une mesure de la 

perméabilité de la BHE [24,25,84,85].  

 

Figure 2 : Effet de la correction de l’extravasation de l’agent de contraste sur la courbe 

d’intensité du signal. 

 

 

 

 

 

 

 

 

 

Cette figure illustre l’effet de la correction de l’extravasation de l’agent de contraste par la 

méthode de Weisskoff et Boxermann sur la courbe intensité signal de l’IRM-DSC [80].  
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2.3.4 Évaluer la perméabilité de la barrière hémato-encéphalique dans l’infarctus cérébral : 

Bien que les mesures de perméabilité vasculaire obtenus par Ktrans soient considérées 

comme plus précises que celles obtenues par K2 [86], la détermination de la fraction de 

volume de l'espace extracellulaire extravasculaire 𝑣𝑒 nécessaire au calcul du Ktrans nécessite 

un temps d’acquisition IRM long d’au moins 5min [87]. A ce jour, ce facteur limite l’intégration 

de l’IRM-DCE au protocole des IRM d’admission des patients présentant une suspicion 

d’infarctus cérébral. A l’inverse, l’IRM-DSC présente l’avantage d’un temps d’acquisition plus 

court et est déjà réalisée en routine clinique particulièrement en cas de présentation tardive. 

Néanmoins, la méthode de Weisskoff et Boxerman fait l’hypothèse d’une perfusion cérébrale 

symétrique [88]. En cas d’hypoperfusion, le retard d’arrivée de l’agent de contraste peut rendre 

le calcul K2 erroné [88]. R Leigh et al ont proposé une méthode permettant de corriger les 

cartes K2 du délai d’arrivée du produit de contraste [88].  Cette méthode a été implémentée 

par la société Olea Medical (La Ciotat, France), partenaire du projet de recherche hospitalo-

universitaire MARVELOUS (ANR-16-RHUS-0009), pour générer des cartes K2 corrigées du 

délai d’arrivée du produit de contraste. 
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PROBLEMATIQUE – OBJECTIFS 

 

Dans ce contexte, notre travail de thèse s’est réalisé en trois étapes : 

 

Tout d’abord, le premier objectif a été de caractériser l’apport des techniques d’IRM dans la 

sélection des patients éligibles à un traitement de reperfusion à travers l’évaluation de l’apport 

respectif des techniques d’angio-IRM dans la localisation de l’occlusion artérielle 

intracrânienne et l’évaluation du post-traitement de l’IRM-DSC dans la quantification de la 

pénombre ischémique. 

 

Le deuxième objectif a été d’identifier l’apport pronostic de l’IRM d’admission à travers 

l’identification de biomarqueurs radiologiques prédictifs de croissance des lésions ischémiques 

et/ou d’évolution clinique défavorable malgré une recanalisation après thrombectomie 

mécanique. 

 

Enfin, le troisième objectif a été de caractériser les facteurs associés à une augmentation de 

perméabilité de la BHE sur l’IRM d’admission. 
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METHODES 

 

La cohorte HIBISCUS- STROKE. 

La cohorte HIBISCUS-STROKE est une étude observationnelle monocentrique qui a 

débuté en 2016 et s’est achevée en 2022. Elle a inclus des patients pris en charge dans l’unité 

de soins intensifs neurovasculaires de l’hôpital Neurologique et Neurochirurgical Pierre 

Wertheimer (Hospices Civils de Lyon) pour un AVC ischémique aigu par occlusion artérielle 

intracrânienne proximale de la circulation antérieure. Les patients inclus dans cette cohorte 

bénéficiaient d’une IRM d’admission multimodale et d’une thrombectomie mécanique. L’IRM 

d’admission comprenait des séquences DWI, T2*, FLAIR, ARM-TOF, ARM-CE et IRM-DSC. 

Au décours, les patients bénéficient d’une analyse séquentielle des marqueurs 

neuroinflammatoires sur sang veineux périphérique à l’admission, à 6, 24, 48 heures et à 3 

mois. Ces marqueurs comprenaient la CRP (C reactive protein), les IL-6, IL-8, IL-10 

(interleukins-6, -8 et -10), MCP-1 (monocyte chemoattractant protein-1), TNF-R1 (tumor 

necrosis factor eceptor-1), sST2 (soluble suppression of tumorigenecity 2), MMP-9, P-

selectine et VCAM-1 (vascular cell adhesion molecule 1). Un scanner était réalisé à 24h afin 

de documenter une éventuelle complication hémorragique et une IRM de suivi à 6 jours 

comprenant une séquence FLAIR était effectuée afin de quantifier le volume final de la lésion 

ischémique. Les patients inclus avaient un suivi neurologique pour une évaluation clinique à 3 

et 12 mois afin d’établir le score de mRS. Le consentement de l’ensemble des patients ou de 

leurs proches était recueilli pendant l’hospitalisation 
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Figure 3 : Parcours de recherche des patients inclus dans la cohorte HIBISCUS-STROKE. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Cette figure illustre le parcours de recherche des patients ayant participé à la cohorte 

HIBISCUS-STROKE. 
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RESULTATS 

 

La partie résultats est présentée selon les articles originaux ayant répondu aux trois objectifs 

de la thèse. 

 

1. Apport de l’IRM multimodale dans la sélection des patients éligibles à un traitement 

de reperfusion : 

 

1.1 Article n°1 publié dans Revue Neurologique : 

Bani-Sadr A, Aguilera M, Cappucci M, Hermier M, Ameli R, Filip A, Riva R, Tuttle C, Cho TH, 

Mechtouff L, Nighoghossian N, Eker O, Berthezene Y. Comparison of magnetic resonance 

angiography techniques to brain digital subtraction arteriography in the setting of mechanical 

thrombectomy: A non-inferiority study. Rev Neurol (Paris), 2022;178(6):539-545 

 

1.2 Article n°2 publié dans Journal of Neurointerventional Surgery : 

Bani-Sadr A, Cho TH, Cappucci M, Hermier M, Ameli R, Filip A, Riva R, Derex L, De 

Bourguignon C, Mechtouff L, Eker OF, Nighoghossian N, Berthezene Y. Assessment of three 

MR perfusion software packages in predicting final infarct volume after mechanical 

thrombectomy. J Neurointerv Surg, 2023;15(4):393-398 

 

1.3 Article n°3 publié Magnetic Resonance Materials in Physics, Biology and Medicine : 

Bani-Sadr A, Trintignac M, Mechtouff L, Hermier M, Cappucci M, Ameli R, de Bourguignon C, 

Derex L, Cho TH, Nighoghossian N, Eker O, Berthezene Y. Is the optimal Tmax threshold 

identifying perfusion deficit volumes variable across MR perfusion software packages? A pilot 

study. MAGMA, 2023 (In Press). 
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2. Apport pronostic de l’IRM après recanalisation efficace 

 

2.1 Article n°4 publié dans European Radiology : 

Bani-Sadr A, Pavie D, Mechtouff L, Cappucci M, Hermier M, Ameli R, Derex L, De Bourguignon 

C, Cho TH, Eker O, Nighoghossian N, Berthezene Y. Brush sign and collateral supply as 

potential markers of large infarct growth after successful thrombectomy. Eur Radiol, 

2023;33(6):4502-4509 

 

Cet article a fait l’objet d’un éditorial :  

Guenette JP. Brush strokes on MRI. Eur Radiol, 2023;33(6) :4500-4501 

 

2.2 Article n°5 publié dans Diagnostic and Interventional Imaging : 

Bani-Sadr A, Escande R, Mechtouff L, Pavie D, Hermier M, Derex L, Eker O, Cho TH, 

Nighoghossian N, Berthezene Y. Vascular hyperintensities on baseline FLAIR images are 

associated with functional outcome in stroke patients with successful recanalization after 

mechanical thrombectomy. Diag Interv Imaging, 2023;104(7-8):337-342 

 

3. Facteurs associés à une augmentation de perméabilité de la BHE sur l’IRM 

d’admission. 

 

3.1 Article n°6 publié dans Neurology : 

Bani-Sadr A; Mechtouff L, De Bourguignon L, Mauffrey A, Boutelier T, Cho TH, Cappucci M, 

Ameli R, Hermier M, Derex L, Nighoghossian N, Berthezene Y. Brain-Blood Barrier 

Permeability and Kinetic of Inflammatory Markers in Acute Ischemic Stroke Patients Treated 

by Thrombectomy. Neurology, 2023 (In Press) 
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Étude n°1 : Comparaison des techniques d'angio-IRM et de 

l'artériographie cérébrale dans le cadre de la 

thrombectomie mécanique : une étude de non-infériorité 
 

Contexte et état de la question. 

En cas d’AVC ischémique aigu, l’identification et la localisation précise de l’occlusion 

artérielle est cruciale puisqu’une occlusion proximale peut justifier d’une thrombectomie 

mécanique [51]. Deux techniques d’angio-IRM (l’ARM-TOF et l’ARM-CE) sont habituellement 

utilisées et ont chacune des avantages et des inconvénients. Dans les études antérieures 

ayant évalué ces techniques, l’artériographie cérébrale était considérée comme la technique 

de référence [89,90]. Plus récemment, il a été rapporté que le thrombus changeait 

régulièrement de localisation entre l'imagerie initiale de l’artériographie cérébrale avec un taux 

moyen rapporté de 20 % [91-93].  Dans ce contexte, ce premier travail visait à réaliser une 

étude de non-infériorité comparant l'ARM-CE et l'ARM-TOF à l’artériographie cérébrale dans 

la localisation de l’occlusion artérielle et d’étudier les facteurs de divergence entre les 

techniques d’angio-IRM et l’artériographie cérébrale. 

 

Principaux résultats. 

Nous avons observé que l’ARM-CE et l’ARM-TOF étaient toutes deux inférieures à 

l’artériographie cérébrale dans la localisation des occlusions artérielles intracrâniennes malgré 

la prise en compte du caractère migratoire du thrombus. Par rapport à l’ARM-TOF, l’ARM-CE 

était plus précise pour les occlusions en tandem et les occlusions proximales du segment M1 

de l’artère cérébrale moyenne.  Les facteurs de discordance entre l’angio-IRM et 

l’artériographie cérébrale étaient identiques pour les deux techniques et incluaient les 

occlusions en tandem, les occlusions de l'artère carotide interne proximale et le délai entre 

l'IRM et la thrombectomie mécanique. 

 

 

 

 

 

 

 

 



Original article

Comparison of magnetic resonance angiography
techniques to brain digital subtraction
arteriography in the setting of mechanical
thrombectomy: A non-inferiority study

A. Bani-Sadr a,b,*,1, M. Aguilera a,1, M. Cappucci a, M. Hermier a, R. Ameli a,
A. Filip a, R. Riva a, C. Tuttle a, T.-H. Cho c,d, L. Mechtouff c,d,
N. Nighoghossian c,d, O. Eker a,b, Y. Berthezene a,b

aDepartment of Neuroradiology, East Group Hospital, Hospices Civils de Lyon, 59, boulevard Pinel, 69500 Bron,

France
bCREATIS Laboratory, CNRS UMR 5220, INSERM U1294, Claude-Bernard Lyon I University, 7, avenue Jean-Capelle O,

69100 Villeurbanne, France
cStroke Department, East Group Hospital, Hospices Civils de Lyon, 59, boulevard Pinel, 69500 Bron, France
dCarMeN Laboratory, INSERM U1060, Claude-Bernard Lyon I University, 59, boulevard Pinel, 69500 Bron, France

r e v u e n e u r o l o g i q u e 1 7 8 ( 2 0 2 2 ) 5 3 9 – 5 4 5

i n f o a r t i c l e

Article history:

Received 29 August 2021

Received in revised form

1st December 2021

Accepted 6 December 2021

Available online 9 February 2022

Keywords:

Stroke

Thrombectomy

Magnetic resonance angiography

a b s t r a c t

Introduction. – We performed a non-inferiority study comparing magnetic resonance

angiography (MRA) techniques including contrast-enhanced (CE) and time-of-flight (TOF)

with brain digital subtraction arteriography (DSA) in localizing occlusion sites in acute

ischemic stroke (AIS) with a prespecified inferiority margin taking into account thrombus

migration.

Materials and methods. – HIBISCUS-STROKE (CoHort of Patients to Identify Biological and

Imaging markerS of CardiovascUlar Outcomes in Stroke) includes large-vessel-occlusion

(LVO) AIS treated with mechanical thrombectomy (MT) following brain magnetic resonance

imaging (MRI) including both CE-MRA and TOF-MRA. Locations of arterial occlusions were

assessed independently for both MRA techniques and compared to brain DSA findings.

Number of patients needed was 48 patients to exclude a difference of more than 20%.

Discrepancy factors were assessed using univariate general linear models analysis.

Results. – The study included 151 patients with a mean age of 67.6 � 15.9 years. In all

included patients, TOF-MRA and CE-MRA detected arterial occlusions, which were con-

firmed by brain DSA. For CE-MRA, 38 (25.17%) patients had discordant findings compared

with brain DSA and 50 patients (33.11%) with TOF-MRA. The discordance factors were

identical for both MRA techniques namely, tandem occlusions (OR = 1.29, P = 0.004 for CE-

MRA and OR = 1.61, P < 0.001 for TOF-MRA), proximal internal carotid artery occlusions
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1. Introduction

Identification and precise localization of arterial occlusions

are paramount in patients with acute ischemic stroke (AIS)

who may require mechanical thrombectomy (MT) in case of

large-vessel-occlusion (LVO) [1,2].

In clinical practice, most centers favor computed tomo-

graphy (CT) scans with almost systematic cervical and

intracranial vessel exploration. However, some centers prefer

magnetic resonance imaging (MRI) for which the magnetic

resonance angiography (MRA) protocol is variable. A recent

multi-centric study comparing the effect on workflow and

functional outcome of CT and MRI reported that only 28% of

patients had had a contrast-enhanced MRA (CE-MRA) of the

supra-aortic vessels and that all patients included underwent

time-of-flight MRA (TOF-MRA) of the intracranial arteries [3].

Both MRA techniques have advantages and drawbacks. TOF-

MRA is reported to have high sensitivity (85–100%) and

specificity (91–100%) in identifying arterial occlusion and does

not require the use of a contrast media [4,5]. However, TOF-

MRA has a small field-of-view, longer acquisition duration and

may overestimate the degree of stenosis [6,7]. Conversely, CE-

MRA has shorter acquisition time, a larger field-of-view

allowing complete evaluation of cervical arteries, and is less

sensitive to blood flow artifacts [8].

Previous studies that compared the performance of CE-

MRA and TOF-MRA in locating arterial occlusions in LVO-AIS

patients considered brain digital subtraction arteriography

(DSA) as the reference [9,10]. However, recent studies have

reported that thrombus regularly changes location between

initial imaging and MT with an average reported rate of 20%

[11–13]. This raises the question of the comparability of MRA

techniques and brain DSA because the migratory nature of the

thrombus was not addressed in previous studies [9,10].

In this setting, we aimed to perform a non-inferiority study

comparing CE-MRA and TOF-MRA to brain DSA for locating

arterial occlusions in LVO-AIS patients and to investigate

factors of discrepancies between MRA techniques and brain

DSA.

2. Material and methods

2.1. Patient population

We performed a retrospective cohort study including patients

from the HIBISCUS-STROKE cohort (CoHort of Patients to

Identify Biological and Imaging markerS of CardiovascUlar

Outcomes in Stroke; NCT03149705).

This cohort is an ongoing observational cohort conducted

since October 2016 that includes patients referred to our stroke

center for LVO-AIS of the anterior circulation and candidates

for MT [9]. Patients were included in this study if they

underwent an initial MRI with TOF-MRA and CE-MRA followed

by a brain DSA performed during MT. We excluded patients

with posterior circulation AIS and those for whom one of the

angiographic modalities was not available.

Baseline data on demographics characteristics were col-

lected at hospital admission. In line with international

guidelines, patients were additionally treated with intrave-

nous thrombolysis immediately after brain MRI [14].

2.2. Brain MRI

Brain MRI was performed on a 3T scanner (Philips Achieva,

Philips Healthcare, Best, The Netherlands) and included

parenchymal brain imaging sequences (axial DWI, T2 FLAIR,

T2*), angiographic sequences (3D TOF-MRA and CE-MRA). The

total acquisition time was 15 minutes.

CE-MRA required the administration a bolus of gadoterate

meglumine (Dotarem; Guerbet, Aulnay-sous-Bois, France) at a

standard dose (0.1 mmol/kg) via a peripheral venous catheter

at 2 mL/s. The arrival of the bolus in the arterial circulation

required fast serial 2D images. The MRA acquisition para-

meters are presented in Supplemental material 1.

2.3. DSA imaging

Brain DSA was performed immediately prior to MT by

experienced neurointerventionalists using a biplanar system

(Siemens Axiom Artis). Angiographic images acquired at two

images per second with manual injection of iodinated contrast

media. These images were further considered as the reference

for extra- and intracranial artery analysis.

2.4. Image analysis

MRA images were reviewed, in random order, independently

by two neuroradiologists blinded from clinical data, other MR

sequences, and DSA. In case of discrepancy, a third neuro-

radiologist evaluated the images. Brain DSAs were also

evaluated by two operators blinded from clinical data and

MRIs, and a consensus was reached in case of discrepancy

between them. All readings assessed the presence of an

occlusion and its location according to the following classi-

fication: common carotid artery (CCA), internal carotid artery

(ICA) including proximal ICA and distal ICA, proximal middle

cerebral artery (MCA) including proximal M1 segment and

distal M1 segment, and proximal M2 segment of MCA. In case

of tandem occlusions, both levels were reported. Image quality

was assessed using a three-point subjective score: 0 = poor

quality resulting in impossible interpretation; 1 = moderate

(OR = 1.30, P = 0.002 for CE-MRA and OR = 1.47, P < 0.001 for TOF-MRA) and time from MRI to

MT (OR = 1.01, P = 0.01 for CE-MRA and OR = 1.01, P = 0.02 for TOF-MRA).

Conclusion. – Both MRA techniques are inferior to brain DSA in localizing arterial occlusions

in LVO-AIS patients despite addressing the migratory nature of the thrombus.

# 2022 Elsevier Masson SAS. All rights reserved.
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quality with rare artifacts; 2 = good image quality with no

artifacts.

2.5. Statistical analysis

Data were summarized as mean (� standard-deviation),

median (IQR) or counts (%) as appropriate. The accuracy,

sensitivity, specificity, and predictive values of each MRA

technique were calculated using brain DSA as reference and

compared using McNemar’s test. Inter-rater agreement for

TOF-MRA, CE-MRA and brain DSA were assessed using the

kappa coefficient [15].

This study was designated as a non-inferiority study to

assess TOF-MRA and CE-MRA in locating arterial occlusion in

AIS patients compared to brain DSA. The prespecified non-

inferiority margin for discrepancy rate was chosen at 20%

because this is the average reported rate of thrombus

migration [11–13]. Assuming 100% accuracy for brain DSA,

48 patients were needed to be 90% sure that a 95% one-sided

confidence interval would exclude a difference of > 20%.

Univariate analyses using general linear models were per-

formed to assess potential factors of discrepancies namely

time between MRI and MT, tandem occlusion, intravenous

thrombolysis and image quality. A two-sided P-value < 0.05

was considered as statistically significant. All statistical

analyses were performed with the R software, version 3.2.1

(R foundation for Statistical Computing, Vienna, Austria).

3. Results

3.1. Demographics and image characteristics of included
patients

During the study period, 151 patients (on a base of 174

patients) met the inclusion criteria. Twenty-three patients

were excluded because of incomplete MRI protocol (n = 5) or

poor image quality either for TOF-MRA (n = 2), CE-MRA (n = 2)

or brain DSA (n = 5). Nine patients with posterior site occlusion

were also excluded.

The population included 85 males (56.29%) and 66 females

(43.71%) with a mean age of 67.6 � 15.9 years (range: 27–94). All

patients underwent MT and 79 (52.31%) of them received

intravenous thrombolysis. The mean delay between brain MRI

and DSA was 67.22 � 58.53 min. The distribution of arterial

occlusion sites documented by brain DSA and both MRA

techniques is presented in Supplemental material 2 and image

quality is reported in Supplemental material 3.

3.2. Comparison of CE-MRA and brain DSA

In all included patients, CE-MRA detected at least one arterial

occlusion. The location of occlusion site was discordant with

brain DSA findings in 38 (25.17%) patients. Inter-rater

agreement was almost perfect CE-MRA (k = 0.92, 95% CI

[0.86–0.97], P � 0.01). As presented in Table 1, CE-MRA

exhibited excellent diagnostic performance except for mode-

rate specificity for the distal ICA and the proximal M1 segment

of the MCA. Fig. 1 presents an example of a pseudo-occlusion

of the proximal ICA, which illustrates the limitation of CE-MRA

in assessing proximal ICA patency.

In univariate analysis, discrepancies between CE-MRA and

brain DSA were associated with tandem occlusion (OR = 1.29,

P = 0.004), proximal ICA occlusion (OR = 1.30, P = 0.002) and

time from MRI to MT (OR = 1.01, P = 0.01) but not with

intravenous thrombolysis (P = 0.96), nor with image quality

(P = 0.69).

3.3. Comparison of TOF-MRA and brain DSA

TOF-MRA identified at least one arterial occlusion for each

included patient. Occlusion site was discordant in 50 subjects

(33.11%) compared with brain DSA. Inter-rater agreement was

also almost perfect (k = 0.98, 95% CI: 0.95–1.00, P < 0.001). As

presented in Table 2, TOF-MRA had low sensitivity for tandem

occlusions. Fig. 2 presents an example of tandem occlusions

misdiagnosed with TOF-MRA.

Discrepancies between TOF-MRA and brain DSA were

associated with tandem occlusion (OR = 1.61, P < 0.001), proxi-

mal ICA occlusion (OR = 1.47, P < 0.001) and time from MRI to

MT (OR = 1.01, P = 0.02) but not with intravenous thrombolysis

(P = 0.97), nor with image quality (P = 0.68). Supplemental

material 3 presents an example of thrombus migration.

3.4. Comparison of CE-MRA and TOF-MRA

Compared to TOF-MRA, CE-MRA was statistically more

accurate for proximal M1 occlusion (P = 0.002) and tandem

occlusions (P < 0.001). An example of a tandem carotid-sylvian

occlusion is shown in Fig. 2.

For all other locations, there was no statistically significant

difference between the two MRA techniques (all P > 0.68).

Table 1 – Diagnostic performances of CE-MRA.

