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Liste des abréviations 

ACS Acute Coronary Syndrome 
AF Atrial fibrillation 
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CCTA Coronary Computed Tomography Angiography 
CMR Cardiac Magnetic Resonance 
CV Chamber View 
ESC European Society of Cardiology 
FLASH Fast Low-Angle Shot 
GLS Global Longitudinal Strain 
HDF Hemodynamic Force 
LGE Late Gadolinium Enhancement 
LV Left Ventricle 
LVEF Left Ventricular Ejection Fraction 
MACE Major Adverse Cardiovascular Events 
MOLLI Modified Look-Locker Inversion Recovery 
MINOCA Myocardial Infarction with Non-Obstructive Coronary Arteries 
PSIR Phase-Sensitive Inversion Recovery 
ROI Region Of Interest 
RVEF Right Ventricular Ejection Fraction 
TSE Turbo Spin Echo 
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FORCES HEMODYNAMIQUES VENTRICULAIRES GAUCHES : 

PRINCIPES ET CONTEXTE 

 

La fonction ventriculaire gauche est classiquement appréciée par des paramètres robustes 

tels que la fraction d’éjection ou la déformation myocardique. Toutefois, ces marqueurs ne 

reflètent pas l’ensemble de la mécanique cardiaque : le flux sanguin intracavitaire en 

constitue un déterminant essentiel et son analyse par les forces hémodynamiques (HDFs) 

permet de détecter plus précocement des altérations mécaniques subtiles. Afin d’éclairer 

l’article qui suit, une introduction succincte au concept de forces hémodynamiques 

ventriculaires gauches est proposée ici. 

 

Principes physiques de base 

Il est utile de rappeler les principes physiques de force et de pression pour appréhender le 

mécanisme des forces hémodynamiques. 

Une force se définit comme une grandeur vectorielle reflétant l’action mécanique exercée 

par un objet sur un autre. L’application d’une ou plusieurs forces peut entraîner le 

déplacement, l’accélération ou la déformation de l’objet soumis à cette action. Elle est 

mesurée en newtons (N), un newton correspondant à la force nécessaire pour donner une 

accélération de 1 m/s² à une masse de 1 kg (1 N = 1 kg·m/s²).  

La pression correspond à la force qu’exerce un fluide par unité de surface. Son unité est le 

pascal (Pa), un pascal correspondant à 1 newton par mètre carré (1 Pa = 1 N/m²). 
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Concepts généraux des forces hémodynamiques 

Des gradients de pression se forment au sein des cavités cardiaques sous l’effet combiné 

de la contraction du myocarde, du jeu des valves et de l’interaction avec les vaisseaux. Au 

cours du cycle cardiaque, ces gradients se distribuent de manière hétérogène dans le cœur, 

générant une multitude de forces motrices locales qui dirigent le sang des zones à 

pression élevée vers celles à pression plus basse. Les forces hémodynamiques 

correspondent à la résultante globale de l’ensemble de ces forces locales, exprimée sous 

forme d’un vecteur unique à chaque instant du cycle cardiaque. Ce vecteur, orienté des 

zones à haute vers les zones à basse pression, traduit l’action mécanique globale du sang sur 

les parois, et détermine la direction de l’écoulement intracavitaire. En tant que vecteur, les 

forces hémodynamiques sont définies par leur direction, leur sens et leur intensité. Dans 

le ventricule gauche, elles s’exercent selon la direction longitudinale, correspondant à 

l’axe base-apex, et selon le plan transversal, correspondant aux directions antéro-

inférieure et septo-latérale. La force longitudinale est non seulement la direction la plus 

efficiente pour le ventricule gauche, mais aussi celle dont la mesure est la plus reproductible 

et facilement détectable. Nous prendrons donc l’exemple de cette force par la suite pour 

expliquer leur mécanisme. Lorsque la composante longitudinale du vecteur est dirigée de 

l’apex vers la base du ventricule gauche (c’est-à-dire lorsque la pression apicale est 

supérieure à la pression basale), la force est définie comme positive. À l’inverse, lorsqu’il est 

dirigé de la base vers l’apex (pression basale supérieure à la pression apicale), la force est 

définie comme négative. Il est ainsi possible d’explorer tout au long du cycle la dynamique 

des forces via des courbes représentant les variations d’intensité et de sens du vecteur au fil 

du temps. 
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Figure A. Évolution de la composante longitudinale du 

vecteur de force hémodynamique ventriculaire gauche au cours de la systole (1). 

La Figure A ci-dessus illustre l’évolution de la composante longitudinale du vecteur de force 

ventriculaire gauche au cours de la systole. Les gradients de pression sont illustrés entre une 

zone orange (pression élevée) et une zone bleue (pression basse), orientant à la fois le flux 

sanguin (flèche large) et la force hémodynamique (flèche fine) de la zone à haute vers la 

zone à basse pression. 

Les quatre phases systoliques suivantes sont successivement représentées : 

- Phase A – Contraction isovolumique 

Cette phase débute à la fermeture de la valve mitrale et se termine à l’ouverture de la valve 

aortique. Sous l’effet de la contraction myocardique, un gradient de pression se forme de 

l’apex vers la base du ventricule gauche, générant une augmentation de la force 

longitudinale. Ce phénomène traduit une accélération initiale du flux sanguin en direction de 

la chambre de chasse avant même l’ouverture de la valve aortique. Durant cette période, les 

valves mitrale et aortique sont toutes deux fermées, empêchant tout flux entre les cavités et 

vaisseaux. La pression dans l’aorte reste alors supérieure à celle du ventricule gauche. 

- Phase B – Début d’éjection systolique 

Lorsque la pression intraventriculaire dépasse la pression aortique, la valve aortique s’ouvre 
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et l’éjection débute. La force longitudinale suit alors une phase ascendante positive jusqu’à 

atteindre un pic maximal, en lien avec le gradient de pression apex-base croissant. 

- Phase C – Milieu d’éjection systolique 

Après ce pic, la contraction ventriculaire se poursuit mais le gradient de pression diminue, 

traduisant une baisse de tension musculaire et une éjection déjà avancée du volume 

sanguin. 

- Phase D – Fin d’éjection systolique et inversion du gradient de pression 

En fin de systole, le gradient s’inverse avec une pression plus élevée à la base qu’à l’apex. Le 

flux se poursuit mais ralentit, en raison de la diminution progressive de la pression générée 

par le ventricule gauche et de l’augmentation concomitante de la pression aortique ; la force 

hémodynamique longitudinale devient alors négative, s’opposant au flux, jusqu’à la 

fermeture de la valve aortique et l’entrée en diastole. 

La Figure B illustre la dynamique diastolique selon le même principe. 

 
Figure B. Évolution de la composante longitudinale du vecteur de force hémodynamique 

ventriculaire gauche au cours de la diastole (1). 
 

 

Les forces hémodynamiques sont normalisées par le volume ventriculaire, la densité du sang 

et l’accélération de la gravité afin d’obtenir une valeur sans dimension, exprimée en 
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pourcentage de poids statique du sang. Cette formulation facilite la définition de valeurs de 

référence et permet une comparaison directe entre patients. 

 

Méthodes de mesure 

La méthode de référence pour l’évaluation de l’hémodynamique intracardiaque reste la 

mesure invasive des pressions par cathétérisme. Parmi les alternatives non invasives, l’IRM 

cardiaque de flux 4D constitue actuellement la technique la plus fiable pour quantifier les 

forces hémodynamiques du ventricule gauche, car elle permet de mesurer la vitesse du sang 

dans les trois dimensions de l’espace et à chaque instant du cycle cardiaque. À partir de ces 

champs de vitesse mesurés, les gradients de pression intraventriculaires peuvent être 

estimés via l’équation de Navier-Stokes, qui relie les variations spatio-temporelles de la 

vitesse aux gradients de pression qui les génèrent. Leur intégration sur l’ensemble du 

volume ventriculaire gauche permet ensuite de calculer la force hémodynamique globale au 

cours du cycle cardiaque (Figure C). 

Plus récemment, un modèle mathématique alternatif a permis d’estimer ces forces sans 

recourir à une mesure directe des vitesses intracavitaires. Cette méthode repose sur 

l’analyse du mouvement des parois endocardiques et la mesure des diamètres valvulaires 

mitral et aortique, à partir de séquences ciné-IRM conventionnelles acquises dans les 

plans long axe 2, 3 et 4 cavités. Un modèle 3D du ventricule gauche est alors reconstruit et 

suivi dynamiquement tout au long du cycle. La vitesse du sang est estimée de manière 

indirecte : 

- dans la cavité ventriculaire, en supposant que la masse sanguine suit les déplacements 

de l’endocarde ; 

- au niveau des valves, en appliquant le principe de conservation de la masse : le débit 

transvalvulaire est calculé à partir de la variation de volume ventriculaire entre deux 
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instants, puis est rapporté à la surface de l’orifice valvulaire pour en déduire la vitesse 

moyenne du flux. 

Ces estimations permettent d’appliquer la forme intégrale de l’équation de Navier–Stokes sur 

la surface endocavitaire, afin de calculer à chaque instant les forces hémodynamiques 

globales exercées sur le sang (Figure 3). Cette méthode présente un intérêt particulier car 

elle repose sur des images de routine (ciné-IRM mais applicable également en 

échocardiographie) facilement accessibles, ouvrant la voie à une application clinique large et 

non invasive des HDFs. 

 

 

 

 

 

 

 

 

 

 

 

                     

 

 

Figure C. Quantification des forces hémodynamiques par IRM 4D Flow ou à partir des séquences 
ciné-IRM. Avec : F(t) la force hémodynamique nette exercée sur le volume de sang à l’instant t, r la 
densité du sang. Pour l’intégrale volumique de l’équation de Navier-Stokes, n (!, t) représente le champ de 
vitesse du fluide à chaque point ! à l’intérieur du volume ventriculaire gauche V(t) et à tout instant t. Pour 
l’intégrale sur la surface, n (!, t) représente la vitesse estimée du sang à chaque point ! de la surface 
endocavitaire S(t) et à tout instant t. (2) 
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Paramètres quantitatifs des forces hémodynamiques 

Les forces hémodynamiques sont analysées à partir de courbes temporelles décrivant, 

pour chaque direction, leurs variations de sens et d’intensité au fil du cycle cardiaque. 

Plusieurs paramètres quantitatifs peuvent en être extraits, moyennés sur l’ensemble du 

cycle, ou calculés spécifiquement pendant la systole ou la diastole. Une approche fréquente 

et utilisée dans l’article qui suit consiste à segmenter le cycle cardiaque en quatre phases 

fonctionnelles, s’appuyant sur le sens, positif ou négatif, de la force longitudinale du 

ventricule gauche (Figure D) : 

- Phase d’impulsion systolique : correspondant à la contraction isovolumique et à 

l’éjection systolique précoce, jusqu’à négativation de la force longitudinale ;  

- Phase de transition systolo-diastolique : couvrant toute la période liant la systole 

à la diastole et durant laquelle la force longitudinale reste négative ; 

- Phase de décélération diastolique : correspondant à la fin de la diastole, 

caractérisée par une force longitudinale positive ; 

- Phase de systole atriale : associée à la contraction de l’oreillette gauche et au 

remplissage ventriculaire final, avec une force longitudinale ventriculaire gauche se 

négativant. 

  
 
 
 
 
 
 
 
 
 
 

 
Figure D. Évolution de la force longitudinale ventriculaire gauche au cours du cycle cardiaque (3). 
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Les forces hémodynamiques peuvent être décrites selon deux dimensions complémentaires : 

leur intensité (amplitude) et leur direction spatiale (orientation) au sein du ventricule. 

 

L’amplitude se quantifie de trois façons différentes : 

- Le pic de force correspond à l’intensité maximale atteinte au cours d’une phase 

donnée, il reflète la capacité du cœur à générer un gradient de pression élevé (Figure 

D, systolic peak, reflétant l’intensité maximale pendant la systole). 

- La valeur quadratique moyenne (ou Root Mean Square, RMS) représente la 

moyenne des intensités des forces sur une phase cardiaque, calculée en valeur 

absolue, sans distinction entre forces positives ou négatives. 

- La force moyenne, correspond à l’aire sous la courbe rapportée à la durée d’une 

phase spécifique, en ne prenant en compte que les valeurs positives ou, au contraire, 

uniquement les valeurs négatives. 

Les paramètres d’orientation sont au nombre de deux : 

- Le ratio de force compare la composante transversale à la composante longitudinale 

du vecteur de force intraventriculaire, exprimant dans quelle mesure la force globale 

s’écarte de l’axe fonctionnel base–apex. Il peut être calculé sur l’ensemble du cycle ou 

sur des phases spécifiques. 

