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Aims and Scope of the Series

Today, since molecular science on structural causes of oncological pathologies and
their molecular treatments are developing at an unbelievable rate, the primary
medical cause of death in the twenty-first century will be cardiovascular disease.
Neither pandemics that threaten all humanity nor deterioration in the ecosystem
will be able to change this fact. Especially, this century seems poised to witness an
incredible struggle against atherosclerotic disease, which develops in the arterial
walls and results in narrowing and occlusion of the arterial lumen. In addition to
this disease, there has been an increasing prevalence of heart rhythm problems,
deterioration of heart valves due to aging, and heart failure. Serious vascular
pathologies such as stenosis and occlusion, dissection and rupture, and aneurys-
mal enlargement are also major concerns. Medical and invasive treatment meth-
ods may work to save human lives, but they will never provide a real solution. All
kinds of medical, technological, and genetic engineering developments obtained
in these processes have not yet been sufficient to alleviate or eliminate cardiovas-
cular disease. This book series, Cardiology and Cardiovascular Medicine, includes
three topics. The first, Cardiovascular Diseases and Health, reviews important car-
diovascular diseases and the developments in their prognosis. The second topic,
Cardiovascular Electrophysiology, illuminates the abnormal functioning of the
cardiac conduction system, which is caused by all heart pathologies and negatively
affects prognosis. The third topic in this series, Cardiovascular Surgery, details
treatment for cardiovascular pathologies and how to regulate normal physiological
functions with percutaneous or extracorporeal interventions.






Meet the Series Editor

After completing his studies at the Medicine Faculty of Istanbul
University in 1990, Prof. Kaan Kirali fulfilled his mandatory med-
ical service and commenced his residency training at Kosuyolu
Heart and Research Hospital in 1992. Following five years of as-
sistant education, he pursued further training in England and the
USA in 1998. Specializing in laparoscopic and minimally invasive
cardiac surgery, he earned the titles of consultant cardiovascular
surgeon in 1998, Assistant Professor in 1999, Associate Professor in 2002, and Chief
in 2005 at the same hospital. Prof. Kirali also developed an interest in preventive
medicine, obtaining an MSc in Public Health from Istanbul University in 2000. Over
the past two decades, he has concentrated his scientific pursuits on cardiovascular
repairs requiring specialized experience. With his expertise in coronary artery sur-
gery, minimally invasive cardiac surgery, valve repair, and aortic root surgery, he has
established new methods for awake coronary bypass revascularization, a new surgical
approach for AVR during first and re-operations, aortic valve-sparing procedure,

and radiofrequency ablation. Notably, he pioneered awake complete coronary artery
bypass grafting (CABG) with bilateral internal mammary arteries (BIMA) and played
a crucial role in advancing aortic root surgery with a new aortotomy incision, simpli-
fying aortic valve interventions. Since the year 2000, Prof. Kirali has expanded his
interests to heart transplantation, and in recent years, to left ventricular assist devices.
He has served as the head of the transplantation department since 2015 and currently
continues his work as the director of Koguyolu High Specialization Education and
Research Hospital in Istanbul, Turkey. In his prolific career, he has authored numer-
ous papers in SCI journals, contributed to various book chapters, and served as an
editor and reviewer for multiple academic journals. Additionally, he has edited several
international books in the field of cardiovascular medicine.







Meet the Volume Editor

Dr. Aleksandar Kibel is an Associate Professor and subspecialist

in Cardiology, currently serving as the Head of Internal Medicine
and Cardiology at the International Medical Center Priora. A
top-tier graduate with a perfect 5. 0 GPA, he earned his Ph.D. in
2014, focusing on cardiovascular physiology. With over a decade of
experience at the Osijek University Hospital Center, he now leads
the Scientific Unit for Medical Research and the MEFOS-2 research
group within the Center of Excellence for Personalized Health Care. He is a Senior
Research Associate in both basic and clinical medical sciences, having led multiple in-
stitutional projects (IP-8, IP-27) and participated in international training across the
US, Europe, and Asia. A native speaker of Croatian and German, Dr. Kibel has served
as the head of the Medical Program in German at the Faculty of Medicine in Osijek.
He is a prolific author and editor, specifically noted for his work on the renin-angio-
tensin system, and serves as a mentor to five doctoral students.







Contents

Preface XIII

Chapter1 1
Immune Mechanisms in the Pathogenesis of Primary Cardiomyopathies
by Dora Ursic and Aleksandar Kibel

Chapter2 21
Infiltrative Cardiomyopathies: Pathophysiology and Implications for

Heart Transplantation

by Ye In Christopher Kwon, Eleanor E. Bashian, Elizabeth ]. Bashian,

Justin Chang, Valentina Robila, Keyur B. Shah, Mohammed Makkiya

and Zubair A. Hashmi

Chapter 3 71
Takotsubo Cardiomyopathy: A Comprehensive Overview
by Andrew Ndakotsu

Chapter 4 91
Aortic Stenosis
by Sultan Alotaibi

Chapter5 99
The Spectrum of Atrial Cardiomyopathy: Early Changes, Diagnostic

Challenges, and Clinical Implications

by Angelina Borizganova






Preface

Cardiomyopathies comprise a diverse group of myocardial diseases in which structural
and/or functional abnormalities of the heart muscle cannot be explained solely by
coronary artery disease, hypertension, valvular disease, or congenital disabilities.
They range from primary disorders, often driven by genetic predisposition, inflam-
matory injury, immune dysregulation, or idiopathic processes, to secondary forms
that arise in systemic conditions such as metabolic, infiltrative, toxic, or endocrine
disease. Despite their heterogeneity, cardiomyopathies share a common clinical
relevance: they are major contributors to heart failure, arrhythmias, thromboembolic
complications, and sudden cardiac death, frequently affecting patients across a broad
age spectrum and presenting with variable trajectories from subtle symptoms to
advanced, life-threatening disease.

Over the past few decades, advances in imaging, molecular biology, and computa-
tional analysis have refined how cardiomyopathies are recognized and categorized.
Echocardiography and cardiac magnetic resonance have enabled more precise char-
acterization of phenotypes, revealing patterns of remodeling, fibrosis, edema, and
infiltration that inform both prognosis and management. In parallel, genetic testing
has illuminated pathways underlying hypertrophic, dilated, arrhythmogenic, and
restrictive phenotypes, while enabling cascade screening and earlier identification of
at-risk relatives. Yet cardiomyopathy remains, in many respects, a clinical syndrome
rather than a single entity: similar phenotypes can arise from distinct mechanisms,
and the same mechanism can manifest with different morphologic patterns depending
on timing, comorbidities, and individual susceptibility.

At the core of cardiomyopathy lies an interplay between initiating insults and the
heart’s adaptive, and ultimately maladaptive, responses. Early triggers may involve
sarcomeric dysfunction, cytoskeletal instability, mitochondrial impairment, micro-
vascular dysregulation, autoimmune activation, or extracellular matrix perturbations.
Once established, the disease frequently becomes self-sustaining through integrated
circulatory and neurohormonal changes that reshape cardiac loading conditions and
energetics. Myocyte injury and death, inflammatory signaling, and fibroblast activa-
tion converge on remodeling processes that may preserve cardiac output in the short
term but gradually erode mechanical efficiency and electrical stability. Consequently,
cardiomyopathy research increasingly focuses not only on “what starts the process,”
but also on “what maintains it”—the molecular, cellular, and tissue-level mechanisms
that link initial injury to progressive dysfunction.

This volume, Cardiomyopathy — A Comprehensive Overview, is grounded in that
evolving perspective. Rather than revisiting only the most familiar frameworks, it
highlights mechanisms and forms of cardiomyopathy that may receive less attention
in routine discussions, yet are increasingly recognized as clinically and biologically
important. Several chapters address emerging scientific advances that deepen our



understanding of pathophysiology, particularly the processes that sustain disease
once remodeling has begun, as well as the mechanistic steps that govern initiation and
progression.

A central theme is the contribution of immune mechanisms to primary cardiomy-
opathies, where inflammatory pathways can act as triggers, amplifiers, or modifiers
of phenotype and outcome. The book also examines Takotsubo cardiomyopathy, a
striking model of stress-related myocardial dysfunction that challenges traditional
boundaries between functional disturbance and structural disease. In addition,
infiltrative cardiomyopathies are explored as paradigms in which the myocardium is
altered by abnormal deposition or cellular infiltration, often with subtle early find-
ings but profound consequences as they advance. The complex myocardial response
to aortic stenosis is considered, with emphasis on specific aspects of remodeling
beyond the valve itself, highlighting the transition from compensatory hypertrophy to
maladaptive fibrosis and dysfunction. Finally, atrial cardiomyopathies are discussed
as an expanding concept that reframes atrial disease not merely as a consequence

of ventricular pathology or arrhythmia, but as a substrate with its own structural,
functional, and thrombo-inflammatory implications.

We hope this collection will be both interesting and thought-provoking, offering
readers concise, focused perspectives that encourage further discussion, research,
and clinical attention to these important and sometimes underappreciated facets of
cardiomyopathy.

Prim. Aleksandar Kibel, M.D., Ph.D.

Associate Professor,

Internal Medicine Specialist,

Cardiology Subspecialist,

International Medical Center Priora,

Head of Internal Medicine and Cardiology,
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Faculty of Medicine,

Department of Physiology and Immunology,
University of Osijek,

Osijek, Croatia
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Chapter 1

Immune Mechanisms in the
Pathogenesis of Primary
Cardiomyopathies

Dora Ursic¢ and Aleksandar Kibel

Abstract

Among the many pathophysiological mechanisms that contribute to the occurrence,
development and clinical course of cardiomyopathies, immune mechanisms play one
of the important roles. While there is much more to be investigated, our understanding
of underlying immune mechanisms has significantly improved over time, and we are
starting to piece together a complex network of interactions that lead to the clinical
manifestations of cardiomyopathies. This chapter aims to give a concise overview of
some of the most important immune-mediated processes that are associated with the
pathogenesis of primary cardiomyopathies, including hyperthrophic cardiomyopathy,
arrhythmogenic cardiomyopathy, dilated cardiomyopathy, restrictive cardiomyopathy,
but also of other types.

Keywords: immune system, inflammation, signaling pathways, hyperthrophic
cardiomyopathy, arrhythmogenic cardiomyopathy, dilated cardiomyopathy, restrictive
cardiomyopathy

1. Introduction

Our understanding regarding the development of cardiomyopathy (CMP) has
improved over the last decades. Evolution of a cardiomyopathic presentation is
determined by interplay between cellular signaling pathways, external influences
and genetic profile [1]. Inmune-mediated processes are fundamental to the patho-
genesis and clinical evolution of diverse cardiomyopathy subtypes. Inflammatory
mediators have been found to be elevated in both patients with acute decompensated
heart failure and those with preserved ejection fraction [2, 3]. According to the
“cytokine hypothesis,” cytokine signaling pathways in the heart and bloodstream
have an important role in the development of heart failure [4, 5]. In order to eradi-
cate the pathogenic stimuli, inflammation serves as a physiological defense mecha-
nism against various injuries. The inappropriate inflammatory response results in
chronic inflammation and myocardial fibrosis. The heart responds to tissue damage
by triggering both innate (macrophages, neutrophils, dendritic cells) and adap-
tive (T and B cells) immune responses (Figure 1) [6]. Progressive fibrosis results
in dysfunction, scarring and myocardial injury [7]. Therefore, CMP patients may
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Figure 1.
Schematic overview of the cardiac inflammation.

exhibit a range of clinical presentations, from being asymptomatic to experiencing
severe symptoms such as malignant arrhythmias, heart failure or sudden cardiac
death [1]. Elucidating the immune mechanisms underlying CMPs is essential for
developing novel diagnostic tools and therapies aimed at preventing or reversing
adverse cardiac remodeling. Although immune-directed therapeutic approaches
are actively pursued, the translation from experimental success to clinical efficacy
remains challenging. The aim of this chapter is to provide an overview of key
immune-mediated processes implicated in the pathogenesis of primary CMPs,
including hypertrophic cardiomyopathy, arrhythmogenic cardiomyopathy, dilated
cardiomyopathy, myocarditis, inflammatory cardiomyopathy, restrictive cardiomy-
opathy, stress-induced cardiomyopathy, tachycardia-induced cardiomyopathy and
peripartum cardiomyopathy.

2. Hypertrophic cardiomyopathy

Hypertrophic cardiomyopathy (HCM) is a multifaced, autosomal dominant
cardiovascular disease that often correlates with genetic mutations within genes that
encode cardiac sarcomere proteins [8]. HCM manifests as fibrosis, reduced diastolic
function and asymmetric thickening of the left ventricle (LV) [9]. The primary
defect in the pathogenesis of HCM is gene mutation, which is directly responsible for
altered transcription rate, translation efficiency and modifications in the structure
and function of the sarcomeric proteins involved [1]. Advances in genetics have
revealed more than 1000 mutations associated with HCM most frequently occurring
in sarcomeric genes including p-cardiac myosin (MYH7) and cardiac myosin-binding
protein-C (MYBPC3) [10]. The initial defect causes molecular changes, including the
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activation of calcium-sensitive and stress-responsive molecular pathways that induce
myocardial hypertrophy and fibrosis [1]. However, data from clinical analysis and
contemporary genetic studies indicate that single gene variants alone cannot fully
account for the wide clinical variability seen in HCM. Recent utilization of network-
based approaches in HCM research has uncovered a diverse array of protein-protein
interactions that contribute to the disease’s pathobiology, outside of the traditional
contractile sarcomeric myofilaments [8].

Multiple studies have reported myocardial leukocyte infiltration and elevated
inflammatory cytokines in patients with hypertrophic cardiomyopathy (HCM),
including tumor necrosis factor-alpha (TNF-a), interleukin-6 (IL-6), as well
as increased plasma concentrations of soluble Fas (sFas) and soluble Fas ligand
(sFas-L) [11, 12]. Upon strong stimulation, leukocytes release nuclear contents
such as neutrophil extracellular traps (NETs); these structures physically trap cells,
fibrinogen and various proteins involved in inflammation, platelet aggregation and
endothelial injury [13]. The pathogenesis of hypertrophic cardiomyopathy (HCM)
progresses through several stages: an initial genetic predisposition characterized
by sarcomeric gene mutations in approximately 40-60% of patients; an early stage
marked by tissue inflammation and the formation of neutrophil extracellular
traps (NETs); an intermediate phase involving platelet activation, microvascular
thrombosis and transforming growth factor p1 (TGF-p1) signaling; and a late
stage distinguished by myocardial fibrosis, ventricular disarray and hypertrophy
(Figure 2) [1].

Recent studies suggest that necroptosis may be a key mechanism in HCM, with
immune cell infiltration contributing to disease pathology. The predominant immune
cells identified in myocardial tissue of HCM patients include monocytes, resting mast
cells, regulatory T cells (Tregs), activated and resting natural killer (NK) cells, M2
macrophages, resting memory CD4+ T cells, naive B cells and eosinophils. Compared
with controls, HCM patients show a marked decrease in M2 macrophages and resting
dendritic cells, alongside the increased levels of monocytes and MO macrophages
[14]. Cardiac M2 macrophages are critical for maintaining cardiac homeostasis and
play a vital role in tissue repair and regeneration following cardiac injury [15].

Leukocyte infiltration
Genetic

predisposition lnflammation

NETs

Platelet activation

Myocardial fibrosis

Al e

Figure 2.
Schematic overview of the hypertrophic cardiomyopathy (HCM) pathogenesis.
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Bioinformatics analyses have revealed differential gene expression related to
necroptosis between HCM tissues and normal myocardium. JAK2, BCL2 and CYBB
have emerged as promising diagnostic biomarkers for HCM. CYBB expression
positively correlates with M2 macrophages, whereas BCL2 and JAK2 show negative
correlations [14]. JAK2, a member of the Janus kinase family, is highly expressed in
HCM, with numerous studies demonstrating that its inhibition effectively suppresses
apoptosis and associated signaling pathways. Dysregulation of the JAK2-STAT?3 path-
way has also been implicated in HCM pathogenesis. The increased activity of JAK2 in
HCM may result from elevated IL-6 bioactivity and oxidative stress, which stimulate
JAK?2 signaling pathways involved in cardiac hypertrophy [16, 17]. BCL2, a regulatory
member of the BCL protein family, plays a dual role in apoptosis regulation, exhibit-
ing both proapoptotic and antiapoptotic functions [18]. It significantly contributes to
the development of cardiac hypertrophy [19]. Pharmacological inhibitors targeting
BCL2, including LY294002—an inhibitor of the PI3K/AKT signaling pathway—and
Venetoclax, a selective BCL2 inhibitor, have demonstrated protective effects against
cardiac hypertrophy by suppressing BCL2 activity [20]. The CYBB gene is respon-
sible for the production of reactive oxygen species (ROS) in response to cytokine
signaling. Upregulation of CYBB has been suggested as a potential biomarker for
hypertrophic cardiomyopathy (HCM) [14]. Additionally, hearts affected by HCM
exhibit global energetic impairment, demonstrated by reduced levels of high-energy
phosphate metabolites such as ATP, ADP and phosphocreatine (PCr), along with
decreased expression of mitochondrial genes involved in creatine kinase function
and ATP generation. These mitochondrial defects are associated with increased ROS
production and compromised antioxidant defenses [21].

3. Arrhythmogenic cardiomyopathy

Arrhythmogenic cardiomyopathy (ACM) is a myocardial disease characterized
by progressive fibro-fatty replacement of the myocardium in the right and/or left
ventricles, leading to gradual heart failure [22]. Dominant-right arrhythmogenic car-
diomyopathy (ARVC) results from autosomal dominant mutations in genes encoding
desmosomal proteins, including plakophilin-2 (PKP2), desmoplakin (DSP), plako-
globin (JUP), desmocollin-2 (DSC2), and desmoglein-2 (DSG2) [23]. Plakoglobin
regulates transcription by competing with f-catenin in the Wnt/p-catenin signaling
pathway through interactions with T cell/lymphoid-enhancing binding transcription
factors [24]. Disruption of desmosomes and adherens junctions elevates mechani-
cal stress on cardiomyocytes, triggering activation of the Hippo signaling pathway
[25]. In contrast, dominant-left arrhythmogenic cardiomyopathy (ALVC) is linked
to variants in non-desmosomal genes associated with arrhythmia, such as lamin
A/C, phospholamban, and filamin-C [26]. Patchy infiltration of inflammatory cells
is frequently observed in myocardial biopsies from ACM patients [2]. Compared
to controls, plasma levels of proinflammatory cytokines including IL-1p, IL-6 and
TNF-a, chemokines such as CCL-2 and CCL-3, and the components of the comple-
ment system are elevated in ACM patients, reflecting systemic para-inflammation
[27, 28]. Autoimmunity is also believed to contribute to the development of ACM [29].
A recent flow cytometry study revealed that patients with arrhythmogenic cardiomy-
opathy (ACM) exhibit decreased frequencies of CD4+ T helper type 1 cells, natural
killer (NK) cells and terminally differentiated CD8+ EMRA + T cells compared to



Immune Mechanisms in the Pathogenesis of Primary Cardiomyopathies
DOI: http://dx.doi.org/10.5772/intechopen.1014685

Gene mutation

1LCD4+ T helper type
1 cells

INK cells

Figure 3.
Schematic overview of the arrhythmogenic cardiomyopathy (ACM) pathogenesis.

age-matched healthy controls. Conversely, an increased proportion of effector/mem-
ory FOXP3+ CCR4+ CD45RO+ regulatory CD4+ T cells (Tregs) was observed in ACM
patients. Interleukin 32 (IL-32) emerged as the most differentially expressed gene in
Tregs from ACM patients relative to controls. IL-32 is implicated in promoting cardiac
remodeling and dysfunction in ACM through mechanisms involving lipid deposition
and collagen accumulation. Regulatory T cells are crucial for maintaining immune
tolerance and modulating inflammation; however, in ACM, the interplay between
autoimmune reactions and genetically driven myocardial injury may provoke exag-
gerated immune activation that Tregs attempt to mitigate. Elevated IL-32 expression
by Tregs in ACM may contribute to pathologic cardiac remodeling, suggesting IL-32
as the promising therapeutic target to counteract fibrofatty myocardial remodeling
characteristic of the disease (Figure 3) [30].

4 Dilated cardiomyopathy

Dilated cardiomyopathy (DCM) is a condition defined by left ventricular enlarge-
ment and impaired systolic function, excluding secondary causes such as hyperten-
sion, valvular, congenital, or ischemic heart disease [31]. Genetic mutations are
responsible for approximately 35% of DCM cases, while the remaining cases are
attributed to various environmental factors such as infectious, toxic, and metabolic
causes of myocardial dysfunction [31, 32].

Dilated inflammatory cardiomyopathy (DCMi) describes a group of disorders
characterized by heart muscle inflammation leading to a dilated heart and impaired
myocardial function. Globally, infectious myocarditis is the primary cause of
DCMi [33].

Myocardial injury induces stimulation of the innate and adaptive immune sys-
tems. These immune cells and their secreted cytokines can amplify inflammatory and
autoimmune responses, leading to fibrosis and structural remodeling of the heart
tissue (Figure 4) [1].

Elevated cytokine levels promote the mobilization of neutrophils and monocytes
into the myocardium, thereby intensifying inflammation. Activated NOD-like
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Figure 4.
Schematic overview of the dilated cardiomyopathy (DCM) pathogenesis.

receptor protein 3 (NLRP3) inflammasome in neutrophils can induce chronic
inflammation during DCM development via Sirtuin 2 (SIRT2)-dependent manner.
Additionally, increased levels of myeloid differentiation factor-2 (MD-2) in DCM
patients enhance the pro-inflammatory activity of monocytes, leading to elevated
cytokine production and stimulation of endothelial cell-mediated monocyte recruit-
ment via the TLR4/NF-kB signaling pathway [34]. Recruited monocytes can dif-
ferentiate into tissue-resident macrophages. Different origins of macrophages can
either promote or mitigate DCM by modulating the expression of specific immune
molecules and influencing the migration and accumulation of inflammatory cells. In
the myocardial tissue, recruited monocytes differentiate into CCR2- (C-C chemokine
receptor 2) and CCR2 + macrophages. CCR2-macrophages enhance the production
of pro-angiogenic growth factors and facilitate adaptive remodeling of the heart. On
the other hand, CCR2 + macrophages may facilitate monocyte mobilization through
amyeloid differentiation primary response 88 (MYD88)-dependent mechanism

in mouse models, leading to the secretion of monocyte chemoattractant proteins
(MCPs) and subsequent monocyte migration [35, 36].

A decrease in invariant natural killer T (iNKT) cells in DCM contributes to
increased myocardial fibrosis and impaired vasculogenesis, mediated by interferon-
gamma (IFN-y) [34, 37]. Dendritic cells can induce TCD4 + T cell activation in the
myocardium and DCM when stimulated by toll-like receptors (TLRs) [38]. Several
triggers activate adaptive immune cells and produce numerous cytokines and anti-
heart autoantibodies (AHAs), promoting/inhibiting immune-inflammatory, fibrosis
and remodeling in DCM [34].

In patients with idiopathic dilated cardiomyopathy (iDCM), there is a notable
activation of CD4+ T cells in the peripheral blood. This condition is marked by an
imbalance between Thl and Th2 cell populations, with an increase in Th1 cells and a
decrease in Th2 cells. This imbalance may be associated with polymorphisms in the
gene encoding cytotoxic T lymphocyte-associated antigen-4 (CTLA-4). Th1 cells
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present in the blood and myocardium contribute significantly to the development of
DCM by secreting cytokines like IFN-y, IL-2 and IL-12. The cytokines IL-2 and IL-12
stimulate the expansion of myocardial myosin-specific Th1 cells, which escalates
autoimmune damage to the heart, while IFN-y activates macrophages and mediates
cytotoxic effects that help limit the progression of the disease [39, 40].

The differentiation of CD4+ T cells into Th17 cells is a crucial step in progression
of autoimmune-related DCM and acute viral myocarditis. Studies indicates that Th17
cells are active during the acute phase aligned with viral presence, while Th2 cells
become more prominent in the chronic phase of DCM [34, 41]. Regulatory T cells
(Tregs) are fundamental for maintaining autoimmune tolerance. A recent bioinfor-
matics study suggested that the upregulation of follicular helper T cells (Tth) driven
by CD48 and CD3D may be one of the immunological mechanisms associated with
the onset of DCM [42].

