

[image: image]





Frontiers eBook Copyright Statement

The copyright in the text of individual articles in this eBook is the property of their respective authors or their respective institutions or funders. The copyright in graphics and images within each article may be subject to copyright of other parties. In both cases this is subject to a license granted to Frontiers.

The compilation of articles constituting this eBook is the property of Frontiers.

Each article within this eBook, and the eBook itself, are published under the most recent version of the Creative Commons CC-BY licence. The version current at the date of publication of this eBook is CC-BY 4.0. If the CC-BY licence is updated, the licence granted by Frontiers is automatically updated to the new version.

When exercising any right under the CC-BY licence, Frontiers must be attributed as the original publisher of the article or eBook, as applicable.

Authors have the responsibility of ensuring that any graphics or other materials which are the property of others may be included in the CC-BY licence, but this should be checked before relying on the CC-BY licence to reproduce those materials. Any copyright notices relating to those materials must be complied with.

Copyright and source acknowledgement notices may not be removed and must be displayed in any copy, derivative work or partial copy which includes the elements in question.

All copyright, and all rights therein, are protected by national and international copyright laws. The above represents a summary only. For further information please read Frontiers’ Conditions for Website Use and Copyright Statement, and the applicable CC-BY licence.



ISSN 1664-8714
ISBN 978-2-88974-789-4
DOI 10.3389/978-2-88974-789-4

About Frontiers

Frontiers is more than just an open-access publisher of scholarly articles: it is a pioneering approach to the world of academia, radically improving the way scholarly research is managed. The grand vision of Frontiers is a world where all people have an equal opportunity to seek, share and generate knowledge. Frontiers provides immediate and permanent online open access to all its publications, but this alone is not enough to realize our grand goals.

Frontiers Journal Series

The Frontiers Journal Series is a multi-tier and interdisciplinary set of open-access, online journals, promising a paradigm shift from the current review, selection and dissemination processes in academic publishing. All Frontiers journals are driven by researchers for researchers; therefore, they constitute a service to the scholarly community. At the same time, the Frontiers Journal Series operates on a revolutionary invention, the tiered publishing system, initially addressing specific communities of scholars, and gradually climbing up to broader public understanding, thus serving the interests of the lay society, too.

Dedication to Quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely collaborative interactions between authors and review editors, who include some of the world’s best academicians. Research must be certified by peers before entering a stream of knowledge that may eventually reach the public - and shape society; therefore, Frontiers only applies the most rigorous and unbiased reviews. 

Frontiers revolutionizes research publishing by freely delivering the most outstanding research, evaluated with no bias from both the academic and social point of view.

By applying the most advanced information technologies, Frontiers is catapulting scholarly publishing into a new generation.

What are Frontiers Research Topics?

Frontiers Research Topics are very popular trademarks of the Frontiers Journals Series: they are collections of at least ten articles, all centered on a particular subject. With their unique mix of varied contributions from Original Research to Review Articles, Frontiers Research Topics unify the most influential researchers, the latest key findings and historical advances in a hot research area! Find out more on how to host your own Frontiers Research Topic or contribute to one as an author by contacting the Frontiers Editorial Office: frontiersin.org/about/contact





COMPREHENSIVE RISK PREDICTION IN CARDIOMYOPATHIES. NEW GENETIC AND IMAGING MARKERS OF RISK

Topic Editors: 

Luis Lopes, University College London, United Kingdom

Nuno Cardim, Hospital da Luz Lisboa, Portugal

Juan R. Gimeno, Hospital Universitario Virgen de la Arrixaca, Spain

Giovanni Quarta, Papa Giovanni XXIII Hospital, Italy

Citation: Lopes, L., Cardim, N., Gimeno, J. R., Quarta, G., eds. (2022). Comprehensive Risk Prediction in Cardiomyopathies. New Genetic and Imaging Markers of Risk. Lausanne: Frontiers Media SA. doi: 10.3389/978-2-88974-789-4





Table of Contents




Editorial: Comprehensive Risk Prediction in Cardiomyopathies: New Genetic and Imaging Markers of Risk

Luis Rocha Lopes, Giovanni Quarta, Nuno Cardim and Juan Ramon Gimeno

Electrocardiographic Screening of Arrhythmogenic Cardiomyopathy in Genotype-Positive and Phenotype-Negative Relatives

Jose Maria Lopez-Ayala, Javier Gimeno-Blanes, David Lopez-Cuenca, Maria Sabater Molina and Juan Ramon Gimeno-Blanes

Incremental Values of T1 Mapping in the Prediction of Sudden Cardiac Death Risk in Hypertrophic Cardiomyopathy: A Comparison With Two Guidelines

Le Qin, Jiehua Min, Chihua Chen, Lan Zhu, Shengjia Gu, Mi Zhou, Wenjie Yang and Fuhua Yan

Left Ventricular Global Longitudinal Strain Is Associated With Cardiovascular Outcomes in Patients Who Underwent Permanent Pacemaker Implantation

Dae-Young Kim, Purevjargal Lkhagvasuren, Jiwon Seo, Iksung Cho, Geu-Ru Hong, Jong-Won Ha and Chi Young Shim

Novel Imaging and Genetic Risk Markers in Takotsubo Syndrome

Luca Arcari, Luca Rosario Limite, Carmen Adduci, Matteo Sclafani, Giacomo Tini, Francesca Palano, Pietro Cosentino, Ernesto Cristiano, Luca Cacciotti, Domitilla Russo, Speranza Rubattu, Massimo Volpe, Camillo Autore, Maria Beatrice Musumeci and Pietro Francia

The Potential Role of Cardiac CT in the Evaluation of Patients With Known or Suspected Cardiomyopathy: From Traditional Indications to Novel Clinical Applications

Edoardo Conte, Saima Mushtaq, Giuseppe Muscogiuri, Alberto Formenti, Andrea Annoni, Elisabetta Mancini, Francesca Ricci, Eleonora Melotti, Carlo Gigante, Zanotto Lorenza, Marco Guglielmo, Andrea Baggiano, Riccardo Maragna, Carlo Maria Giacari, Corrado Carbucicchio, Valentina Catto, Mauro Pepi, Daniele Andreini and Gianluca Pontone

Facts and Gaps in Exercise Influence on Arrhythmogenic Cardiomyopathy: New Insights From a Meta-Analysis Approach

Julia Martínez-Solé, María Sabater-Molina, Aitana Braza-Boïls, Juan J. Santos-Mateo, Pilar Molina, Luis Martínez-Dolz, Juan R. Gimeno and Esther Zorio

Layer-Specific Global Longitudinal Strain Predicts Arrhythmic Risk in Arrhythmogenic Cardiomyopathy

Diego Segura-Rodríguez, Francisco José Bermúdez-Jiménez, Lorena González-Camacho, Eduardo Moreno Escobar, Rocío García-Orta, Juan Emilio Alcalá-López, Alicia Bautista Pavés, José Manuel Oyonarte-Ramírez, Silvia López-Fernández, Miguel Álvarez, Luis Tercedor and Juan Jiménez-Jáimez

Histopathological Features and Protein Markers of Arrhythmogenic Cardiomyopathy

Carlos Bueno-Beti and Angeliki Asimaki

The Impact of Ischemia Assessed by Magnetic Resonance on Functional, Arrhythmic, and Imaging Features of Hypertrophic Cardiomyopathy

Sílvia Aguiar Rosa, Boban Thomas, António Fiarresga, Ana Luísa Papoila, Marta Alves, Ricardo Pereira, Gonçalo Branco, Inês Cruz, Pedro Rio, Luis Baquero, Rui Cruz Ferreira, Miguel Mota Carmo and Luís Rocha Lopes












	
	EDITORIAL
published: 08 March 2022
doi: 10.3389/fcvm.2022.849882






[image: image2]

Editorial: Comprehensive Risk Prediction in Cardiomyopathies: New Genetic and Imaging Markers of Risk

Luis Rocha Lopes1,2*, Giovanni Quarta3, Nuno Cardim4,5 and Juan Ramon Gimeno6


1Barts Heart Centre, St. Bartholomew's Hospital, London, United Kingdom

2Institute of Cardiovascular Science, University College London, London, United Kingdom

3Papa Giovanni XXIII Hospital, Bergamo, Italy

4Hospital da Luz, Lisbon, Portugal

5Universidade Nova de Lisboa, Lisbon, Portugal

6Unidad Centros, Servicios y Unidades de Referencia/European Reference Networks Cardiopatías Familiares, Hospital Clínico Universitario Virgen Arrixaca, Murcia, Spain

Edited and reviewed by:
Carla Sousa, São João University Hospital Center, Portugal

*Correspondence: Luis Rocha Lopes, luis.lopes.10@ucl.ac.uk

Specialty section: This article was submitted to Cardiovascular Imaging, a section of the journal Frontiers in Cardiovascular Medicine

Received: 06 January 2022
 Accepted: 31 January 2022
 Published: 08 March 2022

Citation: Lopes LR, Quarta G, Cardim N and Gimeno JR (2022) Editorial: Comprehensive Risk Prediction in Cardiomyopathies: New Genetic and Imaging Markers of Risk. Front. Cardiovasc. Med. 9:849882. doi: 10.3389/fcvm.2022.849882



Keywords: risk, cardiomyopathies, imaging, genetics, strain, cardiac magnetic resonance (CMR), cardiac computed tomographic (CT) imaging, histology


Editorial on the Research Topic
 Comprehensive Risk Prediction in Cardiomyopathies: New Genetic and Imaging Markers of Risk



Hypertrophic, (HCM), dilated (DCM), and arrhythmogenic cardiomyopathies (ACM) are major causes of heart failure and sudden death (1). Current management guidelines recommend the use of risk stratification algorithms and more recently scores, to help with important decisions regarding medication initiation/uptitration and device use, including implantable cardioverter-defibrillators or cardiac resynchronization therapy (2–5). These algorithms and scores are mainly comprised of symptomatic status and a few imaging and/or ambulatory ECG markers.

A significant proportion of heart muscle disease is genetically caused and a pathogenic/likely pathogenic variant can be found in around 40–50% of index cases (1). Advances in genetics have allowed for an increasing diagnostic certainty and optimized family screening processes. An influence of genetics in prognosis and outcomes has also been reported in the last few years, but it is yet to be integrated into decision-making recommendations (6).

Great advances in cardiac imaging have also been described in the context of heart muscle disease, including myocardial deformation techniques, scar imaging, perfusion imaging, and tissue characterization (7). These have provided new insights regarding previously unknown phenotypes, including early disease, and already help with differential diagnosis dilemmas in the daily clinical practice. However, unlike old markers such as ejection fraction and wall thickness, these new imaging parameters have not yet been fully integrated in risk prediction algorithms, despite a number of publications describing associations with events (8).

The aim of this Research Topic was to gather contributions from researchers working in the fields of cardiomyopathy genetics and/or cardiomyopathy imaging, who have an interest in establishing a role for new genetics and imaging markers in comprehensive risk prediction in cardiomyopathies.

Segura-Rodriguez et al. described an association between epicardial global longitudinal strain (GLS), non-sustained ventricular tachycardia (NSVT), and late gadolinium enhancement (LGE) on cardiac magnetic resonance in 45 ACM patients, suggesting that a layer-specific GLS approach might offer better acuity compared to overall GLS.

In another paper focusing on myocardial deformation, Kim et al. assessed GLS in 300 patients after pacemaker implantation and found that lower LGS was associated with cardiovascular death and hospitalization for heart failure at 44 ± 28 months follow-up.

In a different and original approach, Bueno-Beti and Asimaki described novel markers of ACM in surrogate tissues, such as the blood and the buccal epithelium, which may represent a non-invasive, safe and inexpensive alternative for diagnosis and cascade screening.

Also on the theme of ACM, Martinez-Sole et al. conducted a very timely systematic review of the exercise influence on the phenotype, concluding that sports may accelerate ACM phenotype either with structural and/or arrhythmic features, and restriction may soften the progression; data on phenotype-negative mutation carriers was also explored, as well as gaps in the current evidence.

Lopez-Ayala et al. analyzed 42 genotype positive-phenotype negative ACM carriers and found that a flattened ST segment may be an early sign of electrical remodeling that precedes T- wave inversion in healthy genetic carriers.

Conte et al. focused their contribution on a less explored imaging modality in the context of cardiomyopathies – when compared to magnetic resonance or echocardiography – by reviewing novel applications of cardiac computed tomography (CT) for a newly diagnosed cardiomyopathy, mainly DCM, including coronary imaging, function assessment, and tissue characterization, but also novel CT applications in HCM and ACM.

Two other articles addressed HCM. Qin et al. described a potential incremental value of T1 mapping to predicted SCD in addition to current guidelines.

An article by Aguiar Rosa et al. described that ischemia was associated with morphological markers of severity of disease, fibrosis, arrhythmia, and functional capacity.

Finally, in a non-genetic heart muscle disease context, Arcari et al. reviewed strain and CMR tissue characterization mapping parameters that have shown recent promise as prognostic predictors for takotsubo syndrome and reviewed the current limited evidence for a possible genetic predisposition.

Overall, the several manuscripts published in this Research Topic demonstrate some of the current trends on cardiomyopathies research: the promising prognostic value of myocardial deformation imaging and tissue characterization for ACM and HCM; the role of myocardial ischemia as a new imaging risk marker in HCM; the value of CT in the diagnosis of cardiomyopathies; new diagnostic approaches for family screening based on the ECG and buccal epithelium for ACM; and the impact of exercise in ACM, including mutation carriers.
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Background: Arrhythmogenic cardiomyopathy is a hereditary cause of ventricular arrhythmias and sudden death. Identifying the healthy genetic carriers who will develop the disease remains a challenge. A novel approach to the analysis of the digital electrocardiograms of mutation carriers through signal processing may identify early electrocardiographic abnormalities.

Methods: A retrospective case–control study included a population of healthy genetics carriers and their wild-type relatives. Genotype-positive/phenotype-negative individuals bore mutations associated with the development of arrhythmogenic cardiomyopathy. The relatives included had a non-pathological 12-lead electrocardiogram, echocardiogram, and a cardiac magnetic resonance. Automatic digital electrocardiographic analyses comprised QRS and terminal activation delay duration, the number of QRS fragmentations, ST slope, and T-wave voltage.

Results: Digital 12-lead electrocardiograms from 41 genotype-positive/ phenotype-negative (29 simple carriers and 12 double mutation carriers) and 73 wild-type relatives were analyzed. No differences in the QRS length, the number of QRS fragmentations, and the voltage of the T-wave were observed. After adjusting for potential confounders, double carriers showed an average ST-slope flatter than those of the simple carriers and wild type [5.18° (0.73–8.01), 7.15° (5.14–11.05), and 11.46° (3.94–17.49), respectively, p = 0.005]. There was a significant negative correlation between the ST slope and the age in genotype-positive/phenotype-negative relatives (r = 0.376, p = 0.021) not observed in their wild-type counterparts (r = 0.074, p = 0.570).

Conclusions: A flattened ST segment may be an early sign of electrical remodeling that precedes T-wave inversion in healthy genetic carriers. A thorough analysis of the digital electrocardiographic signal may help identify and measure early electrical abnormalities.

Keywords: arrhythmogenic right ventricular cardiomyopathy, electrocardiogram, genetic carrier, early diagnosis, familiar screening


INTRODUCTION

Arrhythmogenic cardiomyopathy is a cause of unexpected sudden death and ventricular arrhythmias in the general population including the youth and competitive athletes (1, 2). This umbrella term encompasses a broad phenotypic spectrum of disease that may predominantly affect one of the ventricles or both (3). The underlying cause of the disease is usually a mutation in a desmosomal gene, although mutations in other genes have been also described (4). Most common forms of arrhythmogenic cardiomyopathy are classically inherited in a dominant trait with incomplete penetrance and a variable clinical phenotype. The natural history of the disease encompasses a concealed, an electric, and a late structural phase, being sinister arrhythmias and sudden death a potential outcome at any stage even in the absence of overt structural abnormalities (5).

Once the diagnosis of arrhythmogenic cardiomyopathy is established, carrying out a complete family screening is recommended. As electrocardiographic changes usually precede the development of subsequent structural abnormalities, it is paramount to identify early electrocardiographic abnormalities that herald an initial electric phase of the disease. Thus far, predicting the individuals who will develop a severe phenotype remains a challenge.

As desmosomal disruption results in cell-to-cell mechanical and electrical uncoupling and fibrofatty replacement that slow down the electrical propagation (6), we hypothesized that genotype-positive/phenotype-negative relatives may show longer QRS terminal activation delays and minor ST/T-wave abnormalities preceding the development of the overt electrocardiographic abnormalities included in the current diagnostic criteria (7). The goal of this research is, therefore, to identify early electrocardiographic abnormalities in genotype-positive/phenotype-negative relatives.



MATERIALS AND METHODS

We carried out a retrospective electrocardiographic evaluation in genotype-positive/phenotype-negative relatives of families with a previous diagnosis of arrhythmogenic cardiomyopathy. All individuals had been previously assessed in a monographic cardiomyopathy clinic, were above 18 years of age, and consented to undergo genetic testing. None of the included individuals reported a previous history of heart disease. Participants showed normal imaging findings (non-dilated left and right ventricles, normal ejection fraction, no regional wall motion abnormalities, and no late gadolinium enhancement on cardiac magnetic resonance, Table 2). Mutation carriers and controls showing inverted T-waves in precordial leads beyond V1 were excluded from the analysis.


Genetic Testing

A panel of genes associated with arrhythmogenic cardiomyopathy was tested in the proband of each family (defined as the first member to be diagnosed with the disease). Genetic confirmation tests were performed through Sanger sequencing in all the relatives. The frequency of the mutations in the general population was evaluated with the Genome Aggregation Database (gnomAD) (RRID:SCR_014964) Frequencies < 0.001 supports the pathogenicity of the included variants. American College of Medical Genetics Score (ACMG) score and familiar cosegregation were also used to establish the clinical significance of the mutations.



Digital Electrocardiographic Analysis

Digital 12-lead electrocardiograms were obtained with a GE MAC 5000 System. Fiducial points were independently set for each beat in the 12 leads with MATLAB 2010 [Version 7.10.0 (R2010a), Natick, Massachusetts: The MathWorks Inc, MATLAB, RRID: SCR_001622]. The cardiology analyst (JL) was blinded to the genetic data at the time of evaluation. Details about signal processing have been published elsewhere (8). In summary, fiducial points were set at the beginning of the P-wave, QRS onset, QRS offset, and at the end of the T-wave. The terminal activation delay of the QRS was measured from the nadir of the S-wave to the J-point. The T-wave voltage (mV) and area (μV·s) were calculated through changes in the slope of the electrocardiographic signal. The ST slope was defined as the averaged angle between the ST tangent with the baseline in the 12 leads. The investigated electrocardiographic variables were the median QRS duration, terminal activation delay in V1–V3, the number of QRS fragmentations, the presence of bundle branch blocks, ST-slope, and T-wave voltage and area.



Statistical Analysis

Qualitative variables were expressed in percentage and compared with Pearson's χ2-test (or Fisher's test when appropriate). Quantitative variables are described as mean ± standard deviation (or median and interquartile rank should they do not follow a normal distribution), and they were compared with the Student's t-test or ANOVA (or the non-parametric Wilcoxon's and Kruskal–Wallis tests). Normality was tested with the Shapiro–Wilk test. The correlation between two quantitative variables was determined with Pearson's r coefficient.

The effect of genetic status (wild type, a single mutation, or double mutation) on the ST slope and the effect of potential confounding variables (age, sex, body mass index, predicted effect of the mutation) was determined with a linear regression model. Wild-type status and female sex were set as reference categories. Statistical analysis was performed with the package Stata 13.1 (Copyright 1985-2013 Stata Corp Texas 77845 USA, RRID: SCR_012763).




RESULTS


Genetic Results

A total of 41 genotype-positive/phenotype-negative relatives with a digital electrocardiogram were included in the study. Pathogenic mutations were identified in five desmosomal genes (DSP, PKP-2, DSG-2, DSC-2, JUP) and LDB3. The frequency and the proposed mechanism of each mutation are described in Table 1.


Table 1. List of the 41 identified mutations in the desmosomal genes and LDB3.

[image: Table 1]



Electrocardiographic Characterization in Mutation Carriers

Basal characteristics and electrocardiographic findings are summarized in Table 2. No significant differences were observed in the median QRS length, QRS terminal activation delay, or the number of fragmentations in the QRS between genotype-positive/phenotype-negative and wild-type relatives. Despite the ST slope being flatter in mutation carriers compared to wild type, this difference was not significant, 6.24° (4.11–9.81) vs. 11.94° (6.19–17.53), p = 0.187. No differences were observed either in the T-wave voltage, T-wave area, or T-wave dispersion between groups.


Table 2. Quantitative analysis of the electrocardiographic parameters through digital analysis in gene carriers and wild-type relatives.

[image: Table 2]



Electrocardiographic Findings in Double-Mutation Carriers

Digital electrocardiograms were obtained from carriers of 15 different mutations (5 pathogenic, 5 VUS, 5 benign or likely benign, Table 1). Among 41 genotype-positive/phenotype-negative individuals, 12 bore 2 different mutations in desmosomal genes. Their electrocardiographic parameters were compared with those of single-mutation carriers and the wild-type relatives (Table 3). The averaged ST slope showed a significant difference between the three groups: 7.15° (5.14–11.05), 5.18° (0.73–8.01), and 11.46° (3.94–17.49) (single mutation, double mutation, and wild type, respectively), p = 0.005 (Figure 1).


Table 3. Quantitative analysis of the main electrocardiographic parameters in single- and double-mutation carriers and wild-type relatives.
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FIGURE 1. Box plot showing the median and interquartile range of the ST slope in wild-type controls and single- and double-mutation carriers (p = 0.001).


The ST slope significantly correlated with the T-wave voltage in mutation carriers (r = 0.376, p = 0.021) but not in the wild-type group (r = 0.074, p = 0.570). Other electrocardiographic variables did not demonstrate any correlation with the ST slope.

Of note, a negative correlation between the ST slope and age was present in mutation carriers (r = −0.353, p = 0.022) but not in wild-type individuals (r = −0.053, p = 0.672) (Figure 2).


[image: Figure 2]
FIGURE 2. Correlation between ST slope and age. Mutation carriers are presented on the right side and wild-type on the left side.


The effect of the genetic mutations on the ST slope was estimated with a linear regression model. Potential confounding variables such as age, sex, body mass index, and the type of mutation (classified into truncating or no truncating mutations) were included in the model. The presence of double mutations was independently associated with a flatter ST slope (b = −7.86, p = 0.002), while this effect was not significant in the case of single mutation carriers (b = −2.344, p = 0.206) (Table 4).


Table 4. Linear regression models.
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DISCUSSION

The diagnosis of arrhythmogenic cardiomyopathy poses a challenge in the clinical practice due to a wide phenotypic spectrum that encompasses right-sided (1) and left-sided or biventricular forms (9, 10). Despite current efforts to stratify the risk of sudden death in these patients, it is well-recognized that affected individuals may die suddenly at an early phase of the disease when electrocardiographic and structural abnormalities are usually absent.

Therefore, the identification of the mutation carriers who will develop the disease is challenging. Magnetic resonance imaging (11) and speckle tracking (12) have shown minor abnormalities in healthy mutation carriers, although they are not routinely used in the family screening due to the lack of reproducibility of the speckle tracking and the cost and risk of overdiagnosis of non-pathological findings such as subtle wall motion abnormalities in cardiac magnetic resonance.

Once the diagnosis of arrhythmogenic cardiomyopathy is established, carrying out a genetic study, as well as a complete cascade family screening, is recommended to identify relatives at risk. This strategy also helps make a definitive diagnosis in probands with a thus far borderline phenotype (7).

As electrocardiographic abnormalities usually precede the development of overt structural cardiomyopathy, we aimed to identify signs of the electric “concealed stage” of the cardiomyopathy through a detailed analysis of digital electrocardiograms. Despite the presence of complete right bundle branch block, negative anterior T-waves, terminal activation delay > 55 ms in V1–V3 being frequently found in arrhythmogenic cardiomyopathy patients (13, 14), data on the prevalence of these electrocardiographic abnormalities in genotype-positive/phenotype-negative individuals are lacking. Furthermore, studies that compare mutation carriers with non-mutation carriers from the same family are pertinent to understand the phenotypic effect of mutations and variants.

We retrospectively evaluated the digital electrocardiograms of carriers of pathogenic mutations that did not show either evidence of structural disease on imaging or electrocardiographic abnormalities included in the current diagnostic criteria. Accurate QRS, ST, and T-wave measurements were obtained through digital electrocardiographic analysis thereby allowing a more sensitive approach to that provided by the analysis of conventionally recorded electrocardiograms. QRS terminal activation delay, averaged ST slope in the 12 leads, and T-wave voltage were therefore quantitatively assessed, which should overcome the subjectivity in the interpretation of subtle electrocardiographic abnormalities.

The initial hypothesis of the study was that of healthy genotype-positive/phenotype-negative individuals showing a longer QRS duration and terminal activation delay, a flatter ST slope, and smaller T-wave amplitude than wild-type relatives. We hypothesize that mutations and variants associated with the development of arrhythmogenic cardiomyopathy may play a role in early GAP junctions and connexin-43 remodeling (15) as well as intracellular ion mishandling (16), which may precede the development of electrocardiographic abnormalities (right bundle branch block and T-wave inversion) and further gross structural abnormalities as the clinical phenotype progresses. A proportion of the carriers included in the study bore non-pathogenic variants, which may either act as modulators of the phenotypic expression of the disease or cause subtle electrocardiographic abnormalities.

Our study demonstrated the trend of genotype-positive/phenotype-negative relatives to show a flatter ST slope, more pronounced in the case of double-mutation carriers. The effect of a double-hit mutation on the ST slope remained significant after correction for potential confounders such as age, sex, and body mass index. Interestingly, we did not find differences between mutation carriers and wild-type individuals in any of the parameters included in the current of former diagnostic criteria, the number of QRS fragmentations, or the T-wave amplitude. In view of these findings, we propose that ST-slope flattening is an early electrical abnormality in relatives with a significant genetic burden (Figure 3). Gene carriers bearing this repolarization pattern may benefit from a thorough cardiological study [including cardiac magnetic resonance, Holter monitoring and exercise test (17)] and a more frequent follow-up than other healthy relatives.


[image: Figure 3]
FIGURE 3. Example of the automatic measurement of the ST slope in the lead I. Y-Axis shows the voltage (mV). Red asterisks mark the QRS offset and the T-wave onset. The intersection line (green) determines the ST-slope angle with the isoelectric line. (A–C) shows the ST slope of an arrhythmogenic cardiomyopathy patient (−0.4°), a non-affected mutation carrier (1.9°), and a control (9.3°), respectively.


The analysis of the ST-segment morphology has proved to be a useful tool in the differential diagnosis between arrhythmogenic cardiomyopathy and the physiological adaptation to competitive sport commonly known as athlete's heart. Of note, a convex upward morphology (positive ST slope) in anterior leads suggests a physiological remodeling, whereas a flat or down-sloping ST (negative ST slope) suggests the diagnosis of arrhythmogenic cardiomyopathy (18). Repolarization abnormalities in arrhythmogenic cardiomyopathy patients classically involves right precordial leads. However, as biventricular or left-sided phenotypes may also affect inferior and left precordial leads, the average ST slope of the 12 leads was included in the analysis.

In order to evaluate the ST slope beyond the dichotomic classification between positive or flat/negative slope, we support a quantitative approach rendered by the processing of digital electrocardiograms, which eliminates the interobserver bias.

As arrhythmogenic cardiomyopathy typically shows an incomplete penetrance, it would be reasonable to expect a progressive flattening of the ST slope during follow-up, which is beyond the scope of this research. Whether ST flattening precedes a future T-wave inversion will require further investigations. In this regard, we observed a negative correlation between age and ST slope in mutation carriers, which supports that hypothesis.

This research has several limitations. First, this is a non-matched case–control study that includes a small number of individuals. Second, it was not possible to identify the mutation carriers who will develop further electrical or structural abnormalities on the basis of ST. This hypothesis will require further investigations. Third, the interpretation of the genetic analysis is challenging in arrhythmogenic cardiomyopathy due to a significant prevalence of desmosomal variants in the general population. Some of the variants included are not disease causing by themselves although may contribute to the phenotype of the disease.

In conclusion, we proposed that a detailed and thorough analysis of digital electrocardiograms in genotype-positive/phenotype-negative individuals renders the identification of early electrocardiographic abnormalities, which may portend an early phase of the disease. ST-slope flattening is the earliest abnormality found in double-hit mutation carriers.
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Background: MRI native T1 mapping and extracellular volume fraction (ECV) are quantitative values that could reflect various myocardial tissue characterization. The role of these parameters in predicting the risk of sudden cardiac death (SCD) in hypertrophic cardiomyopathy (HCM) is still poorly understood.

Aim: This study aims to investigate the ability of native T1 mapping and ECV values to predict major adverse cardiovascular events (MACE) in HCM, and its incremental values over the 2014 European Society of Cardiology (ESC) and enhanced American College of Cardiology/American Heart Association (ACC/AHA) guidelines.

Methods: Between July 2016 and October 2020, HCM patients and healthy individuals with sex and age matched who underwent cardiac MRI were prospectively enrolled. The native T1 and ECV parameters were measured. The SCD risk was evaluated by the 2014 ESC guidelines and enhanced ACC/AHA guidelines. MACE included cardiac death, transplantation, heart failure admission, and implantable cardioverter-defibrillator implantation.

Results: A total of 203 HCM patients (54.2 ± 14.9 years) and 101 healthy individuals (53.2 ± 14.7 years) were evaluated. During a median follow-up of 15 months, 25 patients (12.3%) had MACE. In multivariate Cox regression analysis, global native T1 mapping (hazard ratio (HR): 1.446; 95% confidence interval (CI): 1.195–1.749; P < 0.001) and non-sustained ventricular tachycardia (NSVT) (HR: 4.949; 95% CI, 2.033–12.047; P < 0.001) were independently associated with MACE. Ten of 86 patients (11.6%) with low SCD risk assessed by the two guidelines had MACE. In this subgroup of patients, multivariate Cox regression analysis showed that global native T1 mapping was independently associated with MACE (HR: 1.532; 95% CI: 1.221–1.922; P < 0.001). In 85 patients with conflicting results assessed by the two guidelines, end-stage systolic dysfunction was independently associated with MACE (HR: 7.942, 95% CI: 1.322–47.707, P = 0.023). In 32 patients with high SCD risk assessed by the two guidelines, NSVT was independently associated with MACE (HR: 9.779, 95% CI: 1.953–48.964, P = 0.006).

Conclusion: The global native T1 mapping could provide incremental values and serve as potential supplements to the current guidelines in the prediction of MACE.

Keywords: hypertrophic cardiomyopathy, sudden cardiac death, magnetic resonance imaging, native T1 mapping, ECV, guideline


INTRODUCTION

Hypertrophic cardiomyopathy (HCM) is a common genetic disease with a prevalence of 1/200 to 500 people (1–3). Although a majority of HCM patients have normal life expectancy, sudden cardiac death (SCD) remains to be the most common adverse outcome (4). Implantable cardioverter-defibrillator (ICD) is recommended as the only effective way to prevent from SCD and increase lifespan (5). However, placement of ICDs is sometimes companied by complications such as infections (6). Thus, it is important but challenging to identify patients who are at high risk of SCD and likely benefit from ICDs.

Two strategies are widely used for assessing SCD risk in HCM patients in clinical settings, which often leads to conflicting results (7). One is the 2014 European Society of Cardiology (ESC) guidelines in which a 5-year SCD risk predictive model was proposed (8), and the other is the enhanced American College of Cardiology/American Heart Association (ACC/AHA) guidelines that included seven binary biomarkers to judge SCD risk (9). In the enhanced ACC/AHA guidelines, the percentage of late gadolinium enhancement (LGE) to left ventricular (LV) mass representing the myocardial characterization is included as a new biomarker. This feature makes the two guidelines very different. LGE could be non-invasively acquired by cardiac MRI and has been a reference standard for evaluating myocardial fibrosis (10). In the past decade, LGE has been confirmed as an independent predictor of SCD and adverse outcomes in HCM (11–13). However, it is often confusing to define diffuse interstitial expansion by LGE (14). The amount of LGE also differs based on the chosen thresholding techniques (15).

MRI mapping technique can non-invasively reflect tissue physiology and pathophysiology in multiple cardiovascular diseases alternative to myocardial biopsies (16). Native T1 mapping and extracellular volume fraction (ECV) derived from native and contrast-enhanced T1 values are quantitative methods that enable the detection of myocardial tissue characterization (17). These intrinsic quantitative parameters can reflect the states of focal and diffuse interstitial fibrosis, as well as iron overload, lipid deposition, edema, and protein infiltration (18–20). Compared with LGE, native T1 mapping and ECV could potentially provide more information about myocardial tissue. However, the predictive value of these parameters has not been fully understood.

Hence, this study was conducted to evaluate the ability of native T1 and ECV values to predict major adverse cardiovascular events (MACE) in HCM patients, and its incremental values over the current 2014 ESC guidelines and enhanced ACC/AHA guidelines.



MATERIALS AND METHODS

This prospective study was approved by our local Institutional Review Board, and written informed consents of all patients were obtained. From July 2016 to October 2020, 308 HCM patients who underwent cardiac MRI in our institution were enrolled. Clinical diagnosis of HCM was done based on the LV wall thickness (LVWT) ≥15 mm by echocardiography or MRI without LV dilation that could not be explained by loading conditions or LVWT of 13–14 mm supported by family history of HCM, non-cardiac symptoms, electrocardiogram, laboratory tests, and other cardiac imaging (1, 8). Differentiation from hypertensive heart diseases were summarized in Supplementary Material 1. Exclusion criteria are shown in Figure 1. Follow-up data was acquired by telephone interview, outpatient visit, and the record of inpatient data. The primary endpoint was set as the incidence of MACE, including all cardiac-caused death, the placement of ICDs, cardiac transplantation, myocardial infarction, and heart failure hospitalization. One hundred one healthy volunteers with age- and sex-matched distribution with HCM patients were enrolled as control group, with no history of cardiovascular diseases and symptoms, and with normal electrocardiogram and echocardiography. The control group was included to define the normal ranges of native T1 mapping and ECV values.


[image: Figure 1]
FIGURE 1. Flow diagram of patient selection.



Cardiac MRI Protocols

All cardiac MRI examinations were performed on a 3.0-T MRI scanner (Ingenia, Philips Healthcare). The cine (voxel: 2 × 2 × 8 mm, field of view: 350 × 350 × 8 mm, time repetition/time echo: 3.1/1.55 ms, flip angle: 45°, matrix: 176 × 168, sense factor: 2) and LGE (voxel: 1.6 × 1.9 × 10 mm, field of view: 300 × 300 × 10 mm, time repetition/time echo: 6.1/3.0 ms, flip angle: 25°, matrix: 188 × 135, sense factor: 2) sequences included two-, three-, and four-chamber and short-axis images covering the whole LV myocardium. Native and enhanced T1 mapping were acquired by MOdified Look-Locker recovery sequence using “5s(3s)3s” and “4s(1s)3s(1s)2s” scheme, respectively (voxel: 2 × 2 × 8 mm, FOV: 300 × 300 × 8 mm, TR/TE: 2.3/1.07 ms, flip angle: 20°, matrix: 152 × 150) (Supplementary Material 2). Mapping image acquisition was in short-axis slices with a gap of 2 mm covering the whole LV myocardium. LGE and enhanced T1 mapping were performed 10–15 min after intravenous administration of gadolinium contrast agent (Magnevist, Bayer Healthcare Pharmaceuticals) of 0.2 mmol/kg.



MRI Analysis

Cardiac structure, function, and LGE imaging were analyzed on a commercial postprocessing software QMass (version8.1, Medis Medical Imaging). Phenotypes of HCM were evaluated on four-chamber cine images as previously described (4). The maximal LVWT was measured on cine images of all planes at the end-diastolic phase. The anterior-posterior left atrium (LA) diameter was measured on four-chamber cine images. Cardiac function was calculated by manually tracing the endocardial and epicardial borders of LV myocardium at the end-diastolic and end-systolic phases on short-axis cine images, excluding papillary muscles. The quantitative LGE was performed by manually adjusting the grayscale intensity threshold slider to fill in the visually apparent hyperintense as described previously (21). Global and regional native T1 mapping and ECV values were acquired on a commercial post-processing software (CVI42, Circle Cardiovascular Imaging) by manually tracing endocardial and epicardial borders of LV myocardium on motion-corrected mapping images. The reference points were set at the superior and inferior LV insertion to generate a 16-segment AHA model (22). Hematocrit was recorded by obtaining venous blood sample within 24 h prior to MRI. The ECV values were generated by equations reported previously (18). The minimal and maximal mapping values of all 16 segments were also selected for analysis.



Risk Models

The family history of SCD and unexplained syncope were recorded. The standard echocardiography was used to measure an instantaneous peak Doppler LV outflow tract (LVOT) pressure gradient at rest (8). The 24-h ambulatory electrocardiogram monitoring was performed to detect the presence of non-sustained ventricular tachycardia (NSVT) in a standard fashion (5, 8).