- L’angle de la force correspond à l’orientation dominante du vecteur de force au sein 

du ventricule gauche, variant de 0° (orientation purement transversale) à 90° 

(orientation strictement longitudinale), et permet d’apprécier visuellement la direction 

des forces via un histogramme polaire (Figure F). 
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Des altérations de ces paramètres reflètent une hémodynamique cardiaque inefficace. Une 

amplitude réduite dans l’axe longitudinal témoigne d’une incapacité du ventricule gauche à 

générer une pression suffisante (Figure E), tandis qu’une orientation anormale (angle de 

force s’éloignant de 90° ou ratio élevé) suggère une déviation du flux sanguin par rapport à 

l’axe physiologique base-apex (Figure F). Ces anomalies sont associées à des phénomènes 

de remodelage ventriculaire défavorable ou de dysfonction systolique ou diastolique. 

 

  
 
 
 
 
 
 
 
 
 

Figure E. Courbes des forces hémodynamiques longitudinales chez un patient sain (courbe rose) 
et chez un patient présentant une cardiomyopathie dilatée (courbe violette). Les paramètres 

d’amplitude sont altérés pour ce dernier, reflétant une dysfonction ventriculaire gauche (1). 
 
 

 
 
 
 
 
 
 

 

Figure F. Histogramme polaire pondéré par l’intensité des forces (1). 
L’orientation et l’intensité des forces hémodynamiques intraventriculaires gauches sur l’ensemble du cycle 

cardiaque sont représentées par des triangles isocèles rouges. 
A. Patient présentant des forces majoritairement orientées selon l’axe longitudinal. 
B. Patient présentant des forces majoritairement orientées selon l’axe transversal. 
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ABSTRACT 

INTRODUCTION: Myocardial infarction with non-obstructive coronary arteries (MINOCA) is 

a heterogeneous entity associated with significant morbidity, where conventional cardiac 

magnetic resonance (CMR) risk markers may fail to capture risk. Hemodynamic forces 

(HDFs), derived from cine-CMR and reflecting flow–tissue interactions, detect subtle 

ventricular dysfunction. Their prognostic value in MINOCA remains unknown. 

OBJECTIVE: To assess the prognostic value of specific HDFs parameters in consecutive 

patients with MINOCA. 

METHODS: This retrospective single-centre study included patients admitted for MINOCA 

who underwent CMR at Angers University Hospital between 2014 and 2023. HDFs 

parameters were computed using dedicated post-processing software. The primary endpoint 

was a composite of major adverse cardiovascular events (MACE: all-cause death, stroke, or 

cardiovascular hospitalization). Cox regression models adjusted for clinical and CMR risk 

factors were used to evaluate the prognostic impact of HDFs, and incremental value was 

assessed using nested model comparisons. 

RESULTS: During a median follow-up of 2.8 years (IQR 1.1- 5.2), 67 patients (19.1%) 

experienced MACE. In multivariable models adjusted for left ventricle ejection fraction, 

strain, late gadolinium enhancement extent, and final diagnosis, higher systolic peak force 

(HR per 1 SD increase: 0.54, p = 0.004) and longitudinal impulse force (HR per 1 SD 

increase: 0.58, p = 0.010) independently predicted improved outcomes, whereas an 

elevated transverse-to-longitudinal force ratio was linked with increased risk (HR per 1 SD 

increase: 1.31, p = 0.032). In a nested model analysis, each HDF parameter provided 

incremental prognostic value compared with a model including the previously cited factors; 

for systolic peak force, the global chi-square increased from 21 to 31 (p = 0.002) with 

improved reclassification. 
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CONCLUSION: Hemodynamic forces derived from cine-CMR independently predict adverse 

outcomes in MINOCA and provide incremental prognostic value beyond established clinical 

and CMR markers. They represent an easy-to-obtain, highly reproducible parameter that 

bridges cardiac pathophysiology with patient prognosis, supporting their potential as novel 

and clinically applicable tools for risk stratification in this population. 

 

GRAPHICAL ABSTRACT 

Abbreviations: CMR, cardiac magnetic resonance; GLS, global longitudinal strain; HDFs, hemodynamic 
forces; LGE, late gadolinium enhancement extent; LVEF, left ventricle ejection fraction; MACE, major 
adverse cardiovascular events; MINOCA, myocardial infarction with non-obstructive coronary arteries.  

 

Keywords: cardiovascular magnetic resonance imaging; non-contrast CMR; hemodynamic 

forces; myocardial infarction with non-obstructive coronary arteries; cardiovascular events; 

outcomes. 
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INTRODUCTION 

Between 1% and 14% of patients with acute coronary syndrome (ACS) have no significant 

coronary stenosis, an entity known as myocardial infarction with non-obstructive coronary 

arteries (MINOCA)(4). MINOCA is a heterogeneous working diagnosis that encompasses a 

broad spectrum of underlying pathophysiological mechanisms and thus aetiologies, including 

myocarditis, Takotsubo syndrome, and ischemic injury. Accurate identification of the 

underlying cause is crucial to ensure appropriate management, and cardiac magnetic 

resonance (CMR) plays a pivotal role in this diagnostic process due to its unique capacity for 

myocardial tissue characterization (5–8).  

Although initially considered relatively benign due to the absence of obstructive coronary 

disease, MINOCA is now recognized as carrying a significant cardiovascular risk (9–14). 

Beyond its diagnostic role, CMR has provided several parameters with prognostic relevance 

across aetiologies, such as left ventricular ejection fraction (LVEF), pattern and extent of late 

gadolinium enhancement (LGE), and global longitudinal strain (GLS) (15–25). However, risk 

stratification in this heterogeneous population remains challenging, as these conventional 

markers can be taken at fault (26,27). Indeed, many patients present with only subtle 

myocardial involvement, such as mid-range or preserved LVEF and minimal or no LGE, yet 

remain at risk, highlighting the need for more advanced markers of ventricular function to 

refine prognostic stratification. 

Hemodynamic forces (HDFs) analysis is an emerging contrast-free CMR technique derived 

from routine cine sequences. After semi-automatic contouring of the ventricular cavities, 

intraventricular pressure gradients are estimated throughout the cardiac cycle, allowing 

quantification of the forces that reflect dynamic interaction between the myocardium and 

intracavitary blood flow (1,28–31). In dilated cardiomyopathy, HDFs have shown incremental 

prognostic value beyond conventional CMR markers (32,33), while in heart failure with 
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preserved ejection fraction they have been reported as more sensitive than LVEF or GLS for 

detecting early systolic dysfunction (34). By capturing subtle disturbances in contraction–

flow coupling that conventional indices may overlook, HDFs could provide a powerful tool to 

refine risk stratification in MINOCA, where their prognostic value has not yet been 

investigated. 

The objective of this study was therefore to determine whether specific HDFs parameters are 

independently associated with the occurrence of major adverse cardiovascular events (MACE) 

in a consecutive cohort of patients presenting with MINOCA. 

 

METHODS 

Study Population 

Between January 2014 and December 2023, we conducted a single-centre, longitudinal 

cohort study with retrospective enrolment of consecutive patients admitted to Angers 

University Hospital for MINOCA, who underwent contrast-enhanced CMR for etiological 

evaluation. Patients were eligible for inclusion if they met the diagnostic criteria proposed by 

the European Society of Cardiology (ESC) working group on MINOCA, namely: (i) clinical 

evidence of acute myocardial infarction with troponin elevation, (ii) no obstructive coronary 

artery disease on angiography, defined as <50% stenosis in any major epicardial vessel, and 

(iii) absence of an overt alternative explanation for the acute presentation (5,35). In selected 

cases where coronary angiography was not performed, a CMR obtained during the index 

hospitalization demonstrating a non-ischemic pattern of myocardial injury was considered 

sufficient to fulfil the MINOCA definition. 

Patients with atrial fibrillation (AF) during CMR acquisition, suboptimal cine image quality, 
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missing three-chamber cine views, prosthetic mitral or aortic valves, or contraindications to 

CMR were excluded (Method S1). No patient had significant native mitral or aortic valve 

disease. 

Baseline demographic, clinical, biological, and imaging data were collected from 

hospitalization records. All coronary angiograms were reviewed independently by an 

interventional cardiologist (AM). Final diagnoses were adjudicated by a Heart Team based on 

all available information, with a central role of CMR findings. Myocarditis was defined 

according to the modified Lake Louise criteria, requiring at least one marker of oedema and 

one marker of non-ischemic myocardial injury (36,37). Ischemic myocardial injury required a 

clinically compatible presentation with CMR excluding alternative causes and showing 

ischemic patterns such as wall motion abnormalities, subendocardial or transmural LGE. 

Takotsubo syndrome was defined by InterTAK criteria, requiring transient LV dysfunction due 

to stress-induced myocardial stunning (38) and typical CMR features were apical ballooning, 

oedema and absence of LGE. In selected cases, the presentation was consistent with an 

underlying cardiomyopathy, while in others CMR was normal and no definitive aetiology could 

be established at the time of the diagnosis work-up. 

This study was conducted according to the Strengthening the Reporting of Observational 

Studies in Epidemiology (STROBE) reporting guidelines for cohort studies and was approved 

by the local ethics committee of our institution. 

Patients Follow-up and Clinical Outcome 

Clinical outcomes were defined according to standardized criteria and collected from hospital 

records and the French national death registry (INSEE) (39). The primary endpoint was a 

composite of MACE defined as all-cause death, stroke, and cardiovascular hospitalization 

(either acute heart failure, sustained ventricular tachycardia, symptomatic atrial fibrillation, 
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or initial disease recurrence). Follow-up started at the time of the index CMR and continued 

until the first MACE or the last available clinical contact, with patients censored at that point. 

CMR Protocol 

CMR was performed in a dedicated laboratory using a 3T scanner (MAGNETOM Skyra, 

Siemens Healthcare, Erlangen, Germany) with a 32-channel phased-array cardiovascular 

coil. Cine images were acquired using a segmented, retrospectively gated balanced steady-

state free-precession (b-SSFP) sequence, including long-axis (2-, 3-, and 4-chamber) views 

and contiguous short-axis slices covering the left ventricle (LV) from base to apex. Additional 

tissue characterization included T2-weighted short tau inversion recovery (TSE) sequences 

and quantitative T1 and T2 mapping. T1 mapping was performed using a motion-corrected 

Modified Look-Locker inversion recovery (MOLLI) sequence, and T2 mapping with a motion-

corrected fast low-angle shot (FLASH) sequence; both were acquired in three short-axis 

slices (basal, mid-ventricular, and apical) and one 4-chamber long-axis view. 

First-pass perfusion imaging was also performed after the administration of a gadolinium-

based contrast agent (Dotarem®, Guerbet, France, 0.1 mmol/kg), injected at a rate of 3–5 

mL/s. Ten minutes later, late gadolinium enhancement imaging, combining magnitude and 

phase-sensitive inversion recovery (PSIR), was performed using a 2D segmented inversion-

recovery gradient-echo sequence in the same planes as cine images. 

CMR Image Analysis 

All CMR examinations were reanalysed in a dedicated core laboratory using Medis software 

(Medis Suite, Leiden, Netherlands) by three independent cardiovascular imaging specialists 

(AB, LB, AL). Left and right ventricular end-diastolic and end-systolic volumes, ejection 

fraction, and LV mass at end-diastole were measured. Corresponding indexed values were 

calculated. Regional wall motion abnormalities were observed visually. T2-weighted 
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hyperintensity was visually evaluated. Native T1 and T2 values were obtained after manual 

delineation of a region of interest (ROI) larger than 1 cm², with careful exclusion of the 

endocavitary blood pool and epicardial fat. For each patient, remote T1 and T2 values were 

averaged, and maximum values were recorded. The presence of late gadolinium 

enhancement (LGE) was visually assessed using both magnitude and PSIR sequences and 

was only considered present if visible in at least two orthogonal planes. Corresponding cine 

CMR slices were systematically reviewed to avoid misinterpretation of ventricular 

trabeculations or epicardial fat as LGE. LGE location was then analyzed using the American 

Heart Association 17-segment model (40), and its distribution was classified as 

subendocardial, intramyocardial, subepicardial, or transmural. 

Left Ventricle Hemodynamic Forces Analysis 

LV hemodynamic forces were measured using the QStrain HDF module (Medis Suite, Leiden, 

Netherlands) by an independent observer (CB), blinded to clinical data and final diagnosis. 

