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Résumé: La maladie des petites artères cérébrales (MPAC) constitue une étiologie importante d'accident vasculaire cérébral (AVC), de déclin cognitif et de démence. Les marqueurs en imagerie par résonance magnétique (IRM) de MPAC comprennent les hypersignaux de la substance blanche (HSB), les infarctus lacunaires (IL), les microsaignements (MS) et les espaces dilatés périvasculaires (EdPV). Une revue systématique et méta-analyse incluant plus de 16,000 participants a permis de mieux caractériser l'association des HSB, IL et MS avec le risque d'AVC et de démence, ainsi que leurs sous-types, et la mortalité. En raison de données limitées sur les EdPV dans cette revue systématique, nous avons étudié l'association entre les EdPV et le risque incident d'AVC au sein de la cohorte 3C-Dijon en population générale et avons mis en évidence une association significative des EdPV, en particulier au niveau des noyaux gris centraux et de l'hippocampe, avec le risque incident d'AVC, surtout hémorragique. Nous avons ensuite estimé l'héritabilité des EdPV à partir de génotypes pangénomiques, mettant en évidence une héritabilité plus élevée que pour les autres marqueurs IRM de MPAC, notamment pour les EdPV au niveau de la substance blanche. Dans un second temps, nous avons réalisé une méta-analyse d'études d'associations génétiques pangénomiques (GWAS) des EdPV qui nous a permis d'identifier 2 loci significativement associés au seuil pangénomique avec une sévérité plus importante des EdPV au niveau de la substance blanche. Ces associations orientent vers des gènes impliqués dans le développement cérébral, le fonctionnement des vaisseaux cérébraux et la tumorigenèse. Nous avons mis en évidence une corrélation génétique significative entre les EdPV au niveau des noyaux gris centraux et les AVC (tout type) et les AVC ischémiques. Enfin, nous avons étendu ces recherches à la cohorte Nagahama en population générale japonaise afin de (i) comparer la reproductibilité des 3 principales échelles visuelles de quantification des EdPV dans cette cohorte, et (ii) de réaliser un GWAS des HSB en population japonaise, qui a permis de confirmer dans cette population le locus du chr17q25.1 et d'identifier de nouveaux loci associés avec le volume d'HSB dans différentes régions du cerveau. En conclusion, nous avons apporté de nouveaux éléments sur la signification clinique des marqueurs IRM de MPAC, en particulier les EdPV, et sur les déterminants génétiques des marqueurs IRM de MPAC, avec une première estimation de l'héritabilité et une première méta-analyse de GWAS des EdPV, et un premier GWAS des HSB en population japonaise.
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CONTEXTE EPIDEMIOLOGIE DE LA MALADIE DES PETITES ARTERES CEREBRALES

La maladie des petites artères cérébrales (MPAC) constitue une étiologie importante d'accident vasculaire cérébral (AVC), de déclin cognitif et de démence. Les AVC représentent au niveau mondial la première cause de handicap neurologique acquis, la deuxième cause de décès, et la deuxième cause de démence. 4,5 Au niveau mondial, le risque vie-entière d'AVC chez une personne âgée de 25 ans est estimé à 24.7% chez les hommes et 25.1% chez les femmes, avec un risque plus important en Asie de l'Est (38.8%), Europe Central (31.7%) et Europe de l'Est (31.6%). 6 Avec l'augmentation de l'espérance de vie, la prévalence des personnes ayant un antécédent d'AVC va augmenter, en particulier chez les femmes. 7 Les données épidémiologiques en population générale ont montré que pour une personne en bonne santé à l'âge de 65 ans le risque vie entière de présenter un AVC, une démence ou les 2 est de un sur trois. 8 Les AVC ischémiques et hémorragiques représentent respectivement 80% et 15% des AVC, 9 et la MPAC est à l'origine d'au moins un tiers des AVC. 10 La proportion des AVC dus à la MPAC serait plus importante au sein des populations Africaines et Asiatiques. 11,12 La MPAC est également associée à une augmentation du risque de développer une démence. Le nombre de personnes atteintes de démence a été estimé à 46.8 millions en 2015, des projections prévoient 74.7 millions de personnes atteintes en 2030 et 131.5 million en 2050. 13 Des études décrivent une diminution de l'incidence âge-spécifique de la démence dans certains pays. Cependant devant l'augmentation de l'incidence de la maladie d'Alzheimer avec l'âge et le vieillissement de la population, le fardeau lié à cette maladie va continuer à augmenter. [14][15][16][17] Des études en population générale ont montré que des marqueurs de la MPAC en imagerie par résonance magnétique (IRM) cérébrale, comprenant les hypersignaux de la substance blanche (HSB), les infarctus lacunaires, les espaces dilatés périvasculaires (EdPV) et les microsaignements (MS) sont très fréquents. Les marqueurs IRM de la MPAC sont de puissants facteurs prédictifs d'AVC, de déclin cognitif et de démence. 1,18,19 La MPAC peut donc être détectée à des stades infra-cliniques ou paucisymptomatiques en IRM cérébrale. Mesurables de façon non-invasive et quantitative dans de grands échantillons de population, ces marqueurs IRM de la MPAC constituent un phénotype intermédiaire intéressant pour identifier des variants génétiques à risque de MPAC, et pour mettre en évidence les mécanismes biologiques et les voies physiopathologiques sous-jacents (Figure1). 

DEFINITION DES MARQUEURS IRM DE LA MALADIE DES PETITES ARTERES CEREBRALES

Les HSB sont définis par une augmentation du signal IRM en séquence T2 et FLAIR au niveau de la substance blanche, voire parfois une hypointensité en séquence T1. Dans une récente méta-analyse des données de la littérature incluant 14,529 participants (17 études) la prévalence des participants ayant une charge lésionnelle importante en HSB était de 19.7%. 21 Les infarctus infra-cliniques sont des infarctus visualisés à l'IRM sans signes cliniques associés. 22 Les infarctus lacunaires (IL) sont des infarctus cérébraux profonds de 3 à 15 mm, ayant le même signal IRM que le liquide céphalo-rachidien (LCR), hypointense en T1 et hyperintense en T2. Dans une méta-analyse récente sur 20,949 participants issus de cohortes en population générale 17,7% des participants avaient des infarctus infra-cliniques, et 10.5% des IL. 23 Les MS sont des lésions en général de petite taille (2-5 mm, allant parfois jusqu'à 10 mm), rondes ou ovales, visible en T2*. 22,24 La prévalence des MS se situent entre 8% et 16% dans des populations avec une moyenne d'âge autour de 65 ans. [25][26][27] Les EdPV sont des lésions rondes, ovoïdes ou linéaires de même intensité que le LCR (hypointense en T1 et hyperintense en T2), de diamètre < 3 mm, avec des contours lisses et bien délimités, et localisés dans les régions cérébrales suppléées par les artères perforantes. Les EdPV larges sont des lésions remplissant les mêmes critères mais ayant un diamètre ≥ 3 mm. Dans une population de sujets âgés de plus de 65 ans, la cohorte 3C-Dijon, tous les participants ont au moins un EdPV.

PHYSIOPATHOLOGIE ET FACTEURS DE RISQUE GENETIQUES DE LA MALADIE DES PETITES ARTERES CEREBRALES

La MPAC est due à une altération de la structure et/ou de la fonction des petits vaisseaux cérébraux, comprenant les petites artères, artérioles, capillaires et veinules. La MPAC semble reposer sur des facteurs génétiques et environnementaux complexes, parmi lesquels l'âge et l'hypertension sont rapportés comme les plus importants. Cependant, de nombreux patients ayant une MPAC ne présentent pas de facteurs de risque connus, et à un même niveau de facteurs de risque la prévalence et la sévérité de la MPAC varie beaucoup, montrant que les facteurs déterminants de la MPAC sont encore en grande partie inconnus. Actuellement il n'existe pas de traitement étiologique spécifique de la MPAC, en dehors de la prise en charge des facteurs de risque vasculaires, notamment de l'hypertension artérielle. Peu de déterminants génétiques associés aux AVC dus à la MPAC ont été identifiés. L'étude MEGASTROKE incluant 67,162 patients ayant présenté un AVC et 454,450 participants contrôles a permis l'identification d'un locus au niveau du chromosome 16 (chr16q24) significativement associé avec les AVC dus à la MPAC au seuil de significativité pangénomique (p<5x10 -8 ). 28 La recherche des déterminants génétiques des marqueurs IRM de la MPAC constitue une voie intéressante pour identifier les facteurs de risque génétiques de la MPAC. L'héritabilité du volume des HSB, c'est-à-dire la variance expliquée par des facteurs génétiques, est élevée, estimée entre 49 et 80% dans des études familiales. [29][30][31][32] Dans une méta-analyse d'études d'association génétique pangénomiques (GWAS pour genome-wide association studies) réalisée au sein du consortium CHARGE (Cohorts of Heart and Aging Research in Genomic Epidemiology), sur N=21,079 participants, 5 loci ont été identifiés comme étant significativement associés au volume des HSB au seuil pangénomique de p<5x10 -8 , 33 permettant la réplication d'un locus déjà identifié sur le chromosome 17q25 (chr17q25) et l'identification de 4 nouveaux loci (chr10q24, chr1q22, et chr2p16 et chr2p21) impliqués dans l'inflammation et la prolifération des cellules gliales. Une étude combinant les résultats de 8,429 participants issus de la population générale et 2,797 patients ayant présenté un AVC a permis d'identifier un locus supplémentaire au niveau du chromosome 6 (chr6p25.1) impliqué dans la réponse cellulaire au stress mécanique. 34 L'héritabilité des IL est plus faible, estimée à 29%. 30 Une méta-analyse de GWAS des infarctus cérébraux en IRM, dans leur ensemble et pour les IL, toujours au sein du consortium CHARGE, a identifié 2 loci comme étant significativement associés aux infarctus cérébraux au seuil pangénomique de p<5x10 -8 (chr5q23 et chr13q12). 23 Toutefois, le nombre de variants génétiques identifiés comme étant associés significativement et de façon robuste à ces marqueurs IRM de MPAC reste relativement limité à ce jour, probablement au moins en partie du fait d'un manque de puissance.

DEMARCHE ADOPTEE ET RESULTATS 1. Signification clinique des marqueurs IRM de la maladie des petites artères cérébrales

De nombreuses études ont décrit une association des marqueurs IRM de la MPAC avec une augmentation du risque d'AVC, de démence et de mortalité, mais certaines études ne retrouvent pas ces associations. Dans une première partie de cette thèse, j'ai contribué à une revue systématique de la littérature avec méta-analyse des données extraites incluant 16,012 participants, réalisée afin de caractériser de façon robuste l'association des marqueurs IRM de MPAC avec le risque incident d'AVC, de démence et de mortalité, en réalisant une actualisation de la revue de la littérature pour l'ensemble des marqueurs IRM sur la dernière année, et en effectuant les analyses sur les espaces dilatés périvasculaires. Cette revue systématique et méta-analyse a montré que les HSB, infarctus infra-cliniques et MS sont associés à une augmentation du risque d'AVC, ischémique mais également hémorragique, et de la mortalité. 21 Cette méta-analyse a également permis de monter que la présence d'une charge lésionnelle importante en HSB est associée à une augmentation du risque de démence, et en particulier de maladie d'Alzheimer. Ces résultats renforcent l'hypothèse d'un continuum entre MPAC et maladie neurodégénérative; une réduction de la progression de la MPAC pourrait prévenir ou réduire le déclin cognitif et les maladies neurodégénératives Concernant les EdPV, nous avons identifié seulement 5 études longitudinales retrouvant pour certaines d'entre elles une association entre la sévérité des EdPV et le risque incident d'AVC, de démence et de mortalité de cause vasculaire (AVC, infarctus du myocarde).

Du fait du peu de données sur les EdPV dans la littérature, nous avons étudié l'association entre les EdPV et le risque incident d'AVC (global et par sous-types) dans une cohorte française issue de la population générale, la cohorte des 3-Cités Dijon (3C-Dijon). Nous avons réalisé cette étude chez 1,678 participants, et utilisé pour l'analyse un modèle de Cox avec l'âge comme axe du temps et ajusté sur le sexe et le volume total intracrânien. Le suivi moyen était de 9.1 +/-2.6 ans. Les EdPV dans leur globalité, et en particulier les EdPV au niveau des noyaux gris centraux et de l'hippocampe, sont associés à une augmentation du risque incident d'AVC, et en particulier d'AVC hémorragique. 35 L'association avec le risque incident d'AVC hémorragique était toujours significative après ajustement supplémentaire sur les facteurs de risque vasculaires, la prise d'un traitement anti-thrombotique, le statut allélique de l'ApoE4, et aussi après ajustement sur les autres marqueurs IRM de MPAC pour les EdPV dans l'hippocampe. Ces résultats, s'ils sont confirmés dans des études indépendantes, suggèrent que les EdPV au niveau des noyaux gris centraux et de l'hippocampe pourraient être un marqueur IRM associé à un risque accru d'AVC hémorragique (hémorragie intraparenchymateuse).

Déterminants génétiques des espaces dilatés périvasculaires

Dans une deuxième partie de cette thèse, nous avons recherché les déterminants génétiques des EdPV afin d'identifier les mécanismes sous-jacents. Dans un premier temps nous avons estimé l'héritabilité des EdPV, soit la proportion de variance expliquée par les facteurs génétiques, et l'héritabilité partagée entre les EdPV et les autres marqueurs IRM de MPAC. Nous avons réalisé ces estimations chez 1,597 participants de la cohorte 3C-Dijon par la méthode « Genome-wide Complex Trait Analysis » (GCTA). 36 L'héritabilité de la charge globale en EdPV (sous forme de score) était élevée, et en particulier pour les EdPV au niveau de la substance blanche, des noyaux gris centraux et de l'hippocampe, avec une héritabilité plus faible pour les EdPV au niveau du mésencéphale. Nous avons retrouvé une corrélation phénotypique importante et une héritabilité partagée non significative mais élevée entre les EdPV au niveau des noyaux gris centraux et le volume des HSB, ainsi qu'une association entre un score de risque génétique des HSB et une charge importante en EdPV au niveau des noyaux gris centraux.

L'héritabilité des EdPV étant élevée, nous avons conduit une méta-analyse d'études d'association génétiques pangénomiques (GWAS) au sein du consortium CHARGE. Les EdPV ayant été quantifiés grâce à des échelles semi-quantitatives ou quantitatives différentes selon les cohortes, nous avons utilisé le quartile supérieur de la distribution des EdPV au sein de chaque cohorte comme variable d'intérêt. Nous avons étudié séparément les EdPV au sein des 4 principales localisations, à savoir la substance blanche, les noyaux gris centraux, l'hippocampe et le mésencéphale. Nous avons inclus 11,511 participants, sans antécédents d'AVC, issus de 17 cohortes de 4 origines ethniques différentes (89.4% d'origine Européenne, 6.2% d'origine Asiatique et 1.5% d'origine Afro-Américaine). Nous avons recherché les déterminants génétiques des EdPV (quartile supérieur) dans un premier échantillon de 9,086 participants, les résultats atteignant un degré de significativité inférieure à p<5.10 -6 ont été analysés dans un échantillon indépendant de 2,425 participants. Nous avons identifié 10 loci associés aux EdPV dans la substance blanche, parmi lesquels 2 loci, au niveau du chromosome 9 (chr9q31.3) et du chromosome 3 (chr3p25.1) ont été répliqués et atteignent le seuil de significativité pangénomique dans la méta-analyse combinée. Une analyse tenant compte de l'hétérogénéité allélique entre les différents groupes ethniques a permis d'identifier un locus très proche du seuil de significativité pangénomique au niveau du chromosome 20 (chr20q11.22). Enfin, une analyse des déterminants génétiques au sein de chaque gène (« gene-based analysis ») a permis l'identification de 3 gènes, LPAR1, SLC13A3 et UNC51 significativement associés aux EdPV au niveau de la substance blanche. Ces différents loci et gènes identifiés sont impliqués dans le développement cérébral, la formation des vaisseaux, des processus tumoraux et dans le transport de différents substrats. Nous n'avons pas observé d'associations significatives avec les EdPV dans les autres localisations. Cependant, nous avons mis en évidence une corrélation génétique significative entre d'une part les EdPV au niveau des noyaux gris centraux (et nominalement significative pour les EdPV au niveau de l'hippocampe) et d'autre part les AVC (tout AVC confondu) et les AVC ischémiques; et une corrélation génétique nominalement significative (p<0.05) entre les EdPV au niveau des noyaux gris centraux et les AVC hémorragiques profonds (également pour les EdPV au niveau de l'hippocampe), la pression artérielle diastolique, les HSB, les infarctus infra-cliniques, et les AVC dus à la MPAC. Une approche par randomisation mendélienne a apporté des arguments en faveur d'une association causale entre les triglycérides et les EdPV au niveau de la substance blanche, et entre la pression artérielle et les EdPV au niveau des noyaux gris centraux, de l'hippocampe et du mésencéphale. En conclusion nous avons réalisé le premier GWAS des EdPV et identifié des loci impliqués dans le développement cérébral et la néoangiogénèse. Nous avons également identifié des gènes impliqués dans le transport de différents substrats, et qui pourraient participer au système de drainage du liquide interstitiel au niveau du cerveau.

Extension à une cohorte Japonaise, la cohorte Nagahama

Enfin, la prévalence de la MPAC étant plus élevée dans les populations Asiatiques, et dans le cadre d'une collaboration avec l'équipe du Pr Matsuda, "Center for Genomic Medicine" de Kyoto (Université de Kyoto), nous avons étendu ces recherches à une cohorte Japonaise issue de la population générale, la cohorte Nagahama.

Nous avons réalisé une étude d'association pangénomique du volume des HSB au sein de la cohorte Nagahama, incluant 2,889 participants. Le volume total des HSB ainsi que le volume d'HSB péri-ventriculaires et profonds, et les volumes des HSB dans les principaux territoires artériels ont été estimés grâce à une méthode automatique par l'équipe du Pr Mazoyer, Institut des maladies neurodégénératives, UMR 5293, Équipe 5 -CEA -CNRS -Université de Bordeaux. Nous avons réalisé une étude d'association pangénomique en incluant dans l'analyse les participants apparentés grâce à un modèle linéaire mixte incluant une matrice modélisant les liens de parentés (RVtest). Le GWAS du volume total des HSB a permis d'identifier un locus précédemment décris au niveau du chromosome 17 (chr17q25). Le même locus était associé significativement au seuil pangénomique avec le volume des HSB au niveau de l'artère cérébrale moyenne. Nous avons également identifié 3 nouveau loci au seuil de significativité pangénomique avec le volume des HSB périventriculaires, au niveau des chromosomes 5 (chr5q23.3), 15 (chr15q13.1) et 19 (chr19q13.42), impliqués dans les transports de molécules, dans la dégradation de la matrice extracellulaire et dans des pathologies neuropsychiatriques ; et un locus de significativité pangénomique avec le volume des HSB au niveau du territoire de l'artère lenticulostriée latérale, au niveau du chromosome 3 (chr3p14.2), impliqué dans l'exocytose de vésicules. Ces résultats doivent être répliqués dans des échantillons indépendants. La perspective de ce travail est de réaliser l'annotation fonctionnelle des loci identifiés, puis en utilisant les données de séquençage de rechercher à identifier le variant causal au niveau du locus chr17q25.

Dans le cadre d'un deuxième projet, nous avons comparé la validité et reproductibilité des 3 principales échelles visuelles de quantification des EdPV avec la perspective d'identifier les déterminants génétiques des EdPV au sein d'une cohorte Japonaise. Pour cela nous avons quantifié les EdPV au niveau de la substance blanche, des noyaux gris centraux, de l'hippocampe et du tronc cérébral dans un échantillon de 101 participants de la cohorte Nagahama. Les IRM ont été lues par moi-même et Chloé Galmiche, interne en radiologie. Nous avons évalué la reproductibilité entre nos mesures (reproductibilité interindividuelle) et entre les 2 lectures de Chloé Galmiche (reproductibilité intra-individuelle) grâce à l'estimation de coefficients kappa. Au sein la cohorte Nagahama, la séquence T2 était la meilleure séquence pour quantifier les EdPV. L'épaisseur des coupes IRM de 4 mm et l'absence de séquence 3D millimétrique ne permettait pas de suivre les EdPV, ce qui a probablement augmenté la variabilité. Malgré ces limites, nous suggérons que l'échelle UNIVRSE, qui quantifie le nombre d'EdPV dans les 4 principales localisations en utilisant la séquence T2 est l'échelle la plus adaptée pour quantifier les EdPV au sein de la cohorte Nagahama. Nous avons également estimé la corrélation entre les échelles et les différentes localisations, et retrouvé une bonne corrélation entre les EdPV au niveau des noyaux gris centraux et de l'hippocampe entre les 3 échelles.

I. GENERAL INTRODUCTION EPIDEMIOLOGY OF CEREBRAL SMALL VESSEL DISEASE

Cerebral small vessel disease (cSVD) is a major cause of stroke, and is associated with a higher risk of cognitive decline and dementia.

Stroke is the second cause of disability-adjusted life-years and mortality (after ischemic heart disease) 4,5 and the second cause of dementia. Stroke comprises both ischemic stroke and intracerebral hemorrhage, representing approximately 80% and 15% of strokes respectively in European populations. 9 Up to a third of strokes are caused by cSVD (Figure 1). Figure 1. Stroke subtypes classification, 10 subtypes highlighted in orange are caused by cerebral small vessel disease. 37 Worldwide, the estimated global lifetime risk of stroke from the age of 25 years was 24.7% among men and 25.1% among women, with the highest estimated risks in East Asia (38.8%), Central Europe (31.7%) and Eastern Europe (31.6%). 6 In the United States, overall stroke prevalence between 2009 and 2012 was estimated at 2.6%, representing 6.6 million Americans aged 20 years and older, 38 and projection by 2030 showed that 3.88% of the population older than 18 years will have had a stroke, with a 129% increase of total annual medical cost. 39 With increasing longevity, the prevalence of stroke survivors is projected to increase, especially among women. 7 After age 65, one person in three will develop a stroke, dementia or both. 8 In the REasons for Geographic and Racial Differences in Stroke (REGARDS) study, conducted in a multiethnic general population free of a prior diagnosis of stroke or transient ischemic attack, the prevalence of one or more symptoms related to stroke was estimated at 17.8% of the population, suggesting that many subclinical strokes are nonetheless symptomatic, but failing to reach a threshold required for clinical diagnosis. 40 Importantly, cSVD is a leading cause of both ischemic stroke and intracerebral hemorrhage, and has been estimated to cause up to one third of all strokes. 41 The proportion of stroke caused by cSVD is expected to be even higher in African and Asian populations. 11,12 cSVD is also associated with an increased risk of dementia. The worldwide number of persons with dementia was estimated at 46.8 million in 2015, and is expected to increase to 74.7 million by 2030 and 131.5 million by 2050. 13 However, descriptive epidemiological studies indicate a decrease in age-specific incidence of dementia in some countries. The number of new cases of Alzheimer disease increases dramatically with age, and because of the increasing number of persons aged 65 or older, the worldwide burden of dementia will continue to increase. [14][15][16][17] Alzheimer disease and vascular dementia are the most common causes of dementia. 42 There is growing evidence suggesting that there is a continuum between neurodegenerative disease and vascular dementia (Figure 2), with on one extremity pure Alzheimer disease, on the other pure vascular dementia, but a vast majority of patients in the middle with a contribution of both vascular and neurodegenerative lesions. [43][44][45] Vascular brain injury may act additively or synergistically with neurodegenerative burden. 43 Importantly, cSVD represents by far the most frequent substrate of the vascular contribution to cognitive decline & dementia. 43 Large vessels can be explored with imaging, but cSVD cannot be visualized directly in vivo. Studies in the general population including participants without any history of stroke have reported a high prevalence of "covert lesions" visible on brain MRI, which are thought to reflect consequences of underlying cSVD. They comprise MRI-defined covert brain infarcts, white matter hyperintensities (WMH), lacunes of presumed vascular origin (Lac), dilated perivascular spaces (dPVS), and cerebral microbleeds (CMB). They are associated with a higher risk of stroke, cognitive decline and dementia, and were shown to be associated with changes in cognitive performance, mood, gait, and balance. 1,18,19 Measurable and quantifiable on brain MRI, a non-invasive and non-irradiant method, these MRI-markers represent an interesting intermediate phenotype to search for genetic determinants and underlying mechanisms of cSVD (Figure 3), and to develop preventive and therapeutic strategies. 

DEFINITION AND CLINICAL SIGNIFICANCE OF MRI-MARKERS OF CEREBRAL SMALL VESSEL DISEASE

White matter hyperintensities

WMH of presumed vascular origin are hyperintense on T2-weighted and FLAIR sequences, and sometimes hypointense on T1-weighted sequences (Figure 4). Lesions in the subcortical grey matter or brainstem are not included in this category unless explicitly stated. 22 WMH volume can be quantified using visual semi-quantitative scales, such as the Fazekas scale, quantifying WMH volume in 4 grades for periventricular WMH (0=absence, 1=caps or pencil-thin lining, 2=smooth halo, 3=irregular periventricular hyperintensities extending into the deep white matter) and deep WMH (0=absent, 1=puncuate foci, 2=beginning confluence of loci, 3=large confluent areas). 46 More recently, volume of WMH can be estimated by different automatic imaging software, using MRI segmentation algorithms that classify supratentorial brain tissue into grey matter, white matter and cerebrospinal fluid; WMH are identified based on signal intensity and localization. 47 In a recent review and meta-analysis including 14,529 participants, 19.7% of the participants had extensive WMH burden. 21 Many studies have explored the association of WMH burden with vascular risk factors, other MRImarkers of cSVD and neurological disease. High WMH burden was shown to be associated with an increased risk of stroke, cognitive decline, dementia and death, as well as gait, balance, and mood disorders. 

Covert MRI-defined brain infarcts and lacunes of presumed vascular origin

According to the Standards for Reporting Vascular changes on nEuroimaging (STRIVE) criteria, 22 covert MRIdefined brain infarcts are infarctions in the territory of a perforating arteriole without clinical symptoms. Lacunes of presumed vascular origin are defined as round or ovoid, subcortical, fluid-filled cavities (with an MRI signal similar to cerebrospinal fluid (CSF)), with a diameter between 3 mm and 15 mm, consistent with a previous acute small subcortical infarct in the territory of one perforating arteriole (Figure 5).

Distinction between dPVS (described below) and Lac on brain MRI is difficult. It has been shown in two large population-based studies 51,52 that the diameter of more than 80% of Lac was greater than 3mm, and both inter-and intraobserver reliability were found to be lower to detect Lac <3mm (64% and 75%; k, 0.25 and 0.54) than for Lac >3mm (76% and 82%; k, 0.52 and 0.78). Therefore most studies reported in a review on MRI diagnostic criteria of Lac used a 3mm size cut point, 53 and STRIVE 54 criteria also recommend a 3mm cutoff.

In a large meta-analysis including 20,949 participants from population-based cohorts, the mean prevalence was 17.7% for MRI-defined brain infarcts overall and 10.5% for Lac. The prevalence of these lesions increased with age, especially after 65 years, after which a 25.8% increment in covert MRI-defined brain infarcts prevalence was described (Figure 6). 23 Covert MRI-defined brain infarcts are associated with an increased risk of incident stroke but association with incident dementia is not consistent across studies and overall nonsignificant, possibly because studies have mostly explored associations with presence of at least one MRI-defined brain infarct versus none, which may in many instances represent a small cSVD load. 19,[55][56][57][58] 

Cerebral microbleeds

CMBs are small (generally 2-5 mm in diameter, sometimes up to 10 mm) and round or oval lesions with associated blooming on T2*-weighted sequence MRI or other sequences that are sensitive to susceptibility effects, such as susceptibility-weighted imging (Figure 7). 22,24 Prevalence of CMB in older community persons is between 8% and 16%. [25][26][27] CMB are classified according to their location in lobar CMB and deep CMB, lobar CMB are associated with cerebral amyloid angiopathy, while deep CMB are strongly associated with hypertension and arteriosclerosis. 27 CMB are associated with increased risk of incident ischemic and hemorrhagic stroke. 59 Some studies described an association of deep CMB with incident dementia but other studies did not find significant associations, 60,61 possibly because they were mostly exploring associations with presence of at least one CMB versus none, as described above for covert MRI-defined brain infarts, which may in many instances represent a small cSVD load. Several studies have found CMB to be associated with increased risk of all-cause mortality; in some population-based studies this association was no longer present after adjustment for vascular risk factors. 62 

Dilated perivascular spaces

dPVS are spaces filled with a fluid with MRI signal identical to CSF on all sequences. They appear linear when imaged parallel to the course of the vessel, and round or ovoid, with a diameter generally smaller than 3 mm, when imaged perpendicular to the course of the vessel (Figure 8). 3,22 dPVS are mainly located in the white matter, basal ganglia, hippocampus and brainstem. In the literature, there is a debate about the size definition between "normal" and "dilated" perivascular spaces.