A 5-year estimated SCD risk was calculated according to the formulation of “1-0.998exp(Prognostic index)” proposed in the 2014 ESC guidelines (8). Prognostic index = [0.15939858 × maximal LVWT (mm)]–[0.00294271 × maximal LVWT2 (mm2)] + [0.0259082 × left atrial diameter (mm)] + [0.00446131 × maximal (rest/Valsalva) LVOT gradient (mmHg)] + [0.4583082 × family history of SCD] + [0.82639195 × NSVT] + [0.71650361 × unexplained syncope]–[0.01799934 × age at clinical evaluation (years)]. Patients with 5-year risk of <4 and ≥4% were classified as lower and higher SCD risk groups, respectively. According to the enhanced ACC/AHA guidelines, patients were considered at high risk for SCD if at least one of the following major risk markers was present: family history of SCD, maximal LVWT ≥30 mm, unexplained syncope, NSVT, LGE/LV mass ≥15%, end-stage LV ejection fraction (LVEF) <50%, and LV apical aneurysm (9).



Statistical Analysis

All continuous data were expressed as mean ± standard deviation if normally distributed, and median (interquartile range) if non-normally distributed. The normality of data was determined by Kolmogorov-Smirnov test. Independent t-test and Mann-Whitney U-test were used to compare the normally and non-normally distributed data between two groups, respectively. The ordinal variables were compared by χ2 test or Fisher's exact test, when appropriate. ANOVA test and Kruskal–Wallis H-test were used to compare the normally and non-normally distributed data among three groups, respectively, with Bonferroni test for paired post-hoc test. Univariate and multivariate Cox regression analyses were used to estimate the relationship between cardiac MRI and major SCD risk, with the incidence of MACE. “Forward: LR” was used to select variables in the multivariate analysis. Kaplan-Meier methods and log-rank tests were used to compare the MACE-free survival between two groups. Pearson (r) and Spearman (rs) correlation coefficient were used to analyze the correlation of continuous data and ranking data, respectively. All statistical analyses were performed by SPSS (version22.0, IBM) and GraphPad Prism (version8.0.2, GraphPad Software). P < 0.05 was considered to be statistically significant.




RESULTS


Study Population

A total of 203 HCM patients (120 males, 59.1%; age, 54.2 ± 14.9 years) and 101 healthy individuals (59 males, 58.4%; age, 53.2 ± 14.7 years) were included. Eighty-six patients (42.4%) were older than 60 years. Hypertension was common in 126 HCM patients (62.1%), and LVOT pressure gradient of 30 mmHg or greater was present in 105 patients (51.7%). Thirteen patients had SCD family history, 28 underwent unexplained syncope, and 11 had NSVT. All baseline demographics are summarized in Table 1.


Table 1. Baseline demographics of HCM patients and healthy individuals.

[image: Table 1]

Compared with the control group, end-systolic volume (ESV) was lower, while LVEF and LV myocardial mass were higher in HCM patients (all P < 0.001). Of all HCM patients, LVEF <50% and LV apical aneurysm were observed in seven (3.4%) and four patients (2.0%), respectively. The median maximal LVWT was 22.2 mm (interquartile range, 9.2) in patients with HCM. The global, minimal, and maximal native T1 and ECV values were significantly higher in patients with HCM (all P < 0.001). The median LGE/LV mass was 13.6% (21.3), with non-LGE in 15 patients (7.4%) and LGE/LV mass ≥15% in 88 patients (43.3%). According to the results of the control group, normal ranges of global native T1 mapping and ECV values in our institution were 1,180.4–1,299.6 ms and 21.4–29.4%, respectively. Increased global native T1 mapping (>1,299.6 ms) and increased global ECV (>29.4%) were found in 110 and 81 patients, respectively. The MRI parameters of HCM patients and control group are described in Table 2. Furthermore, phenotypes of HCM are presented in Table 3.


Table 2. Comparison of cardiac MRI data among healthy individuals and HCM patients.
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Table 3. Phenotype of HCM.

[image: Table 3]



Major SCD Risk Factors and Cardiac MRI Parameters in Two Guidelines

The 5-year SCD probability derived from the 2014 ESC guidelines for all HCM patients was 2.25% (1.73), in which 32 patients (15.8%) were classified as high risk. A total of 117 patients (57.6%) were ranked as high risk by the enhanced ACC/AHA guidelines. Differences between patients with low and high SCD risk assessed by the 2014 ESC guidelines and enhanced ACC/AHA guidelines are described in Supplementary Table 1.

The global native T1 and ECV showed a significant correlation (r = 0.307, P = 0.002 and r = 0.495, P < 0.001, respectively) in both the control group and HCM patients. In the HCM patients, the LGE/LV mass showed a significant correlation with global native T1 (r = 0.448, P < 0.001) and global ECV (r = 0.684, P < 0.001). Similarly, LGE/LV mass ≥15% also showed significant correlation with global native T1 (rs = 0.538, P < 0.001) and ECV (rs = 0.608, P < 0.001), respectively. Besides, the maximal LVWT, LA diameter, NSVT, and end-stage systolic dysfunction showed a significant correlation with global native T1 and ECV (P < 0.05; Table 4).


Table 4. Correlation between SCD risk factors and global T1 mapping parameters.
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Cardiac MRI Between Two Guidelines

All 203 patients were grouped into three subgroups according to the 2014 ESC guidelines and the enhanced ACC/AHA guidelines. Subgroup 1 consisted of 86 patients (42.4%) and had lower risk according to both guidelines. Subgroup 2 comprised 85 patients (41.9%) and demonstrated conflicting results as evaluated by the two guidelines. The patients were classified as lower risk by the 2014 ESC guidelines but higher risk by the enhanced ACC/AHA guidelines. Subgroup 3 consisted of the remaining 32 patients (15.7%) evaluated as higher risk by both guidelines. Since none of the patients was considered to be high risk by the 2014 ESC guidelines and low risk by the enhanced ACC/AHA guidelines, the patients of subgroup 1 were patients ranked as lower risk by the enhanced ACC/AHA guidelines, and the patients of subgroups 2 and 3 were patients ranked as higher risk by the enhanced ACC/AHA guidelines.

All cardiac MRI parameters and T1 mapping values were significantly different among subgroups 1 to 3 except maximal native T1 and the presence of LV apical aneurysm (P < 0.05; Supplementary Table 2). Subgroup 3 had the highest EDV and LA diameter, while subgroup 1 had the least ESV, LV myocardial mass, maximal LVWT, and LGE/LV (all P < 0.05). All four cases with LV apical aneurysm were in subgroup 2. Subgroups 2 and 3 had higher global native T1 and ECV values than subgroup 1 did (all P < 0.05).



Predictive Values of Native T1 Mapping and ECV

During a median follow-up of 15 months (interquartile range, 19 months; range, 1–46 months), a total of 25 patients (12.3%) had MACE, including five cardiac death (three SCD), 10 placement of ICDs, two cardiac transplantation, two myocardial infarction, and six heart failure hospitalization. Placement of ICDs was due to III° atrial-ventricular block (four patients), sinus arrest (one patient), and NSVT (five patients). Median interval time between cardiac MRI and MACE was 6 months (interquartile range, 16.5 months; range, 1–35 months). In a total of 203 patients with HCM, Kaplan–Meier curves demonstrated that lower MACE-free survival was significantly associated with increased global native T1 mapping, increased global ECV, and high SCD risk assessed by the 2014 ESC guidelines (P < 0.001; Figure 2). However, SCD risk stratification assessed by the enhanced ACC/AHA guidelines was not associated with MACE-free survival. In addition, MACE-free survival was significantly different among the three subgroups (Figure 3).


[image: Figure 2]
FIGURE 2. Kaplan–Meier curves for T1 mapping values, risk stratification of guidelines, and MACE. (A) Global native T1 mapping >2SD (60 ms) vs. ≤ 2SD. (B) Global ECV >2SD (4%) vs. ≤ 2SD. (C) ESC score <4 vs. ≥4%. (D) Low SCD risk assessed by enhanced ACC/AHA guidelines vs. high SCD risk.
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FIGURE 3. Kaplan–Meier curves for the classification of three subgroups and MACE.


Univariate Cox regression analysis showed that NSVT, LGE/LV mass, and end-stage systolic dysfunction were 7.901, 1.025, and 8.687 times higher in patients with MACE, respectively (P < 0.05; Table 5). In addition, global native T1 mapping, minimum native T1 mapping, global ECV, minimum ECV, and maximum ECV were 1.104–1.505 times higher in patients with MACE (P < 0.05). Furthermore, multivariate Cox regression analysis demonstrated that global native T1 mapping (hazard ratio (HR): 1.446; 95% confidence interval (CI): 1.195–1.749; P < 0.001) and NSVT (HR: 4.949; 95% CI: 2.033–12.047; P < 0.001) were independently associated with the incidence of MACE (Figure 4). It is worth noting that the presence of increased global native T1 mapping and ECV were excluded from the multivariate analysis due to their colinearity with global native T1 mapping and ECV values.


Table 5. Univariate and multivariate Cox regression analysis of major SCD risks and MRI parameters for the prediction of MACE in all patients with HCM.
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[image: Figure 4]
FIGURE 4. A 54-year-old male with diffuse septum hypertrophic cardiomyopathy. (A–C) Native T1 mapping of the apical, mid-, and basal portions of the left ventricular (LV) myocardium revealed higher global native T1 (1,359.67 ms). (D–F) Extracellular volume fraction (ECV) of the apical, mid-, and basal portions of the LV myocardium showed higher ECV (38.9%). (G–I) Late gadolinium enhancement (LGE) images of the apical, mid-, and basal portions of the LV myocardium showed multiple LGE. The maximal LV wall thickness was 24.3 mm, left atrial diameter was 55 mm, and the LV outflow tract gradient pressure was normal. He had non-sustained ventricular tachycardia but no family history of sudden cardiac death (SCD) and unexplained syncope. He had LGE/LV mass ≥15% (LGE/LV mass: 46.3%) and end-stage systolic dysfunction but no apical aneurysm. He was stratified as having high SCD risk under the 2014 European Society of Cardiology guidelines (5-year SCD probability: 5.93%) and enhanced American College of Cardiology/American Heart Association guidelines. He underwent the placement of ICD 6 months after cardiac MRI examinations. Higher global native T1 mapping and ECV values also indicated poor outcome.


To further investigate the extra values of native T1 mapping and ECV in the prediction of MACE, Cox regression analysis were performed in three subgroups of patients. Ten patients in subgroup 1 (11.6%), seven patients in subgroup 2 (8.2%), and eight patients in subgroup 3 (25%) underwent MACE. In subgroup 1, univariate Cox regression analysis showed that global and minimum native T1 mapping and ECV, and age were 1.110–1.785 times higher in patients with MACE (P < 0.05; Table 6). Multivariate Cox regression analysis demonstrated that global native T1 mapping (HR: 1.532; 95% CI: 1.221–1.922; P < 0.001) was independently associated with the occurrence of MACE (Figure 5). In subgroup 2, univariate regression analysis showed that global native T1 mapping and end-stage systolic dysfunction were 1.518 and 6.472 times higher in patients with MACE (P < 0.05; Table 7). However, multivariate regression analysis revealed that only end-stage systolic dysfunction was independently associated with MACE (HR: 7.942; 95% CI: 1.322–47.707; P = 0.023; Figure 6). In subgroup 3, univariate Cox regression analysis showed that several parameters were significantly associated with MACE, but multivariate regression revealed that only NSVT was independently associated with MACE (HR: 9.779; 95% CI: 1.953–48.964; P = 0.006; Table 8).


Table 6. Univariate and multivariate Cox regression analysis of T1 mapping values for the prediction of MACE in subgroup 1.
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FIGURE 5. A 73-year-old female with focal midseptum hypertrophic cardiomyopathy. (A–C) Native T1 mapping of the apical, mid-, and basal portions of the left ventricular (LV) myocardium showed increased global native T1 (1,335.03 ms). (D–F) Extracellular volume fraction (ECV) of the apical, mid-, and basal portions of the LV myocardium showed normal global ECV (26.9%). (G–I) Late gadolinium enhancement (LGE) images of the apical, mid-, and basal portions of the LV myocardium showed no LGE. The maximal LV wall thickness was 19.8 mm, left atrial diameter was 40 mm, and the LV outflow tract gradient pressure was 95 mmHg. She had no family history of sudden cardiac death (SCD), non-sustained ventricular tachycardia, unexplained syncope, LGE/LV mass ≥15%, end-stage systolic dysfunction, and apical aneurysm. She was stratified as having low SCD risk under the 2014 European Society of Cardiology guidelines (5-year SCD probability: 1.70%) and enhanced American College of Cardiology/American Heart Association guidelines. However, she underwent cardiac-caused death 26 months after cardiac MRI examination. The elevated global native T1 mapping values could help indicate poor outcome in patients with low risk according to the two guidelines.



Table 7. Univariate and multivariate Cox regression analysis of T1 mapping values for the prediction of MACE in subgroup 2.
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FIGURE 6. A 52-year-old male with burned out phase hypertrophic cardiomyopathy. (A–C) Native T1 mapping of the apical, mid-, and basal portions of the left ventricular (LV) myocardium revealed higher global native T1 (1,380.7 ms). (D–F) Extracellular volume fraction (ECV) of the apical, mid-, and basal portions of the LV myocardium showed higher global ECV (32.8%). (G–I) Late gadolinium enhancement (LGE) images of the apical, mid-, and basal portions of the LV myocardium showed multiple LGE. The maximal LV wall thickness was 13 mm, left atrial diameter was 53 mm, and the LV outflow tract gradient pressure was 2 mmHg. He had non-sustained ventricular tachycardia, but no family history of sudden cardiac death (SCD), and unexplained syncope. He had LGE/LV mass ≥15% (elevated LGE/LV mass: 56.2%) and end-stage systolic dysfunction but no apical aneurysm. He was stratified with low SCD risk under the 2014 European Society of Cardiology guidelines (5-year SCD probability: 3.39%) and high SCD risk under the enhanced American College of Cardiology/American Heart Association guidelines. He underwent cardiac transplantation 35 months after cardiac MRI examination. End-stage systolic dysfunction strongly indicated poor outcome in this patient. However, increased global native T1 mapping and ECV values could also suggest that the patient was likely to be at high risk of SCD and needs further treatment.



Table 8. Univariate and multivariate cox regression analysis of T1 mapping values for the prediction of MACE in subgroup 3.
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DISCUSSION

Our study has demonstrated several important findings: (1) global native T1 mapping and NSVT are independent risk factors associated with MACE; (2) in patients stratified as low SCD risk by the two guidelines, global native T1 mapping has incremental predictive values over the two guidelines and is independently associated with poor outcomes; and (3) in patients with conflicting results assessed by the two guidelines, although end-stage systolic dysfunction is a powerful predictor, global native T1 mapping could also be helpful to indicate the poor outcome.

The 2014 ESC guidelines and enhanced ACC/AHA guidelines are currently the most two common guidelines to judge the risk for SCD and select patients for ICDs. However, there is no consensus reached as to which guideline is better and the evaluation of SCD risk is still challenging. In a study of 3,703 HCM patients, O'Mahony et al. have evidenced that the 2014 ESC guidelines demonstrated good discrimination between patients who should and should not receive ICDs (24). However, another large study involving 2,094 HCM patients conducted by Maron et al. revealed that the enhanced ACC/AHA guidelines had a higher sensitivity (79–93%) but lower specificity (76–80%) in discriminating patients with and without SCD events, whereas the 2014 ESC guidelines had a much lower sensitivity (47–69%) but slightly higher specificity (79–82%) (9). Liu et al. have demonstrated that the enhanced ACC/AHA guidelines assisted in better predicting for SCD risk stratification than the 2014 ESC guidelines did in 1,369 HCM patients (25). These uncertainties urge the need to introduce novel biomarkers to supplement the current guidelines (26). In this study, during a median follow-up of 15 months, we revealed that the global native T1 mapping was an independent predictor of MACE in HCM. It was not confounded by the traditional imaging risk factors, including maximal LVWT, LA diameter, and LGE/LV mass. Our findings are important because the global native T1 mapping might have the potential to be a supplement to the current guidelines and a new biomarker for SCD risk stratification. It could assist in the clinical decision making to prevent adverse outcomes in HCM, especially when the stratification and management could not be determined by the current guidelines.

To deeply excavate the incremental values of T1 mapping values over the current guidelines, we analyzed these parameters in the three subgroups stratified according to the two guidelines. It is noteworthy that we discover the strong independent association between native T1 mapping and the incidence of 10 MACE in 86 patients (11.6%, subgroup 1) assessed as low SCD risk according to the two guidelines. Choi et al. have also reported that seven SCD events happened in 615 patients with HCM in low-risk group assessed by the 2014 ESC guidelines (27). They suggested that the 2014 ESC guidelines might not be suitable in Asian patients and would unprotect the low-risk patients. Compared with their study, our results emphasize the extra values of the global native T1 mapping over the current two guidelines in the prediction of adverse outcomes. In this subgroup of patients who are not likely to receive the advanced therapies according to the current guidelines, increased global native T1 mapping could be helpful in the prediction of poor outcomes and the identification of patients who might benefit from ICDs. On the other hand, native T1 mapping and ECV values were not included in the multivariate analysis in patients of groups 2 and 3 due to the much stronger impact of end-stage systolic dysfunction and NSVT on the outcomes. However, these values were associated with the prediction of adverse outcomes in the univariate analysis and might be a supplement in the clinical decision when the traditional risk factors are not present.

There were limited studies with regard to the relationship between T1 mapping and ECV with the adverse outcomes in HCM patients (3). Li et al. have reported that ECV was a strong biomarker in predicting the adverse outcomes in 263 HCM patients during a mean follow-up of 28.3 months (23). Xu et al. found that both native T1 mapping and ECV values were associated with SCD in 258 patients with HCM without the presence of LGE and LVOT obstruction (14). Two baseline studies of small sample size also revealed the relationship between ECV and SCD risks (28, 29). Compared with the previous few studies, our results have added new evidence regarding the prognostic significance of global native T1 mapping and ECV in the evaluation of HCM.

Similar to our study, the importance of native T1 mapping values on the prognosis has been revealed by studies about other cardiovascular diseases. In two studies of non-ischemic dilated cardiomyopathy, native T1 mapping was an independent predictor for MACE-related endpoints (30, 31). In a meta-analysis by Pan et al., native T1 mapping had the similar sensitivity and specificity with ECV in the prediction of prognosis in cardiac amyloidosis (32). We speculate that some explanations might be responsible for the increased native T1 mapping in HCM. First, this quantitative parameter is prone to T2 decay and more sensitive to the change of water content within myocardium than ECV (33). The myocardial edema can be resulted by microvascular ischemia which is a commonplace in HCM (34). In addition, chronic heart failure is also characterized by myocardial edema (35, 36). This is particularly important in our study because quite a few patients are over 60 years and more related with the adverse outcome caused by heart failure (37). Alternatively, native T1 mapping is a robust biomarker indicating the pathologic hypertrophic remodeling in HCM (38, 39). The myocardial tissue remodeling including cardiomyocyte disarray is also a risk factor for malignant arrhythmia (15, 32, 40). Furthermore, native T1 mapping is important for the detection of focal and diffuse fibrosis without the administration of contrast (14). It is particularly useful when the diffuse fibrosis is negative and undetectable on LGE images.



LIMITATIONS

Our study had some limitations. Firstly, this study was performed in a single center where T1 mapping sequences were scanned on a 3.0-T MRI scanner. Future study was required to validate whether our results could be used in other centers. Secondly, the occurrence of MACE rather than SCD was considered the primary endpoint in our study. The prevalence of SCD and placement of ICD is rare in our population, and this would cause a big problem of underestimation or overestimation in the statistical power if we set SCD as the only primary endpoint. Moreover, MACE such as myocardial infarction and acute heart failure would put patients at high risk of SCD (1, 9). SCD-free survival due to the timely rescue should not exclude these patients from the high-risk stratification. Thirdly, our follow-up period is relatively short and the sample size of three subgroups is small. Future studies should investigate the predictive ability of T1 mapping values in larger samples during the long-term follow-up. Fourthly, genetic tests were not performed in our study. This would preclude the enrollment of genotype-positive but hypertrophy-negative patients. In addition, the influence of various genotypes on the endpoints has not been analyzed in our study. However, as an update to the 2011 ACC/AHA guidelines, the enhanced ACC/AHA guidelines have removed genetic mutations as a high-risk factor (5, 9). Finally, the proportion of patients with LGE/LV mass ≥15% is relatively high (88, 43.3%). This might be the reason that the enhanced ACC/AHA guideline was not associated with MACE-free survival. However, the new guidelines detected more patients (15 patients) with MACE than the 2014 ESC guidelines did (eight patients). Therefore, our results should be cautiously interpreted in generalized HCM patients.



CONCLUSION

Cardiac MRI T1 mapping, especially global native T1 mapping, could provide incremental values and serve as potential supplements to the current guidelines in the evaluation of high MACE risk and guide advanced therapies.
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Background: Patients who underwent permanent pacemaker (PM) implantation have a potential risk of left ventricular (LV) systolic dysfunction. However, assessment of LV ejection fraction (LVEF) shows a limited role in identifying subclinical LV systolic dysfunction and predicting cardiovascular (CV) outcomes.

Methods: We reviewed 1,103 patients who underwent permanent PM implantation between January 2007 and December 2017. After excluding patients who did not undergo echocardiograms before or after PM implantation and those with LV ejection fraction (LVEF) <50%, significant valve dysfunction, and history of cardiac surgery before PM implantation, 300 (67 ± 13 years, 119 men) were finally analyzed. LV mechanical function was assessed with LV global longitudinal strain (LV-GLS) using 2-dimensional speckle-tracking echocardiography. CV outcomes were defined as a composite of CV death and hospitalization for heart failure.

Results: At 44 ± 28 months after post-PM echocardiogram, 23 patients (7.7%) had experienced CV outcomes. Patients with CV outcomes were older and had more comorbidities and a lower baseline |LV-GLS| than those without CV outcomes. LV mechanical function worsened after PM implantation in patients with CV outcomes. The cut-off value of 11.2% in |LV-GLS| on post-PM echocardiogram had a better predictive value for CV outcomes (AUC; 0.784 vs. 0.647, p = 0.012). CV outcome in patients with |LV-GLS| <11.2% was worse than that in those with |LV-GLS| ≥ 11.2% (log-rank p < 0.001). Multivariate Cox model revealed that reduced |LV-GLS| was independently associated with CV outcomes.

Conclusions: Pacing deteriorates LV mechanical function. Impaired LV-GLS is associated with poor CV outcomes in patients who underwent PM implantation.

Keywords: pacemaker, left ventricular global longitudinal strain, left ventricular ejection fraction (LVEF), cardiomyopahty, outcome


INTRODUCTION

Patients who have undergone permanent pacemaker (PM) implantation have a potential risk of left ventricular (LV) systolic dysfunction (1–3). PM-induced cardiomyopathy (PMIC) is generally defined as a decrease in LV systolic function after right ventricular (RV) pacing with no other independent triggering factors (4) and is associated with worse cardiovascular (CV) outcomes (5). Theoretically, increasing RV pacing causes LV mechanical dyssynchrony and consequently leads to a decrease in LV ejection fraction (LVEF) and CV events related to worsening heart failure (6–8). Although LVEF is the most widely used echocardiographic parameter representing LV systolic function, its measurement can be less reliable in patients with PM because of LV dyssynchronous contraction (9). Moreover, assessment of LVEF shows a limited role in identifying subclinical LV systolic dysfunction, both in patients at risk of PMIC and in the early stages of PMIC.

Assessment of LV mechanical function using LV-global longitudinal strain (LV-GLS) by 2-dimensional speckle-tracking echocardiography can detect subclinical LV dysfunction in the early stages of cardiomyopathy to provide prognostic information (10–12). A previous study demonstrated that LV-GLS could provide better risk stratification than could LVEF among patients with LV dyssynchrony caused by left bundle branch block (13). Therefore, we hypothesized that there would be a significant relationship between LV-GLS measured by 2D speckle-tracking echocardiography and the occurrence of CV outcomes in patients with permanent PM.



MATERIALS AND METHODS


Study Population

A total of 1,103 patients who underwent permanent PM implantation at a single tertiary hospital between January 2007 and December 2017 was identified retrospectively. Among them, we selected patients who underwent both baseline transthoracic echocardiography within 1 year before PM implantation and follow-up echocardiography between 6 months and 5 years after PM implantation. We excluded patients who had overt LV systolic dysfunction (LVEF <50%) before PM implantation, had at least a moderate degree of any valve dysfunction on baseline echocardiography, had a history of cardiac surgery, acute myocardial infarction within 3 months before PM implantation, and single-lead right atrial PM. All patients who had cardiovascular events in time between baseline and post-implantation echocardiogram were also excluded from this study cohort. Finally, 300 patients were included in the analysis. Patients' clinical data, medications, PM characteristics, echocardiographic characteristics, and clinical outcomes were reviewed retrospectively. The study was approved by the Institutional Review Board of Yonsei University Health System (approval number: 4-2020-0032) and conducted according to the Declaration of Helsinki.



Follow-Up and Outcomes

Patients were scheduled to visit the PM clinic every 6 months after PM implantation. Follow-up data, including pacing percentage and clinical events, were obtained by reviewing medical records. Data of pacing percentage was gathered at the time of the first interrogation after 2 months of PM implantation. Based on the echocardiographic data between 6 months and 5 years after PM implantation, PMIC was defined as a ≥10% decrease in LVEF compared with baseline echocardiography with resultant LVEF <50% (14). We reviewed all medical records after PM implantation through total follow-up periods, and patients who had an event of myocardial infarction, acute coronary syndrome, and who had severe valvular stenosis/regurgitation on post-PM echocardiogram were excluded from later analysis. CV outcomes were defined as a composite of admission for heart failure and CV death and the event was included only after the time of post-PM echocardiography. Admission of heart failure was defined when following conditions were met: the patient's symptom of dyspnea at least 3 of New York Heart Association (NYHA) class, required medication such as diuretics or vasodilators, elevated N-terminal pro-brain natriuretic peptide (NT-proBNP), and pulmonary edema or pleural effusion in chest X-ray. CV death was defined as the cause of the death was acute myocardial infarction, heaft failure, sudden cardiac death, lethal ventricular arrhythmia, or stroke, and we determined the CV death by review the patient's medical record and the death certificate. If a patient had at least two clinical outcomes, the first event was included for outcome analyses.



Echocardiography

Standard 2D and Doppler measurements were performed using a standard ultrasound machine (Vivid E9; GE Medical Systems, Chicago, IL; Philips iE33; Philips Healthcare, Netherlands) with a 2.5–3.5 MHz probe. Standard echocardiographic measurements were performed according to recommendations from the European association of cardiovascular imaging (15). LVEF was measured using the biplane Simpson's method in apical four- and two-chamber views. Left atrial volume index was measured by the biplane method in both the apical four- and two-chamber views and indexed on the body surface area. The severity of tricuspid regurgitation was graded with multi-parametric methods. (16).



Speckle-Tracking Echocardiography

The two-dimensional images from both baseline echocardiogram and echocardiogram after PM implantation were used for analyses of LV mechanical function. Three apical four-, three-, and two-chamber images for each echocardiographic study were stored and exported to the off-line data storage device, and speckle-tracking echocardiography was performed using a vendor-independent software package (TomTec software; Image Arena 4.6, Munich, Germany) as described previously (17). After that, LV-GLS and segmental longitudinal strain values were measured in a blinded method from the clinical data by experienced cardiologists, according to the practical guidance in assessing strain (18, 19). LV endocardial borders were traced at the end-diastolic and end-systolic frames in each apical view. TomTec software tracked the speckle on three endocardial borders during the whole cardiac cycle. For analysis of segmental strain, we used the 16-segment model that divided the base and mid area into six segments (antero-septum, anterior, antero-lateral, infero-lateral, inferior, and infero-septal) and the apex into four segments (septal, inferior, lateral, and anterior), and LV-GLS was calculated by averaging the values at each segmental level as mentioned above. |LV-GLS| was defined as the absolute value of LV-GLS (removing the conventional negative value of LV-GLS data) (Figure 1). The LV-global circumferential strain (GCS) was calculated by averaging the values of segmental circumferential strains from the parasternal short-axis view in the basal-, mid-, and apical-LV levels. |LV-GLS| was defined as the absolute value of LV-GCS. We randomly selected 20 patients from the study population and analyzed the intra- and inter-observer reproducibility of LV-GLS measurement by Bland–Altman analysis. The intra-class correlation coefficients for |LV-GLS| were 0.987 and 0.963 for intra- and inter-observer variation, respectively. The Bland–Altman analysis showed the limits of agreement (LOA) across a broad range of LV-GLS values; the bias for intra- and inter-observer measurements of LV-GLS was 0.47% (range: −0.91 to −0.04%, 95% LOA) and 0.37% (range: −0.71 to 0.78%), respectively.
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FIGURE 1. Representative LV-GLS measurements. (A) LV-GLS was calculated from three standard apical views at baseline echocardiogram (left). The absolute value of LV-GLS was 23.0% (right). (B) LV-GLS was assessed after PM implantation. |LV-GLS| was 14.8% (right). LV-GLS, left ventricular global longitudinal strain; PM, pacemaker.




Statistical Analysis

Continuous variables are presented as mean ± standard deviation (SD), and categorical variables are presented as frequency and percentage. Comparisons of baseline clinical and echocardiographic parameters between the two groups were analyzed using Student's t-test for continuous data and chi-square (χ2) and Fisher's exact test for categorical data. Correlations between pacing percentage and echocardiographic variables including the strain of each segment were obtained using simple linear regression analysis and multiple linear regression analysis for adjusting other confounding factors. Predictive values of LV-GLS for CV outcomes were calculated using receiver operating characteristic (ROC) analysis. Clinical outcomes were constructed using Kaplan–Meier methods, and comparisons among groups were performed using a log-rank test. The predictors of CV outcomes were evaluated using multivariate nested Cox proportional hazard regression models. The independence of |LV-GLS| was examined using three models. Initially, three subgroups divided by |LV-GLS| tertile were included in the Cox model as a covariate, with adjustment for age and sex. Then, chronic kidney disease and coronary artery disease were included in the second model. Finally, LVEF and left atrial volume index were included in the last model. Significant differences were considered at P <0.05. All statistical analyses were performed using SPSS 25.0 software (IBM Corp., Armonk, NY), and Medcalc statistical package (Medcalc software, Mariakerke, Belgium) was used for comparison of ROC curves.




RESULTS


Baseline Characteristics

During a mean 44 ± 28 months of follow-up after post-PM echocardiography, 23 of 300 patients (7.7%) experienced CV events. Clinical characteristics, medications, and data related to PM in patients with or without CV outcomes are presented in Table 1. Patients with CV outcomes were older and had a higher prevalence of chronic kidney disease, coronary artery disease than did those without CV outcomes. More heart failure medications including renin-angiotensin-aldosterone system blockade and diuretics were used by patients with CV outcomes compared to those without CV outcomes. The ventricular lead position and pacing percentage were not different between the groups.


Table 1. Baseline characteristics.
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Baseline and post-PM echocardiographic variables are presented in Table 2. On baseline echocardiogram, patients with CV outcomes showed lower e' and S' velocities, higher E/e', and lower |LV-GLS| than did those without CV outcomes. On post-PM echocardiogram, more dilated chambers, relatively low LVEF (even though mean LVEF was within the normal range), higher LV mass index, lower S' velocity, higher E/e', and lower |LV-GLS| and |LV-GCS| were shown in patients with CV outcomes compared to patients without CV outcomes. Timing of post-PM echocardiogram after PM implantation was not different between the groups.


Table 2. Echocardiographic characteristics.
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Relationship Between RV Pacing and LV Mechanical Dysfunction

The correlations between RV pacing percentage on the first PM interrogation results and the parameters on post-PM echocardiogram are presented in Table 3. As RV pacing percentage increased, functional and structural deterioration was observed. The correlation between RV pacing percentage and |LV-GLS| was significant (r = 0.257, p <0.001) compared to that of other global functional parameters and this phenomenon was strengthened especially with RV apical pacing, compared with RV septal pacing (p < 0.001 vs. p = 0.248). In terms of LV segmental strain, RV pacing percentage was significantly associated with impaired strain at all segments in the LV apex and at inferior and septal segments in the mid-LV. Multiple linear regression analysis revealed that RV pacing percentage was independently associated with impaired |LV-GLS| and |Apical septal strain| after adjusting for age, sex, HTN, and DM in all the study subjects (both p < 0.001) (Supplementary Table 1). When compared the subgroup with RV pacing percentage divided by 50%, the subgroup with the RV pacing under 50% had better event-free survival than those who were not (log rank p = 0.047) (Supplementary Figure 1).


Table 3. Simple correlations between pacing percentage and echocardiographic variables after PM implantation.
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Occurrence of PMIC and CV Outcomes Based on LV-GLS Levels

The changes in LVEF and |LV-GLS| according to the CV outcomes at the baseline echocardiogram and post-PM follow-up study are shown in Figure 2. LVEF and |LV-GLS| were decreased after PM implantation in the group without CV outcomes and the group with CV outcomes. However, LVEF after PM implantation maintained normal values in both groups, whereas |LV-GLS| decreased more noticeably in patients with CV outcomes. When compared the subgroup which was divided by the degree of |LV-GLS| change, the subgroup with the |LV-GLS| reduction under 10% had better event-free survival than those who were not (log rank p = 0.035) (Supplementary Figure 2).


[image: Figure 2]
FIGURE 2. The changes in LVEF and |LV-GLS| according to CV outcomes on baseline and post-PM echocardiogram. (A) LVEF decreased after PM implantation in both groups, but the mean values were within the normal range (red dotted line) even in patients with CV outcomes. (B) |LV-GLS| in patients with CV outcomes decreased more noticeably than in patients without CV outcomes under normal values (red dotted line). LVEF, left ventricular ejection fraction; CV, cardiovascular; |LV-GLS|, absolute value of left ventricular global longitudinal strain; PM, pacemaker.


ROC analysis of predictive values of LVEF and |LV-GLS| for PMIC and CV outcomes are shown in Figure 3. The |LV-GLS| on baseline echocardiogram revealed a significant predictive value for PMIC (area under the curve, AUC: 0.622, p = 0.024, cut-off 21.4%, sensitivity 81.3%, specificity 53.7%) after PM implantation. In terms of CV outcomes, the cut-off value of 11.2% in |LV-GLS| on post-PM echocardiogram showed a better predictive value than did LVEF (AUC; 0.784 vs. 0.647, p = 0.012), with acceptable sensitivity (60.9 %) and specificity (88.1%).
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FIGURE 3. Predictive values of |LV-GLS| and LVEF for occurrence of PMIC and CV outcome. (A) The |LV-GLS| on baseline echocardiogram revealed significant predictive value for occurrence of PMIC. (B) The |LV-GLS| on post-PM echocardiogram showed a better predictive value for CV outcomes than did LVEF. |LV-GLS|, absolute value of left ventricular global longitudinal strain; LVEF, left ventricular ejection fraction; PMIC, pacemaker-induced cardiomyopathy; PM, pacemaker; CV, cardiovascular.


Figure 4 shows the Kaplan–Meier survival curves for the two groups divided by an |LV-GLS| of 11.2 % and for three subgroups divided by |LV-GLS| tertile. At a mean 44 ± 28 months of follow-up after post-PM echocardiogram, the lowest |LV-GLS| group revealed a significantly worse CV outcome than did the others (log-rank p < 0.001). In multivariate nested Cox proportional hazard models, the lower |LV-GLS| showed an independent association with poor CV outcomes in age and sex adjusted analysis (hazard ratio, HR: 14.8; 95% confidence interval, CI: 1.93–112.70, p = 0.009). Multivariate models including comorbidities and conventional echocardiographic variables also revealed that the lower |LV-GLS| had a statistically significant association with poor CV outcomes (Model 2; HR: 15.18; CI: 1.96–117.61; p = 0.009) (Model 3; HR: 13.97; CI: 1.72–113.39; p = 0.014) (Table 4).
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FIGURE 4. Kaplan–Meier curve according to |LV-GLS| on post-PM echocardiogram. (A) The group of |LV-GLS| ≤ 11.2% revealed a significantly worse CV outcome than the other group (log-rank p < 0.001). (B) The lowest |LV-GLS| group revealed a significantly worse CV outcome than the others (log-rank p < 0.001). |LV-GLS|, absolute value of left ventricular global longitudinal strain; PM, pacemaker; CV, cardiovascular.



Table 4. Cox regression analysis for CV outcomes.
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DISCUSSION

The principal findings of the present study were as follows: (1) RV pacing deteriorated global and segmental LV mechanical function, (2) |LV-GLS| at baseline echocardiogram showed a good predictive value for PMIC after PM implantation, (3) |LV-GLS| at post-PM echocardiogram revealed a better predictive value of CV outcomes than did LVEF, and (4) reduced |LV-GLS| was independently associated with poor CV outcomes in patients with permanent PM. These results imply that, for patients who undergo permanent PM implantation, serial assessments of LV-GLS by speckle-tracking echocardiography before and after PM implantation are beneficial for early detection of PMIC and prediction of clinical outcomes.


