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ABSTRACT __

Heart failure (HF) is a heterogeneous clinical syndrome, that remains a major
health problem. Cardiac remodeling is the hallmark of HF.

Cardiac remodeling refers to the alteration in the geometry and function of
any cardiac chamber driven by a histological basis of molecular, cellular and
interstitial changes. The extent of cardiac remodeling is associated with prog-
nosis and therefore, it isimportant to early diagnose and characterize cardiac
remodeling with cardiac imaging.

The left ventricle (LV) has been the most widely studied cardiac chamber in HF.
Both linear and volumetric measurements of LV dilatation have shown prog-
nostic value separately. However, the correlation between LV diameter and
volume measured with 3-dimensional imaging techniques has not been studied
and the relative merits of each parameter to predict long-term prognosis in
patients with HF has not been explored. Left atrial (LA) structure and function
are important determinants of LV preload and subsequently, LV stroke volume.
In addition, LA remodeling is influenced by LV remodeling and particularly by
the diastolic and systolic function of the LV. Accordingly, the assessment of the
LA function integrated with the LV function seems more clinically appropri-
ate, although it is not common clinical practice. Recently, left atrioventricular
couplingindex (LACI) has emerged as a novel imaging marker which evaluates
global LA and LV structure and function simultaneously. LACl is defined by the
ratio between LA and LV volumes at end-diastole. Cardiac magnetic resonance
(CMR) is a 3-dimensional imaging technique considered the reference imaging
technique for volumetric and functional assessment of any cardiac chamber.
Furthermore, CMR has the unique characteristic of allowing the assessment of
myocardial tissue characteristics (myocardial fibrosis and scar) and therefore,
it provides an holistic assessment of cardiac remodeling.

The hypothesis of this thesis is to demonstrate that comprehensive CMR
evaluation of cardiac remodeling provides improved risk stratification of pa-
tients with HF.



The main objective of the thesis is to characterize cardiac remodeling in pa-
tients with HF and LVEF <50% with the use of comprehensive CMR evaluation.
The secondary objectives of the thesis are:

1. To assess the agreement between CMR-derived LV linear and volumetric
measures to define LV dilatation and characterize the groups of patients
with concordant and discordant definitions of LV dilatation.

2. To investigate the prognostic implications of concordant and discordant
definition of LV dilatation based on CMR derived LV linear and volumetric
dimensions.

3. To assess the distribution of left atrio-ventricular uncoupling in patients
with HF and LVEF <50% by measuring the LACI with CMR and to elucidate
its prognostic implications.

In order to achieve these objectives, a large number of patients with HF and
LVEF <50% who underwent CMR at the Germans Trias i Pujol University
Hospital were retrospectively identified. Patients were followed-up regularly
during 5 yearsinaspecialized HF unit. CMR was performed ona 1.5 T scanner,
following standardized protocol.

According to the results, we demonstrated that the CMR derived indexed LV
linear dimensions showed a modest correlation with indexed LV volumes and
therefore, they are not interchangeable when defining LV dilatation. Interest-
ingly, 20% of patients displayed discordant definitions of LV dilatation. Indexed
end-diastolic LV diameters and volumes were independently associated with
cardiovascular outcomes (cardiovascular death or HF hospitalization). When
phenogrouping the patients according to the type of LV dilatation (based only
on LV linear dimension, only LV volume or both), the group of patients with
both increased end-diastolic diameters and volumes presented the worst
clinical outcomes suggesting that the assessment of both metrics is needed
for better risk stratification.
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In the study evaluating the prognostic implications of LACI in HF with LVEF
<50%, patients were divided according to LACl tertiles. LACl was independent-
ly associated with the combined endpoint (all-cause death or HF hospitaliza-
tion) and the patients with the most impaired left atrioventricular coupling
(highest LACI values) showed the worst clinical outcomes. According to these
results, we suggest that CMR-derived LACI should be considered as routine
measurement for risk stratification of patients with HF and LVEF <50%.

In conclusion, this doctoral thesis highlights the incremental prognostic value
of comprehensive cardiac remodeling assessment by CMR in patients with
HF and LVEF <50%. Both linear and volumetric LV measurements should be
assessed to accurately define LV dilatation. The integrated evaluation of both
LV and LA, applying the use of LACI, should be considered for risk stratifica-
tion. The cardiac remodeling process should be explored with a more holistic
approach and CMR is state-of-the-art imaging modality for cardiac remodeling
assessment in patients with HF and LVEF <50%.
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RESUMEN

Lainsuficiencia cardiaca (IC) es un sindrome clinico heterogéneo y un problema
de salud importante a nivel mundial. El remodelado cardiaco es un fenémeno
centralenlalC.

El remodelado cardiaco se define como la alteracion en la geometriay funcion
de cualquier cavidad cardiaca e implica cambios a nivel molecular, celular e in-
tersticial. La extension del remodelado cardiaco se asocia con el pronésticoy es
importante diagnosticarlo precozmentey caracterizarlo con imagen cardiaca.

El ventriculo izquierdo (V1) es la cavidad cardiaca mas estudiada en la IC.
Tanto las mediciones lineares como volumétricas de la dilatacién del VI han
demostrado valor prondstico de forma independiente. Sin embargo, no se ha
estudiado la correlacién entre el didmetro y el volumen del VI medidos con
técnicas de imagen tridimensionales, ni se han explorado el valor relativo de
cada parametro para determinar el prondstico en pacientes con IC.

La estructuray funcion de la auricula izquierda (Al) determina la precarga del
Vly, en consecuencia, el volumen sistdlico del VI. Ademas, el remodelado de
la Al esta relacionado por el del VI, y en particular por la funciéon diastélica 'y
sistolicadel VI. En consecuencia, la evaluacién de la funcién de la Al integrada
con la del VI parece clinicamente mas adecuada, aunque esta no forma parte
de la practica habitual en las unidades de imagen cardiaca.

El indice de acoplamiento auriculoventricular izquierdo (LACI, por su abrevia-
tura eninglés) es un nuevo marcador de imagen que evaltua simultdneamente
laestructurayfunciénglobal delaAlyel VI.EI LACI se define como el cociente
entre los volumenes telediastdlicos de laAly el VI.

La resonancia magnética cardiaca (RMC) es la técnica de imagen tridimen-

sional considerada de referencia para la evaluacién volumétricay funcional de
cualquier cavidad cardiaca. Ademas, la RMC es la Unica modalidad de imagen
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gue permite la caracterizacion del tejido miocardico (fibrosis miocardica) y,
por lo tanto, proporciona una evaluacion mas global del remodelado cardiaco.

La hipdtesis de esta tesis es demostrar que una evaluacion integral del re-
modelado cardiaco mediante RMC mejora la estratificacion del riesgo en
pacientes con IC.

El objetivo principal de la tesis es caracterizar el remodelado cardiaco en pa-
cientes con IC y fraccion de eyeccion del ventriculo izquierdo (FEVI) <50%
mediante una evaluacién completa con RMC. Los objetivos secundarios son:

1. Evaluar la concordancia entre las medidas lineares y volumétricas del VI
obtenidas por RMC paradefinir ladilatacion del VI, y caracterizar los grupos
de pacientes con definiciones concordantes y discordantes de dilatacién VI.

2. Investigar las implicaciones prondsticas de las definiciones concordantes
y discordantes de dilatacién del VI basadas en las dimensiones lineares y
volumétricas obtenidas por RMC.

3. Evaluar la distribucion del desacoplamiento auriculoventricular izquierdo
en pacientes con ICy FEVI <50% determinando el LACI con RMC, y aclarar
sus implicaciones prondsticas.

Para alcanzar estos objetivos, se identificé retrospectivamente un gran nime-
ro de pacientes con ICy FEVI <50% que se sometieron a RMC en el Hospital
Universitari Germans Trias i Pujol. Los pacientes se siguieron de forma regular
durante 5 anos en una unidad especializada en IC. La RMC se realizé en un
escaner de 1.5 T, siguiendo un protocolo estandarizado.

Segun los resultados, demostramos que las dimensiones lineares del VI indexa-
das obtenidas por RMC mostraron una correlacion modesta con los volimenes
indexados del VI, y por tanto, no son intercambiables a la hora de definir la
dilatacion del VI. Curiosamente, el 20% de los pacientes presentaban defini-
ciones discordantes de dilatacion del VI. Los didmetros y voliumenes teledi-
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astélicos indexados del VI se asociaron de forma independiente con eventos
cardiovasculares (muerte cardiovascular u hospitalizacion por IC). Al clasificar
a los pacientes segun el tipo de dilatacién del VI (basada solo en dimensién
linear, solo en volumen, o por ambas definiciones), el grupo con aumento en
los diametros y los volimenes presentd los peores resultados clinicos, lo que
sugiere que la evaluacion conjunta de ambas métricas es necesaria para una
mejor estratificacion del riesgo.

En el estudio que evalud las implicaciones prondsticas del LACI en pacientes
con ICy FEVI <50%, los pacientes se dividieron en terciles de LACI. EI LACl se
asocio de formaindependiente con el evento combinado (muerte por cualquier
causa u hospitalizacion por IC), y los pacientes con mayor desacoplamiento
auriculoventricular izquierdo (valores mas altos de LACI) mostraron los peores
resultados clinicos. Segln estos resultados, sugerimos que el LACI obtenido
por RMC deberia considerarse como una medida rutinaria para la estratifi-
cacion del riesgo en pacientes con ICy FEVI <50%.

En conclusioén, esta tesis doctoral demuestra el valor pronéstico adicional
gue aporta la evaluacion integral del remodelado cardiaco mediante RMC
en pacientes con IC y FEVI <50%. Tanto las mediciones lineares como las
volumétricas del VI se deben evaluar conjuntamente para definir la dilatacién
del VI con precisién. La valoracién integrada del VI y la Al, aplicando el uso
del LACI, deberia considerarse para la estratificacién del riesgo. El proceso
de remodelado cardiaco debe explorarse con un enfoque mas holistico, y la
RMC representa la modalidad de imagen de referencia para la evaluacién del
remodelado cardiaco en pacientes con IC y FEVI <50%.
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INTRODUCTION ___

1.1. Epidemiology of HF

HF is a complex clinical syndrome. Symptoms occur when structural and/or
functional abnormalities of the heart results in elevated intracardiac pressures
and/or inadequate cardiac output. HF remains a major health problem world-
wide despite all the diagnostic and therapeutic advances in the last decades.

Due to the population growth, aging process, and the increasing prevalence
of comorbidities, the number of hospital admissions for HF is expected to in-
crease considerably in the future (1,2). Already defined as a pandemic affecting
almost 64 million people in 2017 (3), along with the expected increase in its
prevalence in the future, thereis growing concern about the economic burden
HF might cause in healthcare systems (Figure 1). Moreover, when applying a
13.5% annual all-cause mortality rate to the estimated number of patients
with diagnosis of HF, approximately 8.3 million individuals are projected to
die each year globally (4).

People With Heart Failure (Milli

~
L
— -

| L

| I I ) ] 1 I' | 5 L I | IE LR l
2017 2020 2025 2030 2035 2040 2045 2050

Figure 1. Prevalence of HF and Future Projection. Adapted from Bozkurt B et al (4), with

permission
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The prevalence of HF ranges between 1 and 3% in the general population
in Western countries and up to almost 50% of these patients have HF with
reduced LVEF (5). Importantly, the age and sex-adjusted mortality rates
of this group of patients with HF and FEVI<50% is higher as compared to
FEVI1250% (6).

In conclusion, due to the high hospitalization rates, population growth, aging,
and the increasing prevalence of comorbidities; HF remains one of the most
important areas of economic burden and mortality in healthcare systems, in
particular in those with FEVI1<50%. Further research to improve risk stratifi-
cation of this pathology is necessary to reduce cardiovascular mortality.

1.2. Cardiac Remodeling in HF

Cardiac remodeling is a fundamental process in the complex heart failure
syndrome. The definition of remodeling reflects the structural and functional
changes of the heart in response to different types of pathological injuries (7).

1.2.1. LV remodeling

LV is the main cardiac chamber responsable for the heart’s pump function.
This function is achieved by providing sufficient cardiac output to maintain
oxigenated blood flow to the other organ systems. Any alteration in the LV
structure may result in failure of the rest of organs and cause life-threatening
conditions.

Normal LV geometry has been decribed as an ellipsoid shape with its long-axis
directed from apex to base (8). During a cardiac cycle, the LV wall shortens,
thickens, and twists along the long axis (9). Cardiac output results from systolic
contraction of the left ventricle, which is influenced by preload, afterload, and
contractility. Stroke volume is the amount of blood pumped out of the heart
in one cardiac cycle. Preload, also known as LV end-diastolic pressure, meas-
ures the degree of the ventricular stretch at the end of diastole. Afterload
is the pressure the left ventricle must push against during each contraction.

20



INTRODUCTION

High preload conditions such as valvular regurgitation and increased afterload
observed in hypertension and aortic valve stenosis may alter LV structure and
function progressively, if not treated.

LVis aremarkably plasticchamber, able to provide changes in its geometry during
short periods of time (10). This adaptative response of the LV may be observed
in physiological conditions such as pregnancy and rigorous athletic training.
Pathological remodeling occurs when the stimuli causing these alterations per-
petuates over time. The changes observed in ventricular architecture, driven by a
combination of pathological alterations including myocyte hypertrophy, myocyte
apoptosis, myofibroblast proliferation, and interstitial fibrosis define remode-
ling (11). The activation of neuroendocrine factors such as renin-angiotensin
aldosterone axis and the adrenergic nervous system, increased oxidative stress,
proinflammatory cytokines, and endothelin also play a role in this process (11).

LV remodeling occurs in response to different forms of myocardial injury and
increased wall stress. Ventricular wall stress is directly related to LV pressure
and radius and inversely proportional to twice the LV wall thickness, according
to the Law of Laplace (12) (Figure 2).

Cellular changes

Initial myocardial injury =~ ——  -Myocyte apoptosis
-Fibroblast proliferation
-Increased interstitial collagen

Increased LV size

|

Elevated LV wall stress

Oxidative stress
Inflammation
Energy metabolism

Neurohumoral regulation
-RAAS activation
-Fibrosis and hypertrophy

=

e

Genetic alterations

Figure 2. Pathophysiological changes in LV remodeling in HF.
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Cardiac remodeling may occur after myocardial infarction (Ml) or in response
to conditions involving pressure (aortic stenosis, hypertension) or volume (val-
vular regurgitation) overload, inflammatory heart muscle disease (myocarditis)
or idiopathic dilated cardiomyopathy (13). Independent of the type of the
initial myocardial injury, an early adaptative increase is observed in LV volumes
to maintain adequate LV stroke volume. The increase in LV volumes result in
elevated LV wall stress and oxygen consumption.

After this stage, if uncontrolled, pathological cellular changes occur, resulting
in globally increased myocardial mass and global LV chamber dilatation. Even-
tually the geometrical shape of the LV changes from an elliptical to a spherical
shape (13, 14) (Figure 3). Finally, the alterationin LV structure result in globally
reduced cardiac performance and overt HF symptoms.

Figure 3. Late ventricular dilatation in patients with anterior MI. Adapted from Cohn JN et al

(13), with permission.

1.2.1.1. Assessment of LV dilatation by cardiac imaging

Left ventricular size and function can be evaluated by cardiac imaging tech-
niques. Accurate definition of normal LV size is of importance to detect altera-
tionsin LV structure early in the remodeling process. Echocardiography is the
initial imaging tool used in cardiac chamber size evaluation. Serial echocardi-
ograms are commonly used in the follow-up of HF patients, due to the wide
availability, easy use, lack of ionizing radiation and lower cost of this modality,
when compared to others.
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INTRODUCTION

Accordingto the current international guidelines on cardiac chamber quantifi-
cation by echocardiography in adults, normal reference values for LV linear and
volumetric measurements are stated (15). In the linear assessment of LV size
by two-dimensional (2D) echocardiography, measurements are reported for
end-diastole and end-systole. It is recommended to index these measurements
by body surface area (BSA) to enable comparison among individuals with dif-
ferent body sizes. The most commonly used method for 2D echocardiographic
volume measurement is the biplane method of disks summation, which is the
currently recommended 2D echocardiographic method (15).

LV function is assessed by multimodal cardiac imaging. Up to date, LVEF re-
mains the most commonly used marker to assess global left ventricular systolic
function. LVEF is assessed by measuring the difference between the end-di-
astolic and end-systolic volume of a 2D, or three-dimensional (3D) parame-
ter divided by its end-diastolic value. The biplane method of disks (modified
Simpson’s rule) is the currently recommended 2D method to assess LVEF by
the latest echocardiography guidelines (15). In daily practice, LV volumes and
function are mostly assessed by 2D biplanar methods. The better accuracy of
real time 3D echocardiography compared to 2D methods for the evaluation
of LV volumes and function has been reported (16, 17, 18).

For decades, the classification of HF has been based on LVEF measures. Cur-
rently international guidelines recommend the use of LVEF to phenotype heart
failure into three categories: HF with reduced LVEF (HFrEF, LVEF <40%), HF
with mildly reduced EF (HFmrEF, LVEF between 41 and 49%) and HF with
preserved LVEF (HFpEF, LVEF >250%) (19, 20). However, LVEF is not a perfect
parameter of LV performance since it only takes into consideration the change
in volume of the LV and does not consider the effective stroke (forward) vol-
ume. The measurement of LV deformation by strain imaging has emerged as
a powerful tool to accurately quantify myocardial mechanics (21, 22). Strain
is a dimensionless measurement of change in length between two points, and
LV global longitudinal strain (GLS) is defined as the change in the LV myocar-
dial length of various LV myocardial segments between diastole and systole
divided by the original end-diastolic length (22). LV GLS can be measured with
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echocardiography, CMR and more recently ECG-gated computed tomogra-
phy (23, 24, 25). The measurement of LV GLS is more reproducible than the
measurement of LVEF and it is less influenced by loading conditions (21). Im-
pairment of LV GLS occurs earlier than impairment of LVEF, thus its utility to
diagnose subclinical LV systolic dysfunction, in early HF stages (26) (Figure 4).
The feasibility and reproducibility of strain imaging to determine LV function
has been explored, both by echocardiography and CMR (27, 28, 29, 30).

Although echocardiography is the imaging technique most frequently used for
afirst evaluation of patients with HF, multimodality imaging is key to diagnose
the aetiology of HF. CMRis a 3D technique with high spatial and temporal reso-
lution. Compared with echocardiography, CMR offers better spatial resolution
in cine images and high reproducibility (31). The sharp contrast between the
blood pool and myocardium enables accurate assessment of LV volume, mass
and function (11). Currently CMR is considered the reference technique for
the assessment of volume and function of any cardiac chamber. Reference
values for LV diameters and volumes, indexed by the BSA are established ac-
cording to the latest CMR studies (32). Due to its better spatial resolution as
compared to echocardiography, diameters and volumes are slightly bigger and
LVEF is slightly lower when measured by CMR (33, 34).

24



INTRODUCTION

GLS-LAX: -14.7%
GLS-A4C: -18%
GLS-A2C: -17.3%
GLS-Average: -16.7%

Figure 4. Myocardial deformation by strain imaging in echocardiography. A 60 year old pa-
tient receiving oncological therapy and showing impaired LV global longitudinal strain (GLS)
despite preserved LVEF measured with biplane 2D Simpson method (65%) and 3-dimensional
echocardiography (58%). Abbreviations: A2C: apical 2-chamber view; A4C; apical 4-chamber

view; LAX: long-axis view. Adapted from Kasa G et al (26), with permission.
1.2.1.2. Prognostic implications of LV remodeling in HF
Dilatation of the LV reflects the increase in LV cavity size. Dilatation by both

linear and volumetric measurements have demonstrated prognostic value in
HF separately (11, 13, 14, 31, 35, 36,42, 44,45, 52).
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1.2.1.2.1. Prognostic implication of LV diameters in HF

LV dilatation was initially measured as the increase in linear internal dimensions
by 2D-echocardiography in HF studies. One of the earliest studies of LV remod-
eling after myocardial infarction demonstrated that the extent of ventricular
dilatation after infarction was related to the magnitude of the initial injury and
ventricular dilatation was associated with areductionin survival (14). Another
study in advanced HF patients with LVEF <30% investigated the prognostic
implications of LV dilatation using linear dimensions by 2D-echocardiography.
Patients with massively dilated LV were defined by indexed LV end-diastolic
diameter (LVEDD:i) and LV size was found to be a significant predictor of sudden
death (35). The echocardiographic data from the Valsartan HF trial showed that
increasing LVEDDi was independently associated with mortality and morbid-
ity (36). LV linear diameters have also demonstrated to be important values
to define LV remodelling and to decide timing of intervention for example, in
patients with severe aortic or mitral regurgitation (37, 38). In non-ischemic car-
diomyopathy patients, left ventricular end-systolic diameter index (LVESDi) by
2D-echocardiography, along with LVEF were used to define LV remodeling and
prognosis (39). Finally, multiple echocardiographic studies with large number
of patients with HF and LVEF <50% investigated the prognostic role of reverse
LV remodeling according to the changes observed in indexed left ventricular
end-diastolic and end-systolic diameter measurements (40, 41).