They were derived from deformation imaging of the 2-, 3-, and 4-chamber views after 

feature tracking, and measurements of mitral valve width (averaged from the 2- and 4-

chamber diameters) and aortic valve width (3-chamber diameter). To account for differences 

in LV size, HDFs were normalized to LV volume and blood density, and expressed as a 

percentage of gravitational acceleration. Forces were reported as percentages using the root 

mean square (RMS), considering absolute values irrespective of their positive or negative 

sign. A detailed description of the methodology is provided in Supplementary data 

(Method S2). Three HDFs parameters, each reflecting a distinct physiological aspect, were 

selected: the systolic peak force, defined as the maximal instantaneous force developed 

during ventricular systole; the longitudinal impulse force, corresponding to the mean 

amplitude of the force directed from the apex to the base during early systolic ejection; and 

the transverse-to-longitudinal force ratio over the cardiac cycle, quantifying the relative 
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contribution of lateral versus longitudinal forces throughout the entire cycle (Figure 1). 

Greater alignment of forces along the longitudinal axis is considered to reflect more efficient 

left ventricular function, whereas a higher transverse-to-longitudinal ratio indicates relatively 

greater transverse forces, suggesting less effective ventricular mechanics.  

Statistical methods 

Baseline characteristics were summarized for the entire cohort and stratified by diagnosis 

and MACE. Quantitative variables were expressed as mean ± standard deviation and 

compared with Student’s or Welch’s t-tests, or with Wilcoxon rank-sum test for non-normal 

data. Categorical variables were reported as counts and percentages and compared using 

chi-square or Fisher’s exact tests. 

To assess interobserver variability, HDFs were remeasured by an independent blinded 

evaluator (NB) in a random sample of 35 patients (10% of the study population). 

Intraobserver variability was assessed in another random set of 35 patients, re-evaluated by 

the same observer (CB). Reliability was quantified using the intraclass correlation coefficient 

(ICC) with a two-way mixed-effects model for absolute agreement, and Bland–Altman 

analysis was used to determine mean bias and 95% limits of agreement. 

Cumulative incidence of MACE was estimated with the Kaplan–Meier method and compared 

with log-rank tests, using stratification by the median value or the optimal cut-off derived 

from maximally selected rank statistics (MSRS). Univariable and multivariable associations 

were assessed with Cox proportional hazards models, expressed as hazard ratios (HR) with 

95% confidence intervals (CI). The proportional hazards assumption was verified using 

Schoenfeld residuals, and Martingale residuals were examined to test nonlinearity of 

continuous variables. Two baseline multivariable Cox models were constructed: (i) a clinical 

model including age, sex, hypertension, and final diagnosis, and (ii) a CMR model including 

LVEF, global longitudinal strain, LGE extent, and final diagnosis. Because the diagnosis was 
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considered a major confounder, it was incorporated in both models. Each of the three 

previously described HDFs parameters were then separately added to these baseline models 

to assess its prognostic contribution. Incremental value of HDFs was quantified using 

likelihood ratio chi-square statistics, changes in Harrell’s C-index, and reclassification indices 

(net reclassification improvement (NRI) and integrated discrimination improvement (IDI)). 

Annualized event rates were calculated as events per 100 patient-years. 

An unsupervised clustering using the k-means method was performed and, by definition, 

relied exclusively on HDFs similarity patterns, independent of clinical outcomes and patient 

characteristics. Given the mathematical overlap between several HDFs measures, six non-

redundant parameters were retained, each reflecting a distinct pathophysiological dimension: 

mean and systolic longitudinal forces, mean and systolic transverse forces, systolic peak 

force, ejection angle. The optimal number of clusters was determined using Silhouette, 

Davies–Bouldin, and Calinski–Harabasz indices, and survival differences between clusters 

were assessed with Cox analyses and Kaplan–Meier curves. 

Statistical significance was defined as a two-sided p value <0.05. All analyses were 

performed with R software, version 4.5.1 (R Foundation for Statistical Computing, Vienna, 

Austria). 

 

RESULTS 

Study population 

 From the initial cohort of 423 consecutive patients hospitalized for MINOCA fulfilling the 

diagnostic criteria, 363 patients were eligible after exclusion. Of these, 351 patients 

completed clinical follow-up and constituted the final study cohort. Detailed flowchart of 

study patients is depicted in Figure 2. Baseline subject characteristics stratified by MACE are 
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presented in Table 1, CMR findings in Table 2, and baseline and CMR characteristics 

stratified by final diagnosis in Supplementary Tables S1 and S2, respectively. 

The mean age of the cohort was 48.5 ± 20.0 years, and 63.5% were male. Cardiovascular 

risk factors included active smoking in 42.7%, hypertension in 26.8%, dyslipidaemia in 

16.0%, and diabetes in 6.3%. LVEF was preserved on average (55.5 ± 10.0%), and mean 

RVEF was 50.2 ± 9.3%. LGE was present in 71.8% of patients, with a mean extent of 19.2 ± 

13.8% of LV mass. Mean global longitudinal strain (GLS) was -19.4 ± 4.5%. Regarding final 

adjudicated diagnosis, acute myocarditis accounted for 49.0% of cases, ischemic myocardial 

injury for 21.7%, Takotsubo syndrome for 8.3%, cardiomyopathy for 7.7%, and diagnosis 

remained inconclusive in 13.4%. 

Cardiovascular events 

After a median follow-up of 2.8 years (IQR 1.1–5.2), 67 of the 351 patients (19.1%) 

experienced at least one MACE. Among these, 38 patients died (10.8%), 8 (2.3%) suffered a 

stroke, 24 (6.8%) required unplanned hospitalization for cardiovascular causes: 10 (2.8%) 

for recurrence of the initial disease, 7 (2.0%) for sustained ventricular tachycardia, 4 (1.1%) 

for heart failure, 3 (0.9%) for symptomatic atrial fibrillation. 

Hemodynamic forces 

In the overall population, mean systolic peak force was 49.1 ± 22.4%, mean longitudinal 

impulse force was 29.0 ± 13.1%, and the transverse-to-longitudinal force ratio over the 

entire cardiac cycle was 15.8 ± 5.7. The full distribution of all 15 HDFs parameters is 

provided in Supplementary Table S3. Interobserver reliability was excellent across all 

HDFs parameters, including systolic peak force (ICC: 0.92 [0.83-0.96]; p < 0.001), 

longitudinal impulse force (ICC: 0.92 [0.82-0.96]; p < 0.001), and the transverse-to-

longitudinal force ratio (ICC: 0.90 [0.82-0.95]; p < 0.001). Comparable results were 



21 

observed for intraobserver reliability, with systolic peak force (ICC: 0.90 [0.70-0.96]; p < 

0.001), longitudinal impulse force (ICC: 0.90 [0.73-0.95]; p <0.001), and the transverse-to-

longitudinal force ratio (ICC: 0.81 [0.65-0.91]; p <0.001). Further details on agreement are 

shown in Supplementary Appendix Figure S1 and Table S4. 

Univariable association of HDFs with MACE 

In univariable Cox analysis, higher systolic peak (HR per 1 SD increase: 0.44, p <0.001) and 

longitudinal impulse forces (HR per 1 SD increase 0.47, p <0.001) were protective, whereas 

an increased transverse-to-longitudinal ratio predicted worse outcomes (HR per 1 SD 

increase 1.43, p <0.001) (Table 3). Kaplan–Meier analyses stratified by MSRS-derived cut-

offs confirmed these associations: low systolic peak (≤23.7), low impulse longitudinal force 

(≤16.4), and high transverse to longitudinal ratio (>17.8) were all significantly linked to 

higher MACE rates (Figure 3). For comparison, the MSRS method was also applied to LVEF, 

yielding a cut-off of 53.4%. The corresponding Kaplan–Meier curve is shown in 

Supplementary Figure S4. Beyond these three main forces, several other HDFs 

parameters were also significantly associated with MACE (Table S5). Kaplan–Meier curves 

for all remaining HDFs parameters stratified by MSRS-derived cut-offs and by their median 

values, are shown in the Supplementary Appendix (Figures S2 and S3, respectively). 

Incremental value of HDFs for prognostication 

In the multivariable CMR model adjusted for LVEF, LGE extent, GLS and final diagnosis, all 

three HDFs parameters remained independent predictors (per 1 SD increase, systolic peak 

force: HR 0.54, p = 0.004; impulse longitudinal force: HR 0.58, p = 0.010; ratio 

transverse/longitudinal forces: HR 1.31, p = 0.032) (Table 4). In the clinical model adjusted 

for age, sex, hypertension and diagnosis, systolic peak force (HR 0.63, p = 0.024), impulse 

longitudinal force (HR 0.65, p = 0.031), and transverse-to-longitudinal ratio (HR 1.48, p < 
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0.001) were similarly associated per 1 SD increase (Table 5). A series of nested 

multivariable models indicated that the addition of GLS to the baseline model including final 

diagnosis, LVEF and LGE extent led to a modest but non-significant improvement in model 

performance (global chi-square 19 vs. 21, p = 0.11), with no significant gain in 

discrimination as reflected by the C-index, NRI, and IDI (Figure 4). In contrast, further 

extension of the model by incorporating systolic peak HDF improved prediction (global chi-

square 31, p = 0.002), with corresponding significant gains in reclassification (NRI, IDI), 

although the increase in C-index did not reach statistical significance. Comparable nested 

analyses were also performed for longitudinal impulse force and the transverse-to-

longitudinal force ratio, each showing a significant increase in global chi-square when added 

to the model (Figures S5–S6).  

Clustering analysis of HDFs parameters 

Unsupervised clustering of systolic peak force and 5 other HDFs parameters (described in 

Methods) identified two optimal groups, as supported by the Silhouette (0.37), Davies–

Bouldin (1.05), and Calinski–Harabasz (238) indices, with 123 patients in Cluster 1 and 227 

in Cluster 2. Detailed baseline, CMR, and HDFs characteristics by cluster are provided in 

Supplementary Tables S6–S7. In univariable analysis, patients in Cluster 1 had a 

significantly lower risk of MACE than those in Cluster 2 (HR 0.19, p < 0.001), with Kaplan–

Meier curves confirming poorer event-free survival in Cluster 2 (log-rank p-value < 0.001, 

Figure 5). After adjustment, cluster allocation remained independently associated with 

outcomes: Cluster 1 was at lower risk in both the CMR model (HR 0.27, p = 0.004) and the 

clinical model (HR 0.40, p = 0.046) (Tables 4 and 5). Nested model comparisons further 

showed a significant chi-square improvement when including cluster allocation (Figure S7). 
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Event rates and hazard ratios across HDFs quartiles 

Annualized MACE rates declined across systolic peak quartiles (9.6 to 1.7 per 100 patient-

years; Figure 6). Cox regression showed a significant risk reduction in Q3 (HR 0.39, p = 

0.007) and Q4 (HR 0.18, p < 0.001) compared with Q1, but not in Q2 (HR 0.65, p = 0.13). 

Comparable results were found for longitudinal impulse force, while the transverse-to-

longitudinal force ratio showed a progressive increase across quartiles, as illustrated in 

Supplementary Figures S9 and S10. 

Subgroup analyses 

Subgroup analyses assessed the consistency of systolic peak HDF prognostic value (Figure 

7). It was significantly protective in most subgroups, including preserved LVEF (≥50%), 

limited LGE (<35%), and myocarditis or inconclusive diagnosis. By contrast, no significant 

association was found in patients with reduced LVEF (<50%), extensive LGE (≥35%), or in 

those with ischemic injury, Takotsubo syndrome, or cardiomyopathy. 

 

DISCUSSION 

Hemodynamic forces derived from cine-CMR offer a simple, reproducible, and physiologically 

relevant marker that links left ventricle blood flow to prognosis in MINOCA. Their ability to 

capture risk beyond conventional CMR parameters makes them a valuable tool for improving 

patient stratification, particularly in a clinical context where these parameters often fail to 

capture the full spectrum of risk. 