Usefulness of LV-GLS in Patients Who Underwent PM Implantation

As the population ages, not only is the number of patients receiving permanent PM implantation increasing, but so is the occurrence of heart failure after PM implantation. (20, 21). PMIC has emerged as one of the most important complications of PM implantation, and its incidence is increasing, increasing the need to upgrade to cardiac resynchronization therapy (4). PMIC is usually defined as a decrease of LVEF, but there are many limitations in predicting PMIC before LV systolic dysfunction. The present study demonstrated that the cut-off value of 21.4 % in |LV-GLS| on baseline echocardiogram before PM implantation revealed a significant predictive value for occurrence of PMIC after PM implantation, but LVEF did not. In a previous study, Ahmed et al. showed changes in |LV-GLS| and LVEF after PM implantation in 55 patients. (22) 1 month after PM implantation, |LV-GLS| was significantly reduced from 16.3 ± 0.5 to 12.6 ± 0.9% in patients with PMIC compared to baseline. At 12 months of follow-up, |LV-GLS| impairment was reported as 11.9 ± 2.5%. This showed the sensitivity of LV-GLS in predicting the development of PMIC. However, the study included a small cohort of 55 patients, and the follow-up periods were relatively short for estimating CV outcomes. Moreover, LV-GLS was evaluated 1 month after PM implantation, and additional echocardiographic studies are required. On the other hand, the present study showed the predictive value of LV-GLS in the occurrence of PMIC, and this was assessed before PM implantation in a relatively large number of patients. In another study, Babu et al. demonstrated that 3D echocardiography with |LV-GLS| analysis played a role in predicting PMIC in a total of 36 patients (23). A decline in |LV-GLS| of 18.0% to 13.9% was noted at 6-months after PM implantation, whereas a decline in LVEF of 57.8% to 54.5% was noted after PM implantation. This study was conducted in a small population of 36 patients with short follow-up periods. Accordingly, the present study demonstrates the usefulness of LV-GLS for predicting PMIC occurrence and clinical outcome in patients with both baseline and post-PM echocardiography and sufficient regular clinical follow-up for an average of 44 months after post-PM echocardiography.



Pacing Percentage and LV Mechanical Dysfunction

It is well known that the incidence of heart failure in patients who underwent PM implantation is associated with RV pacing, and that a higher RV pacing percentage results in a higher incidence of CV events (24). In this study, it was confirmed that, as RV pacing percentage increased, the global LV mechanical function evaluated by |LV-GLS| decreased, and it was more obvious when the analysis was performed divided by RV pacing site. Previous studies also tried to show the relationship between pacing percentage and LV-GLS; however, mainly due to the small number of study subjects, they failed to show a linear correlation (22, 25). Another strength of the present study is that it comprehensively shows LV regional mechanical dysfunction by pacing through segmental strain analysis. As pacing percentage increased, the absolute value of longitudinal strain in some specific segments decreased. The specific segments that were highly affected by pacing were those in the entire LV apex. The correlation weakened toward the mid-LV and base, but the absolute value of segmental strain in the inferior segment and infero-septal segment significantly decreased in proportion to pacing percentage. These results can be interpreted based on the pathophysiology of PMIC. During RV pacing, conduction of an electrical wave passes through the myocardium, which is adjacent to the PM lead (6, 26). Therefore, there were significant decreases in strain in the regions close to the pacing area (27). This phenomenon results in dyssynchronous motion of LV. In patients with dyssynchronous motion due to higher RV pacing burden and subsequent lower LVEF, an upgrade from PM to cardiac resynchronization therapy might be considered to improve LV mechanical dysfunction and to treat heart failure (5). Considering the cut-off value of |LV-GLS| of post-PM implantation as 11.2%, patients with |LV-GLS| under 11.2% on post-PM implantation echocardiography are recommended to adjust the PM pacing parameters to reduce the pacing percentage or consider to converse to cardiac resynchronization therapy, with aggressive heart failure medication. In patients with |LV-GLS| in the gray zone between 11.2 to 20%, regular echocardiography follow-up to identify whether |LV-GLS| decreases under 11.2% and manage several risk factors regarding heart failure are required.



Limitations

This study has several limitations. First, this study was retrospectively designed and comprised patients who were followed up by regular visits. The interval of follow-up echocardiogram after PM implantation was not concordant in all patients. To minimize this limitation, the timing of follow-up echocardiogram was limited to between 6 months and 5 years after PM implantation to evaluate the predictability of future CV events of LV-GLS. Nevertheless, the population might be biased, and it is possible that the occurrence of clinical events was underestimated. Second, echocardiographic examinations of patients were not performed using the same equipment, which could have produced inconsistency of echocardiographic parameters, especially LV-GLS. However, we used vendor-independent software and tried to minimize the error of measurement by expert operators. Third, the |LV-GLS| value for predicting PMIC on the baseline echocardiogram before PM implantation was 21.4%, which was within the normal range. According to previous results of a head-to-head comparison of LV-GLS among vendors reported by the European Association of Cardiovascular Imaging/American Society of Echocardiography, the average |LV-GLS| values measured by TomTec software was 21.5%, trending higher than other software measures. (28). Also, there is a possibility that |LV-GLS| was high because of a compensatory increase in stroke volume due to bradycardia in some patients. As a result, we suggest that, if |LV-GLS| is lower than the normal reference value before PM implantation, close clinical and echocardiographic follow-up should be performed after PM implantation considering the risk of PMIC.




CONCLUSION

After PM implantation, there were significant regional and global changes in LV mechanical function. On post-PM echocardiogram, reduced |LV-GLS| rather than LVEF is associated with poor CV outcome. Assessments of LV-GLS by speckle-tracking echocardiography before and after PM implantation are beneficial for early detection of LV mechanical dysfunction and prediction of CV outcomes.
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Takotsubo syndrome (TTS) is an increasingly recognized condition burdened by significant acute and long-term adverse events. The availability of novel techniques expanded the knowledge on TTS and allowed a more accurate risk-stratification, potentially guiding clinical management. The present review aims to summarize the recent advances in TTS prognostic evaluation with a specific focus on novel imaging and genetic markers. Parametric deformation analysis by speckle-tracking echocardiography, as well as tissue characterization by cardiac magnetic resonance imaging T1 and T2 mapping techniques, currently appear the most clinically valuable applications. Notwithstanding, computed tomography and nuclear imaging studies provided limited but promising data. A genetic predisposition to TTS has been hypothesized, though available evidence is still not sufficient. Although a genetic predisposition appears likely, further studies are needed to fully characterize the genetic background of TTS, in order to identify genetic markers that could assist in predicting disease recurrences and help in familial screening.
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INTRODUCTION

Takotsubo syndrome (TTS) is an acute heart failure (HF) syndrome accounting for ~1-2% of all suspected acute coronary syndromes, it is characterized by transient systolic dysfunction (1) and burdened by a significant rate of in-hospital and long-term mortality (2). Several diagnostic criteria have been proposed, all of which included the presence of transient left and/or right ventricular wall motion abnormalities, ECG changes and increased cardiac biomarkers with the absence of any identifiable culprit coronary artery disease (CAD) (1, 3, 4). In recent years, the clinical knowledge of TTS has progressively improved owing to growing awareness, increased reported prevalence (5), and the availability of a number of novel diagnostic tools and prognostic markers. The present review aims to summarize the recent advances in TTS risk stratification with a specific focus on novel imaging and genetic markers.



OUTCOME OF TAKOTSUBO SYNDROME

TTS was initially perceived as a benign condition (6, 7). This was likely due to the limited sample size of early population studies, which mostly included “classic” TTS patients and presentations (e.g., post-menopausal women experiencing an emotional stress). This subset of patients was indeed later recognized as being at lower risk of adverse outcomes (8, 9).

To date, multiple studies from several multicenter registries have led to a changing perspective and currently agree on considering TTS a not-entirely benign condition, burdened by both in-hospital and long-term mortality (2, 9–12). Several acute in-hospital complications of TTS have also been described, including acute HF, arrhythmias, and thromboembolic events (13, 14) (Table 1). The reported incidence of HF syndromes (including severe pulmonary edema and/or cardiogenic shock) ranges from 6 to 20% (15, 16). In these cases, TTS may even require inotropic or mechanical circulatory support (1). Also, life-threatening arrhythmias (complete atrioventricular block, ventricular arrhythmias, and cardiac arrest) may occur during the acute phase of TTS in up to 8% of the cases (17). Left ventricular (LV) thrombi secondary to apical akinesia have been reported in 2.5% of TTS patients and are associated with cardioembolic complications such as stroke or transient ischemic attacks (18).


Table 1. A table summarizing the major acute complications of patients with TTS.
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Despite TTS is characterized by a substantial recovery of LV systolic function, studies with long-term follow-up have unraveled adverse outcomes, with rates of morbidity and mortality comparable to those experienced after an acute myocardial infarction (AMI). Stiermaier et al. reported a long-term mortality higher than in patients with ST-elevation AMI (19). In the SWEDEHEART registry, mid-term (median 25 months) mortality after TTS was similar to that of AMI (adjusted hazard ratio: 1.01, 95% CI 0.70–1.46, p = 0.955) (20). In the InterTAK registry, long-term rate of death from any cause was 5.6% per patient-year and that of major adverse cardiac and cerebrovascular events was 9.9% per patient-year, similar to that observed in a matched control-group of AMI patients (10). Likewise, the Italian TIN registry reported that TTS long-term mortality was comparable to a propensity score-matched cohort of AMI patients (21). Concordant data with comparable TTS mortality rates were reported by the GEIST (22) and RETAKO (23) registries.

Finally, the risk of TTS recurrence is low but persistent throughout the clinical history of TTS. This is a potentially life-threatening event, presenting even several years after the first occurrence (24). In this view, TTS should not be regarded as a benign disease, neither in the short- nor in the long-term (25). Accordingly, dedicated follow-up after the index event is strongly suggested (1).

Over the years, several studies have investigated the usefulness of diverse tools (particularly imaging) to better define risk stratification in TTS (Table 2).


Table 2. A summary comparing the main diagnostic features and risk markers (established or emerging) of different imaging modalities.
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Imaging Markers


Echocardiography

In the acute phase of TTS, transthoracic echocardiography (TTE) is the cornerstone of risk stratification. Several features can be identified by standard TTE that are associated with a higher risk, including low LV ejection fraction (EF) (26, 27) and right ventricular (RV) involvement (2). Echocardiography might be helpful in identifying the ballooning pattern, although the negative prognostic value of apical ballooning as compared to atypical forms is still debated (28–31). Furthermore, TTE allows to identify acute complications of TTS that have been related to prognosis, such as LV outflow tract obstruction and functional mitral regurgitation (11, 32, 33).

Novel, advanced echocardiographic techniques may provide an accurate and sensitive detection of cardiac abnormalities during both the acute and the “recovery” phase of TTS. Speckle tracking-TTE (ST-TTE) provides parametric quantification of myocardial chambers deformation. In the acute phase of TTS, assessment of LV global longitudinal strain (GLS) by ST-TTE has an important prognostic value, being associated to worse outcomes including in-hospital death and major adverse cardiovascular events (34). Also RV assessment by ST-TTE can be useful, as RV-GLS outperform tricuspid annular plane systolic excursion in identifying RV dysfunction (35). Finally, left atrial deformation has been described as transiently impaired in the acute phase of TTS, suggesting a cardiac involvement extending beyond the visually assessed areas of abnormal ventricular wall motion, and its finding has been associated with a higher rate of in-hospital complications (36).

The added value of ST-TTE is even more evident after the acute event, as LVEF usually normalize, but functional LV abnormalities might persist (Figure 1). Indeed, within the first few months after TTS hospitalization, LV-GLS is impaired despite normalization of LVEF (37, 38), and a reduced LV-GLS at 3 months after TTS associated with both persistent elevation of natriuretic peptides and impaired physical exercise capacity (39). Furthermore, by means of ST-TTE, impaired LV systolic longitudinal function has been observed over 1 year after the acute event, questioning the common perception of TTS as a transient condition (40). However, larger long-term data of the prognostic usefulness of ST-TTE in TTS are currently lacking.


[image: Figure 1]
FIGURE 1. Bull-eye depicting longitudinal strain of the LV by speckle tracking echocardiography in a patient with previous TTS at 1-month follow-up after the acute event. Despite complete recovery of LVEF, longitudinal systolic function is still impaired (global longitudinal strain −13.6%).


Echocardiographic particle imaging velocimetry (E-PIV) is an emerging technique for estimating intracardiac blood flow patterns (41, 42). To date, a single case report described E-PIV findings in TTS (Figure 2), in which a relatively preserved intra-ventricular pressure gradient and energy dissipation were observed when compared to usual findings in AMI patients (43). Since reduced energy dissipation is associated with poorer LV function (44), E-PIV findings in TTS needs to be clarified to ascertain whether the more physiologically vortex behavior is a common feature in this condition, and if this could have any relationship with outcomes.


[image: Figure 2]
FIGURE 2. (A) Left ventriculogram demonstrating apical ballooning of the left ventricle; (B) Echo-PIV analysis, revealing the presence of a single vortex, occupying the center of the left ventricle and non-interacting with others (arrow). (C,D) PIV derived polar histograms showing a relatively preserved base-apex flow direction. Adapted with permissions from Cimino et al. (43). Particle image velocimetry (PIV), left ventricle (LV), left atrium (LA), aorta (Ao).




Magnetic Resonance Imaging

Amongst cardiovascular imaging techniques, cardiac magnetic resonance (CMR) is the diagnostic gold standard for assessing cardiac volumes, function (Figure 3), and tissue characterization, allowing evaluation of edema, and replacement fibrosis (45).


[image: Figure 3]
FIGURE 3. Frames taken from cardiac magnetic resonance cine imaging. Top row, end-diastolic (A) and end-systolic (B) frames depict apical ballooning of the left ventricles (white arrows in B). Bottom row, end-diastolic (C) and end-systolic (D) frames depict mid-ventricular ballooning of the left ventricles (white arrows in D).


Classic CMR appearance of TTS includes widespread myocardial edema in the absence of significant replacement fibrosis at late gadolinium enhancement (LGE) imaging, especially when strict criteria for identification are used (i.e., >5 standard deviation) (46). Notwithstanding this, variable rate of LGE detection have been described (47), and in some cases linked to worse prognosis (48). Hence, the presence of LGE should not be considered per se a CMR criteria to exclude TTS diagnosis, taking into account that bystander diseases conditioning the presence of replacement fibrosis might also be present (49), including coronary artery disease (50). Preforming a CMR examination is suggested in all suspected TTS patients (1), where its results might change the previously established diagnosis (51); however, taking into account the lower availability of CMR as compared to echocardiography, priority should be given to those atypical cases (such as patients who are males, with atypical ballooning patterns, suspected myocarditis or high cardiac troponin release) in which an alternative diagnosis is more likely (52). Focal TTS pattern represents an intriguing subset of atypical ballooning, in which segmental LV abnormalities more closely resemble those of AMI or myocarditis (30); in these cases, CMR imaging results (especially the presence of ischemic/non-ischemic LGE) must be carefully interpreted according to other clinical findings such as inflammatory biomarkers, red flags for myocarditis, occlusion of small coronary vessels, vasospasm, or coronary dissection. Notwithstanding, the boundary between TTS and other forms of MINOCA can sometimes be quite indistinct; in example, immune check-point inhibitor myocarditis might present with TTS-like transient myocardial dysfunction and absence of LGE at CMR imaging, making differential diagnosis a difficult task (53–56).

In summary, standard CMR techniques can be extremely useful to establish a TTS diagnosis against other forms of MINOCA, moreover, novel tools are emerging to grant quantitative analysis and more accurate prognostic information.

Feature-tracking CMR (FT-CMR) is a novel technique for evaluating cardiac chambers deformation in a similar fashion as ST-TTE does for echocardiography, though basic principles behind the two techniques are quite diverse (57). LV longitudinal, but not radial or circumferential, deformation analysis at FT-CMR aided differentiation between ballooning patterns and provided information regarding long-term outcome, outperforming evaluation of LVEF (58). Moreover, FT-CMR evaluation of LV rotational mechanics revealed transient dyssynchrony, more pronounced in the vulnerable subset of patients with stressful triggers, comorbidities and higher mortality risk (59). Acute phase left atrial functional impairment as assessed by FT-CMR is associated with long-term mortality, even when accounting for traditional cardiovascular risk factors and LVEF (60). This finding reiterates the view of TTS as causing global myocardium involvement, even beyond areas of visually assessed abnormal wall motion.

Recently developed CMR mapping sequences allow a parametric quantification of interstitial expansion in the myocardium, with signal intensity mainly depending on extra-cellular water (T2 mapping) as well as fibrosis and infiltration (native T1 and ECV). In TTS, marked increase of native T1 and T2 as well as ECV were observed in the acute phase (40, 61–63) (Figure 4). Interestingly, T2 shows direct correlation with native T1 and ECV (65), suggesting both a prominent role of extra-cellular myocardial edema in driving acute phase interstitial expansion (66), and a significant influence of myocardial edema on T1 mapping-derived measurements (both native T1 and ECV), as already demonstrated in multiple clinical settings (67, 68). Parametric edema quantification potentially retains prognostic value, since its presence and extent has been linked to both ECG abnormalities and potential TTS complications (69, 70). Higher T2 values within the first few days after the acute event were found in TTS patients with delayed recovery (62), as well as in those with lower LVEF at presentation. Notwithstanding, data on mortality are still lacking in this context, given the limited sample size of current CMR mapping studies in TTS.


[image: Figure 4]
FIGURE 4. Cardiac magnetic resonance mapping images depicting myocardial edema in the acute phase of TTS. Mid-apical circumferential edema of the left ventricle is visualized as areas of higher intensity from the T2 mapping image (white arrows in A). Parametric quantification of native T1 and T2 values is better performed from the mid short-axis view by drawing a conservative region of interest (ROI) within the interventricular septum. Native T1 (MOLLI) (B) and T2 (C) shows a parallel increase at 1,152 and 56 ms, respectively. Extra-cellular volume (ECV) fraction was calculated from native and post-contrast T1 mapping images (mid-slice, short-axis, interventricular septum ROI) and hematocrit level as described in the literature (64), resulting elevated at 31%. The examination was performed with a 1.5 T scanner (Siemens Aera, Erlangen, Germany); in-center upper reference of normality for the sequence and vendor used are as follow: native T1 995 ms; native T2 49 ms, ECV 26%.


In recovered TTS patients, native T1 has been described as persistently elevated when compared to that observed in a matched control group, even more than 1 year after the acute event (40). This finding was accompanied by impaired cardiac deformation (despite preserved LVEF), higher natriuretic peptide level and a persisting cardiac limitation observed on exercise testing at cardiopulmonary stress test, pointing toward subtle long-term non-transitory TTS related abnormalities. Moreover, magnetic resonance imaging including ultrasmall superparamagnetic particles of iron oxide enhancement showed signs of ongoing low-grade inflammation in the chronic phase (71). Further studies are needed to evaluate prognostic relevance of these persistent abnormalities.



Computed Tomography

Coronary computed tomography (CCT) is a non-invasive morphologic evaluation of the coronary tree, with an expanding role in the evaluation of patients with suspected coronary artery disease. In TTS presenting without ST-elevation at ECG, it can be reliably used in the acute phase to rule-out AMI (72, 73), also allowing a more accurate detection of coronary artery course abnormalities, such as myocardial bridging, quite common in TTS (73, 74). Some patients with TTS, especially those without an ST-elevation at presentation, with increased frailty and high comorbidity burden might benefit from CCT in order to avoid invasive procedures such as coronary angiography; in these cases, CCT can help confirming the diagnosis and providing a non-invasive assessment of bystander CAD that might be present even in TTS. Of note, this constitutes an important negative prognostic marker in TTS (50), whose identification can lead to significant changes in the therapeutic management such as more aggressive cholesterol treatment as well as long-term anti-aggregation.

When compared to matched control subjects, TTS patients were found to have increased peri-coronary fat attenuation index (pFAi), a measure associated with coronary artery inflammation (75). pFAi showed to be a risk factor for developing adverse cardiovascular events in the general population with suspected coronary artery disease (76). The easy evaluation of this measure from standard coronary computed tomography images makes it attractive to further investigate its potential association with outcome in TTS.



Nuclear Imaging

Single photon emission computed tomography (SPECT) with 201-thallium chloride has been used to investigate myocardial perfusion in TTS with conflicting results. Some studies reported a mild reduction of perfusion limited to the dis/akinetic segments in the acute phase, while others reported normal perfusion (77–80). Cardiac nuclear imaging was mostly used to investigate cardiac adrenergic function by SPECT with meta-iodobenzylguanidine (MIBG); a severe and persistent uptake defect was demonstrated in TTS patients, despite rapid normalization of myocardial perfusion, which suggested persistence of myocardial sympathetic dysfunction (81–84). Additionally, nuclear imaging may also investigate myocardial metabolism, and both SPECT using 123-I-β-methyl-iodophenyl pentadecanoic acid (which reflects fatty-acid metabolism) and positron emission tomography (PET) using 18-F-flourodeoxyglucose (which reflect glucose utilization) have shown persistently reduced metabolic activity in the impaired regions in TTS (80, 85–88).

However, up today, almost all nuclear imaging studies have been performed mainly for research purposes, while prognostic data are scarce. A recent study in a cohort of 90 TTS patients demonstrated that an extensive defect of 123-I-MIBG scintigraphy uptake appears to be associated with a higher rate of in-hospital complications (89). Patients with delayed improvement in LV function had significantly higher levels of catecholamine, higher washout rate in 123-I-MIBG and higher in-hospital complications. Consistently, it has been hypothesized that hyperactivation of autonomic nervous system and higher levels of norepinephrine may induce acute LV outflow obstruction and increased ventricular afterload, as well as elicit ventricular arrhythmias and subsequent sudden cardiac death (90, 91). Increased autonomic activity could also lead to delayed LV function recovery, which may be associated with complications due to heart failure (89). Hence, a severe defect of 123-I-MIBG scintigraphy uptake during the acute phase of TTS may identify patients at higher risk for in-hospital complications, while slower recovery of 123-I-MIBG uptake may identify those at a higher risk for TTS recurrence or for a worse long-term outcome.



Brain-Heart Axis

Both nuclear and non-nuclear imaging modalities have been used to investigate the brain-heart axis in TTS. The precise pathophysiological mechanisms of TTS are incompletely understood but there is considerable evidence that sympathetic stimulation is central to its pathogenesis (3), thus an underlying link between the brain and heart has long been proposed. Specifically, stress can activate the sympathetic nervous system and lead to a complex pathophysiologic cascade, including catecholamine toxicity, abnormal myocardial perfusion, myocardial stunning, and endothelial dysfunction (3).

The response to stressors is governed by an ensemble of neural structures, such as the limbic system (the amygdala, the cingulate gyrus, the hippocampus, the insula, etc.), the ventromedial prefrontal cortex and the brainstem. Recently, increasing interest has been directed toward the involvement of the brain–heart axis in in the pathophysiology of TTS. In 2014, Suzuki et al. first documented brain activation in three patients with TTS examining cerebral blood flow with single photon-emission computed tomography (SPECT). In the acute phase, the researchers observed a marked increase in brain activity in areas linked to abnormal stress-induced sympathetic arousal (brainstem, hippocampus, and basal ganglia). Furthermore, brain activation remained to some extent in the chronic phase, after full recovery of cardiac wall motion (92).

Later functional magnetic resonance imaging studies demonstrated structural alterations in the limbic networks of TTS patients during the acute (93) and chronic phases (94), while increased connectivity, in a network that included the left amygdala and the right insula, was shown after exposing patients with previous TTS to a local stress (cold) (95). Reduced functional connectivity in the limbic systems of a population of 15 female patients with previous TTS compared to healthy age- and gender-matched controls (96).

All of these studies investigated brain alterations in TTS patients after the acute event.

The study by Radfar et al. is the first to assess cerebral activity prior to the onset of TTS. The amygdala activity using [18F] fluorodeoxyglucose positron emission tomography/computed tomography (18F-FDGPET/CT) was measured retrospectively in 104 patients who underwent clinical 18F-FDG-PET/CT imaging, including 41 who subsequently developed TTS and 63 matched controls. Patients with subsequent TTS had higher baseline amygdala activity and, among the patients who developed TTS, those with higher amygdala activity developed TTS about 2 years earlier compared with those with lower level of amygdala activity (97).

These neuroimaging findings demonstrate structural and functional alterations of stress-related brain networks in patients with TTS even before the acute event, suggesting long-lasting psychological stress. Chronically heightened stress-associated neural activity may hypothetically induce an individual to react to subsequent stressors with a more vigorous neurophysiological response, thus increasing TTS risk (97). Consequently “heart-brain axis” could represent a potential target to reduce TTS risk.

New neuroimaging techniques could be useful in identifying patients at high risk of TTS recurrence, suggesting a longer follow-up and the implementation of both pharmacological and non-pharmacological behavioral therapy (i.e., stress reduction).

However, additional randomized prospective trials and new interdisciplinary approaches are required to further investigate the role of the brain-heart axis in the pathogenesis and prognosis of TTS.




Genetic Markers

Table 3 summarizes the main results from studies on TTS genetic markers. Both familial (98, 99) and recurrent cases (24, 100) of TTS have been described, suggesting a possible influence of the genetic background in the pathogenesis of the syndrome. Single nucleotide polymorphisms (SNPs) belonging to both adrenergic pathway and estrogen receptors genes have been related to higher predisposition for developing TTS. One study reported the association between the Arg389Gly substitution within the adrenergic receptor B1 and TTS occurrence (101). However, these data were not confirmed by other reports (102–104). On the contrary, the Gln27Glu substitution within the adrenergic receptor B2 was observed more frequently in healthy controls than in TTS patients (101). SNPs linked to TTS involve the regulatory function of the anti-apoptotic protein Bcl-2-associated athanogene 3 gene, which likely contributes to myocyte stress resistance (105), and the rs2234693 within the estrogen receptor 1 gene which has been associated with higher risk of TTS occurrence (106). However, all mentioned studies are limited by a gene-target approach and an incomplete analysis of the whole adrenergic system pathway. Only a single study performed a whole-exome sequencing for genes related to catecholamines and adrenergic signaling in 28 TTS patients, and revealed no difference in the allelic frequencies between TTS patients and controls (107).


Table 3. Table summarizing studies on TTS genetic markers.
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A relatively larger genome-wide association study reported findings from 96 TTS patients (108). Several promising candidate loci were identified, mostly linked to traits as psychiatric disorders, blood pressure, thyroid disease and cancer, further highlighting the role of comorbidities in the genesis of TTS (109).

In summary, current data on the genetic features of TTS only suggest a genetic etiology of this pathological condition. However, we are becoming aware that, whereas environmental triggers and concomitant comorbidities are pivotal in TTS development, the genetic heterogeneity and a potential polygenic predisposition may also play a contributory role mainly by determining the dysregulation of the adrenergic system. Larger cohorts are required for a better evaluation of the impact of genetic background on TTS occurrence and prognosis.



Clinical Perspective

Despite similar long-term outcomes, the nature of adverse events in AMI and TTS is different. Indeed, TTS is featured by mainly non-cardiovascular mortality (19, 21, 110–112), even during the acute phase characterized by different degrees of LV dysfunction (11). However, cardiovascular assessment still provides fundamental clinical and prognostic information in TTS, both in the short and in the long-term. Indeed, a higher cardiac involvement as detected by imaging modalities or cardiac biomarkers [especially natriuretic peptides, (113)] is associated with worse prognosis, even after recovery of left ventricular ejection fraction. In this view, the prognostic power of cardiac imaging in TTS should be interpreted as the ability of identifying both the cardiovascular consequences of TTS and those underlying pre-existing characteristics of vulnerable phenotypes prone to heart failure. In this perspective, broader acute cardiac dysfunction or long-term abnormalities might just be a proxy of a wider comorbid state, which is actually the condition driving prognosis (114, 115). Advanced cardiac imaging might still provide reliable prognostic information (116) and should be considered, if available, in every patients with previous TTS even though appropriate therapies to improve outcome in these patients remain to be identified. Gaps in knowledge remain as to whether patients with previous TTS, recovered left ventricular ejection fraction, and persisting subtle cardiac abnormalities might benefit from specific therapies. Observational data indicate a lower long-term mortality in TTS patients treated with angiotensin-converting enzyme inhibitors (10). To this extent, a prospective ongoing trial is currently investigating the effect of N-Acetylcysteine and ramipril on edema resolution at CMR and longitudinal strain improvement in patients with acute TTS (117).

Genetic investigations, rather than cardiac imaging, may play an important role in risk stratification in the particular setting of the predisposition to TTS recurrence. However, where clinical implementation of genetic testing implies a multidisciplinary approach with genetic counseling and ethical considerations (118), currently available evidence still limits its applicability in the clinical field.




CONCLUSIONS

Patients with TTS may benefit from advanced cardiovascular imaging tools offering unique information to assist in short- and mid-term risk stratification, well beyond traditional assessment of left ventricular ejection fraction. Due to the limited robust evidence, genetic evaluation does not currently provide significant advantages in guiding the clinical management. Hopefully, future studies aimed at better characterizing the genetic background of TTS may identify useful markers that could assist in predicting disease recurrences and help in familial screening.
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After 15 years from its advent in the clinical field, coronary computed tomography (CCTA) is now widely considered as the best first-step test in patients with low-to-moderate pre-test probability of coronary artery disease. Technological innovation was of pivotal importance for the extensive clinical and scientific interest in CCTA. Recently, the advent of last generation wide-coverage CT scans paved the way for new clinical applications of this technique beyond coronary arteries anatomy evaluation. More precisely, both biventricular volume and systolic function quantification and myocardial fibrosis identification appeared to be feasible with last generation CT. In the present review we would focus on potential applications of cardiac computed tomography (CCT), beyond CCTA, for a comprehensive assessment patients with newly diagnosed cardiomyopathy, from technical requirements to novel clinical applications.
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INTRODUCTION

Multimodality imaging has recently gained a pivotal role in the management of cardiovascular disease, and the diagnostic work-up of cardiomyopathies, in order to define the different phenotypes, was deeply influenced by the recent introduction of advanced cardiovascular imaging modalities, such as cardiac magnetic resonance (CMR) (1). Even if transthoracic echocardiography (TTE) remains the first step test thanks to its wide availability, it could be limited by the low-image quality and by the lack of tissue characterization. On the contrary, CMR enables reproducible evaluation of biventricular volumes and systolic function together with non-invasive tissue characterization providing pivotal diagnostic insights, especially when TTE is negative for structural heart disease (SHD). In this regard, Andreini et al. in a population of 946 patients with ventricular arrhythmias without pathological findings at TEE identified 241 patients (25.5%) with SHD at CMR (2). These findings have deep clinical consequences because, beyond the accurate identification of structural heart abnormalities, tissue characterization by CMR, thanks to the identification of myocardial fibrosis at late-gadolinium enhancement (LGE) images, is associated with worse cardiovascular prognosis (3, 4). These data support the growing role that CMR gained in recent clinical guidelines for the diagnosis and management of cardiomyopathies (5) and the recent introduction of T1 and T2 mapping techniques may further expand its clinical application (6). However, clinical use of CMR could be limited by resource availability and by some conditions that represent relative or absolute contraindications (7). Moreover, image quality could be affected by metallic elements and cardiac arrhythmias, limiting CMR application in a specific clinical setting; last but not least, claustrophobia may limit access to the CMR environment for some subjects.

In the DANAMI-3-DEFER CMR substudy (8), 181 of 990 eligible patients (18.2%) were excluded from the study due to claustrophobia or contraindication to CMR. Taking into consideration the importance of non-invasive tissue characterization for an up-to-date diagnosis and management of cardiomyopathies, cardiac CT (CCT) recently emerged as a potential alternative to CMR for both the biventricular function evaluation and myocardial fibrosis identification, beyond the well-validated and accepted role for the non-invasive evaluation of coronary anatomy.

The present review will focus on potential applications of CCT for a comprehensive assessment of patients with newly diagnosed cardiomyopathy, from the well-validated evaluation of coronary anatomy to novel potential clinical applications.



THE CLINICAL INDICATION OF CCT IN THE MANAGEMENT OF CARDIOMYOPATHIES


Coronary Anatomy Evaluation

In the diagnostic pathway of dilated cardiomyopathy (DCM) of unknown etiology, the identification of patients with ischemic heart disease (IHD) is pivotal (9). Despite invasive coronary angiography (ICA) is still considered in patients with DCM and intermediate-to-high pretest probability of coronary artery disease (CAD) (10), CCT could be a reasonable alternative to rule out ischemic etiology when revascularization is not expected. Recently, an emerging role of coronary computed tomography angiography for preprocedural planning in those with IHD before percutaneous coronary revascularization was showed (11). Among patients with heart failure (HF) and reduced ejection fraction (HFrEF), the very high diagnostic accuracy of CCT vs. ICA for the identification of severe coronary stenosis was described, even with old generation CT (12) (Figure 1). A possible explanation of the excellent diagnostic accuracy reported is that these patients usually have an optimal heart rate as medical therapy, for HF contemplates a target heart rate <65 bpm; moreover, severe systolic dysfunction is associated with reduced cardiac and coronary motion, further improving the quality of the image. For these reasons, a consensus document from the European Society of Cardiology (ESC) published in 2019 suggested CCT as a highly valuable tool to exclude significant CAD in patients with newly diagnosed DCM (13). Similarly, ESC Guidelines on chronic coronary syndrome suggested CCT as an alternative to ICA in patients with newly diagnosed reduction of ejection fraction to establish the presence and extent of CAD and evaluate clinical indication to myocardial revascularization (13).


[image: Figure 1]
FIGURE 1. Coronary artery anatomy evaluation. A case example of 65 years old female patients with newly diagnosed severe reduction of left ventricular ejection fraction (<30%), symptomatic for dyspnea. Cardiac CT was performed with optimal image quality (A). A severe multivessel coronary artery disease was found with a subocclusive lesion on mid-left anterior descendent artery (B), significative lesion on left-circumflex artery (C), no significative lesion on the marginal branch and subocclusive disease on right coronary artery (D,E).




Cardiac Vein Anatomy Evaluation

In 2012, Malagò et al. reported optimal imaging quality focused on cardiac vein anatomy evaluation in a consecutive cohort of patients (301 subjects) who previously underwent CCT for coronary anatomy evaluation and were retrospectively evaluated for cardiac vein mapping (14). Of interest, the authors reported an elevated variability of cardiac vein anatomy evaluated using CCT in patients with HFrEF, mostly involving the posterolateral and marginal left ventricular vein that are commonly used for cardiac resynchronization therapy (CRT). In this regard, Pontone et al. described the potential use of a dedicated acquisition protocol for cardiac vein anatomy evaluation with CT reporting an improved evaluability of a cardiac vein, especially in those with HFrEF of ischemic origin (15). In the clinical setting of patients with HFrEF, accurate characterization of cardiac vein anatomy could be of clinical interest for appropriate selection of patients with favorable anatomy before left ventricle (LV) electro-catheter implantation for CRT (16). Nowadays, after several pieces of evidence of accuracy and feasibility, non-invasive coronary vein mapping with CCT prior to placement of biventricular pacemaker is supported by clinical guidelines and consensus paper (17) (Figure 2).


[image: Figure 2]
FIGURE 2. Cardiac veins anatomy evaluation. In (A) a case of dilated cardiomyopathy (DCM) without favorable cardiac vein anatomy for cardiac resynchronization therapy (CRT) implantation is represented; a white circle highlights the absence of adequate cardiac vein on a posterolateral wall. On the contrary, a case of optimal cardiac vein anatomy for CRT implantation is reported in (B).


Take-home message:

- Cardiac computed tomography is indicated in patients with DCM of unknown etiology to rule out IHD as an alternative to ICA

- Cardiac computed tomography for coronary anatomy evaluation provides concomitant cardiac vein mapping in patients with HFrEF




AN EMERGING APPLICATION OF CCT


Biventricular Volumes and Systolic Function

Besides the well-validated and widely recognized role of CCT as a non-invasive tool for coronary anatomy evaluation, clinical and research interest is focusing on the potential application of CCT for a comprehensive cardiac assessment.

In 2004, Juergens et al. reported a very early experience of left ventricular volumes and systolic function evaluation with 4-slices CT compared with CMR in 30 subjects showing a good correlation between the two techniques (18). Similarly, in 2006, Sugeng et al. reported that 16-slices CCT scan provides highly reproducible measurements, especially if compared with three-dimensional echocardiography, with mild but significant overestimation of volumes and underestimation of ejection fraction when compared with CMR (19). Then, the advent in the clinical field of 64-slices CT enables concomitant right and left ventricular volumes quantification, and several reports provided evidence of the feasibility and accuracy of CT vs. CMR (20–28). A potential explanation of these discrepancies between imaging modalities could be the different respiratory phases at which images are acquired. In 2012, a meta-analysis and systematic review including 12 studies, assessing CCT-based ejection fraction obtained with 64-slices CT or dual-source CT compared with CMR or TTE (29), reported excellent concordance between CCT and MRI, especially when dual-source CCT is used; thanks to its higher temporal resolution.

