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Editorial: Cardiomyopathies: Current Treatment and
Future Options

Stefan Peters
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Abstract: Cardiomyopathies are an essential component in clinical cardiology. The number of different
cardiomyopathies have increased a lot due to genetics and newer insights in pathomechanism.
The current treatment and future options are demonstrated in advance.

Keywords: cardiomyopathy; hypertrophic; dilated; arrhythmogenic

Cardiomyopathies are an essential factor in cardiology with important progress in genetics,
medical treatment and treatment with devices. Ablation in order to treat various forms of arrhythmias
plays a more and more increased role.

In 1995, the most important cardiomyopathies were dilated cardiomyopathy, hypertrophic
cardiomyopathy, restrictive cardiomyopathy and arrhythmogenic right ventricular cardiomyopathy [1].

A lot of other cardiomyopathies have been described in recent years, such as non-compaction
cardiomyopathy, takotsubo cardiomyopathy, and many other subtypes of already known
cardiomyopathies [2].

In hypertrophic cardiomyopathy, we must differentiate between various forms of hypertrophy.
We can offer articles to various types of hypertrophy due to different causes like Amyloid
cardiomyopathy and Fabry cardiomyopathy. The same genes for hypertrophic cardiomyopathy
can cause non-compaction left ventricle, which is included in our reviews.

The definition of arrhythmogenic cardiomyopathies has changed in recent years; meanwhile,
arrhythmogenic dilated cardiomyopathy, arrhythmogenic right ventricular cardiomyopathy,
and arrhythmogenic left ventricular cardiomyopathy are included. What is more important is
the fact that different genes play a crucial role, like Filamin C, Lamin A/C, phospholamban and RBM20.
We could invite international experts in this field to write important papers.

The importance of ajmaline testing in arrhythmogenic right ventricular cardiomyopathy and
hypertrophic cardiomyopathy is worth a particular paper in order to predict the risk of life-threatening
ventricular arrhythmias.

Idiopathic dilated cardiomyopathy has gained intensive interest due to different stages of the
disease. Arrhythmogenic dilated cardiomyopathy, non-dilated hypokinetic left ventricle, and dilatation
without contraction impairment were described in 2016 [3]. The progress in definition are described by
experts in the field.

Several cases of rare cardiomyopathies hide under the term of non-ischemic heart failure with
preserved left ventricular ejection fraction and benefit from newer treatment options like tafamidis,
and in the near future, mavacamten.

A lot has changed in the definition of cardiomyopathies since 1995, summarized in present
papers with increased knowledge in genetics, pathophysiology, medical treatment, the use of devices,
and ablation techniques, and future options in treatment are developing in the coming years.

Funding: This research received no external funding.
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Abstract: Over the past decades, there has been tremendous progress in understanding genetic
alterations that can result in different phenotypes of human cardiomyopathies. More than a thousand
mutations in various genes have been identified, indicating that distinct genetic alterations, or combi-
nations of genetic alterations, can cause either hypertrophic (HCM), dilated (DCM), restrictive (RCM),
or arrhythmogenic cardiomyopathies (ARVC). Translation of these results from “bench to bedside”
can potentially group affected patients according to their molecular etiology and identify subclinical
individuals at high risk for developing cardiomyopathy or patients with overt phenotypes at high
risk for cardiac deterioration or sudden cardiac death. These advances provide not only mechanistic
insights into the earliest manifestations of cardiomyopathy, but such efforts also hold the promise
that mutation-specific pathophysiology might result in novel “personalized” therapeutic possibilities.
Recently, the FLNC gene encoding the sarcomeric protein filamin C has gained special interest
since FLNC mutations were found in several distinct and possibly overlapping cardiomyopathy
phenotypes. Specifically, mutations in FLNC were initially only linked to myofibrillar myopathy
(MFM), but are now increasingly found in various forms of human cardiomyopathy. FLNC thereby
represents another example for the complex genetic and phenotypic continuum of these diseases.

Keywords: filamin C; cardiomyopathy; gene mutations

1. Introduction

Human cardiomyopathies in general can be classified into primary and secondary
cardiomyopathies. Within this classification, primary cardiomyopathies can be subdivided
into pure genetic forms like hypertrophic cardiomyopathy (HCM), arrhythmogenic right
ventricular cardiomyopathy (ARVC), and left ventricular non-compaction cardiomyopathy
(LVNCM) as well as Ion channel, conduction, and storage disorders. Dilated cardiomy-
opathies (DCM) as well as restrictive cardiomyopathy (RCM) are categorized in to mixed
primary cardiomyopathies, since a potential genetic etiology explains only a part of these
clinical entities [1–5].

As it has been previously described for filamin A (FLNA) and B (FLNB), filamin
C (FLNC) is also recognized as an important structural crosslinker of actin rods at the
sarcomeric z-disc of both cardiac and skeletal muscle [6]. Moreover, all three filamin
variants reveal high sequence similarities indicating similar cellular functions. While
FLNA and FLNB are ubiquitously expressed, FLNC is predominantly enriched in cardiac
and skeletal muscle. Of note, dimerization of two identical filamins through their Ig-like
domains 24 is crucial for correct filamin function (Figure 1) [4,7]. For all three filamins, a
subcellular localization at the sarcomeric z-disc, intercalated discs, cell-membranes, and
myotendinous junctions has been described. It is speculated that, due to their structural
characteristics, in particular filamin A and filamin C also can serve as a nodal point for
sarcomeric mechanotransduction in different muscle cells [7,8].

J. Clin. Med. 2021, 10, 577. https://doi.org/10.3390/jcm10040577 https://www.mdpi.com/journal/jcm
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Figure 1. Schematic structure of filamins as mechanosensor.

Schematic structure of Filamins binding and cross-linking F-actin via N-terminal Actin
Binding Domains (ABD; blue) containing Actin Binding Sites (ABS). Distinct regions within
rod 1 (R3–5; violet) and rod 2 (R16–21) are prone to spring-like conformational changes.
Domains highlighted in orange are possible interaction sites for z-disc proteins, domain 21
(green) represents the possible interaction site with integrins. Domains R22–23 interact with
sarcoglycans (yellow). The proposed model shows that contractile force and deformation
of actin networks induce conformational changes of both filamin dimers. Subsequently,
some binding partners are able to interact with exposed binding sites under mechanical
stress, whereas some will rather dissociate under conformational change [7,8].

Filamin C was first reported to be associated with various forms of skeletal myopathy
(i.e., MFM) [7]. The encoding FLNC gene consists of 48 coding exons and is located on
chromosome 7q32–35. Two isoforms (one shorter isoform, lacking exon 31 and predicted
to be less flexible) have been partially characterized so far. The shorter Isoform is thought
to be expressed 3.5 times higher in skeletal than cardiac muscle, whereas the longer filamin
C isoform seems less abundant in cardiomyocytes under basal conditions but is rapidly
induced upon cardiac stress. More than 90 potential binding partners for filamin C have
been denoted in the current literature [6,7]. At sarcomeric z-discs, filamin C interacts with
various proteins partially linked to inherited cardiomyopathies like calsarcins (Involved in
HCM [9–11]), myopalladin (linked to RCM [12]), cypher (linked to ARVC and DCM [13]),
actin (linked to DCM [14]), myotilin, myopodin, and others. Moreover, filamin C binds
to the sarcolemma via integrin-1β and sarcoglycan-delta (known as part of the muscular
dystrophin complex) [15,16]. Filamin C can be cleaved by the protease calpain in order to
differentially regulate the sarcoglycan-filamin interaction.

In mice, loss of FLNC function leads to diverse results. Whereas partial FLNC −/− mice,
expressing a truncated filamin C by deletion of exons 41–48, show a severe muscular
phenotype, leading to lethality due to respiratory failure, before birth, they displayed
no obvious cardiac defects [17]. In contrast, a recent publication stressed the crucial
role for cardiac filamin C in mice, analyzing multiple, complete FLNC knockout mouse
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models [18]. In contrast to the partial FLNC knockout, they generated conventional and
heart restricted knockouts in which Cre-mediated deletion of the FLNC region between
exons 9 and 13 resulted in subsequent frameshift of FLNC and, thereby, complete loss of
the protein. Since these global and heart restricted FLNC −/− mice were embryonic lethal,
additional inducible heart restricted FLNC knockout mice were generated by crossing
FLNC-floxed mice with αMHC-MerCreMer mice [18]. Strikingly, these mice developed
rapid progressive dilated cardiomyopathy that already occurred after 1 week knockout
induced by tamoxifen treatment [18]. In humans, more than 325 unique sequence variants
in FLNC are known (mainly affecting the longer isoform NM_001458.5), and not always
resulting in distinct cardiac phenotypes in human cardiomyopathy [4]. It remains obscure
why, in mutant carriers, cardiomyopathies are not accompanied by clinically overt skeletal
muscle myopathies.

2. Filamin C Mutations Reveal a Distinct Phenotype of Human
Dilated Cardiomyopathy (Dcm) with Increased Risk of Sudden Cardiac Death

DCM is one major cause for terminal heart failure ultimately leading to requirement
of cardiac transplantation, left ventricular assist devices, and/or sudden cardiac death.
Genetic variants cover more than 40 known genes with encoded proteins spanning a
large variety of different cellular compartments [3]. Truncating FLNC mutations (stop
or frameshift etc.) seem to be enriched in DCM patient cohorts compared to healthy
individuals, while the overall prevalence of FLNC variants only ranges from 1% to 4.5% in
different publications [4]. Interestingly, and consistent with other genetic variants found in
cardiomyopathy, FLNC variants found in human DCM do not come along with concomitant
myofibrillar myopathy. The group of Ortiz-Genga published an analysis in 2016, where
23 new truncating variants of FLNC were found in a DCM cohort and they reported that
these gene variants were all absent in more than 1000 individuals with HCM, indicating a
unique genotype phenotype correlation [19]. Surprisingly, all these patients showed no
filamin aggregates in cardiac immunohistological stainings, which normally denotes a
typical phenotypic feature of filamin associated MFM.

In their data set, FLNC-DCM phenotypes show marked LV-dilation and systolic
dysfunction, a high degree of myocardial fibrosis (assessed by CMR and biopsies) and
associated conduction abnormalities (i.e., T-Wave changes and low voltage QRS criteria in
ECG recordings). One might speculate that a high degree of myocardial fibrosis and the
observed conduction abnormalities in surface ECG could explain a significantly higher
risk for ventricular arrhythmias (>80%) and sudden cardiac death in FLNC mutation
carriers. Judging these typical findings, filaminopathies share some analogy to cardiac
laminopathies [20,21] and in particular to desmin-related cardiomyopathies [22]. Mutations
in the intermediate filament protein desmin can typically result in formation of large
protein aggregates and thereby are linked to dilated cardiomyopathy [23], restrictive
cardiomyopathy [24], arrhythmogenic right ventricular cardiomyopathy [25], and rarely
HCM [26].

In support of these concepts, Begay et al. reported similar findings in FLNC truncated
mutation carriers and their DCM cohort. They also speculated about a phenotypic RV
involvement (seen in around 38%) and excessive fibrosis deposition assessed by electron
microscopy pictures of RV-tissue. Moreover, they saw a biventricular myocardial fibro-fatty
infiltration and redistribution of cell-cell junction proteins, a feature that is also typically
seen in arrhythmogenic right ventricular cardiomyopathy (ARVC). These results also indi-
cate a potential phenotypic “overlap” of DCM and ARVC in some FLNC mutation carriers.
Since, unlike desminopathies, no protein aggregates were found in several studies, one
potential mechanism of truncated FLNC variants affecting cardiac phenotypes is believed
to be haploinsufficiency rather than storage myopathy, with reduced protein contents seen
in Western blot analysis of affected individuals [27]. Whereas this proposed haploinsuffi-
ciency seems to result in late onset DCM beyond the age of 40, biallelic FLNC mutations
(one missense (318 C > G), one stop gaining (2971 C > T)) were reported to potentially
cause severe congenital dilated cardiomyopathy requiring early heart transplantation [28].
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3. Filamin C Mutations in Arrhythmogenic Cardiomyopathy

Arrhythmogenic right ventricular cardiomyopathy (ARVC) is a genetic disorder that
is diagnosed by clinical criteria affecting mainly the right ventricle and the conduction
system [29,30]. In 50% of cases, the underlying genetic variant is known and mainly af-
fecting desmosomal genes (PKP2, DSP, JUP, DSG2 and DSC2), genes at the area composite
(CTNNA3, CDH2) and rarely non-desmosomal genes (DES, LMNA, PLN, RYR, TGFB3,
TTN, SCN5A, TMEM43) [31,32]. Mutation carriers show a fibro-fatty infiltration of right
ventricular myocardium and are affected by a high incidence of life-threatening arrhyth-
mias and sudden cardiac death as well as by progressive dilation and dysfunction of the
right ventricle itself [19,33,34]. Very recently, truncating FLNC variants were also linked to
patients fulfilling ARVC criteria and with excluded genetic variants in all common ARVC
genes [34]. Of note, truncating FLNC mutations seem to be a rather rare observation in
ARVC cohorts (1%). One described genetic variant was a loss of function mutation in exon
40, the other resulted in a FLNC frameshift in exon 48. Interestingly, immunohistological
analysis revealed altered desmosomal protein localizations but no protein aggregate accu-
mulation in mutation carriers. Although index patients showed no signs of left-ventricular
involvements, it remains unclear if these FLNC variants clearly are linked to an isolated
ARVC phenotype.

4. Missense Filamin C Mutations Can Result in Human Hypertrophic Cardiomyopathy

Hypertrophic cardiomyopathy (HCM) is also a genetic disorder mainly affecting
genes encoding for of sarcomeric proteins [3]. The disease is characterized by excessive
and sometimes asymmetric thickening of the myocardium in the absence of afterload
increasing conditions like arterial hypertension or valvular heart disease (i.e., aortic steno-
sis). Hypertrophic cardiomyopathy has an autosomal dominant inheritance with several
hundred mutations in more than 30 genes reported so far. MYH7, MYBPC, MYL3, TPM1,
and TNNT2 are the most frequently mutated genes, accounting for more than 70% of all
cases. FLNC missense mutations (mainly localized in the ROD2 domain important for
cell signaling and interaction to calsarcin, synaptopodin, and nexilin at the sarcomeric
z-disc; [4,35]) are believed to explain up to 10% of HCM phenotypes from patients in which
common mutations in main sarcomeric genes were excluded [36]. Unlike histological
findings in other cardiomyopathies, Valdes-Mas et al. also reported the formation of large
mutated filamin C protein aggregates (in patients in vivo and in cell culture expressing
mutated FLNC variants in vitro) as well as myofibril disarray and fibrosis, but again in
the absence of overt skeletal myopathy [36]. Comparable to clinical courses observed in
FLNC associated DCM and ARVC patients, HCM individuals and families expressing
FLNC missense mutations seemed to be more prone to ventricular arrhythmias and sudden
cardiac death. Mechanistically, it is speculated that, unlike truncating mutations in DCM
and ARVC, missense mutations lead to loss of function phenotypes in HCM, although the
precise consequences of FLNC missense mutations remain unexplained [36]. In a recent
screen in HCM cohorts, Gomez et al. revealed that most of the found FLNC variants were
associated with mild forms of HCM and showed reduced penetrance [37]. Beyond in
contrast, one has to take into account that various other publications did not observe an
excess of missense variants in HCM cohorts compared to controls, questioning the real
relevance of FLNC sequence variants in this particular cardiac disease [38,39].

5. Filamin C Mutations in Restrictive Cardiomyopathy (RCM)

Restrictive cardiomyopathy is a very rare primary cardiomyopathy, according to
current American Heart Association (AHA) classification, with a rather poor clinical prog-
nosis [40]. RCM is mainly characterized by impaired diastolic function and enlarged
cardiac atria, leading to diastolic heart failure, atrial fibrillation (AF), and valvular regurgi-
tation due to severe anular dilation. Few clearly inherited RCM forms are published, and
the underlying genetic mutations have only been rudimentarily characterized. Affected
genes include MYH7, alpha-actin, as well as troponin T (TNT) and troponin I (TNI) sub-
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units [41]. In 2017, Tucker et al. found a novel FLNC mutation in Exon 5 in a family of
RCM (pV2297M) resulting in diminished sarcomeric localization, but again without protein
aggregate formation [41]. In this publication, the authors speculate that like in HCM, rather
“loss of function” and not haploinsufficiency explains the phenotype of the assessed FLNC
genotype variants.

Overall, FLNC mutations can be also regarded as a potential target for newborn
genetic testing for myopathy and cardiomyopathy (known sequence variants related to
their phenotypes summarized in Figure 2) [42].

 

Figure 2. Summary of FLNC sequence variants in relation to disease phenotypes.
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6. Filamin C Mutations in Mitral Valve Prolapse Syndrome

Very recently, a novel truncating mutation of FLNC (c201G > A; pTrp34) has also been
linked to a special familiar form of arrhythmogenic bileaflet mitral valve prolapse syn-
drome (ABiMVPS) presenting with a combination of mitral-valve prolapse and associated
electrophysiological alterations [43]. This finding, although it describes only one family
pedigree, seems rather plausible since filamin A mutations have already been reported to
cause similar mitral valve pathologies [7].

This illustration summarizes the structure of FLNC, showing its two calponin ho-
mology and actin binding domains (ABD/CH1 and ABD/CH2), Ig-like domains 1–24.
Currently known mutations in FLNC gene are mapped to the protein structure and corre-
lated to the phenotype of various skeletal muscle myopathies (MFM, distal myopathy (DM)
and limb-girdle muscular dystrophy (LGMD)) on the left, whereas correlation with various
forms of human cardiomyopathy (ABiMVPS, DCM, HCM, ARVC, RCM) phenotypes are
displayed on the right (adapted from Mao et al. [7]).

7. Conclusions

Although it remains vague the precise mechanisms of how FLNC mutations and
subsequent protein alterations affect different and partially overlapping cardiac pheno-
types, it becomes increasingly clear that FLNC variants are found in and are associated
with various forms of human cardiomyopathies. In particular in DCM, RCM, and ARVC
cohorts, existing data suggests that FLNC mutations can affect cardiac phenotypes and even
indicate patients at increased risk. Comparable to human laminopathies or desminopathies,
filaminopathies seem to characterize a distinct group of electrically less stable cardiomy-
opathy patients. As FLNC mutations appear to predispose for arrhythmogenic events and
sudden cardiac death in several cardiomyopathy entities, FLNC mutation might be an
additional criteria for clinical decision making that favors early ICD implantation in car-
diomyopathy. In particular, since truncating variants of FLNC seem to be more frequently
found in patients with sudden cardiac death that FLNC variant carriers with missense mu-
tations, this emphasizes a potential need for genetic testing of individuals and families [35].
This is further supported by the notion that the complex genetic heterogeneity, including
resulting haploinsufficiency or loss of function variants, affects other phenotypic attributes
like chamber hypertrophy and dilation.

For a final judgement if FLNC sequence variants play a clear role in hypertrophic
cardiomyopathy, bigger cohorts have to be analyzed in detail and filaminopathies have to
be further characterized mechanistically.
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Abstract: Introduction: Cardiac involvement in patients with muscular dystrophy associated with
Lamin A/C mutations (LMNA) is characterized by atrioventricular conduction abnormalities and
life-threatening cardiac arrhythmias. Little is known about cardiac involvement in patients with
emerin mutation (EMD). The aim of our study was to describe and compare the prevalence and time
distribution of cardiac arrhythmias at extended follow-up. Patients and methods: 45 consecutive
patients affected by muscular dystrophy associated to laminopathy or emerinopathy were examined.
All patients underwent clinical evaluation, 12-lead surface electrocardiogram (ECG), 24 h electro-
cardiographic monitoring, and cardiac implanted device interrogation. Results: At the end of 11
(5.0–16.6) years of follow-up, 89% of the patients showed cardiac arrhythmias. The most prevalent
was atrial standstill (AS) (31%), followed by atrial fibrillation/flutter (AF/Afl) (29%) and ventricular
tachycardia (22%). EMD patients presented more frequently AF/AFl compared to LMNA (50% vs.
20%, p = 0.06). Half of the EMD patients presented with AS, whilst there was no occurrence of such
in the LMNA (p = 0.001). Ventricular arrhythmias were found in 60% of patients with laminopathy
compared to 3% in patients with emerinopathy (p < 0.001). The age of AVB occurrence was higher
in the LMNA group (32.8 +/− 10.6 vs. 25.1 +/− 9.1, p = 0.03). Conclusions: Atrial arrhythmias are
common findings in patients with muscular dystrophy associated with EMD/LMNA mutations;
however, they occurred earlier in EMD patients. Ventricular arrhythmias were very common (60%)
in LMNA and occurred definitely earlier compared to the EMD group.

Keywords: Emery–Dreifuss muscular dystrophy; LMNA; EMD; emerin; lamin A/C

1. Introduction

Laminopathies and emerinopathies are genetic disorders caused by mutations in
LMNA and EMD genes, respectively, encoding lamin A/C and emerin—ubiquitous pro-
teins of the nuclear envelope. Both conditions show a heterogenous clinical presentation
characterized by different neuromuscular and cardiac phenotypes. Cardiac involvement in
patients with muscular dystrophy associated with laminopathy is typically characterized
by atrioventricular conduction abnormalities, life-threatening cardiac arrhythmias, and
heart remodeling towards dilated or restrictive cardiomyopathy [1]. Little is still known
about cardiac involvement in patients with muscular dystrophy associated to emerinopathy.
Additionally, data regarding timing of specific arrhythmias occurrence are still insufficient.
The aim of our study was to describe and compare the prevalence and time distribution of
cardiac arrhythmias in patients with muscular dystrophies associated with emerinopathy
and laminopathy at extended follow-up.
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2. Materials and Methods

2.1. Study Design and Population

This single-center prospective observational study included 45 consecutive patients
affected by muscular dystrophy associated to laminopathy or emerinopathy admitted by
and followed up at the 1st Department of Cardiology, Medical University of Warsaw. The
study was approved by the Local Ethics Committee and was in accordance with the 1976
Declaration of Helsinki and its later amendments.