Accuracy % [95% CI] Sensitivity % Specificity % PPV % NPV %

Tandem 90.73 [84.93–94.84] 95.00 74.19 93.44 79.31

Proximal ICA 94.04 [88.99–97.24] 93.22 96.97 99.10 80.00

Distal ICA 92.72 [87.34–96.31] 98.45 59.09 93.38 86.67

Proximal M1 86.09 [79.53–91.18] 87.36 84.38 83.08 83.08

Distal M1 86.75 [80.29–91.72] 90.68 72.73 92.24 68.57

Proximal M2 92.72 [87.34–96.31] 97.52 73.33 93.65 88.00

CE-MRA: contrast-enhanced magnetic resonance angiography; PPV: positive predictive value; NPV: negative predictive value; ICA: internal

carotid artery; M1: first segment of the middle cerebral artery; M2: second segment of the middle cerebral artery; 95% CI: 95% confidence

interval.
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4. Discussion

The aim of this retrospective cohort study was to determine

whether CE-MRA and TOF-MRA were non-inferior compared

to brain DSA in localizing the arterial occlusion site in patients

with LVO-AIS when addressing the migratory nature of the

thrombus.

Our results demonstrated that both MRA are inferior to

brain DSA and this might be explained by three main reasons.

First, thrombus location regularly changes between initial

imaging and DSA with an average reported rate of 20% [11–13].

Occlusion site discrepancies between MRA techniques and

brain DSA were associated with time from baseline MRI to

brain DSA but not with intravenous thrombolysis. These

findings are in disagreement with previous articles as several

Fig. 1 – An example of pseudo-occlusion of proximal ICA. In this patient, TOF-MRA (Fig. 1A) revealed a signal void (white

arrow) in the right proximal ICA suggesting an occlusion of the latter. CE-MRA (Fig. 1B) shows opacification defects of the

proximal ICA and the proximal M1 segment of the MCA (white arrows) that suggest a tandem occlusion. Brain DSA findings

(Fig. 1C) are discordant by showing an occlusion of the right carotid termination (black arrow) responsible for severe

slowing of blood flow and explaining the abnormalities of proximal ICA found both for TOF-MRA and CE-MRA. TOF-MRA:

time-of-flight magnetic resonance imaging; ICA: internal carotid artery; MCA: middle cerebral artery; CE-MRA: contrast-

enhanced magnetic resonance imaging; DSA: digital subtraction angiography.

Table 2 – Diagnostic performances of TOF-MRA.

Accuracy % [95% CI] Sensitivity % Specificity % PPV % NPV %

Tandem 78.81 [71.42–85.03] 3.23 98.33 33.33 79.73

Proximal ICA 94.04 [88.99–97.24] 94.07 93.94 98.23 81.58

Distal ICA 92.05 [86.53–95.83] 98.45 54.55 92.70 85.71

Proximal M1 76.82 [69.27–83.29] 89.66 59.38 75.00 80.85

Distal M1 84.77 [78.03–90.09] 90.68 63.64 89.92 65.62

Proximal M2 91.39 [85.73–95.34] 97.52 66.67 92.19 86.96

TOF-MRA: time-of-flight magnetic resonance angiography; PPV: positive predictive value; NPV: negative predictive value; ICA: internal carotid

artery; M1: first segment of the middle cerebral artery; M2: second segment of the middle cerebral artery; 95% CI: 95% confidence interval.
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authors reported that thrombus migration was associated

with intravenous thrombolysis [11–13]. A possible explanation

is a different definition of thrombus migration, with most

authors defining it as any downstream migration of the clot. In

our study, we only considered a different location according to

the pre-established grid as a discrepancy. As a result, we may

have misrecognized millimeter-scale migrations.

Second, both MRA techniques have impaired accuracies in

case of tandem occlusions, i.e. 20.53% in our study population.

As a blood-flow based technique, TOF-MRA does not allow

precise assessment of intracranial vasculature in cases of

occlusion and/or severe stenosis of the carotid bulb. Likewise,

contrast flow can also be impeded by an extracranial ICA

stenosis and/or obstruction of the proximal ICA that may also

preclude precise assessment of intracranial vasculature with

CE-MRA [8,16]. Third, an intracranial clot may lead to

extracranial ICA pseudo-occlusions in about 11–46% of cases

[17–19]. The underlying mechanism of pseudo-occlusion is a

stagnant contrast flow proximal to an intracranial occlusion

and has also been reported for CT angiography [20–22].

As a result, CE-MRA had excellent sensitivity but moderate

specificity for tandem occlusions. In our study, the false

positive rate of CE-MRA (20.69%) was lower than the reported

rate for CT angiography (30.4%) by Rocha et al. [21]. A possible

explanation is that CE-MRA acquisition is later than that of CT

angiography because of a longer acquisition time. In addition,

we found that CE-MRA was more accurate for tandem

occlusions and the M1 proximal segment of the MCA, which

is in agreement with previous studies [9,10]. The most likely

explanation is that the CE-MRA field-of-view extends from the

aortic arch to the distal intracranial arteries in contrast to TOF-

MRA that only assesses intracranial vasculature. Since TOF-

MRA is inferior to CE-MRA and time-consuming, our results

suggest that TOF-MRA in the MRA protocol is superfluous for

AIS suspicion.

Knowledge of the limitations of the MRA techniques is

essential. Most importantly, misdiagnosis of tandem occlu-

sions can lead to severe issues. It may directly impact the

management of AIS patients since recent studies suggest that

carotid stent placement with anti-platelet therapy may be the

most effective therapy for tandem occlusions [23,24]. In

addition, this might influence the indications for intravenous

thrombolysis as its efficacy is reported to be weak for tandem

occlusions [25].

This study has several limitations. First, this was a single-

center retrospective cohort study. In addition, we only studied

early CE-MRA. Recently, some authors compared early and

delayed CE-MRA for the assessment proximal ICA patency

[26]. They concluded that delayed CE-MRA may improve

accuracy and reliability [26]. In addition, none of the included

patients had severe arterial stenosis, which probably explains

the absence of false positives for TOF-MRA. In clinical practice,

it is difficult to distinguish severe intracranial stenosis from

arterial occlusion with TOF-MRA, unlike CE-MRA [6,7].

5. Conclusion

Both CE-MRA and TOF-MRA are inferior to brain DSA in

locating arterial occlusion in LVO-AIS patients despite

addressing the migratory nature of the thrombus because

both techniques have impaired accuracies for tandem

occlusions and for assessing proximal ICA patency.
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Étude n°2 : Comparaison des logiciels de perfusion IRM 

dans la prédiction du volume final de l’infarctus cérébral 

après thrombectomie mécanique. 
 

Contexte et état de la question. 

Certaines données indiquent que la quantification du noyau ischémique et de la 

pénombre ischémique a une valeur ajoutée en assurant une meilleure sélection des patients 

éligibles à un traitement de reperfusion, en particulier cas de présentation tardive [94-97]. Dans 

les essais cliniques multicentriques randomisés sur la thrombectomie mécanique, le logiciel 

RAPID® (IschemiaView, Menlo Park, Californie) a été utilisé pour analyser les séquences de 

perfusion en scanner et en IRM afin de sélectionner les indications de reperfusion 

[43,48,50,51,98]. Cependant, d'autres logiciels de perfusion sont utilisés en pratique clinique. 

Pour le scanner, il a été démontré que les volumes présumés du noyau ischémique et de la 

pénombre ischémique peuvent varier de manière significative entre les logiciels et que ces 

variations peuvent influencer la sélection des patients [99-101]. L’objectif principal de cette 

deuxième étude était d'évaluer les performances de 3 logiciels de perfusion IRM (RAPID® ; 

OleaSphere® et ; Philips ®) dans la prédiction du volume de la lésion ischémique finale chez 

les patients traités par thrombectomie mécanique. L’objectif secondaire était de déterminer si 

une correction des volumes calculés automatiquement par un expert pouvait améliorer la 

prédiction. 

 

Principaux résultats. 

Dans cette étude, nous avons observé que la quantification du noyau ischémique, à 

l’aide d’un seuil d’ADC ≤620 × 10-6 m2/s, était reproductible d'un logiciel à l'autre. Ce seuil 

prédisait correctement le volume final de la lésion ischémique en cas de recanalisation. A 

l’inverse, l’étendue du trouble de perfusion variait substantiellement d’un logiciel à l’autre. En 

cas d’échec de recanalisation, la précision de la prédiction du volume final était plus importante 

pour les logiciels RAPID® et OleaSphere®. En cas d’AVC de présentation tardive, l’application 

des critères volumétriques tels que ceux de DEFUSE 3 aurait conduit à une sélection différente 

selon le logiciel utilisé [50]. La correction des volumes automatiquement générés par un expert 

permettait d’améliorer la reproductibilité et la qualité de prédiction du volume final de la lésion 

ischémique. 
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ABSTRACT
Aims To evaluate the performance of three MR 
perfusion software packages (A: RAPID; B: OleaSphere; 
and C: Philips) in predicting final infarct volume (FIV).
Methods This cohort study included patients treated 
with mechanical thrombectomy following an admission 
MRI and undergoing a follow- up MRI. Admission MRIs 
were post- processed by three packages to quantify 
ischemic core and perfusion deficit volume (PDV). 
Automatic package outputs (uncorrected volumes) 
were collected and corrected by an expert. Successful 
revascularization was defined as a modified Thrombolysis 
in Cerebral Infarction (mTICI) score ≥2B. Uncorrected 
and corrected volumes were compared between each 
package and with FIV according to mTICI score.
Results Ninety- four patients were included, of whom 
67 (71.28%) had a mTICI score ≥2B. In patients with 
successful revascularization, ischemic core volumes did 
not differ significantly from FIV regardless of the package 
used for uncorrected and corrected volumes (p>0.15). 
Conversely, assessment of PDV showed significant 
differences for uncorrected volumes. In patients with 
unsuccessful revascularization, the uncorrected PDV of 
packages A (median absolute difference −40.9 mL) and 
B (median absolute difference −67.0 mL) overestimated 
FIV to a lesser degree than package C (median absolute 
difference −118.7 mL; p=0.03 and p=0.12, respectively). 
After correction, PDV did not differ significantly from FIV 
for all three packages (p≥0.99).
Conclusions Automated MRI perfusion software 
packages estimate FIV with high variability in 
measurement despite using the same dataset. This 
highlights the need for routine expert evaluation and 
correction of automated package output data for 
appropriate patient management.

INTRODUCTION
The efficacy of mechanical thrombectomy (MT) and 
intravenous thrombolysis has been demonstrated 
up to 24 hours and 9 hours after symptom onset, 
respectively, in selected patients with acute isch-
emic stroke (AIS).1–5 A growing body of evidence 
indicates that quantification of ischemic core and 
salvageable brain tissue using advanced neuroim-
aging may have a major added value by ensuring 
better patient selection, especially in late- presenting 
AIS.6–9

In landmark trials, RAPID software has been used 
for CT and MR perfusion analysis and for patient 
selection.1–5 However, other CT and MR perfu-
sion packages are used in other centers around the 
world.

Studies have shown that the presumed volumes 
of ischemic core and salvageable brain tissue can 
vary significantly between CT perfusion software 
packages, which may influence patient selection for 
reperfusion therapy.10–12 Indeed, post- processing of 
perfusion images is not standardized and suppliers 
of imaging software use different algorithms for 
data processing including de- noising, correction 
of motion artifacts, and calculation of perfusion 
maps.13 It is therefore important to use validated 
software packages to decide on reperfusion therapy 
based on reliable data. In this context, few compar-
ative data are available for MR perfusion soft-
ware packages. Although two recent studies have 
reported substantial differences in ischemic core 
volume and the extent of ischemic penumbra,14 15 
these studies did not include the final infarct volume 
(FIV).14 15 As a result, the accuracy of MR perfusion 
software packages in predicting FIV remains poorly 
explored.

We aimed to asses three MR perfusion packages 
(RAPID, OleaSphere, and Philips) used in clinical 
practice in predicting FIV in patients with AIS 
treated with MT and to determine whether correc-
tion of the outputs of the packages may improve 
FIV prediction.

METHODS
The local ethics committee approved the study and 
all subjects or their relatives signed an informed 
consent form (IRB number: 00009118).

Study design and patient cohort
The HIBISCUS- STROKE Cohort (CoHort of 
Patients to Identify Biological and Imaging markerS 
of CardiovascUlar Outcomes in Stroke; NCT: 
03149705) is an ongoing observational study 
including all patients admitted to our stroke center 
since October 2016 for AIS due to large vessel 
occlusion of the anterior circulation (ie, occlusions 
of the internal carotid artery, M1 or M2 proximal 
segments of the middle cerebral artery). These 
patients were treated by MT following admission 
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MRI and had a follow- up MRI at day 6 to assess FIV. In accor-
dance with international guidelines, eligible patients were addi-
tionally treated with intravenous thrombolysis.16 We collected 
baseline data on demographic characteristics and National 
Institutes of Health Stroke Scale (NIHSS) scores at admission. 
Successful revascularization was defined as achieving a modified 
Thrombolysis in Cerebral Infarction (mTICI) score ≥2B.

The inclusion criteria for this study cohort were (1) availability 
of perfusion- weighted imaging (PWI) on the admission MRI and 
(2) availability of follow- up MRI.

MR image acquisition
Brain MRI was performed with 1.5 Tesla or 3 Tesla Ingenia scan-
ners (Philips Healthcare, Best, The Netherlands). Initial brain MRI 
included parenchymal brain imaging (axial diffusion- weighted 
imaging (DWI), axial fluid- attenuation inversion recovery 
(FLAIR), T2*), angiographic sequences (three- dimensional (3D) 
Time- Of- Flight and contrast- enhanced MR angiography) and 
PWI (dynamic susceptibility contrast- enhanced MR perfusion). 
For PWI, a bolus of gadoterate meglumine (Dotarem; Guerbet, 
Aulnay- sous- Bois, France) was administered at a standard 
rate (0.1 mmol/kg body weight) at 4 mL/s via a power injector 
followed by 20 mL saline solution at the same dose. Follow- up 
MRI was performed on day 6 and comprised axial FLAIR. The 
acquisition parameters for these sequences are summarized in 
online supplemental table 1.

Quantification of baseline ischemic core and perfusion deficit 
volumes (PDV)
Admission MRIs were post- processed by three MR perfusion 
software packages:

Package A
RAPID (iSchemaView Inc, Menlo Park, USA) is a fully auto-
mated post- processing software package using a delay- insensitive 
deconvolution algorithm.17–19

Package B
Olea Sphere version 3.0.22 (Olea Medical, La Ciotat, France) 
is a fully automated post- processing software package used for 
quantitative stroke analysis. This package offers three deconvo-
lution models: standard singular value decomposition, circular 
singular value decomposition,20 oscillating index singular value 
decomposition.21 In this study we used circular singular value 
deconvolution, which is a delay- insensitive algorithm proposed 
by default.

Package C
T2* Perfusion MR Clinical application Package, IntelliSpace 
Portal 11 (Philips Healthcare, The Netherlands) is a semi- 
automated post- processing software package using a delay- 
insensitive algorithm.

All packages used the same criteria to define ischemic core 
(apparent diffusion coefficient (ADC) ≤620 × 10-6 m2/s) and 
PDV (Time- to- Maximum (Tmax) ≥6 s).

Package outputs were retrieved and corrected for all studies, 
blinded to FIV, for both ischemic core and PDV to obtain 
corrected volumes.

For package A, these corrections were performed by the 
company because the package does not allow the user to correct 
its outputs. The corrections consisted of reprocessing the images 
over a shorter time frame avoiding motion artifacts in combi-
nation with manual correction of segmentation errors. For 

packages B and C, the corrections were performed by a single 
investigator (ABS) and consisted of a manual correction of 
segmentation errors. Examples of corrections applied on ADC 
and Tmax maps are shown in online supplemental figure 1).

FIV assessment
FIV was segmented using day 6 FLAIR images with a semi- 
automated 3D Slicer (https://www.slicer.org/) after co- registra-
tion of day 6 FLAIR images and initial DWI images.

According to the mismatch model, we hypothesized that 
ischemic core expansion would be minimal in patients with 
successful revascularization resulting in close volumes for FIV 
and ischemic core volume. Conversely, in patients with unsuc-
cessful revascularization, we hypothesized that the ischemic core 
would expand throughout the ischemic penumbra resulting in 
close volumes for FIV and PDV.

Evaluation of the clinical impact of volumetric differences 
between packages
To assess the clinical impact of volumetric differences, we 
assumed that the study population included patients admitted 
between 6 and 16 hours after last known normal. We counted 
the number of patients who would have been eligible for MT by 
applying DEFUSE 3 trial criteria using corrected volumes.4

Statistical analysis
The normal or non- normal distributions of each dataset were 
verified using the Shapiro–Wilk test and appropriate parametric 
or non- parametric tests were subsequently used. Continuous 
variables were expressed as medians and interquartile ranges 
(IQR) because none of them assumed a normal distribution and 
categorical data were summarized as counts and proportions. 
Volumes were compared using the non- parametric Wilcoxon test 
for paired differences with Bonferroni correction for multiple 
tests and correlations were measured using Pearson’s correla-
tion coefficient (r). A two- sided p value <0.05 was considered 
statistically significant and all statistical analyses were performed 
with R software version 3.2.1 (R Foundation for Statistical 
Computing, Vienna, Austria).

RESULTS
Study population characteristics, clinical and procedural 
outcomes
Among the 223 patients included in the cohort, 129 were 
excluded because PWI (n=69) and day 6 FLAIR (n=60) were 
not performed. The remaining 94 patients constituted the study 
population, of whom 67 (71.3%) had successful revasculariza-
tion. The clinical, radiological, and outcome characteristics of 
the study population are shown in table 1.

For the ischemic core, package C provided a significantly 
smaller volume than package A (p=0.03) and there were no 
significant differences after correction (all p≥0.24). For PDV, 
packages A and B provided significantly smaller volumes than 
package A (p=0.002 and p=0.03, respectively), and there 
were no significant differences after correction (all p≥0.98). 
The correction time required was 173.00 s for package B (IQR 
150.75; 205.00) and 152.00 s (IQR 116.75; 199.75, p=0.06) 
for package C.

Comparison of FIV and ischemic core volumes in patients 
with successful revascularization
In patients achieving successful revascularization, ischemic 
core volumes did not differ significantly from FIV for all 
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packages either for uncorrected or corrected volumes (all 
p≥0.28, figure 1). The correlations of uncorrected volumes and 
FIV were moderate for packages A and B (r=0.65 and r=0.62, 
respectively) and weak for package C (r=0.45). Bland–Altman 
analyses (figure 2) showed that ischemic core provided by pack-
ages B and C underestimated FIV both for uncorrected volumes 
(mean difference −13.5 mL (limits of agreement −94.1; 67.1) 
and −16.9 mL (limits of agreement (−107.8; 74.0), respec-
tively) and corrected volumes (mean difference −18.7 mL (limits 
of agreement −99.2; 61.7) and −16.8 mL (limits of agreement 
−107.5; 73.8), respectively) compared with package A (mean 
difference −0.9 mL (limits of agreement −78.9; 77.0) for 

uncorrected volumes and mean difference −2.1 mL (limits of 
agreement −78.3; 74.1) for corrected volumes).

Comparison of FIV and PDV in patients with unsuccessful 
revascularization
In patients with unsuccessful revascularization, PDV overesti-
mated FIV regardless of the package used for both uncorrected 
and corrected volumes (all p<0.05). Bland–Altman analyses 
(figure 3) indicated that the uncorrected PDV provided by 
packages A and B overestimated FIV to a lesser extent (mean 
difference 60.6 mL (limits of agreement −129.7; 251.0) and 
mean difference 77.2 mL (limits of agreement −111.6; 266.1), 

Table 1 Clinical, radiological, and outcome characteristics of the study population

Whole population (n=94) Successful reperfusion (n=67) Unsuccessful reperfusion (n=27)

Clinical characteristics

  Age (years), median (IQR) 71.0 (54.8; 81.8) 70.0 (57.0; 82.5) 72.0 (51.0; 80.5)

  Male, n (%) 54 (57.4) 39 (58.2) 15 (55.6)

  Baseline NIHSS, median (IQR) 14.0 (8.0; 18.0) 15.0 (9.5; 17.0) 13.0 (6.5; 19.0)

  Time from symtpom onset to MRI (min), median (IQR) 120.0 (87.5; 257.0) 109.0 (80.0; 251.5) 167.0 (99.5; 357.5)

  Right side, n (%) 49 (52.1) 36 (53.7) 13 (48.1)

  Occlusion site

  Internal carotid artery, n (%) 20 (21.3) 14 (20.9) 6 (22.2)

  M1 segment of MCA, n (%) 55 (58.5) 43 (64.1) 12 (44.5)

  M2 segment of MCA, n (%) 19 (20.2) 10 (14.9) 9 (33.3)

Procedural characteristics

  Time from MRI to groin puncture (min), median (IQR) 105.0 (78.0; 124.0) 102.5 (74.0; 123.8) 110.0 (78.8; 129.8)

  Recanalisation degree, n (%)

  mTICI 0 10 (10.6) – 10 (37.0)

  mTICI 1 2 (2.1) – 2 (7.4)

  mTICI 2A 15 (16.0) – 15 (55.6)

  mTICI 2B 27 (28.7) 27 (40.3) –

  mTICI 2C 16 (17.0) 16 (23.9) –

  mTICI 3 24 (25.6) 24 (35.8) –

Perfusion software package characteristics

  Uncorrected ischemic core (mL), median (IQR)

  Package A 31.0 (8.3; 60.5) 28.0 (8.5; 60.0) 44.0 (6.0; 65.0)

  Package B 20.1 (9.4; 40.2) 19.2 (10.7; 36.2) 24.0 (6.1; 41.8)

  Package C 12.6 (3.3; 31.2) 13.5 (4.8; 29.7) 10.2 (1.0; 31.2)

  Corrected ischemic core (mL), median (IQR)

  Package A 24 (1.8; 57.0) 28.0 (8.5; 54.5) 22.0 (0.0; 56.0)

  Package B 12.6 (3.5; 29.0) 13.2 (5.4; 29.0) 9.6 (2.2; 28.6)

  Package C 13.1 (3.3; 32.2) 14.0 (4.5; 31.8) 10.3 (1.4; 32.3)

  Uncorrected perfusion deficit volume (mL), median (IQR)

  Package A 102.0 (56.3; 158.0) 100.0 (72.5; 149.5) 105.0 (41.0; 180.5)

  Package B 127.2 (83.1; 183.3) 132.3 (90.8; 182.4) 116.4 (70.7; 194.3)

  Package C 174.8 (112.7; 279.3) 172.3 (107.7; 273.4) 183.0 (128.3; 305.1)

  Corrected perfusion deficit volume (mL), median (IQR)

  Package A 102.0 (56.3; 158.0) 100.0 (72.5; 149.5) 105.0 (36.5; 180.5)

  Package B 110.4 (66.6; 159.1) 121.4 (75.9; 158.4) 101.4 (49.1; 177.1)

  Package C 104.1 (60.4; 150.7) 110 (64.2; 145.7) 87.3 (41.4; 154.9)

Final infarct volume (mL), median (IQR) 25.1 (7.8; 60.2) 20.3 (8.0; 56.9) 34.7 (6.9; 83.7)

MCA, middle cerebral artery; mTICI, modified Thrombolysis in Cerebral Infarction score; NIHSS, National Institute of Health Stroke Scale.
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respectively) compared with package C (mean difference 
182.0 mL (limits of agreement −196.8; 561.0)). The absolute 
differences (FIV – PDV) were significantly larger with package 
C compared with package A (p=0.03, figure 1). The correla-
tions of uncorrected volumes and FIV were moderate for pack-
ages A and B (r=0.43 and 0.34, respectively), and negligible for 
package C (r=0.18). After correction, the overestimation of FIV 
was less with mean differences of 58.9 mL (limits of agreement 
−132.8; 251.0), 57.4 mL (limits of agreement −114.3; 229.2), 
and 40.5 mL (limits of agreement −95.0; 176.1) for packages 
A, B, and C, respectively. The absolute differences (FIV – PDV) 
were not significantly different between the three packages (all 
p≥0.99, figure 1).