Hemodynamic forces as a novel functional marker 

By quantifying intraventricular pressure gradients throughout the cardiac cycle, HDFs capture 

blood flow dynamics, thus providing a dynamic assessment of flow-tissue interactions that 
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conventional indices cannot. In practical terms, dedicated software analyses standard cine-

CMR images by contouring the ventricular cavities, tracking wall motion, and incorporating 

valve geometry to estimate these pressure differences. The result is a set of force vectors 

describing how efficiently blood is propelled: in a healthy ventricle, forces are predominantly 

aligned along the longitudinal axis (apex-base), whereas a predominance of transverse over 

longitudinal forces reflects less efficient and potentially maladaptive mechanics. This pattern 

was consistent with our initial analysis of individual force components, and was further 

reinforced by the clustering approach, which identified a higher-risk phenotype characterized 

by lower longitudinal forces and an increased transverse-to-longitudinal ratio. This 

mechanistic dimension extends the existing paradigm of left ventricle function, as described 

by Vallelonga et Al. (1): following LVEF and strain, HDFs represent a new step in the 

noninvasive assessment of cardiac function, with the potential to reveal subtle mechanical 

abnormalities that remain undetected by conventional tools. Other biomechanical parameters 

have previously demonstrated prognostic significance, notably systolic wall stress (41), which 

reflects the load borne by the ventricular wall and is closely linked to adverse remodelling, a 

well-established driver of chamber dilation and poor outcomes (42). Conceptually, HDFs may 

be viewed as the intracavitary counterpart of wall stress: while wall stress quantifies forces 

exerted on the myocardium from outside-in, HDFs capture the pressure-driven forces acting 

within the cavity from inside-out. Both describe different facets of the same process, which, 

under pathological conditions, may lead to ventricular remodelling and ultimately governs 

prognosis.  

 

Clinical implications 

The strength of HDFs analysis lies not only in its mechanistic insight but also in its practical 

applicability. HDFs are derived from routine cine-CMR acquisitions, require no contrast agent, 
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and can be quantified within minutes using semi-automated software. This makes them 

highly accessible, even in patients with contraindications to gadolinium, and opens 

perspectives for broader use since similar approaches can also be applied to 

echocardiography (43). Importantly, HDFs retain prognostic value precisely in settings where 

conventional markers often fall short, unmasking a subset at risk, who would otherwise 

escape stratification and could benefit from more tailored management strategies. Whether 

HDFs are modifiable by therapeutic interventions, and whether such modifications translate 

into improved patient outcomes, are critical questions that future studies should address. In 

this context, HDFs could serve not only as an early and reproducible indicator of inefficient 

ventricular mechanics but also, potentially, as a dynamic target for personalized follow-up 

and treatment strategies in MINOCA. This hypothesis is supported by recent work from 

Fabiani et al., who showed that HDFs analysis predicts the response to sacubitril/valsartan in 

patients with heart failure with reduced ejection fraction, suggesting that hemodynamic 

forces may help guide therapeutic decision-making and optimize individualized care beyond 

traditional parameters (44). 

 

Prognostic value across diagnostic subgroups 

In our subgroup analyses, the prognostic value of HDFs was most pronounced in patients 

with subtle myocardial involvement, such as preserved LVEF, minimal LGE, myocarditis, or 

inconclusive aetiologies, which often correspond to a normal CMR at the time of 

hospitalization. This strengthens the observation that HDFs can reveal early mechanical 

dysfunction. In contrast, in patients with more overt myocardial injury, HDFs were not 

significantly associated with outcomes, although a protective trend was still observed with 

higher systolic peak forces. This apparent paradox may be partly explained by the limited 

statistical power in smaller subgroups, but also by a lack of variability in more advanced 
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disease: when ventricular mechanics are globally impaired, HDFs tend to be uniformly 

altered, reducing their ability to discriminate between patients. Conversely, in less severe 

forms of injury where conventional parameters are often uninformative, HDFs retain 

sufficient interindividual variability to identify high-risk patients.  

 

Limitations and future directions 

This study has some limitations. Its retrospective single-centre design and the exclusion of 

patients with atrial fibrillation or prosthetic valves limit generalizability, while the modest 

number of adverse events necessitated a broad composite endpoint and constrained 

multivariable modelling. Clustering analysis added little beyond simple dichotomization, 

underscoring the practical value of individual HDFs parameters, particularly systolic peak 

force, which is both physiologically intuitive and reproducible as it reflects the maximum 

force generated during the cardiac cycle. Finally, despite adjustment for the final diagnosis, 

the etiologic heterogeneity of MINOCA still complicates interpretation. Subgroup results 

differed across diagnostic categories but should be interpreted with caution. Validation in 

large, prospective multicentre cohorts with longer follow-up will be essential, both to confirm 

the consistency of these associations across different aetiologies and to evaluate the 

integration of HDFs with other imaging or circulating biomarkers. 

 

CONCLUSION 

Hemodynamic forces derived from standard cine-CMR represent a novel tool to characterize 

left ventricle contraction–flow coupling in MINOCA. They provide independent and 

incremental prognostic value beyond conventional clinical and CMR markers, supporting their 
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integration as complementary indices of ventricular function to refine risk stratification in this 

heterogeneous population. 
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LISTE DES FIGURES 

Figure 1. Endocardial and epicardial contouring in 2-, 3- and 4- chamber views at end-
diastole and end-systole with the corresponding longitudinal and transverse hemodynamic 
force curves. 
 
Figure 2. Study flowchart. 
 
Figure 3. Kaplan–Meier curves of MACE-free survival by hemodynamic forces. 
 
Figure 4. Incremental prognostic value of systolic peak force. 
 
Figure 5. Kaplan–Meier curves of MACE-free survival according to HDF-based clusters. 
 
Figure 6. Incidence rate and hazard ratio per systolic peak HDFs quartiles. 

Figure 7. Subgroup analysis of the prognostic value of systolic peak force. 
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Figure 2. Study flowchart. 
AF, atrial fibrillation; CMR, cardiovascular magnetic resonance; HDFs, hemodynamic forces; 
MINOCA, myocardial infarction with non-obstructive coronary arteries 

Figure 3. Kaplan–Meier curves of MACE-free survival by hemodynamic forces. 
Hazard ratios (HR) and 95% confidence intervals (CI) were derived from Cox regression models, 
while p-values correspond to log-rank tests. 
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Figure 4. Incremental prognostic value of systolic peak force. 
The model 3A is a nested model comprising the model 1 (final diagnosis and 
traditional CMR prognosticators: LVEF, LGE extent), the model 2 with GLS, 
and systolic peak force. Bold values indicate the 2-tailed p-value reached 
statistical significance (<0.05). 
 
Abbreviations: CMR, cardiac magnetic resonance; GLS, global longitudinal strain; IDI, 
integrative discrimination index; LGE, late gadolinium enhancement; LVEF, left ventricle 
ejection fraction; MINOCA, myocardial infarction with non-obstructive coronary arteries; 
NRI, net reclassification improvement. 
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Figure 5. Kaplan–Meier curves of MACE-free survival according 
to HDF-based clusters.  
Hazard ratio (HR) and 95% confidence interval (CI) are derived from 
Cox regression model, while p-value corresponds to log-rank test. 

Figure 6. Incidence rate and hazard ratio per systolic peak HDF 
quartiles. 
Hazard ratios (dots) with 95% confidence intervals (whiskers) for MACE 
according to quartiles of systolic peak force (logarithmic scale, reference: Q1). 
Annualized incidence rates per 100 patient-years are shown as blue bars. 
Significant reductions in event rates were observed in Q3 and Q4 compared 
with Q1 (*p = 0.007, **p < 0.001). 
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Figure 7. Subgroup analysis of the prognostic value of systolic peak force. 
Univariate Cox analysis per 1 standard deviation increase; forest-plot with unadjusted hazard ratio 
(red squares) and 95% confidence interval (horizontal lines) of MACE.  
Abbreviations: BMI, body mass index; CI, confidence interval; HR, hazard ratio; LGE, late gadolinium enhancement; 
LVEF, left ventricular ejection fraction; and RVEF, right ventricular ejection fraction. 
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Table 1. Baseline characteristics of patients with and without MACE (N=351). 
 

 All patients   
(N = 351) 

MACE  
(N = 67) 

No MACE   
(N = 284) p-value 

Age, years 48.5 ± 20.0 63.9 ± 18.3 44.9 ± 18.7 <0.001 

  Males, n (%) 223 (63.5%) 42 (62.7%) 181 (63.7%) 0.98 

BMI, kg/m2 25.2 ± 5.2 25.7 ± 5.0 25.1 ± 5.2 0.44 

Coronary risk factors, n (%)     

  Current or previous smoking 150 (42.7%) 23 (34.3%) 127 (44.7%) 0.16 

  Hypertension 94 (26.8%) 36 (53.7%) 58 (20.4%) <0.001 

  Dyslipidemia 56 (16.0%) 16 (23.9%) 40 (14.1%) 0.07 

  Diabetes 22 (6.3%) 7 (10.4%) 15 (5.3%) 0.16 

Admission presentation, n (%)     

    Chest pain 291 (82.9%) 42 (62.7%) 249 (87.7%) <0.001 

    Dyspnea (NYHA III/IV) 22 (6.3%) 9 (13.4%) 13 (4.6%) 0.020 

Cardiac arrest 9 (2.6%) 2 (3.0%) 7 (2.5%) 0.68 

Syncope/ Malaise 9 (2.6%) 3 (4.5%) 6 (2.1%) 0.38 

Palpitations 3 (0.9%) 2 (3.0%) 1 (0.4%) 0.09 

Cardiogenic shock 2 (0.6%) 1 (1.5%) 1 (0.4%) 0.35 

ECG abnormalities 2 (0.6%) 1 (1.5%) 1 (0.4%) 0.35 

Other* 13 (3.7%) 7 (10.4%) 6 (2.1%) 0.005 

Cardiac rhythm at admission, n (%)     

Sinus rhythm 342 (97.4%) 65 (97.0%) 277 (97.5%) 0.68 

Atrial fibrillation 9 (2.6%) 2 (3.0%) 7 (2.5%) 0.68 

   Ventricular arrhythmia 23 (6.6%) 9 (13.4%) 14 (4.9%) 0.023 

Biological results     

   Troponin peak ratio, (x ULN) 234.6 ± 448.4 195.7 ± 299.2 243.7 ± 476.9 0.30 

   Biological inflammatory syndrome †, n (%) 185 (52.9%) 36 (53.7%) 149 (52.7%) 0.98 

TTE findings     

     LVEF, (%) 54.2 ± 10.1 50.6 ± 11.3 55.0 ± 9.7 0.001 

   Cinetic abnormalities, n (%) 183 (52.1%) 44 (65.7%) 139 (48.9%) 0.020 

   Pericardial effusion, n (%) 35 (10.0%) 8 (11.9%) 27 (9.5%) 0.71 

Invasive coronary angiography, n (%) 245 (69.8%) 59 (88.1%) 186 (65.5%) <0.001 



40 

 All patients   
(N = 351) 

MACE  
(N = 67) 

No MACE   
(N = 284) p-value 

CCTA, n (%) 30 (8.5%) 8 (11.9%) 22 (7.7%) 0.39 

Final diagnosis, n (%)     

Myocarditis 172 (49.0%) 22 (32.8%) 150 (52.8%) 0.005 

Ischemic 76 (21.7%) 19 (28.4%) 57 (20.1%) 0.19 

Tako-Tsubo 29 (8.3%) 11 (16.4%) 18 (6.3%) 0.014 

Cardiomyopathy 27 (7.7%) 7 (10.4%) 20 (7.0%) 0.49 

Inconclusive 47 (13.4%) 8 (11.9%) 39 (13.7%) 0.85 

Treatments at discharge, n (%)     

Betablockers 270 (76.9%) 56 (83.6%) 214 (75.4%) 0.20 

ACEI 172 (49.0%) 46 (68.7%) 126 (44.4%) <0.001 

Antiplatelet 125 (35.6%) 30 (44.8%) 95 (33.5%) 0.11 

Statin 120 (34.2%) 34 (50.7%) 86 (30.3%) 0.002 

NSAID 97 (27.6%) 7 (10.4%) 90 (31.7%) <0.001 

Colchicine 90 (25.6%) 7 (10.4%) 83 (29.2%) 0.003 

Hospital length of stay, (days) 5.6 ± 4.3 7.7 ± 6.4 5.1 ± 3.5 0.002 
 

Values are n (%) or mean ± standard deviation. Bold values indicate the 2-tailed p-value reached 
statistical significance (<0.05). 
* includes: altered general condition, fall, and stroke. 
†  defined as elevated C-reactive protein (>5 mg/L) and/or leukocytosis (>10×10⁹/L) 
 
Abbreviations: ACEI, angiotensin-converting-enzyme inhibitors; BMI, body mass index; CCTA, coronary 
computed tomography angiography; LVEF, left ventricle ejection fraction; MACE, major adverse 
cardiovascular events, including death, stroke and cardiovascular hospitalization for: acute heart failure, 
sustained ventricular tachycardia, symptomatic atrial fibrillation, or initial disease recurrence; NSAID, 
non-steroidal anti-inflammatory drugs; NYHA, New York heart association; TTE, transthoracic 
echocardiography; ULN, upper limit of normal. 
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Table 2. Baseline CMR characteristics, strain and LV hemodynamic forces of patients with 
and without MACE (N=351). 
 

