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RESUME

Le vieillissement cardiaque est fortement associé a 1’apparition d’une fibrose pouvant
entrainer une dysfonction progressive du remplissage et de 1’¢jection ventriculaire. Sur le versant
artériel, des modifications structurelles entrainent une rigidification progressive de 1’arbre
vasculaire. Ces processus physiopathologiques se déroulent sur plusieurs années et peuvent
aboutir a terme a la survenue d’une insuffisance cardiaque a fraction d’¢jection préservée. Le
remodelage cardiaque et le développement d’un stress pariétal avec hypertrophie ventriculaire
gauche sont associés a la sécrétion sanguine de biomarqueurs. Ces biomarqueurs sont associés a
des mécanismes de régulation de la mort cellulaire, de fibrose, et/ou d’inflammation. Le
dépistage du remodelage et du vieillissement cardiovasculaire sont primordiaux afin de proposer
des stratégies de prévention et de prises en charge spécifiques visant a retarder 1’apparition ou
ralentir la progression d’une insuffisance cardiaque a fraction d’éjection préservée, pathologie

pour laquelle aucune thérapeutique spécifique ne diminue la morbi-mortalité.

Les outils cliniques, biologiques ou d’imagerie sont insuffisamment performants a 1’heure
actuelle pour dépister ces modifications précoces ou prédire 1’apparition de remodelage ultérieur
de facon efficace. Cependant, si des anomalies cardiaques structurelles et fonctionnelles minimes
ne sont pas détectées par les techniques échocardiographiques classiques, elles pourraient I’étre
par des méthodes plus fines d’échographie incluant notamment la mesure de parametres de
déformation myocardique. Par ailleurs, certaines méthodes d’imagerie IRM et
échocardiographiques pourraient renseigner sur la physiopathologie sous-jacente du processus de
vieillissement cardiovasculaire.

Notre but est donc 1) d’évaluer la performance diagnostique et pronostique de marqueurs
fins d’imagerie cardiovasculaire (échocardiographie et IRM), 2) d’évaluer les corrélations entre
biomarqueurs d’imagerie, 3) de déterminer la valeur ajoutée des biomarqueurs d’imagerie vis-a-
vis de I’évaluation du vieillissement cardiovasculaire. Pour ce faire, nous étudierons différentes
populations : patients hypertendus, obeses, présentant un syndrome métabolique, ou atteints de
cardiopathie ischémique.

La réalisation d’une méta-analyse avec revue de la littérature, nous a permis de montrer la
valeur de la déformation myocardique (strain) comme marqueur du remodelage cardiovasculaire
dans le post-infarctus, mais nous a aussi éclairé sur la complexité du phénomene de remodelage
et le manque de preuve sur sa potentielle valeur additionnelle en pratique clinique.

Apres avoir validé les différents outils de quantification du remodelage dans nos cohortes,
nous avons prouvé I’importance d’une expertise précise de la morphologie et de la fonction

cardiaque (gauche et droite) lors d’un événement aigu pour prédire un remodelage ultérieur.



Nous avons précisé le role de la déformation myocardique dans la quantification de la taille de
I’infarctus, sa sévérité (obstruction microvasculaire) et son éventuel extension au ventricule
droit. Enfin, nous avons mis en relation les parameétres de contractilité et de fonction vasculaire
en démontrant la valeur du couplage ventriculo artériel mesuré en IRM.

Ces travaux ouvrent notamment la voie pour une stratégie d’évaluation échocardiographique
plus précise et (et éventuellement aussi par IRM) précoce en post-infarctus. En effet, cette
stratégie d’évaluation, en utilisant des outils pouvant étre réalisés au cours d’un examen de
routine au cours de I’hospitalisation initiale pour infarctus, pourrait orienter les stratégies

thérapeutiques de revascularisation et/ou de réhabilitation.

Mots clés: Remodelage cardiovasculaire, Vieillissement, Imagerie, biomarqueurs,

Echocardiographie, IRM cardiaque
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1 POSITION DU PROBLEME

1.1 Le remodelage ventriculaire

1.1.1 Définition

En 1985, Janice Pfeffer est le premier a utiliser le terme «remodelage» pour caractériser
la dilatation du ventricule gauche (VG) dans un modé¢le expérimental de rats (1). Dans les années
suivantes, le mot « remodelage » a ¢été occasionnellement utilis¢é dans les articles pour
caractériser les changements morphologiques du cceur apres un infarctus du myocarde (IDM). En
1990, Pfeffer et Braunwald ont publié une étude de revue sur le remodelage cardiaque post
infarctus (2). Dans cet article, les auteurs soulignent que le processus de remodelage est associé¢
au développement d’une dysfonction VG. Dans les années qui suivent, le mot «remodelage» a
¢été largement utilisé pour englober une grande variété de scénarios cliniques. En 1'an 2000, un
forum international définit le remodelage cardiaque comme « I’expression génomique qui
aboutit a des modifications moléculaires, cellulaires et interstitielles du cceur qui se
manifestent cliniquement par des changements dans la taille, la masse, la géométrie et la
fonction du cceur au décours d’une atteinte cardiaque ». Ces mécanismes compensatoires
peuvent engendrer une modification de la masse, de la composition ou des volumes

ventriculaires ou atriaux en relation avec une réponse cardiaque inadaptée (3).

Considérant plus particulerement le remodelage du VG, sa géométrie change et devient
moins elliptique et plus sphérique. Des modifications de la masse, de la composition et du
volume ventriculaire, avec des conséquences défavorables sur la fonction cardiaque en
découlent. Le remodelage cardiaque peut survenir aprés un IDM, une surcharge en pression
(sténose aortique, hypertension artérielle (HTA)), une maladie inflammatoire du muscle
cardiaque (myocardite), une cardiomyopathie dilatée idiopathique ou une surcharge en volume

(régurgitation valvulaire).

La définition retenue par les imageurs pour quantifier le remodelage VG au décours d’un
évenement ou d’une intervention thérapeutique se base initialement sur la quantification d’un
mécanisme isolé de dilatation cavitaire télé-diastolique (TD) associée ou non a des variations de
volume télé-systolique (TS). Ceci a permis de proposer la notion de remodelage délétére, défini
habituellement comme une augmentation de volume TD et/ou TS de 10 a 20% (4) ou de
remodelage inverse, en cas diminution du volume TS du VG et implicitement d’amélioration de

la FEVG (de 5 4 10%). (4)



1.1.2 Remodelage dans le post infarctus
Dans les modeles post-infarctus, le processus de remodelage du VG débute rapidement
habituellement dans les premiéres heures apres la survenue de 1’infarctus et continue a progresser
a distance de 1’événement aigu (3). La vitesse de progression est influencée par la sévérité de la
pathologie sous-jacente, les événements secondaires (comme les récidives d’IDM), et d’autres

facteurs comme ’activation neurohormonale, le génotype et le traitement (5,6).

Nous pouvons distinguer 3 phases : une phase dite précoce (1 a 7 jours post IDM)
correspondant a I’installation de la réponse inflammatoire, une phase de cicatrisation avec la
mise en place d’un tissu de granulation (du 7éme au 21éme jour), puis un remodelage dit tardif

(21eme 48 jour) correspondant a la reconstruction de I’architecture myocardique

POST-MI REMODELING

Acute Infarct Zone Spherical Ventricular
Infarction Thinning & Elongation Dilation

RSP v

b ‘ o
HLIELSN

Myocyte Hypertrophy

Figure 1 : Trois représentations conceptuelles du remodelage VG dans le post infarctus : la phase précoce est
caracterisée par un amincissement et une élongation de la cicatrice fibreuse de la zone infarcie. Par la suite
progressivement le VG va se dilater avec une transition vers une forme elliptique puis sphérique avec hypertrophie
progressive des myocytes des zones saines et apoptose avec stress pariétal augmenté et remplacement des myocytes
par du collagene (7)

Pendant la phase précoce, la nécrose myocardique provoque la migration de macrophages,
monocytes et neutrophiles vers la zone infarcie ; cela initie des signaux intracellulaires et neuro-
hormonaux permettant de cibler la réponse inflammatoire. L’extension de I’infarctus est due a la
destruction des ponts inter-myocytaires par des sérine protéases et des métalloproteinases
relarguées par les neutrophiles permettant un phénomene de glissement des fibres musculaires

les unes sur les autres (8). Cette extension survient en quelques heures et aboutit a un



amincissement de paroi et une extension de la zone 1ésée, avec pour conséquence une €lévation

des contraintes diastoliques et systoliques de I’ensemble de la paroi ventriculaire (9).

La perte aiglie de myocarde entraine un brutal changement des conditions de charge de
I’ensemble du VG, aussi bien au niveau de la zone infarcie que du myocarde adjacent (10). Ceci
engendre une réorganisation structurale de la matrice extracellulaire cardiaque (MEC). La MEC
fournit un échafaudage résistant et élastique se composant de collagene de type I et III qui lie les
myocytes et maintient les relations spatiales entre les myofilaments et leur microcirculation
capillaire (11). Cette « toile » de collagéne lie les myocytes adjacents par des ponts
intercellulaires permettant 1’alignement des myofilaments pour optimiser la force développée. A
noter qu’a la phase aiglie, I’amincissement peut étre masqué par 1’cedéme de paroi qui induit un

épaississement (12).

L’extension de I’infarctus entraine une dysfonction globale du VG et altére les relations de
Frank-Starling au niveau des segments non ischémiques entrainant une augmentation de leur
contractilité (13). Les perturbations au niveau de la microcirculation coronaire stimulent le
Systeme Nerveux Autonome (SNA) qui active le systéme rénine angiotensine (SRAA) et induit
la sécrétion de peptides atriaux natriurétiques. Les peptides natriurétiques induisent une
diminution du volume intravasculaire, des résistances périphériques et donc de la précharge. Ces
phénomenes améliorent les performances du VG en améliorant son remplissage et le volume
d’¢jection systolique (VES). Cette ensemble de réponses a pour but de maintenir le VES en

impliquant la partie non infarcie du myocarde (13).

Tardivement 1’augmentation des contraintes pariétales constitue un puissant stimulus de
I’hypertrophie réactionnelle. Celle-ci est médiée par les chémorécepteurs et la transduction
intracellulaire, en partie via I’Angiotensine 2 libérée qui initie la synthése de nouvelles unités
contractiles. Le remodelage tardif consiste en une hypertrophie des myocytes et une adaptation
de I’architecture myocardique afin de répartir le stress sur ’ensemble de la paroi. Au niveau de
la MEC, se forme une cicatrice de collagene pour prévenir les déformations du VG. Au niveau

du myocyte, I’hypertrophie peut aller jusqu’a 70% du volume cellulaire initial (75).
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1.1.3  Valeur pronostique du remodelage et lien avec I’insuffisance cardiaque

La prévalence de I’insuffisance cardiaque (IC), et en particulier celle d’origine ischémique,
augmente continuellement en France, comme d’ailleurs dans tous les pays industrialisés, ce qui
constitue un véritable probléme médico-économique (14). Chaque année, 120 000 personnes
présentent un IDM et 500000 patients souffrent d’IC. Le remodelage VG aprés un IDM est

observé chez environ 30% des patients malgré les thérapeutiques modernes.

Apres un IDM, la survenue d’un remodelage cardiaque délétére, avec les majorations
progressives de la dilatation et de I’hypokinésie du VG, est la principale cause de cette évolution
vers I’'IC (3). Il est décrit a la fois comme un processus adaptatif permettant de maintenir la
fonction cardiaque en réponse a une Iésion aigue cardiaque et un processus délétére a long terme
(15). Un remodelage évolutif est un facteur de mauvais pronostic: il précede 1’altération de la

fonction VG et contribue au développement de I’IC chronique (16,17).

Bolognese et al ont montré, dans une étude ayant inclus 284 patients apres un IDM aigu
revascularisé, qu’un remodelage VG, défini par I’augmentation de plus de 20% du volume TD
du VG a 6 mois par rapport au volume initial, est un facteur de mauvais pronostic avec une
mortalité cardiaque significativement plus élevée que les patients sans remodelage VG (18). Par
la suite, Solomon et al. ont confirmé, comme cela 1’a été pour la dysfonction VG, que la
dilatation cavitaire (diastolique ou systolique) prise comme variable continue dans le post-IDM

est un déterminant important du pronostic cardiovasculaire (Figure 2) (19).
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Figure 2: Prédiction du remodelage par mesure des différents parametres de fonction et de
dilatation du VG et leur rapport a la survenue d’évenement cardiovasculaire aprés IDM (19)

Au cours des derniéres années, les avancées thérapeutiques, comme la revascularisation
coronaire précoce et les traitements bloquant 1’activation neuro-hormonale comprenant les
inhibiteurs de 1’enzyme de conversion de l'angiotensine (IEC), les inhibiteurs du recepteurs
mineralocorticoide (« anti-aldostérones ») et les bétabloquants ont permis d’améliorer le

pronostic des patients (20).

Cependant, malgré une prise en charge thérapeutique respectant les recommandations
internationales, 1/3 des patients développent un remodelage VG (21). Les déterminants du
remodelage VG ne sont actuellement pas completement élucidés. La sévérité des séquelles
initiales d’infarctus, la transmuralit¢ de la nécrose et une FEVG abaissée en sont alors trés
certainement les déterminants principaux (22)(23) mais ce remodelage varie aussi en fonction

d’autres parameétres.
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1.1.4  Remise en cause de la définition actuelle

Bicre et al. ont montré qu’une définition basée uniquement sur des volumes présente des
limites (24). Ils ont repris 264 études conduites dans 1’évaluation du remodelage post IDM mais
également aprés implantation d’un dispositif de resynchronisation (24). Parmi ces études
¢valuant le remodelage post IDM, 42% des études avaient prédéfini une valeur seuil a priori. La
valeur de 20% d’augmentation du volume TD était le critere le plus utilisé. En remontant a
rebours la littérature et les citations des différents travaux auxquels se référengaient ces études,
ils ont soulevé deux problématiques: 1) I’association de ce parameétre volumétrique dichotomisée
a une valeur seuil (cut-off a 15 ou 20%) avec la morbi-mortalité cardiovasculaire n’a jamais été
prospectivement validée — évaluation uniquement rétrospective sur des échantillons de petite
taille ; 2) le niveau de preuve afférent au choix de ces valeurs seuils, et des publications dont
elles découlent, est tres faible. En effet il s’agit d’une publication de McKay en 1986; (figure 3).
Cette étude reprenait des patients venant de présenter un IDM revascularisé¢ par thrombolyse
avec une évaluation du remodelage par des variations de mesure angiographique entre la phase
aigiie et J14 (25). Le timing (précoce) et la méthode de quantification doit donc nous questionner

sur la validité et la pertinence de 1’utilisation de ce seuil unique.

Whie Ccutation 1987 (711 L

Mofler N Engd ) N 200) |55

| Sevoye Am | Cordled 2006 [S8] »
o bnageg M) i41] & Bobugrene Cutslation J00£ [30]

Forrari Aceh Ietern Mad 2006 [19]
Mamlatt Eur Meart § 2000 (41| e —— e —

Figure 3: Flow- chart des citations pour les valeurs seuil de remodelage VG dans le post infarctus (20%
d’augmentation (bleu) 15 % (jaune)
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1.2 Changement du phénotype et du risque de remodelage dans I’IDM avec

sus-décalage du segment ST

1.2.1  Evolution du phénotype des patients, des prises en charge et du risque de

remodelage

A 1’échelle des populations occidentales, la mortalité cardiovasculaire, principalement
coronarienne, décroit d’année en année (26); ceci est li¢ a une modification des caractéristiques
de la population, une amélioration de la prévention primaire et secondaire et une meilleure
utilisation des techniques de reperfusion et des thérapeutiques médicamenteuses (27). Ces
améliorations diminuent alors la taille d’infarctus et améliorent les FEVG diminuant le risque de

remodelage délétére suite a un infarctus.

Conséquence de la moindre 1étalité de ’IDM, le nombre d’IC dans cette population est en
augmentation (28)(29), notamment le nombre d’hospitalisations pour IC aigue (30)(31). Ces
patients font souvent partie de cette entité pleiomorphe qu’est 1’insuffisance cardiaque a FE
préservée (ICFEP). Environ la moitié de I’ensemble des sujets présentant une ICFEP ont une
coronaropathie associée (figure 4) (32). La coronaropathie contribue a la physiopathologie de la
dysfonction diastolique notamment par des épisodes d’ischémie répétés ou des séquelles

myocardique limitées (33). Elle va par ailleurs impacter directement le pronostic des ICFEP (34).

1.

HFpEF without CAD
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c
'S )
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0 2 4 6 8 10

Years

Figure 4 : Courbe de survie des sujets ICFEP sans ou avec atteinte coronarienne (32)
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1.2.2  Roéle du remodelage et de I’atteinte fonctionnelle infra-clinique (lien avec

I’ICFEP)

Le concept de dysfonction diastolique et d’ICFEP (FEVG>50%) ou intermédiaire (FEVG
40-50%) doit nous interroger sur le profil évolutif de ces patients initialement asymptomatiques
mais a risque de développer a plus ou moins long terme une IC (classe B de la classification
ACC/AHA) (35,36). Les principaux facteurs de risque d’évolution sont ’'HTA et le
vieillissement, et bien sur la cardiopathie ischémique (37)(33)(38). Comme nous le savons la
physiopathologie et la stratification du risque des sujets avec ICFEP ou peu altérée est
d’autant plus difficile, qu’en plus de D’atteinte ischémique, elle est intriquée avec le

vieillissement cardiovasculaire et les comorbidités (34).

Le processus physiopathologique aboutissant a une ICFEP prend plusieurs années durant
lesquelles des modifications morphologiques et fonctionnelles aboutissent a terme au
développement des symptomes (39). Les anomalies de la relaxation sont le plus souvent en
rapport avec des anomalies du métabolisme énergétique du VG (hypertrophie, ischémie...).
Secondairement des anomalies de la compliance apparaissent liées a une diminution des
propriétés élastiques du VG puis les pressions de remplissage et le risque de développement

d’une ICFEP augmentent. La prévention de 1’évolution vers ' ICFEP est donc fondamentale.

Il est important pour le clinicien de développer de nouveaux biomarqueurs permettant de
dépister parmi les patients qui ont fait un IDM ceux a risque d’évoluer vers une IC. En effet, la
faible dispersion de la FEVG rend ce parametre moins discriminant dans le post IDM, et ceci
doit nous pousser a développer d’autres marqueurs approchant de maniere fine la taille de ’IDM

mais aussi évaluant I’intégrité du myocarde adjacent.

Parallelement, bien que les anomalies diastoliques aient été principalement impliquées
dans la gene¢se de 'ICFEP, de nombreuses études indiquent que la fonction systolique (a
distinguer de la FEVG) peut ne pas €tre totalement normale et ceci indépendamment de la
présence d’une séquelle de nécrose. La fonction radiale est le plus souvent longtemps préservée
et la FEVG reste par conséquent normale ou sub-normale (40)(41).Ces anomalies structurelles
systoliques et la dysfonction diastolique sont le plus souvent minimes aux stades précoces, et les
mesures échocardiographiques standards sont alors prises en défaut. C’est a ce stade que des
parametres échocardiographiques de déformation notamment longitudinale pourraient jouer un
role dans la stratification et la détection de ces patients. Il peut exister précocement une atteinte

de la contraction longitudinale qui peut étre mise en évidence par de I’imagerie de déformation
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(42)(43). Le strain en association avec la masse VG a récemment prouvé sa valeur additionnelle

pour prédire les nouvelles IC dans une population asymptomatique (classe B) (44).

Ceci confirme que des travaux sont nécessaires pour comprendre le lien et
I’influence réciproque du remodelage lié au vieillissement cardiovasculaire physiologique
d’une part et celui lié a des événements intercurrents qui vont précipiter ce phénomeéne
d’autre part. L’un des dénominateurs communs séduisant, et pouvant étre identifié par des
biomarqueurs d’imagerie et/ou circulants, est la fibrose myocardique interstitielle

réactionnelle et/ou focale cicatricielle.

16



1.3 Nouvelle ére de I’évaluation du remodelage : amélioration du niveau de

preuve des nouveaux outils d’imagerie

A T’¢ére des nouvelles méthodes d’imagerie cardiovasculaire, devant la complexité et la
variété du profil de risque de nos patients, on ne peut se limiter a un seul parameétre pour
caractériser le remodelage cardiaque. La prédiction d’un remodelage doit prendre en compte 1)
le stress li¢ a des événements aigus (exemple : un syndrome coronarien aigu), 2) celui li¢ au

phénotype cardiovasculaire sous-jacent et 3) a I’exposition aux comorbidités (45).

1.3.1  Nécessité d’une approche multiparamétrique (fonctionnelle et structurelle)

Si on prend un modele physiopathologique avec une atteinte segmentaire focale comme
dans I’infarctus, la zone infarcie va interagir avec les structures adjacentes « saines » et induire
une réponse histologique globale. L’importance du remodelage va dépendre de son étendue
(taille), de la zone infarcie et du temps de reperfusion. Mais, il fait aussi appel a un ensemble de
mécanismes interconnectés tels que la mise en place d’une réaction inflammatoire, d’une
hypertrophie cardiaque réactionnelle et la formation d’un tissu cicatriciel (46). Cette réponse sera
variable en fonction de 1’état du myocarde sous-jacent et induira a des degrés variables des

modifications histologiques avec apparition d’une fibrose interstitielle (25,47).

Une sous-¢tude de I’essai VALIANT (figure 5) I’a montré en clarifiant la valeur
pronostique des différents types de remodelage VG au décours d’un IDM (48). Les patients avec
remodelage hypertrophique, et ce d’autant plus qu’il était concentrique, avaient un risque

significativement plus €élévé de survenue d’évenements cardiovasculaires.

Ces résultats suggerent clairement que le sur-risque d’événements
cardiovasculaires comme les ré-infarctus et les AVC n’est pas uniquement en relation avec une
dysfonction cardiaque ou une simple augmentation des volumes ventriculaires mais avec une

modification durable de la structure myocardique.
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Figure 5 : impact de la présence ou non d’un remodelage VG de type concentrique ou hypertrophique
dans le post infarctus sur le risque de la survenue d’évenements cardiovasculaire. (48)

Le remodelage 1i¢ au vieillissement cardiovasculaire comprend des mécanismes adaptifs
(exemple : 1i¢ a une augmentation de la post-charge comme dans 1’hypertension artérielle) avec
des phases intermédiaires et des modifications structurelles initialement imperceptibles par les
techniques d’imagerie habituelles. Secondairement un remodelage concentrique puis une

hypertrophie vont se développer progressivement (48).

Considérant le remodelage délétere comme un risque majeur d’événements
cardiovasculaires, I’évaluation du « statut » initial de chaque sous-type de cardiopathie, dont la
pathologie ischémique, est indispensable pour conduire a une stratification du risque. L’imagerie
multimodale permettrait d’investiguer les différentes types de remodelage intégrant la part
fonctionnelle et structurelle de la maladie (49,50). En effet, bien que les volumes semblent rester
des puissants indicateurs d’évenements, des informations additionnelles semblent indispensables

a prendre en compte.

1.3.2  Place de I’imagerie multi-modalités : vers une approche intégrative

Notre postulat est que nous devons en 2017, nous appuyer sur des outils cliniques,

biologiques et d’imagerie suffisamment performants pour dépister et stratifier 1’atteinte
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initiale et prédire ’apparition d’un remodelage ultérieur. Cependant, certaines anomalies
cardiaques structurelles et fonctionnelles minimes ne peuvent pas étre détectées par les
techniques volumétriques classiques (échocardiographiques ou IRM), mais pourraient
I’étre par des méthodes plus fines d’échographie incluant notamment les paramétres de

déformation myocardique, avec en téte de file, le strain.

Les biomarqueurs d’imagerie ou circulants sont a méme de nous renseigner sur la
physiopathologie et le processus conduisant au remodelage et sur la mécanistique de 1’apparition
de la fibrose myocardique (stress, inflammation, nécrose...). Les parametres de déformation
myocardiaque par la mesure du strain utilisant le speckle tracking (suivi des marqueurs
acoustiques) en est un des principaux, permetant a la fois d’approcher la fonction globale et
régionale du myocarde et pouvant s’appliquer aux 2 ventricules. Sa valeur dans un certain
nombre de cardiomyopathies a déja ét¢ montré que ce soit pour sa valeur diagnostique ou
pronostique mais aussi pour identifier la fibrose myocardique (51-54). Un autre exemple est
celui du couplage ventriculo-artériel qui s’est récemment affirmé comme un composant majeur

d’évolution du remodelage et une potentiele cible thérapeutique (55)

Pour en intégrer 1’impact pronostique, il est nécessaire de prendre en considération
I’ensemble des aspects du remodelage et d’évaluer de nouvelles méthodes pour les détecter et les
quantifier. La validation de ces nouveaux outils ne peut se faire que dans la perspective de les
tester dans des cohortes de patients « modernes » en rapport avec |’amélioration des

thérapeutiques actuelles.

1.3.3  Changement de raisonnement et de méthodologie

L’imagerie cardiovasculaire souffre actuellement de critiques et certains cantonnent son
utilisation comme simple outil consultatif n’engendrant pas de prise de décision. Le probleme est
li¢ au fait que I’évaluation et la validation de nouveaux marqueurs d’imagerie se rattache
principalement a des études observationnelles et rétrospectives. L’une des raisons est 1’évolution
constante et rapide des techniques d’exploration d’imagerie cardiaque. En effet plusieurs étapes
successives de validation vont étre nécessaires avant qu’un biomarqueur soit appliqué comme
outil décisionnel avec un niveau de preuve suffisant. Le chevauchement perpétuel des
découvertes technologiques s’associant a un ancrage aux standards utilisés depuis des décennies

dans la pratique quotidienne rend la tiche d’autant plus compliquée.
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Ainsi, nombre de biomarqueurs restent au stade expérimental ou avec une simple valeur
diagnostique ou pronostique sans impact sur la décision thérapeutique. On doit cependant
s’attacher a changer nos mentalités et nos facons d’appliquer les modalités d’imagerie en
pratique clinique pour augmenter leur impact interventionnel. Par ailleurs la multiplicité des

méthodes et des sources d’informations doit étre synthétisée dans des algorithmes décisionnels.

Les différents axes de construction d’un modele basé¢ sur les preuves ont été illustrés dans
un récent éditorial de Thomas Marwick intitulé « /'imagerie ou la vallée de la mort » (56). 1l
propose plusieurs étapes (Figure 6) permettant de confronter 1’imagerie au monde
interventionnel. Rattacher un biomarqueur a un mécanisme physiologique et a son substratum
reste la phase initiale incontournable de la naissance et la validation d’un outil. La seconde étape
indispensable est de prouver sa reproductibilit¢ mais surtout son accessibilité et sa faisabilité
dans la communauté cardiologique. Par la suite, il convient d’en apprécier sa valeur diagnostique
et son évolution en fonction d’une intervention pour I’appliquer dans des essais randomis€s

comme outil décisionnel.

Physiologic | | Feasibility, LS Responsiveness | | Performance | | Economic Clinical

B

Observation Reproducibility to Intervention in RCT Analysis Pathway

Figure 6: Editorial de Thomas Marwik intitulé « l'imagerie ou la vallée la mort » et interpellant la
communauté cardiologique sur la place de ['imagerie dans la prise en charge de nos patients.

La grande majorité des essais cliniques sont réalisés dans le champ de la thérapeutique
médicamenteuse. Devant les difficultés d’inclusion et de réalisation des essais en imagerie
cardiaque, rares sont les données randomisées disponibles dans ce domaine. On doit donc, autant

que possible, se satisfaire de données observationnelles.

Nous avons essay¢ par un soutien méthodologique statistique d’avancer dans ce sens pour
prouver que les outils utilisés dans notre travail pourraient apporter une valeur additionnelle dans
les pratiques du clinicien. L’équipe du CIC Plurithématique a une « propension » pour ce type
d’analyse et de projet avec plusieurs travaux publiés mettant en avant les outils statistiques et
leurs intéréts métrologiques que ce soit sur le concept du score de propension ou de survie (57—

59).
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L’autre pan d’une approche multiparamétrique est l’utilisation méthodologique bio-

statistique adaptée permettant de se fixer un objectif a démontrer et d’obtenir non pas une simple

association avec tel ou tel paramétre mais de prouver sa valeur additionnelle et la fagon de

I’implémenter dans la pratique quotidienne (60) (figure 7).
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Figure 7 : Approche bio statistique et échocardiographique démontrant ['utilité des BM dans le présent
(association entre 2 éléments et ajustement sur les facteurs confondants) et le futur : démonstration de la
valeur additionnelle et la précision d’'un BM.
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1.4 Synthese

La progression de notre travail et notre récente expérience notamment dans une cohorte de

post infarctus nous a donc mis face a plusieurs observations et questions non résolues :

- Une modification du phénotype et de la sévérité d’une partie des patients présentant un
IDM, devant nous questionner sur le mode de suivi et la stratification de ces patients,

Il s’agit en effet des patients a risque de développer une IC a FE préservée, ou altérée,

- La nécessité¢ de trouver des outils d’évaluation du remodelage en proposant une
approche multiparamétrique et multimodale et la nécessité de prioriser et d’algorithmer

nos prises charge d’imagerie,
- Et la nécessité de construire, et d’apporter a 1’imagerie cardiovasculaire un niveau de

preuve élevé et non uniquement de la cantonner a des recommandations basées sur des

consensus d’experts.
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2 COHORTES ETUDIEES

Afin de réussir ce projet nous nous adossons aux ¢tudes déja en cours au CIC-P et CIC-IT
de Nancy. Ces ¢études comportent des données cliniques, biologiques et d’imagerie

cardiovasculaire sur des populations variées.

2.1 Cohorte REMI (REmodeling after Myocardial Infarction)
Il s’agit d’une étude multiparamétrique du remodelage cardiaque apreés infarctus
myocardique revascularisé en phase aigiie et sa relation avec les concentrations sé€riques en

aldostérone. (Investigateur coordonnateur N.Girerd, Co investigateur O.Huttin ; Promoteur

CHRU Nanc. N° ID RCB : 2009-A00537-50 )

L’objectif principal était de déterminer si I’aldostéronémie est un prédicteur de remodelage
dans les 6 mois suivant un infarctus avec sus-décalage du segment ST (STEMI) revascularisé en
phase aigué, indépendamment des parametres prédictifs conventionnels (en particulier de la taille
d’infarctus, de 1’age et de I’hypertension artérielle). L hypothése est que la relation entre
aldostéronémie et événements cardiovasculaires pourrait étre en grande partie expliquée par les
effets déléteres précoces et a long terme de ’aldostérone sur le remodelage cardiaque. Les
objectifs secondaires et les études ancillaires découlaient de 1’évaluation des parametres
morphologiques et fonctionnels du myocarde ischémique et de la séquelle d’DM par

échocardiographie et IRM.

Une IRM cardio-vasculaire, une échocardiographie et des prélevements sanguins ont
été réalisés entre les 2¢me et 4éme jours aprés I’infarctus, puis 6 mois plus tard, chez 143
patients traités par revascularisation en phase aigué d’un STEMI au CHU de Nancy entre
2010 et 2013. L’IRM cardio-vasculaire avait pour but 1) d’évaluer 1’évolution de la fonction et
des volumes ventriculaires gauches aprés l’infarctus, le remodelage étant défini par une
augmentation de plus de 20 % du volume t€l¢ diastolique et 2) d’identifier des déterminants de
ce remodelage, en particulier la taille de I’infarctus et les paramétres vasculaires intervenant sur
les conditions de charge (résistances périphériques, vélocité de 1’onde de pouls aortique). Les
prélevements sanguins permettaient de mesurer : 1’aldostéronémie, la réninémie, le BNP, la CRP
ultrasensible et le procollagene de type 3, un marqueur de la fibrose collagéne qui semble

particulierement impliqué dans le remodelage en post-infarctus.
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L’échocardiographie était réalisée sur un appareil de derniere génération (Vivid 9, General
Electric Medical Systems, Horten, Norway) avec acquisitions d’images en 2 et 3 dimensions afin
d’évaluer les parametres de fonction systolique et diastolique ventriculaire gauche et droite et les
parameétres de déformation le plus précisément possible. Toutes les mesures étaient réalisées en

post traitement par le méme opérateur avec une analyse globale et segmentaire de chaque cavité.

2.2 Cohorte STANISLAS

La Cohorte STANISLAS est une cohorte monocentrique familiale longitudinale de 1006
familles (4295 sujets) de la région de Nancy recrutées en 1993-1995 au Centre de Médecine
Préventive de Vandceuvre lés Nancy a 1’occasion d’un examen périodique (quinquennal) de
santé, sous I’égide de la CNAM. La 4¢éme visite de la cohorte STANISLAS vient de s’achever et

a ét¢ conduite par le CIC-P de Nancy.

Cette cohorte a été mise en place avec pour objectif principal la recherche des interactions
gene-geéne et géne-environnement dans le domaine des maladies cardio-vasculaires, et ce, en se
basant sur I’é¢tude de la variabilité interindividuelle et du déterminisme familial de phénotypes
intermédiaires biologiques et morphologiques du risque cardio-vasculaire. Les familles,
composées des deux parents et d’au moins deux enfants biologiques étaient supposées saines a
leur inclusion, exemptes de maladie aigué€ et/ou chronique déclarée afin de pouvoir évaluer
I’effet de la génétique sur la variabilité des phénotypes intermédiaires étudiés initialement dans
des conditions physiologiques sans 1’influence de la pathologie. Grace aux 20 ans de recul
donnés par la 4™ yisite, on peut étudier 1’évolution du morphotype cardiovasculaire sous

I’influence du vieillissement.

Lors de cette visite, outre un examen clinique, une mesure ambulatoire de la pression
artérielle sur 24 h, une échographie cardiaque compléte de recherche est réalisée et des
prélévements sanguins et urinaires sont congelés. L’ensemble des échocardiographies ont été
réalisées sur un échocardiographe de derniere génération (Vivid 9, General Electric Medical
Systems, Horten, Norway). Un échantillon de 70 patients a aussi eu une IRM cardiaque avec

¢tude de la fonction systolique et diastolique.

Par ailleurs, un PHRC BioSe-PrelC a été accepté fin 2013 sur I’évaluation des performances
diagnostiques des biomarqueurs circulants dans le dépistage précoce de I’insuffisance cardiaque
(Coordonnateur : Dr Olivier HUTTIN ; Méthodologiste : Dr Nicolas GIRERD;  Co-
investigateur Pr Patrick ROSSIGNOL). 1l s’agit d’une étude ancillaire de la cohorte Stanislas
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qui inclut des volontaires participant a la 4éme visite de la cohorte. Elle s’intégre directement
dans le schéma de ma thése elle vise notamment a évaluer la performance des parameétres pour la
prédiction d’un remodelage au cours du vieillissement cardio-vasculaire. Le but final de ce
travail est de déterminer si une approche intégrative basée sur plusieurs biomarqueurs circulants
investiguant plusieurs processus physiopathologiques impliqués dans la genése de I'IC a FE
préservée permet d’identifier une IC pré-symptomatique (stade B de ’ACC/AHA). Dans cette
optique, on souhaiterait déterminer 1’apport, en plus des caractéristiques cliniques des sujets, du
dosage de biomarqueurs circulants (Galectine-3 (Gal-3), PIIINP, Thrombomoduline (ST2)) dans
une population générale pour dépister les stades précoces d’insuffisance cardiaque validés par
I’échocardiographie trans-thoracique (sur des critéres de fonction diastolique et de masse

ventriculaire gauche).
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3 DEFINITIONS DE CONCEPTS

Chaque technique d’imagerie a ses spécificités avantages et inconvénients. Elles permettent
dans tous les cas de décrire les 1ésions et d’apprécier leurs conséquences avec une approche qui
sera structurelle (anatomique) ou au contraire plus fonctionnelle selon les caractéristiques de

chaque technique.

3.1 IRM cardiaque

L’IRM cardiaque est une technique qui s’avere particulierement informative dans le
domaine du remodelage cardiaque et le post-infarctus. Il a la capacité de quantifier les variations
de la structure et du fonctionnement cardiaque (dilatation, hypertrophie, hypokinésie) et

I’étendue des séquelles d’infarctus et leur sévérité en terme d’extension transmurale.

3.1.1  Volumétrie

Il s’agit d’un domaine ou I’IRM est nettement supérieur a I’échographie, car cet examen
est particulierement précis et sensible pour détecter les variations du volume VG (18), comme
d’ailleurs celles de la FEVG ou de la masse (figure 8), en particulier lorsqu’on utilise les
nouvelles séquences de précession a 1’équilibre. On sait par exemple que I’inclusion de 10
patients peut étre suffisante pour que I’IRM puisse mettre en évidence une variation spontanée
ou post thérapeutique de 10 ml du volume tél¢ diastolique ou de 10 g pour la masse myocardique
; alors qu’en échographie, qui est beaucoup moins reproductible, les nombres de patients

nécessaires sont beaucoup plus importants : 53 et 190, respectivement(61).

Figure 8 : coupe petit axe jointive télediastolique permettant apreés tracé endocardique (rouge) et
peéricardique (vert) d’évaluer le degré de remodelage ventriculaire gauche avec calcul de la masse et des
volumes télédiastolique et systolique du VG
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3.1.2  Caractérisation tissulaire

3.1.2.1 Taille d’infarctus
Le gold standard en imagerie cardiovasculaire pour définir la taille d’un infarctus et sa

transmuralité et donc la viabilité résiduelle est I’IRM cardiaque avec injection de gadolinium

(62)(63).

Ciné-IRM Rétention
(SSFP) tardive
Grand-axe’

horizontal

Petit-axe
U médian

Figure 9 : Image télé-diastolique obtenues en Ciné IRM (a gauche) et images enregistrées 10 minutes
apres linjection de gadolinium DPTA chez un patient avec un infarctus antérieur et remodelage délétére

L’¢tude de l'hypersignal tardif post-gadolinium apparait comme une technique tres
pratique et aisée a réaliser. Ses fondements ont été apportés par de multiples travaux
(64)(65)(66). Cette technique dite de « rétention tardive » a déja fait I’objet de plusieurs études
dans notre équipe (67—69). Elle s’avere particulierement efficace pour différencier les territoires
nécrosés de ceux viables et dont la dysfonction est liée a une sidération ou a une hibernation
myocardique. Surtout, des études récentes ont permis de montrer que lorsqu’elle était évaluée en
IRM dans les 2 a 3 jours suivant un infarctus reperfusé (70,70,71) , la sévérité des séquelles
d’infarctus était un parameétre prédictif trés puissant : 1) du risque de la survenue de
complications ultérieures et en particulier, du risque d’hospitalisation pour IC et 2) du

remodelage ultérieur.
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3.1.2.2 Obstruction micro vasculaire

Le concept de no-reflow a été décrit par Kloner en 1974, chez le chien, aprés occlusion
coronaire temporaire. Il s’agit d’un retard de perfusion tissulaire en rapport avec une obstruction
micro-vasculaire a 1’étage tissulaire d’aval. L'importance du no-reflow s'accroit a mesure que la
durée de l'occlusion coronaire augmente. Une forte corrélation entre durée d'occlusion et
prévalence de no-reflow a ainsi été rapporté (72).

L’obstruction a ét¢ démontré comme un facteur important influencant le remodelage
cardiovasculaire et d’éveénements cardiovasculaires et ceci indépendamment de la taille de
I’infarctus lui-méme (73). I s'agit d'un défect segmentaire de visualisation du produit de
contraste injecté, prédominant au sous endocarde, plus ou moins fugace apres l'injection

(74)(75).Ce phénomeéne est délétére car il s’associe a plus de complications évolutives (76).

3.1.2.3 IRM vasculaire et couplage ventriculo-artériel

L’application pratique du concept de couplage ventriculo-artériel au niveau clinique s’est
toujours heurtée a la difficult¢ d’acquérir des boucles Pression — Volume ventriculaires
nécessaires a la détermination de 1’¢lastance ventriculaire (Ees) et de I’¢lastance artérielle

(Ea).(77)

L’IRM permet aussi d’analyser le fonctionnement vasculaire grice a des séquences de
contraste de phase, qui mesure trés précisément les débits sanguins. C’est, par exemple, le cas
des mesures faites a la racine de I’aorte et qui permettent d’évaluer le débit cardiaque total, ainsi
que les résistances artérielles périphériques totales (deébit cardiaque / pression artérielle
systémique moyenne)(78,79). La mesure du flux perpendiculairement au plan de coupe permet
de quantifier le débit dans une région d'intérét donnée avec une exactitude et une reproductibilité
trés satisfaisantes. L'intégrale du flux dans une région d'intérét donnée correspond au débit
sanguin durant le cycle cardiaque. Ainsi on peut déterminer le VES dans des conditions qui sont
indépendantes du tracé des contours endocardiques. La mesure combinée de la pression artérielle
(PA) au bras et de ce VES a récemment été démontré par notre équipe son intérét dans la

caractérisation IRM du remodelage chez les hypertendus (79,80).

L’IRM est alors ici un outil permettant d’approcher les résistances périphériques vasculaires
totales, les index de compliance artérielle. L’interaction entre le ventricule et le réseau vasculaire
est un déterminant majeur de la performance cardiaque globale. L’évaluation du couplage
ventriculo-artériel grace a la mesure de I’¢élastance ventriculaire, comme reflet de la contractilité
et de I’¢lastance artérielle, en tant qu’indice de post-charge, permet de quantifier cette

interaction. Il a ét¢ démontré par Sagawa et al. que Ea peut aussi étre simplement calculée par le

28



rapport de Pes/VES ou Pes est la pression télésystolique du VG (81). En théorie, une évaluation
objective du couplage ventriculo-artériel permettrait d’optimiser le traitement hémodynamique.
En effet, I’interaction ventriculo-artérielle est percue de maniére intuitive au travers de la FEVG
et des résistances vasculaires systémiques. On administre des vasodilatateurs et des inotropes

positifs en présence d’une hypertension avec FEVG effondrée (82)

Cependant il faut rappeler que I’IRM n’est que rarement réalisé en phase aigiie d’IDM en
raison d’une part de manque de temps machine et de 1I’impossibilité de réaliser cet examen en

phase aigiie li¢ a I’instabilit¢ hémodynamique et/ou respiratoire du patient (83).

3.2 La déformation myocardique en échocardiographie

3.2.1  Concept

Une déformation se définit par deux parameétres : la variation de longueur et la vitesse de
cette variation. Les termes échographiques consacrés sont respectivement le strain et le strain-

rate.

Le strain est une caractéristique mécanique de la déformation d’un objet. C’est une
quantification du pourcentage de rapprochement (raccourcissement) ou ¢largissement
(épaississement) entre deux extrémités d’un segment. Pour une fibre myocardique de longueur
LO pouvant s’étirer en diastole ou se raccourcir en systole jusqu’a une longueur L, le strain dans
une dimension (allongement/raccourcissement) sera selon la formule de Lagrangian : ¢ = (L-
LO)/LO. 1I est positif si L est supérieur a LO (épaississement), négatif si L est inférieur a LO

(raccourcissement).

Le strain rate (Sr) est la vitesse de déformation d’un objet. Il s’obtient par la formule

strain/At ou At est la variation dans le temps. Il s’exprime en sec-1.

Figure 10 : formule pour le calcul du strain. L0 : longueur initiale de la fibre myocardique ; L :
longueur maximale de la fibre myocardique ; L : variation de longueur de la fibre myocardique
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3.2.2  M¢éthodes de mesure
Les mesures de strain et strain rate peuvent s’effectuer a partir du Doppler tissulaire
(DTT) ou a partir du 2D Speckle Tracking Imaging (2D-SI). Contrairement au DTI, le 2D-SI
permet de surmonter le probléme de 1’alignement de la paroi analysée avec la ligne de tir

Doppler.

L’image ultrasonore bidimensionnelle du myocarde est la résultante de la réflexion sur
les tissus des ultrasons émis. Les ultrasons sont rétrodiffusés par les interfaces entre deux milieux
d’impédances acoustiques différentes (exemple : interface sang/endocarde) et a une échelle plus
fine au sein des tissus composés d’éléments d’impédances différentes (exemple : collagéne/fibre
musculaire). L’image échographique prend 1’aspect d’un agencement de motifs avec des valeurs
de gris différentes. Ces valeurs de gris différentes sont constituées d’unités acoustiques qui sont
réparties de facon égale au sein du myocarde, appelé « Speckle » ; Ils vont étre regroupés en
régions d’intérét de 20 a30 pixels de myocarde par détermination semi-automatique des contours
de I’endocarde et de I’épicarde de la paroi myocardique. Le suivi des différents speckles d’une
image a ’autre et I’un par rapport a I’autre permet d’évaluer les déplacements, les vitesses de

déformation et les déformations myocardiques.

Cette technique d’étude a pour avantage par rapport au TVI de ne pas €tre basée sur la
technique doppler et donc de ne pas étre dépendante de I’angle du faisceau ultrasonore et de plus,
de permettre 1’étude de déplacements dans 2 directions. La cadence image nécessaire est
moindre que celle nécessaire avec le TDI. La seule limite a cette technique est la qualité¢ de

I’image qui doit étre suffisante pour permettre I’identification et le suivi des speckles.

Figure 11: principes du 2D-SI. (4) suivi en mode TM des échos intra I’agencement des speckle
reste stable au sein de la paroi myocardique et le myocarde. (B) disposition aléatoire des échos
intra tres différent au sein des deux encadrés rouges.
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3.2.3  Déformation dans les différents plans de 1’espace

La contraction systolique des fibres du myocarde, ayant une architecture spatiale
complexe, provoque une déformation du VG en trois dimensions. Ses parois se raccourcissent
selon les axes longitudinal et circonférentiel et s’épaississent selon 1’axe transversal (radial).
L’analyse peut se faire selon trois axes orthogonaux: longitudinal, circonférentiel et radial.
Lorsque D’acquisition est réalisée a partir des coupes parasternales on peut analyser les
mouvements du myocarde dans le sens circonférentiel et radiaire. A partir de plusieurs coupes
parasternales (basal; mediane et apical) on peut apprécier les degrés de rotation du myocarde
dans le sens horaire et anti horaire et ainsi calculer le twist ou torsion autour de son grand axe.
Le strain longitudinal et circonférentiel affiche des valeurs normales négatives, le strain radial -
positives. Mais par convention, on gardera la terminologie /diminution du strain quand sa valeur

absolue diminue et d’améliorationsa valeur absolue augmente (84)

Nos travaux se sont basés principalement sur le strain longitudinal en 2D, les autres
parametres de déformation étant moins performants en termes de faisabilité et de
reproductibilité. Nous avons cependant démontré la possibilit¢ de les obtenir a partir

d’acquisition en 3D.

A. LONGITUDINAL

Figure 12 : différents axes d’évaluation de la déformation myocardique A) apicale 4 cavités avec
mesure du strain longitudinal (GE Vivid Echopac software), (B) Coupe para sternal petit axe avec
mesure du strain circonférentiel et du strain radial et (C) évaluation du twist ventriculaire gauche base
sur les mouvements de rotation du myocarde.
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3.2.4  Profil de déformation

Chez le sujet sain ce pic de strain survient quasiment en télésystole au moment de la
fermeture de la valve aortique avec peu ou pas de contraction postsystolique. Dans tout type de
cardiomyopathie, en cas de fibrose myocardique ou de contrainte anormale sur un segment
myocardique, il peut développer un certain retard de contraction avec une déformation moins
importante en systole et un pic post systolique. Kukulsky et al. ont été les premiers a définir un
parametre qui prenait en compte cette déformation, le post-systolic index ou PSI (85). Il avait été
décrit alors comme un marqueur intéressant de détection de 1’ischémie myocardique avec une
valeur diagnostique plus importante que les paramétres de déformation habituels (86)(87).La
notion de stretch et d’un pic positif en début de systole qui survient pendant la période de
contraction iso volumique est un marqueur d’asynchronisme et d’étirement des fibres

myocardique (PST ou pré-stretch index).

Les recommandations récentes sur les paramétres de déformation ont insisté sur
Pintérét clinique et physiopathologique de I’évaluation non seulement du pic de strain,
mais aussi d’autres paramétres et de I’ensemble du profil de déformation. (84)
Indépendamment de 1I’importance du pic de déformation, il existe dans les segments présentant
un stress ou une fibrose une modification de leur distribution temporelle avec stretch

protosytolique associé ou non a une contraction post systolique (Figure 13).
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Figure 13 : courbe de déformation myocardique systolo-diastolique d’un segment normal et anormal : strain
telesystolique (strain au moment de la fermeture de la valve aortique), I’épaississement post-systolique et I'index
post-systolique (rapport de ['incrément post-systolique et du strain télésystolique : [pic de strain— strain
telesystolique]/pic de strain)
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3.2.5 Déformation en échocardiographie tridimensionelle (3D)

L’analyse des déformations myocardiques en échocardiographie 3D permet le suivi des
speckles dans les 3 directions de ’espace sans perte d’information comme cela est le cas en
imagerie bidimensionnelle. La plupart des études dans le post infarctus se sont focalisées sur
I’évaluation de la valeur du 2D strain notamment dans sa composante longitudinale (88). La
principale limitation est notamment la nécessité de reproduire des incidences multiples avec
parfois une échogénicité pouvant étre limitée. Il faut obtenir en plus des 3 coupes apicales, des

coupes parasternales petit axe avec une qualité de tracking souvent inférieure (89).