B cells contribute to autoimmunity in DCM by producing AHAs through
molecular mimicry triggered by viral exposure. Moreover, B cells release a range
of pro-inflammatory and anti-inflammatory cytokines that participate in the
immunoinflammatory processes underlying DCM [43]. TNF-a-secreting B cells
were reportedly significantly increased in DCM patients with a history of viral
myocarditis. TNF-a contributes to the promotion of myocardial fibrosis and inflam-
mation by modulating the secretory profile of myocardial fibroblasts and activating
the ERK1/2 signaling pathway [44, 45]. Secretion of natural IgM was also found
to be decreased in iDCM patients [46]. Specific immune cells and their associated
cytokines are essential in the immunopathogenesis of DCM and represent the
promising targets for therapeutic intervention. Rituximab, an anti-CD20 monoclo-
nal antibody, has demonstrated positive outcomes in 53% of patients with DCMi
associated with CD20+ B-lymphocytes [47]. In addition, inhibition of IL-1 has the
potential to enhance cardiac function and reduce myocardial inflammation in DCMi
[48]. Immunoadsorption effectively removes anti-heart autoantibodies (AHAs)
from plasma, leading to improved hemodynamic function [49]. Intravenous immu-
noglobulin (IVIG) therapy has been shown to suppress inflammatory cytokines,
regulate T and B cell activity and improve cardiac function; however, these func-
tional improvements are not observed in patients with advanced disease stages [34].

5. Myocarditis and inflammatory cardiomyopathy

Myocarditis is a condition characterized by inflammation of the heart muscle,
confirmed through recognized histological, immunological and immunohistochemi-
cal diagnostic criteria [50]. When myocardial dysfunction is present alongside
biopsy-confirmed myocarditis, the condition is referred to as inflammatory cardio-
myopathy. Autoimmunity plays an important role in myocarditis, occurring either as
myocardial damage following an infection or as a primary autoimmune disease target-
ing the heart [51]. HLA-DR4, HLA-DR12 and HLA-DR15 alleles have been linked with
the onset of myocarditis and an elevated risk of progression to DCM. Recent research
has identified a greater frequency of HLA-DQ1 presence in individuals diagnosed
with myocarditis in contrast to individuals without the condition [52]. Myocarditis
results from a complex interaction involving various pro-inflammatory cells, includ-
ing monocytes CX3CR1+, CCR2+ macrophages, dendritic cells, eosinophils, Th1, Th2,
Th17 and Treg (Table 1) [53].
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Cells/cytokines

Role

CCR2+ macrophages

Recruited to the heart from peripheral
CD11b + monocytes

Pro-inflammatory

Granulocytes

Pro-inflammatory cells recruitment

Eosinophils

Secretion of 11-4, IL-5

Dendritic cells

Accumulation in the myocardium

Induction of Th1l and Th17 differentiation

Th17 Secretion of 1-17

Thi7/reg ratio in favor of Th17
Thi Recruitment of CD8 + Ly
Th2 Secretion of IL-4

Dual role

IL-1p, IL-4, IL-6, IL-17, IL-22, IL-23, TNF-a,
TGF-p1

Pro-inflammatory

Myocarditis development

IL-10

Anti-inflammatory

Reduced in myocarditis

Table 1.

The role of cellular immunity and cytokines in the pathogenesis of myocarditis.

6. Restrictive cardiomyopathy

Restrictive cardiomyopathy (RCM) is a heart muscle condition caused by increased
stiffness of the myocardium, resulting in compromised ventricular filling [54]. RCM can
be idiopathic, hereditary or secondary to systemic conditions like amyloidosis, sarcoid-
osis and hereditary hemochromatosis. About 30% of RCM cases have a familial back-
ground, regarded as a primary genetic disease. Nevertheless, only a limited number of
genes—including those encoding cardiac troponin T (cTnT), troponin I (cTnl), myosin-
binding protein C (MYBPC), MYH7, myosin light chains 2 and 3 (MYL2, MYL3),
desmin (DES), MYPN, titin (TTN), Bcl2-associated athanogene 3 (BAG3), discoidin,
CUB and LCCL domain-containing 2 (DCBLD2), lamin A/C (LMNA) and filamin C
(FLNC) have been linked to familial RCM. Genetic mutations linked to inherited RCM
mainly affect the structural proteins of the sarcomere [55].

6.1 Cardiac amyloidosis

Cardiac amyloidosis results from the accumulation of amyloid proteins within the
extracellular space of the heart muscle [56]. The two primary forms are AL amyloi-
dosis, which is derived from immunoglobulin light chains, and ATTR amyloidosis,
which originates from transthyretin protein. These represent the predominant types
of amyloidosis found in patients with cardiac involvement. Patients with this condi-
tion experience cardiac inflammation marked by increased levels of CD3-positive
T cells, CD68-positive macrophages and elevated pro-inflammatory cytokines includ-
ing TNF-a, IL-1p, IL-6 and IL-10 (Figure 5) [57, 58]. In recent study, myocardial
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Figure 5.
Schematic overview of the cardiac amyloidosis pathogenesis.

tissue samples from 157 patients with cardiac amyloidosis (46.5% AL type, 53.3%
ATTR type) were examined using immunohistochemistry to evaluate the presence
and quantity of T lymphocytes (CD3), macrophages (CD68) and neutrophils (MPO).
A strong association has been observed between the quantity of macrophages pres-
ent in the myocardium and the New York Heart Association (NYHA) functional

class [59].

6.2 Cardiac sarcoidosis

Cardiac sarcoidosis (CS) is a multi-system inflammatory disorder of unknown etiol-
ogy characterized by the formation of non-caseating granulomas [60]. Studies have
shown an association between HLA class II alleles and the risk of developing sarcoidosis
and the severity of disease [61, 62]. The T-cell immune response is disrupted, marked
by the activation of Thl cells that secrete cytokines such as IFN-y, TNF-«, TGF-f, IL-2
and IL-12 [63]. This is followed by an anti-inflammatory Th2 type immune response
characterized by the presence of cytokines such as IL-4, IL-5, IL-10 and IL-13 [64].

The regulatory T-cell response is impaired, resulting in persistent local effector T-cell
response to tissue antigens. The immune system dysregulation ultimately leads to
activation of macrophages and formation of noncaseating granulomas. An active
inflammatory phase may develop into a fibrotic phase, with both stages potentially
contributing to impaired cardiac function (Figure 6) [65, 66].

The fibrotic remodeling of chronic granulomas occurs through a shift toward a
Th2-type immune response, which involves molecules such as platelet-derived growth
factor-B (PDGF-B), insulin-like growth factor 1 (IGF-1) and insulin-like growth
factor binding protein-related protein 2 (IGFBP-2) [64].

6.3 Anderson-Fabry disease

Anderson-Fabry disease (AFD) is the most prevalent storage disorder and an
occasional cause of RCM. It is an X-linked recessive condition caused by mutations in
the GLA gene, leading to deficient or absent a-galactosidase A (GLA) enzyme activ-
ity, which results in the gradual buildup of globotriaosylceramide (Gb3) in various tis-
sues. The typical manifestation of cardiac involvement in AFD is cardiac hypertrophy,
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Th1 type response marked by the presence of IFN-y, TNF-a, TGF-§, IL-2 and IL-
12

Th2 type response marked by the presence of IL-4, IL-5, IL-10 and
IL-13

Activation of macrophages and formation of noncaseating granulomas

Fibrotic transformation

Figure 6.
Schematic overview of the cardiac sarcoidosis (CS) pathogenesis.

which may worsen and lead to impaired contractility and diastolic filling [67]. Some
studies reported that accumulation of Gb3 induces progressive lysosomal and cel-
lular dysfunction, which subsequently triggers signaling pathways that result in
hypertrophy, necrosis and fibrosis. Organ damage in AFD cannot be solely attributed
to the mechanical accumulation of glycosphingolipids. Lysosomal storage materials
also contribute by causing mitochondrial dysfunction. This dysfunction is character-
ized by reduced activity of respiratory chain enzymes and a consequent depletion of
energy-rich phosphate compounds, which are crucial for cellular energy metabolism
[68]. Inflammation could play a pivotal role in the onset and progression of cardiac
alterations seen in AFD, contributing significantly to the disease’s cardiac pathology
(Figure 7).

In end-stage cardiomyopathy in patients with AFD, fibrosis in the left ventricle is
a common finding [69]. A study investigating cardiomyocyte dysfunction in patients
AFD and cardiomyopathy found that the accumulation of GB3 within cells is associ-
ated with oxidative damage to proteins and DNA, leading to impaired cardiomyocyte

Accumulation of

lycosphingolipids
sl Inflammation

Lysosomal
malfunctioning

Figure 7.
Schematic overview of the Anderson—Fabry disease (AFD) pathogenesis.
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function and cell death. Study also showed that several cytokines’ levels (IL-1p,
TNF-a, IL-6, monocyte chemoattractant protein-1 (MCP-1), intercellular adhesion
molecule-1 and soluble vascular adhesion molecule) were increased in the serum of
AFD patients. These findings suggest that proinflammatory cytokines play a crucial
role in promoting the advancement of cardiomyopathy associated with AFD [70].

7. Stress-induced cardiomyopathy

Takotsubo syndrome (TTS) or stress-induced cardiomyopathy is an acute heart
failure condition marked by temporary ventricular dysfunction and diverse abnor-
malities of the ventricular wall caused by excessive sympathetic nervous system
activation [71]. TTS involves a pronounced acute inflammatory reaction driven
mainly by innate immune cells, which gradually subsides into a chronic inflamma-
tion. Overstimulation of cardiac p-adrenoreceptors in mice triggers activation of the
NLRP3 inflammasome, leading to elevated secretion of the IL-18, but not IL-1p [72].
This leads to cardiac inflammation driven by galectin-3, accompanied by macrophage
infiltration, which subsequently causes pathological remodeling and impaired cardiac
function [73]. Increased levels of IL-6 and IL-10 were observed acutely in TTS [74].
Studies of patient endomyocardial biopsies have shown macrophage infiltration in
TTS hearts [75, 76]. Furthermore, histological staining revealed that neutrophils,
along with CD3+ T cells and CD20+ B cells, are the components of the acute myocar-
dial inflammatory infiltrate in TTS [75]. During the acute phase of TTS, an increase
in classical CD14++CD16— monocytes and a decrease in intermediate CD14++CD16+
plus non-classical CD14 + CD16++ monocytes were observed in patients’ blood.
Following myocardial injury in TTS, classical monocytes may enter the heart tis-
sue, where they contribute to inflammation and subsequently differentiate into
macrophages [77].

7.1 Peripartum cardiomyopathy

Tachycardiomyopathy or tachycardia-induced cardiomyopathy (TCM) has long
been recognized as a reversible form of nonischemic cardiomyopathy. TCM features
alterations in cardiomyocyte structure and mitochondrial arrangement, alongside
cardiac inflammation largely driven by macrophages. In contrast to patients with
DCM, patients with TCM exhibited increased myocardial expression of major his-
tocompatibility complex class II molecules along with a higher infiltration of CD68+
macrophages. Myocardial fibrosis occurs to a significantly lesser extent in TCM
patients compared to those with DCM. Additionally, a disturbed distribution pattern
of mitochondria was predominantly present in TCM [78].

Peripartum cardiomyopathy (PPCM) is an uncommon form of heart failure that
arises during the final month of pregnancy or within several months following child-
birth, occurring without any other identifiable cause of heart failure [79]. Multiple
factors may contribute to PPCM, such as the hemodynamic stress of pregnancy,
vascular and hormonal influences, inflammation, immune responses and genetic
predispositions [80]. It has been shown that the absence of cardiac peroxisome pro-
liferator-activated receptor-gamma coactivator-1 alpha (PGC-1a) in mice results in
the onset of PPCM. The human placenta produces soluble fms-like tyrosine kinase 1
(sFlt-1) during the later stages of pregnancy. The antiangiogenic environment created
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by sFlt-1 is linked to cardiac dysfunction, as evidenced by unusually high serum sFlt-1
levels found in women with PPCM [80, 81]. Removing STAT3 specifically from car-
diomyocytes in mice results in the onset of PPCM. Also, patients with PPCM exhibit
the elevated levels of the 16-kDa prolactin fragment alongside decreased STAT3 levels
[82]. Plasma levels of microRNA 146a (miR-146a) and Fas/APO-1 were found to be
elevated in women with PPCM, promoting the apoptosis of cardiomyocytes [83].

The TTN gene, which encodes the sarcomere protein titin, as well as FLNC, DSP

and BAG3, have been linked with PPCM [84]. p1-Adrenergic receptor autoantibod-
ies (B1R-AAs) and M2-muscarinic receptor autoantibodies (M2R-AABs) could be
participating in PPCM pathogenesis [85].

8. Conclusion

Immune-mediated processes, including chronic inflammation, autoimmunity
and dysregulated immune responses, fundamentally drive myocardial remodeling,
fibrosis and functional impairment in CMPs. The immunopathogenesis of primary
CMPs remains only partially understood, despite continuous advancement in both
experimental models and clinical research. Anti-inflammatory strategies targeting
inflammatory modulation constitute a promising therapeutic approach for CMPs;
however, further studies are essential to elucidate immunologic mechanisms and
discover the additional molecular targets.
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Abstract

Infiltrative cardiomyopathies may be an increasingly recognized, yet often
overlooked, etiology of heart failure and cardiac arrhythmias, thus requiring a high
degree of clinical suspicion. The appropriate utilization of various cardiac imag-
ing plays a crucial role in the diagnosis and assessment of disease progression. This
review aims to provide a comprehensive overview of the epidemiology, pathophysiol-
ogy, clinical presentation, diagnosis, and treatment of ICM. We also highlight the
current and upcoming medical and surgical management strategies for advanced
ICM patients who present with heart failure and include a discussion surrounding
orthotopic heart transplantation as a viable treatment option with curative intent.

Keywords: infiltrative cardiomyopathies, heart transplantation, amyloidosis,
sarcoidosis, hemochromatosis

1. Introduction

Infiltrative cardiomyopathies (ICM) represent a diverse category of myocardial
disorders distinguished by the deposition of anomalous cells, proteins, or molecules
in myocardium [1]. Myocardial infiltration may manifest as extracellular or intra-
cellular, the latter of which is better defined as a myocardial storage disorder [2].
Extracellular infiltration is best exemplified by cardiac amyloidosis whereas intracel-
lular infiltration is seen in hemochromatosis [3]. In cardiac sarcoidosis, abnormal
immune reactions can cause ICM characterized by noncaseating granulomatous
infiltrations [4]. Rarely, hereditary conditions such as Fabry, Danon, Pompe disease,
Friedreich Ataxia, Myocardial Oxalosis, and Mucopolysaccharidoses may also exhibit
cardiac manifestations resulting in ICM [5]. In general, these infiltrative patholo-
gies are thought to generate an inflammatory response progressing to fibrosis and
increased wall thickening [6]. Diminished ventricular compliance results in notably
increased left ventricular (LV) filling pressure, atrial enlargement, and congestion in
both pulmonary and systemic veins. Consequently, such disease processes perpetuate
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irreversible tissue damage resulting in systolic and/or diastolic dysfunction, increased
mechanical stress, microvascular dysfunction, and decreased coronary flow, poten-
tially culminating in heart failure and premature mortality [1, 7].

ICM may be an increasingly recognized, yet often overlooked, etiology of heart
failure and cardiac arrhythmias, thus requiring a high degree of clinical suspicion.
The appropriate utilization of various cardiac imaging plays a crucial role in the
diagnosis and assessment of disease progression [3]. This review aims to provide a
comprehensive overview of the epidemiology, pathophysiology, clinical presentation,
diagnosis, and treatment of ICM. We also highlight the current and upcoming medi-
cal and surgical management strategies for advanced ICM patients who present with
heart failure and include a discussion surrounding orthotopic heart transplantation as
a viable treatment option with curative intent.

2. Cardiac amyloidosis

Amyloidosis denotes the extracellular accumulation of fibrils made up of various
serum proteins [8]. Factors that increase the likelihood of developing amyloidosis
include older age, male sex, African descent, concurrent chronic ailments, and a fam-
ily history, particularly in cases of inherited amyloidosis [9]. Several subtypes exist
with similar molecular pathophysiology, but different precursor proteins, immuno-
histochemical features, genetics, prognosis, and therapeutic strategies [10]. These
subtypes include primary amyloid light chain (AL), hereditary transthyretin-derived
(hATTR; also known as familial amyloid cardiomyopathy), wild-type transthyretin-
derived (wtATTR; also known as senile systemic), secondary (AA), and isolated
atrial (AANF) amyloidosis [3, 10]. Despite advancements in cardiac imaging enabling
earlier diagnosis, cardiac amyloidosis continues to have an unfavorable prognosis [11].

2.1 Epidemiology

The true prevalence of cardiac amyloidosis remains unknown. Over 95% of
clinical cardiac amyloidosis stems from AL and ATTR [12, 13], with AL being the
most common form of systemic amyloidosis. AL has a reported incidence of 1.2 per
100,000 with less than 50% cardiac involvement [14]. The absence of a dedicated
diagnostic code for cardiac amyloidosis in the International Classification of Diseases,
Ninth Revision (ICD-9), limits precise epidemiological data. Likewise, the prevalence
of ATTR remains insufficiently explored. Recent evidence suggests that wtATTR
may be underdiagnosed. The prevalence of wtATTR increases with age, particularly
for those aged >80 years [15]. wtATTR has been identified in 13% of elderly patients
hospitalized with heart failure and preserved ejection fraction (HFpEF) exhibiting
increased wall thickness. Furthermore, TTR amyloid depositions are discovered post-
mortem in more than 30% of individuals over 75 years old with HFpEF. Recent data
among hospitalized Medicare beneficiaries (2000-2014) demonstrate that cardiac
amyloidosis is increasingly diagnosed among those over 65 years old who are hospi-
talized for HFpEF. Although the incidence was relatively similar between genders,
cardiac amyloidosis prevalence was higher in men than women. It was around 2006
when a distinct inflection point became evident for both incident and prevalent cases
of cardiac amyloidosis, with the most significant impact observed within the black
population, regardless of gender, and notably in the age group >75 years [16]. Since
ICD-10 has begun incorporating specific coding for cardiac amyloidosis, we may
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expect to challenge the notion that cardiac amyloidosis is a rare condition, particularly
among elderly hospitalized patients.

2.2 Pathophysiology and clinical features

In cardiac amyloidosis, amyloid fibrils deposit in the extracellular myocardium.
The culprit proteins are misfolded into antiparallel f-pleated sheets, conferring
unique seeding activity and resistance to proteolysis [3, 17]. Amyloid deposition
within the cardiac tissue disrupts both the mechanical contraction and electrical
conduction, impacting coronary blood flow [3]. Initial stages may manifest as subtle
diastolic impairments. However, as the disease progresses, there is a notable thicken-
ing of the cardiac wall characterized by a dense and elastic texture, leading to further
deterioration in cardiac relaxation and compliance [18]. Consequently, diastolic
filling pressures rise, leading to biventricular dysfunction and restrictive cardiomy-
opathy. As the atrium compensates, it leads to further atrial dilation [19]. Deposition
of amyloid fibrils in key areas such as the sinoatrial (SA) and atrioventricular (AV)
nodes, and bundle branches can give rise to varying degrees of heart block or ven-
tricular arrhythmias [20]. Further damage to myocytes and localized fibrosis can
also lead to systolic dysfunction [3]. Additionally, involvement of the distal coronary
microvasculature can give rise to focal or diffuse areas of myocardial ischemia,
further exacerbating myocardial dysfunction [21]. Although uncommon, obstructive
intramural coronary amyloidosis can precipitate acute myocardial infarction [21, 22].
Recent evidence suggests that oxidative stress and toxicity, induced by misfolded light
chain immunoglobulin, altered or misfolded TTR, and amyloid fibrils, may also play
major roles in the pathogenesis of cardiac amyloidosis [22, 23].

Clinically significant heart failure due to cardiac amyloidosis may or may not
occur concurrently with other symptoms of systemic amyloidosis. While dyspnea
and exercise intolerance may be present, pulmonary edema is infrequent, with
a predominance of symptoms indicating right-sided heart failure, such as lower
extremity edema, hepatomegaly, and ascites [24]. Clinical symptoms, including
angina and elevated troponin levels, may resemble acute coronary syndrome, even in
the absence of coronary artery obstruction on angiography [18, 25, 26]. Syncope and
presyncope may also occur, stemming from factors such as autonomic dysfunction,
heightened sensitivity to intravascular fluid depletion within a restrictive physiologi-
cal environment, and occasionally ventricular arrhythmias [27]. Advanced presenta-
tions may involve high-grade conduction abnormalities necessitating pacemaker
placement, cardiac tamponade due to pericardial involvement, and systemic throm-
boembolism originating from atrial thrombi [28-30]. However, the pathophysiology
of cardiac amyloidosis differs significantly by the variations in the precursor protein
or molecules.

3. Primary light chain amyloidosis (AL)

AL is caused by a small clone of B-cells in the bone marrow that produces a light
chain with mutations in the variable region. The LV1-44 gene is correlated with
cardiac complications [31]. Mutations in this gene facilitate improper protein aggrega-
tion and misfolding, which drives primary organ dysfunction [32]. Cytotoxicity of
cells are most prominently affected by the oligomers created from interactions with
the extracellular milieu, including chaperones, matrix constituents, endoproteases,
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and various metallic elements [33]. Both misfolded proteins and oligomers have the
capacity to trigger cellular stress, disturb tissue function, and worsen pathological
transformations [34].

In cardiac AL, the pattern of light chain amyloid depositions is subendocardial and
mostly diffuse [35]. Untreated prognosis is severe, with a median survival rate of less
than one year [36]. The median survival of advanced stage cardiac AL is approximately
6 months [37]. Hypotension is common, and individuals with pre-existing hyperten-
sion may experience a decrease in blood pressure. Orthostatic hypotonia can also occur,
particularly in the presence of autonomic nervous system amyloidosis. Additionally
recurrent pleural effusions can be caused by cardiovascular failure in the context of
amyloidosis and pleural amyloid infiltration [38]. As AL is predominantly a systemic
disease, extracardiac manifestations may cue the clinician into making the initial diag-
nosis. Early in the disease process, nonspecific symptoms such as weakness, fatigue,
and weight loss take precedence. Hepatomegaly arises due to liver infiltration or
hepatic congestion. Renal involvement leads to significant proteinuria and the develop-
ment of nephrotic syndrome. Purpura and easy bruising, particularly in the facial and
neck regions, stem from deficiencies in clotting factors and delicate venules [3].

4. Hereditary transthyretin amyloidosis (hATTR)

hATTR is an autosomal dominant condition caused by more than 80 pathogenic
mutations for the gene encoding the TTR protein [39]. The genetic alteration V1221 is
identified in approximately 3-4% of African descent individuals; however, its actual
prevalence is often underestimated due to frequent misclassification as hypertensive
cardiomyopathy [40]. TTR proteins are normally produced by the liver [41]. However,
when pathologically aggregated into insoluble amyloid fibrils, the TTR deposits into
the myocardium and peripheral nervous system to instigate irreversible neuropathy
and cardiomyopathy. TTR amyloid fibrils infiltrate the interstitial spaces in the myo-
cardium, resulting in stiffness and rigidity [42]. Myocardial fibrosis further impacts
mechanical function of the heart, resulting in diastolic dysfunction from compro-
mised ventricular compliance [42]. In advanced stages, hATTR cardiomyopathy
occurs in up to 14% of patients with HFpEF [43, 44]. In patients with cardiac hATTR,
persistently elevated left atrial pressures and dilatation can lead to atrial arrythmias
[45]. Although ventricular arrhythmias have been documented in hATTR, they are
notably less frequent than in AL cardiomyopathy [46].

Extra-cardiac manifestations of hATTR commonly affect the peripheral and
autonomic nervous system. Progressively worsening peripheral neuropathy is
often accompanied by hyperesthesia to pain, temperature dysregulation, motor
weakness, and hypoactive tendon reflexes ascending from the lower extremities
[3]. Furthermore, 13-21% of patients will develop lumbar spinal stenosis [47, 48].
Autonomic neuropathy related to hATTR features clinical symptoms including
decreased bowel motility, incontinence, impotence, and orthostatic hypotension [49].

5. Wild-type transthyretin amyloidosis (wtATTR)

Also called senile systemic amyloidosis, wtATTR is considered to be an age-related
process mostly affecting men >75 years old [50]. It has the capacity to affect not only
cardiac tissues, but also the aorta, brain, lungs, pancreas, liver, and kidney [51].
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The underlying mechanisms of pathogenesis remain poorly understood, with current
theories suggesting the involvement of posttranslational modifications in the typically
transcribed TTR or its associated chaperone proteins [52]. Autopsy data indicates

that wtATTR is likely more common than previously thought, with 25% of male and
female patients over 80 years old exhibiting evidence of TTR amyloid fibrils postmor-
tem [53, 54]. This was corroborated by a prospective Finnish autopsy data involving
256 octogenarians, 25% of whom had wtATTR postmortem [53]. In a recent study,
86% of patients with wtATTR presented with diastolic heart failure or HFpEF with
dyspnea on exertion, 64% with peripheral edema, and 67% with atrial fibrillation. In
contrast to the nervous system manifestations in hATTR wtATTR is more commonly
associated with cardiomyopathy. However, the wtATTR is also strongly associated
with carpal tunnel syndrome. In the aforementioned study, 46% of patients exhibited
a history of carpal tunnel syndrome, which may be an indicator of focal TTR accu-
mulation that precedes cardiac manifestations by a number of years [42]. This finding
aligns with another study that found approximately 10-16% of wtATTR patients
reported carpal tunnel syndrome [55].