A perivascular space is considered to be dilated when visible on a 1.5 T MRI, which is equivalent a lesion size >1mm. 63,64 dPVS have been studied on 7T MRI, which improves the detection of perivascular spaces. However, when including lesions of very small size (<1mm), perivascular space burden is not associated with age and vascular risk factors as is the case for larger lesions, suggesting that very small perivascular spaces may perhaps reflect physiological rather than pathological processes. 65 dPVS larger than 3 mm are named "large" dPVS, they are thought to have different underlying mechanisms than dPVS < 3 mm, although this is debated. "Large" dPVS have to be carefully differenciated from Lac.

In the 3C-Dijon study, including participants aged 65 years and older and using a 1.5T MRI scanner, all participants had at least one dPVS in one location, hence dPVS were observed in 100% of the participants. "Large" dPVS prevalence was 16.2% in a large population-based study, the AGES-Reykjavik Study. 66 As dPVS were only recently suggested as an MRI-marker of cSVD, long considered an anatomical variation, only few studies have explored risk factors and clinical significance of dPVS burden so far. The main known risk factors for high dPVS burden are advancing age and hypertension. 3,67 dPVS burden is significantly associated with other MRI-markers of cSVD, namely WMH burden and covert MRI-defined lacunes. 22,[68][69][70] One population-based study (N=1,778) described an association of the highest degree of dPVS burden in the white matter and the basal ganglia with increased risk of incident dementia, and another population-based study (N=2,612) reported an association of large dPVS (dPVS > 3 mm) with increased risk of incident Lac, CMB, WMH volume, and vascular dementia. 66 These results need to be confirmed in larger samples. In the specific context of Alzheimer disease and patients with cerebral amyloid angiopathy, a direct topographical association has been described between juxtacortical dPVS and cerebral amyloid angiopathy severity in the cortex. 71 Only one study in the general population studied the association of dPVS burden with incident stroke risk, and found an association of dPVS burden with an increased risk of any stroke, for participants in the highest tertile of blood pressure only. 72 

PATHOPHYSIOLOGY OF CEREBRAL SMALL VESSEL DISEASE

The pathophysiology of cSVD is poorly understood. Hypertension and age are the strongest known risk factors. However many patients with cSVD do not have any known risk factors. cSVD is due to an alteration of the structure and/or the function of small vessels of the brain, including small arteries and arterioles, capillaries and veins. The pathological features of cSVD can be classified in 6 types. 73 The most frequent are type 1, arteriosclerosis, corresponding to arteriolar wall thickening and damage, also referred to as fibrohyalinosis or lipohyalinosis (Figure 9) and type 2, sporadic and hereditary cerebral amyloid angiopathy, corresponding to vascular wall damage by β-amyloid peptide deposits. 41 Type 3 encompasses inherited or genetic cSVD distinct from cerebral amyloid angiopathy. Rare familial forms of cSVD are caused by mutations in COL4A1, COL4A2, HTRA1, CECR1, NOTCH3, TREX1 mutations. [74][75][76][77][78] Cerebral Autosomal Dominant Arteriopathy with Sub-cortical Infarcts and Leukoencephalopathy (CADASIL), is an autosomal dominant disorder that causes transient or permanent ischemic stroke at the mean age of 45 years. Patients have extensive and symmetrical WMH and small infarcts on brain MRI. CADASIL is caused by mutations in NOTCH3, which encodes a large transmembrane receptor. 74 Cerebral autosomal recessive arteriopathy with subcortical infarcts and leukoencephalopathy (CARASIL) is caused by mutations in HTAR1, a gene involved in TGF-β signalling, angiogenesis and remodeling. 77 Type 4 includes inflammatory and immunologically mediated cSVD, for example Wegener's granulomatosis or Churg and Strauss syndrome, type 5 corresponds to venous collagenosis and type 6 to other cSVD. 73 There are several hypotheses on the pathophysiological pathways leading to brain damage in cSVD patients, including vessel wall stiffening, hypoperfusion, blood brain barrier damage, inflammation, leading to alterations of small vessel structure or function or possibly to small vessel wall leakage or rupture (Figure 10). 73 Figure 10. Underlying mechanisms hypothesis of cerebral small vessel disease 73 For WMH specifically, putative mechanisms include chronic hypoperfusion of the white matter by restriction of the vessel lumen and disruption of the blood-brain barrier, leading to chronic leakage of plasma into the white matter and resulting in microglia activation, oligodendrocyte death and demyelination (Figure 11). 48,[79][80][81][82] Hypotheses on the pathophysiology underlying Lac include an acute occlusion of a small vessels leading to focal ischemia and tissue necrosis (pan-necrosis). 73 In patients with lacunar stroke, two main pathologies are described: focal atheroma, which has been associated with larger single lacunar infarcts, and diffuse small-vessel arteriopathy, associated with multiple smaller lacunes and WMH. 83 CMB correspond to deposits of hemosiderin, a blood degradation product, collected by macrophages in perivascular tissues, consistent with vascular leakage (Figure 11). 22,24 CMB pathogenesis involves vessel wall damage caused by vascular risk factors and deposition of β-amyloid. 

Dilated perivascular spaces

Perivascular spaces (also named Virchow-Robin spaces) are physiological spaces, filled with a fluid with MRI signal identical to cerebrospinal fluid on all sequences, surrounding the walls of small arteries, arterioles, veins and venules as they run from the subarachnoid space through the brain parenchyma (Figures 12 and13). 85,86 Perivascular spaces are bordered by a leptomenigeal cell layer on both the inner wall facing the vessel and outer wall facing astrocytic endfeet (Figure 13). 87 Perivascular spaces are part of the neurovascular unit, and have privileged interactions with neurons, astrocytes, endothelial cells, pericytes and perivascular macrophages (Figure 13). 87,88 Perivascular macrophages, residing in perivascular spaces, are apposed to the outer vessel wall and have the potential to generate large amounts of reactive oxygen species (ROS), leading to increase the blood-brain barrier permeability. 88 With aging or neurodegenerative disease, perivascular spaces can dilate and become dPVS (Figures 12 and13). dPVS dilatation may be the consequence of blood brain barrier dysfunction, or endothelial cell disconnection. 89 The arterial wall stiffening observed with aging or diverse pathologies may lead to a reduction in arterial pulsatility facilitating the dilatation of perivascular spaces. 90,91 Figure 12. A normal (c), slightly dilated (d) and severely dilated perivascular space (e) 92 dPVS have been linked to the "glymphatic system". The cerebral parenchyma has no lymphatic vessels, but studies of the CSF flow in animal models have described a lymphaticlike system, named the "glymphatic" pathway. 93 CSF is produced in the ventricular system by the choroid plexus and flows to the subarachnoid space of the brain and spinal cord. CSF may serve as a fluid source for the glymphatic system. It has been hypothesized that CSF is drained from the subarachnoid space into the brain parenchyma through perivascular spaces, and then dispersed towards the venous perivascular spaces, finally exiting in the cervical lymphatic system to reach systemic circulation (Figure 13). Different efflux pathways are described, along the spinal and cranial nerves, in the dural lymphatic vessels and subarachnoid granulations; the contribution of each pathway is still a matter of debate, as well as the direction and the dynamic of the fluid (Figure 13). 69 dPVS may reflect glymphatic fluid stasis. Some studies described a major role of astrocytic aquaporine AQP4 in fluid transportation and Aβ clearance, 69,94,95 but other studies showed a normal brain CSF clearance in AQP4 knockout animals. 96 A dysfunction of this system may be involved in neurodegenerative diseases with protein aggregation, such as Alzheimer's disease. Protein accumulation, such as beta-amyloid peptide, could be explained by a decrease in waste clearance. 93,95 Some studies described an activation of the glymphatic system during sleep, 87 which may clear the neurotoxic waste produced during wakefulness. The "glympatic" system may also be involved in substrate delivery, and could be used for drug delivery, but also in blood flow regulation. 87 Most pathophysiological pathways for dPVS are provided by animal models. Identifying genetic determinants of dPVS burden (unknown so far) may provide new insight into the underlying mechanisms in humans. 97 CSF is produced in the ventricular system by the choroid plexus and flows to the subarachnoid space of the brain and spinal cord. CSF may serve as a fluid source for the glymphatic system. Different efflux pathways (orange arrows) are described, along the spinal and cranial nerves, in the dural lymphatic vessels and subarachnoid granulations. Diagram representing an arteriole penetrating into the brain parenchyma (right) 87 from the subarachnoid space. The perivascular space, or Virchow-Robin space, is part of the neurovascular unit and is bordered by a leptomeningel cell layer.

Genetic risk factors of small vessel stroke

Despite a similar sample size as for other common ischemic stroke subtypes (large artery atheroma, cardioembolic stroke), genome-wide association studies (GWAS) of the small vessel stroke subtype of ischemic stroke have not been very successful in identifying genetic risk factors for cSVD. Indeed, in the MEGASTROKE study, on 67,162 stroke patients and 454,450 controls, including 11,710 patients with small vessel stroke, only one genome-wide significant risk locus has been identified for small vessel stroke at chr16q24. 28 This may be related to lack of power, as well as imprecision in the phenotype definition, as many of the participating studies did not use any strict MRI-based criteria to define small vessel stroke. 98 Interestingly, one genome-wide significant risk locus for intracerebral hemorrhage 99 (near PMF1) was found to be associated also with ischemic stroke and WMH burden, 28 suggesting an effect mediated by underlying cSVD. Moreover, several risk loci for all stroke and ischemic stroke were found to be associated (at a candidate gene or genome-wide significant level) with larger WMH burden, suggesting again that the association is at least partly mediated by underlying cSVD (near FOXF2, LOC100505814, SH3PXD2A). 28,100 A recent study described an association of common and rare variants in two genes causing Mendelian cSVD, NOTCH3 and HTAR1, with MRI-defined extremes of small vessel disease (top quartile of WMH burden and/or a Lac vs. bottom quartile of WMH burden and no MRI-defined brain infarcts) in population based-studies. 101

Genetic risk factors of White matter hyperintensities

WMH heritability was estimated between 49% and 80% in familial studies, [29][30][31][32] but few common genetic determinants have been identified so far. The largest and latest GWAS of WMH volume, including 21,079 middle-aged to elderly participants, identified five genomewide significant loci associated with increased WMH volume. They identified 4 novel loci on chr10q24, chr2p21, chr1q22, and chr2p16 and confirmed a previously identified locus on chr17q25.1, suggesting new hypotheses involving neuroinflammation, microglial activation and glial proliferation pathways. 33 When combining results of 8,429 population-based participants from UK Biobank with a WMH GWAS in 2,797 stroke patients one additional locus at chr6q25.1 and two previous loci at chr2p16 and and chr17q25.1 were identified. 34 The top SNP at chr6p25.1 is an intron of PLEKHG1, a gene involved in reorientation of cells and their stress fibers in response to mechanical stress; this SNP is also associated with all ischemic stroke and small vessel stroke. GWAS of WMH burden were conducted in populations of predominantly European ancestry so far.

Genetic risk factors of other MRI-markers of cSVD

Heritability for LI was lower, estimated at 29%. 30 Two genome-wide significant risk loci for MRI-defined brain infarcts, FBN2 on chr5q23 and LINC00539/ZDHHC20 on chr13q12, were identified, but require replication in large independent samples. 30 Of note, a recent GWAS of white matter integrity on diffusion tensor imaging, which may reflect an early stage of cSVD, conducted in 8,448 participants from UK Biobank, identified one genome-wide significant locus (VCAN) associated with mean diffusivity; this gene is involved in intercellular signaling, cell motility, growth and differentiation. 102 No GWAS of CMB or dPVS burden has been published so far. Identifying genetic determinants of dPVS burden may be particularly interesting to provide novel insights into the mechanisms underlying this emerging MRImarker of cSVD, the pathophysiology of which is poorly understood.

AIM OF THIS THESIS

Some studies have shown that MRI-markers of cSVD are associated with increased risk of stroke, dementia and death, but other studies did not find significant associations. First I contributed to a systematic review and meta-analysis to robustly characterize the association of WMH, BI and CMB with risk of stroke and dementia subtypes and with mortality. Because of limited data on dPVS, especially concerning the association with incident stroke risk, we examined the longitudinal relationship of dPVS burden with incident stroke risk in the French population-based 3C-Dijon study.

Genetic risk factors are thought to play an important role in the occurrence of cSVD in the population, with high heritability estimates of some MRI-markers of cSVD (WMH volume). While recent large collaborative efforts have led to the discovery of several loci associated with small vessel stroke and MRI-markers of cSVD, genetic risk factors of cSVD are still incompletely understood. In a second part of the thesis, we sought to identify mechanisms underlying dPVS burden. First we estimated global genetic contribution to this MRI-marker in the French population-based 3C-Dijon study, and then conducted a GWAS meta-analysis of dPVS burden within the Cohorts for Heart and Aging Research in Genomic Epidemiology (CHARGE) consortium.

Finally, given the particularly high prevalence of cSVD in Asian populations, as part of a collaboration with the Kyoto University Center for Genomic Medicine, we conducted an extension of this work in a Japanese population-based study, The Nagahama Study to: (i) perform the first GWAS of WMH volume in a Japanese cohort and (ii) compare the validity and reproducibility of three dPVS visual rating scales with the objective of eventually extending the dPVS genetic study to include this East-Asian population.

Overall this thesis has led to:

(i) two first author publications (Duperron et (iii) and thanks to repeated mobilities at the Center for Genomic Medicine at Kyoto University, directed by Prof. Fumihiko Matsuda, and in collaboration with Prof. Bernard Mazoyer (C-SMART IdEX grant, PI Prof. Stéphanie Debette), my work has been extended to include the first GWAS of WMH volume in a Japanese population (Nagahama cohort study) and the first comparison of dPVS semi-quantitative rating scales in the same cohort. This work will be finalized and submitted for publication after my thesis.

I am also a contributing author on two manuscripts related to the topic of my theses: one published article on the association of variants in HTRA1 and NOTCH3 with MRI-defined extremes of cerebral small vessel disease (Mishra et 

II. Clinical significance of MRI-markers of cerebral small vessel disease

II.1. Clinical significance of MRI-markers of vascular brain injury

Individual studies have suggested that MRI-markers of cSVD predict an increased risk of stroke, dementia, and death, but other studies did not show any association. Better understanding of the relationship of specific MRI-markers of cSVD to outcome is crucial to optimize prevention strategies. Indeed, detection of covert cSVD on MRI may provide a unique opportunity to prevent the occurrence of stroke and dementia, the two most common age-related neurological diseases representing a major source of disability and mortality. 8 First I contributed to a systematic review and meta-analysis of studies exploring the relation of MRI-markers of cSVD with stroke, dementia, and mortality, presented in the Appendix, Clinical Significance of Magnetic Resonance Imaging Markers of Vascular Brain Injury: A Systematic Review and Meta-analysis. JAMA Neurol 2019;76:81-94. Articles published in PubMed between 1966 and Decembre 2017 were included, and inverse variance-weighted meta-analyses with random effects and z-score-based meta-analyses for WMH burden were performed. In total 94 prospectives studies with up to 16,012 participants were included.

The three most studied MRI-markers of cSVD, WMH, covert MRI-defined brain infarcts, and CMB, were all associated with an increased risk of death and an increased risk of stroke. Importantly, all were associated with increased risk of both ischemic stroke and intracerebral hemorrhage: for participants with extensive WMH burden, presence of a brain infarcts or CMB the risk of incident ischemic stroke was more than doubled and the risk of incident intracerebal hemorrhage more than tripled (Table 1). This observation has potential important therapeutic implications. Indeed, antiplatelet agents such as aspirin are often empirically given to patients with WMH and Lac detected on MRI. That they also predict intracerebral hemorrhage suggests that this strategy could lead to an increased hemorrhage rate. Antiplatelet agents also tend to be avoided in persons with CMB detected on MRI, however the results of the meta-analysis highlight that persons with CMB are also at increased risk of ischemic stroke. Randomized clinical trials are required to determine whether any antiplatelet therapy is indicated in stroke-free persons with extensive WMH or covert MRI-defined brain infarcts, and whether the risk/benefit ratio is modified by presence of CMB. 21 Extensive WMH burden was associated with increased risk of incident all dementia (Table 1) and, importantly, also with increased risk of Alzheimer disease, reinforcing the theory of an intricate relationship between cSVD and neurodegenerative disease. This suggests that slowing down the progression of cSVD may prevent or delay the occurrence of cognitive impairment and dementia, to be tested in a clinical trial setting. In this meta-analysis, covert MRI-definded brain infarcts and CMB did not significantly predict dementia risk after correction for multiple testing. The lack of association in this dataset may reflect that most individuals had a small number of BI and CMB, which therefore made a modest contribution to overall disease burden. This does not preclude an impact of BI or CMB on dementia risk in a subset of individuals with more extensive or rapidly progressing lesions. 21,103,104 cSVD is thought to cause cognitive decline and dementia at least partly by disruption of white matter pathways underlying complex cortical-subcortical networks. 103,[105][106][107] One or few covert MRI-defined brain infarcts/Lac or CMB are unlikely to have a significant effect on network disruption in contrast to extensive WMH, which may affect multiple white matter tracks. WMH volume may also be more linked with dementia-related neurodegenerative processes, including potential reverse causation with Wallerian degeneration secondary to cortical atrophy, or with the frequent co-existence of Alzheimer disease and cerebral amyloid angiopathy. 108,109 Table 1. Association of MRI-markers of cerebral small vessel disease with incident stroke, dementia and death.

Abbreviations: BI, covert MRI-defined brain infarct; CMB, cerebral microbleed; HR, hazard ratio; WMH, white matter hyperintensity Overall, this systematic review and meta-analysis provided strong evidence that WMH, BI, and CMB, all highly prevalent in the general population, have a major clinical significance in that they indicate a highly significant increased risk of stroke, dementia, and death. In contrast, publications on the clinical significance of dPVS burden were found to be scarce. There were too few eligible studies to conduct meta-analyses.

With respect to associations with dementia, in one population-based study (N=1,778), the highest grade of PVS burden in basal ganglia and white matter was associated with increased risk of incident dementia. 18 In another population-based study (N=2,612), the presence of large PVS (>3mm), overall and in basal ganglia, was significantly associated with increased risk of incident vascular dementia, but not all dementia or Alzheimer disease. 66 In a single population-based study (N=1,228) participants with high PVS burden had a higher rate of vascular death but not death overall after adjusting for vascular risk factors. 72 One study in high-risk patients with ischemic stroke or transient ischemic attack (N=2,002) did not observe any significant relationship between high PVS burden (>20 PVS versus <11 PVS) and mortality. 110 Regarding associations with stroke, in one study in high-risk populations with ischemic stroke or transient ischemic attack (N=2,002), high dPVS burden (>20 versus <11 dPVS) in basal ganglia was associated with recurrent stroke and ischemic stroke, but not intracerebral hemorrhage. 110 In another study in 229 cerebral amyloid angiopathy-related intracerebral hemorrhage patients, high dPVS burden in the centrum semiovale (≥20 dPVS) was associated with increased risk of intracerebral hemorrhage recurrence. 111 In a single population-based study (N=1,228) participants in the highest tertile of dPVS burden did not have a significantly higher risk of incident stroke after adjusting for vascular risk factors. 72

II.2. Clinical significance of dilated perivascular spaces burden

Hence, because the aforementioned systematic review identified only limited data on clinical significance of dPVS burden, we focused on this MRI-marker with a dedicated analysis of its association with incident stroke (all and by subtypes) in the 3C-Dijon study, High dilated perivascular space burden: a new MRI marker for risk of intracerebral hemorrhage. Neurobiol Aging 2019;84:158-165 presented below. We examined the association of dPVS burden with the risk of incident stroke, ischemic stroke and intracerebral hemorrhage with a Cox model over a mean follow-up of 9.1+/-2.6 years in 1,678 participants from the population-based 3C-Dijon study. Increasing global dPVS burden was associated with a higher risk of any incident stroke and of incident intracerebral hemorrhage, adjusting for sex and intracranial volume. Association with intracerebral hemorrhage remained significant after additionally adjusting for vascular risk factors and for other cSVD MRImarkers. Concerning specific dPVS locations, high dPVS burden in basal ganglia and hippocampus, but not in white matter or brainstem, were associated with higher risk of any stroke and intracerebral hemorrhage. These results reinforce the important clinical significance of dPVS burden, and suggest that, if the observed associations are confirmed in independant samples, dPVS in basal ganglia and hippocampus could be a strong MRI-marker of incident intracerebral hemorrhage. 

High dilated perivascular space burden: a new MRI marker for risk of intracerebral hemorrhage

Marie

HIGHLIGHTS

• High dilated perivascular space burden associates with stroke in general population.

• Associations are particularly marked with risk of intracerebral hemorrhage.

• Associations differ according to perivascular space location.

• Most robust associations with perivascular spaces in basal ganglia and hippocampus.

INTRODUCTION

Perivascular spaces are physiological fluid-filled structures surrounding vessel walls, as they run from the subarachnoid space through the brain parenchyma, with an MRI signal identical to cerebrospinal fluid (CSF) (Kwee and Kwee, 2007). Quantifiable on brain MRI, dilated perivascular spaces (dPVS), or Virchow-Robin spaces, are an emerging MRI marker of cerebral small vessel disease (cSVD) (Mestre et al., 2017, Potter et al., 2015, Wardlaw et al., 2013b).

dPVS are considered one of the earliest neuroimaging findings in cSVD. Although this is partly debated (Bacyinski et al., 2017), dPVS may be part of the "glymphatic" system, involved in waste clearance (e.g., of beta amyloid peptide) and blood flow regulation (Jessen et al., 2015, Mestre et al., 2017). dPVS burden is associated with advancing age, hypertension (Yao et al., 2014, Zhu et al., 2010a), and other MRI markers of cSVD, including white matter hyperintensities of presumed vascular origin (WMH) and covert MRI-defined lacunes (Potter et al., 2015, Yakushiji et al., 2014, Zhu et al., 2010a). The clinical significance and pathophysiology of dPVS remain unclear. Although some studies have suggested an association of high dPVS burden with increased risk of dementia and cognitive decline (Francis et al., 2019, MacLullich et al., 2004, Passiak et al., 2019, Zhu et al., 2010b), results need to be confirmed in larger samples. To our knowledge, only one study in the general population examined the association of dPVS burden with incident stroke risk. The authors found an association of dPVS burden with an increased risk of any stroke, only for participants in the highest tertile of blood pressure, after adjusting for vascular risk factors (Gutierrez et al., 2017). The association of dPVS burden with stroke subtypes has not been explored in the general population.

We examined whether high dPVS burden is associated with increased risk of incident stroke, ischemic stroke, and intracerebral hemorrhage (ICH) in the population-based 3C-Dijon study.

METHODS

The data that support the findings of this study are available from the corresponding author on reasonable request.

Study population

The 3C-Dijon study is a longitudinal population-based cohort study (The 3C-Study Group, 2003). Briefly, 4931 noninstitutionalized persons aged 65 years or older were recruited from the electoral rolls of Dijon, France, between March 1999 and March 2001. Participants are virtually all of European ancestry. Participants enrolled between June 1999 and September 2000 who were younger than 80 years (N = 2763) were proposed to undergo a brain MRI at the baseline. Participation rate was high (82.7%), but only 1924 MRI examinations were performed because of financial limitations. After exclusion of participants with brain tumor (N = 8), stroke (N = 83), or dementia (N = 8) at the time of MRI, participants with technical limitations preventing reliable assessment of dPVS burden (N = 45) or intracranial volume (ICV) (N = 75), and participants with no follow-up for stroke (N = 27), the baseline sample comprised 1678 participants. The study protocol was approved by the Ethical Committee of the University Hospital of Kremlin-Bicêtre. All participants provided written informed consent.

Brain MRI acquisition

MRI acquisition was performed on a 1.5-Tesla Magnetom scanner (Siemens); a 3dimensional (3D) high-resolution T1-weighted, as well as T2-and PD-(proton density) weighted brain imaging were acquired (Supplementary Methods).

Rating of dPVS

dPVS were rated in 4 main locations (basal ganglia [BG], white matter [WM], hippocampus, and brainstem) by an experienced reader (Y-C.Z). Intrarater agreement (N = 100 MRI) was high (k = 0.77 for basal ganglia, and k = 0.75 for white matter) (Zhu et al., 2010a). dPVS were defined as lesions with a CSF-like signal (hypointense on T1 and hyperintense on T2) of round, ovoid, or linear shape with a maximum diameter <3 mm, having smooth delineated contours, and located in areas supplied by perforating arteries. Lesions fulfilling the same criteria except for a diameter ≥3 mm were carefully examined in the 3 planes (shape, signal intensity) to differentiate them from covert MRI-defined lacunes and WMH. Only lesions with a typical vascular shape (including cystic lesions with an extension of vascular shape) and that followed the orientation of perforating vessels were considered as dPVS (Zhu et al., 2010a).

In the BG, the slice containing the greatest number of dPVS was used for the rating on a 4-grade score: grade 1 for <5 dPVS; grade 2 for 5-10 dPVS; grade 3 for >10 dPVS but still numerable; grade 4 for innumerable dPVS resulting in a cribriform change in the BG (Fig. 1). In the WM, dPVS were also rated using a 4-grade score: grade 1 for <10 dPVS in the total WM; grade 2 for ≥10 dPVS in the total WM and <10 in the slice containing the greatest number of dPVS; grade 3 for 10-20 dPVS in the slice containing the greatest number of dPVS; grade 4 for >20 dPVS in the slice containing the greatest number of dPVS (Figure 1) (Zhu et al., 2010a). In the hippocampus and brainstem, dPVS count was reported; participants with the largest number of dPVS seen in <2% of the population were grouped with the previous category to better fit the statistical model, leading to a variable ranging between 0 and 5 in the hippocampus and between 0 and 6 in the brainstem. A global dPVS burden variable was constructed by summing up dPVS grades in BG and WM, and adding 1 point for the presence of ≥1 dPVS in the hippocampus, and 1 point for the presence of ≥1 dPVS in the brainstem. Owing to the small number of participants in the highest categories, these were combined (global score ≥8), leading to a global dPVS score ranging from 2 to 8. The global variable was normally distributed on visual inspection (Supplementary Methods). Extensive global dPVS burden was defined by the cutoff closest to the top-quartile (score ≥7).

Other MRI measurements

WMH volume (WMHV) was measured using a fully automated and validated procedure (Maillard et al., 2008). Covert MRI-defined brain infarcts were defined as focal lesions ≥3 mm with the same signal characteristics as CSF on all sequences, not associated with any history of stroke (exclusion criterion). Covert MRI-defined lacunes were defined as covert MRIdefined brain infarcts with a diameter between 3 and 15 mm, located in the BG, brainstem, or WM (Zhu et al., 2010a). The ICV was estimated using voxel-based morphometry by summing up gray matter, WM, and CSF volumes (Lemaitre et al., 2005). The brain parenchymal fraction was estimated by summing up gray and white matter volume and dividing by the ICV.

Stroke assessment

Incident stroke was defined as a new focal neurological deficit of sudden onset, of presumed vascular origin, that persisted for >24 hours, or leading to death. Diagnosis of stroke, stroke classification (ischemic stroke, ICH, or unspecified), and ischemic stroke subtyping (cardioembolic, large-artery occlusion, or small-artery occlusion) was carried out by an expert panel according to the criteria of the World Health Organization (The World Health Organization MONICA Project, WHO Monica Project Principal Investigators, 1988). Of note, large-artery ischemic strokes were not studied separately in association with dPVS burden because there were too few events in this category. Strokes were defined as fatal if followed by death within 28 days. Incident stroke events were ascertained and classified blinded to the baseline dPVS rating.