A Strah Yot el & AR Stin cwoontdrenomt %
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Figure 14 : courbe de déformation myocardique systolique et représentation des différents paramétres de
deformation 3D

L’échocardiographie de déformation par mesure du 3D speckle tracking a ainsi été
validée comme nouvel outil de quantification de la déformation et a montré sa robustesse (90)

De plus cet outil apporte un nouveau parametre de quantification de la
fonction myocardique (strain surfacique) combinant la déformation dans le sens longitudinal et

circonférentiel (91)(92).
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3.2.6  Strain du ventricule droit

Parmi les nombreux parameétres de quantification du VD, le speckle tracking s’est
rapidement imposé comme un outil de quantification fiable et reproductible de la fonction VD. Il
a déja démontré tout son intérét notamment dans I’HTAP et les cardiopathies congénitales (93),

mais aussi dans ’insuffisance cardiaque. (94)

Figure 15: Image échocardiogrpahie et région d’intéret place sur la paroi latérale et inférieure du
ventricule droit pour obtenir les valeurs et courbe de déformation ventriculaire droite (basal , septal et
apical)
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4 HYPOTHESES ET OBJECTIFS DE TRAVAIL

Au cours de ces dix dernieres années, la recherche de marqueurs du remodelage délétére et
de critéres prédictifs de la réponse a une intervention thérapeutique s’est intensifiée. Ceci
s’explique par le fait que le remodelage du VG et I’IC restent des problémes importants de santé
publique malgré les progres de la thérapeutique : la reperfusion, les IEC, les B-bloquants, et les

antagonistes de 1’aldostérone.

Si des moyens d’évaluation de la fibrose et du remodelage moins invasifs, principalement
des biomarqueurs d’imagerie ou biologiques, ont vu le jour, leur place reste descriptive plus que
décisionnaire. Les prises en charge thérapeutiques ne sont en effet pas conditionnelles a ces

biomarqueurs.

Notre objectif a été de valider dans des cohortes modernes, des biomarqueurs d’imagerie et
circulants novateurs pour évaluer le remodelage et en approcher sa physiopathologie par I’étude
de la caractérisation tissulaire, de la déformation, du couplage ventriculo-artériel et de la fonction

VD.

L’ensemble des travaux avait la méme finalité : mieux prédire et caractériser le remodelage
et identifier ses déterminants. L’objectif final est 1) de mieux utiliser les outils biologiques et
échographiques pour appréhender au mieux la fibrose et 2) d’identifier les patients susceptibles
d’évoluer vers de I’insuffisance cardiaque, afin de développer a terme des stratégies de

prévention.
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5.1 Revue de la littérature et méta analyse : prédiction du remodelage par les

parameétres de déformation (article 1)

Ce travail est 1’¢lément initiateur nous ayant permis de faire le lien entre les parameétres
d’imagerie de déformation et le remodelage mais également d’appréhender les lacunes de la
littérature et la problématique du remodelage dans le post IDM. Nous avons fait une revue de la
littérature exhaustive avec méta analyse afin d’évaluer la capacité et la valeur prédictive des
parametres de déformation mesurés en phase aigiie d’'un IDM (premiére semaine) sur un
remodelage positif (amélioration de la fonction VG) ou délétére (majoration du volume télé

diastolique ou télé systolique) a 3 ou 6 mois.

Nous avons au final retenu 23 études incluant 3066 patients. Onze d’entre elles ont évalué
le remodelage délétere (95) (96) (97) (98) (99) (100) (101) (102) (103) (104) (105), onze le
remodelage inverse (106) (107) (108) (109) (110) (111) (112) (113) (114) (115), et une les 2
(116). L’ensemble des patients des études avait des IDM revascularisés en phase aigué¢ définis
par un TIMI flow>2. Tous ont eu une évaluation de la déformation myocardique ventriculaire
gauche dans la premiére semaine suivant I’infarctus. Le remodelage a distance de I’éveénement
aigu était évalué par la différence de fonction ou volume en échocardiographie. Nous avons
recueilli I’ensemble des données concernant la localisation, les délais de revascularisation, le
type de strain mesuré et les méthodes d’évaluation du remodelage. Nous avons comparé les
différents strains et leurs valeurs diagnostiques pour prédire un remodelage. Nous avons précisé
la valeur additionnelle de ces parametres de déformation en plus des parametres standards

(échographie conventionnelle, taille d’IDM, biomarqueurs).

Notre méta-analyse a permis de confirmer la valeur prédictive en uni et multivarié¢ du
strain sur la prédiction du remodelage négatif (augmentation du VITD> 20%) et une tendance
pour le remodelage positif se traduisant par une amélioration de la FEVG d’au moins 5% au
cours du suivi (101)(97)(98)(103). La méta-analyse montre un odds ratio de 1.27 pour prédire le
remodelage de 20% pour chaque point d’augmentation du strain longitudinal en valeur absolue
(OR=1.27, 1.17 to 1.38, p<0.001) (figure 17). Quand les données étaient disponibles
(97)(98)(96)(105), on retrouvait une association similaire en multivariée ( OR=1.38, 1.13-1.70,
p=0.002). Pour la prediction du remodelage inverse(106)(107)(108), on a mis en évidence
qu’une réduction de 25% pour 1% d’augmentation de valeur du strain (OR=0.75, 0.54-1.06,
p=0.09).
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Figure 17 : Odds ratio uni et multivarié pour la prédiction du 2DPLS d’'un remodelage délétere
ou inverse.

Cette revue de la littérature avec méta-analyse permet :

- de confirmer qu’une atteinte des parametres de déformation mesurés par le 2D speckle
tracking est un prédicteur de remodelage apres un IDM.

- Parmi I’ensemble des parametres de déformation le strain longitudinal global en 2D ¢tait
le seul a étre suffisamment étudi€ pour réaliser une méta-régression et était le plus
fréquemment associé au remodelage VG.

- Les études ayant montré par des méthodes statistiques €élaborées la valeur additionnelle
du strain en plus d’autre marqueurs standard de remodelage comme la FEVG, le niveau de
CPK, la localisation ou la taille de I’infarctus sont rares. La valeur ajoutée des biomarqueurs
d’imagerie en addition aux biomarqueurs classiques reste donc a affirmer de facon plus

formelle.

- Aucune de ces études n’avaient utilisées comme méthode de monitoring I’IRM cardiaque

Ce travail nous a confortés dans la nécessité de réaliser des travaux complémentaires sur
la prédiction du remodelage en utilisant le strain et dans I’originalité des données de

I’étude REMI, utilisant ’IRM cardiaque comme méthode de suivi et de quantification du

remodelage.
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Abstract

Aims

Left ventricular (LV) adverse or reverse remodeling after ST-segment elevation myccardial
infarction (M) is the best cutcome to assess the benefit of revascularization, Speckle track-
ing echocardiography (STE) may accurately identify early deformation impairment, while
also baing predictive of LV remadeling during follow-up. This systematic analysis aimed to
provide a comprehensive review of current findings on STE as a predictor of LV remodeling
after MI.

Methods

PubMed databases were searched through December 2014 lo identify studies in adults tar-
geting the association batween LV remadeling and STE. Meta-regression was performad
for longitudinal analysis.

Results

A todal of 23 prospective studies (3066 patients) were found eligible. Eleven studies reported
an association batween STE and adversa remodeling and twelve studies with revarse
remodeling. Using peak systolic longitudinal strain, the mast accurate cut-off to predict
adverse remodeling and reverse remodeling ranged from -12.8% to -10.2% and from
=13.7% 1o -9.5%, respectively. In smaller studies, assessment of circumferential strain and
torsion showed additive value in predicting remodeling. Meta-regression analysis revealed
that longitudinal STE was associated with adverse remodeling (pocled univariable OR =
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1.27, 1.17-1.38, p=0.001: pooled multivariable OR = 1.38, 1.13-1.70, p = 0.002) while
pocted ORs of longitudinal STE only tended to predict reverse remodeling (pooled OR =
0.75,0.54-1.06, p = 0.09).

Conclusions

This systematic review suggests that STE is associated with changes in LV volume or func-
tion regardiess of underlying mechanisms and deformation direction. Meta-regression dem-
onstrates a strong association batween peak longitudinal systolic strain and adverse
remodeling. Added STE predictive value over other clinical, biological and imaging variables
rernains o ba proven.

Introduction

Changesin lgit ventricular (LV) geormetry dter ST-devation aoute myocardia infarction
(STEMI) isacomplex phenomenon charactenzed by various phases. Remodding is defined
a&thedhangssin LV end-diatolic volume (LVEDV ) and/or end-systolic volurme (LVESV)
between discharge and late follow-up messuraments [1,2]. Adver=e remodding is defined &sa
dinicaly sgnificant increese in LVEDV wiheress reverse remodding is defined as adinically
dgnificant decressein LVESY, wal motion scoreindex (WM ST) or LV gection fraction
(LVEF) improverment.

Although LVEF has traditionally been used asa predictor of rmajor adverse cardiac events,
its use a5 a sobe predictor is currently under debete [3]. From a pathophyslological standpoint,
adverse remodeling may lead to heart fallure and ventricular arrhythmias, thus increesing the:
rrortality rate (4], Identification of patients with ahigh likgihood of ather adhverse or reverse
LV remodeing after STEM [ has therdfore critical implications for sk stratification in the
anute phase [1,5).

Depending on the saverity of ischamic injury, deformation pararmeters derived from
speckle tracking echocardiography (ST E) have besn introduced as new noni ivesive echocar-
diographic parameters to quantitatively e gobal and regiond myocardial function [6].
Theahility of STE-derived parameters to predict the extent and transmurdity of myocardia
necross dter STEM I suggests their possible rolein predicting subseguent LY remodeing [7].
Saverd shudies have thus aimed to determine the predidive value of the various two and three-
dimensiond drain components for LV remodeding and dinical outcomes in patients with
STEMI. However, the literature explori ng the ussfulness of STE in the prediction of LY
remodeing has imolved rdatively sall series

Using asystamatic review of the current literature, the present analysis almed to assess the
prognoatic valueof STE to pradict LV adhverse or reverse rermodaling after a STEM 1, besad on
published addence

Materials and Methods

Search strategy and study selection

This review adheres to the dandards desribed in the Prefierred Rieporting Thems for Systematic
revians and Maa-Andyss (PRISY A) statement [8]. An atidewas deemed rdevant if it wasa
cohort study or adinica tria of patients admitted with acute STEM I and if it reported STE
messuremEnt and LY remodding data
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A computerized Medline search of published artides wes conducted from June 2004 (when
deformation messurament by STE wes validated in normal humen LV as.a nove index of sys-
tolic function [6,9]) through Decarber 2014, Combined keywords (AND/OR) were seerched:
remodding (reverse and adverse); myocardiad recovery; specide tracking echocardiographyy;
deformetion; train; rotation; torsion; cardiac; left ventride; STEMI; myocardidl infarction.,
Referenceligsof dl rdevent artides were searched menually for additiondl artides (Fig 1).

Foous wes placed on patients with aoute phase STEM (two studies with mibed STEM and
NSTEMI population) and revasoularization therapy with data on deformation imaging (using
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STE) & basdline (in thefirst wesk) and evaudtion of changesin LW wolurme and gection frac-
tion during follow-up.

Peer-reviawed shudies assess ng the role of STE (two-dimensiona and/for tridi mensiona
(2D/2D) wereinduded regerdiess of the analyzed direction of myocardid motion (longitudi-
nd, drcurmferential o radia) and of the typeof messurerd pararmeter (drain, Srain rae,
torsion or twist). Sudies were sslected if they reported corrdation or diagnostic value of defor-
rration irmeging in predicting candiac remodeing, Sudies assessng rmyocardial deforrmation
wsing tssue Doppler imaging were exduded from the andlysis.

Shudies were divided into two groups acoording to the reported type of LY remodding:

» Adverse remodding with an incresse in LVEDY andfor LVESY by 1510 2006[1.2];

= Reverse ramodding with myocardiad recovery: improverment in wall motion scoreindes or
inoreesein LW EF grester than 5Yor deoreesein LVESY grester than 1576 3]. (Fig 1; Tables
A-D in Sl File).

Theasodaion bebween STE before distharge and the degreeof LY remodding wasewdu-
e, a5 asesrd by a aut-off vAlue or use & a contbinuous variable. T he presence or abemnce of
LV remodding, a5 assessad using follow-up imading tests, was cons dered &5 endpoint. The
degreeof assod ation was dso reported according o the avallale datidical analyss for each
publication (Tables A-D in 51 File).

The reviewers (OH and 5C) independently screened thetithes and abstracts of identified
reports. Thefull published reports of Jl abstracts sdacted by the reviawers were retrieved, and
asmond-step seaction besad on theindusion ariteria wes performed, Reviewers ware blinded
o detsils of authorship or study results. Language (English) and age (adults) restrictions were
imposed, Sudies with lessthan a 3-month follow-up o asess LV remodding as vl a5 sudies
from the same center, sudying the same population during the same time period, were
eduded. Sudies using tissue Doppler to assess drain or drain raewereadd uded (Fig 1;
TablesA and B in S1 File).

Spedificity of each shudy (1.2, dinical outcores or w=e of other i maging siratecy) wes noted,
Duration of follow-up when given, characteristics of the study populaion, parameters studied,
inter-group commpanson and outcome dong with satistical inforrmation (data for hazard ratio,
relative risk, inddenceand statistica sgnificances) were oollacted. Reprodudbility of global
pesk longituding strain (GLS) was d s docurmented if avalable A rlaionship betwesn defor-
matdon and LV remodding was defined as: i ) positveif avaridion in deformaion paramges
was 5 gnificantly assodated with LW remodeling or i) negative if STE weas not sgnificantty
axEndaed with LV remodding The deformation parameber was conddered a6 an abaolute
walueof the nurmber for al references indicating correlation between remodaing or LY func-
thon and strain, Hence, increeses in GLSSgnify that the numerical valueis becoming | norees-
ingly negetive, and decressss areobserved when LY funchion deteriorates and GLS becormes
= nergtive. Circurmferentia strain isepressd & naggtive value, whileradia strain, rotation
and twist are expressed & positive values, The degree of assndatiion was dso reported aooond-
ing to the aveilable satistical andysisfor each publication:

» Anayss besed on recsver-operati ng charactengtic (ROC) curves: the ability of continuous
variables to predict rermodding wes verified on the besis of ROC curve analysis, Overall
aoouracy, snsitivity, spadfidty, and positive and negetive predicive values for optinal out-
off points were cdoulated.

« Lnivariae asnd ation (odds ratio (OR) or B coaffigent) for the specific STE aomponent.
Impartantly, the sssod ations were reported for 2 1%incressein strain values without
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transformation (for instance, for an incresse from - 16860 - 159 which repressnits a worsen-
ingof srain).

» Independent predictorsof LY remodéling were defined using multivariabe andysis (using
warious veriable slection srategjes).

Other important and potentid ly confounding basdine dinical and echocardiographic pre-
dictors known to influence outcome and LY systolic fundtion ater STEM I were similarly
tested fior thar aality o predic dhangein LVEDV over ime. These prameiEs wereusudly
induded &5 a candidate variables in the multivaniable analysis to predict remnodeing {mmost fre-
guent were: locaion (ankerior), multivesd disssse, time reparfusion, Killip dass, CPK, tropo-
nin, WMS and LVEF). Candidae variablesin the multiveriable andysis or/and other
significant veriables are spedfied in supporting i nformetion (Tables C and D in SLFile).

When avalablein theoriginal publications, the net redassification inprovement inde:
(MRI), C index or Chi-2 value assnd ated with the adjunction of strain variables in basal modes
are provided, Thesupporting PRISMA cheddist isavallable as supporting information (seeS2
File).

Meta-analysis methods

Mea-regression andysisof 9studies shuching Longituding STE wes performed. The pooled
ORs werewsightad by theimearse of thar vananceand combined aooonding to a fixed-dfeds
modd in the absenceof heterogendity and acoording to a rendom-afifects modd [10] in the
presence of helerogenaty, 2s previousy used by our group [11]. Codhvan's () and 12 teds were
u=ed o andyze heberogenaity, with the latter considered present if the prvalueof the () test
wias < (.10 and if L2>50F%[ 17]. Publication biaswas examined by conduding a funng plot by
the Eoper regression miodel [13]. Funnel plot asymmstny wes tested by drawing a regression
line A P valueinferior to 01 for the dope coefficient wes cons dered to represent signilficant
agyrmmetry reflecting publication biss.

Results
Characteristics of the included studies

Thessarch vidded an andysis of 23 sudies, induding 3066 paiants. Thereweare 11 shudies
ampss ng arverse remodding [ 14-24], 11 assessing reverse ramodeling [25-35] and 1 assesing
both outcomes [36]. All patients reported in these shudies had a suonessflly revesnylarized
first STEMI (2= defined by TIMI fiows 2) except fior 2 sudiesin which both STEMI and
MNTEMI patients wereinduded [19,36]; only 2 gudiesinduded medical revascularization with
thrombolysis Most sudiesinduded amixed STEM ] population, with both anterior and infie-
rior localizations; only 5 studies [15, 20, 26, 28, 1) induded patients with anterior STEML Al
petients underwent 20 or 3D deformmation imaging in thefirs wesk followi ng the aoute event,
with most patients undergoi ng the echocardiographic assessment within 48-72h of their hospi-
ta admisson (Tables A and Bin SLFile). Sxteen of 23 studies had a dedicated andysisof
reprodudibility with a corrdation coeffident of variaion.

Deformation and remodeling
The maiority of the shudies identified sirain to beindependentty assnd aed with LV
remodding.

Longihudinal srain STE.  The use of GLS most conssently detected thechangein LY
volume during follow-up among the different sudies [14-16, 24, 25, 30-34, 36,37]. The
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determinant cut-off value of GLSfor adverse remodding ranged from -12 8%6tn - 1005%and
from =13 to -9.%%for reverse modding. In rmultiveri ate adjusted analysis, GLS provided
sgnificant incrementa vaue over dinical and comventiona echocardiographiic variablesin

predicting gliobd LV fundion improvement (C-=si"tilic index) [29] or LV remodding [16—

18]

Ciramferentia and radid sirain STE.  In sl shudies, evdluation of aroumfarentia
deformaion showed an additive vaue of Pesk Ciroumferentid Srain (PCS) and Pk Radid
Srain (PRS) in prediding remodding. PCS provided a dronger assndation with smilar pre-
diction for adverse ramodding [18, 20, 27, 35). In the VALIANT Echostudy, Hunget d.
derty damonstrated that PCS but not GLSwes pradidtiveof LY remodding aiter adjustment
for dinica and echocardiographic variables at 2D months [18]. Bonios et d. atsn demonsirated
the appeding value of PCSin apic ssgrmentsin predicting adverss rermodeing [20].

Rotabion, torsonand twist.  Counter-dirediond rotation results in awringing motion of
thieheart, known as LV torsion (LVT) or twist. LWV twist isthe net rotationa difference bebwean
the apex and beseof the LV expressed in degress. A ot of Sdifferent shudies asessing the
phenomenon of bese-to-gpex gradient in notation and LV remodeing were found [20-23, 26,
28]. lngetdl., Nudforaet d. and Park et d. provided predi dive values of rotetional charade-
igtics and peskc LV torsion which dermonstrated modest, abeit significant incremental value
over dinica echocardiographic vaniables in detecting LV remodding in anute phassof an
ighemic event (Chi-sguarevalues) [ 21, 22, 28).

Meta-regression

Meta-regression was only parformed for 20 GLSIn the present series sine the number of
shudies inmestigating other echo paramatars was too limid o parform astatisically valuable
andyss

Mata-regression of univariable OR with 2D GILS 25 eplanatory wvariable and adversse
remoddingasatome  Univariabe OR with 2D GLS s eglandony vaniable and adverse:
remodding 2 outoome were avdlablein 4 sudies [16, 17, 20, 22]. The melzragresion
showed that the odds of adverse remodding incressed by more than 2f6ior each 1%increese
inrdative 2D GLSva e (i 2 a 19%demresss in absolutevalue of 2D GLS) (pooled OR =127,
1170 1.38, p<0u001, in afixed-sfedt=modd ) (Fig 2).

Metaragression of muitivariable OR with 2D GLS as eqplanatory variable and adverse
remoddingasautoome  [n addition, multiveriable ORs were avalablein 4 sudies, 2of
which stemmed from the same shudies with avalable univariable OR. [15-17, 38]. To aomount
for this heterogenaty, we constructied a rendom-afects modd, which provided a very smilar
axndaion (pocled OR =138, L13-1.A0, p =0.002) asthat reported for theunivariable OR
(Fg2).

MesE-regression of muitiariable OR with 2D GLS as eqplanatory variable and reverse
remoddingasoutcome.  Univariable OR with 2D GLSas eqlanatony variable and reverse
remodding & outoome were avalablein 3 studies [25, 26, 28], providing 4 ORs (Park et .
reported 2 ORs, onefor anterior M1 and onefor inferior MI). In a andom-effedts modd, a
Hiotacresce in the odds of reverse remoddiing wes oheerved for each 1%Ginaneasein 2D GLS
value, dthough not sgnificent (pocled OR. =075, 054106, p =0.08). Fig 2 shows theimpact
of GLSon afver=and rever= LV remodding.

Discussion
Saverd ey messanes ammenge from this systematic reviaw and mita-anadlysis: 1) overdll, an
dteration in STE-derived messuraments of myocardial deformmation appesrsto bean ey and
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Fig 2. Forest Plot. Pooled Odds Ratios (OR) for the association of global left ventrcular peak systolic
longitudinal (GLS) strain evaluated in acute phase of STEMI and left ventricutar remodeling at follow-up. (A)
Univariable OR with 2D GLS as explanatory variable and adverse remodeling as outcome were available in 4
studies (pooled OR = 1.27, 1.17 10 1.38, p<0.001) (B). In addition, multivariable OR were available in 4 studes
(pooled OR = 1,38, 1,13-1.70, p = 0.002), (C) Univarable OR with 2D GLS as explanatory variable and
reverse remodeding as outcome were avallable in 3 studies (pooled OR = 0.75, 0.54-1.06, p=0.09).

do10.1371joundl pona 0168349 g002

powerful predictor of adverse LV remodding ater STEMI; 2) 2D GLSwes the most studied
variable and was Sanificantly assodated with adverse LV remodding in meta-regression and -
yees; 3) additional edenceis required to determine whether 2D GLSisasgnificant predictor
of reverse ramodding (only a trend could beidentified in the present meta-regression) and
whether other less commonly used components of deformation aresignificant predidors of
LV remodding; 4) using avariety of methods, severd studies demonstrated that STE-derived
strain veriables alowed to sgnificantly increase the acouracy of remodeing prediction on top
of conventiond dinical and imaging ariteria,

Strategy of left ventricular remodeling assessment aftera STEMI

Despite the high success rate of current revasoularization by perautaneous coronary interven-
tions (PCI), adverse LV remodding nonethdess occurs in one third of patients following acute
MI (12 to 44% with arateof LV recovery ranging from 12 to 54% Someof the variability in
the prevdence of remodding between studies may be dueto differencesin study populaions,
revasoularization modeand timing of imaging. The changesin LV volumeduring follow-up is
aprerequiste for estimeting the degree of LV remodding after a STEM athough different
times, methods and threshold are currently used. Adverse ramodding is usudly defined by an
ingesein LVE(S)DV of 15 to 20%from basdine [1-3]. Theasssssment of LV fundiond
recovery isinconssently defined by an increasein LVEF (> 5to 1094, adeoreasein LVESY
(>15%g or an increasein wall motion scoreindex [39]. Thefirst assessment is usualy per-
formed & discharge by Smpson biplane 2D LVEF on transthoradic echocardiogrephy (TTE).
In saverd sudies, thefirst TTE was parformed within thefirst 24h [24, 28, 34], most of the
timewithin thefirst 48h and never ater day 10. Thisdifferentid timing of assessment may
lead to an over- or under-estimation of remodding dueto rapid dynamic changes oocurring
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during the firs was, However, etirrates of LY volurmes derived from 2D images are subject
to variability impossd by slaction of theimaging planeand inaourades in LVESY andybis.
Cardiac magnatic resonance (CMR) messurements are now cons dered the standard for mes-
suremant of voluméric parameters given thar high reprodudbility in detedting smal changes
between two ime points. Only two siudiesinduded CM R evaluation a besdine while none
assssser] LV wolurme change by CM R at follow-up [33, 35].

Mevarthdes, 2D TTE ramainsthe predominant dinicaly applicable method of choice
based on broader avalability. It is the primany resson why sandard LY volume messsraments
nied to be complamented by defiormation infiormation in order to srengdhen the potentia of
TTE to assess | nfardt & ze and subsequently to predict LY remodding at no additional cost and
wery li mited additional tirme [40].

What is the best STE parameter for predicting left ventricular
remodeling?

STE-derived paramaiars are markears of LY function whidh more dosgy reflect intring.c and
aubdinica rmyocardia impairment than traditional pararmeters by assessing the adtive compo-
nertt of myocardia deforrmation. Srain systolic values are lower in the infarct termitory then in
norma myocardium and are rdatad to the degree of infandt transmurdity exent [7] (Fig 3). In
the adjacent myocardium near the infarched zone, abnormrd deformmat on dueto sunining,
trandent ischarmia and loca loading conditi ons is generdly obeerved and plays an important
rolein Ly remodding [41]. For all of these ressons, strain pararmeters would appesr to be
rroreffident than LVEF donein evauaing the potertia of LWV remodding after an aoute
eVt

Murmerous siudies have shown the potentid diagnodtic vaueof 2D PCSin disoriminating
nontransmura from ransmurd infandtion [42]. Theedent of transmural infardion with dg-
nificant irmpairment of LY torsion represents the first sbep of avidous cyde of progressive LY
dilatation and LV function non-recovery, Middle and sub-epicardid layars further contributs
to thideening and to radia and drounferentia funcion. Thesefibars area key detamminant of
preserved gobd LV fundion and sanveas a short-ads restraint to prevent further LV ogeomet-
ric epangion [18]. However, 2D acecgrent of torsion and PCS requines acquisition of 3.chort
s viewswith potential changesin beert rate and loading conditions bebveen the various.
aoguistions with a resulting influence on deformetion values, The man limitaion isthegua-
ity of the apical and besdl parestemd views and the tracking acouracy which, &t times, can be
difficult to obtain in patdentsin the aoute phase of a cardiac event. Due to the scardity of avall-
ahledatain theliterature, it was not possibleto perform a meta-regression | n this sstting
Additiona studies with particular foous on thess pararmeters arethargfore indicated,

Sub-endocardid fibers genarate the most Significant contri bution to longitudingl fundion
and are atenuated independantly of acar tranamurdity. In addition to demnonsrating better
correlaion with infardt gzethan LVEF, GLS do alows prognosic evaluation with agood
dinical valuefor predicting heart fallure [43] and could logically be consideraed as.a marker of
rermodaing with the abi ity to predict subsequent LY dysfuncion, Thesrength of GLSisits
reprodud bility and aoouracy due bo the semi-autormated nature of the messurements. This
techiniqueiseasy and quick to perform in dinical routine, obtained from the 3 apical views
recerdiess of the dinical status of the patient or the ability to stop breathing or to turm on the
left sce Snce 2D GLSis the most commonly used strain variable, wewereableto perform
both a univariable odds ratio and a multivariable odds ratio meta-regression, Thessandlyess
reverled that for each 1%deoresse in 2D GLS (3 1%GLSdarerssin arslutevaue of 20
GLS), theodds wereincreased by 27%6to 38% This demongrates the srong assodaion
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Fig 3. Speckle Tracking Echocardiography (INustrative Figure). Patiant with first inferior STEMI in acute
phase STE with peak systolic strain measurements by GE Vivid EchoPAC software: (A) apical 4 chamber
view with longitudinal strain calcuation, (B) parasternal short axies view with circumferential (CS), radial stran
(RS), and (C) LV twist calculation based on rotation values. The left panets show the direction (arrows) in
which the vanous strain parameters are being measured. The middle panels demonstrate the regon of
interest and segmental strain values (except for Groumferential strain) while the right panels illustrate the
regonal strain curves

doi: 10,1371 jourmal pone 0168349 g3

between GLS and adverse remodding cbsarved in theavalable litaraure. Meanwhile, the
meta-regression andyss of assod aions with reverse remodding provided only atrend
(p =0.09), thus suggesting that additiond studies arewarranted in order to draw definitive
condusionsin thisregard.

Alternatively, a 3D deformation andysisin acute phaseof M1 may most likdy prove more
effident anceit takesinto account both radia and draurferential deformetion in the same
auisition,

Perspectives: Added value on top of clinical and biological parameters

LV volurme chenges and prediction of cardiac remodeling are not deerly defined and often
challenging. Nevertheless, dobal and segmental LV remodding in post M1 hasa strong impact
on medical dadsonsin ischemic heart dissase. Usua conventiond dinical and echocardio-
graphic variables aan predict LV remodding during follow-up, namdy anterior wall infarc-
tion, imeto reperfusion, marker of myocardia injury, diabetes mdlitus and worse ssgmentd
LV contradtility (higher wall motion scoreindex) [44]. Severd imaging techniques, such as
dobutamine stress and myocardid contrast echocardiographty, have been applied for this pur-
pase; however, they do not fulfill the unmet dinica need dueto thar difficulty of implementa-
tion [22, 28].

Given that several variables are aready known to predict remodding, the ussfulness of
gtran variables should be assessad on top of these variables. Neverthdess, only one of these
studies, in a recently published artide by Joyce et &, identified a additive prognostic vaue
over dinicd, biologcd and dassicd echocardiographic factors (induding left anterior
descending artary and WM S){14]. However, basdine LV volumes and BNP |eves (known
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predichors of remodding) were not taken into aooount, Conssquenty, furthear shudies are
neaded to fully assess the gain in informaion provided by STE. By naure, only large-acde
gudies dmilarin sze to that performed by Joyoe a d., o sudies providing a more aoourae
ameament of Ly volurme dhanges by means of CM R would be able to assess the predictive
vaueof grain variables on top of usua var ables [14], Ultirrataly, an approach uEing srain 26
the prirmary marker of remodding to init ae cardioprotect ve therapy nesds could be oome
pered with atraditiona TTE-besex] and biomarker approach [45],

Study limitations

A rmain limitation of the present anaysisis that most studies were single-center srieswith
ard| sarpledzes, In addition, variousimag ng techniquss and ming of imaging following
MI were usad, leading bo s gnificant heterogenaty of results. There is ourrently no large sudy
cohort comnparing the various srain components. M essurements of STE parameters were per-
fiorrmid offline using dedi cated software and after acquigition by aGE Vivid 7or Qin mogt
instances [ 19/23). A few sudies did assess drain components wsing other sysienns, induding
Serrens (1 shudy), Philips (2 shudies) and Toshiba (1 shudy) systerms, Recurrent rvocardial
isctermia, loading condition and tharapy may change cardiac volurre and thusinfluence strain
valLies betveesn thefirst hours after revesoulari zation and discharge, Another limitation isthat
only a maior dasbess (M adline) wes used for ssanch and study slection.

Oneimporant limiadon of our mea-andyssisthe abeenceof avalable individud daa
Irrportanty, the studiesinduded in our mata-regression used different cut-offs for adverse
rermadaing (an incressein LVEDY or fand LVESY by 1510 2074 and reverse rermodding
{irmprovement in WM S or increasein LW EF greater then 5%or decresszin LVESY greater
than 15%q. In addition, the sudiesinduded in this metaranalyels used various 2DGLS aut-
offs Hoveer, cut-offssalues of 2DGLS ranged from =125 and 10.2, and rcet studies found
anoptimal cut-off very doseto - 11, we would prormiote - 11 &5 the most evidence-beged aut-off
= far, Hoveser, further langer shudies, namely multicenter shudies with derivation and waida-
tion oohorts, should vaidate the mest approp— ate out-off for both adverse and revarse remod-
ding dte M1 aswdl as the 2DGLS aut-off fior both these outoomes. In the meanwhile, even if
it does not provi de definitive evidence reqarding out offs, our mete-anays s provides evidence:
fior the 5 gnificance of the assod i on bebween strain and remodding ater ML

Conclusions

In thispooled analyds, longtudina srain appesrs to bethe more consstent and widey avail-
able approach to accurately predict changes in LY volume late after M, renfordng thesalue of
STE-derived myocardial deformation parameters asearly predictors of LY remodding after a
STEMI. Mondnvesve messurament of cardiac mechanics is reproduc ble and inespensive,
dlowing to selact & subset of STEM I patients who may require dosar follow-up and more
aggressve managament. An important limiadon of thistechnigueis undarscored by radid and
drourmferentid srain, both afected by a low reprodud bility and wath limited fesgibility in dini-
oA practics; additionally, despite a large number of sudies, the curent literature s constrained
by thee preponderance of non-uniform s ngle-center sudies. H owever, a more comprehensive
multi-pararmetric approach to assess LY rermoddi ng, induding deformation imaging in oo
nation with new biomerkers and CMR, islikely to confirm the present rmeta-regression results
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5.2 Validation des paramétres de quantification mesurés en IRM cardiaque

5.2.1  Volumes ventriculaires gauche (article 2)

La FEVG est actuellement la mesure la plus importante pour guider la prise en charge des
patients apres un IDM. Cette mesure doit étre fiable et reproductible entre différents opérateurs
et au cours du temps notamment en cas de mesures répétées pour 1’évaluation du remodelage
VG. La mesure de la FEVG se pratique actuellement par échocardiographie qui est ’examen le
plus disponible et pouvant étre réalisé et répété au lit de malade. Elle a cependant certaines
limitations en terme de reproductibilit¢ et donne des informations limitées sur la taille de
I’infarctus et la viabilité. Le gold standard pour la mesure de la FEVG est I’'IRM cardiaque par la
mesure en petit axe, mais chronophage en terme d’acquisition et de mesure et donc difficile a
implémenter en urgence chez des patients instables sur le plan hémodynamique. Elle est par
conséquent peu réalisée en phase aigiie pour des raisons de disponibilité et de faisabilité chez un

patient aux soins intensifs.

Le but de cette étude était: 1) D’évaluer la qualité et la reproductibilité des données
d’IRM cardiaque acquises dans 1’é¢tude REMI ; en effet le critére primaire d’évaluation était la
variation de volume VG entre les 2 visites mesurée par cette technique. 2) L’autre approche était
de démontrer ’intérét de réaliser une mesure rapide et simplifiée de la FEVG par IRM cardiaque

en phase aigiie d’ IDM.

En s’appuyant sur le PHRC REMI, avec une imagerie cardiaque complete dans la
premiere semaine suivant I’IDM, nous avions 1’ensemble des données sur 100 patients avec des
IRM et une échocardiographie pour comparer les différentes méthodes de calcul de la FEVG : 1)
par échocardiographie avec mesure de la FEVG en biplan; 2) par IRM cardiaque petit axe, qui
est le gold standard en cardiologie pour la mesure la FEVG et 3) par IRM mais en effectuant une

mesure simplifiée, en biplan, extrapolant ainsi la technique utilisée en échocardiographie.
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Short Axis Long axis

Figure 18: Méthodes d’acquisition évaluées avec mesure la fonction ventriculaire gauche a partir des
coupes petit axe (a gauche) et a partir des coupes grand axe horizontale et verticale (a droite) en diastole
et en systole

La FEVG mesurée a partir du grand axe a une valeur moyenne de 47+£8% et était :
1) en moyenne 5% plus élevée que celle mesurée en petit axe (42+8%) et proche de la
mesure habituelle échocardiographie en Simpson biplan (49+8%),
2) mieux corrélée avec la FEVG petit axe (R=0.88) que 1’échocardiographie (R=0.58),
3) avec une meilleure reproductibilité que les 2 autres techniques (%variabilité inter-
observer : CMRax:5%, CMRsax:11%)

4) de plus le temps d’acquisition et de calcul 4 x inférieure.

CMRgax CMRAx TTE
LVEF (%) 42.1£7.9%% 47.1+7.9%" 49 428 3%F
EDV (ml/m2) 91.8+13.8"¢ 88.1+14.7%" 115.6+48.2%¢
ESV (ml/m2) 53.6+13.1"% 47.1+12.4%" 58.9+22.3" ¢
Stroke volume (ml) 75.0£17.0 79.8+17.1 112.2+36.9
Acquisition time (min:sec) 8:59+£2.41 3:35+0.99
Endocardial tracing 4:10£0.18 1:15£0.18

time(min:sec)

LVEF, Left Ventricular Ejection Fraction; EDV, End-Diastolic Volume; ESV, End-Systolic Volume * p<0.001 vs TTE # p<0.001 vs CMRs,x

$p<0.001 vs CMR4x
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Figure 19: Bland-Altman et agreement et biais pour les différentes méthodes de mesures en IRM
cardiaque (intervalle confidence 95%, 1.96 SD)

Nos résultats montrent que la méthode de mesure de la FEVG en IRM biplan permet un
gain significatif en temps machine avec une bonne corrélation avec le gold standard, une
reproductibilité supérieure et un biais relativement faible comparativement aux autres méthodes.
Chez des patients avec troubles de la cinétique segmentaire I’évaluation de la FEVG par IRM
cardiaque utilisant les coupes grand axe vertical et horizontal est 2 fois plus reproductible avec
une tendance a la surestimation comparativement a la FEVG petit axe IRM considérée comme le
gold standard. La finalité serait de proposer une augmentation du nombre d’IRM réalisées en

phase aigué€ en raccourcissant cet examen avec un minimum d’acquisition.
Ceci permettrait d’améliorer la précision de la mesure des volumes et donc du

remodelage mais aussi d’élargir les indications d’IRM et I'opportunité de généraliser la

quantification de la taille d’infarctus par 1I’étude du réhaussement tardif.
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Assessment of Left Veentricular Ejection Fraction Calculation
on Long-axis Views From Cardiac Magnetic Resonance
Imaging in Patients With Acute Myocardial Infarction
Olivier Huttin, MD, MSc, Marie-Anais Pelit, Erwan Bozec, PhD, Romain Eschalier, MD,

Yves Juilliére, MD, PhD, Frédéric Moulin, MD, Simon Lenroine, MD, Christine Sdton-Suty, MD,

Nicolas Sadoul, MD, PhD, Damien Mandry, MD, PhD, Marine Beaurront, PhD,
Jacques Felblinger, PhD, Nicolas Girerd, MD, MSc, and Pierre-Yves Marie, MD, PhD

Abstract: To assess |eft ventriadar gjection fraction (LVEF) accu-
ratdy, cardac magnetic resonance (CMR) can be indicated and lays on
the evauation of multiple dices of the left ventride in short ads
(CMRgax ). The cbjective of this study was to assess another method
consisting of the evauation of 2 long-axis slices (CMRax) for LVEF
determination in acute myocardid infarction,

One hundred patients underwert CMR 2 to 4 days after aote
myocardd infardion. LVEF was computad by the arealength method
onhorizonta and verticdl CMR 4y imeges. Those resuits were compared
to reference val ues obtaned on contiguous CM R« Imegesinone hand,
and to val ues obtai ned from transthoracic echocardiography (TTE) inthe
other hand. For CMRga ad TTE, LVEF was cormputed with Simpson
method, Reprodud bility of LVEF measurements was additionally deter-
minad, The acouracy of volume messurements was assessed against
reference aortic stroke volurmes obtai ned by phese-contrast MR irmaging.

LVEF from CMR_ax hed a mean vaue of 47/&8% and were on
average 5% higher than reference LVEF from CMRgayx (4248%),
doser to routine va ues from TTE a4 x (49A28%), much better correl abed
with the reference LVEF from CMReax (R 1%0.88) than thet from TTE
(R ¥%0.58), cbtained with a higher reproducibility than with the 2 other
techniques (Yoof i nterobserver vanability: CMR_ ax 5% CMRgax 11%
and TTE 13%), and obta ned with 4-old lower recording and calad ation
times then for CMRga . Apart from this, CMRa ¢ stroke volume was
well comelated with phese-contrast vaues (R 140.81).

In patients with predominently reglondl contractility abnondlities, the
determringtion of LVEF by CMR 4« is twice more reprodudibie then the
refearence CMRayy method, even though the LVEF is consigently over-
etimeted conpared with CMRg.. However, the CMR .x LVEF
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determination provides values doser to TTE messurarents, the most
avalable and commonly wsed method in dinica pradtice, dinical tids,
and guiddines in ischemic cadiomyopathy. Moreover, LVEF detarmi-
rationby CMR 4« dlowsa63%gainof acguistionyfead ngtime compered
with CMRgax. Thus, despite the fact thet LVEF obtained from CMReax
remeirs the gold standard, CMR . should be considered to shorten the
oved| imeging acquistion and reading time as a puiative replacemant.

(Mediane 9%(43)21856)

Abbreviationss AMI = acte myocardid infraction, CMR =
cadiac magnetic resonence, EDV = end-diastolic volume, ESV =
end-systolic volume, HLAX = horizontd long axis, LAX =long
ais, LEVF = left ventricular gjection fraction, LV = ldt
vertricular, MR = magnetic resonance, MRI = magnetic
resonence imeging, PC = phase conrast, SAX = short axds,
SCMR = SOCIETY of Cadiovescda Magnatic Resonance,
STEMI = ST-=egment devation myocardid infaction, SV =
stroke volume, TTE = transthoradic echocardiography, VLAX =
vertical long axis.

INTRODUCTION
et venlricular gjection fraction (LVEF) with left ventridle
(LV) volume estimation remains the main imeging prog-
nostic merker after a ST-segment devaion myocardid infarc-
tion (STEMI).*?

Cardiac megnetic resonance (CMR) imeging with a car-
diac short-axis stlack acquistion (CMRg, ) is the gold standard
for LVEF estimation because of its volumetric approach for
nonsymmetric vertrides withwall motion abnormelities.® After
aSTEMI, CMR isincreasingly used for coronary miaovascular
status assessment and quantification of infarct Sizeand viability.
However, as it involves multiple short-axis acquisitions,
CMRsayx istime-consuming and requires multi ple breath-hol ds,
Theefore, the Wtilization of CMRsay is often difficdt in
unstable patients such as those in the acute phase of STEML
Within days of their admission, STEMI patients are indeed
likely to have dyspnea, to require oxygen therapy or conti nuous
intravenous infusions, and can suffer fromrecuming ischemiaor
experience and and ventricdar arhythmia. As a consaquence,
the"' dassical” CMRegax Srategy, owing to the time neaded for
its acquisition and the need for multiple breath-holds required
for its implementation, is unlikely to be routindy used during
the initid hospitaization for a STEML.

Inroutine dinical practice and in dinical trids, transthor-
adic echocardiogrephy (TTE) LV volume and LVEF evauation
by the Simpson method of disks summation is the most com-
monly used and is the recommended method.*
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Neverthdess, messurements of cardiac volumes and
LVEF can be performed with CMR long-axis views (CMR_ ax)
using the area-length method. Since this method necessitates
shorter acquisition and data analysistirme, this approach may be
of interest in the sdting of the index hospitdization for a
STEMI. Despite the above noteworthy features of long-axis
CMR measurements, very limited data have been reported with
regard to comparison of LV volume cacdaion by long and
short-axis CMR methods, with no avalabledatain the setting of
the acute phase of STEMI.

The am of the present study was hence to conmpare
LV volume quantification and LVEF messurements using
CMRgax, CMR_ ax, ad TTE.

METHODS

Population

Hundred patients (55.4/E11.1 years) over 145 were taken
out from a prospective monocentric cohort study (REMI study,
Remodding dter Myocadid Infadion) performed in our uni-
versity hospital between April 2010 and Decearrber 2012. Those
patients presented successfully reperfused first acute STEMI and
were refered for both CMR and TTE ater the revasculanization.
The messurements for this andllary study were performed before
the end of the REMI study in the first 100 conseautive petients to
vdidate reeders and anticipate the find reading.

The study protocol was approved by the loca Ethics
Committee and released on the ClinicalTrials.gov site under
the identifier NCT 01109225,

Contrast-enhanced Cardiac Magnetic Resonance
Imaging

Imeging was parformed on a 3T system (Generd Electric
Signa HDxt, Milwaukee, USA ) with an 8-phased aray cardiac
ooil, ECG triggering, and breath-holding in expiration. After a
series of scout images to determine the position and orientation
of the LV within the thorax, cine CMR sequences for cardiac
function were performed with steady-state free precession
techniquein 10to 15 pardld short-axis, 1 horizontal long-axis,
and 1 vertica long-axis, at 30 phases/cardiac cyde. Each dice
(dice thickness: 8mm, gap: 0mm) was obtained during 1

Short Axis

breath-hold of 10 to 15seconds. Phasecontrast (PC) irmeges
were aso acquired to compute the stroke volume (SV).

SAX Analysis

On short-axds view, the outline of the endocardia border of
the LV was traced menually on al dlices of each phase (Fig. 1A)
by 1 experienced cardiologist or 1 radiologist using stendard
software (M ass Research software, version V2013-EXP, Leiden
University Medical Center). Volumes were computed by Simp-
son method of disks summation, whereby the sum of cross-
sectional areas was multiplied by dice thickness (Brmm). We
followed the Task Force for ing developed by the
Society for Cardiovascular MR (SCMR).> The LV outflow tract
is included as part of the LV blood volume. Papillary muscles
and trabeculation were induded as part of the LV volume.

LAX Analyss

Endocardia borders were menually traced using the same
softwareona vertical long-axis view (VLAX; Fig. 1B)andona
horizond long-axis view (HLAX) for each phase. Volumes
were determined using the long-axis area-length method. End-
diastolic volume (EDV), end-systolic volume (ESV ), and LVEF
assodated with VLAX and HLAX were obtained. LAX esti-
metes were obta ned by calculating the mean of estimates from
the 2 long-axis planes.

Phase-contrast Analysis

On PC images, the lumen of the ascending aorta wes
segmented automatically and comected menudly
the cardiac cycle by the same operator. SV (L) was obtained
by dividing cardiac output (L/min) by heart rate (bpm). PC
irrag‘n%wzsoonsidaajasﬁerefermnﬁhodforsv esti-
metion.

Echocardiography

Echocardiogrephic examingions were performed by an
experienced sonographer who acquired a complete 2-dimen-
sona (2D) TTE induding 4 and 2-charmber apical LV views.
(Vivid ES, Generd Electric- Vingmed Horten Norway). All
acquired images were eva uated offline by a cardiclogst, using
the standard biplane method. The LV volume was calculated

FIGURE 1. A, Basal and midventricular short-axis view with diastolic and systolic contours. B, Long-axis view in a VLAX and HLAX with
diastolic and systolic contours. Noted that LV trabecular tissue and connected papillary musclesincluded. The LV outflow tract isincluded
as part of the LV blood volume. Papillary muscies and trabeculations were included as part of the LV volume. HLAX Yshorizontal long axis;

LV %left ventricle; VLAX Yavertical long axis.
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FIGURE 2. LVend-diastolic and end-systolic volume by Smpson 4-chamber (A) and LV end-diastolic and end-systolic volume by Biplane

Smpson 2-chamber method (B). LV Yleft ventridle.

fromthe summation of a stack of discs where the height of each
disc is calcudated as a fraction of LV length (Fig. 2).*

LVEF Estimation Method

Cardiac megnetic resonanceand TTE LVEF werebasad on
endocardid tracing of the LV chamber from the imeges
obtai ned on different axis views. The quantitative determination
of EF was calaulated using LV end-diastolic volume (LVEDV)
and left ventricular plic volume (LVESV) estimetes as
follows: LVEF Ya(LVEDV A LVESVAVEDV according to
guiddines.” Both the Simpson method and the area-length
method were applied to CMR,

Reproducibility Analysis

Forboth SAX and LAX measurements, a randomly chosen
subgroup (30 patients) was processed twice for intracbserver
andyss. For interobserver variability andysis, SAX volumes
were measured seperately by 1 experienced cardiologist and 1
radiologist. LAX volumes were computed by 1 cardiologist and
1 megnetic resonence imaging (MRI) technologist.

Statistical Analysis

Satidica andysis was performed using SPSS version 17
(Chicago, IL). Quantitative val ues were expressed as the mean

Copyright # 2015 Wolters Kluwer Health, Inc. All rights resened.

valueE£SD. Comrelation between imaging srategies was sumr
menized using standard (Pearson) comdation. Limits of agree-
ment between imaging methods and between readings were
esti meted as meen difference of the differences, as described by
Bland and Altman. Percentage variability was caaulaed as the
absol ute difference divided by the average of the measurements
(bias) A2 SD. A P vaue <0.05 was considered to indicate
satisicd sgnificance.

RESULTS

A total of 100 patients with first STEMI were envolled in
the study and completed the MRI and echo studies. Time from
hospital admission to CMR was 2.3840.76 days. Echocardio-
graphy was performed in less than 48hours on the same day as
CMR in most patients (mean interva dday between CMR and
TTE %20.0hours £21.2). Paients’ characteristics are summer-
ized in Table 1. Patient charadteristics of the whole REMI
populaion (145 paients) are summarized in Supplementa
Table 1 (httpy/linkslww.comM D/A483).

Comparison of LVEF M easurements According to
the Different Techniques

The mean LVEF measured with CMReayx (42.1/7.9%)
was lower than that measured with CMR_ ax (47.147.9%) and

www.md-oumnal.com | 3
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Patient (n % 100) n (%) or Mean £SO
Age(y) 5544111
Sex (mele) 86 (86)
Body suface aen 194502
Blood pressure (mrHg) & admission sap 12452204
Dep 734119
Heort best 769/£134
Revasodanization delay (min) 26941861
Killip dass (n, %) 1 90 (90)
2 10 (10)
M 0(0)
Culprit lesion (n, %) LCX -Mg 8-4(12)
RCA 38 (38)
LAD-Dg 47-3 (S0)
CPK pesk value (UIL)
Scar edert—memn transmurd LGE (%) 1621 81334
Sroke volume TRATE178
analyss, mL)

CPK Vacrestine phospholdnese, DBP Vadiastolic blood pressure,
DgVadiagonal, LAD Yleft arterior descending artery, LCX Yaleft cir-
canfle, LGE%lae gaddinium erhencement, Mg'emarging,
RCA Yaright coronery artery, SBP Yasystolic blood pressure, SD %
standiard deviation.

TTE (494 /£8.3%): LVEF vaues obtained with CMR . were
doser to TTE ones than with CMRga (Table 2). LVEF
assessed with CMR 4« and CMR g, « showed good correlation
(R %0.88). Apeart from this, the cormelations between TTE and
CMRgax or CMR_ 4 were lower, but smilar (R %0.58 and
0.66, respectivy). Bland-Altmen analysis showed thet LVEF
determined from CMR_ . x was dmost systemetically higher
than LVEF determined from CMRg,« (mean absolute differ-
ence of 4.95/43.9% Fig. 3).