Interestingly, only few studies have investigated the clinical and prognostic
significance of LV dilatation assessed by linear dimensions on CMR in patients
with HF and LVEF <50%. In the multi-ethnic study of aterosclerosis, the as-
sociation of LV dilatation measured by linear CMR dimensions and the onset
of HF was investigated in a large number of asymptomatic individuals with
no prior history of cardiovascular disease (42). In this study, LV dilatation,
defined as LV end-diastolic diameter > 52 mm, was associated with incident
HF during follow-up. More recently, a reduction in LV end-systolic diameter
(LVESD) measured by CMR was used as an imaging criterion to assess reverse
remodelingin a cohort of patients with advanced HF and LVEF <35% who were
treated with cardiac resynchronization therapy (43).
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1.2.1.2.2. Prognostic implication of LV volumes in HF

There is a large body of evidence relating the changes in LV end-systolic vol-
ume (LVESV), LV end-diastolic volume (LVEDV) and LVEF with cardiovascular
outcomes in HF patients. The association between ventricular dilatation and
reduced survival has been widely demonstrated, mostly using increased LV
volumes by 2D-echocardiography (11, 14,44, 45). LVESV was one of the most
commonly used imaging markers associated with poor prognosis after Ml (46).
Established HF therapy pillars of today, such as angiotensin converting enzyme
(ACE) inhibitors or angiotensin receptor blockers (ARB), betablockers or al-
dosterone receptor blockers target at reverse remodeling in HF by reducing
both end-diastolic and end-systolic LV volumes by echocardiography (45, 47,
48,49, 50, 51).

Data regarding the prognostic implication of LV dilatation as assessed by vol-
umes using CMR are also available. Studies including both acute ischemic and
chronic non-ischemic HF patients evaluated the LV remodeling, by LV end-di-
astolic volume changes in CMR (52, 53, 54). More recently, the effect of so-
dium-glucose cotransporter-2 inhibitors (SGLT2i) on LV remodeling in HFrEF
patients has been explored, using both end-diastolic and end-systolic volume
changes by CMR (55, 56, 57). Finally, both LVEDV and LVESV as assessed by
CMR have provided prognostic value in predicting the need for aortic valve
replacement in patients with severe aortic regurgitation and mortality in pa-
tients with mitral regurgitation (58, 59, 60).

1.2.1.3. Cardiac MRI-Based Tissue Characterization of LV Remodeling in HF

Importantly, LV remodeling does not only refer to macroscopic dilatation of
LV, but also involves fundamental cellular alterations like myocardial fibrosis.
Interstitial fibrosis and replacement fibrosis are both predictors of HF events.
CMR provides the unique characteristic of non-invasive myocardial tissue
characterization by T1 mapping and late gadolinium enhancement (LGE) se-
guences (Figure 5).
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Figure 5. Tissue characterization by LGE in CMR. Examples of different contrast enhancement.

patterns. A: Transmural Ml in the anterior interventricular septum. B: Subepicardial enhance-
ment in the lateral and posterior walls of the left ventricle due to myocarditis. C: Mid-wall
fibrosis of the interventricular septum characteristic of idiopathic dilated cardiomyopathy.
D: concentric left ventricular hypertrophy with diffuse late gadolinium enhancement pattern
and poor differentiation of the blood pool in a patient with cardiac transthyretin amyloidosis.

Adapted from Kasa G et al (26), with permission.

Concretely, the presence of LGE has been demonstrated to be associated with
adverse cardiovascular outcomes in cardiomyopathies of different aetiologies
(61). Inischemic cardiomyopathy, the presence and extent of LGE was shown
to be strongly related to the improvement in wall motion and LVEF after coro-
nary revascularization (62). In non-ischemic cardiomyopathy, the presence of
mid-wall fibrosis by LGE showed incremental prognostic value beyond LVEF
for all-cause mortality and sudden cardiac death (63, 64). Similarly, in a large
cohort of 874 patients with dilated cardiomyopathy of non-ischemic origin,
the presence of concomitant septal and free-wall LGE was related to higher
risk of sudden cardiac death (65). Furthermore, the extent of LGE is inversely
related to reverse remodeling in HF (11, 31, 66).

Non-invasive T1 mapping by CMR allows detection of diffuse interstitial my-
ocardial disease. In 637 consecutive non-ischemic dilated cardiomyopathy
patients, T1 mapping parameters (native T1 values and extracelular volume
fraction) were predictive of all-cause mortality and HF, along with the presence
and extent of LGE (67). Similarly, native T1 values showed a strong relationship
with markers of structural and functional LV remodeling and diastolic dysfunc-
tion in patients with dilated cardiomyopathy (68).
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Insummary, the accurate definition of LV remodeling in HF is of vital importance.
LV dilatation is a hallmark of LV remodeling. According to the robust evidence
from numerous HF trials, both linear and volumetric measurements of LV dila-
tation have shown prognostic value separately in HF patients with LVEF <50%.
However, the correlation between LV diameter and volume measured with 3D
imaging techniques has not been studied and the relative merits of each param-
eter to predict long-term prognosis in patients with HF has not been explored.

1.2.2. LAremodeling

LA is the most posterior of the cardiac chambers, with a thin wall and a complex
anatomy, including a venous component. From an anatomic perspective, LA is
closely related to the LV through the mitral valve apparatus and includes the
pulmonary veins within its border. LA acts as a frontier and conduct between
the LV and pulmonary circulation and determines the right ventricular after-
load. This close anatomical relationship between the two cardiac chambers are
alsoreflected ontheir function. LA has afundamental role in LV filling, providing
30% of the LV stroke volume (69). The mechanical function of the LA consists of
three components. The reservoir function is during ventricular systole, when
LA serves as areservoir for the blood returning from the pulmonary veins. LA
conduit function occurs during early LV diastole. During late LV diastole, LA
active contraction occurs, which reflects the booster bump function (6, 70).
This interplay among the atrial function and ventricular performance may be
observed throughout the cardiac cycle. For example atrial conduit function
not only depends on atrial compliance and atrial reservoir function, but it is
also closely related to LV relaxation and compliance (71).

Apart from the mechanical functions, LA displays a remarkable neurohormonal
function by producing atrial natriuretic peptide. Increased atrial volume and
stretch are responsible for its release, resulting in diuresis and vasodilation
(72). The regulatory function of LA depends on the atrial mechanoreceptors,
which detect minor fluctuations in venous volume, and signal to the central
nervous system to maintain optimal volume control (72). LA also regulates vas-
opressin production, which is essential for water and electrolyte balance (72).
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LA remodeling refers to the pathophysiological changes in atrial structure
and function that occur in response to an initial injury caused by pressure or
volume overload or arrythmia. Hypertension, diabetes mellitus, obesity and
sleep apnea syndrome are important conditions related to LA remodeling. LA
remodeling reflect the changes in LA size, shape and architecture, involving
myocardial fibrosis, electrophysiological alteration and global LA dysfunction

(70) (Figure 6).
Pressure/volume overload
Arrythmia

Reservoir Conduit

LA PHASIC FUNCTION

LA neurohormonal repulatory function
-ANP increase
-Vasopressin

LA dilatation LA fibrosis by CMR

LA REMODELING

Figure 6. LA remodeling in heart failure.

Early detection of changesin LA size and functionis crucial to prevent adverse
cardiovascular outcomes. Multimodal cardiac imaging plays a key role in de-
tection of LA remodeling.

1.2.2.1. Assessment of LA size and function

Assessment of LA size may be challenging, due to the left atrium’s complex
geometry and the variable contributions of its appendage and pulmonary veins
(71,72). LAdilatation can be assessed by linear and volumetric measurements.
2D and more recently 3D-echocardiography are the most commonly used non-
invasive imaging techniques to evaluate LA size in daily practice. The most
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widely used linear dimension is the LA anteroposterior measurement in the
parasternal long-axis view.

However assessment of LA size using only the anteroposterior diameter is
not accurate, given that when LA dilatation does not occur symmetrically in
all the dimensions. The current guidelines on chamber cuantification by echo-
cardiography recommend measurement of LA volume using the biplanar disk
summation algorithm (15). LA volumes should be indexed to BSA, to enable
comparison between patients with different body sizes. However, volumetric
LA values may differ according to the imaging technique used. 2D echocardiog-
raphy derived LA volume measurements may infraestimate LA volumes when
compared to by 3D imaging techniques such as CMR and cardiac computed
tomography (73).

LA function is commonly assessed by echocardiography using volumetric
analysis, spectral Doppler of transmitral and pulmonary venous flows, and
tissue Doppler and deformation analysis. The transmitral A wave by pulsed-
wave Doppler, was commonly used to assess LA function during follow-up
after cardioversion of atrial fibrillation to sinus rhythm or after catheter-based
ablation (74). However there are serious limitations for its use, as the trans-
mitral flow pattern is influenced by other factors such as heart rate, age,
loading conditions, and LV diastolic properties (75). Tissue Doppler imaging
(TDI) measurements with peak velocity of the mitral annulus in late diastole
(a’) correlates with both LA emptying fraction and LA ejection force, however
this measurement is angle-dependent and can be used only in sinus rhythm.

LA strain imaging is a feasible technique to determine LA function. LA strain
measurements are less load dependent compared with volumetric parameters
of LA function (76). LA strain measurements can be obtained by either TDI or
2D speckle tracking echocardiography. 2D speckle tracking echocardiography
is currently the preferred technique for the routine measurement of LA strain
(75). Normal reference ranges of reservoir, conduit and contractile strain have
been reported in a systematic review and meta analysis of 40 studies (77).
Among the phasic metrics of LA function, left atrial reservoir strain (LARS) is
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the most commonly used in cardiovascular research, with established prog-
nostic value in various pathologies, including HF and atrial fibrillation (78, 79,
80, 81, 82).

Currently, CMR is considered as the most accurate modality to image any
cardiac structure (83). When assessed by CMR, LA volumes are commonly
calculated using the biplane area length method or Simpson’s method and in-
dexed to BSA. Linear measurements of LA diameters are taken in conventional
longitudinal cine views at both end diastole and end-systole, and LA function
is evaluated through volume changes across the cardiac cycle to calculate LA
ejection fraction and phasic functions (reservoir, conduit, and booster bump/
contractile functions) (32). Several studies have demonstrated that CMR
estimates of atrial reservoir, conduit, and contractile functions predicted
cardiovascular events in asymptomatic general population, in patients with
cardiovascular risk factors and with ischemic heart disease (84, 85, 86, 87).
Moreover, similar to LV remodeling, CMR provides additional information on
LA remodeling by revealing atrial fibrosis with LGE. The presence of fibrosis
on atrial myocardium has been reported to favor electrical dissociation and
clinical onset of atrial fibrillation (70).

1.2.2.2. Prognostic implications of LA remodeling in HF

Historically, LA was considered a passive bystander of changes occuring in
LV in HF patients with reduced LVEF. The advances in multimodality imaging
techniques, along with the growing interest in non-invasive treatment of atrial
arrythmias, have put the focus on LA structure.

The prognostic implications of LA dilatation are well established. LA dilata-
tion is clearly associated with adverse cardiovascular outcomes in general
population and in valvular heart diseases such as aortic stenosis and mitral
regurgitation (88,89, 90, 91). In 52,639 patients remitted to imaging units for
the first clinically indicated echocardiography exam, LA diameter was inde-
pendently associated with all-cause mortality (88). LA dilatation is associated
with increased mortality, even in asymptomatic, general population (92). Both
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linear and volumetric parameters to detect LA dilatation have demonstrated
prognostic value separately (88, 89, 90, 91, 92, 93). An undeniable relation-
ship exists between LA dilatation and the incidence of atrial fibrillation and
stroke (88, 89, 94, 95, 96). The prognostic implications of enlarged LA have
also been demonstrated in patients with HF and M1 (97, 98, 99, 100, 101, 102).
LA dysfunction reflected by alteration in strain parameters have also demon-
strated prognostic value in a large number of acute HF studies (77 - 81, 103).
Concretely, LARS showed incremental prognostic value for risk stratification
in HF patients with reduced LVEF (80, 104). The presence of fibrosis on atrial
myocardium has been reported to favor electrical dissociation and clinical on-
set of atrial fibrillation (70). The extension of atrial fibrosis has demonstrated
impact on the risk of arrhythmia recurrence at follow-up (105).

So far, most of the prognostic studies on LA size and function by CMR have
targeted HF patients with preserved LVEF (106, 107, 108, 109). However,
few data is available on the prognostic implications of LA remodeling in HF
patients with reduced LVEF, by CMR.

1.2.3. Left atrioventricular coupling

The close anatomical and physiological relationship between the left cardiac
chambers is reflected on global cardiac performance. When the geometry or
function of either of those chambers is altered, global cardiac dysfunction
occurs. Thus, the reciprocal changes involving the LA and LV structure, may
accelerate the progression of HF. LA and LV are directly connected during
ventricular diastole and their function and filling pressures are tightly coupled
in absence of mitral valve stenosis. Left atrioventricular coupling refers to this
interaction of LV and LA throughout the cardiac cycle.

One of the first studies about left atrioventricular coupling applied 2D-echo-
cardiography, and defined left atrioventricular coupling index (LACI) using
ratio between LA volume index (LAVi) and TDI myocardial velocity at atrial
contraction (TDI-a’). The study cohort consisted of 4196 patients with first
diagnosis of HFrEF. The authors concluded that higher LACI was strongly and
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independently associated with mortality, irrespective of mitral regurgitation
grade (110). The same echocardiographic LACI definition (ratio between LAVi
and TDI-a’) was applied to determine prognosis in a large cohort of patients
with isolated floppy mitral valve in sinus rhythm. LACI was concluded to be
strongly and independently determinant of survival under medical treatment
(111). Despite the inital promising results in HF, tissue Doppler based LACI
approach did not gain ground in daily practice in cardiac imaging units, maybe
due to the limitations of tissue Doppler imaging.

In addition, the advance in cardiac imaging techniques helped identify LA
structure and function more accurately in global cardiac performance. In this
regard, LA volume can be measured at different times throughout the cardiac
cycle. Although, LA maximal volume (measured at the end of left ventricular
systole) is currently the only LA echocardiographic parameter recommended
by international guidelines to grade LV diastolic dysfunction (112), LA minimal
volume (measured at the end of LV diastole) has shown a stronger association
with bothinvasively measured LV filling pressure and outcome in HF compared
with maximal LA volume (113, 114, 115).

Based on this growing evidence and interest about global cardiac remode-
ling in HF, a novel, more feasible definition of LACI has been suggested as the
ratio between LA and LV volumes at end-diastole (116) (Figure 7). This new
definition of LACI was first measured by CMR in a large cohort of asympto-
matic individuals with cardiovascular risk factors in the Multi-Ethnic Study
of Atherosclerosis and was shown be a strong predictor for the incidence of
HF, atrial fibrillation, hard cardiovascular disease, and coronary heart disease
death (116).
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Figure 7. Method to assess the Left Atrio-ventricular Coupling Index (LACI) by CMR. LACl is

defined by the ratio between the LA end-diastolic volume and the LV end-diastolic volume.

In a large cohort of patients with acute MI, CMR-derived LACI was reported
to be a superior measure of death, reinfarction or heart failure, beyond LVEF
especially in high-risk patients with LVEF < 35% (117). In 2134 patients with
undergoing vasodilator stress CMR, LACI measured by fully automated arti-
ficial intelligence-based method, was associated with cardiovascular death
or acute HF hospitalization. Moreover, LACI showed incremental prognostic
value over traditional CMR risk factors, including inducible ischemia or LGE
with ischemic pattern (118). In patients with hypertrophic cardiomyopathy,
LACI was measured by both echocardiography and CMR. Anincrease in echo-
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cardiographic LACI values were related to occurrence of new-onset atrial
fibrillation (119). CMR-derived LACI was superior to LGE extent in mortality
risk stratification in hypertrophic cardiomyopathy (120). In a recent study
including 375 patients with different LV hypertrophic phenotypes, LACI was
independently correlated with LA function (121). Finally in a large cohort of
patients with chronic HF, LACI measured by echocardiography was associated
with the severity of diastolic dysfunction and with all-cause death or HF hos-
pitalization at follow-up (122).

In conclusion, LACl is a promising and novel imaging marker for patients with

HF. However, data on left atrioventricular coupling and its relationship with
adverse clinical outcomes in patients with HF and LVEF <50% remain limited.
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HYPOTHESIS _____

The hypothesis of this thesis is to demonstrate that comprehensive CMR
evaluation of cardiac remodeling enables improved risk stratification in HF
patients with LVEF<50%. The remodeling process should be assessed with a
more holistic approach with CMR established as the standard imaging modal-
ity for evaluating cardiac remodeling.

2.1. The rationale of the doctoral thesis

HF remains a major cause of cardiovascular mortality and morbidity, causing
remarkable economic burden in healthcare systems, including Spain. Cardiac
remodeling is of critical importance in the progression of HF. In the majority
of the HF studies, echocardiography has been the main imaging technique ap-
plied to define cardiac remodeling. Traditionally, the definition of LV dilatation
was based on the increase in diameters and volumes by 2D imaging techniques.
Currently CMRis considered gold standard in volumetric and functional eval-
uation of any cardiac chamber. However, the correlation between LV diameter
and volume measured with 3-dimensional imaging techniques has not been
studied and the merits of each parameter to predict long-term prognosis in
patients with HF with LVEF <50% has not been explored.

LA structure and function are crucial determinants of global cardiac function.
The assessment of the LA function integrated with LV function is of critical
importance. Recently, LACI has emerged as a novel imaging marker which eval-
uates global LA and LV structure and function simultaneously. The prognostic
value of LACI has been explored in a large population of asymptomatic individ-
uals,in acute Ml and HFpEF patients, however data evaluating the association
of CMR-derived LACI with adverse clinical outcomes in patients with heart
failure and LVEF <50% is limited.

This doctoral thesis aims to address the gaps of knowledge and provide new
insights in assessment of cardiac remodeling by comprehensive CMR analysis

in patients with HF and LVEF<50%.
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OBJECTIVES ___

3.1. Main Objective

The main objective of this project is to characterize cardiac remodeling in pa-
tients with heart failure and LVEF <50% with the use of comprehensive CMR
evaluation including volumetric, geometric and strain analysis.

3.2. Secondary Objectives

The secondary objectives of this project are:

1. To assess the agreement between CMR derived LV linear and volumetric
measures to define LV dilatation and characterize the groups of patients
with concordant and discordant definitions of LV dilatation.

2. To investigate the prognostic implications of concordant and discordant
definition of LV dilatation based on CMR derived LV linear and volumetric
dimensions.

3. To assess the distribution ofleft atrio-ventricular uncoupling in patients

with HF and LVEF <50% by measuring the LACI with CMR and to elucidate
its prognostic implications.
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This doctoral thesis is based on a compendium of two original research arti-
cles, using a comprehensive CMR evaluation to analyse cardiac remodeling
parameters in patients with HF and LVEF <50%.

Athird article included is areview article on the recent updates in HF imaging.
This review is available as supplementary material in the annex section.

4.1. First Original Research Article

Clinical and prognostic implications of left ventricular dilatation in
heart failure

Kasa G, Teis A, Junca G, Aimo A, Lupén J, Cediel G, Santiago-Vacas E, Codi-
na P, Ferrer-Sistach E, Vallejo-Camazén N, Lopez-Ayerbe J, Bayés-Genis A,
Delgado V.