Estimation of patients eligible for MT beyond 6 hours after 
last known normal
Assuming that the study population included patients admitted 
between 6 and 16 hours after last known normal, application of 
the DEFUSE 3 trial criteria would have led to MT in 51 patients 
(54.26%) with package A, 63 patients (67.02%) with package B, 
and 64 patients (65.96%) with package C when using corrected 
volumes. The number of patients eligible for MT and the detailed 
criteria when applying the thresholds of the DEFUSE 3 trial are 
shown in online supplemental table 2.

DISCUSSION
We aimed to assess the accuracy of three MR perfusion soft-
ware packages in predicting FIV in patients with AIS treated by 
MT. Our primary findings are fourfold: (1) quantification of 
the ischemic core is reproducible among packages and correctly 
predicts FIV in patients with successful revascularization; (2) 

quantification of PDV differs significantly among packages, 
with packages A and B being more accurate in predicting FIV 
in patients with unsuccessful revascularization; (3) corrections 
to PDV outputs of packages may improve FIV prediction; and 
(4) volumetric differences of both ischemic core and PDV may 
lead to different treatment depending on the package used when 
applying strict volumetric criteria.

Regarding the volume of the ischemic core, package C 
provided significantly smaller uncorrected volumes compared 
with package A. After correction, no significant difference was 
found. Because these packages defined the ischemic core iden-
tically using the same threshold (ADC ≤620 × 10-6 m2/s), our 
findings suggest that segmentation of DWI lesions is comparable. 
Based on the mismatch model, we hypothesized that ischemic 
core expansion would be minimal in patients with successful 
revascularization. Subgroup analysis of these patients indicated 
minor differences between FIV and uncorrected ischemic core 
volumes provided by the three packages. Some authors have 
argued that this method is limited because it does not distin-
guish pan- necrosis from incomplete necrosis within a voxel and 
does not account for the reversibility of DWI abnormalities.22–24 
Nevertheless, our results support that this is a clinically rele-
vant method to quantify the ischemic core in current clinical 
practice.25

Uncorrected PDV, as used in clinical practice, differed signifi-
cantly from one package to another whereas corrected PDV 
did not differ significantly. In patients with unsuccessful revas-
cularization, PDV provided by package C overestimated FIV 
to a greater extent than packages A and B. The most likely 
explanation is a difference in the post- processing of PWI 
images including in motion artifact correction, perfusion map 

Figure 1 Boxplots of absolute difference (FIV – ischemic core volume or PDV). (A) Boxplots of absolute difference (FIV – ischemic core volume) in 
patients with successful revascularization. Before correction, medians of absolute differences (FIV – ischemic core volume) did not differ significantly 
between packages (all p>0.15); 0.32 mL (IQR −16.02; 7.57) for package A, 0.83 mL (IQR −3.47; 15.72) for package B, and 5.42 mL (IQR −0.67; 19.05) 
for package C. No significant difference was found after correction (all p>0.15). (B) Boxplots of absolute difference volumes (FIV – PDV) in patients 
with unsuccessful revascularization. Before correction, PDVs provided by package C (median of absolute difference −118.70 mL (IQR −228.83; 
−32.75)) overestimated FIV significantly compared with package A (median of absolute difference −40.93 mL (IQR −116.81; −7.81); p=0.03) and 
package B (median of absolute difference −67.51 mL (IQR −110.23; −20.49), p=0.12). After correction, the overestimation did not significantly differ 
between packages (all p=0.99). FIV, final infarct volume; PDV: perfusion deficit volume.
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computation, and segmentation algorithms. These results are 
consistent with those of Deutschmann et al who compared PDV 
provided by RAPID and OleaSphere.14 They reported a slightly 
larger ischemic core and smaller PDV for package A with a mean 
difference in presumed ischemic penumbra volume of almost 
30 mL.14 In the present study, we evaluated FIV using follow- up 
MRI on day 6 which allowed us to assess the accuracy of predic-
tions.26 27 After correction, overestimation was smaller and did 

not differ significantly among the three packages. This suggests 
that automatic segmentation of perfusion maps should be care-
fully checked and corrected, if necessary, before considering 
them in the reperfusion decision.

Accordingly, assuming that the study population included 
patients admitted between 6 and 16 hours after symptom onset 
and applying DEFUSE 3 trial criteria, the use of corrected 
volumes provided by package A would have led to more 

Figure 2 Bland–Altman plots comparing final infarct volume and ischemic core in patients with successful revascularization. The plots represent the 
absolute difference between the ischemic core and the final infarct volume (mL) as a function of the mean of two measurements before correction 
for packages A, B and C (A–C) and after correction for packages A, B and C (D–F). The blue line represents the mean difference and the green lines 
represent the limits of agreement (±2SD).

Figure 3 Bland–Altman plots comparing final infarct volume and perfusion deficit volumes in patients with successful revascularization. The 
plots represent the absolute difference between the perfusion deficit volume and the final infarct volume as a function of the mean of two before 
correction for packages A, B and C (A–C) and after correction for packages A, B and C (D–F). The blue line represents the mean difference and the 
green lines represent the limits of agreement (±2SD).
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restricted indications for MT (n=51/94) compared with pack-
ages B (n=63/94) and C (n=64/94). In our study population, the 
critical explanatory factor is the difference of patients with an 
estimated ischemic core >70 mL (difference of n=12 between 
packages A and B and n=11 between packages B and C). These 
results are consistent with those of Deutschmann et al who 
found RAPID to be more restrictive in MT indications when 
applying DEFUSE 3 criteria.14 In the context of ongoing studies 
intended to treat patients with larger core,28 29 the results of the 
packages should be assessed with caution in the MT decision- 
making process.

Several possible limitations should be considered in this study. 
In addition to the single- center nature of this cohort, the major 
limitation of this study is the small number of patients with 
unsuccessful revascularization (n=26). This might limit statis-
tical power, especially for the comparison of PDV provided 
by packages A and B. This also prevented us from performing 
other analyses that took into account critical factors such as 
the degree of revascularization (ie, TICI score 0 vs 1 and 2A) 
and the time elapsed from admission MRI to revascularization. 
Finally, corrections have been made by an expert for packages B 
and C. These additional corrections may have a limited value in 
clinical practice as this approach is time consuming, especially 
in non- expert centers. This argues for automatic correction as 
performed by RAPID in the setting of AIS.

CONCLUSIONS
Automated MR perfusion software packages estimate FIV with 
high variability in measurement despite using the same dataset. 
This highlights the need for routine expert evaluation and 
correction of automated package output data for appropriate 
patient management.
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Étude n°3 : Le seuil optimal de Tmax identifiant le volume 

du trouble de perfusion est-il variable selon les logiciels de 

perfusion IRM ? Une étude pilote. 
 

Contexte et état de la question. 

Dans l’étude n°2, nous avions constaté que le logiciel OleaSphere® fournissait des 

volumes d’hypoperfusion plus étendus que le logiciel RAPID®. Cette observation était 

concordante avec les résultats de Deutschmann et al [102]. Nous avons donc fait l’hypothèse 

que le seuil de Time-To-Maximum (Tmax) optimal dans la prédiction du volume final de la 

lésion ischémique était variable d’un logiciel à l’autre. Ce troisième travail visait à déterminer 

le seuil de Tmax optimal pour prédire le volume final de la lésion ischémique pour les logiciels 

RAPID® et OleaSphere® chez des patients en échec de thrombectomie mécanique (score 

mTICI=0). 

 

Principaux résultats. 

Nos résultats ont indiqué que les meilleures prédictions des volumes finaux étaient 

obtenues pour RAPID® avec un seuil de Tmax 6s et pour OleaSphere® avec un seuil de 

Tmax 10s.  Ces résultats impliquent que le seuil de Tmax ≥ 6s utilisé par défaut pour la 

plupart des logiciels de perfusion IRM pourrait ne pas être optimal pour tous les logiciels. 
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Abstract
Purpose Accurate quantification of ischemic core and ischemic penumbra is mandatory for late-presenting acute ischemic 
stroke. Substantial differences between MR perfusion software packages have been reported, suggesting that the optimal 
Time-to-Maximum (Tmax) threshold may be variable. We performed a pilot study to assess the optimal Tmax threshold of 
two MR perfusion software packages (A:  RAPID®; B:  OleaSphere®) by comparing perfusion deficit volumes to final infarct 
volumes as ground truth.
Methods The HIBISCUS-STROKE cohort includes acute ischemic stroke patients treated by mechanical thrombectomy 
after MRI triage. Mechanical thrombectomy failure was defined as a modified thrombolysis in cerebral infarction score of 0. 
Admission MR perfusion were post-processed using two packages with increasing Tmax thresholds (≥ 6 s, ≥ 8 s and ≥ 10 s) 
and compared to final infarct volume evaluated with day-6 MRI.
Results Eighteen patients were included. Lengthening the threshold from ≥ 6 s to ≥ 10 s led to significantly smaller perfu-
sion deficit volumes for both packages. For package A, Tmax ≥ 6 s and ≥ 8 s moderately overestimated final infarct volume 
(median absolute difference: – 9.5 mL, interquartile range (IQR) [– 17.5; 0.9] and 0.2 mL, IQR [– 8.1; 4.8], respectively). 
Bland–Altman analysis indicated that they were closer to final infarct volume and had narrower ranges of agreement compared 
with Tmax ≥ 10 s. For package B, Tmax ≥ 10 s was closer to final infarct volume (median absolute difference: – 10.1 mL, 
IQR: [– 17.7; – 2.9]) versus – 21.8 mL (IQR: [– 36.7; – 9.5]) for Tmax ≥ 6 s. Bland–Altman plots confirmed these findings 
(mean absolute difference: 2.2 mL versus 31.5 mL, respectively).
Conclusions The optimal Tmax threshold for defining the ischemic penumbra appeared to be most accurate at ≥ 6 s for 
package A and ≥ 10 s for package B. This implies that the widely recommended Tmax threshold ≥ 6 s may not be optimal 
for all available MRP software package. Future validation studies are required to define the optimal Tmax threshold to use 
for each package.

Keywords Stroke · Thrombectomy · Perfusion MR · Image processing

Introduction

Mechanical thrombectomy (MT) has dramatically improved 
the treatment of large-vessel-occlusion acute ischemic stroke 
(AIS) [1, 2]. It has been demonstrated to be effective up to 
24 h after symptoms onset in patients selected by perfu-
sion imaging [3, 4]. Therefore, accurate quantification of 
the ischemic core and salvageable brain tissue is mandatory.

In imaging, the concept of mismatch is a surrogate marker 
for quantifying the volume of salvageable brain tissue (i.e., 
the ischemic penumbra, a critically perfused tissue at risk 
of infarction if no reperfusion is established to maintain 
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viability [5]). It is the difference between the perfusion defi-
cit and the ischemic core. In clinical practice, multiple CT 
perfusion and MR perfusion (MRP) software packages are 
routinely used to quantify the ischemic penumbra. Compara-
tive studies of CT perfusion software packages have indi-
cated significant differences in ischemic core and perfusion 
deficit volumes (PDV) which may influence patient selec-
tion for reperfusion therapy [6, 7]. Recently, authors have 
compared two commonly used MRP software packages and 
reported a mean difference in presumed penumbra volume 
of almost 30 mL despite using the same parameter and the 
same threshold to delineate the ischemic core [8] (Apparent 
Diffusion Coefficient ≤ 620 ×  10–6  m2/s) and the perfusion 
deficit (Time-to-Maximum (Tmax) ≥ 6 s). These authors 
have indicated that the differences in penumbral volumes 
were mainly related to different PDV [8]. Therefore, we 
hypothesized that the optimal Tmax threshold delineating 
perfusion deficit volumes was variable across MRP software 
packages.

We performed a pilot study comparing the final infarct 
volume (FIV) to PDV obtained from two commonly used 
MRP software packages (A:  RAPID®; B:  OleaSphere®) with 
various Tmax threshold in AIS patients with failed reperfu-
sion after MT.

Materials and methods

Study population

HIBISCUS-STROKE Cohort (CoHort of Patients to Iden-
tify Biological and Imaging markerS of CardiovascUlar 
Outcomes in Stroke; NCT: 03149705) is an ongoing obser-
vational study since October, 2016 that included anterior 
circulation AIS patients due to large vessel occlusions (i.e., 
occlusions of internal carotid artery, and M1 or M2 proximal 
segments of middle cerebral artery) treated with MT after 
multimodal brain MRI. In accordance with international 
guidelines, eligible patients were additionally treated with 
intravenous thrombolysis [9]. They underwent a brain CT 
scan at day 1 to rule out any hemorrhagic transformation 
and a follow-up MRI at day 6 to assess FIV.

We defined failed reperfusion after MT as achieving a 
modified thrombolysis in cerebral infarction reperfusion 
(mTICI) score = 0.

Inclusion criteria in this retrospective study were: (1) 
available MRP, (2) available follow-up MRI, and 3) mTICI 
score = 0.

Neuroimaging

Brain MRIs were performed with 1.5-Tesla or 3-Tesla 
Ingenia scanners (Philips Healthcare, Best, The 

Netherlands). The admission brain MRI protocol included 
axial diffusion-weighted imaging (DWI), axial T2 fluid-
attenuated inversion recovery (T2-FLAIR), axial T2-gra-
dient echo, 3D time-of-flight MRA, dynamic-susceptibil-
ity-contrast MRI, and contrast-enhanced MRA. For MRP, 
a bolus of gadoterate meglumine (Dotarem; Guerbet, 
Aulnay-sous-Bois, France) was administered at a standard 
dose (0.1 mmol/kg weight body) at 4 mL/s via a power injec-
tor followed by 20 mL of saline solution at a same dose. 
Follow-up MRI was performed at day 6 and comprised axial 
T2-FLAIR. Supplemental Table 1 summarizes the acquisi-
tions parameters of these sequences.

Quantification of PDV

PDV were calculated automatically using the following 
MRP software packages.

Package A

RAPID® (iSchemaView Inc, Menlo Park, USA) is a fully 
automated post-processing software package using a delay-
insensitive deconvolution algorithm [10–12].

Package B

OleaSphere® version 3.0.22 (Olea Medical, La Ciotat, 
France) is a fully automated post-processing software pack-
age. This package offers three deconvolutions’ models: 
standard singular value decomposition, circular singular 
value decomposition [13], and oscillating index singular 
value decomposition [14]. In this study, we used the circu-
lar singular value deconvolution which is a delay-insensitive 
algorithm proposed by default.

Both packages recommend a threshold of Tmax ≥ 6 s to 
define ischemic penumbra.

Table 1  Baseline characteristics of study population

IQR Interquartile Range, ASPECTS-DWI Diffusion-Weighted Imag-
ing Alberta Stroke Program Early Computed Tomography Scores

Study Population (n) 18
Age (years), median [IQR] 70.6 [59.8–81.5]
Males, n (%) 7 (44.4)
Tobacco, n (%) 4 (22.2)
Hypertension, n (%) 10 (55.6)
Diabetes mellitus, n (%) 6 (42.9)
Dyslipidemia, n (%) 4 (22.2)
Intravenous thrombolysis, n (%) 13 (72.2)
Time from symptom onset to MRI (min), 

median [IQR]
106.5 [97.5–1726.5]

ASPECTS-DWI score, median [IQR] 8.0 [7.0–9.0]
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For PDV, we assessed three increasing Tmax thresholds 
(Tmax ≥ 6 s, ≥ 8 s, and ≥ 10 s), since a previous report indi-
cated that package B overestimated PDV compared to pack-
age A [8]. In addition, package A defaults PDV defaults 
PDV for Tmax thresholds of ≥ 4 s, ≥ 6 s, ≥ 8 s, and ≥ 10 s.

According to the perfusion–diffusion mismatch model, 
we assumed that the optimal Tmax threshold would provide 
PDV that would be close to FIV in non-reperfused patients 
(mTICI score = 0).

FIV assessment

FIV was segmented using day-6 T2-FLAIR images by a 
stroke neurologist (THC) with expertise in neurovascular 
imaging (> 15 years) using a semi-automated (3D Slicer: 
https:// www. slicer. org/) after co-registration of day-6 
T2-FLAIR images and baseline DWI images.

Statistical analysis

The normal or non-normal distributions of each dataset 
were verified using the Shapiro–Wilk test, and appropriate 
parametric or non-parametric tests were subsequently used. 
Continuous variables were expressed as means and standard 
deviations or medians and interquartile ranges (IQR) accord-
ing to the normality of their distribution, and categorical 
data were summarized as counts and proportions. Volumes 
were compared using non-parametric Wilcoxon test for 
paired differences. Descriptive statistics, Spearman’s cor-
relation coefficient, and linear regression analysis were used 
to compare FIV and hypoperfused tissue volume. Spear-
man’s correlation coefficients were compared for the three 
different Tmax threshold from t tests [25]. Bland–Altman 
analyses were performed to assess volumetric agreement 
between FIV and hypoperfusion tissue volume for each MR 
perfusion software package, and for each Tmax threshold. 
A two-sided p value < 0.05 was considered as statistically 
significant, and all statistical analyses were performed with 
R software, version 3.2.1 (R foundation for Statistical Com-
puting, Vienna, Austria).

Results

Study population

Since October 2016, 239 subjects were included in the 
HIBISCUS-STROKE cohort. Among them, 101 patients 
were excluded, because MRP and/or day-6 T2-FLAIR 
were not performed. Among the 138 remaining patients, 19 
patients (13.8%) had failed MT with an mTICI score of 0. 
One patient was excluded because of excessive motion arti-
facts leading to unexploitable MRP for both MRP software 

packages. The remaining 18 patients constituted the study 
population. Median age was 70.6 years (IQR: [59.8–81.5]) 
and seven (44.4%) were males. Median National Institute of 
Health Stroke score was 6.0 (IQR: [3.5–8.5]) and, mean FIV 
was 25.6 (± 47.6) mL. Table 1 summarizes baseline clinical 
and radiological characteristics of study population.

Effect of lengthening the Tmax threshold

Table 2 presents PDV and FIV obtained for each patient.
Lengthening the Tmax threshold from ≥ 6 to ≥ 8  s 

and ≥ 10 s led to smaller PDV with medians of 13.5 mL 
(IQR: [9.0; 35.3]), 5.5 mL (IQR: [0.0; 23.5]), and 3.5 mL 
(IQR: [0.0; 11.8]), respectively, for package A and of 
35.2 mL (IQR: [18.7; 67.5]), 24.2 mL (IQR: [12.1; 44.6]), 
and 20.2 mL (IQR: [10.6; 36.3]), respectively, for package 
B. Volumes obtained using Tmax ≥ 10 s were significantly 
smaller than those obtained with Tmax ≥ 6 s (p = 0.01 for 
package A and, p = 0.05 for package B). Figure 1 illustrates 
the impact of lengthening the Tmax threshold on PDV for 
both MRP software packages.

Figure 2 presents boxplots of absolute difference between 
FIV and PDV. For package A, Tmax ≥ 6 s moderately over-
estimated FIV (median absolute difference: – 9.5 mL, IQR: 
[– 17.5; 0.9]) compared with Tmax ≥ 8 s (median absolute 
difference: 0.2 mL, [– 8.1; 4.5]), but the difference was not 
statistically significant (p = 0.10). As presented in Fig. 3, 
Bland–Altman analysis indicated that Tmax thresholds ≥ 6 s 
and ≥ 8 s were closer to FIV (mean absolute differences 4.8 
and – 8.4 mL) compared to the Tmax threshold ≥ 10 s (mean 
absolute difference – 17.4 mL). The ranges of agreement 
were also narrower for thresholds ≥ 6 s and ≥ 8 s.

For package B, PDV overestimated FIV regardless of the 
Tmax threshold used. The threshold of Tmax ≥ 10 s provided 
volumes closer to FIV with a median absolute difference of 
– 10.1 mL (IQR: [– 17.7; – 2.9]) versus – 21.8 mL (IQR: 
[– 36.7; – 9.5]) with Tmax ≥ 6 s. Bland–Altman plots indi-
cated the threshold of Tmax ≥ 10 s was closer to FIV com-
pared to Tmax ≥ 6 s (mean absolute difference: 2.2 mL ver-
sus 31.5 mL). The ranges of agreements were also narrower. 
As presented in Table 3, correlation coefficients tended to 
be higher for Tmax ≥ 10 s, but this was not statistically sig-
nificant (all p > 0.34).

Discussion

Our results indicate that Tmax threshold ≥ 6 s is optimal for 
package A, while a Tmax threshold ≥ 10 s is more appropri-
ate for package B to forecast FIV in patients with failed MT. 
These findings suggest that optimal Tmax threshold varies 
depending on the MRP software package used. This may 

https://www.slicer.org/
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result from non-standardization of perfusion images post-
processing [15].