Comparison of LV Volume M easurements
According to the Different Techniques

End-diastolic volumes were very smilar in CMRg« and
CMR_ax (Table 2), whereas TTEgn, was merkedy higher.
Bland-Altmen analysis (Fig. 3) showed that LVEDV and
LVESV estimeted from CMR 4« were dmost systerreticaly
lower than those estimeted from CMRgax.

Comparison of Stroke Volume M easurements
According to the Different Techniques

Stroke volumes were vary smilar in CMRgax and
CMR_ ax, wheress they were markedly higher in TTE.
PC SV messurements were marginally doser to CMRgax
messurements  then CMR . messurements (meen Ve
J25/F178mL, range 309-1380mL). Linear comperison
showed that SV estimetion with the PC method was better
gnug with CMRgyx (R%0.89) than with CMR A«

%0.81).

Comparison of the Reproducibility of the
Different Imaging Techniques

The interobserver limits of with CMRgax were
A3.1to 14.7mL for EDV and A12.3%to 3.7% for EF. The
interobserver limits of agreerment with CMR . were broader
umnaauweov (A225t09.3mL.), but narrower with regard
to EF (A4.5%to 6.9%). In contrast, the interobserver limits of
agreement weremuch with TTE than thet observed with
CMR methods (A35.03 to 31.89nL for EDV ad
17.01%1o 9.71%for EF). Thei limits of agree-
mert weremuchwider for CMRg, « (A 16610 17.6mL forEDV
and A85% to 7.3% for EF) then thet observed for CMR 4 x
(A10.1 to 7.7mL for EDV and A38%to 5.7% for EF). The
intracbserver limits of were much wider for TTE
for the 2 CMR methods (A 35.10to 24.12mL for EDV and
11.8%% to 9.98% for EF). When foausing soldy on LVEF,
CMR ax had alower %of variability and higher comelation for
both inter and intracbserver reproducibility then thet observed
with CMRsax and TTE (Table 3). The inbraciass correlation
coeffident (ICC) for both inter and intracbserver reprodud-
bility observed with CMR_ .« was marginally better then thet

Comparison of the Time Needed to Perform the
2 CMR Techniques

Acquisition time for CMRgax and CMR 4« messurement
was, respectivdly  (in minutesecond), 8:594241 ad
3:35/40.99, wheress the time needed for endocardid border
tracing was 4:10/0.18 for CMRsax and 1:1540.18 for
CMR 4x. Theglobal time saving was 8 minutes and 19 seconds
per study (Table 2).

TABLE 2. Echocardiographic and CMR Characteristics of LV Systolic Function

CMReax CMR ax TTE

LVEF, % Q179" 7179 H4ABI?
EDV, mL? 9184 881/E14.7Y 1156/48.2%*
ESV, S36413.1 471 /124> SBOAEL. I
Stroke volume, L 750&17.0 P8E17.1 11224369
Acgqustion tme, mns 8594241 335/£09
Endocardid tracing time, mins 4:10£0.18 1:154£0.18

CMR Wucarda: egretic resonence, EOV Yeend distlic voume, ESV teendsysiolic volue, LV Wit vertide, LVEF left verriader

on
<0001 vs TTE.
YP <0001 vs CMRgax.
P <0001 vs CMR 4x.
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DISCUSSION

Inthis shudy, CMR . proved to be an accurae method to
measure gobal LV parameters, induding LVEF, compared
with CMRsax. However, CMR_ 1« wWas assodated with a
systerdtic underestimation of LV wolume compared with
CMRgax. LVEF messuraments using CMR yx and TTE were
very smilar, which coud be the consequence of smilar volume
calaulations based on long adsin both techniques. Our dataalso
indicate that CMR 5 messuraments were much faster and had

an overdl better reproducibility than CMRsax, which would
sugeest its particdar rdevance inan acute dinical setting such
ain patients within days of aoute myocardid infarction (AMI).

Limits of SAX Evaluation

Functional analysis with cardiac MRI using short ads
(SAX) imeges of the vertrides is independent of geometric
asumption and is now accepted as the gold standard for LV
volume caadaion®? Neverthaess, CMRe, . requires regular

TABLE 3. Interobserver and Intraobserver Variability for Left Ventricular Ejection Fraction M easurement

Interobsarver Intracbsarver
LVEFzax %V?zaility IH;;S 6 ng
ICC 0.913 [0.82-0.958] 0.945 [0.883-0.97]
LVEF_ax %Vagzah'lity 490% 460%
089 088
ICC 0.940 [0.88-0.97) 0.931 [0.85-0.96)
LVEFe %quizaility 1342% 9.90°%
050 054
IcC 0.640 [0.26-0.84] 0.725 [043-088])

ICC %intadas comdaion cosffidat, LAX Y%long ads, LVEF .y %leit veriada gection fracion-CMR long @ds, LVEFs,y Y%left
vertricdar gection fracion-CMR short ads, LVEF 1z %ldt vertriadar gection fraction-transthoradic echocardiography, SAX Yashort 2ds.

Copyright « 2015 Woiters Kluwer Health, Inc. All rights resenved.
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and sometimes long breath-hol ds,™*° which leads to an uncom-
fortable and long acquisition. Time is thus the main limitations
of CMRsax and restricts its widespread implementation for
patients in AML. Indeed, this method can be chalenging in
patients with impaired cardiopu monery status, who are uneble
to hold their breath, or in those with severe amhwthmia. If nearly
al curently implementad volumetric methods, whether CMR
or echocardiography-based, require multiple coss-sectional
views of the heart, CMRg,« is the technique which requires
the most ime-intensive acquisition and andlysis. In our study,
SV estimeted by LV volume caadation fromthe SAX hes the
best comelation with the SV caculated by PC and reinforce that
this method remains a reference to compere severa imeging
strategies for LV systolic function quentification. Pearson
corelaion coefficents were 0.89 between PC and SAX
measurement, and 0.81 between PC and LAX methods. Com»-
pared with standard invasive messurements, velodity-encoded
phese-difference CMR can accurately and repidly determine
cardiac output. Severd studies have dready demonstrated the
interest of cardiac output—PC guidance to vaidate the L VEF. !

Correlation of SAX and LAX Methods

The CMR_ax messurements have been aready proposed
as an dtemative for LVEF cacdation.™ Thus, biplane method
is atractive, requiring only 2 views and minimal data acqui-
sition and analysis times. Apert from this, biplane assessment
cine CMR imeging does not rely on geometric assumptions or
cacdations based on incomplete sampling of the cardiac
volumes.®

Only a few studies have compared SAX and LAX
messurerments by CMR imaging.™ The authors condluded thet
there were no significant advantages of smplified MRI tech-
niques over modified Simpson method echocardography. In
our study, we found good comelaion and agreement between
CMR_ax and volumetric CMRga messurement, and better
correl ation between LVEF 4 versus LVEF ¢ compeared with
LVEFgax verss LVEFyye. Biplane CMR is of paticular
interest, given thet, in contrast to TTE, MRI is not dependent
on good acoustic windows, and, in prindple, dlows rdiable
acquisition of the required 2 orthogondl standard planes of the
heart. One of the reasons why CMR 4« messurements exhibita
better comelaion with the biplane Simpson method then the
CMRsax messurement mey be related to the fact thet in
CMRax, Smilar wals are taken into account for caadaing
gobal cardiac function.

Agreement Between SAX and LAX Methods
Inour study, LAX tended to overestimete L VEF compared
with the CMRg, x messurement. The results herain confirmthat
the bias is not due to the choice of the imeging moddity
(echocardiography or CMR), but rather to the method of
messurament (SAX vs LAX). Compared with TTE messure-
ments, CMR, . x showed a modest comelation, but good agree-
ment (A 2.4%). In the key corrperative substudy published by
Chuang et d,™ the authors found a poor agresment between
biplane and volumetric methods, and worse between
biplane methods, with a grester impact on the results then the
achal choice of imeging technique. Childs et d also showed
thet LVEF can be adequatsly estimeted using the single and
biplane dlipsoid model's, whereas SV tends to be overestimeted
using LAX models compered to SAX. In their study, Dulce
e d** used nonbresth-hold dne MRI using a vanety of mono-
plane and biplane geometric formulas to determine LV volume

6 | www.md-oumal.com

and EF, which they then cormpared with SAX stack volumetric
resuits. The hemisphere-cylinder modd (5/6 area-length) over-
estimeted LV volumes while underestimating EF.'®

These forementioned studies suggest that aggregate volu-
metrnic and biplane MRI messurements of LV volume and
LVEF differ only moderatey. Hence, CMR ax dightly over-
esimetes LVEF compared with the CMRg,x messurement,
mainly due to an underestimetion of ESV ax.

Reproducibility and Time-saving of LAX
M easurements

One advantage of LAX views is the low susceptibility to
errors induced by misinterpretation of sices in proxdmity to the
mitrd vave. Interobserver vanability was smdller with LAX
measurements as previously described.’ It should be empha-
sized thet the through-out plane motion of the besal SAX imege
represents an important source of emor, both for LV and RV
SAX evaluation. In a study by Bloomer et d,' high-quality
imeges were obtained for andys's, and the measured volumes
with LAX SSFP (Steady State Free Precession) sequence
comelated well with SAX volumes (r > 0.98). They conduded
thet this combination of sequence and scan orentation displays
intrinsic advantages for image analysis due to the improved
contrast and the avoidance of erors assodated with the basal
diceinthe SAX crientation.'” Given the greater reproducibility
of CMR_ s x inmessuring LVEF over CMRg, «, the potentid of
detecting sl changes in myocardid volumeoverimeor asa
result of LV remodding or therapy s therefore enhanced.

Long-axis measurement is atractive, as it only requires 2
views and is completely transferable to the most commonly
utilized biplane method used in dinical practice after an AML
This method requires less imaging and data anelysis time. The
saving time to obtain LV function data (acquisition and off-line
post-tregtiment) was approsd mately 63% (8 minutes and 19sec-
onds) per patient. Therefore, modified Simpson ndeand biplane
dlipsoid models, with thair shorter acquisition and umrg
times, mey incresse the dinica avalability of dne MRI.
However, biplane MRI is still subject to the limitations of
geometric assurptions. To improve the acouracy, a third-
chamber LAX, similar o the case for triplane messurement
by echocardiography, may therefore be added.

Limitations of the Study

One of the limitations of the study is the high number of
petient Killip class 1 (90°%). Only few patients had large M1
with low EF; thus the range of LV dysfunction was limited,
which might have contri buted to the | ower assodi ations between
LV function evauation methods then expected. Nevertheess,
we demorstrated good agresment in palients with reldive
preserved ejection fraction. Moreover, these svall infarcts
arethe consequences of the cumently very effective revascuan -
zaion strategies. Y e, risk sraification for remodding in these
petients remains challenging.

In addition, our cohort participants were overd| quite
young. Our findings should consequently be verified in older
popuations and dso in patients with higher Killip dass score/
sgns of heart falure.

Clinical Implications

After a STEMI, CMR should incressingly be used for
coronery microvascular status assessment and quentification of
infarct Sze. Unfortunately, MRI is rardy inpatients
with M1 in most countries and hospitals due primerily to lack of

Copyright « 2015 Wolters Kluwer Health, Inc. All rights reserved.
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rrechine availability,® One of the main limitations of CM Ry
isthe ti rme-consuning nature of data acouiSition which restrics
the widespread implementation for al the patients in AML

On top of the LV funcion informmetion, CMR could
provide precious inforretion about micovasoular darmege,
infarct size, and vishility. The sole TTE is unable to provide
this informmation in acute phase of an acute event, Considering
theimportant dinical vaveof CM R, even when performmed very
early after M1, a practical approach would beto performCMR at
the timeof theinitial hospitalization for AMLL Inthis shudy, we
show that the use of CMR 45 would decrease the tolal exam-
ingion time by approdimetEly 10minutes compared  with
CMPR.ss . Decreasing the duration of the CMR by 10minutes
would have an important irpact on its availability within the
initid hospital sy for an AMI; we would thus suggest the
utility of a faster AM I protocol based on CM B .. M oreover,
by decreas ng the durati on of the study and the number of apneg,
it mey be safer to realize CMR in patients with innpaired
cadiopulmonary stehs or Killip ! 2.

CONCLUSIONS

In a paricular population composed mostly of patients
with no dinical signs of heart failure and low morality risk,
CMR is useful to accurately quentify patients’ LVEF. In this
e, CMR . messuraments of LY volumes and gjection
fraction allow acourate, fast, and reliable assessment of global
LV fundion and exhibit good comdation with CMRg.
mess_rements. Despite the fact that CMR LV EFs,y remans
the gold standard, abiplane LAX M RI study should nonethel ess
be corsidered to shorten the overdl imaging acquisition and
reacding time a5 a putative replacement. Moreover, CMRax
methods  provide values doser to TTE gection fraction
rmessurennents. Even if TTE is the most commonly used and
available mathod indinical practice, aswel| asfor dinica trid
and guideines inischemic cardi because of its great
availability and its cost, CM R has the advantage of allowing the
adfjunction of other specific useful sequences o evauae
SCaT evpension,
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5.2.2  Quantification de la séquelle d’IDM (article 3)

Nous avons également testé et apprécié la valeur des différentes méthodes mesures et de

quantification de la zone de réhaussement tardif dans la cohorte REMI .

Nous avons ainsi comparé une méthode de tragage manuel a 2 techniques de mesure
semi-automatiques d’évaluation du rehaussement sur 114 patients de I’étude REMI (une basée
sur I'histogramme de distribution de l'intensité de signal des pixels et 1’autre sur les différents

seuils d’intensité (n- dérivation standard)).

Nous avons montré que les méthodes de quantification semi-automatiques étaient plus
reproductibles mais avec un biais significatif comparativement a la méthode de tragage manuel
qui a finalement été retenue pour nos travaux ultérieurs. A noter qu’une analyse semiquantitative
(réhaussement sous endocardique (<33%), intermédiaire (33-66%) et transmural >66%) validé

aprés relecture segmentaire pouvait etre utilisé pour les publications antérieures a ce travail.
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ORIGINAL RESEARCH

Myocardial Infarct Sizing by Late
Gadolinium-Enhanced MRI: Comparison
of Manual, Full-Width at Half-Maximum,

and n-Standard Deviation Methods

Lin ZHANG, MD,'? Olivier HUTTIN, MD,? Pierre-Yves MAREE, MD, PhD,%*>
Jacques FELBLINGER, PhD,%*>® Marine BEAUMONT, PhD,®
Christian DE CHILLOU, MD, PhD,'?* Nicolas GIRERD, MD, PhD,**” and
Damien MANDRY, MD, PhD'%**

Purpose: To compare three widely used methods for myocardial infarct (M) sizing on late gadolinium-enhanced (LGE)
magnetic resonance (MR) images: manual delineation and two semiautomated techniques (full-width at half-mandmum
[FWHM] and n-standard dewviation [SD]. ) )
Materials and Methods: 3T phase-sensitive inversion-recovery (PSIR) LGE images of 114 patients after an acute M1 24
days and 6 months) were analyzed by two independent observers to determine both total and core infarct sizes (Tl
CIS) Manual delineation served as the reference for determination of optimal thresholds for semiautomated methods
after thresholding at muitiple values. Reproducibility and accuracy were expressed as overall bias 6 95% limits of
agreement.
Results: Mean infarct sizes by manual methods were 39.09%/24.4% for the acute MI group (TIS/CIS) and 29.79%/17.3%
for the chronic MI group. The optimal thresholds (ie, providing the dosest mean value to the manual method) were
FWHM30% and 3SD for the TIS measurement and FWHM45% and 6SD for the CIS measurement (paired ttest; all P >
0.05). The best reproducibility was obtained using FWHM. For TIS measurement in the acute MI group, intra-/interob-
server agreements, from Bland-Altman analysis, with FWHM 309, 3SD, and manual were -0.02 6 7.74%/-0.74 6 5.52%
0.31 6 9.78%/2.96 6 16.62% and -2.12 6 8.86%/0.18 6 16.12, respectively; in the chronic MI group, the correspond-
ing values were 0.23 6 3.5%/-2.28 6 15.06, -0.29 6 10.46%/3.12 6 13.06%and 1.68 6 6.52%/-2.88 6 9.62% respec-
tively. A similar trend for reproducibility was obtained for CIS measurement. However, semiautomated methods
produced inconsistent results (variabilities of 24-46%) compared to manual delineation.
Conclusion: The FWHM technique was the most reproducible method for infarct sizing both in acute and chronic ML
However, both FWHM and n-SD methods showed limited accuracy compared to manual delineation.

). MAGN. RESON. MAGING 2016;00:000-000.

de gadliniumenhancad (LGE) magndtic reonance  Clinia trids using LGE infadt 922 a5 a surmogete endpoint
imegng (MRI) is a wdl-etablished tool usd for the may bandit from a abdantidly reduced sarple s='
apmret o ate and dyonic myoadd infadion  Seved methods have been proposad to messure infadt 92
(MI)." Indeed, the dinic rdavance of infat sz2hassben  with LGE imeges The utilization of menud ddinestion is
etedvdy dudead. Lags infads indcte advae ldt v widepreed but is timeconauming (20 min)'! and laks
triadar (LV) remodding”” and poor longtem outcomes®®  reprodudibility. ™ ™ Two ssmiatormeted methods based on
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thresholding have besn introduced that are intendad to be
more objetive The two methods ae known & n-SD (dand-
ad daidion) and FWHM (full-width & haf-madmum).
Landmark epaimats in a anine MI modd™? deron-
srdad that thresholding & 2 or 33D above the man sgnd
intensty (9) from nomd myocadium could acourady
depidt the infadt a= compasd to podmortem histology.
Although applied in saverd dinid sudies™' " higher at-
offsaxh a5 or 65D have ben auggetted to be more appro-
pride** The reprodudhility of the n-SD method hes d
ben quesioned.’***?! The dtandive method, FWHM,
usss paeentags of the madmd intendity within the hypeen-
hancad region to define the infat.> FWHM is bdieved to
be more reprodudble, s it is less susoeptible to aurface ol
sgnd intensty vaidion. Regading the optimd  threshold
with FWHM, confliding dda edg in animd -
ddmawdmsmmmrwew
cion”? Howaw, the pravious sudies thet \didae smi-
astomated methods are confined to sal populdions

Thaefore, we pafomed a much broade gudy to
andyze the reprodudhbility of the menud, FWHM, and n-
D techniques and to asess the aoauracy of FWHM and n-
D when wsing the menud tedhnique & the rfeence
method.

Materials and Methods

Study Population

In totd, 142 paiets from a monocantric progadive udy
(REMI, cadiac REmodding dter Myoadid Infadion; Clinicd-
Tridsgov Identifie: NCT01105225) wae andyaed. Two cadiac
MRIs were presgibad for exch paient dte ST-=gment daevdion
myocadid infaction (STEMI): one MRI within 2-4 days (anute
MI) and anotha MRI & 6 months (dwonic MI). The STEMI was
defined by a combindtion of typicd chet pan, chaateidic
dhangss in detro@diogeph redings, and a sgnifiat ne o a-
diat injury biomerkers. All patients recsived successful primery per-
ataneous coronay intenvention (PCI) and medd thaapy. The
protocol wes approved by the loc ethics committee, and eech par-
tidpant sgned an informed consent document.

Cardiac MRI

Imeging wes paformed on a 3.0T MR sanne (Sgrd HDx, GE
Headthae, Milvakss, WI) with an 8dand phasdarey a-
diac coil. As part of a thorough cardiac MRI protocol, LGE imenes
wae obtanad usng a phasssnstive ilveson-aovey (PSIR)-
prepared gadient recdled echo sequance, during bresth-hald and
datroadiogam (ECG) gting. Acquistion wes paformed 10-15
minues Jte the adminidration of a contragt agent (0.1 mmol/kg
of body weght of gadotanic aod, Dotaem, Guabet, Aunaysus-
Baig France). A gak of 6 to 9 short-ads dics wes obtanad to
ove the entire gt ventride from baee to apex The paargas
were 3 fdlons TR/TE, 4.7/21 mex; flip ange, 208 fidd of
view, 350 mny matrix, 256 3 256; and thidaess 8.0 mm with an
intgrdice gp (0-6.5 mm). The invarsion time wes adjusted to null

2

hedthy myoadium (TI range 250-350 me), and the aurfae
il intensty comection (SCIC) dgorithm wes usd,

MRI Analysis

Al imees wae ievad and andyad offline sing MASS
resgth Sftware (V2013 EXP, Laden Univesty Madicd Cats,
the Nahaiands). The imege qudity wes gaded usng a 4-paint
sde 15 god, 25 intemedas, 35 poor, ad 45 nondiay-
nosiic; the late group wes edudad from futher andyss s wae
images from paients with no LGE. Endocadd ad epicadd
contours of the LV were traced menualy on each dice by the con-
sas of two obssvas (DM, LZ.) who had no knowdedge of
the dinid daz the papillay musdes were indudad into the LV
cadty. Theee ssgmented datasts were utilized for dl ubsequent
andyss Then the manud and ssmiatomdtsd ddinations of the
infat were paformed by the two ocbsarvas who had 12 (DM.)
ad 3 years (L.Z2) of epaiexe in cardiac MR, and who wae
blinded to exch atha’s reaults The late repeted the andysis 2
months lae to &= intracbsenver vaiability.

For the manud ddination, dter adully adusing the
imee contrat window, the overdl hypeenhanced aea on ech
dice wes ddineted to obtan the totd infadt. Theinfadt core ves
then ddfinad a5 the brighter pat of it When presart, the micoves
ada cbarudion (MVO) wes addad to the core aea Menwhile,
a regon of intgex (ROI low) wes placed on exch dice in the
ramote myocadium (in a diffeet coronay taritory from the
infat) without LGE. Ancthe regon enxcompassing the hypanen-
henced area was drawn (ROI high).

Semiasometsd tedhniques (FWHM and n-SD) with a2 renge
of threshold vdues weare tested to define the optind threshold for
ach method compared to the manud rexits (Fig 1),

In the FWHM dgorithm, hyperenhanced aness were defined
spodswith an S dbovea paantage of themadma myocardid S
fromROI high, that is FWnd%(inour s, FW S A1 BwhaeA S
0,ardB5S madmd intensty from RO high). A rangeof thresholds
wereteded, from 20%to S0%with an incement of 5%

The n-SD method wes based on the S from the remote
nomd myo@dium The hyperenhancad ares was dfinad by sumr
ming the pixas with an intensty messrement gester than n imes
gandard devation (D) (@ nS 1, 2 3...) of the meen S from
ROI lox Multiple SDs (from 1 to 9 SDs) wee s,

The totd infadt sze (TIS) and core infadt sz (CIS) wee
epresad & a paantage of the LV mass (%).

Statistical Analysis

All daa were andyzed LSng R gaigics (R3.1.3). Fire, a pared-
sarple t4eg wes paformed to daamine the optimdl thresholds
with eech ssmiastomatad method for TIS and CIS mesuramets
usng the manud readts from the more epaiencad chanver &
the rdference. Comparisons of more than two goups were mede, if
necEssy, using Tukay's method. Seoond, the reprodudibility of dl
three of the methods and the conssency behween smiatomated
methods and menudl ddinetion were andyzed. To this end,
Bland-Altmen plats weare paformed, with ovedl biss 6 5% lim-
its of agreament reportad. Additiondly, the percentage of vanability
(Yaeridbility, egresad as the alute difeece bawean two
mesuraTets dvidad by the men we) & wil & inriadas
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Zhang et al.: Infarct Sizing on LGE Images
n-SD

Manual delincation of total LGE
and LGE core

Thresholding at 20%-50% of
maximal S| from LGE area (RO|

Thresholding at n=1,2,3...95D above
mean SI from normal myocardium

high) region (ROI low)
L J
reference k 4
method determination of & intra- and inter-
timal thresholds observer vaniability
a b |* c :

FIGURE 1: Workflow for the comparison of three LGE quantification methods. (A) Manual delineation: endocardial (red) and epi-
cardial (green) borders were traced, then the overall LGE (white) and the brighter core (orange) were carefully delineated. (B)
FWHM: a region of interest was drawn to encompass roughly the hyperenhanced region (ROI high, yellow), then a range of
threshold (20-50%) values were tested to determine the optimal value. (C) n-SD: a region of interest was placed In the normal
myocardium (ROI low, blue). A range of thresholds (from 1SD to 9SD) were analyzed.

comdaion codficents (ICCs) wee cdadasd. Saidicd sonifi-
cance wes conddared for atwotaled P vdue  0.05.

Results
Population
In the curent shudy, patients who undawent only one MRI
(21), who had nondiagnogtic LGE images (3), or who had
imeges that did not show LGE (4) were eduded. Thae
fore, two LGE daasts from ech of 114 paients wae
andyzd.

The 114 patients were 565 6 10.3 yars old, and 96
wearemde (84.2%). Theadprit vessd westhe LAD in 59 cases
(52%), the RCA in 41 (36%) and the LCX in 14 (12%).

Image Quality Assessment

For the aaute M1 and dyonic M1 goups, repativdy, the
image qudity wes judged & good in 68 (60%) and 82
(72%) cases, intamediate in 31 (27%) and 29 (25%) cases,
and poor in 15 (13%) and 3 (3%) =

Determination of Optimal Thresholds

With n-SD and FWHM Methods

Asillusrated in Fig 2, the infarct Sze varied greatly accord-
ing to the methods usad and to the threshold sttings With
the menua method, in the aoute M1 goup, the TIS and
CISwae 390 6 135% ad 244 6 11.5%, repativdy;
in the donic M1 goup, the comesponding vdues weare Sg-

Month 2016
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nifiantly lowe than in the aoute M1 goup, 29.7 6 11.7%
and 17.36 8.8% (P < 0.0001 for both comparisons).
Compared to the menud rfaee, the smatomated
methods produced smilar maan infadt S22 messuremants
usng the aitaia of FWHM30% and 39D for TIS and
FWHM45% and 69D for CIS In the aoute MI goup, TIS
messured by FWHM 309 39D, and manud wae 40.2 6

Ity sam. N

il

7 R

FKSURE 2: Infarct measurement using three methods. The
pairedsample ttest was usaed to compare results from the
semiautomated methods set at vanous thresholds to the man-
ual measurements. Optimal thresholds for the total infarct siz-
ing (TIS) and the core infarct sizing (CIS) were indicated by #
and # respectively., Two groups shared the same optimal
thresholds (TIS: FWHM 309%/3SD; CIS: FWHM45%/6SD).
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FIGURE 3: Intraobserver variability in the acute M1 group. (A) The total infarct size was measured with manual, FWHM 30%, and
35D methods. (B) The core infarct size was measured with manual, FWHMA45%, and 6SD methods. The solid line represents the

overall bias. The dashed lines represent 95% limits of agreement.

19.8% 385 6 124% and 40.0 6 13.5% repeativdy
(P > 0.05 for each compaison with the manud reaults);
the CIS messured by FWHM45%, 69D, and manud wae
2626 133% 2286 11.3% and 244 6 11.5% repec-
tivdy (P > 0.05). In the dwonic MI goup, TIS mesured
by FWHM30%, 39D, and menud wee 337 6 186%
302 6 1199% and 297 6 11.7% repativdy (P >
0.05); the CIS mesaured by FWHM45%, 65D, and manud
wae 194 6 10.7% 158 6 10.0°%, ad 17.3 6 88%
repedivedy (P > 0.05).

Reprodudibility of Manual, FWHM,

and n-SD Methods

Bland-Altmen plots ae shown (Figs 3-6), and the ovadl
results are summerizad in Table 1.

4

INTRAOBSERVER VARIABILITY: ACUTE MI GROUP 1
CHRONIC MI GROUP. In the ante MI goup, a better
intracbsave ageamet wes achievad with the FWHM
technique for both the TIS (bizs 6 95% limits of agee-
ment: 002 6 7.44%; Yovaiability: 24%) and CIS (0.76
6 9.84% 54%) messrements whaes the D ad
manud methods showed dmost equd vanability. Addition-
dly, in the donic M1 goup, the FWHM tedhnique had
the srdlest intraobsarver variability whereas n-SD had the
leest reproduability. For earple, the pecantage vaiability
was 20.6% with 63D for CIS messurament (Table 1).

INTEROBSERVER VARIABLITY: ACUTE MI GROUP 1
CHRONIC MI GROUP. As summanized in Table 1, beter
interobsnve reprodudbility was obtaned with the FWHM
technique For earple in the aoute MI goup the
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FIGURE 4: Intraobserver variability in the chronic MI group. (A) The total infarct size was measured with manual, FWHM 30%, and
3SD methods. (B) The core infarct size was measured with manual, FWHM45%, and 65D methods. The solid line represents the

overall bias. The dashed lines represent 95% limits of agreement.

vaidilities wae 074 6 552 and 095 6 6.22% in
the TIS and CIS messuraments, repectivdy. The pauantage
of variability wes greatly reduced within the FWHM resuits
mpadd to the ather two methods

Accuracy of FWHM and n-SD Methods:
Comparison to Manual Results
The comparison results are detaled in Table 2. Bland-Alt-
men plats ae provided in the Supplementd Maeid.
Althoudh they adhieved smila mean infad sz mes-
urements usng optimd thresholds, remarkable disoepandes
were found betwesn the two smiastomated methods and
the menud rfgence With the FWHM and n-SD tedhni-
ques, the meen differences ware more than 30% and 24%,
repeativdy. The ICCs betwesn the smiatomated methods

Month 2016

and the manud method were bdow 0.7, thus datidicly
unacoeptable ™

Discussion

LGE MRI has been edablished & the sandad tedhnique
for the asessment of myocardid infardion. Although visd
aEmment ramans affident for most dinid applictions
a2 more objective quantifiction would be better suited for
ressarch purposss® Currently, menud planimetry, FWHM,
ad n-SD age the three widdy ussd methods Howeve, no
oneaes has bean reachad. In the cumat dudy we
obsned that infaat 922 varied dgnifiantly with the meth-
ods and threshold sttings, erphasizing the importance of
method sandardization to dlow for intasiudy comparisons.
We dadaminad that the optimd thresholds could be

5
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FIGURE S: Interobserver variability in the acute MI group. (A) The total infarct size was measured with manual, FWHM30%, and
3SD methods. (B) The core infarct size was measured with manual, FWHMA45%, and 6SD methods. The solid line represents the

overall bias. The dashed lines represent 95% lmits of agreement.

FWHM 30% and 33D & wdl & FWHM45% and 65D for
totd infat and core infadt messureament, repactivey, in
both ante and dhonic M1 sfttings; thee findings sugoet
that the infat age is imrdevant. We d confirmed thet the
FWHM tedhnique wes the most reprodudble technique
Howeve, both the FWHM and n-SD methods showed
large disorepandes from menud ddinegtion.

Amedo e d fird vdidated the FWHM tedhnique in a
anine M1 modd.”” FWHM wes shown to be highly repro-
dudble, with a minimel intercbsanve bias (-0.1% of LV).
However, compared to posmortam data, an overetimetion
(416 1.1% of LV) of the infat S22 on LGE imeges wes
qill obsarved. Another animdl sudy, usng a pordne MI
modd,”* demondrated thet the paraentage of 70%, rather
than the primitive notion of “haf-madmum,” wes most

6

ongdent with atopsy resits Both epaiments wae lim-
ited to ante M1 only. In dinica sudies of ischamic cardio-
myopethy (ie, & the donic 2age), the atoffs of 35% and
S0% were evpincdly ussd for totd infadt and core infadt
quantifiction, repetivdy®® In a recat sudy, Flet
e d'° cbtaned dmila LGE volume messurements by the
menud and FWHM methods, adharing to the S50% thresh-
old, in ante M1, dvonic M1, and hypatrophic cadiomy-
opahy. Howeve, incondsent daa were reported in another
sudy of 28 ante MI patients, which showed a sgnifiant
undeetimetion of LGE mess (15% lower than menud
ddinetion) by the FWHM method® Our sudy wes
designed to vdidate the FWHM technique in a dinical st~
ting by teting a lage range (from 20°% to S0% with an
incement of 5%) of threshold vadues & both aoute and
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FIGURE 6: Interobserver vanability in the chronic M1 group. (A) The total infarct size was measured with manual, FWHM 30%, and
3SD methods. (B) The core infarct size was measured with manual, FWHM45%, and 65D methods. The solid line represents the

overall bias. The dashed lines represent 95% limits of agreement.

dyonic €ages of ML Our work refinss thoe pavios
results and identifies the optind thresholds of 30% for totd
infardt assessment and 45% for the dens infadt core.
Regading the n-SD method, our dta providad the
threshold 33D for totld LGE quantificion and 69D for
the LGE core. The obvious disogpancy in LGE quantifie-
tion betwesn the 9D method and the manud method
ugss tha get cation should be ussd, epeadly in a5
with poor imege qudity, when gpplying this method, and
viad vaifiction shoud be paformed. Both animd sud-
ies??! and dinicd resrch™ 9% have shown that threh-
odng & 29 culd e onsdadle ovestindion. In
our dudy, this ovaretimeation wes wp to 33% in aoute M1
and 53% in dhvonic ML A pravious sudy of 15 pdiets
with chronic ighemic heat disese™ suggsted 5D for
LGE quantifiction; the same threshold wes confinmed for

Morth 2016

ante LGE memrarent® In avthe gudy,™® 6D wes
recommendad in the a2 of AMI and 59D or 65D in
CML

Recently, the threshold of 59D has been recommended
by the SCMR (Soady for Cadovanida Magndic Ren-
nance) task force aming to dandadize cadiac MR imege
podtprocesing in resarch® However, broader \didation
(muiticente, multivendor, and imae qudity) is Sill necss-
sy because the dgorithms mey be ae-aanstive Indead,
disoepandes betwesn our findings and pravious sudies may
aie for ssed resons 1) we onduded a much lage
sudy (>100 pdients); 2) our sudy is more refietive of
redi-life because we induded suboptimel LGE imeges, and
the two smiatomatsd methods fal more frequently with
thee imegs than with good-qudity imeges 3) we
amounted for LGE hatgrogendty, which has bean lagdy

7
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Totd infadt dzg, TIS
M anud Bl
b (e
Yveriability
FWHM 30°% Bl
b (o
Yaveriahility
3D Bis
bIcC
Yoeriaility

Core infad gz CIS
M anud Bias
YIcC
Yveriaility
FWHM45% Bl
b (oo
Yaveriahility

65D Bl
b (o
Yveriability

Aarte MI goup
Intrevbsenver
22126 886
0.93 [0.86; 0.96])
10.0%

20026 7.44
098 [0.98; 0.99]
2.4%

0316 9.78
092 [0.88; 0.94]
8.6%

Aate M1 group
Intracbeerver

22376 7.32
094 [0.79; 0.97)
13.7%

0766 9.84
0.93 [0.90; 0.95]
54%

0926 742
0.94 [0.91; 0.96}
14.1%

TABLE 1. Reproducibility of the Manual, FWHM and n-SD Methods

Inteobsarver
0186 16.12
0.81 [0.74; 0.87]
15.1%

20746 552
0.99 [0.98; 0.99]
4.5%

2966 1662
0.75 [0.63; 0.83]
16.5%

Interobserver

1836 110
0.88 [0.81; 0.92]
18.0°%

20956 6.2
0.97 [0.95; 0.98]
7.1%

176 126
0.83 [0.75; 0.88]
236%

“Bies, ovadl bias 6 95% limits of agreament from Bland-Altmen

Chronic M1 goup
Intreobserver
1686 652

0.95 [0.89; 0.97]
11.9%

0236 35
1.00 [0.99; 1.00]
1.%%

20296 1046
0.92 [0.88; 0.94]
13.3%

Chronic M1 goup
Intreobeerver

20416 404
0.97 [0.96; 0.98]
11.%%

0316 358
0.98 [0.97; 0.99]
2.8%

20016 664
0.95 [0.93; 0.97]
20.6%

Intaobsrver

22886 962
0.88 [0.73; 0.94]
15.7%

22286 1506
091 [0.86; 0.94]
7.8%

3126 1306
0.83 [0.71; 0.50]
20.0%

Interobsenver

20316 277
0.95 [0.93; 0.96)
14.4%

21716 1038
0.86 [0.79; 0.90]
10.4%

2166 928
0.88 [0.79; 0.93]
28.6%

PICC, Itrackass comdlation coefients,vith 95% C1 in brackets, Saenabiity 5§ 15 1 T s 3 100%%

Totd infadt 928, TIS

Maud v
FWHM 30°%

Manud vs
3D

FWHM 30% s
3D

Coreinfad 9z, CIS

Manud va
FWHM45%

Manua va
65D

FWHM45% vs
65D

Abbredations, se Teble 1.

Bis
i (o
Yariahility
s
"IcC
Yoveriahility
Bixs
“ICC
Yariahility

Bizs
“icc
Yveriahility
Bixs
“Icc
Yaariability
Bis
“IcC
Yvariability

TABLE 2. Agreements Between the Manual, FWHM and n-SD Methods

Aaute M1 goup

1246 3428
049 [0.33; 0.62]
32.4%

20416 2242
0.63 [0.50; 0.73]
24.1%

21656 434
0.13 [-0.06; 0.31)
42.9%

Aatte M1 goup

1716 21.26
0,63 [0.51; 0.73]
30.9%

21676 210
0.56 [0.42; 0.68]
40.0%

23396 2864
0.32 [0.14; 0.47]
47.6%

Chronic M1 goup

3956 4086
0.14 [-0.04; 0.31]
41.%%

046 6 19.74
0.65 [0.53; 0.75]
29.1%

23496 4472
0.02 [-0.20; 0.16)
49.0%

Chronic M1 goup

2076 2266
0.33 [0.15; 0.48]
37.5%

21556 1662
0.60 [0.47; 0.71]
45.8%

23626 2826
0.07 [-0.11; 0.24)
59.9%
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TABLE 3. LGE Quantification Method Standardization: a Summary of Studies
Sudy Object Imagngtime  Mehods  Findings
post-M1
Animdl velidetions
Kim*15T Dogs 1 day 2D LGE edent and shepe were smilar
Ex vivo 3das to TTC defined infacted aren
8 weeks throughout infarct hesling
Fieo “1.5T Dogs 4h D LGE edtent wes identical to Infat
Exvivo 13,10 days s2e defined by TTC; in vivo and
In vivo 4, 8 weeks e vivo imeging highly corrdated
Amedo 15T Dogs 24 h FWHM LGE edent by FWHM comdated
In vivo 165D best with TTC defined infarcted
aes; Intercbsarver agreameEnt wes
bettar using FWHM ; infact s2¢
decreesed with increesing threshold
vaues (from 15D to 68D)
Ha P1ST Dogs 2das FACT Overestimetion of LGE edent by
Ex vivo 2 months FWHM menud, FWHM and 29D vaaus
In vivo 29D TTC; FACT dgorithm wes acourete
for LGE quentification imeged ex
wivo and in vivo
Grusxzynda “1.5T  Pigs 5 days 1-9D Best agyesments with TTC-defined
In vivo FWHM:  infadt 922 wae ahiaed with 49D
090%  ad FWHM 7209 n-SD method
wes saeptible to ROIs location
Clinicd \didetions
Bondarenko *15T CML:nS 15 Not reported 269D Thresholding & S50 achieved dmi-
Manud lar Infarct 428 in cormparison to
menud deineetion
Flet 15T AMI, CMI, HCM: Not reported 265D The FWHM technique wes more
nS 20 in exh gowp FWHM anusae and reprodudble in three
Manud didoges
Vamess 15T AMI:nS 28 AMI: Oty In AMI, Otsu and 550 achieved
Aatte myocarditis 216 10 2,3,5D dmia LGE mess to menud
nsS 30 daysaute FWHM method wheress the FWHM
myocartditis Manud underesti meted LGE mess by 15%;
286 16das Ot and FWHM techniques
showed the best reprodudbility
while SD method presented high
veriability
Baon 15T AMI:nS 52 S06 21 hous 265D The FCM and 29D provided
CMEnS 34 1006 21days FCM highet corrdaions with cadiac
Manud injury biomerkers as well &
function
Beek V15T CMI:n5 38 Not reported 289D LGE messured & 65D bet
FWHM predicted myocardid viability

eplored a5 a subdrate for lehd ventricular arhythmias in - sanner in contrest to the 1.5T scanner utilized in prevous
dwonic M1,'%2% becase we defined the optimel thresh-  dudies

olds for both total LGE (T1S) and LGE core (CIS) quantifi- In our sudy and in pravious sudies'>'? the FWHM
cion; ad 4) our images were axuired on a 3T MR technique wes shown to be more reprodudible then the n-
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Manual FWHM30%

Original

FWHM45%

FIGURE 7: LGE quantification by manual, FWHM and n-SD methods for various infarct types. By using the manual method, the
LGE core (red) was separated from the entire LGE (red plus yellow), and microvascular obstruction, when present, was also drawn
(pink), Cases #1, #2, and #3 were acute Mk, Case 84 was chronic ML Inconsistent LGE sizes were obtained with the three meth-
ods, espedially in cases #1, #2, and #3, which showed either a diffuse gray Infarct (cases #1 and #2) or inappropriate myocardial
nulling (case #3). When the infarct was dense and bright (case #4) the three methods resulted in more similar LGE sizes, although

still different from each other.

D and manud methods. As reprodudbility is a key detar-
minant of necessry sample 9280 wsing the FWHM, the
required sample sze for future gudies could be reduced by
up to one-hdf.’” The dgorithm itsdf could eglan its high
reprodudbility because it is basad soldy on the madmum
intengty within the hyparenhanoad aes, it is less suseptible
to aurface coil intengty varidion, and it is less obsarver-
dependent. Once the hypaenhancad regon boundary is
comedtly contoured, the madmum S should be computed.
In contragt, the n-SD method is based on the sgnd from a
rarote nommd myocardid regon, and computed vaues of
the meen and SO @an vary with the postion and s2e of the
sdated ROL As pravioudy shown,” sgnifieant differences
could be causad by sdeting ROIs in the antarior ssptum or
in the infeior ssptum. Indeed, conddaable intra- and inter-
obsarver variability wes obsarved in our sudy by usng this
method, even grestar than with menud planimery.

In gnad, the FWHM dgorithm works wel, pro-
vided that a bright core edds It has limited robustness in
rare dinicd pressntations of homoganeous gay or multiple
patchy infards '™ In our sudy a gray infardt wes found in
13(114%) s a theaatephaeand in 7 (6%) s &

10

6 months When it did ooaur, the n-SD method wes d
prone to arors (Fig 7). In condusion, image qudity and
infat appesrance are key daaminants for applying gobd
thresholding agorithms basad on image intengties

Saad othe mehods have d ben suggested to
ovarcome the limitations of these two main tedhniques. For
indance, Hau @ d™™ proposad a novd dgorithm clled
the astometed festure andyss and combinad thresholding
(FACT) dgorithm, which usss fasture andyss to diminae
fdspostive bright atifacts and dark aess of MVO as wl
& other confounding factors; FACT paformed wel in both
animd didation™ and dinicd etrapolaion.’® Other
atampts have bamn mede with fuzzy c-means dugaing %
in which voreds are atometicadly asignad to the nomrd or
infarcted dass according to thar marbership dagree and an
abitrary choice of ROI is not required. Although these
dgorithms weare desgnad to compensate for the disadvan-
tagss of gobd thresholding techniques such & n-SD and
FWHM, they require advencad compute caaulaions, and
thar broad applicability requires further investigation.

The major limitation of this study is the ladk of a rd-
aaxe mihod (ie higopahology) for provding a more
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rdizble infart S2e then menud ddinestion, but this is a
necessery compromie for dinical gudies'®% Indeed, the
reprodudbility of menud ddinestion wes tolgable, despite
being lower then thet of the FWHM tedhnique. Addition-
dly, & the anute phass, the LGE ae is thought to encom»
pass both necosis and edeetous tisue™; thedfore, the
LGE sze messured with different methods may not spedifi-
caly represant the pathologcal infardt S22 Parametric imeg-
ing sxh a&a T, mepping and edracdldar \olume
asemmat, cud potentidly overcomme this limitation.”
Some pravious dudies have rfered to Gadiac injury bio-
markes” ad to myocadid fundiond reovery indics™
to detamine the optimd thresholds for ssmiastormeted
methods, but the results have ben inconsgent. We do
aknowledge thet this is a ndecanter Sudy and thet it
remains undear whether a dnde modd coud be suitzble
for dl s, & previous dudies have been vendor- and can-
ter-gpedific

To condude, LGE sami- or fully autometed andysis is
recommended for the objative andyds and quantifiction
of infat 9= In this andyds of LGE MR images of 114
petients & both the anute and dwonic gages of M1, we con-
firmed thet the FWHM tedhnique mantans the best repro-
dudbility, wheess the nSD tednique is the lest
reprodudble Optimel thresholds were detemined to be
FWHM30% and 39D for the totd infad d22 ad
FWHM45% and 65D for the core infadt 922
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5.3 Validation des paramétres de fonction systolique et diastolique dans nos
cohortes

Dans la perspective de [’évaluation et de la confrontation des parametres de

quantification standard avec les nouveaux outils de déformation mais aussi IRM, il nous semblait

indispensable de valider les paramétres de faisabilité et de reproductibilité des parameétres de

quantification de la fonction diastolique et systolique.

5.3.1  Reproductibilité des parametres de diastologie (article 4)

Nous avons réalisé I’analyse en double aveugle indépendante par 2 observateurs de 60
ETT avec mesures des parametres de fonction systolique et diastolique (117) pour aboutir a la
validation de la qualit¢ de nos parameétres dans la cohorte Stanislas. Il a aussi été évalué
I’agréement de la conclusion des algorithmes de quantification de la fonction diastolique

(Nagueh 2009).

Intra-observer ICC Inter-observer ICC
LVEF (%) 0.89 0.81-0.93 0.87 0.78-0.93
LV mass (g) 0.98 0.97-0.99 0.95 0.91-0.97
LA volume (ml) 0.99 0.99-1.00 0.99 0.98-1.00
E wave (m/s) 0.98 0.97-0.99 0.97 0.96-0.99
A wave (m/s) 0.98 0.97-0.99 0.97 0.94-0.98
Septal Ea Velocity (cm/s) 0.99 0.99-1.00 0.98 0.97-0.99
Lateral Ea Velocity (cm/s) 0.99 0.99-1.00 0.99 0.98-1.00
Deceleration time (ms) 0.98 0.97-0.99 0.96 0.94-0.98
A wave duration (ms) 0.94 0.91-0.97 0.83 0.72-0.90
Pulmonary reversal A wave duration(ms) 0.96 0.93-0.98 0.73 0.55-0.84

Tableau : reproductibilité Intra et inter observateur pour les différents parametres mesurés de
fonction systolique et diastolique
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Abstract

Introduction

There is limited evidence regarding intra-observer and inter-observer varations in echocar-
diographic measurements of diastolic function. This study aimed to assess this reproducibly
within a population-based cohort study.

Methods

Sixty subjects in sinus rhythm were randomiy selected among 4™ visit participants of the
STANISLAS Cobhort (Lorraine region, France). This 4™ examination systematically included
M-mode, 2-dimensional, DTIand pulsed-wave Doppler echocardiograms. Reproducibility
of variables was studied by intra-class conelation coefficients (ICC)and Bland Altman
plots.

Results

Our population was on average middle-aged (50 +14y), overweight (BMI =26 +6kg/mr) and
non-smoking (87%) with a quarter of the participants having self-declared hypertension or

hmﬂﬁwmmhm ~ treated with anti-hypertensive medication(s). Intra-observer ICC were > 0.90 forall analyzed
"“‘“"(’f"“""‘m“"“ Prfdez  harameters exceptfor left venticular ejection fraction (LVEF) which was 0.89 (0.81-0.93). The
Zorved ( fzarved@churencgr),

mean relative intra-observer differences were small and limits of agreement of relative differ-
Funding: This studyves sporsared by Nency CHU .
o by e Lomaine Regin te P ences were narrow for all considered parameters (<5%and < 15% respectively). inter-observ-
Hosptabier de Rechorche Clinique Firegiordl erICC were > 0.90 for all analyzed parameters except for LVEF (ICC =0.87) and both mitral
(BicSe), the A ELFP MEDIA profect (FP7 and pulmonary A wave duration (0.83 and 0.73 respectively). The mean relative inter-observer
PLOS ONE | DOL10.1371joumal.pone.0122336  Apri 8, 2015 1/12
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differences were < 5% for all parameters except fior pulmenany A wawve duration (mean differ-
ence =6.5%). Limits of agreement of relative differences were namow (< 15%), except for mi-
tral A wave duration and velocity (both < 20%%) as well as leftventricular mass and pulmonary
A wave duration (both < 30°4). Intra-cbserver agreements with regard o the presence and se-
verity of diastolic dysfunction were excellent (Kappa =093 (0.83-1.00) and 0.88 (0.75-0.99),
respectively).

Conclusion

Iri this validation study within the STANISLAS cohort, diastolic function echocardiographic
parameters were found to be highly reproducible. Diastolic dysfunction consequently ap-
pears as a highly effective clinical and research oaol.

Introduction

Heart falure (HF) with preserved |eft ventricular (LY ) gection fradtion (EF) isa progresive
disorder characterized by impaired LV reaation, incressed LY diffess, inoressed interstitial
deposition of collagen and rmodified extrace lular matrix proteins, HF with preserved LVEF
(HFPEF) is frequently refamed to as disstolic heart falure because of the pressnce of dizstolic
LV dysfunction resulting from low L\ rdaxation and incressed LV giffness [1), Because the
process of LY myocardial rermodding | mvariably begins before the onset of symptonms, current
quiddines placespadd emphasison thedaedtion of subdinica disgolic dysfundion and the
timely identification of patients who areat risk of devdoping overt HF [2].