Statistical analyses

Global burden of dPVS and dPVS burden in hippocampus and brainstem were studied as continuous variables, and dPVS burden in BG and WM as a dichotomized variable (grade 3-4/1-2). Because WMHV had a skewed distribution, we used natural log-transformed values (natural log of [Ln (WMHV+1)] (Verhaaren et al., 2015). Covert MRI-defined lacunes were studied as dichotomous variables (at least one lacune vs. none).

To study the association between dPVS burden and incident stroke, we used a Cox regression model with age as a time scale. Follow-up started on the date of the baseline brain MRI and occurrence of a first stroke was used as an endpoint. Participants known to be stroke-free were right censored at the time of nonstroke death or at the time of their last follow-up. For analyses of association with incident stroke subtypes, participants with alternative subtypes were censored at the time of event.

Participants' demographic and cardiovascular risk factors were assessed at the baseline (Supplementary Methods). To adjust for potential confounding factors, we constructed 5 models: model 1 adjusted for sex and ICV, model 2 additionally adjusted for vascular risk factors (hypertension, diabetes, hypercholesterolemia, current smoking status, and body mass index), model 3 adjusted for the same variables as in model 1 and for APOEε4-carrier status, model 4 adjusted for the same variables as in model 1 and for covert MRI-defined lacunes and WMHV and model 5 adjusted for the same variables as in model 2 and for antithrombotic drug intake. Analyses were corrected for multiple testing, accounting for the 4 dPVS locations (significance threshold after correction for multiple testing: p < 0.0125). The trend in risk of incident stroke across dPVS grades in the BG assigned with ordered natural numbers (1, 2, 3, and 4) was tested using the Cox proportional hazards model. We searched for an effect modification by sex, hypertension, median age, and APOEε4-carrier status. We verified the linearity hypothesis with a restricted cubic spline model (Desquilbet and Mariotti, 2010) and the proportional hazard assumption using proportionality tests that assess the statistical significance of interaction terms between time and the variables in the model. We also performed cumulative incidence graphs adjusted for age, sex, and total intracranial volume and stratified on global extensive dPVS burden (top quartile vs. the rest). The Fine and Gray method has been used to model the cumulative incidence of intracerebral hemorrhage to take into account competitive risks with other stroke subtypes.

Analyses were performed using Statistical Analyses System software version 9.3 (SAS Institute, Inc, Cary, NC).

RESULTS

For the 1678 participants, the average age at the baseline was 72.7 years (standard deviation 4.1) and 61.1% were women (Table 1). Over a mean follow-up period of 9.1 ± 2.6 years, 66 participants (3.9%) developed an incident stroke (52 ischemic strokes, 10 ICH, and 4 strokes of unspecified type). Of the 52 incident ischemic strokes, the subtype was cardioembolic (N = 14), small-artery occlusion (N = 11), large artery (N = 1), other etiologies (N = 2), and undetermined (N = 24). Among the 10 participants who developed an ICH, 4 participants were treated by antithrombotic drugs during the follow-up before the event; and the ICH localization was deep in 4 participants, lobar in 1 participant, and undetermined in 5 participants. Of the 66 strokes, 10 were fatal, of which 4 were ischemic strokes (8% fatality rate) and 4 were ICHs (40% fatality rate).

All participants had some dPVS. Of these, 218 (13%) had an extensive global dPVS burden. The presence of an extensive global dPVS burden was significantly associated with older age, hypertension, systolic and diastolic blood pressure, and antihypertensive drug intake, but not other vascular risk factors. We also observed a significant association of extensive global dPVS burden with covert MRI-defined lacunes and WMHV (Table 1).

In a model accounting for age and adjusted for sex and ICV, higher global dPVS burden was associated with an increased risk of developing new strokes (Table 2; Fig. 2). Considering stroke subtypes, higher global dPVS burden was associated with an increased risk of ICH (Table 2; Fig. 2), but not ischemic stroke risk (overall and by individual subtypes). Higher dPVS burden in the BG and in the hippocampus were significantly associated with an increased risk of developing new strokes, and especially ICH, but not ischemic stroke (Table 2; Supplementary Table 1).

Table 1. Baseline characteristics of the study population

Logistic regression between participants with a global dPVS burden score ≥7 versus <7 adjusted for age and sex: *p<0.05; **p<0.0001 † Final high-school degree in France ‡ Systolic blood pressure ≥140mmHg or diastolic blood pressure ≥90mmHg or antihypertensive drugs; § Blood glucose ≥7mmol/L ± antidiabetic drugs; ‖ Total cholesterol level ≥6.2 mmol/L; # Including myocardial infarction, peripheral artery disease, cardiac and vascular surgery (patients with stroke excluded).

Characteristics

Total population (N=1678) dPVS (global) ≥7 (N=218) dPVS (global) <7 (N=1460)

Age at MRI, years, mean ± standard deviation 72.7±4. These associations remained substantially unchanged after further adjustment for vascular risk factors, antithrombotic drug intake, or APOEε4-carrier status. Higher burden of dPVS in all locations and in the hippocampus, but not in the BG, was still associated with ICH risk after adjustment for other MRI-markers of cSVD (Table 2). The association between dPVS in BG and ICH risk was no longer significant after adjustment for WMHV only (Supplementary Table 2). There was no deviation from linearity for the association with hippocampal dPVS. We did not observe any significant association between dPVS burden in the WM or brainstem and incident stroke risk, although there was a nonsignificant trend (p = 0.06-0.07) toward an association of extensive dPVS in the WM with increased risk of ICH (Table 2; Supplementary Table 1).

When testing the association of increasing dPVS grades in the BG with incident stroke, we found a significant trend test after correction for multiple testing, with increasing effect sizes for increasing BG dPVS grades (Table 3). In secondary analyses, adjusting for brain parenchymal fraction instead of ICV did not change the results (Supplementary Table 3). We did not find any modifying effect of sex, hypertension, median age, or APOEε4-carrier status on the relationship of global dPVS or dPVS subtypes with incident stroke (data not shown). Considering that most ICH cases in the general population are caused by cSVD, as is the small-artery occlusion ischemic stroke subtype, we ran secondary analyses combining these subtypes. Associations of dPVS burden in all locations, the hippocampus and the BG with this composite cSVD stroke phenotype were slightly more significant with narrower confidence intervals than for ICH alone (Supplementary Table 4). When testing the association of dPVS burden separately with incident fatal and nonfatal stroke, although results were not significant, slightly larger effect sizes were found for associations with fatal stroke (Supplementary Table 5).

DISCUSSION

In a large population-based cohort study of 1678 persons aged 65+ years, we found a significant association between global dPVS burden and risk of incident ICH, but no association with incident ischemic stroke risk. A high dPVS burden in the BG and in the hippocampus was significantly associated with an increased risk of ICH, independent of vascular risk factors, antithrombotic drug intake, and APOEε4-carrier status, and also independent of other MRI markers of cSVD for dPVS in the hippocampus. In a recent population-based study of predominantly Hispanic origin (NOMAS, N = 1228), an association of a global dPVS burden score with any stroke risk was observed, only for participants in the highest tertile of blood pressure, in a model accounting for cofounders (Gutierrez et al., 2017). There was no association of dPVS burden in the WM, BG, brainstem, and posterior fossa with any stroke risk. Despite a similar age of both study populations, the burden of dPVS seemed to be less in NOMAS than in 3C-Dijon (9% of the NOMAS population had a dPVS score of 0 vs. none in the 3C-Dijon study), possibly related to ethnic differences, lower blood pressure in NOMAS, and variations in dPVS detection and scoring (Lau et al., 2017). The somewhat smaller sample size in NOMAS may also have contributed to the absence of significant association of dPVS burden with incident stroke (Gutierrez et al., 2017). Moreover, importantly, neither dPVS in the hippocampus, nor stroke subtypes were considered in the NOMAS study.

In 2 high-risk populations with a history of ischemic stroke or transient ischemic attack (total N = 2002), from the UK (OXVASC) and China (HKU), high dPVS burden in the BG, but not in the WM, was associated with higher risk of recurrent all stroke and ischemic stroke, but not ICH (Lau et al., 2017). However, all participants in this population had a history of cerebral ischemia and were therefore at particularly high risk of ischemic stroke versus ICH. Finally, in a study carried out in 229 cerebral amyloid angiopathy (CAA)-related ICH patients, high dPVS burden in the WM (≥20 dPVS) was associated with an increased risk of ICH recurrence (other dPVS locations were not examined) (Boulouis et al., 2017).

In the present study, the association of dPVS burden with risk of stroke and stroke subtypes differed according to the dPVS location, the most significant associations being observed with dPVS in the BG and hippocampus. Patterns of association of dPVS burden with risk factors differ depending on dPVS location. dPVS in the BG are more strongly associated with hypertension (Yang et al., 2017, Zhu et al., 2010a) and blood pressure variability (Yang et al., 2017) than dPVS in the WM, while the latter show stronger correlations with Alzheimer's disease (Banerjee et al., 2017, Ramirez et al., 2015, Roher et al., 2003) and CAA (Charidimou et al., 2017). This, together with the strong association of high blood pressure levels and antihypertensive treatment with dPVS burden in our sample, and considering the well-established major effect of hypertension on stroke risk, which is even stronger for ICH than for ischemic stroke (O'Donnell et al., 2010), could suggest that the observed association between dPVS burden and incident stroke could partly reflect the effect of hypertension on both. However, associations were maintained after adjusting for hypertension and other vascular risk factors, suggesting that other mechanisms are at play, although some degree of residual confounding cannot be excluded.

The particularly strong association of dPVS burden with incident ICH is intriguing. It is consistent with previous reports showing that MRI markers of cSVD, even if not hemorrhagic in nature, such as WMH or covert MRI-defined lacunes, are associated with an increased risk of ICH (Folsom et al., 2012, Kaffashian et al., 2016, Windham et al., 2015). This highlights the importance of assessing the benefit-risk ratio of antiplatelet agents in persons with covert cSVD (frequently prescribed empirically in clinical practice) in a randomized clinical trial setting. The similar effect estimates for associations of dPVS burden with incident smallartery occlusion ischemic stroke, with enhanced significance when combining with incident ICH, are also in favor of effects mediated by cSVD. A direct topographical association has been described between juxtacortical dPVS and CAA severity in the cortex, in the specific context of Alzheimer's disease patients with CAA (Veluw et al., 2016). The population-based setting of our study and the relatively small number of incident ICH cases did not enable us to explore the associations of dPVS burden with lobar versus nonlobar ICH. Interestingly, cross-sectional studies have described a higher prevalence of dPVS in the BG in patients with ICH in deep structures and of WM dPVS in patients with lobar ICH (Charidimou et al., 2017). This observation is in line with the stronger correlation of BG dPVS with hypertension ( We can hypothesize that some of the mechanisms underlying the association between dPVS burden and stroke, especially for dPVS in the BG, are common with the other MRI markers of cSVD, particularly with WMHV (Kaffashian et al., 2016). Indeed, associations with BG dPVS were attenuated and only nominally significant after adjusting for WMHV. Corroborating this, we recently described a strong phenotypic and genetic correlation between dPVS in BG and WMHV (Duperron et al., 2018). However, interestingly, the association of hippocampal dPVS burden with incident stroke and ICH was independent of other MRI markers of cSVD, suggesting that other mechanisms may be involved here. dPVS and WMH colocalize spatially, with WMH appearing around dPVS (Wardlaw et al., 2013a); however, this is not the case of the hippocampus that consists almost exclusively of gray matter; this distinctive feature could perhaps partly explain that the associations with hippocampal dPVS remain independent of other cSVD features, measured primarily in the WM. Although they have common risk factors with dPVS in BG and WM, dPVS in hippocampus may differ from the other locations as it has been suggested that they may at least in part result from incomplete fusion of the hippocampus fissure during development (Yao et al., 2014). dPVS may reflect "glymphatic" fluid stasis and play a role in the pathogenesis of cSVD (Jessen et al., 2015, Mestre et al., 2017). dPVS dilatation could be the consequence of bloodbrain barrier dysfunction, arterial wall stiffening, or endothelial cell disconnection, and involve microglial cells and perivascular macrophages (Faraco et al., 2016, Ramirez et al., 2016). Perivascular macrophages, a specific population of resident brain macrophages located in dPVS, have a pathogenic role in neurovascular and cognitive function associated with hypertension, in particular by generating large amounts of reactive oxygen species, which may lead to blood-brain barrier disruption (Faraco et al., 2016). Interestingly ICH patients have high levels of oxidative stress (Gonullu et al., 2014).

Strengths of our study include the population-based setting and longitudinal design with a large sample size, stroke classification, and validation by an expert panel, and rating of dPVS by the same experienced reader on 3D-T1 images with differentiation from WMH and covert MRI-defined lacunes using careful examination in the 3 planes and exploration of T2 and PD sequences. Although the resolution in later generation 7T MRI scanners is higher, smaller PVS that are not detectable on 1.5 T scanners may perhaps reflect physiological rather than pathological processes. Our study has limitations. dPVS were rated on a visual scale, and although intrarater agreement was good (Zhu et al., 2010a), automated dPVS quantification scales would provide more reproducible measures; however, such software are not yet available. Caution is warranted when interpreting effect sizes given the relatively small number of ICH cases, confirmation in independent samples is required. Participants included in the analysis were on average younger and had fewer vascular risk factors than 3C-Dijon participants not included (Supplementary Table 6), which may have led to underestimated results. Presence of cerebral microbleeds was shown to be associated with increased risk of ischemic stroke and ICH (Debette et al., 2019, Wilson et al., 2016), and cortical superficial siderosis was found to be associated with incident ICH (Wollenweber et al., 2019). Unfortunately, the 3C-Dijon study brain imaging protocol from 1999 did not include any T2* images, hence we were unable to assess the impact of cerebral microbleeds and cortical superficial siderosis on the association between dPVS burden and incident stroke.

CONCLUSIONS

Our findings, if confirmed in independent samples, imply that dPVS burden in the BG and in the hippocampus may be a strong MRI marker of incident ICH risk, providing novel insight into the clinical significance of dPVS and regional variations thereof.

III. Genetic determinants of dilated Perivascular Space burden

Mechanisms underlying dPVS are poorly understood. Identifying genetic determinants of dPVS may provide important clues on the biological pathways underlying dPVS and may contribute to accelerating the discovery of novel therapeutic targets and strategies for preventing the occurrence of complications such as stroke and dementia.

In a first paper we searched for global genetic contribution to dPVS burden by estimating heritability and shared heritability with the other MRI-markers of cSVD in 1,597 participants from the population-based 3C-Dijon study, using the genome-wide complex trait analysis tool, on unrelated participants, adjusting for age, sex, intracranial volume, and principal components of population stratification.

Using genome-wide complex trait analysis (GCTA v1.26.0), we found high and significant heritability (corresponding to the proportion of phenotypic variance explained by common genetic variants) for global dPVS burden, estimated at 59%, and WMH, estimated at 54%, while heritability for Lac was non-significant and lower, estimated at 48%. When exploring different dPVS locations, we found that heritability was high for dPVS in white matter, basal ganglia, and hippocampus, while it was low for dPVS in the brainstem. These results are consistent with prior studies describing different patterns of association with vascular risk factors and other traits depending on dPVS location.

Interestingly we found a significant phenotypic correlation between dPVS burden and WMH volume, the highest phenotypic correlation was observed between dPVS in basal ganglia and WMH volume, and a nonsignificant trend towards shared heritability between dPVS and WMH volume, which seemed driven by dPVS in basal ganglia and not dPVS in white matter. Consistent with this finding we described that a genetic risk score for WMH volume was associated with increased dPVS burden in basal ganglia.

Given the high heritability of dPVS burden, in a second paper we searched for genetic determinants of dPVS burden conducting a multiancestry GWAS meta-analysis of extensive dPVS burden in the CHARGE consortium and as part of the JPND BRIDGET grant (https://bridget.u-bordeaux.fr/). We also searched for shared genetic determinants between dPVS burden and vascular risk factors, other MRI-markers of cSVD, and neurological traits.

We included a total of 11,511 stroke-free participants from 17 population-based cohorts and 4 ethnicities (89.4% European, 6.2% Hispanic, 2.9% Asian, 1.5% African-American). We tested association of genetic variants with the top quartile of dPVS burden distribution in the 4 main dPVS locations: white matter, basal ganglia, hippocampus and mesencephalon. Associations reaching p<5.10 -6 in the discovery sample (N=9,086) were followed up in an independent sample (N=2,425 Europeans, combined N=11,511). We identified 10 loci associated with extreme dPVS burden in the white matter in the discovery meta-analysis (p<5.10 -6 ). Two loci at chr9q31.3 and chr3p25.1 were replicated in the follow-up sample and reached genome-wide significance in the combined analysis. Using Meta-Regression of Multi-Ethnic Genetic Association (MR-MEGA) for loci showing high heterogeneity in allelic effects across ancestry groups, we identified a locus very close to genome-wide significance at chr20q11.22. In gene-based association analyses, we could confirm the top locus (chr9q31.3) and identified two gene-wide significant loci in association with white matter dPVS, in SLC13A3 and UNC51. These loci and genes are involved in brain developmental processes and vasculogenesis, oncogenesis, and solute transportation.

No genome-wide significant association was observed with dPVS in locations other than the white matter. However, we found significant genetic correlation of basal ganglia dPVS burden (and nominally (P<0.05) for hippocampus dPVS burden) with all stroke and ischemic stroke, and nominally significant genetic correlation between dPVS burden in basal ganglia with deep intracerebral hemorrage (also for hippocampus dPVS), systolic and diastolic blood pressure, WMH burden, covert MRI-defined brain infarcts, and small vessel ischemic stroke. Using Mendelian randomization we identified nominally significant indication for a causal association of triglycerides with extensive dPVS burden in the white matter, and blood pressure with extensive dPVS burden in, basal ganglia, hippocampus, and mesencephalon.

In summary, we conducted the first GWAS meta-analysis of dPVS burden, in collaboration with the CHARGE consortium, and found loci involved in developmental processes and glial biology, including astrocytes, oligodendrocytes and microglia, highlighting the major role of these cells not in only as neuronal support. We also found genes involved in solute transportation, which could perhaps play a role in brain interstitial fluid drainage as part of the glymphatic system. 

III.1. Burden of dilated perivascular spaces, an emerging marker of cerebral small vessel disease, is highly heritable

Marie-Gabrielle

ABSTRACT

Background and Purpose

The genetic contribution to dilated perivascular space (dPVS) burden-an emerging MRI marker of cerebral small vessel disease-is unknown. We measured the heritability of dPVS burden and its shared heritability with other MRI markers of cerebral small vessel disease.

Methods

The study sample comprised 1597 participants from the population-based Three City (3C) Dijon Study, with brain MRI and genome-wide genotyping (mean age, 72.8±4.1 years; 61% women). dPVS burden and lacunar brain infarcts were rated on a semiquantitative scale, whereas an automated algorithm generated white matter hyperintensity volume (WMHV). We estimated dPVS burden heritability and shared heritability with WMHV and lacunar brain infarcts using the genome-wide complex trait analysis tool, on unrelated participants, adjusting for age, sex, intracranial volume, and principal components of population stratification.

Results

dPVS burden was significantly correlated with WMHV and lacunar brain infarcts, the strongest correlation being found between WMHV and dPVS in basal ganglia. Heritability estimates were h 2 =0.59±0.24 (P=0.007) for dPVS burden, h 2 =0.54±0.24 (P=0.010) for WMHV, and h 2 =0.48±0.81 (P=0.278) for lacunar brain infarcts. We found a nonsignificant trend toward shared heritability between dPVS and WMHV (r g =0.41±0.28; P=0.096), which seemed driven by dPVS in basal ganglia (r g =0.72±0.61; P=0.126) and not dPVS in white matter (r g =-0.10±0.36; P=0.393). A genetic risk score for WMHV based on published loci was associated with increased dPVS burden in basal ganglia (P=0.031).

INTRODUCTION

Perivascular spaces (PVS), also called Virchow-Robin spaces, are normal physiological structures filled with cerebrospinal MRI signal-like fluid and coated by pial cells, surrounding the wall of arteries, arterioles, veins, and venules as they penetrate into the brain parenchyma. PVS belong to the glymphatic system and are involved in waste clearance, energy substrate delivery, and blood flow regulation. 1,2 Under certain circumstances, such as increasing age and cerebral small vessel disease (cSVD), PVS can dilate (dilated perivascular space [dPVS]) and become detectable on brain MRI. [3][4][5][6][7] Mechanisms underlying this dilation, possibly reflecting reduced glymphatic clearance, are speculative. 1 dPVS were shown to be strongly correlated with other MRI markers of cSVD, such as white matter hyperintensity volume (WMHV), lacunar brain infarcts (LIs), and cerebral microbleeds. 3-6, 8 We previously showed that high grades of dPVS in basal ganglia (BG) or white matter (WM) are associated with increased risk of incident dementia, independently of other MRI markers of cSVD, in older community persons. 9 Determinants of dPVS are poorly understood. The main known risk factors are age and hypertension, the latter being more strongly associated with dPVS in BG. Identifying genetic determinants of dPVS may provide important clues on underlying molecular mechanisms and on cSVD and dementia pathophysiology. We sought to examine the genetic contribution to dPVS burden by measuring their heritability and shared heritability with other MRI markers of cSVD in the population-based Three City (3C) Dijon Study.

METHODS

The data that support the findings of this study are available from the corresponding author on reasonable request.

Study Population

The 3C-Dijon Study is a community-based cohort study comprising 4931 noninstitutionalized participants aged ≥65 years randomly selected from the electoral rolls of the city of Dijon between 1999 and 2001. 10 Participants aged <80 years and enrolled between June 1999 and September 2000 (n=2763) were invited to undergo a brain MRI. Although 2285 participants (82.7%) agreed to participate because of financial limitations, MRI scans were performed in 1924 participants only. Among these, 1683 had also undergone genome-wide genotyping. After exclusion of individuals with brain tumors (n=8), stroke (n=71), or dementia (n=7) at baseline, the remaining sample comprised 1597 participants. Visual assessment and quantification was available in 1559 participants for dPVS and 1562 participants for LI (35 individuals with non-lacunar brain infarcts were excluded); and 1495 participants had automated quantitative WMHV measurements. The study protocol was approved by the ethical committee of the University Hospital of Kremlin-Bicêtre. All participants provided written informed consent.

Genotyping

DNA samples of 3C-Dijon participants were genotyped with Illumina Human610Iquad BeadChips at the Centre National de Génotypage, Evry, France.

Genotyping was performed on 4263 participants, of whom 186 were excluded after quality control (Methods in the online-only Data Supplement), leaving a total of 4077 participants. The first 20 principal components (PCs) for the 3C-Dijon sample were generated using EIGENSOFT and used to correct for population ancestry stratification (Methods in the online-only Data Supplement). Genotypes were imputed to the 1000 Genomes phase I version 3 reference panel (all ethnicities) using MaCH 1.0, after applying standard quality control procedures (Methods in the online-only Data Supplement). In total, 11 572 501 single-nucleotide polymorphisms (SNPs) were available for analysis after quality control.

MRI Acquisition

MRI acquisition was performed on a 1.5-Tesla Magnetom scanner (Siemens). A 3dimensional high-resolution T1-, T2-, and PD-(proton density) weighted brain volumes were acquired (Methods in the online-only Data Supplement).

Rating of dPVS

dPVS were evaluated by an experienced reader (Y.-C.Z.) and quantified on a semiquantitative scale. They were defined as cerebrospinal fluid-like signal lesions (hypointense on T1 and hyperintense on T2) of round, ovoid, or linear shape with a maximum diameter <3 mm, having smooth delineated contours, and located in areas supplied by perforating arteries. Lesions fulfilling the same criteria except for a diameter ≥3 mm were carefully examined in the 3 planes (shape, signal intensity) to differentiate them from LI and white matter hyperintensity (WMH). Only lesions with a typical vascular shape and those that followed the orientation of perforating vessels were considered dPVS. 3 In BG and WM, which are the locations with the highest density of dPVS, the slice containing the greatest number of dPVS was used for the rating. 3 In BG, dPVS were rated using a 4-grade score: grade 1 for <5 dPVS, grade 2 for 5 to 10 dPVS, grade 3 for >10 dPVS but still numerable, and grade 4 for innumerable dPVS resulting in a cribriform change in BG (Figure). In the WM, dPVS were also rated using a 4-grade score: grade 1 for <10 dPVS in the total WM, grade 2 for >10 dPVS in the total WM and <10 in the slice containing the greatest number of dPVS, grade 3 for 10 to 20 dPVS in the slice containing the greatest number of dPVS, and grade 4 for >20 dPVS in the slice containing the greatest number of dPVS (Figure ). 3 In the hippocampus and brain stem, dPVS were dichotomized as presence of ≥1 dPVS versus none. A global dPVS burden variable was constructed by summing up dPVS grades in BG and WM and adding 1 point for the presence of ≥1 dPVS in the hippocampus and 1 point for the presence of ≥1 dPVS in the brain stem.

Because of the small number of participants in the highest categories, these were combined (global score ≥8). The global variable was normally distributed on visual inspection (Methods in the online-only Data Supplement). 

Other MRI Measurements

An automated and validated procedure was used to localize and measure WMHV. 11 Two subgroups of WMH were defined: periventricular WMH (pvWMH) when the distance to the ventricular system was <10 mm and deep WMH otherwise. LIs were evaluated visually by the same rater (Y.-C.Z.) as dPVS and were defined as focal lesions with the same signal characteristics as cerebrospinal fluid on all sequences and with a diameter of 3 to 15 mm. 3 They were differentiated from dPVS as described above. The gray matter, WM, and cerebrospinal fluid volumes were estimated using voxel-based morphometry; intracranial volume (ICV) was calculated by summing these 3 volumes. 12 

Statistical Analysis

Global dPVS burden was analyzed as a continuous variable, given its normal distribution, whereas dPVS subtypes (WM and BG) were studied as dichotomized variables (grade 3-4 versus grade 1-2). Because WMHV had a skewed distribution, we used natural logtransformed values (Ln[WMHV+1.0]), as in previous analyses. 13,14 Phenotypic correlation between MRI markers of cSVD was calculated based on Spearman correlation using SAS software, version 9.3 (SAS Institute, Inc, Cary, NC).

To estimate heritability for dPVS, WMHV, and LI, we used genome-wide complex trait analysis (GCTA v1.26.0). This corresponds to estimating the proportion of phenotypic variance of MRI markers of cSVD explained by all common SNPs available genome wide, using a linear mixed model analysis (Methods in the online-only Data Supplement). 15 We then assessed the proportion of shared heritability between dPVS burden and WMHV using SNP-derived genomic relationships and genomic relatedness-based restricted maximum likelihood (bivariate GREML method). 16 Using this method, implemented in the genome-wide complex trait analysis software, we could estimate the genetic correlation between dPVS burden and WMHV (overall and by main subtypes, Methods in the online-only Data Supplement). Estimation of genetic correlation with LI was not possible (models did not converge or yield aberrant values). All analyses for heritability and shared heritability were performed on unrelated individuals, after removing randomly 1 individual of each pair with estimated relatedness >0.125 (genetic relatedness matrix >0.125). Analyses of dPVS burden and WMHV were adjusted for ICV, to account for differences in head size, age, sex, and 20 PCs, as recommended by the software. 15 We tested for association of a genetic risk score combining known independent genetic risk variants for WMHV (rs7214628, rs7894407, rs78857879, rs2984613, and rs11679640) 14 with dPVS burden using linear regression (dPVS global) or logistic regression (dPVS in WM and in BG), adjusting for age, sex, the first 4 PCs, and ICV. The genetic risk score was constructed by summing up the number of WMHV risk alleles across all independent WMHV risk loci (r 2 <0.010 between SNPs). This score was unweighted because the WMHV genome-wide association study from which risk loci were derived was performed using z score-based meta-analysis, which does not yield any effect estimate.