In agreement with a previous study, we found that PDV 
obtained using  RAPID® were smaller compared to Olea 

 Sphere® despite using the same Tmax threshold [8, 16]. 
Similarly, a recent study compared  RAPID® to another com-
mercially available MRP software package  (Carestream®) 
and reported similar results with smaller PDV with  RAPID® 

Fig. 1  Effect of Tmax threshold lengthening on perfusion deficit vol-
ume. This figure illustrates the difference of perfusion deficits vol-
umes depending on the MR perfusion package used. For package A, 
volumes using Tmax thresholds ≥ 6 s and ≥ 8 s were closer to the final 

infarct volume. Conversely, for package B, the best prediction of final 
infarct volume was found using a Tmax threshold ≥ 10 s. Tmax Time-
to-Maximum, T2-FLAIR T2-Fluid-Attenuated Inversion Recovery

Fig. 2  Boxplots of absolute difference between final infarct volume 
and perfusion deficit volume according to the Tmax threshold. Box-
plots of absolute difference between final infarct volume (FIV) and 
perfusion deficit volume according to the Time-to-Maximum thresh-
old used for packages A and B. Thick horizontal lines represent 

median of differences and boxes represent the 25th–75th percentiles. 
Error bars indicate the range of absolute difference between FIV and 
presumed penumbra volumes. Horizontal line indicates 0. A Package 
A; B Package B, Tmax Time-to-Maximum
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[17]. These studies pointed noticed that these volumetric dif-
ferences might have dramatic clinical impact, because they 
may result in different patient selection for MT depending 
on the MRP software package used [8, 17].

The idea that these two tissues coexist (i.e., the ischemic 
core and the penumbra) in AIS pathogenesis emerged in 
the late 70 s when microelectrode studies of the baboon 
cortex indicated a level of cerebral blood flow that led to 
cell death when progressive CBF reduction was applied 
[5, 18]. Since, plethora of techniques have been assessed 
to map the ischemic penumbra, such as 15O positron emis-
sion tomography (PET), single photon-emission computed 
tomography, Xenon CT scan, perfusion MR, and CT perfu-
sion [19, 20]. Historically, PET with 15O tracers was the 
first imaging method to assess pathophysiological changes 
in early AIS [21], and is still the gold-standard for detecting 
and quantifying penumbra using a widely established CBF 
threshold < 20 mL/100 g/min [22]. To address the logisti-
cal limitations of PET in clinical practice, the MRI-based 
mismatch concept was developed. While the delineation of 
the ischemic core using DWI with an Apparent Diffusion 

Coefficient threshold ≤ 620 ×  10–6  m2/s is regarded as robust 
[23], the delineation of the PDV is the “Achilles’ heel” of 
this concept [24]. Indeed, the quantification of PDV with 
MRI differs fundamentally from PET-based CBF measure-
ment as it requires an arterial input function that is only an 
approximation of the true plasma concentration of the con-
trast agent [24]. As a result, the choice of the best MRP map 
(i.e., CBF, Time-to-Peak, Mean-Transit-Time, and Tmax) 
and the best threshold to use have been the object of endless 
discussions that have not resulted in any consensus [24]. 
Among these different MRP maps, the Tmax map was used 
in early multicentric trials’ stroke studies evaluating intrave-
nous thrombolysis to delineate PDV using a threshold ≥ 6 s 
[25, 26]. Using MRI to assess FIV, both an early study and 
a post hoc analysis of DEFUSE trial have both indicated 
a Tmax threshold between 4 and 6 s was optimal for early 
identification of penumbra [27, 28]. Direct PET/MRI com-
parative studies reported similar thresholds [29]. These stud-
ies used different methodologies to define non-reperfusion 
and study populations were small [27–30]. They mainly 
used RAPID® and other in-house MRP software packages 

Fig. 3  Bland–Altman plots analyses. Bland–Altman plots compar-
ing measured final infarct volume and expected final infarct volume 
according to the MR perfusion software package used and the Time-
to-Maximum threshold. The plots represent the absolute difference 
between the measured final infarct volume and the expected final 

infarct volume (mL) as a function of the mean of the two measure-
ments. The blue dotted horizontal line indicates the mean of the dif-
ferences and the green dashed lines represent 95% limits of agree-
ment. Tmax Time-to-Maximum

Table 3  Spearman’s correlation 
coefficient between final infarct 
volume and perfusion deficit 
volume

Tmax Time-to-Maximum

Package A Package B

Tmax ≥ 6 s Tmax ≥ 8 s Tmax ≥ 10 s Tmax ≥ 6 s Tmax ≥ 8 s Tmax ≥ 10 s

0.60 0.55 0.49 0.52 0.56 0.55
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to compute Tmax maps [27–30]. Since there is no standardi-
zation for MRP images post-processing [15], the results of 
these studies [27–30] may not be expandable to every MRP 
software packages. Therefore, the optimal Tmax threshold to 
define the ischemic penumbra may be variable depending on 
the MRP software package used. Although most manufactur-
ers recommend the use of a Tmax threshold ≥ 6 s, validation 
data are lacking in the literature.

The main strength of this study is the inclusion of patients 
with mTICI score of 0 included in a large observational 
cohort with prospectively acquired day-6 MRI. This allowed 
us to assess the difference between PDV and FIV reproduc-
ibly thereby fitting best to the mismatch model. In addition, 
this study is original, because the previous reports were lim-
ited to comparing PDV obtained with two MRP software 
packages without comparison with FIV [8, 17].

However, this study has several limitations. In addi-
tion to its single-center nature, the study population was 
small, because patients with no reperfusion after treatment 
(mTICI = 0) are very rare. In addition, we performed volu-
metric comparisons, while similarity comparisons using 
Dice similarity coefficient would have been more accurate. 
Nevertheless, this was not technically feasible, because 
package A does not allow for the export of volume of inter-
est. Finally, some of the included patients may have experi-
enced a delayed recanalization after mechanical thrombec-
tomy, since some had a much smaller final infarct volume 
than expected [31].

Conclusions

Our pilot study suggests that optimal Tmax threshold delin-
eating the ischemic penumbra varies according to the MRP 
software package used. Since these results may influence 
patient selection in clinical practice and trials, future studies 
are required to validate the optimal Tmax threshold to use 
for each MRP software package.
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Étude n°4 : Le brush sign et l'apport collatéral comme 

marqueurs potentiels de la croissance de la lésion 

ischémique après une thrombectomie réussie. 
 

Contexte et état de la question. 

Le volume final de l’infarctus cérébral est un déterminant majeur du devenir fonctionnel 

en cas d’infarctus cérébral [103,104]. Malgré une recanalisation réussie (score mTICI 2B-3), 

les lésions ischémiques continuent à se développer avec une croissance moyenne de 14.8mL 

[105]. L’identification de facteurs prédictifs de croissance malgré recanalisation est essentielle 

pour le développement de thérapies neuroprotectrices ciblant les lésions d'ischémie-

reperfusion [55,56]. Le statut des collatérales cérébrales est un facteur pronostic reconnu 

[16,106]. Cependant, les collatérales ne donnent pas d'indication sur la tolérance du tissu 

cérébral à l'ischémie. Le brush sign, à savoir la visualisation anormale des veines sous-

épendymaires et médullaires en IRM T2*, reflète une désoxygénation sévère [107,108].  Bien 

que sa valeur pronostique négative soit établie dans le cadre de la thrombolyse, l’impact du 

brush sign est mal connu dans le cadre de la thrombectomie mécanique, en particulier chez 

les patients bénéficiant d'une reperfusion efficace [107-112]. Ce quatrième travail visait à 

étudier les relations entre le brush sign et le statut des collatérales cérébrales sur la croissance 

de l'infarctus après une recanalisation réussie. 

Principaux résultats. 

Nos résultats indiquent que le brush sign est indépendamment associé à une 

croissance large (>11.6mL) des lésions ischémiques malgré une recanalisation réussie. A 

l’inverse, nous n’avons pas identifié d’association entre le statut des collatérales et une 

croissance large des lésions ischémiques. 
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Abstract
Objectives To investigate the relationships between brush sign and cerebral collateral status on infarct growth after suc-
cessful thrombectomy.
Methods HIBISCUS-STROKE cohort includes acute ischemic stroke patients treated with thrombectomy after MRI triage 
and undergoing a day-6 MRI including FLAIR images to quantify final infarct volume (FIV). Successful reperfusion was 
defined as a modified thrombolysis in cerebral infarction score  ≥ 2B. Infarct growth was calculated by subtracting FIV from 
baseline ischemic core after co-registration and considered large (LIG) when  >11.6 mL. Brush sign was assessed on T2*-
weighted-imaging and collaterals were assessed using the hypoperfusion intensity ratio, which is the volume of Time-To-Tmax 
(Tmax)  ≥ 10 s divided by the volume of Tmax  ≥ 6 s. Good collaterals were defined by a hypoperfusion intensity ratio  < 0.4.
Results One hundred and twenty-nine patients were included, of whom 45 (34.9%) had a brush sign and 63 (48.8%) good 
collaterals. Brush sign was associated with greater infarct growth (p = 0.01) and larger FIV (p = 0.02). Good collaterals 
were associated with a smaller baseline ischemic core (p < 0.001), larger penumbra (p = 0.04), and smaller FIV (p < 0.001). 
Collateral status was not significantly associated with brush sign (p = 0.20) or with infarct growth (p = 0.67). Twenty-eight 
(22.5%) patients experienced LIG. Univariate regressions indicated that brush sign (odds ratio (OR) = 4.8; 95% confidence 
interval (CI): [1.9;13.3]; p = 0.004) and hemorrhagic transformation (OR = 1.7; 95%CI: [1.2;2.6]; p = 0.04) were predictive 
of LIG. In multivariate regression, only the brush sign remained predictive of LIG (OR = 5.2; 95%CI: [1.8–16.6], p = 0.006).
Conclusions Brush sign is a predictor of LIG after successful thrombectomy and cerebral collateral status is not.
Key Points 
• Few predictors of ischemic growth are known in ischemic stroke patients achieving successful mechanical thrombectomy.
• Our results suggest that the brush sign—a surrogate marker of severe hypoperfusion—is independently associated with  
   large ischemic growth (> 11.6 mL) after successful thrombectomy whereas cerebral collateral status does not.
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Abbreviations
AIS  Acute ischemic stroke
DSC-MRI  Dynamic-susceptibility-contrast MRI
DWI  Diffusion-weighted imaging
FIV  Final infarct volume
FLAIR  Fluid-attenuated inversion recovery
GRE T2*WI  Gradient recalled echo-T2*-weighted 

imaging
HIR  Hypoperfusion intensity ratio
ICA  Internal carotid artery
IQR  Interquartile range
LIG  Large infarct growth
MCA  Middle cerebral artery
mTICI  Modified thrombolysis in cerebral 

infarction
NIHSS  National Institute of Health Stroke Scale
OR  Odds ratio
rCBV  Relative cerebral blood volume
Tmax  Time-to-maximum

Introduction

Final infarct volume (FIV) is a fundamental determinant of 
functional outcome in acute ischemic stroke (AIS) patients 
[1, 2]. In AIS patients with large vessel occlusion, mechani-
cal thrombectomy significantly improves functional out-
comes in selected patients by restoring cerebral blood flow 
to the ischemic penumbra, thereby limiting infarct growth. 
The time from symptoms onset to effective reperfusion and 
the degree of reperfusion are critical factors [3, 4]. However, 
it is increasingly recognized that ischemic lesions continue 
to grow despite the restoration of blood flow [5]. A recent 
meta-analysis of 10 studies reported a mean infarct growth 
of 14.8 mL after effective reperfusion [6]. Predicting infarct 
growth despite effective reperfusion is essential as it may 
provide valuable information for neuroprotective therapies 
targeting ischemia–reperfusion injury [7, 8].

Cerebral collateral status is a recognized prognostic factor 
in AIS that can be assessed using cerebral angiography, mul-
tiphasic CT angiography, and perfusion imaging [9, 10]. The 
hypoperfusion intensity ratio (HIR) is a robust indicator of 
cerebral collateral status derived from CT or MR perfusion 
imaging [11, 12]. It is correlated with patient eligibility for 
mechanical thrombectomy and predicts infarct growth dur-
ing transfer for mechanical thrombectomy center [12, 13]. 
However, cerebral collateral status does not provide insight 
into the tolerance of brain tissue to ischemia.

The brush sign refers to abnormal visualization of sub-
ependymal and medullary veins on gradient-weighted echo-
T2* imaging (GRE T2*WI) and susceptibility-weighted 
imaging (SWI). It is thought to reflect severe deoxygenation 
of ischemic tissue [14, 15]. Many studies have reported its 

negative prognostic value, but its impact in the setting of 
mechanical thrombectomy is poorly understood, specifically 
in patients with effective reperfusion [14–19].

This study aimed to investigate the relationships between 
brush sign and cerebral collateral status on infarct growth 
after effective reperfusion.

Methods

Data availability statement

Further anonymized data can be made available to qualified 
investigators on request to the corresponding author.

Ethic statement

The local ethics committee approved the study, and all sub-
jects or their relatives signed an informed consent form (IRB 
number: 00009118).

Study population

HIBISCUS-STROKE Cohort (CoHort of Patients to Identify 
Biological and Imaging markerS of CardiovascUlar Out-
comes in Stroke; NCT: 03,149,705) is an ongoing observa-
tional study since October 2016 that included all anterior 
circulation AIS patients with large vessel occlusion (i.e., 
occlusions of the internal carotid artery, M1 or M2 proxi-
mal segments of the middle cerebral artery) treated with 
mechanical thrombectomy after MRI triage. In accordance 
with international guidelines, eligible patients were addition-
ally treated with intravenous thrombolysis [20]. A board-
certified neurologist collected baseline clinical characteris-
tics including the National Institute of Health Stroke Scale 
(NIHSS) score and pre-stroke mRS.

The inclusion criteria of patients for this cohort study 
were as follows: (1) successful reperfusion defined as a 
modified thrombolysis in infarction score (mTICI) ≥ 2B, 
(2) follow-up MRI at day 6 available, and (3) baseline and 
follow-up MRI of adequate quality.

MR image acquisition

Brain MRIs were performed with 1.5-Tesla or 3-Tesla 
Ingenia scanners (Philips Healthcare). The admission brain 
MRI protocol included axial diffusion-weighted-imaging 
(DWI), axial T2 Fluid-attenuated inversion recovery 
(FLAIR), GRE T2*WI, 3D Time-Of-Flight, dynamic-sus-
ceptibility-contrast MRI (DSC-MRI), and contrast-enhanced 
MR angiography of the supra-aortic trunks. A CT scan was 
systematically performed on day 1 to assess hemorrhagic 
transformation according to the European Cooperative Acute 
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Stroke Study II classification [21] and a follow-up MRI on 
day 6 including axial FLAIR was performed to quantify FIV.

Imaging biomarkers analysis

Two neuroradiologists assessed independently the presence 
of the brush sign on GRE T2*WI blinded to clinical findings 
and follow-up MRI. As illustrated in Fig. 1, the brush sign 
was defined as abnormal visualization of subependymal and 
medullary cerebral veins homolateral to large vessel occlu-
sion. Any discrepancies were resolved by a third experienced 
neuroradiologist.

Baseline ischemic core and perfusion deficit volumes 
were measured with a fully automatic MR software pack-
age (RAPID®, iSchemaView Inc.) using an apparent 
diffusion coefficient threshold  ≤ 620 ×  10–6  m2/s and 
a time-to-maximum (Tmax)  ≥ 6 s, respectively. Rela-
tive cerebral blood volume (rCBV) measurements were 
obtained from masks of DWI lesions and contralateral 
symmetric areas. Ischemic penumbra was defined as 
the difference between perfusion deficit volumes and 
ischemic core volume. Cerebral collateral status was 
assessed using the hypoperfusion intensity ratio, which 
is the volume of Tmax  ≥ 10 s divided by the volume of 
Tmax  ≥ 6 s. Good collaterals were defined by a hypop-
erfusion ratio  <0.4 [11].

Quantification of FIV

FIV was segmented using day-6 FLAIR images using a 
semi-automated method (3D Slicer: https:// www. slicer. 
org/) after nonlinear co-registration of day-6 FLAIR images 

and admission DWI images. Infarct growth was calculated 
by subtracting FIV to baseline ischemic core volume 
and considered large (LIG) when ischemic core expan-
sion  >11.6 mL. This threshold corresponds to the mean 
infarct growth of the Diffusion and Perfusion Imaging for 
Understanding Stroke Evolution cohort and was used in a 
previous study to define LIG [22, 23].

Statistical analysis

Continuous variables were expressed as means and stand-
ard deviations or medians and interquartile ranges (IQR) 
according to the normality of their distribution and cat-
egorical data were summarized as counts and proportions.

Inter-rater agreement for brush sign was assessed using 
Cohen’s kappa coefficient.

The normal or non-normal distributions of each dataset 
were verified using the Shapiro–Wilk test and appropriate 
parametric or non-parametric tests were subsequently used 
to assess factors associated with brush sign and cerebral 
collateral status.

Uni- and multivariable logistic regression was per-
formed to assess the relationship between LIG and brush 
sign as well as collateral status. The multivariable logis-
tic model included covariates identified as statistically 
significant in univariate logistic regression (p < 0.05) 
and others selected a priori independent of their univari-
ate p value hypothesized as causal (baseline ischemic 
core, good collaterals, time from MRI to reperfusion and 
mTICI). The multivariable logistic regression was there-
fore adjusted for brush sign, hemorrhagic transformation, 

Fig. 1  Example of brush sign. 
a: Gradient recalled echo-T2*-
weighted imaging of a normal 
subject. b: Gradient recalled 
echo-T2*-weighted imaging in 
a patient with acute ischemic 
stroke due to left middle cer-
ebral artery occlusion showing 
hyposignal of medullary veins 
defining a brush sign

https://www.slicer.org/
https://www.slicer.org/
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baseline ischemic core, good collaterals, time from MRI 
to reperfusion, and mTICI score.

Results

Study population

From October 2016 to June 2021, 129 patients fulfilled the 
inclusion criteria (Fig. 2). Seventy-four (57.4%) patients 
were males and the median age was 71.0  years (IQR: 
[60.0; 79.3]). The median time from symptoms onset to 
MRI was 129.5 min (IQR: [81.0; 248.0]) and the median 
time from symptoms onset to reperfusion was 235.0 min 
(IQR: [165.0; 372.2]). MRIs were performed on a 1.5-T 
magnet in 101 patients (78.3%) and on a 3-T magnet in 28 
patients (21.7%).

Univariate analyses of brush sign and cerebral 
collateral status

Detailed clinical and radiological findings of the study popu-
lation are presented in Table 1. Of the study population, 45 
(34.9%) patients had brush sign and 63 (48.8%) had good 
collaterals. Inter-observer agreement was very good for 
brush sign (kappa coefficient: 0.81; 95% confidence interval 
(95% CI): [0.71; 0.87]; rate of agreements: 91.5%).

Patients with a brush sign were more likely to have 
hypertension (p < 0.001) and had higher rCBV (p = 0.05), 
larger penumbra (p < 0.001), larger infarct growth 
(p = 0.01), and larger FIV (p = 0.02). There was no signifi-
cant association between the brush sign and hemorrhagic 

transformation (p = 0.09). Patients with good collaterals 
were more likely to have lower baseline NIHSS score 
(p = 0.03) and to achieve mTICI score 3 after mechani-
cal thrombectomy (p < 0.001). They had lower baseline 
ischemic core (p < 0.001), larger penumbra (p = 0.04), and 
lower FIV (p < 0.001). Cerebral collateral status was not 
significantly associated with the brush sign (p = 0.20) or 
with infarct growth (p = 0.67).

The percentage of subjects combining a negative brush 
sign and good collaterals tended to be higher in patients 
with an mTICI score 2B (23 (46.9%) subjects with mTICI 
score 2B, 12 (24.0%) with mTICI score 3, and 10 (33.3%) 
with mTICI score 2C, p = 0.06).

Factors associated with LIG

Of the study population, 28 (21.7%) patients experienced 
LIG of whom 8 (16.0%) achieved mTICI 3, 8 achieved 
mTICI 2C (26.7%), and 12 achieved (24.0%) mTICI 2B. 
Univariable logistic regressions indicated that brush sign 
was associated with LIG (odds ratio (OR) = 4.8; 95% CI: 
[1.9; 13.3], p = 0.004) in combination with hemorrhagic 
transformation (OR = 1.7; 95% CI: [1.2; 2.6], p = 0.04). 
There was no significant association between LIG and 
baseline ischemic core (p = 0.67), cerebral collateral sta-
tus (p = 0.41), time from MRI to mechanical thrombec-
tomy (p = 0.81), and degree of reperfusion (p = 0.75). 
Multiple variable regressions confirmed that brush sign 
was independently associated with LIG (OR = 5.2, 95% 
CI: [1.8–16.6], p = 0.006). Table 2 summarizes crude and 
adjusted OR of factors associated with LIG.