Thegold standard fior assess ng diastolic function rermai ns pressure-volume rdationship.
However, this irmvesive approach is never used in dinical practice. An edensive non-invesive
asseEment of diastolic fundtion isnow possible, and itsdinical evd uation is mostly basad on
echocardiographic parameters [ 3], Indeed, echocardiography provides valuable i nforrmetion
regarding LY dizstolic fundion in addition to dassical M -rmode and 2D echocardiography and
pulser-wave Doppler, Nevarthdes, these tachniques ramain complex s nceno sindle messure-
ment reflects diastolic fundion. Thus, a oomprehens ve assesament of a number of variablesis
required to evaluate disstolic function as accurabely as possible [3-5).

Thevaueof agiven parameter is basad on its ability and reprodud bility to cormadtly predict
adinical entity. Therefore, each parameter of diastolic fundion should beobtained in astan-
dardized and rdiable manner.

\erifying the rdiahility of each parametar of diasgtolic fundion isa ouda aspect in dinical
practice becauseit ass s dinidansin establishing the diagnosis of HFPEF and dedson-make-
ing especially in dtuations of discordant echocardiographic parameters. [n epidemiclogy, acou-
racy of a messurament process is defi ned & the degree to which a messurament represants the
truevaueof the paramater being messured. Reprodudbility refers to the capadity to produce
the sarme recult on each oocas on under identical conditions [6]. A rmeasurement process IS ac-
curate, or unbizssd, if theegadted vaueof the messurement isthe truevadueof the parameter
being estimeted. Presently, avalable resuilts from other studies on infra-obsarver and inter-ob-
server variations of al echocardiographic messurenments for diastolic fundion are limited.

Recently, an array of HF biomarkers has emerged, each reflecting different pathophysiolog-
cd processss in the devaloprment and progression of HF, namdy myocardid insult, inflammea-
tion and rermodding. T he assessment of a new biomarker should bemade on awide rangeof
patients and in typical conditions of its intended use. The diagnostic mathods used to detect

PLOS ONE |DOLIO 137 Lieunal pone 0122336 Apdl B, 2013 2/12
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diastolic HF should thus be contamporary, rigorous, standardized and fair. Consequently, we
endeavored to assess LV diastolic fundtion using an accurake measurement process.

The present study wes aimed to vaidate a stendardized process of echocardiographic assess-
ment of diastolic fundion in a populaion-basad study by andyzing both intra-observer and
inter-obsaver reprodudbility of dl parametas of diastolic fundion.

Methods
Study population

TheSTANISLAS Cohort isasinge-canter familia longtudina cohort comprised of 1006 fam-
ilies (4295 subjacts) from the Nancy region recruited in 1993-1995 & the Cantre for Preventive
Medidne This aohort was established with the primary objative of investigating gene-gane
and gene-environmeant interactions in thefidd of cardiovasoular dissases. Thefamilissware
deamed hedlthy, free of dedared acute and/or chronicillness, in order to assess the effect of
genetics on the variability of intermediate phenotypes on the transition towerd pathology.

From 2011 to 2014, 1200 sunivors of theorigina cohort underwent thair 4 examination
& our department. M-mode, 2-dimensiond, DTI and pulsed-wave Doppler echocardiograms
wereroutindy parformed a the 4™ eaminaion. For the presant study, 60 subjectsin sinus
rhythm were randomly sdected from the STANISLAS Cohort study.

The research protocol was approved by local Ethics Committee (Comité de Protection des
Personnes Est ITI—Nancy—France) and dl study partid pants gave a written informed consant
to pertidpate. Theinformed written consent was previoudy approved by thelocal Ethics
Committes

Study design

Echocardiogrephicimageacquistion. Bxaminaions were performed by an expeiencad
echocardiographer in theldt labera decubitus position with acommerddly avalable standard
ultrasound scanner (Vivid S, Genad Electric Medica Systems, Horten, Norway) usnga 2.5
MHz phasad-array transducer (M 55). The echo/Doppler e@minaion induded parastend
long- and short axds views and three sandard apical views. For each view, &t leest three conse-
autive cardiac cydes were recorded during quiet respiration,

Fromthethree apicd views, ssparate M -mode and color tissue Dopplar acquisitions ware
recorded. The Doppler pulse repatition freguency was 1 kHz. Pulsed-wave (PW ) Doppler wes
paformed in the apica 4-chamber viaw to obtan mitrd inflow veloatiesto assess LV filling.
Recording for isovolumic rdaxaion time measurement was obtained by dmultaneous record-
ing of theaortic and mitrd flows. PW Doppler Tissue Imaging (DTT) wes performed in theapi-
a viewsto acquire mitrd annular veodties. The sample volurme wes positioned & 1 amof the
septd and laiard insgrtion sites of the mitrd |esflets and adjustad s necessary (usudly 5-10
mm) to cover thelongituding excursion of the mitra annulusin both systoleand diastole. Pul-
monary venous flow veodties were recorded into the right uppe pulmonary vain fromthe
apica 4-chamber view. Color flow imaging wes used for the proper location of the sample vol-
umeand the 2-mm sample volume was placad 5 mminto the pulmonary vein for optimal re-
cording of the spectra waveforms.

All acquired images and media were stored on a secured network server asdigtd dips,
using a unique identification number and andyzed on a dedicabed workstation (EchoPAC PC,
varson 110.1.0, GE Hedthcare).

Reprodudbility andyss. Two eaiencad physdan echocardiogaphas(ZF.and OH.),
blinded to eech other and to the demogrephic parameters, parformed a ssparate complete analyss
of dizgtolic fundion of the 60 partia perts. Thefirst physiden echocardiogrephe (ZF.) re-andyzed

PLOS ONE | DOL10.1371joumal.pone 0122336 April 8, 2015 3/12
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theentiredata st of al 60 sudy patients a sscond time. The re-analyses were parformed in ren-
domorder after apeariod of 4 wesks Thefirst reeding of thefirst andyzer (ZF.) wes consideared for
thedaidicd andyssof ints—-obssver vanability.

Intra-andyzer reproduability wes defined as the reprodudibility cdaulated by oneof the
achocardiogapher’s re-andysis of hisown recordings (ZF.). Inter-andyzer reprodudibility
was defined as the reprodudibility daulaed by thetwo echocardiogrephas’ andysss of the
same s of recordings

BExamination of diastolicfundtion. LV mass: LV mess was measured from 2-dimensiond
(2D) echocardiography, using the recently published quiddines of the Amarican Sodety of
Echocardiography. We measured the septd wdl thidaess (SWT), podterior wal thidnes
(PWT)and LV intemnd diastolic diameter (LVID) from the parastend 2D long ads view.
These measurements were subsequentiy used in the caube-function formula for ASE quiddines
to claulate LV mess[7].

LA Volume: The messurement of left atrial (LA) volurme wes obtained from the biplane
method of disks (modified Srmpson’s rule) using apical 4-chamber (A4C) and apical 2-cham-
ber (A2C) views & ventriauar end systole [7].

Mitrd Inflow: Thefollowing parameters were studied: peek eerly filling (E-wave) and |ate
dizstolic filling (A-wave) veodties, E/A ratio, decderation ime (DT) of eaxly filling vdodty
and mitrd A-wavedurdion obtained & thetip of themitrd vavelsfids.

Pulmonary Venous Flow: Mesuraments induded pesk systolic (S) vdodty, pssk antero-
gadediatolic (D) velodty, the pesk revasd A-wave (Ar) velodty in Iaediastoleand thedu-
ration of Ar veodty,

Tissue Doppler Annular Early and Late Diastolic Vdoaties: M essurements induded systol-
ic (S), early diastolic (Ea) and Iae diastolic velodty (Aa) of the septd and Iaterd mitrd annulus
(8l

Assessment of left ventricular diastolic dysfunction wes meade according to the recommen-
dations of the American Sodety of Echocardiography and the Committee of the European As-
sodation of Echocardiography [3] using the following grading schames mild or grade |
(impaired rdaxation pattemn), moderate or grade II (PNF) and severe (restrictivefilling) or
gadelll [3]. Grades I1 and 111 were grouped together because of the rdatively sall number of
aubjectsin thee 2goups.

Assessment of LVEF.  LVEF wes cdadated using the biplane Smpson’s method.

Biostatistics methods

Thereprodudbility of continuous veriables is expressed by the intra-dass corrdlation coeffi-
dents (ICC). Asal analyzed parameters congtituted continuous variables, theinter-observer
and intra-cbssrver agreaments ware estimeted Lsing the [ICC. Agreament wes dassified as poor
(ICC =< 040), far to good (ICC =0.40-0.75) or excdlent (ICC > 0.75).

For descriptive purposss, the Bland Altmen plots report the means of the ratings for eech
patient by two raters vs. thediffarencssin ratings. Meen absolute aror wes dadaed asthe
meen of the absolute difference between the two sets of cbssnvaions [9]. Themeen rddive
aror wes cdadated asthe absolute difference betwesn the two sets of obsenvations divided by
the mean of the cbsanvaions. To assess the degree of agreement bebween techniiques, 95%con-
fidencelimits (i.& mean absoluteor rﬂdiveera:tl.%fﬂ)) werecdaulated and plotted on
each gaph.

P vdues < 0.05 were consdered saisicAly sgnificant. All andyses were paformed usng
SASwveson 93 (SASIngitute Inc, Cary, N.C., USA) and 521 (PSS Chicago, IL, USA).

PLOS ONE |DOL10.1371joumal pone 0122336  Agril 8, 2015 4/12
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Table 1. Patient characteristics.

Characteristics

Female (%) 33 (55%)
Age (years, mean5D) 50414
Height {m, meaniSD) 1.68 £0.09
Weight (Kg, meaniSD) 7355 £19.19
BM! (Kg/hT, meaniSD) 26 £6
Current tobacco use (%) 8(13%)
Hypertension (%) 15 (25%)
Legend: BMI, body mass index.

oi:10137) Joumel pone 012233601

Results

Overdl, our study population was middle-aged, ovaeweight and non-smoking (1399, with a
quarter of the partid pants having saf-dedared hypertension or baing on anti-hypertengve
medication (Table1).

Intra-observer reliability
Theintra-obsenver ICC coeffigents were >0.90 for al analyzed parameters except for LVEF
which wes 0.89 (0.81-0.93) (Table 2).

Themean rddiveintra-obsaver differences ware < 5%for dl paramaas(Fig 1) Thelimits
of agreament of rdative differences for al analyzed parametersweresmall (2 Ds <15%, indi-
cating a high reprodud bility of within-observer meesurements. Importantly, the reprodudibility
of both mitral and Pulmonary A wavedurdion was exad lent (ICC =094 and 0.96 respectivey).

Inter-observer reliability
Theinta-obsarver ICC coeffidents ware >0.90 for most andyzed parameters (Table 2). Sight-
Iy lower ICC were obsarved for LVEF (ICC =0.87) and both mitrd and pulmonary A wave du-

ration (0.83 and 0.73 respactivaly). Of note, the ICC obsarved for pumonary A waveduration
wes lower than 0.80.

Table 2. Intra-and inter-observer intra-class comrelation coefficients for echocardiographic variables.

Intra-observer ICC Inter-observer ICC
LVEF (%) 0.89 0.81-093 087 0.78-0.93
LV mass (g) 0.8 097-099 095 091-097
LA volume (mi) 0.99 0.99-1.00 099 0.98-1.00
E wave (M) 096 057-059 057 0.56-0.99
A vave (ms) 098 0.97-0.99 097 0.94-0.28
Sepial Ea Velocity (cmé) 099 0.99-1.00 058 097-0.99
Latersl Ea Velocy (6ms) 0.99 0.99-1.00 059 0.98-1.00
Deceleration time {ms) 098 097-0% 096 0.94-098
A wave duration (ms) 094 0.91-097 0583 0.72-0.90
Pulmonary reversal A wave duration(me) 0.96 093-058 073 0.55-0.84

Legend: ICC, Intra-class comelation coefficients; LVEF, left ventricular ejection fraction; LV, left ventricuar;
LA, left atrial.

101371 foume pone DI2Z3361000

PLOS ONE | DOE10.1371foumal.pone.0122336  April 8, 2015 5/12

81



Reproducibiity of Echographic Diastolic Function Assessment

L2 Vestrcstar Mass (gf Le® Vemtricader Boune Le® domw Votome L) 1 Wawe Veiocry (ma) Cwcxtaratten Tome of Lavy
» Epmthae Fractan (%) _ = Filling ety il
- et P 108 - »
i - F"%:;T,"— ‘‘‘‘‘ '_': ® o > ‘:' i - ~ o B e e o
- X N . oLir . - ety = - ‘TH“'J_"'_ ot e
!: - 5 2 e - -l VLGS T
= = —r
¢ = = = - - " = .o w - i - AR b
z > » »
i - . - -as = =
3 I . - ® [} S—— v SN . ey
3 175 - . e 83 ey % oo~ e— ] SSLE-
ic : e 1 e TR e
- = »
E] - -
- - - x = o = e

b

Sepnal Ep Veleciny | e/

Lateral En Veteciny | fomin)

Nelotion ditbaroncs (%) Alwohite @fereses

kbsuuny

Uhhanmn

e ——— 2]

q‘?’;_,’t———.-.—-q

ittt ——)

Fig 1. Bland-Altman plots of intra-observer

! ] « 48
o ha e

-
<

ks " PP~

WA meew

e

-
L O S )

ksc.any
Khidwunn

-
e

......... Aa T ra

ktseann

for left ventricular ejection fraction, LV mass, LA Volume, E-wave, E-wave deceleration

ume, A-wave velocities, A-wave and pulmonary vein reversal A duration, as well as septal and lateral Ep Velocity.

0 1371 el pore OLZTR0L

Asepeted, most limits of agresment were larger for inter-cbsarver companisons than that
obsarved for inbra-obsarver comparisons (Fig 2).The mean rdaive inter-obsanver differencss
were < Ffor dl parametars except for the vdodty timeintegrd of pumonary venous flow
(mean rdaive dfference =6.5%9. Limits of agreement of rdative differences weresdl (2Ds
<1579, except for mitrd A wave duraion and velodty (both <20°%q as well asfor left ventriau-
lar mass and pdmonary A wave duration (both <3099.

Intra-observer and inter-observer agreement

Intra-observer agresment with regard to both the presence of diastolic dysfundtion and these-
verity of diastolic dysfunction wes excelent (respectivdy Keppa =093 (0.83-1.00) and 088
(0.75-099) (Table 3). Inter-cbserver agreament with regerd to the presence of diastolic dys-
fundtion wes exdlent whersss it wes good with regard to the severity of diastolic dysfundtion.

Discussion

In the present study, we andyzed the reprodudibility of dl praviously vdidated Doppler indicss
of diastolic fundtion. Themain finding of this study was that both inter- and intra-cbsaver re-
produdbility wes exdllent for most diastolic fundion parametars with limits of agresment suf-
fidently namow to condude that the fluduation in measurements of diastolic fundtion is
unlikely to have a notaworthy impact on diastolic fundion dassificion. Wedso report exce-
lent inter- and intra-observer agreements with regard to diastolic dysfundtion identifiction
and grading Overdl, these resuits thus qudify the STANIS_AS cohort for further ressarch in

PLOS ONE |DOL:10.1371joumal pone. 0122336  April 8, 2015
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Fig 2. Bland-Altman plots of inter-observer agreement for left ventricular ejection fraction, LV mass, LA Volume, E-wave, E-wave deceleration
time, A-wave velocities, A-wave and pulmonary vein reversal A duration, as well as septal and lateral Ep Velocity.
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thefidd of diastolic function, induding the vdidation of biomarkers to predict and dassify
echocardiographic diastolic function.

While prior investigations have assessed the magnitude of variability parameters of diastolic
function, these messurements were parformed separatdy and in limited numbers of normal
subjectsin dinical setting [7,10-13].The present study is thefirst to evauate the reprodudbility
of dl parameters of diastolic function in an unsdected population-based cohort leadingto a
dobal and better assessment of diastolic function. In addition, the current study isuniquein
anayzingthevariability of Doppler diastolic function indices in alarge random sample of sub-
Jectsin a population-based cohort of initiadly hesithy subjects.

Table 3. Kappa measurements of intra- and inter-observer agreement with regard to diastolic

dysfunction.
Kappa (95%CI)
Diastolic dysfunction Diastolic dysfunction grades (0, 1,! 2)
Intra-cbserver 0.93 (0.83-1.00) 0.88 (0.75-0.99)
Intes-observer 0.88 (0,76-1.00) 0.74 (0.55-0.89)
Legend: 95% CI: 95% confidence interval
0101371 fourel pore. 01223364003
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Intra-observer reliability and agreement

Theintra-cbserver reprodudbility for LV systolic function obsarved in the present shudy

(ICC =0.89) was dobally better than that previoudly reported. In thestudy of Pamieri et a
poor rediability wes observed for measurements of LV systolic fundtion (ICC =0.65)[14]. In
contrast, Otterstad & d. demonstrated that differences betwesn repested echo recordings and
repested viden messurements were sl and not satistically significant [15). Furthemore, the
findings herain arein agresment with previous studies reporting a high intra-cbsarver repro-
dudbility of diastolicfillingand LV mess messurements [7). In the study of Gadais et d [16),
intra-obsarver comrddion coeffidents were doseto 090 whiletheintra-cbsarver pacent bias
was < 10P/for Pesk velodty of the E and A wave In contrast with our study, theintra-obsarver
cordaion coeffident reported by these authors was <0.90 for decdaation imewhilethe
intra-obsarver relaive bias was > 10% Meanwhile, Nagueh et d. [8] reported a mean percent-
ageof intra-cbserver aror of %34 for E / €. In our study, themean rdativeintra-cbserver dif-
ferences were systemaicly < S¥%for these parametars. With regard to LV mess, Granditset d.
[13] reported means and Ds of intra-cbserver differencein LVM of -0.0 and 204 g respective-
ly whereas Pamierni et a.[14] showed an intra-obsarver differencein LV massof -1.7 £198q
for absolute values with a high rdiability for LV mess as estimeted by an ICC =0.93. In our
shudy, we detected sTall means and SDs of absolute intra-obsarver differences for LV mess
(04gand 17.5, respectivey). Consequently to these results, our messurement protocol encbled
aconsstent reeding of stored echocardiographic data This very good intra-observer rdiability
in turn resulted in an excdlant agresment with regerd to identification and grading of diastolic
dysfunction.

Inter-observer reliability and agreement

The present study a0 yidded superior results than previous studies regarding inter-cbssrver
reprodudbility of systolic and diastolic fundion aswell &5 LV mess messurements, Indesd, in
thestudy of Otterstad & d. [15), there wes a systemdtic difference between thetwo investige-
torsin their measurements of left ventriaular getion fraction. Asfor diastolic fundtion, Ga-
daid et d. [16] reported an intar-obsarver parcent bias > 10%for ime velodty integrd Eand
deceladion time, in addition to a reatively wesk inter-observer agresment: (ICC =0.76) for
decdleaion time. Nagueh e d. [8] reportad a mean percentage of inter-obsarver aror of et
Sfor E/ €. In contrast, Kuznetsova et d. [17], upon assessing inter-observer measurements of
17 tradngs paformed by cne egeanienced recorder, reported an inter-obsarver mean absolute
difference of 0.05 ary's, 0.02 arys, 0.31 msand 1.42 msfor E wave vedodty, A wave velodty,
mitrd and pdmonary A wave duration, respectivey. In our study, the meen rdativeinter-ob-
sarver differences were < S%for these parameters, which arein kesping with the results re-
ported by Kuzngtsova et . [17].

LV Lineer Dimensions and Wall Thickness are used for virtualy al dinical tridsthat incor-
porateechocardiography. Linear dimensions are obtainable from correctly-digned 2D and M-
modeimages. M-mode recordings provide better tempord resolution for acouratetiming of
motion of cardiac walls and vaves, wheress 2D provides better spatid orientation. With re-
spact to LV mass, Vadez e d. [18] found statisicdly sonificant inter-cbssrver differencssin
messurements of end-diastolic ssptd thidiness, end-diastolic and end-systolic LV posterior
wdl thidmessss as well as end-diastolic and end-systolic LV diangtars by 3obsarvason 20
echocardiogams. However, the maxdmum meen difference was 2 mmwhich would trandate
into amodaaearor in tamsof LV mess. Findly, Granditset d. [13] reported amean D
of 7.5 £34.7 gfor inter-obsarver difference between the 2 cardiclogists. In our study, wede-
tected a smal mean of inter-cbserver difference with moderately wide limits of agresment for
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LW mess (< Seand < 30 respertively) This overd | vary good intar-ohssrver rdiahility re-
sulted in agood to excd lent agresmentt with regard to disstolic dysfundion identification and
grading (Kappa =0.88 (0.75-1.00) and 0.74 (0.59-0.89), respectively). Along with the afore-
rmentioned escdlent intra-cheerver agreement, thislevd of inter-obsarver agreement qualifies
disstolic dysfundion a8 a rdevant and worthny indusion cariterion and outcomein dinical
resesrch,

In our stuchy, overa| i nter-observer agresrment in the assessrment of disstolic dysfundion
dassification wes bettar than the results of & rmulticenter study reported by Unesko et a [18-21]
[18-21]. In this previous shudy [18-21], a complete diastolic asessment wes obtained fromithe
erhocardiographic data of 20 patients and interpreted by 14 edpeartsin 8 countriss using the
current ASE/EAE recommendati ons for diasiolic assssament [ 3], The agreement bebween rat-
ers fior assessi ng diasholic dass wes moderatdy lower (Fleiss kappa = 0.62) than that observed
in the present study (Kappa =0.74). In our opinion, thelower agreement reported by Unzek
t 3, is probably the consaguience of the multicenter setting of this previous study, such that
the uszof the sarme current ASE/EAE agorithm, aven by expert echocardiographers, rmay <ill
have contained suffident ambiguity to lead to inconsistent final results. Incontrast, inour sin-
ge-canter shudy, with readers working in the same echocardiography laboratory and applying
thesame echocardiography working standards, the use of the 8SE/BAE algorithm resulted in
very similar dedsion-making processes regarding diastolic dysfundtion dassfictbion. Y, if
high reprodud bility can be achieved in a Singeoentsr, a harmonization process could beun-
dertalken aross conters to achieve a bether multi-center agreementt with regard to disgtolic
fundtion grading. Such a process could provevaluablein harmmonizing the diagnesis of diastolic
chysfunction and heert fallurewith preserved gection fraction, Howewer, the modalities of such
a harmonizaion process ramans to bedetermmined in further shudies.

Large difference in pulmonary A wave duration assessment

Thepresent study revesled a low inter-ochserver corrdation fior pulmmonary A waveduration
with a rel atively waesk: inter-ohearver agreement (ICC =0073) and rmeen relative i nber-observer
differences = 5% This result can beexplained by the difficulty in the acquisition of this paranm-
eter, Indeed, oneof the impartant limitations in interpreting pul rmonary venos flow is the dif-
ficulty in obtaining high-quaity recordings suitable for messuraments, Thisis espagally true
for pulmonary A wave duration bacauseof low-ve odty wall motion artifacts orested by atrid
montraction that obsourethe pulmonary flow velodty signd . Importantly, thiswvariableinvolved
in the debeamination of filling pressures is not present in the ASE/ESC dgorithmof diastolic
dysfunction [3]. Conseguently, the poor reprodudbility of A wave duration would thus impact
on the qudification of patients for HF with preserved LV EF rather than on thequantification
of dizstolic dysfundion acoording to the agorithm of the ASE/ESC [3].

Differences in imaging validation protocols
Most previousy-conducted shudies varied considerably in bams of study design and andysis
rmethiods, making direct compari=on difficult [ 18-21]. There are many ways to identify s wdl 25
control acguissition and messurernent variability; however, suocesiul quantification of disstolic
function isentirgy dependent on image quaity, Each echocardiographny conelab must beableto
derrongratethe ffidency of its worl, | nduding oparational processes and accuracy of echocar-
diographic messurement and interpretation, In our shudy, the physidans and technicdans en-
suredd high-quality aoquissition data such that acourate quentitative results could beobtained.
Owr analysis results companed favorably with other studies. Thesegood results are explainad
by the design of our protocol based on reanalyss of the same recorded images oollected
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previcudy by trained operators with a high-resolution system. According to Otterstad e &
[15], the major component of the random variation in left ventricular volumes and fundion
was repested echo recordings whereas repested video meesurements and i nter-observer vari-
ability had alesssr impect. In the present study, we d o assessed the magnitude of variability of
Doppler diastolic measuremeantsin a rdaively large number of hedlthy patients, which likdy
increesed the reprodudbility of our messurements.

Clinical perspectives

Thesuccessful application of echocardiography in dinical heart falure trids depends on care-
ful atention to quaity contral, induding echocardiographic acquisition and interpretation
harmonization by an expariencad and competent core laboratory, The presant study thus fo-
ausad on spedific echocardiogrephic parameters to obtain positive evidence of abnormrd LV re-
laxation, filling, diastolic distensibility and diastolic stiffness, in addition to assessing the
reliability of spedfic parameters needed to dassify the patient according to the diagnostic flow-
chart of the Echocardiography Assodations of the Eurcpeen Sodety of Cardiclogy.

Natriuretic peptides and echocardiography arethe main tools to detect HF, In the setting of
HF with pressrved LVEF, echocardiogrephy is of key importance, espeddly in older paients
in whom the use of nariurdic peptides has some limitaions. However, access to echocardiog-
raphy is sometimes difficult and/or long and further compounded by the fact that echocardio-
graphic measurements can show hich individua variability in addition to varying day to day in
the same patient with changes in preload, afterload and heart rate. We are currently conduct-
ing, within the HOMAGE FP7 program (hitpy//www.homage-hf.ew), a biomerker validation
(dgorithm, program) for the prediction of diastolic dysfundtion and presymptormatic heert fal-
ure. Obvioudly, such avdidaion can soldy be obtaned for a reprodudble echo asssssment of
diastolic fundtion.

In theaurrent vaidation study, al of the echocardiographic parameters assessing diastolic
function werefound to behighly reprodudblein the STANISLAS cohort. Given this high re-
produahbility of diastolic function assessment, and more spedifically in this population-basad
study, weare thus confident of being able to vdidate a number of new biomarkers to predict
dizstolic dysfundion.

In addition, the high reprodudhbility of diastolic fundion parametars combined with the ob-
served good agreament relative to diastolic dysfundiion identification and grading hasimpor-
tant practical dinical implications. We provide strong evidence to support that
echocardiographic assesament of diastolic fundion isardiable and trustworthy dinica tool in
tamrs of maronomic properties.

Limitations

The results of our shudy are based on patients with norma sinus rhwthm, which may limit the
generdizability of our findings to subjectsin atrid fibrillaion. Further sudies arewarranted to
assess the reprodudbility of diastolic dysfunction grading in patients with atria fibrillation.

Conclusion

In the present study, we have vdidated an oparating process for echocardiogrephicimage and -
ysisand qudity control measurement for the asssssment of diastolic fundtion in paients with
snus rhythm of the STANISLAS cohort study. The excdlent results cbsarved in our andysis
compared with other studies are explaned by the design of our protocol and the singe-center
nature of our study. This excdlent reproduability will enable the validation of new biomerkers
within EU- and French-funded resserch programs, In addition, in light of these results,
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diastolic dysfundtion echocardiographic assessment thus appears as a hichly rdiabledinica
and reseerch tool.
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Reproductibilité des paramétres de déformation (article 5)

Utilisant les parameétres conventionnels de déformation comme le pic de longitudinal de

déformation et de nouveaux paramétres dérivés des profils de déformation, et des acquisitions

3D nous avons réalis¢ une évaluation de la faisabilité et reproductibilit¢ de chacun des

parametres. Trois lecteurs différents ont réalisé les mesures de 2D strain longitudinal sur 50

échocardiographies sélectionnées au hasard dans la cohorte. Il a été¢ évalué la reproductibilité

inter et intra observateur du pic de strain, la contraction post systolique, le pré-stretch et la

vitesse de déformation. Les résultats confirment ceux de la littérature avec une bonne

reproductibilité intra et inter observateur du pic systoligie de strain.

Inter-observer

Intra-observer ICC P value 1CC(1) P value Inter-observer ICC (2) P value
Global peak multilayer longitudinall strain
0.89 (0.80-0.94) P<0.0001
GSendo % P<0.0001 0.82 (0.68-0.90) P<0.0001 0.86 (0.73-0.91)
0.87 (0.72-0.93) P<0.0001
GSfull-wall % P<0.0001 0.83 (0.68-0.90) P<0.0001 0.83 (0.69-0.87)
. 0.84 (0.62-0.93) P<0.0001
GSepi % P<0.0001 0.80 (0.60-0.88) P<0.0001 0.81 (0.68-0.86)
Global longitudinal strain rate
0.90 (0.77-0.94) P<0.0001
GSRs (1/sec) P<0.0001 0.84 (0.71-0.91) P<0.0001 0.86 (0.79-0.94)
0.98 (0.97.0.99) P<0.0001
GSRe (1/sec) P<0.0001 0.97 (0.93-0.99) P<0.0001 0.97 (0.95-0.99)
0.98 (0.96.0.99) P<0.0001
GSRa (1/sec) P<0.0001 0.93 (0.85-0.96) P<0.0001 0.92 (0.86-0.95)
Global temporal longitudinal strain
PSS 091 (0.80.056) P<0.0001 0.81(0.70.0.87) P=0.0008 0.87 (0.76-0.92) P<0.0001
EPS 081 (0.70-0.84) P=0.0009 0.73 (0.62-0.79) P=0.003 0.71 (0.60-0.77) P=0.007
PSI 080 (0.70-0.86) P=0.0008 0.76 (0.60-0.92) P=0.0008 0.72 (0.60-0.86) P=0.008
PST 0.78 (0.70-0.83) P=0.0001 0.74 (0.66-0.84) P=0.002 0.73 (0.63-0.81) P=0.005
3D strain
3D SLS 0.852 [0.806-0.888] P<0.0001 0.841[0.790-0.879] P<0.0001 NA NA
3D SCS 0-909[0-881-0.931] P<0.0001 0.844 [0.794-0.882] P<0.0001 NA NA
3D SRS 0-911[0.883-0.932] P<0.0001 0.849[0.801-0.886] P<0.0001 NA NA
3D SAS 0.920 [0.896-0.932] P<0.0001 0.870 [0.829-0.902] P<0.0001 NA NA
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Abstract

Aims the present study, we performed intra- and inter-observer analyses within a population-study cohort
using conventional quantitative strain analysis (GE Healthcare).Global peak systolic longitudinal strain
(PLS) derived from speckle tracking echocardiography (STE) is a widely used left ventricular
deformation parameter. Modern ultrasound systems have improved temporal resolution and new software
now allow automated multilayer analysis; however, there is limited evidence regarding its reproducibility.

In

Methods Fifty patients (47+14 years) were randomly selected among the 4th visit of the STANISLAS
Cohort. Multilayer PLS (transmural, subendocardial, and subepicardial), and strain rate (peak systolic,
early and late diastolic) were evaluated. Peak systolic shortening (PSS) and early systolic pre-stretch
(EPS) strain were calculated as well as post-systolic index (PSI) and pre-stretch index (PST), 2 additional

strain-derived parameters.

Results: Intra-observer intraclass correlation coefficients (ICC) were >0.75 for all analyzed parameters.
The mean relative intra-observer differences were <5% for all considered parameters and their 1.96 SDs
were <20% for multilayer PLS and strain rate, but not for EPS, PSI and PST. Inter-observer ICCs were
>0.70 (the majority being >0.80). The mean relative inter-observer differences were <7.5% for all
considered parameters, with 1.96 SDs of relative differences being <25% for multilayer PLS and strain

rate, but not for EPS, PSI and PST.

Conclusion: In this study, deformation parameters were found to be highly reproducible, except for PSI
and PST strain parameters which showed moderately higher variability. Quantitative strain analysis
appears to be an effective clinical and research tool, providing insights regarding longitudinal

deformation using a simple three-step post-processing procedure.
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Introduction

Speckle-tracking echocardiography (STE) has enabled quantitative assessment of myocardial function via
image-based analysis of myocardial dynamics (1). Much of the literature has focused on global peak
longitudinal strain (GLS), which has been validated in several studies (2,3) showing a good reliability (4)
and acceptable inter-vendor reproducibility. A recently published meta-analysis including a total of 2,597

subjects showed narrow confidence intervals for PLS (mean, -19.7%; 95% CI, -20.4% to -18.9%)(5).

The most recent versions of software now provide information with regard to the spatial transmural
distribution of PLS. In normal subjects, longitudinal strain is highest in the endocardium and lowest in the
epicardium, with endocardial and mid-myocardial layer strain being highest in the apex and lowest in the

base (6).

However, GPLS does not provide information regarding diastole or pre- and post-systolic deformation.
During isovolumic contraction (IVC), an early positive systolic strain (EPS) may occur; for example,

ischemic myocardial segments can have a paradoxical stretching when the load rises during IVC (7).

Recent software developments have enabled to easily and quickly obtain all of the aforementioned strain
variables. From the three standard apical views (3-, 4- and 2-chambers), one can obtain a complete
myocardial deformation analysis through a simple three-step post-processing method, including multi-
layer spatial (endocardial, epicardial and transmural strain of PLS) and temporal (PSI and PST) strain
parameters as well as global strain rate (GSR) through the three main periods of the cardiac cycle, namely

systole (GSRs), early diastole (GSRe) and late diastole (GSRa).

The present study was aimed at evaluating the reproducibility of intra-observer and inter-observer
reproducibility of the all longitudinal strain variable in a population-based study. To this end, we took
advantage of data collected in the STANISLAS cohort, a long-term follow-up study population of
initially healthy subjects of French origin (i.e. free from major acute and chronic health issues, such as

stroke, myocardial infarction, or cancer).
Methods
Study population

The STANISLAS Cohort is a single-center familial longitudinal cohort comprised of 1006 families (4295
subjects) from the Nancy region recruited in 1993—1995 at the Center for Preventive Medicine. From
2011 to 2014, 1500 survivors of the original cohort underwent their 4th examination with a
comprehensive echocardiogram at our institution. For the present study, 50 subjects in sinus rhythm were
randomly selected from the STANISLAS Cohort study. The research protocol was approved by the local

Ethics Committee and all study participants gave written informed consent.

2D standard echocardiography
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Examinations were performed in the left lateral decubitus position with a commercially available standard
ultrasound scanner (Vivid E9, General Electric Medical Systems, Horten, Norway) using a 2.5 MHz
phased-array transducer (M5S). Echocardiographic images were obtained from apical levels and from the
3 standard left ventricular (LV) apical views (4-, 2- and 3-chambers) at a frame rate of 50 to 70 frames
per second (fps) (8). Prior to each acquisition, images were optimized for endocardial visualization and

care was given to avoid ventricular foreshortening.
Reproducibility analysis

Three experienced physician echocardiographers (O.H., S.C. and E.B.), blinded to each other and to the
demographic parameters, performed a separate complete longitudinal strain analysis of the 50
participants. The first physician echocardiographer (O.H.) re-analyzed the entire data set of all 50 study
patients a second time. The re-analyses were performed in random order after a period of 3 weeks. Intra-
observer reproducibility was defined as the reproducibility calculated by one echocardiographer's re-
analysis of his own recordings (O.H.). The first reading of the first observer (O.H.) was also considered
for the statistical analysis of inter-observer variability by comparing the former with the first reading of
the other two echocardiographers (S.C. and E.B.), in order to perform two inter-observer reproducibility

analyses.
Post-treatment analysis of deformation parameters with the Q-analysis software

Strain measurements were performed offline with dedicated automated software (Q analysis software,
Echo PAC PC version 110.1.0, GE Healthcare). The software automatically generates LV strain curves,
each curve corresponding to each myocardial segment (Figure 1). Timing of end-systole is automatically
defined by the software as the lowest cavity size just before the aortic valve closure AVC on the apical 3-
chamber view. With regard to multi-layer analysis, the total myocardial thickness is divided by multiple
chains of nodes into Two myocardial layers of similar thickness from endocardium to epicardium: an
endocardial, mid-myocardial (equivalent to transmural), and epicardial layer. All analyses followed
current recommendations for deformation imaging (9), in terms of geometry, tracking quality and
measurement). All segments with poor or intermediate tracking quality were excluded from the final

analysis. (Figure 2)
Strain parameter characteristics

LV systolic deformation was assessed from the 3 apical views from which the following were analyzed:
a) global subendocardial PLS (GSendo); b) global transmural PLS (GSfull-wall) and c¢) global
subepicardial PLS (GSepi). Additionally, GSRs, GSRe and GSRa were automatically displayed and

calculated from the average of all 17 segments.

In addition, the following parameters derived from strain curves were measured for each segment:

1) PLS, corresponding to the maximal absolute value of strain during ejection phase (before AVC), 2)
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ESS corresponding to the value of strain at end-systole 3) EPS corresponding to the maximal positive
value of strain during the early systolic isovolumic contraction (IVC) phase and 4) PSS, as the maximal
absolute value of strain after the AVC during the isovolumic relaxation phase. PST and PSI were
automatically calculated by the software as (PST=100*EPS/(EPS-ESS) and (PSI=100*(PSS-ESS)/PSS).
Individual PSS, EPS, ESS, PSI and PST values obtained for all segments were averaged to calculate

global values. A bull’s eye representation of these values was also obtained.
Statistical methods

As all analyzed parameters were continuous variables, the inter-observer and intra-observer agreements
were estimated using the intra-class correlation coefficient (ICC). Mean absolute error was calculated as
the mean of the absolute difference between the two sets of observations (10). The mean relative error
was calculated as the absolute difference between the two sets of observations divided by the mean of the
observations. To assess the degree of agreement between techniques, 95% confidence limits (i.e. mean
absolute or relative error = 1.96 standard deviations [SD]) were calculated and plotted on each graph. P
values < 0.05 were considered statistically significant. His. All analyses were performed using SPSS 23

(SPSS, Chicago, IL, USA).
Feasibility

The tracking for each segment was visually controlled and validated after semi-automated guiding. When

the tracking quality was poor or intermediate, a new post-processing measurement was performed..
Results

Overall, our study population was middle-aged, overweight, with 23.4% of the participants having self-
declared hypertension (or being on anti-hypertensive medication) and 27.7% being current smokers
(Table 1). No participants had a history of coronary artery disease or diabetes. Overall, all strain

parameters were normally distributed.
Time needed to perform a comprehensive longitudinal deformation post-processing

Post-processing analysis time (including endocardial tracing of the region of interest, validation of the
results and bull’s eye display) was very short, with a median of 2 min 36 sec/patient (25th-75th percentile
= 2 min 25 sec - 2 min 39 sec). Thus, overall, less than 3 minutes was sufficient to obtain all

aforementioned deformation parameters.
Global peak multilayer longitudinal strain

PLS intra- and inter-observer ICC were >0.80 for all three layers (Table 2). The mean relative
intra-observer and inter-observer differences were all less than 5% (Table SM) with 1.96 SDs < 15%

except for intra-observer and inter-observer analysis 1 of GSepi (SM).
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Global longitudinal strain rate

All considered GSR parameters, namely systolic (GSRs), early (GSRe) and late diastolic (GSRa), had
excellent ICC coefficients (>0.80), both in intra- and inter-observer analyses (Table 2). Mean relative
intra-observer differences and their 1.96 SDs were small, respectively <5% and <17%. With regard to
inter-observer analyses, mean relative differences remained <5% although 1.96 SDs increased up to 25%

(Table SM).
Global temporal longitudinal strain (post-systolic and pre-stretch indexes)

Intra-observer ICC coefficients for all temporal deformation parameters considered (PSS, EPS, PSI and
PST) were good (>0.75) (Table 2). Among these parameters, PSS showed the smallest mean relative
differences (1.6%) with good 1.96 SDs (8.4%, Table SM). Low mean relative differences (<5%) were
similarly found for the other three parameters although with larger 1.96 SDs, up to 41.6% (Table SM).

With respect to inter-observer analysis of these four parameters, slightly lower ICC coefficients were
obtained (between 0.71 and 0.87) (Table 2). Mean relative differences and 1.96 SDs followed the same
pattern as intra-observer analyses, with smaller values for PSS but larger values for the remaining three

parameters (Table SM).
Discussion
Main findings

The main finding of this reproducibility study of longitudinal STE deformation parameters was that both
inter- and intra-observer reproducibilities were excellent for multilayer spatial deformation parameters,
strain rate and PSS. In contrast, three indices of isovolumic deformation (EPS, PSI and PST) showed a

higher variability.
Multilayer global peak systolic longitudinal strain

New tools for ultrasonic imaging of the heart allow more complete measurements of strain over the
regions myocardium, and also within its sub-endocardial, sub-epicardial and transmural layers. Several
publications have previously demonstrated the feasibility of assessing strain in multiple myocardial layers
in animal (11) and clinical studies. In the present analysis, we assessed for the first time the
reproducibility of this STE technique, reporting excellent results irrespective of the studied layer, both in

terms of intra- and inter-observer reproducibility.

In a previous study, Leitman et al. (12) compared 20 normal subjects with 21 patients with LV
dysfunction. In normal subjects, longitudinal strain was highest in the endocardium and lowest in the
epicardium (-25.7 for GSendo, -22.03 for GSfull-wall and -19.16 for GSepi; each representing means of
basal, mid and apical levels). Our results are consistent with these data, showing the same pattern across

the three layers with slightly lower but comparable mean values (Table 1). These slightly lower values
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probably stem from the fact that the present study included patients with cardiovascular risk factors such
as hypertension, which is likely to induce subtle changes in longitudinal strain across the myocardial wall.
Additionally, SDs observed in our study were smaller (ranging from 1.22 for GSfull-wall to 1.28 for

GSepi; Supplementary table 1), showing very narrow variability.

It has recently been shown that multilayer strain measurements can be used to detect myocardial ischemia
(13,14). In previous studies, patients with significant coronary artery disease had more abnormalities in
endocardial function than in both epicardial function and ejection fraction. Multilayer global PLS may
also help in the etiological diagnosis of left ventricular hypertrophy and in the detection of early systolic
function abnormalities. Importantly, in hypertrophic cardiomyopathy or amyloidosis, there may be a

prevalent subendocardial involvement, with possible abnormal myocardial lengthening (15).
Doppler- versus STE-derived strain rate: implications in evaluating diastolic function

The current-day clinical evaluation of diastolic impairment based on altered Doppler trans-mitral
flow and early diastolic tissue velocity (e’) is correlated with invasive measurements of diastolic function
(16). As demonstrated by our group (17), Doppler echocardiographic parameters of diastolic function
appear to be highly reproducible in a population study such as the STANISLAS cohort. However, these
Doppler-derived parameters are load-dependent (18). Strain rate, on the other hand, is likely to be less

pre-load and after-load dependent.

Strain rate represents the rate change of deformation and is usually measured by TDI (19).
However, while TDI-SR measurements derived from myocardial velocities are certainly promising for
assessment of ventricular contractile function (20), they also have disadvantages (21). Indeed DTI-
derived SR are exceedingly sensitive to signal noise, and the quality of SR curves necessitate high frame
rates (>150 frames/s), with the potential cost of reducing spatial resolution (22). Other disadvantages of
the TDI-SR technique are the time consuming steps required for data acquisition and processing and the

necessity of expert reading.

When taking into account all of the aforementioned issues, it is not surprising that TDI-derived
strain and SR measurements are not highly reproducible (>10-15% intra- and inter-observer variability
under various conditions) (23). On the other hand, tissue speckles can be tracked over time and their
displacement used to calculate tissue velocity and strain. The two-dimensional strain method is relatively

angle-independent, since it is not based on the Doppler principle (24).

In the present study, we report extensive reproducibility data for global longitudinal strain rate.
Herein, all considered GSR parameters (including early and late diastolic GSR) exhibited excellent intra-
and inter-observer ICC coefficients (>0.80), which would qualify this technique for use on a broader scale

given its aforesaid strengths to assess diastolic function.
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Early and post-systolic deformation or isovolumic deformation

As reported in the last recommendations for chamber quantification by echocardiography (8), “temporal
patterns of deformation imaging” (with particular reference to PSS) can represent a useful tool in
evaluating regional wall function motion. However, these promising indices need to be extensively
validated (8), with the current analysis providing a key stepping-stone in this direction. The present
analysis has for the first time validated the metronomic quality of these indices, reporting a good

reproducibility for PSS and an acceptable variability for the other temporal strain parameters.

Early systolic stretch can be observed in normal patients in the late activated region of the sub-
endocardium, particularly in the basal segments. Stretching of LV wall in early systole has been
previously reported in normal patients, particularly near the inferior and inferolateral segments of the LV
base (7) and in patients with low LVEF and ventricular dyssynchrony (25). In diseased conditions, PST
occurs in dysfunctional myocardium which loses its capacity of contraction during the isovolumic phase
(26). PST has moreover been related to severe episodes of ischemia and may represent a marker of
viability after revascularization and may adversely impact LV function, resulting in global LV
dyssynchrony and systolic dysfunction. It is a less common finding in chronic scar due to the

augmentation of stiffness.

Our study showed excellent ICC coefficients for intra-observer analysis and very good ICC
coefficients for inter-observer for all of the early, post-systolic and isovolumic deformation parameters
(Table 2); nonetheless only PSS showed small 1.96 SDs, with EPS, PSI and PST exhibiting large
variability (Table SM). Validation of tracking quality by the operators within our study could partially
explain this lower reproducibility. In fact, in cases of poor tracking quality due to artifact or poor image
quality, some false positive PST or PSI were observed that could have affected reproducibility results.
Consequently, special care is suggested in the acquisition and tracking interpretation of the regions of

interest when using these parameters.
Conclusions

In the present study, we confirm the good feasibility and reproducibility of multiple strain-based
parameters derived from the same 3 apical views. We show that several parameters of longitudinal
deformation can be obtained within a few minutes by a simple three-step post-processing method using a
commercially-available quantitative analysis software. In addition to the current data highlighting their
pathophysiological and pragmatic strength, all of the parameters had a high reproducibility, except for
EPS, PSI and PST, thus qualifying the former for further investigations in large clinical research studies.
These simple new tools could provide valuable information regarding the pattern, distribution and rate of
longitudinal strain of the LV myocardium within routine care without excessively increasing total
echocardiographic examination times, and thereby providing new insights in the identification of

cardiomyopathy and ventricular dyssynchrony as well as LV systolic and diastolic function.
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Figures

FIGURE 1: Longitudinal deformation curves from the 6 segments of the apical 4chambers measured by
speckle tracking echocardiography. (L: longest length during systole; LO: longest length at the end of
diastole; ESS: end systolic strain; PS: peak strain over whole cycle; EPS: early positive systolic peak

strain).

FIGURE 2: Longitudinal strain curves measured by speckle tracking echocardiography with deformation
pattern of a normal segment (blue curve) and an abnormal segment (red curve) with mitral valve leaflet /
myocardial interaction. The abnormal segment is characterized by an early peak with stretch of the
segment (PST) along with a post-systolic shortening and peak strain (PSI), therefore occurring beyond the
aortic valve closure (AVC). The normal segment presents no or mild PST and PSI with a peak systolic

strain (PLS) typically occurring at end systole.
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Table 1: Characteristics of the study population

Whole cohort (N=50)

Mean = SD
Age (years, mean = SD) 49+14
Height (m, mean + SD) 1.740.1
Weight (kg, mean = SD) 68+14
BMI (kg/m’, mean = SD) 2545
Current tobacco use (%) 13 (27.7%)
Hypertension (%) 11 (23.4%)
Systolic blood pressure, mmHg 125+15
Diastolic blood pressure, mmHg 7248
Glycemia, g/L 0.940.1
Cholesterol level, g/L 2.140.4
Echocardiography baseline characteristics
LVEF (%) 65.7+5.4
LVEDYV indexed (ml/m2) 49.1£10.4
LVESYV indexed (ml/m2) 16.8+4.2
LVM indexed (g/m2) 80.3+20.7
E (m/s) 0.620.1
A (m/s) 0.5+0.1
E/A (No unit) 1.240.4
DT E (ms) 190.3+47.2
E' (cm/s) 11.9+3.6
E/E' 6.1£1.8
LA volume indexed (ml/m?) 20.6+6.9
Left ventricular deformation parameters
GSendo % -24.1+2.0
GSfull-wall % -21.1£1.9
GSepi % -18.6£1.8
GSRs 1/sec -1.09+0.13
GSRe 1/sec 1.43+0.42
GSRa 1/sec 0.84+0.22
PSS -21.7+1.8
EPS 0.48+0.30
PSI 2.07+1.13
PST 2.22+1.38

BMI, body mass index; SD, standard deviation; LVEF, left ventricular ejection fraction; LVEDV, LV end-diastolic volume;
LVESV LV end-systolic volume, , LVM LV mass,; GSendo, Global subendocardial peak longitudinal strain; GSfull-wall, Global
transmural peak longitudinal strain; GSepi, Global subendocardial peak longitudinal strain; GSRs 1/sec, Global systolic peak
longitudinal strain rate; GSRe 1/sec, Global early diastolic peak longitudinal strain rate; GSRa 1/sec, Global late diastolic peak
longitudinal strain rate; PSS, peak systolic strain; EPS, early systolic pre-stretch strain; PSI, transmural post-systolic index;

PST, transmural pre-stretch index
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Table 2: Intra- and inter-observer correlation coefficients

Intra-observer

Inter-observer

Inter-observer

P value
P value P value
IcC I1CC (1) ICC (2)
Global peak multilayer longitudinal strain
GSendo % 0.89(0.80-0.94)  p_g 0001 0.82 (0.68-0.90) P<0.0001 0.86(0.73-0.91)  P=0-0001
GSfull-wall % 087(0-72:093) b9 0001  0.83(0.68-0.90) P<0.0001  0.83 (0.69-0.87)  F~0-0001
GSepi % 0.84(0.62-0.93)  p) 0001  0.80(0.60-0.88) P<0.0001  0.81(0.68-0.86) [ ~0-0001
Global longitudinal strain rate
GSRs (1/secy  000(077-099) b 60001 0.84(0.71-091)  P<0.0001  0.86(0.79-0.94)  T<0-0001
GSRe (1/sec) 098097099 0001 0.97(0.93-0.99) P<0.0001 0.97(0.95-0.99)  P=0-0001
GSRa (1/sec) ~ 098(096.099) 50001 093 (0.85-0.96) P<0.0001 0.92(0.86-0.95)  F<0.0001
Global temporal longitudinal strain
PSS 0.91(0.80.0.96)  p_o 0001  0.81(0.70.0.87) P=0.0008  0.87(0.76-0.92)  P=0-0001
EPS 0.81(070-084)  p_90009 073 (0.620.79) P=0.003  0.71(0.60-0.77)  F-0-007
PSI 0.80(0.70-0.86)  p_9 0008  0.76 (0.60-0.92) P=0.0008  0.72 (0.60-0.8) L0008
PST 0.78 (0.70-0.83)  p_9 0001  0.74 (0.66-0.84) P=0.002  0.73(0.63-0.81) 0005

ICC, Intra-class correlation coefficient; GSendo, Global subendocardial peak longitudinal strain; GSfull-wall, Global
transmural peak longitudinal strain; GSepi, Global subendocardial peak longitudinal strain; GSRs 1/sec, Global systolic peak
longitudinal strain rate; GSRe 1/sec, Global early diastolic peak longitudinal strain rate; GSRa 1/sec, Global late diastolic peak
longitudinal strain rate; PSS, peak systolic strain; EPS, early systolic pre-stretch strain; PSI, transmural post-systolic index;
PST, transmural pre-stretch index
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5.3.3  Validation et définition des valeurs normales des parameétres de quantification
de déformation (article 6)

Suite au travail de reproductibilité et avec la volonté de valider le strain comme
biomarqueur, nous avons défini les valeurs normales du strain longitudinal et de toutes ses
composantes temporelles mais aussi sa distribution multicouche et régionale.