6. Secondary amyloidosis (AA)

Secondary amyloidosis (AA) is characterized by the deposition of amyloid
A fibrils, an acute phase reactant protein [10]. AA is commonly associated with
other chronic inflammatory conditions including rheumatoid arthritis, familial
Mediterranean fever, chronic tuberculosis, and inflammatory bowel disease [56].
Cardiac manifestations of AA are thought to be exceedingly rare, occurring in less
than 5% of cases [10, 56]. AA predominantly affects the kidneys, leading to protein-
uria and ultimately, renal failure [57]. Importantly, the cardiac manifestations of AA
can be reversed through appropriate treatment of the underlying disorder.

7.Isolated atrial amyloidosis (AANF)

AANTF is characterized by the release of atrial natriuretic peptide (ANP) from
the atrial myocytes when triggered by increased atrial wall distension. While 90%
of AANF cases occur in female patients in their 90s, this condition can also occur
in younger patients with valvular disease or in those with chronic atrial fibrillation.
Pathologically, ANP fibrils are limited to the endocardium, presenting as thin, linear
deposits along or just beneath [3, 58-62] the endocardium. The clinical relevance of
this disease process remains unclear.

7.1 Diagnosis

The workup for patients with suspected cardiac amyloidosis includes electrocar-
diogram (ECG), echocardiogram, cardiac magnetic resonance imaging (CMR) and
tissue biopsy. ECG may demonstrate low voltage QRS and AV blocks. Echocardiogram
may show right and/or left ventricular hypertrophy, a granular speckled myocardium,
or restricted basal longitudinal strain [1, 13]. CMR will demonstrate global or partial
late gadolinium enhancement (LGE), although no specific pattern is diagnostic. Cine
steady-state free precession images commonly exhibit concentric thickening of the
myocardial wall, dilation of both atria, and impaired function of both ventricles [1].
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The presence of amyloid deposition significantly modifies the behavior of gadolinium
in the myocardium and blood pool. The elevated concentration of gadolinium in the
extracellular compartment leads to a decrease in myocardial T1 relaxation time, while
the rapid elimination of gadolinium from the blood pool prolongs the T1 relaxation
time of the blood pool [63].

Cardiac scintigraphy utilizing bone-avid radiotracers can confirm the diagnosis of
ATTR, eliminating the need for biopsy. Furthermore, the advancement of innovative
tracers and the utilization of quantitative analysis hold promise for enhancing earlier
detection of cardiac amyloidosis, improving the differentiation of cardiac amyloidosis
subtypes, and assessing amyloid burden for prognostic purposes and evaluation of
therapy response [12, 64, 65]. Importantly, a novel scoring system for ATTR cardio-
myopathy, incorporating both clinical and echocardiographic parameters, could assist
in the targeted identification of individuals with HFpEF who would benefit from
undergoing cardiac scintigraphy. A score equal to or greater than six serves to isolate
patients who are at a heightened risk for AT'TR cardiac amyloidosis, displaying a com-
mendable level of sensitivity and negative predictive value [1, 66].

Serum and urinary free light chain measurements, along with immunofixation
electrophoresis, are valuable diagnostic tools for quantifying and identifying mono-
clonal proteins, respectively. These tests help in distinguishing AL amyloidosis from
other forms by detecting abnormal light chains produced by clonal plasma cells.
Quantifying free light chains in serum and urine can provide crucial information
about the burden of amyloidogenic light chains and aid in monitoring disease pro-
gression and response to therapy. In general, patients may be worked up for unclear
etiology as initial symptoms tend to be nonspecific. Endomyocardial biopsy can
provide definitive diagnosis and should be considered if the patient is undergoing
cardiac surgery or catheterization for another reason [67].

Micromorphologically, there are four patterns of amyloid deposits observable on
hematoxylin and eosin staining, which can also coexist: interstitial, nodular, endo-
cardial, and vascular. The interstitial or perimyocyte pattern is the most common
in cardiac amyloidosis, often mimicking interstitial fibrosis. The amyloid deposits
typically appear eosinophilic, amorphous, and homogeneous, predominantly located
in extracellular space. They are frequently associated with cracking artifacts between
the myocytes and amyloid, cardiomyocyte hypertrophy, and can be readily identified
using special stains such as Congo Red and Sulfated Alcian Blue. Mass spectrometry
of the tissue sample is indicated for typing the specific amyloid protein. Fine needle
aspiration of the abdominal fat pad can also be utilized for tissue biopsy, which is
generally safer and more feasible than endomyocardial biopsy [2, 10].

7.2 Management

Treatment strategies can be stratified into three areas: management of heart
failure that occurs due to a restrictive cardiomyopathy by using standard heart failure
management, management of arrhythmias through either medical therapy or device
therapy and targeting the underlying protein disorder via disease modifying agents.
In AL, immunotherapy may be used to target the B cells which are responsible for
producing the misfolding light chains. The ANDROMEDA trial investigated adding
daratumumab, an anti-CD38 antibody, to conventional treatment. Daratumumab is
an anti-CD38 antibody that induces cell death. The results have been promising with
a 3-fold higher likelihood of complete hematologic response in patients treated with
both [68]. On the other hand, bortezomib induces apoptosis of rapidly dividing cells
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by inhibiting the proteasome and preventing activation of NFkB [69]. Following this
trial, daratumumab and bortezomib have become standard [41, 70, 71].

ATTR is treated with diflunisal (non-steroidal anti-inflammatory [NSAID]) and
tafamidis (non-NSAID [10]). In the double-blind, multicenter randomized control
trial ATTR-ACT, the efficacy of tafamidis, a benzoxazole derivative that stabilizes
mutant TTR tetramers, was evaluated. In addition to reducing all-cause mortality (29.5
vs. 42.9%,; hazard ratio: 0.7, 95% Confidence Interval [CI]: 0.51 to 0.96) and cardio-
vascular-related hospitalizations (0.48 per year vs. 0.70 per year, 95% CI: 0.56 to 0.81),
patients treated with tafamidis also experience less decline in functional capacity,
measured by 6-minute walk test, and quality of life, measured by scores on the Kansas
City Cardiomyopathy Questionnaire Overall Summary (KCQQ-OS [72, 73]). Despite
its efficacy in delaying disease progression, the high cost of tafamidis ($200,000 per
year) restricts its widespread use [71]. As an alternative, diflunisal is a NSAID that acts
as a tetramer stabilizer. In a meta-analysis of six studies with a total of 400 patients, it
was largely shown to slow disease progression and preserve quality of life [74].

7.3 Implications for heart transplantation

Numerous case series involving consecutive orthotopic heart transplantation
(OHT) and autologous stem cell transplantation (ASCT) have investigated the role
of heart transplantation for patients with advanced cardiac amyloidosis. However,
the prognosis for patients with AL amyloidosis undergoing cardiac transplantation
in the absence of sequential ASCT is unfavorable, with a limited 3- to 5-year survival
rate [75-77]. Conversely, sequential OHT-ASCT enhances survival outcomes at the
1-year mark. Thus, some centers have decided to implement a waiting period of at
least 1 year post-OHT before proceeding to ASCT, a management strategy which
differs from previous small case series, which suggested waiting times ranging from
6 to 9 months between OHT and ASCT [78]. Notably, this has not resulted in amyloid
disease recurrence in the transplanted heart or clinically significant dysfunction of
the cardiac allograft [78]. Nevertheless, there’s a risk of patients experiencing partial
remission post-ASCT which may necessitate a kidney transplant due to the progres-
sion of amyloid-related kidney complications [78].

There are several key elements to consider when evaluating cardiac amyloidosis
patients for OHT or ASCT. The major risk factor associated with OHT in patients with
end-stage cardiac amyloidosis is the involvement of other major organs, such as the
recurrence in the cardiac allograft resulting in reduced 1- and 5-year post-transplant
survival rates [79, 80]. Early transplantation cases in the United Kingdom, involv-
ing 24 individuals (predominantly due to AL amyloidosis) devoid of supplementary
chemotherapy, exhibited distressing 1- and 5-year survival rates of 50 and 20%,
respectively [79]. While overall 1- and 5-year survival for OHT remains 89 and
75%, respectively, OHT for cardiac amyloidosis has historically been linked with
inferior post-transplant survival rates [81]. Nevertheless, the introduction of light-
chain reductive chemotherapy and post-heart-transplant autologous hematopoietic
stem cell transplant (ASCT) has enhanced the post-heart-transplant prognosis for
patients with cardiac amyloidosis. Drawing from the United Kingdom’s experience,
post-heart-transplant reductive chemotherapy has raised the survival rate to 71%
at 1 year [79]. A recent study out of Stanford also demonstrated that while patients
with cardiac AL and ATTR were older and had longer waitlist times, rates of postop-
erative survival, bleeding, renal failure, infection, rejection or malignancy did not
differ when compared to non-amyloidosis patients [82]. Furthermore, in hATTR,
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heart transplant alone may not prevent the progressively disabling polyneuropathy.
It is recommended that for these patients, concomitant liver transplant should be
considered with curative intent. Nevertheless, in the contemporary period of potent
pharmacological treatments, the necessity of liver transplantation remains ambigu-
ous, especially when compared to an alternative strategy involving OHT alongside
pharmacotherapy. Prior to carrying out OHT in individuals with mutations linked to
mixed-phenotype disorder, conducting a comprehensive neurological assessment to
rule out clinically substantial neuropathy is imperative [83].

Cardiac amyloidosis patients, especially those with AL, face a significant mortal-
ity risk while awaiting transplantation, ranging from 24 to 40% [84, 85]. The 2018
modifications to the heart allocation system acknowledged this elevated mortality
risk by assigning amyloidosis patients a higher status (status 4) on the transplant list.
Notably, there is no distinction between AL and ATTR amyloidosis in this allocation
criteria, as amyloidosis is categorized alongside hypertrophic and other restrictive
cardiomyopathies [86]. Preliminary data indicates improved transplantation rates and
reduced waiting list mortality for individuals with infiltrative cardiomyopathy follow-
ing these adjustments [87]. While OHT poses significant challenges in systemic or
cardiac amyloidosis, careful patient selection with focus on effective pharmacothera-
pies before and after transplantation can yield acceptable outcomes.

7.4 Future directions

The landscape of treatment for cardiac amyloidosis is changing rapidly. In general,
treatment has been aimed at stopping production of misfolded protein; however,
there exists an unmet need to target already deposited amyloid fibrils. Two treat-
ments are under investigation. Doxycycline was found to disrupt fibril formation
and prevent amyloid deposition in transgenic mouse models [88-90]. Subsequently,
aretrospective analysis of patients with cardiac AL revealed higher hematologic
response and better survival in patients treated with doxycycline [91]. However, when
evaluated in a randomized control trial, no benefit was observed. In this multicenter
trial, 140 patients with Mayo 2004 stage II to III light chain amyloidosis were random-
ized to 100 mg doxycycline twice daily with CyBorD (9 cycles) or CyBorD (9 cycles)
alone. No improvement in 2-year progression-free survival was observed [69].

The second treatment under investigation is Birtamimab, a humanized IgG1
that targets misfolded light chains to promote phagocytic clearance of AL deposits
[92]. In a double-blind randomized control trial, VITAL, patients were treated with
24 mg/kg Birtamimab plus standard of care or placebo plus standard of care every
28 days [92]. This study was terminated early following an interim futility analysis.
However, a follow-up study, AFFIRM-AL (A Study to Evaluate the Efficacy and Safety
of Birtamimab in Mayo Stage IV Patients with AL Amyloidosis) is currently enrolling
only patients with more advanced forms of cardiac AL amyloidosis based on post-hoc
analysis of VITAL results [93].

Another promising therapeutic agent, CAEL-101, is in the developmental pipeline.
CAEL-101 is an amyloid fibril-reactive chimeric immunoglobulin G1k monoclonal
antibody. Upon binding to misfolded light chains, CAEL-101 triggers the activa-
tion of neutrophils and initiates a proteolytic cascade directed against AL fibrils.
Encouraging findings from a recent phase 1a/b trial involving CAEL-101 in patients
with relapsed or refractory AL-CA lend support to the notion that this agent may
enhance target organ function by improving the LV global longitudinal strain and
reducing NT-proBNP levels following a 12-week treatment period [94]. We eagerly
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wait for the data from a phase 3 trial testing the effect of CAEL-101 on the outcomes
of newly diagnosed cardiac AL cases.

The role of RNA silencers is also emerging. These agents function by suppressing
TTR synthesis in the liver, effectively eliminating the necessity for liver transplanta-
tion. Various agents have been on trial for patients suffering from hATTR-related
polyneuropathy, including inotersen, patisiran, and vutrisiran. These have shown
significant improvements in neuropathy impairment scores for hATTR patients
[95-97]. However, the cost of these agents, averaging around $450,000 per year, pose
a significant barrier to access [98]. The role of RNA silencers in cardiac ATTR remains
to be seen, as we await the results of a randomized controlled trial with PRX004 [99].
Furthermore, there are therapies in development aimed at prevention of amyloid car-
diomyopathy among those who carry the pathogenic mutations. In this arena, gene-
editing by CRISPR-CAS9 may represent the future therapy for cardiac amyloidosis.
NTLA 2001, developed by Intellia Therapeutics and Regeneron Pharmaceuticals,
represents a CRISPR-CAS9-based in vivo gene editing platform. This innovative
technology has displayed potential as a viable treatment option during the initial
phase of clinical testing in individuals suffering from ATTR polyneuropathy [100].
The potential promise of CRISPR-CAS9 may offer a definitive cure for patients with
genetic predisposition to hATTR.

8. Cardiac sarcoidosis

Sarcoidosis is a systemic granulomatous condition with an uncertain etiology
[101]. Current evidence suggests that it arises from an immunological reaction to
an unidentified antigenic stimulus in genetically predisposed individuals [102]. The
characteristic histopathological feature is noncaseating granulomas. The lungs are
impacted in over 90% of cases, with potential involvement of other organs such as
the heart, liver, spleen, skin, eyes, parotid gland, and various tissues. The majority of
cases (70%) are diagnosed in individuals aged between 25 and 60 years, while occur-
rences in those below 15 or above 70 years are infrequent [103]. Sarcoidosis exhibits a
global distribution, with prevalence ranging from 4.7 to 64 per 100,000 individuals
[101]. Notably, higher incidence rates are documented among northern European and
African American populations, particularly affecting women [104, 105].

The presence of familial clusters underscores a significant hereditary component
in sarcoidosis [106]. However, the interplay between genetic and environmental
factors, including organ-specificity, remains unknown. Clinically significant cardiac
involvement occurs in approximately 5% of sarcoidosis patients, although approxi-
mately 25% of patients with systemic sarcoidosis display asymptomatic or clinically
silent cardiac participation [107, 108]. Underdiagnosis and lack of reliable reference
standards worsen prognosis. Cardiac sarcoidosis is associated with mortality resulting
from ventricular arrhythmias, high degree heart block, and heart failure [1].

8.1 Epidemiology

Studies indicate that there is a growing prevalence of cardiac sarcoidosis,
likely due to advancements in diagnostic imaging. The diagnostic rate of cardiac
sarcoidosis in Finland surged by over 20 times between 1988 and 2012 [109, 110].
Similarly, in the United States, the proportion of transplant recipients with cardiac
sarcoidosis-induced cardiomyopathy escalated from 0.1% (1994 to 1997) to 0.5%

29



Cardiomyopathy — A Comprehensive Overview

(2010 to 2014 [111]). Incidence and prevalence of cardiac sarcoidosis varies widely
by regions. Scandinavian countries are thought to have the highest incidence with
an estimated 11.5 cases per 100,00. In contrast, the United States has an incidence
rate between 8 and 11 cases per 100,000. East Asian countries, particularly South
Korea, have some of the lowest incidence at 0.5-1.3 cases per 100,000 [112].
Sarcoidosis is not commonly considered an age-related condition. Rather, it typi-
cally occurs in patients aged 25 to 45 years, with women aged older than 50 years
being the most affected population in Japan and European countries [113].

There are also notable racial and ethnic disparities in cardiac sarcoidosis. An
examination of a national healthcare database in the United States spanning from
2010 to 2013 demonstrated a prevalence rate among Black Americans (141.4 per
100,00) that was three times greater than that of White Americans (49.8 per 100,00).
Conversely, Hispanics and Asians exhibited a lower prevalence at 21.7 per 100,000
and 18.9 per 100,000, respectively. Notably, the highest prevalence was observed in
Black American women, reaching 178.5 per 100,000 [114]. The Black Women’s Health
Study projected an average annual incidence rate of up to 71 per 100,000 among Black
American women, with a prevalence rate nearing 2%. [115] Moreover, an increased
mortality rate was documented among women and Black Americans [116].

While sarcoidosis most commonly affects the lungs, there is growing recognition
that cardiac sarcoidosis may be its first manifestation [117]. A significant propor-
tion of individuals, ranging from 16 to 35%, who present with complete AV block
(age < 60 years) or VT of unknown origin, are subsequently discovered to have
undiagnosed cardiac sarcoidosis [118, 119]. The detection of cardiac sarcoidosis as
the primary etiology of heart failure is frequently overlooked; a notable example
being the identification of previously undiagnosed cardiac sarcoidosis in 6 out of
177 patients through core LV biopsies conducted during left ventricular assist device
(LVAD) insertion [120].

8.2 Pathophysiology and clinical features

Cardiac sarcoidosis is characterized by granulomatous infiltration that disrupts
normal organ function. It is characterized by three successive stages: edema, granu-
loma formation, and fibrosis [10]. The instigating antigenic trigger remains unclear.
However, several factors have been proposed, including genetic predisposition, prior
infections, and environmental exposures. Human leukocyte antigen (HLA) alleles
in the major histocompatibility complex genes such as the HLA DQB*0601 and the
TNFA?2 allele are associated with cardiac sarcoidosis in Japanese women [121, 122].

In addition, HLA-DR17(3) displays the strongest correlation with sarcoidosis

within the White demographic. Meanwhile, chronic disease progression is linked to
HLA-DR15(2) or DR14(6) [123]. Major infectious agents include mycobacterium,
Propionibacterium, Borrelia burgdorferi, Rickettsia helvetica, Epstein-Barr virus, and
the human herpes virus [124]. Interestingly, there have been reports of sarcoidosis
related to occupational exposures [116].

Following exposure to these agents, sarcoid development is predominantly driven
by an exaggerated TH1 cell reaction leading to the secretion of various cytokines such
as interleukin (IL)-2, interferon v, and IL-12. This initial phase is succeeded by an
anti-inflammatory TH2 response characterized by the presence of IL-4, IL-5, IL-10,
and IL-13 cytokines [125]. The formation and resolution of cardiac granulomas cor-
respond to the presence of these cytokines in a specific sequence [126]. The fibrotic
transition is facilitated by the shift towards a TH2 response, aided by platelet-derived
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growth factor-B, insulin-like growth factor 1, and insulin-like growth factor binding
protein-related protein 2 [127, 128]. Recent research also highlights the involvement of
IFN-y producing Th17 cells in the pathogenesis of sarcoidosis and proposes discrepan-
cies in Tregs and Th17 cell response [127, 129].

In cardiac sarcoidosis, the myocardium, endocardium, or epicardium are involved
extensively [126, 130, 131]. Granulomas are commonly seen in the basal interventric-
ular septum, LV wall, and more rarely, atria [132-134]. As the disease advances, the
granulomatous inflammation triggers a repair response that manifests with scarring,
which is notably different from those observed in myocardial infarction. Sarcoidosis-
related scarring appears more patchy, rather than extensive, in the subendocardial or
transmural regions [126]. The presence of granulomas in the interventricular septum
can lead to conduction blocks that may respond to steroid treatment, whereas patchy
scarring of the myocardium creates a focal point for ventricular tachyarrhythmias,
focal aneurysms, and both systolic and diastolic dysfunction of the left ventricle (LV),
eventually perpetuating heart failure [128].

The clinical presentation of sarcoidosis depends on the stage of disease. At the
edema stage, diastolic dysfunction occurs. As sarcoidosis progresses to granuloma
formation, global or segmental hypokinesia presents. Finally, systolic dysfunc-
tion is observed with fibrosis [125]. In general, screening is only recommended for
symptomatic patients with known sarcoidosis, as these patients are at higher risk for
heart failure, ventricular dysrhythmias, and sudden cardiac death [135]. In patients
with no diagnosis of sarcoidosis, sustained monomorphic ventricular tachycardias,
second- or third-degree heart block in young individuals, new onset cardiomyopathy
or heart failure, or unexplained wall motion abnormalities or wall thinning should
raise suspicion for cardiac sarcoidosis. Several presentations can be seen: (i) conduc-
tion abnormalities including bundle branch or AV block, (ii) ventricular arrhythmias
which can include sudden death, palpitations, dizziness, syncope, (iii) heart failure
manifesting as the standard constellation of CHF symptoms (DOE, orthopnea, etc.),
or (iv) silent disease in which pulmonary or systemic symptoms are primary findings
but imaging findings demonstrate cardiac involvement [125, 128, 136].

8.3 Diagnosis

Initial evaluation starts with imaging. ECG findings will often show dysrhythmias
and high-grade block, and echocardiograms can show septal thinning or thickening;
segmental wall motion abnormalities may also be seen [137]. CMR offers supe-
rior spatial resolution, capability to offer tissue characterization, and concurrent
structural and functional evaluation of the myocardium [138, 139]. The distinctive
phases of acute and chronic cardiac sarcoidosis can be distinguished through various
technical components of CMR. LGE stands out as the most dependable tool in the
evaluation of cardiac sarcoidosis using CMR [117]. There is no definitive distribution
pattern indicative of cardiac sarcoidosis, however research suggests LGE predomi-
nantly in the subepicardial or mid-myocardial regions of the basal septum and LV
lateral wall with possible extension into the right ventricle may indicate cardiac
sarcoidosis [133, 140, 141]. Occasionally, LGE may present as subendocardial, resem-
bling an infarction pattern [140]. While LGE aids in identifying more chronic stages
associated with fibrosis or scarring, T2 mapping can detect elevated water content
or edema in regions with active inflammation. Furthermore, positron emission
tomography (PET) may be a valuable tool in cardiac sarcoidosis, given that 18F-FDG
accumulates in inflammatory cells within the hearts of affected individuals [1].
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There is no specific pathognomonic pattern for FDG uptake for cardiac sarcoidosis
[142]. Current evidence suggests that FDG-PET appears to possess greater sensitivity
but lower specificity than CMR, and its utility is most evident in patients for whom
CMR is contraindicated or unavailable [1, 143]. The dual use of CMR and FDG-PET
may offer superior diagnostic value.

Myocardial biopsy is considered the gold standard and may demonstrate hallmark
histopathology; however, extracardiac biopsy can also be considered due to improved
safety profile [10]. Histological examination of the heart in cardiac sarcoidosis reveals
non-necrotizing, epithelioid granulomas, with or without multinucleated giant cells,
that can involve all layers of the heart. A common diagnostic challenge is differentiat-
ing cardiac sarcoidosis from giant cell myocarditis, as both conditions exhibit over-
lapping histologic features. Giant cell myocarditis is characterized by diffuse mixed
inflammatory infiltrates with prominent multinucleated giant cells, but unlike cardiac
sarcoidosis, these giant cells are associated with adjacent myocyte necrosis and do not
form distinct granulomas. Additionally, in giant cell myocarditis, the giant cells do
not involve the epicardium or pericardial fat, which can be seen in cardiac sarcoidosis.
Due to the heterogeneous myocardial involvement in cardiac sarcoidosis, myocardial
biopsy is highly specific but not sensitive, detecting sarcoidosis in only 20-50% of
cases. Moreover, since cardiac sarcoidosis may present with scattered giant cells in
areas lacking well-formed granulomas, distinguishing it from giant cell myocarditis
based on biopsy specimens alone can be particularly challenging.

Clinically, several sets of diagnostic criteria have been proposed although
none have been widely adopted. The Japanese Ministry of Health and Wealthware
(JMHW) proposed both a histological (i.e., biopsy confirmed) and a clinical route
to diagnosis [144]. Clinical diagnosis involves a histologic diagnosis of extracardiac
sarcoidosis along with cardiac symptoms meeting major and minor criteria [144].
The World Association of Sarcoidosis and Other Granulomatous diseases (WASOG)
Organ Assessment Instrument is a clinical tool which utilizes expert opinion to
determine the likelihood of organ involvement based on three categories [145].
However, neither of these tools have been validated in large cohorts and there is
generally a lack of consensus on best practices for accurate diagnosis. Early identifi-
cation before scar formation can lead to better outcomes with treatment. The extent
of myocardial involvement and ventricular dysrhythmias upon presentation also
affect prognosis [146].