 Overall   
N = 3511 

MACE   
N = 671 

No MACE   
N = 2841 p-value2 

  LV ejection fraction, % 55.5 ± 10.0 51.0 ± 11.2 56.5 ± 9.3 <0.001 

    LV end-diastolic volume index, mL/m2 89.3 ± 20.7 89.9 ± 24.6 89.2 ± 19.7 0.82 

  LV end-systolic volume index, mL/m2 40.4 ± 15.8 45.0 ± 18.9 39.3 ± 14.9 0.024 

    LV mass index, g/m2 60.3 ± 14.2 66.6 ± 17.3 58.8 ± 13.0 <0.001 

    RV ejection fraction, % 50.2 ± 9.3 49.1 ± 10.5 50.5 ± 8.9 0.25 

    Presence of T2 TSE hyperintensity, n (%) 164 (51.7%) 31 (56.4%) 133 (50.8%) 0.54 

Mapping sequences     

  Maximum T2 mapping value, ms 46.7 ± 8.0 46.9 ± 9.0 46.7 ± 7.8 0.89 

  Remote T2 mapping value, ms 39.5 ± 3.4 39.3 ± 3.1 39.6 ± 3.5 0.60 

  Maximum T1 mapping value, ms 1,332.8 ± 
133.5 

1,356.5 ± 
141.3 

1,327.8 ± 
131.6 

0.17 

  Remote T1 mapping value, ms 1,212.4 ± 
70.4 

1,214.8 ± 
72.8 

1,211.9 ± 
70.1 

0.79 

 Late gadolinium enhancement     

  Presence of LGE, n (%) 252 (71.8%) 45 (67.2%) 207 (72.9%) 0.43 

  Presence of subendocardial LGE, n (%) 79 (22.5%) 20 (29.9%) 59 (20.8%) 0.15 

    Presence of midwall or subepicardial LGE, n (%) 170 (48.4%) 23 (34.3%) 147 (51.8%) 0.015 

  Presence of transmural LGE, n (%) 54 (15.5%) 19 (28.4%) 35 (12.5%) 0.002 

  LGE extent (%) 19.2 ± 13.8 19.5 ± 14.7 19.2 ± 13.6 0.87 

Global longitudinal strain (%) -19.4 ± 4.5 -17.0 ± 4.7 -20.0 ± 4.3 <0.001 

LV hemodynamic forces     

   Systolic peak force (%) 49.1 ± 22.4 36.6 ± 17.6 52.0 ± 22.4 <0.001 

   Impulse longitudinal force (%) 29.0 ± 13.1 21.9 ± 10.7 30.7 ± 13.1 <0.001 

   Ratio of transverse to longitudinal forces 15.8 ± 5.7 17.4 ± 6.7 15.4 ± 5.4 0.025 

Values are n (%) or mean ± standard deviation. Bold values indicate the 2-tailed p-value reached 
statistical significance (<0.05). 
 

Abbreviations: CMR, cardiac magnetic resonance; LGE, late gadolinium enhancement; LV, left 
ventricle; LVEF, left ventricle ejection fraction; MACE, major adverse cardiovascular events, including 
death, stroke and cardiovascular hospitalization for: acute heart failure, sustained ventricular 
tachycardia, symptomatic atrial fibrillation, or initial disease recurrence; RV, right ventricle; TSE, 
turbo spin echo. 
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Table 3. Univariate analysis of baseline and CMR characteristics for prediction of MACE. 

        Hazard Ratio 
      (95% CI)       p-value 

   Age 1.04 (1.03-1.06) <0.001 

   Male 1.04 (0.63-1.71) 0.87 

   BMI 1.01 (0.96-1.05) 0.82 

Cardiovascular risk factors   

   Hypertension 3.53 (2.18-5.71) <0.001 

   Dyslipidemia 1.77 (1.01-3.11) 0.047 

   Diabetes 2.00 (0.91-4.40) 0.08 

   Smoking 0.78 (0.47-1.3) 0.35 

Arrhythmias at admission   

   Supraventricular arrhythmia 0.96 (0.24-3.94) 0.96 

   Ventricular arrhythmia 1.89 (0.93-3.82) 0.08 

Biological findings   

   Troponin peak ratio 1.00 (1.00-1.00) 0.24 

   Biological inflammatory syndrome 1.09 (0.68-1.76) 0.72 

TTE findings   

   LVEF 0.97 (0.95-0.99) 0.001 

   Cinetic abnormalities 1.65 (1-2.74) 0.05 

   Pericardial effusion 1.22 (0.58-2.55) 0.61 

CCTA 1.5 (0.72-3.15) 0.28 

Invasive coronary angiography 3.11 (1.49-6.51) 0.003 

  Discharge treatment   

   Betablockers 1.42 (0.74-2.70) 0.29 

   Antiplatelet 1.51 (0.93-2.44) 0.10 

   ACEI 2.10 (1.26-3.53) 0.005 

   Statin 2.13 (1.32-3.44) 0.002 

   NSAID 0.28 (0.13-0.62) 0.002 

   Colchicine 0.32 (0.15-0.70) 0.004 

 
Final diagnosis 

  

   Myocarditis (reference) 1.00 - 
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        Hazard Ratio 
      (95% CI)       p-value 

   Ischemic 1.94 (1.05-3.58) 0.035 

   Takotsubo syndrome 2.85 (1.38-5.87) 0.005 

   Cardiomyopathy 1.76 (0.75-4.12) 0.20 

   Inconclusive 1.60 (0.71-3.62) 0.26 

CMR findings   

     LV ejection fraction 0.96 (0.94-0.98) <0.001 

   RV ejection fraction 0.99 (0.97-1.02) 0.45 

   LV end-diastolic volume index 1.00 (0.99-1.02) 0.50 

   LV end-systolic volume index 1.02 (1.01-1.03) 0.005 

   LV mass index 1.03 (1.02-1.05) <0.001 

   Presence of T2 TSE hyperintensity 0.84 (0.49-1.45) 0.53 

Mapping sequences   

   Maximum T2 mapping value 1.00 (0.96-1.04) 0.92 

   Remote T2 mapping value 1.01 (0.91-1.11) 0.91 

   Maximum T1 mapping value 1.00 (1.00-1.00) 0.33 

   Remote T1 mapping value 1.00 (1.00-1.00) 0.84 

Pattern of late gadolinium enhancement   

   Absence of LGE (reference) 1.00 - 

   Presence of subendocardial LGE 0.70 (0.30-1.62) 0.40 

   Presence of midwall or subepicardial LGE 0.44 (0.24-0.82) 0.010 

   Presence of transmural LGE 1.25 (0.68-2.29) 0.47 

LGE extent 1.00 (0.98-1.02) 0.90 

Global longitudinal strain 1.57 (1.27–1.93) <0.001 

 LV hemodynamic forces   

   Systolic peak force 0.44 (0.31-0.63) <0.001 

   Impulse longitudinal force 0.47 (0.33-0.66) <0.001 

   Ratio of transverse to longitudinal forces 1.43 (1.16-1.77) <0.001 
 
Note: Hazard ratios for HDFs parameters and GLS are expressed per 1-standard deviation increase. For 
other quantitative continuous variables, HR corresponds to a 1-unit increase in their respective 
measurement scale. Abbreviations: Same as Table 1 and 2. 
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Table 4. Multivariate Cox regression analysis for the prediction of adverse events (CMR model). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Note: Hazard ratios hemodynamic force parameters and GLS are expressed per 1-standard deviation increase. For other quantitative continuous variables, HR 
corresponds to a 1-unit increase in their respective measurement scale. 
Abbreviations: Same as Table 2. 
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Table 5. Multivariate Cox regression analysis for the prediction of adverse events (clinical model). 
 

 
 

Note: Hazard ratios for hemodynamic force parameters and GLS are expressed per 1 standard deviation increase. For other continuous variables, HR 
corresponds to a 1-unit increase in their respective measurement scale. 
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SUPPLEMENTARY METHOD S1 

 

Additional exclusion criteria 

Additional exclusion criteria included: contraindications to magnetic resonance imaging (e.g., 

cerebral clips, metallic ocular implants); an estimated glomerular filtration rate (eGFR) <30 

mL/min/1.73 m²; and known allergy to gadolinium-based contrast agents. 
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SUPPLEMENTARY METHOD S2 

 

Detailed methodology for the assessment of left ventricular strain and 

hemodynamic forces. 

 

Strain evaluation 

LV strain was analysed using post-processing software (Medis Suite, Netherlands). Global 

longitudinal strain (GLS) of the LV myocardium and endocardium was calculated from the 2-, 

3-, and 4-chamber views. After automated contour detection at systole and diastole, with 

manual corrections when required, the feature tracking module delineated endocardial and 

epicardial borders throughout the cardiac cycle, from which strain parameters were derived. 

 

LV hemodynamic forces assessment 

LV hemodynamic forces (HDFs) were measured using the QStrain HDF module (Medis Suite, 

Netherlands). They were derived from deformation imaging of the 2-, 3-, and 4-chamber 

views after feature tracking, and measurements of mitral valve width (averaged from the 2- 

and 4-chamber diameters) and aortic valve width (3-chamber diameter). 

HDFs parameters were measured in the longitudinal and transverse directions over the entire 

cardiac cycle, as well as separately during systole and diastole, and at specific key time 

points of the cardiac cycle. 

 

Throughout the cardiac cycle: 

- Longitudinal force: the average amplitude of LV longitudinal force across the entire 

cardiac cycle. 

- Transverse force: the average amplitude of LV transverse force across the entire 

cardiac cycle. 

- Ratio: the average ratio between transverse and longitudinal LV forces across the 

entire cardiac cycle. 

- Ejection angle: the dominant angle of the force vector. 
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During the systole: 

- Systolic longitudinal force: the average amplitude of longitudinal force during the 

systolic phase. 

- Systolic transverse force: the average amplitude of transverse force during the 

systolic phase. 

- Systolic ratio: the average ratio between transverse and longitudinal LV forces during 

the systolic phase. 

- Impulse longitudinal force: the average longitudinal force during the initial systolic 

ejection phase. 

- Systolic peak force: the maximum value of longitudinal force reached during the 

cardiac cycle. 

 

During the diastole: 

- Diastolic longitudinal force: the average amplitude of longitudinal force during the 

diastolic phase. 

- Diastolic transverse force: the average amplitude of transverse force during the 

diastolic phase. 

- Diastolic ratio: the average ratio between transverse and longitudinal LV forces during 

the diastolic phase. 

- Systolic-diastolic transition longitudinal force: the average LV longitudinal force during 

the transition from systole to diastole. 

- Diastolic deceleration longitudinal force: the average LV longitudinal force during the 

early diastolic filling phase. 

- Atrial thrust longitudinal force: the average LV longitudinal force during the late 

diastolic phase. 
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Figure S1. Bland-Altman plots showing inter-observer agreement for HDFs parameters. 
Each plot compares measurements from two independent observers, with the mean difference and 
95% limits of agreement (±1.96 SD) shown. Most values fall within the agreement limits, and the 
mean difference is close to zero, reflecting minimal bias and high reproducibility between observers. 
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Figure S5. Incremental prognostic value of impulse 
longitudinal force.  The model 3B is a nested model comprising the 
model 1 (final diagnosis, LVEF, LGE extent), the model 2 with GLS, 
and impulse force. Bold values indicate the 2-tailed p-value reached 
statistical significance (<0.05). Abbreviations: Same as Figure 4. 

Figure S4. Kaplan–Meier curves of MACE-free survival by LVEF, 
according to the optimal cut-off derived from the maximally 
selected rank statistics. Hazard ratios (HR) and 95% confidence 
intervals (CI) are derived from Cox regression models, while p-values 
correspond to log-rank tests. 
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Figure S6. Incremental prognostic value of transverse-to-
longitudinal forces ratio. The model 3C is a nested model 
comprising the model 1 (final diagnosis, LVEF, LGE extent), the 
model 2 with GLS, and the ratio. Bold values indicate the 2-tailed p-
value reached statistical significance (<0.05). Abbreviations: Same 
as Figure 4. 