Nous avons analysé les échocardiographies chez 1243 participants (4714, 47.4%
hommes) dans le la cohorte Stanislas. La quantification de la déformation globale et régionale a
¢été réalisée par mesure du pic de strain (déformation) multi couche (PLS transmural et ratio sous
endo sous péricardique), du pré-stretch (PST), la contraction post-systolique (PSI) et de la
déformation diastolique. Les différents paramétres ont été analysés en fonction de I’age et du
sexe.

La valeur moyenne du pic de strain longitudinal (PLS) est de 23.4+£2.7% avec un ratio
endocarde/épicarde a 1.2+0.1. On a observé des valeurs de strain significativement plus élevées
chez les femmes. Des modifications physiologiques liées a 1’age sont observés pour les
parametres de déformation diastolique mais pas pour le PLS. Par ailleurs nous avons défini les
courbes de déformation myocardique avec notamment le pic de déformation pré-systolique
(PST) et post-systolique (PSI) en fonction des différentes régions myocardique.

Cette ¢étude est la premiere donnant accés aux valeurs normales des parameétres de
déformation systolique et diastolique sur une large cohorte de sujets sains. Elle est d’un intérét
majeur car permettra de définir les frontiéres avec des patients ayant une atteinte myocardique

infra clinique.
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Article 6 soumis (clinical reasearch

ECHOCARDIOGRAPHIC REFERENCE RANGES FOR NORMAL 2D-DERIVED
LONGITUDINAL STRAIN PARAMETERS IN A POPULATION-BASED STUDY (THE
STANISLAS COHORT STUDY)
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INTRODUCTION

Speckle-tracking echocardiography (STE) enables quantitative assessment of myocardial function via
image-based analysis of myocardial dynamics (1). Peak longitudinal strain (PLS) is the most commonly
used deformation parameter and its normal values have previously been published and summarized in a
meta-analysis (2)(3). The ASE/EACVI task force has recently advocated the need for a standardization of
quantitative functional imaging. In its analysis testing the variability of STE measurements among
different vendors, the EACVI/ASE/Industry Task Force study demonstrated good reproducibility of PLS

measurements which, in many cases, were superior to conventional echocardiographic measurements(4).

However, the latest Task Force also highlighted that PLS is restricted to providing only the maximal
deformation occurring at end-systole, thereby resulting in loss of information regarding temporal changes
in deformation. It highlighted the clinical relevance of measurements performed at several time points
along strain curves, which would assess both pre- and post-systolic deformation (5). Early positive
systolic peak strain (EPS) and post-systolic shortening (PSS) demonstrate deformation occurring in early
systole and in early diastole, respectively, from which several calculated indexes can be derived including
post-systolic index (PSI) and pre-stretch index (PST). These parameters could provide relevant
information on the temporal heterogeneity of myocardial deformation (6). There is also spatial
heterogeneity of myocardial deformation; both basal-apical (7) and transmural gradients of strain are
observed, and these have triggered the development of methods to assess strain according to myocardial

layers.

Recent imaging software has made it possible to obtain all of these parameters easily and quickly.
Clinical characteristics can influence the value of these new parameters, even in the absence of
pathological conditions, including hemodynamic factors and cardiovascular aging (2). However, no
specific normal ranges of these parameters were provided in the latest guidelines, despite a
recommendation to use strain to quantify global and regional systolic function (8). This absence of

normal ranges may greatly limit the use of these new indices.

In the present large, single-centre population study, we aimed to: i) validate a standardized process of
echocardiographic assessment of all currently available components of longitudinal deformation and ii)

define the normal ranges of all of the parameters.
METHODS
Study population

The STANISLAS Cohort is a single-center familial longitudinal cohort including 1006 families (4295
subjects) from the Nancy region who were recruited in 1993—-1995 at the Center for Preventive Medicine.
From 2011 to 2015, a total of 1614 subjects aged 20 to 75 years with no evidence of cardiac disease,

drawn from survivors of the original cohort, underwent their 4th examination with high-quality
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echocardiographic imaging at our department. Among the 1614 subjects who were selected and consented
to participate, 1293 patients (80%) had echocardiographic images suitable for strain analysis. During the
follow period, some patients developed cardiovascular disease. Out of these 1293 patients, 50 were
excluded due to significant pathology that could influence the deformation analysis (valvular disease in
29 individuals; LV dysfunction (LVEF <50%) and/or previous heart failure in 15; and missing data or not
performed in 6 individuals). Hence, the study was performed in 1243 men and women, all of whom had
comprehensive Doppler-echocardiographic examinations. The research protocol was approved by the
local Ethics Committee and all study participants gave written informed consent. Clinical evaluation
included information regarding past medical history, symptoms suggestive of any cardiovascular illness,
anthropometric measurements (height, weight, and waist circumference), and general physical

examination (including blood pressure measurement).
2D echocardiography

Examinations were performed in the left lateral decubitus position with a commercially available standard
ultrasound scanner (Vivid 9, General Electric Medical Systems, Horten, Norway) using a 2.5MHz
phased-array transducer (M5S). All echocardiographic and Doppler images were recorded in a digital
raw-data format and centralized after anonymization at the CIC central core laboratory at the University
of Nancy. Echocardiographic images were obtained from the 3 standard left ventricular (LV) apical views
(4-, 2- and 3-chambers). All images were acquired at a frame rate of 50 to 70 frames per second for two-
dimensional views and at least three consecutive cardiac cycles were stored. Prior to each acquisition,
images were optimized for endocardial visualization and care was taken to avoid ventricular

foreshortening.
Post-processing analysis of deformation parameters

All strain measurements were performed offline by 2 experienced echocardiographers (OH, SC) with
dedicated automated software (Q analysis software, Echo PAC PC version 110.1.0, GE Healthcare). This
software enables real-time assessment of strain and strain rate, allowing a very quick and simple analysis
of deformation, by placing 3 sample points manually along the endocardium to define the LV base and
the apex on an end-systolic frame. The software automatically generates LV strain curves, with each
curve corresponding to an individual myocardial segment (Figure 1). Timing of end-systole was
automatically defined by the software as the lowest cavity size immediately before the aortic valve
closure (AVC) on the apical 3-chamber view. For multi-layer analysis, the total myocardial thickness was
divided by multiple chains of nodes into three myocardial layers of similar thickness from the
endocardium to the epicardium: an endocardial layer, a full-wall myocardial layer (equivalent to
transmural), and an epicardial layer. Each LV wall was divided into 3 segments (basal, mid and apical),
and the quality of tracking was assessed for each myocardial segment. Tracking feasibility in each apical

view was rated on visual inspection. All echocardiographic studies with difficult images and/or moderate
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to poor tracking quality (n=415) were reviewed by a second senior echocardiographer. Segments or views

with persistent poor tracking quality were excluded.

Reproducibility analyses were performed using 50 readings. Briefly, the overall inter- and intra-observed

reproducibility was good, with intra-class correlations >0.70 for all considered parameters.
Strain parameters

LV systolic deformation was assessed using the 3 apical views, from which the following characteristics
were analyzed: a) global subendocardial PLS (GSendo); b) global full-wall PLS (GSfull-wall) and c)
global subepicardial PLS (GSepi). Additionally, systolic global strain rate (GSRs), as well early (GSRe)
and late (GSRa) diastolic strain rates were automatically displayed and calculated from the average of all

17 segments.

The following parameters derived from these curves were measured for each segment: 1) PLS,
corresponding to the maximal absolute value of strain during ejection phase (before AVC), 2) ESS
corresponding to the value of strain at end-systole, 3) EPS corresponding to the maximal positive value of
strain during early systolic isovolumic contraction (IVC) and 4) Peak systolic strain (PSS), as the
maximal absolute value of strain after the AVC during isovolumic relaxation. PST and PSI were
automatically calculated by the software as (PST=100*EPS/(EPS-ESS) and (PSI=100*(PSS-ESS)/PSS).
A bull’s eye representation of these values was obtained (Figure 2). Global values were calculated by
averaging all of the values computed at each segmental level from the same frame. When a global value
was not available (in n=89, 7.2%), the mean values of the segments of the 4-chamber view were used

(n=89 (7.2%). The difference between the 4CH and calculated global PLS values was also studied.
Statistical methods

Continuous variables are expressed as mean + SD or median and 25th-75th percentiles as appropriate.
Histograms and normal-quantile plots were visually inspected to verify the normality of distribution of
continuous variables. PLS and strain rates were normally distributed whereas PSI and PST had non-
normal distributions. Consequently, the number of segments with abnormal PSI or PST was also

considered in the analyses.

Comparisons of variables according to gender were performed using unpaired t-test or Mann-Whitney test
for non-parametric variables and Chi-square test for categorical variables. Comparisons of continuous
variables according to age categories were performed using either Kruskal-Wallis test with post-test Dunn
correction and one-way ANOVA with post-hoc tests using Bonferroni correction. Comparisons between
4CH, 2CH and APLAx views were carried out using mixed models for repeated measures; an
unstructured covariance structure was considered to take into account the correlations between the

different chamber view measurements of the same patient.
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P values < 0.05 were considered statistically significant. All analyses were performed using SAS® R9.3

(SAS Institute, Cary, NC, USA).
RESULTS
Demographic data

Table 1 summarizes the demographic data obtained in the entire population and according to gender.
Overall, the study population was middle-aged (47+14 years) and overweight (BMI 25+4). With regard to
cardiovascular risk factors, about one fifth (22.4%) were current smokers and 14.9% of the participants
had self-declared hypertension or were on anti-hypertensive medication. There were significant
differences in baseline characteristics according to gender with men being older and exhibiting higher

blood pressure, glucose and cholesterol levels than women.
Normal ranges of full-wall and multilayer global peak systolic longitudinal strain

The absolute mean value of full-wall global longitudinal strain (GSfull-wall) was 23.4+2.7%. The
mean absolute value for GSendo was 23.4+2.7% and 19.1£2.5% for GSepi, with a GSendo/GSepi ratio of
1.2+0.1. (Table 2).

All multilayer strain variables (GSendo, GSfull-wall and GSepi) were higher in women than in men. No
significant differences according to age categories were observed. Absolute GS values were higher in the
apical segments than in the basal segments, especially in the sub-endocardium (Table S1). The base/apex
ratio was significantly higher in men and in younger subjects. The relative mean absolute GLS4CH value
was significantly lower than the averaged GLS from the 3 apical views. A statistically significant
difference was also observed in GS values according the method of calculation (i.e. myocardial line vs.

segmental averaging) (Table S2).
Normal ranges of full-wall peak systolic longitudinal strain rate

The absolute mean values of GSRs, GSRe and GSRa were 1.12+0.17 s-1, 1.384+0.39 s-1 and
0.86+0.25 s-1, respectively. GSRe was higher in women than in men and progressively decreased with

age while GSRa progressively increased.
Normal ranges of temporal longitudinal deformation pattern (PSS, EPS, PSI and PST)

The absolute mean normal values for PSS, PSI and PST were 22.1+2.5%, 2.5+1.8 and 2.1£1.7,
respectively. A total of 681 segments (3.3%) were considered to have an abnormal PSI value and were
mainly localized in the anterior- and inferior-mid-lateral segments, while 868 segments (4.3%) were
considered to have an abnormal PST value and were mainly localized in the anterior- and inferior-mid-

septal segments (Table S1)(Figure 3).

DISCUSSION

107



There is growing evidence highlighting the relevance of deformation analysis in the assessment of left
ventricular function and in stratifying risk in various diseases. Global longitudinal strain has been studied
most extensively, although other parameters derived from 2D speckle analysis are potentially of equal
interest. In the present study, conducted in a large population cohort, most of the currently available
deformation variables were systematically measured using a strict quality process, thus allowing the
establishment of reference ranges for all spatial and temporal 2D speckle imaging-derived parameters.
Our results confirmed the need to interpret deformation results according to age and gender. Additionally,
impaired early systolic stretch or post-systolic deformation (likely to be false positive findings in this
population), were found most often in basal segments. Finally, the rate of deformation during the cardiac
cycle assessed by GSR was highly age-dependent, especially during diastole, which may be helpful in the

assessment of diastolic function.
Full-wall and multilayer global peak systolic longitudinal strain

Full-wall (or transmural) peak end-systolic longitudinal strain is the most used deformation parameter in
the worldwide echocardiography community. The members of the EACVI/ASE/Industry Task Force have
reached a consensus regarding the standardization of definitions and the calculation of deformation
indices (5). The recent-head-to head comparison of global strain values between the various vendors
demonstrated an absolute value ranging from 18.0 to 21.5% for the average of the three apical chamber
views and from 17.9 to 21.4% for the four-chamber views with an absolute difference between vendors of
up to 3.7% strain units (9). Previous studies have reported normal GLS values from relatively small
populations, mostly recruiting patients with “normal” echocardiographic findings while a few recruited a
large number of healthy individuals from the community. A large meta-analysis published in 2010
identified 2,597 subjects from 24 studies (10), in which normal GLS values varied from -15.9% to -22.1%
with a mean value of -19.7%. Blood pressure, but not age, gender, frame rate or equipment, was
associated with variation in normal GLS values. A large study evaluating 1266 healthy individuals
proposed -18.6 = 0.1% as an average normal value (11). In this latter study, all echocardiographic
examinations were performed with the same ultrasound machine (Vivid 7 scanner - BT06). In the present
study, which used newer versions of both ultrasound machine and software (Vivid 9, BT 13), the mean
absolute value was slightly higher at -21.1 = 2.5%. As also highlighted by others, the mean absolute
values were higher in women but showed no significant change according to the different age classes
(2)(10). In a subgroup of patients with no risk factors, a higher mean full wall strain (GSfull-wall: -21.5 +

2.4) was observed when compared to the whole population.

One of the major achievements of speckle tracking echocardiography is its ability to track the entire
myocardium for quantitative evaluation. In normal subjects, longitudinal strain has been shown to
increase from base to apex, whereas transverse strain decreases from base to apex (7). However, it is only
recently that conventional software has been able to provide information regarding transmural spatial

distribution of PLS. In the present study, we also assessed normal ranges for both endocardial and sub-
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epicardial strain values. A previous study showed that longitudinal strain is higher in the endocardium
and lower in the epicardium, with endocardial and mid-wall layer strain being higher in the apex and
lower in the base (7). In the present study, this multilayer longitudinal STE gradient was found to be
approximately 20% (GSendo /GSepi ratio = 1.2+0.1). Differences among layers are of clinical interest
and therefore require a sensitive and reproducible tool to be detected. Herein, a base-apex ratio for
GSfull-wall was observed, with the ratio being less pronounced for the epicardial layer comparatively to
the endocardial layer. Depending on the disease, the myocardium can exhibit a specific impairment of
sub-endocardial function (ischemic disease) or sub-epicardial dysfunction (myo-pericarditis). The present
results are, to our knowledge, the first to provide a sound estimation of normal values in such a large

sample of patients.
Temporal longitudinal deformation pattern

As outlined above, the recent EACVI/ASE/Industry Task Force highlighted the clinical relevance of
measuring deformation at several time points (5). Independently of strain magnitude, characteristic
changes in the temporal pattern of myocardial deformation can be assessed in early systole and in post-

systole which may provide useful information for both diagnosis and prognosis.

Early systolic stretch is a local myocardial elongation that sometimes occurs physiologically to a minor
extent, or may represent a relevant pathological deformation in the presence of regional disease. In
normal patients, it can be observed in the late activated region of the sub-endocardium; in this latter
instance, stretching of the LV wall in early systole is located near the inferior and septal segments of the
LV base (12)(6). Pathological early stretch occurs in dysfunctional myocardium which loses its capacity

to contract during the isovolumic phase (13)(14).

We recently demonstrated that full post-systolic index can identify the transmurality of myocardial
infarction with similar discrimination (as assessed by area under the curves) as that obtained with Peak
longitudinal strain. In addition, we showed that post-systolic index (PSI) can further refine the prediction
of transmurality on top of PLS(15). It is likely that PSI may also improve diagnostic sensitivity for other
myocardial abnormalities for which further studies are warranted(16). Peak systolic strain can coincide
with systolic or end-systolic peak, or can appear after aortic valve closure. The above new parameter PSI,
which takes into account both the value of end-systolic shortening and the degree of post-systolic
shortening, may be relevant in adding information regarding the myocardial deformation pattern (17).
This is of particular interest as it assesses both the magnitude and the delay of late deformation. PSI may
be observed in normal patients but with far lower values than in diseased myocardium. We previously
showed the distinct clinical value of deformation patterns in patients with mitral valve prolapse (MVP)
for assessing and quantifying mitral valve chordae, leaflets and LV myocardial interactions(18). In light
of the above, we advocate that pathological early-systolic shortening and late systolic deformation are
attributed to an increased interaction between wall deformation and mitral valve events in patients with

MVP.
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In normal myocardium, both post systolic contraction and early diastolic lengthening are minimal or
absent, with EPS, PSI and PST nearly equal to zero. Special attention must be given to the tracking
quality of the software in order not to overestimate the values of these temporal parameters. In the present
analysis, we defined an upper limit of normal as 2 standard deviations from the mean values of all
segments. These cut-offs were calculated at 11.6 for PST and at 14.0 for PSI. Although abnormal PST or
PSI can be measured, their pathophysiological, diagnostic and prognostic relevance are still insufficiently

evaluated; hence, future studies could use the normal values provided from our STANISLAS cohort.
STE-derived strain rate

Strain, initially described as an analog of regional ejection fraction, has been criticized for having high
load-dependence. Strain rate is a parameter that correlates well with the rate of change in LV pressure and
appears to better reflect contractility and to be less load-dependent than strain. Due to its higher temporal
resolution, strain rate is usually evaluated by tissue Doppler imaging (TDI), but can also be measured
using 2D STE. In the present study, GSR values were close to previously-reported normal GSR values
measured by STE (11). Previously, it was considered that low frame rate and smoothing of curves could
lead to impaired accuracy in 2DSE-derived strain rate curves, with subsequent difficulties in the
measurement of timing parameters. However, further analysis of our results showed a very high
reproducibility, almost equivalent to TDI measurements both in systole and diastole (see companion
reproducibility article). As a result, the present data provide normal values for an ultrasound parameter

that has the potential to become a current echocardiographic standard.
LIMITATIONS

The present study analyzed normal values as derived by a single type of ultrasound machine and
thus cannot be extrapolated to other vendors.(19) Some of the patients (8.2%) only had 4CH values,

which nevertheless provide potentially valuable data for patients with missing 2- or 3-chamber views.
CONCLUSIONS

We provide the largest study of reference ranges for various indices of longitudinal deformation of the
left ventricle during diastole and systole. We confirm the presence of a base-to-apex gradient and of a
sub-endocardial to sub-epicardial gradient. By a simple one-step forward differencing method, this
technique provides key information on longitudinal deformation, with regard to both its spatial and
temporal patterns of distribution. With these validated normal ranges according to age and gender, this

new echocardiographic tool appears ready for use in clinical practice.
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Figures

FIGURE 1: Longitudinal deformation curves from the 6 segments of the apical 4-chamber view measured by
speckle tracking echocardiography. (L: longest length during systole; LO: longest length at the end of diastole; ESS:

end systolic strain; PS: peak strain over whole cycle; EPS: early positive systolic peak strain).

FIGURE 2: Longitudinal strain curves measured by speckle tracking echocardiography with deformation pattern of
a normal segment (blue curve) and an abnormal segment (red curve) with mitral valve leaflet / myocardial
interaction. The abnormal segment is characterized by an early peak with stretch of the segment (PST) along with a
post systolic shortening and peak strain (PSI), therefore occurring beyond the aortic valve closure (AVC). The
normal segment presents no or mild PST and PSI with a peak systolic strain (PLS) typically occurring at end

systole.

FIGURE 3: Segmental distribution of 19591 myocardial segments for global multilayer longitudinal and temporal

longitudinal strain values.
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TABLES

Table 1: Baseline characteristics of the study population

Characteristic Total (N=1243) Men (N=590) Women (N=653) p-value
n Mean + SD/ n(%) Median (Q1 - Q3) Mean + SD/ n(%) Median (Q1 - Q3) Mean + SD/ n(%) Median (Q1 - Q3)
Age (years, mean + SD) 1243 47+ 14 54 (33 -59) 48+ 14 56 (34 -61) 47+ 14 52 (33 -58) 0.001
Height (m, mean + SD) 1243 1.6+0.1 1.6 (1.6 - 1.7) 1.7+£0.0 1.7 (1.7-1.8) 1.6 £0.07 1.6 (1.5-1.6) <0.0001
Weight (kg, mean + SD) 1243 73+ 14 72 (62 - 81) 80+ 12 78 (72 - 87) 66+ 12 63 (57-172) <0.0001
BMI (kg/m?, mean + SD) 1243 25+4 25(22-28) 26+4 25(23-28) 25+5 24 (22 -27) <0.0001
Overweight (BMI>25) n (% ) 1243 596 (47.9 %) 331 (56.1 %) 265 (40.6 %) <0.0001
Systolic blood pressure, mmHg 1243 125+ 15 123 (113 - 134) 129+ 13 128 (120 - 137) 120 + 14 117 (110 - 128) <0.0001
Diastolic blood pressure, nmHg 1243 72+9 71 (66 - 77) 75+8 74 (69 - 79) 69+8 69 (64 - 74) <0.0001
Diabetes n (% ) 1055 28 (2.7 %) 17 (3.4 %) 11(2.0%) 0.18
High blood pressure n (% ) 1055 198 (18.8 %) 95 (19.0 %) 103 (18.6 %) 0.87
Dyslipidemia n (%) 1055 236 (22.4 %) 123 (24.6 %) 113 (20.4 %) 0.1
Glycemiag/L 1238 0.9£0.1 0.8 (0.8-0.9) 0.9£0.1 0.9 (0.8-0.9) 0.840.1 0.8 (0.8-0.9) <0.0001
Cholesterol level, g/L 1238 2.140.3 2.1(1.8-2.4) 20+03 2.1(1.8-2.3) 2.1£0.4 2.1(1.8-2.4) 0.002
LVEF (%) 1162 65.1+6.3 65.2 (61.3-69.2) 64.3+6.7 64.7 (60.4-68.7) 65.8+5.9 65.9 (61.9-69.8) 0.0002
LVEDV (ml) 1163 91.4+26.4 87.5(73.2-106.3) 104.4 £27.1 101.7 (85.6-121.5) 79.5+19.0 77.9 (66.5-91.3) <0.0001
LVEDV indexed (ml/m2) 1163 49.6+12.5 48.6 (40.7-57.3) 53.2+134 52.4 (43.8 -61.6) 46.3+10.5 46.0 (38.7-52.9) <0.0001
LVESV (ml) 1160 32.2+11.8 30.2 (24.0-39.1) 37.5+£125 35.8(28.4-45.2) 27.4+8.6 26.1(21.4-31.7) <0.0001
LVESV indexed (ml/m2) 1160 17.4+5.7 16.6 (13.3-20.9) 19.1+£6.2 18.3 (14.3-22.9) 15.9+4.9 15.5 (12.5-18.6) <0.0001
LVM (g) 1127 136.6 +£39.9 131.9 (106.5 - 161.4) 159.5+38.5 155.7 (133.7 - 181.5) 116.6 +28.8 111.8 (95.9-133.7) <0.0001
LVM indexed (g/m2) 1127 74.0+17.5 72.1(61.7 - 83.8) 81.1+17.6 78.8 (69.9 - 90.9) 67.7+14.9 65.9 (57.3-76.3) <0.001
E (m/s) 1185 0.7+0.1 0.6 (0.5-0.8) 0.6+0.1 0.6 (0.5-0.7) 0.7+0.1 0.6 (0.6 -0.8) <0.0001
A (m/s) 1184 0.6+0.1 0.6 (0.4-0.7) 0.6 +0.1 0.5 (0.4-0.6) 0.6£0.1 0.6 (0. -0.7) 0.0004
E/A (No unit) 1184 1.2+0.4 1.1 (0.8-1.4) 1.2+04 1.1 (0.8-1.4) 1.2+0.4 1.1 (0.9-1.5) 0.085
DT E (ms) 1185 210.2+52.5 206.2 (173.5-240.5) 217.8+55.6 214.7 (179.8-253.1) 203.5+48.6 199.7 (168.6-233.3) <0.0001
E' (cm/s) 1185 11.7+3.2 11.2 (9.2-14.0) 11.4+3.1 10.9 (9.1-13.6) 11.9+3.3 11.4 (9.4-14.8) 0.01
E/E' (No unit) 1181 6.4+5.2 6.0 (5.1-7.1) 64+74 5.8 (4.9-7.0) 6.3+1.6 6.2 (5.2-7.3) 0.003
LA volume (ml) 1176 40.7+13.7 39.0(31.0-48.3) 445+143 43.0 (34.8-53.1) 37.1£12.1 36.0 (28.4-43.7) <0.0001
LA volume indexed (ml/m?) 1176 22.146.7 21.3(17.4-25.9) 22.6+7.0 21.8(17.8-26.3) 21.546.5 21.1(17.0-25.5) 0.009

BMI, body mass index; SD, standard deviation; LVEF, left ventricular ejection fraction; LVEDV, LV end-diastolic volume; LVESV LV end-systolic volume, , LVM LV mass, LA

Left atrium
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Table 2: Left ventricular deformation parameters according to gender

Total (N=1243) Men (N=590) Women (N=653)
2D Deformation value Mean+SD Median(Q1-Q3) Mean+SD Median(Q1-Q3) Mean+SD Median(Q1-Q3) P-value
Global multilayer longitudinal strain values (n=1243)
GSendo % -23.4+2.7 -23.5 (-25.2--21.5) -22.82.6 -22.9 (-24.5--21.0) -24.0+£2.7 -24.1 (-26.0--22.1) <0.0001
GSfull-wall % 21.1+2.5 -21.2 (-22.8--19.4) -20.5+2.4 -20.5 (-22.2--19.0) -21.74£2.5 -21.7 (-23.4--19.8) <0.0001
GSepi % -19.1£2.5 -19.1 (-20.8--17.4) -18.5+2.3 -18.5 (-20.2--17.0) -19.7+£2.5 -19.7 (-21.3--18.0) <0.0001
GSendo/ GSepi ratio 1.2+ 0.0 1.1(1.1-1.2) 1.2+0.0 1.2 (1.1-1.2) 1.2+0.0 1.2(1.1-1.2) 0.059
GSendo Base-apex ratio 0.66 £0.12 0.65 (0.58 - 0.72) 0.64 +0.11 0.64 (0.57 - 0.72) 0.67+0.12 0.66 (0.59 - 0.73) 0.001
GSfull-wall Base- apex ratio 0.79+0.14 0.79 (0.70 - 0.87) 0.78 £0.13 0.78 (0.69 - 0.86) 0.81+0.14 0.80 (0.71 - 0.89) 0.004
GSepi Base-apex ratio 0.94+0.18 0.93 (0.82 - 1.05) 0.93+0.17 0.92 (0.82 - 1.02) 0.96 £0.18 0.94 (0.82 - 1.06) 0.024
Global longitudinal strain rate values (n=1243 )
GSRs 1/sec -1.1+0.2 -1.1 (-1.2--1.0) -1.1£0.1 -1.1 (-1.2--1.0) -1.1£0.1 -1.1 (-1.2--1.0) 0.21
GSRe 1/sec 1.4+0.4 1.3 (1.1-1.6) 1.2+0.3 1.2 (1.00-1.50) 1.5+£0.4 1.4 (1.20-1.7) <0.0001
GSRa 1/sec 0.9+0.2 0.9 (0.7-1.0) 0.9+0.2 0.9 (0.7-1.0) 0.9+0.2 0.8 (0.7-1.0) 0.44
Global Temporal longitudinal strain values (n=1243)
EPS 0.4+0.3 0.3 (0.1-0.6) 0.3+0.3 0.2 (0.1-0.4) 0.5+0.3 0.4 (0.2-0.6) <0.0001
PSS -22.0+£2.4 -21.9 (-23.7--20.3) -21.4+2.3 -21.3 (-23.2--19.8) -22.6+£2.4 -22.6 (-24.2--20.7) <0.0001
PST
full-wall 2.1+1.7 1.6 (0.8-2.7) 1.7+1.6 1.3 (0.6-2.4) 2.4+1.8 2.0 (1.1-3.1) <0.0001
Epicardial 2.2+1.9 1.7 (0.9-3.0) 1.9+1.8 1.4 (0.7-2.5) 2.5+1.9 2.1(1.1-3.2) <0.0001
endocardial 1.9£1.7 1.5 (0.7-2.6) 1.6£1.6 1.1 (0.5-2.2) 2.2+1.8 1.8 (1.0-2.9) <0.0001
PSI
full-wall 2.5+1.7 2.1(1.3-3.3) 2.4+1.8 1.9 (1.2-3.3) 2.6+1.7 2.2(1.4-3.3) 0.029
epicardial 2.7+1.8 2.3(1.9-3.9) 2.6£1.9 2.2(1.3-3.5) 2.7+1.7 2.3(1.4-3.6) 0.25
endocardial 2.3+1.7 1.9 (1.1-3.0) 2.2+1.8 1.8 (1.0-3.0) 2.4+1.6 2.0(1.2-3.2) 0.004

BMI, body mass index,; SD, standard deviation; LVEF, left ventricular ejection fraction; LVEDV, LV end-diastolic volume; LVESV LV end-systolic volume, ,
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Table 3: Left ventricular longitudinal deformation parameters according to age

Characteristic

20-40 years
n=508

40-60 years
n=423

>60 years
n=309

Mean+SD Median(Q1-Q3) Mean+SD Median(Q1-Q3) Mean+SD Median(Q1-Q3) P-value
Global multilayer longitudinal strain values (n=1243)
GSendo % -23.25+245 -23.23 (-24.77 - -21.47) -23.46 +£2.90 -23.50 (-25.50 - -21.57) -23.64+2.85 -23.83 (-25.53 - -21.70) 0.13
GSftull-wall % -20.99 +£2.28 -21.07 (-22.50 - -19.33) -21.18 £2.66 -21.17 (-22.90 - -19.37) 2127+£2.72 -21.33 (-23.17 - -19.47) 0.25
GSepi % -19.01 £2.23 -18.97 (-20.60 - -17.47) -19.20+2.55 -19.17 (-20.97 - -17.50) -19.23+2.71 -19.37 (-21.17 - -17.33) 0.36
GSendo/ GSepi ratio 1.23+£0.07 1.21(1.18 - 1.26) 1.23+0.08 1.21(1.17 - 1.26) 1.24 +0.09 1.21(1.18 - 1.29) 0.51
GSendo Base-apex ratio 0.68+0.11 0.68 (0.60 - 0.74) 0.66+0.13 0.65 (0.57 - 0.73) 0.62+0.11 0.62 (0.54 - 0.69) <0.0001
GSfull-wall Base-apex ratio 0.82+£0.13 0.81(0.72 - 0.89) 0.79 +£0.15 0.79 (0.69 - 0.87) 0.76 £0.13 0.76 (0.67 - 0.84) <0.0001
GSepi Base-apex ratio 0.96+0.17 0.94 (0.84 - 1.06) 0.94£0.19 0.92 (0.80 - 1.05) 0.92+0.18 0.90 (0.79 - 1.02) 0.0007
Global longitudinal strain rate values (n=1243)
GSRs 1/sec -1.11+0.15 -1.10 (-1.20 - -1.00) -1.11+0.17 -1.10 (-1.20 - -1.00) -1.14+0.19 -1.17 (-1.27 - -1.03) 0.096
GSRe 1/sec 1.61£0.36 1.60 (1.33 - 1.83) 1.28+£0.33 1.23 (1.03 - 1.50) 1.14£0.27 1.10 (0.93 - 1.33) < 0.0001
GSRa 1/sec 0.71 £0.21 0.67 (0.57 - 0.82) 0.93 £0.20 0.93 (0.80 - 1.07) 1.02+0.22 1.03 (0.90 - 1.17) < 0.0001
Global Temporal longitudinal strain values (n=1243)
EPS 0.43£0.34 0.35(0.19 - 0.58) 0.46 £0.39 0.35(0.19 - 0.62) 0.45+0.39 0.35(0.15-0.63) 0.71
PSS -21.87+£2.23 -21.79 (-23.52 - -20.31) -22.16 £2.51 -22.02 (-23.80 - -20.40) -22.35+£2.62 -22.28 (-24.21 - -20.50) 0.027
PST full-wall 2.02 +1.58 1.61 (0.93 - 2.69) 2.18+1.88 1.70 (0.91 - 2.79) 2.18+£2.02 1.65 (0.71 - 2.88) 0.76
PSI full wall 2.60 +1.68 224 (1.44 -3.36) 2.50+1.79 2.03 (1.25-3.31) 2.51+£1.88 2.03 (1.14 - 3.30) 0.11

GSendo, Global subendocardial peak longitudinal strain; GSfull-wall, Global full-wall peak longitudinal strain; GSepi, Global subendocardial peak longitudinal strain;, GSRs 1/sec, Global systolic peak longitudinal strain rate; GSRe

1/sec, Global early diastolic peak longitudinal strain rate; GSRa 1/sec Global late diastolic peak longitudinal strain rate; PSS, peak systolic strain; EPS, early systolic pre-stretch strain, PSI, full-wall post-systolic index; PST, full-

wall pre-stretch index, p* non parametric test

115



54 Approche des déterminants du remodelage ventriculaire dans le post

infarctus

5.4.1  Evaluation du remodelage ventriculaire droit (article 7)

L’atteinte organique intrinséque du myocarde VD comme c’est le cas en post IDM avec
extension au VD entraine un remplacement fibrotique et cicatriciel du myocarde. La dysfonction
VD a une importance souvent sous-estimée (118) mais d’intéret majeur pour le pronostic
quelque soit son extension ou le niveau de dysfonction VG (119)(27). L’IRM cardiaque est
considérée comme la référence pour [’évaluation de la fonction VD, cependant
I’échocardiographie est le plus souvent I’examen de premicre ligne dans le post IDM (121). Park
et al a proposé et confirmé le role du strain dans la prédiction des événements en post IDM avec

un cut-off 15%(122).

Dans la lignée d’un premier article ou nous avons montr¢ la force de I’échocardiographie de
déformation dans la quantification de la fonction VD (123), nous avons étudié 1’évolution de son
remodelage par les mémes outils. Nous avons comparé les parametres conventionnels et de
déformation en phase aigiie et a 6 mois en les confrontant a la FEVD IRM.

Nous avons inclus dans ce travail 95 STEMI revascularisés de REMI. L’évaluation de la
fonction VD a ¢été réalisé par la mesure du TAPSE, de I'onde S, de la fraction de
raccourcissement du VD , et les paramétre de strain de la paroi libre et inférieure du VD et du

septum interventriculaire.

On a montré la valeur diagnostique du strain pour apprécier le remodelage du VD et détecter
son atteinte, notamment par la mesure du strain inférieur du VD a 6 mois. Dans I’infarctus de
localisation inférieure on avait des niveaux de dysfonction VD plus sévére et une meilleure
récupération au cours du suivi. Malgré un niveau de fonction VD relativement préservée, le
strain permettait de mettre en évidence la persistance d’une dysfonction VD qui ne pouvait étre

mis en évidence par ’IRM et la FEVD au cours du suivi.

Nous concluons que le strain VD est une technique fiable et reproductible et peut étre aussi
performant que I'IRM pour apprécier et quantifier le degré d’extension au VD et son

remodelage.
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Abstract  To assess the patbern of right ventricular (RV')
functional recovery in a cohort of patients with successful
reperfusion of a first episode of acute myocardial infarction
(AMI) with 2D speckletracking echocadiography and
cadiac magnetic resonance imaging (CMR). Ningty-five
revescularized AMI patients were prospectively included
(568 £ 11.1 years, 48 inferior, 47 anterior). RV function
was assessed by echocardiographyy and CMR within the
initid 72 h and & months |ater. A RV global srain was
calcul sted whill e averaging strain val ues from septal, lateral
and inferior walls. At the acute phase, RV EF e was lower
in irferior than in anterior AMI paients (525 + 68 vs
56.0 £ 4.8, p = 0.006). Similarly, RV global, inferior and
lateral strains were lower in inferior M1 patients (p\, 0,001
for dl) wheress septal strain was not significanty different
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aross groups. At 6 months, RVEFwe and all srain
parameters improved compared to basdine. Improverments
were more substantial for patients with inferior than with
anterior ML RV paameters utime=y reached smilar
levels in the two groups & 6 months except for inferor
srain which remained lower in patients with infefior MI
(- 245+ 65 vs. - 275+ 54, p=003). In low risk
patients after AMI, RV function ultimately recovered over
the & months of follow up. Higher levels of both initia
impairmrent and subsenuent recovery were observed for
inferior M1, Although RV fundion was relatively pre-
served in these patients, RV strain andlysis reveded a
persistent impaimrent of RY inferior srain in patients with
inferior MI, which may not be identified by RVEF-mp or
corvertiona echocardiographic pararmeters,

Keywords Right ventricle A2D speckle imeging A
Echocardiography A@u‘u’m disesse AMagnetic A
Feesonance imeging AM yocardid infardtion

Introduction

The dinica importance of nght venricda (RV) dysfunc-
tion after an acute myocardia infarction (AMI) has long
been underestingted, dthough melrendysss have high-
lighted a notably incressed mortality risk sssociated with
RV dysfunction [1, 2). Both the extent and degree of R
irvalverment are i ndependent predictors of outtome [3]. The
role of RV function as a prognostic indicaior is al the more
important given that LY function is litle affected. Indeed,
with the new pafomance of revescularzation therapy,
patients have sdller infarndt size with rdatively preserved
LV gjection fraction (EF) which thereby beromes less &fi-
clent as a prognostic factor [4). Neverthaess, regardless of
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the degree of LV dysfunction, it has been shown that even
aympiomaic RY dysfunction without pabent RV infarction
impacts the prognosis of M1 [5].

Cadiac magnetic resonance imaging (CMR) is now
considered as the gold standard for RV function assess-
mert. However edhocadiography represents the most
widdy used nondnvasive imaging modality during the
initial phese of MI [6]. Armong echocardiographic param-
eters, R grain derived from 20 gpeckd e echocardi ography
(2DSTE) appesys a5 a promisng ool for subte RV
amemmant during various pathologies, such as pulmonary
ateria hypertension or congenital heart diseases [7].

Paients who sunive the aoute phase of ischemic RV
dysfunction genarally have no long-tenm consequenoss [8).
A cormplete recovery over a period of a few wesls to months
is the rue in the majority of patients suggesting the ooour-
rence of RV stunning rather than imeversible necrosis [9].
Evduion and prediction of RV rcovary after an aoute
ischamic event is not dearly duddated and appears o be
rdated to the iniid injury and the location of the infardtion.

The alrm of the presant: shudy wes o assess the pattern of
RV functional recovery in low risk patients after ST-de-
vaion myocarda infarction (STEMI) using 2DSTE &
compared to CMR,

M aterials and methods
Study design

The sudy populaion encompassed al the patients with
successfUlly reperfused firt acute STEMI induded in a
prospective single center study (REMI) bebween April
2010 and Decarvber 2013, REM | (cardiac rermode ing after
myocardia infarction revasoulanized in acute phase) is a
diagnostic intervertional study of which the prirmery pur-
pose is o determine whether serum adosterone levels
predict cardiac remmodding in the & months after revasou-
larization of an acute STEML

Eligibility criteria were all patients aged 18 years and
older, hospitalized for a first STEMI revasoculadized in
acute phase by primary PTICA, presenting a stable dinical
state and a regular sinus cardiac riwythm

A tota of 145 patients with first STEM I were enrolled in
the prospective REM I study, Armong thess, 95 patients had
a comprehensive echocadiographic examinaion with a
complete assesgment of RY function batween day 2 and
day 4 after revascularization (visit 1, V1) and & 6 months
fiollow-up (vist 2, V2). OF this number, 94 had a basdine
CMR while 85 had a CMR & 6 months.

The location of MI was defined by ECG and culprit
atery and confirmed by myocardia delayed enhancerment
wsing CMR resulis,

13

Echocardiography imaging and anaysis

Transthoracic echocardiographic images (Genaral Electrics
Vivid e3) were obtained from the standard parasternal and
apical views induding acquisition of apical views centered
on the RV in 4C and 2C views were acquired (Fig. 1). All
2D images were recorded & a frame e of 50-70 fps
during three consecutive beats for rdiable analysis. The
messuraTens and analyses of echocardiographic images
were paformed offline (EchoPac v, 110.1.0 Genaral
Electric-vingmed), in accordance with existing guidaines.

M essurement of RV strain by 2D STE

For RV strain messurements, three BV walls were ana-
lyzed by 2D STE: the |amd and sepid wals from the
gpical 4C view and the inferior wall obtained from a
modified apical 2C view focused on the RV . Each wall was
divided into three segments (basal, mid and apical) such
that the right ventride was ultimatdy divided into nine
segments. Pesk longitudingl strain was messured using
STE offline analysis on dedicated workestation. The endo-
cardia surface of the myocardia wall was manual ly traced
by a point-to-dick approach from which the software then
generated strain curves for each sdected myocardial seg-
mert: (Fig. 2). For each patient, messurermenis of the pask
strain value of dl RV segments ware repested and aver-
agad on three consacutive oyd es by the same oparator, The
mean laerd strain, septd srain and inferior strain ware
respectivaly caloulated as the average of strain values of
the three sagrments (basal, mid and apical) of each come-
sponding RV wall, and the RV global strain as the average
of strain values of the nine segments.

Comvertional RV paramsters

RV fractional area change (RVFAC) was calodated as the
paoent of change in RV ama batwesn end-diasiole and
end-sysiole from the apical 4C view. Tricuspld annular
plane systolic excursion (TAPSE) was obtained by placing
an M -mode cursor through the tricuspid lateral annulus ina
4C view and messring the amplitude of longitudingl
motion of the annulus. The triouspid annular pask systolic
velodity (S” velodity) was messured a the laterd comer &
the tricuspid annulus by Tissue Doppler imaging (TDI) in
the apical 4C view (Fig. 2).

Contrast-enhanced cardiac magnatic resonance imaging

Patients were scanned betwesn day 2 and day 4 after
STEMI in a supine position by a 3-T whole-body scanner
(Signa Excite HD, General Electric Healthcare, Milwau-
kee, USA) equipped with an @ght-dement phased-armay
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Fig. 1 Echocardiographic 2D standard View to assess speckle
bracking echocardiography (STE). a Four charber apicdl view
foosing on the nght ventride (RV) latered wall and septd wall;
b rrodified two charvber (RV Inflow) apical view foousing on the RV

suface coil. As previously described, a steady-state free
precession pulse sequence was used to assess LV function
in contiguous short axis planes, each dice being recorded
during a breath-hold period [10].

The endocardia contours of the right and left ventricles
were obtained with a dedicated software (Mass Analysis? ,
4 version, Medis, Netheriands) using a method a ready
described and assessed by our group [10]. Left and right
volumes were derived from the tracings after which LV
and RV ejection fractions (LVEFcmpr and RVEFcug) were
calcul ated,

SAistical andlysis

Quantitative continuous variables are expressed as
mean + sandard deviation and categorical variables as
frequencies and percentages. Differences in characteristics
between both groups according to the location of the M1
were assessed using the unpaired student t test and Chi-
squere test when appropriate. Cormperison between varni -
ables & basdine and & 6 months was performed using
ather the Student paired t test or Chi-squere test, All st
tisicl analyses were paformed with SPSS software
(V21.0, SPSS Inc., Chicago, IL, USA). All statistical tests
were two-sided and a p vaue )\ 0.05 was considered as
satistically significant.
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Inferior wall obtal ned by rotati ng the probe courter-clocko se with an
angle of 90° from the 4C view certered on RV. RA night atrium, RV
nght ventridle, LAT laterd, ANT anterior, INF inferior, RVOT night
vertricu ar outflow track

Results

Population

All patients underwent initia echocardiography with a
meen delay of 2.2 + 0.7 days following revascuanization,
Mean age was 56.8 = 11.1 years with most patients being
male (86/95). ST devaion Iin right precorda |eads
(CO.1 rmv in V3r or Var) was present in only 12 patients
(12.6 %) with inferior M1.

Patients were divided into two groups: 48 patients with
inferior MI (induding inferolateral MI; 45 men, meen age
550+ 96vyears) and 47 patiets with anterior MI
(induding anterolaterdd MI; 41 men, mean age
58,6 £ 12.3 years) (non significant for age and gender).
Patients classified as inferior M1 had ether inferolateral M1
(N = 12, 25 %) or isolated inferior MI (N = 36, 75 %).
All patients with inferior M1 had ether right coronary
atery (N = 36, 75 %), drcurrflex artery (N = 8, 17 %) or
marging artery (N = 4, 8 %) occlusions. Patients dassi-
fied as anterior M1 had ether anterolateral MI (N = 5,
11 %) or isolated anterior MI (N = 45, 96 %). All patients
with anterior M1 had elther a left anterior descending artery
(N = 42, 89 %) or diagond ateries ocdusion (N = 2,
4 %) or an ocdusion of both left anterior descending
arteries and a diagondl artery (N = 3, 6 %).
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Fig. 2 Echocardographic right ventricdar (RV) function imaging:
a convertional RV function pararmeters with TAPSE, RVFAC ad S°
velodty messurements; b four and two chambers RV apica views
with region of interest InRV |aterd wall, septad wall and inferior val

Basdine data (V1)

At the acute phase, the overdl mean LVEF g (%) of our
shudy was 464 £ 85 with patients with inferior MI
exhibiting less decressed LVEFcmp than patients with
anterior MI (493 + 84 vs. 440+ 7.3 respectivdy,
p\ 0.001) (Table 1).

With regard to RV function, RVEFcmg (%) was lower
in inferior MI [52.5 = 6.8 range (30-61), \ 50 % in ten
cases] then in anterior MI [S6.0 £ 4.8, range (45-65),
\ 50 % in three cases]. TAPSE and S° velodty were
smilar in both groups whereas RV FAC (%) was sg-
nificantly lower in the infenor MI compared to the
anterior MI gowp (375+ 102 vs 452+ 82,
p\ 0.001). Globad RV strain absolute vaue (%) was
lower in inferior MI then in anterior MI (- 188 + 44 vs,
-28% 30, p\ 0001), mainly duee to a sgnificant
difference in inferior strain and |laerd strain but not in
septal strain absolute values (Table 2).

13

for srain codation; ¢ after 2D speckdetracking echocardiography
(STE), three regiond (basal, mid, and apical) longitudra stran
vaues and curves are obtained for each wall

Six months follow-up (V2)

Both LVEFcmpr and RVEF g no longer differed between
the two groups. Likewise, TAPSE, S°velocity, RV FAC as
wd| as |laterd, septd and globd RV strains were not Sig-
nificantly different across groups. Inferior strain (%) was
the only RV function parameter that remeai ned significantly
impaired in patients with inferior MI in comparison to
patients with anterior MI (- 245 % 6.5 vs. - 27.5 £ 54,
p\ 0.03) (Table 2).

Evolution of RV function

Among the study population as a whole, there was a Sg-
nificant increase in LVEFcugr and in RVEFcug over the
follow-up period. TAPSE, RVFAC and al absolute values
of RV strairs (globd, Iaerd, inferior and septd strains)
dso significantly increased between V1 and V2 whereas S°
velodity remained unchenged.
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Table 1 Echocadiographic and cadiac magnetic resonance char-
acterigtics of the shudy groups: comparn son bebween basaline (W 1) and
follow up (V.2) data for the whole population

Vi V2 p value

Bdwocardiography N=95 N=95
Biplane LVEF 4956 + B9 Sea+£96 0001
LV GLS - 1394 35 -1754+ 37  \ 0.001
RA aren 163+ 38 170+ 37 0.107
TR max gradiat 24+ 66 [0+ 66 0478
RV FAC 406 + 97 455+ 87 0000
TAPSE 219+ 50 d6+46 0001
S v odity 126+ 26 131427 0117
RV global sran - 29+ 41 -M45+40 0001
RY latordl grain - 56 £ 6l - 285 + 64 0,002
RV inferior gran - 212 £ 63 -58+61 0001
R\ septal strain - 151+ 35 =193+ 31 \ 0001

CMR N=204 N=g85
LVEFcmn a54 + BS S26+£97 000
RVEF cai 538+ 62 S77+67 000
Rv EDV 606+ 136 A9+ 133 Q.003
RV ESV 24489 314 £ 806 0.260

LVEF laft vertricular gection fraction, RVEF rght vertralar sec-

tion fraction, LVEDY left ventricular end diastolic volume, LVESY

left veririada end systolic valume, RVFAC night venriadar frac-

gm: aea change, TR tricuspid regurgitation, GLS Globdl Longitu-
drain

The magnitude of incresse between V1 and V2 &
asesser] by the delta of dhange weas signilficant]y greater in
inferior MI paients than in aterior MI patients for
RVFAC and for dl strain v ues exoept the inferior strain
In contrast, the megnitude of change of RVEF e ad
other dassicad parameters of RV fundion was not signifi-
cantly different among both groups (Table 2).