Fig. 2  Flowchart of the study 
population. Abbreviations: 
mTICI, modified Thrombolysis 
in Cerebral Infarction score; 
FLAIR, fluid-attenuated inver-
sion recovery images
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Table 1  Baseline clinical and radiological characteristics of the study population

Categorical variables were compared using Fischer exact test and quantitative variables were compared with the Wilcoxon-Mann–Whitney-U test
(a): 7 missing values, (b): 31 missing values
Abbreviations: IQR, interquartile range; NIHSS, National Institutes of Health Stoke Scale; MRS, Modified Rankin Scale; mTICI, modified 
thrombolysis in cerebral infarction; ICA, internal carotid artery; MCA, middle cerebral artery; HI1, hemorrhagic infarction type 1; HI2, hemor-
rhagic infarction type 2; PH1, parenchymal hematoma type 1; PH2, parenchymal hematoma type 2; SAH, subarachnoid hemorrhage

Brush Sign Cerebral collateral status

Positive Negative p value Good Poor p value

Patients, n (%) 45 (34.9) 84 (65.1) - 63 (48.8) 66 (51.2) -
Clinical characteristics
Age (years), median [IQR] 71.5 [64.5; 77.5] 71.0 [60.0; 79.5] 0.83 71.5 [64.5; 79.0] 70.5 [57.0; 77.3] 0.69
Males, n (%) 29 (64.4) 45 (53.6) 0.27 35 (55.6) 39 (59.1) 0.72
Tobacco, n (%) (a) 16 (35.6) 33 (39.3) 0.71 29 (46.0) 20 (30.3) 0.07
Current smoking, n (%) 12 (26.7) 27 (32.1) 0.55 21 (33.3) 18 (27.3) 0.57
 History of smoking, n (%) 4 (8.9) 6 (7.1) 0.14 8 (12.7) 2 (2.4) 0.10
Hypertension, n (%) (a) 31 (68.9) 30 (35.7)  < 0.001 29 (46.0) 32 (48.5) 0.86
Mellitus diabetes, n (%) (a) 10 (22.2) 10 (11.9) 0.13 12 (19.0) 8 (12.1) 0.33
Dyslipidemia, n (%) (a) 13 (28.9) 15 (17.9) 0.18 16 (25.4) 12 (18.2) 0.40
Peripheral vascular disease (a) 2 (4.4) 3 (3.6) 0.99 2 (3.2) 3 (4.5) 0.99
Baseline NIHSS, median [IQR] (a) 15.5 [12.0; 18.0] 15.0 [8.0; 18.5] 0.21 14.3 [7.5; 18.0] 15.5 [12.0; 19.0] 0.03
Pre-stroke MRS, median [IQR] (a) 0.0 [0.0; 0.0] 0.0 [0.0; 0.0] 0.99 0.0 [0.0; 0.0] 0.0 [0.0; 0.0] 0.99
Intravenous thrombolysis, n (%) 25 (55.6) 43 (51.2) 0.71 36 (57.1) 32 (48.5) 0.38
mTICI score:
- mTICI 2B, n (%) 16 (35.6) 33 (39.3) 0.71 18 (28.6) 31 (47.0) 0.05
- mTICI 2C, n (%) 13 (28.8) 17 (20.2) 0.39 12 (19.0) 18 (27.3) 0.30
- mTICI 3, n (%) 16 (35.6) 34 (40.5) 0.70 33 (54.0) 17 (24.2)  < 0.001
Time from symptoms onset to MRI (min), 

median [IQR] (b)
123.0 [84.5; 230.0] 103.5 [75.0; 226.0] 0.21 103.0 [77.0; 236.5] 156.0 [85.0; 252.3] 0.34

Time from MRI to reperfusion (min), 
median [IQR]

100.5 [77.3; 119.8] 103.5 [81.3; 132.5] 0.41 101.5 [79.5; 126.8] 104.5 [83.5; 127.5] 0.68

Occlusion site
Extra-cranial ICA, n (%) 5 (11.1) 11 (13.1) 0.99 9 (14.3) 7 (10.6) 0.60
Intra-cranial ICA, n (%) 9 (20.0) 15 (17.9) 0.81 11 (17.4) 13 (19.7) 0.82
M1 segment of MCA, n (%) 28 (62.2) 53 (63.1) 0.99 39 (61.9) 42 (63.4) 0.86
M2 segment of MCA, n (%) 3 (6.7) 5 (6.0) 0.99 4 (6.3) 4 (6.1) 0.99
Radiological characteristics
Ischemic core (mL), median [IQR] 27.7 [12.6; 65.5] 22.2 [4.5; 48.7] 0.70 12.3 [1.0; 28.2] 41.5 [14.7; 69.6]  < 0.001
Perfusion deficit volume (mL), median [IQR] 132.0 [95.1; 171.2] 93.2 [39.7; 129.1]  < 0.001 95.0 [43.5; 123.5] 82.0 [71.5; 123.5] 0.08
Penumbra (mL), median [IQR] 106.0 [67.0; 136.5] 46.0 [22.3; 105.0]  < 0.001 70.3 [43.5; 112.5] 59.2 [22.3; 76.3] 0.04
Relative cerebral blood volume, median [IQR] 1.44 [0.93; 1.72] 0.79 [0.57; 1.42] 0.05 1.31 [0.77; 1.78] 0.87 [0.32; 1.17] 0.01
Good Collaterals, n (%) 18 (40.0) 45 (53.6) 0.20 - - -
Brush Sign, n (%) - - - 18 (28.6) 27 (42.8] 0.20
Hemorrhagic transformation, n (%) 15 (33.3) 16 (19.0) 0.09 11 (17.4) 20 (30.3) 0.10
 -HI1, n (%) 6 (13.3) 7 (8.3) 0.37 7 (11.1) 6 (9.1) 0.78
-HI2, n (%) 8 (17.8) 5 (6.0) 0.06 3 (4.8) 10 (15.2) 0.08
-PH1, n (%) 0 (0.0) 0 (0.0) 0.99 0 (0.0) 0 (0.0) 0.99
-PH2, n (%) 0 (0.0) 0 (0.0) 0.99 0 (0.0) 0 (0.0) 0.99
-SAH, n (%) 1 (2.2) 4 (4.8) 0.66 1 (1.6) 4 (6.1) 0.37
Outcome
Infarct growth (mL), median [IQR] 7.3 [0.5; 19.5] 0.1 [-15.3; 7.1] 0.01 0.3 [-4.9; 4.2] 0.5 [-12.3; 9.7] 0.67
Final infarct volume (mL), median [IQR] 26.4 [13.3; 66.3] 14.2 [4.9; 36.7] 0.02 10.4 [1.9; 23.0] 35.5 [14.9; 71.3]  < 0.001
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Figure 3 shows an MRI of a patient with a brush sign and 
ischemic growth despite complete reperfusion (mTICI 3).

Discussion

The purpose of this study was to investigate the relation-
ships between brush sign and cerebral collateral status and 
infarct growth after effective reperfusion. Our results indi-
cate that the brush sign is independently associated with 
LIG after effective reperfusion.

Consistent with previous studies, we found that the 
brush sign was associated with larger perfusion deficit 
volumes and increased rCBV [14, 24]. In a recent paper 
including AIS patients undergoing MRI triage, Guenego 
et al noted that patients with the brush sign and robust 

collaterals had a lower baseline ischemic core volume 
[25]. Conversely, patients with the brush sign and poor 
collaterals had larger baseline ischemic core [25]. They 
postulated that the brush sign might reflect a maladap-
tive response to ischemia [25]. In the present study, we 
found that the brush was independently associated with 
LIG. The possible mechanism explaining infarct growth 
includes ischemic-reperfusion injury [6]. Ischemic reper-
fusion injury is thought to result from a complex series of 
events including oxidative stress and brain acidosis [26]. 
Because the brush sign reflects severe deoxygenation of 
ischemic tissue [14], our results suggest that it may be a 
marker of tissue at risk for ischemic-reperfusion injury. In 
agreement, it has been established that cerebral acidosis 
and decreased tissue PH induce a decrease in the GRE-
T2*WI signal [27, 28].

Table 2  Multivariable analysis 
of large infarct growth

a: per 10 mL increase
b: per 10 min increase
Abbreviations: OR, odds ratio; mTICI, modified thrombolysis in cerebral infarction

Crude OR (95% CI) p value Adjusted OR (95% CI) p value

Brush Sign 4.8 [1.9; 13.3] 0.004 5.2 [1.8; 16.6] 0.006
Hemorrhagic transformation 1.7 [1.2; 2.6] 0.04 1.5 [0.9; 2.5] 0.08
Baseline ischemic core (a) 1.1 [0.9; 1.1] 0.67 1.0 [0.9; 1.1] 0.69
Good collaterals 0.6 [0.3; 1.5] 0.41 0.9 [0.4; 3.2] 0.92
Time from MRI to reperfusion (b) 1.1 [0.9; 1.1] 0.81 1.1 [0.9; 1.2] 0.31
mTICI score 0.9 [0.6; 1.6] 0.75 0.9 [0.5; 1.8] 0.79

Fig. 3  Example of brush sign. This figure shows an MRI of a patient 
with diffusion-negative acute ischemic stroke (a: diffusion-weighted 
imaging) (a), a brush sign (black arrow, gradient recalled echo-T2*-
weighted imaging) and a large ischemic penumbra (c: Time-To-Max-
imum > 6  s map). The patient underwent intravenous thrombolysis 

and complete reperfusion after mechanical thrombectomy within 
90  min. Follow-up MRI on day 6 (d: fluid-attenuated inversion 
recovery-weighted imaging) indicated ischemic growth in deep right 
Sylvian territory (white arrow)
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The status of cerebral collaterals is a major determinant 
of tissue outcome because robust collaterals can maintain a 
viable ischemic penumbra pending effective reperfusion [9]. 
Patients with poorer collateral status have faster ischemic 
core growth [29]. Consistent with previous studies, we found 
that robust collaterals were associated with lower baseline 
NIHSS score, higher rate of complete reperfusion, lower 
rate of hemorrhagic transformation, and lower FIV [30, 31]. 
We did not find a significant association between cerebral 
collateral status and LIG. These results are consistent with 
two previous studies that assessed cerebral collaterals using 
DSC-MRI [23] and angiography [32] and did not report 
a significant association with infarct growth. Conversely, 
another study reported that patients with poor collaterals 
had large infarct growth during the transfer from a primary 
to a comprehensive stroke center [13]. A possible explana-
tion for this discrepancy is the very shorter time between 
baseline imaging and effective reperfusion in our study. In 
agreement, patients with poor collaterals have a faster infarct 
growth rate [29, 33]. In addition, the percentage of patients, 
although not statistically significant, with positive brush sign 
was higher in the case of poor collaterals.

Effective reperfusion encompasses mTICI 2B, mTICI 
2C, and mTICI 3 scores. However, mTICI 2B reperfusion 
is associated with the worst outcome compared with mTICI 
2C and mTICI 3. Several studies reported reduced infarct 
growth in patients achieving mTICI2B [6, 34]. In our study, 
the degree of reperfusion was not associated with LIG on 
multivariable analysis. Nevertheless, the rate of patients with 
mTICI 3 reperfusion experiencing LIG was lower compared 
with patients with mTICI2B and mTICI2C reperfusion. In 
addition, our results may be biased because the percentage of 
subjects combining a negative brush sign and good collater-
als tended to be higher in patients with an mTICI score 2B.

The main strength of this study is the inclusion of 
patients from an observational cohort study with prospec-
tively acquired data including a baseline MRI and follow-
up MRI on day 6 allowing reproducible assessment of FIV.

Besides the monocentric design and the limited sam-
ple size, this study has several limitations. First, the study 
population was limited and multiple tests comparisons were 
performed which may have increased the statistical risk. 
In addition, we assessed the brush sign using GRE T2*WI 
whereas susceptibility-weighted-imaging is more accurate in 
assessing subependymal and medullary veins [35]. In addi-
tion, we assessed the brush sign using a binary approach. 
Quantitative susceptibility mapping is a development of sus-
ceptibility-weighted-imaging that can quantify cerebral vein 
oxygen saturation by measuring susceptibility values result-
ing in a more quantitative assessment of cerebral ischemia 
[36] Another potential limitation is that we evaluated the 
brush sign using both 1.5-T and 3-T magnets which may 
influence the detection of GRE-T2*WI abnormalities.

Conclusion

In conclusion, the brush sign is independently associated 
with LIG in patients achieving effective reperfusion. This 
finding should prompt further prospective studies, because 
the identification of biomarkers of ischemic-reperfusion 
injury may warrant neuroprotective therapies.
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Acute ischemic stroke therapy aims to preserve and/or 
restore neurological function and maximize functional out-
comes largely by restoring blood flow to ischemic but not 
yet infarcted regions of brain and thus limit the extent of 
infarct. However, inflammatory processes, such as endothe-
lial interactions with regulatory T cells and oxidative stress, 
can trigger and contribute to secondary infarct growth after 
reperfusion [1, 2]. If we could predict patients at risk of 
secondary infarct growth, we could better study drugs that 
mediate thromboinflammatory and neuroinflammatory 
responses and thereby, perhaps, mitigate ischemia–reperfu-
sion injury. Given that acute ischemic stroke algorithms in 
highly resourced regions of the world include rapid imaging 
with CTA and/or MRI/MRA prior to mechanical interven-
tion, imaging features that serve as proxy for more advanced 
inflammatory responses could be ideal components of pre-
diction models for secondary infarct growth.

In this issue of European Radiology, Bani-Sadr et al show 
that the “brush sign” — subjectively abnormal visualization 
of subependymal and medullary veins ipsilateral to the large 
vessel occlusion on T2*-weighted MRI images — appears to 
be an independent predictor of secondary large infarct growth 
(defined as growth > 11.6 mL from baseline ischemic core) 
following mechanical thrombectomy [3]. It is hypothesized 
that the brush sign reflects a high degree of venous blood 
deoxygenation due to a high oxygen extraction fraction in 
the ischemic tissue [4].

The authors of the current manuscript show that, in their 
cohort, the brush sign was associated with secondary large 
infarct growth while cerebral collateralization was not. Cer-
ebral collateralization was instead associated with more 

rapid initial infarct growth, which corroborates results from 
prior studies. They explain that robust collaterals allow 
ongoing partial perfusion of a penumbra whereas brain tis-
sue with poor collaterals is more likely to rapidly infarct. 
They contrast this pathophysiology with the hypothesized 
venous deoxygenation of the brush sign, which they intimate 
reflects that a component of penumbra is highly ischemic 
and therefore prone to inflammation following reperfusion. 
Hence, their rationale for the study that the brush sign would 
be a predictor for downstream reperfusion-related secondary 
large infarct growth.

Images from a single vendor product GRE T2*-weighted 
sequence were subjectively analyzed in this study, so it is 
unclear how generalizable the finding is to other sequences 
and other platforms. However, images from both 1.5-T and 
3-T MRI systems were included. As the authors point out, sus-
ceptibility-weighted imaging, which is now commonly used in 
place of T2*-weighted imaging, is likely to be more sensitive 
to the brush sign, but it’s unclear whether that increased sen-
sitivity would positively or negatively impact the association 
with secondary large infarct growth. More detailed analysis 
with quantitative susceptibility mapping could potentially 
yield more precise results in the future; however, the simplic-
ity of the subjective finding as investigated is more clinically 
relevant and potentially useful at this time.

While this study is not a prediction modeling study, it 
aims to inform prediction model building and some of the 
methods used are similar to those in building prediction 
models. Unlike in prediction models, where the nature of 
the relationship between the variable and outcome is fre-
quently irrelevant, the authors of this study nicely frame the 
biophysical and pathophysiological rationale for studying 
the brush sign as a predictor. However, as in many predic-
tion models, many factors included in the final multivari-
ate analysis were chosen based on statistical significance 
in univariate analyses. This methodology leads to bias with 
potential overestimation of the association.

Overall, Bani-Sadr et  al thoughtfully study and dis-
tinguish the implications of the brush sign (as a proxy for 
venous deoxygenation) and cerebral collateralization in the 

This comment refers to the article available at https:// doi. org/ 10. 
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prediction of acute ischemic stroke outcomes. They show the 
potentially important role that diagnostic radiology could have 
in determining treatment to prevent secondary large infarct 
growth following mechanical thrombectomy. It would be 
nice to see validation studies of the brush sign association 
with large infarct growth across vendor platforms and pulse 
sequences. This study suggests that the brush sign is a factor 
that should be included in future clinical prediction models for 
ischemia–reperfusion injury following large vessel occlusion.
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Étude n°5 : Les hypersignaux FLAIR vasculaires sont 

associés au résultat fonctionnel chez les patients à 

recanalisation effective après thrombectomie mécanique. 

 

Contexte et état de la question. 

Malgré une recanalisation réussie, 25 à 54 % des patients ont un mauvais résultat 

fonctionnel à trois mois après thrombectomie mécanique [49-52]. Certains auteurs ont qualifié 

cette situation de recanalisation futile c’est-à-dire un score mRs à 3 mois > 2 chez les patients 

ayant un score mTICI 2B-3 [69]. Des facteurs comme l'âge avancé, l'hypertension, un noyau 

ischémique initial important, une microangiopathie, des microbleeds, une atrophie cérébrale 

et un délai plus long entre l'apparition des symptômes et la recanalisation sont associés à un 

moindre bénéfice de la thrombectomie mécanique [113-118]. Les hypersignaux FLAIR 

vasculaires sont considérés comme un marqueur de l'état des collatérales cérébrales 

[119,120]. Des hypersignaux FLAIR vasculaires étendus sur l’IRM d’admission sont associés 

à un bon résultat fonctionnel et ont été proposées comme alternative pour la sélection des 

patients [121]. Néanmoins, la valeur pronostique des hypersignaux FLAIR vasculaires est 

moins bien connue chez les patients présentant une recanalisation réussie après 

thrombectomie. L'objectif de ce cinquième travail était d'examiner la valeur pronostique des 

hypersignaux FLAIR vasculaires chez les patients à recanalisation réussie après 

thrombectomie mécanique. 

 

Principaux résultats. 

Dans cette étude, nous avons constaté que des hypersignaux FLAIR vasculaires peu 

étendus (grade ≤ 3 c’est-à-dire un défaut d’hypersignaux FLAIR vasculaires dans sulci de la 

convexité) étaient associés à un moins bon résultat fonctionnel (mRS >2 à 3 mois) malgré une 

recanalisation réussie. 
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Purpose: The purpose of this study was to assess the prognostic value of vascular hyperintensities on FLAIR
images (VHF) at admission MRI in patients with acute ischemic stroke (AIS) achieving successful recanaliza-
tion after mechanical thrombectomy.
Materials and methods: Patients with AIS treated by mechanical thrombectomy following admission MRI
from the single-center HIBISCUS-STROKE cohort were assessed for eligibility. VHF were categorized using a
four-scale classification and were considered poor when grade < 3 (i.e., absence of distal VHF). Recanalization
was considered successful when modified thrombolysis in cerebral infarction score was ≥ 2B Functional out-
come was considered poor if modified Rankin scale (mRS) at three months was > 2. Univariable and multiple
variable logistic regressions were performed to identify factors associated with poor functional outcome
despite successful recanalization.
Results: A total of 108 patients were included. There were 65 men and 43 women with a median age of
70.5 years (interquartile range: 55.0, 81.0; age range: 22.0−93.0 years). Among them, 39 subjects (36.1%) had
poor functional outcome at three months. Univariable logistic regressions indicated that poorly extended
VHF (VHF grade < 3) were associated with a poor functional outcome (P = 0.008) as well as age, hypertension
and diabetes, baseline National Institute of Health Stroke Scale (NIHSS) score, pre-stroke mRS, lack of intrave-
nous thrombolysis, cerebral microangiopathy and the presence of microbleeds. Multivariable analysis con-
firmed that poor VHF status was independently associated with a poor functional outcome (odds ratio [OR],
4.26; 95% confidence interval [CI]: 1.55−12.99; P = 0.007) in combination with hypertension (OR, 1.25; 95%
CI: 0.87−1.85; P = 0.02), baseline NIHSS score (OR, 1.09; 95% CI: 1.04−1.20; P = 0.03), pre-stroke mRS (OR,
2.05; 95% CI: 1.07−4.61; P = 0.05) and lack of intravenous thrombolysis (OR, 0.23; 95% CI: 0.08−0.61;
P = 0.004).
Conclusion: Poorly extended VHF (grade <3) at admission MRI are associated with a poor functional outcome
at three months despite successful recanalization by mechanical thrombectomy.
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TaggedH11. Introduction TaggedEnd

TaggedPMechanical thrombectomy (MT) has dramatically improved the
treatment of acute ischemic stroke (AIS) due to large-vessel occlu-
sion. However, recent studies indicated that 25% to 54% of patients
experience a poor functional outcome at 3-months despite a success-
ful angiographic recanalization [1−3]. Some authors have termed
this condition futile recanalization, which is defined by a 3-month
modified Rankin Scale (mRs) > 2 in patients with a modified
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TaggedEndTaggedPThrombolysis In Cerebral Infarction (mTICI) score 2B-3. Several fac-
tors modifying the efficacy of MT have been identified [1,3−9]. In this
regard, older age, hypertension, large baseline ischemic core, micro-
angiopathy, microbleeds, brain atrophy and longer time from symp-
toms onset to recanalization are associated with less benefit [1,3−9].
Conversely, MT is more beneficial as stroke severity, as assessed by
baseline National Institute of Health Stroke Scale (NIHSS) score,
increases [10,11]. TaggedEnd

TaggedPThe degree of collateral circulation is a critical prognostic factor in
AIS because it promotes a higher rate of effective recanalization and
contributes to the salvage of ischemic penumbra, thereby limiting
infarct growth, and basically improving clinical outcome[12,13]. TaggedEnd

TaggedPVascular hyperintensities on fluid-attenuated inversion recovery
(FLAIR) images (VHF) are thought to be a surrogate marker of cerebral
collateral status [14,15]. Extensive VHF on magnetic resonance imag-
ing (MRI) examination at admission are associated with a good func-
tional outcome and have been proposed as an alternative for patient
selection [16]. However, the prognostic value of VHF is less known in
patients achieving effective recanalization after MT. TaggedEnd

TaggedPThe purpose of this study was to examine the prognostic value of
VHF observed on admission MRI in patients with AIS and successful
recanalization after MT.TaggedEnd

TaggedH12. Materials and methods TaggedEnd

TaggedH22.1. Study population TaggedEnd

TaggedPThe local ethics committee approved the HIBISCUS-STROKE
Cohort studyand all subjects or their relatives signed an informed
consent form (IRB number: 00009118). Because of the retrospective
nature of this sub-analysis, no specific amendment was needed. TaggedEnd

TaggedPHIBISCUS-STROKE Cohort (CoHort of Patients to Identify Biological
and Imaging markerS of CardiovascUlar Outcomes in Stroke; NCT:
03149705) is an ongoing observational study since October 2016 that
included all patients with anterior circulation AIS with large vessel
occlusions (i.e., occlusions of internal carotid artery, M1 or M2 proxi-
mal segments of middle cerebral artery) treated with MT after brain
MRI. In accordance with international guidelines, eligible patients
were additionally treated with intravenous thrombolysis [17]. Board-
certified neurologists (L.M. with 13 years of experience; L.D. with
25 years of experience and N.N. with 35 years of experience) col-
lected baseline clinical characteristics including NIHSS and, assessed
mRS at three months during a face-to-face follow-up visit. The mTICI
score was assessed by post-hoc consensus analysis of post-MT digi-
tal-subtraction angiography by two neuroradiologists (O.E. with
15 years of experience and T.H.C. with 16 years of experience). TaggedEnd

TaggedPInclusion criteria were: (i), Adequate quality for FLAIR images (no
or minor motion artifacts); (ii), Available mRS at three months; and
(iii), Successful recanalization (mTICI 2B-3). Patients were excluded
when: (i), baseline FLAIR images were not interpretable due to major
artifacts; (ii), no mRS at three months was available; or (iii), mTICI
score was < 2.Functional outcome was considered poor if 3-month
mRS was > 2.TaggedEnd

TaggedH22.2. Neuroimaging TaggedEnd

TaggedPBrain MRIs were performed with 1.5- or 3-Tesla MRI scanners
(Ingenia, Philips Healthcare). MRI examinations at admission
included axial T2-weighted FLAIR, axial T2-weighted gradient echo,
axial diffusion-weighted imaging (DWI), 3D time-of-flight MR angi-
ography, dynamic-susceptibility-contrast MRI and contrast-
enhanced MR angiography. Table 1 summarizes the acquisition
parameter of the FLAIR sequences [18,19]. For patients with available
dynamic-susceptibility-contrast MRI, DWI and penumbra volumes
were measured using a fully automatic MR software package (RAP-
ID�, iSchemaView Inc). Computed tomography examination was

TaggedEndTaggedPsystematically performed at day-1 to rule out any hemorrhagic trans-
formation according to the European Cooperative Acute Stroke Study
II classification [20].TaggedEnd

TaggedH22.3. FLAIR images analysis TaggedEnd

TaggedPTwo neuroradiologists (A. B.-S. with four years of experience and
R.E. with one year of experience) independently reviewed FLAIR
images to grade the extent of VHF using a previously described classi-
fication, blinded to clinical and follow-up data [21]. VHF were defined
as linear or serpentine high signal intensities relative to gray matter
along the cortical sulci or brain surface in the cerebral hemisphere on
at least two consecutive FLAIR images [14,15]. Grade 0 indicated
absence of VHF; Grade 1 indicated VHF limited in the Sylvian fissure;
Grade 2 indicated VHF limited to the Sylvian fissure and temporo-
occipital junction, Grade 3 indicated VHF extended to the cerebral
sulci of fronto-parietal lobe besides the location of the Grade 1 or
Grade 2 VHF. Poor VHF were defined by grade < 3. They also reported
the presence of microbleeds (n ≥ 5) and cerebral microangiopathy as
defined by an age-related white matter changes scale score ≥ 2 [22].
In case of discordant opinions, a third senior neuroradiologist (Y. B.
with 25 years of experience) evaluated FLAIR images. Fig. 1 illustrates
the VHF classification used. TaggedEnd

TaggedH22.4. Statistical analysis TaggedEnd

TaggedPThe normality of the distribution of quantitative variables was
tested using the Shapiro-Wilk test. Continuous variables were
expressed as means and standard deviations or medians and inter-
quartile ranges (IQR; Q1, Q3)) according to the normality of their dis-
tribution and, categorical variables were expressed as raw numbers
and percentages [23]. Interobserver agreement was evaluated using
Fleiss’ kappa coefficient for the four-classification and Cohen’s kappa
coefficient was used for the binary classification (i.e., VHF grades < 3
or = 3). Kappa values were reported along with their 95% confidence
intervals (CI). Descriptive analyses were conducted according to the
grade of VHF using parametric or non-parametric tests as appropri-
ate. TaggedEnd

TaggedPUnivariable and multiple variable logistic regressions were per-
formed to search for independent variables associated with a poor
functional outcome in patient achieving successful recanalization
after MT. The multiple variable logistic model included covariates
identified as associated with a poor outcome at univariable logistic
regression using a P-value threshold of 0.025. The multiple variable
logistic model was therefore adjusted for VHF grade < 3, hyperten-
sion, baseline NIHSS score, pre-stroke mRS and intravenous throm-
bolysis status. TaggedEnd

TaggedEnd Table 1
Acquisition parameters of T2-fluid-attenuated inversion recovery sequences.