Figure S7. Incremental prognostic value of HDF-derived 
clusters. The model 3D is a nested model comprising the model 1 
(final diagnosis, LVEF, LGE extent), the model 2 with GLS and the 
cluster 2 vs. 1. Bold values indicate the 2-tailed p-value reached 
statistical significance (<0.05). Abbreviations: Same as Figure 4. 
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Figure S8. Receiver operating characteristic (ROC) curves comparing model 
discrimination for prediction of MACE. The baseline model including left 
ventricle ejection fraction (LVEF) and global longitudinal strain (GLS) is shown in 
blue, and the extended model additionally incorporating systolic peak hemodynamic 
force (HDF) is shown in red. The addition of systolic peak force improved the area 
under the curve (AUC) from 0.69 to 0.73 (DeLong p-value = 0.08). 

Figure S9. Annualized incidence rates of MACE per 100 patient-years across 
quartiles of longitudinal impulse HDF. Incidence decreased progressively from 
Q1 (9.1/100 patients-years (py)) to Q4 (1.3/100 py). In Cox regression (Q1 as 
reference), risk reduction was non-significant in Q2 (HR 0.79, p = 0.41), but 
significant in Q3 (HR 0.43, p = 0.018) and Q4 (HR 0.14, p < 0.001). 
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Figure S10. Annualized incidence rates of MACE per 100 patient-years 
across quartiles of transverse to longitudinal HDF ratio. 
Incidence increased progressively from Q1 (3.9/100 patients-years (py)) to Q4 
(8.3/100 py). In Cox regression (Q1 as reference), risk increase was non-significant 
in Q2 (HR 1.24, p = 0.58), and Q3 (HR 1.31, p = 0.48) but reached significance in 
Q4 (HR 2.09, p = 0.033). 
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Table S1. Baseline characteristics of patients by final diagnosis (N=351). 
 

 All patients   
(N = 351) 

Myocarditis   
(N = 172) 

Ischemic   
(N = 76) 

Non 
conclusive   
(N = 47) 

Tako-Tsubo   
(N = 29) 

Other 
diagnosis   
(N = 27) 

p-value 

Age, years 48.5 ± 20.0 38.1 ± 16.8 57.5 ± 16.7 53.7 ± 19.4 70.2 ± 12.6 57.0 ± 17.8 <0.001 

  Males, n (%) 223.0 (63.5%) 141.0 (82.0%) 40.0 (52.6%) 26.0 (55.3%) 0.0 (0.0%) 16.0 (59.3%) <0.001 

BMI, kg/m2 25.2 ± 5.2 24.8 ± 5.0 26.2 ± 5.4 24.4 ± 4.0 25.0 ± 6.4 27.0 ± 5.8 0.045 

Coronary risk factors, n (%)        

  Current or previous smoking 150.0 (42.7%) 72.0 (41.9%) 36.0 (47.4%) 26.0 (55.3%) 7.0 (24.1%) 9.0 (33.3%) 0.07 

  Hypertension 94.0 (26.8%) 21.0 (12.2%) 29.0 (38.2%) 18.0 (38.3%) 16.0 (55.2%) 10.0 (37.0%) <0.001 

  Dyslipidemia 56.0 (16.0%) 10.0 (5.8%) 21.0 (27.6%) 13.0 (27.7%) 8.0 (27.6%) 4.0 (14.8%) <0.001 

  Diabetes 22.0 (6.3%) 5.0 (2.9%) 5.0 (6.6%) 4.0 (8.5%) 3.0 (10.3%) 5.0 (18.5%) 0.022 

Admission presentation, n (%)        

    Chest pain 291 (82.9%) 157 (91.3%) 57 (75.0%) 42 (89.4%) 20 (69.0%) 15 (55.6%) < 0.001 

    Dyspnea (NYHA III/IV) 22 (6.3%) 4 (2.3%) 5 (6.6%) 2 (4.3%) 4 (13.8%) 7 (25.9%) < 0.001 

Cardiac arrest 9 (2.6%) 3 (1.7%) 5 (6.6%) 0 (0%) 0 (0%) 1 (3.7%)          0.13 

Syncope/ Malaise 9 (2.6%) 3 (1.7%) 2 (2.6%) 2 (4.3%) 2 (6.9%) 0 (0%) 0.34 

Palpitations 3 (0.9%) 1 (0.6%) 0 (0%) 0 (0%) 0 (0%) 2 (7.4%) 0.05 

Cardiogenic shock 2 (0.6%) 1 (0.6%) 0 (0%) 0 (0%) 0 (0%) 1 (3.7%) 0.34 

ECG abnormalities 2 (0.6%) 0 (0%) 0 (0%) 0 (0%) 1 (3.4%) 1 (3.7%) 0.025 

Other* 13 (5.2%) 3 (1.7%) 7 (9.2%) 1 (2.1%) 2 (6.9%) 0 (0%) 0.035 

Cardiac rhythm, n (%)        
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 All patients   
(N = 351) 

Myocarditis   
(N = 172) 

Ischemic   
(N = 76) 

Non 
conclusive   
(N = 47) 

Tako-Tsubo   
(N = 29) 

Other 
diagnosis   
(N = 27) 

p-value 

Sinus rhythm 342 (97.4%) 167 (97.1%) 75 (98.7%) 47 (100%) 26 (89.7%) 27 (100%) 0.05 

Atrial fibrillation 9 (2.6%) 5 (2.9%) 1 (1.3%) 0 (0%) 3 (10.3%) 0 (0%) 0.05 

   Ventricular arrhythmia 23 (6.6%) 12 (7.0%) 9 (11.8%) 0 (0%) 0 (0%) 2 (7.4%) 0.07 

Biological results        

   Troponin peak ratio, (x ULN) 234.6 ± 448.4 273.8 ± 520.4 355.7 ± 495.2 35.8 ± 88.0 146.3 ± 
145.9 

84.2 ± 158.8 <0.001 

   Biological inflammatory syndrome†, n 
(%) 

185 (52.9%) 111 (64.5%) 28 (36.8%) 20 (42.6%) 15 (51.7%) 11 (42.3%) <0.001 

TTE findings        

    LVEF, (%) 54.2 ± 10.1 56.6 ± 7.4 54.2 ± 10.1 57.8 ± 6.5 38.9 ± 10.4 48.9 ± 13.5 <0.001 

  Cinetic abnormalities, n (%) 183 (52.1%) 78 (45.3%) 47 (61.8%) 13 (27.7%) 29 (100.0%) 16 (59.3%) <0.001 

  Pericardial effusion, n (%) 35 (10.0%) 22 (12.8%) 5 (6.6%) 3 (6.4%) 2 (6.9%) 3 (11.1%) 0.48 

Invasive coronary angiography, n (%) 245 (69.8%) 85 (49.4%) 75 (98.7%) 38 (80.9%) 25 (86.2%) 22 (81.5%) <0.001 

CCTA, n (%) 30 (8.5%) 18 (10.5%) 4 (5.3%) 4 (8.5%) 2 (6.9%) 2 (7.4%) 0.74 

Treatments at discharge, n (%)        

Betablockers 270 (76.9%) 135 (78.5%) 64 (84.2%) 26 (55.3%) 26 (89.7%) 19 (70.4%)  0.001 

ACEI 172 (49.0%) 69 (40.1%) 48 (63.2%) 13 (27.7%) 27 (93.1%) 15 (55.6%) <0.001 

Antiplatelet 125 (35.6%) 28 (16.3%) 58 (76.3%) 21 (44.7%) 9 (31.0%) 9 (33.3%) <0.001 

Statin 120 (34.2%) 25 (14.5%) 55 (72.4%) 22 (46.8%) 12 (41.4%) 6 (22.2%) <0.001 

NSAID 97 (27.6%) 82 (47.7%) 3 (3.9%) 10 (21.3%) 0 (0.0%) 2 (7.4%) <0.001 
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 All patients   
(N = 351) 

Myocarditis   
(N = 172) 

Ischemic   
(N = 76) 

Non 
conclusive   
(N = 47) 

Tako-Tsubo   
(N = 29) 

Other 
diagnosis   
(N = 27) 

p-value 

Colchicine 90 (25.6%) 75 (43.6%) 3 (3.9%) 11 (23.4%) 0 (0.0%) 1 (3.7%) <0.001 

Outcomes, n (%)        

    MACE 67 (19.1%) 22 (12.8%) 19 (25.0%) 8 (17.0%) 11 (37.9%) 7 (25.9%) 0.008 

    Death 38 (10.8%) 7 (4.1%) 13 (17.1%) 4 (8.5%) 8 (27.6%) 6 (22.2%) <0.001 

    Disease recurrence 18 (%) 9 (%) 6 (%) 3 (%) 0 (0%) 0 (0%) 0.07 

    Hospitalization for heart failure 4 (1.1%) 2 (1.2%) 1 (1.3%) 0 (0%) 0 (0%) 1 (3.7%) 0.65 

    Sustained TV 7 (2.0%) 5 (2.9%) 2 (2.6%) 0 (0%) 0 (0%) 0 (0%) 0.56 

    Hospitalization for symptomatic AF 3 (0.9%) 0 (0%) 0 (0%) 1 (2.1%) 2 (6.9%) 0 (0%) 0.003 

    Stroke 8 (2.3%) 0 (0%) 3 (3.9%) 1 (2.1%) 3 (10.3%) 1 (3.7%) 0.009 

Hospital length of stay, (days) 5.6 ± 4.3 5.0 ± 3.7 6.3 ± 3.5 4.7 ± 4.9 8.1 ± 5.6 6.5 ± 5.6 <0.001 
 

Values are n (%) or mean ± standard deviation. Bold values indicate the 2-tailed p-value reached statistical significance (<0.05). 
* includes: altered general condition, fall, and stroke. 
†  defined as elevated C-reactive protein (>5 mg/L) and/or leukocytosis (>10×10⁹/L) 
 
Abbreviations: Same as Table 1. 
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Table S2. Baseline CMR characteristics, strain and LV hemodynamic forces by final diagnosis (N=351). 
 

 Overall   
N = 351 

Myocarditis   
N = 172 

Ischemic   
N = 76 

Normal   
N = 47 

Tako-
Tsubo   
N = 29 

Other 
diagnosis   

N = 27 
p-value 

  LV ejection fraction, % 55.5 ± 10.0 56.7 ± 8.6 55.0 ± 9.8 60.6 ± 6.7 43.9 ± 10.2 52.5 ± 13.0 <0.001 

    LV end-diastolic volume index, mL/m2 89.3 ± 20.7 91.4 ± 20.3 87.1 ± 20.5 85.8 ± 18.4 88.7 ± 19.0 89.1 ± 28.1 0.40 

  LV end-systolic volume index, mL/m2 40.4 ± 15.8 40.0 ± 13.9 40.1 ± 16.8 33.9 ± 9.6 50.0 ± 15.8 44.5 ± 25.8 <0.001 

    LV mass index, g/m2 60.3 ± 14.2 59.9 ± 12.1 60.1 ± 15.4 60.0 ± 16.7 59.9 ± 12.1 64.2 ± 20.2 0.63 

    RV ejection fraction, % 50.2 ± 9.3 49.3 ± 8.4 51.3 ± 10.3 52.5 ± 8.5 50.3 ± 10.0 49.7 ± 11.3 0.19 

    Presence of T2 TSE hyperintensity, n (%) 164 (51.7%) 100 (63.7%) 44 (63.8%) 1 (2.3%) 14 (53.8%) 5 (22.7%) <0.001 

Mapping sequences        

  Maximum T2 mapping value, ms 46.7 ± 8.0 47.2 ± 6.3 49.9 ± 10.5 39.7 ± 2.7 53.4 ± 7.0 40.0 ± 3.6 <0.001 

  Remote T2 mapping value, ms 39.5 ± 3.4 39.4 ± 3.5 39.2 ± 2.7 39.6 ± 2.6 40.3 ± 5.7 39.4 ± 2.1 0.97 

  Maximum T1 mapping value, ms 1,332.8 ± 
133.5 

1,320.2 ± 
122.2 

1,401.2 ± 
130.8 

1,209.9 ± 
60.6 

1,480.5 ± 
102.5 

1,316.6 ± 
100.5 

<0.001 

  Remote T1 mapping value, ms 1,212.4 ± 
70.4 

1,203.1 ± 
65.5 

1,200.8 ± 
70.8 

1,209.9 ± 
60.6 

1,268.1 ± 
85.3 

1,254.0 ± 
67.6 

<0.001 

 Late gadolinium enhancement        

  Presence of LGE, n (%) 252 (71.8%) 166 (96.5%) 74 (97.4%) 3 (6.4%) 3 (10.3%) 6 (22.2%) <0.001 

  Presence of subendocardial LGE, n (%) 79 (22.5%) 4 (2.3%) 73 (96.1%) 0 (0.0%) 1 (3.4%) 1 (3.7%) <0.001 