Disoussion

The main results of this study ae as follows: (1) & the
acute phase of MI, RVEFque, RVFAC and RV global
dran were lower in inferior MI than in anterior MI
wheress TAPSE and S” wave velodity did not differ; (2)
absolute strain values of the inferior and |atera walls were
significantly lower in inferior compared o anterior MI
patierts shortly ater the MI wheress septd strain was
smilar; (3) & &months follow-up, dl RV function
parameters weare gmilar in infeior and aterior MI
patients, except for inferior wall strain which remained
impaired in patients with inferior MI; (4) bebween basdine
and follow-up, dl RV function parameters except RV 57
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wave (yet one of the most frequently used RV function
parameters) significantly incressed and the magnitude of
incresse was higher in inferior M1 than in anterior M1
pati ents.

Soreening of RV dysfunction after STEMI

Detection of RV imjury in the acute phase of an ischamic
evert remains chalenging [11]. Small RV infads ae
frequently not detected by ECG [12]. In addition, RV
undergoes rapid changes i nfluenced by reparfusion therapy,
herodyramic changes and reversibility of ischemia
Corsaquently, accurate and reproducible RV myocardial
function parameters are needad to identify RV dysfunction
and monitor BV remodding [13].

CMR detects RV injury more readily then ECG and
echocardiography [14] and dlows both the quertification
of RV function and the detection of RV imvol verment by
delayed enhancament as wdl as acute stunning with tissue
ederma by T2-waghted imaging. RV imolverment is pres-
ent in one-third of the cases and is primerily due to myo-
cadid stunning without late gadolinium enhancerment [9],
However, CMR is an expensve examndtion procedure
with often limited avalability and feagibility the days
following an AML.

Armong conventional echocardiography  parameters
messued herein, RVFAC wes significantly different
between both groups & basdine & was the o for
RVEFcue. The superiority of RVFAC over most other
dassica echocardiographic paramaters could be due to its
ahility to take into accourt both longituding and radia
ghortening [15). Local longitudina parameters quch as
TAPSE and 5" vdodity faled to show any significant dif-
ferences related to the location of M1 & the acute phase in
our patients with rdatively preserved RV function [16].
This is in amordance with other shudies reporting a poor
diagnostic power of conventional parameters for initid RV
edension of M1 [17].

MNew echocardiographic parameters such as strain could
represent a valuable atemative to CMR. M oreowver, Artoni
et a. [23] demonstrated that a RV strainh, 22.1 %% provided
incrementa vaue over dinica information, infact char-
ateridics and comventional RV funcion parameter o
predict adverse outcome in post AM 1 patients. The absolute
vaue of RV has been shown to be lower in patients with
RVMI compared to those without RVMI [18, 19]. RV
dysfunction can be cbserved imespective of the locaization
of ML Indeed, RV dysfunction has been observed in over
40 % of inferior M1 patients and in up to 33 % of anterior
MI [11]. Our shudy showed a decrease of RV srain vauss
in dl MI locsiors abat more substartid in inferior
comparativey to anterior ML In contrast, septal strain was
smilar in paiets with inferior ad anterior AML This
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finding confirms that septal RV dysfunction is not spedific
to the locdtion of the AMI [19]. Altogether, our shudy
indicated thet RV drain is likdy more gficient than other
convertional parameters in detecting RV dysfunction in the
anute phase of srall and non-oormplicated ML

Evolution of RV function after STEMI

RV functiona recovery after M1 has been far less sudied
than LV recovery. The reversibility of RV dysfunction after
an AMI is rdaed to the intid mechaniam and durdion of
this dysfunction. Roifmen et d. dheradterzed the evolution
of RV function a 48 h, 3 wesks and 6 months following
AML A sgnificent inoeese in RVEFoua wes noted
betveeen the acute phase and 3 wesks while no additional
difference was found & 6 months leading to the condusion
that the best time poirt to assess RV funcion was 3 wesks
dter an anute evert [8]. Popescu et d. furthermmone showed
that RV function recovered throughout six months of follow-
up. Moreover the megnitude of RV fundiional recovery wes
higher in palients with lower initid LVEF and dosdy
rdated o i nterventricular septal rmotion [20]. In 242 patients
with CMR & 1wesk and 4 months, Masd & 4. [11]
derrorstrated a reversibility of acute RV dysfunction with
limited pamrenent myocadia damege & 4Hmonths follow-
up ad linked this reoovery primanily to the reversibility of
RV ischemic edema,

In the present shudy, RVEFcmg was lower in inferior
than in anterior M1 dthough, RVEF e Was no longer
different between the two groups & 6 months. We did not
find &y comelation between the time to reperfusion ther-
apy and any of the RV function parameters. All comven-
tiond paarmeters, induding TAPSE ad RVFAC, wee
dso no longer significantly different according to MI
locgtion & 6 months. The only fador that remained dif-
ferent betwesn the two groups & 6 months follow-up was
inferior strains. This suggests that RV functional recovery
varies among different ssgments and that global perarmeters
or parameters investigating only tricuspid annular move-
ment fal to idertify these subtie changes. The remaining
inferior wall dysfunction among patients with inferior M1
highlights the heterogensity of contradtility inthe RV. This
heterogeneity could be explained by the myocardia fiber
achitechre and by varios degrees of wall sress
depending on wall thickness and curvature [21]. Herain the
diagnogtic performance of infedor RV wall deformretion
may be rdaed o the angomy of the RV. We found a
dightly higher degree of RV dilation intheinferior M1 than
in the anterior MI which mey be responsible for an
incressed wal | stress. This incressed wall stress is probably
more subdtantia on the thicker and more curvatied inferior
wdl [21] than on the anterior wall. Such inoressed wall
sress in the inferior wall mey partly explain the persistent
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impairment of inferior srain & 6 months follow-up among
patients wath inferior M1 Furthemmore, prodmal RCA
occlusion is well known to cause larger RVMI then disal
ocdusion [22]. As RCA ocdusion was provdd in a lage
proportion of our patients, it is likdy that a srall cormpo-
nert of RV inferior wall necrosis conbiguous to the jeop-
adized LV myocadium oould d=o patly eqlan the
decresse in myocardia sirain in this particular region,

Clinica implications

Despite the improverrent in noninvasive diagnostic
modaities, RVMI and dysfunction after an AMI seamingly
to rerrein lagely underdiagnossd, athough their presence
implies different initidl management and poorer long-term
prognosis. RV strain early after AMI hes been well rec-
ognized superior to RVFAC and TAPSE for the risk
drdification of AMI patient [23]. Early recogrition and
follow-up of RV function recovery thedfore appesrs
esseriid in detecting patients a risk and opimizing their
management: [24]. In the present shudy patients had a sall
infarct size and low rate of severe RV involverrent (RVEF
\ 30 %) & 6 months follow-up. No mEjor everts were
recorded during follow up. This is probably favored by the
indusion criteria (requirement of TIMI-3 flow and stable
dinca gate). Hemce we were not able to a2 outrome:
prediciors. Antoni et . [23] furthemmore emphasized the
importance of the RV strain & an independent predictive
factor of dinical outcome with incremental value o din-
icd informmation and infanct cheracteristics. CMR, which is
corsidersd a5 the gold standard of RV ardyds, is rardy
paformed in the follow-up of non-complicated MI mainly
due to lack of machine time. Nonetheless RV srains ae
eesy o messure with a better comelation with RVEFoug
than with other coventional echocardiographic tools [25]).
As shown in the present study, these pararmaters ae of
vauable interest in the screening and in the monitoring of
patients with RV dysfunction, dlowing assessment of both
global and regiona RV function.

Limitations

Ore of the main limitations of our study is the lack of T2
weighted avaluation sequences that could have properly
axreredd RV scar and myocadid ederma, Unfortunatedy our
imaging protocol did not allow the acourate detection of
RV damage dfter gadolinium injection. The prognostic
impact of the persistence of subdinical RV inferior wall
dysfunction could not be studied in this populaion with
srell very low risk srell ML

In addition we only assessed the longitudinal compoment
of the deformation besed on a nine-segment echocardio-
graphic moddl for the RV, Cerain recent shudies have
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highlighted the opportunity t messure RV srain in an

18-segrments RV strain analysis similar to the widespread
LV bul's eye [26). These athors dermonstrated the wtility

of regional and RVLS caculated from multiple views to
comprehersively asess RY funcion. Because of the
complexity of RV anatomy, the assessrment of RV radial

deformation by 3D speckle irraging is probably a better
rmethodology, alowing enhanced speckle tracking during
the cardiac cyde [27].

Condusion

Irrpairrent of RV inferior wall deformetion persists dis-
tantly from the acute phase in inferior M patients, sug-
gesting minor but persistent sequedae of M1 in RV inferior
echocardiographic pararmeters failed to detect these |ate
mrinor subclinical RV dysfunctiors, 2DSTE analysis of RV

strain may represent a useful parameter in the follow-up of
RV impairment after M1
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5.4.2  Quantification et prédiction de la taille d’infarctus (article 9)

La taille d’'un IDM est I'un des ¢léments fondamental pour la stratégie de
revascularisation mais aussi pour prédire la FEVG finale et le risque de remodelage VG et donc
d’IC (62)(63). Les paramétres de déformation ont déja prouvé leur utilité dans la prédiction de la
taille d’infarctus mais aussi dans celle du remodelage comme nous 1’avons décrit dans la méta

analyse (84).

Dans une analyse spécifique des données de REMI nous avons focalisé€ notre attention sur
la déformation et ses dérivés pour approcher la taille de I’infarctus. L’objectif de ce travail était
d’évaluer le profil et les valeurs de ces déformations a la phase aigiie et tardive d’un IDM. La
déformation myocardique (PLS, PST et le PSI) était évaluée a la phase aigiie et a 6 mois chez 98

patients et comparé¢ a I’IRM et notamment au caractére transmural du rehaussement tardif

(>66%).
PLS PSI PST

Figure 21 : Exemple représentatif des mesures de strain chez un patient en post infarctus du myocarde
avec une séquelle de nécrose antéro septale secondaire a une occlusion de ['interventriculaire antérieure
moyenne revascularisé a H+3 (wil de beeuf PLS, PSI et PST avec la coupe de I'IRM cardiaque séquence
de rétention tardive en phase aigiie et a 6 mois de suivi)

ACUTE PHASE

6 MONTHS FOLLOW-UP

Nous avons testé la valeur diagnostique de ces parameétres avec un algorithme permettant
de prédire le caractére non viable d’un segment sur I’'IRM de suivi en utilisant les index de
discrimination et de reclassification. Les variables candidates était le PLS (continuous), le PSI

(Log-transformed PSI) et le PST (dichotomized 0/1).
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Le PLS est significativement plus bas dans le groupe des segments nécrosés avec des
valeurs de déformation pré et post-systolique (PST et PSI) significativement plus élevées
comparativement aux segments adjacents et aux autres territoires artériels en phase aigue.
L’adjonction du PSI au PLS améliore la valeur prédictive de définition d’un segment comme
transmural & 6 mois de 0.53 (95% CI 0.36-0.74; P=0.0000). Par ailleurs (figure 22), les indices
de reclassificaiton et de discrimination (discrimination and reclassification index (NRI et IDI)
indiquent une amélioration de la classification d’un segment comme transmural a 6 mois :
exemple : aprés inclusion du PST dans un modéle multivarié, le NRI augmente de (23%) avec

une discrimination (0.0165).

PLS
+« PSI + PST
IDI=1.5% (0.5 to 2.5%) 1DI=1% (0.4 t0 1.7%)
p<0.01 p<0,01
Nii=54% (37 to 71%) NRI=23% (4 to 41%)
p<0.01 pe0.02
PLS + PSI PLS + PST
+ PST + PSI
1DI=1% (0.4 to 1.7%) 1D4=1.5% (0.6 to 2.4%)
p<0.01 p<0,01
NRI=24% (5 to 42%) NRI=S5% (37 to 72%)
p=0.01 p<0.01
PLS + PSI + PST
« P51+ PST
IDI=2.5% (1.3 to 3.8%)
p<0.01
NRI*27% (9 to 46%)
p<0.01

TTE V1 to predict LGE trans 12

Figure 22: Algorithme décisionnel pour ['utilisation des paramétres de déformation longitudinale et la
valeur diagnostic additionnelle du PSI et du PST en plus de la mesure du PLS pour prédire un segment
avec une nécrose transmural (>66%,) a 6 mois (IDI and NRI discrimination and reclassification index)

La déformation post-systolique et la présence de stretch sont observées dans les segments
ischémiques et nécrosés. Le profil de déformation VG permet de discriminer les différentes
zones du myocarde nécrosé (transmural ou non) et non nécrosé. Le PLS et le PSI semblent étre
les parametres les plus contributifs avec les valeurs diagnostiques les plus intéressantes pour
prédire la taille de I'infarctus et sa transmuralité en phase aigiie comme en phase tardive. Au
final 1’analyse de profils de déformation par mesure du PSI et du PST semble étre un outil
prometteur donnant une valeur additionnelle de prédiction de la taille final d’infarctus et donc

infine d’importance du remodelage VG.
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Abstract

Baclground Identification of tranamural extent and degree
of norevigbility after ST-segrment devation myocardial
infarction (STEMI) is dinicaly important. The objective of
the present study was to assess the regional mechanics and
temporal deformration patterns wsing spackle tracking
echocard ography (STE) in acute and |ater phases of STEMI
to predict myocardid damege in these patients.

Methods and results Ninety-sight patients with first
STEMI underwent both echocardiography and cardiac
magnatic resonance imeging in acute phese and &
& months fol low-up with 2D STE-derived messurements of
pesk longitudina strain (PLS), Pre-STretch index (PST)
and post=systolic deformation index (PSI). For each seg-
ment, late gadolinium enhancerment: (LGE) was defined as
trarsmud (LGE [ 66 %) or nontransmurd [ 66 %)
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Globa deformetion values were significantly come ated
with LVEFowe and infarct size at both visits A sgnifi-
cartly lower vaue of segmental PLS and higher PSI and
PST in necrotic segments were observed compardively to
control, adjacent and rermote sagrments. The best parame-
ters to predict ransmural extent in acute phase were PSI
with a culoff value of B % (AUC: 0.84) and PLS with a
outoff value of - 13 % (AUC: 0.86). PST showed high
spedificity, but poor sengtivity in predicing transmural
extent. More importartly, the addition of PSI and PST to
PLS in acute phase wes assodaed with improved predic-
tion of viability & 6 rmonths (integrated discrimination
improverment 25% ph\ 001, ret  redassification
irmproverment 27 9 pYy 0.01).

Conclusions  All systolic deformation values separated
transmurd  from norHransmurd scaming. PLS combined
with additiona informmation rdative o post-systolic defor-
metion appears o be the most informative parametars o
predict the ransmurd exdent of M in the early and late
phases of ML

Clinical trial registration httpy/dinicaltrid s.gov/show/
NCT01109225; NCTO1109225,

Keywords Echocardiography Aﬂzan ADeforretion
rrechanics AMyocardia infarction ALeft ventricular
function

Introduction

Assesgent of global and segrmenta et veniricular (LY)
systolic function has a stmong impact on medica dedisions
in ischamic heart disesse [1]. The current gold standard in
the imaging of ST ssgment myocardial infarction (STEMI)
for both infarct 5ize quantification and viability assesoment
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is cardiac magnetic resonance (CMR) [2, 3]. Defonmetion
parameters derived from spackle tracking echocardiogra-
phy (STE) have been introduced & new nomHnvasive
echocadiographic  paamelers o quantitaively assess
regiona myocadid function and for differertiation of
ransmurd from non-rensmurdl lesions [4). A recent @k
force has moreover highlightied the assessment of several
megsurement ime points of the deformation curve as
being dinicaly rdevant. Independently of siain megni-
tude, characteristic changes in the termporal pattern of
rmyocardial deformation can be assessed in early systole
and in post-systole [5]. Peak systolic longitudinal strain
(PLS) is defined as the most negative value of strain
during systole and ocours & the end of sysole with no or
rminor post-systolic shortening (PSS) in norrdl paients. It
differs from pathological PSS reported in ischemic car-
diomyopatiny by a lower magnitude and an eardier deay of
occumence [4]. Kukulsky et a. desoribed post-systolic
index (PSI) o evauae PSS [6]. This index represents the
rdaive amount of ischemiarelaed segmentd thickening/
shortening found to ocour after aortic vave dosure and
likedy displays a much higher potertid than PSS done as
a rrerker of ischemic dysfunction [&]. PSI hes also been
reported a5 a marer of short episodes of ischemia in the
absence of wal molion or systolic srain anomrality and
& a good marker of chronic ischemic dysfunction [7].
Ischermic myocardid segments can dso exhibit a pare-
doxical stretrhing when the load rises during isovolumic
contraction. The Pre-STretch index (PST) is derived from
the ratio of ey postive systolic pesk strain o the dif-
ference between exrly positive sysiolic pesk strain and
end-systolic strain. PST has besn rddaed o savers
ischermic episodes and may represent a marker of viahility
after revascul arization.

In light of the above, the present siudy aimed to eval uate
the deformmetion patem of petients in acute phese of
STEMI sing these new echocardiographic regiond
deforrration pararmeters to guantify rmyocardid darmage
and predict viable myocardium after revasculanization at
& months foll ow-up.

M aterials and methods
Population sosdy

The study population encompessed al patients with suc-
cessfully reperfused first acute STEMI induded in a
prospective singlecenter cohort study (Relaion Between
Aldosterone and Cardiac Remmodding After Myocardial
Infarction—REMI Study) design aimed to determine
whether adosteronamy is predicive of cardiac remods -
ing in the & months following a STEMI performed in a
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university hospital bebwesn Aprl 2010 and Decerrber
2013, The shudy was approved by an insituiona review
committee and the subjects gave informed corsent
Paients underwent trarsthoracic echocardiography (TTE)
and CMR during the first 4 days of the acute event (V1)
and a CMR a 6 months follow-up (V2). Acute STEMI
was defined by presentation of Y 12 h typical chest pain
onset with a 1 mm ST-sagment eevaion in two con-
tiguous |eads of dedrocardiogram (ECG) (2 mmiin pre-
cordid |eads) and angiographically confimmed coronary
artery acute oodusion or sub-oodusion (Thrombolysis In
MI flow grade 0 o 1) a5 previously described [B-100,
Exclusion criteria were previous M1 or revasoularzation
procedure, shock requiring balloon counter pulsation,
respirgtory fallure requiring mechanicd vertilaion and
gerclard contraindicaions t CMR. A o of 111
patients with first STEMI were enrolled in the study, 13
of whom could not be analyzed due to lack of inber-
pretable echocardiographic imeges (n= 9) andfor of
CMR shudy (n = 4). An addiiond 35 hadthy adults were
enrolled in the shudy as a control group (30 rmales, mesn
age 55.4 + 104 years).

Echocardiography

Echocardiography was performed  with a commendaly
avdlable standard dtresound scanner (Vivid 9, GE
Healthcare) with a 2.5-MHz transducer, LVEF was mes-
sured in each paent by the 2D biplane Simpson’s
method, LV wall motion was assessad for esch segrent
according to a 17-ssgment modd (ACC/AHA). Each
senment was analyzed individually and scored on the
besis of the wall motion score index (WMSI). Strain
measurements were parformed off-line with  dedicated
auomeed software (Q andlysis software, Echo PAC PC
varsion 110.1.0, GE Healthcare). LV sysolic deformaion
was e from the three apical views ([ 50 fps) and
each LV wall was divided into three segments (basal,
median and apical). A pesk sysiolic value was obiained
for each segment and 2 global longitudinal drain was
caodaed & the mean of the 17 segrments. Myocardia
longitudind deformetion oorves were obiained  with
messrerent of dran vaoe (1) & pask sysolic sgnd
during sjection phase (2D peak longituding strain; PLS),
(2) at end=systolic time (end-systolic srain, ESS), (3)
during early systolic phase in isovolumic contraction Gme
with calculaion of the PST index and (4) after the aortic
vave dosure (AVC) during isovolumic redaxation time
with caoudaion of postsystolic strain index (PSI)
(Fig. 1). The timing of end-systole was autorratically
dafined by the software as the |owest cavity size just prior
to the AVC on the apica three-chamber views, End-
sysolic strain was defined & the magnitude of
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Fig. 1 Longitudind srain

arves messured by spedde

tracking echocardiography with +5
deforretion pettem of a nomrdl
segment (Hlee ane) and an

avonrd segment (red anve) 0

with pathvologca ddformration
pattern. Abnormral segment s
charactenzed by an early pesk
with stretch of the segment
(PST) vath a post-sysiolic
shortening and pesk sran (PS)
therefore ocouming beyord
axtic vave dosure (AVC).
Normal segment preserts no or
mild PST and PSI with a pesk
longtudirel systolic Sran
(PLS) typica ly oocouring & end
systoie -20

- .
=) v

Strain (%)

-30

Aortic valve closure
mnu/

ABNORMAL SEGMENT
NORMAL SEGMENT

POST-SYSTOLIC STRAIN

SYSTOLE

ACUTE PHASE

6 MONTHS FOLLOW-UP

Fig. 2 Represenidive example of the messurement: of pesk sysiolic
sran in a pet with an aote ateior wal myocadid infarcion
cassd by the totd oodusion of the mid-portion of the Ieft atenior

deformation messured & the reference time point of the
end of systole. PLS, PSI and PST vaues were obtained
for al segments and averaged to calcudate gobal vaues.
Bull’s eyes with automatic display of PLS, PSI and PST
vaues were obtaned (Fig. 2).

130

1000
DIASTOLE

desoending coronary atey. Bull’'seye PLS, PSL PSTand CMR &
anse phese and & the 6 mortis follow-p

Cardiac magnetic resonance (CMR)

Imaging was performed on a Generd Electric 3T system

(Genard Elediric 3T Signa HDxt). Cine imaging for car-
diac morphology and fundion was pearformed by the
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Seady-date free precesson technique (Mass Analysis? |,
version 4, Medis, Netherlands). Late gadolinium-enhanced
(LGE) imeging was aoguired in matched short- and long-
ads planes with a Tl-weghied two-dmensiond sag-
mented inversion recovery  gradient-echo  sequence (2D
PSIR). LGE saguences were parformed 10-15 min after a
caumuldive told dose of 0.3 mmolkg Gd contrast. For
saoymenta andyss, soments were divided into infarched
and mon-infandied segments and soored on a 17-segment
modd. Infaded ssgments conprised ssgmeEnts with
trensmural enhancement (non-viable; LGE [ 66 %), non-
trasmud enhencament (inEmedide and subendocadid,
LGEY, 66 %) and no-reflow segments (NR). Non-nfancted
segmeEnts were divided into remote and adjacent ssagmenis.
The adjacent segments were defined as ssgmenis located in
the ares & risk (area perfusad by the oulprit vessal ) with no
evidence of scaming & CMR. The remote ssgments were
defined a5 sagments out of the risk area with no LGE at
CMR. LVEF 4 was cons dered &5 gold sandard o asses
the goba sydolic fundion and LGE arayds = gold
sandard D assess segment viahility.

Satigtical analysis

Setigical aralysis was performed using SPSS for Win-
dows (SPSS wvasion 17, Chicago, Dlinois). Quantitaive
vaues ae epresad & the maan vdue = 5D, Inlegroup
companisons were performed by the independent samples
Shudent's t test For muitiple comparisons, an andlyss of
vaiance adong with a post hoc Bonfermoni test was per-
formed. Each edwocardiographic tool for LV sysolic
function assessment was comdded to CMR e uSiNg &
bivariate comdation (Pearson and Spearmren). Reosiver-
operdnr chaadeigic (ROC) andyses were constnucied to
identify a cutoff vadue with mesdmal sergtivity and
specificity for each myocardid srain value to define LGE
tensmurdity. In addition, integaed discimination
improverment (IDI), C-s=isic and the net redassification
improvament (NRI) were pafomed o ases the addi-
tional value of PSI and PST over PLS in predicting the
vighility (redassfying 2 ssgment == frasmud &
& rmonths 1=ng myocadid  deformetion paameters in
anute phase), PLS, PSI and PST were considened suooes-
svdly & a continuous and binary variables (dichotomized
acoonding to the median). The logHinesrity assumption wes
verified for the three continuous variables PLS, PST and
P4l in the multivariable logisic regression modd. Log-
limearity was not found for the two variables PSI and PST.
PSl wes transfommed wsing the modified loganithmic
funcion x 7 log(x 7 1) dlowing to apply a log transfor-
meion despite the numenus patients with 0 values for the
considered paameters. PST wes dicholomized ammomding
o the cutoff value 0, due to a high nurmber of values equal
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o 0. Agreements were assassad us ng the method proposad
by Bland and Altmen for intenfintra-obearver vaniability
repested by two independent observars in 30 patients. A
p vaue 005 was consideed o indicale sEidica
sgnificance

Results
Shudy population

The time from hospital admission o echocardiography was
29 % 1.2 days The mean dalay batween CMR and TTE
was 192 = 231 h. At 6 months follow-up, CMR proce-
dures were performmed 1824 + 16,1 days later with a new
TTE assessment. Primery perouianaous coronary inter-
vention was parformed in gl patients and a TIMI 3 flow
was achieved in al epicardial vessdls following FTCA. The
mean delay of revasnularization was 2669 £ 1763 min
The bedire paiet cdhaadeidics and tsstmet ae
shown in Table 1. None of the palients had significant
inraveninicdar conduction defect (QRS[ 120 me).

Table 1 Clinica besdine characteristics

All patienis
N=1458
Age (years) S6.2+495
Gender, MF (%) 87 (82.8)
Heart rate (bpm) /14
Blood pressure & admission (mmHag)
sBp 15+ 20
Dep M:13
Culprit lesion (n, %)
LCX-Mg 94 (92-4.1)
RCA 3B (3k7)
LAD-Dg 47-5 (48.0-5.1)
[ 2wvessd s (n, O 44 (44.9)
1M & rrwrn troponin 6547 354
M and rrum totl creafine bdness (TUA) /73 = 1776
Killip da== (n, %
1 91 (52.8)
2 7072
34 o
Man medctions
Beam-blockers. 79 (B0ue)
ACE inhibitors 85 (80.7)
Seins 0 (918}
Antiplage theapy 97 (98.9)

L left arcunfle:, Mg manginal, RCA right coronary artery, LAD
gt amenior descending artery, Dg diagoral, SBP sysmlic Blood
pressure, DEP disstnlic blood pressure, M e, F famale
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Table 2 Globa sysiolic

function by 20 V1 V2 pvaue

edwcardogreply ad @UX  gjinjcdl variables

TWT“ ™ sy=mic BP (rrHg) 1233+ 240 1308 + 208 033

& montts Follow-up (V2) Diastlic BP (mmHg) 754 + 158 715+ 123 011
Heart rate 675+ 164 S0+ 78 0.001

Echocamiography N=98 M=08
Biplane LVEF (%) 487+ 91 SRA + 98 0.0001
LVEDV (mi) 1180+ 29 1245 £ 40.2 Q.45
LVESY (i) 60.5 + 754 557 & 775 0010
WM 1237 + 018 117 £ 012 Q.0001
PLS (% - 146+ 45 <190+ 43 0.0001
PST B4+ 126 38+ 78 0.0001
PSI 134 &+ 130 74 £ 965 0.0001
EA 12+ 05 11 %03 .02
Ejef 494 27 42 % 15 0.004
TR walocity 23+ 03 24 %+ 03 0S5z
Cardiac magretic resonance N=149 M= BY

LVEF (2% 465 + 86 526+ 95 0.0001
LVEDW (i) 872 + 138 GL5 + 181 NS
RVEF (%) 543+ 6.1 517+ 66 0074
RVEDV (mif) BA7 + 131 730 £ 133 0,047
Tranamud LGE, i (%) 28 (153 %) 118 (8.00 0.0001
InemedaE LGE r® (%) 96 (5.9) 106 (7.2) NS
Subendocardial LGE i (%) 3220 62 (4.2) 0.036

TTE trarathoracic echocardiography, LVEF left venmioular gection fraction, LVEDV |aft ventricular end-
diagnostic volume, LVESY left venbricular end-sysiolic volume, WM wall motion soore index, PLS pesk
lomaibdingl strain, P post-systelic deforrration index, PST Pre-STrach indes, CMR cardiac rmagnetic
resorance, RVEF right veniricular glection fraction, RVEDY right ventncular end-diagnostic wolume, LGE

late gadolinium enfencement
* Mumber of posiive ssgments

CMR charaderistics

The first CMR examination was performed in 55 patients,
while 87 pdients had the second CMR zsesment &
Grmonthe. A oE of 1615 ssoments were analyzed by
CMR for V1 (97 % of al segments) and 1479 for V2
(89 %). CMR idertified 376 scamed ssgments (248 with
tramavual and 128 with nondransmual exdent) at Vi,
aroounting for 22.3 % of tota myocadium, and 286 scar
seogrments (118 with raremural and 168 with non-trans-
murd extent) & V2 accounting for 193 % of o myo-
cardium. Mo-reflow was observed in 83 ssgments & V1
accounting for 5.2 %

Global systolic LY function in acute and |ate phases
after a STEMI

In acute phase, the mean LVEF—= and meen LVEF-mp
weare 497 £ 91 and 465 + 86 % respectivey. All
erhocardiographic data parameters differed  significanty

betwesn V1 and W2 (Table 2). A modest LY remodeling
was observed by TTE withan LVEDV of 1180 £ 329 m
a V1 and 1246 +£ 402 ml & V2, which was not con-
firmed by CMR. The levd of globa PST and PSI was
higher & V1 then & V2 A significant comedaion was
found bebwesn LVEF-wp and all echocardiogrephic
parameters of LV systolic fundion with the best comedaion
observed with global PLS (&t V1 r= 0725 ad & V2
r = 0.704). A moderate commel alion was observed between
percent of transmud LGE edert and gobd 20OSTE-
derived parameters (a V1 Globa PLS: r = 0.606; PSI:
r= 0624 and & V2 WMS r = 0.585; PLS: r = 0.585;
pY 0.0001) (Fig. 3 and supplemental material ).

Segmental analysis in acute and |ate phases
after a STEMI

Armong rmyocardia necrotic segmenits, PLS was decressed

while PST and PSI were increesed when companed with
nomrel vaues., Furthermore, dl strein values differed
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Fig. 3 Cormdation between
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Correlation LVEF CMR / Global longitudinal strain
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sgnificantly between segments with NR, segments with
transmurd  scar extent and segments with non-transmural
scar extent, both & V1 and V2, with higher absolute vaues
of PLS and lower values of PSI and PST in nontrensmural
segments comparativdly to segments with trensmural
extent and with NR. A significant difference was noted
between dl non-infarcted segments and control segments
for al strain vaues a V1 and for PST and PSI, but not PLS
a V2. The comparison between adjacent and remote seg-
ments showed higher values of PLS and lower vaues of
PSI in remote versus adjacent segments & V1, but not &
V2 (Table 3). Among infarcted and non-infarcted seg-
ments, PLS and PSI had an AUROC[ 0.80 in detecting the
transmurd non-viable segments (LGE [ 66 %) suggesting
good predictive vaues a both visits (Fig. 4). PST showed
high specificity, but poor sensitivity to predict transmura
extent & CMR (AUROC 0.72).

Predictive accuracy of basdine PSI and PST
over PLS in predicting transmurality (non-viable
segment) at follow-up

Modd accuracy was assessed using NRI and IDI. Candi-
date variables were PLS (continuous), PSI (Log-trans-
formed PSI) and PST (dichotomized O/1). A basdine
model was defined induding only PLS, which was comr
pared with a model 2 induding PSI or PST plus PLS
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(modds 2a and 2b respectively) as well as with a moddl 3
including al three parameters. The addition of PSI to PLS
improved the net reclassification index for transmurd
segment & 6 months by 53 9% (95 % CI 0.36-0.74;
p\ 0.0001). NRI and IDI also revealed an improvementin
transmurd segment redassification (NRI = 23% CI
0.04-041; p = 0.015) and discrimination (IDI = 0.0165,
CI 0.009-0.024; p = 0.002) after inclusion of PST on top
of PLS. The NRI index demonstrated significant incre-
menta vaue when both PSI and PST were assodated with
PLS in predicing transmurd segment & 6 months
(NRI = 0.27, 0.09-046, p = 0.004). A higher diagnostic
accuracy of PLS ? PSI compeared to PLS adone (AUROC
0.66 vs. 0.859 (p = 0.044) was observed for viability
prediction. Adjunction of PST on top of the PLS ? PSI
modd demonstrated a cormparable C-atatigtic for tranamu-
ral segment prediction (AUROC 0.87 vs. 0.86, p 0.12). The
diagnostic accuracy of PLS, PSI, and PST were smilar
according to STEMI location for viability prediction at V2
(Table 4; Fig. 5).

Reprodudibility

The intra-observer and inter-observer limits of agreement
for pesk longitudina strain messurements by speckle
tracking echocardiography were 39 and 2.6 % respec-
tivdy. However, the intra-observer vaniability for PSI
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Table 3 Deformation pattam and wall motion score of infarcted and non-infarciad segments evauatad by |ate gadolinium enhancement CMR

Cortrol Nor-infarcted segments Infarcted segments
Rerote Adjacert Risk area Non-transmurd Transmurd No reflow
(LGE\ 66 %) LGE[ 6%
V1, ante phase
PLS -198+41 -173+64* -139+67% -110+75% -1224 5% 674 72 - 324655
PST 170+£37 40+ 149 64222 142 £ 95 80+ 206* 282+ 748+ 453 % 4355=
P L2+30 59138 13927 2B1+313* 179267 389+ 405 20 = 4645
WMS 1 11+ 04 1306 17 = 08~ 18+ 0.79* 23+ 08" 26+ 07
V2, 6 months follow-up
PLS -198+41 -202+60 -192+59 -171+70~ -173%60° - 109+ 74> NA
PST 17437 25%£112* 25%114 S74£ 175+ 404+ 115 164 £ 282+ NA
PI  10+30 44+ 126 66+ 144% 115+ 195+ 104+ 143* X84+ 2780+ NA
wWMS 1 11%04 1204 15%08 15% 07 2308 NA

PLS pesk longtuding stain, P post-sysiolic deformetion index, PST Pre-STretch index, WMS wall notion score, NA not applicble
*p\ 005vs cotrd; p\ ntsvsmm’p\ 0.05 vs rontransmurd segmert; ¥ p\ 005 v trensmural segmerts

ROC ourvess of detorraSon parsmeters of V1

100

T

| o e pon 1aot o s

. Ly A RBAELAT! S0 15 |

ROC curves of defrmetion perermelers of V2

o » ® & 80 100
100-Spmcaicty
Deformation AUC CUT-OFF SENSITIVITY SPECIFICITY

PLS 0.86 <13% 833 720

Vi
P Psi 0.84 >8% 753 811
PST 0.72 >1% 56.6 84.1
PLS 0.85 <16% 79.5 776

2
< PSl 0.85 3% 763 83.8
PST 0.69 >0.5% 513 86.5

Fig. 4 ROC arve adyss for the idetificaion of transmurd MI [ 66 % of LGE) w moe ssgrets & Vi and V2

134



Clin Res Cardial

156 10) ) PUR 15 J0) 7 'S J0p O - S0 AN A LENERLL S0 | URPRLL ) O U oo e LUCDOUE D 59108 LR LIRS 'S BARUE AR 10

|

LR | S |G e Lo puLcg Djapsds-od 1S Ui e pryiBuo) weed 57 d ' i) S0UB0pueo [0 UELLEACICLL| L0 [0 SRR PR B0 [ WSLUEA0siLL | U0 By Luus P paoefagu | [0]
ASd £ 15d LSTHE PROW IS £S5 G2 PROW 'ISd 4S9 PPOW 'Sd T PPOl

£ PROW
0000 Y (ZZ1-89) 66 10000 % (FEOT-S6S) 608 10000 %\ (201-6% £¢ 10000% (FZ0T-T2p) €24 10000\ (FOT-99) @8 1000\ (096-965) i BAT PO
£ PEok
SO0OD (ET-S0) T 10000 Y (EEOI-TTL)EYE 10000 % (SS-LE) U 10000 % (TEZT-S6E) S0T 10000 N\ (WE-ET) 9T 10000 % (RZOT-PbE) 196 BAOE FROLW
T
won Y EEEY e 10000 ESI-E0)EEs 200 OV EE 10000 (OZ0-6TE 6T 10000\ (O-TRES 1000\ (50159 Lo WA UE POl
07 P
W00 Y EO-AS) R 10000 SI-ENEEE 200 ES-2UZE 10000 (0Z-ETE &TS 10000\ (BE-PR 29 1000 (BHIT-5e) Lo BT PO
o
won s EeT e w000t ZErrid e wmn vl S 1000 (TEzt-sel veor 1000\ (RE-TZI0E oo\ (B0t 19 AT PO
S RIS AR
£ Pt
oo (oesnlve woonh oreeseloer  slon (PevolEr W00 BESRLDESE 10000\ (REETIST W00 (gs-98) Tez BT PPOl
£ PRC
0 (WT-Z0-lon T0000% ZESTEI9E 00 OFE0TE O B000  (WRSEEE) KIS 100 (WE-O0lST 10000 % (6TLTUE) S A GE POl
£ oK
oo EE-on)l st twoon ) Dee-rEr)zor D (WO-10 - 10 150 (Foe-gob =) 101 - W00 IOl ol €100 (12-05) SEL BA R PEOW
02 POl
oD (OE-on) et Toob0h (FToswlese &0 E0-10-) 10 150 (FOE-cov-) 10T - 2000  (LT-#0)0T  S100 T B2 BAT PO
BZ 0 SN
€10 T-20 =140 10000 Cne-eszlzer B0 BEE0D 1T B000 (WAR-EEZIVIS 0 2000 (ST-STIST 1000 % (B0d-bSE) JES T oK
A, LR SPOMIOT)
456 10 % 56 1D %% 56 12 B 56 12 U G5 1D 9% 86 12
angnd Joian s d A2NANT s d Joian g d A20aN] anpad AN nesd Emia ]|
1al TN SENURU0D 1al THlh SAONUUOS 1 [y SO oD
(397 WM 0 TIE = N)
W3S SmpRLoRy (357 W e b0 = W) D3 LS 0y (257 Wim p1T ‘900t = N) PGo|D

S AR Loy s
PR UORRULL LSS BUSN SLUOW § 3 WD AQ (36,06 D 997 RINUSURE J0) §7d 810 (1Sd PR [Sd) TA % SEmuued Bupen appeds puipmiiuo) Gz Jo anp anppd b age L

135



Clin Res Cardial

Fig. 5 Algorithm for decision

meking and predictive value of PLS
2D longiuding speckie
tracking parameters (PSI and I I
PST) over PLS for rarsmurad
LGE { 66 %) by CMR & +Psl +PST
6 morths wsing discriminetion IDI=1.5% (0.5 to 2.5%) 1DI=1% (0.4 to 1.7%)
and redassification andlyss p<0.01 p<0.01
NRI=54% (37 to 71%) NRI=23% (4 to 41%)
p<0.01 p=0.02
‘ PLS + PSI \ PLS + PST
| |
+PST +PSI
IDI=1% (0.4 to 1.7%) 1DI=1,5% (0.6 to 2.4%)
p<0.01 p<0.01
NRI=24% (5 to 42%) NRI=55% (37 to 72%)
p=0.01 p<0.01
+ PSI1+ PST
1DI=2.5% (1.3 to 3.8%)
p<0.01
NRI=27% (9 to 46%)
p<0.01
—p PLS + PSI + PST §—

TTE VI to predict LGE trans V2

(1.83 %) was slightly lower than PLS (3.87 %). Feasibility
and tracking quality was good (96.5 % (1609/1666 seg-
ments) a V1 and 94.9 % at V2 (1582/1666 segments).

Discussion

The present study demonstrates that: (1) the use of 2D
deformation is helpful for estimating both globa and seg-
mentd systolic function after an M1 followed by revascu-
larization, but with different cutoff values according to
acute and |ate phasss; (2) the temmpord deformation pattem
can be wsed to identify the locdizaion of MI and
rmyocardid viability with micovascular damege; (3) Sg-
nificant changes in termpord regiond deformetion are
observed between the acute phase and 6 months follow-up;
(4) PSI measured in the acute phase of STEMI incresses
the predictive accuracy on top of PLS in identifying the
find infarct size and myocardid viability.

Evaluation of global systolic function after a STEMI

The degree of LV dysfunction determines the outcome of
patients after an ischemic event and camies important
implications regarding the primery prevention of ventric-
ular arhythmia and heart falure [11, 12]. However, with
the expanding performance of revascularization therapy,
patients with STEMI have svaller infarct sizes and, as a
result, stratification of these patients remmains difficult. We
confirm a modest correlation between infarct size and
TTELver in our pdients with a relatively preserved LV
systolic function. As previously described, global PLS was
the best parameter in gpproaching CMR ygr in the acute
phase (r = 0.725) [13]. LVEF, which represents a global
assessment of ventricdar function, may be overestimated
due to a hyperkinetic wall. Global PLS, obtained from the
mesn of each segmentd value, provides a better estimation
of true global function in the acute phase. Post-systolic
deformation and PST were dso correlated with infarct size,
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similar to that reported by Gjesdd et d. [14]. At 6 months
follow-up, the comelation herein between post-systolic
deformation and infarct size was by far weaker then at the
ealy phase of MI. Conversdy, the comelation between
TTE ver ad CMRygr improved over the same time
period (R = 0.709). These findings mey be explained by an
improvement in contraction of stunned myocardium, per-
sigtence of loss of function in scamed myocardium and less
passive deforrmation in the infarcted zone resulting in a
lesser extent of post-systolic contraction [15].

Segmental function in acute and late phases
after a STEMI

Echocardiographic visud segmentd motion assessment
and WMS are routindy used to assess regional function
ater STEMI. However, the degree of reduction in
myocardid wdl thickening is not proportiond to the
transmura extent of necrosis and is subject to high inter-
individual variability [16]. To our knowledge, there has yet
to be a study describing the evolution of these deformation
patterms between acute and | ate phases of M1. During acute
events, myocardia contractility is reduced in the ischemic
and necrotic aress. Strain systolic vaues in the infarct
termitory are lower than in noma myocardium and pro-
portiond to the level of transmuraity extent [17]. Never-
theless, ischemic regions may have some early systolic
stretch and post-systolic deformation.

PSS, defined as a ddayed shortening of the myocardium
occurring after AVC, is reported in ischemic cardiomy-
opathy [4], but can aso occur in hedthy subjects and in the
event of left bundle branch block [18). In coronary artery
disease, PSS is reported as an active motion and is a merker
of viability in ischemic segments during dobutamine TTE,
but aso observed in scar tissue due to passive motion [19].
This is based on the fact that viable myocardium opposes
an active resistance to |engthening which ocours in passive
segments [20]. Post-systolic deformation is a good merker
for differentidting physiclogicad PSS (in nomma myo-
cardium) and pathological PSS in ischemic myocardium
Previous shudies have defined post-systolic deformation
with good diagnostic vaues in the identification of acutely
ischemic segments during coronary ocdusion in the
absence of wall motion or systolic strain abnormality [21,
22]. In the present study, the only significantly different
deforrmation parameter between noninfarcted (remmote and
adjacent) and control segments at 6 months follow-up was
the post-systolic deformetion. The phenomenon of |ate
ischermic memory, which has been described for PSS, may
explain this difference [23].

Early positive strain appears to be a passive deformation
caused by contraction of the adjacent segment. Pre-stretch
was observed herein in both the adjacent segment and risk

13

aea due to ischemic dysfunction. Such occurrence has
been related to severe episodes of ischemia, but may also
be a marker of viability after revascularization. Ischemic
myocardid segments can have a paradoxicad stretching
when the load rises during IVC [24] such that it can
adversdy impact LV function, resuting in global LV
dyssynchrony and systolic dysfunction. It is a less common
occurence in chronic scaring due to the increese in
diffness.

Prediction of infarct size and (myocardial) viability
in acute phase of STEMI

Segmenta PLS was inversaly related to the leve of injury
with lowest vaues observed in transmurd segments and
highest vaues in non-tranamurd segments, both at early
and |ate phases of STEMI. The cutoff value to differentiate
viable myocardium from transmural necrotic segments was
- 13 %at early phase. At V2, the PLS value improved in
infarcted segments such that the cutoff value to differen-
tide viable from non-viable myocardium was higher (PLS
[ - 16 %). However, this cutoff vaue appears to be quite
high for characterizing transmurdity. In chronic CMI,
different cutoff vaues have been found, athough patients
had lower LVEF with large infarct size and very low LVEF
[25]. Previous studies aso reported a autoff value dose to
our results in a popuaion of patients with STEMI and
preserved systolic function (PLS [ - 13 %) [14, 26).
However, the cutoff vaues of PLS may vary substantialy
according to the time of evaluation and the degree of LV
dysfunction, trestment and |load.

Post-systolic deformation has been described in acutdy
ischemic segments during coronary ocdusion and after
acute M1, dthough no reference values have been descri-
bed in the literature for infarcted segments [6). A previous
study showed a better ability of PLS to localize and define
the tranamurality of an infarct as compared to post-systolic
deformation [27]. In the present study, PST was highest in
transmurd necrotic segments and particulardy in the pres-
ence of a microvascular obstruction (NR segments). The
addition of post-systolic deformation on top of PLS was
assodated with a notable and significant incresse in accu-
racy of the prediction of the occurrence of viability a
6 months, both by discrimination and redassification
andyss (IDI = 0.017 and NRI = 0.53). This may be
explained by the fact that the calaulation of post-systolic
deformetion takes into account both systolic and post-
systolic deformation equally.

The lower capability of pre-stretch to identify viability
is possibly due to its lack of sensitivity in necrotic seg-
ments. Pre-stretch ocours in dysfunctional  myocardium
which loses its capadty of contraction during the isovo-
lumic phase [28]. Other studies taking into account the
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duration of systolic lengthening have shown that trans-
rrurdl segrrents in acute phase of anterior MI present with
longer PST duration than viable segrments [28]. The influ-
ence of |ocation and extent of transmurd scaming and its
relation with dyssynchrony in cardiac resynchronization
therapy has aready been invoked as a cause of nonene-
sporee to CRT [29]. Comprehersion of the eectrome-
chanical adivity and improvement in IVC shortening-
gretrh rechanics in infarded ssgments ey influence
global LV systolic perforrence and thereby explain the
benefits of cadiac resynchronization therspy in patients
with low ejection fraction and ischemmic cardiormyopathny
[30]. Even if less predicive of tansmurality, pre-sretch
nonetheless increesed modd accuracy when added on top
of PSL and PSI, thus dermonstrating the cormplermentary
nature of these three strai n-hased variables.

Clinical implications

After a STEMI, CMR should increesingly be used for
comonary microvasouar sahus assessment, and quantifica-
tion of irfarct size and revascularization strategy. Unfor-
tunately, MRI is infrequently performed in patients with
MI in rmost countries and hospitals due primenly to ladk of
mechine time [31]. Moreover within days of thar admis-
son, STEMI patients are likaly to have dyspnea, to reguire
oxygen therapy or continuous IV infusions and can suffer
from recuming ischemia or experience  ventricular
artythmia. This dinical setting makes it unlikely to per-
form CMR routingy during the inital hospital stay for a
STEMI. However, revasculanizalion therapies are per-
formed during this very initid stage of STEML. Consider-
ing the important dinical value of tssue characterization,
we dermonsirate in our siudy, in very early phase of STEMI
a practicd approach would be to perform strain andysis
very early during the initial hospital stay for AML

Limitations

Pre-siretch (PST) appears a5 a good regiond parameter to
e tranamurd o, but its individua use suffers froma
|ow serEitivity, Conssguently, PST should be ussd mainly
in combination with other strain variables, Assessment of
salvaged myocardium in the area a risk is based on the
culprit vessed, while the eva uation of scar extent is made
by considering the number of transmural segments, which
can lead to misiakes due to angomica variation. We did
not comect for individud varigion in artery dominance.
Myocardia strain is dependent on both preload and after-
|oad. Volume depletion, hypotension, hypertension and
therapy may therefore influence strain messurements since

loading conditions rmey change bebween acute and dhronic
edaEmnation.

Conclusions

Post-systolic deformetion and early sretch are observed
both in necrotic and non-necrotic segments. The diagnostic
values of post-systolic deforrration and pesk |ongitudi nal
grain ae neerly identica in identifying trarsmurd seg-
ments, while the prestretch index appears to be more
sperific, dbat less serdtive, in this tEsk, 2D Stain
imeging analyss in acute phase of STEMI with termporal
patten evaustion is an additional tool for differentiating
traremurd from nordransmurd infardion in the lae phase
of MI. Asan altermativetn LGE-CMR, a practical approach
would be to perform an essy-to-apply regional assessment
very early after revascularization using PLS in addition to
presiretrh and post-systolic deformation o evaluae the
degree of transmurdity within the necrotic myocardium
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5.4.3  Prédiction de la présence d’une obstruction microvasculaire (article 8)

La taille de I’infarctus mais surtout de la zone d’obstruction micro-vasculaire (ou No-
reflow, NR) sont des déterminants importants du risque d’évolution vers un remodelage délétere.
NR a été largement étudi¢ comme marqueur pronostic avec une valeur additionnelle pour prédire
les événements cardiovasculaires et ceci indépendamment de la taille de 'IDM (73)(124). Les
méthodes pour approcher cette zone sont nombreuses (ECG, BM, angiographie avec mesure du
blush myocardique) mais encore une fois I’'IRM cardiaque est I’examen de référence. Comme
précédemment décrit il ne peut étre réalisé chez 1’ensemble de nos coronariens en phase aigiie
(83)(88). Notre idée était de voir si I’analyse des déformations était capable de discriminer des
segments avec la présence d’'un NR. On sait que 1’on peut obtenir des valeurs de déformation
dans les différents plans de I’espace par différentes coupes 2D mais restant dépendant la qualité
des coupes obtenues (89). D’autre part des études ont montré la valeur additionnelle par exemple
du strain circonférentiel pour prédire une lésion comme transmurale (116). L’analyse des
déformations myocardiques en échocardiographie 3D peut améliorer la précision d’analyse

segmentaire et globale de la fonction VG.