RESULTS

Study Population

Characteristics of the study population are shown in Table 1. The mean age was 72.8±4.1 years, and 60.9% of participants were women. All participants had some dPVS. The prevalence of participants with dPVS burden of grade 3 to 4 was 11.4% (95% confidence interval [CI], 9.8%-13.0%) in BG, and 22.8% (CI, 20.7%-24.9%) in WM; 44.7% (CI, 42.2%-47.2%) of participants had at least 1 dPVS in the hippocampus, and 66.5% (CI, 64.1%-68.8%) had at least 1 dPVS in the brain stem. The prevalence of LI was 7.5% (CI, 6.2%-8.8%). Mean WMHV was 5.49±4.73 cm 3 (4.02±4.00 cm 3 for pvWMHV and 1.47±1.17 cm 3 for deep WMHV). Participants included in the analysis had on average fewer vascular risk factors and were younger than 3C Dijon participants aged <80 years at inclusion who were not included (Table I in the online-only Data Supplement). 

Phenotypic Correlations

There was limited but significant phenotypic correlation (ρ=0.23; P<0.0001) between dPVS in BG and dPVS in WM-the 2 main subtypes of dPVS. Phenotypic correlations between dPVS and other MRI markers of cSVD are represented in Table 2: all markers showed some degree of correlation at P<0.01 (ρ ranging between 0.08 and 0.33). The highest phenotypic correlation coefficient (ρ=0.33; P<0.0001) was observed between dPVS in BG and total WMHV or pvWMHV. The correlation between dPVS (global) and LI was lower, at 0.18 (P<0.0001; Table 2). 

Heritability Analysis of dPVS and Other MRI Markers of cSVD

The age, sex, ICV, and 20 PC-adjusted heritability for dPVS (global) was estimated at 59% (P=0.007) and was highest and significant in the WM, estimated at 79% (P=0.042), compared with BG (Table 3). Heritability for presence of dPVS in hippocampus and brain stem was low (<4%) and nonsignificant. In a secondary analysis, taking the top quartile of dPVS count in hippocampus and brain stem instead of presence versus absence, heritability for dPVS in hippocampus was found to be higher but still nonsignificant (Table II in the online-only Data Supplement). Comparatively, the age, sex, ICV, and 20 PC-adjusted heritability for WMHV was evaluated at 54% (P=0.010) and significant for pvWMHV and deep WMHV, whereas the age, sex, and 20 PC-adjusted heritability for LI was lower and nonsignificant (48%; P=0.278; Table 3). Of note, heritability estimates of dPVS and other MRI markers of cSVD were substantially unchanged after adjusting for hypertension and diabetes mellitusthe 2 main known risk factors for cSVD (Tables III and IV in the online-only Data Supplement). 

Shared Heritability of dPVS With Other MRI Markers of cSVD

We found a shared heritability estimate of dPVS (global) with WMHV at 41% (P=0.096); shared heritability with deep WMHV (38%; P=0.095) was in the same range as with pvWMHV (40%; P=0.100). Shared heritability between dPVS and WMHV was driven by dPVS in BG (72%; P=0.126) and not dPVS in WM (Table 4). 

Association of Known Risk Variants for WMHV With dPVS Burden

We found a nominally significant association of a genetic risk score combining all published independent WMHV risk variants with dPVS in BG (P=0.031), with WMHV risk alleles in aggregate being associated with increased risk of high dPVS grades in BG (Table 5). Of note, this association was not driven by a single risk variant for WMHV (P>0.09 for individual SNP-dPVS associations; Table V in the online-only Data Supplement). 

DISCUSSION

In a large population-based study of >1500 stroke-and dementia-free older unrelated persons, we found high heritability estimates, derived from genome-wide genotypes, for dPVS burden, in the same range as heritability estimates for WMHV, whereas heritability of LI was lower. Some of the estimated heritability for dPVS and WMHV appears to be shared. We found highest genetic correlation between dPVS in BG and WMHV, consistent with the high phenotypic correlation observed between WMHV and dPVS in this location. We also found a nominally significant association between a genetic risk score combining known genetic risk variants for WMHV and dPVS in BG.

Heritability of dPVS has not been described before to our knowledge. For WMHV and LI, our results are consistent with estimates from family-based studies, showing moderate-tohigh heritability for WMH burden (49%-80%) 17-21 and lower heritability for LI (29%). 21 Of note, heritability estimates from family-based studies are always larger than SNP-derived heritability estimates because they represent only the narrow-sense heritability. 22 The stronger genetic correlation of WMHV with dPVS burden in BG than in WM strengthens the hypothesis of at least partly distinct processes underlying dPVS in these 2 locations. 9 We previously described that the severity of dPVS in both in BG and WM does not necessarily coincide. Indeed, among individuals with grade 4 of dPVS in WM, only 23% also had a grade 3 or 4 in BG, and among individuals with grade 4 of dPVS in BG, 42% also had a grade 3 or 4 in WM. 3 We and others have also shown that vascular risk factor profiles vary according to the dPVS location. 3,23 This is further corroborated by the present findings, showing a stronger phenotypic correlation and shared genetic variation between WMHV and dPVS in BG compared with dPVS in WM. Interestingly, only severity of dPVS in BG was associated with a higher rate of cognitive decline in older community persons from the 3C-Dijon Study 9 and with worse processing speed performance in a cohort of patients with cSVD or at high risk of cSVD. 24 Interleukin-6 levels were associated with higher severity of dPVS in BG but not in WM. 25 Hence, there seems to be converging evidence that dPVS may have at least partly distinct underlying risk factors, including genetic, and clinical consequences depending on their location.

The mechanisms underlying PVS dilation are speculative. One of the hypotheses is a reduction of cerebrospinal fluid production with aging, leading to a decrease in glymphatic clearance and an accumulation of toxic proteins. [26][27][28] In parallel, the arterial wall stiffening occurring with aging or disease may lead to a reduction in arterial pulsatility, facilitating dilation of PVS. 28, 29 Astrocytic hypertrophy and loss of perivascular aquaporin-4 polarization, leading to dysregulation of astroglial water transport, as well as blood-brain barrier dysfunction might also be involved. [30][31][32][33] Most hypothetical pathophysiological pathways for dPVS are derived from animal models. Exploring the genetic determinants of dPVS using an unbiased genome-wide approach may provide additional insight into the biological pathways underlying dPVS in humans, potentially providing further evidence for one or more of the aforementioned hypotheses or suggesting novel previously unsuspected mechanisms. The high SNP-derived heritability estimates for dPVS burden suggest that searching for genetic determinants of dPVS could indeed be an efficient approach. Although the genetic correlation between WMHV and dPVS was relatively high, a substantial proportion of genetic contribution to dPVS burden appears not to be shared with other MRI markers of cSVD, warranting efforts to decipher specifically the genetics of dPVS burden. Increasing the number of participants and harmonizing dPVS measurements across existing studies, 34 as well as taking into account confounding and effect modification by environmental risk factors, especially hypertension, will be important for future endeavors.

Strengths of our study include a large sample size in a population-based setting with careful rating of dPVS by the same experienced reader using whole-brain MR images with precise assessment of dPVS shape on 3-dimensional millimetric T1 images and differentiation from WMH and LI using careful examination in the 3 planes and exploration of T2 and proton density sequences. Efforts to develop automated and quantitative assessment of dPVS burden are under way but not yet available for large-scale use. Stringent quality control criteria with strict removal of related individuals and adjustment for the 20 first PCs were used. Because MRI markers of small vessel disease are strongly correlated with age, 3, 35 we cannot exclude residual confounding by age, although our age range at the time of MRI was relatively limited and restricted to older individuals (65-80 years). Future studies on larger samples enabling analyses stratified on narrower age ranges and also including younger age groups in whom cSVD burden may be more heritable could be of interest. Caution is warranted when interpreting the absolute values of heritability and shared heritability, given the relatively limited sample size, especially for the shared heritability analyses that do not reach statistical significance, and should, therefore, be considered as exploratory. Comparison with future similar analyses in independent samples will be needed to obtain more precise estimates.

Conclusions

The present study provides preliminary evidence for an important genetic contribution to dPVS burden in older community persons, suggesting that searching for genetic risk factors of dPVS may be an efficient way to explore the biological mechanisms underlying dPVS and to identify individuals at high risk of cSVD and its consequences. Further studies are also needed to better explore the clinical significance and importance of dPVS, with possible implications for prevention of both cerebrovascular and neurodegenerative disease.

III.2. Multiancestry GWAS meta-analysis of perivascular space burden, an emerging MRI-marker of cerebral small vessel disease

Marie-Gabrielle Duperron, Maria Knol, Rafael J. Romero 

INTRODUCTION

Perivascular spaces (also named Virchow-Robin spaces) are physiological spaces, filled with cerebrospinal signal like fluid, surrounding small vessels walls as they run from the subarachnoid space through the brain parenchyma. 85,86 Dilated perivascular space (dPVS) burden, quantifiable on brain MRI, is an emerging MRI-marker of cerebral small vessel disease (cSVD). 22,68,69 The main known risk factors for high dPVS burden are advancing age and hypertension. 3,67 dPVS burden correlates significantly with other MRI-markers of cSVD, namely white matter hyperintensity (WMH) burden and covert MRI-defined lacunes. 22,68,69 In terms of clinical significance high dPVS burden has been associated with risk of incident stroke and dementia, 18,35 although this is still partly controversial due to the scarcity of data in the literature precluding large scale meta-analyses as was conducted for other MRImarkers of cSVD. 21 dPVS are thought to be involved in waste clearance (for example beta amyloid peptide) and blood flow regulation as part of the "glymphatic system", 69,87 but the pathophysiological pathways leading to dilation of perivascular spaces and their function are debated. 113 We recently described a high heritability for global dPVS burden, estimated at 59% in the 3C-Dijon study based on genome-wide genotype data, suggesting an important contribution of common genetic variants to dPVS burden. 114 To explore the genetic underpinnings of dPVS and, through that, identify biological pathways involved in their pathophysiology, we conducted a genome-wide association study (GWAS) meta-analysis of extensive dPVS burden in the four main dPVS locations (basal ganglia, white matter, hippocampus and mesencephalon) in 16 population-based brain imaging studies. We further hypothesize that identifying shared genetic contribution with vascular risk factors and the most common agerelated neurological diseases, stroke and dementia, will provide new insight into underlying mechanisms and clinical significance of this emerging MRI-marker of cSVD.

METHODS

Study design

Analyses were performed on stroke-free participants from 17 population-based cohorts taking part in the Cohorts for Heart and Aging Research in Genomic Epidemiology (CHARGE) consortium. Characteristics of study participants for each cohort are provided in Supplementary Table 1. All participants gave written informed consent, and institutional review boards approved individual studies.

Dilated perivascular space burden

dPVS were defined as fluid filled spaces with a signal identical to that of cerebral spinal fluid (CSF) of round, ovoid, or linear shape depending on the slice direction, with usually a maximum diameter smaller than 3 mm, and located in areas supplied by perforating arteries. dPVS do not have a hyperintense rim on T2-weighted or FLAIR sequences. 22 As different semi-quantitative dPVS rating scales were used across studies we dichotomized dPVS burden into "extensive dPVS burden" versus the rest in each cohort, defined by a cutoff closest to the top quartile of the semi-quantitative scale distribution (details on dPVS identification and quantification in each cohort are provided in the Supplementary methods, Supplementary Table 2).

Genotyping, imputation and quality control (QC)

Genotyping and imputation methods for each study are reported in Supplementary Table 3. Genome wide genotypes were imputed to the 1000 Genomes project (1000G) phase I v3 and the Haplotype Reference Consortium (HRC) reference panels (Supplementary Table 3).

QC was performed in each study following recommendations of Winkler et al. 115 Analyses were done on autosomal biallelic markers. Duplicate markers were removed, marker names and alleles were harmonized across studies, and P-Z plots (to check if the erroneous p-values are removed), quantile-quantile (QQ) plots and allele frequency-plots were constructed. In each study rare variants (minor allele frequency (MAF) < 0.01), variants with low imputation accuracy (r², oevar_imp or info score < 0.5) and extensive effect size values (β > 5 or β < -5) were removed. The number of SNPs passing QC for each study is reported in Supplementary Table 4.

Genome-wide-association analyses

Logistic regression analyses with an additive genetic model were performed for each dPVS location using extensive dPVS burden versus the rest (basal ganglia, white matter, hippocampus, and mesencephalon). Analyses were adjusted for age, sex, and total intracranial volume, relevant principal components of population stratification, and study site. They were conducted separately in each ancestry group.

Discovery multiancestry genome-wide-association meta-analysis

First, a sample size weighted meta-analysis was conducted in each ancestry group (European (EUR), Asian (ASN), African-American (AA), Hispanics (HISP)) using METAL. 116 Genomic control was applied to each study-specific GWAS with a genomic inflation factor greater than 1.00. The effective allele count was defined as twice the product of the minor allele frequency (MAF), imputation accuracy and number of participants with extensive-dPVS. Variants with an effective allele count < 10 were excluded from the meta-analysis. So were variants with significant heterogeneity (Phet < 5.0×10 -8 ).

Variants present in at least half of the participants of the final meta-analysis were used to construct QQ and Manhattan plots.

Follow-up and combined meta-analysis

An independent sample, Rotterdam study III (RSIII, N=2,425), was used as a follow-up sample. All SNPs with p<5x10 -6 in the discovery GWAS meta-analysis were analyzed in association with dPVS burden in the follow-up sample, using a Bonferroni-corrected threshold of significance accounting for the number of independent variants tested (P<0.005). For replicated variants we conducted a combined discovery and follow-up sample size weighted meta-analysis using METAL. In addition, for loci showing high heterogeneity in allelic effects across ancestry groups (PHet<0.01), we conducted a multiancestry meta-analysis using the MR-MEGA software, 117 which uses meta-regression to model allelic effects as a function of axes of genetic variation. MR-MEGA allows to quantify and account for the extent of heterogeneity in allelic effects that is correlated with ancestry.

Shared genetic variation with other phenotypes

To explore shared genetic variation with vascular and neurological phenotypes analyses were conducted on the European meta-analysis. We used LD-score regression (ldsc package https://github.com/bulik/ldsc/) to estimate the genetic correlation between extensive dPVS burden and vascular risk factors (systolic blood pressure, diastolic blood pressure, body mass index (BMI), high density lipoprotein (HDL) cholesterol, low density lipoprotein (LDL) cholesterol, triglycerides and type 2 diabetes) and other MRI-markers of cSVD (WMH burden and covert MRI-defined lacunes). We also examined the genetic correlation of extensive dPVS burden with the two main clinical complications of cSVD, stroke (any stroke, any ischemic stroke, large artery ischemic stroke, cardio-embolic ischemic stroke, small vessel ischemic stroke, intracerebral hemorrhage) and dementia of the Alzheimer type. Summary statistics of the largest available GWAS were obtained for the aforementioned vascular and neurological phenotypes either through publicly available datasets or via collaboration with the corresponding consortia. 23,28,33,99,[118][119][120][121] To decrease the potential bias due to poor imputation quality, the summary statistics were filtered to the subset of HapMap 3 SNPs for each trait. After correction for 10 independent phenotypes, a p-value < 0.005 was considered significant. The number of independent traits was estimated using correlations between traits in the 3C study 122 by applying the Matrix Spectral Decomposition (matSpDlite) method (http://neurogenetics.qimrberghofer.edu.au/matSpDlite/).

Mendelian randomization

We also used a Mendelian randomization approach to explore the causal relation of vascular risk factors (systolic blood pressure, diastolic blood pressure, hypertension, BMI, HDL cholesterol, LDL cholesterol, triglycerides and type 2 diabetes) with extensive dPVS burden. We constructed weighted genetic risk scores (wGRS, instrument) that included only independent (r² <0.10, based on the 1000G EUR panel) genome-wide significant SNPs associated with each trait, using the most recent and largest available GWAS. 28,33,99,[118][119][120] The effect allele for each variant was defined as the allele associated with increased risk of the exposure trait. We used the inverse-variance weighting (IVW) method to estimate the causal effect of an exposure on the outcome. When the egger intercept p-value was <0.05 we filtered out outlier SNPs and ran again the Mendelian randomization without these SNPs to rule out pleiotropy. After correction for 7 independent phenotypes, a p-value < 0.007 was considered significant.

Gene based tests and pathway analyses

We used the MAGMA software 123 implemented in FUMA 124 to perform a gene-based association study including 19,037 protein coding genes. We included variants located within 10kb of the 3' and 5' UTRs of a gene to include regulatory variants. Genome wide significance was defined at P-value < 2.63x10 -6 . We also performed gene-based test using VEGAS2 software 125 including 18,371 autosomal genes, leading to a genome-wide significant P-value at 2.72x10 -6 . We included variants located within 10kb of the 3' and 5' UTRs of a gene to include regulatory variants. We ran additional simulations for the genes reaching a p-value <5x10 -5 , leading to 1x10 8 simulations to increase the accuracy of p-values.

We used the VEGAS2Pathway approach to identify pathways overrepresented in the associations. This method aggregates association strength of individual markers into prespecified biological pathways using VEGAS-derived gene association p-values for extensive dPVS burden in the white matter. VEGAS2Pathway accounted for gene density in LD blocks or correlated association p-values of neighboring genes, SNP density, and pathway size using a resampling strategy. Empirical significance threshold for VEGAS2Pathway was 1x10 -5 accounting for 6,213 correlated pathways. 126

Functional annotation

For each locus containing a SNP reaching a p-value <5.10 -6 in the discovery meta-analysis, showing significant replication in the follow-up sample and reaching genome-wide significance in the combined meta-analysis, we annotated the nearest genes from the top SNP. We used the Functional Mapping and Annotation of Genome-Wide Association Studies (FUMA GWAS) platform to obtain extensive functional annotation for genome-wide significant SNPs. 124 We explored expression quantitative trait loci (eQTL) of the two tops SNPs, rs4556147 at chr9q31.3 and rs13079464 at chr3p25.1 using different databases, Genotype-Tissue Expression (GTEx) version 7 (https://www.gtexportal.org/home/datasets), blood eQTL, 127,128 Brain eQTL Almanac (Braineac, http://www.braineac.org/) and CommonMind Consortium(CMC, https://www.nimhgenetics.org/resources/commonmind). We also searched for Mendelian human genetic disease involving the genes of interest using the Online Mendelian Inheritance in Man (OMIM) catalog. We used the Gene Ontology Annotation (GOA) Database to identify related terms based on molecular function, cellular component location and biological processes. 129

RESULTS

We tested a total of ~8 million SNPs with MAF >0.01 in up to 11,511 participants from 17 population-based studies, of whom 2,465 had extensive dPVS burden. The mean age of participants was 66.17 years, 53.88% were women, and 77.23% had hypertension. The discovery meta-analysis included participants of European (N=7,802), Hispanic (N=717), East-Asian (N=339), and African-American (N=168) ancestry. The follow-up sample comprised 2,425 European ancestry participants.

Heritability of dPVS burden and shared heritability between dPVS locations

Using LD-score regression we estimated heritability of extensive dPVS burden at 14% in the white matter, 12% in the basal ganglia, 14% in the hippocampus, and 4% in the mesencephalon (Table 1). We found strong and nominally significant genetic correlation between extensive dPVS burden in the basal ganglia and the hippocampus (rg (SD)= 0.50 (0.25); p-value = 0.049). In contrast there was no significant genetic correlation between extensive dPVS burden in other locations (Table 2). 

Genetic discovery

In the discovery GWAS (N up to 9,086) there was no systematic inflation of association statistics at the cohort or meta-analysis level (Supplementary Table 4 and Supplementary Figures). We identified 10 loci associated with extensive dPVS burden in the white matter with a suggestive p-value <5.10 -6 . Two loci were replicated in the independent follow-up sample (N=2,425) at p<0.005 after multiple testing correction for 10 loci, and reached genome-wide significance in the combined meta-analysis, at chr9q31.3 in an intron of LPAR1 and chr3p25.1, near LINC00620/WNT7A (Table 3). Two additional loci reaching a suggestive p-value in the discovery were nominally significant in the follow-up sample and had a lower, suggestive p-value (p<5x10 -7 ) in the combined meta-analysis (at chr20q13.12 in an intron of SLC13A3 and chr3p21.31 in an exon of SLC6A20 (missense variant)). All 10 loci contained only common variants (MAF > 0.08) with p<5x10 -6 . Forest plots of the 2 genome-wide significant loci (at LPAR1 and LINC00620/WNT7A) showed consistency of the association across participating cohorts, without any significant heterogeneity (Figure 1).

Using MR-MEGA we studied loci showing high heterogeneity in allelic effects across ancestries (PHet<0.01) and identified one additional locus reaching close to genome-wide significance (p=6.11x10 -8 ) at chr20q11.22, near CHMP4B/RALY (Table 4).

Gene based association analyses conducted in European ancestry participants with the MAGMA software 123 identified three gene-wide significant associations (p<2.63x10 -6 ) at LPAR1, SLC13A3, and UNC5A (Figure 2). Using the VEGAS software, 125 these three genes were also the most significant ones although they did not quite reach gene-wide significance (Supplementary Table 5).

Shared genetic variation with vascular and neurological traits

Using LD-score regression we found significant positive genetic correlation of extensive dPVS burden in basal ganglia with any stroke and ischemic stroke (Table 5). In addition, we found nominally significant positive genetic correlation of dPVS burden in basal ganglia with systolic blood pressure, deep intracerebral hemorrhage, small vessel stroke, WMH burden and covert MRI-defined brain infarcts; and of dPVS burden in hippocampus with any stroke, ischemic stroke and deep intracerebral hemorrhage (Table 5).

Using Mendelian randomization we found nominally significant associations of a wGRS for diastolic blood pressure with an increased risk of extensive dPVS burden in the basal ganglia and the hippocampus, a wGRS for triglycerides with an increased risk of extensive dPVS burden in the white matter, and a wGRS for systolic blood pressure with an increased risk of extensive dPVS burden in the mesencephalon (Supplementary Table 6). The analysis of the MR-Egger intercept did not reveal any indication of directional pleiotropy, except for the association of systolic blood pressure with extensive dPVS in the mesencephalon, however results for the latter were substantially unchanged after filtering out variants appearing as outliers from the leave-one-out analysis.

Functional annotation of dPVS genetic risk loci

We explored expression quantitative trait loci (eQTL) of the two tops SNPs, rs4556147 at chr9q31.3 and rs13079464 at chr3p25.1, reaching genome-wide significance in the combined meta-analysis. rs4556147 was an eQTL for LPAR1 in the lung and rs13079464 was an eQTL for WNT7A in the blood (Supplementary Table 7). Of note, two published studies have described a genome-wide significant association of rs4556147 with central corneal thickness and corneal structure. Using VEGAS2Pathway we identified enrichment in three pathways with a suggestive p<0.001, involved in fatty acid binding, monocarboxylic acid binding and corpus callosum development. Interestingly, other pathways with a suggestive p<0.005 were involved in platelet homeostasis, oxidoreduction activity, smooth muscle cell migration and lipid synthesis (Supplementary Table 8). number of participants with extensive dPVS burden in the combined meta-analysis N total indicates the number of participants in the combined meta-analysis *significant association after multiple testing correction: p-value<5x10-8 (discovery and combined meta-analysis), p-value <0.005 (replication) Nominally significant associations are in bold without any asterisk: p-value<0.05 (replication), p-value <5x10-7 (combined meta-analysis) **correspond to the top SNP of this locus in the combined meta-analysis Independent loci with a p-value <5.10 -6 Significant p-value <5x10 -8 

DISCUSSION

In a large multiancestry meta-analysis of population-based cohorts including up to 11,511 participants, we identified two suggestive risk loci for extensive dPVS burden in the white matter in LPAR1 and near LINC00620/WNT7A that replicated in the follow-up sample and reached genome-wide significance in the combined meta-analysis. Two additional suggestive loci were nominally significant in the follow-up sample and reached p<5x10 -7 in the combined meta-analysis in association with white matter dPVS, in SLC13A3 and SLC6A20. One locus near CHMP4B/RALY reached close to genome-wide significance with white matter dPVS after correcting for heterogeneity in allelic effects across ancestry groups. Finally, three gene-wide significant associations with LPAR1, SLCA13A3, and UNC51 were identified in gene-based association analyses with white matter dPVS. We found nominally significant shared heritability between extensive dPVS burden in basal ganglia and in hippocampus and, mostly nominally, significant genetic correlation of dPVS burden in basal ganglia (and to some extent hippocampus) with stroke, ischemic stroke, deep intracerebral hemorrhage, small vessel stroke, systolic and diastolic blood pressure, WMH volume, and covert MRIdefined brain infarcts. Using Mendelian randomization we identified nominally significant indication for a causal association of triglycerides with extensive dPVS burden in the white matter, and blood pressure with extensive dPVS burden in, basal ganglia, hippocampus, and mesencephalon.

The closest genes to the lead SNPs in the two genome-wide significant loci, also showing some evidence for eQTL associations, include LPAR1 (lysophosphatidic acid receptor 1), encoding a G protein-coupled receptor of the lysophosphatidic acid (LPA) ligand, an extracellular signaling small lipid 130 and WNT7A (Wnt family member 7A), which encodes a ligand that directly targets the vascular endothelium. 131 LPAR1 and WNTA genes are involved in brain development pathways, both in neuron and vascular differentiation, but also in tumorigenicity and blood brain barrier regulation. 131,132 LPAR1 is specifically expressed in oligodendrocytes, and involved in myelination during post-natal life. 133 These results are concordant with other studies describing that life factors occurring at the peak of brain maturation, around 30 years, or earlier may impact later life pathological processes. 134 Interestingly, the ligand of LPAR1, LPA has a pro-inflammatory effect, and is involved in repair after injury, 135 by stimulating endothelial cell migration, cell survival, or apoptosis (depending on LPA concentration) and proliferation, but also platelet activation, smooth muscle cell contraction and astrocyte activation and proliferation. 130, 136- 139 It has also been reported that LPA stimulates VEGF, 140-142 a hypoxia-inducible protein with angiogenic and vascular permeability-enhancing properties. [143][144][145][146][147] In a model of transient artery occlusion, LPAR1 antagonist attenuated brain damage such as brain infarction or neurological deficit after reperfusion by decreasing inflammation. 148 Modulating LPA receptor activity may be a also tool to address neural regeneration. 149 Several drugs targeting LPAR1 are available or in development. A randomized-control trial using a LPAR1 antagonist in patients with diffuse cutaneous systemic sclerosis showed acceptable safety profile; 150 and the antidepressant effect of mirtazapine is mediated by LPAR1, leading to increased expression of glial cell line-derived neurotrophic factor. 151 Fingolimod, indicated in severe forms of multiple sclerosis, modulates the sphingosine 1phosphate receptors, a receptor of the same family as LPAR1.

Although they do not quite reach genome-wide significance the nominal replication of suggestive loci at SLC13A3 (chr20q13.12) and SLC6A20 (chr3p21.31) is intriguing, as both are part of the solute carrier family, involved in transportation of small substrates, which may be part of the brain interstitial fluid drainage system, and hence highly relevant to the hypothesized dPVS pathophysiology. 152 Homozygous or compound heterozygous mutations in the SLC13A3 gene were identified in patients with acute reversible leukoencephalopathy with increased urinary alpha-ketoglutarate. 153 SLC13A3 is a target for succinic acid, which is an approved drug part of dietary supplements. Regarding the locus reaching close to genome-wide significance in the MR-MEGA analysis, the closest genes are CHMP4B (Charged multivesicular body protein 4B), involved in degradation of receptor proteins and formation of endocytic multivesicular bodies, and RALY (RALY heterogeneous nuclear ribonucleoprotein), which may play a role in embryonic development. Finally, the additional gene reaching gene-wide significance in the gene-based analysis, UNC5 (unc-5 netrin receptor A), is involved in brain development , in tumorigenicity and a rare mutation in this gene was identified in two families enriched of late-onset Alzheimer's disease. 154 While no genome-wide significant association was observed for extensive dPVS in locations other that the white matter, it is interesting to note that LDSR showed a significant genetic correlation, suggesting common underlying genetic determinants between extensive dPVS burden in the basal ganglia and the hippocampus, but not between other dPVS locations. Extensive dPVS burden in both basal ganglia and hippocampus also showed a, mostly nominally, significant genetic correlation with ischemic stroke and deep intracerebral hemorrhage. This is in line with our recent findings in the population-based 3C-Dijon study, where we observed a similar profile of dPVS burden in basal ganglia and hippocampus with respect to associations with incident stroke, although only the association with incident intracerebral hemorrhage reached significance, possibly due to a lack of power to detect associations of smaller effect size with ischemic stroke. 35 These findings are also consistent with a recent systematic review and meta-analysis describing an association of covert MRIdefined brain infarcts and WMH with an increased risk of both ischemic and hemorrhagic stroke, 21 showing that MRI-markers of cSVD, even if not hemorrhagic in nature, are also associated with an increased risk of intracerebral hemorrhage. The present findings suggest that this could be at least partly driven by shared genetic determinants and highlight once more the necessity to formally evaluate the benefit/risk ratio of antiplatelet therapy in patients with cSVD features on brain imaging. We also found nominally significant causal association of diastolic blood pressure with extensive dPVS burden in the basal ganglia and the hippocampus, reinforcing common underlying pathways. This observation is in line with the stronger phenotypic correlation of basal ganglia dPVS with hypertension. 3,155 compared to other dPVS locations. Finally, the nominally significant genetic correlation between dPVS burden in the basal ganglia and small vessel stroke, as well as WMH burden and covert MRIdefined brain infarcts, suggests the presence of shared genetic determinants with other features of cSVD.