Despite several reports on the feasibility and accuracy of CCT for biventricular systolic function evaluation, its clinical application is limited mainly due to the elevated radiation dose up to 18–20 mSv with old-generation CT scans (30, 31). Indeed, in order to quantify ejection fraction, the entire cardiac cycle should be acquired for correct identification of end-diastolic/end-systolic phases; moreover, for the identification of the right ventricular endocardial border, a higher dose of iodinated contrast is needed to obtain a balanced contrast opacification between left and right ventricular (Figure 3).


[image: Figure 3]
FIGURE 3. Dedicated cardiac CT (CCT) scan protocol for the comprehensive evaluation in DCM patients. In (A,B) a cardiac CT dedicated to coronary anatomy evaluation is shown; it is well evident how it is not possible to correctly identify the right ventricular border of the interventricular septum. In (C,D) a CT with dedicated acquisition protocol for biventricular volume and function in which all four chambers are opacified by contrast medium enabling correct right ventricular border identification. These examples highlight the need for a dedicated acquisition protocol for most of the non-coronary cardiac CT findings.


Recently, the myocardial strain has been proposed as a promising tool for the evaluation of left and right ventricular function, especially in patients with HF and preserved ejection fraction (HFpEF). Even if echocardiography remains the most used technique for myocardial global and regional strain evaluation, both cardiac MRI (32) and, more recently, cardiac CT (33) resulted to provide accurate global strain evaluation, thanks to its volumetric data acquisition. Of interest in 2021, a study including 50 patients undergoing both CCT and CMR demonstrated very good accuracy of CCT vs. CMR in the evaluation of global myocardial strain with feature strain technique providing a true three-dimensional evaluation of all myocardial points in all the cardiac phases and in all directions (34).

In summary, despite promising results, the clinical use of CCT for biventricular volume and function is still a matter of debate especially because the need for dedicated acquisition protocol has the following three main consequences: (1) elevated radiation dose; (2) higher dose of contrast medium is usually administered for biventricular balanced contrast opacification during the entire images acquisition; (3) a post hoc analysis for biventricular volume and systolic function is not feasible if CT scan acquisition was focused on coronary anatomy evaluation. All these points are now limiting the clinical use of CCT for the evaluation of biventricular function. However, the promising role of CCT for the evaluation of biventricular function is confirmed by the inclusion of this technique as a potential alternative to CMR in several consensus documents oncardiomyopathies (35, 36).

Recently, the advent in the clinical field of new generation CT scans, from dual-source scanners to wide detectors enabling the entire heart volume to be covered in one beat, represents an interesting opportunity to overcome previous limitations of CCT. Moreover, new generation CT scans are characterized by a reduction in gantry rotation time that is associated with increase temporal resolution improving end-systolic/end-diastolic phase identification (Figure 4).


[image: Figure 4]
FIGURE 4. A case example of patients in which biventricular volume and function have been evaluated at CCT due to cardiac magnetic resonance (CMR) contraindication (claustrophobia). Biventricular balanced opacification enabled to correctly quantify both the left (panel A–C) and right (panel D–F) ventricular ejection fraction (LVEF 49%, RVEF 68%). Images were acquired during the entire cardiac cycle and the radiation dose needed for this evaluation was 7.5 mSv, heightening one of the main limitations to the routine clinical use of CCT for left ventricular evaluation.


Results from the E PLURIBUS study (37) will soon provide important insight on this topic. The study is aiming to verify the feasibility and accuracy of single-step evaluation of biventricular volume and function, myocardial fibrosis (vs. CMR), and coronary and vein anatomy using the last generation CT scanner with a 16-cm wide detector enabling the entire cardiac volume to be acquired in a single R-R cycle; this would provide a reduction in radiation dose and contrast medium needed to obtain biventricular homogenous contrast opacification.



Myocardial Tissue Characterization

Beyond myocardial function evaluation, myocardial fibrosis identification is widely considered to have a significant prognostic value. In 2016, a meta-analysis including 19 studies and 2,850 patients for a total of 423 arrhythmic events (38) supported the prognostic value of LGE in patients with severe reduction of ejection fraction, irrespective of the ischemic or non-ischemic nature; these data support the role of LGE for better identification of patients who may merit implantable cardioverter defibrillator (ICD) implantation. These data have been recently confirmed by the DERIVATE registry including more than 1,500 non-ischemic DCM in which a composite clinical and CMR-based risk score provides incremental prognostic value beyond the standard of care evaluation for major adverse arrhythmic cardiac events (39). Of interest, AHA/ACC 2020 guidelines on diagnosis and treatment of hypertrophic cardiomyopathy (HCM) included LGE presence and extension among parameters that should be evaluated when considering ICD implantation for primary prevention (35). In the same document, CCT is proposed as an alternative technique for an appropriate definition of LV structure including myocardial tissue characterization. These clinical recommendations are supported by some reports highlighting the capability of CCT to adequately assess myocardial structure (40). It is of the utmost importance to recognize that even CCT images acquired for coronary anatomy evaluation are suitable for myocardial thickness quantification and the identification of myocardial fat infiltration (41–43). To observe and describe these non-coronary but cardiac findings is mandatory, even if a definite diagnosis should be performed with CMR when feasible.

On the contrary, the recently described capability of CCT to identify the presence of myocardial fibrosis needs a dedicated acquisition protocol (Figure 5). The pathophysiological basis of myocardial fibrosis identification by contrast CCT is the same as CMR taking into consideration that pharmacokinetic properties of iodinated contrast medium are similar to gadolinium (44). The acquisition protocol for the delayed enhancement imaging in CT is nowadays based on two key rules: (1) the administration of larger amounts of iodinated contrast medium (at least 1.5 ml/kg) when compared to the dose needed for coronary anatomy evaluation and (2) the acquisition of CT images with ECG gating after 8–10 min postcontrast administration.


[image: Figure 5]
FIGURE 5. Computed tomography acquisition protocol dedicated to biventricular myocardial function and tissue characterization.


One of the first reports of exploring the assessment of myocardial viability was described in a small experimental study involving 17 animals (10 dogs and 7 pigs) in which an accurate identification and quantification of myocardial fibrosis by CT vs. postmortem autopsy evaluation was demonstrated (45).

In 2005, a first-in-human study enrolled 28 consecutive patients with a previous history of myocardial infarction who underwent both CMR and CCT with late CT scan for myocardial fibrosis evaluation (46); using 16-slice CT, authors reported an excellent agreement of myocardial infarction (MI) size for late-phase CCT and CMR with 415 myocardial segments (92.63%) on 448 assessed showing concordant results between the two techniques.

In 2008, le Polain de Waroux et al. enrolled 71 consecutive patients with new-onset of left ventricular dysfunction (LVD) who underwent ICA, CMR, and CCT with myocardial fibrosis evaluation (47); on a per-patient basis, CCT for both the coronary anatomy and myocardial fibrosis assessment had an excellent agreement (k = 0.89; P = 0.001) with ICA and CMR for etiological classification of LVD. For what concern myocardial fibrosis identification only two patients had false-negative results at CCT vs. CMR, possibly caused by the poor image quality and low signal-to-noise ratio. However, an overall very good accuracy (k = 0.88, p < 0.001) for the identification of fibrosis by CCT was reported.

For what concern non-ischemic fibrosis, a validation study was performed in 2014 including 24 patients with hypertrophic phenotype who underwent both CCT and CMR for myocardial fibrosis evaluation (Figure 6). On a per-patient basis, CCT had a 100% sensitivity for myocardial fibrosis vs. CMR and mean myocardial scar area resulted of 2.2 ± 1.4 cm2 in CCT vs. 2.9 ± 2.4 cm2 in CMR; of interest, authors reported that the relative intensity ratio between normal remote myocardium and area of myocardial fibrosis in CT was 1.8 ± 0.3 (48). Similar promising results have been recently reported in a consecutive cohort of patients with sarcoidosis evaluated with both CCT and CMR (49). For optimal evaluation of myocardial fibrosis at late CT scan, dedicated post-processing analysis is needed, as previously described (50). More precisely, an 8–10 mm thickness in short-axis LV view should be obtained and narrow window and level settings (W300, L150) are suggested (Figure 5).


[image: Figure 6]
FIGURE 6. In (A,B) an example of non-ischemic fibrosis on the interventricular septum is shown; more specifically, in (A) angiographic phase CT is presented with corresponding late CT acquisition well demonstrating non-ischemic mid-wall myocardial fibrosis in (B). In (C,D) a case of ischemic cardiomyopathy is presented; an apical left ventricular thrombus is evident both at first pass CT (C) and at late phase CT (D) from which the ischemic subendocardial fibrosis could be evidenced.


Despite promising results, myocardial fibrosis evaluation by CCT remains limited by low signal-to-noise ratio and by the need for a high dose of contrast medium. Technological advances are needed to overcome these limitations. One of the most promising novelties in this field is the use of dual-energy CT that appeared to enable myocardial fibrosis identification with reduced contrast amount. Dual-energy CT (both with dual-source CT or with single-source CT and rapid kVp switching) technology permits contemporary use of different tube potential enabling tissue characterization with extracellular volume (ECV) estimation that is considered a myocardial fibrosis equivalent when evaluation with CMR. More precisely, in 2020, Ohta et al. reported that strong correlations were seen between CT-ECV and MR-ECV at postcontrast CT images in 23 patients (51). Similarly, in 2019 Kumar et al. (52) reported that multi-energy CT in 21 subjects, when compared with a single-energy approach, better discriminate the presence or absence of myocardial fibrosis severity when compared with CMR, with correct classification rates of 89 and 71%, respectively; similarly, the multi energy CT better discriminates normal from elevated ECV, with a correct classification in 89% of patients vs. correct distinction of normal vs. elevated ECV in only 70% using single energy CT. Recently, radiomics models with an artificial intelligence approach achieved a good diagnostic accuracy (AUC: 0.78, 95% CI: 0.75–0.81) on a per-segment basis for the identification of myocardial fibrosis with CCR vs. MRI (53). Even if promising, these novel approaches need further studies before being proposed for clinical use.

Take-home messages:

- Biventricular volume and systolic function analysis are feasible and accurate with CCT.

- Myocardial fibrosis assessment is feasible with CT, even if a low contrast-to-noise ratio limits diagnostic accuracy vs. CMR.

- For both the myocardial fibrosis and biventricular function assessment with CT, dedicate acquisition protocol is needed with an increase in radiation dose and iodinated contrast amount administration, limiting their clinical use to those patients with CMR contraindication.

- In the next future, technological advances may further expand the clinical application of non-coronary CCT evaluation.




TECHNICAL CONSIDERATION FOR A COMPREHENSIVE APPROACH

As previously outlined, a dedicated acquisition protocol for comprehensive evaluation of myocardial fibrosis and biventricular volumes and function is needed; it is important to underline that coronary anatomy analysis is feasible using the same imaging dataset. More precisely, biventricular volumes and function are evaluated using imaging acquired at the first pass contrast angiographic phase, the same used for coronary evaluation. What differs from traditional CCTA is the total volume of contrast needed (at least 1.5 ml/kg for function and fibrosis vs. <1 ml/kg for coronary anatomy) and the need for biventricular opacification, that may cause, in rare cases, artifacts on the mid-portion of the right coronary artery. On the other side, the need for contrast medium bolus for optimal angiographic evaluation of coronary vessels has been indicated as a potential cause to mild, but significative, overestimation of right ventricular end-diastolic volume (RVEDV); to reduce discrepancies vs. CMR in RVEDV quantification, contrast injection at lower infusion rate has been proposed, but this approach would make coronary stenosis not evaluable. Overall, high priority should be given to coronary anatomy evaluation as this is the most important and validated CCTapplication.

For what concerns myocardial fibrosis evaluation, the late post-contrast acquisition is needed without a significative increase in radiation dose. It should be underlined that, especially in patients with DCM, where a higher dose of contrast medium is needed to evaluate coronary anatomy, adding a late post-contrast scan could be proposed on a regular basis; on the contrary, this is not true for biventricular volumes and function evaluation for which the need of entire cardiac cycle acquisition is associated with a significative increase in radiation dose.

Finally, it should be underlined that all these advanced uses of cardiac CT are strictly dependent on the availability of the last generation CT; indeed, 64-slice CT technology is suboptimal especially for biventricular volumes and function analysis and is associated with very high radiation dose (up to 1,820 mSv), prohibitive especially when serial evaluation at follow-up is needed.



EMERGING CLINICAL APPLICATION IN SPECIFIC SETTINGS


Hypertrophic Cardiomyopathy

Several clinical fields may benefit from a wider application of CCT beyond coronary anatomy evaluation, even if extensive supporting data are still to come. The unique capability of CCT to evaluate both coronary and myocardial anatomy may support its use in the evaluation of patients with HCM. In this setting, beyond the analysis of myocardial thickness and fibrosis, CCT may provide an accurate evaluation of the concomitant presence of coronary artery disease; more precisely, in a previous study including 60 patients with HCM (54), CCT provided a 100% sensitivity, a 94.4% specificity, a 92.3% positive predictive value, and a 100% negative predictive value for the identification of significative coronary stenosis when compared with ICA. Moreover, CCT may enable accurate evaluation of myocardial bridges, whose prevalence among patients with HCM is not negligible, and up to 40% according to previous reports (54). Previous studies suggested that myocardial bridges among patients with HCM are longer and deeper when compared to a control group of patients (55); thus, accurate evaluation of coronary anatomy is of utmost importance in these patients. Moreover, in those with clinical indications to myomectomy preprocedural planning with CCT may provide important insight on septum anatomy for a safer and more effective procedure, as previously suggested (56). Moreover, CCT may provide an accurate evaluation of right ventricular wall thickness with identification of wall hypertrophy that could be missed at TEE.



Arrhythmogenic Cardiomyopathy

Accurate analysis of the right ventricle is of the utmost importance in patients with suspected arrhythmogenic cardiomyopathy (AC); even if validated cut-offs for AC diagnosis are still missing, the presence of right ventricular bulging and/or right ventricular dilation or systolic dysfunction could be identified with CCT. However, it should be underlined that previous reports suggested a mild, but significative, overestimation of right ventricular diastolic volume with CT vs. CMR (31), possibly because of the different phases of the respiratory cycle at which images are obtained in the two techniques and/or to the contrast medium bolus that is administered during CT images acquisition. Of interest, the recent data correlated right ventricle wall tissues heterogeneity identified at CT with abnormal findings at invasive electroanatomical mapping (EAM), proposing CT as a potential tool for accurate identification of patients with AC vs. those with right ventricular dilation due to adaptive remodeling (i.e., athletes) (57).



Preprocedural Planning of Ventricular Arrhythmias Ablation

For what concerns myocardial tissue analysis, one of the most promising clinical applications of CCT is the evaluation of anatomical substrate in patients with unstable ventricular arrhythmias and possible indications to transcatheter ablation. In this setting, identification of myocardial arrhythmic substrate by CMR has been demonstrated to improve procedural outcome (58); unfortunately, CMR could sometimes be of difficult feasibility due to both the presence of unstable heart rhythm (with safety issues of potential patients in an MRI environment) and previous implanted electronic device (i.e., intern defibrillator). A recently published state-of-the-art paper well-summarized clinical indication and acquisition protocol for CCT in this specific clinical setting (59); the most interesting feature is the possibility to import CCT data during invasive electrophysiological mapping providing live guidance based on anatomical substrate and possibly avoid ICA. More precisely, CCT enables concomitant myocardial tissue characterization (myocardial fibrosis) and analysis of coronary anatomy, excluding severe coronary stenosis as the cause of arrhythmic storm; both these information can be imported during the invasive electrophysiological procedure for live visualization and guidance. Moreover, a detailed analysis of the anatomy at the access site for the epicardial approach could be performed for optimal preprocedural planning. Esposito et al. reported that CCT with late scan acquisition was able to detect myocardial scars responsible for pathological low-amplitude voltages at invasive electroanatomic mapping with high sensitivity and very high negative predictive values (76 and 95%, respectively), regardless of substrate etiology and ICD presence (60).

Apart from this advanced application, CCT should be considered in clinical practice for biventricular volume and function analysis and myocardial fibrosis identification when CMR is contraindicated and TTE is inconclusive. This approach is supported by guidelines and consensus documents previously published (9, 17, 35, 36, 61).




LIMITATION OF NOVEL CLINICAL APPLICATION OF CCT

Despite promising results from CCT, nowadays, CMR remains the gold standard for biventricular volume and function quantification and for myocardial tissue characterization, as several technical reasons limit CCT clinical application for non-coronary evaluation. First, the temporal resolution of CCT is lower when compared with CMR. Second, CCT analysis is associated with non-negligible radiation dose (at least 5–6 mVs for a complete examination including coronary anatomy, biventricular volumes/function, and myocardial fibrosis); this is of particular concern in young patients who may undergo serial CCT during follow-up and for which cumulative radiation dose would result to be prohibitive. Moreover, the diagnostic accuracy of CCT for myocardial fibrosis evaluation is lower when compared to CMR due to a lower signal-to-noise ratio.

These limitations could be overcome in the future if further technological advances, especially in the field of artificial intelligence, should be applied in clinical practice (62).



CONCLUSION

When CMR is contraindicated and TTE results to be inconclusive, CCT may be considered in clinical practice as an alternative to CMR during diagnostic evaluation of patients with cardiomyopathies (Table 1). Adequate CT technology (preferable more than a 64-slice scanner) and a dedicated acquisition protocol are needed for biventricular function assessment and myocardial fibrosis evaluation. Of note, non-coronary but cardiac findings should be always carefully assessed, as myocardial hypertrophy and fat infiltration are often well evident even if CCT is focused on coronary anatomy.


Table 1. Main pro/cons features of CCT compared with other imaging modalities according to different clinical settings.
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Arrhythmogenic cardiomyopathy (ACM) is a genetic cardiac condition characterized by fibrofatty myocardial replacement, either at the right ventricle, at the left ventricle, or with biventricular involvement. Ventricular arrhythmias and heart failure represent its main clinical features. Exercise benefits on mental and physical health are worldwide recognized. However, patients with ACM appear to be an exception. A thorough review of the literature was performed in PubMed searching for original papers with the terms “ARVC AND sports/exercise” and “sudden cardiac death AND sports/exercise.” Additional papers were then identified through other sources and incorporated to the list. All of them had to be based on animal models or clinical series. Information was structured in a regular format, although some data were not available in some papers. A total of 34 papers were selected and processed regarding sports-related sudden cardiac death, pre-clinical models of ACM and sport, and clinical series of ACM patients engaged in sports activities. Eligible papers were identified to obtain pooled data in order to build representative figures showing the global incidence of the most important causes of sudden cardiac death in sports and the global estimates of life-threatening arrhythmic events in ACM patients engaged in sports. Tables and figures illustrate their major characteristics. The scarce points of controversy were discussed in the text. Fundamental concepts were summarized in three main issues: sports may accelerate ACM phenotype with either structural and/or arrhythmic features, restriction may soften the progression, and these rules also apply to phenotype-negative mutation carriers. Additionally, remaining gaps in the current knowledge were also highlighted, namely, the applicability of those fundamental concepts to non-classical ACM phenotypes since left dominant ACM or non-plakophillin-2 genotypes were absent or very poorly represented in the available studies. Hopefully, future research endeavors will provide solid evidence about the safest exercise dose for each patient from a personalized medicine perspective, taking into account a big batch of genetic, epigenetic, and epidemiological variables, for instance, in order to assist clinicians to provide a final tailored recommendation.

Keywords: sports, exercise, arrhythmogenic cardiomyopathy, disease progression, risk factors


INTRODUCTION

The classical definition of arrhythmogenic cardiomyopathy (ACM) refers to a rare genetic disease resulting in myocardial loss and fibrofatty substitution of the ventricular myocardium, involving either right, left, or both ventricles (1, 2) and often presenting inflammatory infiltrates (1) (Figure 1). However, in the last years a broader definition of the disease has been proposed to include under this umbrella term also other acquired and genetic pathological entities which share a primary myocardial involvement and a clinical presentation with arrhythmias such as myocarditis, sarcoidosis, amyloidosis, sarcomeric, and mitochondrial defects (3). From now onward, this review is focused only on the original definition of ACM whose reported incidence is 1:5,000 in general population (3).


[image: Figure 1]
FIGURE 1. Histological view of the left ventricle of a heart with biventricular arrhythmogenic cardiomyopathy due to the TMEM43 S358L mutation. This patient suffered a sudden cardiac death while practicing sports. The histological hallmarks that define the disease are shown, such as myocardial loss due to fatty infiltration (1) and fibrosis (2); additionally, lymphocytic infiltrates can be observed (3). TMEM43, transmembrane protein 43.


The genetic basis of ACM has been widely expanded since the initial identification of mutations in the genes encoding desmosomal proteins, and currently other disease-causing non-desmosomal genes have also been recognized (1). Mutations in some genes are prone to present with classical forms of the disease and profound structural and electrical alterations arising from the right ventricle while mutations in other genes tend to involve the left ventricle either in isolation or as the main feature of the disease (Table 1) (1, 3–7). Mutations can be identified in 50% of the probands, and the family screening often confirms an incomplete penetrance and a variable expression of the disease. Thus, other factors are thought to play a relevant role as modulators to explain these clinical findings, including epigenetics, virus, sexual hormones, and sports (3). Importantly, gene elusive patients should not be reassessed as having a non-genetic disease since not all ACM genes are known so far and/or certain types of mutation might not be detected with the technology routinely employed (i.e., big rearrangements could be missed by conventional NGS sequencing without copy number variation analyses).


Table 1. List of arrhythmogenic cardiomyopathy-causing genes and the main characteristics of their phenotype.
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Mutations in ACM mostly involve desmosomal genes and affect the composition of the intercalated disk. Structural remodeling at the intercalated disks yields subsequent electrical remodeling at the neighboring gap junctions and sodium channels and, furthermore, modifications in nuclear signaling and transcriptional activity mediated by Wnt and Hippo pathways (8, 9). The final myocardial substitution by fibrofatty tissue (Figure 1) provides the macroscopic anatomical substrate for the ventricular arrhythmias that characterize the disease, but also, at a subcellular scenario, the abovementioned gap junction and sodium current remodeling promote patchy slow conduction areas and re-entrant circuits for ventricular arrhythmias (3).

Exercise and sports practice confer beneficial effects on such a wide variety of organs that their recommendation in general population remains out of debate (10). Despite this compelling evidence, in the last years extensive data have been published to support an adverse influence on patients with ACM. Thus, clinical guidelines have accordingly been released to restrict sports recommendations in this population (Table 2) (11), yet a low-intensity exercise is recommended to these patients. A practical advice could be to avoid exercise levels that hamper maintaining a conversation (13).


Table 2. Modified exercise recommendations for patients with arrhythmogenic cardiomyopathy included in the European Society of Cardiology guidelines.
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Exercise testing is usually included in the routine study protocol triggered by the suspicion of ACM ever since it was recommended in the original Task Force criteria for probands and family members. These consensus documents considered left bundle branch ventricular arrhythmias recorded at different tests (including exercise testing) as a minor criterion for probands and as one of the four additional criteria besides being a first-degree relative for family members (14). A challenging paper demonstrated that exercise testing could unmask depolarization and repolarization abnormalities as well as ventricular arrhythmia in mutation carriers, irrespective of the fulfillment of Task Force criteria and the symptomatic state, suggesting a potential use of this test to prescribe exercise in case it could be validated in that scenario (15). Against this hypothesis, another interesting work compared the arrhythmogenicity response during the isoproterenol and the exercise test in 37 ACM patients and underlined the frequent and falsely reassuring reduction or abolishment of baseline ventricular arrhythmia during the exercise testing (16). Only one paper has assessed the safety and usefulness of cardiopulmonary exercise testing in 38 ACM patients, concluding that it is safe and that the ventilatory efficiency may predict heart transplantation-free survival (17). However, no studies have been carried out focused on the role of exercise and cardiopulmonary exercise testing to prescribe exercise in ACM patients engaged in sports and followed during a suitable period of time. Additionally, one may acknowledge that it is hard to extrapolate the ideal timely situation of these tests performed in a hospital setting with a random training session in which hydration, blood volume, electrolytes, acid–base balance, and catecholamine levels can widely vary and transiently increase the baseline electrical instability in ACM patients necessary to trigger ventricular arrhythmias during sports. Thus, no specific recommendation can be given regarding this issue and the authors strongly advise to adhere the current guidelines (Table 2) designed on the exercise dose without considering the result of any type of exercise testing and based on the body of evidence discussed in the following sections.

From a mechanistic point of view, the pressure overload produced by physical exertion may cause a stronger wall stress and more severe myocardial damage at the right ventricle than at the left ventricle (3, 13, 18). Thus, as long as no other factor played any other role, a more deleterious effect on ACM with right ventricular involvement might be expected than in left dominant forms. Damage may include abnormal signaling promoting apoptosis, fibrosis, and adipogenic and inflammatory cascades (13). The last one might be exaggerated in trained patients with ACM or mutation carriers since prolonged periods of intensive physical training can additionally depress immunity and promote inflammation as well (19).

Herein we present a review of the published evidence regarding exercise and sports practice in ACM patients, highlighting the remaining gaps to be addressed in the future.



METHODS

A thorough review of the literature was performed in PubMed by searching papers with the terms “sudden cardiac death (SCD) AND sports/exercise” and “ARVC AND sports/exercise” between 2002 and February 2021 and in English language (Figure 2). This search yielded 1,366 papers, and 15 additional papers were then identified through other searches and/or cited by reviews. Duplicates were eliminated and records screened yielding 36 original papers assessed for eligibility. The information given in these papers was structured in a regular format and presented in Tables, although some data were not available in some papers. We next excluded two papers from the search “SCD AND sports/exercise” because data from SCD cases could not be differentiated from those from cases surviving from sudden cardiac arrests (n = 1) and because the same research group had published another selected paper with a bigger sample size which included the excluded paper (n = 1). At this point of the PRISMA flowchart, some other studies were excluded for quantitative analyses because relevant numerical data were missing but nonetheless were considered suitable for full-text qualitative synthesis and structured in descriptive Tables dealing with preclinical models on ACM and exercise (n = 9) and “ARVC AND sports/exercise” (n = 7). The final quantitative synthesis to analyze the global prevalence of the different causes of sports-related SCD and the quantitative synthesis to estimate the life-threatening arrhythmic events (LAEs) in ACM athletes were performed as follows. Proportions for each diagnosis as the cause of death in sports-related SCD series were extracted from each of the 10 selected studies, and their 95% confidence intervals (CIs) were calculated. Annual LAE rates of ACM athletes were calculated for each of the eight selected studies, and CIs were calculated by using the Poisson distribution. Standardized (5-year) rates of LAE were presented in forest plot graphs, and odds ratio calculations were obtained with a meta-analysis dedicated software [Review Manager (RevMan) 5.4. Copenhagen: The Nordic Cochrane Center, The Cochrane Collaboration, 2020]. Three main sections were prepared, namely, observational studies regarding ACM in sports-triggered sudden cardiac death, preclinical ACM models, and exercise and clinical series analyzing the effect of exercise on ACM. Finally, an additional fourth section supporting the possibility of strenuous exercise as stand-alone cause of ACM was added to the present manuscript.
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FIGURE 2. PRISMA flowchart for the identification of papers to obtained pooled data on the causes of sports-related sudden cardiac deaths and on the estimates of life-threatening arrhythmic events in ACM patients engaged in sports. SCD, sudden cardiac death; ARVC, arrhythmogenic cardiomyopathy.




OBSERVATIONAL STUDIES: ACM IN SPORTS-TRIGGERED SUDDEN CARDIAC DEATH

The causes underlying a heart arrest or an SCD of someone practicing sports have focused the attention of researchers. Published papers have tried to shed some light on the causes of sports-related SCD from a wide range of settings and based on a variable percentage of forensic studies. They have underlined that ACM represents a not negligible cause of death in this scenario, accounting for roughly 0–28% of the autopsied cases (20–29). The fact that in non-autopsy-based studies ACM is sometimes not even mentioned highlights the difficulties in getting a firm diagnosis when cardiac pathology is missing, as it often happens both in SCD and in sudden cardiac arrest reports (29, 30). Moreover, the pathological overlap of ACM, myocarditis, and idiopathic left ventricular fibrosis allows to speculate that some of the cases with those diagnoses should further increase the real percentage of ACM as the cause of death in case a molecular autopsy confirmed this hypothesis. Supplementary Table 1 summarizes the main papers reporting the cause of death in sports-related SCD series. As expected, the percentage of SCD attributable to coronary artery disease (CAD) increases paralleling the age of the recruited victims, with a maximal prevalence (63%) in the Spanish study by Morentin et al. (n = 288) which also reported male predominance and the highest mean age (44 ± 14 years old) of the reviewed series (28). For unknown reasons, even though Spain is considered a country with low prevalence of CAD, its 63% CAD prevalence (28) is double as much as that observed in the Danish series reported by Risgaard et al., with a similar age (41 ± 10 years old) and also with male predominance but with a remarkably smaller sample size (N = 44).

Pooled data obtained from papers in Supplementary Table 1 are shown in Figure 3 with the global estimates of the prevalence of CAD, hypertrophic cardiomyopathy, ACM, and sudden arrhythmic death syndrome in these series. Our data show that CAD and hypertrophic cardiomyopathy should be considered the leader causes of sports-related SCD, although in the youngest subsets of victims inherited cardiac conditions such as hypertrophic cardiomyopathy, ACM, and sudden arrhythmic death syndrome clearly prevail (20, 21, 24, 27). Right after CAD and hypertrophic cardiomyopathy, sudden arrhythmic death syndrome represents the third global cause of death in sports-related SCD. As cardiogenetic knowledge and resources continue to grow, more molecular autopsies will be hopefully performed and thus specifically ascribe these deaths to certain syndromes such as long QT syndrome, Brugada syndrome, and catecholaminergic polymorphic ventricular tachycardia. Taking into account the prevalence in general population of hypertrophic cardiomyopathy and ACM (1:500 vs. 1:5,000, respectively) and our global estimates for them in sports-related SCD series (roughly 20 and 10%, respectively), another important remark is that the risk for developing a sports-related SCD in ACM patients is five-fold that of patients with hypertrophic cardiomyopathy. In keeping with these data, in 72% of 66 ACM cases recruited after a sudden cardiac death or a sudden cardiac arrest, events occurred on exertion (31). Although the genetic background of the geographical area in which the studies were performed and the implementation of pre-participation screening may have influenced the final outcomes, it appears clear that ACM is overrepresented in sports-triggered sudden cardiac death.
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FIGURE 3. Forest plot showing pooled data of the causes of sports-triggered sudden cardiac death in different series referenced in the text. At the bottom, total estimates are provided for each diagnosis. SCD, sudden cardiac death; CAD, coronary artery disease; SADS, sudden arrhythmic death syndrome; HCM, hypertrophic cardiomyopathy; ACM, arrhythmogenic cardiomyopathy. *The causes of death can be only retrieved form the 41 cases of sports-related sudden death cases with autopsy.




PRECLINICAL ACM MODELS AND EXERCISE

Animal models provide a useful setting to test hypotheses that cannot easily be tested in in vitro cultures, such as the global effect of exercise in an organism in terms of development of both arrhythmic and structural burden. Table 3 updates the major findings of the effect of exercise in several animal models of ACM. Additionally, a paper based on cell cultures assuming stress shear as a subrogate of exercise has been incorporated.


Table 3. Pre-clinical ACM models to test the effect of exercise on the phenotype.

[image: Table 3]

In summary, trained heterozygous transgenic mice suffered adverse cardiac remodeling. All in all, experiments with plakoglobin, plakophillin-2, and desmoplakin transgenic animals revealed a pro-arrhythmic remodeling with an impaired cardiac electrical conduction and an altered expression of Ca2+-handling-related proteins, with controversial results with respect to development of structural abnormalities in this scenario, as summarized in Table 3. The great differences in the selected genetic background, the study protocols, and their endpoints foreclose precise comparisons between these studies and/or data processing to obtain pooled data with meta-analysis strategies. Slowed conduction was probably the consequence of the C×43 dyslocalization and reduced sodium current (33, 36) and the substrate for ventricular arrhythmias and increased inducibility (32–34, 39). Additionally, exercise-triggered development of fibrosis, apoptosis, chamber enlargement, and systolic dysfunction was reported by some authors (32, 33, 36–38) but not by others (39). Interestingly, pretreatment with preload-reducing therapy (furosemide and nitrates) softened the ACM phenotype after exercise, in terms of both structural and electrical abnormalities (33). Moreover, similar results to these were observed with intervention to downregulate the canonical Wnt pathway by inhibiting GSK3b with SB216763, either in sedentary and exercised mutant mice (38) or in cell cultures exposed to shear stress (35). Thus, in keeping with the current pathophysiology of ACM, down-expression of the Wnt pathway does play a key role in ACM development under exercise and wall stress conditions, which challenges the desmosome integrity and the electrical stability. In contrast, only one paper supported a somehow beneficial effect of exercise on ACM. Indeed, it showed a restoration of the abnormal baseline expression pattern in the left ventricular myocardium of DSP-mutant mice upon exercise, so that it reduced myocardial apoptosis and induced eccentric cardiac hypertrophy without affecting cardiac function or arrhythmia susceptibility (40) with a similar protocol to that used in another study also on DSP-mutant mice which yielded opposite results (37). Maybe the slight differences in the age of the animals, the details of the exercise treadmill protocol, or the different DSP mutations (deletion vs. missense) could account for part of these discrepancies which, anyhow, lay out of the scope of this review and could be clarified with future studies assessing this issue.



CLINICAL SERIES ANALYZING THE EFFECT OF EXERCISE ON ACM

In line with the previous sections of this manuscript regarding the causes of sports-associated SCD and the results on exercised ACM animal models, also clinicians have gathered a valuable piece of evidence by analyzing clinical series of ACM patients engaged in sports. Shown in Supplementary Table 2 is a list of observational studies which have reported outcomes in clinical series.

Taken all together, a definite deleterious effect of exercise on the structural and the arrhythmic phenotype of ACM has been proved. Some studies focus their interest on sports training defined in terms of intensity and duration (either competitive or recreational), but others broaden the analysis to physical activity in general. Some interesting series have helped to define the specific risk of physical activity in mutation carriers not exhibiting an overt ACM phenotype, concluding that exercise also promotes disease progression in this scenario (41, 42). Others have assessed the effect of exercise restriction to find out an improvement in outcomes (43, 44) regardless of the previous level of training (45). Although more exercise causes more electrical and/or structural progression (41, 43, 46–48), the intensity rather than the duration of the exercise performed seems to play a more determinant role. Indeed, intensity rather than duration is strongly linked to adverse prognosis (49, 50) and, furthermore, its reduction more effectively improves the arrhythmic burden (44). Also in the scenario of ACM patients with ablation for ventricular tachycardia, exercise activity was an independent risk factor for future LAEs (51, 52). Aiming to give a quantitative recommendation to patients, several authors suggested that <2.5 h per week and <6 METS both in probands and relatives (50) or <650 MET-Hr/years (metabolic equivalent hours obtained from multiplying METs by duration) in relatives (49) could be safe and healthy. Accordingly, a precise recommendation has been introduced in current guidelines (Table 2). From an ambiguous qualitative perspective, one paper highlighted that recreational but not competitive sports may be safe in ACM patients since their practice does not aggravate prognosis in comparison to inactive patients (53). However, reports on LAEs triggered by recreational sports in ACM patients (54) and the wide range of the intensity of recreational sports hamper the extrapolation of this result to everyday practice so that sports quantification in terms of intensity and duration is preferred over a recreational vs. competitive sports classification. Finally, the hypothesis of the interaction of environmental and genetic factors on the final ACM phenotype remarkably gathers strength in this scenario. Indeed, the more weight of the environment (sports), the least influence of genetics and, vice versa; highly lethal mutations entail such a poor prognosis that there is little room left for environmental influence on the final phenotype. Thus, patients with a negative genetic result appear to have the greatest influence of sports on their structural and electric ACM phenotype (42), whereas in carriers of the dangerous TMEM43 S358L mutation, the impact of exercise on prognosis fades out by increasing the threshold up to 9 MET-Hr/day (3,285 MET-Hr/year) in order to find significant differences in LAEs (55).

Suitable papers from Supplementary Table 2 were further processed to integrate all those series in a meta-analysis with stronger evidence. First, we acknowledge certain limitations in data collection derived from the great differences observed in the design of the studies. There were also differences in assessing the sport performed, sometimes before recruitment, others before and after, and occasionally only the sport performed after enrollment was used to classify patients. As observed in Figure 4, our pooled data confirm that ACM patients engaged in high-intensity sports activities have a significant two-fold increase in the risk of developing LAE when compared to ACM patients who report lower physical activity habits (OR 2.1, 95% CI 1.43–3.8). Unfortunately, we have not been able to compare the age of the LAEs in both groups, but, as observed in some of the reviewed papers, it was significantly younger in the sports-engaged ACM patients. Our meta-analysis approach to evaluate the risk of LAE in ACM patients depending on their sports practice is brand new and provides strong and compelling evidence to reassure the need of sports restriction in this scenario. Furthermore, our systematic review of all these papers has allowed us to highlight that the vast majority of patients exhibited a classical phenotype (definite Task Force Criteria 2010), that the representation of patients harboring non-PKP2 mutations was really small, and that the percentage of patients with left ventricular involvement remains widely unknown. Thus, clinicians should be aware that little evidence now support any exercise recommendation out of the clinical profile of the papers herein reviewed.
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FIGURE 4. Forest plot represents standardized (5-year) rate of life-threatening arrhythmic events (LAE) and 95% CI from eight selected studies referenced in the text. Odds ratios for intense vs. non-intense exercise were calculated per study. Pooled data represented in the bottom black diamond (Review Manager 5.4). Bottom table summarizes relevant extracted demographic and clinical data from the eight selected articles. N, number; Y, years; FU, follow-up; TFC2010, Definite Task Force Criteria for arrhythmogenic right ventricular cardiomyopathy; ALVC, arrhythmogenic left ventricular cardiomyopathy; ∧VT ablation series, ∧∧ICD series, primary prophylaxis. Sports class: sports classification depending on physical activity before (B)/after (A) recruitment. &Data referred to the total sample size referred at the second column, even though some patients may not have had genetic studies performed and, if done, others may not have mutation identified. *Figure approximated from the data given in the paper. #All carriers of the mutation TMEM43 S358L. NA, not available.