Variable 1.5T MRI 3T MRI

Receiver coil 16-channel brain and
neck combination coil

16-channel brain and
neck combination coil

Time of repetition (ms) 9000 8000
Time of emission (ms) 120 111
Inversion time (ms) 2400 2500
Flip angle (°) 120 120
Acquisition plane Axial Axial
Field of view (mm) 230 £ 230 230 £ 230
Bandwidth (Hz/pixel) 373.8 264.1
Section thickness (after
interpolation)

5 4.5

Acquired voxel size
(mm2)

0.98 £ 0.98 0.99 £ 0.99

Number of sections 22 24
Acquisition times (s) 108 100

T indicates tesla; MRI indicates magnetic resonance imaging.
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TaggedPAll tests were two-sided and a P-value < 0.05 was considered to
indicate statistically significant difference. All statistical analyses
were performed with R software, version 4.2.2 (R foundation for Sta-
tistical Computing). TaggedEnd

TaggedH13. Results TaggedEnd

TaggedH23.1. Clinical characteristics of study population TaggedEnd

TaggedPDuring the study period, among the 191 patients included in the
HIBISCUS-STROKE cohort 83 patients were excluded and 108 were

TaggedEndTaggedPultimately included. There were 65 men (60.2%) and 43 women
(39.8%) with a median age of 70.5 years (IQR: 55.0, 81.0; age range:
22.0−93.0 years). Fig. 2 shows the study flow-chart. The baseline
NIHSS was 15.0 (IQR: 10.0, 19.0) and median time from symptoms
onset to MRI was 109 min (IQR: 78.0, 237.0). Baseline MRIs were per-
formed with at 1.5 T in 82 patients (75.9%) and at 3 T in 26 patients
(24.1%). Sixty-three (58.3%) patients were additionally treated with
intravenous thrombolysis and 39 (36.1%) had a poor functional out-
come at three months. TaggedEnd

TaggedH23.2. VHF in the whole study population TaggedEnd

TaggedPInter-observer agreement in the assessment of VHF was good
using both a four-level scale classification (weighted kappa coeffi-
cient, 0.82; 95% CI: 0.75−0.91, and a binary classification (kappa coef-
ficient, 0.88; 95% CI: 0.83−0.92). There were eight occurrences of
discordant readings in VHF classification between the two readers.TaggedEnd

TaggedPTable 2 presents clinical and, radiological characteristics of the
whole study population according to the grade of VHF. Using a four-
scale classification, patients with poor VHF had a smaller ischemic
penumbra, greater mRS at three months, and were more likely to
have of a poor functional outcome at three months. TaggedEnd

TaggedPWhen using a binary classification of VHF (grade < 3 indicating
poor VHF vs. grade = 3), patients with VHF grade < 3 had smaller
median ischemic penumbra (55.0 mL; IQR: 24.8, 99.5) compared to
those with VHF grade 3 (105.0 mL; IQR: 44.0, 115.0) (P = 0.04). No dif-
ferences in median ischemic core volume was found between
patients with VHF grade < 3 (25.5 mL; IQR: 8.3, 60.5) and those with
VHF grade 3 (23.0 mL; IQR: 0.0, 49.0) (P = 0.67). TaggedEnd

TaggedH23.3. Factors associated with a poor functional outcome in subjects
achieving successful recanalization TaggedEnd

TaggedPIn patients with successful recanalization (n = 108), univariable
analyses indicated that poorly extended VHF (i.e., VHF grade < 3) was
associated with a poor functional outcome despite successful recana-
lization (odds ratio [OR], 3.10; 95% CI: 1.38−7.31; P = 0.008) as well
as with age (P = 0.008), hypertension (P < 0.001), diabetes (P = 0.04),
baseline NIHSS score (P = 0.02), pre-stroke mRS (P < 0.001), lack of
intravenous thrombolysis (P < 0.001), cerebral microangiopathy and
the presence of microbleeds (P = 0.049). There was not association
between baseline ischemic core volume (P = 0.97) and time from
symptoms onset to MRI (P = 0.12). TaggedEnd

TaggedEnd TaggedFigure

Fig. 1. Classification of vascular hyperintensities on fluid-attenuated inversion recov-
ery images (VHF). VHF are defined as linear or serpentine hyperintensities and graded
as follows: Grade 0: No VHF (A); Grade 1: VHF limited to the Sylvian fissure (arrow)
(B); Grade 2: VHF extended to the Sylvian fissure and temporoparietal junction (C) and
Grade 3: Grade 2 associated with distal VHF in parietal and/or frontal sulci (D).TaggedEnd

TaggedEnd TaggedFigure

Fig. 2. Study flow-chart.
FLAIR indicates fluid-attenuated inversion recovery; mTICI indicates modified thrombolysis in cerebral infarction; mRS indicates modified Rankin scale.

TaggedEnd
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TaggedPMultivariable analysis confirmed that VHF Grade < 3 was inde-
pendently associated with a poor functional outcome (OR, 4.26; 95%
CI: 1.55−12.99, P = 0.007) as well as with hypertension (P = 0.02),
baseline NIHSS score (P = 0.03), pre-stroke mRS (P = 0.05) and lack of
intravenous thrombolysis (P = 0.004). Table 3 summarizes crude and
adjusted odds ratio of univariable and multivariable logistic regres-
sion models. TaggedEnd

TaggedH14. Discussion TaggedEnd

TaggedPIn the present study, we found that poorly extended VHF at
admission MRI examination are associated with poor functional out-
come (mRS >2 at three months) despite successful recanalization in
patients with AIS treated with MT. TaggedEnd

TaggedPVHF are thought to be a surrogate marker of cerebral collateral
status [14,15]. Direct comparisons between FLAIR images and brain
digital subtraction arteriography revealed a strong correlation
between the extent of VHF and collateral status [15,21,24]. In our
study, two patients with M2 segment occlusions had grade 1 VHF,
which is upstream of the arterial occlusion site and may reflect a
diminished blood flow rather than a leptomeningeal collateral flow.
Similarly, a recent study indicated that proximal VHF were observed
in 100% of AIS patients caused by internal carotid artery occlusion,
90.6% caused by M1 occlusion and 92.9% caused by M2 occlusion
[25]. We assume that the pathophysiological significance of VHF may
be polyvocal depending on its location. In agreement, Legrand et al.
compared the value of the extent of VHF versus VHF-DWI mismatch
(i.e., VHF beyond the ischemic core) using the hypoperfusion

TaggedEndTaggedPintensity ratio as a surrogate marker of collateral status in patients
referred for a MT [26]. These researchers concluded that VHF-DWI
mismatch outperformed the extent of VHF in predicting the collateral
status [26]. TaggedEnd

TaggedPNotwithstanding, there is accumulating evidences that extensive
VHF are associated with better outcome [14,16,27,28]. We evaluated
the prognostic value of VHF on functional outcome at three months
according to recanalization success. Our results reinforce the prog-
nostic value of VHF specifically in patients with successful recanaliza-
tion. In this population, the beneficial effect of extensive collaterals
might consist in sustaining tissue viability pending for effective
recanalization and, preventing early arterial reocclusions after recan-
alization [29]. Few studies have compared the degree of collaterals
and functional outcome in this population. Weiss et al. reported an
association between mRS at three months and the extent of collater-
als, whereas Van Horn et al. reported the opposite [3,30]. We assume
that these conflicting findings may be related to the use of single-
phase computed-tomography angiography for collaterality assess-
ment instead of multiphasic computed tomography angiography
which is more reproducible [31].TaggedEnd

TaggedPPrevious studies also reported that extensive VHF was associated
with smaller baseline ischemic core and a larger ischemic penumbra
[14,32−34]. We found that patients with poor VHF (grade <3) had
smaller penumbra. However, we did not find a significant difference
in ischemic core volume and none of the included patients had grade
0 VHF, which may be related to our sample size. TaggedEnd

TaggedPIn agreement with previous studies, we found that older age,
hypertension, diabetes, pre-stroke mRS, lack of intravenous

TaggedEnd Table 2
Clinical and imaging characteristics and outcomes of study population according to the extent of vascular hyperintensities on
FLAIR images.

Variable Grade 1 Grade 2 Grade 3 P value

Number of subjects 14 (13.0) 42 (38.9) 52 (48.1) −
Clinical characteristics
Male sex 8 (57.1) 25 (59.5) 32 (62.7) 0.95
Age 72.0 [54.3, 85.6] 73.0 [59.5, 80.5] 69.0 [55.0, 79.0] 0.55
Smoking 3 (21.4) 15 (35.7) 24 (46.2) 0.21
Hypertension 7 (50.0) 20 (47.6) 24 (46.2) 0.97
Diabetes 1 (7.1) 8 (19.0) 8 (15.4) 0.57
Dyslipidemia 2 (14.3) 13 (31.0) 14 (26.9) 0.48
Obesity 0 (0.0) 5 (11.9) 2 (3.8) 0.17
Atrial fibrillation* 2 (14.3) 11 (26.2) 15 (28.8) 0.50
Pre-stroke mRS 0.0 [0.0, 0.0] 0.0 [0.0, 0.0] 0.0 [0.0, 0.0] 0.97
Time from symptoms onset to MRI (min) y 235.0 [129.0, 407.0] 113.5 [79.0; 197.8] 101.0 [71.3, 175.0] 0.11
Baseline NIHSS score 15.0 [10.5, 17.0] 14.5 [10.3, 18.8] 16.0 [9.8, 19.0] 0.90
Intravenous thrombolysis 7 (50.0) 29 (69.2) 27 (51.9) 0.20
Radiological characteristics
1.5T MRI magnet 9 (90.0%) 33 (78.6%) 40 (76.9) 0.54
Ischemic core volume (mL) 23.0 [4.0, 58.0] 26.5 [0.0, 49.0] 25.5 [8.3, 60.5] 0.90
Ischemic penumbra volume (mL) ǂ 45.0 [8.0, 71.5] 63.0 [33.3, 129.0] 105.0 [44.0, 115.0] 0.05
Microangiopathy 11 (78.6) 31 (73.8) 34 (65.4) 0.52
Microbleeds 2 (14.3) 5 (11.9) 12 (23.1) 0.39
Occlusion locations
Tandem occlusions 4 (28.6) 15 (35.7) 9 (17.4) 0.13
Intra-cranial internal carotid artery 1 (7.1) 5 (11.9) 4 (7.7) 0.75
M1 segment of middle cerebral artery 11 (78.6) 27 (64.4) 44 (84.6) 0.07
M2 segment of middle cerebral artery 2 (14.3) 10 (23.8) 4 (7.7) 0.09
Outcomes
Hemorrhagic transformation 4 (28.6) 14 (33.3) 15 (28.8) 0.88
Parenchymal hematoma 0 (0.0) 2 (2.4) 1 (1.9) 0.56
Subarachnoid hemorrhage 0 0.0) 1 (4.8) 0 (0.0) 0.46
3-month mRS 3.0 [2.0, 4.0] 2.0 [1.0, 3.0] 2.0 [1.0, 2.0] <0.001
3-month mRS > 2 8 (57.1) 18 (42.9) 12 (23.1) 0.03

Continuous variables are expressed as medians followed by interquartile ranges in brackets [IQR; Q1, Q3]. Categorical variables
are expressed as raw numbers followed by percentages in parentheses.
mRS indicates modified rankin scale; IQR indicates interquartile range (Q1, Q3); NIHSS indicates National Institute of Health
Stroke Scale.
* 12 missing values.
y 25 missing values.
ǂ 43 missing values.
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TaggedEndTaggedPthrombolysis, microangiopathy and microbleeds were associated
with poor functional outcome despite successful recanalization
[3,4,6,7,10,11]. TaggedEnd

TaggedPThis study has some limitations including a single-center cohort
and a small sample size. The number of patients with a poor functional
outcome despite successful recanalization (n = 39) was low compared
with the number of predictors included in the multiple variable model,
which may have underpowered the principal analysis. This also pre-
vented us from adjusting the multivariable model for essential factors
including time from symptom onset to recanalization, occlusion site
and mTICI score. Effective recanalization encompasses the mTICI 2B,
mTICI2C and mTICI3 scores. However, the mTICI 2B score is associated
with poorer outcome compared to the mTICI 2C and 3 scores [2].
Finally, 20 patients were excluded because of uninterpretable FLAIR
images due to major motion artifacts. These motion artifacts are com-
mon in clinical practice and may limit the evaluation of VHF.TaggedEnd

TaggedPIn conclusion, the results of our study reveal that poorly extended
VHF (grade < 3) at admission MRI is associated with a poor functional
outcome at three months despite successful recanalization with
mechanical thrombectomy. TaggedEnd
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Étude n°6 : Perméabilité de la BHE et cinétique des 

marqueurs inflammatoires chez les patients traités par 

thrombectomie mécanique pour un infarctus cérébral 

 

Contexte et état de la question. 

Au décours de l’infarctus cérébral, la rupture de la BHE obéit à un processus 

physiopathologique complexe. Au cours de la dernière décennie, les MMP ont été largement 

étudiées pour leur rôle dans la dégradation de la matrice extracellulaire [122,123]. Il a été 

démontré que la MMP-9 était associée à une rupture de la BHE sur les IRM de suivi précoce 

[124,125]. Néanmoins, la relation entre la perméabilité de la BHE sur l'IRM d'admission et les 

marqueurs de la réponse neuroinflammatoire reste peu explorée. Une meilleure 

compréhension apporterait des informations précieuses sur la pathogenèse des lésions 

l'ischémie-reperfusion [17,29]. L’objectif de cette sixième étude était d’étudier la relation entre 

la perméabilité de la BHE évaluée sur l’IRM d'admission et un panel de marqueurs 

inflammatoires circulants. 

 

Principaux résultats. 

Sur la population totale, nous avons observé qu'une perméabilité accrue de la BHE 

était associée à un noyau ischémique plus étendue. Dans une analyse en sous-groupe sur les 

patients dont les symptômes étaient apparus il y a moins de 6h, nous avons objectivé qu’une 

perméabilité accrue de la BHE était indépendamment associée à des taux sanguins de MMP9 

plus élevés à l’admission et à un noyau ischémique plus étendu. 
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ABSTRACT. 

Background and Objectives: 

To investigate the relationship between baseline blood-brain barrier (BBB) permeability 

and the kinetics of circulating inflammatory markers in a cohort of acute ischemic stroke 

(AIS) patients treated with mechanical thrombectomy. 

Methods: 

The HIBISCUS-STROKE cohort includes AIS patients treated with mechanical 

thrombectomy following admission MRI, and undergoing a sequential assessment of 

circulating inflammatory markers. Baseline dynamic-susceptibility perfusion MRI was 

post-processed with arrival time correction to provide K2 maps reflecting BBB 

permeability. After co-registration of apparent-diffusion-coefficient and K2 maps, 90th 

percentile of K2 value was extracted within baseline ischemic core and expressed as 

a percentage change compared to contralateral normal appearing white matter. 

Population was dichotomized according to median K2 value. Uni- and multiple variable 

logistic regressions analyses were performed to investigate factors associated with 

increased pretreatment BBB permeability in the whole population and in patients with 

symptoms onset <6h.  

Results: 

In the whole population (n=105 patients, median K2=1.59), patients with increased 

BBB permeability had higher serum levels of MMP-9 at H48 (p=0.02), higher CRP 

serum level at H48 (p=0.01), poorer collateral status (p=0.01), and larger baseline 

ischemic core (p<0.001). They were more likely to have hemorrhagic transformation 

(p=0.008), larger final lesion volume (p=0.02), and worst neurologic outcome at 3-

months (p=0.04). The multiple variable logistic regression indicated that increased BBB 



permeability was only associated with ischemic core volume (Odds Ratio (OR)= 1.04; 

95% Confidence Interval (CI): [1.01; 1.06], p<0.0001). 

Restricting analysis to patients with symptoms onset < 6h (n=72, median K2=1.27), 

subjects with increased BBB permeability had higher serum levels of MMP-9 at both 

H0 (p=0.005), H6 (p=0.004), H24 (p=0.02) and H48 (p=0.01), higher CRP levels at 

H48 (p=0.02) and larger baseline ischemic core (p<0.0001). The multiple variable 

logistic analysis showed that increased BBB permeability was independently 

associated with higher H0 MMP-9 levels (OR=1.33; 95% CI: [1.12; 1.65]; p=0.01) and 

larger ischemic core (OR=1.27; 95% CI: [1.08; 1.59]; p=0.04). 

Discussion: 

In AIS patients, increased BBB permeability is associated with larger ischemic core. In 

the subgroup of patients with symptoms onset <6h, increased BBB permeability is 

independently associated with higher H0-MMP-9 levels and larger ischemic core. 

 

 

 

 

 

 

 

 

 

 

 

 



Introduction. 

Blood brain barrier (BBB) breakdown following acute ischemic stroke (AIS), is a 

dynamic process triggered by a series of pathophysiological events where the 

inflammatory response plays a major role1,2. Over the last decade, the matrix 

metalloproteinases (MMPs) have been widely investigated for their role in disruption of 

BBB, particularly the extracellular matrix3,4. Proteolytic degradation of the BBB 

increases its permeability within hours of ischemia resulting in vasogenic edema, 

leukocyte infiltration, and hemorrhagic transformation (HT)5–9. Specifically, several 

studies indicated that MMP-9 was associated with BBB disruption at early follow-up 

MRI10,11. 

MR perfusion techniques can quantify BBB permeability by modelling the efflux rate of 

the contrast agent from the plasma within the tissue. Dynamic susceptibility contrast 

(DSC) MRI has been investigated to predict HT using K2 as a surrogate marker of BBB 

permeability12.  

However, the relationship between BBB permeability at admission MRI and biological 

markers of neuroinflammation remains poorly explored, particularly in the clinical 

setting of acute ischemic stroke (AIS) due to large vessel occlusion treated by 

mechanical thrombectomy. The coupled assessment of BBB permeability and the 

kinetics of systemic markers reflecting central neuroinflammatory response may 

provide additional insight in the pathogenesis of ischemic/reperfusion injury2,13,14.  

In this study, we aimed to assess the relationship between BBB permeability assessed 

at admission MRI and a panel of circulating inflammatory markers in a cohort of AIS 

patients treated with mechanical thrombectomy. 

 

 



Material and methods. 

Data Availability Statement 

Further anonymized data can be made available to qualified investigators on request 

to the corresponding author. 

Ethic Statement 

This study was approved by the local ethics committee (IRB number: 00009118). 

All subjects or their relative signed an informed consent form. 

Study design and cohort. 

The HIBISCUS-STROKE Cohort (CoHort of Patients to Identify Biological and Imaging 

markerS of CardiovascUlar Outcomes in Stroke; NCT: 03149705) is an observational 

single-center study that prospectively includes AIS patients with large vessel occlusion 

of the anterior circulation treated with MT after MRI triage. Eligible patients were 

additionally treated with intravenous thrombolysis after admission MRI15. 

Peripheral blood samples were collected for each patient: at admission (H0), 6h (H6), 

24h (H24) and 48h (H48). A brain CT scan at Day-1 was systematically performed to 

assess hemorrhagic transformation according to the European Cooperative Acute 

Stroke Study II classification16 

Successful reperfusion was defined as achieving a modified thrombolysis in cerebral 

infarction (mTICI) score ≥ 2B. 

Baseline data on demographic characteristics and National Institute of Health Stroke 

Scale (NIHSS) score were collected at admission, and modified Rankin Score (mRS) 

was assessed at 3-months by a board-certified neurologist. Revascularization was 

considered futile when revascularization was successful and 3-months mRS  317 

Inclusion criteria in this study were: (1) Availability of DSC-MRI and (2) availability of 

admission biological assays. 



Neuroimaging and post-processing. 