2.2. Study Protocol

Patients in the study underwent clinical evaluation, 12-lead surface electrocardiogram
(ECG), 24 h electrocardiographic monitoring, cardiac implanted device interrogation at
enrollment and every 12 months thereafter. Atrioventricular block (AVB) was assessed
from a resting 12-lead electrocardiography (ECG) based on PR interval and P waves to
QRS complexes relations. Atrial arrhythmias were collected from a resting ECG, Holter
monitoring, pacemaker (PM), and implantable cardioverter-defibrillator (ICD) interroga-
tion. Atrial arrhythmias were classified into supraventricular extra beats (SVEBs), atrial
tachycardia (AT) with P wave of other than sinus morphology and rate 100–250/min,
atrial flutter (AFl)—no P wave with F wave >250 min, and atrial fibrillation (AF)—no P
wave with f wave >350/min. Atrial standstill (AS) or so-called atrial paralysis with no
atrial activity was defined as no P, f, and F visible, confirmed by intracardiac electrograms.
Nodal (junctional) rhythm (NR) was defined as a regular heart rate <50/min with narrow
QRS complexes and no P waves preceding QRS complexes. Ventricular arrhythmias were
classified as ventricular extra beats (VEBs), non-sustained ventricular tachycardia (nsVT),
defined as ≥3 consecutive ventricular beats with a rate >120/min lasting <30 s, or sustained
ventricular tachycardia (VT), defined as ventricular beats of a rate >120/min lasting >30 s.

2.3. Outcomes

The primary endpoint was the prevalence and the onset-time of cardiac arrhythmias
among the study population.

2.4. Statistical Analysis

Distribution of continuous data was tested with the Kolmogorov–Smirnov and the
Shapiro–Wilk test. Normally distributed variables were expressed as mean ± standard
deviation (SD), whereas non-normal distributed ones as median (25th, 75th percentiles) and
interquartile range (IQR). Categorical variables were reported as numbers and percentages.
Differences between groups were compared using the Fisher exact test for categorical
variables and the Mann–Whitney U test for continuous and ordinal variables. A two-sided
p-value less than 0.05 was considered significant for all tests. All statistical analyses were
performed using SPSS software, version 22 (IBM SPSS Statistics 22, New York, NY, USA).

3. Results

The baseline clinical, electrocardiographic, and echocardiographic characteristics of
the study population are shown in Table 1. The study population included 30 patients
with Emery–Dreifuss Muscular Dystrophy (EDMD1) (mutation in EMD gene encoding
emerin) and 15 patients with muscular dystrophy associated with mutations in LMNA gene
encoding lamin A/C: 12 patients with EDMD2, 2 with LGMD, and 1 with LMNA-related
congenital muscular dystrophy (L-CMD). There were no significant differences in terms
of baseline characteristics with the exception of gender, where 73% of LMNA patients
were female and 80% of EMD were male (p < 0.001). All patients were free from other
cardiovascular risk factors, which may be explained by their relatively young age. The
median follow-up was 11 (5.0–16.6) years.
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Table 1. Baseline characteristics of the study population.

EMD Group
n = 30

LMNA Group
n = 15

p-Value

Age (years) 21.0 (15.25–30.0) 26.0 (18.0–33.0) NS
Female (%) 20 73 <0.001

BMI (kg/m2) 21.5 (19.4–25.2) 20.2 (17.3–25.1) NS
Sporadic/familial 13/17 9/6 NS

LVEDV (mL) 119 (90–169) 103 (86–125) NS
LAV (mL) 56.4 (47.8–73.3) 50.5 (38.5–63) 0.08
LVEF (%) 52 (48–58) 54 (48–58) NS

NTpro-BNP (pg/mL) 70 (44–102) 109 (54–347) NS
NYHA I-II (%) 0 20 0.08
NYHA III-IV 0 0 NS

BMI—body mass index; EMD—mutation in EMD gene; LAV—left atrial volume; LVEDV—left ventricle end-
diastolic volume; LVEF—left ventricle ejection fraction; LMNA—mutation in LMNA gene; NS – not significant;
NTpro-BNP—N-terminal pro hormone B-type natriuretic peptide; NYHA—New York Heart Association class.

3.1. Cardiac Arrhythmias at Inclusion

The mean age of the study population at first cardiac evaluation was 24.9 +/− 12 years.
At the first electrocardiographic evaluation, 84% (n: 38) of patients showed sinus rhythm
and 16% (n: 7) junctional rhythm. This was more common in the EMD group, although
the difference was not statistically significant (20% vs. 6.7%; p = 0.4). Forty percent (n: 18)
experienced AF or AFl at the first evaluation. An increasing trend in AF/AFl prevalence
in the EMD group was shown (50% vs. 20%, p = 0.06). AS was shown in 7% of the study
population (n: 3), and all of them were patients with emerinopathy. AVB were present
in 58% of the study population, in particular the first-degree AVB in 11% (n: 5), second-
degree AVB in 24% (n: 11), and third-degree in 22% (n: 10). No significant differences
between EMD and LMNA were found (Table 2). In 13% of patients (6/45) VEBs were
present in Holter monitoring, wherein 2/30 were from the EMD group and 4/15 from the
LMNA group, respectively. No patients presented nsVT or VT at initial evaluation. The
occurrence of different arrhythmias and conduction disturbances at first cardiac evaluation
are presented in Table 2 and Figure 1.

Table 2. Differences in arrhythmias occurrence at initial evaluation.

Total Group
(n = 45)

EMD Group
(n = 30)

LMNA Group
(n = 15)

p-Value

SR, % (n) 84.4 (38) 80 (24) 93 (14) 0.40
NR, % (n) 15.6 (7) 20 (6) 6.7 (1) 0.40
AT, % (n) 24.4 (11) 16.7 (5) 40 (6) 0.14
AF, % (n) 28.9 (13) 33.3 (10) 20 (3) 0.49
AFl, % (n) 17.8 (8) 23.3 (7) 6.7 (1) 0.24
AS, % (n) 6.7 (3) 10 (3) 0 (0) 0.54

AVB 1st degree,
% (n) 11.1 (5) 10 (3) 13.3 (2) 1.00

AVB 2nd degree,
% (n) 24.4 (11) 20 (6) 33.3 (5) 0.46

AVB 3rd degree,
% (n) 22.2 (10) 26.7 (8) 13.3 (2) 0.46

SVEBs, % (n) 37.8 (17) 36.7 (11) 40 (6) 1.00
VEBs, % (n) 13.3 (6) 6.7 (2) 26.7 (4) 0.16
nsVT, % (n) 0 (0) 0 (0) 0 (0) -

VT, % (n) 0 (0) 0 (0) 0 (0) -
AF—atrial fibrillation; AFl—atrial flutter; AS—atrial standstill; AT—atrial tachycardia; AVB—atrio-ventricular
block; EMD—mutation in EMD gene; LMNA—mutation in LMNA gene; NR—nodal rhythm; nsVT—non-
sustained ventricular tachycardia; SR—sinus rhythm; SVEBs—supraventricular extra beats; VEBs—ventricular
extra beats; VT—ventricular tachycardia.
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Figure 1. Cardiac arrhythmias at first evaluation. (A) Patients with mutation in EMD gene. (B) Patients with muta-
tion in LMNA gene. AF—atrial fibrillation; AFl—A=atrial flutter; AS—atrial standstill; AVB—atrio-ventricular block;
EMD—mutation in EMD gene; LMNA—mutation in LMNA gene; NR—noDAL RHYTHM; SR—SINUS rhythm; SVEBs—
supraventricular extra beats; VEBs—ventricular extra beats.

3.2. Prevalence of Atrial Arrhythmias at Follow-Up

The mean age at the end of follow-up was 36.3 +/− 14.4 years. The prevalence of
atrial arrhythmias at the end of follow-up is presented in Table 3. Only 22% of patients
(n: 10) remained free from the sustained supraventricular arrhythmias or AS. One-third
of patients with laminopathy and one-fourth with emerinopathy had AF/AFl. Almost
half of the EMD group (n: 14) presented with AS, which did not occur in any patient from
the LMNA group (p 0.001). Seventy-six percent of EMD patients needed PM implantation,
while the percentage of PM implantation in the LMNA group was 47% (p 0.09). Half of the
patients presented with SVEBS. The details are shown in Table 3.
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Table 3. Occurrence of atrial and ventricular arrhythmias at the end of follow-up.

Total Group (n = 45) EMD (n = 30) LMNA (n = 15) p-Value

SVEBs, % (n) 48.9 (22) 46.7 (14) 53.3 (8) 0.76
AT only, % (n) 17.8 (8) 10 (3) 33.3 (5) 0.10

AF/Afl only, % (n) 28.9 (13) 26.7 (8) 33.3 (5) 0.73
AS only, % (n) 31.1 (14) 46.7 (14) 0 (0) 0.001

No AT/AF/AFl/AS, % (n) 22.2 (10) 16.7 (5) 33.3 (5) 0.26
VEBs, % (n) 40 (18) 30 (9) 60 (9) 0.11

VEBs couplets, % (n) 22.2 (10) 13.3 (4) 40 (6) 0.06
nsVT, % (n) 22.2 (10) 3.3 (1) 60 (9) <0.001

VT, % (n) 8.9 (4) 6.7 (2) 13.3 (2) 0.59
nsVT/VT, % (n) 24.4 (11) 6.7 (2) 60 (9) <0.001

PM implantation, % (n) 66.7 (30) 76.7 (23) 46.7 (7) 0.09
ICD implantation, % (n) 22,2 (10) 3,3 (1) 60 (9) <0.001

AF—atrial fibrillation; AFl—atrial flutter; AS—atrial standstill; AT—atrial tachycardia; EMD—mutation in EMD
gene; ICD—implantable cardioverter-defibrillator; LMNA—mutation in LMNA gene; nsVT—non-sustained
ventricular tachycardia; PM—pacemaker; SVEBs—supraventricular extra beats; VEBs—ventricular extra beats;
VT—ventricular tachycardia.

3.3. Prevalence of Ventricular Arrhythmias at Follow-Up

One-fourth of patients presented with nsVT—a potential risk factor for sudden cardiac
death—and had an implantable cardioverter-defibrillator (ICD) implanted. Apart from
ventricular arrhythmias being more frequent in laminopathies, more differences in terms of
ventricular arrhythmias between patients from the EMD and LMNA groups were observed.
nsVT was present in as much as 60% (n: 9) of LMNA patients, while only 3% of EMD
patients (n: 1) had nsVT (p < 0.001). Moreover, premature ventricular complexes (PVCs) or
PVC couplets (considered as more benign arrhythmias), already present at initial evaluation,
finally occurred in 60% (n: 9) of patients with laminopathy and in 30% (n: 9) of patients
with emerinopathy. Since ventricular arrhythmias occurred more frequently in the LMNA
group, the number of implanted ICD devices was accordingly higher in these patients
(p < 0.001). Ventricular arrhythmias occurrence is shown in Table 3.

3.4. Timing of Arrhythmia’s Occurrence

Furthermore, the time of the arrhythmia’s occurrence was analyzed, including the
evaluation on the differences between EMD and LMNA cohorts, and are depicted in
Figures 2 and 3. In our group, the age of AVB occurrence was relatively higher in patients
with laminopathy (32.8 +/− 10.6 vs. 25.1 +/− 9.1, p = 0.03). Difference in the age of AF/AFl
onset (31.8 +/− 3.9 vs. 24.2 +/− 10.4, p = 0.053) for LMNA and EMD patients, respectively,
was close to significant. As for ventricular arrhythmias, patients with emerinopathy were
generally older at the time of first occurrence, although the differences did not reach
statistical significance.

In all patients with emerinopathy evident clinical signs of skeletal muscle involvement,
typically seen in the first decade of life, preceded cardiac symptoms, which occurred at
the end of the second decade or slightly later. However, this was not true for patients with
laminopathy, as in some of them cardiac arrhythmia was the first health problem, being the
reason to seek medical advice. Only further detailed neurological assessment led to final
diagnosis of skeletal muscle laminopathy.
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Figure 2. Age distribution of the occurrence of cardiac arrhythmias. (A) AVB – atrio-ventricular block.
(B) AF/AFl Atrial fibrillation and atrial flutter. (C) nsVT/VT Non-sustained ventricular tachycardia
and ventricular tachycardia. AF—atrial fibrillation; AFl—atrial flutter; AVB—atrio-ventricular block;
EMD—mutation in EMD gene; LMNA—mutation in LMNA gene; nsVT—non-sustained ventricular
tachycardia; VT—ventricular tachycardia.
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Figure 3. Timeline of arrhythmic events and interventions for both EMD and LMNA patients. The position of the bar on the
line corresponds to the mean age of event occurrence. The percentage below shows the frequency of the event. AF—atrial
fibrillation; AVB—atrio-ventricular block; EMD—mutation in EMD gene; ICD—implantable cardioverter-defibrillator;
LMNA—mutation in LMNA gene; nsVT—non-sustained ventricular tachycardia; PM—pacemaker.

4. Discussion

Several muscular dystrophies manifest in cardiac involvement. Knowledge of the
incidence and timeline of occurrence of different arrhythmias may be crucial for cardiac
screening, as well as thromboembolic and SCD risk assessment. In the most common
X-linked muscular dystrophinopathies, Duchenne (DMD) and Becker (BMD) muscular
dystrophy, dilated cardiomyopathy (DCM) precedes appearance of severe cardiac arrhyth-
mias in a typical scenario. The time course of cardiac dysfunction in DMD is fairly well
predictable [2]. Muscular dystrophies associated with laminopathies belong to the group
of ultra-rare diseases (incidence of 0.39 per 100,000) [3]. Thus, the natural course of arrhyth-
mias is more difficult to establish due to smaller groups of patients available for observation.
More and more studies concerning LMNA-positive patients are being conducted [4,5]. In
the muscular dystrophies due to laminopathies the risk of arrhythmias increases with age
(the penetrance of LMNA mutations is almost complete for cardiac phenotype), but their
occurrence may be different in patients with emerinopathy and laminopathy. Early cardiac
involvement in laminopathies is usually characterized by a prolonged PR interval, which
may progress to advanced AVB and is explained by gradual replacement of myocardium
by fibrous and adipose tissue [6,7]. Several hypotheses have been proposed to explain
the problem of cardiac phenotype variability in patients with mutated LMNA or EMD
genes [8,9]. It has been suggested that in EMD peripheral muscle manifestation usually
occurs before cardiac symptoms [9]. There is a fair amount of data concerning differences
in peripheral muscle involvement including the results from microscopic examinations
of the muscle biopsies [10,11]. In addition, previous papers suggested that patients with
laminopathy and neuromuscular presentation had an earlier and more advanced cardiac
involvement [12,13]. However, none provided a direct comparison of cardiac involvement
in EMD and LMNA in a considerable cohort and extended follow-up yet.

In our study atrioventricular conduction abnormalities typical for laminopathies
were already present at the first cardiac screening. As many as 14% of patients had
junctional escape rhythm in ECG tracings. According to guidelines, in patients with
muscular dystrophy associated with EMD mutations, early implantation of the PM may
be justified, while in laminopathy, primary prevention of SCD should be realized by ICD
implantation [14]. In 44% of our cohort first cardiac evaluation ends up with the decision
of PM implantation. Interestingly, during follow-up, AVB occurred significantly earlier in
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patients with emerinopathy (usually in the second or third decade of life), while the time of
its distribution in laminopathy was more spread over the decades (Figures 2 and 3). This
discovery might be consistent with the findings of Hong et al. [15]. They described three
cases, among them two EMD and one LMNA patient presented with AS and junctional
nodal rhythm, although the LMNA patient was in the fourth decade, while EMD patients
were in the second decade of their lives. In a cohort of 79 Norwegian LMNA DCM patients
and asymptomatic family members, 72% presented with AVB and 37% were PM-dependent
at the end of the follow-up [16]. The need for pacing in EDMD patients was previously
described in a paper by Steckiewicz et al. [17], where most of the patients were implanted
with a PM and one with an ICD. Of 41 of patients with laminopathy and skeletal muscle
involvement described in the paper by Bonne et al., 23 had arrhythmias, 6 were implanted
with a PM, and 1 with an ICD, but no more details were provided [10]. In van Berlo’s meta-
analysis 28% of patients with laminopathy received a PM [4]. Little is known about cardiac
resynchronization therapy (CRT) applied in EDMD patients. In one of the biggest cohorts
of LMNA patients with a neuromuscular onset [12] only two patients were implanted with
CRT-D in primary prevention. In our group only one patient with LMNA, low ejection
fraction, and symptomatic heart failure was implanted with CRT-D. These low numbers
are probably due to preserved systolic function and no signs of heart failure at the time of
the occurrence of severe atrio-ventricular conduction disturbances. This is particularly true
for EMD. In LMNA there is probably more room for CRT, which should be considered in
patients with signs of cardiomyopathy, especially when ICD is needed for SCD prevention
and the CRT-D device may be implanted.

Several longitudinal studies suggested that AF and AFl are the most frequent cardiac
arrhythmias in laminopathies [18]. Many patients at first cardiac evaluation already had
supraventricular arrythmias present, which may suggest that they are low-symptomatic at
early stage of the disease [17]. On the contrary, especially in case of AF and AFl, young
patients in the general population usually develop symptoms of arrhythmia. In the EMD
group the onset of AF and AFl occurred in the second or third decade of life in the majority
of patients. This is uncommon for any other muscular dystrophy. In the LMNA group the
prevalence of this arrhythmia was less frequent yet still significant, and the mean age of
the occurrence was higher in comparison to the EMD group. Nevertheless, the patients
were relatively young (mean age 32). Realizing the early occurrence of asymptomatic AF
patients with emerinopathy and laminopathy may be of great importance due to elevated
thromboembolic risk (even without symptoms of AF) and emphasizes the necessity of
early cardiac screening. The AS phenomenon, described as pathognomonic for EMD
patients [18,19], was present at the first screening in only 7% of our patients. Interestingly,
at the end of follow-up one-third of patients from the LMNA group developed AF, one-
third AT, yet no patient had AS. In the EDM group the prevalence of supraventricular
arrhythmias was even higher with half of the patients with AS and one-fourth with
AF/AFl, all together 10% presented with AT. The mean age when AS had been confirmed
was 34 years. The third and fourth decade of life used to be considered typical for the onset
of atrial arrythmias in EDMD. In a paper by Bialer et al. affected patients younger than
20 years old did not present any ECG changes, while all affected men at the age of 35 years
or older already had arrhythmias [20]. Boriani et al. [21] described 18 EDMD patients,
both with emerinopathy (10) and laminopathy (8). Sixty-one percent (n: 11) experienced
AF/Afl during follow-up. Forty-five percent (n: 5) of those who had AF/AFl subsequently
developed AS. AF/AFl were present in both EMD and LMNA groups, irrespectively of
severity of muscle involvement. In our group 78% of all EDMD patients presented either
AF, AFl, AT, or AS at the end of follow-up. Our research suggests a significant difference
in the time of occurrence of atrial arrhythmias in laminopathic patients with different
genetic background.

Patients with laminopathies are at risk of SCD. This phenomenon is present in LMNA
patients with both EDMD2, LGMD, and pure DCM without any peripheral muscle involve-
ment [1,22,23]. There are dedicated risk calculators to assess the SCD risk in LMNA-positive
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subjects [24,25]. Several risk factors for malignant ventricular arrhythmias have also been
identified. According to van Rijsingen et al. [26] the following four are the most important
ones: male gender, nonsense mutation (ins- del/truncating or mutations affecting splicing),
left ventricle ejection fraction (LVEF) <45% at first medical contact, and presence of nsVT.
Among our cohort of 15 LMNA patients there were 4 male patients, 2 with non-sense muta-
tion, 5 with decreased LVEF (<45%), and 9 patients presented with nsVT. This translates
into five LMNA patients with no risk factors, four with one, and six with two or more. One
LMNA and one EMD patient were implanted with ICD in secondary prevention, while the
other eight LMNA in primary prevention. Although VT in patients with EMD mutation
who had ICD implanted was previously described [27,28], the frequency of this form of
arrhythmia in emerinopathy is not fully defined. The only one EMD patient implanted
with ICD in our cohort had a reduced LVEF, while in LMNA ventricular arrythmias were
present in patients with both reduced (5/15) and preserved LVEF (4/15). This may be
an argument for a thesis that ventricular arrhythmias may precede systolic dysfunction
in the LMNA group, which was not described in the EMD group. In patients from the
LMNA group ventricular arrhythmias occurred in the third and fourth decade of life, while
in the EMD group it was postponed above age fifty. One-fourth of all LMNA patients
with muscular involvement presented significant ventricular arrhythmias, although in the
laminopathy subgroup its prevalence was as high as 60%.