    Presence of midwall or subepicardial LGE, n (%) 170 (48.4%) 163 (94.8%) 4 (5.3%) 1 (2.1%) 1 (3.4%) 1 (3.7%) <0.001 

  Presence of transmural LGE, n (%) 54 (15.5%) 9 (5.2%) 43 (56.6%) 1 (2.2%) 1 (3.4%) 0 (0.0%) <0.001 

  LGE extent (%) 19.2 ± 13.8 25.8 ± 14.1 17.9 ± 7.3 6.2 ± 1.2 7.9 ± 5.9 15.9 ± 17.2 <0.001 
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 Overall   
N = 351 

Myocarditis   
N = 172 

Ischemic   
N = 76 

Normal   
N = 47 

Tako-
Tsubo   
N = 29 

Other 
diagnosis   

N = 27 
p-value 

Global longitudinal strain        

   Myocardial GLS (%) -19.4 ± 4.5 -20.5 ± 3.9 -19.0 ± 4.6 -21.0 ± 2.8 -13.7 ± 4.9 -17.2 ± 4.7 <0.001 

LV hemodynamic forces        

   Longitudinal force (%) 18.1 ± 7.3 19.8 ± 7.5 17.0 ± 7.0 18.2 ± 5.9 11.5 ± 4.4 17.2 ± 7.1 <0.001 

   Transverse force (%) 2.7 ± 1.1 2.9 ± 1.0 2.5 ± 1.2 2.8 ± 1.0 1.8 ± 0.7 2.8 ± 1.0 <0.001 

   Ratio of transverse to longitudinal forces 15.8 ± 5.7 15.5 ± 5.6 15.2 ± 4.7 15.9 ± 5.9 16.6 ± 5.1 18.4 ± 8.1 0.22 

   Ejection angle (°) 76.4 ± 3.7 76.5 ± 3.5 76.8 ± 3.5 76.4 ± 3.8 75.6 ± 3.8 75.2 ± 5.2 0.35 

   Systolic peak force (%) 49.1 ± 22.4 55.1 ± 23.3 44.9 ± 20.5 48.2 ± 18.2 29.1 ± 12.2 44.9 ± 21.4 <0.001 

   Systolic longitudinal force (%) 25.5 ± 11.4 28.7 ± 11.9 22.8 ± 10.1 25.8 ± 9.6 15.4 ± 6.8 23.2 ± 9.9 <0.001 

   Systolic transverse force (%) 3.1 ± 1.4 3.4 ± 1.3 2.9 ± 1.7 3.2 ± 1.3 2.0 ± 0.9 3.2 ± 1.3 <0.001 

   Systolic ratio of transverse to longitudinal forces 13.3 ± 5.5 13.0 ± 5.9 13.0 ± 4.9 13.2 ± 4.5 13.3 ± 4.2 15.9 ± 7.2 0.25 

   Diastolic longitudinal force (%) 10.4 ± 4.4 10.8 ± 4.1 10.4 ± 4.3 10.5 ± 4.6 7.4 ± 3.4 10.7 ± 5.5 <0.001 

   Diastolic transverse force (%) 2.2 ± 1.1 2.4 ± 1.2 2.0 ± 0.9 2.3 ± 1.1 1.7 ± 0.8 2.3 ± 1.1 0.016 

   Diastolic ratio of transverse to longitudinal forces 23.2 ± 11.2 23.1 ± 10.4 21.5 ± 10.3 23.4 ± 11.6 25.4 ± 12.8 25.5 ± 15.3 0.66 

   Impulse longitudinal force (%) 29.0 ± 13.1 32.4 ± 13.6 26.7 ± 12.3 28.8 ± 10.8 17.5 ± 7.6 27.0 ± 12.3 <0.001 

   Systolic-diastolic transition longitudinal force (%) 12.8 ± 5.8 14.3 ± 5.7 11.8 ± 5.1 12.9 ± 5.7 8.2 ± 4.4 11.2 ± 6.3 <0.001 

   Diastolic deceleration longitudinal force (%) 9.2 ± 4.7 9.9 ± 4.4 8.6 ± 3.8 9.9 ± 5.7 5.9 ± 4.1 8.6 ± 5.3 <0.001 

   Atrial thrust longitudinal force (%) 4.3 ± 2.7 3.9 ± 2.4 4.8 ± 3.0 4.8 ± 2.9 4.1 ± 2.7 4.7 ± 2.9 0.10 
 
Values are n (%) or mean ± standard deviation. Bold values indicate the 2-tailed p-value reached significance (<0.05). Abbreviations: Same as Table 2.
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Table S3. LV hemodynamic forces of patients with and without MACE (N=351). 
 

 Overall   
N = 3511 

MACE   
N = 671 

No MACE   
N = 2841 p-value2 

LV hemodynamic forces     

   Longitudinal force (%) 18.1 ± 7.3 14.3 ± 6.3 19.0 ± 7.2 <0.001 

   Transverse force (%) 2.7 ± 1.1 2.4 ± 1.2 2.8 ± 1.0 0.023 

   Ratio of transverse to longitudinal forces 15.8 ± 5.7 17.4 ± 6.7 15.4 ± 5.4 0.025 

   Ejection angle (°) 76.4 ± 3.7 75.6 ± 4.0 76.6 ± 3.6 0.06 

   Systolic peak force (%) 49.1 ± 22.4 36.6 ± 17.6 52.0 ± 22.4 <0.001 

   Systolic longitudinal force (%) 25.5 ± 11.4 19.5 ± 9.3 27.0 ± 11.4 <0.001 

   Systolic transverse force (%) 3.1 ± 1.4 2.7 ± 1.8 3.2 ± 1.3 <0.001 

   Systolic ratio of transverse to longitudinal forces 13.3 ± 5.5 14.8 ± 6.8 12.9 ± 5.1 0.030 

   Diastolic longitudinal force (%) 10.4 ± 4.4 8.9 ± 4.4 10.7 ± 4.3 0.002 

   Diastolic transverse force (%) 2.2 ± 1.1 1.9 ± 1.0 2.3 ± 1.1 0.004 

   Diastolic ratio of transverse to longitudinal forces 23.2 ± 11.2 23.4 ± 12.3 23.1 ± 10.9 0.82 

   Impulse longitudinal force (%) 29.0 ± 13.1 21.9 ± 10.7 30.7 ± 13.1 <0.001 

   Systolic-diastolic transition longitudinal force (%) 12.8 ± 5.8 10.2 ± 5.8 13.4 ± 5.6 <0.001 

   Diastolic deceleration longitudinal force (%) 9.2 ± 4.7 7.4 ± 5.3 9.7 ± 4.4 0.002 

   Atrial thrust longitudinal force (%) 4.3 ± 2.7 4.1 ± 2.6 4.3 ± 2.7 0.46 
 
Values are mean ± standard deviation. Bold values indicate the 2-tailed p-value reached statistical 
significance (<0.05). 
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  Table S4. Intra- and inter-observer reproducibility using intraclass 
   correlation coefficient. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Results show ICC values > 0.75 for every HDF parameter (except for 
diastolic ratio), showing good intra and inter observer reproducibility. 
Corresponding p-values were all below 0.001. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

HDFs parameters 
Inter-observer 

correlation 
coefficient 

 
Intra-observer 

correlation 
coefficient 

Longitudinal force (%) 0.94 0.88 

Transverse force (%) 0.92 0.85 

Transverse-longitudinal forces ratio 0.90 0.81 

Ejection angle (°) 0.89 0.79 

Systolic peak force (%) 0.92 0.90 

Systolic longitudinal force (%) 0.90 0.89 

Systolic transverse force (%) 0.93 0.84 

Systolic transverse-longitudinal forces ratio 0.96 0.79 

Diastolic longitudinal force (%) 0.90 0.96 

Diastolic transverse force (%) 0.83 0.79 

Diastolic transverse-longitudinal forces ratio 0.67 0.75 

Impulse longitudinal force (%) 0.92 0.90 

Systolic-diastolic transition longitudinal force (%) 0.89 0.97 

Diastolic deceleration longitudinal force (%) 0.93 0.91 

Atrial thrust longitudinal force (%) 0.81 0.93 
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Table S5. Univariate analysis of all LV hemodynamic force parameters. 
 

 
       Hazard Ratio 

       (95% CI) 
       p-value 

   Longitudinal force 0.49 (0.35–0.69) <0.001 

   Transverse force 0.81 (0.62–1.06) 0.13 

   Ratio of transverse to longitudinal forces 1.43 (1.16–1.77) <0.001 

   Ejection angle 0.75 (0.59–0.95) 0.016 

   Systolic peak force 0.44 (0.31–0.63) <0.001 

   Systolic longitudinal force 0.49 (0.35–0.68) <0.001 

   Systolic transverse force 0.80 (0.60–1.05) 0.11 

   Systolic ratio of transverse to longitudinal forces 1.38 (1.11–1.71) 0.003 

   Diastolic longitudinal force 0.67 (0.49–0.91) 0.010 

   Diastolic transverse force 0.76 (0.57–1.00) 0.049 

   Diastolic ratio of transverse to longitudinal forces 1.08 (0.86–1.37) 0.50 

   Impulse longitudinal force 0.47 (0.33–0.66) <0.001 

   Systolic-diastolic transition longitudinal force 0.57 (0.42–0.78) <0.001 

   Diastolic deceleration longitudinal force 0.64 (0.46–0.87) 0.005 

   Atrial thrust longitudinal force 0.87 (0.66–1.14) 0.30 

Abbreviations: Same as Table 1 and 2. 

Note: Hazard ratios for hemodynamic force parameters are expressed per 1 standard deviation increase. 
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Table S6. Baseline characteristics of patients stratified by clusters (N=351). 
 

 All patients   
(N = 351) 

Cluster 1   
N = 124 

Cluster 2   
N = 227 p-value 

Age, years 48.5 ± 20.0 37.3 ± 16.1 54.6 ± 19.3 <0.001 

  Males, n (%) 223 (63.5%) 89 (71.8%) 134 (59.0%) 0.004 

BMI, kg/m2 25.2 ± 5.2 25.2 ± 5.8 25.2 ± 4.8 0.95 

Coronary risk factors, n (%)     

  Current or previous smoking 150 (42.7%) 56 (45.2%) 94 (41.4%) 0.88 

  Hypertension 94 (26.8%) 19 (15.3%) 75 (33.0%) <0.001 

  Dyslipidemia 56 (16.0%) 10 (8.1%) 46 (20.3%) 0.001 

  Diabetes 22 (6.3%) 2 (1.6%) 20 (8.8%) 0.013 

Admission presentation, n (%)     

    Chest pain 291 (82.9%) 113 (91.1%) 178 (78.4%) 0.018 

    Dyspnea (NYHA III/IV) 22 (6.3%) 4 (3.2%) 18 (7.9%) 0.044 

Cardiac arrest 9 (2.6%) 3 (2.4%) 6 (2.6%) 0.73 

Syncope/ Malaise 9 (2.6%) 1 (0.8%) 8 (3.5%) 0.50 

Palpitations 3 (0.9%) 1 (0.8%) 2 (0.9%) 0.29 

Cardiogenic shock 2 (0.6%) 0 (0.0%) 2 (0.9%) 0.54 

ECG abnormalities 2 (0.6%) 1 (0.8%) 1 (0.4%) 1.00 

Other* 13 (3.7%) 1 (0.8%) 12 (5.3%) 0.037 

Cardiac rhythm at admission, n (%)     

Sinus rhythm 342 (97.4%) 123 (99.2%) 219 (96.5%) 0.17 

Atrial fibrillation 9 (2.6%) 1 (0.8%) 8 (3.5%) 0.17 

   Ventricular arrhythmia 23 (6.6%) 6 (4.8%) 17 (7.5%) 0.73 

Biological results     

   Troponin peak ratio, (x ULN) 234.6 ± 448.4 270.5 ± 552.8 214.9 ± 379.5 0.69 

   Biological inflammatory syndrome †, n (%) 185 (52.9%) 69 (55.6%) 116 (51.3%) 0.67 

TTE findings     

     LVEF, (%) 54.2 ± 10.1 57.1 ± 6.9 52.6 ± 11.2 <0.001 

   Cinetic abnormalities, n (%) 183 (52.1%) 46 (37.1%) 137 (60.4%) <0.001 

   Pericardial effusion, n (%) 35 (10.0%) 8 (6.5%) 27 (11.9%) 0.13 

Invasive coronary angiography, n (%) 245 (69.8%) 65 (52.4%) 180 (79.3%) <0.001 
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 All patients   
(N = 351) 