Eur Heart J Cardiovasc Imaging. 2024 May 31;25(6):849-856. English.

doi: 10.1093/ehjci/jeae025. PMID: 38246859
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Aims To assess the agreement between left ventricular end-diastolic diameter index (LVEDDI} and volume index (LVEDVI) to
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Methods Pat|ents \mth HF symptoms :md LV eiecuon fractlon (LVEF) < 50% undergomg card:ac magnenc resonarce were evaluated

and results retrospectively. LV dilatation was defined as LVEDDi or LVEDVi above the upper normal limit according to published ref-

erence values. Patients were followed up for the combined endpoint of cardiovascular death or HF hospitalization during
5 years. A total of 564 patients (median age 64 years, 79% men) were included. LVEDDI had a modest correlation with
LVEDVi (r=0.682, P <0.001). LV dilatation was noted in 84% of patients using LVEDVi-based definition and in 73%
using LVED Di-based definition, whereas 20% of patients displayed discordant definitions of LV dilatation. During a median
follow-up of 2.8 years, patients with both dilated LVEDDi and LVEDV| had the highest cumulative event rate (HR 3.00, 95%
Cl11.15-7.81, P = 0.024). Both LYEDDi and LVEDV| were independently associated with the primary outcome (hazard ratio
329, 95%4 P < 0.001 and 2.8, P=0.009; respectlveiy)

Conclusion The I'I'Ia]DITt}’ of patierlt.s w|th HF and L\-’EF < 50% present l:n:rth |ncreased LVEDD| and I..VED\-'H whereas 20% show d!scord-
ant linear and volumetric definitions of LY dilatation. Patients with increased LVEDDH and LVEDVi have the worst clinical
outcomes suggesting that the assessment of these two metrics is needed for better risk stratification,
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Graphical Abstract
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Left ventricular dilatation based on linear dimension (left ventricular end-diastolic diameter) or volumetric dimension (left
ventricular end-diastolic volume) vs prognaosis. Panel A shows the 3-chamber reconstruction of the left ventricle from a cardiac magnetic
resonance (CMR) cine image. The dotted line demarcates the plane where the short-axis of the left ventricle is acquired and where the left ven-
tricular endi-diastolic diameter is measured and indexed , LVEDDI). The 4-chamber view of the left ventricle is shown and the left ventricular
end-diastolic volume Is measured from stacks of short-axis and indexed to body surface area (LVEDVI). In this case, the LVEDDI Is non-dilated
whereas the LVEDVI is dilated. Panel B shows the CMR data of a patient with dilated left ventricle based on LVEDDI and LVEDVI. Panel C shows
the correlation between LVEDD) and LVEDVI and the 4 groups of patients based on the dilatation of one or the other dimension or both. Panel D

shows the cumulative survival curves for each group of patients.

Keywords

Introduction

Heart failure (HF) is currently classified according to left ventricular
ejection fraction (LVEF),' the most frequently used metric of left ven-
tricular (LV) performance in clinical practice. Left ventricular dilatation,
hallmark of LV remaodelling, is considered an adaptive response to main-
tain stroke velume and normal cardiac output and has been the focus of
HF therapies clinical trials.” The degree of LV remodelling is the main
determinant of LVEF, However, LV volumes and mass relate more
closely to the impact of therapy and prognosis than LVEF does and
therefore, they will be more appropriate parameters to phenotype pa-
tients with HF."* LV dilatation s mainly assessed in clinical practice with
two-dimensional echocardiography, measuring LV diameters and vo-
lumes. However, there are inherent limitations of two-dimensional
echocardiography that impact on the accuracy of the measurements
(i.e. foreshortened images and inaccurate plane of acquisition),

heart failure * left vertricular * remodelling * dilatation * cardiac magnetic resonance

particularly in dilated LV In addition, the equivalence of LV dilatation
based on LV diameters and LV volumes has not been well established,
Regional LV remodelling may lead to dilated LV diameter but normal LV
volume and vice versa, Three-dimensional echocardiography and car-
diac magnetic resonance (CMR) provide more accurate quantification
of LY volumes than two-dimensional echocardiography and overcome
the limitations of the geometric assumptions used by two-dimensional
echocardiography. These technigues would allow the measurement of
the largest LY diameter and provide a better correlation between LV
diameter and volume. However, the correlation between LV diameter
and volume measured with three-dimensional imaging techniques has
not been studied and the relative merits of each parameter to predict
long-term prognosis in patients with HF has not been explored.
Accordingly, the aim of this study was two-fold: (1) to evaluate the fre-
quency of LV dilatation when defined based on a volumetric assessment
vs, a linear (diameter) measurement in a cohort of patients with HF
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Definition of LV dilatation in HF

undergoing CMR and (2) to investigate the association between each
LV dilatation definition and the occurrence of clinical outcomes at
follow-up.

Methods

Patient population

PFatients with HF symptoms whe underwent dinically indicated CMR at the
Haspital University Germans Trias i Pujol (Badalona, Spain) from 2009 to
December 2021 were retrospectively identified. Patients were selected if
LVEF at the time of CMR was <50%. Demographic data, comorbidities, re-
nal function, and HF therapies were retrieved from clinical records.
Ischaemic heart failure was defined by the presence of obstructive coronary
artery disease.” The study complied with the personal data law protection
and the international guidelines on clinical investigations from the World
Medical Association's Declaration of Helsinki. The local ethics committee
approved the study (REGI-UNIC PI-18-037 and ICCOR-2019-04-EB-1D1).

Cardiac magnetic resonance data acquisition
and analysis

Cardiac magnetic resonance scans were performed with a 1.5 Tesla mag-
netic resonance imaging scanner (Achieva dStream; Philips, The
Metherlands) or 3 Tesla magnetic resonance imaging scanner (Verio;
Siemens Medical Imaging Erlangen, Germany), with the patient in the supine
position and a 16-element phased-array coil placed over the chest. Images
were acquired during breath-holds with electrocardiogram gating. A seg-
mented k-space steady-state free-precession sequence [repetition time
44,70 ms; echo time 1.26 ms; flip angle 60-78; matrix 272; spatial resolution
(1.3-1.5) % (1.3-1.5) x 8 mm depending on the field of view] was used for
cine imaging In parallel short-axis (contiguous slices of 8 mm thickness,
2 mm gap, covering from base to apex) and three long-axis views of the
LV. Late gadolinium enhanced (LGE) images were acquired with a segmen-
ted gradient-echo inversion-recovery sequence (repetition time 600-
800 ms depending on heart rate; echo time 324ms; flip angle 25;
matrix 256; spatial resolution 1.3 x1.3x8mm) 10 to 20min after
intravencous gadelinium-diethylenetriaminepentaacetic acid administration
(0.15 mmol/kg; Gadovist, Bayer Schering Pharma AG, Berlin, Germany) at
matching cine-image slice locations.” The inversion time was optimized to
null the normal myocardium, Adjusted views per segment and trigger delay
were optimized according to the patient's heart rate. All images were re-
viewed and analysed off-line with a specialized post-processing software
(Intellispace Portal vB, Philips, The MNetherlands) blinded to the clinical
data and outcome. For volumetric analysis, LV endocardial borders were
manually traced on all short-axis cine images at end-diastole and the LY end-
diastolic volume (LVEDV) was measured and indexed for body surface area
(BSA) accarding to the DuBois and DuBais formula.” The endocardial con-
tours excluded the papillary muscles. For linear measurements, the left ven-
tricular end-diastolic diameter (LVEDD) was measured in a basal short-axis
slice of the LV, as the distance between the anteroseptal and inferolateral
walls, mimicking the echocardiographic parasternal long-axis view, and
was also indexed by BSA. The LV mass was calculated by subtracting the
endocardial volume from the epicardial volume at end-diastole and multi-
plying by the tissue density (1.05 gfmL)."”

LV dilation based on LVEDVi was defined as an LVEDVi above the upper
normal limit according to published reference values normalized by age and
gender,'' LV dilation based on LVEDDi was defined as an LVEDDi above
the upper normal limit according to reference cut-off values normalized
by gender and BSA of the European Association of Cardiovascular
Imaging and American Society of Echocardiography guidelines.'” Based on
the concordance of the volumetric and the linear definitions of LY dilation,
four different groups were created: Group 1 (normal LVEDDI and
LVEDVI), Group 2 (increased LVEDDI but normal LVEDVI), Group 3
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(normal LVEDDI but increased LVEDWI), and Group 4 (increased both
LVEDDi and LVEDVI),

Follow-up

All patients were followed up regularly at the HF clinic. The dinical evalu-
atlon and treatment of patients were directed by the treating physician ac-
cording to a unified protocal based on current clinical practice guidelines
recommendatians.’* " The primary endpoint of the study was the com-
bined endpeint of cardiovascular death or HF hospitalization (whichever
came first) during 5 years of follow-up. A death was considered cardiovas-
cular if caused by HF (decompensated HF or treatment-resistant HF in the
absence of another cause), sudden death (unexpected death, witnessed or
not, of a previously stable patient with no evidence of worsening HF or any
other cause of death), acute myocardial infarction (directly related in time
with acute myocardial infarction due te mechanic, haemedynamic, or ar-
rhythmic complications), and stroke (associated with recently appearing
acute neurologic deficit). The events were identified from the clinical re-
cords of patients with HF, hospital wards, the emergency room, general
practitioners, and by contacting the patient's relatives. Mortality data
were verified by the databases of the Catalan and Spanish Health Systems
and the Spanish National Death Registry (INDEF), Hospitalizations were
identified from the clinical records of patients with HF, hospital wards,
and the shared electronic health record in Catalonia. Follow-up was closed
at 31 December 2021.

Statistical analysis

Statistical analysis was performed using STATA V,13.0 (College Station,
TX, USA) and IBM SPSS Statistics (version 22, 2013) software. Normal
distribution of continuous variables was assessed by plotting histograms
and applying the Shapiro-Wilk test. Variables with normal distribution
are presented as mean z standard deviation, while those with non-
normal distribution are presented as median and interquartile range.
Continuous variables were compared between groups using the unpaired
Student's t-test, the Mann-Whitney U test, or the one-way ANOVA test,
as appropriate. Continuous variables with non-normal distribution were
compared between groups with one-way ANOWVA test. Categorical vari-
ables were compared by the y* test with Yates correction or the Fisher
exact test, Simple linear regression between LVEDD| and LVEDV| was as-
sessed. The association between the definitions of LV dilation and the
combined clinical endpaoint were assessed with Cox proportional regres-
slon models, A competing risk strategy using the Fine and Gray method
was adopted, considering non-cardiovascular death as competing event
for the clinical endpoint. Statistically significant variables in the univariate
regression analysis were included in the multivariate regression analysis
applying the 'one-in-ten’ rule to avoid model overfitting of the model.'®
Cumulative incidence curves were plotted. The crude incidence of HF
hospitalizations was calculated. P-values of <0.05 were considered stat-
istically significant.

Results

Patient population

A total of 564 patients were Included (median age 64 years; 79% men).
Patient clinical characteristics and CMR data are reported in Tables 1
and 2, respectively. Ischaemic HF was present in 42% of the patients
whereas the remaining patients had non-ischaemic HF, being dilated
cardiomyopathy the most frequent aeticlogy (30%).

Concordance between linear and

volumetric definitions of LV dilatation

On linear regression analysis, LVEDDI had a modest correlation with
LVEDVi (r=0682, F<0001, Figure 7). LV dilatation based on
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Table 1 Patient characteristics
Al Group 1 Group 2 Group 3 Group 4 P-value
(n=>564) LVEDDi normal LVEDDiincreased LVEDDinormal LVEDDi increased
LYEDVi normal LVEDVinormal LVYEDViincreased LVEDViincreased
(n=686) (n=27) (n=185) (n=1386)

Clinical characteristics
Age (years) 64+ 11.7 63+111 66+11.13 6311279 64+ 116 075
Male, n (%) 446 (79) 55(83) 17 (63) 71(84) 303 (79) 011
BSA (kgim’) 185402 192+02 172+02 201+02 181402 <0001
Hypertension, n (%) 346 (61) 43 (65) 18 (67) 61(72) 124 (58) 0.09
DM, n (%) 234 (42) 27 (41) 13 (48) 37 (44) 157 (41) 086
Smoker, n (%) 382 (68) 46 (70) 15 (56) 58 (58) 263 (68) 058
Dyslipidaemia, n (%) 349 (82) 42 (64) 12 (44) 56 (66) 239 (62) 0325
Chbesity, n (%) 134 (29) 26 (39) () 41 (48) 64 (17) <0.001
NYHA class 111, n (%) 432 (81142 (8) 52 (84)4 (T) 25(93)2 (7) 66 (81)/3 (4) 289 (80)/33 (9) 024
LBBE, n (%) 212(38) 12 (18) 7 (26) 30 (35) 163 (42) <0.001
AFfflutter, n (%) 75(13) 13 (20) 5(19) 10 (12) 47 (12) 031
Agtiolagy of HF, n (%) 0.05

Ischaemic 237 (42) 29 (44) 15 (56) 31(36) 162 (42)
MNan-ischaemic 327 (58) 37 (56) 12 (44) 54 (64) 224 (58)
Laboratory

Haemoglobin® (g/dL) 14212 17+25 13+13 14+15 14+10 039
NT-proBNP? (pgfml) 1193 (541-2825) 1245 (589-3013) 1159 (729-1997) 476 (176-1050) 1440 (672-3367) <0.001
eGFR" (mLimin/1.73 m?) 684+ 24 67+24 65+123 T2+135 68+ 24 0561

Treatment
Betablocker, n (%) 494 (88) 58 (88) 25 (93) 74 (87) 337 (87 088
ACEinh/ARBs, n (%) 399 (71) 41 (62) 18 (67) 64 (75) 276 (72) 032
ARMI, n () 73013 10 (15) 5(19) 12(14) 46 (12) 068
MRA, n (%) 420 (75) 44 (67) 16 (59) 62(73) 198 (77) 007
Loop diuretics, n (%) 419 (74) 49 (74) 17 (63) 55 (65) 298 (77 005

All values are n (%), mean + 5D, except for NT-proBINP vakses that are presented as median (interquartile range),

ACE Inhibitar, angictensin-converting enzyme inhibitor; AF, atrfal fibrillation; ARBs, angictensin receptor blockers; ARNI, ang receptor neprifysin inhibitor; BSA, body surface area;

DM, diabetes mellitus; eGFR, estimated glomerular fitration rate; HF, heart failures IQR, interquartile range: LEBB, left bundle branch black; LVEDDL left ventricular end-diastolic diameter
Indes; LVEDWVA, left ventricular end-diastolic volume index; MRA, mineralocarticoid receptor antagonist; NT-proBNP, N-terminal pro B type natriuretic peptide; NYHA, New York Heart

Association,

"eGFR levels avallable anly In 446 patients, haemoglobin levels In 396, and NT-proBMNP levels available in 364 patients.

volumetric definition was present in the majority of the patients
(n=471, B4%) whereas only 73% (n=413) had LV dilatation based
on a linear definition. Based on the concordance of the volumetric
and the linear definition of LV dilatation, 66 patients (12%) had normal
LVEDVi and LVEDDI (Group 1), 27 patients (5%) had dilated LVEDDi
and normal LVEDVi (Group 2), 85 patients (15%) showed dilated
LVEDViand normal LVEDDi (Group 3), and 386 (68%) showed dilated
LVEDVi and LVEDD) (Group 4).

No clinical or HF treatment differences were observed across the
groups. Group 4 had the highest NT-proBNP values, BSA was signifi-
cantly higher and the presence of obesity was significantly more fre-
quent in the Group 1 and Group 3. Left bundle branch block was
present in 212 patients (38%) and it was more prevalent in Group
4. LVEF progressively decreased whereas LVESVI progressively in-
creased from Group 1to 4. LV mass index (LVMI) was higher in patients
with increased LYEDVi (Group 3 and Group 4). LGE was present in the
majority of the patients (B2%) and it was more frequently observed in
patients of the Group 2 and Group 4.

Linear and volumetric definition of LV
dilation and outcomes

Over a median follow-up of 2.8 years (IQR 1.4-5.0), cardiovascular
death or first HF hospitalization occurred in 105 patients (19%).
Cardiovascular death occurred in 56 patients (10%) and HF hospitaliza-
tion in 85 patients (15%), respectively. The cumulative rates of the com-
bined endpoint with the following distribution according to the four
subgroups were: 5 patients in Group 1 (7.6%), 2 patients in Group 2
(7.4%), 5 patients in Group 3 (5.9%), and 93 patients in Group 4
(24.1%). Bath, LV dilatation according to LVEDDi and LVEDVi, were
significantly correlated with cardiovascular death or HF hospitalization
after adjusting for sex, age, ischaemic HF aetiology, HF categories based
on LVEF < 40% and presence of diabetes mellitus, hypertension, and
LGE (HR 3.29, 95% CI 1.72-26.29, P <0.001 and HR 2.80, 95% CI
1.30-6.03, P=0.009; respectively) (Table 3). However, when analysing
the survival curves according to LV dilatation groups, only patients with
concordant dilatation of LV (Group 4) had a worse outcome as
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Definition of LV dilatation in HF

Table 2 Cardiac magnetic resonance characteristics

All Group 1 Group 2 Group 3 Group 4 P-value
(n=564) LVEDDi normal LVEDVi  LVEDDiincreased  LVEDDi normal LVEDDi increased
normal (n = 66) LVEDYi normal LVEDYi increased LVEDYi increased
(h=27) (n=85) (n=386)
LVEDDIi {mm/m®) 3545 27423 34422 29+13 37444 <0.001
LVEDVI (ml/m®) 13042 81+n Bo+ 67 M5x£21 145+ 41 <0.001
LVESWI (mLim™) 95 +41 50+95 53+7 79+12 108+ 40 <0.001
LVEF (%) 29+10 ¥+7 3|7 3Nx9 7+9 <0.001
LVMi (g/m®) 90+ 26 719 70+18 89+30 93+26 <0.001
T1 mapping (ms)" 1069 + 61 1062 + 90 1072 + 54 1059 + 63 1073 £53 0.40
LGE, n (%) 461 (82} 53 (B0) 25 (93) 59 (69) 324 (B4) 0.007
LV to RV ratio 2034075 151036 17039 18+ 054 224079 <0.001

LGE, late gadalinium enhancement; LV, left ventrice; LVEDD, left ventricular end-diastalic diameter index: LYEDWV, left vertricular end-diastolic volume index: LVEF, left ventricular
ejection fraction; LVESVI, left ventricular end-systolic volume indesg LVMI, left ventricular mass index; RV, right ventricle

“Septal native T1 mapping values available in enly 305 patlents.

10,682
(.00 |

LVEDVi mt/m?

@ Normal LVEDDIL normal LVEDV)

® Inereased LVEDDI . normal LVEDVE
2 Normal LVEDD , inereased LVEIW
@ lncreased LVEDD, inereased LVEDV]

Figure 1 Correlation between left ventricular end-diastolic diameter

compared with those with concordant non-dilatation of LV (HR. 3.00,
95% Cl 115-7.81, P=0.024) (Figure 2).