Limitation of the study. Follow-up depended on patients’ age at first presentation.
Some patients have been available since childhood, while others had their first consultation
in adulthood. Therefore, the precise determination of the onset, type and severity of
skeletal muscle symptoms, and sequence of cardiac and muscle involvement were difficult
to establish. Frequency of the follow-up was not the same in all patients due to various
adherence to medical recommendations resulting from disability and social circumstances.

The purpose of the current study was to analyze the occurrence of arrythmias in
a Polish cohort of patients with laminopathy and emerinopathy, both coexisting with
peripheral muscle involvement. Atrial arrhythmias were the most common arrhythmia in
this group. In the EMD group it occurred first usually in the second or third decade of life.
In the LMNA group it seemed to occur later. At the end of follow-up only 22% of patients
were free of either AF, Afl, AT, or AS. AS did not occur in the patients with LMNA mutation
from our cohort. Many patients with laminopathies presented with AVB early in the course
of the disease. In EMD patients it occurred significantly earlier than in LMNA patients, in
whom time distribution was more spread over the years. Two-thirds of patients ended up
with a pacemaker at the end of follow-up. Ventricular arrhythmias were very common
among patients from the LMNA group and occurred definitely earlier compared to the
patients from the EMD group, whereas no significant ventricular arrhythmias occurred
before the age of 50. The difference in cardiac arrhythmias occurrence in LMNA and EMD
groups indicates a need for precise genetic diagnosis amongst patients with muscular
dystrophy. On the other hand, atrioventricular conduction abnormalities and/or early
onset of atrial arrhythmia may be a red flag to search for laminopathy in otherwise healthy
young patients without any known previous neurologic diagnosis [29,30]. Does arrythmia
burden in neuromuscular dystrophies contribute to the risk of clinical events? This is a
question for future research.
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mechanical and electrical dysfunction in patient with Emery-Dreifuss muscular dystrophy reason of change in electrotherapeutical
approach: Frequent result of rare disease. Kardiol. Pol. 2013, 71, 406–409. [CrossRef] [PubMed]

20. Bialer, M.G.; McDaniel, N.L.; E Kelly, T. Progression of cardiac disease in Emery-Dreifuss muscular dystrophy. Clin. Cardiol. 1991,
14, 411–416. [CrossRef]

21. Boriani, G.; Gallina, M.; Merlini, L.; Bonne, G.; Toniolo, D.; Amati, S.; Biffi, M.; Martignani, C.; Frabetti, L.; Bonvicini, M.;
et al. Clinical relevance of atrial fibrillation/flutter, stroke, pacemaker implant, and heart failure in Emery-Dreifuss muscular
dystrophy: A long-term longitudinal study. Stroke 2003, 34, 901–908. [CrossRef]

22. Sakata, K.; Shimizu, M.; Ino, H.; Yamaguchi, M.; Terai, H.; Fujino, N.; Hayashi, K.; Kaneda, T.; Inoue, M.; Oda, Y.; et al. High
Incidence of Sudden Cardiac Death With Conduction Disturbances and Atrial Cardiomyopathy Caused by a Nonsense Mutation
in the STA Gene. Circulation 2005, 111, 3352–3358. [CrossRef] [PubMed]
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Abstract: The so-called Brugada syndrome (BS), first called precordial early repolarization syndrome
(PERS), is characterized by the association of a fascinating electrocardiographic pattern, namely an
aspect resembling right bundle branch block with a coved and sometime upsloping ST segment
elevation in the precordial leads, and major ventricular arrhythmic events that could rarely lead to
sudden death. Its electrogenesis has been related to a conduction delay mostly, but not only, located
on the right ventricular outflow tract (RVOT), probably due to a progressive fibrosis of the conduction
system. Many tests have been proposed to identify people at risk of sudden death and, among all,
ajmaline challenge, thanks to its ability to enhance latent conduction defects, became so popular, even
if its role is still controversial as it is neither specific nor sensitive enough to guide further invasive
investigations and managements. Interestingly, a type 1 pattern has also been induced in many
other cardiac diseases or systemic diseases with a cardiac involvement, such as long QT syndrome
(LQTS), arrhythmogenic right ventricular cardiomyopathy (ARVC), hypertrophic cardiomyopathy
(HCM) and myotonic dystrophy, without any clear arrhythmic risk profile. Evidence-based studies
clearly showed that a positive ajmaline test does not provide any additional information on the
risk stratification for major ventricular arrhythmic events on asymptomatic individuals with a
non-diagnostic Brugada ECG pattern.

Keywords: ajmaline challenge; Brugada syndrome; early repolarization syndrome; arrhythmogenic
right ventricular cardiomyopathy; long QT syndrome; hypertrophic cardiomyopathy

1. Introduction

The so-called Brugada syndrome (BS), initially called precordial early repolarization
syndrome (PERS) [1,2], is mainly characterized by an aspect resembling right bundle branch
block, with a coved and sometime upsloping ST segment elevation in the precordial leads
(defined as type 1 and 2 patterns) (Figure 1). This electrocardiogram (ECG) has a frequent
dynamic behavior, changing from a normal trace to the two types. This ECG pattern that
has historically been described as a benign entity [3] has been later rarely associated with
arrhythmic cardiac death, and this association has become a popular syndrome nowadays
described in more than 5000 papers. The first reports of PERS in a healthy young man [1,2],
resuscitated from sudden cardiac death (SCD), was published early in 1988–1989 by Andrea
Nava and Bortolo Martini, but became popular a few years later with a different name [4].
Since those old years, many efforts have been made to understand the pathophysiology
of this strange ECG (depolarization or repolarization abnormality?), and to identify a
correct risk stratification for the affected population. There is robust evidence that the true

J. Clin. Med. 2021, 10, 1025. https://doi.org/10.3390/jcm10051025 https://www.mdpi.com/journal/jcm
22



J. Clin. Med. 2021, 10, 1025

syndrome, namely the association of a major arrhythmic event and the mentioned ECG
pattern, is so rare, but the same cannot be said for the ECG pattern alone. It is noteworthy
that many other cardiac or extracardiac conditions, called phenocopies, may share this
electrocardiographic pattern [5] but their arrhythmic risk is still unknown, also if they
often induce a lot of fear (Brugadaphobia), and an unjustified complex diagnostic and
therapeutic management. There has been a rush in medical literature to publish additional
patterns to the spontaneous ECG, which could indicate and multiplicate people at risk,
but unfortunately at present time, nobody has identified the gold standard, and all this
literature is probably nothing more than an anecdotal collection. This paper will discuss,
among all the available diagnostic tools, the drug inducible type 1 pattern whose specificity
and role in the risk stratification are so controversial, with more doubts than confidences.

Figure 1. Electrocardiograms (ECGs) showing the precordial leads (V1–V6) of two different patients
respectively with a predominant spontaneous type 1 pattern and terminal QRS fragmentations (a)
and a type 2 pattern (b).
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2. The ECG Patterns

In the worldwide literature, there is an insistent confusion between a syndrome and
an ECG pattern alone. A syndrome is the association between symptoms and signs, but the
isolated detection of an abnormal ECG does not authorize anybody to make a diagnosis
of a lethal condition that is an act that may only induce a severe psychiatric illness in
many healthy young people. The true syndrome is so rare, while the isolated type 1 ECG
pattern can probably be found in 1 out of thousand people, with the highest prevalence
among the Asian population, and type 2 and 3 in up to 3% of healthy people in many
reports (Figure 1). A major event can however yearly occur respectively in 0.38 and 0.06%
of spontaneous and drug-induced type 1 pattern [6], values like the yearly rate of sudden
death in the general population (0.1%).

There is not a typical ECG of the syndrome, that can vary over time, but there is an
ECG pattern (defined as type 1), which is more frequent in the true cases of the syndrome.
A popular classification in three types, however, does not have a scientific basis as it was
only the description of the dynamic behaviour in one single patient [7]. This classification
(whence type 3 has now been erased), and the recording of the precordial leads in the
upper intercostal spaces has been severely abused. Asymptomatic healthy individuals
incidentally found (both spontaneously or drug related) to have one of these three patterns
have (and are) been submitted to invasive studies and therapies. Type 1 ECG is indeed
a fascinating pattern, that in the true syndromes is more frequently associated to other
features, such as a major familial incidence, genetic abnormalities, QRS fractioning, PR
interval prolongation, left axis deviation, abnormal electrophysiological investigations,
and presence of late potentials, are frequently found in patients with the syndrome [8], but
all these findings do not reach enough statistic power to establish any serious evidence-
based guideline.

3. The Pathophysiological Basis of the Coved Type ECG Pattern

This topic has been the subject of a heavy debate as this pattern, whether inducible
or spontaneous, is still poorly understood as well as its prognostic value. Many theories
have been proposed, but two major hypotheses have been debated: an organic disease [1,2]
vs. a functional abnormality [4]. The first one suggested a conduction delay at the right
ventricular outflow tract (RVOT) level as the origin of the ECG pattern and this was retained
part of some right ventricular cardiomyopathy as demonstrated by old necropsy study and
confirmed by different authors [8–11]. The disease mainly involves the conduction system
(that explains the right bundle branch block (RBBB) pattern, the PR prolongation, the left
axis deviation, and the presence of late potentials), and is probably closer to Lev-Lenegre
disease (same SCN5A genetic abnormality and fibrosis of the conduction system) than to
the typical right ventricular cardiomyopathy (ARVC), that has usually different clinical
and genetic findings. The ST elevation is a depolarization, rather than a repolarization
abnormality, probably reflecting a lesion of the Purkinje network at the RVOT that could
also have some embryologic origin [12]. The functional theory instead, proposed that a
difference in the action potentials between epicardium and endocardium, (due to ionic
channels abnormalities) gives origin to the ECG [13,14]. The organic theory was initially
refused [15] and a greater attention was devoted to the functional one that has recently
almost been abandoned [16,17]. A re-writing of the controversial history of this syndrome
has then been re-proposed [18].

4. The Drug Inducible “Brugadophobic” ECG

The syndrome is still retained as one of the leading causes of sudden death and
many efforts are made to identify latent asymptomatic carriers at risk. Many tests have
been proposed including high precordial recordings, full stomach test, genetic research,
signal averaged ECG, vectorcardiography, t-wave alternans, echocardiogram, cardiac
magnetic resonance imaging, electrophysiological study, and electroanatomic mapping,
but no-one reached enough statistical relevance. Over time, many drug tests have become
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extremely popular, even if after the occasional identification of a spontaneous type 1 ECG,
or maybe a doubtful type 2 or even 3, converted to a type 1 with a pharmacological
challenge, a Pandora’s box is sometimes opened. Nowadays, up to 70% of people (mostly
asymptomatic) in whom a diagnosis of BS or pattern is made, have been diagnosed by a
drug test, performed after a suspicious basal ECG, which only contribute to the creation of
the “Brugadophobia”, proposed by Sami Viskin.

Ajmaline is an alkaloid derived from Rauwolfia Serpentina and its effect on cardiac
electrogenesis is mediated by the class 1a anti-arrhythmic properties and the ability to
induce or enhance a conduction delay [19]. Specifically, an intravenous administration of
ajmaline could induce a prolongation of AH and HV intervals, a widening of QRS duration
and transient AV blocks [20,21]. Like ajmaline, other antiarrhythmic drugs, particularly
class 1c Flecainide, could induce similar abnormalities and are widely used when ajmaline
is not available. A similar pattern could also be induced by other cardiological and non-
cardiological drugs [22], but this effect is usually due to high or toxic dosages and, at
present time, the popular classification of drugs to be avoided is mostly based on their
toxic effects and not on a dangerous use of common dosages [23].

The problem is why ajmaline, flecainide, and the others induce a RVOT delay in
many subjects either asymptomatic (up to 5% of normal population treated with flecainide
for supraventricular tachycardia, in our experience), or symptomatic with a normal o
mildly abnormal ECG. According to Durrer, if we consider the normal activation of the
heart, the latest activated portion of the myocardium is the posterior-basal region and
the pulmonary conus (RVOT) with different degrees among individuals [24] (Figure 2).
Thus, the administration of these drugs could induce or enhance three major conduction
delays: a prolongation of HV interval, a right bundle branch block, and a delay at the
RVOT-Purkinje system, with the effect of creating an upsloping coved ST segment on
the right precordial leads (Type 1) and a vectorcardiographic pattern of upper-posterior
terminal QRS delay (Figure 3). The widespread use of these tests is however not totally safe
and major ventricular arrhythmias and electromechanical dissociation have been described.

Figure 2. The vectorcardiographic trace of a patient with a spontaneous type 1 pattern. Here,
are represented three main loops that indicate the direction of the ventricular activation along
three different planes (sagittal, frontal, and horizontal). A right upper-posterior delay is showed,
which denotes a late activated portion of the myocardium is the posterior-basal region and the
pulmonary conus consistent with a right end conduction disturbance at the right ventricular outflow
tract (RVOT).
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The use of ajmaline introduced by Brugada [25], the flecainide test, and other drugs
challenges have different protocols. In Western countries, ajmaline (0.7 mg/kg in 5 min),
flecainide (2 mg/kg over 10 min), procainamide (10 mg/kg over 10 min), and propafenone
are used. In Japan, pilsicainide, which is a pure Na+-channel blocker and a class Ic
drug in the Vaughan Williams classification, is usually administrated intravenously at
0.1–1 mg/kg over 10 min. (total 1 mg/kg). No evidence-based differences have been
clearly documented between them [26]. Ajmaline was associated to more inducibility of
the type 1 pattern compared to procainamide, but no additional prognostic information has
been provided, while the pilsicainide challenge showed a major incidence of ventricular
arrhythmias, without benefits [27,28]. Despite their diffuse availability and relatively
safe profile, major ventricular arrhythmias and electromechanical dissociation have been
described as compliances [28–30].

Figure 3. Signal-averaged electrocardiogram (SAECG) of a patient before and after the administration of flecainide. The
upper part of the figure shows the baseline ECG and its SAECG trace and no late potentials can be seen. The lower part
of the figure belongs to the same patient after the infusion of flecainide: a coved type pattern appears and positive late
potentials are induced.

Their use to elicit the type 1 ECG pattern is quite sensitive in people with some
precordial r1-ST abnormalities but so poorly specific for a clinical syndrome, with a limited
predictive value. Unfortunately, the recognition that sodium channel blockers temporarily
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induce type 1 pattern has let the uncontrolled use of these drugs to unravel the diagnostic
ECG; the medical community embraced these new diagnostic tests and at present time,
most of the clinical series include asymptomatic people with a drug inducible type 1 ECG,
who do not have any syndrome unless proven [31]. As reported by Viskin et al., in Europe,
70% of asymptomatic patients have been diagnosed after a positive ajmaline test, while
one of the major reasons for Implantable Cardioverter Defibrillator (ICD) implantation
for BS is a positive ajmaline test followed by an inducible ventricular fibrillation (VF) on
electrophysiologic studies [31].

The worldwide prevalence of a drug induced type 1 ECG is quite high. It could be
elicited in up to 50% of Italian and in 85% of German and French healthy asymptomatic
individuals with a type 2 or 3 pattern [32–34]. Other series reported a positive response to
the Na+-channel blocker in 28% of healthy people with a normal baseline ECG and in 2%
of people evaluated solely for syncope of unknown origin [35].

The drug induced coved type pattern also showed a good prognosis, as Shimitzu
calculated a yearly risk of lethal events of 0.2% [35]. In another analysis performed by
Viskin, the risk of a spontaneous VF on asymptomatic patients was only 0.3% per year [36].
A low rate of arrhythmic events was also reported by many other series [37,38], while only
a spontaneous coved type pattern seemed to be linked to an increased risk profile [39]. In a
more recent metanalysis, Delise calculated a 0.06% annual incidence of lethal events [6].

Other different studies evaluated the role of these drug challenges on the screening of
families affected by the syndrome, reporting a low correlation with Sodium Voltage-gated
Channel Alpha Subunit 5 (SCN5A) gene abnormalities. It is noteworthy that there were
more positive tests in asymptomatic subjects than in symptomatic or familial cases, which
raises scientific, ethical, and legal questions on these, sometime unsafe, challenges [40–43].
In these and other published studies, severe limitations were noted because of the low
prevalence of the true syndrome, the low event rate, and the short follow up period. The
linkage with genetic abnormalities has now been retracted: Brugada initially proposed
a 100% correlation between SCN5A carriers and the spontaneous or drug inducible ECG
pattern, but this assumption was not confirmed, and Priori demonstrated that the test
might be negative in as many as 80% of asymptomatic gene carriers [44]. Nobody denied
that patients with a drug-induced Brugada-type ECG have a poor prognosis if they also
have a history of VF or aborted sudden cardiac death, because the risk of a drug induced
Brugada-type ECG is the same as that of a spontaneous Brugada-type ECG [45].

Many concerns raised regarding the invasive electrophysiological study with cardiac
stimulation following intra venous injection of the above-mentioned drugs; this can surely
increase the number of positive subjects but with a lack in specificity. In recent years,
ajmaline has been widely used during epicardial ablation to identify all the areas with a
latent conduction disturbance, where to perform extensive ablation. This experimental
procedure deserves cautions as there is not consensus in its wide implementation especially
in the asymptomatic people submitted to this major invasive procedure.

Ajmaline is not specific for BS, and the type 1 pattern was sometimes induced in
patients with long QT syndrome (LQT3), but no prognostic values were detected [46].
Patients with ARVC may have similar features (Figure 4). Peters et al. performed the
ajmaline challenge on 55 people with a definite diagnosis of ARVC, and 9 of them showed
a type 1 pattern [47]. The same author performed the ajmaline test again on 106 patients,
17 of which showed a coved type feature; they were older, mostly of female gender, and
symptomatic for syncope [48]. It is of interest that the group of people with a provokable
Brugada phenomenon had a low risk of ventricular arrhythmias on follow up, but a higher
risk of developing a conduction disease (high degree of atrioventricular block and sinoatrial
block) [49].

Ajmaline may disclose the presence of epsilon waves and QRS fragmentation [50,51],
like ECG traces in ARVC. This does not mean that BS and ARVC are the same entity but
that both can share some RVOT structural abnormalities and consequent similar ECG
abnormalities [51].
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A positive flecainide testing was also provided in a family (seven members) with
an alpha-tropomyosin-induced hypertrophic cardiomyopathy with a very high risk of
sudden cardiac death and in 18% of patients affected by myotonic dystrophy and minor
ECG anomalies [52–54]. Nevertheless, caution should be taken that alpha-tropomyosin
gene missense mutation is for certain the cause of a novel overlapping entity with hy-
pertrophic cardiomyopathy and BS. It must be stated that BS may not always be an ion
channel dysfunction but may also originate from a myofilament dysfunction that alters
Ca2+ signaling [53].

Figure 4. Two 12 leads ECGs of a patient with a familial form of ARVC before (on the left) and after
the flecainide challenge (on the right). A massive type 1 pattern appears after the drug administration.
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5. Conclusions

Ajmaline is a drug that has been extensively used throughout the electrophysiological
world. Its main role is to enhance various degree of conduction defects [55]. What we
can derive from evidence-based study, is that a positive ajmaline test, nowadays, does not
provide any clear additional information on the risk stratification for major ventricular
arrhythmic events on asymptomatic individuals with a non-diagnostic Brugada ECG
pattern, but surely those individuals have a low risk arrhythmic profile. This conclusion
reaffirms the wise statements of Sami Viskin: “To conclude, a note of caution: in a recent
study simulating screening for Brugada syndrome, as many as 45% of healthy control
subjects had minor imperfections in the right precordial leads that could be interpreted as
type 2/3 Brugada ECG. We are forced to wonder how often asymptomatic individuals enter
a path to rule out BS for the wrong reasons, have a false positive ajmaline test followed by
a positive EP study, and faced with the alternative of facing sudden death, end up with an
unjustified ICD implantation. Considering the imperfections of the ajmaline test, the study
by Tadros has a clear message: A positive ajmaline test does not always mean you have
Brugada syndrome” [56].
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Abstract: Human parvovirus B19 (B19V) is the predominant cardiotropic virus associated with di-
lated inflammatory cardiomyopathy (DCMi). Transcriptionally active cardiotropic B19V infection is
clinically relevant and triggers adverse long-term mortality. During the study; we evaluated whether
antiviral treatment with the nucleoside analogue telbivudine (LTD) is effective in suppressing tran-
scriptional active B19V in endomyocardial biopsies (EMBs) of B19V positive patients and improving
clinical outcomes. Seventeen B19V-positive patients (13 male; mean age 45.7 ± 13.9 years; mean left
ventricular ejection fraction (LVEF) 37.7 ± 13.5%) with positive B19V DNA and transcriptional activ-
ity (B19V mRNA) in EMBs were treated with 600 mg/d LTD over a period of six months. Patients
underwent EMBs before and after termination of the LTD treatment. B19V RNA copy numbers
remained unchanged in 3/17 patients (non-responder) and declined or disappeared completely in the
remaining 14/17 patients (responder) (p ≤ 0.0001). Notably; LVEF improvement was more significant
in patients who reduced or lost B19V RNA (responder; p = 0.02) in contrast to non-responders
(p = 0.7). In parallel; responder patients displayed statistically significant improvement in quality of
life (QoL) questionnaires (p = 0.03) and dyspnea on exertion (p = 0.0006), reflecting an improvement
in New York Heart Association (NYHA) Classification (p = 0.001). Our findings demonstrated for the
first time that suppression of B19V transcriptional activity by LTD treatment improved hemodynamic
and clinical outcome significantly. Thus; the present study substantiates the clinical relevance of
detecting B19V transcriptional activity of the myocardium.