Admission MRIs were performed with 1.5 – Tesla or 3 – Tesla Ingenia scanners 

(Philips Healthcare, Best, The Netherlands). They included axial diffusion-weighted 

imaging (DWI), axial T2-gradient echo, axial T2-Fluid attenuated inversion recovery 

(FLAIR), 3D-time-of-flight, contrast-enhanced MR angiography, and DSC-MRI. For 

DSC-MRI, a bolus of contrast medium (Dotarem; Guerbet, Aulnay-sous-Bois, France) 

was injected at a standard dose of 0.1mmol/kg at 4mL/s, followed by 20mL of saline 

solution.  

The ischemic core was segmented from the baseline DWI with a semi-automated 

method (3D Slicer: https:// www.slicer.org/) by using both a validated ADC threshold 

(ADC <620 × 10−6 mm2/s) and visual assessment of b1000 images. 

On DSC-MRI, the administration of a contrast medium induces a decrease in signal 

intensity (T2* effect) during the first pass of gadolinium followed by a gradual return to 

baseline. In case of increased BBB permeability, the extravasation of contrast medium 

induces an increase in signal (T1 effect) and a more rapid return to baseline. This 

extravasation during the first pass can be quantified by means of K218. In case of 

diminished blood flow, an arrival time correction methods is required before calculating 

permeability maps as previously proposed 12,19,20. Corrected K2 maps were generated 

from DSC-MRI using a pre-commercial version of OleaSphere (Oleasphere ®, La 

Ciotat, France). After co-registration of K2 and ADC maps, 90th percentiles of K2 values 

within the ischemic core (ADC <620 × 10−6 mm2/s) were extracted and expressed as 

a percentage change compared to normal appearing white matter in the contralateral 

centrum semi-ovale as previously proposed21,22.  Cerebral collateral status was 

assessed using the hypoperfusion intensity ratio (HIR), which is the volume of Tmax ≥ 

10s divided by the volume of Tmax ≥ 6s23. 



Follow-up MRI was performed at day 6 with an axial T2-FLAIR sequence. Final lesion 

volume was segmented using a semi-automated method (3D Slicer: 

https://www.slicer.org/) after co-registration of day-6 T2-FLAIR images and initial DWI 

images.  

Blood Sampling Protocol 

Sera were obtained and stored at -80°C within 3 hours of collection at the NeuroBioTec 

biobank (CRB-HCL: BB-0033-00046, France). All samples were thawed only once for 

study measurements. C-reactive protein (CRP), interleukin (IL)-6, IL-8, IL-10 were 

measured using enzyme linked immunosorbent assay (ELISA) kits from e-Bioscience 

(Affymetrix). Monocyte Chemoattractant Protein-1 (MCP-1), soluble tumor necrosis 

factor receptor 1 (TNFR1), soluble form of Suppression of Tumorigenicity 2 (sST2), P-

selectin, matrix metalloproteinase-9 (MMP-9), soluble P-selectin (sP-selectin) and 

Vascular Cellular Adhesion Molecule-1 (VCAM-1) were measured using ELISA kits 

from R&D (Duoset). If serum concentrations of blood biomarkers were below the 

detection limit, values were replaced by a fixed value of 0.  

Statistical analysis 

Continuous variables are expressed as means (standard deviation) or medians 

(interquartile range [IQR]) depending on their distributions, and categorical variables 

as percentages. Medians were compared using the Mann-Whitney test and 

percentages were compared with Chi-square test. 

Because the assumptions of the linear models were not satisfied, the K2 values were 

dichotomized into low and high levels based on their median values.  

For the whole study population, uni- and multiple variable logistic regressions were 

performed to assess factors associated with an increased BBB permeability. The 

multiple variable model included covariates with a p<0.1 at univariable analyses and 

https://www.slicer.org/


others selected a priori independent of their univariate p value, assumed to be causal 

(baseline ischemic core volume, baseline NIHSS score19). It was adjusted for baseline 

NIHSS score, H0-MMP9 level, baseline ischemic core volume and HIR. 

Because some authors have reported a nonlinear and biphasic evolution of BBB 

permeability and MMP-9 expression with a peak at 6 h after ischemic injury onset, a 

subgroup analysis was conducted in patients with symptoms onset <6h1,24. Similarly, 

uni- and multiple variable logistic regression analyses were performed to assess 

factors associated with an increased BBB permeability. The multiple variable model 

included covariates with a p<0.1 at univariable analyses and others selected a priori 

independent of their univariate p value hypothesized as causal (baseline ischemic core 

volume, baseline NIHSS score19). To prevent expected collinearity between H0 MMP-

9 and H6 MMP-9 levels, only H0 MMP-9 level was entered in the multiple variable 

models. Therefore, it was adjusted for baseline NIHSS score, H0-MMP9 level, baseline 

ischemic core volume and HIR. 

All statistical analyses were performed using R software, version 4.2.2 (R foundation 

for Statistical Computing, Vienna, Austria). Statistical significance was set by a two-

tailed p-value <0.05. 

Results: 

Study population. 

From October 2016 to April 2019, 105 patients were included in the study among the 

225 patients in the cohort. Flow-chart is shown in Figure 1. 

Excluded patients did not differ in age (68.7  14.7 years vs 67.9  15.1 years), sex 

(56.6% male vs 57.1%), baseline NIHSS score (median: 14.0, interquartile range 

(IQR): [6.5; 19.0] vs 15.0, IQR: [10.0; 19.0]), baseline ischemic core volume (median: 



14.1 mL, IQR: [5.8; 53.5] vs 21.5 mL, IQR: [8.6; 39.8]) nor time from symptoms onset 

to MRI (median: 96.0 min, IQR: [76.5; 139.5] versus 96.0 min, [73.5; 125.5]). 

 

Factors associated with increased BBB permeability in the whole study population. 

In the whole study population, median K2 was 1.59 (IQR: [0.27; 5.90]). Patients with a 

high K2 had higher serum levels of MMP-9 at H48 (p=0.02), higher CRP serum level 

at H48 (p=0.01), higher HIR indicating poorer collateral status (p=0.01), and larger 

baseline ischemic core (p<0.001). They were more likely to have hemorrhagic 

transformation (p=0.008), larger final lesion volume (p=0.02) and worst neurologic 

outcome at 3-months (p=0.04). Table 1 presents clinical, biological, radiological 

characteristics and outcomes of patients according to K2 status in the whole study 

population. Figure 2 presents the kinetics of MMP-9 levels as a function of K2 status. 

The K2 value did not differ significantly according to the thrombolysis status (p=0.44) 

nor did the serum MMP-9 levels at H0, H6, H24 and H48 (all p ≥0.09). eTable 1 

presents MMP-9 levels at H0, H6, H24 and H48 according to the thrombolysis status. 

eFigure 1 presents violin plots of circulating inflammatory markers studied according 

to K2 status. 

The multiple variable analysis indicated that only ischemic core volume was 

significantly associated with an increased BBB permeability (Odds Ratio (OR)= 1.04; 

95% Confidence Interval (CI): [1.01; 1.06]; p<0.0001). There was a statistical trend for 

H0-MMP9 level but no significant association (OR=1.01; 95% CI: [0.99; 1.02]; p=0.06). 

Table 2 presented crude and adjusted odds ratio. 

Factors associated with increased BBB permeability in patients with symptoms onset 

<6h. 



In patients with symptoms onset < 6h (n=72), median K2 was 1.27 (IQR: [0.27; 5.90]. 

In this subgroup, patients with a high K2 had higher serum levels of MMP-9 at both H0 

(p=0.005), H6 (p=0.04), H24 (p=0.02) and H48 (p=0.01), higher CRP levels at H48 

(p=0.02) and larger baseline ischemic core (p<0.0001). They were more likely to have 

hemorrhagic transformation (p=0.01) and had larger final lesion volume (p=0.04). 

eTable 2 details clinical, biological, radiological characteristics and outcomes in this 

subgroup. 

The multiple variable regression analysis indicated that increased BBB permeability 

was independently associated with higher H0 MMP-9 serum levels (OR=1.33; 95% CI: 

[1.12; 1.65]; p=0.01) and larger baseline ischemic core (OR=1.27; 95% CI: [1.08; 1.59]; 

p=0.04).  Table 3 presents crude and adjusted odds ratio. 

Figure 3 presents the admission MRIs of a patient with increased BBB permeability 

Discussion. 

The purpose of this study was to evaluate the relationships between BBB permeability 

and the kinetics of circulating markers reflecting central neuroinflammatory response 

in AIS patients treated with mechanical thrombectomy. In the whole study population, 

we observed that increased BBB permeability was associated with larger ischemic 

core while in a subgroup analysis of patients with symptoms onset < 6h, it was 

independently associated with larger ischemic core and higher H0-MMP9 levels.   

The pathophysiological mechanisms involved in BBB breakdown following arterial 

occlusion are highly complex. In addition to reactive oxygen species, 

metalloproteinases are considered as a major contributor to BBB breakdown as they 

directly degrade tight junction proteins and extracellular matrix1,4. Numerous studies 

have documented that an increase in MMP-9 levels was associated with BBB 

breakdown25–27. In early studies, authors identified BBB disruption as a late 



enhancement of cerebrospinal fluid space on follow-up T2-FLAIR that was termed 

hyperacute reperfusion marker (HARM)14,28. They reported that this phenomenon was 

associated with HT, worsened functional outcomes and higher MMP-9 levels10,11,14,28. 

In agreement, we found that H0 MMP-9 levels were associated with increased BBB 

permeability in patients with symptoms onset < 6h. Compared with HARM, K2 maps 

have the advantage of allowing assessment of BBB permeability during admission MRI 

and do not require additional MRI acquisition. However, increased BBB permeability 

was only associated with baseline ischemic core volume in the whole study population. 

This implies that BBB permeability may be mainly correlated with ischemic core volume 

rather than H0-MMP9 levels. 

In the whole population including patients with <6h, >6h and unknown symptoms 

onset, only H48 MMP-9 levels were significantly higher in patients with high baseline 

K2 values. This subsequent rise in levels of MMP-9 might be related to the dynamic 

nature of the BBB disruption. Indeed, some authors reported a biphasic evolution of 

BBB permeability, a first peak occurring at the hyperacute phase29,30 and the second 

during the following 72/96h 31,32. 

The release of proinflammatory cytokines, especially IL-1β, IL-6, IL-17, IL-18, and TNF-

α are believed to initiate a local immune response which is associated with BBB 

dysfunction after stroke33. Higher IL-6 levels have been reported to be associated with 

early neurologic deterioration, futile recanalization and worsened functional 

outcome34–36. In this study, we did not observe significant associations between high 

baseline K2 values and other circulating inflammatory markers. We assume that this 

is related to a later systemic release of these proteins. For example, the neuronal 

expression of IL-6 starts 3.5 h after ischemia, peaks after 24 h of reperfusion, and, 

remains for 7 days36. Thus, our data support that MMP-9 expression is one of the 



earliest events involved in the neuroinflammatory process affecting BBB permeability. 

In addition, we found that patients with increased BBB permeability were more likely to 

have HT and poorer neurologic outcome in agreement with previous studies 19,37,38. 

The main strength of this study lies in the coupled analysis of BBB permeability and a 

sequential analysis of a panel of circulating inflammatory markers. To our knowledge, 

no study has directly correlated the markers of the neuroinflammatory response and 

baseline BBB permeability imaging specifically in patients treated by mechanical 

thrombectomy.  

Nevertheless, this study has some limitations including its limited sample size and the 

fact that only 3 (2.9%) patients had PH type hemorrhagic transformation. However, this 

rate is in the low range of rates reported in clinical trials (2-7%)39. We assessed BBB 

permeability binary while a continuous assessment would have been more precise. 

Nevertheless, the assumptions of linear models were not satisfied, which precluded 

their use. In addition, we used DSC-MRI whereas dynamic contrast enhanced MRI by 

means of Ktrans is considered to be more accurate40. However, this technique is more 

time consuming in the setting of acute stroke imaging. We applied an arrival time 

correction to improve the robustness of K2 measurements as previously reported in 

stroke patients12. MMP-9 was the only metalloproteinase included in the panel of 

inflammatory markers. While most studies have focused on gelatinases (MMP-2 and 

MMP-9), some reports indicate that MMP-3 and MMP-12 are also implicated in 

neuroinflammation-mediated BBB damage after stroke3. Finally, increased serum 

levels of MMP-9 may reflect an increased BBB permeability rather than the dynamics 

of MMP-9 expression and activity within the ischemic core. 

In conclusion, increased BBB permeability is independently associated with increased 

H0 MMP-9 levels and larger ischemic core in AIS patients with symptoms onset <6h. 



Previous studies have reported biphasic roles of MMP-9 in stroke pathophysiology. It 

first mediates injury during the acute phase and then contributing to neurovascular 

remodeling in the penumbra during the recovery phase24,42. Preclinical data suggest 

that the use of selective MMP inhibitors may have significant therapeutic potential in 

AIS patients43,44. Although a clinical translation is still expected, our results encourage 

a new evaluation of this strategy in the early stage of AIS treated with mechanical 

thrombectomy as it may limit BBB damages related to ischemia – reperfusion injury 

44,45.  
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FIGURES. 

Figure 1. Flow-Chart: 

Abbreviation: DSC-MRI: dynamic susceptibility-contrast MRI 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Figure 2. Kinetics of matrix metalloproteinase-9 according to K2 status: 

Figure 2 presents the kinetics of matrix metalloproteinase-9 levels (medians) at H0, 

H6, H24 and H48 according to K2 status. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Figure 3. Admission MRI of a stroke patient with increased blood-brain-barrier 

permeability. 

 

In this patient with acute right sylvian ischemic stroke (A: B1000 diffusion-weighted 

images; B Apparent-Diffusion-Coefficient map) and symptoms onset <6h, K2 maps 

(C) indicate increased blood-brain-barrier permeability. She was treated with 

thrombolysis and mechanical thrombectomy, resulting in a modified Thrombolysis in 

Cerebral Infarction Score of 3. The 24-hour follow-up non-contrast CT scan (D) 

revealed confluent hemorrhagic petechiae (white arrows) within the infarct indicating 

HI-1 hemorrhagic transformation.



TABLES. 
 
Table 1. Characteristics of study population according to K2 status 

 

  Whole Population (n=105) High K2 (n=52) Low K2 (n=53)  P-Value 

Clinical characteristics         

Age, median [IQR] (years) 69.0 [56.0; 83.0] 68.0 [56.0; 76.0] 71.0 [56.0; 85.3] 0.16 

Male sex, n (%) 60 (57.1) 32 (61.5) 28 (52.8) 0.37 

Hypertension, n (%) 49 (46.7) 25 (48.1) 24 (45.3) 0.92 

Diabetes, n (%) 15 (14.3) 8 (15.4) 7 (13.2) 0.75 

Smoking, n (%)         

   Current Smoking, n (%) 23 (21.9) 9 (17.3) 14 (26.4) 0.26 

   Former Smoking, n (%) 18 (17.1) 12 (23.1) 6 (11.3) 0.11 

Time from symptoms onset (min), median 
[IQR] 96.0 [73.5; 125.5] 

95.0 [77.0; 126.0] 100.5 [69.3; 123.8] 0.59 

Baseline NIHSS score, median [IQR] 15.0 [10.0; 19.0] 15.0 [11.0; 20.0] 14.0 [9.0; 18.0] 0.07 

Biological characteristics         

CRP (mg/L), median [IQR]         

   H0 11.7 [5.4; 20.7] 12.3 [6.0; 20.2] 8.9 [4.9; 21.1] 0.42 

   H6 14.7 [5.7; 29.8] 15.3 [6.8; 26.3] 14.2 [5.6; 30.2] 0.92 

   H24 22.0 [14.3; 35.7] 25.9 [16.5; 39.0] 19.8 [11.6; 29.7] 0.04 

   H48 29.7 [17.6] 43.0 [21.5; 63.0] 24.7 [16.2; 38.6] 0.01 

MMP-9 (ng/mL), median [IQR]         

   H0 680.8 [436.1; 1106.6] 836.3 [500.2; 1259.3] 631.9 [370.6; 952.0] 0.06 

   H6 780.8 [514.6; 1220.5] 801.0 [508.3; 1303.2] 750.7 [532.6; 1071.2] 0.35 

   H24 674.2 [489.9; 1012.0] 814.1 [571.4; 1036.3] 582.3 [434.9; 939.8] 0.11 

   H48 745.4 [490.8; 998.7] 809.0 [572.7; 1000.3] 673.9 [383.3; 922.0] 0.02 

IL-6 (pg/mL), median [IQR]         

   H0 1.6 [0.6; 3.6] 1.8 [0.4; 4.8] 1.5 [0.8; 3.4] 0.73 

   H6 2.9 [1.5; 5.3] 2.9 [1.3; 4.8] 2.8 [1.5; 6.0] 0.69 

   H24 3.4 [2.0; 6.3] 3.5 [2.0; 6.3] 3.3 [2.1; 6.3] 0.99 

   H48 3.3 [1.6; 7.2] 3.5 [2.1; 6.3] 3.2 [1.6; 7.1] 0.77 

IL-8 (pg/mL), median [IQR]         

   H0 2.2 [1.1; 4.1] 2.2 [1.1; 4.3] 2.4 [1.1; 3.9] 0.91 

   H6 1.2 [0.5; 2.5] 1.2 [0.4; 2.3] 1.3 [0.7; 2.7] 0.47 

   H24 1.3 [0.3; 3.2] 1.2 [0.1; 3.2] 17 [0.6; 3.2] 0.43 

   H48 1.2 [0.4; 3.2] 1.2 [0.5; 3.8] 1.1 [0.3; 2.7] 0.50 

IL-10 (pg/mL), median [IQR]         

   H0 2.7 [1.4; 5.3] 3.5 [1.4; 6.5] 2.3 [1.3; 3.5] 0.09 

   H6 2.3 [1.3; 4.3] 2.3 [1.4; 4.6] 2.4 [1.3; 3.7] 0.81 

   H24 3.1 [1.6; 5.4] 3.3 [1.9; 5.4] 2.9 [1.4; 4.8] 0.67 

   H48 3.0 [1.6; 4.9] 3.0 [1.9; 5.7] 2.7 [1.5; 4.7] 0.42 

MCP-1 (pg/mL), median [IQR]         

   H0 64.1 [42.3; 103.1] 64.0 [40.4; 100.6] 65.6 [43.0; 103.8] 0.69 

   H6 46.2 [29.9; 76.4] 45.3 [28.1; 76.4] 46.8 [33.6; 74.3] 0.52 

   H24 42.3 [26.4; 65.1] 39.8 [26.2; 65.1] 43.6 [29.2; 60.4] 0.55 

   H48 39.1 [22.5; 60.0] 37.8 [22.5; 59.9] 39.4 [23.7; 60.9] 0.92 

sP-selectin (ng/mL), median [IQR]         

   H0 80.4 [61.9; 110.2] 80.4 [59.4; 117.0] 80.6 [68.0; 104.2] 0.71 

   H6 55.0 [43.6; 75.9] 60.9 [43.6; 75.9] 53.1 [44.2; 75.5] 0.60 

   H24 56.2 [42.2; 72.4] 58.3 [42.2; 80.0] 53.6 [42.5; 70.8] 0.70 

   H48 55.5 [40.9; 78.3] 56.8 [41.7; 77.0] 51.8 [39.3; 79.1] 0.65 



sST2 (ng/mL), median [IQR]         

   H0 12.2 [7.1; 17.1] 10.8 [6.3; 16.8] 13.4 [7.9; 17.3] 0.22 

   H6 17.3 [11.3; 26.4] 15.9 [11.3; 23.0] 19.3 [11.9; 27.6] 0.26 

   H24 16.6 [10.4; 28.5] 13.0 [10.3; 23.8] 19.3 [11.3; 29.6] 0.10 

   H48 13.2 [7.3; 24.3] 11.0 [10.3; 23.8] 15.1 [8.5; 26.6] 0.18 

TNFR1 (pg/mL), median [IQR]         

   H0 619.7 [433.4; 895.1] 599.3 [438.8; 895.1] 651.4 [428.6; 895.9] 0.95 

   H6 558.5 [435.7; 836.7] 547.2 [413.7; 717.5] 654.9 [443.9; 897.4] 0.33 

   H24 595.3 [445.8; 851.7] 561.3 [456.4; 792.2] 703.8 [435.3; 1002.4] 0.34 

   H48 585.6 [435.5; 903.3] 557.8 [475.3; 724.0] 681.9 [415.2; 971.0] 0.59 

VCAM-1 (ng/mL), median [IQR]         

   H0 504.0 [384.7; 637.6] 487.6 [372.5; 637.6] 519.4 [407.5; 625.6] 0.28 

   H6 458.6 [355.4; 623.3] 424.4 [345.3; 623.3] 464.6 [389.8; 623.2] 0.26 

   H24 458.3 [362.5; 614.7] 432.7 [355.6; 572.9] 485.6 [370.2; 621.0] 0.16 

   H48 495.3 [395.0; 612.3] 442.5 [362.2; 585.9] 522.4 [410.2; 618.4] 0.21 

Neuroimaging characteristics         

Occlusion site         

   ICA termination 33 (31.4) 20 (38.4) 13 (24.5) 0.15 

   M1 segment 55 (52.4) 25 (48.1) 30 (56.6) 0.44 

   M2 segment 17 (16.2) 7 (13.5) 10 (18.9) 0.60 

Baseline ischemic core volume (mL), 
median [IQR] 21.5 [8.6;39.8] 

32.9 [17.0; 65.1] 13.2 [5.7; 29.1] <0.001 

Hypoperfusion Intensity Ratio, median 
[IQR] 0.58 [0.46; 0.68] 

0.64 [0.56; 0.73] 0.54 [0.44; 0.64] 0.01 

AWRMC ≥ 2, n (%) 80 (76.2) 37 (71.2) 43 (81.1) 0.23 

Microbleeds, n (%) 17 (16.2) 8 (15.4) 9 (17.0) 0.82 

Outcome         

Intravenous thrombolysis, n (%) 53 (50.5) 30 (57.7) 23 (43.4) 0.14 

Successful revascularization 83 (79.0) 40 (76.9) 43 (81.1) 0.60 

Hemorrhagic Transformation, n (%) 30 (28.6) 21 (40.4) 9 (17.0) 0.008 

   HI-1 10 (9.5) 7 (13.5) 3 (5.7)   

   HI-2 13 (12.4) 11 (21.2) 2 (3.8)   

   PH-1 3 (2.9) 2 (3.8) 1 (1.9)   

   PH-2 0 (0) 0 (0.0) 0 (0.0)   

   SAH 4 (3.8) 1 (1.9) 3 (5.7)   

Final lesion volume (mL), median [IQR] 26.1 [9.2; 59.7] 39.5 [14.6; 73.0] 17.6 [8.5; 30.0] 0.02 

3-months mRS 2.0 [1.0; 3.0] 2.0 [2.0; 3.0] 2.0 [1.0; 3.0] 0.04 

Futile recanalization, n (%) 25 (23.8) 15 (37.5) 10 (23.3) 0.16 

 

Table Legend: 

The population was dichotomized according to the median K2 value (1.59) 

Abbreviations:  

IQR: interquartile range; NIHSS: National Health Institute Stroke Scale; CRP: C-

Reactive Protein; MMP-9: Matrix Metalloproteinase-9; IL-6: Interleukin-6; IL-8: 

Interleukin-8; IL-10: Interleukin-10; MCP-1: Monocyte Chemoattractant-1; sP-selectin: 

soluble P-selectin; ST2: soluble form Suppression of Tumorigenicity-2; TNFR-1: 



Tumor Necrosis Factor Receptor-1; VCAM-1: Vascular Cell Adhesion Molecule-1; 

ICA: Internal Carotid Artery; M1: M1 segment of middle cerebral artery; M2: M2 

segment of middle cerebral artery; ARWMC: Age-Related White Matter Changes; 

mRS: modified Rankin score 
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SUPPLEMENTARY MATERIAL. 
 
eTable 1. Serum MMP-9 levels according to the thrombolysis status 

MMP-9 (ng/mL), median [IQR] Thrombolysis (n=53) No Thrombolysis (n=52) P-Value 

   H0 805.2 [467.0; 1173.6] 601.3 [380.2; 1001.5] 0.09 

   H6 810.0 [540.4; 1303.2] 768.0 [476.3; 1106.9] 0.39 

   H24 614.9 [398.9; 1059.7] 770.3 [565.4; 996.2] 0.32 

   H48 708.6 [501.5; 1000.3] 760.4 [501.5; 1000.3] 0.87 

 

Abbreviations:  

MMP-9: Matrix Metalloproteinase-9; IQR: interquartile range 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



eTable 2. Characteristics of patients with symptoms onset < 6h according to K2 

status. 