Strengths of this first study exploring the genetic determinants of dPVS burden include the large sample size, the population-based setting with well-established, standardized brain imaging protocols and state-of-the-art quantification of dPVS burden. Although our study sample is predominantly European we also benefit from the contribution of Hispanic and African-American samples. Moreover, we have conducted extensive explorations to explore shared genetic variation of extensive dPVS burden with other vascular and neurological traits. Our study also has limitations. dPVS were rated on different visual scales, which may have led to a certain degree of heterogeneity of our phenotype across cohorts. For this reason, we used a dichotomized variable corresponding to extensive dPVS burden, which may have decreased the power of our study. Although the sample size is unprecedented for a study on dPVS risk factors it remains underpowered to detect genetic associations of modest to small effect size.

In conclusion, we describe the first genome-wide significant associations with extensive dPVS burden in the white matter, pointing to genes involved in brain development pathways, but also in tumorigenicity and blood brain barrier regulation, as well as several additional biologically relevant suggestive associations. We also describe genetic correlation of extensive dPVS burden, mostly in basal ganglia and hippocampus, with blood pressure, stroke (ischemic and hemorrhagic), and other MRI-markers of cSVD, suggesting common underlying mechanisms, and provide suggestive evidence for a causal association of triglycerides with white matter dPVS, and of blood pressure with dPVS in other locations.

SUPPLEMENTARY METHODS

Description of study populations Austrian Stroke Prevention Study (ASPS)

The ASPS study is a prospective study on the effects of vascular risk factors on brain structure and function in the normal elderly population of the city of Graz, Austria. 156, 157 A total of 2007 participants were randomly selected from the official community register stratified by gender and 5year age groups. Were excluded from the study participants with a history of neuropsychiatric disease, including previous stroke, transient ischemic attacks, and dementia, or if they had an abnormal neurologic examination determined on the basis of a structured clinical interview and a physical and neurologic examination. During 2 study periods between September 1991 and March 1994, and between January 1999 and December 2003, an extended diagnostic work-up including MRI and neuropsychological testing was performed in 1076 participants aged 45 to 85 years randomly selected from the entire cohort (509 from the first period and 567 from the second). In 1992, blood was drawn from all study participants for DNA extraction. They were all European Caucasians. Genotyping was performed in 996 participants using the Human Genotyping Facility, Genetic Laboratory Department of Internal Medicine, Erasmus MC, Rotterdam, The Netherlands. ASPS-Fam : ASPS-Fam is a prospective single-center community-based study on the cerebral effects of vascular risk factors in the normal aged population of the city of Graz, Austria. 158, 159 ASPS-Fam represents an extension of the Austrian Stroke Prevention Study (ASPS), which was established in 1991. 160,161 Between 2006 and 2013, study participants of the ASPS and their first-grade relatives were invited to enter ASPS-Fam. Inclusion criteria were no history of previous stroke or dementia and a normal neurologic examination. A total of 419 individuals from 176 families were included into the study. The number of members per family ranged from 2 to 6. The entire cohort underwent a thorough diagnostic workup including clinical history, laboratory evaluation, cognitive testing, and an extended vascular risk factor assessment. They were all European Caucasians. Those 471 participants who passed genotyping quality control and underwent MRI scanning were available for these analyses.

Epidemiology of Dementia in Singapore (EDIS) and the Singapore Malay Eye Study (SiMES)

The EDIS Study draws participants from the Singapore Epidemiology of Eye Disease (SEED) study, a multiethnic populationbased study among persons ages 40-85 years among Chinese (Singapore Chinese Eye Study [SCES]), Malay (Singapore Malay Eye Study [SiMES-2]). In the first phase of the EDIS study, participants ages 60 years or older (n=2666) were screened using the abbreviated mental test and a self-report of progressive forgetfulness. Screen-positive patients (n=1097) were invited to take part in the second phase of this study, which included an extensive neuropsychological test battery and brain MRI.

Framingham Heart Study (FHS)

The FHS study is a 3-generation community-based and prospective cohort that was initiated in 1948 to investigate risk factors for cardiovascular disease including stroke. It comprises 3 generations of participants: the original cohort followed-up since 1948 (original) 162 their offspring and spouses of the offspring, followed-up since 1971 (offspring), 163 and children from the largest offspring families enrolled in 2000 (Gen 3). 164 The original cohort enrolled 5209 men and women who comprised twothirds of the adult population then residing in Framingham, Massachusetts. Survivors continue to receive biennial examinations. The offspring cohort comprises 5124 persons (including 3514 biological offspring) who have been examined approximately once every 4 years. Participants in the first 2 generations were invited to undergo an initial brain MRI in 1999 to 2005. Brain MRI in Gen 3 only began in 2009 and is not included in these analyses. The population of Framingham was virtually entirely white in 1948, when the original cohort was recruited. Vascular risk factors and outcomes, including transient ischemic attack, stroke, and dementia, were identified prospectively since 1948 through an ongoing system of FHS clinic and local hospital surveillance 165,166 Participants had DNA extracted and provided consent for genotyping in the 1990s. Genotyping was performed at Affymetrix (Santa Clara, Calif) through an NHLBI-funded SNP-Health Association Resource (SHARe) project.

Investigating Silent Strokes in Hypertensives: a magnetic resonance imaging study (ISSYS)

ISSYS Study is an observational cross-sectional and longitudinal study aimed to determine the prevalence of silent cerebrovascular lesions in a large cohort of hypertensives and to study their associated factors. This is an ongoing observational, prospective study of 1037 essential hypertensive individuals aged 50-70 years old without previous clinical stroke or dementia, aimed to investigate the prevalence of silent cerebrovascular lesions and cognitive impairment. The participants were randomly selected from 14 primary care centers in the north area of Barcelona city. A sample of 241 participants with MRI and genotype data was included in this project.

Lothian Birth Cohort 1936 (LBC1936)

The LBC1936 consists of relatively healthy individuals assessed on cognitive and medical measures at age 70 years (n=1,091), and again with brain imaging traits at 73 years of age (n=866). They were born in 1936, most took part in the Scottish Mental Survey of 1947, and almost all lived independently in the Lothian region of Scotland. A full description of participant recruitment and testing can be found elsewhere. 167,168 The study was approved by the Lothian (REC 07/MRE00/58) and Scottish Multicentre (MREC/01/0/56) Research Ethics Committees and all subjects give written informed consent. The following individuals were excluded (stroke n=41) giving a final sample of 582 participants.

The Northern Manhattan Study (NOMAS)

The Northern Manhattan Study includes a prospective population-based cohort of participants enrolled from the Northern Manhattan neighborhood between 1993 and 2001 by using random digit dialing. An overall response rate was 68% as previously described.13 Eligible participants were stroke-free at baseline, aged 40 years or older, and had resided in Northern Manhattan for at least 3 months in a household with a telephone. Between 2003 and 2008, all surviving participants remaining stroke-free were invited to participate in an MR imaging substudy. Participants were eligible if they were older than 55 years of age and had no contraindication to MR imaging.

Rotterdam Study (RS)

The Rotterdam Study is a population-based cohort study among inhabitants of a district of Rotterdam (Ommoord), The Netherlands, and aims to examine the determinants of disease and health in the elderly with a focus on neurogeriatric, cardiovascular, bone, and eye disease. 169 

MRI protocol and phenotyping

Dilated perivascular spaces scales

Zhu scale dPVS were rated on 3D-T1 in both hemispheres. In the WM, dPVS were rated using a 4-grade score: grade 1 for <10 dPVS in the total WM; grade 2 for >10 dPVS in the total WM and <10 in the slice containing the greatest number of dPVS; grade 3 for 10-20 dPVS in the slice containing the greatest number of dPVS; and grade 4 for >20 dPVS in the slice containing the greatest number of dPVS. In BG, the slice containing the greatest number of dPVS was used for the rating, dPVS were also rated using a 4-grade score: grade 1 for <5 dPVS; grade 2 for 5-10 dPVS; grade 3 for >10 dPVS but still numerable; and grade 4 for innumerable dPVS resulting in a cribriform change in BG. In hippocampus and brain stem, dPVS count was reported. Lesions fulfilling the same criteria except for a diameter ≥3 mm were carefully examined in the 3 planes (shape, signal intensity) to differentiate them from LI and WMH.

Only lesions with a typical vascular shape (including cystic lesions with an extension of vascular shape) and that followed the orientation of perforating vessels were considered dPVS. 3 Edinburgh scale dPVS were rated on axial T2 on the most severe slice and in the most severe hemisphere. In WM, BG and hippocampus, dPVS were rated using a 4-grade score: grade 0 for no dPVS; grade 1 for 1-10 dPVS; grade 2 for 11-20 dPVS; grade 3 for 21-40 dPVS; grade 4 for >40 dPVS.

In the mesencephalon, the presence of at least one dPVS was reported. Large dPVS were included in the dPVS score. 174,175 In ISSYS dPVS in hippocampus were rated in both hemispheres, leading to a 8-grade score and large dPVS were rated separately. 176

UNIVRSE (Uniform Neuro-Imaging of Virchow-Robin Spaces Enlargement consortium) scale

dPVS were rated on axial T2 in both hemispheres on a continuous scale from 0 to 20 dPVS, with the highest category being >20 dPVS. dPVS were rated on predefined slices in WM and BG. In WM, the predefined slice was 1 cm above the lateral ventricles; in BG, this was the slice showing the anterior commissure or, when not visible, the first slice superior to it. dPVS count in the whole hippocampus and mesencephalon was reported. Large dPVS were differentiated from LI by the shape of the lesion, the absence of hyperintense rim on FLAIR; and from WMH by signal intensity on T2. 177

NOMAS scale

dPVS were rated on 3D-T1 according to a 3-grade score: grade 0 for no dPVS; grade 1 for 1-3 dPVS; and grade 2 for >3 dPVS in 12 sections (4 sections in BG leading to a 8-grade score, 8 sections in WM leading to a 16-grade score), and in the mesencephalon. dPVS rating in the left and right temporal lobes was used as a proxy for dPVS in hippocampus (4-grade score). Large dPVS were differentiated from LI using FLAIR characteristics (hyperintense rim), anatomic location, and features of the lesions. 178 Concerning the 3 scales, secondary sequence (T1 or T2) was used when dPVS were not typical on the primary sequence, and FLAIR was used to differentiate dPVS from WMH. Large dPVS and LI were rated with each scale. * brain tumor or other conditions † Hypertension is defined as systolic blood pressure ≥140 mm Hg, diastolic blood pressure ≥90 mm Hg or use of an antihypertensive drug; ‡ diabetes mellitus is defined as a fasting blood glucose ≥126mg/dl (7 mmol/L), or use of insulin or oral hypoglycemic agents for all the cohorts except FHS and SHIP and SHIP-TREND; in FHS diabetes mellitus is defined as a blood glucose ≥200 mg/dL or a fasting blood glucose ≥126 mg/dL or current treatment for diabetes; in SHIP and SHIP-TREND diabetes is defined as use of antidiabetics or HBA1C>6. 

INTRODUCTION

Studies on cSVD genetics in Asian ancestry populations are scarce but of great importance, given the higher prevalence of cSVD in Asian compared to European populations. 11,[182][183][184][185][186] Moreover, the combined analysis of results from samples of European and Asian descent is expected to be a major added value for genomic fine-mapping analyses, i.e. for the identification of causal variants and causal genes in cSVD risk loci identified in GWAS. 187 Indeed, due to differences in allele frequencies and linkage disequilibrium between ethnic groups, multiethnic studies enhance genomic discoveries, including for cerebrovascular phenotypes, as we previously showed. 28 WMH burden is the most studied MRI-marker of cSVD, found to be associated with increased risk of incident stroke (ischemic stroke and intracerebral haemorrhage), incident dementia, including of the Alzheimer type, and death. 21 In contrast with other MRI-markers of cSVD, WMH volume can be measured quantitatively in an automated fashion. WMH volume was shown to be highly heritable and of all cSVD markers has been most investigated to identify cSVD genetic risk variants. The last published multiancestry WMH burden GWAS meta-analysis in a population-based setting was conducted in the CHARGE consortium. It comprised 21,079 participants and confirmed a previously known locus on chr17q25, while identifying 4 novel genetic loci, involving genes in inflammatory and glial proliferative pathways. 33 There was only a small Asian contribution in this study (N=405 paticipants from Singapore). The aim of the present study was to conduct the first WMH volume GWAS in a large Japanese population-based study.

METHODS

Study population

The Nagahama Prospective Genome Cohort for Comprehensive Human Biology (the Nagahama study) 188 After exclusion of participants with missing MRI data (N=5) and with failed quality control of WMH volume (N=51 participants with incomplete brain coverage, artifacts, nonprocessable data or bad white matter segmentation), the remaining sample comprised 3,318 participants. Among these, participants with no genome-wide genotyping (N=208), with no Japanese ancestry (N=2), who withdrew consent (N=1) and with stroke history (N=33) were excluded, leading to a sample size of 2,889 participants. Related participants were included and accounted for in the analysis.

The Kyoto University Graduate School of Medicine, the Faculty of Medicine Ethics Committee, the Ad Hoc Review Board of the Nagahama Cohort Project, and the Nagahama Municipal Review Board of Personal Information Protection approved all protocols. Written informed consent was obtained from all participants.

Genotyping

Genome-wide genotyping was performed on 5 different sorts of arrays: hap610K quad array (hap610k) ; 2.5M array (human omni 2.5M-4 array (2.5M-4), human omni 2.5M-8 array and (2.5M-8) human omni 2.5s array (2.5M-s)) ; human exome (Exome) and human core exome (CoreExome) ; 5.0M and ASA (Illumina, San Diego, CA, USA). Genotype imputation was performed on the Michigan imputation server using the Japanese 3,000 reference panel (AGP).

Brain MRI acquisition and white matter hyperintensity volume estimation

Brain-MRI acquisitions were performed in three different hospitals on 1.5T machines: Siemens (Erlangen, Germany), GE (USA) and Philips (Philips Healthcare, Best, The Netherlands). Axial T1-, T2-, and T2 Fluid Attenuation Inversion Recovery (FLAIR) weightedsequences of 30 slices 4 mm thick and coronal T1-weighted (35 slices) were acquired.

An automated and validated procedure was used to localize and measure WMH volume using a cluster-based pipeline (CHEBA software), 189 implemented by the GIN at the University of Bordeaux (CNRS/CEA U5293, Prof. Mazoyer). Total WMH volume was estimated, as well as subtypes of WMH volume: (i) according to periventricular or deep location: periventricular WMH when the distance to the ventricular system was less than 1mm and deep WMH otherwise; (ii) according to their location in the main arterial territories : anterior, middle, posterior cerebral artery, and other arterial territories (anterior callosal artery, medial and lateral lenticulostriate arteries) (Figure 1). 

Assessment of covariates

Hypertension was defined as systolic blood pressure ≥ 140mmHg, diastolic blood pressure ≥ 90mmHg, or the use of an antihypertensive drug. The gray matter, white matter, and CSF volumes were estimated using voxel-based morphometry; intracranial volume was calculated by summing these three volumes.

Statistical analysis

Because WMHV had a skewed distribution, we used natural log-transformed values (Ln[WMHV + 1.0]), as in previous analyses. 31,33 Genome wide association analyses were conducted separately for each of the 5 arrays with RVtest and then meta-analyzed. We used linear mixed models including a pedigree kinship matrix and adjusted for age, sex, intracranial volume and MRI machines (Model 1) and additionnaly adjusted for hypertension (Model2) were performed. 190 Quality Control was performed in each study following recommendations of Winkler et al. 115 Analyses were done on autosomal biallelic markers, after removing duplicate markers and harmonizing marker names and alleles. Imputed SNPs with low minor allele frequency (<0.01), low imputation quality (r², oevar_imp or info score <0.5), monomorphic SNPs and extreme effect size values were removed. An inverse variance weighted meta-analysis of GWAS obtained with each of the 5 arrays was performed using the METAL software. 116 Genomic control was applied to each study whose genomic inflation was greater than 1.00. The effective allele count was defined as twice the product of the minor allele frequency (MAF), imputation accuracy and number of events. Variants with an effective allele count <6 were excluded from the meta-analysis. Only SNPs present on at least 3 arrays were retained in the final analysis.
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RESULTS AND DISCUSSION

The study population comprised 2,889 participants, with a mean age of 68.3±5.3 years, 64.4% women and 51.3% participants with hypertension. WMH volume overall and according to WMH location (periventricular or deep, within arterial territories) is presented in Table 1. As expected, the largest WMH volumes were observed in the periventricular region and in the middle cerebral artery territory. The GWAS of total WMH volume identified one previously described genome-wide significatif locus at chr17q25 (Figure 2). The same locus reached genome-wide significance with WMH volume in the middle cerebral artery territory. In addition we identified three novel genome-wide significant risk loci for periventricular WMH at chr15q13.1 (near TJP1 and ULK4P3), chr19q13.42 (near ZNF813 and ZNF331), and chr5q23.3 (in ADAMTS19), involved in macromolecules transport, matrix degradation and neuropsychiatric disorders, 191 and one novel genome-wide significant risk locus for WMH volume in the lateral lenticulostriate territory at chr3p14.2 (near CADPS), involved in exocytosis of secretory vesicles (Figure 2). 192 

Conclusion

In conclusion we replicated the previously known WMH volume risk locus on chr17q25 in a large population-based Japanese cohort study. In addition, we identified four novel loci associated with regional WMH volume, requiring replication in independent samples.
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IV.2. Comparison of dPVS rating scales in the Nagahama study

In order to rate dPVS in the Nagahama study, we compared the three main dPVS scales to identify the more suitable one.

METHODS dPVS definition and distinction from other MRI-markers of cSVD

dPVS were defined as lesions with a CSF-like signal (hypointense on T1 and hyperintense on T2) of round, ovoid, or linear shape with a maximum diameter <3 mm, having smooth delineated contours, and located in areas supplied by perforating arteries. Only lesions with a typical vascular shape (including cystic lesions with an extension of vascular shape) and that followed the orientation of perforating vessels were considered as dPVS. Lesions fulfilling the same criteria except for a diameter ≥3 mm were carefully examined in the 3 planes (shape, signal intensity) and using FLAIR to differentiate them from Lac and WMH. In some cases a hyperintense rim can surround Lac on FLAIR, but the rim is not always present and dPVS can also be surrounded by a hyperintense rim when they go through WMH. 22 WMH have less delineated contours, and are more confluent. dPVS rating scales dPVS were rated in 4 main locations: basal ganglia, white matter, hippocampus and brainstem by myself and Chloé Galmiche, a resident in radiology. We used brain MRI scans from 101 participants and rated dPVS burden using the three main validated dPVS visual rating scales (Figure 1). In the "Zhu scale", 3 dPVS are rated in 4 grades primarly on T1weighted sequences on both sides and using the most severe slice. In the "Edinburgh scale", 175 dPVS are rated in 4 grades primarly on T2-weighted sequences using the most severe slice and hemisphere. In the "UNIVRSE scale", 64 the number of dPVS is reported and dPVS are rated primaly on T2-weighted sequences using a predefined slice. CG rated the brain MRI scans twice to obtain intra-rater reliability and MGD once to obtain inter-rater reliability.

Statistical analyses

We dichotomized dPVS burden into "extensive dPVS burden" versus the rest in each cohort, defined by a cut-off closest to the top quartile of the semi-quantitative scale distribution, and estimated intra-and inter-reliability (kappa coefficients, R software) and correlation between dPVS scales and locations (Spearman coefficient, R software). 

RESULTS AND DISCUSSION

The "Zhu scale" had the highest intra-rater reliability for dPVS in the white matter and the basal ganglia; for dPVS in the hippocampus intra-rater reliability was in the same range for the three scales; and for dPVS in the mesencephalon the UNIVRSE scale had the highest coefficients (Table 1). Inter-rater reliability was fair (<40%) for dPVS in the white matter with the three scales, moderate (41-60%) for dPVS in basal ganglia with the "Zhu scale" and for dPVS in hippocampus with the "UNIVRSE scale", and moderate to substantial for dPVS in the mesencephalon for the three scales (Table 1). We examined the correlations between the three scales for each dPVS location. We found important correlation (61-80%) between scales for extensive dPVS burden in the hippocampus and for extensive dPVS burden in the basal ganglia between the "Zhu scale" and the "Edinburgh scale" and between the "Edinburgh scale" and the "UNIVRSE scale" (Table 2). We found a moderate correlation for extensive dPVS in the white matter between "UNIVRSE scale" and "Edinburgh scale", and for extensive dPVS burden in the basal ganglia between the "Zhu scale" and the "UNIVRSE scale", but lower correlations for dPVS in the mesencephalon (Table 2). We were limited by the technical characteristics of Nagahama baseline MRIs with 4 mm slices and no 3-dimensional sequence, which did not allow to follow dPVS on the different slices, which may have increased variability between ratings. Moreover, in this population many participants had more than 20 dPVS in the white matter, hence the "UNIVRSE scale" may not have been sufficiently discriminating to identify a group with high dPVS burden. This may explain the lowest reliability for dPVS in the white matter. We also reported lower reliability for dPVS in basal ganglia rated with the "UNIVRSE scale", which may be explained by the fact that the predefined slice used in this scale is very close from the basal cistern, and with no 3-dimensionnal sequence it was difficult to differentiate a dPVS from a partial volume effect. For dPVS in the hippocampus there was higher reliability for rating on T2weighted sequences, dPVS being more visible in this location on this sequence. Reliability for dPVS in mesencephalon was in the same range with the three scales.

Conclusion

In conclusion the best MRI-sequence to read dPVS in the Nagahama study was T2weighted sequences. It appeared difficult to have a good reliability without a 3D millimetric sequence, on which we can follow the course of dPVS in order to differentiate them from WMH and Lac. We found good correlations between dPVS locations in basal ganglia and hippocampus for the three scales in the Nagahama Study. Keeping in mind the aforementioned limitations we suggest that the UNIVRSE scale is the most appropriate to rate dPVS burden visually in the Nagahama cohort. dPVS are rated on T2-weighted sequence, which is the best quality sequence in the Nagahama cohort, using a predefined slice instead of the worst slice for dPVS in the white matter and the basal ganglia saving time and improving the reproducibility between studies, and lastly having the number of dPVS instead of grades is an advantage giving the possibility to use different dichotomization thresholds or a continuous measure.

V. SUMMARY OF FINDINGS AND FUTURE DIRECTIONS

In a first part of my thesis, I contributed to a systematic review and meta-analysis reporting strong evidence that MRI-markers of cSVD have major clinical significance, working specifically on the section describing the clinical impact of dPVS and on updating the literature search for all MRI-markers. 21 Overall, WMH, covert MRI-defined braininfarcts, and CMB were associated with a higher risk of both ischemic stroke and intracerebral haemorrhage. This is in line with observations from genetic studies suggesting that some common genetic variants are associated both with ischemic stroke and intracerebral haemorrhage, as well as with brain imaging features of cSVD. 28,99,193 Extreme WMH burden was also found to be associated with increased risk of incident all dementia and of Alzheimer disease. 21 We found only 5 longitudinal studies on the clinical significance of dPVS burden reporting for some but not all of them an association with incident ischemic stroke, ICH, dementia and vascular death.

Because the aforementioned systematic review identified only limited, heterogeneous data on the clinical significance of dPVS burden, we focused on this MRI-marker with a dedicated analysis of its association with incident risk of any stroke, ischemic stroke and ICH in the 3C-Dijon population-based cohort study, on 1,678 participants (mean age 72.7±4.1 years, 61.1% women). We found an association of global dPVS burden, and extensive dPVS burden in basal ganglia and hippocampus, with risk of any incident stroke and ICH. 35 This result, in line with the results on other cSVD MRI-markers in the aforementioned systematic review and meta-analysis, suggests that this emerging MRI-marker of cSVD, although not hemorrhagic in nature, is also associated with an increased risk of incident ICH.

Based on genome-wide genotype data from the 3C-Dijon study on 1,597 participants (mean age 72.8±4.1 years, 60.9% women), using genome-wide complex trait analysis (GCTA v1.26.0), we found high and significant heritability for global dPVS burden, estimated at 59%, and WMH, estimated at 54%, while heritability for Lac was non significant and lower, estimated at 48%. When looking into specific dPVS locations heritability of dPVS burden was particularly high and significant only in the white matter. These results highlight the potential for discovering common genetic variants associated with dPVS burden, especially in the white matter. We found a significant phenotypic correlation between dPVS burden and WMH volume, the highest phenotypic correlation being observed between dPVS in basal ganglia and WMH volume, and a nonsignificant trend towards shared heritability between dPVS and WMH volume, which seemed driven by dPVS in basal ganglia.

In a multiancestry GWAS meta-analysis of dPVS burden including stroke-free participants from 17 population-based cohorts (N=11,511), we identified genetic loci associated with extensive dPVS burden in the white matter, involved in brain developmental processes and vasculogenesis, oncogenesis, and solute transportation. We found a significant correlation of basal ganglia dPVS burden (and, nominally, hippocampus dPVS burden) with all stroke and ischemic stroke, and a nominally significant genetic correlation of dPVS burden in basal ganglia with deep intracerebral hemorrage (also for hippocampus dPVS), systolic and diastolic blood pressure, WMH burden, covert MRI-defined brain infarcts, and small vessel ischemic stroke.

Patterns of association of dPVS burden with risk factors differ depending on dPVS location. In a recent meta-analysis including up to 12,725 participants from longitudinal and retrospective population-based studies and cohorts of patients with neurological pathologies, dPVS burden in the basal ganglia, white matter and hippocampus were significantly associated with advancing age, and this association was stronger for dPVS in the basal ganglia. 194 We found nominally significant genetic correlation of dPVS burden in the basal ganglia with systolic and diastolic blood pressure, deep intracerebral hemorrhage, and results from Mendelian randomization suggest a causal association between diastolic blood pressure and dPVS burden in the basal ganglia. These results are consistent with the literature, dPVS in the basal ganglia were shown to be significantly and strongly associated with hypertension, 195 and a cross-sectional study reported a higher prevalence of dPVS in the basal ganglia in patients with intracerebral hemorrhage related to hypertensive arteriopathy in deep structures. 25,196,197 We found genetic correlation between dPVS burden in the basal ganglia and dPVS burden in the hippocampus, this is supported by shared genetic correlations with similar clinical traits, any stroke, ischemic stroke and deep intracerebral hemorrhage for both locations. Basal ganglia and hippocampus are deep grey matter structures, and consequences of perivascular spaces dilation may be different from the white matter.