Keywords: parvovirus B19; dilated inflammatory cardiomyopathy; telbivudine

1. Introduction

Virus-induced inflammatory cardiomyopathy (DCMi) represents a major cause of
heart failure with potential for transition to the clinical picture of dilated cardiomyopathy
(DCM). Human parvovirus B19 (B19V) is the predominant cardiotropic virus found in
DCM hearts and chronic myocarditis [1–6]. Whereas latent B19V infection has presumably
no effect on the course of DCMi [7,8], it was shown that transcriptionally active B19V leads
to an altered cardiac gene expression in EMB. Furthermore, replicative B19V in DCMi is an
unfavorable prognostic trigger of adverse mortality [9].
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B19V is a member of the genus Erythroparvovirus of the family Parvoviridae har-
boring a linear, single-stranded DNA-genome of 5.6 kb that codes for the non-structural
protein NS1 and two structural capsid proteins, VP1 and VP2. Viral gene and protein
expression are controlled by a combination of alternative splicing and internal polyadeny-
lation [10–13]. Based on its strong erythroid tropism and related acute disease association,
it has been shown that B19V is infecting erythroid endothelial progenitor cells and causes
endothelial dysfunction in myocardial tissue [14–16]. Moreover, the presence of B19V
remains a single independent predictor for reduced cardiac capillary density in patients
with cardiomyopathy. These results demonstrate the causality between B19V infection and
reduced coronary blood flow leading to endothelial dysfunction and ischemia. This is an
explanation for why acute endothelial cell B19V-infection in myocarditis is associated with
a cardiac microvascular impairment mimicking myocardial infarction [17–19].

To date, therapeutic options against B19V infection have not yet been established. The
first beneficial effects following telbivudine (LTD) treatment in B19V-associated DCMi were
described in a case report of EMB analyses of our group, owing not only to its antiviral
but presumably also to its immunomodulatory properties [20]. This drug is approved
for the treatment of hepatitis B virus (HBV) infection [21]. LTD is a synthetic thymidine
β-L-nucleoside analogue and impairs HBV DNA replication by incorporation into the
HBV DNA intermediate by the HBV polymerase, competing with the natural substrate
thymidine-50-triphosphate. This finally leads to chain termination by interruption of the
HBV second strand synthesis [22,23]. Additionally, LTD shows a broad range of immune
modulatory effects altering the expression of cytokines, such as tumor necrosis factor -(TNF-)
α and interferon- (IFN)-γ, influences NF-κB level restoring cellular immune response, and
reveals a direct effect on apoptosis [24–27].

In this observation, we retrospectively analyzed whether treatment with telbivudine
is effective in suppressing B19V replicative activity in the myocardium and improving
clinical outcomes.

2. Materials and Methods

2.1. Patients

Patients with clinical evidence of symptomatic heart failure of unknown cause and
suspected inflammatory/viral cardiomyopathy underwent EMB after invasive exclusion
of coronary artery disease by left heart catheterization. Indication of EMB was based on
the position statement of the ESC Working Group on Myocardial and Pericardial Diseases [28].
Other clinical exclusion criteria were valvular disease, obstructive or restrictive cardiomy-
opathy, stroke, significant hepatic, renal, pulmonary, or endocrine disease, pregnancy or
lactation, antiviral, immunomodulatory, or immunosuppressive therapy within six months
prior to enrolment.

Patients complained of cardiac discomfort (e.g., angina pectoris at rest), atypical
fatigue, and symptomatic heart failure (reduced physical capacity, dyspnea on exertion)
for more than 3 months before first presentation in the clinics.

EMBs were analyzed using histology, immunohistology, and molecular virology. The
inclusion criterion for this study was B19V positivity with transcriptional virus activity
(viral mRNA) in EMBs. Exclusion criteria were active myocarditis in accordance with the
Dallas classification [29], inflammatory cardiomyopathy without viral genomes, or other
cardiotropic virus infections in EMB (Figure 1).

Seventeen patients (13 male; mean age 45.7 ± 13.9 years) with different baseline left
ventricular ejection fraction (LVEF) (mean LVEF 37.7 ± 13.5; range [26.5–51.0]%), fitting the
criteria of this study with positive B19V DNA and replicative intermediates (positive B19V
mRNA) in EMBs, were included (Figure 1). The present study retrospectively investigates
data from a prospective observational cohort from 1 single center, which neither includes
randomization or matching of patients nor does it comprise a control group.
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Figure 1. Study treatment scheme of patients with B19V transcriptional activity in EMB. B19V =
parvovirus B19; CAD = coronary artery disease; EMB = endomyocardial biopsy.

Patients were treated with 600 mg/d LTD over a period of six months. Patients
underwent EMBs before (pre/baseline) and immediately after termination (post/follow-
up) of the LTD treatment. The clinical status of each patient was re-evaluated at follow-up
after six months. A determination of LVEF was performed by echocardiography. Patients
were examined with 2-dimensional echocardiography using the Philips iE33 ultrasound
system (Philips Healthcare, Germany). LVEF measurements were performed with the
Simpson method.

Initially, health insurance companies were informed from the clinicians and gave
consent in “off-label” use reimbursement.

The analysis was performed within the CRC Transregio 19 (NCT02970227), which was
approved by the local ethics committees of the participating clinical centers as well as by
the committees of the respective federal states. Informed written consent was obtained
from all patients.

2.2. Analysis of EMB
2.2.1. Genomic DNA Isolation from EMBs

EMBs were analyzed in the CAP-accredited laboratory Institute for Cardiac Diagnostic
and Therapy Berlin, Germany (IKDT) by molecular workup: Genomic DNA from RNAlater
(Thermo Fisher Scientific, Waltham, MA, USA) fixed EMBs were extracted by Gentra
Puregene Mousetail Kit (Qiagen, Hilden, Germany). After isolation, the amount of DNA
was quantified by Quantifiler™ Human DNA TaqMan assay (Thermo Fisher Scientific,
Waltham, MA, USA), in order to calculate and standardize viral load in small EMBs (viral
genomes per μg of isolated human genomic DNA) [30].

2.2.2. Detection of Viral Genomes in EMBs by Nested-PCR and Sequencing

Nested polymerase chain reaction (nested-PCR) and reverse transcriptase (RT)-PCR for
qualitative detection of B19V, enteroviruses (including coxsackieviruses and echoviruses),

34



J. Clin. Med. 2021, 10, 1928

adenoviruses, Epstein–Barr virus, and human herpesvirus 6 genome sequences in nucleic
acids were extracted from EMB, performed as described previously [30].

The specificity of PCR products was confirmed by DNA sequencing and sequences
were matched to the NCBI GenBank. DNA sequence analysis for quality control and
genotype/species determination of generated nested-PCR amplicons was performed by
PCR using corresponding primer pairs matching the amplified virus fragment.

2.2.3. Measurement of Viral DNA Load by Quantitative Real-Time PCR (TaqMan qPCR)

Subsequently, calculation of viral DNA load was performed by the ratio of viral
genome copy number in TaqMan assay to the amount of isolated total human DNA
measured by Quantifiler™ Human DNA TaqMan assay (Thermo Fisher Scientific, Waltham,
MA, USA) [9].

2.2.4. RNA Isolation, Reverse Transcription (RT), and TaqMan qPCR for Measurement of
Viral Transcripts

Total RNA was isolated from endomyocardial biopsies using TRIzol reagent (Thermo
Fisher Scientific, Waltham, MA, USA), treated with DNAse (PeqLab, Erlangen, Germany)
to remove any traces of DNA and reverse-transcribed to cDNA with the High-Capacity
cDNA Reverse Transcription Kit (Applied Biosystems, Darmstadt, Germany) using random
hexamers.

The amount of viral transcripts in cDNA was determined by real-time PCR using
TaqMan Universal PCR master mix (Thermo Fisher Scientific, Waltham, MA, USA) in
relation to housekeeping-gene HPRT (viral transcripts per μg of isolated human genomic
RNA) (Applied Biosystems, Darmstadt, Germany) as described previously [31].

2.2.5. Histological and Immunohistochemical Staining for Assessment of Inflammation

Histology was developed by hematoxylin eosin staining in light microscopy. My-
ocardial inflammation was diagnosed by CD3+ T-lymphocytes/mm2 (Dako, Glostrup,
Denmark), CD11a+/LFA-1+ lymphocytes/mm2 (Immuno Tools, Friesoythe, Germany),
CD11b+/Mac-1+ macrophages/mm2 (ImmunoTools, Friesoythe, Germany), and CD45R0+

T memory cells/mm2 (Dako, Glostrup, Denmark). Stainings were quantified by digi-
tal image analysis as described previously [32]. Intramyocardial inflammation was as-
signed by >14 leucocytes [28]. Furthermore, we analyzed macrophages (threshold >
40.0 CD11b+/Mac-1+ macrophages/mm2) and CD45R0+ T Memory cells (threshold >
40 cells/mm2).

2.3. Statistics

Qualitative data were compared using the Fisher’s exact or χ2 test. Shapiro–Wilk
normality tests were used to test for normal distribution of data. When data showed
normal distribution, a two-tailed parametric paired t-test was used to analyze continuous
variables; otherwise, Wilcoxon matched-pairs signed rank test was applied. Results for
quantitative features are given as mean ± SD or median values. p-values below 0.05 were
considered to indicate statistical significance. All statistical analyses were performed using
the SPSS software version 23.0 (IBM Corp., Armonk, NY, USA) and GraphPad Prism 7.04
software (GraphPad Software Inc., La Jolla, CA, USA).

3. Results

Patients included in this analysis were in clinically stable condition with an impaired
systolic mean LVEF of 37.7 ± 13.5 [range 26.5–51.0]% (Table 1). There was a history of
infection preceding onset of symptoms < 12 weeks in 70.1% of patients (Table 1). Complaints
included mostly dyspnea on exertion (88.2%), reflected in New York Heart Association
(NYHA) class II/III (Table 1). Clinical data of the total patient cohort at baseline are
summarized in Table 1.
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Table 1. Baseline characteristics of patients.

Patient Characteristics

Men, n (%) 13 (65)
Age, years, mean ± SD 45.7 ± 13.9

History, weeks ± SD 18.9 ± 11.4
LVEF, % ± SD; [range 25–75] 37.7 ± 13.5 [26.5–51.0]

Systolic blood pressure, mmHg ± SD 102 ± 27
Diastolic blood pressure, mmHg ± SD 69 ± 8

Infection preceding onset of symptoms < 12 weeks, % 70.7

Complaints at Baseline Biopsy

MLHFQ total score, mean ± SD 68.1 ± 17.7
6MWD, m, mean ± SD 468.8 ± 73.3

Dyspnea on exertion, n (%) 15 (88.2)
NYHA class I/II/III/IV, % 0/47.0/47.0/5.9

Heart Failure Medication

ACE inhibitors/Angiotensin receptor blockers, n (%) 17 (100)
Beta-blockers, n (%) 15 (88.2)

Aldosterone-antagonists, n (%) 13 (76.4)
Diuretics, n (%) 16 (94.1)

LVEF = left ventricular ejection fraction; MLHFQ = Minnesota Living with Heart Failure Questionnaire. The total
score ranges from 0 to 105, with higher scores indicating worse health status; 6MWD = Six-Minute Walk Distance;
NYHA class = New York Heart Association class. The data are presented as mean values ± standard deviation,
as %, as range [25–75 percentile], or as number of subjects.

Patients with active myocarditis in accordance with the Dallas criteria or viral co-
infections in EMB were excluded.

LTD treatment was started immediately after evaluation of baseline EMB. Interrup-
tions in study medication were not reported.

3.1. EMB Analyses at Baseline and Follow-Up

At baseline, EMBs of all patients tested positive for presence of B19V DNA and viral
replicative intermediates (B19V mRNA).

B19V RNA transcript numbers remained unchanged or increased in 3/17 patients
(17.6% non-responder) and declined or disappeared completely in the remaining 14/17
patients (82.4%, responder) (mean viral RNA transcript numbers declined after treatment
at follow-up in the responder group from 1168 ± 2142 to 3.0 ± 11.2 transcripts/μgRNA,
p ≤ 0.0001 (Figure 2)). In addition, a significant reduction of viral DNA load was observed
for the responders (from 1514 ± 2383 to 539 ± 1033 copies/μg DNA; p = 0.035) in contrast
to non-responders (from 561 ± 499 to 1768 ± 2878 copies/μg DNA; p = 0.478) pre- and
post-treatment.

LVEF improvement was statistically significant in patients who reduced or resolved
the replicative viral intermediates (LVEF from 39.6 ± 12.4 [range 27.7–52.5] %, to 52.9 ± 15.7
[range 38.7–65.0] %, (responder, p = 0.02)) (Figure 3). No significant improvement of LVEF
was observed in the non-responder group from 29 ± 18.2 [range 19.0–48.0] % to 35 ± 21.2%
[range 23.0–50.0] %, (p = 0.7) (Figure 3).
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Figure 2. Number of viral RNA transcripts of non-responders and responders pre- and post-treatment.
Bar height indicates the mean value ± SD expression rate of viral transcripts/μg RNA in non-
responders’ (n = 3) and responders’ group (n = 14) pre (baseline) and post (follow-up) LTD-treatment.
Dots indicate individual values. Whereas responders significantly reduce viral replication intermedi-
ates upon treatment, non-responders show a non-significant increase of viral RNA. Viral transcripts
are given as mean value and error bars represent SD.

Figure 3. LVEF of non-responders and responders pre- and post-treatment. Bar height indicates LVEF
(%) in non-responders’ (n = 3) and responders’ (n = 14) group pre (baseline) and post (follow-up)
LTD-treatment. Dots indicate individual values. LVEF improvement was significantly improved in
patients who reduced or lost the replicative viral intermediates (positive B19V RNA). LVEF is given
as mean value and error bars represent SD.

Six-Minute Walk Distance (6MWD) results and quality of live (QOL) score by the
Minnesota Living with Heart Failure Questionnaire (MLHFQ) before and after the treat-
ment were assessed. Patients showed a statistically significant improvement in maximal
6MWD in responders (465.9 ± 82.8 vs. 559.8 ± 71.7 m, p = 0.04) and QOL total score
(66.6 ± 17.7 vs. 43.2 ± 23.9; p = 0.03) after treatment (Table 2). In addition, a significant
reduction of dyspnea on exertion (p = 0.0006), reflecting an improvement and New York
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Heart Association (NYHA) Classification (p = 0.001), was noticed (Table 2). No significant
improvements in clinical symptoms were observed in non-responders (Table 2).

Table 2. Course of clinical symptoms at baseline and at follow-up upon treatment in responders.

Baseline Follow-Up p-Value

LVEF, % ± SD, [range 25–75] 39.6 ± 12.4 [27.7–52.5] 52.9 ± 15.7 [38.7–65.0] p = 0.02
MLHFQ total score, mean ± SD 66.6 ± 16.4 43.2 ± 23.9 p = 0.03

6MWD, m, mean ± SD 465.9 ± 82.8 559.8 ± 71.7 p = 0.04
Dyspnea on exertion, n (%) 12 (85.7) 4 (28.5) p = 0.0006
NYHA class I/II/III/IV, % 0/57.1/35.7/7.1 35.7/64.2/0/0 p = 0.001

LVEF = left ventricular ejection fraction; MLHFQ = Minnesota Living with Heart Failure Questionnaire. The total
score ranges from 0–105, with higher scores indicating worse health status; 6MWD = Six-Minute Walk Distance;
NYHA class = New York Heart Association class. The data are presented as mean values ± standard deviation,
as %, as range [25–75 percentile], or as number of subjects.

The number of inflammatory cells (CD3+ T-lymphocytes, CD11a+/LFA-1+ lympho-
cytes, CD11b+/Mac-1+ macrophages, CD45R0+ T memory cells) was low at baseline EMB
and did not change significantly upon LTD treatment, with no difference between respon-
der and non-responder group (Table 3).

Table 3. Immunohistological biopsy findings at baseline and upon treatment at follow-up in responders.

Baseline Follow-Up p-Value

CD3+ cells/mm2 8.7 ± 7.7 4.7 ± 4.0 0.1
LFA-1+ cells/mm2 15.9 ± 11.6 10.9 ± 8.3 0.09

CD45R0+ cells/mm2 23.5 ± 15.0 20.5 ± 17.5 0.4
MAC-1+ cells/mm2 42.9 ± 41.5 28.7 ± 17.9 0.3

CD3 = T cells; CD45R0 = T memory cells; LFA-1 = Lymphocyte function-associated antigen 1; MAC-1 =
Macrophage-1 antigen. The data are presented as mean values ± SD.

3.2. LTD Side Effects

LTD antiviral treatment was well tolerated, and the majority of patients reported
no drug-associated side effects. One male patient experienced an asymptomatic sudden
increase of creatine kinase from <150 U/L to 3449 U/L at the time of the follow-up. This
elevated creatine kinase level normalized within 5 days after immediate cessation of the
treatment and remained at a normal level throughout the following 12 months.

4. Discussion

In this analysis, we demonstrated the beneficial effects from treatment with the an-
tiviral drug LTD on hemodynamic and clinical outcomes in patients with transcriptionally
active cardiotropic B19V in EMB.

B19V infection of the heart muscle and its association with DCMi is still a matter of
discussion. Previous reports have shown that B19V is the predominant virus detected
in EMBs of patients with suspected myocarditis and DCMi [28,33–35]. There is broad
approval that latent B19V infection has no effect on the course of DCMi [7,8]. However, we
could show previously that patients characterized by transcriptionally active cardiotropic
B19V with detectable replication intermediates (viral mRNA) demonstrated an altered
cardiac gene expression pattern. Furthermore, transcriptionally active B19V in DCMi is an
unfavorable prognostic trigger of adverse mortality [9,36].

Recently, we demonstrated that endothelial dysfunction and clinical symptoms im-
proved during antiviral treatment with interferon-β (IFN-β), whereas B19V viral DNA
load was barely affected [37,38]. The underlying mechanisms of how IFN-β exerts such
beneficial clinical effects without substantially clearing the virus are unknown. However,
cell culture analyses using infected immortalized human microvascular endothelial cells
(EC) have shown that IFN-β inhibits B19V reactivation and improves endothelial cell
viability [38].
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The first experimental data have provided evidence that antiviral nucleoside analogue
reverse transcriptase inhibitors, such as LTD, may improve the viability of B19V infected
endothelial cells in addition to their effectiveness in retroviral and para-retroviral (hepatitis
B viruses) infections [39–41] and reduce apoptosis [20]. An advantage of the thymidine
β-L-nucleoside analogue LTD is a significantly lower frequency of drug-specific side effects
in comparison to IFN-β. The antiviral efficacy of LTD on non-hepatic infection is, however,
less well documented [42–44].

Although this antiviral nucleoside analogue reverse transcriptase inhibitor is espe-
cially effective against retroviral and para-retroviral infections, it has some pleiotropic
immunomodulatory/anti-inflammatory and interesting antiviral properties that might
interfere with the unique replication mode of B19V. Since LTD modulates the innate and
adaptive immune system through IFN-like functions in addition to its antiviral poten-
tial [45–47], we analyzed whether this drug may have an impact on the clinical outcome of
patients with active B19V infection and persisting symptomatic heart failure during this
present study, independently of baseline LVEF (Figure 1).

We could show that LTD treatment resulted in a significant amelioration of LVEF.
B19V RNA transcript numbers remained unchanged in 3 of 17 patients (non-responder)
and declined or disappeared completely in the remaining 14 of 17 patients (responder)
(Figure 2). LVEF improvement was statistically significant in patients who reduced or lost
B19V RNA (responder, p = 0.02) in contrast to non-responders (Figure 3). Although B19V
DNA genomes in the myocardium alone are not of significant clinical relevance [7,8,34],
we also observed a significant reduction of viral DNA in the responders group in contrast
to non-responders.

In parallel, LTD treatment resulted in a significant amelioration of LVEF and a significant
reduction of dyspnea on exertion, reflected in an improvement of NYHA class (Table 2).

The mode of action of the antiviral treatment of B19V with LTD is speculative. Clinical
improvement may be associated with consecutive improvements of myocardial function
or as a result of regeneration of B19V-associated endothelial dysfunction [38]. In addition,
LTD shows pleiotropic immunomodulatory/anti-inflammatory and anti-viral properties
that are hypothesized to interfere with the unique replication mode of B19V [48]. Since the
number of inflammatory cells was low at baseline EMB, we were not able to investigate
any anti-inflammatory effects upon evaluation of follow-up EMB. B19V uses the cellular
DNA replication machinery for viral DNA replication by a rolling circle mechanism and
induces DNA damage response and cell cycle arrest at late S phase, which facilitates viral
DNA replication. DNA replication polymerase δ and polymerase α are responsible for
B19V DNA replication [49]. Here, a nucleoside analogue can hypothetically interfere with
the production of the obligatory dimer duplex replicative intermediate of B19V resembling
second-strand synthesis of HBV DNA intermediates [50]; however, this hypothesis has to
be proven in future experiments.

In a previous study by Hazebroek et al., intravenous immunoglobulin therapy does not
significantly improve LVEF or functional capacity in patients with cardiac B19V persistence.
However, inclusion criteria were solely based on B19 viral DNA load [51]. These results
underline the importance of diagnostic differentiation of endomyocardial B19V infections
(including viral replication) as a key approach for a more meaningful selection of candidates
for future innovative anti-viral immunomodulatory treatment strategies.