8.4 Management

The goal of medical management for cardiac sarcoidosis is to reduce the inflamma-
tion and limit the development of myocardial fibrosis [128]. Treatment relies on mul-
tiple modalities of immunosuppression, including corticosteroids, disease modifying
agents, and biologics. The survival benefit of corticosteroids in sarcoidosis has not yet
been proven in a randomized controlled trial [147]. The most reliable data pertained
to the efficacy of corticosteroids in patients with AV block. However, glucocorticoids
continue to be the mainstay of first-line treatment. Patient input and close follow-up
is paramount to determine the optimal doses and regimen. It is recommended that
the initial dosage range from 30 to 40 mg/day [10, 148] and that treatment response
be assessed within 1 to 3 months [10]. If the patient responds positively, the steroid
dosage should be gradually reduced to 5 to 15 mg/day for an additional 9 to 12 months
[148]. Patients should be monitored for a minimum of 3 years post-treatment cessa-
tion to detect potential relapses [103].
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Second-line treatments for cardiac sarcoidosis include cytolytic agents such as
nucleotide analogs and precursor analogs [149], some of which include methotrex-
ate (MTX), a folate antagonist, or azathioprine, an antagonist of purine metabolism
[149]. MTX, in particular, is frequently employed as a secondary option in cases
of treatment resistance and/or in the presence of adverse effects from steroids
[150]. Mycophenolate mofetil and azathioprine, two antimetabolite agents, are also
increasingly utilized as treatment options [149]. Other agents include azathioprine,
cyclophosphamide, and infliximab [101]. There is not yet a consensus on whether
corticosteroids should be universally administered to all cardiac sarcoidosis patients
or reserved only for those displaying specific clinical symptoms.

TNFa blockers and inhibitors are third-line or alternative treatments [149]. In
small trials, infliximab, a monoclonal anti-TNF-alpha antibody, has been shown to be
effective in refractory cases. If medically refractory, ventricular assist devices (VAD)
or other forms of mechanical circulatory support can be used as destination therapy
or bridge to transplant. Primary transplantation may also be considered [128].

8.5 Implications for heart transplantation

Despite medical management, patients may eventually develop heart failure
from cardiac sarcoidosis [149, 151, 152]. A recent study from Finland found that
14% of patients with clinically manifested cardiac sarcoidosis progressed to
advanced heart failure within 15 years of diagnosis, despite medical management
[153]. LV ejection fraction (LVEF) <50% and elevated cardiac troponins predicted
25% of 15-year risk of end-stage heart failure [153]. Thus, advanced heart failure
treatments such as durable mechanical support or OHT should be carefully evalu-
ated [154, 155]. Factors to consider include the extent of extracardiac sarcoidosis
and other organ involvement, which may impact post-transplant mortality and
morbidity [128]. Pre-existing immunosuppression-related complications includ-
ing diabetes, susceptibility to adrenal insufficiency, and impaired wound healing
should also be considered [149].

Outcomes of OHT in patients with cardiac sarcoidosis have been similar to
those with other cardiomyopathies [156]. A 2018 analysis of the United Network
for Organ Sharing (UNOS) database found 91 and 83% survival at 1- and 5-year
intervals, respectively, for cardiac sarcoidosis patients, compared to 90 and 77%
for other recipients at same time intervals [155]. Importantly, patients with car-
diac sarcoidosis undergoing OHT had lower odds of organ rejection compared to
non-cardiac patients [156]. In cases where the consideration of an LV assist device
(LVAD) arises, it is crucial to assess the level of the RV involvement, arrhythmic,
and infection risks associated with immunosuppression. For instance, conditions
such as predominant RV failure, restrictive cardiomyopathy, or a high burden of
ventricular arrhythmias may not respond well to durable LVAD therapy, neces-
sitating tailored bridge-to-transplantation approaches that involve biventricular
mechanical support.

There continues to be a lack of data on long-term outcomes of LVADs or OHT in
patients with cardiac sarcoidosis. However, it is worth noting that because cardiac
sarcoidosis is often undetected until examination of the native heart tissue during
LVAD or OHT, there is likely some degree of clinical misclassification prior to surgery
[157]. Collaboration between multidisciplinary sarcoidosis teams and advanced heart
failure specialists is critical for patients with cardiac sarcoidosis undergoing OHT or
LVAD support.
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8.6 Future directions

One of the major challenges in clinical trials for cardiac sarcoidosis has been
non standardized and unguided endpoints. WASOG convened in 2011 to generate
standardized trial endpoint recommendations based on clinical manifestations and
symptoms [158]. While progress has been made in recent trials to meet clear primary
endpoints, most trials have not met task force recommendations for those endpoints
[159]. Moreover, enhancing reporting uniformity may aid in result interpretation and
better convey the progress of therapeutic pipelines to patients. Despite these chal-
lenges, several recent trials merit discussion. In the Cardiac Sarcoidosis multi-center
randomized controlled trial (CHASM-CS), low-dose prednisone-MTX combina-
tion therapy was compared to prednisone alone with varying doses and duration of
treatment; outcomes from this trial have not yet been published [160]. Notably, the
PRESTIGE study recently found no significant differences in the efficacy of metho-
trexate or a second dose of prednisolone in patients with cardiac sarcoidosis who did
not respond to initial prednisolone therapy. This is a particularly important concept
that provides evidence to the utility of methotrexate as a potential steroid-sparing
agent. However, further studies are needed to assess the therapeutic efficacy of
methotrexate in cardiac sarcoidosis, including its precise mechanism of action when
administered at higher dosages or for extended durations.

9. Cardiac hemochromatosis

Iron overload cardiomyopathies (IOC) arise due to abnormalities in iron homeo-
stasis that are attributed to either hereditary or acquired etiologies. Primary I0C, also
known as cardiac hemochromatosis, stems from a mutation in the HFE gene typi-
cally inherited in an autosomal recessive manner [161]. These patients often present
asymptomatic in the early stages, further complicating prevention and diagnosis.
Thus, patients with cardiac hemochromatosis will often have damage in other organs
related to excess iron by the time of diagnosis [162]. Conversely, secondary causes of
IOC encompass hemoglobinopathies and myelodysplastic syndromes (MDS) [1]. The
extent of cardiac involvement varies on the specific etiology. Thalassemia patients
experience prominently high mortality due to heart failure [162]. In comparison,
heart disease does not appear to be a large cause of mortality and morbidity among
sickle cell patients [163].

The infiltration and deposition of iron is believed to begin in the epicardium
before diffusing throughout the myocardium and endocardium [164]. The entire
conduction system, particularly the AV node, is vulnerable to excess iron deposition
[165]. Chronic iron overload can progressively lead to heart failure and arrhythmias.
Therefore, cardiac hemochromatosis should be carefully considered in any patients
with unexplained heart failure.

9.1 Epidemiology

Exact incidence and prevalence of cardiac hemochromatosis or primary IOC
is unknown. However, it is estimated that in the United States roughly 1 in 300
Caucasian people have hereditary hemochromatosis [166]. In contrast, Northern
Europeans have a substantially higher burden of disease as 1 in 15 individuals carry
at least one variant of the HFE gene [167]. Hemochromatosis does not exhibit sex
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specificity; however, a higher proportion of males demonstrate symptoms and show
an elevated risk of hepatic injury. In contrast, females may manifest hemochroma-
tosis symptoms later in life because of regular blood loss during menstrual cycles
[166, 168]. The epidemiology of secondary IOC can only be extrapolated by the
prevalence and incidence of the differing underlying causes. For example, thalas-
semia is the most prominent cause of cardiac iron overload due to the need for fre-
quent blood transfusions to correct their anemia. The global incidence of thalassemia
is estimated to be 4.4 out of every 10,000 births. Alpha-thalassemia predominates
among individuals of Southeast Asian descent. Beta-thalassemia, on the other hand,
is most prevalent among populations with origins in the Mediterranean, Africa, and
South Asia [165].

9.2 Pathophysiology and clinical features

Several subtypes of hereditary hemochromatosis exist. Type 1 makes up 80%
of hemochromatosis and is caused by the HFE gene mutation on chromosome 6.
Hepatic complications are most prominent in type 1. Type 2 is linked to mutations
in the HJV gene located on chromosome 1, responsible for encoding hemojuvelin
(subtype 2A), or in the HAMP gene on chromosome 19, which encodes hepcidin
(subtype 2B). Cardiac manifestations, especially heart failure before the age of 30,
are most seen in type 2. Type 3 arises from mutations in the TfR2 gene on chromo-
some 7, which encodes transferrin receptor 2. Conversely, type 4 is the result of
mutations in the SLC40A1 gene on chromosome 2, which encodes ferroportin [169].
In contrast, secondary IOC primarily stems from the substantial administration of
parenteral iron related to transfusion-dependent anemias. These include inherited
hemoglobinopathies, MDS, myelofibrosis, aplastic anemia, sideroblastic anemia, and
Blackfan-Diamond anemia [170]. In the case of inherited hemoglobinopathies, all
patients with thalassemia major and approximately 20% of sickle cell patients require
transfusions [171]. Similarly, a significant proportion of MDS patients now undergo
chronic transfusions. Almost 50% of patients with MDS who receive 75-100 units of
blood will develop clinically significant myocardial iron overload [171-173].

Myocardial iron uptake progresses at a slower rate hepatic uptake, leading to a
delayed onset of myocardial iron overload in contrast to hepatic iron overload [170].
Iron accumulation initiates in the ventricular myocardium, extends to the atrial
myocardium, and impacts the conducting system [170]. Although epicardial iron levels
usually surpass subendocardial levels, a study indicates a consistent iron distribution
across the LV in severe IOC patients [174]. Within myocytes, presence of excess labile
iron triggers the production of reactive oxygen species, leading to the conversion
of ferrous to ferric iron and the generation of the harmful hydroxyl radical, which
overwhelms the antioxidant defenses. Concurrently, elevated ferrous iron transport
through L-type calcium channels disrupts cardiomyocyte calcium handling. This
affects excitation-contraction coupling and potentially contributes to the development
of diastolic and systolic ventricular dysfunction leading to heart failure [173, 175]. It is
important to note that in addition to myocardial iron overload, various immunoinflam-
matory and genetic factors appeared to influence the development of I0C, including
myocarditis, the HLA genotype, and the apolipoprotein E genotype [173, 174, 176].

As with other forms of ICMs, the level of cardiac impairment is highly dependent
on the severity of iron deposition in the myocardium. However, in general, there are
two major clinical features of cardiac hemochromatosis. First, IOC-related dilated
cardiomyopathy is characterized by LV enlargement and decreased LVEF [173].
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Second, IOC can also cause restrictive cardiomyopathy and may present with exer-
tional dyspnea. This process likely begins with diastolic LV dysfunction causing restric-
tive filling and increased filling pressures. While these patients may have preserved
LVEF, they often progress to biventricular failure, which causes pulmonary hyperten-
sion, peripheral edema, and hepatic congestion [177]. These phenotypes often accom-
pany a spectrum of other clinical manifestations including myocarditis, paroxysmal
atrial fibrillation, ventricular arrhythmias, and atrial or ventricular tachyarrhythmias
[178-180]. Notably, features of ischemic heart disease of myocardial infarction do not
appear to be prominently associated with cardiac hemochromatosis [181].

9.3 Diagnosis

Echocardiography is the main modality of choice for evaluating potential heart
failure patients with IOC [176]. Early observations include diastolic LV dysfunction
and left atrial enlargement. In later stages, there’s no notable dilatation of both the
LV and RV and significantly reduced LVEF [164]. Alternatively, there may also be
restrictive filling of the LV with dilatation of the left atrium and RV. In these cases,
pulmonary artery pressures are likely elevated with preserved EF. The major limita-
tion with regards to echocardiography is that it gives limited information about
the actual myocardial iron content. Therefore, it is more often used as the primary
screening tool for asymptomatic patients or for monitoring patients with established
hereditary or acquired IOC [173].

CMR T2 analysis is the modality of choice for noninvasive, qualitative analysis of
myocardial iron load, measured as hemosiderin, with high sensitivity and consistency
[182]. There’s some evidence that T1 may be more sensitive than T2 [183]. Therefore,
recent guidelines recommend combined use of both T1 and T2 for improved sensitivity.

The importance of basic laboratory investigations merits further discussion in
evaluation of IOC. These include serum ferritin, transferrin, full blood count, hemo-
globin electrophoresis, liver function tests, and a comprehensive set of endocrine tests
aimed at assessing the underlying etiology of IOC [173]. As with any hereditary con-
ditions, genetic testing may also be considered for various hemoglobinopathies and
hereditary hemochromatosis [184]. Furthermore, since hepatic iron uptake precedes
myocardial iron deposition, liver biopsy may be performed before endomyocardial
biopsy in patients with suspected IOC [184].

9.4 Management

Therapeutic phlebotomy is a safe and cost effective first-line treatment for all
types of hereditary hemochromatosis, generally recommended for symptomatic
patients with serum ferritin greater than 1000 ng/mL [173]. It involves an induction
phase aimed at removing 1-2 units of blood per week to achieve a reduction of serum
ferritin by <50 ng/mL and transferrin saturation < 30%. This is often followed by
alife-long maintenance phase aimed at serum ferritin <100 ng/mL and transferrin
saturation < 50% [173]. The downsides of phlebotomy are that it is irreversible and
can cause severe complications including liver cirrhosis, insulin-dependent diabetes,
and hypogonadism [173].

For patients with secondary IOC or severe heart failure, the therapy of choice
is chelation agents [185]. Despite poor oral bioavailability and short half-life,
deferoxamine treatment is effective at decreasing myocardial iron deposition by
approximately 24% and delay onset or reverse early cardiac hemochromatosis [186].
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The major challenge in deferoxamine appears to be with long-term compliance [187].
Deferiprone, on the other hand, is an orally active chelation agent used primarily for
transfusion-dependent thalassemia patients [165]. Some studies suggest deferiprone
is superior to deferoxamine in reducing myocardial iron load [188]. However, current
guidelines recommend a combination of the two agents, particularly in patients with
heart failure and unstable hemodynamics [189].

Managing patients with signs of heart failure requires a combination of chelation
therapy and standard guideline directed heart failure therapy [173]. It is crucial to
emphasize that among a cohort of individuals with thalassemia major experienc-
ing heart failure, the amalgamation of routine transfusion-chelation therapy with
conventional heart failure treatment yielded a 5-year survival rate similar to a typical
heart failure cohort [190]. Certain patients with thalassemia or other hemoglobin-
opathies may necessitate a gradual up titration and may exhibit a reduced threshold
for angiotensin-converting enzyme inhibitors or angiotensin receptor blockers due to
decreased arterial blood pressure amid chronic anemia [191]. Lastly, for instances of
acute heart failure, intravenous loop diuretics, inotropes, renal replacement therapy,
and mechanical circulatory support are employed based on clinical exigencies [191].

9.5 Implications for heart transplantation

While long-term, multicenter data are limited, there is evidence suggesting OHT
as a viable therapeutic alternative for patients with cardiac hemochromatosis expe-
riencing severe heart failure refractory to optimal medical treatment and cardiac
resynchronization therapy [192]. 10-year survival for patients with cardiac hemo-
chromatosis remains suboptimal at 41% [193]. More recent analysis of the UNOS
database found both OHT and combined heart-liver transplantation (CHLT) had 88
and 75% survival at 1- and 2-year intervals, respectively [194]. However, as it stands,
patients with hemochromatosis appeared to be much younger with increased waitlist
mortality compared to all other etiologies [195]. There has also been a report of CHLT
in a patient with hemojuvelin-associated hemochromatosis with acceptable outcomes,
further demonstrating the role of solid-organ transplantation in managing cardiac
hemochromatosis patients [196]. In patients with persistent congestive heart failure
post-liver transplantation, durable or temporary biventricular assist devices may be
considered [197]. Most importantly, all patients receiving either OHT or CHLT should
continue therapies to decrease the iron load on the transplanted allograft [178].

9.6 Future directions

Abnormalities in hepcidin have been implicated in almost all forms of hereditary
hemochromatosis [198]. Recently, phase 2 randomized controlled trial of rusfertide in
patients with HFE-related hemochromatosis demonstrated the efficacy of the hep-
cidin mimetic on preventing re-accumulation of iron without needing phlebotomy
[199]. We also await the results from the Thalassemic Iron Overload Cardiomyopathy
is Ameliorated by Taurine Supplementation (TICATS) trial [200].

10. Fabry disease

Fabry Disease (FD) is a rare X-linked hereditary lysosomal storage disorder due
to pathogenic variants in the GLA gene which lead to deficient alpha-galactosidase
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A activity. This causes the deposition of toxic globotriaosylceramide (Gb3) in vari-
ous tissues, including the myocardium [201]. Cardiac involvement manifests with
LV hypertrophy, myocardial fibrosis, and arrhythmias, and progresses into heart
failure [201]. The advent of enzyme replacement therapy (ERT) has underscored the
importance of early detection and intervention to slow disease progression and avert
significant cardiac complications [202]. Recent insights into the pathophysiology

of FD indicate that, beyond Gb3 buildup, other pathogenic mechanisms contribute
to the onset of Fabry cardiomyopathy [203]. Advances in imaging modalities have
enhanced the diagnosis and classification of cardiac conditions associated with FD,
highlighting the role of myocardial inflammation and paving the way for further
investigative endeavors [203]. Furthermore, the rapid evolution of the FD-specific
therapeutic landscape, marked by the approval of oral chaperone therapy and novel
treatment modalities, signifies promising developments in the field [204].

10.1 Epidemiology

The incidence of FD is estimated to range between 1 in 40,000 to 1in 170,000
births globally [205]. In Caucasians, incidence can be as high as 1in 17,000 [205].
In Italy and Japan, newborn males have been screened for FD at rates as high as 1
in 3000, whereas in Taiwan, the rate has been as high as 1in 1500 [205]. A recent
analysis of the United Kingdom Biobank revealed the prevalence of likely pathogenic
late-onset variant mutations at 1 in 5732 and the prevalence of mutations causing
classic FD at 1in 200,643 [206]. Notably, later-onset variants were more prevalent in
studies focusing on newborn screening, with the ratio of late-onset to classic variants
ranging from 7:1 in Italy to 16:1 in Taiwan [207]. These patterns indicate that while
mutations related to late-onset FD are more common than mutations associated with
classic FD, classic FD is more common in patients with clinically significant FD. Thus,
it is plausible that late-onset FD is significantly underdiagnosed [208]. Recent cohort
studies on patients with LV hypertrophy indicate a prevalence of FD ranging from 0.3
t0 0.9% [209]. Furthermore, the prevalence of FD in unexplained LV hypertrophy is
estimated to be even higher, ranging from 2% in Canada to 4% in Hong Kong and the
Czech Republic [210].

10.2 Pathophysiology and clinical features

The enzyme alpha-galactosidase normally catalyzes the conversion of Gb3 to
lactosylceramide. However, in its deficient or absent state, Gb3 accumulates in the
lysosomes, particularly in the cardiovascular endothelium and the nephron, lead-
ing to both cardiac and renal abnormalities [211]. The excess infiltration of Gb3 in
the myocardium leads to significant oxidative stress, dysfunctional endocytosis,
autophagy, and interferes with mitochondrial homeostasis [212]. Beyond the storage
cardiomyopathy, diffuse inflammation may play a larger role in FD-driven cardio-
myopathy [213]. This in turn provides a valuable target for ERT. The combination
of direct infiltration, fibrosis, microvascular ischemia, inflammation, and oxidative
stress causes diastolic and systolic dysfunction, leading to symptomatic heart failure.
It is estimated that 60% of FD patients develop HFpEF with dyspnea, angina, palpita-
tions, or syncope [10]. Diastolic dysfunction is thought to be more prevalent than
systolic dysfunction in FD [214]. However, diastolic dysfunction may manifest with
or without LV hypertrophy and play a significant role in the progression of left atrial
enlargement and atrial fibrillation [215]. FD is also associated with development of
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aortic stenosis and regurgitation due to Gb3 deposition within the leaflets or sub-
valvular apparatus, leading to geometric distortion of the atria, valvular annulus, or
aortic root dilation [216].

10.3 Diagnosis

Echocardiography plays a crucial role in the initial identification and continuous
monitoring of cardiomyopathy associated with FD [217]. Subtle changes in elec-
trocardiography, such as a shortened PQ interval and aberrations in repolarization,
precede the onset of left ventricular hypertrophy (LVH) and can manifest as early
as childhood [217]. Over time, individuals may exhibit ST segment depression and
T-wave inversion in the inferolateral leads, indicating the development of postero-
lateral fibrosis. While none are pathognomonic, typical echocardiographic findings
include concentric LV hypertrophy, disproportionately large papillary muscles,
absence of base-to-apex circumferential strain gradient, and RV hypertrophy with
preserved systolic function [218]. Furthermore, CMR provides valuable insights
into the myocardial biology of FD at different stages of disease and patients’ respon-
siveness to appropriate therapies. A 3-phase model of cardiac FD progression is as
follows: (1) The process of accumulation begins in childhood and is distinguished
by a gradual decrease in T1 without LV hypertrophy or LGE. (2) Inflammation and/
or hypertrophy manifest with decreased T1 values, initial LV hypertrophy, and T2
mapping indicating inflammation in the basal inferolateral region correlated with
LGE. This can sometimes precede LV hypertrophy. (3) Fibrosis and/or functional
impairment are characterized by rising T1 values and the presence of LGE along
with wall thinning in the basal inferolateral area [219]. In combination with imaging
modalities, biomarkers including troponin and NT-proBNP also play an important
role in staging cardiac FD [216].

10.4 Management

Enzyme replacement therapy (ERT) is among the first-line treatment of choice
for FD and has been shown to be effective in managing neuropathic pain, gastroin-
testinal symptoms, and heat or exercise tolerance [220]. Long-term observational
studies have demonstrated that ERT can delay the progression of cardiac FD, leading
to stabilization of LV mass index [221, 222]. Two types of ERTs are currently avail-
able: agalsidase-alfa (available in Canada and Europe) and beta (only in the US).
A Cochrane review of randomized trial data demonstrates no disparities in cardiac
incidents or mortality between patients treated with both formulations [223]. Current
guidelines suggest early intervention with ERT, as patients with existing LGE on CMR
are less likely to experience regression of LV hypertrophy with ERT. Earlier treatment
with ERT has been associated with decreased likelihood of cardiovascular events,
including heart failure, arrhythmia, cardiac surgery, LV hypertrophy, atrial fibril-
lation, and myocardial infarction [224]. However, FD patients with end-stage renal
disease or advanced heart failure, characterized by significant myocardial fibrosis, are
not expected to benefit from ERT [223]. Immunogenicity of ERT also poses a chal-
lenge. Given that ERT is a foreign recombinant protein, patients may develop anti-
drug antibodies within 3-6 months of treatment [225]. These responses are thought
to be permanent with unknown clinical significance. However, the risk of anti-drug
antibody development has been shown to be higher among patients with more severe
FD manifestations [226].
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Alternatively, chaperone therapy is available for patients who are contraindicated
for ERT. Unlike ERT, chaperone therapy is administered orally without risk of immu-
nogenicity. It is important to note that chaperone therapy is only effective in patients
with mutations that yield unstable yet functional alpha-galactosidase. However,
patients with mutations resulting in deficient enzymes will not respond to chaperone
therapy [227]. The efficacy and safety of migalastat has been demonstrated in several
trials. The ATTRACT trial, which randomized FD patients to either ERT or transition
to migalastat, demonstrated a decrease in LV myocardial index with only migalastat,
particularly among those with existing LV hypertrophy [228]. The FACETS trial
further corroborated the reduction in LV myocardial index after 2 years among
FD patients with baseline LV hypertrophy [202]. More recently, an observational
MAIORA study found that the net benefits of migalastat were most pronounced in
patients at the initial stages of disease, further underscoring the importance of early
treatment [229].

10.5 Implications for heart transplantation

Despite the absence of explicit recommendations, FD is included among the listing
criteria for OHT, with the possibility of OHT or combined heart-kidney transplanta-
tion (CHKT) at end-stage renal and heart failures [230]. However, outcome data on
OHT or CHKT for FD patients is scarce and limited to case reports. A recent report of
kidney transplant after OHT has demonstrated excellent outcomes, similar to those
seen in CHKT in an FD patient presenting with severe nonobstructive hypertrophic
cardiomyopathy and systolic heart failure with reduced EF [231]. Long-term out-
comes are also reported to be adequate with one case of an FD patient experiencing
recurrence free survival 14 years after OHT [232]. While OHT and CHKT appear to
be exceedingly rare for FD patients, they may have significant benefits in patients who
have been unresponsive to ERT and chaperone therapy [233]. More data is warranted
to better understand the role of solid-organ transplantation among patients with
cardiac manifestations of FD.