Cluster 1   
N = 124 

Cluster 2   
N = 227 p-value 

CCTA, n (%) 30 (8.5%) 10 (8.1%) 20 (8.8%) 0.93 

Final diagnosis, n (%)     

Myocarditis 172 (49.0%) 78 (62.9%) 94 (41.4%) <0.001 

Ischemic 76 (21.7%) 19 (15.3%) 57 (25.1%) 0.036 

Tako-Tsubo 29 (8.3%) 2 (1.6%) 27 (11.9%) <0.001 

Cardiomyopathy 27 (7.7%) 9 (7.3%) 18 (7.9%) 1.00 

Inconclusive 47 (13.4%) 16 (12.9%) 31 (13.7%) 0.90 

Treatments at discharge, n (%)     

Betablockers 270 (76.9%) 92 (74.2%) 178 (78.4%) 0.24 

ACEI 172 (49.0%) 42 (33.9%) 130 (57.3%) <0.001 

Antiplatelet 125 (35.6%) 27 (21.8%) 98 (43.2%) <0.001 

Statin 120 (34.2%) 25 (20.2%) 95 (41.9%) <0.001 

NSAID 97 (27.6%) 50 (40.3%) 47 (20.7%) <0.001 

Colchicine 90 (25.6%) 44 (35.5%) 46 (20.3%) 0.002 

Outcomes, n (%)     

MACE 67 (19.1%) 6 (4.8%) 61 (26.9%) <0.001 

Death 38 (10.8%) 2 (1.6%) 36 (15.9%) 0.001 

Disease recurrence 18 (5.1%) 5 (4.0%) 13 (5.7%) 0.48 

Hospitalization for heart failure 4 (1.1%) 0.0 (0.0%) 4.0 (1.8%) 0.30 

Sustained TV 7 (2.0%) 0.0 (0.0%) 7.0 (3.1%) 0.05 

Hospitalization for symptomatic AF 3 (0.9%) 0.0 (0.0%) 3.0 (1.3%) 0.56 

Stroke 8 (2.3%) 0.0 (0.0%) 8.0 (3.5%) 0.05 

Hospital length of stay, (days) 5.6 ± 4.3 4.9 ± 3.6 6.0 ± 4.6 0.006 
 

Values are n (%) or mean ± standard deviation. Bold values indicate the 2-tailed p-value reached 
statistical significance (<0.05). 
* includes: altered general condition, fall, and stroke. 
†  defined as elevated C-reactive protein (>5 mg/L) and/or leukocytosis (>10×10⁹/L) 
 
Abbreviations: Same as Table 1 
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Table S7. Baseline CMR characteristics, strain and LV hemodynamic forces of patients 
stratified by clusters (N=351). 
 

 Overall   
N = 351 

Cluster 1   
N = 124 

Cluster 2   
N = 227 p-value 

  LV ejection fraction, % 55.5 ± 10.0 60.6 ± 6.4 52.6 ± 10.4 <0.001 

    LV end-diastolic volume index, mL/m2 89.3 ± 20.7 87.9 ± 18.8 90.0 ± 21.7 0.73 

  LV end-systolic volume index, mL/m2 40.4 ± 15.8 34.9 ± 10.5 43.4 ± 17.4 <0.001 

    LV mass index, g/m2 60.3 ± 14.2 58.8 ± 12.8 61.1 ± 14.9 0.52 

    RV ejection fraction, % 50.2 ± 9.3 52.9 ± 7.8 48.8 ± 9.7 <0.001 

    Presence of T2 TSE hyperintensity, n (%) 164 (51.7%) 57 (50.0%) 107 (52.7%) 0.48 

Mapping sequences     

  Maximum T2 mapping value, ms 46.7 ± 8.0 45.4 ± 7.0 47.6 ± 8.4 0.45 

  Remote T2 mapping value, ms 39.5 ± 3.4 39.4 ± 2.9 39.6 ± 3.7 0.74 

  Maximum T1 mapping value, ms 1,332.8 ± 
133.5 

1,318.0 ± 
128.7 

1,341.2 ± 
135.9 

0.07 

  Remote T1 mapping value, ms 1,212.4 ± 
70.4 

1,206.9 ± 
67.5 

1,215.6 ± 
72.0 

0.027 

 Late gadolinium enhancement     

  Presence of LGE, n (%) 252 (71.8%) 98 (79.0%) 154 (67.8%) 0.013 

  Presence of subendocardial LGE, n (%) 79 (22.5%) 19.0 (15.3%) 60.0 (26.4%) 0.036 

    Presence of midwall or subepicardial LGE, n (%) 170 (48.4%) 78.0 (62.9%) 92.0 (40.5%) <0.001 

  Presence of transmural LGE, n (%) 54 (15.5%) 11.0 (8.9%) 43.0 (19.1%) 0.015 

  LGE extent (%) 19.2 ± 13.8 20.7 ± 13.7 18.4 ± 13.8 0.10 

Global longitudinal strain     

   Myocardial GLS (%) -19.4 ± 4.5 -22.1 ± 2.9 -18.0 ± 4.6 <0.001 

   Endocardial GLS (%) -22.3 ± 5.2 -25.2 ± 3.2 -20.7 ± 5.4 <0.001 

LV hemodynamic forces     

   Longitudinal force (%) 18.1 ± 7.3 25.4 ± 6.3 14.1 ± 4.0 <0.001 

   Transverse force (%) 2.7 ± 1.1 3.5 ± 1.0 2.2 ± 0.7 <0.001 

   Ratio of transverse to longitudinal forces 15.8 ± 5.7 14.4 ± 4.4 16.6 ± 6.2 <0.001 

   Ejection angle (°) 76.4 ± 3.7 77.0 ± 3.2 76.0 ± 3.9 <0.001 

   Systolic peak force (%) 49.1 ± 22.4 71.6 ± 19.3 36.7 ± 11.9 <0.001 

   Systolic longitudinal force (%) 25.5 ± 11.4 37.1 ± 9.5 19.2 ± 6.1 <0.001 
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 Overall   
N = 351 

Cluster 1   
N = 124 

Cluster 2   
N = 227 p-value 

   Systolic transverse force (%) 3.1 ± 1.4 4.3 ± 1.4 2.5 ± 0.9 <0.001 

   Systolic ratio of transverse to longitudinal forces 13.3 ± 5.5 12.1 ± 4.2 13.9 ± 6.1 <0.001 

   Diastolic longitudinal force (%) 10.4 ± 4.4 13.2 ± 4.4 8.9 ± 3.5 <0.001 

   Diastolic transverse force (%) 2.2 ± 1.1 2.8 ± 1.2 1.9 ± 1.0 <0.001 

   Diastolic ratio of transverse to longitudinal forces 23.2 ± 11.2 22.4 ± 10.2 23.6 ± 11.7 <0.001 

   Impulse longitudinal force (%) 29.0 ± 13.1 42.4 ± 11.0 21.7 ± 6.9 <0.001 

   Systolic-diastolic transition longitudinal force (%) 12.8 ± 5.8 17.1 ± 5.5 10.5 ± 4.4 <0.001 

   Diastolic deceleration longitudinal force (%) 9.2 ± 4.7 11.9 ± 4.4 7.7 ± 4.1 <0.001 

   Atrial thrust longitudinal force (%) 4.3 ± 2.7 4.7 ± 2.9 4.1 ± 2.5 0.06 
 
Values are n (%) or mean ± standard deviation. Bold values indicate the 2-tailed p-value reached 
statistical significance (<0.05) 

 
Abbreviations: Same as Table 2. 
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De la mécanique cardiaque au pronostic : les forces hémodynamiques ventriculaires 
gauches comme nouveau marqueur de risque dans les MINOCA 

 

Mots-clés : imagerie par résonance magnétique cardiaque ; IRM sans contraste ; forces hémodynamiques ; 
infarctus du myocarde à coronaires non-obstructives ; évènements cardiovasculaires. 

 
 

From cardiac mechanics to prognosis: left ventricle hemodynamic forces as a novel 
risk marker in MINOCA 

 

Keywords: cardiovascular magnetic resonance imaging ; non-contrast CMR; hemodynamic forces ; 
myocardial infarction with non-obstructive coronary arteries ; cardiovascular events. 

R
ÉS

U
M

É  INTRODUCTION : L’infarctus du myocarde à coronaires non obstructives (MINOCA) est une entité hétérogène associée à une 
morbidité significative, pour laquelle les marqueurs classiques de l’IRM cardiaque peuvent manquer de sensibilité pour évaluer le 
risque. Les forces hémodynamiques (HDFs), dérivées des séquences ciné-IRM et reflétant les interactions entre flux sanguin et paroi 
myocardique, permettent de détecter des dysfonctions ventriculaires subtiles. Leur rôle pronostique dans les MINOCA reste inconnu. 
OBJECTIF : Évaluer la valeur pronostique de paramètres HDFs spécifiques chez des patients présentant un MINOCA. 
MÉTHODES : Cette étude rétrospective monocentrique a inclus des patients hospitalisés pour MINOCA au CHU d’Angers entre 2014 
et 2023 et ayant bénéficié d’une IRM cardiaque. Le critère de jugement principal était un critère composite d’événements 
cardiovasculaires majeurs (MACE : décès toute cause, accident vasculaire cérébral ou hospitalisation pour motif cardiovasculaire). 
Des modèles de Cox ajustés sur des variables cliniques et d’IRM ont été utilisés pour évaluer l’impact pronostique des HDFs. La 
valeur incrémentale a été testée par comparaisons de modèles emboîtés. 
RÉSULTATS : Après un suivi médian de 2,8 ans (IQR 1,1–5,2), 67 patients (19,1 %) ont présenté un événement cardiovasculaire 
majeur. Dans les modèles multivariés ajustés sur la fraction d’éjection ventriculaire gauche, le strain, l’étendue du rehaussement 
tardif et le diagnostic final, des forces longitudinales de pic systolique (HR +1 DS = 0,54 ; p = 0,004) et d’impulsion (HR +1 DS = 
0,58 ; p = 0,010) plus élevées étaient indépendamment associées à un meilleur pronostic, tandis qu’un ratio forces 
transversale/longitudinale élevé était associé à un risque accru de MACE (HR + 1 DS = 1,31 ; p = 0,032). Dans une analyse par 
modèles emboîtés, chaque paramètre HDF apportait une valeur pronostique incrémentale par rapport au modèle précédent. Pour la 
force de pic systolique, le chi-deux passait de 21 à 31 (p = 0,002) avec amélioration de la reclassification. 
CONCLUSION : Les forces hémodynamiques dérivées des images ciné-IRM prédisent indépendamment les événements indésirables 
chez les patients présentant un MINOCA et apportent une valeur pronostique supplémentaire aux marqueurs cliniques et IRM établis.  
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T INTRODUCTION: Myocardial infarction with non-obstructive coronary arteries (MINOCA) is a heterogeneous entity associated with 
significant morbidity, where conventional cardiac magnetic resonance (CMR) markers may fail to capture risk. Hemodynamic forces 
(HDFs), derived from cine-CMR and reflecting flow–tissue interactions, detect subtle ventricular dysfunction. Their prognostic value in 
MINOCA remains unknown. 
OBJECTIVE: To assess the prognostic value of specific HDFs parameters in consecutive patients with MINOCA. 
METHODS: This retrospective single-centre study included patients admitted for MINOCA who underwent CMR at Angers University 
Hospital between 2014 and 2023. The primary endpoint was a composite of major adverse cardiovascular events (MACE: all-cause 
death, stroke, or cardiovascular hospitalization). Cox regression models adjusted for clinical and CMR risk factors were used to 
evaluate the prognostic impact of HDFs, and incremental value was assessed using nested model comparisons. 
RESULTS: During a median follow-up of 2.8 years (IQR 1.1 - 5.2), 67 patients (19.1%) experienced MACE. In multivariable models 
adjusted for left ventricular ejection fraction, strain, late gadolinium enhancement extent, and final diagnosis, higher systolic peak 
force (HR +1 SD = 0.54, p = 0.004) and longitudinal impulse force (HR +1 SD = 0.58, p = 0.010) independently predicted improved 
outcomes, whereas an elevated transverse-to-longitudinal forces ratio was associated with increased risk (HR + 1 SD = 1.31, p = 
0.032). In a nested model analysis, each HDF parameter provided incremental prognostic value compared with a model including the 
previously cited factors; for systolic peak force, the global chi-square increased from 21 to 31 (p = 0.002) with improved 
reclassification. 
CONCLUSION: Hemodynamic forces derived from cine-CMR independently predict adverse outcomes in MINOCA and provide 
incremental prognostic value beyond established clinical and CMR markers. 
 
 
 
 

 