5. Conclusions

In conclusion, the present study demonstrates the benefit of nucleoside-analogue
treatment with respect to control of B19V replication and virus transcript reduction as
well as the rapid improvement of symptoms of patients with active B19V infection. To
further explore the direct and important clinical impact of our findings, a large randomized,
placebo-controlled clinical study should evaluate the results and will be able to gain more
insights into effective B19V treatment conditions.
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6. Study Limitations

There are several limitations which have to be considered when interpreting the
obtained results. The cohort was only adjusted to consecutive B19V-positive symptomatic
patients with detectable replicative intermediates of B19V confirmed by measurement of
B19V RNA transcripts. Findings do not include randomization or matching of patients nor
evaluation of a placebo control. This is a retrospective analysis of data from a prospective
observational cohort and, as such, a possible effect of selection bias cannot be denied.
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Abstract: Noncompaction cardiomyopathy (NCCM) has gained increasing attention over the past
twenty years, but in daily clinical practice NCCM is still rarely considered. So far, there are no
generally accepted diagnostic criteria and some groups even refuse to acknowledge it as a distinct
cardiomyopathy, and grade it as a variant of dilated cardiomyopathy or a morphological trait of
different conditions. A wide range of morphological variants have been observed even in healthy
persons, suggesting that pathologic remodeling and physiologic adaptation have to be differentiated
in cases where this spongy myocardial pattern is encountered. Recent studies have uncovered nu-
merous new pathogenetic and pathophysiologic aspects of this elusive cardiomyopathy, but a current
summary and evaluation of clinical patient management are still lacking, especially to avoid mis-
and overdiagnosis. Addressing this issue, this article provides an up to date overview of the current
knowledge in classification, pathogenesis, pathophysiology, epidemiology, clinical manifestations
and diagnostic evaluation, including genetic testing, treatment and prognosis of NCCM.

Keywords: noncompaction cardiomyopathy; NCCM-diagnostic-therapy-prognosis; cardiomyopathy
classification; LVNC; LVHT; phenotype; congenital heart disease

1. Introduction

When the World Health Organization (WHO) published the first definition of car-
diomyopathy in 1980, noncompaction cardiomyopathy (NCCM) was not yet known [1].
Historically, cases with an embryonic spongy pattern of the left ventricle (LV) were de-
scribed in newborns and infants with complex congenital heart disease, especially with
aortic and pulmonary valve atresia [2–6]. In the early cases, diagnosis had to rely on au-
topsy data, whereas later, newer imaging techniques such as angiography have been used.

A real breakthrough in diagnosis of this myocardial anomaly in vivo could be achieved
through 2D echocardiography as was described in 1984 and is presented in Figure 1.
The echocardiographic and angiographic images of a 33-year-old female patient showed
an embryonic spongy pattern of the LV myocardium in absence of congenital or other
structural heart disease [7]. Retrospectively, this was the first published case of NCCM
without other structural defects of the heart. In this publication, the myocardial anomaly
was referred to as “persistence of isolated myocardial sinusoids”, assuming the anomalous
LV morphology was due to a developmental defect in regression of the embryonal sinusoids.
This term was used in the following years by other authors for similar cases [8].
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Figure 1. Echocardiography of the first published patient with NCCM without congenital heart
disease. LV—left ventricle; LA—left atrium; Ao—aorta; C—compacted layer; NC—noncompacted
layer of the left ventricular wall with deep recesses.

In 1990, Chin et al. suggested the term “isolated noncompaction of the left ventricular
myocardium (INVM)”, assuming that the myocardial anomaly occurred as a result of
an arrest of the normal compaction process during embryonal endomyocardial morpho-
genesis [9].

Eventually, recent observations suggest, that LV noncompaction (LVNC) may not be
the result of an arrest in the compaction process, but instead results from the compacted
myocardium of the ventricular wall, growing into the ventricular lumen in a trabecular
fashion [10].

Initially, the term isolated NCCM was used for cases without congenital or other
structural heart defects. Today, some groups use the term for cases with areas of LVNC
and normal LV function [11]. Table 1 shows a selection of terms and abbreviations used
for noncompaction cardiomyopathy and the noncompacted morphology in the last nearly
100 years.

Table 1. A selection of terms and abbreviations for noncompacted cardiomyopathy and the noncom-
pacted phenotype.

Term Abbreviation

Spongy myocardium
Fetal myocardium
Honeycomb myocardium
Persistent sinusoids
Isolated noncompaction of the left ventricular myocardium INVM
Left ventricular noncompaction LVNC
Noncompaction cardiomyopathy NCCM
Left ventricular hypertrabeculation LVHT
Hypertrabeculation syndrome
Left ventricular myocardial noncompaction cardiomyopathy
Non-compaction of the left ventricular myocardium
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During the years, a wide range of morphological variants could be observed. Some
authors, therefore, propose to consider a differentiation in several subtypes, especially in
the pediatric population [12].

In the last five years, a number of studies described the usefulness of contemporary
diagnostic tools, including echocardiographic imaging techniques, magnetic resonance
(CMR), computed tomographic (CT) imaging and genetic testing, and revealed that some
cases seemed to occur in patients with neuromuscular disease [13–17]. Towbin and Jefferies
discussed NCCM in association with metabolic abnormalities [18].

Of major interest are results from CMR imaging studies, which detected the phe-
notype of LVNC in healthy athletes and pregnant women, suggesting a physiologic
adaptation [19,20]. The same can be found in normal healthy persons, in parts depending
on the ethnic group [11]. In this context, future research needs to unravel when the pheno-
type of LVNC represents pathologic remodeling and when it is a morphologic variant in a
healthy person.

2. Noncompaction Cardiomyopathy in the Cardiomyopathy Classifications

The classification and definition of cardiomyopathies have been developed in the last
six decades with more precise and elaborated recommendations due to increasing abilities
in diagnostic and therapeutic modalities.

In 1957, the term cardiomyopathy was proposed for uncommon, noncoronary heart
muscle diseases [21]. In 1972, Goodwin and Oakley described cardiomyopathies as my-
ocardial diseases of unknown origin and suggested a first classification [22]. When the first
definition and classification of cardiomyopathies by the WHO/ISFC Task Force was re-
ported in 1980, a cardiomyopathy was defined as a heart muscle disease of unknown cause
and classified as a dilated, hypertrophic and restrictive cardiomyopathy. “Unclassified
cardiomyopathy covered a few cases, which do not fit readily into any group” [1].

The WHO/ISFC updated its classification in 1995 as diseases of the myocardium asso-
ciated with myocardial dysfunction and now included arrhythmogenic right ventricular
cardiomyopathy. The cardiomyopathies were classified by “the dominant pathophysiol-
ogy or, if possible, by etiological/pathogenetic factors” [23]. Once more the unclassified
cardiomyopathies included a few cases that “do not fit readily into any group” (e.g., fi-
broelastosis, noncompacted myocardium, systolic dysfunction with minimal dilatation,
mitochondrial involvement) [23].

In 2006, the AHA defined cardiomyopathies as diseases of the myocardium associ-
ated with mechanical and/or electrical dysfunction, which usually exhibit inappropriate
ventricular hypertrophy or dilation due to a variety of causes that frequently are genetic,
classified as primary or secondary. This classification presented the first attempt to classify
primary cardiomyopathy by origin (genetic, acquired, or mixed) and NCCM was assigned
a genetic cardiomyopathy [24]. The 2008 ESC proposal defined a cardiomyopathy as a
myocardial disorder in which the heart muscle is structurally and functionally abnormal in
the absence of coronary artery disease, hypertension, valvular disease and congenital heart
disease sufficient to cause the observed myocardial abnormality. The familial diseases
included unclassified forms such as NCCM, Barth syndrome, Lamin A/C, ZASP and
a-dystrobrevin [25].

Today, NCCM is classified as a genetic cardiomyopathy by the AHA, while the
ESC working group for myocardial and pericardial disease and the WHO classified it a
familial/genetic unclassified cardiomyopathy [23–25].

In 2013 a nosology for cardiomyopathies was proposed with a descriptive genotype–
phenotype system, the MOGE(S) nosology [26]. This classification system embodies the
morphofunctional phenotype (M), organ involvement (O), genetic inheritance pattern (G),
etiological annotation (E), including the genetic defect or underlying disease/substrate,
and the functional status (S) of the disease using the American College of Cardiology
(ACC)/American Heart Association (AHA) stage and New York Heart Association (NYHA)
functional class. The morphofunctional (M) notation provides a descriptive diagnosis of

45



J. Clin. Med. 2021, 10, 2457

the phenotype (MD: dilated cardiomyopathy; MH: hypertrophic cardiomyopathy; MA:
arrhythmogenic right ventricular (RV) cardiomyopathy; MR: restrictive cardiomyopathy;
MLVNC: Noncompaction Cardiomyopathy) [26]. In the MOGE(s) nosology, LVNC is char-
acterized by excessive trabeculation of the LV in echocardiography and cardiac magnetic
resonance imaging. The noncompacted ventricular muscle layer is “substantially thicker
than the compact layer”; an exact ratio of the layers is not documented. LVNC can occur
as an isolated morphological phenotype in association with LV systolic dysfunction or
with LV hypertrophy and with mutations in genes typically causing DCM and HCM. The
MOGE(S) system distinguishes LVNC with LV dilation and dysfunction (MLVNC.D) or with
LV hypertrophy (MLVNC.H) from pure LVNC (MLVNC) [26].

3. Subtypes of Noncompaction Cardiomyopathy

LVNC remains a heterogeneous morphological anomaly of the heart with multiple
possible concomitant phenotypes. Initially, isolated NCCM was characterized by the
absence of an additional structural heart disease, especially congenital heart disease; later
this definition was changed to those with normal systolic LV dimensions.

In 2015, LVNC was considered to consist of nine distinct subtypes in the pediatric
population, whereas another classification was suggested in 2016 [12,27]. These subtypes
are listed in Table 2a,b.

Table 2. Subtypes of noncompaction cardiomyopathies.

(a) Subtypes of NCCM in the Pediatric Population, modified after [12]

1. The isolated or benign form of LVNC, (M LVNC);
2. The arrhythmogenic form of LVNC;
3. The dilated form of LVNC, (M LVNC + D);
4. The hypertrophic form of LVNC, (M LVNC + H);
5. The “mixed” form of LVNC;
6. The restrictive form of LVNC, (M LVNC + R);
7. The biventricular form of LVNC;
8. The right ventricular hypertrabeculation with normal LV form;
9. The congenital heart disease form of LVNC.

(b) Subtypes of NCCM, modified after [27]

1. iLVNC. NC morphology in left ventricles with normal systolic and diastolic function, size, and
wall thickness;
2. LVNC with LV dilation and dysfunction at onset, such as in the paradigmatic infantile CMP of
Barth syndrome;
3. LVNC in hearts fulfilling the diagnostic criteria for DCM, HCM, RCM, or ARVC;
4. LVNC associated with congenital heart disease;
5. Syndromes with LVNC, either sporadic or familial, in which the noncompaction morphology is
one of the cardiac traits associated with both monogenic defects and chromosomal anomalies, i.e.,
complex syndromes with several multiorgan defects;
6. Acquired and potentially reversible LVNC, which has been reported in athletes; it has also been
reported in sickle cell anemia, pregnancy, myopathies, and chronic renal failure;
7. Right ventricular noncompaction, concomitant with that of the left ventricle, or present as a
unique anatomic area of NC.

In the literature, the most cohorts were analyzed as a whole, and only a few were
divided into subgroups for analysis; for example, the isolated NCCM form that met the
echocardiographic criteria, but did not have LV dilatation or hypertrophy, or the subtypes
with concomitant dilatation or hypertrophy of the LV. Van Waning et al. described four
subtypes in their cohort of 349 patients: Isolated NCCM n = 95 (27%); NCCM/HCM n = 47
(13%); NCCM/DCM n = 195 (56%) and NCCM/HCM/DCM n = 12 (3%) [28].

Right ventricular noncompaction cardiomyopathy is a challenging diagnosis due to
an increased physiological trabeculation of the right ventricle. Nevertheless, there are some
cases reported in the literature [29,30].
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4. Epidemiology

NCCM in the pediatric and adult population probably has a different background. The
National Australian Childhood Cardiomyopathy study documented 9.2% of the primary
cardiomyopathies in children younger than 10 years of age as NCCM [31,32]. Jefferies et al.
observed in the pediatric cardiomyopathy registry of the National Heart, Lung, and Blood
Institute 4.8% of children with NCCM [32]. Therefore, NCCM was the third most common
type of cardiomyopathy after DCM and HCM [31–33].

The percentage in adults seems lower: 4.1% in the EORP Cardiomyopathy registry
and 5% in the German Torch registry [34,35].

In men, NCCM is twice to three times more common than in women. The diagnosis
can be achieved in adults, adolescents, children, newborns and even prenatal [36,37].
The prenatal identification of isolated NCCM is feasible with current ultrasonographic
technology in the hands of an experienced examiner who is familiar with the features of
this rare anomaly. Fetal IVNC can involve the LV, the RV, or both ventricles [38]. Sato
described a patient with NCCM in the 10th decade of life presenting with a transient
cerebral ischemia [39].

Left ventricular noncompaction is estimated to affect 8 to 12 per one million individu-
als per year, but the condition is likely more common because asymptomatic individuals
are not diagnosed. Increased awareness of this condition and improvements in noninvasive
cardiac imaging have led to a higher detection rate.

Familial occurrence is seen in up to 40% of the cases. The clinical phenotype is very
variable, even in a single family. In a systematic family screening, a quarter of the examined
relatives showed echocardiographic abnormalities, including LV dysfunction with and
without noncompaction [40].

In experienced echocardiography departments NCCM has a prevalence of 0.014% to
0.26% [17,41–43]. With more sensitive imaging techniques the numbers increased. The
prevalence with echocardiographic imaging in cardiac patient cohorts rose to about 0.9%,
in healthy controls 1.05%, in athletic cohorts 3.16% and in pregnant cohorts up to 18.6% [44].
With MR imaging the numbers were significantly higher, with 9.6% in cardiac patients and
up to 36.2% in subgroups [44]. Cardiac MR imaging in asymptomatic, healthy volunteers
met varying noncompaction criteria in 1.3 to 14.8% [45], in other adult populations the
numbers differed with the diagnostic criteria applied between 3% and 39% [15]. Thus, the
real number seems to be unclear due to selection bias in different cohorts. The significance
of the findings in asymptomatic peoples remains unclear.

5. Clinical Features

There is a broad spectrum of clinical presentations with primarily heart failure symp-
toms, different forms of arrhythmias and thromboembolic events. Between the onset of
symptoms and the diagnosis there can be a delay of up to 3 to 4 years [43].

Heart failure symptoms can be mild, but severe symptoms with need for heart trans-
plantation or LV assist device implantation can arise. In the German NCCM registry, 61% of
patients showed heart failure symptoms at the time of initial diagnosis of NCCM and 15%
developed heart failure symptoms during the follow-up of 27 months or deteriorated [46].

Arrhythmias are frequent in NCCM, ventricular as well as supraventricular arrhyth-
mias. In the German NCCM registry 26% of the patients presented with arrhythmias and
were subsequently diagnosed with cardiomyopathy. In 17%, atrial fibrillation was found.
Atrial fibrillation was more often observed in patients with reduced LV function. Brady-
cardia requiring pacemaker implantation was seen in 5% of the cohort. Supraventricular
arrhythmias occurred in 4%, WPW syndrome was observed in 1.5%, AV nodal reentry
tachycardia in 1% and typical atrial flutter in 1.5%. Sustained ventricular tachycardia and
ventricular fibrillation were observed in patients with severely reduced LV function. In
patients with an LV ejection fraction above 35%, sudden cardiac deaths were found only
rarely [47,48]. In children, up to 20% presented with WPW syndrome and with sinus
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bradycardia; WPW syndrome can be associated with cardiac dysfunction [49]. Table 3
summarizes observed arrhythmias in the German NCCM registry.

Table 3. Observed arrhythmias in patients with NCCM.

Type of Arrhythmia Subtype Prevalence

Bradyarrhythmias Sinus bradycardia
First-degree AV block
Second-degree AV block
Mobitz II
Third-degree AV block
indication for
pacemaker implantation 5%

Supraventricular Atrial fibrillation 18%

Tachycardias Atrial flutter 1.5%
Atrial tachycardia
AV nodal reentrant tachycardia 1.0%
AV reentrant tachycardia 1.5%

Ventricular arrhythmias 6%

AV—atrioventricular. Data from the German NCCM registry [47,48].

Thromboembolic events mainly occur in patients with NCCM and atrial fibrillation.
Stasis of blood flow can appear in the deep intertrabecular recesses notably in reduced LV
function. Neurologic departments occasionally diagnose NCCM in patients with otherwise
not explained stroke. In cohorts with NCCM, a percentage of about 10–15% suffer from
stroke [50].

There are several case reports of patients with NCCM and specific neuromuscular
disorders or hereditary neuropathy such as Charcot–Marie–Tooth, Becker muscular dystro-
phy, Emery–Dreifuss muscular dystrophy, myotonic dystrophy, Leber’s hereditary optic
neuropathy, and Barth syndrome, and also with neuromuscular problems not specified
in more detail [17,51]. These findings support the necessity of systematic neurological
examination in patients with NCCM [52].

Several congenital heart defects were described with NCCM [53,54]. A patient with
pulmonic valve atresia was described in 1964 and patients with Ebstein anomaly in
2005 [5,55]. Friedberg described a patient with atrial isomerism [56]. Shunt defects such
as ventricular septal defect, atrial septal defect and patent ductus arteriosus Botalli were
described as well [57]. Stähli described noncompaction in patients with congenital heart dis-
ease, in Epstein anomaly, subaortic VSD, bicuspid aortic valve and tetralogy of Fallot [54].
This in fact strengthens the need for a comprehensive echocardiographic evaluation of
any patient with newly diagnosed NCCM to rule out congenital heart disease. In about
50% of children with concomitant face dysmorphisms or a neutropenia (Barth syndrome),
cardiomyopathy with and without noncompaction was described [58].

Coronary heart disease is uncommon in NCCM, but severe coronary heart disease that
needs revascularization therapy has been found in some patients with NCCM [7,59–61].

6. Diagnostic Criteria

Up to now, the diagnostic criteria of LVNC are far from being perfect [62]. The differ-
ential diagnosis between NCCM and normal phenotypic variants cannot be established
properly in a lot of cases. Even using multimodality imaging, including echocardiography
and cardio MR, the criteria are not specific enough to properly avoid under- or overdiag-
nosis with important implications on treatment strategies or prognostic estimations. The
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current available diagnostic imaging criteria show a propensity towards overdiagnosing
NCCM [63].

6.1. Diagnostic Criteria for Echocardiography

Echocardiography with its widespread availability, low costs and nearly zero compli-
cations is the first-choice procedure in diagnosis of LVNC. Echocardiography can detect
the pathognomonic features of a thick, bilayered myocardium with prominent trabec-
ulations and intertrabecular recesses communicating with the LV cavity (Figure 2). If
conventional echocardiography is not diagnostic, additional contrast echocardiography is
suggested in the EACVI recommendations [64]. Transesophageal echocardiography or real
time 3D echocardiography—if applicable, combined—have also been shown to be helpful
diagnostic procedures in cases with LVNC [65,66].

Figure 2. An echocardiographical apical 4-chamber view in a patient with NCCM. LV shows mild
dilatation. The arrows mark the deep recesses in the noncompacted layer of the apical and lateral LV
wall. LV—left ventricle; LA—left atrium; RV—right ventricle; RA—right atrium.

LVNC can be mainly observed at the cardiac apex and in the mid-inferior, mid-
anterior, and mid-lateral areas of the LV wall [67]. A low-Nyquist limit color mapping is
recommended to show blood flow into the recesses.

Although the first echocardiographic diagnosis of NCCM was published more than
37 years ago and the term noncompaction was introduced more than 30 years ago, there are
no globally accepted diagnostic criteria [7,9,68]. Chin et al. were the first who introduced
the term noncompaction and suggested diagnostic criteria for their cohort of children and
young adults (California criteria). Jenni et al. described the criteria in a group of adults
(Zurich criteria), both using the ratio between the compacted and the noncompacted layer,
but with different measurements and timing in the cardiac cycle [8,9]. Stöllberger in contrast
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focused on the number of trabeculations and only later used the ratio as an additional
diagnostic attribute (Vienna criteria) [17]. The German noncompaction registry used
the combination of Jenni and Stöllberger criteria (Table 4.) [62,69]. Each group excluded
patients with additional heart disease. In 2012, Paterick altered the measurement interval
of the Jenni criteria; thus, creating the Milwaukee criteria [70].

Table 4. Echocardiographic criteria for the diagnosis of NCCM in the German NCCM registry [62].

1. At least four prominent trabeculations and deep intertrabecular recesses;

2. Blood flow between the cavity of the left ventricle and the recesses demonstrable by color
Doppler echocardiography or by the use of ultrasonographic contrast medium;

3. The left ventricular wall segments show a typical bilaminar structure, and the noncompact
subendocardial layer is at least twice as thick as the compact subepicardial layer in systole;

4. No other cardiac abnormalities present.

Frischknecht recommended the combination of criteria as specific, and Belanger in
2008 proposed different criteria with an additional classification of the severity derived
from the noncompaction/compaction ratio and the affected planimetered area in cm2 on
an apical 4-chamber view, with three categories: mild, moderate and severe [71,72].