Association between dPVS burden in the white matter and hypertension is less well established, some studies reported stronger association of hypertension with dPVS in the basal ganglia than in the white matter; 3 dPVS burden in the white matter was not significantly associated with hypertension in a meta-analysis, this may be due to a lack of power or to the heterogeneity between studies, with one study for instance including participants with cerebral amyloid angiopathy reporting negative association. 195 In contrast, dPVS burden in the white matter was found to be associated with cerebral amyloid angiopathy. 196,198 A cross-sectional study reported a higher prevalence of white matter dPVS in patients with intracerebral hemorrhage related to amyloid angiopathy (lobar intracerebral hemorrhage). 25,196,197 In a post-portem 7 T MRI study of 5 cases with Alzheimer disease and cerebral amyloid angiopathy, the number and degree of dilation of juxta-cortical perivascular spaces was significantly associated with higher cortical cerebral amyloid angiopathy severity. 71 dPVS may have different underlying mechanisms depending on their location, we can hypothesize that dPVS burden in the basal ganglia may be linked to hypertensive arteriopathy of terminal and deep small vessels, while dPVS in the white matter could involve beta amyloid pathways and alteration of interstitial fluid drainage. This may be explained by the different arterial territories supplying these locations, and by different anatomical structures of dPVS as suggested by anatomopathological studies describing that arteries in the basal ganglia are surrounded by two distinct layers of leptomeninges while arteries in the white matter are surrounded by only one layer, which may have an impact on fluid and subtrate drainage. 85 The GWAS meta-analysis provides new insights into molecular mechanisms underlying dPVS burden in the white matter. The identified risk loci point to genes involved in brain development pathways involving proliferation, migration, neurogenesis, axonogenesis but also angiogenesis reinforcing the need of life-time approaches to explore the link between events occurring during brain maturation and cSVD. 134 Glial biology pathways involving astrocytes, oligodendrocytes and microglia are consistent with the main role of glial cells, especially of astrocytic endfeet bordering the outer wall of small vessels. Some of the suggestive loci could indicate that alterations of solute transportation and blood brain barrier permeability could potentially be involved. It should be noted however that more extensive functional explorations (in silico and experimental) are required to identify precisely the causal genes and variants underlying the observed genetic associations, and the biological pathways they are revealing.

Perspectives

Regarding genetic associations with dPVS burden, a short term perspective of this work will be to increase the sample size to further enhance statistical power for detecting and to confirm dPVS risk loci. On the longer term we envision to complement the analysis of common variants with the exploration of rare variants using next generation sequencing data, in order to identify novel risk loci and fine-map loci already identified through GWAS. Other complementary approaches from other molecular angles (epigenomics, metabolomics, proteomics …) could be of interest to collect different levels of information in the molecular machinery.

Second, automated quantification of dPVS burden is under development by several research groups working on brain imaging markers of cSVD, including at University of Bordeaux, 199, 200 and will likely lead in the future to increased accuracy of the phenotype, easier access to phenotyping of cohorts of larger sample size, and thereby increased power for genetic and other risk factors. Visual quantification of dPVS has several limitations, reproducibility of dPVS rating accross visual rating scales has never been studied. In the Nagahama study, inter-rater and intra-rater reliability differed between the scales, but was broadly moderate to fair, and correlation between scales was mostly important to moderate. Automated quantification of dPVS burden may lead to a more accurate estimation of dPVS burden, and hence to improve findings related to this phenotype. A semiautomated approach has been developed to quantify the number and the volume of dPVS in the basal ganglia on T2-weighted images, 201 a method based on machine-learning is able to rate dPVS on a continuous scale in a volumetric manner, 199 and other methods are under development.

The dPVS GWAS meta-analysis highlighted different pathways involved in brain or vascular development. It would be interesting to explore lifetime determinants of brain aging, by studying genetic determinants of dPVS in younger populations.

Concerning the projects in collaboration with Pr. Matsuda's team, we will finalize the dPVS rating and the functional follow-up of the WMH GWAS in the Nagahama study. We are planning to functionally annotate identified risk loci using publicly available and personal datasets and to conduct multiancestry fine-mapping analyses by analyzing whole exome sequencing data in the Nagahama cohort and the 3C-Dijon in association with WMH volume, with focused analyses of the regions reaching genome-wide significance in the Nagahama WMH volume GWAS. Finally we plan to examine whether, besides the chr17q25 locus, WMH risk loci identified in Europeans are also associated with WMH volume in this East-Asian sample. We will use use single variant and polygenic risk score approaches. This may eventually be expanded to results from the latest, largest GWAS of WMH burden, currently under review (Sargurupremraj et al, under review).

Translation of findings into clinical practice

Identifying genetic determinants of MRI-markers of cSVD will enable to provide new drug targets and new medical therapiesto prevent or slow down the progression of cSVD and their clinical complications, especially stroke, cognitive decline and dementia. Up to a third of symptomatic strokes are caused by cSVD. Moreover cSVD is a major contributor to cognitive decline and dementia, including covert cSVD, which appears to be highly prevalent in the general population.. 41 No specific mechanistic treatments are available to date for cSVD. Better characterising the clinical significance of MRI-makers of cSVD, quantifiable on brain MRI, will enable to develop preventive strategies by identifying and stratifying individuals at high risk, to be targeted for preventative intervention, including in the setting of randomized trials, which are required to establish guidelines for the management of cSVD, especially covert cSVD, in clinical practice. -"Dilated perivascular spaces GWAS Meta-Analysis -CHARGE consortium" -"Ecole de l'Inserm" MD-PhD scientific sessions (Paris, France), oral presentation & poster-2018 -"Genetic determinants of dilated perivascular spaces, an emerging MRI marker of cerebral small vessel disease" -European Stroke Organisation Conference (Milan, Italy) -2019 -"Multiancestry GWAS meta-analysis of perivascular space burden, an emerging MRI marker of cerebral small vessel disease, by the CHARGE Consortium" -International Stroke Genetics Consortium (ISGC) workshop (Cambridge, UK) -2019 -"Multiancestry GWAS meta-analysis of perivascular space burden, an emerging MRI marker of cerebral small vessel disease, by the CHARGE Consortium" 
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CONCLUSIONS AND RELEVANCE

We report evidence that MRI markers of VBI have major clinical significance. This research prompts careful evaluation of the benefit-risk ratio for available prevention strategies in individuals with covert VBI.

INTRODUCTION

Large-scale brain imaging studies in the general population have shown that radiological evidence of covert vascular brain injury (VBI) is much more frequent than clinical stroke and is highly prevalent in community-dwelling older persons. 1,2,3 Such incidental findings are also often detected on magnetic resonance imaging (MRI) performed in routine clinical practice, and how they should be interpreted and acted on presents a common clinical challenge. Individual studies have suggested that MRI markers of covert VBI predict an increased risk of stroke, dementia, and death, but other studies did not show any association. Better understanding of the association of specific MRI markers of VBI with outcomes is crucial to optimize prevention strategies. Indeed, detection of covert VBI on MRI may provide a unique opportunity to prevent the occurrence of stroke and dementia, the 2 most common agerelated neurological diseases, representing a major source of disability and mortality. 4 Four radiological features of VBI are seen on routine MRI scans (Figure 1). 5 Magnetic resonance imaging-defined covert brain infarcts (BIs) represent areas of infarction, most commonly small and in subcortical regions, and are usually asymptomatic. 6 White matter hyperintensities (WMHs) of presumed vascular origin are seen as areas of high signal on T2weighted MRI in the periventricular and deep white matter and represent areas of gliosis, axonal loss, and ischemic demyelination. 7 Cerebral microbleeds (CMBs) are seen as areas of low signal on gradient echo MRI sequences and represent susceptibility effects due to hemosiderin from previous microbleeds. 8 Perivascular spaces (PVSs) correspond to the dilation of spaces surrounding small perforating vessels filled with cerebrospinal fluid-like signal and lined by leptomeningeal cells. 9 These MRI markers of covert VBI are thought to primarily reflect consequences of underlying cerebral small vessel disease (SVD). The most common pathological substrates of SVD are arteriolosclerosis or lipohyalinosis and cerebral amyloid angiopathy. 10 We conducted a systematic review and meta-analyses of published studies to explore associations of the 4 main MRI markers of covert VBI with risk of incident stroke, dementia, and death. 

METHODS

Search Strategy and Selection Criteria

We did a systematic search of PubMed from 1966 to December 22, 2017, for English-only publications using predefined search terms (eMethods in the Supplement) and reviewed the reference list of relevant articles. Studies were searched and selected by 3 independent researchers (S.S., M.-G.D., and S.C.L.); differences were solved by discussion. We included published prospective studies with longitudinal data exploring the association of WMH, BI, CMB, and PVS with risk of incident stroke, dementia, or death, limited to studies in adults and in English language. We included studies carried out in the general population and in populations at high risk for vascular disease or dementia and present results separately for each. We excluded studies without effect estimates and confidence intervals or raw numbers enabling the calculation of these estimates. We also excluded studies with computed tomography evaluation only; with fewer than 50 individuals (considering these could not provide reliable effect estimates); and with WMH occurring in inflammatory conditions (eg, multiple sclerosis, lupus, or Sneddon syndrome), monogenic neurodegenerative or cerebrovascular diseases (eg, cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy), leukodystrophies, or studies on postthrombolysis outcome after ischemic stroke (IS). If several studies provided results on the same outcome and used overlapping groups of individuals, we included the study with the longest follow-up. If follow-up periods were equivalent, we included the study with the largest number of individuals. This review was not registered but complied with Meta-analyses of Observational Studies in Epidemiology guidelines.

Data Analysis

Data were extracted independently by S.S. and S.C.L. Extracted data consisted of population type (general or high-risk population), length of follow-up, MRI characteristics and sequence, definition of MRI marker, outcome definition (ie, stroke, IS, intracerebral hemorrhage [ICH], all-cause dementia, Alzheimer disease [AD], and death), number of incident events, and relative risk estimate for the association of the MRI marker with the outcome. Variable definitions are provided in the eMethods in the Supplement. The relative risk estimate was a hazard ratio (HR), a relative risk, or an odds ratio; odds ratios were used in the meta-analysis as an approximation of the HR. 11 We extracted quality criteria of included studies (eTable 1 in the Supplement) and used the Newcastle-Ottawa Scale to quantify study quality (eTable 2 in the Supplement). 12 Meta-analyses were carried out when 3 or more studies were available for the same main outcome or 2 or more studies for the same outcome subtype (and only when possible for 3 or more MRI markers of covert VBI). We calculated pooled HRs using inverse varianceweighted meta-analysis with random effects to account for potential heterogeneity for associations with BI, CMB, or dichotomized WMH burden. Statistically significant heterogeneity was defined by a heterogeneity P value less than .05 or an I 2 greater than 50%. We also performed sample size-weighted z score-based meta-analyses (providing significance values but no effect estimates) to combine studies using continuous WMH burden only with those using dichotomized WMH burden. Whenever available, we used the model adjusted for vascular risk factors. Primary meta-analyses combined all available studies, and secondary meta-analyses included studies in general or high-risk populations only (eMethods in the Supplement). P values less than .003 after applying a Bonferroni correction for 17 meta-analyses were considered statistically significant (this threshold is conservative, as MRI markers are correlated with each other), and all P values were 2-tailed.

Meta-regression analysis was conducted in Stata version 14.2 (StataCorp) to assess the effect of length of follow-up and potential confounding factors (ie, age, smoking, hypertension, diabetes, and education) on associations. Small-study bias, such as publication bias, was evaluated using Egger test. 13 P values less than .006 (accounting for 9 MRI marker × outcome associations) were considered statistically significant.

RESULTS

The initial search in PubMed identified 2846 articles. Of these, 94 articles met our inclusion criteria (eFigure 1 in the Supplement). Some articles explored several MRI markers and associations with more than 1 outcome. Five articles, all on PVS burden, could not be included in the meta-analyses, as too few studies tested associations of the same MRI marker with the same outcome.

For WMH, 52 studies met our inclusion criteria: 25 for stroke, 6,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37 22 for BI: covert brain infarcts; CMB; cerebral microbleeds; HR: Hazard Ratio; N=X(X): Total number of participants (Number of participants with extensive WMH burden, of BI, or CMB); n.a.: not available; WMH: white matter hyperintensities of presumed vascular origin; for each association between MRI-markers of VBI and incident events the first line indicates the HR, 95% confidence interval and p-value, and the second indicates the number of studies included in the analysis, the total sample size and the number of incident events; the conservative threshold for statistical significance after correcting for 17 independent tests performed is 2.94x10 -3 ; a Of note, one population-based study provided only effect estimates either comparing participants with at least one prevalent but no incident MRI-defined BI to participants with neither prevalent nor incident MRI-defined BI, or comparing participants with at least one prevalent and one incident MRI-defined BI to participants with neither prevalent nor incident MRI-defined BI, with respect to dementia risk: e76 by default the effect estimates of the first comparison were included, but meta-analysis results were substantially unchanged overall when using effect estimates from the second comparison (HR=1.52 [1.15, 2.00], p=3.02x10 -3 ) Figure 2: Association of extensive WMH burden with incident stroke, dementia, and death GP: general population; HRP: High Risk populations; WMH: white matter hyperintensities of presumed vascular origin; results correspond to hazard ratios (the size of blue boxes is proportional to sample size) with 95% confidence interval (horizontal line) for reach study; the meta-analysis results (inverse variance weighted meta-analysis with random effects) are shown in red diamonds; the n/N corresponds to the number of individual with the outcome of interest / the total sample size; Statistics for heterogeneity across studies: WMH-incident stroke: I²=56%, p=0.003 (I²=0%, p=0.43 for GP and I²=67%, p=0.0009 for HRP); WMH-incident dementia: I²=64%, p=0.001 (I²=79%, p=0.003 for GP, I²=53%, p=0.04 for HRP); WMH-mortality: I²=41%, p=0.06 (I²=24%, p=0.26 for GP, I²=44%, p=0.08 for HRP). BI: covert brain infarcts; GP: general population; HRP: High Risk populations; results correspond to hazard ratios (the size of blue boxes is proportional to sample size) with 95% confidence interval (horizontal line) for reach study; the meta-analysis results (inverse variance weighted meta-analysis with random effects) are shown in red diamonds; n/N corresponds to the number of individuals with the outcome of interest / the total sample size; Statistics for heterogeneity across studies: MRI-defined BI-incident stroke: I²=54%, p=0.01 (I²=45%, p=0.09 for GP, I²=69%, p=0.01 for HRP); MRI-defined BI-incident dementia: I²=44%, p=0.08 (I²=61%, p=0.04 for GP, I²=23%, p=0.27 for HRP); MRI-defined BI-mortality: I²=0%, p=0.48 (I²=32%, p=0.22 for GP, I²=0%, p=0.58 for HRP). with 95% confidence interval (horizontal line) for reach study; the meta-analysis results (inverse variance weighted meta-analysis with random effects) are shown in red diamonds; n/N corresponds to the number of individuals with the outcome of interest / the total sample size ; Statistics for heterogeneity across studies: CMB-incident stroke: I²=49%, p=0.005 (I²=71%, p=0.06 for GP, I²=49%, p=0.008 for HRP); CMB-incident dementia: I²=61%, p=0.04 (I²=32%, p=0.23 for GP, I²=86%, p=0.007 for HRP); CMBmortality: I²=0%, p=0.48 (I²=0%, p=0.60 for GP, I²=0%, p=0.70 for HRP).

DISCUSSION

In this systematic review and meta-analysis, we summarized data from 94 prospective studies with up to 14 529 participants for WMH, 16 012 participants for BI, 15 693 participants for CMB, and 4587 participants for PVS. We observed significant associations of extensive WMH burden, BI, and CMB with increased risk of incident stroke and both IS (risk more than doubled) and ICH (risk more than tripled). White matter hyperintensity burden was also associated with increased risk of incident dementia and AD, with hazard ratios between 1.5 and 1.8. White matter hyperintensity burden, BI, and CMB were all associated with increased risk of death, with hazard ratios between 1.5 and 2.0. These associations were mostly seen both in the general population and in high-risk individuals. Data on high PVS burden were limited and insufficient to conduct meta-analyses, with some but not all studies reporting a significant association with increased risk of stroke, dementia, and vascular death.

To our knowledge, this is the first systematic review and meta-analysis simultaneously gathering published data on the association of the 4 main MRI markers of VBI (ie, WMH, BI, CMB, and PVS) with risk of incident stroke, dementia, and death. Previous meta-analyses focused on 1 MRI marker at once (ie, WMH or CMB) 3,78,100,101,106,107 and mostly 1 outcome, sometimes in subpopulations. As well as integrating information on multiple MRI markers of VBI, our review adds numerous new studies. 14,16,18,19,20,21,24,25,26,28,29,32,33,35,36,41,46,49,50,51,57,58,64,72,75,84,88,95,96,99,102,103,104,105 We also present, to our knowledge, the first meta-analyses on the association of BI with stroke subtypes, dementia, and mortality and the first systematic review on the association of PVS with stroke, dementia, and mortality.

White matter hyperintensities, BI, CMB, and PVS are common incidental findings on MRI brain scans carried out for other reasons. They occur in about 10% to 28% of individuals 70 years or older for BI and CMB and in more than 80% for WMH and PVS, leading to study of them as extensive vs nonextensive burden (with frequencies of extensive WMH and PVS burden varying depending on definitions [Figure 1] but ranging approximately between 10% and 50%). 1,2,3,87,108,109,110,111 These MRI markers of VBI predominantly reflect underlying cerebral SVD, and in the vast majority of individuals, they are covert, ie, not associated with clinical stroke. The clinical and therapeutic significance of these findings is debated. Our analysis demonstrates that extensive WMH, BI, and CMB are predictors of a markedly increased risk of stroke and death and an increased risk of dementia for extensive WMH. Perivascular spaces have recently been suggested as a further manifestation of cerebral SVD, 112,113,114 and some studies indicated that PVS burden correlates with cognitive outcomes. 105,115,116 We found only 5 longitudinal studies, 18,102,103,104,105 some of which reported a significant association of PVS burden with risk of stroke, dementia, and vascular death. Additional studies are warranted to explore the clinical significance of high PVS burden.

There are no guidelines for the management of covert, MRI-defined VBI, leading to wide variation in clinical practice. Often, these lesions are ignored, likely representing an important missed opportunity for prevention of stroke and dementia. When such findings are detected, it seems reasonable to give healthy cardiovascular lifestyle advice. However, it remains uncertain whether specific drug therapies should be given or more stringent lowering of risk factors be targeted to limit progression of VBI and prevent or slow down cognitive decline. 117 The major treatable risk factor for VBI is hypertension, 118 and some evidence from epidemiological studies and secondary outcomes of clinical trials suggests that treating hypertension in patients with extensive WMH reduces WMH progression 119,120 and stroke risk 120 and may reduce dementia risk. 121 However, it remains uncertain how intensively blood pressure should be lowered. Recently, trials have been launched to look at the effect of intensive blood pressure lowering on lesion progression in extensive WMH, either in stroke-free patients (NCT01650402; NCT02472028) or patients with lacunar stroke. 122 In patients with lacunar stroke included in the Secondary Prevention of Small Subcortical Strokes (SPS3) trial 123 (not selected to have extensive WMH burden), no significant association of intensive blood pressure lowering with reduction in stroke risk was observed.

Our finding that WMH and BI increase the risk of not only IS but also ICH is consistent with recent data suggesting that a similar small vessel arteriopathy underlies both ischemic and hemorrhagic SVD. 10,124 This has important potential implications for therapy. Antiplatelet agents such as aspirin are often empirically given to patients with WMH and BI detected on MRI. That they also predict ICH suggests that this strategy could lead to an increased hemorrhage rate. Antiplatelet agents also tend to be avoided in persons with CMB detected on MRI; however, our results highlight that persons with CMB are also at increased risk of IS. The SPS3 trial 117 reported no reduction in stroke recurrence when adding clopidogrel to aspirin in patients with symptomatic lacunar stroke but a significant increase in bleeding and death. Randomized clinical trials are required to determine whether any antiplatelet therapy is indicated in stroke-free persons with extensive WMH or BI and whether the benefit-risk ratio is modified by the presence of CMB.

Magnetic resonance imaging markers of VBI are correlated with each other, and using the data in our analysis, it is not possible to determine whether observed associations are independent of other MRI markers of VBI. Studies using multimodal MRI in patients with symptomatic SVD have demonstrated that BI and WMH as well as more subtle and diffuse changes in white matter microstructure detected using diffusion tensor imaging are the strongest predictors of cognitive impairment compared with other MRI features. 125,126 Results for CMB have been less conclusive, with some studies finding that they are independent predictors 93,127,128,129 while others found the associations with cognition to disappear when WMH and BI are controlled for. 130 Further studies, ideally combining individual-level data from large cohort studies, are needed to systematically explore the respective independent associations of MRI markers of VBI with vascular and cognitive outcomes. If valid genetic instruments become available in the near future, the causal relation of each MRI marker with clinical outcomes may also be explored by mendelian randomization. Exploring interactions of VBI markers with biomarkers of neurodegeneration in relation to dementia risk is another important future step, although specific biomarkers are still lacking for large cohort studies.

Although BI and CMB were associated with risk of stroke and death, they did not significantly predict dementia risk after correction for multiple testing. The lack of association in this data set may reflect that most individuals had a small number of BIs and CMBs, which therefore made a modest contribution to overall disease burden. This does not preclude an effect of BI or CMB on dementia risk in a subset of individuals with more extensive or rapidly progressing lesions. 125,131 In line with this hypothesis, recent populationbased studies reported that dementia risk was significantly increased in individuals with both prevalent and incident BI 72 or with 3 or more CMBs. 96 Small vessel disease is thought to cause cognitive decline and dementia at least partly by disruption of white matter pathways underlying complex cortical-subcortical networks. 132,133 Recent studies have shown that the degree of network disruption, measured using advanced MRI techniques, is strongly correlated with cognitive decline 125,133 and subsequent dementia risk. 134 One or few BIs or CMBs are unlikely to have a significant effect on network disruption in contrast to extensive WMH, which may affect multiple white matter tracks. White matter hyperintensity volume may also be more linked with dementia-related neurodegenerative processes, including potential reverse causation with Wallerian degeneration secondary to cortical atrophy or with the frequent coexistence of AD and cerebral amyloid angiopathy. 135,136 

Limitations

Our study has limitations. Meta-analyses were conducted post hoc, based on available data with various sources of heterogeneity (eg, study population, measurement method of MRI markers and cutoffs used, MRI field strength, methods of incident event ascertainment, analytical model, and length of follow-up). We used random-effects meta-analyses and secondary sample size-weighted meta-analyses to account for this heterogeneity. Indeed, heterogeneity measures were statistically significant for several of the meta-analyses, although less so when looking at more homogeneous outcome subtypes, and mostly driven by differences in effect size rather than directionality of effect. Moreover, we conducted secondary analyses stratified by population type (general population vs high-risk populations, where heterogeneity was highest), excluding studies with lower methodological quality, and observed similar findings. Similarly, meta-regression analyses did not suggest any significant effect of differences between studies in length of follow-up or adjustment for confounders. Nevertheless, we acknowledge residual intrinsic sources of heterogeneity, such as differences in definition of extensive WMH burden across studies. While most studies used HRs (or few relative risks), a few studies used ORs. The latter were pooled with HRs in meta-analyses, assuming that they numerically approximate one another, but we acknowledge this may not be perfectly verified for studies in high-risk populations with a higher incidence of events and higher risks. 11 Excluding studies that used ORs in sensitivity analyses led to similar results. All these sensitivity analyses suggest robustness of our findings. Because of a small number of studies, we did not include analyses of associations of longitudinal change in MRI markers of VBI with risk of clinical events. These may be important to better establish the potential role of these MRI markers as surrogate end points for prevention trials. We limited our review to articles published in English in peerreviewed journals found in PubMed and through the reference list of relevant articles and did not systematically search other databases nor include articles published in languages other than English. This may have led to the omission of a small number of articles, most likely of lower methodological quality. We did not contact the authors of the 4 studies that did not provide an effect estimate or raw data to calculate one (4% of eligible studies); results of these studies are described in eTables 5 and 10 in the Supplement. Finally, although we did not identify any significant evidence for small-study bias, confirmation and in-depth exploration of our findings could be obtained by future prospective meta-analyses within large consortia using harmonized phenotypic criteria and analytical models, which would also enable estimation of age-specific population attributable risk.

Conclusions

In conclusion, this systematic review and meta-analysis provides evidence that WMH, BI, and CMB, all highly prevalent in the general population, have major clinical significance in that they indicate a significant increased risk of stroke, dementia, and death. From a practical perspective, the discovery of these MRI markers should prompt detailed assessment of a person's risk for stroke and dementia and careful evaluation of the benefitrisk ratio for available preventive strategies. Randomized clinical trials are required to determine whether specific therapies, particularly aspirin therapy and intensive blood pressure lowering, are beneficial when these MRI markers are noted as incidental findings.

The supplemental information for this paper is available at: https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6439887/ eMethods. Search terms and variables definition. eResults. Additional results regarding cerebral microbleeds locations. eTable 1. Quality criteria of included studies. eTable 2. Assessment of quality of included studies using the Newcastle-Ottawa scale. eTable 3. Summary of meta-analysis results for the association of magnetic resonance imaging (MRI) markers of vascular brain injury (VBI) with incident stroke, dementia, and death in the general population and in high-risk populations. eTable 4. Studies testing the association of burden of white matter hyperintensity (WMH) of presumed vascular origin with incident stroke. eTable 5. Studies testing the association of burden of white matter hyperintensity (WMH) of presumed vascular origin with incident dementia. eTable 6. Studies testing the association of burden of white matter hyperintensity (WMH) of presumed vascular origin with mortality. eTable 7. Studies testing the association of magnetic resonance imaging (MRI)-defined covert brain infarcts (BI) with incident stroke. eTable 8. Studies testing the association of magnetic resonance imaging (MRI)-defined covert brain infarcts (BI) with incident dementia. eTable 9. Studies testing the association of magnetic resonance imaging (MRI)-defined covert brain infarcts (BI) with mortality. eTable 10. Studies testing the association of cerebral microbleed (CMB) with incident stroke. eTable 11. Studies testing the association of cerebral microbleed (CMB) with incident dementia. eTable 12. Studies testing the association of cerebral microbleed (CMB) with mortality. eTable 13. Studies testing the association of perivascular spaces (PVS) with incident stroke. eTable 14. Studies testing the association of perivascular spaces (PVS) with incident dementia. eTable 15. Studies testing the association of perivascular spaces (PVS) with mortality. eTable 16. Sensitivity analyses after exclusion of studies with medium-quality to low-quality scores on the Newcastle-Ottawa Scale (NOS) or studies reporting odds ratios only. eTable 17. Meta-regression showing the P value for the regression coefficient. eFigure 1. Flow chart of article selection for the systematic review and meta-analyses. eFigure 2. Association of extensive white matter hyperintensity (WMH) of presumed vascular origin with incident stroke and dementia subtypes. eFigure 3. Association of magnetic resonance imaging (MRI)-defined covert brain infarcts (BI) with incident stroke subtypes. eFigure 4. Association of cerebral microbleeds with incident stroke and dementia subtypes. eFigure 5. Funnels plots of the association of extensive white matter hyperintensity (WMH) burden with incident stroke, dementia, and mortality. eFigure 6. Funnels plots of the association of extensive white matter hyperintensity (WMH) burden with incident stroke and dementia subtypes. eFigure 7. Funnels plots of the association of magnetic resonance imaging (MRI)-defined brain infarct (BI) with incident stroke, dementia, and mortality. eFigure 8. Funnels plots of the association of magnetic resonance imaging (MRI)-defined brain infarct (BI) with incident stroke subtypes. eFigure 9. Funnels plots of the association of cerebral microbleeds (CMB) with incident stroke, dementia, and mortality. eFigure 10. Funnels plots of the association of cerebral microbleeds (CMB) with incident stroke and dementia subtypes. eReferences.
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 1 Figure 1. Marqueurs IRM de la maladie des petites artères cérébrales : phénotypes intermédiaires d'AVC et de démence (adapté d'après Sacco, Stroke 2007) ; 20 HSB : Hypersignaux de la substance blanche ; IL : Infarctus lacunaires ; EdPV : espaces dilatés périvasculaires
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 2 Figure 2. Continuum spectrum of disease between Alzheimer disease and vascular dementia.43 
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 3 Figure 3. MRI-markers of cerebral small vessel disease: an intermediate phenotype to study stroke and dementia (figure from S. Debette presentation, adapted from Sacco et al., Stroke 2007). 20 WMH: white matter hyperintensities, BI: MRI-defined covert brain infarcts, dPVS: dilated perivascular spaces
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 4 Figure 4. White matter hyperintensities 1
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 5 Figure 5. Lacune of presumed vascular origin 2
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 6 Figure 6. Prevalence of covert MRI-defined brain infarcts (BI) and lacunes of presumed vascular origin (Lac) by different age groups 23
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 8 Figure 8. Dilated perivascular spaces « état-criblé » in basal ganglia 3
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 9 Figure 9. Histology of cerebral small vessel disease (type 1, arteriosclerosis) 73 (A) Lipoyalinosis; (B) Micoraneurysm; (C) microatheroma, (D) fibrinoid necrosis
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 11 Figure 11. Histology of white matter hyperintensities (rarefied tissue) (A); small intracerebral vessel occluded by fine connective tissue, associated with a lacunar infarct (B); 84 and cerebral microbleeds (two small vessels (asterisk) surrounded by heomsiderin-loaded perivascular macrophage (arrows))
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 13 Figure 13. Cerebrospinal flux in human brain (left),97 CSF is produced in the ventricular system by the choroid plexus and flows to the subarachnoid space of the brain and spinal cord. CSF may serve as a fluid source for the glymphatic system. Different efflux pathways (orange arrows) are described, along the spinal and cranial nerves, in the dural lymphatic vessels and subarachnoid granulations. Diagram representing an arteriole penetrating into the brain parenchyma (right)87 from the subarachnoid space. The perivascular space, or Virchow-Robin space, is part of the neurovascular unit and is bordered by a leptomeningel cell layer.