10.6 Future directions

The MODIFY trial has completed but results are pending regarding the utility
of lucerastat oral monotherapy in FD patients [234]. mRNA and gene therapy are
another pioneering direction in the treatment of FD. Previously, mRNA therapy has
been shown effective in decreasing Gb3 levels in the heart and kidneys in a murine
model of FD [235]. When translated into non-human primates, mRNA therapy
has been able to augment the alpha-galactosidase activity in the heart, albeit not in
the kidneys [236]. As for gene therapy, GLA nucleoside-modified messenger RNA
(modRNA) treatment has been shown effective in decreasing Gb3 levels in human
cardiomyocytes. However, its clinical utility warrants further investigation in
human trials [237].

11. Danon disease

Danon disease (DD) is a rare but severe and penetrant form of inherited ICMs. It
follows an X-linked inheritance pattern resulting in the deficiency of the lysosomal-
associated membrane 2 protein (LAMP-2) [238]. Majority of patients with DD
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experience severe, symptomatic HFpEF and concurrent neurologic, skeletal, and
ophthalmologic complications [239]. Reports of patients with DD cardiomyopathy
often denote hearts that are among the largest ever observed [240]. Males tend to be
symptomatic at an earlier stage compared to female patients, and most often succumb
to heart failure and arrhythmia before 30 years of age or receiving OHT [241].

11.1 Epidemiology

The exact prevalence of DD remains unknown. A study on hypertrophic car-
diomyopathy in pediatric patients found that roughly 4% of patients had DD [242].
It has also been observed that roughly 17% of patients with both LV hypertrophy
and pre-excitation had DD [242]. However, there are clear gender disparities in the
onset of DD, with males presenting earlier with only LV hypertrophy compared to
women who present later in the disease process with both LV hypertrophy and dilated
cardiomyopathy [243].

11.2 Pathophysiology and clinical features

Severe deficiency in LAMP-2B protein leads to compromised macro-autophagy,
leading to accumulation and myocardial infiltration of intracellular vacuoles
containing glycogen and other cytoplasmic contents. Dysfunctional autophagy
leads to oxidative stress, diffuse fibrosis, and conduction abnormalities [244]. LV
hypertrophy is the most common cardiac manifestation for both sexes, likely due to
sustained myocardial injury because of impaired autophagy. However, 30-50% of
female patients may present with dilated or hypokinetic nondilated cardiomyopathy
[243]. Younger patients are more vulnerable to accelerated LV hypertrophy [245]. The
hypertrophic heart typically becomes hypokinetic due to cardiomyocyte apoptosis
and progressive fibrosis, eventually leading to wall thinning and potentially dilation
[246]. Electrophysiological abnormalities and arrhythmias seen in DD cardiomyopa-
thy are highlighted by initial shortening of PR intervals and delta waves, indicating
accelerated AV node conduction or the presence of accessory pathways [241]. As the
disease progresses, repolarization irregularities and atrial or ventricular arrhythmias
develop [247]. It is estimated that 60% of DD patients experience supraventricular
tachycardias such as atrial flutter and fibrillation. Pre-excitation associated with
Wolff-Parkinson-White syndrome may be an early indicator of DD cardiomyopathy
and is more common among males than females. High-degree heart block and sinus
node dysfunction is also common, occurring in roughly 35-50% of DD patients [238].
Importantly, patients with DD may initially present with cardiac arrest and sudden
fatal arrhythmias [238]. Thus, it is difficult to predict and prevent cardiac mani-
festations of DD until younger patients present with major adverse cardiac events.
Eventually, extensive hypertrophy and conduction disturbances lead to irreversible
heart failure [238].

Several extracardiac clinical features merit discussions that may cue clinicians
into a diagnosis of DD. Patients may present with proximal muscle weakness and
myalgias [248]. Neurocognitive symptoms include learning disabilities and mild
cognitive deficits in younger patients. Some may present with unexplained anxiety
and mood disorders [243]. Visual manifestations include pigmentary retinopathy and
myopia, particularly among male patients [249]. Finally, gastrointestinal manifesta-
tions include hepatomegaly and elevated liver enzymes. Patients with advanced heart
failure are more likely to experience congestive hepatopathy [241].
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11.3 Diagnosis

While definitive diagnosis of DD is dependent on genetic testing for the LAMP2
gene, CMR plays a major role in identifying patterns of hypertrophy and distribution
of LGE [1]. In male patients with DD, LV hypertrophy is characterized by concentric
patterns of LV wall thickening that may resemble sarcomeric hypertrophic cardio-
myopathy [250]. However, EF is often preserved. On the other hand, female DD
patients display asymmetric LV, RV hypertrophy or dilated cardiomyopathy [243].
Echocardiograms may also show a high degree of cardiac fibrosis. In combination
with Wolff-Parkinson-White syndrome on ECG, this may be an important predictor
of future progression of conduction abnormalities [251]. Myocardial biopsy may
reveal regular acid maltase levels, thereby distinguishing DD from closely related
Pompe disease. Immunohistochemical features include accumulation of autophagic
vacuoles and deficient LAMP?2 expression [252, 253].

11.4 Management

There are no available medical therapies for DD. It is reccommended that the
cardiac manifestations of DD should be managed as per appropriate guidelines
depending on the phenotype. Often, diuretics, antiarrhythmics, and beta blockers
are first-line treatments [241]. It is important to note that since the disease process
impairs mitochondrial function, DD patients exhibit low tolerance towards hyperten-
sion, tachycardia, and anemia. It is advisable to steer clear of cardiotoxic drugs and
stimulants [241]. Recent guidelines suggest that given the progressive fibrosis and
systolic dysfunction in DD, therapies such as beta blockers and renin-angiotensin-
aldosterone system inhibitors should be considered to attenuate cardiac remodeling
[241]. Implantable cardioverter-defibrillators may be considered for patients with
moderate to severe cardiomyopathy, especially when they have familial history of
premature sudden cardiac death [251].

11.5 Implications for heart transplantation

In the absence of definitive medical therapies for DD, early consideration for OHT
is crucial in patients with DD, particularly among young males who carry higher
risk of sudden cardiac death and rapid progression of LV hypertrophy [254]. Recent
retrospective analysis has shown promising outcomes for DD patients undergoing
OHT with a 5-year survival probability of 87.1%, with no significant differences in
outcomes between male and female patients [255]. However, large, multicenter data
on long-term outcomes are still limited. Post-transplant management should consider
the utilization of steroid-sparing immunosuppression to mitigate the risk of further
cardiac and skeletal muscle damage [255].

11.6 Future directions

Gene therapy, using viral capsids from adeno-associated viruses (AAV) have been
in development for DD [256]. AAVY9, for example, has demonstrated enhanced trans-
duction of genetic material in cardiac muscle while minimizing uptake in other tis-
sues. Clinical trials have commenced to assess the effectiveness of AAV9 gene therapy
in Danon disease following promising outcomes in mice during preclinical investiga-
tions of improved survival and cardiac function post LAMP2B/AAV9 gene therapy
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(RP-A501). Initial data from phase 1 clinical trials involving pediatric and adult
patients have exhibited positive outcomes, including indications of LAMP2B pro-

tein expression, substantial clearance of vacuoles at the tissue level, trends towards
decreased levels of troponins and BNP [257]. However, major challenges remain in the
medical management of DD. Although gene therapy may alleviate cardiac symptoms,
extracardiac manifestations like skeletal myopathy, retinal impairment, and intellec-
tual disability are likely to remain largely unaffected by this intervention [258].

12. Pompe disease

Pompe disease (PD) is a glycogen storage disorder (type 2) inherited in an
autosomal recessive pattern leading to pathogenic alterations in the gene encod-
ing acid alpha-glucosidase (GAA). This causes excessive deposition of lysosomal
glycogen in cardiac and skeletal muscles [259]. There are two major phenotypes of
PD: the classic infantile onset which occurs before 1-year of age with LV hypertro-
phy or obstruction of the LV outflow tract, and late onset occurring after 1-year of
age without hypertrophic cardiomyopathy [260]. Classic infantile PD is aggressive
and carries a high mortality rate due to premature heart failure with 75% of patients
dying before the age of 1 with median age at death of 8.7 months [260]. Late-onset
PD usually do not have cardiac manifestations but may present with muscle weak-
ness and respiratory failure [261]. It is important to recognize that PD is a spectrum
with variable organ involvement, onset of symptoms, and degree of cardiomyopa-
thy. Therefore, not all patients may be strictly categorized into the above-mentioned
phenotypes [261].

12.1 Epidemiology

PD is estimated to occur in roughly 1 in 40,000 people globally. However, the inci-
dence varies by ethnicity [262]. In the United States, the highest incidence is observed
in the African American population, where incidence rates may be as high as 1 in
14,000 [262]. In Europe, it is estimated that incidence of classic infantile onset PD is 1
in 100,000 and late-onset PD occurs in about 1 in 60,000 people [262]. Some studies
have identified people of Taiwanese, Dutch, and Israeli descent may be at a higher risk
of developing PD [262].

12.2 Pathophysiology and clinical features

In the absence of acid maltase or alpha glucosidase, glycogen accumulates in
lysosomal vacuoles and in the cytoplasmic spaces, triggering muscular dysfunction.
In addition, toxic lysosomal enzymes may be released due to secondary rupture of
lysosomes, further compounding the myocardial breakdown [263]. Similar to DD
and other glycogen storage disorders, impaired autophagic function may also play a
role in pathogenesis as accumulation of autophagosomes have been reported in PD
[264]. In classic infantile-onset PD, right and LV hypertrophy leads to obstruction
of the LV outflow tract, abnormal ventricular compliance, and diastolic dysfunction
[265]. Infiltrative process of excess glycogen leads to conduction abnormalities which
may manifest as elevated QRS voltage, pre-excitation patterns, repolarization anoma-
lies, bundle branch blocks, and AV blocks. Other notable clinical features of classic
infantile PD include hypotonia, hepatomegaly, and respiratory insufficiency [266].
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In contrast, late-onset PD does not manifest with significant LV hypertrophy despite
some evidence of baseline decreases in LV mass and systolic function [267]. Instead,
late-onset PD is notable for slowly progressive proximal weakness and more promi-
nent respiratory distress [267, 268].

12.3 Diagnosis

Definitive diagnosis of PD must be made with enzyme assays and genetic
testing. Currently, classic infantile-onset PD is screened at birth according to
the Recommended Uniform Screening Panel in 29 states as of 2024 [262, 269].
However, assessment of cardiac function by echocardiography is an essential
component of PD cardiomyopathy. Initial findings may indicate increased LV
wall thickness and mass. This is an important metric as it can be evaluated fre-
quently to establish the stage of cardiomyopathy when determining treatment.
Longitudinally, metrics such as 2-dimensional ejection fraction and myocardial
performance index are helpful for follow-ups [260]. ECG findings include short-
ening of the PR interval and commonly Wolf-Parkinson-White syndrome [260].
Therefore, 24-hour ambulatory ECG or Holter monitoring should be considered in
patients with suspected PD.

12.4 Management

Akin to FD, ERT is the first-line treatment modality and has been available since
2006. Currently available recombinant human GAA (rhGAA) has shown survival
benefits and significant reduction in LV hypertrophy in all PD patients [270].
However, ERT has thus far failed at slowing the progression of disease after child-
hood. Patients on rhGAA may survive heart or respiratory failures during childhood,
but many may experience declines in skeletal muscle strength years after and develop
arrhythmias even after LV hypertrophy has been managed. In addition, ERT does
not appear to improve other extracardiac features as these patients develop hearing
loss, speech issues, cognitive impairments, and gastrointestinal problems as they age
[260]. In 2010, a trial with alglucosidase alfa in late-onset PD patients demonstrated
some improvements in slowing down motor and respiratory dysfunction. However,
these effects only lasted 2-3 years before patients began to return to their gradual
decline [271].

More recently, ERT with avalglucosidase alfa (COMET trial) and cipaglucosi-
dase alfa with miglustat (PROPERL trial) has been compared to aglucosidase alfa
[272, 273]. Both agents demonstrated non-inferiority to alglucosidase alfa but have
not proven any net benefits over the standard of care. While we do not yet have long-
term outcomes for these formulations, avalglucosidase alfa and cipaglucosidase alfa
with miglustat has been approved for patients with late-onset PD as of 2021 and 2023,
respectively [274, 275].

12.5 Implications for heart transplantation
The literature is exceedingly limited regarding OHT for both infantile- and
late-onset PD. To our knowledge, there have not been any reports of successful OHT

in patients with PD. Late-onset PD patients are likely to be contraindicated for OHT
given their significant comorbidities and respiratory complications.
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12.6 Future directions

Gene therapy represents the new frontier in treatment for PD. These may be liver-
directed or muscle-directed. Currently, we await the results from phase 1/2a trials
using one-time intravenous infusion of the AAV-packaged transgene delivered to the
liver [276, 277]. This approach will then allow the AAV vectors to create a depot in the
liver for GAA production and secretion, even at lower doses of the initial vector infu-
sion. Early preclinical data has demonstrated that these newly produced GAA pro-
teins do not exhibit substantial immunogenicity and have demonstrated significant
reduction of glycogen deposition in the cardiac and skeletal muscles [278, 279]. As
for the muscle-directed approach, the FORTIS trial is currently underway testing the
efficacy of AT845 in adults with late-onset PD [280]. This approach takes advantage
of the AAV vector with muscle-specific serotypes and promoters, thereby maximizing
the amount of GAA proteins reaching the desired cardiac and skeletal muscle targets
[262]. SRT has also been at the forefront of research into PD treatments. Recently, the
phase 1 trial of SRT with MZEOO, an orally bioavailable inhibitor of glycogen synthase
1, has completed in healthy volunteers. Early results have demonstrated significant
reduction of glycogen and phase 2 clinical trial with similar formulation was slated to
begin in 2023 [281].

13. Friedreich ataxia

Friedreich ataxia (FRDA), while considered rare, is the most common form of
hereditary spinocerebellar ataxia inherited in an autosomal recessive manner [282].
FRDA has a broad spectrum of clinical manifestations, including ataxia of the
limbs, trunks, diabetes, and dysarthria. Notably, however, nearly 60% of patients
develop cardiomyopathy characterized by LV hypertrophy [283, 284]. The defect or
deficiency in the mitochondrial protein frataxin associated with FRDA is thought to
be the underlying pathological mechanism of FRDA cardiomyopathy [285]. While
the literature is limited on the long-term prognosis and progression, major causes
of death among patients with FRDA include sudden cardiac death, congestive heart
failure, and arrhythmia [286]. Most patients with FRDA become reliant on wheel-
chairs within a decade of diagnosis, which further poses challenges for accurately
assessing their cardiac function [287]. However, there are several trials on the way
that may provide much needed therapeutic interventions for FRDA patients with
cardiomyopathy.

13.1 Epidemiology

The global prevalence of FRDA is estimated to be between 1 in 40,000 people,
while the carrier frequency appears to be much higher at 1 in 60 to 100 people. FRDA
is considered the most common inherited form of ataxia in Europe, the Middle East,
Indian subcontinent, and North Africa. However, FRDA has not been documented
among other Southeast Asians, sub-Saharan Africans, or among Native Americans
[288-290]. In the United States, FRDA is observed in 1 out of 50,000 people, particu-
larly among people of Western European descent. Around 75% of patients with FRDA
are under 25 years of age and FRDA does not show any sex disparities [291]. The age of
onset is thought to be in early adolescence, often between 8 and 15 years of age [292].
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13.2 Pathophysiology and clinical features

Roughly 95% of pathogenesis in FRDA is due to the large triplet expansion in
intron 1 of the human FRDA gene, which effectively silences nuclear transcription of
the mitochondrial-specific protein frataxin, leading to reduction or deficiency of the
protein [285]. This results in iron metabolism dysregulation and mitochondrial dys-
function. Unlike cardiac hemochromatosis, FRDA cardiomyopathy is characterized
by the heart’s ability to accumulate a significant amount of iron before showing symp-
toms of heart failure. The reason behind why the limited accumulation of myocardial
iron in FRDA is more detrimental than widespread iron overload in hemochromatosis
remains unclear [293]. However, FRDA shows an overabundance of ferritin deposi-
tion, compared to siderin or hemosiderin seen in cardiac hemochromatosis or IOC
[294]. In FRDA, cardiac mitochondria appear in Ferritin deposition, mitochondrial
proliferation in the cardiomyocytes, oxidative stress, and localized inflammation
leads to moderate to severe LV hypertrophy that is concentric and nonobstructive.
This is in stark contrast to sarcomeric cardiomyopathies where defects in sarcomeric
contractile proteins lead to obstructive cardiomyopathy and sudden cardiac death
[295]. Arrhythmias in FRDA often stem from supraventricular sources, including
atrial fibrillation, flutter, and supraventricular tachycardia [286].

13.3 Diagnosis

As with most hereditary causes of ICM, genetic testing is the gold standard for
the diagnosis of FRDA. However, imaging and ECG play an important role in under-
standing the extent of cardiac involvement. ECG generally shows T-wave inversions,
left axis deviation, and repolarization abnormalities [296]. Echocardiography is a
critical tool in diagnosis of FRDA and several features have been associated with
poor prognosis. Notably, LVEF and LV mass may have mutually exclusive predictive
values [287]. Importantly, echocardiography is predictive of outcomes in FRDA-
associated heart failure only if the LV ejection fraction is below 40% [297, 298].

This is an important distinction to consider in clinical trials as it may help delineate
clinically significant predictors of heart failure in FRDA apart from overt progression
of disease. CMR is also an important modality to consider. T1 mapping and LGE may
demonstrate an increase in extracellular volume and cardiomyocyte size, both of
which are linked to more severe cardiomyopathy [299]. T2 imaging may also be useful
in quantifying the ventricular size, mass, and myocardial iron load [1]. CMR can
detect fibrosis and can provide useful insights regarding the myocardial fiber size,
which may be associated with long-term prognosis and aid in risk stratification for
FRDA [300]. The role of the right ventricular function warrants further investigation
and discussion. A recent study demonstrated that the peak velocities in the RV were
lower in patients with FRDA without heart failure, indicating some early impair-
ments in the long-axis function [301]. However, RV remains difficult to image by
transthoracic echocardiography. Thus, when examining the RV function, CMR may
provide better insights into the RV function.

13.4 Management

There is no treatment of choice for FRDA cardiomyopathy and management
strategies remain limited to heart failure medications, antiarrhythmics, and mechani-
cal circulatory support devices in severe cases [10].
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13.5 Implications for heart transplantation

In the absence of effective medical management for FRDA cardiomyopathy, OHT
may provide treatment with curative intent, especially among patients with end-stage
congestive heart failure due to severe LV hypertrophy, fibrosis, and eventual ventricu-
lar thinning [302]. In a case series, OHT demonstrated adequate long-term outcomes
in patients with severe end-stage heart failure. Importantly, the 22-year follow-up
showed that survival in FRDA after OHT was determined by the degree of cardiac
involvement and patients with progressive decline in LVEF had worse prognosis after
OHT [302]. A more recent case report also demonstrated that patients with advanced
FRDA may benefit from OHT, despite the need for higher doses of vasopressors,
hemofiltration and delayed tracheal extubation [303]. Whether FRDA should be a
contraindication for OHT remains unclear with limited evidence in the literature.
However, an important concept to consider is the fact that life expectancy due to
FRDA exceeds the median graft survival time, OHT may be a viable treatment option
for cardiomyopathy for select patients [303]. Furthermore, there are critical ethi-
cal considerations when evaluating potential transplant recipients with progressive
neurological disease. This requires a multidisciplinary team to evaluate a wide variety
of factors [304].

13.6 Future directions

Intravenous delivery of AAV-vector expressing frataxin has shown some promising
results in a murine model of FRDA in its ability to stop the onset or reverse existing
heart failure [305]. There have also been studies involving anti-IL6 or anti-IL6 recep-
tor therapies to reduce overt inflammation in FRDA [306]. However, human trials on
these strategies have not been conducted. Currently, there are several clinical trials
regarding therapeutics for FRDA. Notably, a study with rhAAV transfer vector coding
for the frataxin gene is underway with the hope of analyzing its effects on cardiopul-
monary function [307]. RT0001, designed to reduce lipid peroxidation from oxidative
stress in the mitochondrial membrane, has recently completed recruitment and we
await its results on the cardiopulmonary functions of patients with FRDA [308].

14. Conclusions

ICMs encompass a diverse group of myocardial diseases characterized by unique
infiltrative pathologies that culminate in restrictive cardiac dysfunction, progressive
heart failure, and significant morbidity and mortality. Heart transplantation emerges
as a critical therapeutic consideration, particularly for patient’s refractory to standard
medical interventions. While orthotopic heart transplantation presents as a viable,
curative intent for conditions such as cardiac amyloidosis, sarcoidosis, and hemochro-
matosis, the complexity inherent in each disease process necessitates careful patient
selection and individualized pre- and post-transplant management strategies. In
amyloidosis, concurrent autologous stem cell transplantation or targeted therapies
can significantly enhance post-transplant outcomes, underscoring the importance
of a multidisciplinary approach to management. Similarly, heart transplantation
outcomes in cardiac sarcoidosis patients parallel those with other cardiomyopathies,
although the presence of extracardiac involvement and immunosuppressive compli-
cations demands heightened vigilance.
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Furthermore, advances in diagnostic modalities, such as cardiac magnetic reso-
nance imaging and biomarker analyses, enhance the early identification of transplant
candidates and facilitate risk stratification. Emerging therapeutic innovations,
including gene therapy, enzyme replacement, immunotherapies, and RNA silenc-
ers, indicate promising future directions in treating infiltrative diseases, potentially
altering transplantation paradigms. Despite these advances, significant challenges
remain, particularly in managing disease recurrence, balancing immunosuppression,
and addressing systemic complications. Continued research and collaboration across
disciplines will be vital in refining transplant criteria, optimizing patient outcomes,
and advancing therapeutic strategies in ICMs.
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Chapter 3

Takotsubo Cardiomyopathy:
A Comprehensive Overview

Andrew Ndakotsu

Abstract

Takotsubo cardiomyopathy (TTC), also known as stress-induced cardiomyopathy
or broken heart syndrome, is a transient left ventricular dysfunction often triggered
by emotional or physical stress. Although it mimics acute coronary syndrome (ACS)
with symptoms such as chest pain, ECG changes, and elevated cardiac biomarkers,
TTC is distinguished by the absence of obstructive coronary artery disease. The exact
pathophysiology remains unclear, but proposed mechanisms include catecholamine
surge, microvascular dysfunction, and coronary artery spasm. Imaging modali-
ties such as echocardiography and cardiac magnetic resonance imaging (MRI) play
a pivotal role in diagnosis, with apical ballooning and absence of late gadolinium
enhancement (LGE) serving as hallmark features. Management is primarily support-
ive, with a focus on treating heart failure, preventing thromboembolic complications,
and addressing psychological stressors. While most patients recover within weeks,
recurrence and long-term complications such as arrhythmias and heart failure remain
concerns. Future research aims to refine risk stratification, biomarker discovery, and
targeted therapies to improve outcomes. Given the increasing recognition of TTC in
clinical practice, an integrated approach involving cardiology, neurology, and psy-
chiatry is essential for comprehensive care.

Keywords: Takotsubo cardiomyopathy, stress-induced cardiomyopathy, acute coronary
syndrome, catecholamine surge, cardiac imaging, left ventricular dysfunction

1. Introduction

Takotsubo cardiomyopathy (TTC), also known as stress-induced cardiomyopathy
or broken heart syndrome, is a fascinating and complex cardiac condition. It is char-
acterized by a sudden and temporary weakening of the left ventricle (LV), the heart’s
main pumping chamber, often triggered by severe emotional or physical stress [1].
This condition presents similarly to acute coronary syndrome (ACS), with symptoms
such as chest pain and shortness of breath, but it notably lacks the obstructive coronary
artery disease (CAD) typically seen in ACS [2]. First described in Japan in 1990 by Sato
etal., the syndrome derives its name from the Japanese word “takotsubo,” which refers
to a ceramic pot used to trap octopuses [3]. This name was chosen because the left
ventricle of the heart takes on a shape resembling this pot during the acute phase of the
syndrome, a phenomenon known as left ventricle apical ballooning [4]. The condition
gained wider recognition in the early 2000s, particularly after a significant earthquake
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in Niigata Prefecture, Japan, in 2004. Following the earthquake, a notable number of
cases were reported, drawing international attention to the syndrome. Consequently
earthquakes in New Zealand also have been associated with increased rates of
Takotsubo cardiomyopathy [5]. In 2015, the New England Journal of Medicine published
apaper on TTC, which helped to further establish its recognition and understanding in
the medical community [1].