In the last decade of the last century and the first decade of this century, the diag-
nosis of NCCM was confirmed mainly in heart failure patients, and underdiagnosis of
the disease was of major concern. Since more common recognition of the disease and
introduction of newer imaging techniques occurred, the problem of overdiagnosis arose.
To overcome these problems, additional criteria were introduced by the Swiss group in
2012: the compacta thickness; a compacta thickness of below 8 mm being a discriminator
between the groups [73]. Sabatino tried to discriminate between NCCM and LVHT in a
pediatric cohort using the noncompacted to compacted end diastolic myocardial ratio: the
noncompaction cardiomyopathy with >2.3, the LVHT with <2.3 and >1.7 [74].

The Rotterdam group was the first to show that the absence of twist in speckle tracking
tissue Doppler echocardiography can be a marker for NCCM. They demonstrated the loss of
LV twist in 83% of 34 adults with NCCM [75]. The radial wall motion and the longitudinal
LV wall velocity is impaired in NCCM, but the findings do not correlate with the extent or
severity of noncompaction [76]. Further studies also showed impaired LV twist and the
presence of rigid body rotation in NCCM but not in LVHT. A correlation between LV twist
reduction in apical rotation and LV function was observed [77]. Table 5 shows an overview
of different echocardiographic criteria.
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Arunamata et al. investigated the speckle tracking strain results in a pediatric study
group with NCCM, with and without congenital heart defects. Segmental radial, circum-
ferential, and longitudinal strain decreased in NCCM compared with control subjects.
Strain measurements were lowest in those with adverse compared with favorable out-
comes. In NCCM, deformation was affected in all regions, including compacted myocardial
segments [79].

Sabatino et al. assessed global and regional longitudinal strains in a pediatric popula-
tion using apical 4-chamber, 3-chamber, and 2-chamber views; radial and circumferential
strains were measured using LV short-axis views at different levels. LV twist was calcu-
lated as the difference between peak apical rotation and basal rotation at a time interval
corresponding to the ejection phase of the systole. The measurements could discriminate
between a normal counterclockwise pattern with reduced apical rotation peak values in
LVHT and NCCM with rigid body rotation presenting with a sensitivity of 82% and a
specificity of 92% [74]. In contrast, Huttin et al. showed that myocardial deformation was
preserved in the apical region [80].

The World Heart Federation MOGE(S) classification graded LVNC as a morphological
entity with an excessive trabeculation of the LV on echocardiography or cardiac magnetic
resonance imaging. The noncompacted ventricular muscle layer was substantially thicker
than the compact layer. No ratio was specified [26].

Even in experienced groups the interobserver agreement of the echocardiographic
diagnosis was limited, with about 11% of questionable cases [81,82]. Measurements,
according to existing diagnostic criteria for NCCM, vary due to the echocardiographic view
and segment with different interobserver reliability and predictive validity. In a pediatric
population, Joong et al. observed that the NC/C ratio showed the lowest reliability and
predictive validity [83]. They found that the end diastolic measurements were more precise
than the end systolic. A single echocardiographic diagnostic study may be too sensitive
and may lead to overdiagnosis. Kohli et al. reported that 23.6% of patients presenting to
their heart failure clinic met at least one of the three echocardiographic criteria for NCCM,
including 8.3% of healthy control subjects, 50% of the control persons were black [84].

6.2. Diagnostic Criteria for Magnet Resonance Imaging

NCCM can be diagnosed using CMR (Figure 3.) There are several different methods
that have been proposed to diagnose NCCM using CMR. Peterson et al. evaluated an end
diastolic NC:C Ratio ≥ 2.3 measured in long axis cine views at the site with the most pro-
nounced trabeculations, while Stacey defined an end systolic ratio > 2 in short axis views
to diagnose NCCM [85,86]. Jacquier used short axis views to measure trabecular mass,
where more than 20% of noncompacted mass were defined as NCCM [87]. Captur et al.
described an end-diastolic loss of the base to apex fractal dimension gradient ≥ 1.3 for
NCCM patients [88]. Grothoff redefined and extended the MR imaging criteria for diagnos-
ing and discriminating NCCM from other cardiomyopathies using four basic criteria: the
percentage of LV noncompacted myocardial mass (positive with >25%), the total amount
of LV noncompacted myocardial mass (MM; positive >15 g/m2), a noncompacted to com-
pacted myocardium ratio of ≥3:1 in at least one of the segments 1–3 or 7–16 excluding the
apical segment 17 and trabeculation in segments 4–6 ≥ 2:1 (noncompacted to compacted
ratio) [89]. Dreisbach et al. used strain on MR imaging and Dodd et al. examined trabecular
hyperenhancement on cardiac MR imaging [90,91]. The different MR criteria are listed in
Table 6.
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Figure 3. Magnetic resonance imaging: short axis of the left ventricle with excessive trabeculations.
Notable, the septum shows no trabeculation.

7. Additional Diagnostic Armamentarium

7.1. The Multimodality Imaging Approach

A combination of different echocardiographic criteria and, if appropriate, a combina-
tion with an additional diagnostic technique should help to diagnose NCCM definitely or
reject the diagnosis. However, there may be some borderline cases with a possible, but not
definite, diagnosis of NCCM. In these cases, the imaging approach has to integrate clinical
findings, family history and genetic data. However, at this time, a negative genetic test is
not a marker, that diagnosis of NCCM is unlikely [28,93].

7.2. Left Ventricular Angiography

Diagnosis of NCCM can also be performed by LV angiography. Sometimes it is a
diagnosis at a glance, but there are no definite criteria for the diagnosis of NCCM by LV
angiography [7,62].

7.3. Computer Tomography

Cardiac CT is an imaging tool with increasing significance. In patients with dilated
cardiomyopathy, cardiac CT is used to exclude coronary heart disease [94]. Conces et al.
reported the first diagnosis of NCCM using cardiac CT [95]. For diagnosis of NCCM by
cardiac CT, Melendez-Ramirez et al. proposed a ratio of noncompacted to compacted
layer of 2.2 in one segment [96]. Fuchs et al. analyzed ECG-triggered low-dose cardiac CT
and could discriminate patients with NCCM from normal individuals by using an NC:C
ratio of >1.8 in diastole. Their results showed a good correlation of NC:C ratio between
transthoracic echocardiography (TTE) and cardiac CT with the threshold of 1.8 [97].

7.4. Electrocardiography

An ECG does not show specific alterations in cases with NCCM. Alterations in the ST
segments and T waves are common, as also are different types of bundle branch blocks.
Some publications reported that nearly 90% of the patients presented with ECG alter-
ations [98]. Conduction delay, P-wave abnormalities, QRS-axis deviation, interventricular
conduction defects and various forms of bradyarrhythmias and tachyarrhythmias have
been observed in affected patients. Alterations induced by a Wolff–Parkinson–White
(WPW) syndrome may especially occur in children [49]. Atrial fibrillation is frequently
observed [47,48].
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7.5. Biomarkers

NTproBNP is a marker for heart failure. High NTproBNP levels were investigated
for being an indicator for death and heart transplantation in patients with NCCM [99]. An
elevated troponin level can refer to myocarditis but may also be present in patients with
NCCM [100].

7.6. Endomyocardial Biopsy

Endomyocardial biopsy continues to be the gold standard in the detection of myocar-
dial inflammation. Myocarditis is a potential differential diagnosis in cases with NCCM.
Biopsy findings can offer clear therapeutic recommendations, especially in cases with giant
cell myocarditis or sarcoidosis.

8. Differential Diagnosis

Prominent LV trabeculation can be found in healthy hearts, as well as in hypertrophic
cardiomyopathy (HCM) and in LV hypertrophy secondary to dilated, valvular, or hyper-
tensive cardiomyopathy. Thus, the differentiation between variants and LVNC may often
be challenging [101]. Differential diagnosis of NCCM includes apical and other located
LV thrombus, false tendons, aberrant chords, cardiac fibromas, eosinophilic heart disease,
endomyocardial fibrosis and cardiac metastasis [102]. Other cardiomyopathies or localized
LV hypertrophy have to be discriminated. Myocarditis may imitate NCCM.

In 25% of normal pregnancies, an increase in LV trabeculations can be assessed [20,103].
A LVNC pattern in pregnancy was reported in several studies [20,104,105]. Diagnosis of
NCCM, therefore, is more difficult in pregnant women. A peripartum cardiomyopathy
and a preexisting NCCM are important differential diagnoses in pregnant women or
women after delivery with heart failure symptoms, requiring different treatment options.
Noncompaction of the LV myocardium may be the morphological trait of a physiological
remodeling in these cases.

Some persons affected with noncompacted areas do not have any symptoms and are
diagnosed by chance. A major number of these persons are athletes, and noncompaction
perhaps may be a physiological remodeling process in these persons [19]. Luijkx et al. even
found ethnic differences in athletes with a greater degree of LV trabeculation in healthy
African athletes, combined with biventricular EF reduction at rest [106]. De la Chica et al.
found hypertrabeculation in persons with vigorous physical activity [107]. To exclude
NCCM in athletes, a pre-participation screening with clinical and family history, ECG
and echocardiography, and, in suspicious findings in these examinations, a CMR was
recommended [19].

A noncompaction pattern can be a myocardial response to acquired triggers, Loria et al.
discussed chemotherapy with drug toxicity as a possible trigger [108]. A report of 2009
described diagnosis of LVNC in a group of family members, including a pair of identical
twins; each of them suffered from thalassemia major requiring multiple transfusions, and
suggested a possible association with cardiac siderosis [109]. Chronic renal failure and
polycystic kidney disease were reported likewise [27]. Figure 4 proposes a pathway for
differential diagnostic considerations.
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Figure 4. A pathway for differential diagnosis and risk stratification in patients with noncompacted myocardium (LVNC).

9. Pathogenesis—Embryogenesis and the Pathophysiological Concept

In the first series of patients with NCCM, the disease was familial to a large extent.
Noncompaction areas resembled the fetal heart and the hypothesis of an arrest in the
normal compaction process of the heart seemed adequate.

The development of the heart is a complex, precisely regulated molecular and embryo-
genetic process. The different steps of the development are triggered by specific signaling
molecules and mediated by tissue-specific transcription factors [110,111]. Trabeculations
appear at the end of the fourth gestational week in humans, when the heart tube con-
sists of an external myocardial layer and an internal endocardial epithelium. The first
trabeculations appear in the cardiac jelly between endocardial–myocardial contact points
and extend radially into the ventricular lumen [112]. During myocardial development,
two different myocardial layers are formed within the ventricular wall, a trabecular layer
and a compact subepicardial layer [113–115]. In gestational week 12, development of
trabeculations increases the surface to enhance the blood, respectively oxygen supply of
the growing myocardium prior to the developing of the coronary arteries. The resulting
intertrabecular recesses communicate with the LV cavity. The next step in the development
is a compaction process from basal and septal to apical and lateral LV areas. This process
underlies a complex genetic regulation as well. An arrest of the compaction process can
occur if signal molecules are not expressed at the correct time [116].

The NOTCH pathway is required for proliferation, differentiation and tissue pat-
terning in various tissues, including the heart [117]. The NOTCH pathway seems to
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independently regulate cardiomyocyte proliferation and differentiation, two balanced pro-
cesses whose perturbation may result in congenital heart disease. Mutations in the NOTCH
pathway regulator MIB1 cause NCCM by impaired growths of the trabecular instead of
the compacted layer [118]. Other mutations in the NOTCH pathway lead to incorrect
marker expression (e.g., EphrinB2, NRG1, BMP10, and MIB1) and decreased myocardial
proliferation [112]. Neuregulin, ErbB2, ErbB4 and Nkx2.5 code other signaling proteins
regulating organ proliferation and are described to control myocardial cell outgrowth
that ultimately results in trabeculation [119–121]. The significance of the mutations in the
NOTCH pathway was demonstrated by mutations in mice that lead to noncompacted
myocardium [118].

In 2016, Jensen in contrary described the excessive trabeculations in noncompaction
not to have the embryonic identity and drew the conclusion that noncompaction is prob-
ably not the result of failed compaction, but likely the result of abnormal growth of the
compact wall [10]. This means that no compaction process may be present in the embry-
onic endomyocardial morphogenesis and that the term LVHT may be more appropriate
than LVNC [68]. However, up to now, the concept of an arrest in the endomyocardial
development is not completely understood [117].

10. Pathology

Pathoanatomical studies of NCCM revealed a marked trabecular meshwork with
many intertrabecular recesses in the involved mural segments of the LV myocardium
(Figure 5) [8,43,122]. The intertrabecular recesses are lined with endothelium [9], ending
blindly in the external compact layer without a connection to the coronary circulation [9,122].
In autopsy studies, prominent trabeculations were found in the LV in up to 70% of a group
of subjects without apparent clinical heart disease [123]. However, more than three trabec-
ulations were found in only 4% of the patients. On basis of these data, Stöllberger et al.
defined pathological LV trabeculations when more than three trabeculations apical to the
papillary muscles were present on echocardiography [124].

Figure 5. Autopsy specimen: left ventricle of a patient with NCCM and sudden cardiac death. A
thin compacted layer and extensive trabeculation in the apical region. Small thrombi between the
trabeculations (arrows).
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Burke examined hearts in cases with NCCM by autopsies and found poorly formed
papillary muscles in the LV, a distinct noncompacted zone in the LV and, often, in the right
ventricle [125]. The patterns of the noncompacted area include anastomosing trabeculations
and a polypoid endocardial surface. None of the pathological or histological findings was
typical for either the isolated or nonisolated form of NCCM. Different cardiac abnormalities
were seen in the nonisolated form, including epicardial coronary malformation, histiocytoid
cardiomyopathy, ventricular septal defects, and conotruncal diseases [125]. Jenni reported
scar tissue within the trabeculations and in the subendocardial area but not in the epicardial
zone [78].

In histological examinations the trabeculations were covered with excessive fibrous
tissue and elastin deposits, perhaps suggestive of some degree of subendocardial is-
chemia [115,125]. Oechslin et al. found an increased number of normally formed tra-
beculations in hypertrabeculation, while the histological appearance of NCCM was “far
beyond being normal” [41]. Burke found no difference between the hearts of isolated and
nonisolated noncompaction cardiomyopathy [125].

Ultrastructural investigations could give additional impact on the discussion of patho-
genesis of noncompaction areas. Ultrastructural investigations of hearts with noncom-
paction/hypertrabeculation demonstrated alterations in the shape and number of mito-
chondria, sarcomeric alterations, and other morphological abnormalities such as lipid-like
inclusions and enlarged interstitial spaces [126]. The findings were generally nonspecific.
The reported abnormalities were most prominent in patients with neuromuscular disorders.
The changes included elongated mitochondria, swollen mitochondria, and disruption of
the usual parallel orientation between mitochondria and sarcomeres. Other myocardial
diseases such as myocardial ischemia and hibernation have been reported to involve
abnormalities in mitochondria equally [127].

11. Genetics in Noncompaction Cardiomyopathy

11.1. Basic Aspects

Familial cumulation of NCCM assumes a genetic background. Basic research showed
that trabeculation is regulated by genes and that mutations in the NOTCH pathway
regulator MIB1 cause noncompacted myocardium [118].

The genetic pathogenesis of NCCM is heterogeneous. In a majority of the adult
patients with noncompaction cardiomyopathy, it is an autosomal dominant disorder. X-
linked disorders, autosomal recessive, and mitochondrial (maternal) inheritance have also
been described. The first genetic cause of isolated NCCM was initially described by Bleyl
et al., when they identified mutations in the X-linked G4.5-Gen encoding for Tafazzin, the
gene also responsible for Barth syndrome [128]. Affected children show cardiomyopathies,
half of them with noncompaction, neutropenia and myopathy. Emery–Dreifuss muscular
dystrophy is caused by a G4.5 mutation as well.

Gene mutations have been identified, that cause congenital heart disease with non-
compaction; in patients with hypoplastic left heart syndrome and noncompaction a DTNA
(α- dystrobrevin) mutation was identified. Dystrophin mutations are also involved in boys
with Duchenne and Becker muscular dystrophies [129]. Whereas mutations in Nkx-2.5 mu-
tations were reported in children with noncompaction, atrial septal defect and β-myosin
heavy chain (MYH7) in patients with noncompaction and Ebstein anomaly [129]. Chromo-
somal abnormalities and syndromic patients have also been identified with noncompacted
myocardium such as Coffin-Lowry syndrome, Sotos syndrome, Hunter–McAlpine syn-
drome, and Charcot–Marie–Tooth disease [130].

NCCM is often familial with an autosomal dominant inheritance but with variable
penetrance and a high intrafamilial variability [131]. Studies in the 1980s and 1990s led
to the discoveries that the sarcomere mutations cause cardiomyopathies. Mutations of
genes, that are responsible for hypertrophic or dilated cardiomyopathy, were found in
patients with NCCM as well [132]. Even primary restrictive cardiomyopathy shares the
same sarcomeric genetic background [133]. Recent publications showed that nearly half of
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the affected genes in patients with NCCM were sarcomere genes relevant for the structure
of contractile and non-contractile elements with single missense mutations [134]. MYH7
was involved in 48% of the sarcomere gene mutations. MYH7 and ACTC1 mutations had
significant lower risk for MACE than MYBPC3 and TTN mutations [28]. Arrhythmic genes,
non-sarcomere/non-arrhythmic genes, X-linked genes, genes associated with congenital
heart disease, mitochondrial dysfunction genes and complex genotypes were found as well
but in small numbers [28]. In some families with autosomal dominant NCCM associated
with congenital heart disease (CHD), affected members may have very minor forms of
CHD that may have normalized spontaneously, whereas other family members may have
severe forms of CHD. In addition, mutations in the sodium channel gene SCN5A, were
reported to cause noncompacted myocardium and rhythm disturbance [135]. Genetic
testing in patients with NCCM appears to detect clinically significant variants in 35% to
40% of tested individuals. Table 7 shows a selection of affected genes.

Table 7. Genes involved in different forms of noncompaction cardiomyopathy.

Genes Mutations in Gen:

Sarcomere genes MYH7; MYBPC3; ACTC1; TNT;
(Contractile and non-contractile TPM1; AN2; ACTN2; DES; LDB3;
Structures) MYL2; NEBL; OBSCN; TNNC1; TNNI3

Arrhythmia genes HCN4; RYR2; SCN5A; ABCC9;
ANK2; CACNA2D1; CASQ2; KCNE3
KCNH2; KCNQ1

Non-sarcomere/non-arrhythmia MMPK; DSP; DTNA; FKTN; HFE; JUP;
Cardiomyopathy genes LMNA (Lamin A/C); PKP2; PLEC; PLN;

PRDM16; RBM20; SGCD

X-linked genes G4.5 (TAZ); DMD; FHL1; GLA;
LAMP2: RPS6KA3

Genes associated with MIB1; MIB2; NKX2.5; NOTCH1;
congenital heart disease NSD1; PTPN11; TXB20; TBX5

Mitochondrial dysfunction genes HADHB; HMGCL; MIPEP; MLYCD
MT-ATP6; MT-CO3; MTFMT; MT-ND1;
MT-ND2; SDHA; SDHD; TMEM70; VARS2

Complex genotypes
Multiple mutations in one patient.
Complex MYBPC3 mutations with severe
clinical phenotype, observed only in children

Adapted from [28,134].

Children more frequently had an X-linked or mitochondrial inherited defect or chro-
mosomal anomalies. In multivariate analysis MYBPC3, TTN, arrhythmia—non-sarcomere
non-arrhythmia cardiomyopathy—and X-linked genes were genetic predictors for MACE.
The presence of pathogenic variants was an independent risk factor for adverse outcomes
in other cohorts as well and may aid in risk stratification in patients. Biallelic mutations
and double pathogenic variants were found to have a worse prognosis [136,137].

Current investigations in more than 800 patients showed a genetic overlap indicating
that NCCM often represents a phenotypic variation of DCM or HCM, but also variants
uniquely associated with NCCM [138].

11.2. Genetic Testing in Familial Noncompaction Cardiomyopathy

Up to 40% of NCCM cases may be familial, so family screening is recommended when
the diagnosis of NCCM is assessed in a child [12]. NCCM is a heterogeneous condition,
and genetic stratification plays a role in clinical management. Distinguishing genetic
from nongenetic noncompaction should help to predict an outcome and to find adequate
management and follow-up decisions tailored to genetic status [137]. When a definite
diagnosis of NCCM is assessed, the diagnostic process should include genetic testing
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which will provide a relatively high probability to find sarcomeric mutations [28]. No
pathogenetic variants were identified in patients with isolated LVNC in the absence of
cardiac dysfunction or syndromic features. Consequently, the diagnostic yield of genetic
testing in adult index patients with LVNC is low. Genetic testing is most beneficial in LVNC
associated with other cardiac and syndromic features, in which it can facilitate the correct
diagnosis, and is least useful in adults with isolated LVNC without a family history of
noncompaction [139,140].

HRS/EHRA in 2011 recommended mutation specific testing of family members and
appropriate relatives following the identification of a NCCM causative mutation in the
index case (Class I). NCCM genetic testing can be useful (Class II a) for patients in whom
a cardiologist has established a clinical diagnosis of NCCM, based on an examination of
the patient’s clinical history, family history, and electrocardiographic/echocardiographic
phenotype [141]. The German position paper for “Gendiagnostik bei kardiovaskulären
Erkrankungen” in 2015 conferred genetic testing in a patient with an established clini-
cal diagnosis of NCCM a Class IIA recommendation. The recommendations include a
mutation-specific test in family members after identification of the causative mutation in the
index case (Class I) [142]. Sensitivity for a genetic test at that time was 20–30%. [142]. The
AHA in 2020 recommends a family history for ≥3 generations and clinical screening for car-
diomyopathy in asymptomatic first-degree relatives. Genetic testing should be considered
for the most clearly affected person in a family to facilitate family screening and manage-
ment. For NCCM the use of the gene panel for the cardiomyopathy identified in association
with the NCCM phenotype is proposed, following the data of Hershberger [140,143].