Discussion

The main results of the present study can be summarized as follows:
LVEDDi had a modest correlation with LVEDVi when measured with
CMR. The presence of discordant definition of LV dilatation based on
the combination of both LVEDDi and LVEDYi was 20% of the patients
with HF suggesting a significant proportion of patients that may be mis-
classified. Importantly, both LVEDDi and LVEDY| were independently
associated with the primary outcome and those patients with concord-
ant linear and volumetric definition for LV dilatation had worse
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LVEDDI mm/m?

index (LYEDDI) and left ventricular end-diastolic volume index (LVEDWI).

outcomes. Changes in LV size, shape, and function are the halimark
of LY remodelling and occur in response to ischaemic or non-ischaemic
injury and are partly mediated by neurohormonal and haemodynamic
alterations.'” These changes involve changes in myocardial tissue, myo-
cardial mass, and LV volumes and non-invasive imaging techniques can
currently characterize the myocardial tissue changes (predominantly
with the use of CMR techniques) and LV volumes and ejection fraction.
There is a large body of evidence relating the changes in LV end-systolic
velume (LVESV), LVEDV and LVEF with cardiovascular outcomes,” par-
ticularly using radionuclide ventriculography or echocardiography.
Subsequent studies using CMR have confirmed the results. In the gen-
eral population for example, LVEDY measured with CMR was asso-
ciated with increased risk of HF or cardiovascular death (HR 1.5, 95%
Cl 1.2-19) independently of the LV wall thickness and other
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Table 3 Univariable and multivariable Cox regression analyses

LV dilatation based on LVEDVi LV dilatation based on LVEDDI
HR (95% CI) P-value HR (95% CI) P-value gl;l
Univariate 243 (1.11-5.31) 0026 3.36 (1.75-6.46) <0,001 g
Multivariate adjustment” 280 (1.30-6.03) 0.009 329 (1.72-6.29) <0.001 2

Univariate regression analysis of LV dilatation defined by Increased LVEDVI or increased LVEDDN, respectively,
“Multivariate Cox regression amabysis adjusted for sex, age, ischaermic HF astiology, HF categories based on LVEF cut-off value, disbetes mellitus, hypertension, and presence of late

gadolinium enhancement in CMR studies. Other variables that are assodiated with cardiovascular events are sex, age, and ischaemic HF aetiology. K_Uﬂ_-
&

100 5

=]

3

£ 90 <

= 2

2 8

o

p :

o 807 2

> Normal LVEDDI - Normal LVEDV: &

‘w = Increased LVEDD - Normal LVEDV g

5 — Normal LVEDDI - Incroased LVEDV =

E — Incroased LVEDDI - Incroased LVEDV =

5 704 2

(&) &

— VS HR 3.00, 95% Cl 1.15-7.81, p=0.024 5

[17]

60 - R

T T T T T T 3

0 1 2 3 4 5 g

Patients at risk, n=564 Years of follow-up E‘
=

Group 1, n=66 66 49 35 27 18 10 5
1]

(1]

Group 2, n=27 27 21 15 10 7 5 ;
Group 3, n=85 85 71 58 43 35 18 g
Group 4, n=386 386 321 251 189 144 107 E}
[z

Figure 2 Cumulative survival analysis for the combined endpoint of cardiovascular death or HF hospitalization. LYEDDi, left ventricular end-diastolic
diameter index; LVEDVi, left ventricular end-diastolic volume index; VS, versus; Group 1, normal LVEDDi-normal LVEDVI; Group 2, increased
LVEDDi-normal LVEDVE; Greup 3, normal LYEDDi-increased LVEDVi; Group 4, increased LVEDDi-increased LVEDVi.

parameters.”” In patients with acute myocardial infarction, increasing important values to define LV remodelling and to decide timing of inter-
LVESY on baseline CMR (HR 1.02, 5% Cl 1.01-1.03) and an increase vention (for example, in patients with severe aortic regurgitation).””*"
in LVEDV > 15% at 6 months of follow-up was significantly associated The echocardiographic data from the Valsartan heart Failure Trial
with the occurrence of HF, ventricular arrhythmias, or cardiovascular showed that increasing LY end-diastolic diameter index was independ-
death.”" Similarly, among patients with Ischaemic HF, LVESV, and ently associated with poor outcomes.” Furthermore, the reduction in
LVEDV measured with CMR have shown to be incremental to LV end-systolic and end-diastolic diameters by various heart failure
LVEF* Accordingly, LV volumes have become an important thera- therapies (including cardiac devices such as cardiac resynchronization
peutic target to demonstrate the efficacy of HF therapies to revert therapy) was directly correlated with a favourable effect on mortality
the adverse LV remodelling. Additionally, LV diameters are also as demonstrated by a recent meta-analysis including 69 766 patients,””
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Therefore, based on this robust evidence, It could be established that
beth volumetric and linear dimensions of the LV would be excellent
surrogates to assess the risk of adverse cardiovascular outcomes and
the effects of heart failure therapies. However, there is no study so
far demonstrating that this assumption is valid. In the present HF co-
hort, the correlation between linear and volumetric assessment of LV
remodelling was moderate. Previous reports observed similar results
in valvular heart disease, although those studies used transthoracic
echocardiography.”” In the present study, 20% of the patients pre-
sented a discrepancy between the definition of LV dilatation according
to linear vs. volumetric assessment. Interestingly, the clinical cause of HF
did not differ between those with concordant or discordant definition
of LV dilatation. It could be hypothesized that in ischaemic cardiomyop-
athy, the discrepancy between linear and volumetric LV dilatation defi-
nitions could be explained by the infarct location that would lead to
specific LV local remodelling [for example, an inferior or inferolateral
myocardial infarction would result in larger linear LV dimension
(LVEDDi) but still normal LVEDV{]. However, this could be also ex-
plained by the timing of the CMR imaging: in the early process of the
LV remodelling, the discrepancy between linear and volumetric LV dila-
tation could be more prominent whereas in a much later stage of the
disease, the LV remaodelling is more global having consistent definitions
of linear and volumetric LY dilatation. The present study cohort con-
sisted of patients with advanced HF and therefore, the percentage of
discrepant definitions of LV dilatation was relatively low. We could
also suggest that LV remodelling is a complex process, and there are
different stages involved, and the differentiation of those stages may
not follow the order of the groups created in the study.

In terms of outcomes, both linear and volumetric definitions for LV
dilatation were independently associated with outcomes in the present
cohort. However, the new insight of this study is highlighted by the
combination of both definitions and its assocdiation with outcomes.
Patients with HF and concordant definition of LV dilation exhibited
the worse outcomes as compared with the other groups. In addition,
the outcome of patients with LV dilation based on volumetric definition
but with normal LY linear dimension did not differ from that of patients
with normal LY volume. This is an interesting finding as the group with
Inconsistent definition of LV dilation (dilated based on linear dimension
but not on volumetric definition) may reflect a much earlier stage of the
heart failure process and therefore, they may be the patients that most
benefit from heart failure therapies.

Study limitations

The present study is a single-centre, retrospective study that included
patients who were imaged with CMR. Therefore, there may be a selec-
tion bias that has not been accounted for in the study. Prospective val-
idation of the present results warrants further studies.

Conclusions

In patients with HF and LVEF < 50%, the prevalence of LV dilatation
may change according to the definition used, While the majority of pa-
tients present both increased LVEDDI and LVEDVI, 20% show discord-
ant values. Patients with LV dilatation based on LVEDDI and LVEDVi
have the worse clinical cutcomes as compared with patients without
LV dilatation by either measurement.
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fees from Edwards Lifesciences, MSD and Novo Nordisk. AB.-G. has parti-
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Prognostic value of left atrioventricular coupling
index in heart failure
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Aims To investigate the distribution of left atrioventricular coupling index (LACI) among patients with heart failure and left
ventricular ejection fraction (LVEF) < 50% and to explore its association with the combined endpoint of all-cause death
or HF hospitalization at long-term follow-up.

Methods Patients with HF and LVEF < 50% undergoing cardiac magnetic resonance were evaluated. Patients with atrial fibrillation or

and results flutter were excluded. Left atrioventricular coupling index was measured as the ratio between the left atrial (LA) and the LV
end-diastolic volumes. Patient population was divided according to LACI tertiles and followed up. Total of 478 patients
(mean age 62+ 12 years, 78% male) were included. The median value of LACI was 27.1% (interquartile range 19.9—
34.5). Patients within the worst LACI tertile (>30.9%) showed smaller LV volumes and larger LA volumes as compared
with patients in the first or second tertile (LACI 6.2-22.2 and LACI 22.3-30.9, respectively). Left atrioventricular coupling
index was significantly associated with the combined endpoint [hazard ratio (HR) 1.87, P = 0.01]. After adjusting for sex, age,
ischaemic HF aeticlogy, LVEF, LA reservoir strain, diabetes mellitus, LV scar, mitral regurgitation, and LVEDVi, LAC| re-
mained significantly associated with the combined endpoint (HR 1.77, P =0.02). Patients with the highest LAC| values
had worse outcomes compared with patients in first and second tertiles (HR 1.69, P=002 and HR 1.77, P=0.02,
respectively).

Conclusion In patients with HF and LVEF <50%, LACI is independently associated with adverse events. Patients with most impaired left
atrioventricular coupling have the worst clinical outcomes.

* Corresponding authar, E-mall: videlga@gmalleom

¥ These authors contributed equally ta this manuscript.

£ The Author(s) 2025, Published by Oxford University Press an behalf of the European Society of Cardiology. All rights reserved. For commercial re-use, please contact reprints@oup.com for
reprints and translation rights for reprints. All other permissions can be obtained through our RightsLink service via the Permissions link on the article page on our site—for further informathen
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Structured Graphical Abstract

Key question
In patients with heart failure and left ventricular ejection fraction <50%, what is the distribution of left atrioventricular coupling and what is its prog-
nostic value?

Keyfmdmg i A S B A A A S e i i 4 b A i B e B S i s e N
The most severe form of left atrioventricular uncoupling (LACI) =30% was present in one-third of the patients, and it was assoclated with increased
all-cause death or heart failure hospitalization.

Take home message

Left atrioventricular uncoupling is a valuable marker of left-sided cardiac remodelling and can help in the risk stratification of patients with heart
failure and left ventricular ejection fraction <50%.

itinih
CHA
L 6‘/."

CMR ANALYSIS @ eat
s

Runt

[ 20-30%

The association between left atrioventricular coupling index (LACI) and adverse outcomes in heart failure with reduced ejection fraction. Left atrio-
ventricular coupling index was independently associated with all-cause death or heart failure (HF) hospitalization in a large HF cohort with left ven-
tricular ejection fraction <50% without history of atrial fibrillation or flutter. According to LACI tertiles, the group 3 with the highest LACI values

showed worst clinical adverse outcomes compared with the other two groups.

Keywords

Introduction

The assessment of left atrial (LA) dimensions and function has recently
gained attention, Particularly, LA volumetric function and strain indices
have been included in unsupervised machine learning algorithms leading
to distinct cardiac phenogroups associated with cardiac events such as
myocardial infarction, heart failure, atrial fibrillation, non-fatal stroke,
and cardiovascular death.’ The left atrium is the reservoir of blood
drained by the pulmonary veins, buffers the increased left ventricular
(LV) filling pressures avoiding its transmission to the pulmonary circu-
lation and contributes to 30% of the left ventricular stroke volume.*
These LA functions are influenced by the LA compliance, relaxation
and contractility, LV end-diastolic pressures, and the pulmonary venous
return. Particularly important is the assessment of the LA function in-
tegrated with the LV function.

58

left atrioventricular coupling * cardiac magnetic resonance ¢ heart failure

The left atrioventricular coupling index (LACI) is a parameter that re-
flects the interplay between the LA function and the LY end-diastolic
pressures. Left atrioventricular coupling index is measured as the ratio
between the LA and LV end-diastolic volumes.” While atrial fibrillation
is the maximum expression of left atrioventricular uncoupling, there are
various clinical scenarios where left atrioventricular coupling may be im-
paired reflecting the inability of the LA to compensate the dysfunction
of the left ventricle.”® The association between impaired LAC| and the
occurrence of atrial fibrillation,™” heart failure,*** reinfarction,” and
stroke” has been shown in various studies, However, limited data are
available on the frequency of left atrioventricular uncoupling and its as-
sociation with adverse clinical outcomes in patients with heart failure
and LV ejection fraction <50%. Accordingly, the aim of this study
was to characterize the phenotypes of patients with HF and LV ejection
fraction (LVEF)<50% and various grades of left atrioventricular
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uncoupling as assessed with LAC| and to investigate the association be-
tween LACI and the occurrence of dinical outcomes at follow-up.

Methods

Patient population

Patients =18 years old with heart failure symptoms who underwent clinic-
ally indicated cardiac magnetic resonance (CMR) at the Germans Trias
University Hospital (Badalona, Spain) from 2009 to December 2021
were retrospectively identified, Patients were selected if LVEF at the time
of CMR. was <50%. The initial number of patients identified was 564. Of
these 564 patients, only 550 had available LAC| values. Seventy-two patients
had history of atrial fibrillation or atrial flutter (13%) and were excluded
from the analysis. Other exclusion criteria were patients <18 years of
age and incomplete CMR studies mainly due to artefacts in the aquisition
of cine sequences.

Demographic data, comarbidities, renal function, and heart failure ther-
apies were retrieved from clinical records. Estimated glomerular filtration
rate (eGFR) was calculated by the Cockeroft-Gault formula, Ischaemic
heart failure was defined by the presence of obstructive coronary artery
disease on invasive or computed tomography coronary angiography.”
The study complied with the personal data law protection and the inter-
national guidelines on clinical investigations from the World Medical
Assodation’s Declaration of Helsinki. The |ocal ethics committee approved
the study (REGI-UMNIC PI-18-037 and ICCR-2019-04-EB-IDI).

Cardiac magnetic resonance data acquisition
protocol

Cardiac magnetic resonance was performed on a 1.5 T scanner (Intera
dSTREAM 1.5T; Philips, Best, the Metherlands) following a standardized
protocol, with the patient in supine position and a 16-element phased-array
coll placed over the chest. Images were acquired during breath-holds with
electrocardiographic gating Cine long-axis (2-, 3-, and 4-chamber views)
and short-axis slices (contiguous slices of 8-mm thickness covering from
base to apex of the ventricles) were acquired using segmented k-space
steady-state free precession sequences. Delayed enhancement images
were acquired with a segmented gradient-echo inversion-recovery se-
quence at matching cine-image slice locations 10-20 min after intravenous
gadolinium-diethylenetriamine penta-acetic acid administration (Gadovist,
0.15 mmolikg). Inversion time was optimized to achieve myocardial nulling,
Pre- and post-contrast myocardial T1-mapping were acquired using the
madified look-locker inversion recovery sequences. Myocardial extracellu-
lar volurme (ECV) was computed considering T1 time values and haemate-
crit. The haematocrit to calculate ECV was assessed on the same day of the
CMR data acquisition.

Cardiac magnetic resonance data analysis

All CMR images were analysed off-line with a commercially available post-
processing software (QMass-MR, v.8.1; Medis Medical Imaging Systems,
Leiden, the Metherlands). The left and right ventricular volumes were ob-
tained from the short-axis cine images tracing the endocardial borders in
the end-diastolic and end-systolic frames, excluding the papillary muscles
from the tracing. The LV mass was calculated by subtracting the endocardial
volume from the epicardial volume at end diastole and then muitiplying by
the tissue density (1.05 glmL), Left ventricular mass and volumes were in-
dexed to body surface area, according to current recommendations. "
Myocardial fibrosis was assessed visually by signal intensity on late gadolin-
ium enhancement (LGE) sequences, and the distribution, location, and ex-
tension (number of segments affected by LGE) were reported.

Long-axis 2- and 4-chamber cine images were used to evaluate the LA
dimensicns. Left atrial volumes were performed by manual tracing of the
LA endocardial border excluding the pulmaenary veins and the LA append-
age. Left atrial volumes were measured both in systole and diastole using

commercially available software (Q5train Version 8.1, Medis, Leiden, the
Metherlands). The maximum LA volume was assessed at a ventricular end-
systolic frame (LAYMax) whereas the minimum LA volume was measured
at a late ventricular diastolic frame after atrial contraction (LAVMin) and
both valumes were indexed to body surface area, according to current re-
commendations. '’ Body surface area was measured by Du Bois and Du Bois
body surface area (BSA) equation.

Feature-tracking CMR-derived analysis of the LV and LA function was
performed to measure LV global longitudinal strain (GLS) and LA reservoir
strain (LARS) with a commerdially available software (QStrain Version 8.1,
Medis, Leiden, the Metherlands). Left ventricular endocardial contours
were automatically drawn in the longitudinal 2, 3 and 4-chamber cine views
through all cardiac cycle and adjusted if necessary. Left atrial endocardial
contours were manually traced at end-diastole and end-systole in the lon-
gitudinal 2-chamber cine view, excluding LA appendage and pulmonary
veins. To improve tracking accuracy, the tracking quality was visually as-
sessed, and manual adjustments were made, LA reservoir strain was esti-
mated from the first peak of the LA strain curve;

Left atrioventricular coupling index was calculated as the ratio between
the LA and the LV end-diastolic volumes. The LA and LV volumes were
measure}dﬂ i? the same end-diastolic phase, defined by the mitral valve
dosure. ™!

Follow-up

All patients were followed up at the HF clinic at established follow-up time
peints. The clinical evaluation and treatment of patients were directed by
the treating physician according to a unified protocol based on current clin-
ical practice guidelines recc dations.'*'” Heart failure hospitalization
was defined as hospital admission for 224 h in patients with a primary diag-
nosis of HF, with =1 symptom and =2 physical examination, laboratory, or
invasive findings of heart failure, and receiving a heart failure-specific treat-
ment.'® The primary endpoint of the study was the combined endpoint of
all-cause death or HF hospitalization (whichever came first) during 5 years
of follow-up. The events were identified from the clinical records of patients
with HF, hospital wards, the emergency room, general practitioners, and by
contacting the patient's relatives. Maortality data were verified by the data-
bases of the Catalan and Spanish Health Systems and the Spanish Mational
Death Reglstry. Hospitalizations were identified from the clinical recards of
patients with HF, hospital wards, and the shared electronic health record in
Catalonia.

Statistical analysis

Statistical analysis was performed using IBM SPSS Statistics (version 22,
2013) software, Normal distribution of continuous variables was assessed
by visualization of the histograms and applying the Shapiro—WVilk test.
Variables with normal distribution are presented as mean # standard devi-
ation, while these with nen-normal distribution are presented as median
and interquartile range. The patiert population was divided according to
LACI tertiles: Group 1: LACI from 6.2 to 223%, Group 2: LACI from
22.3 to 30.9%, and Group 3: LACI > 30.9%. Continuous variables were
compared between groups using the unpaired one-way ANOVA test.
Categorical variables were compared by the 3 test with Yates correction
or the Fisher exact test. For not normally distributed continuous variables,
the Kruskal-Wallis test with Bonferroni correction was used. The assock-
ation between LACI and the combined clinical endpoint was assessed
with Cox proportional regression models. The proportional hazards as-
sumptions for Cox models were tested using Schoenfeld residuals.
Logarithmic transformation of the continuous variables with non-normal
distribution was performed in the regression analysis, Statistically significant
variables in the univariate regressicn analysis were included in the multivari-
ate regression analysis applying the ‘one-in-ten’ rule to avoid model overfit-
ting of the model.'” Cumulative incidence curves of the combined endpoint
were plotted according to LACI tertiles. A 2-tailed P value of 0.05 was con-
sidered statistically significant.
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Table 1 Patient clinical characteristics
All Group 1 Group 2 Group 3 P-value
n=478 (LACI 6.2-22.2%)  (LACI 22.3-30.9) (LACI > 30.9%)
n=160 n=159 n=159
Clinical characteristics

Age (years) 62+ 12 6111 62+11 64412 0.06
Male, n (%) 373 (78) 121 (76) 126 (79) 126 (79) 067
BSA (kgim’) 185402 184402 185402 185402 053
Hypertension, n (%) 289 (60) 93 (58) 95 (60) 101 (64) 0.60
Diabetes mellitus, n (%) 197 (41) 57 (36) 64 (40) 76 (48) 0.08
Dyslipidaemia, n (%) 293 (61) 92 (58) 106 (67) 95 (80) 022
Smoker, n (%) 131 (27) 48 (30) 46 (29) 37 (23) 035
Obesity, n (%) 113 (24) 39 (24) 36 (23) 38 (24) 092
LBEB, n (%) 179 (37) 78 (49) 58 (36) 43(27) <0.001%
Ischaemic HF, n (%)" 202 (42) 66 (41) 75 (47) 61 (38) 0.06
NYHA class II/Ill, n (36)° 364 (81)30 (7) 121 (76)10 (6) 127 (BOYT (4) 116 (73)13 (8) 0.5

Mitral regurgitation (Grades |11, 1Il), n (%) 283 (59)/115 (24)/25 (5} 88 (55)/46 (29)/5 (3) 100 (63)/35 (22)110 (6) 95 (60)/34 (21)10(6) 0.3
Laboratory

Haemoglobin (g/dL)" 13+18 13+15 1B3+2 14+18 038

NT-proBNP {pg/mL)® 1091 (466-2727) 898 (370-1965) 1047 (433-2748) 1295 (599-3848) 0.06

eGFR (mL/min/1.73 m?)? 70+£325 73+35 74423 63435 <0.001%
Treatment

Beta-blocker, n (%) 422 (88) 143 (89) 144 (91) 135 (BS) 015

ACEInh/ARBs, n (%) 343 (72) 122 (76) 119(75) 102 (64) 003

ARNI, n (%) 56 (12) 20(13) 17 (11) 19 (12) 088

MRA, n (%) 353 (74) 124 (78) 115 (72) 114 (72) 043

Loop diuretics, n (%) 347 (73) 110 (69) 115(72) 122(77) 028

All values are n (%), mean + SO, except for NT-proBMP values which are presented as median (interquartile range). The chi-square test was used for categorical variables, analysis of
variance for normally distributed variables, and the Kruskal-Wallis test for non-normally distributed continuous variables. Post hoc pairwise comparisans were executed with
Banferron| correction.

AC] 3 hibior/A win receptor blockers: ARMI, angiotensin receptorineprilysin Inhibitor; BSA, body surface area: eGFR, estimated
glomerular fi f'l\:mhun rate; HF, I‘eart ialh.lrE: LBBE, |eft ble:Ie branch block; MRA, mineralocorticoid receptor antaganist; NT-proBMNP, N-terminal pro-B-type natriuretic peptide;

NYHA. Mew York Heart Association,
*NYHA elass data available in 451 patients.

edzemagiobin, MTproBNP and eGFR levels available in 334, 306, and 375 patients, respectively.

*D statistically signifi differences (P < 0,05) between Groups 1 and 2.
'Demonstrates statistically significant differences (P < 0.05) between Groups 1 and 3.
®Demanstrates statistically significant differences (P < 0.05) between Groups 2 and 3.