The pathophysiology of TTC is not entirely understood, but it is believed that a
surge of stress hormones, such as adrenaline, plays a crucial role [6]. These hormones
can “stun” the heart, leading to changes in the heart muscle cells or coronary blood
vessels that impair the left ventricle’s ability to contract effectively [2]. This condition
is more prevalent in postmenopausal women, with over 90% of reported cases occur-
ring in women aged 58-75 [7, 8]. Despite its dramatic presentation, TTC is usually a
transient condition, and most patients recover fully with appropriate medical care.
However, it can lead to serious complications such as heart failure, arrhythmias, and,
in rare cases, death [7, 8]. The diagnosis of TTC is typically confirmed through imag-
ing studies, such as echocardiography or cardiac MRI, which reveal the characteristic
LV apical ballooning [9].

Today, TTC is recognized worldwide, and ongoing research continues to explore
its pathophysiology, triggers, and treatment options. The syndrome serves asa
poignant reminder of the powerful connection between emotional stress and physi-
cal health. The condition is relatively rare, but its incidence appears to be increasing,
likely due to greater awareness and improved diagnostic techniques.

Several risk factors have been associated with the development of TTC:

1.Gender and age: As mentioned, postmenopausal women are at the highest
risk. Hormonal changes after menopause may play a role in this increased
susceptibility.

2.Emotional or physical stress: TT'C is often triggered by intense emotional or
physical stress. Common triggers include the death of a loved one, severe illness,
or major surgery.

3. Neurological disorders: Conditions such as subarachnoid hemorrhage and sei-
zures have been linked to an increased risk of TI'C.

4. Psychiatric disorders: Anxiety, depression, and other psychiatric conditions are
also considered risk factors.

5. Chronic medical conditions: Patients with chronic conditions like hypertension
and diabetes may have a higher risk of developing TI'C [10].

2. Pathophysiology of Takotsubo cardiomyopathy (TTC)

The exact pathophysiology of TTC is not fully understood, but several mecha-
nisms have been proposed:

* Catecholamine surge: A significant increase in stress hormones, particularly
catecholamines like adrenaline, is believed to play a central role. These hormones
can cause direct myocardial toxicity, leading to transient LV dysfunction [11].
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* Microvascular dysfunction: Stress-induced microvascular dysfunction may
impair coronary blood flow, contributing to myocardial stunning and the charac-
teristic apical ballooning [11].

* Coronary artery spasm: Transient spasm of the coronary arteries can reduce
blood supply to the myocardium, mimicking the effects of a heart attack without
actual blockage [11].

* Myocardial metabolism: Alterations in myocardial metabolism and energy uti-
lization during stress may also contribute to the development of TTC [11, 12].

3. Clinical presentation of TTC

The clinical presentation of TTC often mimics that of acute coronary syndrome
(ACS), making it challenging to distinguish between the two without further diag-
nostic testing. Key clinical features include:

* Chest pain: The most common presenting symptom is acute chest pain, similar to
that experienced during a heart attack [1].

* Dyspnea: Shortness of breath is another frequent symptom, reflecting the heart’s
reduced pumping ability.

* Electrocardiogram (ECG) changes: Patients often exhibit ECG changes, such
as ST-segment elevation or T-wave inversion, which are also seen in myocardial
infarction [12].

* Elevated cardiac biomarkers: Blood tests may show elevated levels of cardiac
biomarkers like troponin, indicating myocardial injury [1, 6, 7].

* Echocardiography findings: Imaging studies, particularly echocardiography,
reveal the hallmark feature of TTC apical ballooning of the LV with basal hyper-
kinesis [9, 11, 12]

¢ Absence of obstructive CAD: Coronary angiography typically shows no significant
obstructive coronary artery disease, distinguishing TTC from ACS [2, 4, 5, 8, 9]

Patients with TTC may also present with less common symptoms such as palpita-
tions, nausea, vomiting, syncope, or, in severe cases, cardiogenic shock. The condi-
tion is often preceded by a significant emotional or physical stressor, occurring in
approximately two-thirds of cases [1, 6, 10, 13].

4. Diagnostic criteria and workup

TTC, also known as stress-induced cardiomyopathy or broken heart syndrome,
requires a comprehensive diagnostic approach to distinguish it from other cardiac
conditions, particularly ACS. The diagnostic criteria and workup for TTC involve a
combination of clinical evaluation, imaging studies, and laboratory tests.
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4.1 Diagnostic criteria

The most widely accepted diagnostic criteria for TTC are the Revised Mayo Clinic
Criteria, which include the following:

1. Transient left ventricular dysfunction: This includes apical ballooning or mid-
ventricular, basal, or focal wall motion abnormalities that extend beyond a single
coronary artery distribution.

2. Absence of obstructive coronary artery disease: Coronary angiography should
show no significant obstructive coronary artery disease or acute plaque rupture.

3. New electrocardiographic abnormalities: These may include ST-segment elevation,
T-wave inversion, or modest elevation of cardiac biomarkers such as troponin.

4. Absence of pheochromocytoma and myocarditis: These conditions must be ex-
cluded through appropriate testing [14].

4.2 Workup

The workup for TTC involves several steps to confirm the diagnosis and rule out
other conditions:

1. Clinical assessment: A thorough history and physical examination are essential.
The clinician should inquire about recent emotional or physical stressors, which
are common triggers for TTC [1, 14]

2.Electrocardiogram (ECG): The electrocardiogram (ECG) findings in Takotsubo
syndrome can vary widely:

e Initial presentation: The ECG may appear normal, show nonspecific ST- and
T-wave changes, or demonstrate Q waves and ST-segment elevation. ST-segment
elevation is more commonly observed in precordial leads and is less frequently
accompanied by inferior reciprocal ST-segment depression compared to anterior
ST-elevation myocardial infarction (MI) [1].

* Progression: Within 24-48 hours, the ECG often develops a markedly pro-
longed QT interval and deep T-wave inversions in both precordial and limb
leads. The QT interval prolongation typically improves within a few days, but
T-wave abnormalities can persist for weeks to months [4, 8, 9].

5. Cardiac enzymes

Troponin elevation in TTS is typically mild to moderate despite the presence of
significant left ventricular (LV) dysfunction. Unlike AMI, where troponin release
is driven by myocyte necrosis due to prolonged ischemia, the myocardial injury in
TTS is largely due to stress-induced catecholamine toxicity, microvascular dysfunc-
tion, and myocardial stunning [6]. This results in a disproportionately low troponin
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elevation relative to the extent of LV systolic impairment. Studies have reported that
mean troponin I levels in TTS often range between 0.1 and 1.0 ng/mL, significantly
lower than the markedly elevated levels seen in STEMI, where troponin I can exceed
5-100 ng/mL, depending on infarct size [1]. The relatively lower troponin release in
TTS reflects the absence of transmural infarction, as the myocardial dysfunction is
typically reversible with supportive care [4].

Some studies suggest that patients with higher troponin levels in TTS may have
a greater degree of microvascular injury or direct myocyte damage from extreme
catecholamine surges [1]. However, persistently rising or excessively elevated
troponin levels should prompt clinicians to reconsider the diagnosis, as conditions
like acute coronary syndrome (ACS), myocarditis, or myocardial infarction with
non-obstructive coronary arteries (MINOCA) may present with overlapping features
[6]. Therefore, troponin trends, along with clinical presentation, ECG changes, and
imaging findings (such as apical ballooning on echocardiography or cardiac MRI
evidence of myocardial edema without late gadolinium enhancement), are crucial in
differentiating TTS from other acute cardiac conditions [11].

TTC is associated with several biomarkers beyond troponin, reflecting myo-
cardial stress, inflammation, and cardiac dysfunction [11]. Natriuretic peptides,
including BNP and NT-proBNP, are frequently elevated in TTC, often surpassing
levels seen in ACS [1]. The BNP/troponin ratio is notably higher in TTC, aiding
differentiation from ACS. Inflammatory markers such as C-reactive protein (CRP)
and interleukins (IL-6, IL-8) are often increased, suggesting a systemic inflamma-
tory response [11].

Cardiac stress and injury markers also play a role. Growth Differentiation
Factor-15 (GDF-15) and Heart-Type Fatty Acid Binding Protein (H-FABP) have been
identified as potential diagnostic tools, while endothelial stress markers like soluble
suppression of tumorigenicity-2 (sST2) and soluble urokinase plasminogen activator
receptor (suPAR) are elevated in some TTC cases. Heat Shock Protein 70 (HSP70)
has emerged as a novel biomarker, with increased levels in TTC compared to non-ST-
elevation myocardial infarction NSTEMI [6].

Furthermore, emerging research highlights the role of microRNAs (miR-16 and
miR-26a) in TTC, offering insights into its pathophysiology and potential as future
diagnostic markers. These biomarkers provide valuable information for distinguish-
ing TTC from other cardiac conditions, but further studies are needed to standardize
their clinical use [6].

6. Imaging modalities
6.1 Imaging and left ventricular dysfunction in Takotsubo syndrome

TTS primarily affects the apical and midventricular segments while sparing the
basal segments. This unique pattern results in a characteristic apical ballooning
appearance, which resembles a Japanese takotsubo (octopus trap), giving the syn-
drome its name [1, 14]. Unlike AMI, where myocardial necrosis leads to permanent
damage, TTS is a reversible cardiomyopathy with functional recovery typically occur-
ring within days to weeks [4, 10]. Imaging plays a central role in diagnosing TTS,
differentiating it from AMI and other cardiomyopathies, and assessing the severity of
LV dysfunction and potential complications [9, 14].
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6.2 Echocardiography: A first-line diagnostic tool

Echocardiography is the first-line imaging modality in suspected TTS due to
its widespread availability, rapid assessment capabilities, and ability to detect the hall-
mark regional wall motion abnormalities (RWMAs) [1, 9]. The classic echocardio-
graphic finding in TTS is apical and midventricular akinesis or hypokinesis with basal
hyperkinesis [1, 9, 14]. This pattern is distinct from AMI, where RWMAs typically
follow a coronary artery distribution. In TTS, the wall motion abnormalities extend
beyond a single coronary vascular territory, reinforcing the diagnosis [1, 9, 11, 14].

In addition to LV dysfunction, echocardiography can reveal several secondary
findings that are clinically important. One such finding is dynamic left ventricular
outflow tract (LVOT) obstruction, which occurs in approximately 20% of TTS cases
due to hypercontractility of the basal myocardium [1, 9, 11, 14]. This obstruction can
contribute to hemodynamic instability and cardiogenic shock, making it an essential
aspect of echocardiographic evaluation [1, 4, 9, 14]. Another critical finding is mitral
regurgitation (MR), which can occur due to tethering of the mitral valve apparatus
or systolic anterior motion (SAM) of the mitral valve in cases with LVOT obstruc-
tion [1, 4, 9, 11, 14]. Additionally, contrast echocardiography can help detect apical
thrombus formation, a potential complication in patients with severe LV dysfunction
and low-flow states [1, 14].

Speckle-tracking strain imaging provides further insights into the myocardial
mechanics of TTS. Studies have shown that global longitudinal strain (GLS) is typi-
cally reduced in the apical and midventricular segments, while basal segments remain
preserved or even hypercontractile [1, 14]. This strain pattern helps differentiate
TTS from AMI and other forms of cardiomyopathy [1, 14]. Furthermore, follow-up
echocardiography after 4-8 weeks usually demonstrates complete recovery of LV
function, confirming the transient nature of TTS [1, 9].

6.3 Cardiac MRI: Differentiating TTS from myocardial infarction
and myocarditis

Cardiac magnetic resonance imaging (CMR) is an invaluable tool in distinguishing
TTS from other acute cardiac conditions, such as myocardial infarction and myocar-
ditis [1, 14]. One of the most important CMR findings in TTS is the absence of late
gadolinium enhancement (LGE). In contrast, in AMI, LGE follows a subendocardial
or transmural pattern corresponding to the affected coronary artery territory, reflect-
ing irreversible myocardial necrosis. Myocarditis, another differential diagnosis,
typically exhibits patchy, mid-myocardial, or epicardial LGE, which also differs from
the findings in TTS [1, 4]. The absence of LGE in TTS confirms that myocardial dam-
age is not due to infarction but rather due to stress-induced myocardial stunning and
microvascular dysfunction [1, 4].

Another key feature of CMR in TTS is the presence of myocardial edema on
T2-weighted imaging, which reflects acute myocardial inflammation and stress-
related injury rather than ischemic necrosis. This finding supports the notion that
TTS is a form of stress cardiomyopathy rather than an ischemic event. Additionally,
CMR provides a more detailed assessment of LV function and can identify subtle RV
involvement, which occurs in approximately 25% of TTS cases [9, 11, 14].

Follow-up CMR imaging after recovery can be particularly helpful in confirming
the diagnosis. In TTS, myocardial function typically returns to normal within weeks
to months, and the previously noted wall motion abnormalities resolve completely.
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This contrasts with ischemic cardiomyopathy, where functional recovery may be
incomplete or delayed [1, 9, 12, 14].

7. Clinical implications of imaging findings

The imaging findings in TTS have significant clinical implications for diagnosis,
risk stratification, and management. Acute-phase imaging is essential for confirming
the diagnosis, ruling out obstructive coronary artery disease (CAD), and identifying
complications such as LV thrombus formation, LVOT obstruction, or cardiogenic
shock. Follow-up imaging is equally important, as it helps document recovery of
LV function, which is a defining feature of TTS and differentiates it from other
cardiomyopathies.

Overall, echocardiography provides a rapid, bedside assessment of LV function,
making it the first choice in acute settings, while CMR offers superior tissue charac-
terization, helping to rule out AMI and myocarditis. The integration of these imaging
modalities allows for a comprehensive evaluation of TTS, ensuring accurate diagnosis
and appropriate management.

8. Coronary angiography

Coronary angiography is the gold standard for ruling out obstructive coronary
artery disease. It is typically performed in patients presenting with acute chest pain
and elevated cardiac biomarkers to exclude myocardial infarction.

9. Indications for coronary angiography in Takotsubo cardiomyopathy

All patients presenting with suspected ACS, including those ultimately diag-
nosed with TTC, should undergo urgent coronary angiography unless contra-
indicated. This recommendation follows from the necessity of excluding a true
obstructive culprit lesion, which could require revascularization via percutaneous
coronary intervention (PCI). The primary goal of angiography in TTC is to iden-
tify whether acute myocardial ischemia from an epicardial coronary occlusion is
responsible for the patient’s symptoms and findings. Since the pathophysiology of
TTC is distinct from classic atherosclerotic disease, angiography serves as a key dif-
ferentiator by revealing a lack of obstructive CAD despite significant left ventricular
dysfunction.

10. Typical angiographic findings in Takotsubo cardiomyopathy

Most patients with TTC demonstrate normal coronary arteries on angiography,
with no evidence of significant luminal stenosis, plaque rupture, or thrombus forma-
tion [1, 4]. Studies suggest that approximately 85% of patients with TTC have com-
pletely normal coronary arteries, while another 10-15% may exhibit minor luminal
irregularities that are not flow-limiting [1, 11, 14]. This pattern contrasts sharply with
STEMI, where a culprit lesion with acute thrombosis is usually identified in a major
epicardial artery.
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A small proportion of patients diagnosed with TTC may have coexisting CAD,
raising diagnostic uncertainty [9]. If significant stenosis (>50% luminal narrow-
ing) is observed, it becomes essential to assess whether this lesion could explain
the regional wall motion abnormalities seen on imaging [9, 14]. In cases where the
distribution of myocardial dysfunction does not correspond to a single coronary
territory, TTC remains a strong consideration. Additionally, TTC typically presents
with circumferential myocardial dysfunction, particularly affecting the apical and
midventricular segments, whereas ischemic injury due to CAD follows a segmental
pattern based on the affected coronary artery.

11. Distinguishing TTC from ACS on coronary angiography

Differentiating TTC from true myocardial infarction on angiography requires
a systematic approach. The following key features can help distinguish TTC from
ACS:

1. Absence of a culprit lesion—Unlike ACS, where plaque rupture and thrombus
formation are expected in a major coronary artery, TI'C is characterized by an
absence of obstructive disease [14].

2. Non-territorial wall motion abnormalities—In TI'C, left ventricular dysfunction
does not adhere to a single coronary distribution. Instead, a pattern of apical bal-
looning with basal hyperkinesis, or alternative variants such as midventricular or
basal Takotsubo, is observed [1].

3. Microvascular dysfunction hypothesis—Some theories suggest that TT'C results
from transient dysfunction at the level of the coronary microcirculation rather
than epicardial artery obstruction. This dysfunction is not directly visualized on
conventional coronary angiography but can be assessed using invasive micro-
vascular function testing, such as coronary flow reserve (CFR) or the index of
microcirculatory resistance (IMR) [4, 9, 11].

While standard coronary angiography can rule out epicardial CAD, it does not
provide insight into possible microvascular dysfunction or vasospasm, which have
been implicated in TTC pathophysiology. Additional functional testing may be war-
ranted in selected cases where the diagnosis remains uncertain.

12. Advanced coronary imaging and functional testing

In patients with TTC who exhibit borderline or ambiguous coronary findings,
advanced imaging techniques such as intravascular ultrasound (IVUS) or optical
coherence tomography (OCT) may be utilized. These modalities allow for a detailed
assessment of plaque characteristics, helping to exclude subtle atherosclerotic changes
or erosions that may have been overlooked in conventional angiography [9, 11].

Another useful tool is fractional flow reserve (FFR), which helps determine
whether an intermediate coronary stenosis is functionally significant. If an FFR mea-
surement confirms that a stenosis is not hemodynamically significant, the likelihood
of true ACS diminishes, and the diagnosis of TTC becomes more probable [4, 9].
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Furthermore, for patients in whom microvascular dysfunction is suspected,
coronary vasoreactivity testing using acetylcholine provocation may be performed
to assess for endothelial dysfunction and coronary spasm [1, 4, 14]. These additional
diagnostic modalities may be particularly useful in cases where recurrent episodes of
TTC or persistent myocardial dysfunction are observed.

13. Coexistence of CAD and Takotsubo cardiomyopathy

Although TTC is classically described in patients without significant CAD, there
are cases where TTC and obstructive CAD coexist. This presents a diagnostic chal-
lenge because wall motion abnormalities in TTC may overlap with those caused by
ischemic injury. Clinicians must carefully evaluate whether the regional myocardial
dysfunction can be fully explained by the observed coronary lesions or if the pattern
of dysfunction suggests an alternative mechanism.

In patients with both CAD and TTC, management should be individualized. If a
significant coronary stenosis is present and there is concern for concurrent ACS, PCI
may still be warranted. However, unnecessary interventions should be avoided in
cases where TTC remains the more likely diagnosis. Cardiac MRI can provide further
clarity in such cases by distinguishing between infarct-related injury (which typically
shows late gadolinium enhancement in a vascular distribution) and TTC (which lacks
LGE or exhibits a diffuse pattern).

14. Clinical implications of coronary angiographic findings

The angiographic findings in TTC have important clinical implications for patient
management. The absence of obstructive CAD confirms the diagnosis and prevents
unnecessary revascularization procedures, allowing clinicians to focus on supportive
therapies. Importantly, coronary angiography also helps identify atypical or second-
ary forms of Takotsubo syndrome, such as those occurring in pheochromocytoma,
subarachnoid hemorrhage, or sepsis-related cardiomyopathy, where similar LV
dysfunction patterns may be seen.

Additionally, the angiographic findings influence prognostic considerations.
While TTC generally carries a favorable prognosis, patients with preexisting CAD
may be at increased risk for cardiovascular events due to underlying atherosclerosis
[9, 14]. Consequently, these patients should continue appropriate secondary preven-
tion therapies, including statins, antiplatelet agents, and risk factor modification.

15. Computed tomography (CT) angiography

Computed tomography (CT) angiography serves as a non-invasive alternative to
coronary angiography in select cases of Takotsubo cardiomyopathy (TTC), particu-
larly for ruling out obstructive coronary artery disease (CAD) in low-to-intermediate
risk patients or those with contraindications to invasive procedures [1, 4, 11]. It
provides high-resolution imaging to assess coronary anatomy, left ventricular (LV)
function, and regional wall motion abnormalities, aiding in differentiating TTC from
acute coronary syndrome (ACS), myocarditis, or other structural heart diseases [14].
Additionally, CT perfusion imaging can evaluate microvascular dysfunction, while
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delayed contrast-enhanced CT helps detect apical thrombus formation in severe LV
dysfunction cases [1, 14]. Though not a replacement for invasive angiography in high-
risk patients, CT angiography plays an important role in diagnosis, risk stratification,
and follow-up imaging in TTC.

16. Differential diagnosis of Takotsubo cardiomyopathy

Since the clinical presentation overlaps with various cardiac and non-cardiac
conditions, it is imperative to consider a broad differential diagnosis to avoid misdiag-
nosis and ensure appropriate management.

17. Acute coronary syndrome (ACS)

Among the differential diagnoses, ACS, including myocardial infarction (MI), is
the most critical condition to rule out. Both ACS and TTC present with chest pain,
ST-segment changes on electrocardiography (ECG), and elevated cardiac biomarkers
making them nearly indistinguishable based on initial evaluation [1].

The key differentiating factor between ACS and TTC is the coronary angiographic
findings. In ACS, a culprit lesion such as an acute thrombus due to plaque rupture or
erosion is typically identified in a major epicardial coronary artery [4]. In contrast,
TTC is characterized by non-obstructive coronary arteries or only mild luminal
irregularities, which cannot explain the extent of myocardial dysfunction observed
on imaging [9].

Furthermore, while ACS follows a territorial pattern of myocardial injury, corre-
sponding to the affected coronary artery, TTC manifests as circumferential dysfunc-
tion, commonly involving the apical and midventricular segments (though atypical
variants exist) [6]. Cardiac MRI can provide additional differentiation by showing
late gadolinium enhancement (LGE) in ischemic infarcts, whereas TTC typically
lacks LGE, indicating the absence of irreversible myocardial damage [9, 14].

Despite these distinctions, differentiating TTC from ACS remains a challenge in
the acute setting, emphasizing the need for early coronary angiography to confirm the
diagnosis.

18. Myocarditis

Myocarditis is an inflammatory condition of the myocardium that can closely mimic
TTC, presenting with chest pain, ECG abnormalities, and elevated cardiac biomarkers.
Viral myocarditis, in particular, is a frequent consideration in patients presenting with
symptoms suggestive of myocardial ischemia but without obstructive CAD [9].

A crucial differentiator between myocarditis and TTC is cardiac magnetic
resonance imaging (MRI). In myocarditis, late gadolinium enhancement (LGE) is
typically present, often in a non-ischemic pattern (such as the mid-myocardial or
subepicardial layers), reflecting areas of myocardial inflammation or fibrosis. In
contrast, TTC usually lacks LGE, indicating transient rather than permanent myocar-
dial injury [6, 9].

Additionally, myocarditis may be accompanied by systemic inflammatory mark-
ers, such as elevated C-reactive protein (CRP) and erythrocyte sedimentation rate
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(ESR), and may be associated with a recent viral illness. Endomyocardial biopsy may
be necessary in selected cases where myocarditis remains a diagnostic concern [6].

19. Pheochromocytoma-induced cardiomyopathy

Pheochromocytoma, a catecholamine-secreting tumor of the adrenal medulla, can
cause a clinical syndrome similar to TTC. The excessive secretion of epinephrine and
norepinephrine in pheochromocytoma results in severe vasoconstriction, increased
myocardial oxygen demand, and direct myocardial toxicity, leading to reversible LV
dysfunction, often resembling TTC [6].

Unlike classic TTC, which is typically triggered by emotional or physical stress,
pheochromocytoma-induced cardiomyopathy may occur spontaneously or in associa-
tion with paroxysmal hypertensive crises. These patients frequently exhibit severe
hypertension, tachycardia, headaches, diaphoresis, and palpitations, raising suspicion
for an underlying neuroendocrine disorder [6].

Diagnosis requires biochemical testing, including plasma-free metanephrines
or 24-hour urinary metanephrines, which have high sensitivity and specificity for
pheochromocytoma. CT or MRI of the adrenal glands is then performed to localize
the tumor [11]. Treatment involves surgical resection of the tumor, with preoperative
alpha-adrenergic blockade to prevent hypertensive crises [11].

20. Pulmonary embolism (PE)

Pulmonary embolism is a life-threatening condition that can present with chest pain,
dyspnea, and ECG abnormalities, making it a crucial differential diagnosis in patients
suspected of TTC. In some cases, right ventricular strain due to a large PE can lead to
reversible right ventricular dysfunction, mimicking the acute heart failure seen in TTC.