STRENUOUS EXERCISE AS STAND-ALONE CAUSE OF ACM

Strenuous exercise may induce cardiac adaptation in the so-called athlete heart. Further maladaptive remodeling may lead to develop features resembling ACM at one or both ventricles.

Endurance athletes are exposed to myocardial damage as a direct consequence of their high-level training with a subsequent rise in blood BNP, CK-MB, troponin-T, and troponin-I (56). Additionally, athletes exhibit an increased risk of right ventricular remodeling and ventricular arrhythmias typically arising from the right ventricle, yielding a variable percentage of individuals fulfilling ACM Task Force Criteria 2010, up to 59% definite and 30% borderline/possible by some authors (57) or 57% borderline/possible in other series (58). However, these athletes have been proved to have a lower than expected rate of mutation-positive studies (13% in athletes vs. 50% reported in papers concerning ACM in general) (59). Thus, the so-called exercise-induced ACM was proposed to explain the occasional development of a phenotype identical to classical ACM in endurance athletes (mostly cyclists) (56), sometimes with subepicardial right ventricular outflow tract scar as substrate for fast ventricular tachycardia (60), which was then reproduced in a mouse model (61). The incidence of such a cardiac behavior is rare, around 1/1,000 at risk individuals but suspected to be as high as 1/100 in top elite athletes (56). Remarkably, the continuum between sports-triggered right ventricular remodeling and an ACM phenotype, the low incidence of exercise-induced ACM, and the limitation of the yield of the genetic studies (see introduction) preclude an accurate definition of the outcomes of this entity. Thus, current guidelines on sports recommendations (11) do not make any distinction between genetic and suspected exercise-induced ACM in terms of exercise restriction once an overt ACM phenotype is present. Among the clinical series reviewed on the topic “ACM and sports/exercise,” two of them specifically focused on outcomes in gene elusive individuals (41, 46). As previously commented, this group might include both genetic ACM with negative genetic results and sports-induced ACM. Supplementary Table 2 includes a brief summary of these papers showing that, in comparison to gene-positive individuals, gene-negative patients need to train harder to develop the ACM phenotype (41) and that sports restriction reduced ventricular arrhythmias in them more often than in gene-positive patients (46).

Finally, also the left ventricle can suffer some sort of exercise-triggered damage identified as non-ischemic subepicardial scars mimicking those observed in left dominant ACM patients, healed myocarditis, or even Fabry disease. Indeed, myocardial fibrosis detected by late gadolinium enhancement resonance imaging has been reported to occur in up to 50% of asymptomatic athletes and veteran triathletes, mostly at meso/epicardial inferolateral left ventricular walls, mostly in men, and associated with higher blood pressure, myocardial mass, and longer cumulative distances (62–65). A cycling race distance of >1,880 km completed during competition had the highest accuracy to predict late gadolinium enhancement (63). On the contrary, other clinical series did not find any late gadolinium enhancement in endurance athletes (58) so that the real prevalence of this feature unfortunately remains widely unknown.



CONCLUSIONS

Arrhythmogenic cardiomyopathy accounts for roughly 10% of all sports-related SCDs which implies a five-fold risk of suffering an SCD in comparison to that of patients with hypertrophic cardiomyopathy based on sports-related SCD series. The young age of the athletes and certain specific geographical regions may profoundly increase these estimates. Despite the beneficial effect of exercise in general population, physical activity promotes the onset and aggravates the structural and electrical features of ACM both in preclinical models and in clinical series. The very few exceptions of papers reporting conflicting results may account for differences in the design of the studies. Our pooled data based on previously published studies confirm that high-intensity sport is associated with a two-fold increase in the risk of LAE. The promising preclinical data which support a beneficial effect of drug intervention to lower preload may open avenues in the future to partially mitigate the negative impact of sports on ACM patients who, despite international recommendations, decide to maintain their high-intensity physical activities. Already reported evidence shows that the intensity rather than duration of exercise is responsible for this negative effect. Moreover, sports restriction seems to partially improve the phenotype but does not completely blur the risk of structural progression and arrhythmic events in previously trained athletes, so that the decision to implant an ICD should remain independent of their degree of sport engagement. Physical exercise at <6 METS and <2.5 h (150 min) per week could be safe for both ACM patients and mutation carriers.

Remarkably, the knowledge herein reviewed suffer from some challenging limitations (knowledge and gaps are showed in Figure 5).
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FIGURE 5. Central figure. The progression of a structurally normal heart harboring a mutation or without any genetic hit to an ACM phenotype involving just the right ventricle (A), both ventricles (B) or the left ventricle in isolation (C). (A–C) Were obtained at autopsies of patients with ACM and sports-triggered sudden cardiac death. Different factors may modulate this transition yielding structural and arrhythmic features through the Wnt pathway dysregulation (as presented in Table 3). The rate of patients fulfilling TFC 2010 and the specific mutated genes underlying may widely differ among ACM phenotypes A–C. The most important genotype–phenotype associations based on the authors clinical and forensic experience are shown at the bottom of this figure (further information on this topic is provided in Table 1). *Only applicable to low risk patients with no history of cardiac arrest/ventricular arrhythmias, unexplained syncope, minimal structural cardiac abnormalities, <500 PVCs/24 h, and no evidence of exercise-induced complex ventricular arrhythmias (11). ACM, arrhythmogenic cardiomyopathy; ESC, European Society of Cardiology; G, genotype; P, phenotype; TFC, Task Force Criteria 2010; LV, left ventricular; RV, right ventricular; PKP2, plakophillin-2; DSP, desmoplakin; DSG2, desmoglein-2; DES, desmin; TMEM43, transmembrane protein 43; FLNC, filamin C; PVCs, premature ventricular complexes.


First, evidence has been gathered in preclinical and clinical series with classical ACM phenotypes often requiring a definite Task Force Criteria 2010 at recruitment and with a high percentage of plakophillin-2 mutations. The clinical characterization of left ventricular involvement was incomplete in most of the available papers and the presence of mutations in genes typically associated with left ventricular phenotype is rare (Supplementary Table 2). Therefore, the global effect of physical activity and the threshold for a safe exercise recommendation in left ventricular ACM and in carriers of non-plakophillin-2 mutations (such as desmoplakin or desmin) have not been yet specifically addressed.

Second, although it has been suggested that strength exercise (predominantly static) might be safer for ACM patients than sports with a high dynamic demand, it has not been specifically studied and proved so far. Sports with a low dynamic and static component include bowling, cricket, curling, golf, riflery, and yoga.

Furthermore, to what extent endurance exercise may induce a right ventricular or left ventricular ACM phenotypes itself or if some sort of genetic background needs to be present remains unknown.

Future research endeavors may hopefully fill in these gaps soon (Figure 2). Personalized medicine will probably take into account a wide range of genetic, epigenetic, and epidemiological variables, to accurately assist clinicians willing to recommend a safe exercise-practice to ACM patients.
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Layer-Specific Global Longitudinal Strain Predicts Arrhythmic Risk in Arrhythmogenic Cardiomyopathy
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Background: Arrhythmogenic cardiomyopathy (AC) is a life-threatening disease which predispose to malignant arrhythmias and sudden cardiac death (SCD) in the early stages of the disease. Risk stratification relies on the electrical, genetic, and imaging data. Our study aimed to investigate how myocardial deformation parameters may identify the subjects at risk of known predictors of major ventricular arrhythmias.

Methods: A cohort of 45 subjects with definite or borderline diagnosis of AC was characterized using the advanced transthoracic echocardiography (TTE) and cardiac magnetic resonance (CMR) and divided into the groups according to the potential arrhythmic risk markers, such as non-sustained ventricular tachycardia (NSVT), late gadolinium enhancement (LGE), and genetic status. Layer-specific global longitudinal strain (GLS) by TTE 2D speckle tracking was compared in patients with and without these arrhythmic risk markers.

Results: In this study, 23 (51.1%) patients were men with mean age of 43 ± 16 years. Next-generation sequencing identified a potential pathogenic mutation in 39 (86.7%) patients. Thirty-nine patients presented LGE (73.3%), mostly located at the subepicardial-to-mesocardial layers. A layer-specific-GLS analysis showed worse GLS values at the epicardial and mesocardial layers in the subjects with NSVT and LGE. The epicardial GLS values of −15.4 and −16.1% were the best cut-off values for identifying the individuals with NSVT and LGE, respectively, regardless of left ventricular ejection fraction (LVEF).

Conclusions: The layer-specific GLS assessment identified the subjects with high-risk arrhythmic features in AC, such as NSVT and LGE. An epicardial GLS may emerge as a potential instrument for detecting the subjects at risk of SCD in AC.

Keywords: sudden cardiac death (SCD), late gadolinium enhanced, non-sustained ventricular tachycardia, arrhythmogenic cardiomyopathy (ACM), global longitudinal strain


INTRODUCTION

Arrhythmogenic cardiomyopathy (AC) is a genetically determined myocardial disease characterized by the progressive fibro-fatty myocardial replacement leading to heart failure and life-threatening arrhythmias in the early stages of the disease (1). It is a clinically heterogeneous disease due to its incomplete penetrance and variable expression. Therefore, there is no single gold standard for the diagnosis of AC and the diagnostic process is considered challenging. The diagnosis of AC is currently made on the consensus based revised 2010 Task Force criteria (TFC) (2), and updated in 2019 with the Padua criteria for left sided forms (3). The imaging criteria underlines the importance of cardiac imaging in AC with a great influence of cardiac magnetic resonance imaging (CMR). The detection of a regional wall motion abnormality is required to score a major or minor criterion regardless of the outflow tract dilatation or systolic dysfunction. Moreover, the presence and location of late gadolinium enhancement (LGE) on CMR are reported as the predictive markers of ventricular arrhythmias and sudden cardiac death (SCD) (4, 5).

Through the post-mortem studies, it is established that fibrofatty replacement begins at the epicardium level with progressive extension to mesocardial layers (6). This fibrofatty involvement can be assessed non-invasively by using CMR through the LGE sequences allowing not only detection of scars, but also evaluate the location, extension, and distribution, which helps arrhythmic risk stratification and facilitates the selection of susceptible individuals at risk of developing malignant events (7).

Despite the CMR advances, an echocardiography remains a non-invasive, relatively inexpensive, widely available first-line diagnostic tool. The recent developments in echocardiography, as tissue imaging deformation (TID) mainly assessed by the speckle-tracking technology, may increase the performance of conventional echocardiography. Ejection fraction (EF) is a well-known classic echocardiographic parameter which describes the capacity of the ventricle to oust a determined volume, which is a global systolic parameter and usually remains preserved when either the few segments are affected or at early stages of the disease (8). However, TID allows the regional wall performance analysis and detecting incipient pathological changes when the traditional echocardiography measures (i.e., volumes and EF) are still normal. Myocardial strain has proved as a wide clinical utility throughout numerous cardiovascular areas: cardio-oncology, ischemic cardiomyopathy, valvular heart disease, and several non-ischemic cardiomyopathies, such as amyloidosis (9–12). The TID usefulness remains not only on its capability to detect the subclinical damage, but also to guide the medical and interventional treatment as well as to stratify the short- and long-term prognosis (13–15). Furthermore, the growing TID evidence has emerged in AC, demonstrating the diagnostic and prognostic value which may guide decision-making for arrhythmic primary prevention (16, 17).

Since arrhythmic events and SCD may occur in the absence of a definite diagnosis, there is a need to identify new tools to facilitate the earliest diagnosis and risk stratification. Some authors have attempted to assess the value of speckle-tracking strain in the early diagnosis and disease progression of AC (18). However, there is lack of information on the arrhythmic prognostic value of speckle-tracking strain. This study aimed to evaluate the association of TID with the major SCD risk factors as non-sustained ventricular arrhythmia, fibrous scar on CMR, or genetic background.



METHODS


Study Population and Clinical Evaluation

We retrospectively recruited 45 subjects with definite or borderline diagnosis of AC, based on 2010 TFC, who underwent transthoracic echocardiography and CMR (2). The patients were evaluated between 2007 and 2020 at the Inherited Cardiomyopathies Unit of two tertiary hospitals. The study was approved by the Institutional Review Board and the Local Ethics Committee, and all the participants signed the informed consent. We excluded all the patients with permanent pacemaker pacing, ischemic heart disease, more than mild valvular involvement (stenosis/regurgitation), and poorly controlled hypertension.

The clinical assessment comprised exhaustive evaluation of medical history, family history of SCD or cardiomyopathy, 12-lead electrocardiogram, basic laboratory test, and genetic testing. In addition, 24-h Holter monitoring, echocardiography, and CMR were obtained within 6 months for each patient. We thoroughly assessed the medical history for arrhythmic events: (a) non-sustained ventricular (NSVT) tachycardia defined as ≥3 consecutive premature complexes with a heart rate of >120 beats/min lasting <30 s, and (b) a composite of (1) ventricular tachycardia/ventricular fibrillation (VT/VF) defined as the presence of a ventricular rhythm at a rate >120 beats/min that lasts longer than 30 s, (2) the incidence aborted cardiac arrest due to VF which is reversed by the successful resuscitation maneuvers, and (3) the incidence of an appropriate implantable cardioverter-defibrillator (ICD) shock when they occurred in response to VT or VF.

The peripheral blood samples for the genetic analysis were obtained from the probands or the deceased index case, as applicable. A next-generation sequencing (NGS) gene panel containing 21 genes (previously associated with the development of arrhythmogenic cardiomyopathy) was applied (Supplementary Material). The pathogenicity of the identified variants was classified according to the current guidelines of the American College of Medical Genetics and Genomics (ACMG) (19). After a potential disease-causing variant was identified in the index patient, the genetic and clinical cascade were conducted. The subjects were classified according to the genetic test results as the desmosomal mutations carriers, non-desmosomal carriers, and negative/unknown mutations carriers.



Cardiovascular Imaging Analysis

The echocardiography and CMR imaging acquisition, interpretation and analysis were performed by the two experienced, independent, and blinded imaging specialists. The acquisition protocols and post-processing are described in the Supplementary Material.


Echocardiography

Transthoracic echocardiography acquisition was performed using Vivid 9 system (GE® Healthcare, Hørten, Norway). The size of chamber, quantifications, and severity partition cut-offs of left ventricular (LV) dysfunction were measured according to the current guidelines (20). We used an 18-segment model to analyze the regional wall motion abnormalities (RWMA) and deformation assessment. The images were acquired at 65 frames per second and processed offline using Echo-PAC software GE® (GE®, Hørten, Norway).

The strain analyses were performed using a dedicated software (EchoPac strain package for analysis, GE® Healthcare, Hørten, Norway), tracing endocardial border, and adjusting region of interest avoiding pericardium. We obtained the global longitudinal strain (GLS) by using a 2D speckle-tracking method (21). We evaluated: layer-specific GLS, regional longitudinal strain, and mechanical dispersion from the analysis of the SD (MDSD) and range between maximum and minimum time value (MDdelta) of the time to reach peak negative strain. The GLS-specific and mechanical dispersion values were analyzed according to the references values (22–24). We calculated the ratio of endocardial GLS to epicardial GLS (Endo-Epi GLS ratio) using the endocardial GLS/epicardial GLS for the assessment of the strain gradient, as previously described (23). Twenty patients were randomly selected for analyzing interobserver variability by another observer blinded to the results of the first reader, assessing the GLS at each myocardial layer (GLSepi, GLSmeso, and GLSendo).



CMR Study

All the patients underwent a CMR evaluation. The LV and right ventricular (RV) function were categorized according to the current guidelines (25). We considered the presence of LV involvement when any of the following conditions were present: LV RWMA, LV wall thinning, left ventricular ejection fraction (LVEF) <50%, or LGE with non-ischemic pattern. On the other hand, right ventricular (RV) involvement was considered according to TFC (2). The LGE sequences were qualitatively assessed (presence, location, and layer-distribution) according to an 18-segment model.

Finally, the patients were classified on the basis of RV and/or LV involvement as follows: lone RV (isolated RV involvement), biventricular, LV dominant (isolated LV involvement), and negative CMR (absence of any CMR signs).




Statistical Analysis

The qualitative variables were described using the absolute frequencies and percentages. The continuous variables were expressed as mean and SD, or median, when applicable. The normality of the data was tested with Shapiro–Wilk test.

A comparative analysis between the groups was performed using Pearson's chi-square test or Fisher's exact test for the qualitative variables. Intergroup comparisons for the quantitative variables were made using Student's t-test or Mann–Whitney U-test when indicated. For quantitative comparison among the three groups, an ANOVA test or Kruskal–Wallis were performed. Interobserver variability was evaluated using the intraclass correlation coefficient (ICC) for layer-specific GLS analysis. The receiver operating characteristics (ROC) curves were used to define the GLS cut-offs able to predict the NSVT and LGE. A value p < 0.05 was considered statistically significant. The data were processed using the SPSS Statistics 25 software (IBM®, Armonk, NY, USA).




RESULTS

The baseline clinical characteristics are summarized in Table 1. We included 37 Caucasian patients with a definite and eight patients with a borderline diagnosis of AC (mean age 43 ± 16 years and 51% were men), belonging to the 19 families, who had previously undergone a TTE and CMR. Overall, a high prevalence of family history of SCD was found (39; 86.7%). Twenty-four patients (53.3%) had cardiac symptoms at first evaluation, mainly dyspnea (10; 22.2%) and palpitations (7; 15.6%). The asymptomatic patients were diagnosed primarily by family cascade screening. In 37 patients, we found a pathogenic or likely a pathogenic variant (Figure 1 and Supplementary Table 1). During 24 h Holter monitoring or 12-lead ECG, we identified 16 patients (35.5%) presenting NSVT. The incidence of NSVT was not significantly associated with LVEF (51.9 ± 8.3 vs. 47.7 ± 10.7%; p = 0.15) or indexed LV end-diastolic volumes (55.5 ± 15 vs. 58.8 ± 17 ml/m2; p = 0.497).


Table 1. The baseline characteristics.
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FIGURE 1. The genetic test results. DSP, desmoplakin; DES, desmin; DSG-2, desmoglein-2; PKP-2, plakophilin; FLNC, filamin C; LMNA, lamin A/C; TMEM43, transmembrane protein 43.


Twelve patients (26.6%) had experienced the composite outcome of VT/VF with five individuals receiving an appropriate ICD shock.

An echocardiographic analysis revealed that nearly half of the patients (23; 51.1%) showed an impaired LVEF (mean 42.9 ± 5.9%), with 69.6% of the patients presenting with mildly reduced, 26.1% moderately reduced, and 4.3% severely reduced LVEF. In addition, majority of the patients had no RV systolic dysfunction [mean tricuspid annular plane systolic excursion (TAPSE) 20.1 ± 4 mm]. Overall, the structural evaluation showed a normal LV end-diastolic volume (LVEDV 104.9 ± 28.9 ml and indexed LVEDV 56.7 ± 15.6 ml/m2). Moreover, 31 patients presented regional RWMA at evaluation, mainly located at basal (23; 51.1%) and mid inferolateral (24; 53.3%) segments and mid lateral segments (23; 51.1%). In all the individuals, it was feasible to evaluate regional and GLS according to each myocardial layer. The GLS analysis results are shown in Supplementary Table 2. The mechanical dispersion parameters were MDSD 51.3 ± 18 ms and MDdelta 174.2 ± 61.5 ms, being higher values than the normal ranges in the healthy population (24).

Regarding the AC appearance on CMR, a nearly exclusive LV involvement was the most frequent AC phenotype (42.2%), with 15 (33.3%) presenting a biventricular (BV) affection, and 5 (11.1%) a predominant RV involvement. The LV and RV ejection fraction (RVEF) distributions are displayed at Supplementary Figures 1, 2. The mean LVEF and RVEF values were 51.7 ± 10.2 and 50.9 ± 10.1%, respectively. With respect to LGE, 33 (73.3%) patients presented LGE with non-ischemic pattern. Distribution of LGE was identified as biventricular in 18 patients (54.5%), lone LV in 10 subjects (30.3%), and lone RV in five cases (15.2%). LV-LGE was predominantly located at the subepicardial-to-mesocardial layer (n = 27; 96.4%) and only one patient had focal patchy transmural LGE at the interventricular septum. None of the patients had subendocardial LGE involvement. In addition, LV-LGE was predominantly located at the lateral/inferolateral wall in 27 individuals (96.4%), with an extended circumferential pattern in 19 (70.37%) of these patients.

Among the patients who experienced VT/VF during follow-up, the BV phenotype was the most frequently encountered (7, 58.3%), followed by the exclusive RV (3, 25%) and LV phenotype (1, 8.3%).


GLS and Major Arrhythmic Events

The layer-specific GLS comparing the patients with and without previous VT/VF [VT/VF (+) vs. VT/VF (–)] showed in the epicardial GLS values differences (−14.4 ± 2.2 vs. −16.1 ± 3.1%; p = 0.09), with no differences at either mesocardial or endocardial GLS analysis.



Strain Association With Arrhythmic Risk Markers


GLS and NSVT

The comparative regional and GLS analysis according to myocardial layer between the patients with history of NSVT [NSVT(+)] and without NSVT [NSVT(–)] is shown in Figure 2. The LV layer-specific GLS analysis showed poorer LV-GLS values in the NSVT(+) group at the mesocardial and epicardial layers. However, no significant differences were found between the groups when comparing GLS at the endocardial myocardial layer. Similarly, the mechanical dispersion parameters were not different in both the groups [MDSD: NSVT (+) 53.6 ± 15.6 ms vs. NSVT (–) 50 ± 19.3 ms; p = 0.434 and MDdelta: NSVT (+) 185.6 ± 66.8 ms vs. NSVT (–) 167.9 ± 58.6 ms; p = 0.448].


[image: Figure 2]
FIGURE 2. The comparative global and regional layer-specific GLS analysis global between the NVST (+) and NSVT (–) groups represented in the left ventricular (LV) 18-segment models according to each myocardial layer. White areas remark significant differences in regional longitudinal strain between the groups. GLS, global longitudinal strain; NSVT, non-sustained ventricular tachycardia.


Furthermore, the regional longitudinal strain at the inferoseptal and inferior basal-to-mid segments were consistently impaired within all the myocardial layers in the NSVT (+) group when compared with the NSVT (–) group. In addition, the Endo-Epi GLS ratio showed a tendency to the lower values in the NSVT (+) group (1.2 ± 0.1 vs. 1.3 ± 0.1; p = 0.06).

In Figure 3, the ROC curves analysis of the layer GLS analysis to predict the presence of NSVT is represented. The best area under the curve (AUC) was 0.739 (95% CI 0.585–0.893) for GLSepi with the best cut-off value −15.41%, giving a sensitivity of 75% and specificity of 72.4%.


[image: Figure 3]
FIGURE 3. The receiver operating characteristics (ROC) curve analysis of layer-specific GLS to predict NSVT. GLS, global longitudinal strain; NSVT, non-sustained ventricular tachycardia.




GLS and LGE

The comparative analysis between the layer-specific GLS and LGE presence (LGE+ vs. LGE–) is exposed at Figure 4. We found significant differences in GLS according to the LGE presence, specifically at the mesocardial and the epicardial layers. Conversely, there were no significant alterations in the endocardial layer GLS between the groups of patients with and without LGE. In addition, the Endo-Epi GLS ratio was lower in the LGE (+) group (1.3 ± 0.1 vs. 1.2 ± 0.06; p = 0.035).


[image: Figure 4]
FIGURE 4. The comparative global and regional layer-specific GLS analysis global between the LGE (+) and LGE (–) groups represented in the LV 18-segment models according to each myocardial layer. White areas remark significant differences in regional longitudinal strain between the groups. GLS, global longitudinal strain; LGE, late gadolinium enhancement.


As observed in the NSVT (+) group, the patients presenting LGE showed worse GLS values in the inferior and inferoseptal segments throughout all the myocardial layers. However, no significant differences were found on the mechanical dispersion parameters [MDdelta: LGE (+) 52.2 ± 16.3 ms vs. LGE (–) 48.7 ± 22.7 ms; p = 0.57 and MDdelta: LGE (+) 176.3 ± 57.1 ms vs. LGE (–) 168.5 ± 74.9 ms p = 0.36].

Figure 5 depicts the ROC curves analysis of the layer GLS analysis to predict the presence of LGE. The best AUC was 0.75 (95% CI 0.0.57–0.9) for GLSepi with the best cut-off value −16.1%, giving a sensitivity of 72.7% and specificity of 75%.


[image: Figure 5]
FIGURE 5. The ROC curve analysis of layer-specific GLS to predict the presence of LGE. GLS, global longitudinal strain; LGE, Late gadolinium enhancement.




GLS and Genetics

We did not find significant differences in the GLS, dispersion parameters, or regional longitudinal strain analysis between the different genetic background (Supplementary Tables 3–5). Likewise, no significant differences were detected regarding the mechanical dispersion parameters (MDSD: desmosomal 52.2 ± 14.6 ms vs. non-desmosomal 50 ± 21.4 ms vs. unknown mutations 53.9 ± 11.6 ms; p = 0.89, MDdelta: desmosomal 165.9 ± 37 ms vs. non-desmosomal 170.2 ± 68.2 ms vs. unknown mutations 211 ± 78.4 ms; p = 0.41) or Endo-Epi GLS ratio (desmosomal 1.3 ± 0.1 vs. non-desmosomal 1.2 ± 0.1 vs. unknown mutations p = 0.17).



Interobserver Analysis

An interobserver analysis showed excellent agreement between the observers with ICC 0.93 (95% CI, 0.80–0.97) for GLSepi, 0.93 (95% CI, 0.83–0.97) for GLSmeso and 0.87 (95% CI, 0.72–0.95) for GLSendo.





DISCUSSION

Arrhythmic risk stratification in AC remains a matter of debate and can be challenging, particularly in the early stages of the disease. LVEF is a poor predictor with a remarkable incidence of SCD in the patients with preserved or mildly impaired systolic function, particularly in the certain genotypes, such as FLNC, LMNA, TMEM43, or DES (26–29). New stratification tools are needed, and advanced cardiac imaging is gaining relevance in this field. Our work is the first to correlate the LV regional layer-specific GLS analysis with the traditionally accepted arrhythmic risk factors of ventricular arrhythmias in AC, such as NSVT, LGE, or genetic status. Our results seem promising as we were able to detect, in a small cohort of the patients with AC, significant TID disturbances that were associated with the presence of classical SCD risk factors, such as the presence of LGE or NSVT.

In general, LVEF remains one of the cornerstones during the decision-making process to select the high-risk patients who may benefit from the ICD implantation for primary prevention (19, 20). However, the LVEF loses discriminative capability in the setting of AC, as ventricular arrhythmias (VAs) or SCD might happen during the so-called electrical phase in the subjects with no evident macroscopic structural changes and normal LVEF. Therefore, it is mandatory to detect more sensitive parameters capable of detecting the pathological changes in the vulnerable phase before LVEF impairment. The present study aimed to go beyond the LVEF and standard average GLS, performing a layer-specific analysis to detect the subjects with the stablished arrhythmic risk markers. Several studies have shown that greater GLS (more positive) and LV mechanical dispersion might be the markers of ventricular arrhythmias but to date have not been included in the solid predictive models (16).

Nonetheless, NSVT and LGE are the well-recognized risk factors for arrhythmic risk. NSVT is classically included in the prediction models algorithms for VAs in AC (30–33). More recently, the LGE has shown remarkable prognostic value in AC showing that LV involvement and LV dominant phenotype are the independent factors of major events (34). Hence, searching these elements during the patient evaluation is of upmost relevance. In this sense, our study has shown that especially epicardial GLS had a good association for detecting the subjects with NSVT or LGE, pointing the best cut-off at ~-16 to −15%. Adding epicardial GLS to the routinely echocardiographic assessment may increase the sensitive capability to detect the subjects potentially at risk of VAs and therefore, of SCD.

The previous studies have shown that LV dominant AC presents a typical subepicardial-to-mesocardial LGE distribution, with a specific distribution at the inferolateral and lateral walls with circumferential extension (ring-like patterns) (35). Majority of our cohort of patients had subepicardial-to-mesocardial LV-LGE distribution and only one subject had patchy mesocardial fibrosis located at the interventricular septum. A good correlation observed, not only between the LGE and impaired GLS, but also in the distribution of the segments, reinforcing the potential of speckle-tracking TTE as a useful tool to detect the individuals with early involvement and as an arrhythmic risk predictor.

It has been previously described that the endocardial GLS is higher than epicardial GLS in the normal subjects with a Endo-Epi GLS ratio of ~1.3 (36). This might be explained by the differences in wall stress (more stress in the endocardial fibers during diastole making them larger than epicardial fibers) or changes in coronary perfusion (37, 38). Nevertheless, this Endo-Epi GLS gradient is likely accentuated when the progressive fibrosis accumulation occurs in the epicardial layers which is the central pathophysiology of AC. Indeed, lateral LV epicardium is affected before endocardium in AC (18). In our cohort, only at the epicardial and mesocardial level, the differences were observed between the patients at higher and lower arrhythmic risk, as defined by the presence of arrhythmic risk markers.

Despite of the potential clinical usefulness of TID by speckle tracking, it is mandatory to always check the tracking results visually and defining a good region of interest tracing (excluding pericardium and blood pool). When performed by expertise personnel, GLS has shown higher accuracy than the conventional diagnostic echocardiographic parameters, providing both the higher sensitivity and specificity to detect AC (39, 40).

However, due to the small sample size of this study, assumption in the terms of prognosis needs to be evaluated in larger prospective studies, taking into account major events, such as ventricular fibrillation, sustained ventricular tachycardia, or sudden cardiac death. In this regard, the integrating parameters, such as family history, LGE, arrhythmic burden, and genetics and potentially, the layer-specific GLS, such as epicardial GLS may increase the predictive capability to select the high-risk individuals who may benefit for the ICD implantation.



LIMITATIONS

These data should be interpreted with caution due to the small sample size. In addition, the retrospective and cross-sectional design nature of this study does not allow inferences in the terms of prognosis. Hence, the VT events were included only through either Holter monitoring or 12-lead ECG which may have lower yield when compared with the monitoring using an implanted cardiac device. Furthermore, we are aware of the inherent limitations in ejection fraction, GLS, and LGE interpretation. Definition of region of interest in the speckle-tracking analysis is of utmost importance as it requires accurate tracing to avoid pericardial inclusion which may cause differential bias (21). The values of longitudinal strain may vary depending on age, sex, and vendor specific software, so that these values may not be applicable in a different population. Since major arrhythmic events were not used as the primary endpoint because there were few in such relatively rare pathology, future prospective, larger, and multicenter studies are needed to evaluate the predictive capacity of GLS to detect individuals at risk of malignant arrhythmic events need to be confirmed in a prospective study.



CONCLUSION

The layer-specific GLS assessment identified the subjects with high-risk arrhythmic markers, such as NSVT and LGE presence. An epicardial GLS analysis showed the best of the ability for detecting the subjects with the arrhythmic risk factors. The larger prospective studies may correlate layer-specific GLS evaluation with the malignant arrhythmic events and its prognostic role.
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Arrhythmogenic cardiomyopathy (ACM) is a heritable heart muscle disease characterized by syncope, palpitations, ventricular arrhythmias and sudden cardiac death (SCD) especially in young individuals. It is estimated to affect 1:5,000 individuals in the general population, with >60% of patients bearing one or more mutations in genes coding for desmosomal proteins. Desmosomes are intercellular adhesion junctions, which in cardiac myocytes reside within the intercalated disks (IDs), the areas of mechanical and electrical cell-cell coupling. Histologically, ACM is characterized by fibrofatty replacement of cardiac myocytes predominantly in the right ventricular free wall though left ventricular and biventricular forms have also been described. The disease is characterized by age-related progression, vast phenotypic manifestation and incomplete penetrance, making proband diagnosis and risk stratification of family members particularly challenging. Key protein redistribution at the IDs may represent a specific diagnostic marker but its applicability is still limited by the need for a myocardial sample. Specific markers of ACM in surrogate tissues, such as the blood and the buccal epithelium, may represent a non-invasive, safe and inexpensive alternative for diagnosis and cascade screening. In this review, we shall cover the most relevant biomarkers so far reported and discuss their potential impact on the diagnosis, prognosis and management of ACM.

Keywords: arrhythmogenic cardiomyopathy, sudden cardiac death, desmosomes, intercalated disk, histopathology, protein markers, buccal cells, plasma auto-antibodies


INTRODUCTION


Demographics

Current experts in the field estimate that ACM affects 1:5,000 individuals in the general population although regional differences exist (1). SCD is often the first manifestation of ACM, and the diagnosis is missed at autopsy, particularly if this is not performed by an expert cardiac pathologist. The disease is also frequently missed clinically, owing to its vast phenotypic manifestation, age-related progression, incomplete penetrance and overlap with other disease entities (1). In a large cohort of ACM patients, the mean age at first evaluation was 36 ± 14 years with a median age of cardiac arrest of 25 years (1). Accounting for up to 20% of the cases, ACM is one of the leading causes of SCD in the young (2) and it is responsible between 4.7 and 27% of SCD in athletes (3–5). The incidence and severity of ACM is higher in men than in women (male/female ratio 2.7:1) (6–8). The pathophysiology behind this difference could be attributed to a direct effect of sex hormones on the disease phenotype or to differences in the amount and intensity of exercise between genders (9, 10).



Clinical Presentation, Progression, and Diagnosis

The most common clinical manifestations of ACM are syncope, palpitations and SCD caused by ventricular arrhythmias. In the natural history of the classical right ventricular (RV) disease, four different stages have been documented (11). In the first phase (so-called pre-clinical or concealed), patients are at risk of SCD, especially during strenuous exertion, even if structural abnormalities are very subtle or totally absent. The second phase is characterized by an overt electrical disorder with ECG abnormalities such as inverted T-waves and arrhythmias with left bundle branch block morphology. Structural abnormalities are discernible by conventional imaging but restricted to the RV. In the third phase, the extension of the disease through the RV results in isolated right heart failure. Localized involvement of the left ventricle (LV) may occur at this stage but the function of the left heart is still preserved. In the final phase, LV involvement leads to end-stage heart failure with biventricular involvement (11). It seems plausible that during the early stages of the disease, arrhythmias may arise entirely in the context of molecular and subcellular abnormalities. Conversely, at later stages, tissue scarring and fibrofatty replacement of healthy myocardium appears to be responsible for the generation of the arrhythmogenic substrate.

New cardiac imaging techniques and genotype-phenotype correlations identified patients with biventricular and left-dominant form of the disease (11, 12). The most common presentation of these forms are ventricular arrhythmias with right-bundle-branch-block morphology indicating a LV origin and ECG abnormalities such as low QSR voltages in the limb leads and negative T-waves in the lateral or inferolateral leads. LV systolic function is normal or mildly reduced with mild or no dilatation (13). In the left-dominant ACM structural remodeling is found earlier and predominantly in the LV affecting the posterolateral region of LV free wall and, less commonly, the septum (14). Structural remodeling of the LV is most likely responsible for the generation of the arrhythmogenic substrate. In fact, in a recent study, the presence of fat infiltration in the subepicardial posterolateral region of the LV determined by cardiac magnetic resonance supports the diagnosis of left-dominant form of the disease and rules out myocarditis, a known phenocopy of ACM (15).

ACM is a complex disease, and its phenotype is determined by the presence of abnormal electrical and structural substrates. Its diagnosis can be challenging and requires evidence of all structural, functional, and electrophysiological abnormalities. Accordingly, the International Task Force (ITF) criteria for the clinical diagnosis of ACM were proposed for the first time in 1994 (16) and updated in 2010 (17). These include major and minor criteria from six different categories including: repolarization/depolarization abnormalities, arrhythmias, morphological alterations, functional changes, histopathological changes, and family history/genetic findings. Definite ACM diagnosis requires fulfillment of two major criteria, one major and two minor criteria or four minor criteria from different categories. These criteria, however, were more tailored to recognizing the “classical,” RV form of the disease. To improve the diagnosis of left-sided phenotypes, a revision of the 2010 ITF criteria (18) and the introduction of new diagnostic criteria regarding tissue characterization and ventricular arrhythmia features have recently been suggested, resulting in a new set of criteria, The Padua Criteria (13).