"schaemic heart failure was defined by the presence of obstructive coronary artery disease on invasive ar ¢

tomography coronary angiography. Mon-ischasmic HF involved the

rest of the HF aetiologies in this cohort, the most frequent non-ischaemic HF aetiology being DCM (30% of patients), The aeticlogies of the remaining HF patients in our study are as
follows (in order of frequency): aleoholic cardiomyopathy, hypertensive cardiomyopathy, drug-induced cardiomyopathy, valvular heart disease, non-compaction cardiomyopathy, tachy

pathy, peripartum pathy, hypertrophic pathy, cardiac

Results

Patient population
A total of 478 consecutive patients with HF and LVEF <50% {mean age
62+ 12 years, 78% male) were included for analysis. Patient clinical
characteristics and CMR. data are reported in Tables 1 and 2, respect-
ively. Ischaemic HF was present in 42% of the patients whereas the re-
maining patients had non-ischaermic HF, being dilated cardiomyopathy
the most frequent aetiology (30%). The median value of LACI was
27.1% (IQR 19.9-34.5).

When comparing the groups of patients divided according to the
tertiles of LACI patients within the worst LACI tertile (=30.9%)
were older, had higher proportion of diabetes, and showed higher

60

values of NT-proBNP and worse renal function as compared to the
other groups. Patients within the worst LACI tertile received less fre-
quently HF medication such as angiotensin-converting enzyme inhibi-
tors or angiotensin receptor blockers but received higher doses of
diuretics and presented a minor percentage of left bundle branch block.
Mitral regurgitation was present in 89% of the patients (n=425), of
which almost 83% had mild to moderate grade of mitral regurgitation.
The presence and grade of mitral regurgitation did not differ significant-
ly across the groups.

In terms of CMR characteristics, patients within the worst LACI
tertile showed statistically significant smaller LY volumes and larger
LA volumes as compared with their counterparts and better LVEF
(Figure 1), although this comparison did not reach statistical significance.
ECV values were observed in patients within the worst LACI tertile
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Table 2 Cardiac magnetic resonance characteristics

All Group 1 Group 2 Group 3 P-value
n=478 (LACI 6.2-22.2%) (LACI 22.3-30.9%) (LACI > 30.9%)
n=160 n=159 n=159

LVEDVi {mLim?) 124+ 41 142445 130+ 38 122437 <0.001°*
LVESVi (mlm?) 95+ 37 104 43 944 37 87+36 0.001¢
LVEF (%) 294+ 10 pLES] 2949 30+£10 014
LVMi (g/m?) 90 426 94427 90426 854125 001°
LVGLS (%) —103+4 —10545 —104+4 —103+4 093
T1 mapping (ms)® 1069 + 62 1071 + 67 1061 + 49 1071 + 60 043
ECV (%)° H4+7 316 3316 3549 0.05
LGE, n (%) 393 (82) 130 (81) 127 (80) 136 (86) 039
LGE® extension 48+4 46 +4 48 +4 49+4 038
LAVMin index {mL/m?) 37419 2449 35410 544+22 <0.00154
LAVMax index (mU/m?) 57+21 44413 57+ 14 71+23 <0.001°c4
LARS 20+9 25+ 10 20+8 14+7 <0.001%5¢
LACI (%) 271 (19.9-34.5) 17.5 (14.0-20.1) 271 (24.5-288) 405 (34.5-482) <0,001=4

Allvalues are n (%), mean + S0, except for LAC! values which are presented as median (interquartile range). The 3 test was used for categorical variables, analysts of variance for narmally
distributed variables, and the Kruskal-WWallis test for non-normally distributed continuous variables. Post hoc pairwise comparisons were executed with Bonferroni correction,

ECV, extracellubr volume; LACL, left atrioventricular coupling index: LARS, left atrial reservoir strain; LAVMin, left atrial minimum volume; LAVMax. left atrial maximum volume; LGE, late
gadalinium enhancement: LVEDWV|, left ventricular end-diastodic valume index; LVEF, left ventricular ejection fraction; LVESVL, left ventricular end-systolic volume index; LVGLS, left

wventricular global longitudinal strain; LVMI, left ventricular mass indesx.
*T1 mapping and ECV data available values available in only 263 patients.
"D ically significant differences (P < 0.05) between Groups 1and 2.

“Demonstrates statistically significant differances (P < 0.05) between Groups 1 and 3.
“Demanstrates statistically significant differences (P < 0.05) between Groups 2 and 3.

“LGE extension: myoeardial fibrosisinecrosis assessed visually (not by percentage) by signal intensity on LGE sequences, and extension reported as the number of myaeardial segments

affected by LGE

although there were no differences in presence or extension of LGE
and T1 native time values across the groups.

Association between left atrioventricular
coupling and outcomes

Ower a median follow-up of 2.8 years (IQR 1.4-5.0), all-cause death or
first HF hospitalization occurred in 110 patients (23%), All-cause death
occurred in 68 patients (14%) and HF hospitalization in 59 patients
(12%), respectively. The causes of death in the present cohort were
cardiovascular in 46%, cancer in 27%, infectious diseases in 19%, neuro-
logical in 3%, traffic accidents in 2%, respiratory in 2%, and haemor-
rhagic in 1% of patients. The cumulative rates of the combined
endpoint according to the three study subgroups were as follows: 36
patients in Group 1 (23%), 29 patients in Group 2 (18%), and 45 pa-
tients in Group 3 (28%). Left atrioventricular coupling index was signifi-
cantly associated with the combined primary endpoint (HR. 1.87, 95%
Cl1.17-2.99, P =0.01; Table 3). After adjusting for sex, age, ischaemic
HF aetiology, diabetes mellitus, mitral regurgitation, LV end-diastolic
volume index (LVEDVI), LVEF, presence of LGE and LARS, LAC| re-
mained significantly associated with the combined primary endpoint
(HR 1.77, 95% Cl 1.10-0.86, P=002; Table 3) together with sex,
age, ischaemic HF aeticlogy, and LVEDVI. When analysing the survival
curves according to the LACI tertiles, patients in Group 3 (LACI
=30.9%) had worse outcome as compared with patients in Groups 1
and 2 (HR 1.69, 95% CI 1.07-267, P=002 and HR 177, 95% CI
1.10-286, P=002, respectively), whereas no statistical differences
were observed between the dlinical outcomes of patients in Groups
1 and 2 (Figure 2).

Discussion

The main findings of the present study are summarized as follows: pa-
tients with HF and LVEF < 50% the highest LACI values (Group 3,
worst left atrioventricular coupling) had remarkably worse clinical out-
comes as compared with patients with better left atrioventricular coup-
ling. Left atrioventricular coupling index was significantly associated
with all-cause death or heart failure hospitalization even after adjusting
for clinical and imaging prognostic parameters.

Left atrioventricular coupling

The pathophysiology of HF is diverse and, usually, remadelling of the
left ventricle is the hallmark to classify patients with HF, Te maintain
the stroke volume and ejection fraction, the LV remadels with dilata-
tion and/or hypertrophy in response to volume or pressure overload
and to myocardial injury such as myocardial infarction.” The LV filling
by the left atrium is also key to maintain the LV systolic function.” The
LV end-diastolic pressure and the compliance and contractility of the
LV and LA are important determinants of the LV filing”' The LV re-
madelling leads to various grades of LA remodelling with dilatation
and fibrosis.” However, the proportion of the LA remodelling relative
to the LV remodelling in patients with HF has not been extensively
evaluated.

The left atrio-ventricular coupling, measured by the LAC, is a param-
eter that reflects the remodelling of the LA relative to the remodelling of
the LV. A high value of LACI represents an excessive LA remodelling refa-
tive to the LV dilation and indicates greater impairment of the left atrio-
vertricular coupling. Left atrioventricular coupling index has been first
explored in a large cohort of asymptomatic individuals with
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Figure 1 Assessment of LACI with cardiac magnetic resonance. The long-axis two chamber cine images of cardiac magnetic resonance studies are
shown to illustrate how LAC is calculated in three patients with heart fallure and left ventricular ejection fraction <50%. (A) Shows a patient with the
best left atrioventricular coupling (first tertile) as compared to the patients in (B) (second tertile) and (C) (third tertile). LACI, left atrioventricular coup-
ling index; LAEDY, left atrial end-diastolic volume; LVEDY, left ventricular end-diastolic volume; LVEF, left ventricular ejection fraction.

Table 3 Univariable and multivariable Cox regression analyses

Univariate
HR (95% CI)
Sex 1.28 (0.63-1.98)
Age 1.04 (1.02-1.08)
Ischaemic HF aetiology 189 (1.29-2.77)
Presence of diabetes mellitus 146 (1.00-2.12)

Grades of MR 129 (1.01-1.64)
LVEDVi 101 (1.00-1.01)
LVEF 097 (0.96-0.99)
Presence of LGE 193 (1.04-3.60)
LARS 097 (0.94-0.99)
LACI

Tertile 3 vs. tertile 1
Tertile 3 vs. tertile 2
Tertlle 1 vs. tertile 2

154 (0.99-2.39)
187 (117-299)
121 (0.74-1.98)

Multivariate
P-value HR (95%CI) P-value

0.26 1.59 (1.02-2.48) 0.04

<0001 1.04 (1.02-1.06) <0.001
0001 183 (1.23-273) 0.003
0.05
0.04
002 101 (1.00-1.01) <0.001
0.01
0.04
0.001
0.02 0.02
0.06 169 (1.07-2.67) 0.02
0.01 177 (1.10-2.86) 0.02
044 1.05 (0.64-1.72) 0.85

LACH tertile 1 {LAC] 6.2-22.2%), LACI tertile 2 (LAC| 32.3-30.9), LAC] tertile 3 (LACI = 30.9%).
HF, heart failure; HR, hazard ratio; LACI, left atrioventricular coupling Index: LARS, left atrial reserveir strain; LGE. hte gadofinlum ephancement: LVEDVI, left vertricular end-diastalic

volume index; LVEF, left ventricular ejection fraction; MR, mitral regurgitation.

cardiovascular risk factors in the Multi-Ethnic Study of Atherosclerosis
(MESA).® In those individuals, the mean value of LACI was 17.0% + 80,
In the present study, the median value of LACI was 27.1% (IQR 19.9—
34.5), which is remarkably higher than the asymptomatic patients in
the MESA, study cohort, thus representing a higher risk patient popula-
tion with symptomatic HF, Recently, Fortuni et ol reported a median
value of LACI 29% (IQR. 19-42) in a large cohort of patients with HF.
Hewever, the study included a broad range of patients with HF (including
also patients with preserved LVEF), and LACI was measured with echo-
cardiography which could explain the differences compared with the pre-
sent study. Cardiac magnetic resonance offers an accurate visualization of
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LA wall with high spatial resolution. Mormal ranges for LA volumes rela-
tive to gender, age, and body surface area have consistently been de-
fined.**" Left atrial reservoir strain has demonstrated prognostic
value for predicting cardiovascular events and has shown to be the
most reproducible LA functional parameter by CMR >~ The present
study provides additional information on the phenotyping of patients
with HF and LVEF < 50% by CMR. The patients with the worst LAC] ter-
tile showed smaller LV volumes and larger LA volumes as compared with
the other groups suggesting the presence of stiffer LV causing LA remod-
elling disproportionate to the LV dilatation. Therefore, it could be hy-
pothesized that patients with worst LACI could have restrictive LV
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Figure 2 Survival curves for the combined endpoint of all-cause
death or heart failure hospitalization at 5 years of follow-up. Survival
curves according to Cox regression analysis for LACI tertile groups;
variables included in multivariate analysis are as follows: sex, age, is-
chaemic HF aeticlogy, presence of diabetes mellitus, grades of mitral
regurgitation, LV end-diastolic volume index (LVEDWI), LVEF, pres-
ence of LGE, and LARS.

physiclogy. This is important since LAC! may help guide optimal HF med-
ical therapy in this group of patients with a different pattern of cardiac
remodelling,

Prognostic value of LACI

The prognostic value of LACI has been explored in various clinical scen-
arios. In a large cohort of asymptomatic individuals with traditional car-
diovascular risk factors in the MESA study, LACI was independently
associated with incident HF, atrial fibrillation, and cardiovascular disease
over a 10-year follow-up.™ In patients with hypertrophic cardiomyop-
athy, LAC| was assodated with the occurrence of new-onset AF, and
the prognostic value was incremental to conventional echocardiographic
parameters of LA remeodelling improving the risk stratification of those
patients.” In a large cohort of patients with acute myocardial infarction,
LACI was significantly associated with major cardiovascular events during
follow-up, particularly among patients with an LVEF <35%." The present
study provides additional evidence on the association between LAC| and
cardiovascular outcomes in a large cohort of patients with HF and LVEF
< 50%. This association was independent of other clinical and CMR para-
meters that are used in isolation to characterize and risk stratify patients
with HF, Therefore, LACI may become an important holistic parameter
that combines the systolic and diastolic LV function.

Study limitations

The limitations of present study relate to the single centre and retro-
spective design that included patients who were imaged with CMR.
Therefore, we cannot exclude a selection bias and the generalizability
of the results needs to be explored in further studies. In addition,
data on native T1 mapping values were only available in 263 patients,

which could explain why there were no differences across the groups
in contrast to the significant differences in ECV values.

Conclusions

In patients with HF and LVEF <50%, LAC| was independently asso-
ciated with all-cause death or HF hospitalization. Patients with the high-
est LACI values (most impaired left atrioventricular coupling) had
remarkably worse outcomes. Left atrioventricular coupling index
should be considered as an alternative and feasible imaging marker to
improve risk stratification in patients with HF with LVEF < 50% in fur-
ther studies.
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SUMMARY OF RESULTS ___

The original articles included in the compendium of this thesis aim to explore
the objectives previously described. A large cohort of patients with HF symp-
toms and LVEF <50% who underwent clinically indicated CMR in our terciary
hospital were included.

5.1. Correlation and prognostic value of linear and volumetric definition of
LV dilatation in patients with HF and LVEF<50% using CMR

In the first article we explored the agreement and prognostic implications of
LV dilatation defined by LVEDDi and LVEDVi in a large cohort of patients with
HF and LVEF <50% using CMR. The patient population consisted of a total of
564 patients (median age 64 years; 79% men). Ischemic HF was present in 42%
of the patients whereas the remaining patients had non-ischemic HF, dilated
cardiomyopathy being the most frequent etiology (30%). Published cut-off
values for LV linear and volumetric dimensions were used to define presence
of LV dilatation. Based on the concordance of the volumetric and the linear
definitions of LV dilatation, 4 different groups were created: Group 1 (normal
LVEDDi and LVEDVi), Group 2 (increased LVEDDi but normal LVEDVi), Group
3 (normal LVEDD:i but increased LVEDVi) and Group 4 (increased both LVEDDi
and LVEDVi). The distribution of the patients across these four groups are as
follows: 66 patients in group 1 (12%), 27 patients in group 2 (5%), 85 patients
in group 3(15%), 386 patients in group 4 (68%).

Patients with concordant definition of LV dilatation (Group 4) had the highest
N-terminal pro B type natriuretic peptide (NT-proBNP) values and presence
of left bundle branch block. LVEF progressively decreased and LV end-systolic
volume index (LVESVi) progressively increased from Group 1to 4. LV massin-
dex (LVMi) was higher in patients with increased LVEDVi (Groups 3 and 4). LGE
was present in the majority of the patients (82%) and it was more frequently
observed in patients of the Group 2 and Group 4.
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5.1.1. Correlation between linear and volumetric definitions of LV dilatation
using CMR in patients with HF and LVEF <50%

In our cohort of patients with HF and LVEF <50%, LVEDDi had a modest cor-
relation with LVEDVi on linear regression analysis (r=0.682, p<0.001, Figure
9). LV dilatation based on volumetric criteria was present in the majority of the
patients (n=471, 84%) while only 73% (n=413) met the criteria for dilatation
based on linear measurements. Notably, 20% of patients exhibited discord-
ant classifications of LV dilatation when comparing linear and volumetric

assessments.
@ Normal LVEDDi, normal LVEDV:
400 r:0.682 @ Increased LVEDDI , normal LVEDVi
p<0.001 @ Normal LVEDD; , increased LVEDVi
@ Increased LVEDDI, increased LVEDVI
~
E 3007
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Figure 8. Scatter plot representing correlation between left ventricular end-diastolic diameter

index (LVEDDI) and left ventricular end-diastolic volume index (LVEDVi).
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5.1.2. Prognostic value of linear and volumetric definition of LV dilatation
using CMR in patients with HF and LVEF <50%

Patients were followed-up for a period of five years to assess the combined
endpoint of cardiovascular death or HF hospitalization. Over a median fol-
low-up of 2.8 years, the combined endpoint occurred in 105 patients (19 %).
Specifically, cardiovascular death occurred in 56 patients (10%), while HF
hospitalization in 85 patients (15%). Based on the predefined subgroups, the
cumulative incidence of the combined endpoint was as follows: 5 patients in
Group 1(7.6%), 2 patients in Group 2 (7.4%), 5 patients in Group 3 (5.9%), 93
patients in Group 4 (24.1%).

Both, LV dilatation according to LVEDDi and LVEDVi, were significantly associ-
ated with the combined endpoint of cardiovascular death or HF hospitalization
after adjusting for sex, age, ischemic HF aetiology, HF categories based on
LVEF and presence of diabetes mellitus, hypertension and LGE (HR 3.29, 95%
Cl1.72-26.29,p<0.001 and HR 2.80, 95% CI 1.30-6.03, p=0.009; respectively).
When analyzing the survival curves according to LV dilatation groups, only
patients with concordant dilatation of LV (Group 4) had a worse outcome as
compared to those with concordant non-dilatation of LV (HR 3.00, 95% ClI
1.15-7.81, p = 0.024).

5.2. CMR-based LACI in patients with HF and LVEF <50%

Inthe second article, we explored the distribution of LACl among patients with
HF and LVEF <50% and its association with the combined endpoint of all-cause
death or HF hospitalization. A total of 478 patients (mean age 62+12 years,
78% male) free of atrial fibrillation or flutter were included.

5.2.1. Distribution of LACI in patients with HF and LVEF<50%
LACI was calculated as the ratio between the LA and the LV end-diastolic
volumes, using CMR. The median value of LACI was 27.1% (interquartile

range 19.9-34.5). Patient population was divided according to LACI tertiles
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and followed-up. The values of LACI according to tertiles were as follows:
LACI tertile 1 (LACI 6.2-22.2%), LACI tertile 2 (LACI 22.3-30.9), LACI tertile
3 (LACI=30.9%).

Patients within the worst LACI tertile (230.9%) were older, had higher pro-
portion of diabetes and showed higher values of NT-proBNP and worse renal
function as compared to the other groups. Patients with the highest LACI
values (worst LACI tertile) received less frequently HF medication such as
ACE inhibitors or ARBs but received higher doses of diuretics and presented a
minor percentage of left bundle branch block. Mitral regurgitation was present
in 89% of the patients (n=425) in the entire cohort, of which almost 83% had
mild to moderate grade of mitral regurgitation. However, the presence and
grade of mitral regurgitation did not differ significantly across the groups. In
terms of CMR characteristics, patients within the worst LACI tertile showed
smaller LV volumes and larger LA volumes as compared to their counterparts
and better LVEF, although this comparison did not reach statistical significance
(Figure 10).

LAEDV: 93.70 ml
LVEDV: 211 ml
LVEF: 34%
LACI: 44.41%

Figure 9. Assessment of LACI with CMR. Panel a shows a patient with the best left atrioven-
tricular coupling (first tertile) as compared to the patients in panels b (second tertile) and ¢
(third tertile).
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There were no differences in presence or extension of LGE and T1 native time
values across the groups. However, higher extracelular volume values were
observed in patients within the worst LACI tertile.

5.2.2. Prognostic value of LACI in patients with HF and LVEF <50%

Over a median follow-up of 2.8 years (IQR 1.4-5.0), all-cause death or first HF
hospitalization occurred in 110 patients (23%).

All-cause death occurred in 68 patients (14%) and HF hospitalization in 59
patients (12%). The cumulative rates of the combined endpoint according to
the three study subgroups were as follows: 36 patients in Group 1 (23%), 29
patients in Group 2 (18%), 45 patients in Group 3 (28%).

LACI was significantly associated with the combined primary endpoint (HR
1.87,95% Cl1 1.17-2.99, p=0.01). After adjusting for sex, age, ischemic HF ae-
tiology, diabetes mellitus, mitral regurgitation, LVEDVi, LVEF, presence of LGE
and LARS, LACI remained significantly associated with the combined primary
endpoint (HR 1.77, 95% Cl 1.10-.86, p=0.02) together with sex, age, ischemic
HF aetiology and LVEDVi.