A key distinction is that PE is more likely to be associated with:

* Evidence of right heart strain on echocardiography (e.g., right ventricular dila-
tion and McConnell’s sign) [9].

* CT pulmonary angiography (CTPA) confirming the presence of pulmonary
emboli [14].

Given the potential for sudden hemodynamic deterioration, clinicians should have
alow threshold for performing CTPA in patients with unexplained dyspnea, tachy-
cardia, or risk factors for venous thromboembolism.

21. Other cardiomyopathies

Several other forms of cardiomyopathy should be considered in the differential
diagnosis of TTC, including:

1. Hypertrophic cardiomyopathy (HCM)—Characterized by asymmetric left ventricu-
lar hypertrophy, often involving the septum, with or without left ventricular outflow
tract (LVOT) obstruction. Genetic testing may be indicated in familial cases [6].
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decision-making.

2. Dilated cardiomyopathy (DCM)—Presents with global systolic dysfunction and
chamber dilation, distinguishing it from the transient regional dysfunction seen

inTI'C [6].

3. Left ventricular noncompaction cardiomyopathy (LVNC)—A rare entity with ex-
cessive trabeculations and deep recesses seen on echocardiography or MRI [9, 14].

This table provides a structured comparison of key diagnostic findings across
these conditions, focusing on wall motion abnormalities, coronary angiography,
echocardiographic patterns, cardiac MRI characteristics, and ECG changes. The
distinctions highlighted help differentiate Takotsubo cardiomyopathy from ischemic
and non-ischemic myocardial syndromes, aiding in accurate diagnosis and clinical

Table 1 provides a structured comparison of key diagnostic findings across these
conditions, focusing on wall motion abnormalities, coronary angiography, echocardio-
graphic patterns, cardiac MRI characteristics, and ECG changes. The distinctions high-
lighted help differentiate Takotsubo cardiomyopathy from ischemic and non-ischemic
myocardial syndromes, aiding in accurate diagnosis and clinical decision-making.

Feature Takotsubo Acute coronary Myocarditis Pheochromocy
cardiomyopathy syndrome toma-induced
(TTC) (ACS) cardiomyopathy

Regional Apical and Follows a specific Patchy, non- Diffuse or mid-basal

wall motion midventricular coronary artery territorial involvement (can

abnormalities ballooning with distribution involvement resemble TTC)

(RWMA) basal hyperkinesis
(does NOT follow a
coronary territory)

Left ventricular Transient severe LV dysfunction Variable Severe LV

function dysfunction dependent on may lead to dysfunction, often
recovers within infarct size, often long-term with hypertensive
weeks permanent dysfunction crisis

Coronary No obstructive Obstructive No No significant CAD,

angiography coronary artery coronary artery significant but vasospasm
disease disease (culprit CAD possible

lesion in ACS)

Echocardiography Apical ballooning, Regional Diffuse Hypercontractility
hypercontractile wall motion hypokinesis of basal LV, + LVOT
basal segments, + abnormalities or focal obstruction
LVOT obstruction ina vascular involvement

distribution

Speckle-tracking

Apical strain

Reduced strain

Global strain

Global or mid-basal

strain imaging severely reduced, corresponding to reduction strain reduction

basal strain infarcted area with non-

preserved or territorial

increased distribution
Cardiac MRI: Absent (no Present in Presentina Absent or mild,
late gadolinium myocardial subendocardial patchy, mid- unless ischemic
enhancement necrosis) or transmural myocardial damage occurs
(LGE) infarcted areas or epicardial

pattern
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Feature Takotsubo Acute coronary Myocarditis Pheochromocy
cardiomyopathy syndrome toma-induced
(TTC) (ACS) cardiomyopathy
Cardiac MRI: Myocardial Edema in Diffuse Diffuse myocardial
T2-weighted edema in affected infarcted area or patchy edema from
imaging (edema segments myocardial catecholamine
assessment) edema toxicity
QT interval (ECG) Prolonged QT ST-segment Diffuse ST Prolonged
interval, deep changes changes, PR QT, possible
T-wave inversions (ST-elevation depression tachyarrhythmias
in recovery phase in STEMI, possible
ST-depression in
NSTEMI)
Recovery timeline LV function Permanent Variable Reversible with
normalizes in damage possible recovery tumor removal,
1-4 weeks if infarction is may develop but severe cases
large chronic heart can lead to chronic

failure

cardiomyopathy

Table 1.
Comparative features of Takotsubo cardiomyopathy, acute coronary syndrome, myocarditis, and
pheochromocytoma-induced cardiomyopathy.

22. Acute management

22.1 Supportive care

* Hospitalization and monitoring: Most patients with TTC require admission to a
coronary care unit (CCU) for continuous monitoring due to the risk of arrhyth-

mias, cardiogenic shock, or thromboembolic complications [1].

* Oxygen therapy: If oxygen saturation is low or there is respiratory distress,
supplemental oxygen is administered to improve myocardial oxygenation [14].

* Pain relief: Chest pain, often mimicking myocardial infarction (MI), is treated
with analgesics, avoiding nonsteroidal anti-inflammatory drugs (NSAIDs) due to

their potential adverse cardiovascular effects [1].

22.2 Heart failure management
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* Diuretics: Used in fluid-overloaded patients to relieve symptoms of pulmonary
congestion and edema. However, careful titration is needed, as excessive diuresis
can lead to hypotension, particularly in those with left ventricular outflow tract
(LVOT) obstruction [14].

 ACE inhibitors/ARBs: Angiotensin-converting enzyme inhibitors (ACEIs) or
angiotensin receptor blockers (ARBs) may be initiated in cases of persistent LV
dysfunction to improve ventricular remodeling and reduce afterload [11].

* Beta-blockers: Typically avoided in the acute phase, especially in patients with
LVOT obstruction, as they may exacerbate hemodynamic instability [14].
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22.3 Anticoagulation and thromboembolism prevention

* Risk of left ventricular (LV) thrombosis: Due to severe LV dysfunction and
akinesis, some TTC patients develop apical thrombus, which increases the risk of
systemic embolization (e.g., stroke and limb ischemia) [11].

* Anticoagulation therapy:

o Short-term anticoagulation (e.g., warfarin and direct oral anticoagulants
[DOAC:s]) is recommended in patients with severe LV dysfunction (LVEF
<30%) or documented LV thrombus [1].

o Prophylactic anticoagulation may be considered in patients at high risk for
thromboembolism [11].
23. Long-term management

23.1 Beta-blockers for prevention

* While beta-blockers have not consistently shown to prevent recurrence, they
may be beneficial for:

o Reducing catecholamine surges, which are thought to contribute to TTC
pathophysiology [6].

o Managing arrhythmias and hypertension in patients with persistent cardiovas-
cular risk factors [6].

o Patients with concurrent heart failure or arrhythmias should remain on beta-
blockers long-term [6].

23.2 Lifestyle modifications

Since emotional and physical stressors trigger ~67% of TTC cases, stress manage-
ment strategies are crucial for recurrence prevention [11]. Recommended interven-
tions include:

* Mindfulness meditation and cognitive-behavioral therapy (CBT): Helps reduce
anxiety and emotional stress that may precipitate TTC.

* Regular physical activity: Low- to moderate-intensity exercise (e.g., walking,
yoga, and tai chi) promotes cardiovascular health while reducing stress levels.

* Avoiding catecholamine surges: Avoidance of excessive caffeine, stimulants, or
abrupt discontinuation of medications (e.g., beta-blockers) is important.

23.3 Psychological support and mental health care

* Emotional stress as a trigger: Many TTC patients experience major emotional
distress (e.g., grief, anxiety, and depression), warranting psychiatric or psycho-
logical evaluation.
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* Counseling and support groups: Programs such as stress management work-
shops, therapy groups, and cognitive therapy may improve coping mechanisms
and reduce recurrence risk.

* Screening for depression and anxiety: Patients with TTC should undergo screen-
ing for depression and post-traumatic stress disorder (PTSD), particularly those
with prior psychiatric disorders.

23.4 Follow-up care and monitoring

* Cardiology follow-up: Regular follow-ups with echocardiography are crucial
to monitor left ventricular function recovery (which usually occurs within
1-4 weeks but may take months in some cases).

* Electrocardiographic monitoring: Persistent QT prolongation may predispose to
arrhythmias, necessitating serial ECGs.

* Monitoring for recurrence: While rare (~1.8% per patient-year), recurrences
may occur, particularly in older patients or those with underlying hypertension,
diabetes, or pulmonary disease [1].

24. Recurrence and long-term considerations

Although TTC is often self-limiting and left ventricular function normalizes
within weeks to months, recurrence remains a concern in high-risk patients [1].

24.1 Factors associated with higher recurrence risk

¢ Older age and male gender: While TTC predominantly affects postmenopausal
women, older men who develop TTC tend to have a higher risk of recurrence and
complications [1, 2].

* Comorbid conditions: Chronic conditions such as diabetes, pulmonary
disease, and prior cardiovascular disease increase the risk of recurrent episodes

[6].

* Severe emotional or physical stressors: Patients with frequent emotional distress,
anxiety, or PTSD are more prone to recurrence [5].

24.2 Long-term complications and monitoring

* Heart failure: While rare, some TTC patients experience persistent LV dysfunc-
tion, requiring long-term heart failure management [12].

 Arrhythmias: Prolonged QT intervals and repolarization abnormalities can
increase the risk of ventricular arrhythmias and sudden cardiac events [1].

* Psychosocial impact: Many TTC patients experience anxiety or PTSD after their
initial event, necessitating long-term psychological support [1].
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24.3 Medication adherence

* Patients should be encouraged to adhere to prescribed medications such as beta-
blockers, ACE inhibitors, or anticoagulants (if indicated) to reduce recurrence
risk and complications [6].

* Discontinuation of medications, particularly beta-blockers or antihypertensives,
should be done cautiously under medical supervision [1].

25. Future directions and research

Ongoing research in TTS is focused on improving diagnosis, treatment, and
long-term management to reduce recurrence and complications. Advanced cardiac
MRI protocols are being explored to provide deeper insights into myocardial changes
during acute TTS episodes, helping differentiate it from other cardiomyopathies.
There is a growing need for evidence-based treatment guidelines, as clinical trials
are evaluating the efficacy of pharmacological therapies (e.g., beta-blockers, ACE
inhibitors, and anticoagulants) and non-pharmacological interventions such as stress
reduction techniques and lifestyle modifications. Long-term management strategies
are being studied to determine how psychological support and autonomic regula-
tion can mitigate recurrence risk. Additionally, research is focusing on identifying
recurrence predictors, with a particular emphasis on whether beta-blockers or other
medications can effectively prevent future TTS episodes. As understanding of TTS
evolves, these advancements will help refine personalized treatment strategies and
improve patient outcomes.

26. Conclusion

TTC has redefined the interplay between emotional stress and cardiac dysfunc-
tion, revealing a dynamic neurocardiac interface. Once considered benign, TTC now
warrants recognition as a complex syndrome with acute and chronic risks, including
heart failure, arrhythmias, and recurrence.

Innovations in cardiac imaging and emerging biomarkers have enhanced diagnos-
tic precision, yet treatment remains largely supportive. The central roles of catechol-
aminergic surge and microvascular dysfunction emphasize the need for integrative,
multidisciplinary care encompassing cardiovascular, neuropsychiatric, and psychoso-
cial domains.

Future priorities include randomized trials and mechanistic studies to clarify
pathogenesis, guide tailored therapies, and reduce recurrence. TTC stands as a model
of mind-heart interaction, underscoring the imperative for holistic, patient-centered
cardiology.
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Chapter 4

Aortic Stenosis

Sultan Alotaibi

Abstract

Aortic stenosis (AS) is the most common valvular heart disease in developed
nations and a major cause of morbidity and mortality in older adults. Progressive
narrowing of the aortic valve leads to left ventricular outflow obstruction, hypertro-
phy, and eventual heart failure. This chapter reviews AS pathophysiology, clinical
assessment, and contemporary management, emphasizing timely diagnosis and
intervention. Echocardiography is the diagnostic cornerstone, with advanced imaging
and biomarkers aiding in complex cases. Surgical aortic valve replacement (SAVR)
remains standard for low-risk patients, while transcatheter aortic valve replace-
ment (TAVR) now offers comparable outcomes across all risk categories. No medical
therapy alters disease progression; management focuses on symptom monitoring,
comorbidity control, and appropriate procedural referral. Future directions include
enhanced valve durability, expanded minimally invasive options, and Al-driven
personalized care.

Keywords: aortic valve stenosis, echocardiography, doppler, transcatheter aortic valve
replacement, aortic valve/surgery, heart valve prosthesis implantation, left ventricular
hypertrophy, cardiac imaging techniques, heart team, cardiac catheterization

1. Introduction

Aortic stenosis (AS) is the most prevalent valvular heart disease in developed
countries, accounting for significant morbidity and mortality, especially in older
adults. It is characterized by progressive narrowing of the aortic valve orifice, lead-
ing to obstruction of left ventricular outflow and subsequent pressure overload. This
increased afterload results in compensatory left ventricular hypertrophy, diastolic
dysfunction, and ultimately heart failure if untreated. The natural history of AS
involves a prolonged asymptomatic phase, followed by symptom onset which heralds
a poor prognosis. Early identification and timely intervention are therefore essential
to improve patient outcomes. Advances in diagnostic modalities, surgical techniques,
and transcatheter therapies have revolutionized management, offering individualized
treatment options based on patient risk profiles and preferences [1, 2].

Of note, AS does not exist in isolation but often overlaps with various forms of
cardiomyopathy. The chronic pressure overload from AS leads to left ventricular
hypertrophy, impaired relaxation, and eventually a restrictive physiology that
resembles hypertrophic cardiomyopathy in some patients. Conversely, patients with
pre-existing cardiomyopathies, such as hypertrophic obstructive cardiomyopathy,
dilated cardiomyopathy, or infiltrative types, may have more complex hemodynamics
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and poorer outcomes when AS develops. This interaction underscores the importance
of distinguishing primary myocardial disease from secondary changes due to valvular
obstruction [3, 4].

2. Clinical evaluation and diagnosis

The clinical assessment of AS starts with a thorough history and physical exami-
nation. Classic symptoms include exertional dyspnea, angina, and syncope, reflecting
significant hemodynamic compromise. However, symptoms can be subtle or absent
in early disease stages, emphasizing the need for vigilance. Auscultation may reveal a
harsh, crescendo-decrescendo systolic murmur best heard at the right upper sternal
border with radiation to the carotids, diminished second heart sound, and delayed
carotid upstroke (parvus et tardus) [5]. Nevertheless, clinical examination alone lacks
sensitivity, and echocardiography remains indispensable.

Transthoracic echocardiography (TTE) is the gold standard for diagnosis and
quantification of AS severity (92% sensitivity and 96% specificity). Key parameters
include peak aortic jet velocity, mean transvalvular gradient, and aortic valve area
(AVA) calculated using the continuity equation. Severe AS is defined by a peak veloc-
ity > 4.0 m/s, mean gradient >40 mm Hg, or AVA <1.0 cm”. in the latest guidelines,
advanced imaging modalities (3D echocardiography), cardiac computed tomography
(CT), cardiac magnetic resonance imaging (MRI) are given greater importance,
especially in discordant cases, for more precise diagnosis [6].

Low-flow, low-gradient AS, particularly in patients with reduced left ventricular
ejection fraction (LVEF), poses diagnostic challenges. Dobutamine stress echocar-
diography helps distinguish true severe AS from pseudo-severe forms by assessing
contractile reserve and changes in gradients [7]. Recent registry and guideline updates
suggest that a lack of contractile reserve should not necessarily exclude intervention,
especially when CT calcium scoring strongly supports severe AS [6].

Cardiac CT calcium scoring provides quantitative assessment of valvular calcifica-
tion, with sex-specific Agatston thresholds aiding in diagnosis and prognosis [8].
Cardiac MRI complements evaluation by assessing ventricular volumes, function, and
myocardial fibrosis, which has prognostic significance [9].

Exercise testing can unmask symptoms and assess functional capacity in asymp-
tomatic patients, guiding timing of intervention [10]. Biomarkers, such as B-type
natriuretic peptide (BNP), correlate with disease severity and outcomes but are not

Left ventricular pattern Aortic stenosis (AS) Cardiomyopathies

Concentric hypertrophy Classic in severe AS Less common (can mimic hypertrophic
cardiomyopathy)

Asymmetric septal Rare, except overlap with Hallmark of hypertrophic cardiomyopathy

hypertrophy cardiomyopathy

Dilated left ventricle with Late/end-stage AS Dilated cardiomyopathy

low ejection fraction

Restrictive physiology Rare in pure AS Restrictive/infiltrative cardiomyopathies
(amyloid, Fabry, sarcoid)

Table 1.
Types of left ventricular remodeling in aortic stenosis versus cardiomyopathies.
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Aortic stenosis (AS) alone Coexistent cardiomyopathy

Symptoms Typical triad (angina, syncope, Disproportionate heart failure symptoms
dyspnea)

Echocardiography Concentric left ventricular Asymmetric septal hypertrophy, apical
hypertrophy, high gradient thickening, restrictive filling

Cardiac MRI Mid-wall fibrosis Diffuse fibrosis, infiltration, amyloid pattern

Biomarkers BNP proportional to AS severity BNP disproportionately elevated

Table 2.
Clinical and imaging ved flags in aortic stenosis with possible cardiomyopathy.

diagnostic on their own [11]. Invasive hemodynamic assessment via cardiac catheter-
ization is reserved for cases with discordant noninvasive findings or when coronary
angiography to exclude obstructive disease is indicated [12].

Importantly, differentiation between AS-induced left ventricular hypertrophy and
coexistent cardiomyopathy is essential (Tables 1 and 2). Echocardiographic strain
imaging and cardiac MRI help identify diffuse fibrosis, infiltration, or phenotypes
consistent with hypertrophic or restrictive cardiomyopathy, which may change
prognosis and influence timing of intervention [13].

3. Timing of intervention

The timing of aortic valve replacement (AVR) is critical due to the poor prognosis
of symptomatic severe AS, which carries a high mortality risk within 2 to 5 years if
untreated [14]. Guidelines from the American College of Cardiology/American Heart
Association (ACC/AHA) and European Society of Cardiology/European Association
for Cardio-Thoracic Surgery (ESC/EACTS) recommend AVR for all patients with
symptomatic severe AS regardless of surgical risk [6, 15].

In asymptomatic patients, indications for AVR include left ventricular systolic
dysfunction (LVEF <50%), very severe AS (peak velocity > 5.0 m/s), rapid disease
progression (>0.3 m/s per year), abnormal exercise test findings (symptoms or
hypotension), and markedly elevated BNP levels [10]. AVR is considered a Class Ila
alternative (rather than only observation) in asymptomatic severe AS with high-risk
features and preserved LVEF if procedural risk is low [6]. Patients with low-flow,
low-gradient AS and reduced LVEF require careful evaluation with dobutamine stress
echocardiography or CT calcium scoring to confirm severity [7]. Decision-making
must now more explicitly incorporate the patient’s lifetime trajectory, Heart Valve
Centre expertise, and shared decision-making [16].

Multidisciplinary heart team discussion is essential to tailor intervention timing
based on risks, comorbidities, and patient preferences [15]. Emerging evidence sug-
gests potential benefits of earlier intervention even in select asymptomatic patients,
though more data are needed to refine guidelines [17].

4. Medical management

Currently, no pharmacologic therapies have been proven to modify the course of
AS. Management focuses on symptom relief and treatment of comorbidities such as
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hypertension and heart failure [18]. Clinical trials investigating statins and renin-
angiotensin system inhibitors have failed to demonstrate significant impact on valve
progression [19, 20]. Vasodilators should be used cautiously due to the fixed obstruc-
tion and risk of hypotension, while diuretics may be employed judiciously to control
volume overload [6].

In patients with AS and coexisting cardiomyopathy phenotypes (e.g., ATTR amy-
loidosis), the interplay of medical therapies targeting the myocardial disease should
be considered in addition to standard valvular care [21].

Regular monitoring with clinical and echocardiographic follow-up is essential to
detect symptom onset or ventricular dysfunction that prompt intervention [6, 15].
Follow-up should now more frequently incorporate imaging markers (e.g. LV strain,
fibrosis) and biomarker trends to anticipate decompensation earlier [6].

5. Surgical aortic valve replacement (SAVR)

SAVR continues to be the standard therapy for eligible patients with severe AS,
especially younger individuals and those with low to intermediate surgical risk [6].
The procedure involves excision of the diseased valve and implantation of either a
mechanical or bioprosthetic valve. Mechanical valves provide excellent durability
but necessitate lifelong anticoagulation, increasing bleeding risk [22]. Bioprosthetic
valves avoid chronic anticoagulation but have limited longevity due to structural valve
degeneration, particularly in younger patients [23]. Advances in surgical techniques
and perioperative care have reduced operative mortality to less than 2% in low-risk
cohorts [24].

Patient selection incorporates surgical risk scores such as the Society of Thoracic
Surgeons (STS) risk score or EuroSCORE II, alongside assessment of frailty and
comorbidities [24]. Indications include symptomatic severe AS, asymptomatic severe
AS with LV dysfunction, and selected cases with very severe or rapidly progressive
disease [6, 15]; lifetime planning (e.g. future redo, valve-in-valve) is emphasized
when choosing prosthesis type and surgical strategy [6]. SAVR may also be combined
with coronary artery bypass grafting when indicated [25]. The latest also suggest
increased use of coronary CT angiography preoperatively in selected patients with
low pretest probability of coronary artery disease [6].

6. Transcatheter aortic valve replacement (TAVR)

TAVR has transformed AS treatment, initially reserved for patients at prohibitive
or high surgical risk, now expanded to intermediate and low-risk patients based on
robust randomized trials [26-28]. The procedure involves percutaneous implantation
of a bioprosthetic valve via transfemoral or alternative access routes. Imaging with
CT is crucial for procedural planning, including annulus sizing and vascular access
assessment [29]. Devices include balloon-expandable and self-expanding valves, each
with distinct profiles and complication risks [30, 31].

Complications include paravalvular leak, vascular injury, conduction disturbances
necessitating pacemaker implantation, and stroke [32]. Recent studies demonstrate
comparable or superior outcomes of TAVR versus SAVR in selected patients, with
shorter recovery times [33, 34]. The heart team approach is essential for optimal
patient selection and management [6].
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7. Post-procedural care and follow-up

After aortic valve replacement, patients require careful monitoring for complica-
tions, such as prosthetic valve dysfunction, endocarditis, and thromboembolism.
Regular echocardiographic surveillance assesses valve function and ventricular
remodeling. Antithrombotic therapy post-AVR is individualized based on valve type,
comorbidities, and bleeding risk. Cardiac rehabilitation and lifestyle modifications
improve functional status and quality of life [6].

8. Future directions and emerging technologies

Future research focuses on improving valve durability, reducing thrombogenicity,
and expanding valve-in-valve and valve-in-TAVR procedures. Novel valve materials
and designs aim to enhance longevity and biocompatibility. Pharmacologic agents
targeting calcification pathways and inflammatory processes are under investigation
[16, 35]. Advances in artificial intelligence promise enhanced imaging analysis and
personalized risk prediction [36]. Expanding access to care and managing the
growing AS population remain challenges globally [37].

9. Conclusion

AS is a common and serious valvular disease with evolving management strate-
gies. Timely diagnosis, accurate severity assessment, and individualized treatment
involving surgical or transcatheter interventions are critical to improving outcomes.
Ongoing advances in valve technology and medical therapies hold promise for further
progress in this field.

Another evolving area is the intersection between AS and cardiomyopathies.
Recognition of myocardial disease beyond valvular obstruction is increasingly impor-
tant, since coexistent hypertrophic, restrictive, or dilated phenotypes can influence
patient symptoms, LV remodeling after valve replacement, and long-term survival.
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Chapter 5

The Spectrum of Atrial
Cardiomyopathy: Early Changes,
Diagnostic Challenges, and Clinical
Implications

Angelina Borizanova

Abstract

Atrial cardiomyopathy (AtCM) represents a progressive spectrum of electrical,
mechanical, and structural atrial abnormalities that extend far beyond atrial fibrilla-
tion (AF) alone. Once considered passive reservoirs, the atria are now recognized as
active contributors to cardiac performance, neurohormonal balance, and thrombo-
embolic risk. Clinically, AtCM is highly relevant because it can drive complications
such as AF progression, atrial failure, functional atrioventricular regurgitation, and
even stroke or cognitive decline independent of AF. Practical staging frameworks
incorporating imaging, electrophysiology, and biomarkers are beginning to guide risk
stratification, yet routine application remains inconsistent. Advanced echocardio-
graphic strain analysis, cardiac MRI for atrial fibrosis, and systematic ECG evaluation
of P-wave morphology offer the valuable tools for early detection, but require broader
clinical adoption. From a therapeutic standpoint, controlling modifiable risk factors
such as hypertension, obesity, and diabetes is central to slowing disease progression.
Early rhythm control strategies, including catheter ablation, may provide structural
and functional benefit by preventing the vicious cycle of AF-driven remodelling.
Furthermore, emerging insights into the role of epicardial adipose tissue, inflam-
mation, and gut microbiota suggest novel upstream targets for preventive therapy.
Current gaps in evidence, including optimal management of atrial functional regur-
gitation and thromboembolic risk in AtCM without AF, underscore the urgent need
for prospective trials. This chapter emphasizes that AtCM is not merely an academic
concept but a practical and clinically actionable entity. Recognizing its early manifes-
tations, implementing multiparametric diagnostic strategies, and targeting systemic
and atrial-specific mechanisms offer new opportunities to improve outcomes before
irreversible atrial failure develops.