Several diseases may mimic ACM making its diagnosis even more challenging. Early phases of ACM are often misdiagnosed as idiopathic right ventricular outflow tract (RVOT) tachycardia (19) or Brugada syndrome (20). In the more advanced biventricular form of the disease, ACM is indistinguishable from dilated cardiomyopathy (DCM) (21). In some instances, patients with cardiac sarcoidosis present with clinical manifestations highly reminiscent of ACM and differential diagnosis is achieved only by the presence of non-caseating granulomas or other sarcoid features not seen in ACM. Other diseases that mimic ACM are myocarditis and pulmonary hypertension (21).



Genetics

On the Greek island of Naxos, Protonotarios and colleagues first described a syndromic form of ACM characterized by cardiomyopathy, wooly hair and palmoplantar keratoderma (PPK). The syndrome, named Naxos disease, was inherited in an autosomal recessive manner and was fully penetrant by adolescence (22). In the year 2000, genetic linkage analysis identified a homozygous deletion in the JUP gene (PG; encoding for plakoglobin) as the cause of Naxos disease (23). Almost at the same time, Carvajal-Huerta and colleagues reported a homozygous truncating mutation in the DSP gene (encoding for desmoplakin) as causative of Carvajal Syndrome; a similar disease, characterized by biventricular cardiomyopathy, wooly hair, and PPK (24). Mutations following an autosomal dominant inheritance pattern have also been described for JUP and DSP genes (25, 26). Both plakoglobin and desmoplakin are integral proteins of the desmosome, a specialized adhesion protein complex located at intercellular junctions. In tissues subjected to increased mechanical stress, such as the heart and the epidermis, desmosomes are responsible for maintaining tissue integrity by serving as a mechanical link between the intermediate filaments of two adjacent cells (23, 24).

Genetic studies of other components of the cardiac desmosome in ACM patients led to the discovery of missense and truncating mutations in further desmosomal genes, specifically those coding for: plakophilin 2 (PKP2) (27), desmoglein-2 (DSG2) (28–30) and desmocollin-2 (DSC2) (31–33). Today it is estimated that >60% of ACM patients are bearing one or more mutations in these 5 genes; PKP2 being the most highly mutated (1, 34). Most commonly, desmosomal mutations follow an autosomal dominant pattern of inheritance with age-related, incomplete penetrance and variable expressivity, although autosomal recessive patterns of inheritance have also been observed such as in Naxos disease and Carvajal Syndrome. The occurrence of ACM patients harboring multiple mutations (compound or digenic heterozygosity) is common and increases the risk of arrhythmias and SCD (1, 10, 35). Importantly, genetic studies to identify an underlying mutation in a proband diagnosed with ACM can aid cascade screening. Mutation-carrying relatives have an earlier onset of symptoms, increased risk of arrhythmias and a 6-fold increased risk of ACM diagnosis compared to relatives without a mutation (36).

Historically, ACM caused by desmosomal mutations has largely been associated to the classical RV variant of the disease. However, exceptions to this general trend have been observed. Patients carrying mutations in PKP2 gene often present LV involvement at advanced stages of the disease while mutations in DSG2 and DSC are often associated to biventricular forms of ACM. Mutations in DSP (37, 38) and more recently in DSG2 (39) genes have been associated to left-dominant forms of the disease.

At the IDs, the desmosomes, together with the adherens and gap junctions, control the electrical and mechanical coupling of cardiomyocytes (40). The tight structural and functional interaction between these macromolecular structures stimulated the search for gene mutations in other constituents of the IDs leading to the discovery of mutations in the adherens junction genes coding for Cadherin 2 (CDH2) (41–43) and catenin-α3 (CTNNA3) (44).

Mutations in non-desmosomal genes are increasingly recognized and are usually associated with more severe presentation and left-dominant or biventricular forms of ACM. Some of these mutations are in genes encoding for proteins of the cytoskeleton. Patients with mutations in desmin (DES) (45) and filamin C (FLNC) (46) genes have been found to present circumferential pattern of subepicardial late gadolinium enhancement and fibrosis in the LV that was associated with higher risk of SCD (47). Another gene coding for cytoskeleton proteins commonly mutated is titin (TTN) (48). Of note is the fully penetrant mutation (p.S358L) in transmembrane protein 43 (TMEM43) gene responsible for the most aggressive heterozygous form of ACM (type V). Mutation carriers show increased incidence of SCD that is higher in males and common LV involvement (49). Other implicated genes in ACM code for calcium handling proteins such as phospholamban (PLN) (50). Patients carrying the mutation PLN-p.Arg14del present late gadolinium enhancement in the LV posterolateral wall and LV dysfunction. Finally, rare ACM-causing mutations have been identified in the genes coding for the major subunit of the cardiac sodium channel nav1.5 (SCN5A) (51) and the profibrotic cytokine transforming growth factor-β3 (TGFB3) (52). The frequency of non-desmosomal mutations tends to be very low in large cohorts of ACM patients. However, some of these are found in higher frequencies in specific regions. For instance, the R14del mutation in the PLN gene has a very high frequency in the Netherlands due to a founder effect (50, 53). A summary of all genes implicated in ACM pathogenesis can be found in Table 1. Although ACM is a genetically determined cardiomyopathy its relatively late onset, around the second and the fourth decades of life, is still poorly understood and it is believed to be associated with chronic, accumulated stress to the heart. Pathogenic mutations in the genes presented in Table 1 predispose to ACM and environmental factors such as exercise (9, 55, 56) and male gender (57, 58) modulate disease onset and progression.


Table 1. Genes associated with ACM.
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Very recently an evidence-based re-evaluation of all reported ACM genes by using the semiquantitative Clinical Genome Resource framework revealed that only 8 of the aforementioned genes (PKP2, DSP, DSG2, DSC2, JUP/PG, TMEM43, PLN, and DES) had definitive or moderate evidence for ACM (59). Moreover, these genes account for virtually all (97.4%) pathogenic/likely pathogenic ACM variants in Clinvar. Accordingly, the authors recommend that only pathogenic/likely pathogenic alterations in these 8 genes should yield a major criterion for ACM diagnosis (59).

This is crucial, as incomplete/misleading information of the genetics underlying the pathogenesis of ACM can increase the risk of misdiagnosis. Currently, molecular genetic testing is indicated to identify a pathogenic or likely pathogenic mutation in a proband fulfilling the diagnostic criteria for ACM (60). If a mutation is found in the proband, mutation-specific genetic testing is then applied to family members to identify individuals carrying the mutation(s) and thus guide their management accordingly (18).




HISTOPATHOLOGICAL FEATURES AND PROTEIN MARKERS


Gross Histological Features

The histological hallmark of ACM is regarded to be the fibrofatty replacement of myocardial tissue associated with ventricular atrophy (2, 6). The pathological changes in the heart start in the epicardium spreading to the endocardium to eventually become transmural in more advanced stages of the disease, mainly affecting the RV free wall. Within the RV, the most common areas affected are the inflow tract, the outflow tract and the apex, collectively known as the triangle of dysplasia (Figure 1A) (6). The endocardial trabeculated muscles of the RV and the septum are generally spared of histopathological changes. Aneurysms, if present, are commonly located in the inflow and outflow tract of the RV. In an autopsy series of classical right-sided cases of ACM, alterations in the LV were found in 76% of the hearts.
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FIGURE 1. Histopathological changes in ACM. (A) Most affected heart regions in ACM. In the right ventricle, structural changes mostly affect areas of the inflow tract, the outflow tract and the apex known as the triangle of dysplasia (dashed triangle). When the left ventricle is affected, structural changes are observed in the inferior and inferolateral walls (dashed rectangle); created with BioRender.com. (B) Histopathological changes observed in ACM namely adipogenesis (left), fibrosis (middle) and presence of inflammatory infiltrates (right).


Genotype-phenotype correlations and the use of contrast-enhancement cardiac magnetic resonance to evidence fibrofatty replacement in the LV have uncovered biventricular and left-dominant forms of the disease (11, 12). In the left dominant form of ACM, pathohistological structural remodeling can be observed originating in the epicardium and progressing toward the endocardium, to finally become transmural with localized or extensive wall thinning in the most severe presentation of the disease. The fibrofatty replacement is mostly located in the subepicardial inferolateral LV free wall (11, 12, 14). In a large cohort of SCD victims due to ACM, isolated LV disease was observed in 17% whereas biventricular involvement was observed in 70% of the cases. In this cohort, the most common areas of the LV presenting fibrofatty replacement were the posterobasal (68%) and anterolateral walls (58%) (61). Similarly to the classical ACM, structural remodeling of the LV is most likely responsible for the generation of the arrhythmogenic substrate.

The isolated infiltration of epicardial adipocytes is not enough to diagnose ACM as it can be a normal finding in elderly and obese individuals. It must be accompanied by myocyte degeneration and fibrotic replacement (Figure 1B) (62). The current ITF criteria now establish a residual number of cardiomyocytes at <60% by morphometric analysis coupled with fibrous replacement as a major histological criterion (17). The histopathological characterization of fibrofatty replacement of the healthy myocardium can be made either in full hearts (post-mortem or following cardiac transplantation) or in cardiac biopsy samples (17).

The presence of inflammatory infiltrates is another common feature of ACM and it has been reported in up to 75% of hearts at autopsy (Figure 1B) (63). Such infiltrates consist of concentrations of mononuclear cells (lymphocytes and macrophages) around necrotic or injured cardiomyocytes and can be found both in the ventricular walls and the septum (64). The presence of inflammatory infiltrates is indicative of ongoing myocardial damage suggesting a pathological role for inflammation and/or myocarditis in ACM (64). It is not clear yet, however, if the infiltrates accumulate in the heart as a response to myocyte damage of if those cells themselves promote myocyte injury, fibrofatty replacement and arrhythmias through immune mechanisms. Noteworthily, the activation of the major inflammatory pathway NFκB was recently reported as a driver of key features of ACM in several experimental models (65).

Similar to the clinical, natural history of the disease, there are also four histological stages characterizing ACM progression (66). The concealed phase is characterized by minimal or no histological changes. The second phase is characterized by minor histological alterations confined to the RV. The third phase is characterized by extensive RV remodeling with severe dilatation but preserved LV structure/function. Finally, extensive remodeling of both ventricles is evident in advanced disease (67).



Endomyocardial Biopsies

Given the severe, extended histological changes observed in explanted hearts of ACM patients (Figure 1B) the frequency of false negative results obtained on endomyocardial biopsies (EMBs) is surprising. This can be explained by the natural course of the disease, its patchy nature as well as technical limitations of the sampling process. Since the disease progresses from the epicardium to the endocardium, samples obtained from the endocardium of patients with early/mild forms of the disease may be totally devoid of the aforementioned pathological features (62). Moreover, EMBs tend to be taken from the interventricular septum, generally spared of the histopathological changes of ACM. To determine what area of the heart is more informative for the diagnosis of ACM, Basso et al. analyzed simulated biopsies obtained from various locations of explanted hearts (62). With a specificity of 95% and sensitivity of 80%, the main diagnostic parameter was the amount of residual myocardium (<59%) with the presence of fat (>22%) and fibrous tissue (>31%). The diagnostic yield varied across the different regions of the heart with the “triangle of dysplasia” being the most informative region and the septum and the LV the least (62). Noteworthily, however, sampling the RV free wall comes with an increased risk of ventricular perforation and tamponade (68).

The diagnostic yield of EMBs can be improved by the use of electroanatomic voltage mapping as areas showing low voltage have been associated with myocyte degeneration and fibrofatty replacement. In one study, electroanatomic voltage mapping-guided EBM was diagnostic of ACM in 81% of the cases rendering a high diagnostic sensitivity (69). In another case series, the approach allowed for the accurate differential diagnosis of myocarditis, a known phenocopy of ACM (70). In a very recent study, electroanatomic voltage mapping-guided EMB improved the 2010 ITF criteria diagnostic yield by upgrading one-third of the patients at risk to definite ACM with negligible complications. This study supports the notion that electroanatomic voltage mapping-guided EMB may still be a safe and useful tool for the diagnosis of ACM (71).

Nevertheless, EMB is still considered an invasive procedure with associated risks that has a low diagnostic yield. Nowadays, it is rarely performed in the initial diagnosis of the disease. It is indicated in cases of non-familial ACM for differential diagnosis of phenocopies (72), specifically in probands with sporadic ACM and negative gene testing to exclude sarcoidosis, myocarditis, or other heart muscle disorders (13). Post-mortem and explanted hearts do not have any of these limitations and should be meticulously examined by expert cardiac pathologists whenever possible (73). Immunohistochemical examination of protein markers of ACM in heart samples or surrogate tissues may provide added diagnostic value and are reviewed in the next section.



Protein Markers in Heart Tissue

The discovery of the first ACM-causative genes, has helped the scientific community uncover some of the mechanisms driving the pathophysiology of the disease. As a result, key molecular players were identified, which can be used in the future as therapeutic targets and/or specific molecular markers of the disease. In this section we will cover the protein markers in heart tissue samples reported so far that can potentially help the diagnosis and risk stratification of ACM.

Human myocardial samples obtained at autopsy or following transplantation are most commonly used in the search of specific protein markers. Due to the associated risk of RV perforation and tamponade, the studies on EMBs have been more limited. Following the discovery of the causative gene for Naxos disease (23), the most logical candidate to investigate first was plakoglobin. In 2004 Kaplan et al. showed for the first time that even if the mutated plakoglobin was expressed in the hearts of Naxos disease patients it failed to reach the IDs where the protein executes its structural roles (74). The re-distribution of plakoglobin was accompanied by gap junction remodeling as evidenced by decreased immunoreactive signal for Connexin 43 (Cx43; the major ventricular gap junction protein) at the IDs and smaller/fewer gap junctions connecting ventricular myocytes in both RV and LV samples. The expression of other desmosomal proteins at the IDs of patients with Naxos disease was normal (74). In a patient with Carvajal Syndrome, similar findings were reported. In this case, it was desmoplakin, being the mutated protein, that failed to localize at the IDs (75). Gap junction remodeling was also observed in this syndrome. Interestingly, the localization of plakoglobin at the ID was also prevented, even if it was not itself mutated (75). This observation revealed for the first time, that a mutation in a gene coding for a given protein can affect the localization of further, interacting proteins, even if they are not themselves affected by genetic alterations.

These findings were validated in larger cohorts of patients with a definite diagnosis of ACM and dominantly inherited mutations in the DSP, DSC2, PKP2, or DSG2 genes. Most patients showed a marked reduction in immunoreactive signal for plakoglobin at the ID, which was not confined to areas of the RV showing pathological changes but was also present in areas of the LV and septum that appeared structurally normal (Figure 2). This observation suggested that even an EMB sample obtained from the right side of the septum would show this diagnostic change hence reducing the number of false negatives and risk associated with this technique. Other desmosomal proteins showed variable patterns of distribution confirming that mutations in a single protein can affect the localization of other non-mutated partners. Plakoglobin redistribution from the ID to the cytosolic pool was shown to be specific for ACM as this change was not observed in heart samples of patients with documented hypertrophic cardiomyopathy (HCM), DCM or ischemic cardiomyopathy (ICM) (76). It is important to highlight that in order to bring up differences in PG junctional distribution between control and ACM myocardial samples a broad range of antibody dilutions need to be tested. The endpoint is to achieve a binary result up to the point where you detect signal or no signal at the intercalated disks of the cardiomyocytes. By removing the necessity of image quantification, we reduce the subjectivity in the interpretation of the results while increasing the reproducibility of the technique across laboratories (77).


[image: Figure 2]
FIGURE 2. Protein re-distribution in the hearts of ACM patients. Representative confocal immunofluorescence images showing loss of junctional signal for PG, Cx43, and Nav1.5 in ACM myocardium compared to controls. Additionally, both sarcomeric and junctional signal for SAP97 is lost while GSK3β and APC translocate to the junctions. Myocardium from patients with other forms of cardiomyopathy show normal distribution of PG, Nav1.5, GSK3β and APC. Gap junction remodeling is, however, evident and ID signal for SAP97 is also lost, though its sarcomeric distribution is preserved.


Cx43 expression was diffusely reduced throughout the heart in all ACM samples analyzed in this cohort but was not specific of ACM. Reduced Cx43 expression at the IDs has been observed in end-stage HCM, DCM, and ICM, being more apparent in areas with substantial structural remodeling (78, 79). However, in ACM, gap junction remodeling seems to occur diffusely in early stages of the disease in areas of the heart with minimal or no structural remodeling, potentially playing a primary role in the highly arrhythmogenic nature of this disease (76). How mutations in desmosomal proteins can impact on the stability and function of the gap junctions it is poorly understood. More recently, the molecular mechanism behind gap junction remodeling in ACM has been uncovered by using a murine model of desmosomal ACM. Specifically, it has been shown that DSP maintains the integrity of the gap junctions by inhibiting Connexin 43 lysosomal degradation (80). Despite its specificity among the cardiomyopathies, however, plakoglobin redistribution could not discriminate ACM from sarcoidosis and giant cell myocarditis (81). Plakoglobin labeling is an additional test but on its own it is not conclusive for the diagnosis of ACM. For this reason, is has not been added to the ITF criteria as of now.

Furthermore, EMB samples obtained from two patients with subclinical ACM bearing DSP variants showed loss of ID immunoreactive signal for desmoplakin but not for plakoglobin (82). Notably, DSP variants have been increasingly linked to biventricular or left-dominant ACM. In fact, a recent report, suggested that patients bearing pathogenic DSP variants manifest with a disease distinct from ACM or DCM, termed desmoplakin cardiomyopathy (37, 38).

Reduced densities of the cardiac INa current and the inward rectifying K+ current IK1 have been reported in different experimental models of ACM (83–85). Moreover, induced pluripotent stem cell-derived cardiomyocytes (iPSC-CMs) from a patient bearing a mutation in PKP2 showed reduced INa (86) and abnormal Ca+2 dynamics (87). There is also direct evidence of reduced ID immunoreactive signal for Nav1.5 in patients with ACM (77). These electrophysiological alterations together with gap junctional remodeling could be responsible for the highly arrhythmogenic nature of ACM at its early stages. One possible explanation for these observations is that mutations in desmosomal proteins could alter the complex interactions that take place within the ID between the mechanical, electrical and gap junction components. However, both Nav1.5 and Kir2.1 (the major protein responsible for the IK1 current) have SIV motifs binding to the PDZ domains of the synapse-associated protein 97 (SAP97). SAP97 silencing seems to regulate Nav1.5 and the stoichiometry of Nav1.5 and Kir2.1 at the ID (88, 89). Also, SAP97 together with the ion channel proteins traffic as a multiprotein complex, suggesting a role for abnormal protein trafficking in ACM. Decreased immunoreactive signal for SAP97 was observed at the IDs in the myocardium of patients with ACM as well as two in vitro models of the disease (85). Sarcomeric signal for SAP97 was retained in the myocardium of patients with HCM, DCM or ICM although concentrated ID signal was also lost. Accordingly, loss of immunoreactive signal from both sarcomeric and junctional pools appears to be a specific feature of ACM (Figure 2) (85).

A drug screening study in a transgenic zebrafish model of ACM revealed that one compound, SB216763, a specific inhibitor of glycogen synthase kinase 3β (GSK3β), prevented all disease endpoints in this experimental model (85). Moreover, in two transgenic mouse models of ACM, SB216763 was able to prevent all clinical and subcellular disease features (90). In agreement with the work led by professor Saffitz, more recently Padrón-Barthe et al. have recapitulated these results in another in vitro (iPS) and in vivo (transgenic mouse) experimental models of non-desmosomal type 5 ACM caused by the expression of TMEM43 p.S358L mutation (91). In the healthy myocardium, GSK3β and its binding partner adenomatous polyposis coli (APC) show a diffuse cytoplasmic localization. In sharp contrast, in ACM myocardium, the proteins strongly localize at the IDs. GSK3β and APC redistribution from the cytosol to the ID was specific for ACM as it was not observed in other forms of heart disease including HCM, DCM, ICM, or cardiac sarcoidosis (Figure 2) (85).

Protein redistribution in the hearts of ACM patients occurs diffusely throughout the myocardium, preceding gross histopathologic changes. EMBs from the right side of the septum would thus show this diagnostic change, increasing the diagnostic yield of this technique. Not all the protein changes presented in this section are specific to ACM. Their combination, however, may represent an unequivocal molecular signature for the disease. Redistribution of plakoglobin, Cx43, Nav1.5, and SAP97 from the ID to the cytoplasm in conjunction with a shift of GSK3β and APC from the cytosol to the ID appears to be the most consistent finding in the myocardium of most ACM patients analyzed to date (Figure 2). More recently, it has been found that in non-desmosomal ACM caused by the PLN p.Arg14del mutation, key protein distribution in the heart differs to that exhibited by classical, desmosomal ACM (92). This indicates that additional genetic variants may contribute to the phenotypical heterogeneity of ACM.

Highly informative as this “molecular signature” may be, its use is still limited by the implicit need for a heart sample. As mentioned above, EMBs are invasive and risky, tend to be used as a “last resort” and could not be used to screen potentially healthy family members of ACM patients. This limitation would be bypassed if similar diagnostic information could be obtained from surrogate tissues expressing desmosomal proteins such as the hair follicles or the skin, particularly the buccal epithelium; a specialized form of skin that does not require a full thickness biopsy procedure to be sampled. Some groups have explored this idea and their findings are covered in the next section.



Protein Markers in Buccal Mucosa Cells

The buccal mucosa consists of non-keratinized stratified squamous epithelium where cells adhere to one another through different types of junctional structures. Of these structures, desmosomes are the ones connecting the keratin intermediate filaments of adjacent cells creating a 3D array within the entire epithelium (93). The protein makeup of a desmosome is very similar between the buccal mucosa and the heart. Buccal cells can be obtained easily and safely through a non-invasive procedure and therefore they would represent the ideal surrogate tissue to study protein redistribution in ACM patients and unaffected family members at a relatively low cost.

Accordingly, the localization of plakoglobin, desmoplakin, plakophilin-1 (PKP1; an isoform of PKP2 expressed in the upper epithelia) and Cx43 was investigated in the buccal mucosa of 39 patients with a definite clinical diagnosis of ACM bearing desmosomal gene mutations. Protein localization was also investigated in 15 family members of the aforementioned probands, who were bearing ACM-causing variants without showing clinical evidence of disease. Buccal smears from 40 individuals with no family history or clinical evidence of heart disease served as negative controls. Cells from 7 individuals with other forms of cardiomyopathy were used to test the specificity of the findings (94). Immunoreactive signal for plakoglobin and Cx43 was reduced in the buccal mucosa of the majority of ACM patients when compared to healthy controls and individuals with other forms of heart disease. Interestingly, junctional signal for these proteins was also decreased in the majority of family members carrying mutated alleles without showing evidence of heart disease, suggesting that redistribution of desmosomal proteins does not necessarily correlate with clinical expression of the disease.

Another interesting finding in this study was the link between the reduced junctional localization of specific desmosomal proteins in the buccal mucosa cells and the mutant gene of interest. Signal for desmoplakin was reduced in buccal mucosa cells from patients bearing mutations in DSP, DSC2, or DSG2 but not patients bearing mutations in PKP2. Similarly, signal for PKP1 was reduced in buccal mucosa cells from patients bearing mutations in PKP2 but not those with mutations in DSP, DSC2, or DSG2 (Figure 3). This association becomes even more interesting if one considers that PKP1 and PKP2 are expressed by different genes, located on different chromosomes. Yet, they appear to share common regulatory mechanisms where a mutation in one isoform expressed in one tissue, can affect the localization of a different isoform, expressed in a different tissue. Importantly, when buccal mucosa cells of ACM patients were cultured in vitro and exposed to SB216763, abnormal protein distribution for plakoglobin and Cx43 was reversed (94). Similarly to what was observed in myocardial tissue samples, in buccal mucosa cells obtained from healthy subjects, there was strong junctional signal for SAP97 and diffuse cytosolic signal for GSK3β and APC. Conversely, buccal cells obtained from ACM subjected showed loss of junctional signal for SAP97 and strong membrane signal for GSK3β and APC. These findings were consistent in all ACM cases regardless of the underlying desmosomal mutation causing the disease (Figure 3).
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FIGURE 3. Protein re-distribution in buccal mucosa cells from ACM patients. Representative confocal immunofluorescence images showing loss of PG, Cx43 and SAP97 membrane signal in buccal cells from ACM patients bearing a mutation in PKP2 or DSP compared to control subjects. Conversely, signal for GSK3β and APC shifts from cytosolic to junctional pools. The patient bearing a mutation in PKP2 shows loss of PKP1 signal but not DSP while the patient bearing a mutation in DSP shows loss of DSP signal but not PKP1. Immunoreactive signal of PG, Cx43, PKP1, DSP, SAP97, GSK3β and APC in red; nuclei were counterstained with DAPI in blue.


DCM patients carrying a frameshift mutation in the FLNC gene, show normal expression for plakoglobin and reduced expression for DSP, Cx43, and SAP97 in their buccal cells, indicating a partial overlap of the pathological cellular phenotype between desmosomal and non-desmosomal ACM (95). More recently, the initial observation of reduced plakoglobin expression in the buccal mucosa of ACM patients carrying a desmosomal mutation was confirmed in another patient cohort from the Netherlands (96). However, buccal mucosa cells from ACM patients carrying the R14del mutation in PLN showed normal plakoglobin expression, pointing at distinct pathological mechanisms (96).

Despite the non-cardiac origin of buccal mucosa cells, they show similar pathologic protein distribution to that exhibited by cardiac myocytes. Buccal mucosa cells could as well represent a new in vitro model to study disease mechanisms and aid drug screening for ACM in general and in personalized medicine to monitor the patient's response to a specific treatment. Confirmatory studies in larger cohorts of ACM patients and family members are still needed to validate the buccal mucosa as a source of meaningful information for the diagnosis and risk stratification in ACM.



Autoantibodies

Antibodies against self-antigens (autoantibodies) are often detected in the plasma of patients with inflammatory diseases such as myocarditis and pemphigus. Due to the complexity of inflammatory diseases, however, the contribution of autoantibodies to disease progression in these conditions is incompletely known. Recently, a few studies showed the potential of autoantibodies in the diagnosis of ACM. Chatterjee et al. evaluated the presence of antibodies against cardiac desmosomal cadherin proteins in the sera of a small cohort of patients with ACM. They identified autoantibodies against DSG2 in the sera of all the patients with ACM, regardless of the genetic background, while the autoantibodies were absent in virtually all the control subjects. The level of anti-DSG2 antibodies correlated with disease burden and caused gap junction dysfunction (97). Whether this marker is specific for the diagnosis of ACM is still to be proven in larger cohorts and in known phenocopies of the disease such as sarcoidosis. The potential of the autoantibodies in detecting subclinical disease in mutation carriers should as well be explored. Caforio et al. found anti-heart antibodies and anti-ID antibodies at a higher frequency in ACM probands, affected relatives and healthy relatives when compared to non-inflammatory cardiac disease, ICM or healthy subjects, providing evidence of autoimmunity in the course of ACM (98). More recently, a combination of four autoantibodies against α-cardiac actin, α-skeletal actin, keratin, and Cx43 has been proposed as a highly sensitive and specific biomarker for Brugada syndrome, irrespective of the underlying genetic cause. These autoantibodies were absent in sera samples from patients with ACM, HCM or DCM (99). Although these findings may have diagnostic potential, extensive confirmatory studies are necessary before autoantibodies can be adopted as a novel diagnostic tool for ACM (100).




CONCLUSIONS

ACM is a complex and progressive disease. SCD may occur in the early stages of the disease in the absence of pathologic structural changes making diagnosis and risk stratification quite challenging. Hearts of SCD victims should be examined by expert cardiac pathologists as a definite post-mortem diagnosis of ACM can greatly aid cascade screening and management of surviving family members. Obtaining EMB samples from patients with equivocal diagnoses is an invasive and risky procedure, and the histological analysis of such samples has a low diagnostic yield. Analysis of localization of key protein markers in the heart can greatly improve the diagnostic yield. However, the utility of this approach is greatly limited by the need for a heart sample. The identification of surrogate tissues mimicking the pathological changes of the heart such the buccal mucosa and the presence of specific autoantibodies in the blood samples of patients with ACM may transform the diagnosis, prognosis, and management of the disease as well as the screening of the patient's relatives that may be at risk of fatal arrhythmias or SCD. More research is needed before these protein markers can be adopted as diagnostic tools for ACM. We are confident, however, that one of these approaches, or a combination of them, will improve the detection, risk stratification and management of ACM reducing the burden of SCD.
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Aims: The aim of the study is to investigate the association between the degree of ischemia due to coronary microvascular dysfunction (CMD) and the left ventricular (LV) tissue characteristics, systolic performance, and clinical manifestations in hypertrophic cardiomyopathy (HCM).

Methods and Results: This prospective study enrolled 75 patients with HCM without obstructive epicardial coronary artery disease. Each patient underwent cardiovascular magnetic resonance (CMR) including parametric mapping, perfusion imaging during regadenoson-induced hyperemia, late gadolinium enhancement (LGE) and three-dimensional longitudinal, circumferential, and radial strains analysis. Electrocardiogram, 24-h Holter recording, and cardiopulmonary exercise testing (CPET) were performed to assess arrhythmias and functional capacity. In total, 47 (63%) patients were men with the mean age of 54.6 (14.8) years, 51 (68%) patients had non-obstructive HCM, maximum wall thickness (MWT) was 20.2 (4.6) mm, LV ejection fraction (LVEF) was 71.6 (8.3%), and ischemic burden was 22.5 (16.9%) of LV. Greater MWT was associated with the severity of ischemia (β-estimate:1.353, 95% CI:0.182; 2.523, p = 0.024). Ischemic burden was strongly associated with higher values of native T1 (β-estimate:9.018, 95% CI:4.721; 13.315, p < 0.001). The association between ischemia and LGE was significant in following subgroup analyses: MWT 15–20 mm (β-estimate:1.941, 95% CI:0.738; 3.143, p = 0.002), non-obstructive HCM (β-estimate:1.471, 95% CI:0.258; 2.683, p = 0.019), women (β-estimate:1.957, 95% CI:0.423; 3.492, p = 0.015) and age <40 years (β-estimate:4.874, 95% CI:1.155; 8.594, p = 0.016). Ischemia in ≥21% of LV was associated with LGE >15% (AUC 0.766, sensitivity 0.724, specificity 0.659). Ischemia was also associated with atrial fibrillation or flutter (AF/AFL) (OR-estimate:1.481, 95% CI:1.020; 2.152, p = 0.039), but no association was seen for non-sustained ventricular tachycardia. Ischemia was associated with shorter time to anaerobic threshold (β-estimate: −0.442, 95% CI: −0.860; −0.023, p = 0.039).

Conclusion: In HCM, ischemia associates with morphological markers of severity of disease, fibrosis, arrhythmia, and functional capacity.

Keywords: hypertrophic cardiomyopathy, coronary microvascular dysfunction, cardiovascular magnetic resonance, tissue characteristics, functional capacity, arrhythmia


INTRODUCTION

Hypertrophic cardiomyopathy (HCM) is defined by unexplained left ventricular (LV) hypertrophy in the absence of abnormal loading conditions (1). In HCM, coronary microvascular dysfunction (CMD) and ischemia have been attributed to reduced capillary density, vascular remodeling, fibrosis, myocyte disarray, and extravascular compression (2, 3).

Myocardial fibrosis is a cardinal feature in HCM, with two patterns identified: replacement fibrosis and diffuse interstitial fibrosis (4, 5). Myocardial late gadolinium enhancement (LGE) by cardiac magnetic resonance (CMR) correlates with replacement fibrosis in HCM (4, 5). Native T1 mapping and extracellular volume (ECV) have shown to be more reliable to assess diffuse interstitial fibrosis (6), correlating with histological interstitial fibrosis in endomyocardial biopsy (7). ECV along with LGE can estimate the total fibrotic burden in patients with HCM. Native T1 also measures intracellular components and may reflect cellular abnormalities (8).

Increased myocardial fibrosis is frequently interpreted as a consequence of long-standing disease, including ischemia due to microvascular abnormalities. However, the association between fibrosis and small vessel disease is not completely established (9). Despite the important clinical implications myocardial ischemia may have, it is not a systematic evaluated parameter for clinical decision making in HCM.

We prospectively assessed CMD in patients with HCM by assessing myocardial perfusion defects using stress CMR and hypothesized that CMD impacts on tissues abnormalities, arrhythmias, and functional capacity. We also aimed to identify clinical and imaging characteristics associated with ischemic burden.



MATERIALS AND METHODS


Study Design and Sample

Multicenter prospective study with recruitment performed in Hospital de Santa Marta, Centro Hospital Universitário de Lisboa Central and Hospital Garcia de Orta, Almada, between December 2017 and August 2020. The CMR studies were performed at Heart Center, Hospital da Cruz Vermelha Portuguesa, and the remaining investigations took place in Hospital de Santa Marta.

The study included consecutive adult patients with HCM seen in a cardiomyopathy clinic who fulfilled the inclusion criteria and gave informed consent. The diagnosis of HCM was performed according to published guidelines (1); more specifically, anatomical inclusion criteria were a wall thickness ≥15 mm in one or more LV myocardial segments in probands or >13 mm in relatives or mutation carriers, measured by any imaging technique (echocardiography, CMR, or computed tomography), in the absence of another cardiac or systemic cause of LV hypertrophy. Genetic testing was performed according to the physicians' judgement for each particular case and was not considered for this study.

Patients with LV ejection fraction (LVEF) <50%, prior septal reduction therapy (myectomy or alcohol ablation), and epicardial coronary artery disease were excluded. Obstructive epicardial coronary artery disease was excluded by invasive coronary angiography or coronary computerized tomography in symptomatic patients or asymptomatic patients older than 40 years. In asymptomatic patients younger than 40 years and without cardiovascular risk factors, it was assumed a low likelihood of obstructive coronary artery disease. The investigation followed the principles outlined in the Declaration of Helsinki. The institutional ethics committee of the NOVA Medical School, Lisbon and Centro Hospital Universitário de Lisboa Central approved the study protocol. All patients provided written informed consent.



Clinical Evaluation

At baseline clinical visit, all patients were evaluated regarding symptoms and physical examination and underwent a 12-lead electrocardiogram and a comprehensive echocardiogram., following current guidelines (10). Obstructive HCM was defined by a systolic gradient of ≥30 mmHg in the LV outflow tract (LVOT) at rest or after provocative maneuvers.

Maximal symptom-limited treadmill cardiopulmonary exercise testing (CPET) was performed using a modified Bruce protocol. Oxygen uptake (VO2), CO2 production (VCO2), and ventilation (VE) were measured. Peak VO2 was analyzed as the percentage of predicted peak VO2 according to age and gender. Minute VE/CO2 production (VE/VCO2) slope was calculated, and peak circulatory power was determined as peak VO2 x peak systolic blood pressure. Arrhythmic response to exercise was defined as the presence of repetitive premature ventricular beats, non-sustained or sustained ventricular tachycardia. Abnormal blood pressure response to exercise was defined as a failure to increase systolic pressure by at least 20 mmHg from rest to peak exercise or a fall of >20 mmHg from peak pressure.

Twenty-four-hours Holter recording was performed to document the presence of permanent or paroxysmal supraventricular arrhythmias [atrial fibrillation (AF) or atrial flutter (AFL)] and ventricular tachycardia.



CMR Acquisition Protocol and Analysis

All subjects underwent CMR performed on a 1.5T system (Sola, Siemens, Erlangen, Germany) and abstained from caffeine for at least 24 h. Using compressed sensing-based sequence, cine images in three long-axis planes and sequential short-axis slices spanning the entire left ventricle from the base to the apex were acquired. Basal, mid, and apical precontrast and postcontrast short axis T1 maps were generated using a modified look locker inversion sequence in a 5(3)3 configuration. Basal, mid, and apical precontrast short axis T2 maps were generated, using a single shot TrueFISP acquisition. The same three slices were used for stress perfusion CMR 90 s after hyperemia induced by regadenoson. Images were acquired apex to base during breath-hold at the first pass of contrast (60 measurements). A gradient echo sequence was used. LGE images were acquired using a breath-held segmented inversion-recovery steady-state-free precession sequence.

Microvascular dysfunction was considered present if a visual perfusion defect was observed. Perfusion defects were considered surrogates for ischemia. For perfusion assessment and semi-quantification, the myocardium was divided into 32 subsegments (16 American Heart Association (AHA) segments subdivided into an endocardial and epicardial layer). Ischemic burden for each patient was calculated based on the number of involved subsegments, assigning 3% of myocardium to each subsegment, as assessed in previous landmark studies (11, 12). Each segment was analyzed for the presence or absence of perfusion defect. Perfusion defects sparing the subendocardium and coincident with LGE were not considered, as subendocardial involvement is mandatory for microvascular dysfunction defects. The LGE was analyzed on a per-segment basis using a signal threshold vs. reference myocardium of ≥6 standard deviation, as previously validated with high reproducibility for HCM (13). Total LGE was expressed as a proportion of LV mass.

Native T1 and postcontrast T1 values of myocardium were measured from the three slices generating T1 maps. ECV was calculated according to the previous published formula (14) using patient haematocrit collected at the clinical evaluation, with an interval of <1 month between the evaluation and CMR study. T2 values of myocardium were measured from the three slices generating T2 maps. For each parameter, all 16 AHA segments were included in the analysis.