Figure 23. IRM cardiaque et eil de beeuf des acquisitions de strain 3D (Bull eye’s view of 3D Segmental
longitudinal (3DSLS), radial (3DSLS), circumferential (3DSLS) et area strain (3DSAS). d’un cas
d’infarctus du myocarde antérieur en relation avec une occlusion de [’interventriculaire antérieure
proximale
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Le but de cette étude est d’évaluer la précision des paramétres de déformation en 3D pour
détecter et estimer 1’importance de I’extension de la nécrose myocardique en phase aigiie d’ IDM
en la corrélant a la rétention tardive IRM. Nous avons inclus dans ce travail 100 IDM (cohorte
REMI). Le logiciel de quantification dédi¢ permet le calcul du strain surfacique global,
longitudinal, circonférentiel et radial. La sévérit¢ de I’'IDM est définie en IRM pour chaque
segment comme transmural quand le réhaussement tardif est supérieur a 75% de 1’épaisseur
pariétale. Nous avons pu ainsi étudier les corrélations et les valeurs diagnostiques de chaque
parameétre échocardiographique en prenant comme gold standard I’IRM. Les valeurs de strain
segmentaires sont significativement différentes entre les segments transmuraux, les segments
non infarcis et les segments du groupe controle (p<0.0001). La valeur optimale de 3DSAS
prédictive de nécrose transmurale avec MVO comparativement aux segments du groupe contrdle

était 16.1%.
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Figure 24 Courbes ROC des différents paramétres de strain (valeurs segmentaires) pour distinguer les
segments non viable (avec rehaussement tardif > 75% ; a gauche)) et la présence d’une obstruction
microvasculaire > 75% sur le panel de droite (3D Segmental longitudinal (3DSLS), radial (3DSLS),
circumferential (3DSLS) and area strain (3DSLS))

Nous confirmons la possibilit¢ de quantifier et de discriminer le NR a I’aide du 3D strain.
Cet outil d’imagerie permet d’évaluer la fonction systolique globale et segmentaire aprés un
IDM. Le strain surfacique semble étre le paramétre le plus prédictif et le mieux corrélé a la
quantification globale et segmentaire du VG. Cet outil peut étre intéressant et implémenté en

pratique clinique au lit du malade notamment en cas d’impossibilité de réaliser une IRM.
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imeging (3DSTI) in debecting myocardial and microvas-
cuar damege ater AML One hundred patients with first
ST-sagmert devation MI from the REMI Sty were
prospectivaly  included. Transthoracic  echocardiography
with 3DSTI and CMR were performed within 72 h ater
revaeculardzation therapy., Global (3DG) and segmental
(305) vaues of LV longituding (LS), drcunferential and
radid aea stain were oblEined. Late gadolinium
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A58 + 9.2 %hwith 22.2 £ 12.7 %itrarnsmurd LGE. MV O
was present in 55 patients (MVO tramsmual esdent
114 + 11.8 %). In global analysis, dl 3DG srain vaues
were comdated with LVEF e and infact size, with the
best cordaion ob@ined for 3DGAS (r= - (67E;
pY 0.0001). All 3DG strain values, with the exception of
LS, were sgnificantly different between patients with and
without MO, In segmenial analyss, all 3D5S strain val ues
were significantly lower in transmura ly infarcted segments
than in norHinfarcted segrrents, and all 305 values except
3DERS were significantdy lower in non-ransmurd infanc-
ted segrrents than in norHinfarcted segments. The best 305
grain for detecting noneviable ssgments with MVO
(MVO[ 75 %) was 3DSAS [AUC 0.867 (08450884,
7B0% =senEtvity and B11 % spedificty  for
DGAS = - 161 %) Irportantdy, 3DSRS and 3DSAS
were assdated with an incresse in diagnostic acouracy of
both trarsmurd LGE and MVO over 305LS (d| inoresse
in AUC[ 004, al p\ 001). The newly developed
3DSTI, espedidly 3DSAS, is a sengtive and reproducible
ool to predict and quantify the transmural estent of scar.
This new early inmaging strategy improve the prediction of
MVO while enabling to assess the success of reperfusion
and the risk of |ate systolic rermodding in STEMIL

Keywords Echocardiography AThree dimensiond A
Strain, da‘t_:muion mechanics Ischermia AMyocardial
infarction AMicro vasoular obstnuction

Introduction

Laft ventricular (LV) ejection fraction (EF) remmeins the

main prognostic indicator for adverse outcomes dter an
acute myocardial infarction (AMI) [1]. However, with the
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enhanced parformance of new revasoulaization therapies,
risk srdification hes barome incessing dhallenging in
paients with smaller infadt Szes.

A dgnificait asnddion between infad sze and
major adverse cardiac events has been demonstrated
dthough the comeldion between infact size and LVEF
is modest in pati ents with relatively preserved LVEF and
ST-devaion MI (STEMI) undegoing revasou arization
21

Microvasoular obstruction (MVO) has been recently
edersvey shudied and found to have additiond pre
dcive vaue for adverse LV remodding, permanent
inghility to recover contradtility and subsequent cardio-
vascular events, regardless of infact size [3] Addi-
tiondly, cardiac magneiic nesonance imeging (CMR) has
ganed a pivold mle in as=sing myocardia vishility
and in defining micovasoula damege and salvaged
myocadium [4]. Unfortunaisly, CMR is rady per-
formed in the acute phase of STEMI mainly due to lack
of machine time and to hemodynamic andfor respiraiony
instahility [5].

Two-dmensiond (2D) deformation parameters derived
from speckde tracking imaging (5T1) have besn into-
duced & markers of sysiolic funcion and display better
comdaion with infact size than conventioral trarstho-
radc (TTE) LVEF [6]. Previous studies have mainly
foosed on 2D longibudind drain (2DLS), probably
becase of its easier collection from the 3 apical views a5
compared o radid (RS) and drourferentid (CS) come
ponents caloulated from short 2xds aoquisitions which ae
more likdy o have poorer trecking qudity. [7]). Buk
several shudies have highlighter] the additional value of
C5 w dffeeniake tesmua from nondrensmural
lesions &= well & in prediding remodding [8]. These
reslts enphasize the nead for a distindt assessment of
longituding, radid and droumferentia functions in onder
o avoid the loss of usefd information. Accordingly,
three-dmersiona STI (3DSTI) has been vdidaied == a
rew and relishle quantification tool to &= the 3 com-
ponents of deformation [9] in addition to providing sup-
peareta dformration information caled as dran
Since the latter @3es into account both longitudinal and
dmoumferetid componenis of myocadid deforretion, it
Alows a more acourate assessment of regional function, a
paamee of gowing interest in ischamic myocadid
di=smees [10, 11].

The am of the present shudy wes D evduaie the
fessbility and acouracy of 3DST] o detert the pres-
ence, extent and degree of scar ransmurdity and
micgovaesola damage (MVO) in the anie phese of
STEMI a2 compared to CMR  late gadolinium
enhancament (LGE).
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Materials and methods
Populations

The siudy populaion encompessed dl patients with suc-
cesfully eperfised fird aoute STEMI induded in a
prospective monooeniric cohort sudy (rdaion bebween
ddeieone ad cadiar remodding &t myocadid
infarction—REMI Sudy) designed o determine whether
ddosisonaTy is predidive of cadiac remodding in the
6 months following a STEMI paformmed in a university
hospital between April 2010 and Decamber 2013, Acute
STEMI wes confimmed by: Y 12 h of typicad chest main
onst and angiographically-comfimmed  coronery artery'
anie ocdsion o subocdusion (Thrombolyss In
Myocardia Infarction flow grade 0-1). The Ethics Com
mitize approved the trid and dl palients provided writien
informmed consent.

Cadac fundion wes asssssed by CMR and echocar
diography between the serond and fifth day (median deday
bebwean TTE and CMR 155 min) fiollowing percutaneous
trarsluminal comonary angioplagty (PTCA). Exdusion ori-
teria were any counter-indication with CMR. eamination
or instility to perticipete in a longHerm trid.

A o of 111 patients with first STEM I were enrolled in
the shudy of which 11 could not be andyzed due to lack of
interpretable 3D echocardiographic images (n = 7; poor
imege quality; low frame rate, siitching artefacts) and/or of
CMR. shudy (n = 4; poor imege quality of LGE sequence).
A control group comprised of 100 heslthy adults from a
rmonocertric familid longihdingd aohort of STANISLAS
COHORT ; 88 males, mean age 549 + 120 years, NSvs
STEMI group) underwert: thorough dinicd evdugions to
eciude crdiac dssse with nomal  conventional
echocardiography.

Echocardiographic imaging and analysis

Echocardiography was performed with a commengally
avdladle sandad utresound saner (Vivid 9, Genad
Eledric Madical Systarms) with a 25-MHz transducer and
a 3D probe (4 V Volume Phased Amay Probe).

3D image acquisition

Echocardiographic anquisition wes performed aocording to
EAEMASE guiddine recommendations for 3DTTE imege
amidgtion [12). From this aocquidfion, an asomesed
software (4D Auto LV Quentification tool; EchoPAC PC,
vason 110010, GE Hedthcane) wes usad to obiain both
sandad ad 30571 derived paametes. The softwae
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provides the following standard 3D echocardiogrephic
parameter vaues: end-diastolic (3DLVEDV, ml) and end-
systolic volumes (3DLVESV, mi) and LV ejection fraction
(3DLVEF, %).

In addition, the software provides peak systolic values of
longituding, radid and circumferentid strain (S) of each of
the 17 LV segments and of their meen values [3D global
longitudind strain (3D GLS), 3D globd circunferentid
strain (3D GCS) and 3D globdl radia strain (3D GRS)] and
area strain (3D GAS). Feasibility and reproducibility were
studied induding the tracking rate (Fig. 1).

Cardiac magnetic resonance

CMR was performed between the second and fifth day ona
GE 3T system (Generd Electric 3T signa HDxt) with a
phased-array cardiac coil, ECG gating and breath-holding
in expiration. Cine imaging for cardiac morphology and
function was performed by the steady-state free precession
technique. The endocardia contours of the left and right

S i\

Fig. 1 2D trarsthoracic echocardiograpty and representative case of
antenor infarction rédated to the oocdusion of the proximel left
anterior descending coronary artery, CMR [ate gadolinium enhances
ment dices of et ventricudar short axis (SAX) and horizontd long
axis (HLAX) showing traremurd extension of myocardid infarct in

B @

ventride were traced manudly on dl phases and dices
using standard software (Mass Andysis 7, 4 version,
Medis, Netherlands).

Late gadaliniumrenhanced (LGE) imeging was acquired
10-15 min after a cumulative totd dose of 0.3 mmol kg
Gd contrast in matched short and long-axis planes with a
T1-weighted 2D segmented inversion recovery gradient-
echo sequence during diastolic standstill. The LGE imeg-
ing parameters induded a 4.8/1.3 ms repetition timefecho
time with a 200-300 ms inversion time adjusted to nul
normal myocardium

Trensmurd LGE extent was assessed visudly and scored
ona 17-segment modd on 3 matched short-axisdlices (basal,
mid, apicd) [13). The segmenta extent of the LGE was
considered as non-infarcted if there was no LGE. In case of
hyperenhancement, infarcted segments were dassified as
transmurd if LGE[ 50 % of murd extent, non-viable if
LGE[ 75 % and non-transmurd if LGE\ 50 % MVO
was identified by the presence of a centra hypoenhancement
within the bright signd within the infarcted segments,

o

L

J . T ‘

aterior and anteroeseptal zones and central  hypoenhancement
defining moovasoular obstruction (velow arrow); and Bull eye's
viaw of 30 Segmental longtuding (3DSLS), radid (3DSLS),
drounferentid (30SLS) and area Sran (30SAS) measured by 3D
speckde tracking imeging
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wadly locaed in the subendocadium and induded 2 part
of the infarct. In presence of MVO, the infarcted segrment
was defined as tramgmural ((MVO [ S0 %) or non-rans-
murd (MVOY, 50 %). Andysis of MVO and LGE sies
w performed independertly fromy, and blinded o, the
results of 3D echocard ography.

Satistical analysis

SHidical andlysis was paformed 1sing PSS for Win-
dows (SPSS varsion 20, Chicago, IL). Quentitative vaues
e expreszed &6 mesn values £ 5D, Intergroup compear-
isons were parformed by the independent samples Shudent:
t et or Man-Whitney U test when appopride For
multiple comparisons, adlyss of vanace dong with a
post hoc Borfermoni test was performed. Pesrson comela
ion was wsad o shudy comedion and concordance
between 3DTTE and CMR. As used previowdy, receiver
operdtor dharacteristic (ROC) dong with tracing of the arsa
under the curve (AURDOC) was performed to identify a 3D
segmenid sirain vaee o define LGE and MVO transmu-
rdity { 75 %) [14]. Direct comperisons of AUC were then
performed o guantify the increese in dagnostic acouracy
between technigues.

3D dran meEsuraTens wee repasied by two inde-
pendent observers, Inter- and intre-observer reproduci bility
of 3D grain measurement was andyzed among 15 patients
of the STEMI group. Agreaments were assessad using the
intradas comddion cosffident (ICC) for guertitative
3D5TT values and 1sng Kappa amalyss for gualiative
CMR LGE dda

Fordl test=, apvde’, 005 wes consdesd oindicae
satigical significance

Reaults
Basdine characteridics

One hundred patients had both CMR and 3DTTE assess-
menis. Mean agewas 55.8 £ 104 years with most patients
being ren (87/100, 87 %). The mesn dday between CMR
adTTEwaes 192+ Pl h

Fifty-six patients (44 9%) had inferior M1, among whom
9 (9 %) had infeodaed M1, ad 44 (56 %) had aniior
ML Reparfision theapy wes ahieved in a dday of
2T £ 1993 min ater symploms onsst. The culprit
vessd wes left anterior descending coronary artery (LAD)
in 53 paients (53 %), dagord LAD branch in 6 patients
(6 %), d rourmflex artery (Cx) in 6 patients (6 %), marging
Cx branch in 3 patients (3 %) and right comonary artery in
35 patiernis (35 %) (Tadle 1).

13

Global left venitricular funchion assessment

The ovedl meEn LVEFome wes 458+ 92% ad
IOLVEFTe 529+ 81 % (Tabe 2). A moderde come
lation was observed between LVEF oy and global 3DSTI
peameiEs (3DGLS r= 0595 3DGCS r= 0608;
3DGRS r= 0632, 3DGAS r= 0675; dl comdaion
p vaues p', 0.0001) which were smilar or superior o
3DLVEFe (r = 0.569). Weakar comelations between the
peceiape of tammud infact sze ad echocadio-
graphic 3DST] parameters were observed (r = 03386 for
IDLVEF1g, 0400 for 3DGLS, 0.397 for 3DGCS, 0418
for 3DRS and 0446 for 3DGAS, p\  0.0001).

Infarctad segment analysis

Overdl, 1577 of 1700 sagmernis (92.7 %) wee adyzdie
by CMR and 3DSTL CMR identified 441 infacted seg-
ments (378 with transmural and 63 with non-ramsmural
exdent) which ancounizd for 2595 %of totld myocadium,
ad 1136 noinfaded sgments (figure supplementdl
metenial ).

A deoesse abenlute 3D drain vaue was noted in gl
inffadad ssgments compared o noHinfadied someEis
Armong myocardid neootic segmenits, Al absolute 3D
gran vaues weae sgniicantly decnessed compered o
conrol vduess ad dl asplue san vdues wae do
sgnificartly lower in segments with trersmual conmpera-
tively to sagrments with non-transnmural scar extent (Fig. 2).
Futhermmore, non-infarded ssgments had  Significantly
lower absolute vaues than control segments for dl srains
with the exception of radial strain (Table 3).

Among infarcied and non-infarcied sagmenis 3DAS,
3DCS and 3DRS had an AUROC[ 0.80 in detecting the
transmural non-viahle segments (LGE[ 75 %) sugoest-
ing good predicive values whereas 3SDLS had lower
AUROC (0.752) (Fig. 3). Importantly, 3DSRS, 3DSAS
and 3DSCS were sonificanly asssodaed with an
incresse in diagnostic acouracy of trensmural LGE
(LGE[ 75%) ower 3D9S (dl incesse in
AUC[ 005, dl p\ 0.001). 3DSRS was asodated with
an intreee in pradicion of tamemural LGE of 00072
(0.054-0.090) over 3DSLS (p\ 0.001) and of 0.017
(- 0001 o QUO33) over 3D0SCS (p = 006). Likewise,
3DSAS & asndded with an incresse in prediction of
tramsmual LGE of 0.073 (0.056-0.091) over 3DSLS
(p% 0001) and of 0.018 (0.000-0.035) ower 3DSCS
(p = 0.04). 3DSCS wes A= asnaaed with a significant
incresss in diagnostic acouracy of transmural LGE over
3DELS [AUC deta QU055 (0.023-0.087), p\ 0.001] but
to a lowsr edent that what wes observed with 3DSRS
and 3DSAS.
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Table 1 Clinica, biclogical and hermodyraric draracterigies in the entire shudy populalion and according D the presence of a micovasoular

obstructon (MYO? )
All petients (n = 100) MW= (n = 45) MVO? (n=55) p
Age (years) =7+ 104 551+ 54 552 % 11 018
Gender M/F (%) 8512 /o agv 085
Hezrt itz (bprm) 756+ 139 T4+ 144 75+ 141 Wk
Revascularization delay (min) 77T 4 1993 2588 £ 1814 29432 & 2133 ikl
Culprit lesion (n, %)
LCxX-Mg -3 (9 %) 2-2 (4 %) 4-105 %) (L83
RCA E{35%) 1A17 %) 1818 %) 076
LAD-Dg 536 (56 %) 23-2(25 %) 30-4(34 %) 042
Madrmum troponin 547 354 4683 £ 352 812+ 372 i, QU001
Madmum ioE oeatine kinese (TUL) X33+ 17H 1890 + 1412 I/ 17 %, Qud0m
Blood pressure at admission (rmrmHg)
SBP 125+ 20 123+ 17 1%+ 23 003
DBp 7+ 13 FEE2 mE13 (L0s
Killip da= (n, %)
1 o3 (93) 41 48 085
2 7{M 2 5 053
34 0(m o 0 MNA

LCX indicates |eft droumfles; Mg, mangingl; RCA, right coronany anteny; LAD, |eft anterior descending artery; Dy, diagond ; SBP, systolic blood

presmure; DBP, diagnlic blood pressre

Table 2 Globa trarethoracic echocadiographic pararmeters and cardiac ragnetic resorance imaging pararmeters in the entire shudy population
and acoonding o the presence of a microvasoular obsinuction (MVO? )

Variale All patierts (n = 100) MVO- (n=45) MVO? (n=55) p

AOTTE
LVEFmE (%) 529+ 81 5§55+ 81 510+ 76 s
LVEDW (i) 1141 + 263 1106 £ 238 1169 + 21 0782
GLS (%) -1334 36 - 1304 35 -1294 37 s78
GCS (%) - 141+ 37 - 150+ 39 -133+ 33 o1
GRS (%) BT+ 111 31+ 118 3.7+ 101 OLE
GAS (% -6+ 56 -0+ 56 -235+ 54 0034

CMR
LVEFcme (%) 458 + 9.2 480+ 84 432+ 92 oz
LVEDV s (i) 823+ 153 857 + 146 905 + 156 0LA0s
Transmura LGE infart % (n) 222+ 127 (378) 155 & 114 (263) 277 & 111 {115) oo
Mor-rarerira LGE % (n) 37+ 127 (63) 48 % 57 (37N 28 + 42 (26) 03
Transmurd MVO % (n) 66+ 104 (107 ] 114 + 118 (107 A
Mortraemurd MVO % (n) 38+ A1 (65) 0 £9 + A8 (65) MA

Globd GLS, longituding srain; GCS, cinourferentid staing GRS, radd staing GAS, amea sraing MO, micovasoular obsinuction; LGE, la=
gadalinium enhancarment; 30TTE, 3D trerathoracic achocardiography; LVEF, laft ventrioular gjection fraction; LVEDY, left weniricuar end-
diagrsotic volume; TTE, trensthoradic echomadiography; CMR, cadiac megnatic resonance; LGE, Iate gadolinium enhancement; NA, not

avalable

Microvascular obstrudion segment analysis

MWD was diagnosed in 172 segrents (107 with trarsrmural
and 65 with nonransmural edeEnt) in 55 paients (55 %)
accounting for a2 mean MVO edent of 104 % of ol

146

myocardium. Patients with MO had significantly larger
myocardid infact size, lower LVEF and higher told e
diirine kinese pesk (Table 1). Transmurd segmenis with
trarsmural MVO had significant |ower segmental srain
vaue than other transmurd ssgments (Table 3).
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308 Aora strain
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Fig. 2 30 a= sran segmentd value messured by 35T1 in 1577
ssgrerts from the STEMI patient gowp according to the degree oF
iae gadolinium entancament and the preserce of a micovesouda
obsruction (LGE Myocardid ddayed enhancemat)

The disinction between transvurd segments with and
without MVO was dso nore acousrde using @ea sian &
opposad to using the isolated longituding component of
myocardid deformration (Table 3). When considering non-
vidble tasmud MVO ssgmets (LGE[ 75 ad
MVO[ 759%), 3DAS and 3DRS had an AUROC[ 085
while 3DLS and 3DCS srains had an AUROC[ 0.80
(Fig. 3). Importartly, 3DSRS and 3DSAS were assodated
with an increase in diagnostic acouracy of transmura MVO
(LGE[ 75 and MVO[ 75 %) over 3DSLS and 3DSCS
(dl increase in AUC[ 0.03, dl p\ 0.05). Spedficdly,
3DSRS wes assodated with a sgnificant increase in pre-
didion of MVO of 0.047 (0.018-0.076) over 3DSLS
(p=0001) and of 0.041 (0.009-0.073) over 3DSCS
(p = 0.01). Likewise, 3DSAS was assodded with a Sg-
nificat incesse in predidion of MVO of 004

(0.015-0.073) over 3DSLS (p = 0.003) and of 0.037
(0.005-0.070) over 3DSCS (p = 0.03). In contrast, 3DSCS
was not assodated with an incease in diagnostic accuracy
of MVO over 3DSLS (AUC ddta 0.007 (- 0.052 to 0.065),
p = 082).

Inter- and intra-observer variability

Inter- and intra-observer variability for 3D segmental srain
with tracdking qudity assessment and CMR segmenid
qudification (LGE and MVO segments) is desaibed in
Table 4.

Contral group

By definition, the 100 paients of the control group had
nomal  systolic fundion (3DLVEF g 626+ 44 9%
3DLVEDV 880 % 26.7 mi/n7) and mean deformetion
vaues of - 348 = 89 %for 3DGAS, - 199 = 59 %for
3DGLS, - 195 = 6.2 % for 3DGCS and 562 = 19.1 %
for 3DGRS [15).

Discussion

The main findings of this study can be summerized as
follows: (1) in paients with STEMI undergoing early
PTCA, 3D dobd stran vauss were better comdatad with
LVEFug then 3DLVEF+= and had 2 good predictive
vdue of transtud edat; (2) MVO & detemined by
CMR was a rdativdy frequent finding being presart in
55 % of cases and was well differentiated by dl 3D srains
except longtudind sran; (3) with regad to ssgmentd
andysis, 3DSAS, which takes into account both longitu-
dind and draunferentid motion, represented the best tool

Table 3 3D Segmental deformation value measured by 35T of 1577 segments from the STEMI patient group according to the degree of [ate
gadolinium enhancement and the presence of 2 micovasoular obstruction

STEMI gowp Control growp

MVO LGE

Transmurd Nontransvurd Transrud Non-transturd Non-infarcted

(0% (\ S0%) (0% (. S0%) segments

(n=107) (n=65) (n=37m) (n=863) (n=1136) (n = 1470)
39S -83+58% -96 % 68% -99+ 83~ -1352 61~ F - 145+ 60 -199+£ 59
3DSCS -64+53%45 84 £ 58% -92 % 65% - 104 61% - 160 £ 69* -195+£ 62
DRNS 178+ 126%F 241 142% 243+ 162% 3134 159%% 413+ 179* 562+ 19.1
3DSAS - 1352009~ % - 1641 Q9% - 173+ 99% 218492~ 5 - 274+ 89 -348+ 89

.S, segenta longituding strain; SCS, drounferentid srain; SRS, radd srain; SAS, area strain; MV O, micovasoudar cbstruction, LGE, lae

gadolinium enhancament

*p\ 0.05vs contol ssgmerts;  p\ 0.05 vs. nonHinfarctad segments; 5 p\ 0.05 vs. transurd infarcied segments
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Fig. 3 ROC arves of 3D ssgmertd longhuding (309LS), radd
(3DLS), orounferentid (309LS) and ares strain (3DSLS) messured
by 3D spedde taddng imeging for dstincion of nonwidble

to disciminate LGE with or without MVO in non-viable
segments.

As previously reported, we found that 3DLVEF ¢
overestimated LVEF as measured by CMR aong with a
modest comelation between infarct size and 3DLVEF1¢
[16]. Meanwhile, the 3DSTI technique for LV volume
meassrements has been vaidated and demonstrated
superior accuracy and reprodudibility over previously
used 2DSTI technique [17). In our shudy, dl globd 3D
strains showed good to moderate cordations with the
gold standard LVEF»r and infarct size, with 3DGAS
having the highest correlation coeffident among al strain
paarees.

At the ssgmental levd, our data confinmed a significant
difference in longituding function between non-transmurd
and trensturd infarcted segments. Longitudingl function
is known to be atenuated independently of scar transmu-
rdity [18]. Indesd subendocarda fiber layas have the
most significant confribution to long-axis function comr-
pared to the midde and subepicardid layers which mainly
contribute to wal thickening a wel a radid and ar-
cunferentia function. Indead, Takeuchi et d. [19] showed

Sensitivity

o5 e
1 - Spécificity
AUMOC Cunt-olt e 5%
S | asBPsBAs? 38 0 W9 | 78
:0cs | amefosiwossy | 0 | E29 | S84
oas | oswjossias | 3 s 653
aoas | amey(osesossy 161 M0 811

sgmets (Lae gaddinium enfancament [ 75 9% on the laft pand
and micovasada chsrucion| 75 % on the right pand

thet longituding function was dtered in sTall subendo-
cadid MI wheress draunferentid deformration and short
ads funcion were initidly preserved. This longituding
dterdion is wsdly assodaed with compensatory dr-
anfeenid mechanics thus becoming a key deteminant
of preserved globd LV function [20].

Numerous shudies have dready shown the potentid
diagnostic vaue of draunferentid strain in disoriminating
nonrensmurd and transturd infardiion dthough only
using 2DST] [21]. However, 2D assessment of drounfer-
enid san requires acquistion of 3 short 2ds views and
heart rate; in addition, loading conditions may change
between diffeent acquistions and thedfore influence
deformation vaues. Moreover, only one parastemd short
ads view & the levd of the papillay musde was pa-
formed in most of the above studies. To the best of our
knowledge, the present sthudy is the first to assess radid and
drounferentia  deformation over the 17-segments in 3
dmensions. Beyond the andysis of LV volumes, 3DSTI
dlows the assessment of the different myocardiad layer
functions by avoiding poor speckle tracking as encountared
in monoplane 2D andyss.
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Table 4 Iner- and |ntra-
observer variahility for 30

Reproducibility Inbra absarver Inter observer
Inirad ass correlation [ L
3D STE reproducibility and fessibility on 15 patients
3D ELS 0852 (0806-0U538) (.84 10 790-0875)
3D 805 0908 (0.881-0.931) (L5 (10, P55
3D SRS 0.911 (0.883-0.932) 0,840,801 ~0LE5E)
3D SAS 0.520 ((L8965-0.932) CLEP0 (08200090
Feasatalty Reader 1 Feader 2
Perceritzge of poor tracking 2255 (7.8) 157255 (5.8 o)
Excluded sagment n (%)
Segrrental qualitative value CMR LGE Intra observer Inter observer
R1 R2 j vAe R1 R2 j velue

CMR segrental reprodudbllity on 20 patlents
Infarcted sgrents (n = 240)

Mo infarcted 263 263 0.96* 268 263 0.91*

Mon rarauE 15 18 15 19

Tranamurd = 5 LT =)
MO sagmiEnts (no= 340)

Mo MO LS =) 0.95* 38 38 0.81*

Mon traremus 2 19 7 22

Traraurd 10 12 0 10

Inter- ard intre-observer vanability for 30 segmenta lomgituding and ares strain with tracking guality
et

3D, Fdimensioral; Segentd SLS, Longitudingl strain; SRS, mdid sreing SCS, drounfeentia srain;
SAS, anea straln, 10T, | ntrad ass comdati on coafficlent; MWYO, mioro vasoular cheinuction; |ate gadolinium

anhancamert; R readingreader

Al *PY 00001 with Kappa datidics

Motion assessrert of dl 17 myocardid segments is
parformed in a sngle analysis step, which S gnificanty
reciuces analysis tirme. In the present seres, we observed a
gradual decresse in absolute sirain values in the 3 direc-
tiors of myocardid molion in pardld with the gradud
importance of ransmural demege. A threshold value of
- 2000 % was defined berain for 3D5A5 endbling o dis-
criminate LGE tranamurdity [ 75 %) with good diagnos-
fic values, Previous siudies with smaller paient sarmples
concluded that 30ST] can determine tanemurd | nvolve
ment and therefore the viahility of the infarded segrment
[£2].

There is currently no consersls 25 o how and when
MWO should be sesed dter AMIL Accurate detection
and quantificgion of MVOQ is imporant since previous
studies have shown that MY O s independently associ ated
with adverse ventrioular rermodding and patient progrosis
[3]. In owr study, dthough 100 % of the paients had a
TIMI flow grade 3 after FTCA with accepiable revascu-
larzation dday, MVO was nonethe ess diagnosed by CMR
in 55 %oof cases at day 3. Hence, thereis deary a need for
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“inlab” tools able o asdist in the erly idertification of
patients at increesed risk of MV O, Raher than ECG or per
procedural myocardial blush grade, CMRE is currertly
considered to be the most riable method for determining
MWD in the first days ater reperfusion [23]. However,
CMR has a number of limiations, induding cost and
access bility. Our findings futhermmore indicate thath, 10 %
patients have CMR in the first month following AMI. In the
acute phaese of MI, segmental and global 2DLS hewve been
shown 1o be significanty altered by the presence of MVO
in addition o MI sze [24). 2D5T] has recently emerged &5
valuable tool to precociously assess microvascular darmeoe,
ater a STEMI a5 well as a marker for persistent akingtic
termitories [25]. Herein, we confimrm a close assodation
between rmyocardid deformetion and the degree of MO,
Our data revesl thet both 3DSRS and 3DSCS wene further
derreased with MYO while displaying a marked decresse
in thar absolute values in segments with MVO[ 50 %
M oneover, the comiined analysis of longitudinal and cir-
cumferential deformmation through 3DSAS was the main
indicator in differertiating transmural non-viable segments
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with or without MV O, On the other hend, 3DLS was shown
o be dtered imespective of the presence or absence of
MV O, These results thus support the theory of oross-fiber
shortening suggesting that passive radid thickening of
segments with non-ransmural infandtion is genersted by
the shortening of viable epicardia fibers, In the case of
transmurd no-reflow segments, the droumferentia fibers,
which are predominent in the mid layer of myocardium, are
severdy darmaged [26).

Assessment of the presence and exdent of MYVO isaar-
rogate erdpoint for therapautic srategies due to adverse LV
remodding in case of MVO. The ACC/AHA guiddines for
rrenagaTent of STEMI have stressed the i mportance of the
development of snple, acourde, readly avall able noninve-
Sve tedhniques to assess adjundive repafiusion agents and
revanulanizaion therapy srabegies and o evauate the no-
reflow phenomenon within the first hours of M1 [Z7]. Aftera
STEMI, CMR is incessingly wsed for comnary micmves
cular stahus assesment and quantification of infant size [28].
Unforturnately, CMR is rardy performmed inacute pheseof M1
f\ 10 %) inmost countries and hospitals due mainly toalack
of machine time [5]. 305T] is an aocess ble prognostic mar-
ke that could idertify patients with micovesoular dysfunc-
tion after reperfusion & the acute phese of M1, Indeed, the
aeresmment of ssgmental deforrrati on can be used to identify
the | ocaization of MI and monitor microvesoular damege: As
aresult, 305TT could represent a wseful ool to detect those
patierts with MVO inwhomaocess to MRI is difficult during
thairinitial hospita sty for AMIL Given the high proonostic
vaue of MVO ater M, thespatic ineEnvetions and the
inbansity of fiollow-up could hence be adequately adapted in
patients likdy to have MVO besed on 3DSTI evaluation.
Further studies asessing the pragmetic dinical ussfulnes of
this 30T SI-besed sratedy are warranted.,

Limitations

The main limitation of the present study is the sTall infandt
sze with low proportion of trensmurd segments, which
may explan the modest comeldions of LVEFq4e and
infarct size with TTE paramaters. However, these limited
infamt sized are the reflection of the evoluion of mModam
cardiology, especialy in tertiary cenfers, Inaddition, itisin
these patients with limited infarct size thet risk assessment
is the most difficult, thus incressing the potentid Lsafulness
of new 3D5T] methods in this popul ation.

Condusions
The use of 3D deformmation in the acute phaseof a MI may

represet an emsy, fast and rdiable means o a=Es
ryocardial deformration of MVO in the infarcted area

Globa deforrration analyas helps in the assessment of MI
and, rmore spedifically, the new area drain parameter isbest
cormd aed with the reference LVEFowr and differentiaies
patients with and without MV O. In addition, regiond 3D
deformration can estirete LV regional mechanics of scar-
ring and yidd reizble results in disoiminating transmura
from nontensmud  edent  Indesd, resllts  hersin
demonstrated 2 dose assocdation bebween myocardial
deformetion in paients with a recent AMI and the degree
of diminished microcirculaion. Cincunferential  strain
value wes severdy dtered in the no-eflow segment and
showed nofable diagnostic vaue in the differentigtion of
infarcted segments with and without no-reflow.,
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5.4.4  Relation entre remodelage cardiaque et la fonction vasculaire (article 10)

L’évaluation du remodelage VG suivant un IDM est difficile a prédire et son
interdépendance avec la fonction vasculaire n’a que rarement été évaluée. Une partie de nos
travaux ce sont intéressés a déterminer comment la fonction vasculaire et les conditions de

charge peuvent impacter le remodelage (125).

121 patients (REMI) avec une IRM cardiaque en phase aigiie et un suivi du remodelage a
6 mois ont eu une évaluation compléte de leur fonction vasculaire avec notamment des
séquences par contraste de phase. Le remodelage VG a été évalué comme précédemment décrit
par la variation de volumes VG et de FEVG entre les 2 visites. Ces paramétres de remodelage
ont été corrélés au volume d’éjection systolique déterminée par les séquences de contraste de
phase mais également par des parametres dérivés de la fonction vasculaire comme les résistances

totales vasculaire périphérique, I’index de compliance artériel et élastance artérielle effective.

- Aortic stroke volume (SV): cardiac index (SV x heart rate),
- total arterial compliance index (TAC): SV / pulse pressure,
- effective arterial elastance (Ea): mean BP / SV,

- stroke work (mean BP x SV)
- total peripheral vascular resistance (TPVR: mean BP / cardiac index).

TPVR > 40 mmHg.min.m’.L™" (95% IC) (79).

Nous avons ainsi montré que I’ensemble des parametres de fonction vasculaire vont
s’améliorer au cours du suivi a 6 mois alors que les niveaux de PA restent inchangés. Une
augmentation de VTD était présente chez seulement 17 % des patients a 6 mois et une réduction
ce volume dans 31 % des cas. L’amélioration de la FEVG était principalement dépendante d’une
diminution des résistances périphériques alors que 1’absence d’amélioration était associée a une

persistance de TPVR élevées a 6 mois.

Le remodelage du VG suivant un IDM est tres influencé par les variations de résistance
vasculaire. Il est possible d’envisager une évaluation non invasive des parametres vasculaire via
la mesure du volume d’¢jection systolique par les acquisitions de contraste de phase

(indépendante des volumes) et de I’utiliser comme outil de diagnostic mais aussi dans le suivi.
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Cine-MRI LGE

{11 Baseline
EF: 41%
EDV: 70 mi.m*?
MVO: 0%
6-month
EF: 61%
EDV: 69 mi.m*

##2 Baseline
EF: 34%
EDV: 113 mi.m”?
MVO: 13%

6-month
EF: 34%
EDV: 143 ml.m*

##3 Baseline
EF: 27%
EDV: 94 ml.m*?
MVO: 22%

6-month
EF: 37%
EDV: 120 ml.m™?

Figure.25 : exemples d’évolution de sujet de ['étude REMI ayant présenté un IDM antérieur
revascularisé représenté par les séquences IRM en ciné grand axe vertical (systole et diastole) et les
séquences de rétention tardive ((#1) in EF only and a 6-month decrease in TPVR (-8 mmHg.min.m’.L-
1), #2) in EDV only and no clear change in TPVR (-1 mmHg.min.m’.L-1) #3) in both EDV and EF and
a 6-month decrease in TPVR (-11 mmHg.min.m’.L-1).)

L’IRM vasculaire offre donc I’opportunité de suivre I’évolution de la rigidité aortique et
des résistances vasculaires systémiques. Ces deux parameétres sont susceptibles : 1) d’étre
modulés par les multiples actions vasculaires de thérapeutique et 2) de faire varier les conditions
de charge et la tension pariétale des zones infarcies et donc, d’interagir directement sur le

remodelage.

La finalité serait de sélectionner les patients avec débit cardiaque préservé mais gardant
des résistances vasculaires anormalement élevées apres IDM. Cela pourrait-étre une stratégie
d'augmentions des vasodilatateurs guidés par I'RM dans un essai randomisé (augmentation des

IEC, passage a des BB vasodilatateurs...).
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Abstract

Background: Left ventricular (LV) remodeling following acute myocardid infarction (M) is difficult to predict & an
individud level athough a possible interfering role of vascular function has yet to be considered to date. This study
amed to determine the extent to which this LV remodeling is influenced by the concomitant evolution of vascular
function and LV loading conditions, as assessed by phase-contrast Cardiovascular Magnetic Resonance (CMR) of the
acending aorta.

Methods: QMR was pesformed in 121 patients, 2-4 days after reperfusion of a first ST-segment elevation myocardia
infarction and 6 months thereafter. LV remodeling was: (i) assessed by the 6month increase in end-diastolic volume
(EDV) and/or ejection fraction (EF) and (i) comelated with the indexed aortic stroke volume (mLm =), determined by a
(MR phase-contrast sequence, dong with derived functiond vasoular parameters (totd peripherd vasoular resistance
(TP\R), totd arterid compliance index, effective arterid elastance).

Results: At 6 months, most patients were under angiotensin enzyme converting inhibitors (86°%9 and betabloders
(849 and, on average, al functiond vesoular parameters were improved wheress blood pressure levels were not. An
increase in EDV only (EDV+/BF) was documented in 17%of patients at 6 months, in BF only (BDV-/B-+) in 31%
in both BEDV and BF (EDV+/BF+) in 12%and neither EDV nor BF (BEDV-/B--) in 40% The increase in BF was mainly
and independently linked to a concomitant dedine in TPAVR (6month change in mmHgminn?L ™, EDVY/EF-: +1 £8,
EDVH/EF-: 43 £9, EDVYEF+: -7 £6, EDV4/EF+:-15 £ 20, p <0001) while the absence of any BF improverment was
assodated with high persisting rates of abnormdly high TRAVR & 6 months (EDV/E-: 31% EDV+/EF-: 38% EDVYE-+
5% EDVH/EF+: 13% p =0007). By contrast, the 6-month increase in BEDV was mainly dependent on cardiac as
opposad to vascular parameters and particularly on the presence of microvascular obstruction at basaline (BED\V/E-:
37%q EDV4/EF-: 76% BEDV-/BF+: 38% EDV4/BF+: 73% p =0003).
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magnetic resonance, CMR

Condusion: LV remodeling following reperfused MIis strongly influenced by the variable decrease in systemic vascular
resigance under dandard care vasodilating medication. The GMR monitoring of vascular resistance may help to tallor
these medications for improving vasoular resistance and consequently, LV ejection fraction.

Triad registration: NCT01109225 on Qinicd Tridsgov site (April, 2010).

Keywords: Hemodynamics, Myocardid infarction, Cardiac remodeding, Peripheral vasoular resistance, Cardiovesoular

Background

Left ventricular (LV) remodeing following acute myocar-
did infarction (MI) is a complex process possibly leading
in the first months to an improvement in ejection fraction
(reverse remodding [1-3]) and to an increased end-
diastolic volume (adverse remodding [1, 4, 5)). This re-
modeling is difficult to predict at an individud levd al-
though a possible interfering role of vascular function
has never been considered to date.

Cardiovascular Magnetic resonance (CMR) has gained
apivotd rolein assessing LV function and for character-
izing MI areas in this setting [4, 6]. Aortic stroke volume
(SV), dong with derived functiond vascular parameters,
can dso be assessad with phase-contrast CMR, inde-
pendently of LV volume vaues and with an accuracy
level that is not reached by Doppler techniques [7].

The combined andysis of brachid blood pressure (BP)
and of the SV producing the BP wave has been recently
shown to significantly improve the CMR characterization
of LV remodding in hypertensive patients [8, 9]. This im-
provement is notably due to the predse information ob-
taned on LV loading conditions with the non-invasive
determination of various parameters such as tota periph-
erd vasoular resistence, total arteria compliance index
and effective arterid dastance [8-13). However, this vas-
cular monitoring has yet to be investigated in the context
of LV remodding following reperfused acute MI and
where paients are commonly refered to hypotensive
medicad regmens (angotensin converting enzyme (ACE)
inhibitors, beta-blockers). These medications are indead
likdy to influence blood pressure and vescular function
and thereby, LV wal dress, a main simulus for adverse
LV remodding [1).

In light of the above, the present study was a@amed at
determining the extent to which vascular function and
LV loading conditions, assessed through an aortic phase-
contrast CMR sequence, and their changes over time in-
fluences LV remodding following reperfusad M1.

Methods

Sudy population

The study population was extracted from the single-
center "REMI” (rlation between ddosterone and cardiac
REmodding after M yocardia Infarction) cohort in which

serid CMR and biomarker measurements were parformed
dter reperfused acute M1 [14, 15). The study protocol, in
compliance with the Dedaraion of Helsinki, was approved
by the local Ethics Committee (CPP agresment n® 2009-
A00537-50) and wes registered on the ClinicalTrias.gov
ste (NCT01109225). All subjects gave signed informed
consent to partidpate.

Patients successfully treated by primery percutaneous
trandumina coronary angioplasty for a first ST-segment
devation myocardid infarction (STEMI) were prospect-
ively induded. In order to be retained, acute STEMI had
to be assodated with a significant rise in cardiac enzymes
and with an initid ocdusion or sub-occlusion of the
MI-related artery a angiography (Thrombolysis In
Myocardia Infarction flow grade 0 to 1). Man excluson
criteria were: (i) previous history of M1, (ii) any other sig-
nificant cardiac disease (induding >grade-2 mitrd regur-
gitation), (i) any contraindication to CMR, (jii) absence of
sinus cardiac rhythm, (iv) a multivessdl disease a coronary
angography and (V) a >12 h dday-time between the onset
of chest pain and reperfusion. The patients were refared
to a medicd check-up involving CMR & 2 to 4 days after
acute M1 reperfusion and 6 months (£15 days) later.

QMR

CMR was peformed on a snge 3 T magnet (Sgna
HDxt, GE Healthcare, Milwaukee, Wisconsin) equipped
with a dedicated cardiac coil. Systalic, diastolic and mean
brachid blood pressures (BP) were measured with an au-
tomated sphygmomeanometer (M adlife C, Schiller Medica,
Wissembourg, France). Three measurements were ob-
taned during the CMR examindion and mean vadues
were stored for anayses herain.

A steady-state free precession pulse sequence was used
to assess LV function in contiguous short axis planes.
Each plane was recorded as previoudy detaled [8, 9, 16,
and LV end-diastolic volume (EDV ), end-systolic volume
and ejection fraction (EF) were obtained by an expert
cardiologist, using dedicated software (MASS research
Vv2013-exp™; Medis, Leiden University Medica Center,
The Netherlands). Man acquisition parameters were &
follows: 8 mm dice-thickness, 3.5-39 ms repetition time,
14 to 16 K-space lines per segment, 1.5 ASSET factor, 30
phases per cardiac cyde with view sharing, fidd-of-view
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(FOV) ranging from 32 to 38 am with a phase FOV of 09,
and a 224x224 mdrix interpolated to 256x256.

Flow was detarmined in the ascending aorta using a
velodity-encoded phase-contrast gradient-echo sequence
and with the "CV flow" software (Leiden University
Medica Center, Medis, The Nethaiands) [8, S]. Vaodties
were corrected by a ROI-basad method only in instances
of evident offset eror [7]. Acquistion parameters were a5
follows: 8 mm dice-thickness, 10°flip ande, 3-4 ms echo
time, 6-7 ms repatition time, 31 kHz bandwidth, 6 K-space
lines per segment, 32 phasss par aardiac cyde with view
sharing, unidirectiond veodty encoding with a maxdmd
velodty st to 150 amsec™?, FOV betwesn 30 to 38 an
with a phase FOV of 085, and a 256x128 matrix interpo-
lated to 256x256. Aortic stroke volume (SV) was indexed
to body surface area and used to calculate the following
[8, S]: cardiac index (SV x heart rate), totd arteria
compliance index (TAC: SV/pulse pressure), effective
arteria dastance (Ea: mean BP/SV), stroke work (mean
BP x SV) and totd peiphed vesoular resstance (TPVR: mean
BP/cardiac index). TPVR vaues above 40 mmHgminn?L™
were considered as abnormally high, a threshold corre-
sponding to the upper limit of the 95% confidence
interva in an aready-described norma population of
100 subjects with comparable age range and CMR
protocol as in the populaion of subjects in the current
study [9].

The MI area was analyzed on 8 to 10 short axis dices
covering the LV volume and two vertical and horizontal
long-axis dices, which were recorded with a T 1-waighted
ssgmented phase-sengtive inverson-recovery (PSIR) se-
quence 10 to 15 min ater the injection of a gadolinium-
labdled tracer (0.1 mmol kg™ of body weight of Dotarem®
GUERBET, France) with the following paramaters:
Table 1 Main genera charactenistics of the study populiation &
bassline (n=121)

Age (years) %+10
Female gender 18159
Hypertenson (29
Dizbetes Mdlitus 109
Hypercholestierolemia 47 (39
Obesty 99
Pesk Troponin-k (ng/mi) Q22004
Primery angioplasty
Use of glycoprotain Ib/Tlk inhibitor 77 (694
Dalay from pain onset (hours) 43423
Mirsiated coronary atery

- left anterior descending artery 65 (5499

- night coronary artexy SE™9

- left aroumfiex antery 11 (%9
Qent implantation 117 @79

Page 3of 9

4.7/2.1 meec for TR/TE, a typica 250-350 msec in-
version time adjusted to null the signa of the non-in-
fadted myocardium, 28-35 on fidd-of-view, 192x128
marix interpolated to 256x256, 8 mm dice-thickness and
20°flip angle.

The MI volume wes considered as that showing a late
gadolinium enhancement (LGE) by visud anayss and
expressed in %of the tota LV volume by using a 17-
segment LV divison and while taking into account the
number of quartiles involved in each segment [16, 17].
The size of the transmurd M1 wes determined as the %
of LV segments showing a LGE =75% of myocardid
thickness, while its involvement in microvasoular obstruc-
tion weas detemined as that showing a centrd hypo en-
hancement within the bright signd [4]).

Table 2 Main parameters recorded & basgline and & 6 months
with p vaues for sgnificant paired comparisons

Bassline 6months  padue
Main medcaions
- Betabloders 1008399 101 (B¥9
- ACE inhibitors 03B 104 (85%9
- Qatins 1109199 105 (™9
- Antipiatelet therapy 120099 1150959
Body mass index (lgm =) 54 514
Heaxrt rate (bpm) 6+11 5748 <000
BP paramaters
Systolic BP (mmHg) 120421 130420
Destolic 8 (mmHg) B4 Rzl
Mem BP (mmHg) @P115  Ri13
Cardiac parameters
WWenddiagolic volume (mLm™) 0415 96+18 0006
LV eection fraction (%9 218 a9+9 <000
Total Ml area (9%6of LV) 2+ 161 <0001
Transmurd MI - presence (%9 NEPG SEy <000
- area (%e0f LV) 1613 8x11 <0001
M\O - presence (%9 PEFy 00 <0001
- area (Yeof LV) 811 00 <0001
Siderived parameters
SV (mm™) B8 4749 <0001
Cardiac index (Lmin— m =) 24204 26205 <0001
TPR (mmHgminnrL ™) B »19 Q001
TAC (mimZmmiHg ™) 074021 083%02 <0001
& (mmHgn?mLY) 26:090 21:06 <0001
Qroke Work (LmmHgm ™) 35209 43%10 <0001
KE enzyme, BP blood pressre, B effective atenal

convesting
dagtance LV left ventricudar, MI myocardia infarction, MVO microvascular
obatruction, SV eroke volume, TAC totd arterial compliance, TAWR total
peripherd vasoular restance
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Intra-obsarver reprodudhbility of the determingtions of
LV-volumes and EF was assessed in 30 conseautive CMR
eans from the present cohort which were andyzed
twice in an intenvd gede than 1 month apart. Absolute
vaues of the rdaive variaions between the first and sec-
ond messurements were on average 6591533 mL for
EDV and 295 £ 2.65%or EF.