In the pediatric population, genetic testing should be considered in individuals with
cardiomyopathy co-occurring with NCCM. The actual database does not suggest an indica-
tion for cardiomyopathy gene panel testing in individuals with isolated noncompaction in
the absence of a family history of cardiomyopathy phenotype with dilatation or hypertro-
phy [93].

12. Prognosis

With no underlying common diagnostic criteria, the comparison of different cohorts
is difficult. The prognosis of the patient populations with NCCM is dependent on the
occurrence of heart failure, death and on the need for heart transplantation. Systolic
function is an important risk factor; heart failure with a reduced ejection fraction (HFrEF)
with an LV ejection fraction below 35% has a worse prognosis. Several MR imaging studies
demonstrated a good prognosis in preserved LV function [13,45,144,145].

Long term survival of patients with isolated apical noncompaction and preserved
ejection fraction was shown to be comparable with the general population [16]. The
end diastolic diameter of the LV assessed by echocardiography and heart failure symp-
toms have prognostic impact as well. No major cardiovascular events occurred in the
non-symptom-based group, whereas 15/48 (31%) symptomatically diagnosed patients
experienced cardiovascular death or heart transplantation. Independent predictors of
cardiovascular death or heart transplantation were heart failure patient graded NYHA
III-IV, sustained ventricular arrhythmias and left atrial size [146]. Left bundle branch
block, atrial fibrillation and neuromuscular comorbidities have also been identified as risk
factors [51,62,147]

Murphy et al. found that 62% of the patients developed heart failure symptoms. The
death rate was found to be only 2% in a follow-up time of up to 15 years with regular
visits [40]. In children, Pignatelli et al. described a mortality rate of 14% in 3 years,
but transient recovery as well [148]. The Australian childhood cardiomyopathy registry
has found the prognosis in children usually present with predominant noncompaction
phenotype to be worse than the prognosis for matched children with DCM. In this registry,
the freedom from death or heart transplantation at 10 years was 48% and at 15 years
45% [32]. The data of the RICARDA study in contrast show a better prognosis in those
with hypertrabeculation, long term results are still lacking [149]. Whether the prognosis of
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NCCM differs from the prognosis of DCM in adults is unclear. A multicenter study from
the Netherlands showed no difference between the groups, while the Heidelberg group
showed a better prognosis in DCM compared to NCCM [150,151]. Aung et al. reported
that LVNC patients had a similar risk of cardiovascular mortality compared with a DCM
control group. The incidence rates of all-cause mortality, stroke and systemic emboli, heart
failure admission, cardiac transplantation, ventricular arrhythmias, and cardiac device
implantation were 2.16, 1.54, 3.53, 1.24, 2.17, and 2.66, respectively per 100 person-years.
Meta-regression and subgroup analyses of these data revealed that LV ejection fraction,
and not the extent of LV trabeculation, showed an important influence on the variability of
incidence rates [152]. CMR studies compared the outcome of adults with NCCM compared
to DCM patients and found no difference in the prognosis [14,15,153].

Genetic testing also has an impact on the prognostic stratification (see genetics).
Romano et al. demonstrated global longitudinal strain (GLS) derived with CMR to

be a prognostic factor even in NCCM [154]. The existence of late enhancement in MR
imaging was found to be an additional risk factor [155,156]. Vaidya et al. examined a
study group with isolated apical noncompaction versus a patient group of mid basal
noncompaction localization and found a lower risk of all-cause mortality compared to
the mid basal noncompaction localization even in groups with comparable cardiovascular
risk factors. However, in general, patients with isolated apical NCCM showed a higher
LV ejection fraction and were more frequently asymptomatic than those with mid basal
noncompaction localization [16]. Additionally, a correlation of 5 years mortality to the
number of affected segments was found [137]. Vaidya et al. compared patients with
and without left atrial dilatation, defined as LAVI > 34 cm2/m2. Left atrial dilatation
was present in half of the patients. Among the patients with left atrial dilatation 25%
died, compared to 8% without left atrial dilatation. However, the patients with left atrial
dilatation were significantly older, showing a greater frequency of hypertension, congestive
heart failure, and atrial fibrillation [16]. Regression of noncompacted areas was associated
with an improvement in LV systolic function and might be associated with a favorable
prognosis in these patients [157].

13. Therapy

There is no specific therapy for NCCM today. Therapy has to address the clinical symp-
toms and to cover prognostic aspects. Heart failure therapy in patients with NCCM and
reduced LV systolic function can be applied according to the heart failure guidelines [62].
Cardiac resynchronization therapy results in an improvement of LV function in patients
with left bundle branch block [158]. The implantation of an LV assist device is documented
in several case reports [159]. In a single heart transplantation center, NCCM was a rare
cause for transplantation with 2% of the cohort [160].

Antiarrhythmic therapy depends on the clinical situation, the use of ablation therapy
in supraventricular and ventricular tachycardia, pacemaker and ICD systems have been
reported [48,161,162]. Ablation of an accessory pathway in WPW-syndrome in children
could be successfully performed in 83% with improvement of a reduced LV function in
three of four of those with reduced LV function [49]. Therapy of atrial fibrillation in patients
with cardiomyopathies is challenging [163].

The 2008 ACC/AHA guidelines graded ICD implantation a Class II b indication
in NCCM independent of the systolic LV function [164]. The current guidelines on the
prevention of sudden cardiac death do not mention NCCM (AHA), or state that there are
only few data that LV noncompaction by itself is an indication for an ICD implantation
(ESC) [165,166].

Anticoagulation with VKA is recommended in cases with NCCM and reduced ejection
fraction with LVEF < 40%, as proposed in the literature [40,41,62]. The patients with
NCCM after thromboembolic events and those with atrial fibrillation should also receive
anticoagulation therapy. In patients with atrial fibrillation NOAC can be used instead of
VKA as well.
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Recently, there were case reports on resection of the noncompacted myocardium that
showed recovery of the cardiac function. Long term follow-up is recommended [167].

Regular physical activity, including systematic exercise, is an important component of
prevention and therapy for most cardiovascular diseases and is associated with reduced
mortality [168]. The 2020 ESC Guideline on sports cardiology regard NCCM patients and
allow participation in high-intensity exercise and competitive sports only in asymptomatic
individuals with an LVEF > 50% and the absence of arrhythmias, and in recreational
exercise programs only in patients with an LVEF > 40%. Follow-up visits are recom-
mended [168]. Figure 6 shows a proposal for a clinical algorithm for the management of
noncompaction cardiomyopathy.

Figure 6. Treatment algorithm for patients with NCCM.

14. Future Work

Today, we know that the morphological noncompaction pattern is not restricted to
the genetically determined NCCM. LVNC can occur in both, physiologic and pathologic
remodeling. However, the same is true for other structural features such as dilatation of
the LV or for LV hypertrophy, which can also be detected in a variety of clinical settings
and require a differentiated approach.

Nevertheless, we need diagnostic consensus criteria to streamline future research ef-
forts and be able to better compare patients’ subgroups with statistical meaningful volume.
A big international registry could be the basis for more evidence-based recommendations
to avoid unnecessary diagnostic testing and to formulate specific treatment options for this
elusive cardiomyopathy.

There are ample areas of need for future research to help unravel the mysteries of this
rare disease, NCCM. Future basic research should investigate the role of genetics as well as
the ultrastructural features of cardiomyocytes to help discover targeted treatments. Future
clinical studies need to focus on improving diagnostic imaging and laboratory testing.
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In the meantime, patients with NCCM should receive early diagnosis, counselling and
optimal treatment, while avoiding overdiagnosis and overtreatment in those with only a
physiologic remodeling.
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Abstract: Arrhythmogenic cardiomyopathy (ACM) is an inheritable heart muscle disease charac-
terised pathologically by fibrofatty myocardial replacement and clinically by ventricular arrhythmias
(VAs) and sudden cardiac death (SCD). Although, in its original description, the disease was believed
to predominantly involve the right ventricle, biventricular and left-dominant variants, in which
the myocardial lesions affect in parallel or even mostly the left ventricle, are nowadays commonly
observed. The clinical management of these patients has two main purposes: the prevention of SCD
and the control of arrhythmic and heart failure (HF) events. An implantable cardioverter defibrillator
(ICD) is the only proven lifesaving treatment, despite significant morbidity because of device-related
complications and inappropriate shocks. Selection of patients who can benefit the most from ICD
therapy is one of the most challenging issues in clinical practice. Risk stratification in ACM patients
is mostly based on arrhythmic burden and ventricular dysfunction severity, although other clinical
features resulting from electrocardiogram and imaging modalities such as cardiac magnetic resonance
may have a role. Medical therapy is crucial for treatment of VAs and the prevention of negative
ventricular remodelling. In this regard, the efficacy of novel anti-HF molecules and drugs acting on
the inflammatory pathway in patients with ACM is, to date, unknown. Catheter ablation represents
an effective strategy to treat ventricular tachycardia relapses and recurrent ICD shocks. The present
review will address the current strategies for prevention of SCD and treatment of VAs and HF in
patients with ACM.

Keywords: arrhythmogenic cardiomyopathy; risk stratification; drug therapy; implantable car-
dioverter defibrillator; catheter ablation; treatment

1. Introduction

1.1. Definition and Classification

Arrhythmogenic cardiomyopathy (ACM) is a genetically determined heart muscle
disease characterised pathologically by fibrofatty replacement of right and left ventricular
myocardium and clinically by ventricular arrhythmias (VAs) and arrhythmic sudden
cardiac death (SCD) [1].

Although the fibrofatty tissue is usually considered the hallmark lesion of ACM, it
should be more properly regarded as a marker of advanced stages of the disease [2]. Exper-
imental studies on transgenic animal models showed a histologic pattern consistent with
acute myocarditis in the early stages of the disease [3]. The pathological process progresses
from the epicardium to the endocardium, leading to wall thinning and aneurysm formation,
typically localised at the inferior wall, apex, and infundibulum of the right ventricle (RV)
(the so called “triangle of dysplasia”) [2,4]. Indeed, in its original description, the disease
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was characterised by a predominant involvement of the RV (“Arrhythmogenic right ven-
tricular cardiomyopathy, ARVC”), with left ventricular deterioration occurring later in the
history of the disease. However, autopsy investigations, genotype–phenotype correlation
studies, and the increasing use of contrast-enhanced cardiac magnetic resonance (CMR)
led to the discovery of biventricular and left-dominant variants, in which the myocardial
lesions do not remain confined to the RV, but affect in parallel or even predominantly the
left ventricle (LV) [5]. When the LV, whose wall is thicker than that of the RV, is involved
in the disease process, the fibrofatty scar tends to remain confined to the subepicardial
layers, sparing the sub-endocardium, which mostly contribute to myocardial thickening [6].
Indeed, LV lesions do not determine wall thinning nor wall motion abnormalities, making
the diagnosis more challenging (Figure 1).

 

Figure 1. Cardiac magnetic resonance in a patient with a desmosomal gene related biventricular ACM showing the
typical LV LGE pattern. (A) Short axis view demonstrating subepicardial LGE at the LV mid-inferolateral segments. (B)
Three-chamber view exhibiting extensive LGE stria at the LV posterolateral wall. ACM = arrhythmogenic cardiomyopathy;
LGE = late gadolinium enhancement; LV = left ventricle.

The disease is phenotypically classified in three variants: “right dominant”, charac-
terised by the predominant RV involvement, with no LV abnormalities; “biventricular”
with involvement of both the RV and LV; and “left dominant” (also referred to as “Ar-
rhythmogenic left ventricular cardiomyopathy, ALVC”) characterised by a predominant
LV involvement, with no RV abnormalities. The broader term “Arrhythmogenic cardiomy-
opathy, ACM” is currently used to encompass the whole spectrum of the abovementioned
disease phenotypic expressions [7]. This term should not be confused with the one of
“arrhythmogenic cardiomyopathies”, which has been proposed to comprise a series of
different conditions that share non-ischemic myocardial scarring and the propensity to
scar-related VAs [7]. In the present review, the term ACM refers to the phenotypic vari-
ants of a genetically determined cardiomyopathy whose hallmark lesion is the fibrofatty
replacement, which can localise in the RV (ARVC), LV (ALVC) or both ventricles (biventric-
ular ACM).
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1.2. Genetic Background

Arrhythmogenic cardiomyopathy is generally transmitted as an autosomal dominant
trait that is age-related, with incomplete penetrance and variable expressivity. For the clas-
sic right-dominant variant, the mutant genes are those encoding for desmosomal proteins,
such as plakoglobin (JUP), plakophilin-2 (PKP2), desmoplakin (DSP), desmoglein (DSG2),
and desmocollin (DSC2) [8–12]. In addition, genes encoding for adherent junctional pro-
teins, such as α-T-catenin (CTNNA3) and N-cadherin (CDH2), have also arose as potentially
relevant in the pathogenesis of ACM [13,14]. Desmosomes and adherens junctions provide
cellular–mechanical integration, the sodium channels facilitate the initiation of the electrical
impulse, and gap junctions mediate the impulse propagations. Altogether, these protein
complexes compose structures known as intercalated discs, which ultimately interconnect
cardiomyocytes to each other, being responsible for both intercellular electromechanical
connections and intracellular signalling cascades (Wnt-β catenin signalling pathway) [15].
A disturbed desmosomal organisation ends in cell death and scarring. However, VAs and
SCD can occur before the overt disease [16], as a consequence of purely electrical changes.
Indeed, because of a mutation-induced gap junction remodelling, the sodium current can be
reduced and cause polymorphic VAs by a mechanism similar to that observed in Brugada
Syndrome [17]. Besides the mentioned genes, biventricular and left-dominant forms are
usually associated with mutations in non-desmosomal genes encoding for transmembrane
protein 43 (TMEM 43), lamin A/C (LMNA), desmin (DES), filamin C (FLNC), titin (TTN),
sodium voltage-gated channel alpha subunit 5 (SCN5A), phospholamban (PLN), the car-
diac ryanodine receptor-2 (RYR2) and transforming growth factor beta-3 (TGFβ-3) [18–23].
Genotyping is not only useful for diagnostic purposes, but also for prognostic reasons.
Indeed, some mutant genes in ACM have been associated with a higher risk of SCD and
heart failure (HF). In particular, mutations of TMEM43 p.S358L are characterised by higher
disease penetrance and risk of SCD. FLNC, DES and PLN mutations have been associated
with peculiar patterns of LV fibrosis and arrhythmic propensity, with higher risk of VAs
and SCD [24–31].

1.3. Role of Inflammation in Arrhythmogenic Cardiomyopathy

The presence of inflammatory infiltrates (mainly T-cells) among dying myocytes has
been demonstrated in histopathologic analysis of ventricular myocardium at postmortem
or in experimental studies on transgenic animals, raising questions about the role of the
immune system in the pathogenesis of the disease [2,3]. Arrhythmogenic cardiomyopathy in
its early stages may present with acute chest pain and troponins release (“hot phase”), which
resembles the infarct-like manifestation of some clinically suspected myocarditis [2,32–34].
The presence of autoantibodies has been reported in ACM patients and in their relatives,
with a positive status being more frequent in a familial than in a sporadic pattern [35,36].
Whether inflammation is the cause or a consequence of cardiomyocytes apoptosis in ACM
remains to be established. The increasing interest in the role of the immune system in the
pathogenesis of the disease has translated into pharmacologic research targeting the biologic
pathway involved in myocardial inflammation.

1.4. Diagnosis

It is important to underline that in ACM the diagnosis is multiparametric. In 1994, an
International Task Force (TF) developed the first diagnostic scoring system for the disease,
consisting of major and minor criteria grouped into different categories. A “definite” ACM
diagnosis was made when multiple criteria (two major criteria, or one major and two minor
criteria, or four minor criteria from different categories) were met because no diagnostic test
was considered specific enough to reach a final diagnosis. If the number of criteria was not
sufficient to satisfy a “Definitive” diagnosis, the disease diagnosis could be downgraded
as “borderline” (one major criterion and one minor criterion, or three minor criteria), or
“possible” (one major criterion alone, or two minor criteria) [37]. In later years, clinical
studies demonstrated that these criteria were highly specific, but lacked sensitivity in mild
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forms of the disease (for example, in the early diagnosis of family members). Consequently,
the revised 2010 TF criteria included new electrocardiographic parameters and quantitative
measurements in echocardiogram and CMR imaging to increase this scarce diagnostic
sensitivity. Notably, the demonstration of a pathogenic variant in ACM-related genes
became a major diagnostic criterion [38]. However, the 2010 TF criteria still had limitations.
In 2019, an International Expert Report provided an extensive critical review of their
clinical performance, pointing out that the main limitation of the 2010 TF criteria was the
absence of specific criteria for the diagnosis of ALVC. In particular, tissue characterisation
provided by CMR, which allows the identification of the fibrofatty scar at the LV level to
increase the diagnostic sensitivity, was not included [39]. Starting from 2010, there has
been growing knowledge of biventricular and left-dominant variants, and in 2017, the term
“Arrhythmogenic Cardiomyopathy” was used to give a new definition of the disease [1].
In this context, the 2020 International Expert consensus document provided upgraded
criteria (“the Padua Criteria”) for the diagnosis of the entire spectrum of ACM phenotypes,
especially the left-sided forms, emphasising the use of myocardial tissue characterisation
by CMR for diagnosis [40,41].

2. Management

Sudden cardiac death, due to ventricular electrical instability, and HF, as a result of
progressive ventricular dilatation and dysfunction, represent the most feared outcomes
in ACM. The main objectives in ACM management are: the management of VAs, the
prevention of SCD, the attenuation of arrhythmic and HF symptoms, and the slowdown of
disease progression. To reach these goals, the patient’s risk profile and symptoms must be
assessed, and the most appropriate therapy should be chosen accordingly.

2.1. Prevention of Sudden Cardiac Death
2.1.1. Risk Stratification

Because ACM patients are often young with a life expectancy of many years, it is of
utmost importance to decide whether the patient’s risk of SCD is sufficiently high to justify
aggressive therapy, including the insertion of an implantable cardioverter defibrillator
(ICD).

Risk stratification in ACM patients is mostly based on the severity of arrhythmias and
ventricular dysfunction. Several clinical predictors of poor outcome have been described
over the years. Independent predictors of poor prognosis, found in at least one published
multivariable analysis, referred as “major” risk factors, are the following: malignant
arrhythmic events including SCD, cardiac arrest (CA) due to ventricular tachycardia
(VT)/fibrillation (VF), appropriate ICD interventions, or ICD therapy on fast VT/VF;
unexplained syncope; non-sustained VT on 24-h Holter monitoring; and RV/LV systolic
dysfunction, either severe (RV fractional area change ≤17% or RV EF ≤ 35% for the RV and
LV EF ≤ 35% for the LV) or moderate (RV fractional area change between 24 and 17% or
RV EF between 40 and 36% for the RV and LV EF between 45 and 36% for the LV). “Minor”
risk factors associated with adverse events include: male gender; compound genotype;
young age at the time of diagnosis; proband status; inducible VT/VF at programmed
ventricular stimulation (PVS); extent of electroanatomic scar and fragmented electrograms
on RV voltage mapping; extent of T-wave inversion across precordial and inferior leads;
low QRS amplitude and QRS fragmentation, [42]. Some genetic defects have also been
associated with a worse arrhythmic outcome. The TMEM43 p.S358L founder mutation has
an almost complete disease penetrance and a high risk of SCD among male carriers [18].
Digenic and compound genotypes are independent predictors of life-threatening VAs and
SCD [43].

A flow chart of the treatment of patients with ACM is reported in Figure 2.
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Figure 2. Flow chart of treatment of patients with ACM. Both healthy gene carriers and ACM patients should avoid intense
sport activity, to prevent exercise-induced arrhythmic events and disease development or progression. Betablockers, since
they prevent arrhythmic events and lower right ventricular wall stress, are essential drugs to be used in all clinically affected
individuals. In patients suffering from VAs, AA drugs give the opportunity to improve symptoms. Catheter ablation is
an interventional option for patients with episodes of sustained monomorphic VT. Patients for whom the implantation
of an ICD is most often indicated are those with history of VF or sustained VT. In advanced stages of the disease, when
HF occurs, betablockers and other HF drugs are indicated. AA drugs = antiarrhythmic drugs; ACM = arrhythmogenic
cardiomyopathy; HF = heart failure; ICD = implantable cardioverter defibrillator; Vas = ventricular arrhythmias; VT =
ventricular tachycardia; VF = ventricular fibrillation.

Three categories of arrhythmic risk (“high”, “moderate” and “low” risk) have been
identified by the 2015 Task Force consensus document on treatment of ACM (Figure 3).
The “high-risk” category comprises patients with a history of CA or hemodynamically
unstable VT or those with severe ventricular dysfunction, either right (RV fractional area
change ≤17% or RV ejection fraction ≤35%) or left (LV ejection fraction ≤35%). The
“intermediate risk” category includes patients with ≥1 “major” risk factors, such as syncope,
non-sustained VT, or moderate right (RV fractional area change 17–24% or RV ejection
fraction 36–40%) and/or left (LV ejection fraction 36–45%) ventricular dysfunction and
patients with ≥1 “minor” risk factors. Asymptomatic patients with no risk factors and
healthy gene carriers have a low risk of malignant VAs (“low-risk” category) [42]. Figure 3
illustrates risk categories in patients affected by ACM [44].
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Figure 3. Risk stratification in patients affected by ACM. Risk of major arrhythmic events is based on
previous events and specific risk factors. ACM= arrhythmogenic cardiomyopathy. From The New
England Journal of Medicine, Domenico Corrado, Mark S. Link, Hugh Calkins, Arrhythmogenic Right
Ventricular Cardiomyopathy. New Engl. J. Med. 2017, 376, 61–72. Copyright © 2021 Massachusetts
Medical Society. Reprinted with permission [44].