Three-dimensional longitudinal, circumferential, and radial strains were obtained using an automatic feature-tracking algorithm.



Statistical Analysis

An exploratory analysis of the variables under study was carried out with categorical variables being described by frequencies (percentages) and quantitative variables by the mean (standard deviation). Locally weighted scatterplot smoothers were used to study the association between MWT and ischemia and between ischemia and LGE.

To identify factors contributing to ischemia (dependent variable) and to study the association between ischemia (independent variable) and tissue characteristics, LV performance, and clinical manifestations, generalized linear regression models for continuous and binary response were applied. Univariable and multivariable models were included patients' characteristics which might potentially influence these outcomes, including age, gender, cardiovascular risk factors, maximum wall thickness (MWT), LV mass, the presence of LVOT obstruction, and other CMR findings.

All variables that in the univariable analysis attained a p ≤ 0.25 were selected for the multivariable models. Crude and adjusted odds ratios (OR), and crude and adjusted regression coefficients (β) were estimated with corresponding 95% confidence intervals (95% CI). For the linear regression models, the normality assumption of the residuals was verified using Shapiro–Wilk test. To check the assumption of linearity to the logit for the continuous independent variables in the logistic regression analyses, generalized additive regression models for binary response were used.

Considering the outcome LGE as a binary variable (LGE > 15%; LGE ≤ 15%), a cutoff point was determined for ischemia using the criterion that maximizes sensitivity and specificity.

For LGE, a stratified analysis by some groups (MWT, obstructive HCM, gender, and age) was also performed using linear regression models.

The level of significance α = 0.05 was considered, although p-values greater than 0.05 and lower than 0.1 (weak evidence of the difference or association) were still considered.

Data were analyzed using the Statistical Package for the Social Science for Windows, version 25.0 (IBM Corp. Released 2017. IBM SPSS Statistics for Windows, version 25.0. Armonk, NY: IBM Corp.) and R (R: A Language and Environment for Statistical Computing, R Core Team, R Foundation for Statistical Computing, Vienna, Austria, year = 2021, http://www.R-project.org.).




RESULTS


Study Population

Seventy-five patients were recruited, mean age 54.6 (14.8) years, 47 (63%) of whom were male. The pattern of hypertrophy was asymmetric septal in 48 (64%), apical in 22 (29%), and concentric in 5 (7%). Fifty-one patients (68%) had non-obstructive HCM and MWT was 20.2 (4.6) mm. An apical aneurysm was noted in four patients, perfusion defect in at least one segment was noted in 68 (91%) patients, ischemic burden was, on average, 22.5 (16.9%) of LV in the overall population, and LGE was detected in 70 (93%) patients. Baseline characteristics are shown in Tables 1, 2.


Table 1. Baseline characteristics of the study participants.

[image: Table 1]


Table 2. Imaging, arrhythmic, and functional findings.

[image: Table 2]

Stress perfusion images were interpretable in all patients. LGE images were not interpretable in one patient due to artifact. Also, in one patient, it was not possible to interpret CPET parameters due to intolerance to the face mask leading to inaccurate analysis of expired gases; four patients refused to do CPET.



Association Between Baseline Clinical and Imaging Characteristics and Ischemic Burden

Clinically relevant baseline characteristics, potentially linked with CMD, were tested for the association with ischemia in patients with HCM (Table 3).


Table 3. Univariable linear regression for factors related to ischemia.

[image: Table 3]

In univariable analysis, the severity of LV hypertrophy, measured by MWT and LV mass, was associated with more extensive ischemia (MWT β-estimate:1.788, 95% CI:1.033; 2.542, p < 0.001; LV mass β-estimate:0.241, 95% CI: 0.124; 0.358, p < 0.001). No difference in ischemic burden was found between patients with non-obstructive and obstructive HCM. Demographic factors or cardiovascular risk factors such as diabetes and hypertension were not associated with ischemia. In the multivariable analysis, only MWT is associated with ischemia with a mean increase in LV ischemia of 1.79% for each 1 mm increase in MWT. The association between MWT and ischemia is approximately linear and is graphically represented in Figure 1A.


[image: Figure 1]
FIGURE 1. Relationship between MWT and LV ischemia (A), and ischemia and LGE (B).




Association Between Ischemia and Other CMR Parameters

In this section, the univariable analysis considering the relevant clinical and imaging characteristics is shown in the Supplementary Tables S1, S2.

CMR images of the different acquisitions are shown in Figure 2.


[image: Figure 2]
FIGURE 2. CMR analysis. CMR images from a patient with HCM. Note the asymmetrical septal hypertrophy in the cine images, perfusion defects in the most hypertrophied segments in the stress perfusion acquisition and midwall LGE in the septum and right ventricle insertion points.


The extent of ischemia was associated with higher values of native T1 in multivariable analysis (Table 4). For each 10% increase in LV ischemia, there was a mean increase of 9 ms in the value of native T1.


Table 4. Multivariable linear regression for factors related to tissue characteristics.
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Ischemia had a weak evidence of association with ECV in univariable analysis (Supplementary Table S1), and no association was found after adjusting for baseline characteristics (p = 0.566).

Higher ischemic burden was associated with the extent of LGE in univariable analysis (β-estimate:2.02, 95% CI:0.93; 3.10, p < 0.001) (Figure 1B). Discretizing LGE into a binary variable (LGE > 15%; LGE ≤ 15%), higher ischemia values were obtained for LGE >15%, with an area under the ROC curve of 0.766 (Supplementary Figure S1). At the ischemia estimated cutoff point at 21%, a sensitivity of 0.724 and a specificity of 0.659 were achieved. In the multivariable analysis, ischemia showed only a weak evidence of association with LGE (β-estimate:1.070, 95% CI: −0.106; 2.245, p = 0.074) (Table 4).

Because LGE is an important prognostic marker of the disease, a subgroup analysis was further performed to clarify the association between ischemia and LGE. This association was found in individuals with MWT 15–20 mm, non-obstructive HCM, women and age <40 years (Table 4, Figure 3).


[image: Figure 3]
FIGURE 3. Forest plots for the association between ischemia and LGE. The severity of ischemia was associated with the extent of LGE in patients with MWT 15–20 mm, nonobstructive HCM, women, and age <40 years. Coefficients' estimates and corresponding 95% confidence intervals were obtained by multivariable linear regression models for LGE. MWT, maximum wall thickness; obstruct HCM, obstructive hypertrophic cardiomyopathy.


In multivariable analysis, ischemia had a weak evidence of association with T2 (β-estimate:0.280, 95% CI: −0.010; 0.580, p = 0.061) (Table 4).

Among the other imaging findings, MWT was most prominently related to tissue characteristics, associated with increased values of native T1, ECV, and LGE (Table 4).

In univariable analysis, ischemia was associated with impaired global longitudinal strain (β-estimate: 0.085, 95% CI: 0.020; 0.151, p = 0.011) and global radial strain (β-estimate: −0.169, 95% CI: −0.304; −0.034, p = 0.015). In multivariable analysis, only LV mass and MWT were independently associated with impairment in myocardial deformation parameters (Supplementary Table S2).



Impact of Ischemia on Arrhythmias and Functional Capacity

In this section, the univariable analysis considering the relevant clinical and imaging characteristics is shown in the Supplemental Tables S3, S4.

Supraventricular arrhythmias were documented in 16 patients (21%) of whom 6 had permanent AF, 8 paroxysmal AF, and 2 paroxysmal AFL on ECG or Holter monitoring. NSVT was reported in 17 patients (23%), on Holter monitoring.

During CPET, two patients had NSVT and 12 had premature ventricular beats during exercise or recovery phase; four patients presented abnormal BP response.

Regarding ECG abnormalities, namely voltage criteria for LV hypertrophy, QRS fragmentation, and the presence of Q wave and T wave inversion, ischemia was only independently associated with voltage criteria for LV hypertrophy (OR: 1.072, 95% CI: 1.013; 1.135, p = 0.017) (Supplementary Table S3).

Ischemia (OR:1.669, 95% CI: 1.082; 2.574, p = 0.021) and left atrial volume (OR:1.105,95% CI:1.050; 1.164, p < 0.001) were independently associated with supraventricular arrhythmias, mainly AF. No association was verified between ischemia and NSVT (Table 5).


Table 5. Multivariable logistic and linear regression for factors related to arrhythmias and functional capacity.
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Regarding CPET parameters, ischemia was associated with shorter time to anaerobic threshold (β-estimate: −0.442, 95% CI: −0.860; −0.023, p = 0.039).

Older age (β-estimate: −0.202, 95% CI: −0.290; −0.114, p < 0.001) and female gender (β-estimate: −4.907, 95% CI: −7.580; −2.234, p < 0.001) were the characteristics associated with lower peak VO2 and lower VO2 at anaerobic threshold, whereas LVEF (β-estimate: 0.618, 95% CI: 0.007; 1.228, p < 0.047) and LGE (β-estimate: −0.815, 95% CI: −1.478; −0.153, p = 0.017) were independently associated with predicted peak VO2.

Older age and more extensive LGE were associated with higher VE/VCO2 slope whereas older age, female gender, and more extensive LGE showed association with worse circulatory power (Table 5).




DISCUSSION

In this study, we showed that ischemia had a transversal impact through the pathophysiological aspects of HCM, from the tissue characteristics to the clinical manifestations. Increased severity of ischemia was associated with higher values of native T1 and more extensive LGE and increased the risk of AF/AFL. Patients with ischemia reached anaerobic threshold earlier on CPET.

Studies previously published using CMR and positron emission tomography to study CMD in HCM pointed out that CMD is associated mostly with LV hypertrophy and LGE and linked with worse outcome (Supplementary Table S5).

Our study performed a comprehensive assessment of the impact of CMD among important points of the disease pathophysiology.

In HCM, CMD represents an intrinsic feature, being present in various stages of the disease (15). CMD is mainly caused by intrinsic structural abnormalities in intramural small coronary arteries (3) and by extrinsic compression secondary to LV hypertrophy, LVOT obstruction, and diastolic dysfunction. Despite the identification of these pathophysiological factors, it is not clear which patients with HCM will develop functionally significant CMD.

We found greater ischemic burden in patients with more severe LV hypertrophy, without significant association with the presence of LVOT obstruction. The presence of concomitant comorbidities, previously described as associated with CMD, such as hypertension and diabetes (16, 17) was not associated with the presence of ischemia in our cohort.


Ischemia and Tissue Characteristics

Ischemia and the severity of LV hypertrophy were the major factors associated with tissue changes. Ischemia was associated with slightly increased native T1, but not with ECV. We hypothesize that this observation is due to CMD having a greater association with intracellular changes rather than interstitial diffuse fibrosis. Regarding intracellular compartment, the elevation of native T1 in HCM probably depicts intracellular changes, namely altered calcium cycling and sarcomeric calcium sensitivity, disturbed biomechanical stress sensing, and impaired cardiac energy homeostasis (18). Abnormal development of coronary circulation may be secondary to the exposure of coronary precursors to abnormal mechanical stimuli by mutated cardiomyocytes (19), contributing for the association between intracellular abnormalities and CMD.

Despite a significant association between ischemia and LGE in univariable analysis, with an increase of 2% in the extent of LGE verified for each 10% increase of ischemia, this association became weak when adjusting for MWT, which was the most important independent factor associated with LGE in the overall population. CMR studies have demonstrated that the severity of LV hypertrophy is linked to the extent of LGE (20, 21), and higher MWT is independently associated with increased LGE progression rate during the follow-up (22).

However, in the subgroup analyses, ischemia was strongly associated with the extent of LGE among the individuals with MWT 15–20 mm, non-obstructive HCM, women and age <40 years. The recognition of the association between ischemia and LGE in particular subgroups raises important points. The ischemic burden was independently associated with the extent of LGE in subgroups classically associated with lower risk of sudden cardiac death, such as MWT 15–20 mm and non-obstructive HCM (1). Despite the development of different approaches for risk stratification, sudden cardiac death prediction is still characterized by a significant amount of unpredictability (23). LGE is associated with sudden cardiac death (20, 24); therefore, the recognition of features associated with fibrosis has the potential to improve the accuracy of risk stratification in these subsets of patients. In younger patients, ischemia had strong correlation with LGE, independently of MWT, which could explain, at least in part, the heterogeneity in the extent of fibrosis found among younger patients. The recognition of an important precursor of the interstitial fibrotic process may allow the development of targeted therapies with significant impact on the disease natural history and prognosis. In HCM, women present less MWT than men (25), and this fact may explain the higher preponderance of ischemia in the fibrotic process, as hypertrophy is not so pronounced. Conversely, MWT was the most important factor associated with LGE in men.

Coronary microvascular dysfunction leads to repetitive episodes of ischemia resulting in myocyte death and fibrotic replacement (26). Postmortem studies in patients with HCM showed different phases of ischemic lesions, including an acute phase with coagulative necrosis and neutrophilic infiltrate to postnecrotic replacement-type fibrosis (2). Interstitial fibrosis derives from fibroblast activity that leads to increased numbers and thickness of collagen fiber, arranged in disorganized patterns (27). The two types of fibrosis reflect different phases of the disease. Whereas interstitial fibrosis is associated with myocyte disarray and predominates at the earliest stages, replacement fibrosis is typically acquired later in the natural history of the disease (28). Histologically, the abnormalities in intramural small vessels closely colocalize to the fibrotic scars, but this association is less stronger with interstitial fibrosis (2, 5, 15). Our findings are in accordance with these published features, as we noted a relationship between ischemia and LGE but not with ECV. High-resolution quantitative perfusion analysis demonstrated a higher ischemic burden in patients with LGE (29), and perfusion mapping confirmed that stress myocardial blood flow was lowest in the fibrotic segments (30). Hyperemic myocardial flow is impaired in areas with LGE and its immediate vicinity compared with remote areas (31). These findings suggested that LGE corresponds, at least in part, to replacement fibrosis secondary to CMD and myocardial ischemia.

Taking into consideration that LGE >15% is a marker of worse outcome (24), we found that ischemia ≥21% of LV has good sensitivity and specificity for the association with LGE >15%.

Myocardial edema evaluated by T2-weighted imaging has been described in patients with HCM, associated with signs of advanced disease, such as higher LV mass, lower ejection fraction, and greater LGE extent (32). Furthermore, high T2 was associated with postexercise troponin rise in patients with HCM, identifying a subset of individuals more vulnerable to myocardial injury after a situation of high oxygen demand (33). In our cohort, ischemia had a weak evidence of association with higher T2 values, whereas non-obstructive HCM was associated with lower T2 compared to obstructive HCM.



CMD, Arrhythmias, and Functional Capacity

Coronary microvascular dysfunction had strong evidence of association with the presence of supraventricular arrhythmia, mainly AF. For each 10% increase in ischemia, there was an increase of 67% in the odds of AF/AFL, and this association was independent of other well-known predictors of AF such as age and left atrial volume or other markers of the disease severity, such as MWT and LVOT obstruction. Although the atrial wall cannot be accurately assessed by CMR, we hypothesize that this link between AF/AFL and ischemic burden may reflect advanced disease, involving atrial myocardium beyond LV myocardium, contributing for atrial dysfunction and arrhythmogenicity. Furthermore, recurrent episodes of ischemia may contribute to LV diastolic dysfunction and consequent increase in atrial pressures and stretch. In HCM, the relationship between CMD and AF has been previously described even in low-risk patients, independently of atrial dimension (34).

Despite the association between CMD and LGE, and the latest with NSVT, ischemia was not directly linked to NSVT in our cohort. Therefore, this proarrhythmic effect seems to be driven by fibrosis per se, without significant contribution from its ischemic precursor.

Age, female gender, and LGE were the most important factors associated with worse functional capacity objectively assessed by CPET. Ischemia was only associated with shorter time to anaerobic threshold. Older age and female gender were associated with lower peak VO2 and lower VO2 at anaerobic threshold, in line with previous studies (35). Lower peak VO2 is associated with increased risk of severe symptoms (36). In HCM, women have shown 50% greater risk of progression to advanced heart failure compared with men, which may be explained by greater prevalence of LV outflow obstruction, smaller LV cavity dimensions, and enhanced susceptibility to LV remodeling (25). In our study, when adjusted to age and gender, LGE became an independent factor associated with predicted peak VO2, being also associated with higher VE/VCO2 slope and lower peak circulatory power. Higher VE/VCO2 slope and worse peak circulatory power, and also the extension of fibrosis (5), have been described markers of worse outcome, including progression to heart failure (37). Our nuanced findings reinforce the link between extensive fibrosis and declined functional capacity.

Besides peak VO2 and VE/VCO2 slope, anaerobic threshold was found to be a predictor of all-cause mortality or progression to heart transplant in patients with HCM (35, 38). Interestingly, we found a relationship between greater ischemic burden and shorter time to anaerobic threshold. Older patients with non-obstructive HCM and diabetic had a shorter time to anaerobic threshold and therefore more severe ischemia.

We found a significant relationship between LGE and functional capacity, whereas the association between CPET parameters and ischemia was less pronounced. Whereas the progression of myocardial fibrosis is documented in patients who development heart failure and systolic dysfunction, CMD may remain unchanged compared with earlier phases of the disease (15).

The association between diabetes and higher VE/VCO2 slope and shorter time to anaerobic threshold was likely in relation to the fact that diabetic patients were older and mostly women.

In our sample, older patients had lower MWT, which may explain the association found between higher MWT and greater circulatory power.



Limitations

An important limitation of our study is the relatively small sample size and low number of events, which limits the achievement of statistical significance in some associations. There was not a validation of tissue characteristics with histological samples. Perfusion defects on CMR are considered as surrogates for ischemia, similar to several other studies in multiple conditions. We decided to adopt a semi-quantitative analysis of ischemia, based on the presence of visual perfusion defects in 32 segments because it was used in a previous landmark study which compared stress CMR with the gold standard of invasive evaluation by fractional flow reserve (11), and it provides an easily applicable and available method for clinical practice. This approach has the inherent limitation of the visual assessment and the total of LV evaluated is 96% (3% for each segment).

Six patients were in AF during CMR scan, which may interfere in the values obtained for parametric mapping.




CONCLUSION

In HCM, ischemia is related to the severity of LV hypertrophy and impacts various pathological and clinical features, encompassing tissue abnormalities and arrhythmic events. Our findings highlight the potential additional role of the evaluation of ischemia in the approach of the patients with HCM and their risk stratification.
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Baseline demographics

Clinical data

Male (N, %)

Age (years)*

BMI (kg/m2)*

Heart rate (beats/min)*
Systolic blood pressure (mmHg)*
Diastolic blood pressure (mmHg)"
Hypertension (N, %)
Hyperiiideria (N, %)
Diabetes melitus (N, %)
Atrial frillation (N, %)

SCD family history (N, %)
Unexplained syncope (N, %)
NSVT (V, %)

Mitral regurgitation

NYHA classification (1VI/IV)
Echocardiography

LOVT pressure gradient (mmHg)*
Laboratory test

NT-pro BNP (pg/mi)

CK-MB (ng/mi)

Myoglobin (ng/mi)

cTnl (ng/m)

Therapy

Septal myectomy (N, %)
1CD (N, %)

Drug therapy®

p-Blocker (N, %)

ACEi/ARB (N, %)

Calcium antagonists (N, %)
Diuretics (N, %)

HCM patients
v = 203)

120,59.1%
5424149
248+37
70(18)
182 (27)
74 (14)
126, 62.1%
59,29.1%
24,11.8%
22,10.8%
13,6.4%
28, 13.8%
11,5.4%
157, 77.3%
18/82/100/3

32(49)

1,216.4 (1,196.1

35(27)
21.6(11.5)
0.03(0.06)

99, 48.8%
8,3.9%

87, 42.9%

92, 45.3%

62,30.5%
9,0.4%

Control group (N = 101)

59, 58.4%
532+ 147
285425
67 (15)
117 (15)
71(11)
0,0%
0,0%
0,0%
0,0%
0,0%
0,0%
0,0%
0,0%
101/0/0/0

P-value

0.907
0.502
<0.001*
0.001*
<0.001*
0.043
<0.001*
<0.001*
<0.001*
<0.001*
0.009*
<0.001*
0.017*
<0.001*
<0.001*

HCM, hypertrophic cardiomyopathy; BMI, body mass index; SCD, sudden cardiac death; NSVT, non-sustained ventricular tachycardia; LYOT, left ventricular outflow tract; NYHA,
New York Heart Association; NT-pro ICD, implantable cardioverter-defibrillator; BNP, N-terminal pro-B-type natriuretic peptide; CK-MB, creatine kinase isomer-myoglobin; ¢Tnl, cardiac

troponin |; ACE;, angiotensin-converting enzyme inhibitors; ARB, angiotensin receptor blocker
+Expressed as mean  stenderd deviation.

* Expressed as median (interquartile range).

SPostoperative drug therapy was not included.

*With statistically significant difference.
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MRI parameters Control group (N = 101) HCM patients (N = 203) P-value

EDV (m)* 103.7 (31.1) 1035 (40.1) 0.467

EDV/BSA (ml/m?)* 61.2(12.4) 58.9(18.7) 0.987

ESV (m)* 290.4(14.9) 23.9(15.7) <0.001*
ESV/BSA (ml/m?)* 17.8(7.2) 137 86) <0.001*
LVEF (%)* 70.6(6.5) 76.8(12.3) <0.001*
LVEF <50% (N, %) 0,0% 7,34% 0059

Mass ()" 92.4(34.9) 184.4 (104.4) <0.001*
Mass/BSA (g/m?)* 55.5(16.0) 105.8(56.2) <0.001*
Maximal LYWT (mm)* 9.0(2.0) 222(92) <0.001*
Maximal LVWT =30 mm (N, %) 0,0% 40,19.7% <0.001*
LA diameter (mm)" 36.0(5.5) 44.0(6.0) <0.001*
LGEAY mass (%) 0(0,0) 136(213) <0.001*
LGE/LY mass =15% (N, %) 0,0% 88,433% <0.001*
Apical aneurysm (N, %) 0,0% 4,20% 0.156

Global native T1 (ms)* 1,2400 £29.8 1,308.0 £ 565 <0.001*
Minimal native T1 (ms)* 1,1852 £31.0 1,231.5 £709 <0.001*
Maximal native T1 (ms)* 1,320.1 + 1126 1,393.4 + 1404 <0.001*
Global ECV (%)* 254+£20 296460 <0.001
Minimal ECV (%)* 25+£19 242£35 <0.001*
Maximal ECV (%)* 292438 36.4+£96 <0.001*

EDV, end diastolic volume; BSA, body surface area; ESV, end systolic volume; LVEF, left ventricular ejection fraction; LGE, late gadolinium enhancement; ECV, extracellular volume
fraction; HCM, hypertrophic cardiomyopathy.

+Expressed as mean  standard deviation.

*Expressed as median (interquartile range).

*With statistically significant difference.
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Phenotype

Focal basal septum HCM
Diffuse septum HCM
Concentric and diffuse HCM
Burned out phase HCM
Midventricular HCM

Apical HCM

Focal midseptum HCM

HCM, hypertrophic cardiomyopathy.

Number of patients

67
8
6
4
5
27
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Simple carriers (N = 29)

Sex (male) 14 (48.27%)
Age (years) 36 (28-48)

BMI (kg/m?) 24.01 (21.48-25.50)
ECG

IRBBB 14.(48.27%)
CRBBB 0(0%)

QRS (ms) 84(78-94)
QRS V1-3 (S-offset) (ms) 38 (36-44)
QRS fragmentation (n) 10-2)

ST slope (7) 7.15 (5.14-11.05)
W) 1(1.2)
Twave amplitude (mV) 0.223 (0.119-0277)
T-wave area (Vs) 1891 (12.30-29.18)
Twave dispersion (1Vs) 236 (1.13-4.96)

Double carriers (N = 12)

8(66.67%)
35 (25-56)
23,67 (22.66-26.40)

0(0%)
0(0%)
86 (76-100)
38 (28-42)
0
5.18 (0.73-801)
1(0-25)
0.171 (0.11-0.30)
11.03 (6.37-33.44)
2.96 (2.41-10.38)

Wild type (N = 73)

45 (61.64%)
34 (26-47)
23.41 (21.80-26.85)

23(3151%)
3(4.11%)
84(80-84)
38 (34-42)
1(0-1)
11.46 (3.94-17.49)
1(12)
0214 (0.139-0.285)
2235 (12.77-32.98)
1.82 (0.81-4.79)

BMI, body mass index; IRBBB, incomplete right bundlle branch block; CRBBB, complete right bundle branch block; TWI, T-wave inversion.

0.6590
0.8080
0.7919

0.012
0.0382
0.9288
0.6667
0.9579
0.0054
0.8822
0.7696
0.4965
0.1936
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Model 1 Model 2

ST slope ST slope
Genetic status
0. Control 0 0
1. Simple mutation -2.344 ~1.904
(1.839) (1.955)
2. Double mutation —7.862 ~7641"
@2.416) (678)
Sex
0. Female 0 0
1. Male 3781 3516"
(1614 (1.737)
BMI (kg/m?) 0.161 0115
(0261) (0271)
Age (years) -0.0705 ~0.0701
(0.0587) (0.0638)
Type of mutation
0. Non-truncating o
1. Truncating -0.843
(1.872)
Constant 8730 1006
(6:373) (5.600)
N 84 75
R? 0.194 0.180

The included variables were ST siope (dependent variable), genetic stetus (independent
variable) and sex, body mass index, and age (as potential confounders). A second model
(on the right) added the type of mutation (truncating/non-truncating). Non-carriers and
fomale sex are considered the reference for the variables sex and type of mutation,
respectively. Standard errors are shown in parentheses.

0 < 0.05,*'p <0.01.
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Overall (45) VT/VF () (33) VIIVF (4) (12) p-value

Sex (male) n, (%) 23(51.1) 12 (36.4) 11(91.1) 0.001
Age (years), mean & SD 4313165 413178 483+ 116 021
Body mass index, kg/m? 268+ 4.1 272+ 44 258+ 8.4 031
Body surface area, m? 18£02 1.83£02 1.96+0.21 008
Hypertension n, (%) 2(4.4) 2(6.1) 00 1
Dyslipidaemia n, (%) 2 (4.4) 10 183) 0.46
Type 2 diabstes n, (%) 122 10 00 1
Tobacco use 066
Active smoking n, (%) 489 30.1) 1(@83)

Former smoking , (%) 2(4.9) 2(6.1) 0(0)

Family history SCD, n (%) 39(86.7) 33(100) 6(50) <0.001
Asymptomatic, n (%) 21(46.7) 20 (60.6) 103 0002
Symptoms, n (%) 24 (53.3) <0.001
Dyspnoea 10(22.2) 8(24.2) 2(16.7)

Chest pain 2(4.4) 2(6.1) 00

Palpitations 7(15.6) 10 6(50)

Syncope 3(6.7) 2(6.1) 103

Aborted SCD 2(4.4) 0(0) 2(16.7)

NYHA class | n, (%) 34 (75.6) 24(72.7) 10(83.3) 0.021
NYHA class ll , (%) 9(20) 9(27.3) 00

NYHA class il n, (%) 2 (4.4 00 2(16.7)

Abnormal ECG , (%) 34(75.6) 23(69.7) 1101.7) 024
Atrial fibrillation n, (%) 489 2(©.1) 2(16.7) 0.28
Paroxysmal 2(4.9) 1(50) 1(50)

Persistent 1(2.2) o 1(50)

Permanent 122 1(50) 0

Genetic testing n, (%) <0.001
Desmosomal mutation 15(33.3) 11333) 4(16.7)

Non-desmosomal mutation 24(53.3) 22(66.7) 2(16.7)

Unknown 6(13.3) o 6(50)

Phenotype, 1 (%) 0022
RV 5(11.1) 2(6.1) 3(25)

W 19 (42.2) 17 61.1) 1(@83)

BY 15(33.9) 9(27.3) 7(683)

Silent 6(13.3) 5(15.2) 1(@83)

NSVT n, (%) 16/(35.6) 7@12) 975) 0002
ICD n, (%) 23 (51.1) 13 (39.4) 10(833) 0.001
Primary prevention n, (%) 14(60) 12 ©23) 2(20)

Secondary prevention n, (%) 9(40) 10.7) 8(80)

ICD shocks n, (%) 7(15) 2(6.1) 5(41.7) 0011
Appropriate n, (%) 5(71.4) 00 5100

Inappropriate n, (%) 2(28.6) 2(100) 00

LGE presence n, (%) 33(73.3) 23(69.7) 10 (83.3) 0.46
LGE phenotype n, (%) 0297
RV 10(22.2) 8(24.2) 2(16.7)

Lv: 5(11.1) 2(6.1) 3(25)

Bv: 18 (40) 13(39.4) 5(@1.7)

CMR, cardiac magnetic resonance; Cardiac SCD, sudden cardiac death; RV, right ventricle; LGE, late gadolinium enhancement; LV, Left Ventricle; BV, Biventricular; ICD, Implantable
cardioverter defibrillator.
tBased on the regional wall motion abnormalities and late gadolinium enhancement.
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Gene

JuP
PKP-2

DSC-2

DSP

DSG-2

LDB3

Mutation

©.56C>T (p.Thri9le)
©.419C>T (p.Ser140Phe)

©.1253C>A (p.Alad18Asp)
©.2686_2687dup (p.Ala897Lyss*900)
©.397G>A (p.Ala133Thr)

©.1350A>G (p.Arg450=)

¢5778C>T (p.GIn1925")
©.3219_3220insA (p.Ala1074Serfs™1087)
©.2631-1G>A (VS18-1G>A)
.1330C> T (.Q447X)

¢.4609C>T (p.Arg1537Cys)
.4372C>G (p.Arg1458Gly)

©.2759T>G (p.Val920Gly)

.166G>A (p.Val56Met)

.1051A>G (p.Thi351Ala)

[ AR S N O N O

Mechanism

Missense

Missense

Missense
Nonsense/truncation
Missense

Missense
Nonsense/truncation
Nonsense/truncation
Splicing/intronic
Nonsense/truncation
Missense

Missense

Missense

Missense

Missense

Affected carriers.

6 e NG OB g an —aNw

MAF in gnomAD (genome)

3.234E-5
0.0019

6.450E-5
0.0019

0.0087
0.0009
0.0033
0.0016
0.0003

ACMG score

Uncertain significance
Uncertain significance
Uncertain significance
Pathogenic

Uncertain significance
Likely benign
Pathogenic
Pathogenic
Pathogenic
Pathogenic

Benign

Uncertain significance
Benign

Likely benign

Likely benign

Nucleotide and the protein changes are shown along with the predicted effect of the mutation. The mechanism of the mutation is classified as missense, nonsense, or truncation
and boundary mutations affecting the spicing. Affected carriers represents the totel number of probands and relatives bearing the mutation. Minor allele frequency (MAF) in the
gnomAD database.
JUP, junctional plakoglobin; PKP-2, plakophilin-2; DSC-2, desmocolin-2; DSP, desmoplakin; DSG-2, desmoglein-2; LDB3, LIM domain binding 3; ACMG score, American College of
Medical Genetics Score.
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Sex (male)
Age (years)

BMI (kg/m?)

LVED volume (m)

LVEF (%)

RVED volume (mi)

RVEF (%)

ECG

IRBBB

CRBBB

QRS (ms)

QRS V1-3 (S-offset) (ms)
QRS fragmentation ()
STslope (?)

TWI ()

T-wave amplitude (mV)
T-wave area (uV-s)
T-wave dispersion (V)

Mutation carriers (N = 41) Wild type (N = 73)

22 (53.7%)
38.5(25-50.6)
23,67 (22.66-25.50)
137 £ 19
6348
13249
6046

14 (34.15%)
3(6.82%)
84(78-90)

38 (32-44)
1(0-2)
6.24(4.11-981)
11,2
0.20(0.11-030)
18.58 (9.13-80.42)
250 (1.48-5.02)

P
45(6164%) 0939
34(26-47) 0514
23.41 (21.80-26.85) 0.880
132£9 0854
61+5 0.756
1346 0698
597 0921
23(3151%) 0977
3(@4.11%) 0166
84(80-84) 0803
38(34-42) 0474
1(0-1) 0.268

11.46 (3.94-17.49) 0.187

11,2

0.896

0.214(0.139-0.285) 0.348
22.35(12.77-32.98) 0.478
1.82(0.81-4.79) 0.742

Values are expressed in percentage, median, and interquartile range.
IRBBB, incomplete right bundle branch block; CRBBB, complete right bundle branch
block; TWI, T-wave inversion.
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OR estimate

AF/AFL
Ischernia (% of LV)* 1,669
Left atrial volume (m/m?) 1.105
Nonsustained ventricular tachycardia
Ischernia (% of LV)* 0.864
Non-obstructive HCM 0.196
LGE (% of LV) 1.096

B-estimate
Peak VO,
Ischernia (% of LV)* -0.170
Female —4.907
Age (years) -0.202
Predicted Peak VO,
Ischernia (% of LV)* 1.084
LVEF (%) 05618
LGE (% of L) -0815
VENCO; slope
Ischernia (% of LV)* -0.102
LGE (% of Lv) 0.195
Age (years) 0.147
Diabetes 4.423
Time to anaerobic threshold
Ischermia (% of LV)* —0.442
Non-obstructive HCM -1727
Age (years) -0.083
Diabetes -2.330
VO at anaerobic threshold
Ischernia (% of LV)* -0.159
Female -1916
Age (years) -0.100
Circulatory power
Ischernia (% of LV)* -10.730
MWT (mm) 103.970
LGE(% of L) ~67.439
Female —887.509
Age (years) ~20.882
Beta-blocker —758.485

Multivariable

95% confidence
interval

1.082;2.574
1.050; 1.164

0.571; 1.307
0.052; 0.733
1.004; 1.197

95% confidence
interval

-0.887; 0.547
~7.580; —2.234
—-0.290; -0.114

—2.133; 4.301
0.007; 1.228
—1.478; -0.153

-0.716;0.512
0.069; 0.320
0.076;0.217
1.551;7.295

—-0.860; -0.023
—-3.255; -0.198
—-0.135; -0.031
—4.436; -0.225

-0.590; 0.271
—3.534; —0.298
—0.153; -0.046

—196.200; 174.741
29.553; 178.387

—104.494;
-30.383

—1502.111;
—272.907

—40.255; —1.510

—1364.217;
—162.763

p-value

0.021
<0.001

0.489
0.016
0.041

prvalue

0.637
<0.001
<0.001

0.503
0.047
0.017

0.741

0.003
<0.001

0.003

0.039
0.027
0.002
0.031

0.462
0.021
<0.001

0.908
0.007
0.001

0.005

0.035
0.0156

HCM, hypertrophic cardiomyopathy; LGE, late gadolinium enhancement; LV, left ventrice;
MWT, maximum wall thickness; OR, odds ratio; VCO,, CO; production; VE, ventilation;

V02, oxygen uptake.
“For each 10% increment of ischemia.
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n=75

Male gender, n (%)

Age (years), mean (SD)

BSA (im?), mean (SD)

Hypertension, n (%)

Diabstes, n (%)

Dysliidaernia, 1 (%)

Current smoker, n (%)

Family history of HCM, 1 (%)
Beta-blocker, n (%)

Calcium channel blocker, 1 (%)
Angiotensin converting enzyme inhibitors, n (%)
Angiotensin receptor blockers, n (%)
Spironolactone, n (%)
Non-obstructive HCM, 1 (%)

NYHA L, (%)

NYHA I, (%)

Angina, n (%)

Syncope, n (%)

Palpitations, n (%)

47 (63)
54.6(14.8)
1.93 (0.21)

38(51)

12 (16)

30 (40)

11 (15)

21 (28)

54(72)

18 (24)

13(17)

18 (24)

3(4)

51(68)

41 (65)

34 (45)

25(33)

2@

24(32)

BSA, body surface area; HCM, hypertrophic cardiomyopathy; NYHA, New York Heart

Association; SD, standard deviation.