When analyzing the survival curves according to the LACI tertiles, patients in
Group 3 (LACI 230.9%), had worse outcome as compared to patients in Groups
1and 2 (HR 1.69, 95% Cl 1.07-2.67, p=0.02 and HR 1.77, 95% Cl 1.10-2.86,
p=0.02 respectively), whereas no statistical differences were observed be-
tween the clinical outcomes of patients in groups 1 and 2.
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This doctoral thesis aims to address the objectives outlined at the beginning
of the project. Comprehensive CMR analysis techniques were employed to
assess LV and LA structure and function in patients with HF and LVEF <50%.
The results from both articles included in this compendium underscore the
prognostic significance of CMR-based remodeling markers, emphasizing the
value of a holistic approach to the assessment of cardiac remodeling.

6.1. LV dilatation by CMR in patients with HF and LVEF <50%

According to the results of the first article, LVEDDi had a modest correlation
with LVEDViwhen measured with CMR. The presence of discordant definition
of LV dilatation based on the combination of both LVEDDi and LVEDVi was
20% of the patients with HF suggesting a significant proportion of patients that
may be misclassified. Both LVEDDi and LVEDViwere independently associated
with the primary outcome (the combined endpoint of cardiovascular death or
HF hospitalization) and those patients with concordant linear and volumetric
definition for LV dilatation had worse outcomes.

Many studies have demonstrated the prognostic value of LV diameters or vol-
umes in HF setting. There is a large body of evidence relating the changes in
LVESV, LVEDV and LVEF with cardiovascular outcomes (11). In patients with
acute Ml increasing LVESV on baseline CMR and anincrease in LVEDV>15% at
6 months of follow-up was significantly associated with the occurrence of heart
failure, ventricular arrhythmias or cardiovascular death (52). Similarly, among
patients with HF of ischemic origin, LVESV and LVEDV measured with CMR
have shown to be incremental to LVEF (123). Additionally, LV diameters are
also important values to define LV remodelling and to decide timing of inter-
vention, for example in valvular heart disease (37, 38). The echocardiographic
data from the Valsartan heart Failure Trial showed that increasing LVEDDi
was independently associated with poor outcomes (36). The reduction in LV
end-systolic and end-diastolic diameters by various heart failure therapies was
directly correlated with afavourable effect on mortality as demonstrated by a
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recent meta-analysis (124). Based on this evidence, it could be established that
both volumetric and linear dimensions of the LV would be excellent surrogates
to assess the risk of adverse cardiovascular outcomes and the effects of heart
failure therapies. However, there is no study so far demonstrating that this
assumption is valid.

In the present cohort of patients with HF and LVEF <50%, the correlation
between linear and volumetric assessment of LV remodelling was moderate,
with 20% of patients presenting discrepancies between the definition of LV
dilatation according to linear versus volumetric assessment. It could be hy-
pothesized that in ischemic cardiomyopathy, the discrepancy between linear
and volumetric LV dilatation definitions could be explained by the infarct loca-
tion that would lead to specific LV local remodeling (for example, an inferior or
inferolateral myocardial infarction would result in larger linear LVEDDi but still
normal LVEDVi). However, the clinical cause of HF did not differ between those
with concordant or discordant definition of LV dilatation. The discrepancies
observed could also be explained by the timing of the CMR imaging: in the early
process of the LV remodeling, the discrepancy between linear and volumetric
LV dilatation could be more prominent whereas in a much later stage of the
disease, the LV remodeling is more global having consistent definitions of lin-
ear and volumetric LV dilatation. We could also suggest that LV remodeling is
a complex process, with different stages involved, and the differentiation of
those stages may not follow the order of the groups created in the study.

In terms of outcomes, both linear and volumetric definitions for LV dilatation
were independently associated with adverse events in this cohort. However,
the key insight of this study lies in the combined assessment of both definitions
and its association with outcomes. Patients with HF who exhibited concord-
ant definition of LV dilatation based on both linear and volumetric criteria,
experienced the worse outcomes as compared to the other groups. Notably,
patients with LV dilatation defined only by volumetric criteria but with normal
linear dimensions, had similar outcomes to those with normal LV volumes. This
is particularly relevant, as the subgroup with discordant LV dilatation defined
only by linear dimensions may represent an earlier stage in the HF continuum.
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Therefore, these patients could potentially derive the greatest benefit from
timely iniciation of HF therapies.

6.2. LACl in patients with HF and LVEF <50%

The main findings of the second article are summarized as follows: patients
with HF and LVEF<50% and worst left atrioventricular coupling had remark-
ably worse clinical outcomes as compared to patients with better left atrio-
ventricular coupling. LACI was significantly associated with all-cause death
or heart failure hospitalization even after adjusting for clinical and imaging
prognostic parameters.

LV remodels with dilatation and/or hypertrophy in response to volume or pres-
sure overload and to myocardial injury, to maintain stroke volume and LVEF.
The LV filling by the LA is essential to maintain the LV systolic function (70).
The LV remodeling leads to various grades of LA remodeling with dilatation
and fibrosis (125). However, the proportion of the LA remodeling relative to
the LV remodeling in patients with HF has not been extensively evaluated.

The left atrioventricular coupling, measured by LACI, is a parameter that re-
flects the remodeling of the LA relative to the remodeling of the LV. A high
value of LACI represents an excessive LA remodeling relative to the LV dilation
and indicates greater impairment of the left atrio-ventricular coupling. LACI
has been first explored in a large cohort of asymptomatic individuals with car-
diovascular risk factors in the Multi-Ethnic Study of Atherosclerosis (116). In
those individuals, the mean value of LACl was 17.0% + 8.0. In the present study
with patients with HF and LVEF<50%, the median value of LACI was 27.1%
(IQR 19.9-34.5) which is remarkably higher than the asymptomatic patients
inthe Multi-Ethnic Study of Atherosclerosis cohort, thus representing a higher
risk patient population with symptomatic HF.

Recently, a large HF study including 1158 patients with chronic HF, reported
a median value of LACI 29% (IQR 19-42) and demonstrated that LACI was

associated with severity of LV diastolic dysfunction and all-cause death or HF
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hospitalization (122). However, the study included a broad range of patients
with HF (including also patients with preserved LVEF) and LACI was measured
with echocardiography.

The present study provides additional information on the phenotyping of
patients with HF and LVEF<50% by CMR. The patients with the worst LACI
tertile showed smaller LV volumes and larger LA volumes as compared to the
other groups suggesting the presence of stiffer LV causing LA remodeling dis-
proportionate to the LV dilatation. We hypothesize that patients with worst
LACI could have a more restrictive LV physiology and LACI may help guide
optimal HF medical therapy in this group of patients with a different pattern
of cardiac remodeling.

6.2.1. Prognostic value of LACI in patients with HF and LVEF <50%

The prognostic value of LACI has been explored in different clinical scenarios.
In a large cohort of asymptomatic individuals with traditional cardiovascu-
lar risk factors in the Multi-Ethnic Study of Atherosclerosis, LACI was inde-
pendently associated with incident HF, atrial fibrillation and cardiovascular
disease over a 10-year follow-up (116, 126). In patients with hypertrophic
cardiomyopathy, LACI was associated with the occurrence of new-onset atrial
fibrillation and the prognostic value was incremental to conventional echo-
cardiographic parameters of LA remodeling improving the risk stratification
of those patients (119). In a large cohort of patients with acute MI, LACI was
significantly associated with major cardiovascular events during follow-up,
particularly among patients with an LVEF <35% (117).

The present study provides additional evidence on the association between
LACI and cardiovascular outcomes in a large cohort of patients with HF and
LVEF<50%. This association was independent of other clinical and CMR pa-
rameters that are used in isolation to characterize and risk stratify patients
with HF. Therefore, LACI may become an important holistic parameter that
combines the systolic and diastolic LV function.
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SUMMARY OF DISCUSSION

6.3. Limitations

Inboth original research articles of the doctoral thesis, the limitations relate to
the single-center and retrospective design of the studies that included patients
who were imaged with CMR. Therefore, we cannot exclude a selection bias
and the generalizability of the results needs to be explored in further studies.
In reference to the second article on LACI, data on native T1 mapping values
were only available in 263 patients which could explain why there were no
differences across the groups in contrast to the significant differences in ECV
values. Prospective validation of the present results of both articles warrants
further studies.
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CONCLUSIONS ____

The conclusions derived from this thesis project are:

1. Comprehensive CMR evaluation provides extensive characterization of car-
diacremodeling and allows risk stratification in HF patients with LVEF <50%.

2. In patients with HF and LVEF<50%, LVEDDi has a modest correlation with
LVEDViwhen measured by CMR. 20% of patients display discordant defini-
tion of LV dilatation based on the combination of both LVEDDi and LVEDVi.

3. In patients with HF and LVEF<50%, both LVEDDi and LVEDVi are inde-
pendently associated with cardiovascular death or HF hospitalization and
those patients with concordant linear and volumetric definition for LV dil-
atation have worse clinical outcomes.

4. In patients with HF and LVEF <50%, LACI is significantly associated with
all-cause death or heart failure hospitalization even after adjusting for clin-
ical and imaging prognostic parameters. Patients with HF and LVEF <50%
and the most impaired left atrioventricular coupling have remarkably the
worse outcomes.
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FUTURE RESEARCH DIRECTIONS ___

The original research articles included in the compendium of this doctoral the-
sis provide new insights from CMR on cardiac remodeling in HF patients with
LVEF <50%. In agreement with the results of both articles, we may suggest
the following research directions in the future:

1. Assessment of cardiac remodeling in HF patients with reduced and pre-
served LVEF, including evaluation of both linear and volumetric parameters
of LV dilatation using CMR in a larger number of patients with prospective
design.

2. Application of artificial intelligence in detection of cardiac remodeling in HF
patients with LVEF <50% in multimodal cardiac imaging.

3. Defining the association of CMR measured LACI with new-onset atrial fibril-

lation, stroke, HF hospitalization and cardiovascular death, in prospective
studies, including HFrEF and HFpEF patients.
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KEY POINTS

e Cardiac imaging plays a crucial role in the accurate diagnosis of heart failure (HF).
e Echocardiography is commonly used as the initial imaging technique, with left ventricular ejection
fraction (LVEF) being the main parameter for classification of HF and risk stratification.

LVEF alone is not sufficient to diagnose the HF etiology and personalize the decision-making. In the

most contemporary HF guidelines, the need to integrate novel cardiac function measurements,
such as evaluation of left ventricular diastolic function and myocardial deformation, has been

highlighted.

Multimodality imaging, especially cardiac magnetic resonance with myocardial tissue characteriza-

tion, is key to diagnose etiology of HF and provides incremental prognostic value.

INTRODUCTION

Heart failure (HF) is a complex clinical syndrome.
Symptoms occur when structural and/or func-
tional abnormality of the heart results in elevated
intracardiac pressures and/or inadequate cardiac
output. Despite major therapeutical advances,
HF remains a major public health problem. Due
to the population growth, aging, and the increasing
prevalence of comorbidities, the absolute number
of hospital admissions for HF is expected to in-
crease considerably in the future.™? Identifying
the cause of HF is important because each cause
may require specific treatment. Cardiac imaging
has a crucial role in the classification of HF and
the accurate diagnosis of the underlying cause.
Phenotyping of HF is the first approach to clas-
sify patients with HF symptoms and initiate treat-
ment. For decades, this classification has been
based on left ventricular ejection fraction (LVEF)
measures. Although randomized clinical trials
have shown efficacy of HF medical and device-
based therapies in patients with LVEF 40% or
lesser,” the efficacy of new specific medical thera-
pies in patients with mildly reduced or preserved

LVEF has not been demonstrated until recently.*°
Participant-level data analysis from recent ran-
domized clinical trials has shown that the benefits
of combining mineralocorticoid receptor antago-
nists, angiotensin-receptor neprilysin inhibitor,
and sodium-glucose cotransporter 2 inhibitors
extended up to an LVEF of 65%, questioning the
usefulness of HF classification based on this func-
tional parameter.® In addition, phenotyping HF
with LVEF may not be enough, particularly if we
aim to detect subclinical left ventricular (LV) sys-
tolic dysfunction in population at risk of HF (Stages
A and B) and prevent the occurrence of clinically
symptomatic HF.

The latest American College of Cardiology
(ACC)/American Heart Association (AHA) and the
European Society of Cardiology (ESC) guidelines
maintain the LVEF-based HF classification; how-
ever, there is clear emphasis on adding new objec-
tive measures such as the evidence of increased
LV filling pressures in patients with HF with mildly
reduced EF (HFmrEF) and HF with preserved EF
(HFpEF). In this regard, exercise stress testing
and echocardiographic evaluation of diastolic pa-
rameters are of importance. Furthermore, the
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incremental value of myocardial deformation pa-
rameters, such as global longitudinal strain
(GLS), to predict the risk of developing HF or recur-
rent HF hospitalizations is also highlighted. The
use of natriuretic peptides is also recommended
in the most contemporary HF guidelines®’ but
they will not be discussed in this review, which is
focused on imaging.

Although echocardiography is the imaging tech-
nigue most frequently used for a first evaluation of
patients with HF, multimodality imaging is key to
diagnose the etiology of HF and provides incre-
mental prognostic value. Cardiac magnetic reso-
nance (CMR) provides the unique characteristic
of noninvasive myocardial tissue characterization,
key aspect in differential diagnosis of cardiomyop-
athies.®® Coronary computed tomography angi-
ography is increasingly used to rule out the
presence of ischemic heart disease (particularly
in patients with low-to-intermediate pretest proba-
bility for coronary artery disease). In addition, nu-
clear cardiology techniques permit visualization
of cellular metabolism and diagnosis of inflamma-
tory causes of HF.

In this review article, an overview of the latest
advances in multimodality imaging for diagnosis
and risk stratification of patients with HF will be
appraised. New diagnostic and prognostic imag-
ing insights will be discussed.

PHENOTYPING HEART FAILURE

Currently international guidelines advocate the use
of LVEF to phenotype HF into 3 categories: HF
with reduced EF (LVEF <40%), HFmrEF (LVEF be-
tween 41% and 49%), and HFpEF (LVEF
>50%).>” The management and outcomes of the
patients may vary significantly based on this
LVEF-based classification. A recent meta-
analysis including more than 120,000 patients
with HF showed that patients with HFmrEF had
better prognosis as compared with patients with
HFrEF but similar prognosis as compared with pa-
tients with HFpEF."°

Furthermore, in the latest ACC/AHA guidelines,
a new category of HF is highlighted: HF with
improved EF including patients with HF and an
initial LVEF less than 40% that improves to greater
than 40% at follow-up.” Although improvement in
LVEF is associated with better outcomes, it does
not mean full myocardial recovery or normalization
of LV function. In most patients, cardiac structural
abnormalities, such as LV chamber dilatation and
ventricular systolic and diastolic dysfunction,
may persist, and most importantly, LVEF can
decrease after withdrawal of pharmacological
treatment. LVEF is an imperfect parameter of LV

performance because it only considers the change
in volume of the LV and does not consider the
effective stroke (forward) volume (eg, in patients
with HF and severe mitral regurgitation). In addi-
tion, LVEF does not accurately reflect the struc-
tural changes that precede overt LV systolic
dysfunction. The measurement of LV deformation
by strain imaging has emerged as a powerful tool
to accurately quantify myocardial mechanics,
including longitudinal, circumferential, and radial
deformation.’" Strain is a dimensionless measure-
ment of change in length between 2 points,’? and
LV GLS is defined as the change in the LV myocar-
dial length of various LV myocardial segments be-
tween diastole and systole divided by the original
end-diastolic length.”®> The measurement of LV
GLS is more reproducible than the measurement
of LVEF, and it is less influenced by loading condi-
tions (Fig. 1).""

Impairment of LV GLS occurs earlier than
impairment of LVEF. Several studies have demon-
strated impaired LV GLS among asymptomatic
patients with risk factors such as hypertension’*
and diabetes'® and have normal LVEF. The under-
lying mechanism that explains the preservation of
LVEF while LV GLS is impaired is the fact that LV
circumferential shortening (determined by the mid-
myocardial layers) increases to compensate the
impairment of LV GLS. The LV myocardium has
specific disposition of the myocardial fibers: the
subendocardial fibers are oriented as a right-
handed helix while the subepicardial fibers show
a left-handed helix orientation. The transition
from the subendocardium to the subepicardium
leads to the circumferentially oriented midwall fi-
bers. Although the shortening of the subendocar-
dial and subepicardial layers determine mainly
the LV GLS, the shortening of the midmyocardial
layers determines the circumferential strain. The
LV subendocardium is often the first layer affected
in a myocardial injury (ie, ischemia, pressure, or
volume overload). Therefore, LV GLS impairs
earlier than the circumferential strain, which tries
to compensate and keep LV stroke volume and
LVEF preserved. In individuals without HF and
normal LVEF, LV GLS may be impaired in as
much as 17% as shown in general population
studies, probably reflecting the effects of aging
on LV function,’® and between 35% and 45%
among individuals with diabetes.’” 8

Among patients with HFpEF, the subanalysis of
the Treatment Of Preserved Cardiac Function
Heart Failure with an Aldosterone Antagonist trial
showed that 66% of the patients had impaired
LV GLS despite having an LVEF greater than
50% and 50% of the patients had an LV GLS
less than 15.8%,'* which is rather low considering
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GLS-LAX: -14.7%
GLS-A4C: -18%
GLS-A2C: -17.3%
GLS-Average: -16.7%

Fig. 1. Speckle tracking GLS of the left ventricle to detect subclinical left ventricular dysfunction. Example of a 60-
year-old woman receiving oncological therapy and showing impaired left ventricular GLS despite preserved LVEF
measured with biplane 2D Simpson method (65%) and 3-dimensional echocardiography (58%). A2C, apical 2-

chamber view; A4C, apical 4-chamber view; LAX, long-axis view.

that the lower limit of a normal value is 18%."°
Importantly, each 1% decrease in LV GLS was
associated with 14% increase in the risk of the pri-
mary composite outcome, HF hospitalization
alone, and cardiovascular death alone.

Fig. 2 illustrates the underlying pathophysiolog-
ical mechanisms explaining the discrepancy be-
tween LVEF and LV GLS. Any mechanical,
ischemic, or metabolic myocardial injury leads to
structural changes that consist of diffuse deposi-
tion of highly cross-linked collagen fibers and
myocyte apoptosis and replacement fibrosis.?°
These structural derangements result in increased
cardiomyocyte afterload and preload due to the
collagen stiffening, impaired perfusion reserve
due to perivascular fibrosis and capillary
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rarefaction, and abnormal electrical conduction.?’
The extent and chronicity of these structural de-
rangements will influence LV systolic and diastolic
function that will be detected with LVEF and other
parameters of diastolic function. However, LV GLS
can reflect these structural changes at an earlier
stage. LV GLS can be measured with echocardi-
ography, CMR, and more recently ECG-gated
computed tomography.'®?® However, myocardial
fibrosis is more frequently detected with CMR tis-
sue characterization techniques. Particularly,
diffuse reactive myocardial fibrosis is detected
with T1 mapping, a quantitative method that tracks
the recovery of the longitudinal magnetization of
the tissue (Fig. 3). In native myocardium (without
use of gadolinium), T1 relaxation time prolongs
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Cardiomyocyte apoptosis and/or pressure/volume overload,
myocardial stretch, infiltration and other myocardial injury

T1/T2 mapping & LGE

| Increased deposition of collagen fibres |

Myocardial stifiness Perivascular fibrosis and Abnormal electrical
capillary rarefaction conduction
“'myocardial perfusion risk re-entrant
reserve arrhythmia

| l

Overt heart failure

Fig. 2. Time course of structural derangements of the myocardium and functional consequences evaluated with
imaging techniques. In response to myocardial injury and cardiomyocyte death, the extracellular matrix presents
an increased deposition of collagen fibers and other cells that are profibrotic. At this time point, T1 and T2 map-
ping as well as LGE CMR can detect these early anatomical changes. The functional consequences can be detected
with decreased left ventricular GLS while LVEF may remain normal. The initial deposition of collagen fibers leads
to increased myocardial stiffness, perivascular fibrosis, and reduced myocardial perfusion and abnormal conduc-
tion increasing the risk of arrhythmias. Over time, these changes lead to overt HF when LVEF is reduced.

along with the amount of fibrosis of the myocar- space.’* The extracellular volume (ECV) fraction
dium, whereas the administration of gadolinium can be calculated from the measurement of the
shortens the T1 relaxation time because the gado- T1 relaxation times pregadolinium and postgadoli-
linium accumulates in the increased interstitial nium administration and has an excellent

chamber cine imaging, T1 mapping and Strain by Feature Tracking, from left to right) of
e patient, with HTA, type 2 DM, Atrial Fibrillation. LVE o, with increased T1
values (1095 ms in 1,5 T), and reduced GLS (Average GLS -12.51% calculated by Feature

Fig. 3. Assessment of reactive myocardial fibrosis with T1 mapping CMR. Example of a 66-year-old patient with
arterial hypertension, diabetes mellitus, and atrial fibrillation. Left panel shows the cine image of the 4-chamber
view. Note the dilated atria and thickened left ventricular myocardium. The central panel shows the T1 mapping
sequence with an increased native T1 time of 1095 milliseconds. The panel on the right shows the assessment of
GLS of the left ventricle with feature tracking, which results in an impaired value.
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correlation with the ECV measured on histological
samples. T1 mapping techniques have shown
useful to identify and risk stratify patients with
HFpEF.?* In a prospective study of 112 individuals
(62 with HFpEF, 22 with hypertension, and 28
healthy control subjects), an ECV fraction greater
than 31.2% measured on CMR identified the pa-
tients with HFpEF with 100% sensitivity and 75%
specificity.?® In addition, together with LV GLS,
ECV fraction was significantly associated with
reduced exercise capacity. The hemodynamic
consequences of increased ECV fraction were
evaluated in an invasive study including 24 pa-
tients with HFpEF and 12 patients without HF
who underwent pressure-volume loop analysis
with conductance catheter.>* Patients with more
ECV fraction had stiffer LV and longer time of
active LV relaxation, which was associated with
hypertensive exercise response.