LV remodding was assessed by the inareases in EDV and
EF between basdline and 6 months, and the comesponding
thresholds were determined as the upper limits of the 95%
confidence intend of the reprodudibility andysis desaribed
above, ie >173 mL for EDV and >83%for EF.
Continuous vaidbles are egresad & means dandad de-
vidion [D] and dsoee vaidles a paoantags Pared
companisons between basdine and 6 months were parformed
with Wilcoxon tests for continuous variables and McdNemer
tests for percentages. Unpaired comparisons of continuous
varidbles ware paformed with Mamn-Whithey tests when
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compaing two goups and with Knskad-wdlis te=ts for
more than 2 goups Unpaired integoup comparisons of
dsode vaidies wae pafomed with di-sguge t=is or
predidors of an ingeese in EDV or in BF & 6 months were
investigated among the basdine vaniables liged in Tables 1
and 2 as wel as among the 6-month dhangss in vesoular pa-
rameters (BP, TPVR, TAC and Ea). In al above tedts, a 2-

Multivariable stepwise loggtic regressons were d<o
applied for predicting an incease in EDV or in EF &
6 months, with backward-forward sdection among signifi-
cant univaride predidors and with povduss of 005 ad

Results

Patient characteristics &t basgline

A tota of 141 patients were induded, among whom 20 had
no CMR a 6 months (three with contraindications and 17
consent withdrawdls), yidding a tota of 121 patients for the

Table 3 Mean (= D) and p vaues for the sgnificant univariate comelates of the two-group comparnsons between patients with and
those without 6month inaeases in LV end-diastolic volume (BDV, left pandl) or in gjection fraction (B, right pandd)

hose in BV hos=sein &
Presence Abserce praue Presence Absence praiue
n=3) n=85) h==) n=69)
Baspfine parameters
Delay flom pain onset (hours) 49429 40%19 NS 44123 41223 NS
Mireiated coronary artery
- left antevior descending artery 24679 41433 NS 20579 »BE9 NS
- right coronary artery 10 (2% S@g NS 2059 S99 NS
- left Grourrfiex artery 269 91199 NS 369 8(1209 NS
Heart rae (bpm) B2 64£10 0037 712 6519 NS
LV ejection fraction (39 4048 348 a3t 48 4417 <0001
Totad Ml area (%0 LV) 5z12 011 o2 212 211 NS
Transmural Ml area (360f LV) 21:13 SEES Y] Q007 16212 16+13 NS
M\O - presence (39 7059 09 <0001 5@ 34 @ NS
- area (%0 LV) 13212 6%10 Q001 8%10 811 NS
VY rm™) ‘=8 P17 Qo1 %48 048 o3
TAR (mmHgminarL™) 41%16 B8 NS Q=13 37x7 0014
TAC (mimZmmg ™) aR2:02 0754021 NS 0894020 07840211 o1
& (mmHgnr L) 29%12 25106 00% 28:11 24:06 0008
Sroke work (LmmHgm ™) 31407 36409 0006 34409 35408 NS
Changss in vesoular parameters from bassiine to 6 months
Dizstolic B (mmig) 2217 3%14 NS 7214 0214 0011
Mean BP (mmia) 1221 2x15 NS Sz17 2:16 0033
TAR (Mg minarL ™) 5217 318 NS -10:12 129 <0001
TAC (mim~ mmiig ™) 0103 Q102 NS 0202 0002 0001
& (gl Y) 0812 04206 o2 09209 0206 <00001

NS non-significant; see Tabie 2 for the other abtveviations
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present andysis. Basdine charadteridtics are detaled in Ta-
bles 1 and 2 Men age was 5£10 yeas, 1776 wae
women, the M I-rdated vessd wes the left anterior descend-
ing artery in 54%0f cases and primary angoplasty wes per-
formed on average 43 £2.3 h dter the onset of chest pain.

At basdine CMR, mean LV gection fraction (EF) wes
42 £8% 98%0f paients exhibited an M1 area with LGE
while 49%had microvascular obstruction.

Evolution at 6 months

Pared comparisons between basdine and 6 months are
detaled in Table 2. Most patients were still under beta-
blocker treatment (84%) & 6 months, as well as under
angotensin enzyme converting (ACE) inhibitor (86%9 d-
though only 52% of the overdl populdion had an
equivalent dose corresponding to that targeted in post-
MI trids [18]. Only six patients received mineraocor-
ticoid receptor antagonist trestment and only two had
vasodilators other than ACE inhibitors.

On aeage, maked improvements were cbsernved from
besdine to 6 months for dl S/-derived parameters, induding
TPVR, TAC and Ea, wheress BP levds remained unchanged.
An abnorrdly high TPVR (340 mmHgminn?L™) wes
documented in a many as 56 pdients & basdine (4679 and
wes dill present in 27 (2299 & 6 months (p <0.001). These
27 ptients with a pergstent hich TPVR had a mean systolic
blood pressure of 144 £19 mmHg during the CMR e@m,
with dightly over haf (5294 under the levd of 150 mmHa.

Most LV function parameters were dso increased, on
average, namdy EF, EDV, stroke volume, stroke work
and cardiac index (Table 2). Significant increases in EDV
only were documented in 21 patients (1799, in EF only
in 37 (3199, in both EDV and EF in 15 (12°9 and in
neither EDV nor EF in 48 (40%3.

Predictions of the increases in EDV and in EF

As detaled in Table 3, among basdine cardiac variables,
those reflecting M1 severity (areas with LGE, micro-
vascular obstruction), were strongly correlated with a
6-month increase in EDV, whereas patients with an in-
aease in EF were rather characterized by a lower base-
line EF.

The 6-month increases in EDV and EF were addition-
dly predicted by a lower basdine SV (Table 3), and
among dl SV-derived paramnetes, a lower basdine stroke
work wes assodaed with an incease in EDV, wheress
worse functionad vascular parametars & basdine (ie
higher Ea and TPVR and lower TAC) were assodiated with
an inceese in EF. Findly, a 6-month improvement in
these vascular parameters was @ main characteristic of
patients with an increase in EF (Table 3) with an espe-
dally notable decrease in TPVR between basdine and
6 months (in mmHgmin.m?L™": —10+12 for patients
with EF-increase vs. +1 £9 for the others, p <0.001).
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The strongest multivariate corrdates for the 6-month
incease in EF were the concomitant change in TPVR
(p<0001) and basdline EF (p=0.028) (dobd R?=0.40),
while the strongest corrdates for the 6-month increase in
EDV were basdine stroke work (p=0.019) and presence
of micovascular obstruction a basdine (p =0.001) (gobd
R?=021).

Figure 1 provides an illustration of the comparative
evolution of TPVR from basdine to 6 months between
the four groups of patients with increases in EDV only
(EDV+EF-), EF only (EDV-/EF+), both EDV and EF
(EDV+/EF+) and neither EDV nor EF (EDV-/EF). Repre-
sentative cases are dso shown in Fig. 2. The two main
observations are that i) the increase in EF was strongly
linked to a concomitant dedine in TPVR (6&-month
chenge in mmHgminn? L™, EDV-/EF-: +1 £8, EDV+/EF-:
4349, EDV-/EF+ -7 +6, EDV+EF+ -15+20, p<0001)
and ii) the absence of EF improvement was assodiated

-

TPVR
(mmHg.min.m?.L?)

[mmHg.min.m.L!)
g8 B8

Difference in TPVR

<0001 -

&

<J001 —

hil

EF -

§

&
z

% of patients with
abnormally high TPVR

s i

EF +
EDV~- EDV~ EDV+ EDV+
(n=43) (==17) {m=21) {n=15}

Fig. 1 Mean \aues (29D) for bassline (black colunns) and &month
(whit2 colurmns) values of tota penpheral vasoular resistance (TPWR,
upper pand ), for the mean difference in TAVR between bassline and
6 months (grey colurmns, median paned) and for the percentages of
petients with abnomraly high TAR (340 mmbgminn 'L, lower pard)
In patients categorized in 4 groups: ) those without any sgnificant
ingesse In BF or EV & 6 months (BEDV), () those with an incease
in B only (B-4/ED\-) or (i) EDV only (adverse remodeing, B8V
and (v) tha=e with inoe==e in both BF and BDV (BF4/EDV4). *p <005
! for paired cormperisons between bassine and 6 montfs

EF = FEF +
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Cine-MRI

#1 Baseline
EF: 41%
EDV: 70 ml.m™?
MVO: 0%
6-month
EF: 61%
EDV: 69 ml.m~ §Y

Baseline
EF: 34% /
EDV: 113 mim

MVO: 13%

6-month
EF: 34%
EDV: 143 ml.m-

#2

Baseline

EF: 27%

EDV: 94 ml.m*
MVO: 22%

6-month
EF: 37%
EDV: 120 ml.m™?

#3

Fig. 2 Mid-entricular vertical long-énds slices a basaline and at 6 months obtained from kate gadolinium enhancement (LGE) images (right pand )
and ane-MRL & end-diastole (ED, laft pand) and end-sytole (E5 middie pand), with LV parameters (B for ejection fraction; EDV for end diastolic
volume and MVO for %of LV area with micovescular obdtruction), in 3 representative cases of anterior infarction and Grmonth increase(s): #1) in
B only and a 6-month decrease in TAVR (-8 mmHgmina? L-1), #2) in EDV only and no dear change in TAVWR (-1 mmbaminn’L-1) and 48)in
both EDV and BF and a Gmonth decrease in TAR (-11 mmHgminnrL-1)

with high persistent rates of abnormally high TPVR at
6 months (EDV-/EF-: 31% EDV +/EF-: 38% EDV-/EF+:
5% EDV+EF+: 13% p =0.007).

Lastly, of particular note, the 6-month increase in
EDV was manly dependent on cardiac as opposad to
vascular parameters and particularly on the presence of
microvascular obstruction at basdine, as strengthened
by the following rates in the four groups: EDV-/EF-:
37% EDV+/EF-: 76% EDV-/EF+: 38% EDV+/EF+: 73%
(p =0.003).

Discussion

LV remodding following acute M1 was previously shown
to be difficult to predict a an individual levd, although
a possible interfering role of the concomitant evolution
of vascular function has never been considered to
date. This remodeling may be regarded as an adaptive
mechanism for maintaining cardiac stroke volume after
the loss of contractile tissue [1]. Indeed, as schematicaly
represented in Fig. 3, stroke volume can be restored by an

increase in LV ejection fraction but dso in end-diastolic
volume [1]). However, this increase in end-diastolic volume
is known to result in ddeterious loading conditions, pro-
moting further enlargement and dysfunction, and thereby
resulting in an adverse vicious cyde [1].

In the present study, SV-derived parameters were se-
lected as independent predictors of LV remodding. One
such parameter is the indexed stroke work which together
with the presence of microvascular obstruction provided
the strongest multivariate corrdation with the 6-month
increase in end-diastolic volume. Indexed stroke work,
caculated by the product of mean BP and indexed SV,
provides an indication of the aortic flow that can poten-
tialy be generated by the LV at sufficiently high pressure
and has been indubitably recognized as a strong prog-
nostic indicator in patients with severe M1 and/or heart
failure [19, 20].

Microvascular obstruction, dso known as “no reflow”,
is currently documented at short term after an acute M1,
ataining its maxima size ater 48 h [4]. In accordance
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Adverse
remodeling remodeling

Vascular
resistance
Aorﬂic valve
lnhmlon

Fig. 3Mmd&mﬁmdtﬁed&min
systemic vasodar resstance in the mechaniss leading to reverse
remodeling (where stroke volume (S/) may be improved owing to
an increase in ejection fraction (BF) with a dedrease in end-systolic
volurme (ESV)) but not to adverse remodding (where SYimproverment is
atributzble to an increese in end-diastolic volume (EDV) I link with MI
sverity and espedaly of micovesuiar obstruction). Note that adverse
and reverse remodding comespond to different mechanisTs and may
thus coedst in the same patients

Baseline

EF”

with previous comparable studies, the present findings
show that microvascular obstruction was a strong pre-
dictor of a subsequent adverse remodeling (as defined by
an increase in LV volume [4, 21-23]), but not of the evo-
lution of LV ejection fraction [3]. The latter was rather
best predicted by systemic vascular resistance, another
SV-derived parameter reflecting LV afterload. More pre-
cisdy, the 6-month change in TPVR was sdected as the
strongest independent corrdate of the concomitant en-
hancement in LV ejection fraction, together with the base-
line leve of gjection fradtion, with these two variables
accounting for up to 40%(corresponding to the R? value)
of the significant increases in gection fraction & 6 months.

By contrast, BP and its changes over time were not
found to be accurate indices of the evolution of LV after-
load in the months following acute MI. This point is
best illustrated by the observation that BP was, on aver-
age, unchanged between basdine and 6 months, whereas
dl SV-derived parameters of aterid afterload were
markedly enhanced during this same period. These pa-
rameters included TPVR and TAC, which respectively
reflect the functions of distal and proximd arteria beds,
as wel as Ea, which could be considered as representing
amore globa index of vascular function [8-10].

Vascular function wes likely markedly influenced in
the present instance by the medica regimen prescribed
after M1, especialy by ACE inhibitors, which were pre-
scribed in approximatdy 85%of our patients throughout
the 6 months of follow-up. Other arterial vesodilators
were prescribed in only two patients and no patients
were on beta-blockers with vasodilating properties.

Page 7of 9

ACE inhibitors are known to favorably dter ischemic
LV remodding with hemodynamic effects, induding the
lowering of both TPVR and volume expansion, leading
to a reduction in LV wal stress, a main simulus for ad-
verse remodeling [1, 24-26). However, only half of our
patients recaived, a 6 months, the dose prescribed for
ACE inhibitors targeted in post-M1 trids, in accordance
with results from previous observationa studies [27].

SV values were also assessed with the SSFP sequence
and by subtracting end-systolic to end-diastolic LV vol-
umes. While these SSFP-SV vaues were in line with those
provided by the aortic phase-contrast ssquence, they none-
theess differed dightly due to methodologcd consider-
aions (results not shown). M oreover, these SSFP-SV vdues
were not used in our andyses in order to avoid their inter-
dependence with the remoddingrelated changes in LV
volumes which were assessed with the same LV contours,
Indead, with the use of SSFP-SV vaues, any change and/or
eror in the detemination of LV contours would symmet-
rically affect both SV-derived and LV-remodding veriables,
leading to an exaggeration of the link between these two
groups of variables.

The present study furthermore shows that the decresse
in TPVR represents a key dement for improving LV ejec-
tion fraction, as schematicaly illustrated in Fig. 3, whereas
LV ejection fraction remains a major prognostic indicator
after M1 [28). Therefore, it may firstly be hypothesized
that a decrease in TPVR might lead to enhance not only
LV ejection fraction but aso the prognosis of certain cat-
egories of patients. Secondly, it is likely that such an im-
provement in TPVR could be targeted at least in patients
for whom TPVR was dill abnormally high a 6 months,
These patients represented as many as 30%of those who
had no increase in EF and 38%oof those with definite ad-
verse remodding (ie those with a 6-month increase in
EDV but not in EF). Thirdly, it must be kept in mind that
while the presence of high TPVR constitutes a halmark of
vascular diseass, commonly leading to hypertension, a
clear risein BP is frequently lacking in instances of cardiac
dysfunction [29]. Case in point, more then haf of our pa-
tients with high TPVR 4ill had normal or sub-normal sys-
tolic BP (<150 mmHg) during the 6-month CMR exam.

Finally, it may be hypothesized that these high-TPVR
patients could benefit from a change in vasodilating drug
regmen with higher dosss of ACE inhibitors and/or
other arterid vasodilator(s) even when BP is not dearly
devated. Larger scde studies are obviously needed to deter-
mine the edent to which such a persondized therapeutic
strategy, basad on the non-invesve CMR monitoring of
TPVR, could better orient LV remodding toward its re-
verse form, as illustrated in Fig. 3. Neverthdess, this study
shows that functiona vascular disease is frequent in the
background of acute M1, thereby limiting any further im-
provement in LV egedion fraction, and that this dissase
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should be considered in @ more goba srategy of cardio-
vascular treatment and monitoring.

A certan degree of impredsion in SV messurement,
relded to phase offsgt evors, remans the man limita-
tion for the use of phase contrast sequences, even when
these arTors ae tentativdy corrected by ROI-based
methods [7]. Neverthdess, SV has been shown to be
successfully assessad with M RI phase-contrast sequences
with a lower than 10%error, an accuracy leve unattain-
able by Doppler techniques [7]. Another limitation is the
absence of T2* or T2-weighted imaging for quantifying
intramyocardia edema or intramyocardia hemorrhage,
wheress this could have led to further improvement in
the prediction of LV remodding [4].

Condusions

The present study shows that LV remodding following
reperfused M1 is linked to the concomitant evolution of
loading conditions and partiaulaly to the variable decrease
in vasoular resstiance under slandard care cardiovescular
medication. It is likdy that the non-invasive CMR mon-
itoring of vascular resistance may help to tailor these
medications in order to improve vascular resisance
and consequently, LV ejection fraction.
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6 Discussion

6.1 Forces

Nous avons montré a travers les travaux menés dans le cadre de cette thése que 1’utilisation
de nouveaux biomarqueurs d’imagerie cardiovasculaire, essentiellement par 1’é¢tude des
paramétres de déformation échocardiographiques, permet une approche morphologique et

fonctionnelle extensive du remodelage et de ses déterminants notamment dans le post-infarctus.

La principale force de nos différents travaux est la conjonction de I’expertise en imagerie —
principalement sur les nouveaux marqueurs €chocardiographiques - et en méthodologie —
notamment sur les techniques d’évaluation des capacités de prédiction. Chaque travail a pré-
sélectionné 1) des critéres de jugement de substitution pertinents et validés trés associés au
remodelage péjoratif a moyen terme (taille d’infarctus, obstruction microvasculaire, fonction
VD), 2) des outils d’imagerie innovants (déformation bi et tridimensionnelle, profil de
déformation, couplage ventriculo-artériel) et 3) une méthodologie permettant d’identifier
I’apport additionnel des techniques étudiées aprés avoir validé les aspects métrologiques de

reproductibilti¢ et de faisabilité.

Ces travaux ouvrent la voie d’une stratégie d’évaluation échocardiographique (ou combinée
échocardiographique et IRM). En effet, cette stratégie d’évaluation, pouvant étre réalisée au
cours d’un examen de routine lors de 1’hospitalisation initiale pour infarctus, pourrait orienter les
stratégies thérapeutiques de revascularisation et/ou de réhabilitation. Les trois €léments qui

pourraient avoir I’impact pratique le plus important sont :

1) une meilleure identification précoce, dés I’hospitalisation pour IDM, de la taille
d’infarctus réelle, par échocardiographie — en utilisant les variables de strain
temporel - et IRM (126,127)

2) une meilleure prédiction de la MVO, prédicteur important de remodelage, par les
variables de déformation évaluées par échocardiographie 3D (128)

3) une meilleure prédiction du remodelage par I’évaluation des variables fonctionnelles
vasculaire par IRM

Une meilleure identification de la MVO pourrait permettre de facon extemporanée, avant la

réalisation de la coronarographie, de décider au mieux de la stratégie de revascularisation

initiale. Cela pourrait permettre de raffiner la stratégie actuelle, principalement centrée, faute de
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mieux, sur la persistance de douleur thoracique (20). L’intensité de 1’approche thérapeutique
pharmacologique (1’utilisation des antagonistes du récepteur minéralocorticoide dont on a des
indicateurs de I’effet sur I’évolution du BNP (129)) pourrait étre modulée en fonction des
données afférentes aux 2 derniers points (prédiction de la taille d’infarctus réelle et du
remodelage). On peut aussi envisager une approche personnalisée en fonction des données
vasculaires, dans la méme veine que I’essai SPARTE actuellement en cours chez des patients
hypertendus, visant a adapter le tratiement anti-hypertenseur aux valeurs de vitesse d’onde de
pouls (130). Une approche similaire pourrait étre testée en post-IDM. Celle-ci serait trés
innovante par rapport au dogme actuel quasi uniquement centré sur I’évaluation des techniques

de revascularisation et d’antiaggrégation.

L’opportunité et I’efficacité de ce type de personnalisation des stratégies thérapeutiques aux
données d’imagerie précoces est a étudier dans le cadre d’essais spécifiques. Néanmoins, notre
travail a permis de souligner la bonne capacité de prédiction précoce de la taille d’infarctus

réelle, de la MVO et du remodelage, et suggere la nécessité d’entreprendre ce type d’étude.

6.2 Faiblesses

Bien que notre travail associe des biomarqueurs trés novateurs avec une analyse IRM et
échocardiographiques précise de la séquelle d’IDM, nous devons concéder certaines limitations

inhérentes aux populations et aux techniques d’imagerie utilisées.

6.2.1  Liées a la population étudiée

Les cohortes ¢tudiées étaient uniquement monocentriques ; I'ensemble des examens a €té
réalis€¢ dans le méme laboratoire d'échocardiographie par un nombre limité d'opérateurs (Dr
Selton-Suty, Mr Bozec et moi -méme) ainsi que dans l'unité¢ d'IRM cardiaque (Pr Marie et Dr
Mandry). Ceci est un facteur limitant de notre travail. La reproductibilité au sein d’'un méme
centre est plus élevée que celle observée sur une multitude de centres, aux pratiques d’imagerie
non-uniformisées. Le caractére monocentrique a par conséquent pu entrainer une surévaluation
des associations identifiées dans le cadre de cette these.

Par ailleurs, l'effectif de la cohorte REMI, pilier de ce doctorat, est faible. Cet effectif
s'explique notamment par des difficultés organisationnelles. Cette taille d’échantillon a imposé
d’utiliser plusieurs critéres de jugement intermédiaires (ou de substitution) devant le nombre de

patients présentant un remodelage. Certaines analyses (notamment sur le VD et le 3D
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(127,128,131)) ont été effectuées avant la finalisation de la totalité des inclusions ; ceci explique
le nombre variable de patients des articles présentés dans ce manuscrit de theése. Ces variations
d'effectifs n'étaient pas liées a des problémes de faisabilité. Il est vraisemblable que des résultats
similaires auraient été observés sur les effectifs complets, avec des intervalles de confiance plus
resserrés, l'association entre les variables ayant une faible probabilité d'étre dépendante du
moment d'inclusion dans 1'étude.

La majorité des patients inclus dans la cohorte REMI avaient un infarctus de taille limitée
(<20% de la masse VG) etdes FEVG relativement préservées (FEVG moyenne a 45%). Ces
caractéristiques expliquent la faible proportion de remodelage (moins de 20 % avec remodelage
VG significatif a 6 mois). Par ailleurs, en raison de l'effectif et du suivi de seulement 6
mois, nous n'avons pas suffisamment d'événements cardiovasculaires (hospitalisation pour IC ou
déces) pour investiguer la capacité pronostique des biomarqueurs d'imagerie. Les caractéristiques
des patients inclus dans 1'étude REMI nous semblent cependant étre assez représentatives de
I'évolution des infarctus en France. Les patients atteints d'infarctus béneficient actuellement d'un
accés rapide a wune revascularisation efficacece qui limite vraisemblablement
les tailles d'infarctus. Un biais de sélection peut exister, li¢ a la réalisation de I'IRM en phase
aigu dans le cadre de 1'étude REMI, écartant donc les patients instables présentant le plus souvent
les plus grandes taille d'IDM. Cependant, notre cohorte nous parait illustrer cette mutation vers
une population post-infarctus ayant le plus souvent des FEVG préservées et /ou intermédiaire (40
-50%).

Nous débutons actuellement une 3éme visite d’évaluation ; nous aurons ainsi un recul de
4 a 6 ans par rapport a I'événement initial. Nous pourrons ainsi apprécier 1'évolution des
parametres échocardiographiques (déformation et fonction diastolique) & moyen terme et évaluer

la capacité de prédiction des biomarqueurs vis-a-vis d'évenements cardiovasculaires « durs ».

6.2.2  Liées aux techniques d’imagerie

Les parametres de déformation, dérivés des acquistions 2D, ont montré leurs robustesse
dans de nombreuses études (129-134) et nous avons confirmé la tres bonne reproductibilité du
pic de déformation systolique de strain. L’avénement de 1’imagerie tridimensionnelle nous a
logiquement amené a tester cette technique dans la situation du post IDM.
Cependant, l'utilisation des parametres de strain dérivés des acquisitions 3D est
réservée actuellement aux laboratoires ayant une expertise dans le domaine. Le temps médecin

nécessaire a son acquisition et son post traitement est significativement supérieur aux techniques
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de strain 2D le rendant probablement peu compatible avec une activité clinique de routine.

Les parametres de déformation temporelle - préstrecht et contraction post systolique - ne
nécessitent par contre pas d'acquisitions supplémentaires et leur implémentation est satisfaisante
dans les logiciels de post-traitement disponibles dans les laboratoires. Leur obtention est donc
possible sans temps ou manipulation supplémentaire par rapport a une simple analyse du pic de
strain. Cette facilité d’implémentation favorisera son utilisation en pratique clinique de routine.
Cependant, les parametres de déformation temporels sont des paramétres qui ont une moins
bonne reproductibilité et dont l'utilisation doit étre réservée a des médecins ayant déja une
expérience importante. Ceci est principalement li¢ a la validation de la région d'intérét et a
la qualité du tracking.

Enfin concernant les outils dérivés de I'IRM cardiaque et notamment les mesures de
couplage, la nécessité de recourrir & I'IRM est un frein majeur a leur diffusion. Ces outils
d'évaluation du couplage doivent étre transposées et validées en échocardiographie afin d'assurer
une large utilisation dans l'avenir de cette approche. Cependant, les méthodes de
calcul échographique et leur capacité de prédiction du remodelage devront étre validés dans des
travaux spécifiques.

De facon générale, toutes les valeurs des biomarqueurs d'imagerie que nous avons étudiés
ont été acquises dans des conditions quasi-optimales, relues selon des procédures standardisées,
par des opérateurs experts, et vérifiées systématiquement dans le cadre de processus de qualité de
recherche. La valeur de ces biomarqueurs est importante dans ce cadre. Il serait cependant utile
de s'assurer qu’une méme utilité de ces variables soit retrouvée en dehors de ce cadre optimisé.
L'utilisation plus large des données échocardiographiques acquises dans le cadre clinique serait

utile pour répondre a cette question majeure.

Nous avons utilis¢ de nombreuses techniques et variables d'imagerie. Il n'est pas
envisageable, dans un cadre clinique, pour un patient donné, de réaliser l'integralité de ces
mesures. Il conviendra de prioriser et de déterminer quelle est la stratégie d'imagerie ayant le
meilleure ratio information/ temps et ressources humaines afin d'assurer une large diffusion du

paradygme basé sur les biomarqueurs d'imagerie que nous proposons.
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7 Perspectives

Suite a nos travaux, 3 axes principaux de recherches préparatoires nous semblent

indispensables pour les mois et années a venir :

1)

2)

3)

Le premier est 1’association des différents outils d’imagerie au sein d’une démarche
intégrative mais ciblée sur quelques parameétres clefs biologiques et d’imagerie, dont on
ferait la preuve qu’elle apporte une valeur ajoutée par rapport a une approche clinico-
biologique classique, permettant une dissémination de 1’approche d’imagerie que nous
suggérons ci-dessous dans un contexte de pratique clinique quotidienne en milieu aigu
(en post-IDM précoce)

Le second est 1’¢laboration de stratégies d’utilisation d’outils d’imagerie cardiaque, en
s’appuyant sur leur lien avec les biomarqueurs circulants, afin de mieux détecter la
fibrose myocardique (et non pas le remodelage), qui in fine est le primum movens du
remodelage, et pour laquelle I’équipe du CIC-P de Nancy a déja montré qu’elle pourrait
moduler la réponse aux approches pharmacologiques (notamment les antagonistes du
récepteur minéralocorticoide).

Le dernier axe que nous aimerions développer est celui d’une meilleure détection précoce
des patients asymptomatiques avec des anomalies structurelles et une dysfonction
diastolique (stade A ou B de la classification ACC/AHA) ne se limitant pas aux
variations de volumes, notamment en y intégrant la notion d’un remodelage et de
dysfonction systolo-diastolique subtile. En effet, une séquelle d’IDM peut favoriser
I’apparition un remodelage ventriculaire avec altération de la fonction systolique a long
terme, mais est également associée a une augmentation du risque d’IC diastolique. Il
semble alors indispensable d’approcher le remodelage ventriculaire « fonctionnel » en
appréciant la fonction diastolique et les altérations fines de la fonction systoliques grace
au strain myocardique, mais aussi en ¢évaluant le remodelage d’autres cavités
myocardiques comme [’oreillette gauche. Les variables de strain, au dela de la
quantification d’une dysfonction VG infra-clinique, pourraient aider a appréhender le
degré de fibrose ventriculaire. Ces modifications fonctionnelles ne sont actuellement pas
intégrées dans nos pratiques comme des variables de remodelage au méme titre que les

modifications de volume.
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7.1 Approche intégrative basée sur les BM d’imagerie et biologique pour

prédire le remodelage

7.1.1  Priorisation des biomarqueurs d’imagerie

Plusieurs des travaux présentés dans le cadre de cette thése (123,125,127,128,131) ont
apprécié la valeur diagnostique de paramétres échocardiographiques et les ont comparés/validés
a I’aide de I’'IRM cardiaque considéré comme le gold standard. Nous avons aussi souligné la
performance de I’évaluation fonctionnelle vasculaire par IRM pour prédire le remodelage (125).
Cependant, si ces informations sont individuellement intéressantes, elles ont trés peu de chance
d’étre utilisées en pratique clinique en 1’état. Le volume d’information et de publications dans le
champ de I'imagerie cardiovasculaire est trés important. Le plus souvent, un article avance un
parameétre unique pour prédire un critére de jugement unique, variable en fonction des études

considérées.

La premiére étape, probablement la plus simple, est de déterminer quelle est la meilleure
stratégie diagnostique basée sur 1’imagerie et les biomarqueurs biologiques pour prédire le
remodelage post-IDM. Cette stratégie serait basée sur un nombre limité de variables d’imagerie,
integrées au sein d’un score, permettant la prédiction la plus optimale possible du remodelage
post-IDM. Les variables candidates naturelles a ’intégration dans ce score sont les variables de
déformation échographique, principalement le strain temporel (127) mais aussi le concept des
variables issues de I'IRM dont la quantification de la taille d’infarctus et les parameétres

fonctionnels vasculaires.

L’idée d’un score d’imagerie, basé sur des preuves, a pour l’instant été assez peu
développée dans le domaine de I’imagerie cardiovasculaire (ce qui contraste avec I’abondance de
scores cliniques dans le champ cardiovasculaire, notamment rythmologique). On propose ici la
validation d’un score a partir d’une cohorte, ou d’une méta-analyse de cohortes avec des données
d’imagerie précoces initiales, évaluant I’apparition de remodelage en cours de suivi. La
principale difficulté repose sur la nécessité d’avoir des données d’imagerie « compatibles » dans
les différentes études. Dans cette optique, nous participons actuellement a un effort collaboratif
de partage de données d’études aux design proche de REMI dans le cadre du réseau INI-CRCT

(Cardiovascular and Renal Clinical Trialists ; www.inicrct.org) . Le but est de pouvoir fusionner
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plusieurs cohortes de taille moyenne ayant inclus et suivi des patients en post infarctus avec un

phénotypage complet.

7.1.2  Simplification de 1’acquisition des biomarqueurs d’imagerie

Les outils développés dans le cadre de cette thése peuvent, pour certains, apparaitre
¢loignés de la clinique. Cependant, la grande majorité peut étre obtenue sans temps d’acquisition
rédhibitoire, sans matériel spécialisé, avec des coupes d’acquisition standard lors d’une
échocardiographie réalisée avec un appareil récent au chevet du patient. Cet élément suggére une
bonne capacité de diffusion de ces outils. Méme si nous avons proposé¢ une simplification de
certaines mesures en IRM pour en améliorer son acces (138), sa réalisation systématique au
cours de I’hospitalisation initiale semble difficile. Pour des raisons médico-économiques, il ne
semble pas possible de réaliser une IRM cardiaque a I’ensemble de la population de post-IDM ou
suspecte de fibrose. De plus, lors de la prise en charge initiale d’'un syndrome coronarien, le
patient étant potentiellement instable, non mobilisable des soins intensifs, I’obtention de données
(fonction, caractérisation tissulaire et couplage VA) au lit du patient semble préférable. Pour
contourner cette difficulté de la praticabilit¢ de I’IRM lors du séjour initial d’IDM, il est tres
vraisemblable que les techniques échocardiographiques que nous avons développés dans cette
thése pourraient permettre d’approcher une quantification de la taille d’infarctus assez précise, se
rapprochant de D’information rapportée par I'IRM. De plus, les données fonctionnelles
vasculaires que nous avons étudiées pourraient étre transposées en échocardiographie (125)

(139).

Il apparait donc possible de développer un algorithme simplifi¢ de prédiction du
remodelage basé sur une évaluation compléete simple et précoce échocardiographique incluant
des variables de déformation, permettant de mieux apprécier la taille d’infarctus, et des données

de couplage ventriculo-artériel, réalisés au cours du séjour initial pour IDM.
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7.1.3  Valeur ajoutée des biomarqueurs d’imagerie

Afin d’avoir une approche intégrative, vu les performances des biomarqueurs biologiques
dans la prédiction du remodelage, il sera nécessaire de montrer la valeur additionnelle des
biomarqueurs d’imagerie. La stratégie pour prédire des variations de volume et donc du
remodelage n’est actuellement pas clairement définie, avec un niveau de preuve modéré et par

conséquent non mis en ceuvre en pratique clinique. (3)

Cependant, des variables cliniques, biologiques et d’échocardiographie simples sont déja
des prédicteurs démontrés de remodelage ultérieur, comme la localisation antérieure, le délai de
reperfusion, les marqueurs sériques de nécrose (CPK) ou le diabéte (140). D’autres techniques
d’imagerie comme 1’écho de stress ou de contraste ont prouvé leur intérét (103). Les variables de
strain que nous avons ¢tudiées au cours de ce doctorat devront donc s’ajouter a la performance
de la prédiction d’un remodelage positif ou délétere au dela de la prédiction obtenue par ces
variables cliniques, échocardiographiques simples et biologiques. Comme nous 1’avons souligné
dans notre méta analyse, seule une étude sur 23 a identifi¢ une valeur additionnelle du strain
longitudinal en plus des paramétres clinique et biologique et des critéres échocardiographiques
classiques (95). Néanmoins, méme dans cette étude, le BNP et la dilatation cavitaire initiale
n’avaient pas été pris en compte dans l’analyse globale alors que ces sont des puissants

marqueurs de prédiction d’un remodelage.

Nous avons donc confirmé I’absence de preuve suffisante actuellement pour pousser le
clinicien a utiliser ce parametre quotidiennement. Des études complémentaires sont nécessaires.
La validation de ce parametre sur de plus larges séries avec une appréciation suffisamment
précise du remodelage et des changements de volumes (par IRM) au cours du temps semble
indispensable. Ce pourrait étre le deuxiéme objectif de I’effort collaboratif au sein du réseau INI-

CRCT que nous avons évoqué ci-dessus.
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7.1.4  Stratégie de prédiction mixte basée sur des biomarqueurs d’imagerie et des

biomarqueurs biologiques

Pour évoluer dans ce concept de prédiction du remodelage, et améliorer nos modéles et
nos méthodes de suivi, il semble logique d’associer aux BM d’imagerie des BM circulants
(comme cela I’a été pour le BNP). Il semble évident que I’imagerie cardiovasculaire nous donne
une photo a un instant t de la gravité et I’extension « cumulée » de la fibrose. Il n’est cependant
pas certain que 1’imagerie seule puisse fournir I’information sur la notion de fibrose « active » et
par conséquent évolutive. Les 2 approches sont donc probablement complémentaires,
renseignant sur 2 échelles de temps cumulées (I’une étant extemporanée et 1’autre étant

cumulative).

La possibilit¢ de quantifier I’activité fibrotique biologique permettrait d’évoluer vers un
score de prédiction clinique, biologique et d’imagerie pour prédire le remodelage, ce qui serait

une avancée majeure par rapport a nos pratiques actuelles.

7.2 La fibrose myocardique : acteur central

La fibrose est un des ¢éléments clé du pronostic des patients IC associé¢ a une rigidité
ventriculaire et a I’hétérogénéité électrique augmetant le risque de mort subite. La fibrose diffuse
ou interstitielle est une évolution de nombreuses cardiomyopathies et s’accompagne d'une

dysfonction diastolique et systolique et est associée au risque de déces. (141)

Les modifications de 1’équilibre de la MEC peuvent conduire a la production de fibrose
(dépodt de collageéne). Cette fibrose est I’un des éléments majeurs de la survenue du remodelage
VG dans différentes cardiopathies (cardiomyopathies dilatées, hypertrophiques post
hypertensives ou ischémiques)(142). Elle est le processus physiopathologique sous-jacent
au remodelage VG mais également vraissemblablement du risque évolutif vers I’IC et ceci quelle
que soit 1’étiologie sous-jacente. Par ailleurs, comme nous ’avons précédemment expliqué, la
notion de remodelage et de variation de géométrie du ventricule chez certains patients pourrait
étre li¢ a D’existence d’une fibrose préalable ; la survenue d’un nouveau processus fibrotique
(comme dans I’'IDM) se surajouterait a une fibrose préexistante, les 2 élements étant synergiques

vis-a-vis de I’impact global sur le VG.(50)
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L’IRM cardiaque est le gold standard de 1’évaluation de la fibrose focale et interstitielle.
Comme nous 1’avons déja indiqué, cet examen a des limitations pratiques liées a sa disponibilité
et sa faisabilité en contexte aigu. Les patients qui ont probablement le plus de fibrose (FEVG <
35%) sont le plus souvent ceux pour lesquels la réalisation d’un IRM en phase aigue peut étre
délicate ou contre indiquée (DAI). (143) De plus ’IRM ne renseigne pas sur I’ancienneté et le
caractére actif de la fibrose. La fibrose cumulative va E&tre renseignée par le degré de
rehaussement tardif mais il est impossible de définir si un processus actif de fibrose est en cours
au moment de I’acquisition. Enfin, méme si des techniques sont en développement (T1
mapping)(144) I’évaluation précise de la fibrose interstitielle diffuse réactionnelle ou liée a un

stress peut étre délicate (CMD, HTA ) (145)

L’échocardiographie est plus accessible en pratique courante (faisabilité et répétition des
examens au cours du temps). L’étude des déformations globales et segmentaires a déja montré
son intérét dans la détection de la fibrose chez des patients atteints de cardiomyopathies
comparativement a ’imagerie de résonance magnétique notamment dans la cardiomyopathie
hypertrophique. (146)(147) Le strain du VG reflétant indirectement le degré de contraction
myocardique a été mis en évidence comme corrélé avec la fibrose myocytaire (148,149)(150).
De facon spécifique, le degré de dysfonction longitudinal évalué par 2D speckle tracking est
correlé aux taux sériques de marqueurs de fibrose chez I’hypertendu, le diabétique et

I’insuffisant cardiaque (151)(152) .

Une meilleure évaluation de la fibrose en pratique clinique pourrait avoir des
conséquences thérapeutiques majeures. Ce concept de thérapeutique personnalisée basée sur la
fibrose a été initi¢ par I’équipe du CIC-P dans une sous analyse de 1’é¢tude RALES (153,154).
Dans cette analyse, les patients IC avec des niveaux élevés de marqueurs de fibrose avaient
logiquement une probabilité d’événement plus élevée mais également une meilleure réponse a la
spironolactone, qui est une thérapie puissamment anti-fibrotique sur des données fondamentales.
Dans cette sous-étude, les taux de collagene circulants étaient diminués par la spironolactone,
suggerant ainsi que que la limitation du turnover de la MEC est une des cibles des anti
aldostérones et que celle-ci pourrait ralentir le processus de fibrose.(155) Ainsi, détecter les
sujets qui ont un remodelage « actif » (ou évolutif) pourrait étre une approche performante pour
cibler les patients les plus répondeurs aux antialdosterones. Cette approche est actuellement en
cours d’évaluation dans le cadre de I’essai HOMAGE, chez des sujets a risque de développer une

IC (notamment patients coronariens).
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Nous souhaitons évaluer si I’imagerie par échocardiographie et IRM, dans les différentes
cohortes a notre disposition, est associée a la fibrose biologique. L’objectif final serait de définir
quels sont les paramétres échocardiographiques les plus associés a la fibrose structurale évaluée
en IRM cardiaque et a la fibrose biologique. L’utilisation de la quantification de la fibrose en
IRM (en dehors de la quantification de la taille d’infarctus) est pour 1’instant confidentielle, tout
autant que la quantification biologique de fibrose par dosage du collagéne circulant. Si
I’échocardiographie posséde de bonnes performances diagnostiques de fibrose, 1’approche

mentionnée ci-dessus pourrait étre beaucoup plus simplement appliquée en pratique clinique.

7.3 Evaluation des biomarqueurs d’imagerie pour approcher la fonction

diastolique

La dysfonction de la diastole est souvent un élément précurseur d’IC. Elle est le reflet
d’un remodelage VG et du couplage VA. Il existe probablement un continuum entre la
dysfonction diastolique et I’atteinte systolique. L’étude des déformations myocardiques
permettrait d’identifier plus précocement la composante systolique subtile liée aux anomalies
structurelles des sujets pré-symptomatiques. Des études préliminaires suggérent l'intérét de la
mesure des déformations myocardiques dans I'analyse de la cardiopathie hypertensive ou d’IC a
FE préservée (156)(157)(158). Elle contribue a la rigidité du VG qui joue un rdle déterminant
dans IC a FE préservée. L’association entre biomarqueurs de fibrose et 1’étude des déformations

myocardique n’a cependant jamais été réalisée dans le stade B d’IC.

Nous pensons que les parametres de déformations pourraient étre un outil performant
dans le champ de 1’évaluation de la fonction diastolique puisqu’ils permettent des mesures fines
de systole et de diastole, de synchronisation de la fonction cardiaque et probablement de
couplage ventriculo-artériel. Un grand nombre d’études le montre maintenant: le strain
longitudinal global a une valeur additionnelle pronostique importante notamment dans la
prédiction de la mortalité cardiovasculaire et toute cause dans I’'ICFEP (156—158)

Une ¢étude dédiée sur 1 065 IC (43% non-ischémic) montre que chaque augmentation de
1 pourcent de strain longitudinal en valeur absolue est associée indépendamment a un surrisque

de 1.15 % de mortalité toute cause (160,161) .
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Figure 26: valeur additionnelle du strain en plus des autres paramétres de quantification (HVG, remodelage de
I’OG e E/e’) et algorithme décisionnel ( GLS, global longitudinal strain, cut-off 18%,; LAE, left atrial enlargement,
cut-off 34mL/m2; abnormal E/e’, cut-off 13; LVH, left ventricular hypertrophy, cut-off >115 g/m2 for males, >95
g/m2)

Un autre travail montre I’impact et le role pronostic du strain sur une cohorte de 6118
participants (age 67 - 91), classifiés en fonction des différents stades de I’ACC/AHA. Seulement
5 % des sujets n’avaient pas de FDR de développer une IC (Stage 0), 52% étaient classés en
stade A, 30 % en stade B et 13% Stage C. Plus le stade d’IC était élevé plus le taux de mortalité
et de réhospitalisation était important. La FEVG était préservée dans 77% et 65% des stades C1
et C2 respectivement.(162)
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Figure 27 :
(162).
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Les principales conclusions étaient :

1.

L’addition de la notion de dysfonction longitudinale et donc du strain dans les critéres

diagnostiques d’un stade B (sujets a risque de la cohorte Stanislas ou patients

asymptomatiques de la cohorte REMI) reclassifie dans cette étude 14% des patients
du stade A en B (NRI p=0.016 et IDI p=0.028)

Des anomalies structurales du VG, de fonction systolique (FEVG et Strain) et de

dysfonction diastolique (e', E/e', volume OG) sont additivement associés au sur risque

de survenue d’une nouvelle IC ou de déces chez les patients asymptomatiques (stade

A et B).
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Figure 28 : Hazard ratio des hospitalisations pour IC et déces en fonction du nombre d’anomalies
échocardiographiques (162)

La dysfonction diastolique et le strain longitudinal ont dans cette cohorte une valeur
additionnelle incontestable en plus des anomalies structurelles ou la FEVG pour identifier les

personnes a risque d’hospitalisation pour IC ou déces. (162)

En s’adossant a nos différentes cohortes nous souhaitons développer et tester ces nouveaux
outils de quantification de la déformation (dysfonction systolique précoce) et des outils de
fonction diastolique avancée, comme outil de discrimination et de prédiction de risque de
survenue d’événements cardiovasculaires que cela soit dans une population a risque de
développer une IC (patient REMI avec FEVG conservée mais séquelle d’ IDM) et des patients en
stade A (FDRCV de développer une IC a FEP). Le concept est de s’affranchir de parametres
usuels et d’essayer d’avoir une évaluation globale de la diastole mais aussi prenant en
considération la fonction vasculaire du patient. L’intégration des outils d’analyse fine de la
fonction systolique comme le strain pourrait permettre une amélioration des arbres décisionnels

dans la dysfonction diastolique et I'ICFEP.
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8 CONCLUSION

Nous avons montré a travers nos travaux que l’utilisation de nouveaux biomarqueurs
d’imagerie cardiovasculaire, notamment par 1’étude des parametres de déformation
échocardiographiques, permet une approche morphologique et fonctionnelle extensive du
remodelage et de ses déterminants dans le post-infarctus. Nos outils d’imagerie permettent une
meilleure identification précoce de la taille réelle d’infarctus, des zones de no-reflow et du
couplage ventriculo artériel, autant de clés pour parfaire un algorithme décisionnel de prédiction
du remodelage. La place des biomarqueurs circulants dans ce modele reste a définir. Cette
stratégie d’évaluation, en utilisant des outils pouvant étre réalisés lors d’un examen de routine au
cours de I’hospitalisation initiale pour infarctus, pourrait orienter les stratégies thérapeutiques de

revascularisation et/ou de réhabilitation.
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DEPISTAGE DU VIEILLISSEMENT CARDIO-VASCULAIRE :
IMPACT DES NOUVEAUX MARQUEURS D’IMAGERIE

RESUME

Le vieillissement cardiaque est fortement associ¢ a 1’apparition d’une fibrose pouvant entrainer
une dysfonction progressive du remplissage et de 1’éjection ventriculaire. Le dépistage du remodelage et
du vieillissement cardiovasculaire sont primordiaux afin de proposer des stratégies de prévention et de
prises en charge spécifiques visant a retarder 1’apparition ou ralentir la progression d’une insuffisance
cardiaque a fraction d’¢jection préservée. Les outils cliniques, biologiques ou d’imagerie sont
insuffisamment performants a I’heure actuelle pour dépister ces modifications précoces ou prédire
I’apparition de remodelage ultérieur de fagon efficace.La réalisation d’une méta-analyse avec revue de la
littérature, nous a permis de montrer la valeur de la déformation myocardique comme marqueur du
remodelage cardiovasculaire dans le post-infarctus, mais nous a aussi éclairé sur la complexité du
phénomene et le manque de preuves sur sa potentielle valeur additionnelle en pratique clinique. Apres
avoir validé les différents outils de quantification du remodelage dans nos cohortes, nous avons montré
I’importance d’une expertise précise de la morphologie et de la fonction cardiaque lors d’un événement
aigu pour prédire un remodelage ultérieur. Nous avons précisé le role de la déformation myocardique
dans la quantification de la taille de I’infarctus, sa sévérité et son éventuelle extension au ventricule droit.
Enfin, nous avons mis en relation les parameétres de contractilité et de fonction vasculaire en montrant la
valeur du couplage ventriculo artériel mesuré en IRM. Ces travaux ouvrent la voie pour une stratégie
d’évaluation d’imagerie précoce en post-infarctus pouvant orienter les thérapeutiques de revascularisation
et/ou de réhabilitation.

Mots clés : Remodelage cardiovasculaire, Vieillissement, Imagerie, biomarqueurs, Echocardiographie,
IRM cardiaque

ABSTRACT

Cardiovascular aging is strongly associated with myocardial fibrosis and progressive LV
systolic/diastolic dysfunction including vascular stiffening. Cardiac remodeling with left ventricular
parietal stress and hypertrophy take place over several years and can ultimately lead to the occurrence of
heart failure. Clinical, biological or imaging tools are currently insufficient to detect early changes or to
predict the onset of subsequent remodeling in an effective manner. However, if subclinical structural and
functional cardiac abnormalities are not detected by conventional echocardiographic techniques, they may
be evaluated by others imaging tools with the measurement of myocardial deformation parameters. We
performed a systematic review suggesting that deformation imaging is associated with left ventricular
volume and function changes regardless the mechanisms and deformation direction. But added strain
predictive value over other clinical, biological and imaging variables remains to prove. After validation of
various remodeling indices, we proved the add value of a comprehensive assessment of ventricule
geometry and function to evaluate remodeling after an acute event. We confirmed the central role of
myocardial deformation for infarct size quantification and detect right ventricle extension. Finally, we
used vascular function measured by MRI to demonstrate the relation between ventriculo-arterial coupling
and remodeling. Further studies are needed to assess the gain in information provided by strain and these
new biomarkers.

Keywords: strain, deformation imaging, remodeling; myocardial infarction, biomarkers, cardio-vascular
aging
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