OPS/images/fcvm-08-761860/fcvm-08-761860-t002.jpg
CMR findings
MWT (mm), mean (SD) 202 (4.6)
LV mass indexed (g/m2), mean (SD) 97.2 (30.5)
LVEDV(mL/m?2), mean (SD) 60.7(15.3)
LVESV (mL/m2), mean (SD) 18.3(8.9)
LVEF (%), mean (SD) 716(83)
Ischermia (% of LV), mean (SD) 225(16.9)
Native T4 mapping (ms), mean (SD) 1024.1(35.8)
ECV (%), mean (SD) 26.7 (4.1)
T2 mapping (ms), mean (SD) 505 (2.4)
LGE (% of LV mass), mean (SD) 12.7 8.6)
Global longitudinal strain (%), mean (SD) —6.15 (4.79)
Global radial strain (%), mean (SD) 24.26 (9.87)
Global circumferential strain (%), mean (SD) —17.07 3.78)
Arthythmic findings
Sinus rhythm, n (%) 59 (79)
AFIAFL, 0 (%) 16(21)

AF 14

AFL 2
Non-sustained ventricular tachycardia, n (%) 1729)
CPET parameters
Peak VO (ml/kg/min), mean (SD) 21.07 (6.68)
predicted peak VO; (%), mean (SD) 84.17 (22.49)
VENCO; slope, mean (SD) 29.12(5.29)
Girculatory power (mmHg.mi/kg/min), mean (SD) 3596.5 (1897.4)
Time to anaerobic threshold (min), mean (SD) 5.9(3.5)
Peak VO, at anaerobic threshold (mi/kg/min) 14.13 (3.58)

CMR, cardiovascular magnetic resonance; CPET, cardiopulmonary exercise testing; LV,
left ventricular; LGE, late gadolinium enhancement; LVEDV, left ventricular end-diastolic
volume; LVEF, left ventricular ejection fraction; LVESV, left ventricular end-systolic volume;
SD, standard deviation; VCO2, CO, production; VE, ventilation; VO2, oxygen uptake.
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p-estimate
Female 2.084
Age (years) ~0.105
MWT (mm) 1.788
LV mass (g/m2) 0.241
Non-obstructive HOM ~ —1.132
Hypertension 3.081
Diabetes 2702
Dyslipidemia ~0.300
Curtent smoker 3379
HOM risk-SCD score 1.355

Univariable

95% confidence interval

—6.015 10 10.183
-0.371100.162
1.033 to 2.542
0.124t00.358
—9.541107.276
—4.736 10 10.898
—7.984 0 13.389
-8.310t07.710
~7.686t0 14.444
—0.350 to 3.060

p-value

0.610
0.436
<0.001
<0.001
0.789
0.435
0616
0.941
0.545
0.117

HCM, hypertrophic cardiomyopathy; LV, left ventricle; SCD, sudden cardiac death.
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Multivariable

pestimate  95% confidence  p-value
interval
Native T1 (ms)
Ischemia (% of LV)* 9018 4.721; 13315 <0001
MWT (mm) 2569 0981; 4167 0.002
ECV (%)
Ischemia (% of LV)* 0.002 —0.005; 0.009 0566
MWT (mm) 0.003 0.001; 0.005 0.016
LGE (%of LV)
Ischemia (% of LV)* 1.070 —0.106; 2.245 0.074
MWT (mm) 0716 0276; 1155 0.002
Subgroup analysis
MWT 15-20 mm
Ischeria (% of LV)* 1.941 0.738; 3.143 0.002
LV mass (g/m?) 0.122 0012; 0231 0.031
MWT >21mm
Ischeria (% of LV)* 0.050 ~2213;2314 0964
Nonabstructive HCM
Ischernia (% of LV)" 1.471 0.258; 2.683 0019
MWT (mm) 0.563 0.068; 1.038 0.026
Obstructive HOM
Ischemia (% of LV)* -1.073 —4.161;2.015 0.476
MWT (mm) 1.284 0307; 2262 0013
Male
Ischernia (% of LV)* 0.436 —1.287;2.159 0613
MWT (mm) 0939 0312; 1566 0.004
Female
Ischemia (% of LV)" 1.957 0.423; 3.492 0015
Age <4Oyears
Ischemia (% of LV)* 4874 1.155; 8.594 0.016
MWT (mm) 1.380 0.608; 2.153 0.003
Age 240 years
Ischernia (% of LV)" 1.145 ~0.141; 2.431 0.080
MWT (mm) 0515 ~0.004; 1.084 0.052
T2(ms)
Ischemia (% of LV)" 0.280 ~0.010;0.580 0.061
Non-obstructive HOM —1294 ~2.389; ~0.199 0.021

ECV, extracellular volume; HCM, hypertrophic cardiomyopathy; LGE, late gadolinium
enhancement; LV, left ventricle; MWT, maximum wall thickness.
“For each 10% increment of ischemia.





OPS/images/fcvm-08-761860/crossmark.jpg
©

2

i

|





OPS/images/fcvm-08-761860/fcvm-08-761860-g001.gif





OPS/images/fcvm-08-761860/fcvm-08-761860-g002.gif
Cine imaging,

Native T1 mapping

stressperfusion

L€ imaging

Tisse tracking






OPS/images/fcvm-08-761860/fcvm-08-761860-g003.gif
Lote godolinkum enhancement






OPS/images/fcvm-08-746321/fcvm-08-746321-t001.jpg
Localization/ Gene Protein Estimated Mode of Overlapping Affected References

function symbol frequency (%)  inheritance diseases ventricle
Desmosome  PKP2 Plakophiin 2 46 D ES RY, (1,30
biventricular
DsP Desmoplakin 14 AD, AR (Carvajal  DCM W (26,30)
Syndrome) biventricular
DSG2 Desmoglein 2 10 AD DCM RY, (28,30)
biventricular
pscz2 Desmocolin 2 9 AD,AR(noskn - RY, (@0)
manifestation) biventricular
JUP Plakoglobin 0.4 AD, AR (Naxos - RY, (1,30
disease) biventricular
Area CTNNA3 Catenin-o3 26 AD - RV, (44)
Composita biventricular
CDH2 Cadherin 2 12 D - RY, @1)
biventricular
Cytoskeleton ~ DES Desmin Rare D DCM, HCM L, (5)
biventricular
FLNC Filamin C Rare AD DCM Y (@6)
TMEMA43 transmembrane Rare AD - RV, (64
protein 43 biventricular
TN Titin Rare AD DCM, HCM RV LY, @)
biventricular
lon transport  SCN5A Navi.5 Rare AD 85, LQTS [ 1)
biventricular
PLN Phospholamban Rare D DCM v, (50)
biventricular
Cytokine TGFB3 Transforming Rare AD - RV 52)
growth
factor-B3

AD, autosomal dominant; AR, autosomal recessive; BrS, Brugada Syndrome; DCM, dilated cardiomyopathy; HCM, hypertrophic cardiomyopathy; LQTS, Long QT syndrome; LV, left
ventricle; Nav1.5, a-subunit of the cardiac sodium channel complex; RV, right ventricle.
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Al settings

DbCM

HCM

Transthoracic echocardiography

Pro

Wide availability

Well-validated
prognostic role of
ejection fraction in
this setting

Enable dynamic
evaluation of
hemodynamic
features (LVOT
obstruction)
Comprehensive
evaluation of right
ventricular
hemodynamic
pattern

Cons

Tissue
characterization is not
feasible

Apical thrombus could
be missed

Apical hypertrophy
could be missed

Right ventricular
evaluation could be
suboptimal in some
cases

Cardiac MRI

Pro

Well-validated tissue
characterization

Enable differential
diagnosis among
non-ischemic
etiologies fi.e.,
myocarditis)
Myocardial fibrosis
identification has
well-validated
prognostic role

Accurate analysis of
right ventricular
Kinesis, volumes and
function

Cons

Dedicated environment
may represent
contraindication

Diastolic function
evaluation is not
feasible

Hemodynarnic
eevaluation is not
feasible

Accurate evaluation of
tight ventricular could
be difficult due to
frequent ventricular
arhythmias

Cardiac CT
Pro Cons
Non-invasive Radiation dose,
evaluation of especially if serial
coronary anatomy evaluation needed at
follow-up.
Biventricular function  Higher dose of
analysis and coronary  contrast medium is
anatomy evaluation s needed due to
feasible at the same  chamber dilation
time
Identification of Hemodynarnic

myocardial bridging
and coronary artery
disease

Enable exclusion of
other causes of right
ventricular dilation

evaluation is not
feasible

Possible
over-estimation of
right ventricular
end-diastolic volume
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Imaging Diagnostic features
modality

Established risk markers

Emerging risk markers

Echocardiography - Transient circumferential wall motion abnormalities
(except focal type)

CMR - Transient circumferential wall motion abnormalities
(except focal type)
- Increased native T1, T2 and ECV
- Absence of LGE
cr - Absence of culprit CAD

Nuclear imaging -

LV ejection fraction
RV involvement

LV outflow tract obstruction
Mitral regurgitation

LV ejection fraction

RV involvernent

- Atria and ventricles deformation analysis by
speckle tracking

- T4 and T2 mapping
- Atria and ventricles deformation analysis by
feature tracking

Brain activity by functional MR imaging

pFA

Reduced 123-1-MIBG uptake

Brain activation, amygdala activity

(TTS recurrence)

CMR, cardac magnetic resonance; CT, computed tomography; ECV, extra-celular volume; LV, let ventricular; RV, right ventricle; CAD, coronary artery disease; pFA), peri-coronary fat

attenuation index.
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Protein name

$1 adrenergic receptor

$2 adrenergic receptor
Bel2-associated athanogene 3 (BAG3)

Estrogen receptor 1

SNP

rs1801263

151042714
rs8946

rs2234693

Protein
variation

Arg389Gly

GIn27Glu
3'UTR

Effect

Gain of function

Resistance to downregulation

Altered celular response to
epinephrine
unknown

Clinical outcomes

More frequently found in TTS patients
No significant difference between TTS and healthy
controls

More frequently found in healthy controls
More frequently found in TTS patients

Higher risk of TTS development in carriers
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ESC 2020 exercise recommendation Class of Level of
recommendation evidence

Participation in 150 min of low-intensity exercise lla c
per week should be considered for all indviduals.
Participation in low- to moderate-intensity b c

recreational exercise/sports’, if desired, may be
considered for individuals with no history of

cardiac arrest/VA, unexplained syncope, minimal

structural cardiac abnormalities, <500 PVCs/24 h,

and no evidence of exercise-induced VAs.

“This category includes bowling, cricket, curling,

golf, riflery, and yoga.

Participation in high-intensity recreational [ ]
exercise/sports or any competitive sports is not

recommended in individuals with ACM, including

those who are gene positive but phenotype

negative.

Low-intensity, light exercise: below the aerobic threshold, <d0% of maximum oxygen
consumption, <55% of maximum heart rate, <40% of heart rate reserve, rate of
perceived exertion scale 10-11. Moderate-intensity exercise: between the aerobic and the
anaerobic thresholds, 40-69% of maximum oxygen consumption, 55-74% of maximum
heart rate, 40-69% of heart rate reserve, rate of perceived exertion scale 12-13. VA,
ventriculer arrhythmias; PVC, pre-mature ventriculer contraction; ACM, arhythmogenic
cardiomyopathy (11, 12).
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Type of model Age of the mice

Kirchhof et al. (32)  Heterozygous 10 months old
plakoglobin-deficient mice
(PG~/+) vs. WT

Fabiitzetal. (33)  Heterozygous 10 months old
plakoglobin-deficient mice
(PG—/+) vs. WT

Lyonetal (34)  Homozygous 4 months old
desmoplakin-deficient
mice (DSP~/-) vs. WT

Hariharan etal.  Cell cultures expressing -
(@5) mutant plakoglobin (JUP)

or plekophilin-2 (PKP2)

vs. knockdown cel

cultures vs. WT cell

cultures
Cruzetal.(3)  Heterozygous PKP2 AAVQ injection at
R735X mice (PKP2-/4),  4-6 weeks old
obtained with AAV9 Exercise 2 weeks
technology later
Martherus etal.  Heterozygous mice for the 4 months old
©n human desmoplakin gene
carrying DSP R2834H vs.
WT

Chelkoetal. (38)  Homozygous DSG2and 3 months old.
heterozygous JUP mutant
mice vs. WT

van Opbergen (39)  Heterozygous 4months old
plakophilin-2-deficient
mice (PKP2-/+) vs. WT

Cheedipudi (40)  Heterozygous 6 months old
desmoplakin-deficient
mice (DSP—/+) vs. WT

Exercise protocol details

Swimming endurance protocol, 8
weeks

Swimming endurance protocol,
7 weeks Mice were randomized to
aload-reducing therapy
(furosemide and nitrates) or placebo

Running on a treadimil, 5 days of
acclimatization and 1 session of at
least 45 min or until exhaustion,
then, mice received a high (2 mg/kg)
orlow (0.5 mg/kg) epinephrine dose
Cell-cell adhesion assays,
immunoblotting, atomic force
microscopy, immunofiuorescence,
TUNEL assay and shear flow
experiments (to simulate strenuous
exercise) were performed

Swimming endurance protocol, 8
weeks

Running on a treadmill, 12 weeks

Graded exercise training
(swimming) since week 5 until 12.
Since week 3 some mice started
treatment with SB216763 (SB2)

Running on a treadmill, 4 weeks

Running in a treadmill, 12 weeks

Results

PG~/+ mice exhibited structural and arrhythmic ACM
features. Isolated, perfused PG-/+- hearts had spontaneous
VT of RV origin and prolonged RV conduction times.
compared with WT hearts. Endurance training accelerated
abnormalities in PG-/+ mice. RV histology and electron
microscopy were normal in affected animals.

Therapy prevented training-induced RV enlargement in
PG~/+ mice. Untreated PG~/+ hearts had reduced RV
longitudinal conduction velocity, more spontaneous macro
re-entrant VTs than treated and WT and lower
concentration of phosphorylated Cx 43 than WT, especially
in those with VTs. PG-/+ hearts showed reduced
myocardial plakoglobin concentration, whereas b-catenin
and N-cadherin concentration was not changed.

Increased PVCs were observed in DSP~/~ mice when
exposed to exercise and epinephrine. Interestingly, high
doses of epinephrine in combination with exercise could
also induce sudden cardiac death in DSP-/- mice that was
not observed in fitermate controls.

Mutant cells showed no differences, while knockdown
cultures showed weakened cell-cell adhesions. Upon shear
stress, mutant cultures failed to increase the amount of
immunoreactive signal for plakoglobin or N-cadherin, as
observed in WT. In contrast to WT, apoptosis was increased
in cells expressing mutant JUP, both in resting conditions
and also in response to shear stress. Abnormal responses
to shear stress associated with mutant JUP or PKP2 could
be reversed by SB216763 (SB2), a GSK3b inhibitor.

CMR at 10-months post-nfection detected an overt RV
ACM phenotype and histologically Cx43 dyslocalization in
trained PKP2-/+ mice but not in their sedentary litermates.

DSP R2834H mice displayed structural features of RV ACM
with normal LV and endurance exercise accelerated ACM
pathogenesis paralleling a perturbed AKT1 and GSK3-
signaling pathways.

SB2 prevents myocyte injury and cardiac dysfunction in vivo
in two murine models of ACM at baseline and in response
to exercise (in terms of LVEF, survival, and normaiization of
intercalated disk distribution o in terms of ventricular
ectopy and myocardial fibrosis/inflammation reduction,
respectively).

In PKP2-/-+ mice, protein levels of Ga2-+ -handling proteins
were reduced compared to WT. Trained PKP2-/-+ showed
a pro-arthylhmic remodeling with RV lateral connexin43
expression, RV conduction slowing, and a higher
susceptibilty toward arrhythmias.

A differential gene expression was observed in DSP~/-+ vs.
WT mice, including upregulated genes inhibitors of the
canonical Wt pathway. Exercise restored transcript levels
of 2/3rd of the differentially expressed genes. The changes
were associated with reduced myocardial apoptosis and
eccentric cardiac hypertrophy without changes in cardiac
function and arrhythmias.

WT, wild type; Cx43, Connexind3; GSK3-8, glycogen synthase kinase 3-$; AKT1, protein kinase B; LV, left ventricular; RV, right ventricular; CMR, cardiac magnetic resonance imaging.
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Gene name Gene symbol Gene location RV involvement Biventricular involvement LV involvement % In probands*

Plakoglobin Jup 17621.2 Yes Yes No 01
Desmoplakin DSP 6p24.3 No Yes Yes 3-15
Plakophilin-2 PKP2 12p11.21 Yes Yes No 20-46
Desmoglein-2 DSG2 18q12.1 Yes Yes Yes 3-20
Desmocolin-2 DSC2 18q12.1 Yes Yes No 1-8
Transforming growth factor beta-3 TGFB3 14G24.3 Yes No No ?
Transmembrane protein 43 TMEMA43 3p25.1 Yes Yes No 02
Titin ™ 2q31.2 Yes Yes Yes 0-10
Desmin DES 2435 No Yes Yes 0-2
Filarmin G FLNG 7682.1 No No Yes 3
Lamin AC LMNA 1922 No Yes Yes 04
Phospholamban PLN 6a22.31 No Yes Yes 0-1
Alpha-8 catenin CTNNA3 10g21.3 Yes Yes No 02
Cadherin-2 CDH2 18q12.1 Yes Yes No 02
Sodium voltage-gated channel, alpha subunit 5 SCNSA 3p22.2 Yes Yes Yes 2
RNA-binding motiv protein 20 RBM20 10G25.2 No No Yes 1
LIM domain binding 3 LoB3 10623.2 Yes No No ?
Tight junction protein 1 TPt 1518.1 Yes Yes No <56%

*Except in specific geographical regions, where it could be much higher. Modified from (1, 3-7). ?: unknown.
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Patients without

MACE (N = 24)
Univariate cox regression analysis

Major SCD risk factor

Maximal LYWT (mm)" 26.0(6.9)
LA diameter (mm)" 47.0(9.0)
LVOT gradient pressure 440 (657.0)
(mmHg)"

SCD family history (N, %) 6,222%
NSVT (V, %) 5,185%
Unexplained syncope (N, %) 18, 48.1%
Age (years) 430+ 12.9
Maximal LVWT =30 mm (N, %) 11,40.7%
LGE/LV mass >15% (N, %) 19,70.4%
End-stage systolic dysfunction 1,8.7%

(N, %)

Cardiac MRI mapping parametersS

Global native T1 (ms)* 1,318.6 £43.2
Increased global native T4 17,708%
(N, %)

Minimal native T1 (ms)* 1,243.0 £56.7
Maximal native T1 (ms)* 13756+ 51.4
Global ECV (%)* 31.0+£39
Increased global ECV (V, %) 15,62.5%
Minimal ECV (9%)* 25427
Maximal ECV (%)* 37075
Multivariate cox regression analysis

NSVT -

Patients with MACE
=8

17.9(83)
50.0(8.5)
2.0(25.9)

0,0%
4,80.0%
2, 40.0%

528+93
1,20.0%
4,80.0%
2,40.0%

1,358.3 & 50.6
7,87.5%

1,269.8 = 41.6
1,435.5 £ 839
389+ 10.6
6, 75.0%
272446
513+ 164

HR (95% CI)

0.851 (0.735-1.009)
1.011 (0.924-1.107)
0.954 (0.917-0.992)

0.629 (0.077-5.121)
9779 (1.953-48.964)
0.630 (0.150-2.644)
1.046 (0.990-1.105)
0381 (0.098-2.426)
2981 (0.366-24.273)
13.104 (2.546-67.440)

1.741 (1.088-2.921)
3.634 (0.433-30.517)

1.308 (0.887-1.930)
1.409 (1.058-1.875)
1.236 (1.059-1.442)
1.728 (0.347-8.596)
1.333 (0.875-2.080)
1.150 (1.044-1.267)

9.779 (1.953-48.964)

P-value

0.064
0811
0.019*

0.665
0.006*
0.528
0.106
0.381

0.307
0.002"

0.036"
0.235

0.175
0.019*
0.007*

0.504

0.180
0.005*

0.008*

SCD, sudden cardiac death; MACE, major adverse cardiovascular events; HR, hazard ratio; CI, confidence interval; ECV, extracellular volume fraction.

+Expressed as mean  stenderd deviation.
*Expressed as median (interquartie range).

SNative T1 values were set as per SD (30 ms) increase; ECV values were set as per SD (2%) increase.

“With statistically significant difference.
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Major risk factor

Global native T1

rorr,  Pvalue
2014 ESC guidelines major risk factors

Maximal LVWWT 0.180 0.010*
LA diameter 0202 0.004*
LVOT gradient pressure -0002 0980
SCD family history 0084 0236
NSVT 0212 0002
Unexplained syncope -0026 0714
Age 0.021 0.767
Enhanced ACC/AHA guidelines major risk factors
Maximal LVWT =30 mm 01447 0037
LGE/LY mass = 16% 0538 <0.001*
End-stage systolic dysfunction 0248 <0.001"
LV apical aneurysm 0051 0.466

Global ECV

rorrs P-value
0.163 0.020
0219 0.002*
—-0.151 0.032*
0.107 0.128
0.200 0.004*
0.047 0.507
-0.123 0.081
0.205 0.003"
0.608 <0.001*
0293 <0.001*
0.135 0.085

ECV, extracelllar volume fraction; 1, Pearson correlation cosffient; rs, Spearman
correlation coefficient; ESC, European Society of Cardlology; LVWT, left ventricular wall
thickness; LV, left ventriculer; LA, left atrium; LVOT, left ventricular outflow tract; SCD,
sudden cardiac death; NSVT, non-susteined ventricular techycardia; ACC/AHA, American
College of Cardiology/American Heart Association; LGE, late gadolinium enhancement.

*With statistically significant difference.
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Univariate cox regression analysis

Major risk factors
Maximal LVWT (mm)
LA diameter (mm)

LVOT gradient pressure
(mmHg)

SCD family history (N, %)
NSVT (V, %)

Unexplained syncope (N, %)
Age (years)

ESC score (%)

High SCD risk by 2014 ESC
guideline (N, %)

Maximal LYWT 230 mm (N, %)
LGELY mass 215% (N, %)
LGE/LV mass (%)

End-stage systolic dysfunction
N, %)
LV apical aneurysm (N, %)

High SCD risk by enhanced
ACC/AHA guideline (N, %)

Cardiac MRI parameters®
EDV (m)"

EDV/BSA (ml/m2)*

ESV (m)

ESV/BSA (m/m?)*

LVEF (%)*

MASS (g)"

MASS/BSA (g/m?)*

Global native T1 (ms)*
Increased global native T1 (V,
%)

Minimal native T1 (ms)*
Maximal native T1 (ms)*
Global ECV (%)*

Increased global ECV (N, %)
Minimal ECV (%)*

Maximal ECV (%)*

Multivariate cox regression analysis

Global native T1
NSVT

Patients without
MACE (N = 178)

22.0(9.9)
43.0(6.0)
31.5(523)

12,6.7%
4,22%
25,14.0%
533+ 152
2.27(1.69)
24,135%

36,20.2%

75,42.1%

13.3(18.7)
1,06%

3,1.7%
102, 57.3%

104.5(37.8)
58.8(183)
24.0(14.8)
13.8(8.2)
76,9 (11.7)
188.6 (97.6)
106.8 (54.0)
1,801.5+53.1
87,48.9%

12262710
1,388.4 & 146.9
200+56.4
66, 37.1%
239+33
353+86

Patients with MACE
(N =25)

19.1 8.8
45.0(8.5)
15.0 (47.5)

1,4.0%
7,280%
3,12.0%

601116
1.70 (3.49)
8,32.0%

4,16.0%
18,52.0%
16.3(35.8)
6,24.0%

1,4.0%
15, 60.0%

100.8 (84.1)
61.1(34.7)
23.0 (66.0)
13.3 (33.96)
75.9(32.3)

1585 (160.8)
100.0(68.8)

1,856.2 £ 47.3
23,92.0%

12741 £523
1,4302 £ 71.0
343+80
15, 60.0%
263+38
43.7 £13.1

HR (95% CI)

0979 (0.911-1.053)
1.059 (0.998-1.123)
0.995 (0.983-1.008)

0.809 (0.109-6.011)
7.901 (3.203-18.953)
0,888 (0.266-2.970)
1,080 (0.999-1.062)
1.122 (0.907-1.390)
2.954 (1.271-6.862)

0.892 (0.305-2.604)
1.694 (0.770-3.726)
1.025 (1.005-1.046)

8.687 (3.449-21.878)

3.387 (0.449-25.554)
1.368 (0.611-3.061)

1.009 (1.002-1.015)
1.016 (1.006-1.025)
1.011 (1.006-1.016)
1.017 (1.009-1.026)
0957 (0.936-0.979)
1.001 (0.996-1.005)
1.001 (0.992-1.010)
1.492 (1.259-1.769)

10.750 (2.533-45.623)

1.505 (1.231-1.840)
1.046 (0.987-1.109)
1.150 (1.074-1.230)
2323 (1.043-5.174)
1.200 (1.108-1.508)
1.104 (1.051-1.160)

1.446 (1.195-1.749)
4.949 (2.083-12.047)

P-value

0.570
0.068
0.458

0.835
<0.001*
0.848
0.069
0.289
0.012°

0.834

0.190

0.018*
<0.001*

0.237
0.446

0.006*
0.001*
<0.001*
<0.001*
<0.001*
0.833
0.805
<0.001*
0.001*

<0.001*
0.126

<0.001*
0.039"
0.001*

<0.001*

<0.001*
<0.001*

SCD, sudden cardiac death; MACE, major adverse cardiovascular events; HCM, hypertrophic cardiomyopathy; HR, hazard ratio; CI, confidence interval; LVWT, left ventricular wall
thickness; LA, left atrial; LVOT, left ventricular outflow tract; NSVT, non-sustained ventricular tachycardia; ESC, European Society of Cardiology; LGE, late gadolinium enhancement; LV,

left ventricular; ACC/AHA, American College of Cardiology/American Heart Association; MRI, magnetic resonance imaging; ECV, extracellular volume fraction.
+Expressed as mean  standerd deviation.
* Expressed as median (interquartile range).

SNative T1 values were set as per SD (30 ms) increase; ECV values were set as per SD (2%) increase.

*With statistically significant difference.
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Patients without Patients with MACE HR (95% Cl) P-value

MACE (N = 76) N =10)
Univariate cox regression analysis
Major SCD risk factor
Maximel LYWT (mm)* 190 (6.1) 19.1(35) 0.977 (0825-1.157) 0977
LA diameter (mm)* 43.0 (6.0) 42.5(4.5) 1.024 (0.905-1.158) o7t
LVOT gradient pressure 300 (47.3) 47.5(74.0) 1.011(0.993-1.029) 0.238
(mmHg)*
Age (years)* 563+ 143 69.07.7 1.110 (1.030-1.196) 0,006
LGEAY mass (%)* 80(6.4) 76(78) 0.953 (0821-1.107) 0529
Cardiac MRI mapping parameters®
Global native T1 (ms)* 1,277.9 £ 452 1,341.2 £ 39.6 1,532 (1.221-1.922) <0.001*
Increased global native T1 18,23.7% 9,90.0% 19.812 (2.508-156.495) 0.008*
(N, %)
Minimal native T1 (ms)* 1,208.4 £72.9 1,281.4 + 546 1,636 (1.259-2.125) <0.001*
Maximel native T1 (ms)* 13683+ 172.8 1407.9 £ 47.8 1.033 (0.951-1.121) 0.445
Global ECV (%)* 260429 288£17 1.785 (1.146-2.780) 0010
Increased global ECV (V, %) 9,11.8% 3,30.0% 2314 (0.590-9.075) 0.229
Minimal ECV (%)* 22439 24822 1.540 (1.056-2.244) 0.025
Maximal ECV (%)* 31.4£67 343+48 1.100 (0.946-1.280) 0215
Multivariate cox regression analysis
Global native T1 - - 1,582 (1.221-1.922) <0.001"

SCD, sudden cardiac death; MACE, major adverse cardiovasculer events; HR, hezard ratio; Cl, confidence interval; LYWT, eft ventriculer wal thickness; LA, left atrial; LVOT, eft ventriculer
outflow tract; LGE, late gadolinium enhancement; LV, left ventricular; ECV, extracellular volume fraction.

+Expressed as meen  standard deviation.

" Expressed as median (interquartie range).

SNative T1 values were set as per SD (30ms) increase; ECV values were set as per SD (2%) increase.

*With statistically significant difference.
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Univariate cox regression analysis
Major SCD risk factor

Maximal LVWWT (mm)*

LA diameter (mm)*

LVOT gradient pressure
(mmHg)*

SCD family history (N, %)
NSVT (V, %)

Unexplained syncope (N, %)

Age (years)*

Maximal LVWT =30 mm (N, %)
LGE/LY mass >15% (N, %)
End-stage systolic dysfunction

(N, %)

LV apical aneurysm (N, %)

Cardiac MRI mapping parametersS
Global native T1 (ms)*

Increased global native T4
(N, %)

Minimal native T1 (ms)*

Maximal native T1 (ms)*

Global ECV (%)*

Increased global ECV (N, %)

Minimal ECV (%)*

Meaximal ECV (%)*

Multivariate cox regression analysis

End-stage systolic dysfunction
(N, %)

Patients without
MACE (N = 78)

243 (95)
430(6.0)
240 (50.5)

7,90%
1,1.3%
13,16.7%
54.8 £ 152
26,33.3%
59, 75.6%
1,1.3%

3,38%

1,319.1 + 54.7
52,66.7%

1,236.1 £705
14120+ 136.8
31.2+62
42,53.8%
248+3.4
387+9.7

Patients with MACE
=17

223 (14.1)
480 (11.0)
15.0 (45.0)

0,0%
1,14.3%
0,0%
§7.1£120
2,286%
6,85.7%
3, 42.9%

1,14.3%

1,368.0 + 66.5
7,100.0%

1,275.8 £ 65.9
1,45616+£91.8
36958
6,85.7%
27.3+45
48.4+£96

HR (95% CI)

1.008 (0.891-1.129)
1.104 (0.955-1.275)
0991 (0.966-1.017)

2249 (0.250-20.257)
0999 (0.946-1.055)
0.948 (0.182-4.937)
1,670 (0.201-13.884)
6.472 (1.307-29.976)

7.318 (0.809-66.202)

1518 (1.048-2.199)
33.058 (0.014-77,171.798)

1.373 (0.852-2.212)
1.074 (0.926-1.245)
1.107 (0.975-1.257)

3,629 (0.432-30.514)
1.186 (0.891-1.579)
1.087 (0.995-1.188)

7.942 (1.322-47.707)

SCD, sudden cardiac death; MACE, major adverse cardiovascular events; HR, hazard ratio; C, confidence interval; ECV, extracellular volume fraction.

+Expressed as mean  stendrd deviation.
" Expressed as median (interquartile range).

$Native T1 values were set as per SD (30 ms) increase; ECV values were set as per SD (2%) increase.

*With statistically significant difference.

P-value

0.957
0.182
0.485

0.470

0.972
0.949
0.635
0.017%

0.077

0.027*
0377

0.193
0.348
0117
0.235
0.243
0.064

0.023*
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Acute complication Frequency

Acute heart failure 12-45%
RV involvement 18-34%
LV outflow tract obstruction 10-25%
Mitral regurgitation 14-26%
Cardiogenic shock 6:20%
LV thrombus 2-8%
Ventricular arrhythmias 4-9%
In-hospital death 1-5%

<1%

Cardiac rupture

Rates taken from (1). RV, right ventricle; LV, left ventricular.
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Total (n = 300) Without CV outcomes (n = 277) With CV outcomes (n = 23) P-value

Baseline echocardiogram

LVEDD, mm 503 4.7 502 £4.6 514 £65 0250
LVESD, mm 323 £43 322 £42 33.7 £5.4 0.120
LVEF. % 67.8 £68 67.9 £6.7 660 £7.5 0.191
LV mass index, g/m? 104.4 £225 103.8 £22.3 1121 £250 0.130
LA volume index, m/m? 358 126 354 £125 404 £140 0.068
e velocity, cm/s 6.1 £24 62 £25 47 £15 0012
§' velocity, cmvs 67 £16 68 +16 58 £14 0.007
Efe’ 18.7 £63 13.3 £59 19.4 £87 0.007
[Lv-GLS], % 210 £53 212 £53 185 £4.7 0016
[Lv-GCS], % 294 £7.0 292 £7.0 276 =68 0292
Post-PM echocardiogram

Time after PM implantation, years 22 12 22 %12 24 14 0.730
LVEDD, mm 496 £5.1 49.4 £50 517 262 0.035
LVESD, mm 334 £5.7 331 £55 364 £7.5 0.047
LVEF. % 622 £103 62.7 £9.7 551 £14.1 0018
PMIC, n (%) 32(10.7) 22(7.9) 10 (43.5) <0.001
LV mass index, g/m? 101.4 £25.3 100.0 +24.6 1200 £27.7 <0.001
LA volume index, mi/m? 348 £13.4 340 £12.9 448 £153 <0.001
e velocity, cm/s 53 £19 53 £1.9 50 1.3 0.476
§' velosity, omvs 59 14 59 £14 49 £0.9 <0.001
Efe’ 13.4 £59 130 £55 19.1 8.4 0.007
Significant TR (zgrade 2) 18(6.0) 17 (6.1) 143 0.728
[LV-GLS|, % 166 5.3 17.0 £5.0 12 £65 <0.001
V-GS, % 245 £7.1 249 +69 194 £7.7 <0.001

CV, cardlovascular; LVEDD, left ventriculer end-diastolic cimension; LVESD, left ventricular end-sstofic dimension; LVEF, left ventriculer ejection fraction; LV, left ventricle; LA, left atrium;
', early diastolic mitral annuler tissue velocity; S', systolic mitral annular tissue velocity; E/e', ratio of early diastolic mitral inflow velocity to early diastolic mital annular tissue velocity;
LV-GLS|, absolute value of left ventricular globallongitudinal strain; |LV-GCS), absolute value of left ventricular global circumferential strain; PM, pacemaker; PMIC, pacemaker-nduced
cardiomyopathy; TR, tricuspid regurgitation.
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Correlation  P-value

coefficient
LVEDD, mm o162 0.005
LVESD, mm 0.189 0.001
LVEF. % -0210 <0.001
LV mass index, g/m? 0.116 0.048
LA volume index, mi/m? 0.100 0.083
e’ velocity, /s -0.138 0.021
§' velocity, om/s 202 0.001
Ee’ 0013 0.833
[v-GLS), % —0.257 <0.001
lv-Gesl, % -0.198 0.001
LV segmental longitudinal strain
Base Antero-septum 0,093 0.109
Anterior 0.050 0.385
Antero-lateral 0073 0.207
Infero-lateral 0.076 0.191
Inferior 0.126 0.029
Infero-septal 0127 0.028
Mid LV Antero-septum 0.183 0.001
Anterior 0.081 0.164
Antero-lateral 0133 0.021
Infero-lateral 0,058 0316
Inferior 0270 <0.001
Infero-septal 0182 0.002
Apex Septal 0333 <0.001
Anterior 0.236 <0.001
Lateral 0316 <0.001
Inferior 0271 <0.001

LVEDD, left ventricular end-diastolic dimension; LVESD, left ventricular end-systolic
dimension; LVEF, lft ventricular ejection fraction; LV, left ventricle; LA, leftatriur; &', early
diastolic mitral annular tissue velocity; S', systolic mitral annuler tissue velocity; E/e', ratio
of early diastolic mitral inflow velocity to early diastolic mital annular tissue velocity; |LV-
GLS|, absolute value of left ventricular global longitudinal strain; |LV-GCS), absolute value
of left ventricular global circumferential strain.
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Model 1 Model 2
Hazard ratio [95% CI] P-value Hazard ratio [95% CI]
[LV-GLS| > 19.1% Reference Reference
14.4 < |LV-GLS| < 19.1% 5.800.68~49.84) 0.109 4.06 (0.46~35.66)
[LV-GLS] < 14.4% 14.8[198~112.70) 0.009 15.18 [1.96~117.61]

Model 1: Adjusted by age and sex.
Model 2: Adjusted by age, sex, CKD, and CAD.
Model 3: Adjusted by age, sex, CKD, CAD, LVEF, and LA volume index.

P-value

0.207
0.009

Model 3
Hazard ratio [95% CI]
Reference

459(0.562~40.13)
13.97 [1.72~113.39)

P-value

0.169
0.014

Cl, confidence interval; CKD, chronic kidney disease; CAD, coronary artery disease; LVEF, left ventricular ejection fraction; LA, left atrium; |LV-GLS], absolute value of left ventricular

global circumferential strain.
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Age, years

Male sex, n (%)

BMI, kg/m?
Hypertension, n (%)
Diabetes melitus, n (%)
CKD, n (%)

AF, n (%)

CAD, n (%)

HFPEF, n (%)
Medications, n (%)
RAAS blockers

Beta blockers

ceB
Diuretics
Statin
Vlead position, n (%)
Apex

Septum

Pacing percentage, %

Total (n = 300)

67.113.2
119(39.7)
24336
171 (57.0)
61(203)
203
54(18.0)
39(13.0)
5(1.7)

141 (47.0)
39(13.0)
69(23.0)
78(26.0)
89(29.7)

273 (91.0)
27(9.0
60.4 £ 42.4

Without CV outcomes (n =277)

662+ 18.8
107 (38.6)
24386
155 (56.0)
54(19.5)
16(6.8)
48(17.3)
30(10.8)
4(1.4)

122 (44.0)
36(13.0)
64 (23.1)
63(24.5)
81(202)

250 (90.3)
279.7)
613423

With CV outcomes (n = 23)

745+£99
12 (52.2)

25.0+£36
16 (69.6)
7 (30.4)
6(26.1)
6(26.1)
930.1)

1(4.3)

19 (82.6)
3(13.0)
5(21.7)
10 (43.5)
8(348)

23 (100.0)
0(00)
4974426

P-value

0.005
0.202
0.367
0.205
0.210
<0.001
0.203
<0.001
0.296

<0.001
0.995
0.881
0.047
0.576

0.117

0211

CV, cardiovascular; BMI, body mass index; CKD, chronic kidney disease; AF, atrial fibrillation; CAD, coronary artery disease; HFpEF, heart failure with preserved ejection fraction; RAAS,
renin-angiotensin-aldosterone system; CCB, calcium channel blockers; V, ventricular.