Figure 1 .

 1 Figure 1. Axial T1-weighted images of high dilated perivascular space burden High dilated perivascular spaces burden in basal ganglia (A, grade 4) white matter (B, grade 4), hippocampus (C) and mesencephalon (D), 3C-Dijon study 3
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 . Figure. Grade 4 of dilated perivascular space burden in basal ganglia (left) and in white matter (right) 112 (axial T1-weighted images, 3C-Dijon study).
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 1 Figure 1. Forest plot displaying the association of the lead SNP of the genome-wide significant loci at chr9q31.3 (on the left) and chr3p25.1 (on the right) with extensive dilated perivascular space burden in the white matter
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 2 Figure 2. Gene-based test using MAGMA. Input SNPs were mapped to 19,037 protein coding genes. Genome wide significance (red dashed line in the plot) was defined at P-value = 0.05/19,037 = 2.63x10 -6

  In 1990-1993, 7,983 persons aged 55 years and older participated and were re-examined every 3 to 4 years (Rotterdam Study I). In 2000-2001 the cohort was expanded by 3,011 persons aged 55 and over who had not yet been part of the Rotterdam Study (Rotterdam Study II). In 2006-2008 a second expansion (Rotterdam Study III) of 3,932 persons aged 45 and over was realized. All participants had DNA extracted at their first visit. Genotyping was attempted in participants with high-quality extracted DNA in 2007-2008. In total, 6,291 samples from the Rotterdam Study I, 2,157 samples from Rotterdam Study II and 3,048 samples from Rotterdam Study III were available with good quality genotyping data. Genotyping was done at the Human Genotyping Facility, Genetic Laboratory Department of Internal Medicine, Erasmus MC, Rotterdam, the Netherlands.In 1995-1996, 563 non-demented persons of the 7,983 participants from the Rotterdam Study I were randomly selected in strata of age and sex to undergo cranial MRI scanning. From 2005 onwards, cranial MRI scanning including assessment of cerebral white matter lesion burden was added to the core protocol.170 
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 2 Figure 2. Regional plot of the genome-wide significant locus in the European ancestry population. Each circle indicates a single-nucleotide polymorphism (SNPs) with a color scale corresponding to the r2 value for that SNP and the top SNP from 1000 Genomes. Purple diamonds indicate the SNPs with the strongest association. Estimated recombination from 1000 Genomes are indicated blue lines. The bottom panels show the relative position of genes within each locus.

  is a prospective population-based study initiated in 2007 in Nagahama City focusing on aging and with a 20 years follow-up. The baseline sample included 10,082 participants aged 30-74 years without any physical impairment or serious disease and living independently in the community. During the first follow-up (2012-2015, N=8,559), 3,194 participants aged ≥60 years underwent a brain MRI.
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 1 Figure 1. Main arterial territories (adapted from IMAIOS https://www.imaios.com/fr)
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 2 Figure 2. Manhattan plots of white matter hyperintensity volume (total, periventricular and by arterial territory) genome-wide association study WMHV indicates white matter hyperintensity volume
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 1 Figure 1. Dilated perivascular spaces visual rating scales
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 1 Figure 1: MRI-markers of covert vascular brain injury (VBI) A Minor (left) or extensive (right) white matter hyperintensities of presumed vascular origin burden on axial FLAIR sequences; B MRI-defined covert brain infarct without (left) or with (right) white matter hyperintensities, on axial FLAIR sequences; C single microbleed (left) or multiple microbleeds (right) including lobar (thin arrows) and deep (thick arrows) microbleeds on gradient echo T2 weighted axial sequences; D perivascular spaces following the shape of deep penetrating arteries on T2 weighted images
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 3 Figure 3: Association of MRI-defined BI with incident stroke, dementia, and death
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 4 Figure 4: Association of cerebral microbleeds with incident stroke, dementia, and death
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Incident event MRI-marker of covert VBI Extensive WMH burden BI presence CMB presence

  

	Stroke	HR= 2.45 (1.93-3.12)	HR= 2.38 (1.87-3.04)	HR= 1.98 (1.55-2.53)
		p=2.61x10 -13	p=2.65x10 -12	p=4.62x10 -8
	Ischemic stroke	HR= 2.39 (1.65-3.47)	HR= 2.18 (1.67-2.85)	HR= 1.92 (1.40-2.63)
		p=4.34x10 -6	p=1.09x10 -8	p=5.00x10 -5
	Intracerebral hemorrhage HR= 3.17 (1.54-6.52)	HR= 3.81 (1.75-8.27)	HR= 3.82 (2.15-6.80)
		p=1.72x10 -3	p=7.35x10 -4	p=5.05x10 -6
	Dementia	HR= 1.84 (1.40-2.43)	HR= 1.29 (1.02-1.65)	HR= 1.41 (0.90-2.21)
		p=1.46x10 -5	p=3.79x10 -2	p=0.13
	Alzheimer disease	HR= 1.50 (1.22-1.84)	HR= 1.06 (0.83-1.36)	HR= 1.18 (0.73-1.89)
		p=1.10x10 -4	p=0.64	p=0.49
	Death	HR= 2.00 (1.69-2.36)	HR= 1.64 (1.40-1.91)	HR= 1.53 (1.31-1.80)
		p=4.06x10 -16	p=4.30x10 -10	

p=1.55x10 -7

  

  -Gabrielle Duperron, Christophe Tzourio, Sabrina Schilling, Yi-Cheng Zhu, Aïcha Soumaré, Bernard Mazoyer, Stéphanie Debette

	This chapter was published in Neurobiology of Aging 84 (2019) 158-165
	(doi: 10.1016/j.neurobiolaging.2019.08.031)
	The supplemental information for this paper is available online on the Neurobiology of Aging
	website (https://doi.org/10.1016/j.neurobiolaging.2019.08.031)

Table 2 . Association between dilated perivascular spaces burden and incident stroke

 2 

	1	74.1±4.1**	72.5±4.1**

dPVS (global) includes dPVS in basal ganglia (grade 3-4/1-2), white matter (grade 3-4/1-2), hippocampus (dPVS count, 0-5+) and brainstem (dPVS count, 0-6+); n/N, number of participants with stroke/total number of participants at risk, significance threshold after correction for multiple testing: p<0.0125. * Model 1: adjusted for sex and intracranial volume; † Model 2: as model 1, additionally adjusted for hypertension, diabetes mellitus, hypercholesterolemia, current smoking status, body mass index; ‡ Model 3: as model 1, additionally adjusted for APOE ε4 carrier status; § Model 4: as model 1, additionally adjusted for white matter hyperintensities volume and covert MRI-defined lacunes; ** Model5: as model 2, additionally adjusted for antithrombotic drug intake. * Figure 2. Cumulative incidence of stroke and intracerebral hemorrhage based on age, sex, and total intracranial volume adjusted Cox models and stratified on global dPVS burden (extensive global dPVS burden [dPVS global score ≥7] vs. the rest). Abbreviations: dPVS, dilated perivascular space.

Table 3 . Association between grades of dilated perivascular spaces in basal ganglia and incident stroke All stroke Model 1 * Model 2 † Model 3 ‡ Model 4 §
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		n/N	HR[95%CI]	P for trend	n/N	HR[95%CI]	P for trend	n/N	HR[95%CI]	P for trend	n/N	HR[95%CI]	P for trend
	dPVS (basal ganglia)			0.002			0.003			0.002			0.205
	Grade 1	25/916 Referent		25/906 Referent		25/911 Referent		25/905 Referent
	Grade 2	25/581 1.49 [0.86-2.61]		25/574 1.47 [0.84-2.57]		25/575 1.50 [0.86-2.61]		25/570 1.30 [0.74-2.29]
	Grade 3	14/161 2.70 [1.39-5.24]		14/159 2.61 [1.33-5.09]		14/160 2.68 [1.38-5.21]		14/156 1.68 [0.79-3.55]
	Grade 4	2/20	3.04 [0.71-13.01]		2/20	3.23 [0.75-13.91]		2/20	3.08 [0.72-13.18]		2/18	1.39 [0.29-6.60]

n/N, number of participants with stroke/total number of participants at risk. * Model 1: adjusted for sex and intracranial volume; † Model 2: as model 1, additionally adjusted for hypertension, diabetes mellitus, hypercholesterolemia, current smoking status, body mass index; ‡ Model 3: as model 1, additionally adjusted for APOE ε4 carrier status; § Model 4: as model 1, additionally adjusted for white matter hyperintensities volume and covert MRI-defined lacunes.

  Yang et al., 2017, Zhu et al., 2010a), and of WM dPVS with CAA (Charidimou et al., 2017, Veluw et al., 2016), as deep ICH is more often caused by hypertension and lobar ICH by CAA (Graff-Radford et al., 2017, Greenberg et al., 2009).

  Duperron, Christophe Tzourio, Muralidharan Sargurupremraj, Bernard Mazoyer, Aïcha Soumaré, Sabrina Schilling, Philippe Amouyel, Ganesh Chauhan, Yi-Cheng Zhu, and Stéphanie Debette The supplemental information for this paper is available online on the Stroke website (https://www.ahajournals.org/doi/suppl/10.1161/STROKEAHA.117.019309)

	This chapter was published in Stroke 2018;49(2):282-287
	(doi: 10.1161/STROKEAHA.117.019309)

Table 1 .

 1 Characteristics of study participants (3C-Dijon Study, N=1,562 with brain MRI and cSVD assessment)

	Characteristics	
	Age at MRI in years, mean±standard deviation	72.8±4.1
	Women, N (%)	951 (60.9)
	Systolic blood pressure, mmHg	148.8±22.7
	Diastolic blood pressure, mmHg	84.9±11.5
	Pulse pressure, mmHg Hypertension status * Type II diabetes mellitus †	63.9±17.1 1197 (76.6) 130 (8.34)
	Current smoker History of cardiovascular disease ‡	95 (6.1) 64 (4.1)
	Body mass index, kg/m² Hypercholesterolemia §	25.5±3.85 876 (56.2)
	Total cholesterol, mmol/L	5.8±0.9
	Low-density lipoprotein, mmol/L	3.6±0.8
	Triglycerides, mmol/L	1.2±0.6
	High-density lipoprotein, mmol/L Educational level >baccalaureate ‖	1.6±0.4 557 (35.7)

*Systolic blood pressure ≥140mmHg or diastolic blood pressure ≥90mmHg or antihypertensive drugs; † Blood glucose ≥7mmol/L ± antidiabetic drugs; ‡ Include myocardial infarction, arteritis, cardiac and vascular surgery (patients with stroke excluded); § Cholesterolemia ≥6.2mmol/L or lipid-lowering treatment; ‖ Final high-school degree in France.

Table 2 . Phenotypic correlations of dPVS burden with other MRI-markers of cSVD
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		ρ with	ρ with	ρ with	ρ with
		WMHV	dWMHV	pvWMHV	LI
		(N=1,490)	(N=1,490)	(N=1,490)	(N=1,534)
	dPVS (global)	0.27 *	0.29 *	0.22 *	0.18 *
	dPVS (WM)	0.15 *	0.26 *	0.08 †	0.12 *
	dPVS (BG)	0.33 *	0.22 *	0.33 *	0.23 *

Table 3 .

 3 Heritability of MRI-markers of cerebral small vessel disease estimated using GCTA

		h² (SD)	P-Value	N*
	dPVS (global)	0.59 (0.24)	0.007	1,482
	dPVS (WM)	0.79 (0.46)	0.042	1,482
	dPVS (BG)	0.40 (0.65)	0.270	1,482
	dPVS (HIP)	0.04 (0.39)	0.462	1,482
	dPVS (BS)	0.003 (0.39)	0.497	1,482
	WMHV	0.54 (0.24)	0.010	1,482
	dWMHV	0.64 (0.24)	0.004	1,482
	pvWMHV	0.52 (0.24)	0.013	1,482
	LI	0.48 (0.81)	0.278	1,549

Analyses were adjusted for age, sex, 20 first principal components of population stratification; and intracranial volume (WMHV and dPVS); *unrelated individuals up to the third degree; BG: basal ganglia; BS: brainstem; dPVS: dilated perivascular spaces; dWMHV: deep WMHV; GCTA: genomewide complex trait analysis; h²: proportion of phenotypic variance explained by genome-wide SNPs; HIP: hippocampus; LI: lacunar brain infarcts; SD: standard deviation; pvWMHV: periventricular WMHV; WM: white matter; WMHV: white matter hyperintensity volume.

Table 4 . Shared heritability between dPVS and WMHV (N=1,482
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	)

Analyses were adjusted for age, sex, 20 first principal components for population stratification and intracranial volume; BG: basal ganglia; dPVS: dilated perivascular spaces; dWMHV: deep WMHV; pvWMHV: periventricular WMHV; r g : genetic correlation between genetic effects across traits; WM: white matter; WMHV: white matter hyperintensity volume.

Table 5 . Association of a genetic risk score for WMHV with dPVS burden (N=1,494)

 5 Linear regression; † Logistic regression; analyses were adjusted for age, sex, 4 first principal components of population stratification, and intracranial volume; BG: basal ganglia; dPVS: dilated perivascular spaces; WM: white matter; WMHV: white matter hyperintensity volume.

		Genetic risk score for WMHV
		β (SD) or OR (95%CI)	P-Value
	dPVS (global) *	0.01 (0.03)	0.783
	dPVS (WM) †	0.98 (0.89-1.08)	0.704
	dPVS (BG) †	1.15 (1.01-1.30)	0.031

*

  , Stefan Frenzel, Nicole Dueker, Edith Hofer, Michelle Luciano, Caty Carrera V, Saima Hilal, Christopher Li-Hslan Chen, Pilar Delgado, Yi-Cheng Zhu, Arfan M. Ikram, Bernard Mazoyer, Tatjana Rundek, Alexander Teumer, Reinold Schmidt, Joanna Wardlaw, Christophe Tzourio, Sudha Seshadri, Hieab H. H. Adams, Stéphanie Debette* This manuscript is currently being finalized for submission in the coming weeks (*author list and order are not finalized)

Table 1 . Heritability of dPVS burden in the European ancestry population
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		h² (SD)
	dPVS (WM)	0.14 (0.05)
	dPVS (BG)	0.12 (0.05)
	dPVS (HIP)	0.14 (0.05)
	dPVS (MES)	0.04 (0.04)
	dPVS indicates dilated perivascular spaces, WM: white matter; BG: basal ganglia; HIP: hippocampus;
	MES: mesencephalon
	Heritability was estimated with LD-score regression analysis

Table 2 . Shared genetic contribution between dPVS locations in the European ancestry population
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	rg (SD)	dPVS (WM) dPVS (BG) dPVS (HIP) dPVS (MES)
	P-Value		
	dPVS (WM)	0.10 (0.23) 0.05 (0.23) 0.27 (0.36)
		0.654	0.832	0.444
	dPVS (BG)		0.50 (0.25) 0.18 (0.41)
			0.049	0.657
	dPVS (HIP)			0.53 (0.44)
				0.225
	dPVS (MES)		
	dPVS: dilated perivascular spaces; r	

g : genetic correlation between genetic effects across dPVS location estimated with LD-score regression; WM: white matter; BG: basal ganglia; HIP: hippocampus; MES: mesencephalon

Table 3 . Genetics variants associated with high dilated perivascular spaces burden in the white matter
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	SNP	chr:position EA EAF	Function	Nearest gene(s)	Direction	p-value	p-value	p-value	N with	N total
							discovery	replication	combined	ext-dPVS
	rs4556147	9:113651161 T 0.2067 intronic	LPAR1	+++?	4.874e-08* 0.004903* 8.354e-10* 2427
	rs6803392	3:13829859 T 0.3125 intergenic	LINC00620, WNT7A ---?	7.917e-07	0.0398	1.001e-07	2453
	rs13079464** 3:13822439 C 0.4503 intergenic	LINC00620, WNT7A ++++	5.319e-06	4.868e-05* 3.333e-09* 2491
	rs6011998	20:45269867 T 0.0805 intronic	SLC13A3	----	9.375e-07	0.02886	8.667e-08	2379
	rs7076625	10:55111559 G 0.1283 intergenic	MBL2, PCDH15	----	1.65e-06	0.5375	8.988e-05	2379
	rs1076277	7:149489491 T 0.0674 exonic	SSPO	+++?	1.87e-06	0.7087	1.31e-05	2341
				(missense)						
	rs75569235	5:164964681 C 0.1681 intergenic	MAT2B, TENM2	+++?	2.646e-06	0.3304	0.0003279	2190
	rs11937228	4:1147407	A 0.1231 intergenic	TMED11P, SPON2	++++	2.865e-06	0.4812	8.433e-06	2411
	rs12541467	8:59382965 A 0.255	intergenic	UBXN2B, CYP7A1	+?++	3.406e-06	0.854	3.075e-05	2329
	rs17279437	3:45814094 A 0.0906 exonic	SLC6A20	++??	3.989e-06	0.01025	1.304e-07	2283
	rs9639319	7:18998650 T 0.226	intronic	HDAC9	--++	4.904e-06	0.4848	1.248e-05	2465
	N with ext-dPVS indicates the								

Table 4 . Meta-Regression of Multi-Ethnic Genetic Association (MR-MEGA)
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	SNP	chr:position	EA Functional	Nearest gene	Direction	p-value	p-value for	Number	N total
				annotation				ancestry	of	
								heterogeneity	cohorts	
	rs6141437	20:32558855 C	intergenic	CHMP4B,RALY	-+-----+?+-------	6.11E-08	0.000200312	16	11162
	rs11696338	20:32687611 T	intronic	EIF2S2	-+-----+?+-------	4.92E-07	0.00161955	16	11162
	rs116503027	6:29476508	T	intergenic	MAS1L,LOC100507362 ?-+??+??++????--+	2.96E-06	3.11734e-05	8	4603
	rs113388008	19:43790258 G	intergenic	PSG9,PRG1	+-+?+-???-?++++++	3.27E-06	2.37833e-06	12	10013
	rs3091733	20:45236969 T	intronic	SLC13A3	+-++++++--+++++++	3.32E-06	0.00512263	17	11330
	rs73030888	3:13822641	T	intergenic	LINC00620,WNT7A	++-+?????+?++++--	3.63E-06	0.0030689	11	10256

Table 5 . Shared genetic contribution between extensive dPVS burden and other traits -LD-score regression
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		dPVS (WM)	dPVS (BG)	dPVS (HIP)	dPVS (MES)
		rg (SE)	P-Value rg (SE)	P-Value rg (SE)	P-Value rg (SE)	P-Value
	Vascular risk factors						
	Systolic blood pressure	0.044 (0.05) 0.406	0.16 (0.07) 0.013	0.07 (0.06) 0.209	0.19 (0.12) 0.119
	Diastolic blood pressure	0.04 (0.05)	0.445	0.20 (0.08) 0.011	0.09 (0.06) 0.091	0.22 (0.13) 0.085
	LDL cholesterol	0.01 (0.14)	0.934	-0.26 (0.16) 0.107	-0.11 (0.14) 0.433	0.06 (0.21) 0.765
	Triglyceride	0.02 (0.1)	0.808	-0.12 (0.11) 0.265	-0.02 (0.09) 0.833	0.02 (0.16) 0.916
	HDL cholesterol	-0.03 (0.14)	0.833	-0.04 (0.14) 0.798	0.18 (0.13) 0.143	0.28 (0.23) 0.238
	Type 2 diabetes	-0.05 (0.12)	0.642	-0.06 (0.14) 0.662	-0.07 (0.12) 0.531	0.24 (0.2)	0.219
	Other MRI-markers of SVD						
	White matter hyperintensity volume -0.11 (0.16)	0.489	0.37 (0.18) 0.042	0.27 (0.16) 0.09	0.02 (0.25) 0.945
	Covert MRI-defined brain infarcts	0.36 (0.38)	0.336	0.89 (0.41) 0.03	0.01 (0.37) 0.974	0.46 (0.69) 0.504
	Covert MRI-defined lacunes	0.05 (0.3)	0.873	0.89 (0.48) 0.062	0.28 (0.34) 0.417	0.84 (0.83) 0.31
	Clinical traits						
	Stroke						
	Any stroke	-0.06 (0.12)	0.648	0.52 (0.17) 0.002* 0.3 (0.14)	0.037	-0.17 (0.21) 0.435
	Ischemic stroke	-0.03 (0.12)	0.798	0.5 (0.16)	0.002* 0.28 (0.14) 0.047	-0.08 (0.21) 0.721
	Large artery stroke	0.13 (0.28)	0.648	0.26 (0.3)	0.377	0.15 (0.27) 0.57	0.25 (0.45) 0.574
	Cardioembolic stroke	-0.19 (0.18)	0.283	-0.02 (0.18) 0.926	0.22 (0.18) 0.222	-0.22 (0.27) 0.413
	Small vessel disease stroke	0.01 (0.2)	0.946	0.55 (0.26) 0.035	0.4 (0.23)	0.077	0.18 (0.33) 0.584
	Intracerebral hemorrhage	0.15 (0.25)	0.542	0.58 (0.31) 0.064	0.47 (0.29) 0.106	-0.44 (0.51) 0.38
	Lobar intracerebral hemorrhage	0.48 (0.62)	0.437	0.16 (0.64) 0.804	0.53 (0.74) 0.468	-0.56 (1.09) 0.604
	Deep intracerebral hemorrhage	0.06 (0.25)	0.824	0.88 (0.36) 0.013	0.67 (0.32) 0.037	-0.27 (0.47) 0.572
	Alzheimer disease	-0.1 (0.17)	0.56	0.02 (0.17) 0.91	-0.07 (0.18) 0.71	0.05 (0.27) 0.85
	*significant association after multiple testing correction: p-value <0.005)			
	Nominally significant associations are in bold without any asterisk: p-value<0.05		

Table 2 . dPVS burden cut-off description in each cohort
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	5
	§ history of cardiovascular disease at MRI includes cardiovascular disease as coronary heart
	disease, peripheral artery disease, or congestive heart failure in 3C-Dijon, EDIS-SIMES; it includes
	myocardial infarction or atrial fibrillation in ASPS; myocardial infarction, atrial fibrillation, angina
	pectoris or left ventricular hypertrophy in ASPS-Fam; in SHIP and SHIP-TREND it corresponds to
	self-reported heart attack only
	** N=579, mean of 3 sitting
	† † N=580
	§ § self-report
	a current or past
	NR are non reported values under collection from the different cohorts

Table 3 . Description of genome-wide genotyping platforms, imputation panels and quality control of genotypes

 3 Austrian Stroke Prevention Family Study; CARDIA = Coronary Artery Risk Development in Young Adults; CHAP = Chicago Health and Aging Project; CHS = Cardiovascular Health Study; FHS = Framingham Heart Study; GeneSTAR = Genetic Studies of Atherosclerosis Risk; GENOA = Genetic Epidemiology Network of Arteriopathy; LBC1936 = Lothian Birth Cohort 1936; LLS = Leiden Longevity Study; OATS = Older Australian Twins Study; PROSPER = The Prospective Study on Pravastatin in the Elderly at Risk; RS = Rotterdam Study; SHIP/SHIP-TREND = Study of Health in Pomerania; Sydney MAS = Sydney Memory and Ageing Study; TASCOG =

	Study	Genotyping platforms -SNP panel	Genotyping center	Genotype calling algorithm	Sample call rate	SNP call rate	MAF	HWE p-value
	3C-Dijon	Illumina Human 610-Quad BeadChip	Centre National de Génotypage, France	Illumina BeadStudio 0,95	> 0.98 > 0.01 > 10-6
	ASPS	Illumina Human610-Quad BeadChip Array	Human Genotyping Facility, Genetic Erasmus MC, Rotterdam, The Netherlands Laboratory Department of Internal Medicine,	Illumina	0,98	0.98	> 0.01 > 10-6
	ASPS-FAM	Affymetrix Genome-Wide Human SNP Array 6.0	Medical University of Graz	Birdseed v2	0,98	0.98	0.05	> 5E10-6
	EDIS	NR	NR	NR	NR	NR	NR	NR
		Affymetrix GeneChip Human Mapping						
	FHS	500K Array +50K Human Gene Focused	Affymetrix (Santa Clara), USA	Affymetrix BRLMM 0,97	> 0.98 ≥ 0.01 > 10-6
		Panel						
	ISSYS	NR	NR	NR	NR	NR	NR	NR
			Wellcome Trust Clinical Research Facility					
	LBC 1936	Illumina 610 (Quad) Array	Genetics Core, Western General Hospital,		0,95	≥ 0.98 ≥ 0.01 ≥ 10-3
			Edinburgh, UK					
	NOMAS	NR	NR	NR	NR	NR	NR	NR
	Rotterdam Study I	Illumina HumanHap550K(+Duo) and 610-Quad BeadChip	Erasmus MC, Rotterdam, the Netherlands	Illumina Bead Studio 0,975	> 0.98 > 0.01 > 10-6
	Rotterdam Study II	Illumina HumanHap550-Duo BeadChip	Erasmus MC, Rotterdam, the Netherlands	Illumina Bead Studio 0,975	> 0.98 > 0.01 > 10-6
	Rotterdam Study III	Illumina HumanHap610K-Quad	Erasmus MC, Rotterdam, the Netherlands	Illumina Bead Studio 0,975	> 0.98 > 0.01 > 10-6
	SHIP	Affymetrix GeneChip SNP Array 6.0	Affymetrix (Santa Clara), USA	Birdseed2	0,92	> 0.80 NA	> 10-4
	SHIP, SHIP-TREND	Affymetrix SNP 6.0 (SHIP-2) (1); Illumina Omni 2.5 (SHIP-TREND-0) Arrays (2)	Greifswald University (1); Helmholtz Zentrum München (2)			>0.8*or >0.9 †		> 10-4

SNP = Single Nucleotide Polymorphism; PC = Principal Component; TIV = Total Intracranial volume; ICV = Intracranial Volume; 3C-Dijon = Three-City Dijon Study; AGES = AGES-Reykjavik Study; ARIC = Atherosclerosis Risk In Communities Study; ASPS = Austrian Stroke Prevention Study; ASPS-Fam:

Table 4 . Description of the number of SNPs available for each study and the genomic inflation factor
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	Cohorts	dPVS location	Number of SNPs analysed	Genomic inflation
	3C	BG	7,261,380	1.007
		WM	7,968,653	1.024
		HIP	7,675,322	1.011
		MES	7,396,006	1.013
	ASPS	BG	8,124,206	1.068
		WM	8,124,249	1.082
		HIP	8,124,190	1.064
		MES	8,124,149	1.046
	ASPS-Fam	BG	5,573,043	1.020
		WM	5,537,310	1.031
		HIP	5,608,621	1.035
		MES	5,407,098	1.034
	EDIS SIMES BG	4,190,717	1.020
		WM	4,340,138	1.023
		HIP	3,852,438	1.050
		MES	4,477,918	1.055
	FHS	BG	4,724,948	1.066
		WM**	4,052,567	1.073
		HIP	4,481,451	1.037
		MES	5,072,101	1.072
	ISSYS	BG	4,184,141	1.042
		WM	4,111,833	1.052
		HIP	5,400,764	1.034
		MES	6,444,115	1.039
	LBC	BG	5,121,403	3.633
		WM	4,793,946	3.677
		HIP	4,700,736	3.653
	NOMAS-AA BG	4,535,351	1.069
		WM	5,073,404	1.047
		HIP	3,781,734	1.059
		MES	3,110,714	1.054
	NOMAS-EUR BG	4,881,172	1.071
		WM	4,515,693	1.076
		HIP	4,141,868	1.070
		MES	3,500,645	1.038
	NOMAS-HISP	BG	9,159,122	1.022
		WM	9,133,426	1.020
		HIP	7,516,205	0.993
		MES	7,545,398	0.996

Table 5 . Gene based test using the VEGAS software
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	Chr	Gene	nSNPs nSims	Start	Stop		Test	p-value Best-SNP	SNP p-value
	9	LPAR1	554	1,00E+06	113635542 113801523 3230.61035889431 3.00E-06 9:113651161 4.49000000000012e-09
	20	SLC13A3	378	1,00E+06	45186462	45313124	1279.16791992265 2.50E-05 20:45238334 5.3590000000001e-07
	5	UNC5A	184	1,00E+06	176237560 176307899 679.954270482452 4.20E-05 5:176285598 6.73399999999986e-05
	9	DNAJC25-	223	1,00E+06	114393632 114432526 1125.1336931369	5.90E-05 9:114401173 0.000115599999999999
		GNG10						
	20	EIF2S2	50	1,00E+06	32676115	32700085	474.596532528444 6.30E-05 20:32673037 4.74400000000007e-06
	9	GNG10	223	1,00E+06	114393632 114432526 1125.1336931369	6.60E-05 9:114401173 0.000115599999999999
	20	RALY	137	1,00E+06	32581458	32670991	979.069038173077 9.90E-05 20:32673037 4.74400000000007e-06
	Input SNPs were mapped to 18,371 protein coding genes			
	Genome wide significance was defined at P-value = 0.05/18,371 = 2.72x10	-6 , significant results are represented in bold
	Genes with a P-value <10 -5 were represented in this table			

Table 6 . Association between dilated perivascular space burden (dPVS) and vascular traits using mendelian randomization experiments
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	Exposure β-IVW	SE-IVW	P-value	Q-Phet	P-value int	β-IVW	SE-IVW	P-value	Q-Phet	P-value int
				dPVS (WM)				dPVS (BG)		
	SBP	0.001	0.001	0.193	0.9870	0.01965	0.002	0.001	0.138	0.0080	0.2763
	DBP	0.001	0.002	0.396	0.0817	0.09578	0.004	0.002	0.025	0.0269	0.8888
	BMI	-0.026	0.018	0.154	0.2172	0.2506	0.006	0.019	0.756	0.0158	0.8212
	T2D	-0.007	0.006	0.242	0.3042	0.07238	0.001	0.006	0.849	0.3465	0.5848
	LDL	-0.002	0.010	0.837	0.1920	0.3143	-0.014	0.010	0.147	0.7848	0.2871
	HDL	0.013	0.011	0.231	0.1104	0.4869	0.018	0.011	0.093	0.9595	0.3834
	TG	0.022	0.011	0.046	0.0596	0.1331	0.012	0.012	0.309	0.5826	0.6161
	Exposure β-IVW	SE-IVW	P-value	Q-Phet	P-value int	β-IVW	SE-IVW	P-value	Q-Phet	P-value int
				dPVS (HIP)					dPVS (MES)		
	SBP	0.002	0.001	0.091	0.8953	0.4959	0.003	0.001	0.028	0.1621	0.007999
	DBP	0.004	0.002	0.016	0.0343	0.2998	0.001	0.002	0.423	0.2094	0.6273
	BMI	-0.027	0.018	0.139	0.0952	0.2213	-0.010	0.019	0.618	0.6241	0.2989
	T2D	0.000	0.006	0.954	0.1969	0.09275	0.004	0.007	0.560	0.6870	0.3656
	LDL	-0.001	0.009	0.937	0.3730	0.9792	-0.018	0.010	0.068	0.4155	0.1081
	HDL	0.001	0.010	0.945	0.5969	0.02582	-0.013	0.011	0.247	0.4228	0.6854
	TG	-0.004	0.011	0.707	0.8594	0.7649	0.004	0.012	0.716	0.7856	0.8667

Table 7 . eQTL of the two genome-wide significant tops SNPs 9:113651161 and 3:13822439
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	uniqID	db	tissue	gene	Tested Allele	p	signed_ stats	FDR	RiskInc Allele	aligned Direction	symbol eqtlMapFilt
	9:113651161:A:T GTEx/v7 Lung	ENSG00000198121 T	2.15299e-	-0.24	0.000049 T	-	LPAR1 1
						07					
	3:13822439:C:G BIOSQTL BIOS_eQTL_	ENSG00000154764 G	1.23207e-	-6.78	0	C	+	WNT7A 1
			geneLevel			11					
	eQTL with a FDR < 0.01 are presented in this table							
	Significant eQTLs are defined as FDR (gene q-value) ≤ 0.05.							
	Signed statistics are betas.									
	GTEx indicates Genotype-Tissue Expression; BIOSQTL is a database of blood eQTL					

Table 8 . Pathway analysis using VEGAS2Pathway software
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	Pathway

Pathways with a p-value < 0.005 are reported in this table; significant p-value < 1.10 -5 ; suggestives pathways with a p-value < 1.10 -3 are in bold

Table 1 .

 1 White matter hyperintensity volume according to their location

	WMH location	Mean volume (mm3) ± SE
	Total WMH load	1996.62 ± 2279.10
	Periventricular WMH	1301.27 ± 2158.54
	Deep WMH	696.50 ± 451.49
	Anterior cerebral artery	91.38 ± 129.56
	Middle cerebral artery	855.66 ± 2140.75
	Posterior cerebral artery	307.48 ± 570.17
	Anterior artery callosal	42.01 ± 62.46
	Medial artery lenticulostriate	74.61 ± 72.98
	Lateral artery lenticulostriate	565.27 ± 534.06
	WMH indicates white matter hyperintensities

Table 1 .

 1 Intra-and inter-rater reliability (Kappa coefficients)

	dPVS scale	dPVS	Intra-rater	Inter-rater
		location	reliability	reliability
		WM	0.75 **	0.30 **
	Zhu	BG Hip	1.00 ** 0.67 **	0.56 ** 0.30 *
		Mes	0.76 **	0.54 **
		WM	0.69 **	0.27 *
	Edinburgh	BG Hip	0.94 ** 0.73 **	0.49 ** 0.40 **
		Mes	0.86 **	0.65 **
		WM	0.59 **	0.32 **
	UNIVRSE	BG Hip	0.65 ** 0.71 **	0.36 ** 0.54 **
		Mes	0.90 **	0.56 **
	dPVS indicates dilated perivascular spaces, WM: white matter; BG: basal ganglia; Hip: hippocampus;
	Mes: mesencephalon; * p<0.05; ** p<0.001	

Table 2 .

 2 Correlations between scales and locations

				Edinburgh			UNIVRSE
			WM	BG	HIP	MES	WM	BG	HIP	MES
		WM	0.36*				0.13	
	Zhu	BG HIP		0.79*	0.65*			0.57*	0.74*
		MES				0.33*			0.22
		WM					0.59*	
	Edinburgh	BG HIP						0.61*	0.73*
		MES							0.38*
	WM: white matter; BG: basal ganglia; Hip: hippocampus; Mes: mesencephalon
	Spearman coefficient, *p<0.05				
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MAIN OUTCOMES AND MEASURES Stroke (hemorrhagic and ischemic), dementia (all and

Alzheimer disease), and death.

Table 1 : Summary of meta-analysis results for the association of MRI-markers of VBI with incident stroke, dementia, and death MRI-marker of covert VBI
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	Incident event	Extensive WMH burden		BI presence			CMB presence	
	Stroke	HR= 2.45 (1.93-3.12), p=2.61x10 -13	HR= 2.38 (1.87-3.04), p=2.65x10 -12	HR= 1.98 (1.55-2.53), p=4.62x10 -8
		17 studies; N=14,529 (2,859);	12 studies; N=16,012 (3,018);	22 studies; N=15,693 (3,131);
		1,049 events			881 events			831 events	
	Ischemic stroke	HR= 2.39 (1.65-3.47), p=4.34x10 -6	HR= 2.18 (1.67-2.85), p=1.09x10 -8	HR= 1.92 (1.40-2.63), p=5.00x10 -5
		9 studies; N=7,320 (1,559);		6	studies;	N=6,873	(936);	20 studies; N=13,125 (2,557);
		696 events			333 events			459 events	
	Intracerebral hemorrhage	HR= 3.17 (1.54-6.52), p=1.72x10 -3	HR= 3.81 (1.75-8.27), p=7.35x10 -4	HR= 3.82 (2.15-6.80), p=5.05x10 -6
		7	studies;	N=7,976	(1,572);	5	studies;	N=8,847	(878);	23 studies; N=14,280 (3,174);
		148 events			88 events			218 events	
	Dementia	HR= 1.84 (1.40-2.43), p=1.46x10 -5	HR= 1.29 (1.02-1.65), p=3.79x10 -2 a	HR= 1.41 (0.90-2.21), p=0.13
		12 studies; N=9,338 (2,402);	9 studies; N=10,772 (2,759);	5	studies;	N=8,736	(1,498);
		1,127 events			1,029 events			338 events	
	Alzheimer disease	HR= 1.50 (1.22-1.84), p=1.10x10 -4	HR= 1.06 (0.83-1.36), p=0.64	HR= 1.18 (0.73-1.89), p=0.49
		6	studies;	N=5,206	(572);	3	studies;	N=3,429	(1,125);	6	studies;	N=8,875	(1,514);
		572 events			414 events			290 events	
	Death	HR= 2.00 (1.69-2.36), p=4.06x10 -16	HR= 1.64 (1.40-1.91), p=4.30x10 -10	HR= 1.53 (1.31-1.80), p=1.55x10 -7
		13 studies; N=13,138 (1,496);	8	studies;	N=10,007(1,311);	10 studies; N=9,942 (1,433);
		1,700 events			1,212 events			1,134 events	

Numbers in the cells correspond to Spearman correlation coefficient (ρ); * p<0.0001; † p<0.01; BG: basal ganglia; dPVS: dilated perivascular spaces; dWMHV: deep WMHV; LI: lacunar brain infarcts; pvWMHV: periventricular WMHV; WM: white matter; WMHV: white matter hyperintensity volume.

dPVS in the basal ganglia -European dPVS in the basal ganglia -Transethnic -Combined meta-analysis dPVS in the basal ganglia -Transethnic -Discovery meta-analysis

dPVS in the hippocampus -European dPVS in the hippocampus -Transethnic -Combined meta-analysis dPVS in the hippocampus -Transethnic -Discovery meta-analysis

ABSTRACT

Background: Dilated perivascular space (dPVS) burden is an emerging MRI-marker of cerebral small vessel disease of unknown mechanism, recently shown to be highly heritable. We conducted the first meta-analysis of multiancestry genome-wide association studies of dPVS burden to decipher its genetic underpinnings.

Methods:

We included a total of 11,511 stroke-free participants from 17 population-based cohorts and 4 ethnicities (89.4% European, 6.2% Hispanic, 2.9% Asian, 1.5% African-American). dPVS were rated in white matter, basal ganglia, hippocampus and mesencephalon using visual semi-quantitative or quantitative rating scales. We tested association of genetic variants with the top quartile of dPVS burden distribution in each cohort followed by multi-ancestry sample-size weighted meta-analysis. Associations reaching p<5x10 -6 in the discovery sample (N=9,086) were followed up in an independent sample (N=2,425 Europeans, combined N=11,511). We searched for shared genetic variation with related vascular and neurological phenotypes using linkage disequilibrium-score regression and explored causality of associations using Mendelian randomization.

Results:

We identified two suggestive risk loci for extensive dPVS burden in the white matter in LPAR1 and near LINC00620/WNT7A that replicated in the follow-up sample and reached genome-wide significance in the combined meta-analysis (p=8.4x10 -10 and p=3.3x10 -9 ). Two additional suggestive loci were nominally significant in the follow-up sample and reached p<5x10 -7 in the combined meta-analysis in association with white matter dPVS, in SLC13A3 and SLC6A20. One locus near CHMP4B/RALY reached close to genome-wide significance with white matter dPVS after correcting for heterogeneity in allelic effects across ancestry groups. Finally, three gene-wide significant associations with LPAR1, SLCA13A3, and UNC51 were identified in gene-based association analyses with white matter dPVS. We found significant positive genetic correlation of extensive basal ganglia dPVS burden (and nominally hippocampus dPVS burden) with any or ischemic stroke and nominally significant positive genetic correlation of basal ganglia dPVS burden with deep intra-cerebral hemorrhage (also for hippocampus dPVS), small vessel stroke, white matter hyperintensity (WMH) burden, and systolic blood pressure. Using Mendelian randomization we identified nominally significant indication for a causal association of triglycerides with extensive dPVS burden in the white matter, and blood pressure with extensive dPVS burden in, basal ganglia, hippocampus, and mesencephalon.

Conclusions:

We identified 2 loci associated with dPVS burden in white matter, implicated in brain development, neuronal plasticity and tumor related pathways, and shared genetic variation of basal ganglia and hippocampus dPVS burden with stroke, WMH and blood pressure.

Study of Health in Pomerania (SHIP)

We analyzed data from the Study of Health in Pomerania (SHIP). 171 The target population was comprised of adult German residents in northeastern Germany living in three cities and 29 communities, with a total population of 212,157. A two-stage stratified cluster sample of adults aged 20-79 years (baseline) was randomly drawn from local registries. The net sample (without migrated or deceased persons) comprised 6,267 eligible subjects, of which 4,308 Caucasian subjects participated at baseline SHIP-0 between 1997 and 2001. Follow-up examination (SHIP-1) was conducted 5 years after baseline and included 3300 subjects. From 2008 to 2012 the third phase of data collection (SHIP-2, N=2333) was carried out. Concurrent with SHIP-2 a new sample called SHIP-Trend-0 (N=4420) in the same area was drawn in 2008 and similar examinations were undertaken. SHIP and SHIP TREND were approved by the local ethics committee. After complete description of the study to the subjects, written informed consent was obtained. Subjects from SHIP-2 and SHIP-TREND-0 were asked to participate in a whole-body magnetic resonance imaging (MRI) assessment. 172 After exclusion of subjects who refused participation or who fulfilled exclusion criteria for MRI (e.g. cardiac pacemaker) 1183 subjects from SHIP-2 and 2189 subjects from SHIP-Trend-0 underwent the MRI scanning (total number n=3372). After exclusion of scans with technical artifacts, major structural abnormalities and stroke, full data sets with GWAS data and MRI scans were available in 1,036 subjects in SHIP-2 and 1,960 subjects in TREND and included in this project.

Three-City Dijon Study (3C-Dijon)

The 3C is a cohort study conducted in three French cities (Bordeaux, Dijon, and Montpellier), comprising 9,294 participants, designed to estimate the risk of dementia and cognitive impairment attributable to vascular factors. 35 Eligibility criteria included living in the city and being registered on the electoral rolls in 1999, 65 years or older, and not institutionalized. The study protocol was approved by the Ethical Committee of the University Hospital of Kremlin-Bicêtre and each participant signed an informed consent. Data reported in this article were obtained in Dijon (3C-Dijon study), where 4,931 individuals were recruited (1999 -2001). The overall design of the 3C-Dijon study is detailed elsewhere. Participants aged less than 80 years and enrolled between June 1999 and September 2000 (n=2,763) were invited to undergo a brain MRI. Although 2,285 subjects agreed to participate (82.7%), because of financial limitations, 1,924 MRI scans were performed, of which 120 were not interpretable. Of these, 1,683 partcipants had genotype data and brain MRI, of which 71 were excluded because of stroke and 8 because of brain tumor.

Meta-analyses and related quality control

Quantile-Quanitle (QQ) plots of the P-values (observed versus expected) in the population based GWAS (discovery stage) for the four phenotypes are presented along with the genomic inflation factor (λ) (Suppl. Figure 2 Table 4), suggesting no systematic inflation of association statistics. The supplemental information for this paper is available at: https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6439887/ dementia, 25,35,38,39,40,41,42,43,44,45,46,47,48,49,50,51,52,53,54,55,56,57 and 16 for death. 14,15,17,20,22,33,36,37,39,58,59,60,61,62,63,64 For BI, we included 24 studies: 14 for stroke, 16,17,21,25,33,36,39,65,66,67,68,69,70,71 10 for dementia, 25,39,40,48,51,54,57,72,73,74 and 8 for death. 17,33,36,39,58,59,71,73 For CMB, 38 studies were retained: 28 for stroke, 16,18,19,24,28,30,31,32,75,76,77,78,79,80,81,82,83,84,85,86,87,88,89,90,91,92 6 for dementia, 54,57,93,94,95,96 and 10 for death. 58,76,77,83,88,90,91,97,98,99 Of note, for 7 studies, association results of CMB with recurrent stroke or ICH risk were obtained from 3 previously published metaanalyses. 78,100,101 Regarding PVS, 5 studies were included: 3 for stroke, 18,102,103 2 for dementia, 104,105 and 2 for death. 102,103 

GWAS summary statistics

White Matter Hyperintensity Burden

In 14 529 participants from 17 studies, we found a significant association of extensive WMH burden (n = 2859 participants) with risk of incident stroke (n = 1049 events) overall (heterogeneity test results, I 2 = 56%; P = .003), in the general population, 6,17,25,27,35,36 and in high risk populations 14,19,20,23,24,28,29,31,32,33,37 (Table ; Figure 2) (eTables 3 and 4 in the Supplement). Adding 3 studies reporting associations with continuous WMH burden in a sample size-weighted meta-analysis confirmed the association with incident stroke (n = 14 913 participants; n = 1114 events; P < .001). 15,22,30 Regarding stroke subtypes, extensive WMH burden was significantly associated with increased risk of incident IS overall (I 2 = 67%; P = .002), in the general population, 26,27,36 and in high-risk populations 14,20,23,29,31,33 and with increased risk of incident ICH overall (I 2 = 65%; P = .008) 16,18,21,24,26,31,34 and in the general population 16,21,26 (Table) (eTables 3 and 4 and eFigure 2 in the Supplement).

In 9338 participants from 12 studies, extensive WMH burden (n = 2402 participants) was significantly associated with incident dementia risk (n = 1127 events) overall (I 2 = 64%; P = .001) and in the general population, 25,39,48,52 while the association was only nominally significant in high-risk populations 38,41,42,43,44,45,46,53 (Table ; Figure 2) (eTables 3 and 4 in the Supplement). Adding 6 studies reporting associations with continuous WMH burden in a sample size-weighted meta-analysis confirmed the association with incident dementia (n = 11 093 participants; n = 1163 events; P < .001). 40,47,49,51,55,57 Concerning dementia subtypes, we found a significant association of extensive WMH burden with risk of incident AD overall (I 2 = 0%; P = .79) and in the general population, 35,48 the association being only nominally significant in high-risk populations 38,41,46,54 (Table ) (eTables 3 and 5 and eFigure 2 in the Supplement). Adding 4 studies reporting associations with continuous WMH burden in a sample size-weighted meta-analysis confirmed the association with incident AD (n = 7123 participants; n = 708 events; P < .001). 49,50,52,56 We found a significant association in 13 138 participants from 13 studies of extensive WMH (n = 1496 participants) with mortality (n = 1700 deaths) overall (I 2 = 41%; P = .06), in the general population, 17,36,39,59,61 and in high-risk populations 14,20,33,37,58,60,62,63 (Table ; Figure 2) (eTables 3 and 6 in the Supplement). Adding 3 studies reporting associations with continuous WMH burden in a sample size-weighted meta-analysis confirmed the association with increased mortality (n = 13 939 participants; n = 1818 events; P < .001). 15,22,64 

Magnetic Resonance Imaging-Defined Covert Brain Infarcts

In 16 012 participants from 12 studies, presence of BI (n = 3018 participants) was associated significantly with incident stroke risk (n = 881 events) overall (I 2 = 54%; P = .01), in the general population, 17,25,36,39,65,66,69 and in high-risk populations 33,67,68,70,71 (Table ; Figure 3) (eTables 3 and 7 in the Supplement). When considering stroke subtypes, presence of BI was significantly associated with increased risk of IS overall (I 2 = 0%; P = .70), in the general population, 16,26,36 and in high-risk populations 33,70,71 and with increased risk of incident ICH overall (I 2 = 40%; P = .15) 16,21,26,33,71 and in the general population 16,21,26 (Table ) (eTables 3 and 7 and eFigure 3 in the Supplement).

In 10 772 participants from 9 studies, 25,39,40,48,51,57,72,73,74 presence of BI (n = 2759 participants) showed nominally significant association with incident dementia risk (n = 1029 events), which did not withstand correction for multiple testing (I 2 = 44%; P = .08) (Table ;  Figure 3) (eTables 3 and 8 in the Supplement). Presence of BI was not associated with incident AD, both in 1 general population study 48 and in 2 high-risk population studies 54,57 (eTable 8 and eFigure 3 in the Supplement).

In 10 007 participants from 8 studies, presence of BI (n = 1311 participants) was significantly associated with mortality (n = 1212 deaths) overall (I 2 = 0%; P = .48) and in the general population, 17,36,39,59 with the association in high-risk populations being only nominally significant 33,58,71,73 (Table ; Figure 3) (eTables 3 and 9 in the Supplement).

Cerebral Microbleeds

In 15 693 participants from 22 studies, presence of CMB (n = 3131 participants) was significantly associated with incident stroke risk (n = 831 events) overall (I 2 = 49%; P = .005) and in high-risk populations, 19,24,28,30,31,32,76,77,78,79,80,83,84,88,89,90,91,92 the association in the general population being only nominally significant 16,75 (Table ; Figure 4) (eFigure 2 in the Supplement). With respect to stroke subtypes, presence of CMB was significantly associated with increased risk of incident IS overall (I 2 = 50%; P = .006) 16,19,24,28,30,31,75,77,78,79,80,83,84,89,90,91,92 and in high-risk populations 16,19,24,28,30,31,75,76,77,78,79,80,83,84,89,90,91,92 and with increased risk of incident ICH overall (I 2 = 60%; P < .001) and in high-risk populations, 18,19,24,30,31,76,77,78,80,81,82,83,84,85,86,87,88,89,90,91,92 with nominally significant associations in the general population 16,75 (eTables 3 and 10 and eFigure 4 in the Supplement).

In 8736 participants from 5 studies, 57,93,94,95,96 presence of CMB (n = 1498 participants) was not significantly associated with increased risk of incident dementia (Table ; Figure 4) (eTables 3 and 11 in the Supplement). Presence of CMB was also not associated with risk of incident AD 54,57,93,94,95,96 (Table ) (eTables 3 and 11 and eFigure 4 in the Supplement). In 9942 participants from 10 studies, presence of CMB (n = 1433 participants) was significantly associated with increased mortality (1134 deaths) overall (I 2 = 0%; P = .48) and in high-risk populations 58,76,77,83,88,90,91,97,98,99 (Table ; Information on lobar vs deep location of CMB was available only in a small minority of studies (eTables 10-12 in the Supplement). The results of these secondary meta-analyses are included in the eResults in the Supplement.

Perivascular Spaces

There were too few eligible studies on the clinical significance of PVSs to conduct metaanalyses. In one study in high-risk populations with IS or transient ischemic attack (n = 2002 participants), 103 high PVS burden (>20 vs <11 PVSs) in basal ganglia was associated with recurrent stroke and IS but not with ICH. In another study in 229 patients with cerebral amyloid angiopathy-related ICH, 18 high PVS burden in the centrum semiovale (≥20 PVSs) was associated with increased risk of ICH recurrence. In a single population-based study (n = 1228 participants), 102 participants in the highest tertile of PVS burden did not have a significantly higher risk of incident stroke after adjusting for vascular risk factors (eTable 13 in the Supplement).

In one population-based study (n = 1778 participants), 105 the highest grade of PVS burden in the basal ganglia and white matter was associated with increased risk of incident dementia. In another population-based study (n = 2612 participants), 104 the presence of large PVS (greater than 3 mm) overall and in the basal ganglia was significantly associated with increased risk of incident vascular dementia but not all dementia or AD (eTable 14 in the Supplement).

One study in high-risk patients with IS or transient ischemic attack (n = 2002 participants) 103 did not observe any significant association of high PVS burden (>20 vs <11 PVSs) with mortality. In a single population-based study (n = 1228 participants), 102 participants in the highest tertile of PVS burden had a higher rate of vascular death but not death overall after adjusting for vascular risk factors (eTable 15 in the Supplement).

Sensitivity Analyses

Study quality was mostly high (eTable 2 in the Supplement). After removing studies with medium to low quality (less than 7 stars on the Newcastle-Ottawa scale) or studies using ORs only, the main findings of meta-analyses were unchanged (eTable 16 in the Supplement). Meta-regression analyses indicated no association of length of follow-up or adjustment for potential confounders with associations (eTable 17 in the Supplement). Regarding assessment of possible publication bias, Egger test was only nominally significant for WMH and stroke (coefficient, 2.5; SE, 0.8; P = .006), with all HRs greater than 1 (eFigures 5-10 in the Supplement). Titre: Déterminants génétiques et signification clinique de la maladie des petites artères cérébrales Résumé: La maladie des petites artères cérébrales (MPAC) constitue une étiologie importante d'accident vasculaire cérébral (AVC), de déclin cognitif et de démence. Les marqueurs en imagerie par résonance magnétique (IRM) de MPAC comprennent les hypersignaux de la substance blanche (HSB), les infarctus lacunaires (IL), les microsaignements (MS) et les espaces dilatés périvasculaires (EdPV). Une revue systématique et méta-analyse incluant plus de 16,000 participants a permis de mieux caractériser l'association des HSB, IL et MS avec le risque d'AVC et de démence, ainsi que leurs sous-types, et la mortalité. En raison de données limitées sur les EdPV dans cette revue systématique, nous avons étudié l'association entre les EdPV et le risque incident d'AVC au sein de la cohorte 3C-Dijon en population générale et avons mis en évidence une association significative des EdPV, en particulier au niveau des noyaux gris centraux et de l'hippocampe, avec le risque incident d'AVC, surtout hémorragique. Nous avons ensuite estimé l'héritabilité des EdPV à partir de génotypes pangénomiques, mettant en évidence une héritabilité plus élevée que pour les autres marqueurs IRM de MPAC, notamment pour les EdPV au niveau de la substance blanche. Dans un second temps, nous avons réalisé une méta-analyse d'études d'associations génétiques pangénomiques (GWAS) des EdPV qui nous a permis d'identifier 2 loci significativement associés au seuil pangénomique avec une sévérité plus importante des EdPV au niveau de la substance blanche. Ces associations orientent vers des gènes impliqués dans le développement cérébral, le fonctionnement des vaisseaux cérébraux et la tumorigenèse. Nous avons mis en évidence une corrélation génétique significative entre les EdPV au niveau des noyaux gris centraux et les AVC (tout type) et les AVC ischémiques. Enfin, nous avons étendu ces recherches à la cohorte Nagahama en population générale japonaise afin de (i) comparer la reproductibilité des 3 principales échelles visuelles de quantification des EdPV dans cette cohorte, et (ii) de réaliser un GWAS des HSB en population japonaise, qui a permis de confirmer dans cette population le locus du chr17q25.1 et d'identifier de nouveaux loci associés avec le volume d'HSB dans différentes régions du cerveau. En conclusion, nous avons apporté de nouveaux éléments sur la signification clinique des marqueurs IRM de MPAC, en particulier les EdPV, et sur les déterminants génétiques des marqueurs IRM de MPAC, avec une première estimation de l'héritabilité et une première méta-analyse de GWAS des EdPV, et un premier GWAS des HSB en population japonaise.
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