The structural changes that lead to LV dysfunc-
tion may cause as well alterations of the cardiac
metabolism, which in turn may impair LV function.
Phosphorus (31P)-magnetic resonance spectros-
copy (MRS) offers a unique window into the
assessment of high-energy phosphate meta-
bolism. High-energy phosphates occupy a central
position in cardiac metabolism, coupling oxygen,
and substrate fuel delivery to the myocardium
with contractile work. A reduction in the phospho-
creatine (PCr)/adenosine triphosphate (ATP) ratio
is an energetic sign common to numerous condi-
tions that can predispose to HF.?® Human cardiac
31P-MRS studies have documented reductions in
myocardial PCr/ATP ratio in nonischemic cardio-
myopathy,?’~?® HFpEF,3° hypertrophic cardiomy-
opathy,®'"*2 hypertensive hypertrophy with or
without HF,**3* severe aortic stenosis with or
without HF,*5%7 among others. A reduction in the
PCr/ATP ratio predicts prognosis in nonischemic
cardiomyopathy,3® and may improve with trimeta-
zidine in HF,*° after aortic valve replacement,®~4°
after weight loss,*' suggesting that reduced PCr/
ATP ratio is not necessarily simply an age-related
phenomenon, and that energetics may be central
to disease pathogenesis.’® Although this tech-
nigue seems promising in the characterization of
patients with HF, the feasibility in routine clinical
practice is limited to centers with high expertise
in this imaging technique.

CAUSE OF HEART FAILURE

Diagnosis of the underlying cause of HF is key to a
personalized treatment. Ischemic heart disease is
the most frequent cause of HF. A systematic re-
view of multicenter HF treatment trials involving
more than 40,000 patients during the past 30
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years, coronary artery disease was the underlying
cause of HF in nearly 65% of the patients.*? This
percentage is probably underestimated since the
cause was not evaluated in a systemic manner in
many trials (invasive coronary angiography was
not systematically performed), and patients with
a recent myocardial infarction, angina, or objective
evidence of active ischemia were excluded.*? The
presence of significant coronary artery lesions in
patients with HF is independently associated
with a worse long-term outcome.*® Therefore, an
accurate diagnosis is important to implement sec-
ondary prevention measures to improve the out-
comes. Noninvasive imaging tests, either
anatomical or functional, are recommended in pa-
tients with an intermediate probability of coronary
artery disease and an LVEF greater than 50%.% In
patients with high probability of coronary artery
disease, invasive coronary angiography is recom-
mended and fractional flow reserve test is indi-
cated to decide the need of revascularization.
Recently, the 2021 ESC Practice Guidelines for
the management of patients with HF upgraded
the recommendation of performing a noninvasive
computed tomography coronary angiography
(CTCA) in patients with HF and an LVEF less than
50% while invasive coronary angiography is rec-
ommended in symptomatic patients who do not
respond to treatment or have symptomatic ven-
tricular arrhythmias and may be considered in pa-
tients with low-to-intermediate pretest probability
of coronary artery disease.® CTCA provides infor-
mation on coronary artery stenosis severity, as
invasive coronary angiography does, and on char-
acteristics of the arterial wall as well as coronary
plaque features associated with an increased risk
of ischemic events and plaque burden.*® Further-
more, technological advances allow the assess-
ment of the fractional flow reserve on computed
tomography providing information on the hemody-
namic consequences of the coronary stenosis.*®
Nonischemic HF causes pose a greater diag-
nostic challenge than ischemic HF. Several causes
of nonischemic HF have different pathophysio-
logic mechanisms that lead to LV dysfunction,
and in addition, they may coincide with the pres-
ence of significant coronary artery disease. The
2021 ESC Practice Guidelines for the manage-
ment of patients with HF proposed a new classifi-
cation of the nonischemic cardiomyopathies®:
valvular heart disease, hypertensive cardiomyopa-
thy, infiltrative cardiomyopathy (sarcoid, hemo-
chromatosis), familial/genetic cardiomyopathy,
stress cardiomyopathy (Tako-tsubo), myocarditis
(infectious, toxin or medication, immunological,
hypersensitivity), and acquired diseases such as
immuno-mediated diseases, cardiotoxicity,

Anvnanhan vnnamrndan

411



412

Kasa et al

peripartum cardiomyopathy neuromuscular disor-
ders, and heart rhythm-related and endocrine or
metabolic diseases. These different causes lead
to different patterns of LV (and right ventricular)
remodeling and myocardial structural changes
that are better appreciated with imaging tech-
niques that provide information on the tissue char-
acteristics. Accordingly, CMR with the use of late
gadolinium contrast-enhanced (LGE) images and
other quantitative parameters such as T1-
mapping and T2-mapping, and T2*-mapping is
the most frequently used technique to first
approach the nonischemic causes (Fig. 4). The
presence of subendocardial or transmural LGE in
a territory that follows the supply of a coronary ar-
tery suggests the presence of significant coronary
artery disease and previous myocardial infarction.
In contrast, nonischemic causes show more focal,
patchy or midwall, and subepicardial location of
the LGE. For example, midwall septal LGE is char-
acteristic of idiopathic dilated cardiomyopathy,
whereas inferolateral basal midwall LGE is
observed in Andersen-Fabry disease and focal
epicardial LGE is characteristic of cardiac sarcoid-
osis. Patchy, multifocal distribution in the hyper-
trophied regions or the junctions between the
right and left ventricle are observed in hypertrophic
cardiomyopathy, whereas diffuse LGE pattern
with poor differentiation between the myocardium
and the blood pool is characteristic of cardiac
amyloidosis.*”

The presence of myocardial edema detected
with T2-weighted CMR sequences suggests the
diagnosis of acute myocarditis, and it is one of
the Lake Louise Criteria. The combination of
altered T2 mapping and subepicardial or midwall
LGE in patients with symptoms and increased
troponin has a median area under the curve to di-
agnose myocarditis of 0.90.¢ T2 mapping is also
useful in infiltrative cardiomyopathies such as

cardiac amyloidosis and Fabry disease. Myocar-
dial iron deposition in primary hemochromatosis
can lead to dilated cardiomyopathy that is charac-
teristically detected with T2* mapping. In addition,
the timing of chelation therapy and its effective-
ness can be monitored with T2* mapping.
Positron emission tomography (PET) imaging
with 18 F-fluorodeoxyglucose (FDG) is being
increasingly recognized as a valuable tool in the
detection and monitoring of inflammatory dis-
eases. Increased FDG uptake is a hallmark of
inflammation. Compared with CMR, FDG-PET
represents a different and more direct visualization
of myocarditis by quantifying the metabolic activity
of inflammatory cell infiltrates. Several case re-
ports and studies have highlighted the utility of
hybrid FDG-PET/CMR in the assessment of in-
flammatory conditions of the heart such as viral
myocarditis,*>*° cardiac sarcoidosis,*"*> and
Loeffler endocarditis.®® In patients with unex-
plained increased LV wall thickness, HFpEF, famil-
jal amyloid polyneuropathy, family history of
amyloidosis, calcific aortic stenosis with low flow
low gradient in the elderly, and a history of bilateral
carpal tunnel syndrome, %°"Technetium-
bisphosphonate derivates scintigraphy facilitates
the diagnosis of amyloid transthyretin (ATTR) car-
diac amyloidosis.>* The ratio of heart-to-
contralateral lung uptake, heart-to-whole-body
retention, and heart-to-bone ratio (visual grade)
assessed at 1 and 3 hours after intravenous
administration of bone-avid tracers are diagnostic
parameters of cardiac amyloidosis on cardiac
scintigraphy (Fig. 5). Perugini and colleagues
demonstrated that a visual grade of 2 or greater
on %°MTechnetium-3,3-diphosphono-1,2-propa-
nodicarboxylic acid (®**™Tc-DPD) cardiac scintig-
raphy had a 100% sensitivity to identify ATTR
cardiac amyloidosis and 100% specificity to differ-
entiate from amyloid immunoglobulin light chain

Fig. 4. Late gadolinium-enhanced CMR to diagnose cause of HF. Panel A shows an example of transmural myocar-
dial infarction in the anterior interventricular septum. Subepicardial enhancement in the lateral and posterior
walls of the left ventricle due to myocarditis is shown in panel B. Midwall fibrosis of the interventricular septum
characteristic of idiopathic dilated cardiomyopathy is presented in panel C. Panel D shows concentric left ventric-
ular hypertrophy with diffuse late gadolinium enhancement pattern and poor differentiation of the blood pool

in a patient with cardiac transthyretin amyloidosis.
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(AL) cardiac amyloidosis and controls.®® It is
important to emphasize that serum/urine immuno-
fixation and serum free light chain assay excluding
monoclonal process should be performed in
all patients with suspected amyloidosis. In case
of plasma cell dyscrasia, endomyocardial biopsy
for histological diagnosis is still needed
because 20% of patients with AL cardiac amyloid-
osis may show substantial uptake on cardiac
scintigraphy.®®

This extensive evidence highlights the key role
of multimodality imaging in the etiologic diagnosis
of nonischemic cardiomyopathies.

EXERCISE IMAGING

In many patients with HF symptoms, LV systolic
function may be preserved and the hemodynamic
evaluation at rest may not show the underlying
pathophysiology of fluid accumulation in the sys-
temic and pulmonary circulation. Congestion is
the hallmark of HF and is influenced by various he-
modynamic and nonhemodynamic factors. Exer-
cise induces changes in loading conditions that
may unmask LV diastolic dysfunction that leads
to high left-sided filling pressures and transient
pulmonary transcapillary transudation.®” In pa-
tients with dyspnea and preserved LVEF, invasive
hemodynamic exercise testing demonstrating a
pulmonary capillary wedge pressure of 25 mm
Hg or greater confirms the diagnosis of HFpEF.%®
Noninvasive imaging exercise testing has shown
feasibility and accuracy in diagnosing HF. Exercise
stress echocardiography allows the assessment of
LV diastolic function, presence of LV wall motion
abnormalities, and impairment of mitral and
tricuspid regurgitation, which can cause lung

Imaging in HF

congestion. In addition, during the same exercise
stress echocardiography, lung ultrasound can be
performed and the presence of B-lines, which
have been associated with cardiovascular out-
comes, can be detected.®® The presence of an
average E/e’ ratio during exercise 15 mm Hg or
greater and a peak tricuspid regurgitation velocity
of greater than 3.4 m/s suggests the presence of
HFpEF.%8 More recently, combined cardiopulmo-
nary and exercise echocardiography stress testing
has shown the value of additional echocardio-
graphic parameters to predict peak oxygen con-
sumption (VO,). In 357 patients (113 at risk of
developing HF and 244 with HFpEF or HFrEF),
Pugliese and colleagues® showed that peak
LV systolic annulus tissue velocity (S’), peak
tricuspid annular plane systolic excursion/systolic
pulmonary  arterial pressure ratio  (right
ventricular-pulmonary arterial coupling) and left
atrial compliance (measured as the ratio between
left atrial reservoir strain and E/e’ ratio) were inde-
pendent predictors of VO,. Using exercise-CMR,
Backhaus and colleagues®' demonstrated in 75
patients with echocardiographic signs of LV dia-
stolic dysfunction and dyspnea on exertion that
left atrial longitudinal strain during peak exercise
was the most accurate parameter to detect
HFpEF. Besides the structural changes that may
underpin these functional abnormalities, it has
been hypothesized that there may be an abnormal
cardiac energetic state that impairs the active
phase of the LV diastolic relaxation and leads to
increased LV filling pressures and transient pulmo-
nary congestion. This was demonstrated by Bur-
rage and colleagues using phosphorous MRS
and proton-density MRI sequence.®” Across the
spectrum of LV diastolic function (including 11

Fig. 5. Diagnosis of transthyretin cardiac amyloidosis with scintigraphy. Example of a 78-year-old patient with HF
symptoms, bilateral tunnel carpal syndrome, and polyneuropathy symptoms in both legs. Panel A shows severe
hypertrophy of the left and right ventricle. On speckle tracking analysis of left ventricular GLS, the typical apical
cherry pattern with preserved shortening of the apical segments and impaired longitudinal strain of the mid and
basal left ventricular segments can be observed (B). On ®™Tc-DPD cardiac scintigraphy, the uptake of the tracer is

clearly shown in panel C.
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healthy controls, 9 patients with type 2 diabetes
mellitus, 14 patients with HFpEF, and 9 patients
with cardiac amyloidosis), there was a progressive
reduction in PCr/ATP ratio (measure of cardiac en-
ergetic state) along with increasing E/e’ ratio. In
addition, impaired cardiac energetic state was
associated with lower LV diastolic filling rates
and diastolic reserve, more left and right atrial dila-
tion and worse right ventricular contractile reserve
during low-intensity exercise. Furthermore, tran-
sient pulmonary congestion was observed in pa-
tients with HFpEF and cardiac amyloidosis while
it was not observed in healthy controls and pa-
tients with type 2 diabetes mellitus.

IMAGING FOR RISK STRATIFICATION OF
HEART FAILURE

In recent trials including patients with HFrEF, ad-
vances in HF therapy have reduced significantly
the proportion of deaths from a cardiac cause,
whereas the proportion of noncardiovascular
deaths has increased.®® In patients with HFpEF,
the mortality burden is also substantial and 50%
to 70% of them are cardiovascular deaths, particu-
larly driven by sudden cardiac death and HF
death.®® Compared with HFrEF, the proportions of
cardiovascular deaths, sudden death and HF
deaths are lower in HFpEF, whereas the proportion
of noncardiovascular deaths in HFpEF exceeds
that of HFrEF.%* The majority of the studies evalu-
ating the role of imaging for risk stratification of pa-
tients with HF have used as endpoint all-cause
mortality. However, using cardiovascular death or
HF-related death as endpoints may be more rele-
vant. LVEF is the main parameter for risk stratifica-
tion of HF regardless of the imaging technique used

Cardiomyocyte apoptosis and/or pressure/volume overload,
ial stretch, infil ion and other my ial injury

Increased deposition of collagen fibres

to measure it. However, it has been shown that
30% of patients with ischemic HF receiving an
implantable cardiac defibrillator as primary preven-
tion based on the presence of HF symptoms and an
LVEF less than 35% do not benefit during follow-
up.%® Characterization of the arrhythmogenic sub-
strate considering specific myocardial scar tissue
features, the heterogeneous electrical activation
and the interaction with myocardial sympathetic
innervation is key to identify the patients at higher
risk of sudden cardiac death.

Several large studies have demonstrated the as-
sociation between LGE extent (myocardial scar/
fibrosis) on CMR and the occurrence of sudden
cardiac death in ischemic and nonischemic car-
diomyopathies.®®-%¢ In addition, specific features
of myocardial scar have been associated with ven-
tricular arrhythmias. For example, a ringlike
pattern of scar (involving at least 3 contiguous seg-
ments in the same short-axis slice) has shown to
be independently associated with the composite
endpoint of all-cause death and cardiac arrest
due to ventricular fibrillation or hemodynamically
unstable ventricular tachyarrhythmia and appro-
priate implantable cardioverter  defibrillator
shock.®® Furthermore, in patients with ischemic
HF, the so-called periinfarct zone (border zone
consisting of bundles of collagen intermingled
with viable myocardial tissue) has been shown to
have specific corridors where reentrant ventricular
arrhythmias can occur.”®

This anatomical substrate may become unsta-
ble with the alteration of the milieu due to
ischemia, altered sympathetic innervation, or elec-
trolytes for example. PET and single photon
computed tomography can detect denervated,
viable myocardium, which is associated with an

T1/T2 mapping & LGE [k =8

VLV GLS

Perivascular fibrosis and
capillary rarefaction
Wmyocardial perfusion

reserve arrhythmia

Myocardial stiffness

conduction
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Atrisk re-entrant

! |

Overt heart failure

Fig. 6. Use of multimodality imaging to evaluate cardiac remodeling and function in patients with HF.
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increased risk of ventricular arrhythmias.
123)0dine-metaiodobenzylguanidine  scintigraphy
is the most frequently used imaging technique to
detect cardiac sympathetic innervation. On planar
imaging, a low heart-to-mediastinum uptake ratio
of this radiotracer, indicating myocardial denerva-
tion, has been associated with an increased risk of
ventricular arrhythmias and sudden cardiac
death.”’

This accumulating evidence showing the impor-
tance of characterizing the myocardial substrate
for risk stratification in patients with HF has been
underscore in recent ESC guidelines on the man-
agement of ventricular arrhythmias where a signif-
icant number of recommendations for the use of
multimodality imaging have been included.”?

SUMMARY

Multimodality imaging is key in the diagnosis of
patients with HF symptoms (Fig. 6). Assessment
of cardiac structure and function has increased
in sophistication with the use of novel technologies
such as strain imaging and assessment of cardiac
energetics. Importantly, accurate diagnosis of
cause of HF is key to provide a personalized treat-
ment, and this requires the assessment of the
myocardial tissue characteristics. Although endo-
myocardial biopsy remains the reference standard
to define the cause, tissue characterization with
noninvasive imaging modalities has become the
first approach to diagnose the HF etiology.

CLINICS CARE POINTS

e HF is a heterogeneous clinical syndrome.
Diagnosis of the underlying cause of HF by
multimodality imaging is key to a personal-
ized treatment.

Phenotyping HF with LVEF is not sensitive
enough to detect subclinical left ventricular
systolic dysfunction in population at risk of
HF (Stages A and B). Novel parameters of car-
diac function, specially left ventricular GLS,
have emerged as powerful tools to detect an
early impairment of left ventricular function.

Noninvasive exercise testing (with echocardi-
ography and/or CMR imaging) may be helpful
to unmask the underlying mechanisms of HF
with preserved left ventricular ejection frac-
tion (HFpEF). Myocardial energetic state
may also play a role in the worsening of left
ventricular diastolic function and transient
lung congestion during exercise in patients
with HFpEF.

Descargado para Isabel Coma Campmany (icoma@cst.cat) en Joan Costa Roma Foundation de ClinicalKey.es por Elsevier en marzo 07, 2025. Para

vinn masnnnal avaliaivameanta KA aa e

124

Han Abean snan nin aabaeiraniAn Caeceiaeht @ONYE Dlanciae Taa

Imaging in HF

DISCLOSURE

V. Delgado received speaker fees from Abbott
Vascular, Edwards Lifesciences, GE Healthcare,
Medtronic, Novartis, and Philips and consulting
fees from Edwards Lifesciences and Novo Nordisk
(heart failure).

REFERENCES

1. Savarese G, Lund LH. Global public health burden
of heart failure. Card Fail Rev 2017;3:7-11.

2. Al-Mohammad A, Mant J, Laramee P, et al. Chronic
Heart Failure Guideline Development Group. Diag-
nosis and management of adults with chronic heart
failure: summary of updated NICE guidance. BMJ
2010;341:c4130.

3. McDonagh TA, Metra M, Adamo M, et al, ESC Scien-
tific Document Group. 2021 ESC Guidelines for the
diagnosis and treatment of acute and chronic heart
failure Developed by the Task Force for the diag-
nosis and treatment of acute and chronic heart fail-
ure of the European Society of Cardiology (ESC).
Eur Heart J 2021;42:3599-726.