 

  High K2 (n=36) Low K2 (n=36)  P-Value 

Clinical characteristics       

Age, median [IQR] (years) 67.5 [56.8; 76.0] 75.0 [55.0; 86.3] 0.08 

Male sex, n (%) 25 (69.4) 17 (47.2) 0.06 

Hypertension, n (%) 17 (47.2) 16 (44.4) 0.81 

Diabetes, n (%) 2 (13.9) 4 (11.1) 0.39 

Smoking, n (%)    

Current Smoking, n (%) 5 (13.9) 12 (33.3) 0.06 

Former Smoking, n (%) 8 (22.2) 3 (8.3) 0.10 

Time from symptoms onset (min), 
median [IQR] 

92.0 [74.5; 112.3] 100.5 [69.8; 121.3] 0.97 

Baseline NIHSS score, median [IQR] 15.0 [11.0; 20.0] 15.0 [9.0; 19.0] 0.39 

Biological characteristics    

CRP (mg/L), median [IQR]    

   H0 13.4 [5.3; 30.7] 10.7 [5.6; 21.1] 0.51 

   H6 15.7 [6.3; 34.7] 17.4 [6.7; 30.5] 0.88 

   H24 28.3 [20.2; 48.8] 20.8 [13.6; 29.7] 0.02 

   H48 46.4 [22.2; 91.4] 23.1 [15.5; 38.6] 0.02 

MMP-9 (ng/mL), median [IQR]    

   H0 949.9 [509.4; 1412.1] 592.8 [351.8; 826.6] 0.005 

   H6 1009.9 [648.3; 1384.1] 719.2 [451.1; 989.0] 0.04 

   H24 825.0 [604.0; 1187.9] 548.1 [396.9; 806.4] 0.02 

   H48 808.9 [571.8; 999.1] 609.6 [383.2; 781.0] 0.01 

IL-6 (pg/mL), median [IQR]    

   H0 1.7 [0.6; 4.7] 1.7 [0.8; 3.4] 0.73 

   H6 1.5 [1.3; 4.9] 2.8 [1.5; 6.3] 0.59 

   H24 3.3 [2.0; 5.8] 3.1 [2.1; 5.1] 0.84 

   H48 3.1 [1.6; 7.4] 2.8 [1.5; 6.1] 0.53 

IL-8 (pg/mL), median [IQR]    

   H0 2.6 [1.3; 5.2] 2.1 [0.9; 3.6] 0.34 

   H6 1.3 [0.4; 3.0] 1.2 [0.5; 2.5] 0.69 

   H24 1.0 [0.2; 3.4] 1.5 [0.2; 3.0] 0.97 

   H48 1.5 [0.5; 3.8] 0.7 [0.2; 2.0] 0.16 

IL-10 (pg/mL), median [IQR]    



   H0 3.3 [1.4; 6.0] 2.4 [1.4; 3.2] 0.17 

   H6 2.2 [1.2; 3.9] 2.1 [1.1; 3.7] 0.97 

   H24 3.2 [1.5; 4.8] 2.7 [1.4; 4.2] 0.65 

   H48 2.8 [1.3; 5.0] 2.4 [1.5; 3.7] 0.47 

MCP-1 (pg/mL), median [IQR]    

   H0 75.7 [50.8; 99.8] 70.0 [43.5; 113.4] 0.92 

   H6 47.9 [29.7; 76.6] 51.4 [37.5; 68.9] 0.80 

   H24 43.4 [30.2; 73.8] 46.9 [34.7; 72.9] 0.56 

   H48 45.8 [24.7; 67.6] 46.2 [25.7; 65.6] 0.99 

sP-selectin (ng/mL), median [IQR]    

   H0 82.1 [61.5; 125.6] 81.5 [67.2; 101.9] 0.66 

   H6 61.7 [43.0; 74.5] 51.1 [45.5; 63.4] 0.44 

   H24 60.7 [41.3; 83.5] 53.1 [43.3; 67.3] 0.66 

   H48 61.3 [41.6; 88.9] 51.8 [39.5; 68.5] 0.21 

sST2 (ng/mL), median [IQR]    

   H0 10.3 [6.2; 17.4] 14.0 [10.1; 17.4] 0.18 

   H6 14.5 [11.5; 23.4] 21.8 [12.6; 28.1] 0.14 

   H24 13.4 [10.7; 20.6] 21.6 [12.3; 32.3] 0.09 

   H48 10.8 [7.3; 18.2] 16.5 [10.0; 27.3] 0.09 

TNFR1 (pg/mL), median [IQR]    

   H0 596.7 [462.0; 840.6] 666.3 [454.4; 895.9] 0.55 

   H6 543.5 [412.5; 689.3] 654.9 [456.9; 877.5] 0.11 

   H24 561.0 [453.7; 674.9] 716.1 [485.3; 1002.4] 0.14 

   H48 563.0 [429.0; 687.8] 681.9 [428.2; 968.9] 0.35 

VCAM-1 (ng/mL), median [IQR]    

   H0 494.1 [382.0; 571.2] 534.7 [394.7; 630.3] 0.26 

   H6 429.5 [352.0; 541.3] 464.6 [389.8; 659.2] 0.14 

   H24 429.8 [354.5; 510.2] 497.7 [368.8; 659.4] 0.08 

   H48 444.3 [369.3; 577.1] 508.6 [404.2; 624.2] 0.39 

Neuroimaging characteristics    

Occlusion site    

ICA termination 12 (33.3) 6 (16.7) 0.17 

M1 segment 19 (52.8) 21 (58.3) 0.81 

M2 segment 5 (13.9) 9 (25.0) 0.37 

Baseline ischemic core volume (mL), 
median [IQR] 

28.4 [15.7; 74.0] 8.5 [5.4; 29.5] <0.0001 

Hypoperfusion Intensity Ratio, median 
[IQR] 

0.64 [0.46; 0.74] 0.55 [0.43; 0.64] 0.08 

AWRMC ≥ 2, n (%) 29 (80.6) 29 (80.6) 0.99 

Microbleeds, n (%) 6 (16.7) 6 (16.7) 0.99 

Outcome    

Intravenous thrombolysis, n (%) 23 (63.9) 18 (50.0) 0.23 



Successful revascularization 32 (88.9) 30 (83.3) 0.50 

Hemorrhagic Transformation, n (%) 13 (36.1) 4 (11.1) 0.01 

HI-1 5 (13.9) 2 (5.6)  

HI-2 7 (19.4) 0 (0.0)  

PH-1 1 (2.8) 0 (0.0)  

PH-2 0 (0.0) 0 (0.0)  

SAH 0 (0.0) 2 (5.6)  

Final lesion volume (mL), median [IQR] 38.0 [10.2; 73.3] 12.4 [7.0; 26.9] 0.04 

3-months mRS 2.0 [1.8; 3.0] 2.0 [1.0; 3.0] 0.25 

Futile recanalization, n (%) 9 (28.1) 8 (22.2) 0.89 

    

 

Table Legend: 

The population was dichotomized according to the median K2 value (1.27) 

Abbreviations:  

IQR: interquartile range; NIHSS: National Health Institute Stroke Scale; CRP: C-

Reactive Protein; MMP-9: Matrix Metalloproteinase-9; IL-6: Interleukin-6; IL-8: 

Interleukin-8; IL-10: Interleukin-10; MCP-1: Monocyte Chemoattractant-1; ; sP-

selectin: soluble P-selectin; ST2: soluble form suppression of tumorigenicity-2; 

TNFR-1: Tumor Necrosis Factor Receptor-1; VCAM-1: Vascular Cell Adhesion 

Protein-1; ICA: Internal Carotid Artery; M1: M1 segment of middle cerebral artery; 

M2: M2 segment of middle cerebral artery; ARWMC: Age-Related White Matter 

Changes; mRS: modified Rankin score 

 

 

 

 

 

 

 



eFIGURE 1. Violin plots of circulating inflammatory markers according to K2 
status in the whole study population. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



This figure presents the violin plots of serum levels at H0, H0, H24 and H48 for A: C-

Reactive Protein (CRP); B: Matrix Metalloproteinase-9 (MMP-9); C: Interleukin-6 (IL-

6); D: Interleukin-8 (IL-8); E: Interleukin-10 (IL-10); F: Monocyte Chemoattractant-1 

(MCP-1:); G: soluble P-selectin G (sP-selectin); H: soluble form Suppression of 

Tumorigenicity-2 (sST2); I: Tumor Necrosis Factor Receptor-1 (TNFR-1); J: Vascular 

Cell Adhesion Protein-1 (VCAM-1). 

The solid white lines indicate the medians and the dotted white lines the quartiles. 
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DISCUSSION : 

 

Étude n°1 : Comparaison des techniques d'angio-IRM et de 

l'artériographie cérébrale dans le cadre de la 

thrombectomie mécanique : une étude de non-infériorité. 
 

Nos résultats confirment que l’ARM-CE et l’ARM-TOF sont inférieures à l’artériographie 

cérébrale dans la localisation de l’occlusion artérielle en cas d’infarctus cérébral malgré la prise 

en compte du caractère migratoire du thrombus, ce qui est conforme aux études antérieures 

[89,90]. Les deux techniques d’angio-IRM avaient une précision altérée en cas d’occlusion en 

tandem soit 20.5% de notre population d’étude. En tant que technique basée sur le flux 

sanguin, l'ARM-TOF ne permet pas une évaluation précise de la vascularisation intracrânienne 

en cas d'occlusion et/ou de sténose sévère du bulbe carotidien. De même, l’opacification 

vasculaire peut être entravée en aval d’une sténose ou d’une obstruction de la portion extra-

crânienne de l’artère carotide interne [126,127]. Enfin, un caillot intracrânien peut entraîner 

une pseudo-occlusion de l’artère carotide interne cervicale d’amont par ralentissement sévère 

du flux sanguin [128,129]. 

Cette étude présente plusieurs limites notamment son caractère rétrospectif 

monocentrique. Aucun des patients inclus ne présentait de sténose artérielle sévère, ce qui 

explique probablement l'absence de faux positifs pour la TOF-MRA. En pratique clinique, il est 

difficile de distinguer une sténose intracrânienne sévère d'une occlusion artérielle avec le TOF-

MRA [130,131]. 
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Étude n°2 : Comparaison des logiciels de perfusion IRM 

dans la prédiction du volume final de l’infarctus cérébral 

après thrombectomie mécanique. 
 

Nous avons publié la première étude ayant évalué la précision de trois logiciels de 

perfusion IRM dans la prédiction du volume final de la lésion ischémique. Cette étude confirme 

la pertinence clinique du seuil d’ADC ≤620 × 10-6 m2/s pour estimer le volume du noyau 

ischémique pour les trois logiciels. Néanmoins, elle démontre une variabilité substantielle dans 

l’estimation du volume du trouble de perfusion selon le logiciel utilisé. En supposant que la 

population étudiée comprenait des infarctus cérébraux de présentation tardive et en appliquant 

les critères de l'essai DEFUSE 3, ces différences volumétriques auraient conduit à une 

sélection différente selon logiciel utilisé. Ces conclusions sont concordantes avec les travaux 

de Deutschmann et al. [102]. Après correction manuelle des volumes générés 

automatiquement, nous avons constaté une amélioration de la reproductibilité des volumes du 

trouble de perfusion et de la qualité de prédiction du volume final de la lésion ischémique finale.  

Nos résultats impliquent qu’une vérification soigneuse des segmentations automatiques des 

cartes de perfusion et une éventuelle correction sont nécessaires avant de décider d’un 

traitement de reperfusion. 

Cette étude présente plusieurs limites dont l’inclusion d’un faible échantillon en échec 

de thrombectomie (n=26). Ceci a pu limiter la puissance statistique, en particulier pour la 

comparaison des volumes des troubles de perfusion obtenus avec RAPID® et Philips®. Cela 

nous a également empêché de réaliser d'autres analyses prenant en compte des facteurs 

critiques tels que le degré de recanalisation (c'est-à-dire le score mTICI 0 vs 1 et 2A) et le 

temps écoulé entre l'IRM d'admission et la recanalisation. Enfin, les corrections ont été 

réalisées par un expert ce qui en limite la valeur en pratique clinique car cette approche peut 

être chronophage en particulier dans les centres non experts. 
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Étude n°3 : Le seuil optimal de Tmax identifiant les 

volumes du trouble de perfusion est-il variable selon les 

logiciels de perfusion par IRM ? Une étude pilote. 
 

Nous avons publié la première étude suggérant que le seuil de Tmax optimal pour 

définir le volume du trouble de perfusion variait selon le logiciel de post-traitement utilisé. En 

IRM-DSC, la quantification du volume du trouble de perfusion est un challenge technique car 

elle nécessite une fonction d’entrée artérielle qui n’est qu’une approximation de la 

concentration plasmatique de l’agent de contraste [132]. Le choix de la meilleure carte 

paramétrique (c'est-à-dire CBF, Time-to-Peak, Mean-Transit-Time et Tmax) et du meilleur 

seuil à utiliser pour définir le volume du trouble de perfusion a été l’objet d’importants débats 

dans la littérature [132]. Parmi ces différentes cartes, les cartes de Tmax ont été utilisées dans 

les premières études multicentriques ayant évalué la thrombolyse intraveineuse pour délimiter 

le volume du trouble de perfusion en utilisant un seuil ≥ 6s [133,134]. Pour l’IRM, deux études 

ont indiqué qu’un seuil de Tmax entre 4 et 6s était optimal pour l'identification précoce de la 

pénombre [135,136]. Des études comparatives directes TEP/IRM ont fait état de seuils 

similaires [137,138]. Néanmoins, ces études ont utilisé des méthodologies différentes pour 

définir la non-reperfusion et les populations d’étude étaient de petite taille [135-138]. En outre, 

elles ont principalement utilisé RAPID® et d'autres logiciels « maisons ». En l’absence de 

standardisation du post-traitement et tel que nos résultats le suggèrent, un seuil de Tmax ≥ 6s 

s pourrait ne pas être optimal pour tous les logiciels de post-traitement IRM. 

Les principales forces de l’étude sont l’inclusion de patients en échec de 

thrombectomie avec un score mTICI = 0 permettant d’approcher au mieux le modèle du 

mismatch diffusion-perfusion et une évaluation reproductible du volume finale de la lésion 

ischémique par IRM à J6. Toutefois, elle présente des limites. Outre son caractère 

monocentrique, la population étudiée est restreinte, car les patients sans reperfusion après 

traitement (mTICI = 0) sont rares. De plus, nous avons effectué des comparaisons 

volumétriques, alors que des comparaisons de similarité utilisant le coefficient de similarité de 

Dice auraient été plus efficaces. Néanmoins, cela n'a pas été techniquement possible, car le 

logiciel RAPID® ne permet pas l'export de volumes d'intérêt. Enfin, certains des patients inclus 

ont pu connaître une recanalisation tardive après la thrombectomie mécanique, puisque 

certains sujets avaient un volume final d'infarctus beaucoup plus petit qu’attendu. 
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Étude n°4 : Le brush sign et l'apport collatéral comme 

marqueurs potentiels de la croissance de la lésion 

ischémique après une thrombectomie réussie. 
 

Notre étude a montré que le brush sign était indépendamment associé à une 

croissance large de la lésion ischémique. Les mécanismes explicatifs possibles comprennent 

les lésions d’ischémie-reperfusion qui résultent d’une série complexe d’événements 

physiopathologiques incluant le stress oxydatif et l’acidose cérébrale [139]. En tant que reflet 

d’une désoxygénation tissulaire sévère du tissu ischémique, nos résultats suggèrent que le 

brush sign pourrait être un marqueur de tissu à risque d’ischémie-reperfusion. A cet égard, il 

a été établi que l'acidose cérébrale et la diminution du pH tissulaire induisent une diminution 

du signal T2* [140]. 

Cette étude présente plusieurs limites. Nous avons évalué le brush sign en IRM T2* 

alors l’IRM de susceptibilité magnétique est plus précise pour évaluer le signal des veines 

sous-épendymaires et trans-médullaires [141]. De plus, l’IRM de susceptibilité magnétique 

permet une évaluation quantitative de la saturation en oxygène des veines cérébrales, ce qui 

permet une évaluation plus quantitative de l'ischémie cérébrale [142].  
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Étude n°5 : Les hypersignaux FLAIR vasculaires sont 
associés au résultat fonctionnel chez les patients à 

recanalisation effective après thrombectomie mécanique. 
 

Dans cette étude, nous avons constaté que des hypersignaux FLAIR vasculaires peu 

étendus sur l’IRM d’admission étaient associés à un résultat fonctionnel moins bon (mRS >2 

à 3 mois) malgré une recanalisation réussie. Nos résultats corroborent ceux des études 

antérieures qui ont établi la valeur pronostique positive des hypersignaux FLAIR vasculaires 

étendus [119,121,143,144]. L’originalité de notre travail repose sur l’analyse spécifique de 

patients avec une recanalisation réussie. Dans cette population, l'effet bénéfique de 

collatérales étendues pourrait consister à maintenir la viabilité des tissus en attendant une 

recanalisation efficace et à prévenir les réocclusions artérielles précoces après la 

recanalisation [145].  

Cette étude présente certaines limites notamment un échantillon de petite taille. Le 

nombre de patients ayant un score de mRS > 2 à 3 mois était faible par rapport au nombre de 

prédicteurs inclus dans le modèle multivarié ce qui a pu affaiblir la puissance statistique de 

l'analyse principale. 
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Étude n°6 : Perméabilité de la BHE et cinétique des 
marqueurs inflammatoires chez les patients traités par 
thrombectomie mécanique pour un infarctus cérébral 

 

Dans cette étude, nous avons montré que l’augmentation de perméabilité de la BHE 

sur l’IRM d’admission était associée à un noyau ischémique plus étendu. En analyse en sous-

groupe sur les patients dont les symptômes étaient apparus avant 6h, nous avons observé 

qu’une perméabilité accrue de la BHE était associée à un noyau ischémique plus étendu et 

des taux sériques plus élevés de MMP-9 à l’admission. 

Nos résultats sont concordants avec les études antérieures ayant démontré 

l’association entre le HARM (hyperacute reperfusion marker) et le taux de MMP9 [124,125]. 

Par rapport au HARM, les cartes K2 ont l’avantage de fournir une évaluation plus précoce de 

la perméabilité de la BHE dès l’IRM d’admission et sans acquisition supplémentaire [146].  

Dans l'ensemble de la population, seuls les taux de MMP-9 à 48h étaient significativement 

plus élevés en cas de perméabilité augmentée de la BHE. Cette augmentation ultérieure des 

niveaux de MMP-9 pourrait être liée au caractère dynamique de la perméabilité de la BHE. A 

cet égard, certains auteurs ont rapporté une évolution biphasique avec un premier pic à 6h et 

un second entre 72 et 96h [28,31,36,147]. En accord avec les études antérieures, nous avons 

constaté que les patients présentant une perméabilité accrue de la BHE étaient plus 

susceptibles d'avoir une transformation hémorragique et un résultat fonctionnel moins bon à 3 

mois [24,25]. 

La principale force de cette étude réside dans l'analyse couplée de la perméabilité de 

la BHE et l'analyse séquentielle d'un large panel de marqueurs inflammatoires circulants. 

Néanmoins, notre étude est limitée par une évaluation binaire du K2 alors qu’une évaluation 

continue aurait été plus précises. Toutefois, les prérequis d’application des modèles de 

régression linéaire n’étaient pas réunis sur nos données. Enfin, l'augmentation des taux 

sériques de MMP-9 pourrait refléter une perméabilité accrue de la BHE plutôt qu’une 

expression accrue des MMP-9 au sein noyau ischémique. 
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CONCLUSION ET PERSPETIVES : 

 

Notre travail sur la cohorte HIBISCUS-STROKE a permis de préciser les limites des 

techniques d’IRM dans la sélection des patients éligibles à un traitement de reperfusion, 

d’identifier des biomarqueurs radiologiques de recanalisation futile et de croissance de lésion 

ischémique malgré une recanalisation réussie et de déterminer les facteurs associés à une 

augmentation de perméabilité la BHE sur l’IRM d’admission.  

Cette approche laisse entrevoir une meilleure compréhension des mécanismes 

d’ischémie-reperfusion. Dans l’immédiat, nous allons poursuivre nos travaux sur la cohorte 

HIBISCUS-STROKE afin d’étudier les relations entre la collatéralité et la perméabilité de la 

BHE car certains auteurs ont suggéré que l’œdème vasogénique pourrait être un facteur 

explicatif de l’épuisement de la collatéralité [9]. 
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