Keywords: atrial cardiomyopathy, atrial fibrillations, atrial failure, atrial functional
mitral regurgitation, left atrial reservoir strain, atrial fibrosis
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1. Introduction

Atrial cardiomyopathy is increasingly recognized as a distinct clinical entity that
encompasses a wide range of atrial structural, electrical, and functional abnormali-
ties. These changes may occur independently or in conjunction with AF, and often
precede its onset. Unlike traditional views that regarded the atria as passive chambers,
current understanding highlights their active role in cardiac performance, endocrine
signalling, and thromboembolic risk.

This chapter aims to provide an in-depth overview of the spectrum of AtCM, witha
focus on early-stage changes, diagnostic challenges, and their broader clinical implica-
tions. By exploring the multifactorial mechanisms behind atrial remodelling and dys-
function, we emphasize the importance of timely identification, risk stratification, and
targeted intervention before the progression to irreversible atrial failure occurs.

2. Physiology of the atria

The atria play a crucial role in cardiovascular physiology, far beyond serving
as passive chambers for blood transit. During the cardiac cycle, they function as
reservoirs, collecting blood returning during ventricular systole, and as conduits,
facilitating passive flow into the ventricles during early diastole. In late diastole, atrial
contraction further enhances ventricular filling, contributing significantly to cardiac
output—especially when ventricular compliance is reduced [1]. Classic pressure-
volume analyses combined with Doppler echocardiography have elucidated these
mechanical functions, demonstrating how the atria toggle between reservoir, conduit,
and booster-pump roles to optimize ventricular loading [2, 3]. More recently, the
atrium has also been recognized to exert a suction function, whereby rapid ventricu-
lar relaxation generates a pressure gradient that actively draws blood from the atrium
into the ventricle, further enhancing early diastolic filling [4] as shown in Figure 1.

Pressure-Volume Loop of the Left Atrium
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Figure 1.
Volume-pressure loop of the LA.

100



The Spectrum of Atrial Cardiomyopathy: Early Changes, Diagnostic Challenges, and Clinical...
DOI: http://dx.doi.org/10.5772/intechopen.1013255

In addition to their mechanical functions, the atria are central to the heart’s electrical
activity. They house pacemaker cells in the sinoatrial node, which initiate cardiac
rhythm, and components like the atrioventricular node, ensuring synchronized
contraction—critical for efficient ventricular filling [5]. Moreover, the atrial myocar-
dium has an important endocrine role—secreting atrial natriuretic peptide (ANP),
which promotes natriuresis, vasodilation, and suppression of the renin-angiotensin-
aldosterone system, thereby maintaining fluid and vascular balance [1].

3. Atrial cardiomyopathy and atrial failure: Definitions, clinical
framework, and staging

Atrial cardiomyopathy is defined as a condition characterized by electrical and
mechanical dysfunction of the atria, resulting from underlying pathological changes
that can lead to atrial enlargement or fibrosis, with potential clinical consequences
[6]. Diagnosis requires demonstration of electrical atrial dysfunction along with
mechanical atrial dysfunction, atrial enlargement, or excessive fibrosis, helping to
avoid over-diagnosis since multiple cardiac and systemic conditions can mimic atrial
disruption [6].

AtCM may arise as a primary atrial disorder or secondary to existing ventricular
or valvular disease. Similar to ventricular myopathy, AtCM exists along a spectrum of
severity, and the combination of multiple atrial disease markers is associated with the
higher risk of progression. Abnormalities may involve atrial geometry, wall struc-
ture, and function, typically assessed via cardiac imaging, electrophysiology, and
biomarker evaluation [7, 8]. Surrogate markers such as advanced interatrial block,
P-wave duration, and left atrial size have been linked to increased risk of AF, stroke,
and thromboembolism, even in the absence of AF [9-12].

Early recognition of AtCM offers an opportunity to prevent atrial failure, the
end-stage manifestation of progressive atrial structural, functional, and electrophysi-
ological impairment. Atrial failure is clinically characterized by persistent AF or
documented heart failure, often accompanied by dyspnoea, fatigue, and impaired

Stage Description Key features

Mild Early-stage atrial Detected by electrophysiology or imaging; no overt

(subclinical) remodelling arrhythmia or significant mechanical dysfunction

AtCM

Moderate Evident atrial disease Structural or mechanical abnormalities, elevated

(clinically biomarkers (e.g. BNP, ANP), and/or manifest AF

manifest) AtCM

Severe AtCM Advanced atrial LA ejection fraction <35%; severely impaired
dysfunction or failure contractility (flow <20 cm/s in LAA or tissue strain);

major interstitial alterations (fibrosis, fatty infiltration,
amyloid, inflammation >35% LA wall volume); severe
enlargement (LA diameter >5.0 cm, LA volume index
>50 mL/m®); long-standing persistent or permanent AF

Functional measurements (e.g. LAEF) ave ideally obtained in sinus vhythm.
Prospective trials ave needed to validate the staging system and cut-off values.
LA = left atrium; LAA = left atrial appendage.

Table 1.
Proposed staging system for AtCM [14].
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quality of life attributable to atrial disease. Timely identification of AtCM allows for
risk stratification and targeted management, including aggressive control of underly-
ing risk factors and comorbidities [3, 6, 13].

A practical staging system for AtCM integrates imaging, electrophysiological
measurements, and biomarkers, and distinguishes AtCM from AF, which can be both
a consequence and a driver of atrial remodelling (Table 1) [14].

4. Left atrial cardiomyopathy: Multifactorial determinants

Left atrial cardiomyopathy (AtCM) represents complex and multifactorial condi-
tions shaped by systemic, metabolic, behavioural, genetic, structural, and social
determinants as shown in Figure 2. Aging promotes progressive atrial remodel-
ling and fibrosis, predisposing to LA enlargement and functional decline [15].
Cardiometabolic diseases, including hypertension, obesity, type 2 diabetes, metabolic
syndrome, metabolic dysfunction-associated fatty liver disease (MAFLD), and
insulin resistance, impose chronic hemodynamic and metabolic stress that promotes
left atrial remodelling, fibrosis, inflammation, endothelial dysfunction, and impaired
diastolic function [16-18].

Among metabolic contributors, epicardial adipose tissue (EAT) has emerged as a
pivotal player. EAT is metabolically active, directly interacting with cardiomyocytes;
in obesity and diabetes, it releases pro-inflammatory mediators that foster atrial
remodelling and fibrosis [19, 20]. Thus, metabolic dysregulation drives atrial disease
through both cardiac and extracardiac mechanisms.

Emerging data highlight the role of the gut microbiota in atrial disease. Dysbiosis
alters metabolite production and has been linked to cardiovascular conditions such
as heart failure, hypertension, and obesity [21, 22]. Experimental and translational
studies suggest that gut microbiota may promote atrial fibrosis and arrhythmogen-
esis, contributing to AF development [23, 24].

Behavioural factors, such as elevated alcohol consumption, independently impair
LA reservoir and contractile functions and contribute to enlargement, particularly

v Card Atria C Gut - =
Aging Alcohol Ca 5 Genetics
. - =14 microbiome

Atrial
cardiomyopathy

INGEIRENTEE

Figure 2.
Multifactorial determinants of atrial cardiomyopathy and atrial failure.
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in high-risk populations [25]. Atrial fibrillation (AF) itself is both a cause and a
consequence of remodelling, establishing a vicious cycle of structural and electro-
physiological deterioration [26]. Heart failure with preserved or reduced ejection
fraction (HFpEF/HFrEF) imposes sustained hemodynamic burden, diminishing
atrial compliance and reserve [27]. Genetic predisposition modifies susceptibility to
atrial remodelling and AF onset [28]. Social determinants of health, such as socio-
economic status, healthcare accessibility, and environmental stressors, also shape
outcomes [29].

Finally, the concept of atrial cardiomyopathy underscores that LA pathology
extends beyond chamber enlargement or dysfunction, encompassing cellular,
structural, and electrophysiological alterations that remain incompletely defined
[13]. Collectively, these insights highlight the need for an integrated, individualized
approach to risk stratification, monitoring, and early intervention in LA disease to
prevent progression to atrial failure.

5. Mechanistic basis of atrial cardiomyopathy

Atrial cardiomyopathy emerges from a complex interplay of genetic predisposi-
tion, protein aggregation, inflammatory pathways, gut-derived influences, oxidative
stress, and adipose-mediated structural remodelling—factors that underpin the
development and maintenance of atrial fibrillation (AF) [30]. Genetic factors play a
pivotal role, particularly in early-onset AF, where rare variants in cardiomyopathy and
arrhythmia genes significantly increase susceptibility and impact mortality [31, 32].
Despite advances in genetic testing, challenges remain in clinical implementation due
to the complexity of gene variants and phenotypic expression [33].

Protein aggregation, notably amyloid deposition, contributes to atrial structural
remodelling. Wild-type transthyretin amyloidosis is recognized as an underdiagnosed
cause of heart failure with preserved ejection fraction, often accompanied by atrial
dysfunction [34]. Amyloid infiltration in atrial tissue generates an arrhythmogenic
substrate that promotes persistent AF [35]. Similarly, beta-amyloid pathology
observed in Alzheimer’s disease may affect cardiac tissue, suggesting a systemic
proteinopathy contributing to atrial dysfunction [36].

Inflammatory mechanisms are integral to atrial remodelling. Activation of the
cardiomyocyte NLRP3 inflammasome enhances inflammatory signalling, facilitat-
ing atrial arrhythmogenesis [37]. This pathway is amplified in conditions such as
obesity, where inflammasome activation promotes AF susceptibility [38]. Emerging
evidence also implicates gut microbiota dysbiosis in age-related AF through NLRP3-
inflammasome mediated pathways, highlighting gut-derived influences on atrial
pathophysiology [23]. Anti-inflammatory lipid mediators like Resolvin-D1 demon-
strate the protective effects by preventing proarrhythmic remodelling in experimental
models of right heart disease [39].

Oxidative stress contributes to atrial remodelling via reactive lipid species such
as isolevuglandins that covalently modify proteins and exacerbate tissue injury
[40]. Pharmacological scavengers targeting these reactive dicarbonyls show promise
in mitigating atrial remodelling and arrhythmogenesis with the favourable safety
profiles demonstrated in human studies [41].

Adipose tissue, particularly epicardial fat, is a source of inflammatory mediators
that promote atrial fibrosis and conduction abnormalities. Increased epicardial fat
volume correlates with AF severity and reduced success rates of catheter ablation [42].
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Human epicardial adipose tissue secretes proinflammatory cytokines that contribute
to the local inflammatory milieu, facilitating structural remodelling of the atria [43].

In summary, atrial cardiomyopathy is driven by a multifaceted network of genetic,
proteotoxic, inflammatory, microbial, oxidative, and adipose tissue-mediated mecha-
nisms. Understanding these interconnected pathways is critical for developing the
targeted therapies to prevent and treat AtCM.

6. Complications of atrial cardiomyopathy

Atrial fibrillation (AF) is the most common manifestation of atrial cardiomyopa-
thy (AtCM) and acts as an accelerator of the pathological process [6]. In some cases, it
is difficult to determine which disturbance is primary—AF or AtCM [6, 30]. It is well
established that AF leads to the development of atrial cardiomyopathy and progres-
sion to atrial failure (Figure 3).

Atrial failure resulting from supraventricular arrhythmias involves activation of
neurohormonal pathways, including the renin-angiotensin-aldosterone system and
vasoactive peptides, which may cause chamber dilation with impaired systolic and
diastolic cardiac function. In this scenario, the left ventricular myocardium shows
inflammation, histopathological changes in cardiomyocytes, and loss of normal
structure, composition, and function. These changes are typical for tachycardia-
induced cardiomyopathy [6].

Cardioembolicstroke Atrial failure

ATRIAL
CARDIOMYOPATHY

Atrial functional

— mitral regurgitation
Atrial fibrillation

LU

Death

Figure 3.
Atrial cardiomyopathy complications.
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Atrial functional regurgitations of the mitral and tricuspid valves are another
complication of AtCM. Until recently, it was believed that atrial functional regurgita-
tions were secondary to ventricular remodelling. However, in this context, ventricular
geometry and function remain relatively preserved. The primary mechanism is annu-
lar dilation of the mitral and tricuspid valves, related to left and right atrial dilation,
which results in poor leaflet coaptation and regurgitation. Additionally, increased left
atrial pressure and reduced annular contraction contribute to impaired valve closure
[6, 30]. A novel concept explaining atrioventricular functional regurgitations in
patients with AF involves unfavourable annulus dynamics during fibrillation, includ-
ing flattening and loss of the saddle shape [6].

In some patients presenting with de novo heart failure, disproportionate atrial
cardiomyopathy relative to left ventricular function is observed, suggesting that
left atrial dysfunction underlies heart failure manifestations. Atrial failure is likely
an early “driver” of heart failure with preserved ejection fraction (HFpEF) and an
important pathogenic risk factor [6].

Nevertheless, data regarding the thromboembolic potential of AtCM independent of
AF and its association with stroke and dementia remain controversial [6].

7. Atrial cardiomyopathy diagnosis

Atrial cardiomyopathy (AtCM) represents a progressive spectrum, evolving
from healthy atria to atrial failure. Diagnosing AtCM remains challenging due to its
complex and multifaceted nature. To address this, simplified and clinically practical
diagnostic criteria have been developed, which categorize AtCM into staged disease
based on key features.

Diagnosis focuses on identifying electrical dysfunction alongside mechanical
abnormalities, atrial enlargement, and/or evidence of fibrosis. This staged approach
helps clinicians recognize and stratify AtCM progression, enabling earlier interven-
tion to potentially halt or slow the transition toward atrial failure.

By breaking down AtCM into clearly defined stages, these criteria aim to improve
clinical applicability, guide risk stratification, and support targeted management—
especially in patients where controlling risk factors may prevent further atrial dete-
rioration and its complications, such as atrial fibrillation and heart failure.

7.1 Electrocardiographic diagnosis of electrical atrial dysfunction in atrial
cardiomyopathy

Electrocardiography (ECG) is the most commonly performed initial diagnostic
test during a patient’s first contact with a cardiologist. It plays a central role in identi-
fying electrical abnormalities suggestive of AtCM, even before clinical AF manifests.
P-wave abnormalities on a standard 12-lead ECG reflect altered interatrial conduc-
tion, atrial structure, and electrical function, and may signal early stages of AtCM.

A P-wave duration >120 ms on standard ECG or > 150 ms on amplified ECG isa
key marker of interatrial conduction delay and has been associated with increased
risks of AF, stroke, cognitive impairment, and mortality [44-48]. Advanced inter-
atrial block (IAB), defined as a P-wave >120 ms with biphasic (+) morphology in at
least two inferior leads, reflects disrupted conduction through the Bachmann bundle
and is closely linked to left atrial fibrosis and the development of AF—collectively
termed Bayés syndrome [49-52].
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Additional P-wave parameters such as low voltage (<0.1 mV), abnormal axis (<0°
or > 75°), terminal force in V1 (>40 mm-ms), and P-wave dispersion (>40 ms) have
also been correlated with adverse cardiovascular outcomes and atrial remodelling
[46, 48, 53-55]. To enhance clinical utility, a simplified ECG-based score has been
proposed: a score of 1 for prolonged P-wave duration, 2 for advanced IAB without
arrhythmia, and 3 or more for IAB with paroxysmal or persistent AF. This score helps
stratify AtCM risk and guide preventive or therapeutic interventions [44, 46, 48, 54].

Given the ease of access, low cost, and early diagnostic value, systematic analysis
of P-wave characteristics on ECG remains essential in recognizing electrical dysfunc-
tion in AtCM.

7.2 Mechanical dysfunction and fibrosis of the left atrium

Mechanical dysfunction of the LA is the central aspect of atrial cardiomyopathy,
marked by impaired atrial function and structural remodelling. Accurate diagnosis is
crucial for risk stratification and guiding treatment. Echocardiography, including 2D
and 3D modalities, is the primary imaging method used due to its non-invasiveness,
accessibility, and capacity for speckle-tracking strain analysis, which assesses atrial
deformation and function [7, 55]. Cardiac magnetic resonance (CMR) provides
advanced tissue characterization, enabling detection of fibrosis through late gado-
linium enhancement (LGE), and offers highly reproducible measurements of LA
volume and strain [56, 57]. Cardiac computed tomography (CCT) is primarily used
for anatomical visualization and procedural planning but is less useful for functional
assessment [58].

Left atrial reservoir strain (LASr) is the most established functional parameter,
reflecting LA compliance and reservoir function during ventricular systole. Normal
LASr averages around 39% in healthy adults, whereas values below 23-25% suggest
impaired atrial mechanics and correlate with diastolic dysfunction and increased
filling pressures [59-62]. Booster pump strain, representing active atrial contrac-
tion, shows abnormal thresholds below 5% for individuals aged 40-65 years and
below 8% in those older than 65, indicating contractile impairment [63]. Additional
functional markers include reduced LA emptying fraction—less than 48% on 2D
and less than 43% on 3D echocardiography—signalling compromised mechanical
performance [64].

Structurally, left atrial enlargement is gauged by the indexed left atrial volume
(LAVi), a robust indicator of remodelling. Abnormal LAVi is defined as greater
than 40 mL/m’ by 2D echocardiography, with a higher cut-off of over 48 mL/m*
for women older than 65 years [65-67]. Using 3D echocardiography, enlargement is
identified above 41 mL/m”’, while CMR criteria set enlargement at volumes exceeding
60 mL/m? [68, 69]. These structural abnormalities are linked to an elevated risk of
atrial fibrillation, stroke, heart failure hospitalizations, and mortality [70-72].

Atrial fibrosis is a hallmark of advanced atrial remodelling associated with
arrhythmias and atrial failure. CMR with LGE imaging detects fibrotic tissue, with
fibrosis affecting 10-15% or more of atrial tissue predicting higher arrhythmia and
stroke risk [73-77]. However, CMR’s use for fibrosis assessment remains largely
investigational due to technical limitations and variability [78, 79]. Echocardiographic
LASr inversely correlates with histological fibrosis, offering a valuable, non-invasive
surrogate marker [80, 81].

Clinical evaluation for mechanical atrial dysfunction begins with 2D echocar-
diography, measuring LAVi and performing speckle-tracking strain analysis for LASr
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and booster strain. An LASr below 23-25% or an LAVi above 40 mL/m” (adjusted for
age and sex) supports the diagnosis [61, 66]. Where available, 3D echocardiography
or CMR can provide more accurate volumetric assessment and fibrosis evaluation,
particularly in patients with atrial arrhythmias or prior stroke [57, 68, 75]. Integrating
imaging findings with clinical and electrocardiographic data allows comprehensive
identification of atrial cardiomyopathy and informs the prognosis and management
strategies.

Early diagnosis of AtCM is essential for optimizing patient outcomes. Recent evi-
dence highlights the diagnostic potential of combining advanced echocardiographic
techniques, particularly left atrial strain analysis, with circulating biomarkers such as
galectin-3 and high-sensitivity troponin I for the early detection of atrial remodelling
in AF and AtCM [80]. This integrated, multimodal approach facilitates the identifica-
tion of subclinical structural and functional changes in the left atrium at a stage when
therapeutic intervention may be most effective. A more comprehensive approach to
risk stratification and early treatment has the potential to improve long-term out-
comes by intervening before overt atrial failure develops [6, 30]. Larger, prospective
studies are now required to confirm these findings and to establish the standardized
protocols for early diagnosis and personalized management of patients with AF and
underlying atrial remodelling.

8. Prevention and treatment

Control of risk factors, especially modifiable ones, also ensures control over
the development of atrial cardiomyopathy. Lifestyle changes, body weight control,
physical activity, hypertension, and diabetes mellitus have proven benefits for car-
diovascular health. AtCM is no exception. The role of renin-angiotensin-aldosterone
system (RAAS) inhibitors and mineralocorticoid receptor antagonists in primary
prevention remains controversial [82-84]. Recently, accumulating data support the
use of cardiometabolic drugs as a means to influence cardiovascular complications.

In a recently presented meta-analysis on the potential influence of cardiometabolic
drugs on epicardial adipose tissue (EAT), the benefits of GLP-1 analogues for its
control were demonstrated to be more significant compared to SGLT2 inhibitors. This
effect was more noticeable among younger patients with significantly increased body
mass index [4]. Further research is needed to provide information on the relationship
between the modulation of EAT and the development of AtCM [85].

In patients with diabetes mellitus and atrial fibrillation (AF), treatment with
SGLT2 inhibitors reduces AF episodes by 18% [86].

Treatment of AtCM is complex and depends on the complications that have
occurred. In the presence of AF, rhythm control is certainly recommended to slow
the progression of AtCM, as AF is known to accelerate the process. There is strong
evidence for reverse atrial remodelling after maintenance of sinus rhythm [87-89].

In cases of functional atrial regurgitation, clear recommendations are still lacking.
Undoubtedly, rhythm control is an important step since AF accelerates the process
[90]. However, there is increasing evidence for successful transcatheter-based inter-
ventions in the treatment of functional atrial regurgitation [91].

The results of the ARCADIA trial did not confirm our expectations for antico-
agulant therapy in patients with AtCM for the prevention of cryptogenic strokes
[92]. In patients with an embolic stroke of undetermined source, rivaroxaban in
the NAVIGATE-ESUS trial had no overall advantage over aspirin in reducing the
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recurrence of stroke or systemic embolism [93], except in patients with an LA diam-
eter exceeding 46 mm [94].

According to current evidence, emerging clinical imperatives for AtCM emphasize
the need for early and comprehensive approaches to detection, risk stratification, and
management. The following recommendations are proposed:

1. Early detection: Implement multiparametric screening strategies, including
atrial mechanical indices and biomarkers, to identify subclinical AtCM before
the development of persistent arrhythmias or structural remodelling.

2.Risk stratification beyond atrial fibrillation (AF): Recognize AtCM as an
arrhythmogenic and thrombogenic substrate independent of AF, warranting
risk-based monitoring for complications such as atrial failure, stroke, and
valvular dysfunction.

3.Bi-atrial assessment: Perform routine evaluation of both left and right atria, as
remodelling frequently affects both chambers even in early stages.

4.Integration of advanced imaging: Utilize advanced imaging modalities such as
cardiac MRI and echocardiography with speckle tracking and 3D imaging to
assess atrial fibrosis and mechanical function where available.

5. Systemic risk factor control: Prioritize aggressive management of modifiable risk
factors like obesity and hypertension to slow the progression of AtCM.

6. Longitudinal monitoring: Maintain close ambulatory follow-up, particularly in
patients with early-stage AtCM or multiple cardiovascular risk factors, to enable
timely therapeutic intervention.

7.Therapeutic reconsideration: Explore AtCM-specific therapeutic approaches,
including upstream therapies and early rhythm control strategies even in the
absence of sustained AF, aiming to prevent progression toward irreversible atrial
failure.

9. Conclusion

Atrial cardiomyopathy is increasingly recognized as a distinct and complex clinical
entity with significant implications for cardiovascular outcomes. It encompasses a
spectrum of electrical, structural, and mechanical atrial abnormalities that may occur
independently of atrial fibrillation AF, often preceding its onset. Despite growing
awareness and emerging staging frameworks, AtCM remains underdiagnosed, and
current diagnostic tools and treatment strategies are neither standardized nor specifi-
cally validated for this condition.

This chapter aimed to summarize the current evidence and provide a clinical
foundation for recognizing and managing AtCM. However, major gaps persist in our
understanding of its natural history, prognostic significance, and optimal therapeu-
tic strategies. Dedicated prospective trials are urgently needed to refine diagnostic
criteria, validate risk stratification models, and evaluate the targeted interventions.
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Ultimately, viewing AtCM as more than a secondary consequence of AF or heart
failure opens the door to earlier diagnosis, personalized management, and improved
outcomes. Continued research and collaboration are essential to address this unmet
clinical need.
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