4. Anker SD, Butler J, Filippatos G, et al. EMPEROR-
Preserved Trial Investigators. Empagliflozin in Heart
Failure with a Preserved Ejection Fraction. N Engl J
Med 2021;385:1451-61.

5. Packer M, Butler J, Zannad F, et al. Effect of Empa-
gliflozin on Worsening Heart Failure Events in Pa-
tients With Heart Failure and Preserved Ejection
Fraction: EMPEROR-Preserved Trial. Circulation
2021;144:1284-94.

6. Vaduganathan M, Claggett BL, Inciardi RM, et al. Esti-
mating the Benefits of Combination Medical Therapy in
Heart Failure With Mildly Reduced and Preserved Ejec-
tion Fraction. Circulation 2022;145:1741-3.

7. Heidenreich PA, Bozkurt B, Aguilar D, et al. 2022
AHA/ACC/HFSA Guideline for the Management of
Heart Failure. A Report of the American College of
Cardiology/American Heart Association Joint Com-
mittee on Clinical Practice Guidelines. J Am Coll
Cardiol 2022;79:1757-80.

8. Gonzalez JA, Kramer CM. Role of imaging tech-
nigues for diagnosis, prognosis and management
of heart failure patients: cardiac magnetic reso-
nance. Curr Heart Fail Rep 2015;12:276-83.

9. Messroghli DR, Moon JC, Ferreira VM, et al. Clinical
recommendations for cardiovascular magnetic reso-
nance mapping of T1, T2, T2 and extracellular vol-
ume: a consensus statement by the Society for
Cardiovascular Magnetic Resonance (SCMR)
endorsed by the European Association for Cardio-
vascular Imaging (EACVI). J Cardiovasc Magn Re-
son 2017;19:75.

10. Raja DC, Samarawickrema |, Das S, et al. Long-term
mortality in heart failure with mid-range ejection

Tadnn lan davanhan wannerndan

415



416

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21

22.

23.

24.

Kasa et al

fraction: systematic review and meta-analysis. ESC
Heart Fail 2022;9(6):4088-99.

Nesbitt GC, Mankad S, Oh JK. Strain imaging in
echocardiography: methods and clinical applica-
tions. Int J Cardiovasc Imaging 2009;25(Supp! 1):
9-22.

Marwick TH, Shah SJ, Thomas JD. Myocardial Strain
in the Assessment of Patients With Heart Failure A
Review. JAMA Cardiol 2019;4:287-94.

Kinno M, Nagpal P, Horgan S, et al. Comparison of
Echocardiography, Cardiac Magnetic Resonance,
and Computed Tomographic Imaging for the Evalu-
ation of Left Ventricular Myocardial Function: Part 2
(Diastolic and Regional Assessment). Curr Cardiol
Rep 2017;19:6.

Imbalzano E, Zito C, Carerj S, et al. Left ventricular
function in hypertension: New insights by speckle
tracking  echocardiography.  Echocardiography
2011;28:649-57.

Fang ZY, Leano R, Marwick TH. Relationship be-
tween longitudinal and radial contractility in subclin-
ical diabetic heart disease. Clin Sci (London) 2004;
106:53-60.

Russo C, Jin Z, Elkind MS, et al. Prevalence and
prognostic value of subclinical left ventricular sys-
tolic dysfunction by global longitudinal strain in a
community-based cohort. Eur J Heart Fail 2014;16:
1301-9.

Ernande L, Bergerot C, Rietzschel ER, et al. Diastolic
dysfunction in patients with type 2 diabetes mellitus:
is it really the first marker of diabetic cardiomyopathy?
J Am Soc Echocardiogr 2011;24:1268-75.

Holland DJ, Marwick TH, Haluska BA, et al. Subclin-
ical LV dysfunction and 10-year outcomes in type 2
diabetes mellitus. Heart 2015;101:1061-6.

Abou R, van der Bijl P, Bax JJ, et al. Global longitu-
dinal strain: clinical use and prognostic implications
in contemporary practice. Heart 2020;106:1438-44.
Gonzélez A, Schelbert EB, Diez J, et al. Myocardial
Interstitial Fibrosis in Heart Failure: Biological and
Translational Perspectives. J Am Coll Cardiol 2018;
71:1696-706.

Schelbert EB. Myocardial Scar and Fibrosis: The Ul-
timate Mediator of Outcomes? Heart Fail Clin 2019;
15:179-89.

Podlesnikar T, Delgado V, Bax JJ. Cardiovascular
magnetic resonance imaging to assess myocardial
fibrosis in valvular heart disease. Int J Cardiovasc
Imaging 2018;34:97-112.

Hirasawa K, Singh GK, Kuneman JH, et al. Feature-
tracking computed tomography left atrial strain and
long-term survival after transcatheter aortic valve im-
plantation. Eur Heart J Cardiovasc Imaging 2023;
24(3):327-35.

Gupta S, Ge Y, Singh A, et al. Multimodality Imaging
Assessment of Myocardial Fibrosis. JACC Cardio-
vasc Imaging 2021;14:2457-69.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Mordi IR, Singh S, Rudd A, et al. Comprehensive
Echocardiographic and Cardiac Magnetic Reso-
nance Evaluation Differentiates Among Heart Failure
With Preserved Ejection Fraction Patients, Hyperten-
sive Patients, and Healthy Control Subjects. JACC
CV Imaging 2018;11:577-85.

Peterzan MA, Lewis AJM, Neubauer S, et al. Non-
invasive investigation of myocardial energetics in
cardiac disease using 31P magnetic resonance
spectroscopy. Cardiovasc Diagn Ther 2020;10:
625-35.

Neubauer S, Krahe T, Schindler R, et al. 31P mag-
netic resonance spectroscopy in dilated cardiomy-
opathy and coronary artery disease. Altered
cardiac high-energy phosphate metabolism in heart
failure. Circulation 1992;86:1810-8.

Hardy CJ, Weiss RG, Bottomley PA, et al. Altered
myocardial high-energy phosphate metabolites in
patients with dilated cardiomyopathy. Am Heart J
1991;122:795-801.

Neubauer S, Horn M, Pabst T, et al. Contributions of
31P-magnetic resonance spectroscopy to the un-
derstanding of dilated heart muscle disease. Eur
Heart J 1995;16:115-8.

Mahmod M, Pal N, Rayner J, et al. The interplay be-
tween metabolic alterations, diastolic strain rate and
exercise capacity in mild heart failure with preserved
ejection fraction: A cardiovascular magnetic reso-
nance study. J Cardiovasc Magn Reson 2018;20:88.
Crilley JG, Boehm EA, Blair E, et al. Hypertrophic
cardiomyopathy due to sarcomeric gene mutations
is characterized by impaired energy metabolism ir-
respective of the degree of hypertrophy. J Am Coll
Cardiol 2003;41:1776-82.

Ashrafian H, Redwood C, Blair E, et al. Hypertrophic
cardiomyopathy:a paradigm for myocardial energy
depletion. Trends Genet 2003;19:263-8.

Lamb HJ, Beyerbacht HP, van der Laarse A, et al.
Diastolic Dysfunction in Hypertensive Heart Disease
Is Associated With Altered Myocardial Metabolism.
Circulation 1999;99:2261-7.

Smith CS, Bottomley PA, Schulman SP, et al. Altered
Creatine Kinase Adenosine Triphosphate Kinetics in
Failing Hypertrophied Human Myocardium. Circula-
tion 2006;114:1151-8.

Conway MA, Allis J, Ouwerkerk R, et al. Detection of
low phosphocreatine to ATP ratio in failing hypertro-
phied human myocardium by 31P magnetic reso-
nance spectroscopy. Lancet 1991;338:973-6.
Neubauer S, Horn M, Pabst T, et al. Cardiac high-
energy phosphate metabolism in patients with aortic
valve disease assessed by 31P-magnetic reso-
nance spectroscopy. J Investig Med 1997;45:
453-62.

Mahmod M, Francis JM, Pal N, et al. Myocardial
perfusion and oxygenation are impaired during
stress in severe aortic stenosis and correlate with

Descargado para Isabel Coma Campmany (icoma@cst.cat) en Joan Costa Roma Foundation de ClinicalKey.es por Elsevier en marzo 07, 2025. Para
uso personal exclusivamente. No se permiten otros usos sin autorizacion. Copyright ©2025. Elsevier Inc. Todos los derechos reservados.

125



38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

impaired energetics and subclinical left ventricular
dysfunction. J Cardiovasc Magn Reson 2014;16:29.
Neubauer S, Horn M, Cramer M, et al. Myocardial
Phosphocreatine-to-ATP Ratio Is a Predictor of Mor-
tality in Patients With Dilated Cardiomyopathy. Circu-
lation 1997;96:2190-6.

Fragasso G, Perseghin G, De Cobelli F, et al. Effects
of metabolic modulation by trimetazidine on left ven-
tricular function and phosphocreatine/adenosine
triphosphate ratio in patients with heart failure. Eur
Heart J 2006;27:942-8.

Beyerbacht HP, Lamb HJ, van der Laarse A, et al.
Aortic Valve Replacement in Patients with Aortic
Valve Stenosis Improves Myocardial Metabolism
and Diastolic Function. Radiology 2001;219:637-43.
Rider OJ, Francis JM, Tyler D, et al. Effects of weight
loss on myocardial energetics and diastolic function
in obesity. Int J Cardiovasc Imaging 2013;29:
1043-50.

Gheorghiade M, Sopko G, De Luca L, et al. Navi-
gating the Crossroads of Coronary Artery Disease
and Heart Failure. Circulation 2006;114:1202-13.
Smith SC Jr, Blair SN, Bonow RO, et al. AHA/ACC
Scientific Statement: AHA/ACC guidelines for pre-
venting heart attack and death in patients with
atherosclerotic cardiovascular disease: 2001 up-
date: a statement for healthcare professionals from
the American Heart Association and the American
College of Cardiology. Circulation 2001;104:1577-9.
Knuuti J, Wijns W, Saraste A, et al, ESC Scientific
Document Group. 2019 ESC Guidelines for the diag-
nosis and management of chronic coronary syn-
dromes. Eur Heart J 2020;41:407-77.

Williams MC, Kwiecinski J, Doris M, et al. Low-Atten-
uation Noncalcified Plaque on Coronary Computed
Tomography Angiography Predicts Myocardial
Infarction: Results From the Multicenter SCOT-
HEART Trial (Scottish Computed Tomography of
the HEART). Circulation 2020;141:1452-62.
Nergaard BL, Gaur S, Fairbairn TA, et al. Prognostic
value of coronary computed tomography angio-
graphic derived fractional flow reserve: a systematic
review and meta-analysis. Heart 2022;108:194-202.
Mahrholdt H, Wagner A, Judd RM, et al. Delayed
enhancement cardiovascular magnetic resonance
assessment of nonischaemic cardiomyopathies.
Eur Heart J 2005;26(15):1461-74.

Eichhorn C Greulich S, Bucciarelli-Ducci C,
Sznitman R, et al. Multiparametric Cardiovascular
Magnetic Resonance Approach in Diagnosing,
Monitoring, and Prognostication of Myocarditis.
JACC Cardiovasc Imaging 2022;15:1325-38.
Nensa F, Poeppel TD, Krings P, et al. Multiparamet-
ric assessment of myocarditis using simultaneous
positron emission tomography/magnetic resonance
imaging. Eur Heart J 2014;35:2173.

Descargado para Isabel Coma Campmany (icoma@cst.cat) en Joan Costa Roma Foundation de ClinicalKey.es por Elsevier en marzo 07, 2025. Para

126

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Imaging in HF

Olshausen GV, Hyafil F, Langwieser N, et al. Detec-
tion of acute inflammatory myocarditis in epstein
barr virus infection using hybrid 18F-fluoro-deoxy-
glucose—positron emission tomography/magnetic
resonance imaging. Circulation 2014;130:925-6.
White JA, Rajchl M, Butler J, et al. Active cardiac
sarcoidosis: first clinical experience of simultaneous
positron emission tomography-magnetic resonance
imaging for the diagnosis of cardiac disease. Circu-
lation 2013;127:€639-41.

Nensa F, Tezgah E, Poeppel T, et al. Diagnosis and
treatment response evaluation of cardiac sarcoid-
osis using positron emission tomography/magnetic
resonance imaging. Eur Heart J 2015;36:550.
Langwieser N, von Olshausen G, Rischpler C, et al.
Confirmation of diagnosis and graduation of inflam-
matory activity of Loeffler endocarditis by hybrid
positron emission tomography/magnetic resonance
imaging. Eur Heart J 2014;35:2496.

Dorbala S, Ando Y, Bokhari S, et al. ASNC/AHA/ASE/
EANM/HFSA/ISA/SCMR/SNMMI Expert Consensus
Recommendations for Multimodality Imaging in Car-
diac Amyloidosis: Part 1 of 2-Evidence Base and
Standardized Methods of Imaging. Circ Cardiovasc
Imaging 2021;14:e000029.

Perugini E, Guidalotti PL, Salvi F, et al. Noninvasive
etiologic diagnosis of cardiac amyloidosis using
99mTc-3,3-diphosphono-1,2-propanodicarboxylic
acid scintigraphy. J Am Coll Cardiol 2005;46:
1076-84.

Gillmore JD, Maurer MS, Falk RH, et al. Nonbiopsy
Diagnosis of Cardiac Transthyretin Amyloidosis. Cir-
culation 2016;133:2404-12.

Burrage MK, Hundertmark M, Valkovic L, et al. Ener-
getic Basis for Exercise-Induced Pulmonary
Congestion in Heart Failure With Preserved Ejection
Fraction. Circulation 2021;144:1664-78.

Pieske B, Tschope C, de Boer RA, et al. How to di-
agnose heart failure with preserved ejection fraction:
the HFA-PEFF diagnostic algorithm: a consensus
recommendation from the Heart Failure Association
(HFA) of the European Society of Cardiology
(ESC). Eur Heart J 2019;40:3297-317.

Picano E, Scali MC, Ciampi Q, et al. Lung Ultra-
sound for the Cardiologist. JACC Cardiovasc Imag-
ing 2018;11:1692-705.

Pugliese NR, De Biase N, Conte L, et al. Cardiac
Reserve and Exercise Capacity: Insights from Com-
bined Cardiopulmonary and Exercise Echocardiog-
raphy Stress Testing. J Am Soc Echocardiogr
2021;34:38-50.

Backhaus SJ, Lange T, George EF, et al. Exercise
Stress Real-Time Cardiac Magnetic Resonance
Imaging for Noninvasive Characterization of Heart
Failure With Preserved Ejection Fraction: The
HFpEF-Stress Trial. Circulation 2021;143:1484-98.

417




418

62.

63.

64.

65.

66.

67.

68.

Kasa et al

Rush CJ, Campbell RT, Jhund PS, et al. Falling Car-
diovascular Mortality in Heart Failure With Reduced
Ejection Fraction and Implications for Clinical Trials.
JACC Heart Fail 2015;3:603-14.

Vaduganathan M, Patel RB, Michel A, et al. Mode of
Death in Heart Failure With Preserved Ejection Frac-
tion. J Am Coll Cardiol 2017;69:556-69.

Chan MM, Lam CS. How do patients with heart fail-
ure with preserved ejection fraction die? Eur J Heart
Fail 2013;15:604-13.

Moss AJ, Greenberg H, Case RB, et al. Multicenter
Automatic Defibrillator Implantation Trial-Il (MADIT-
II) Research Group. Long-term clinical course of pa-
tients after termination of ventricular tachyarrhythmia
by an implanted defibrillator. Circulation 2004;110:
3760-5.

Kuruvilla S, Adenaw N, Katwal AB, et al. Late gado-
linilum enhancement on cardiac magnetic resonance
predicts adverse cardiovascular outcomes in noni-
schemic cardiomyopathy: a systematic review and
meta-analysis. Circ Cardiovasc Imaging 2014;7:
250-8.

Klem I, Klein M, Khan M, et al. Relationship of LVEF
and Myocardial Scar to Long-Term Mortality Risk
and Mode of Death in Patients With Nonischemic
Cardiomyopathy. Circulation 2021;143:1343-58.
Ganesan AN, Gunton J, Nucifora G, et al. Impact of
Late Gadolinium Enhancement on mortality, sudden

69.

70.

71.

72.

death and major adverse cardiovascular events in
ischemic and nonischemic cardiomyopathy: A sys-
tematic review and meta-analysis. Int J Cardiol
2018;254:230-7.

Muser D, Nucifora G, Muser D, et al. Prognostic
Value of Nonischemic Ringlike Left Ventricular Scar
in Patients With Apparently Idiopathic Nonsustained
Ventricular ~ Arrhythmias.  Circulation 2021;143:
1359-73.

Fernandez-Armenta J, Berruezo A, Andreu D, et al.
Three-dimensional architecture of scar and con-
ducting channels based on high resolution ce-
CMR: insights for ventricular tachycardia ablation.
Circ Arrhythm Electrophysiol 2013;6:528-37.

Jacobson AF, Senior R, Cerqueira MD, et al,
ADMIRE-HF Investigators. Myocardial iodine-123
meta-iodobenzylguanidine imaging and cardiac
events in heart failure. Results of the prospective
ADMIRE-HF (AdreView Myocardial Imaging for
Risk Evaluation in Heart Failure) study. J Am Coll
Cardiol 2010;565:2212-21.

Zeppenfeld K, Tfelt-Hansen J, de Riva M, et al, ESC
Scientific Document Group. 2022 ESC Guidelines
for the management of patients with ventricular ar-
rhythmias and the prevention of sudden cardiac
death. Eur Heart J 2022;43:3997-4126.

Descargado para Isabel Coma Campmany (icoma@cst.cat) en Joan Costa Roma Foundation de ClinicalKey.es por Elsevier en marzo 07, 2025. Para
uso personal exclusivamente. No se permiten otros usos sin autorizacion. Copyright ©2025. Elsevier Inc. Todos los derechos reservados.

127



128



UAB

Universitat Autonoma de Barcelona



	EJEMPLAR_TESIS_0 4.pdf
	8. Annexos
	Annex 1. Taula de resposta segons el nivell de risc d’arbovirosis
	Zika virus screening during pregnancy: Results and lessons learned from a screening program and a post-delivery follow-up a...
	1  BACKGROUND
	2  METHODS
	2.1  Study setting
	2.2  Study design
	2.3  Laboratory testing
	2.4  Serology output definitions and follow-up of high-risk pregnant women
	2.5  Ultrasound examination output definitions
	2.6  Newborn children follow-up outputs
	2.7  Data collection and statistical analysis
	2.8  Ethical issues

	3  RESULTS
	3.1  Participant sample description
	3.2  Serological results
	3.3  Ultrasound results and post-delivery follow-up

	4  DISCUSSION
	5  CONCLUSIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES

	Mpox cases finding: Evaluation of a Primary Care detection program in the Northern Metropolitan area from Barcelona (Spain)
	Introduction
	Material and methods
	Study setting
	Description of the community-based device
	Inclusion criteria of Mpox cases
	Laboratory testing
	Procedures
	Data collection and statistical analysis

	Results
	Discussion
	What is already known on this topic
	What this study adds
	How this study might affect research, practice or policy
	Ethical considerations


	EJEMPLAR_TESIS_1.pdf
	1f784da9b504add2e181d007a6e42b9b370600b17a0d37df3c6b7c314c422ee1.pdf
	Mental health in the short- and long-term adaptation processes of university students during the COVID-19 pandemic: A systematic review and meta-analysis
	1f784da9b504add2e181d007a6e42b9b370600b17a0d37df3c6b7c314c422ee1.pdf
	Predictive factors of the psychological impact of the COVID-19 pandemic on university students: a study in six Ibero-American countries
	_heading=h.1fob9te

	1f784da9b504add2e181d007a6e42b9b370600b17a0d37df3c6b7c314c422ee1.pdf
	7d75edc29e9227249a30c4631e047fcfdf7e0a15d0e9165b71da835ad82e4776.pdf
	_Hlk177118130
	_Hlk151220907
	_Hlk176883813
	_Hlk151125273
	_Hlk176879048

	1f784da9b504add2e181d007a6e42b9b370600b17a0d37df3c6b7c314c422ee1.pdf
	8d772d9085b35ff745c03657d7e3fac0619fd6a1b5dde21e14ed84f87982361a.pdf
	1f784da9b504add2e181d007a6e42b9b370600b17a0d37df3c6b7c314c422ee1.pdf


	Títol de la tesi: CARDIAC REMODELING IN HEART FAILURE
INSIGHTS FROM CARDIAC MAGNETIC RESONANCE
	Nom autor/a: Gizem Kasa Yaglici