Recently, a calculator has been proposed for “primary” risk stratification of patients
with ACM [45]. However, this calculator shows significant limitations due to the important
selection biases and inhomogeneous study population of the original Cadrin-Tourigny
investigation used to predict outcome. Indeed, the outcome predictors were the same
factors, such as syncope, non-sustained ventricular VT, and RV (but no LV) systolic dys-
function, which led to ICD implantation. The arrhythmic outcome was assessed using a
combined endpoint including appropriate ICD intervention on VT, which is a poor sur-
rogate of SCD because the majority of episodes in ACM patients are self-terminating and
even short episodes of fast (>180/min) VT are hemodynamically well tolerated and most
often asymptomatic, because the systolic function of the LV is usually preserved or slightly
depressed. Since only one-fourth of the total study population had an ICD, 60% of the
study patients (without an ICD) were prevented from experiencing an appropriate ICD
intervention, which accounted for 70% of outcomes during the follow-up.

The same authors recently developed a new calculator for the prediction of life-
threatening VAs (i.e., fast VT/VF, or sudden CA) using the same study design of the
previous study [46]. Surprisingly, classic major risk factors such as a history of sustained
VT or VF and the severity of ventricular systolic dysfunction did not predict the occurrence
of life-threatening VAs. Conversely, malignant arrhythmic events were associated with
younger age, male sex, the burden of ectopic ventricular beats and the extent of T-wave
inversion in the inferior and precordial leads. The use of the calculator may be associated
with overestimation of the risk of VT and VF, which may translate into overtreatment with
ICD of asymptomatic ACM patients. Hence, before this calculator can be recommended
for clinical use, validation studies are needed to confirm its predictive accuracy among the
“real world” ACM patient population (www.arvcrisk.com; accessed on 21 June 2021).

2.1.2. New Risk Predictors

Novel biomarkers are currently emerging as useful tools for risk prediction [47].
Testosterone, plasma bridging integrator 1, soluble ST2, miRNAs, anti-DSG2 antibodies,
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correlate with disease severity and arrhythmias incidence [35,48–60]. Rearrangement at the
intercalated disk (remodelling of connexin 43 gap junction proteins, sodium channels, and
desmosomal proteins, particularly plakoglobin) determined by immunohistochemistry
may predict arrhythmic events [61]. Ajmaline challenge can show ST elevation, which is
also indicative of sodium channel remodelling [62,63]. Conduction delays, undetectable
on 12-lead ECG and associated with a higher risk of arrhythmias, can be unmasked
by cardiac activation imaging [64] or by echocardiography deformation imaging [65].
Contrast-enhanced CMR with late gadolinium enhancement (LGE) technique can provide
a non-invasive assessment of myocardial fibrosis [66].

2.1.3. Indications for ICD Implantation

Although randomised trials of ICD therapy have not been performed, data from
observational studies have consistently shown that it is effective and safe. The 2015 TF
consensus conference on treatment of ACM provided recommendations for ICD implanta-
tion with the aim to optimise the prevention of SCD and avoid overtreatment of patients
at low risk (Figure 4). Patients who benefit most from ICD are those who have had an
episode of VF or sustained VT. It remains uncertain whether ICD therapy is appropriate
for primary prevention of SCD among patients with one or more risk factors and no prior
major arrhythmic events [63,64].

 

Figure 4. Flow chart of risk stratification and indications of ICD implantation in ACM. Based on the available data on annual
mortality rates associated with specific risk factors, the estimated risk of major arrhythmic events in the high-risk category is
>10%/year; in the intermediate category, it ranges from 1 to 10%/year; and in the low-risk category, <1%/year. Indications
of ICD implantation were determined by consensus considering not only the statistical risk, but also general health,
socioeconomic factors, the psychological impact and the adverse effects of the device. * See the text for distinction between
major and minor risk factors. ACM = arrhythmogenic cardiomyopathy; ICD = implantable cardioverter defibrillator; LV
= left ventricle; NSVT = non sustained ventricular tachycardia; RV = right ventricle; SCD = sudden cardiac death; VF =
ventricular fibrillation; VT = ventricular tachycardia. Modified with permission from Corrado et al. [42].

In asymptomatic patients with no risk factors and in healthy gene carriers, there
is generally no indication of prophylactic ICD implantation because of the low risk of
arrhythmias and the significant risk of device- and electrode-related complications during
long-term follow-up [46].
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2.1.4. Transvenous Versus Subcutaneous ICD

ACM patients are usually young and receive an ICD for primary prevention. Thus, it
is of utmost importance to prevent SCD whilst avoiding complications such as lead failure,
device infections, and inappropriate shocks, frequently associated with the transvenous
ICD (TV-ICD) (estimated rate—3.7% per year).

Subcutaneous ICD (S-ICD), thanks to its entirely subcutaneous position, is progres-
sively establishing itself in clinical practice as a valid alternative to the TV-ICD, especially
among patients with limited vascular access, increased risk of infection and a structurally
normal heart with no need for pacing [67]. In ACM patients, the matter of its use has been
more complicated because of the intrinsic characteristics of the disease, which is progressive
and associated with the possibility of electrocardiographic depolarisation/repolarisation
changes, leading to double QRS counting and P- or T-wave oversensing and potential
inappropriate shock delivery [68]. Migliore et al., in a multicentre study enrolling ACM
patients receiving S-ICD, demonstrated that S-ICD was a safe and effective therapy for
treatment of both induced and spontaneous VAs (Figure 5). However, the use of S-ICD in
this population still has some limitations [68]. First, S-ICD cannot deliver anti-tachycardia
pacing (ATP) therapy, which may be a “pain-free” solution for VT. However, it has been
demonstrated that many of these episodes are self-limiting and haemodynamically well
tolerated, thus not needing interruption [69]. Moreover, while re-entrant VTs characterise
the advanced stages of the disease, young patients usually suffer VF episodes, reflecting
the acute electrical instability of the early phases of the disease [16]. The second issue
relies on the higher incidence of inappropriate shocks in ACM patients, which can be
triggered by the type of population, mostly of young and active patients, and the higher
prevalence of electrocardiographic abnormalities. The latter include: reduced QRS voltages
amplitude; negative T-waves; right atrial enlargement with peaked P waves; repolarisation
abnormalities depending on the heart rate [69]; and R-wave amplitude decline during
follow-up. These electrocardiographic features predispose this population to possible
cardiac and/or non-cardiac oversensing and subsequent inappropriate therapy. This is
why strategies which aim to reduce inappropriate shocks are based on careful electrocar-
diographic screening [70], device programming (single vs. dual-zone programming), new
implantation techniques [71], and software upgrades such as “SMART Pass” to reduce
oversensing [72].

Figure 5. Appropriate and inappropriate S-ICD shocks. (A) S-ICD stored electrogram showing appropriately detected and
treated ventricular arrhythmia episode. (B) S-ICD stored electrogram of inappropriate shock due to P/T-wave oversensing
during effort. S-ICD = subcutaneous implantable cardioverter defibrillator. Modified with permission from Migliore et al. [68].

78



J. Clin. Med. 2021, 10, 2750

2.2. Improvement of Symptoms and Quality of Life

The implant of an ICD is the only therapeutic option of proven efficacy for the pre-
vention of SCD by interruption of otherwise lethal VAs. However, ACM patients often
complain of arrhythmic (palpitations, VT recurrences, or ICD discharges) and HF symp-
toms that affect their quality of life. Currently available treatment options include either
pharmacologic or non-pharmacologic therapy.

2.2.1. Traditional Pharmacologic Therapy

Traditional pharmacological therapy includes the use of betablockers, antiarrhythmic
drugs (AADs), and HF drugs.

Adrenergic stimulation in ACM patients promotes VAs and SCD, which typically
occur during or soon after a physical effort. By preventing effort-induced VAs, betablockers
find their ideal location in this setting. Indeed, they receive a class I recommendation
for ACM patients symptomatic for frequent premature ventricular beats (PVBs) and non-
sustained VT, patients with recurrent VT, appropriate ICD therapies, or inappropriate ICD
interventions resulting from sinus tachycardia, supraventricular tachycardia, or atrial fibril-
lation/flutter with a high ventricular rate. Moreover, they reduce the ventricular wall stress,
lowering disease progression. Therefore, there is a class IIa for recommendation of their
use in all patients with a definite diagnosis of ACM, irrespective of arrhythmias. Instead,
in phenotype-negative gene carriers, prophylactic use of these drugs is not justified [42,73].

Among AADs, amiodarone and sotalol are the most effective drugs with a relatively
low proarrhythmic risk. They are recommended in ACM patients with frequent appropriate
ICD discharges (class I) to improve symptoms in patients with frequent PVBs and/or non-
sustained VT (class IIa) and as an adjunctive therapy when betablockers alone are not
sufficient to control the arrhythmic burden in symptomatic patients with frequent PVBs
and/or non-sustained VT [42,73].

When right and/or left HF occurs, the standard HF pharmacological treatment includ-
ing angiotensin-converting enzyme inhibitors, angiotensin II receptor blockers, (betablock-
ers), and diuretics is recommended (class I) [42].

Left-ventricle assist devices and heart transplantation represent the final treatment
options when the disease progresses to an end-stage phase. The largest assembled cohort
of ACM patients undergoing heart transplant showed high post-transplantation survival
rates (94% and 88% at 1 and 6 years, respectively) [74–76].

Another not uncommon issue in severely dilated ventricles with aneurysms and sac-
culations is represented by thrombus formation and related thromboembolic complications.
There is no indication for primary prevention with anticoagulants; however, when a throm-
bus is documented or a thromboembolic event occurs, long-term anticoagulants should be
started (class I) [42].

2.2.2. New Pharmacological Options
Heart Failure Drugs

The PARADIGM-HF study established the favourable impact of therapy with sacubi-
tril/valsartan (LCZ696) on the outcomes of patients with HF [77]. Whether this treatment
is effective in ACM patients with RV, LV or biventricular systolic dysfunction remains to
be established. Studies validating the role of these neurohormonal antagonists in ACM
represent a major research priority.

Anti-Inflammatory Drugs

Glycogen synthase kinase-3β (GSK3 β) and the nuclear factor-kB (NFkB) signalling
pathways are abnormally activated in cardiac myocytes in ACM. A small molecule,
SB216763 (SB2), a GSK3β inhibitor, appears to prevent or reverse the disease in ani-
mal models by reducing the Wtn-β catenin signalling pathway (which is enhanced by
GSK3β) [78,79]. However, long-term use of GSK3β antagonists and its effects on the Wtn-β
catenin signalling pathway carry an unacceptable risk of developing cancer, limiting their
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clinical applicability. Thus, subsequent research focused on a downstream level and on in-
flammatory signalling. NFκB promotes inflammatory responses and interacts with GSK3β.
Bay 11-7082, an inhibitor of NFκB, has been demonstrated to reduce the development
of disease features [80]. On the same line, the inhibition of the TNFα, IL-1 and NLRP3
inflammasome in experimental models has been shown to have a potential benefit in ACM
treatment by reducing inflammation and fibrosis [81–83]. These findings gave evidence
of the efficacy of targeting the inflammatory pathway as a potential therapeutic option in
ACM patients.

Another signalling pathway that is altered, causing LMNA-associated cardiomyopa-
thy, is that of MAP kinase (p38α branch). ARRY-797, a p38 MAPK inhibitor, has been
shown to reverse cardiac dysfunction in animal models of LMNA and important results
are expected from a clinical trial (ClinicalTrials.gov Identifier: NCT03439514) currently
underway in patients with dilated cardiomyopathy due to LMNA mutations [84].

2.2.3. Non-Pharmacologic Therapy by Catheter Ablation

When pharmacological therapy confers only a partial control of arrhythmias or are
poorly tolerated, catheter ablation can represent a potentially effective treatment for recur-
rent sustained VT episodes and ICD shocks in ACM patients. Therefore, it is recommended
in cases of incessant VT or frequent appropriate ICD interventions on VT, despite maximal
pharmacological therapy, and may be considered in patients who do not desire or cannot
tolerate pharmacological therapies [42]. Since catheter ablation does not prevent SCD, it
should not be considered as an alternative to ICD implantation in ACM patients with a
history of sustained VT, with the possible exception of selected cases with a drug refractory,
haemodynamically stable, single morphology VT [42].

Myocardial scars are imaged as low-voltage regions (areas ≥1 cm2 with low bipolar
voltages (<1.5 mV), and fractionated potentials (i.e., >3 deflections, amplitude ≤1.5 mV,
duration >70 ms)) by bipolar three-dimensional electroanatomic voltage mapping (3D-
EVM). As mentioned above, these alterations not only have a diagnostic value but also
carry a prognostic significance as they correlate with arrhythmic events. However, 3D-EVM
can miss low-voltage areas in about 25–30% of cases and the success rate of the endocardial
approach is still modest because of the epicardial location of the majority of VT circuits [85].
This epicardial substrate can be evidenced as abnormal epicardial bipolar low-voltage
areas (amplitude < 1.0 mV) by epicardial voltage mapping [86] or, as an alternative to this
invasive approach, by using a threshold of <5.5 mV at unipolar endocardial mapping [87].

The catheter ablation technique includes patient sedation, mapping, electrophysiologi-
cal study, and ablation itself. For the endocardial approach, conscious sedation is favoured,
while for the epicardial approach, general anaesthesia is preferred. The endocardial ap-
proach relies on a standard transfemoral access, whereas a pericardial access is employed in
the epicardial approach (Figure 6). The following steps are similar for both the approaches:
use of irrigated-tip catheters with contact force sensors to detect fractionated signals and
late potentials, pace mapping to identify additional sites, PVS to induce VT, activation,
and entrainment VT mapping to identify the tachycardia circuit or, as an alternative, a
substrate-based ablation targeting “channels” and delayed/fractioned potentials within
low voltages areas.
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Figure 6. Catheter ablation in ACM patients. Panel (A) shows the subendocardial approach. Panel (B) shows the
subepicardial approach. Panel (C) shows three-dimensional electro-anatomical voltage mapping to reconstruct regions of
right ventricular scarring. ACM = arrhythmogenic cardiomyopathy. From The New England Journal of Medicine, Domenico
Corrado, Mark S. Link, Hugh Calkins, Arrhythmogenic Right Ventricular Cardiomyopathy. New Engl. J. Med. 2017, 376,
61–72. Copyright © 2021 Massachusetts Medical Society. Reprinted with permission [44].

Patients with end-stage ACM require more extensive radiofrequency applications be
delivered at the endocardium because of a wider endocardial than epicardial involvement.
However, even in these cases, the epicardial approach (combined with endocardial) may
be useful to achieve complete substrate elimination and decrease VT episodes during
follow-up. Because recent studies demonstrated good long-term outcomes in patients
showing no VT inducibility after endocardial-only ablation, the epicardial approach should
be reserved only for when spontaneous or inducible VT persists after extensive previously
performed endocardial ablation [88,89] (Table 1). Therefore, a stepwise method with a first
attempt with endocardial-only ablation followed eventually by epicardial ablation in those
patients exhibiting a bipolar vs. unipolar low-voltage areas may be preferred.
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3. Conclusions

Arrhythmogenic cardiomyopathy is characterised by progressive scarring of the
ventricular myocardium and ventricular dilatation and dysfunction.

The clinical approach to the disease should embrace new concepts and awareness
regarding the pathobiological basis and the role of the immune system in the development
and progression of the disease. Risk stratification to guide ICD implantation remains a
crucial point in the management of ACM patients for primary prevention of SCD. The
emerging role of S-ICD offers the potential to revise the indications of ICD treatment.
The significant advances of mapping and catheter ablation have led to effective non-
pharmacologic therapy of sustained VT. Neurohormonal antagonists and drugs targeting
the Wtn-β and NFκB pathways represent the major advances of pharmacological treatment.
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Abstract: Fabry disease is a multisystem X-linked lysosomal storage disorder caused by a mutation
in the alpha-galactosidase A gene. Deficiency or reduced activity of alpha-galactosidase A (GLA) is
leading to progressive intracellular accumulation of globotriaosylceramide (GL3) in various organs,
including the heart, kidney and nerve system. Cardiac involvement is frequent and is evident as
concentric left ventricular hypertrophy. Currently, the standard treatment is enzyme replacement
therapy or chaperone therapy. However, early starting of therapy, before myocardial fibrosis has
developed, is essential for long-term improvement of myocardial function. For future treatment
options, various therapeutic approaches including gene therapy are under development. This review
describes the current and potential future therapy options for Fabry cardiomyopathy.

Keywords: Fabry; cardiomyopathy; treatment; options

1. Introduction

Fabry disease (FD) is a multisystem X-linked lysosomal storage disorder caused by a
mutation in the alpha-galactosidase A (GLA) gene [1]. Deficiency or reduced activity of
GLA is leading to progressive accumulation of intracellular globotriaosylceramide (GL3)
in various organs, including the heart, kidney and nerve system [2]. Typical manifestations
include neuropathic pain, telangiectasias, anhidrosis, gastrointestinal symptoms, cornea
verticillata, renal failure with unknown etiology, unexplained left ventricular (LV) hyper-
trophy or neurological manifestations (e.g., cryptogenic stroke) [3–8]. Regarding diagnosis
of FD and Fabry cardiomyopathy, various reviews have been published [9,10].

In suspected cases, determination of GLA activity is recommended. In males, GLA
activity <1% is highly suggestive for the disease of classic FD [9]. In females and in pa-
tients with late-onset mutations (e.g., N215S cardiac variant mutation) the enzyme activity
may be residual or even normal; thus, in such cases, genetic testing of Fabry mutations
is mandatory [11]. Basically, the additional determination of globotriaosylsphingosine
(lyso-GL3) is recommended. Lyso-GL3 levels ≥2.7 ng/mL are associated with classical
mutations [12]. For evaluation of relevant cardiac involvement, the determination of highly
sensitive Troponin (hsTnT) and B-type natriuretic peptide (NT proBNP), as biomarkers,
are useful [13]. In FD, hsTNT is more related to early development of cardiac fibrosis and
NT proBNP to heart failure in advanced stages [14].

Although blood tests are very easy to perform, a lot of patients are diagnosed late
during the disease progression. The reason for this is that symptoms can vary a lot and
thus it is difficult for the clinician to assign very general symptoms to this very rare disease.
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Thus, overall it takes on average 10 years from the first symptom to the correct diagnosis
of FD.

In patients with FD, morbidity and poor prognosis are mainly driven by cardiomyopa-
thy [15,16]. Currently, the standard treatment is enzyme replacement therapy or chaperone
therapy [17]. However, early beginning of therapy, before myocardial fibrosis has devel-
oped, is essential for long-term improvement or stabilization of myocardial function [18].
For future treatment options, various therapeutic approaches including gene therapy are
under development. This review describes the current and future therapy options for Fabry
cardiomyopathy.

2. Fabry Cardiomyopathy

Left ventricular (LV) hypertrophy is the main mechanism of the Fabry cardiomyopathy.
LV hypertrophy (LVH) is partly a reaction of the tissue to the GL3 deposition [10]. In
addition, an increase of trophic factors, e.g., lyso-Gb3, play a role in the development of
Fabry cardiomyopathy [19–26]. Furthermore, upregulation of cellular adhesion molecules
in vascular endothelial cells or by oxidative stress leads to LVH [27]. Genetic aspects
should also be considered. Germain et al. confirmed that p.N215S is a disease-causing
Fabry mutation with severe clinical manifestations essentially limited to the heart until late
adulthood, especially in males [28].

Concentric LV thickening without outflow tract obstruction [29–31], prominence of
papillary muscles [30,32,33], preservation of ejection fraction and slight to mild to moder-
ate impairment of diastolic function [15] are typical echocardiographic aspects in Fabry
patients. Even in the early stages of FD, mild impairment of regional myocardial func-
tion is common, and can be assessed by strain rate or deformation imaging [16,19,29,34].
Typically, the reduction of myocardial longitudinal function starts in basal regions of pos-
terolateral myocardium and is related to myocardial fibrosis in later stages [16]. In the
end-stage cardiomyopathy, wall motion abnormalities can be observed on bidimensional
echocardiography [35]. The development of replacement fibrosis, which is mostly limited
to posterolateral segments of basal myocardium, is a typical morphologic sign for Fabry
cardiomyopathy [19,22] and is associated with a poor prognosis [16,35]. This fibrosis can
be assessed by gadolinium-contrast late enhancement (LE) magnetic resonance imaging
(the gold standard for the assessment of myocardial fibrosis) or indirectly by functional
deformation imaging [19,22,36,37]. Echocardiographic aspects and magnetic resonance
tomography findings in various stages of Fabry cardiomyopathy were shown in Figure 1.
In general, there are sufficient cardiac tools to assess early Fabry cardiomyopathy. In
this context cardiac magnetic resonance tomography with T1 mapping and late enhance-
ment imaging are very important imaging tools. Only in some patients with inconsistent
diagnostic results and insufficient treatment effects cardiac biopsy might help.

Common misdiagnoses involving the heart and in particular the finding of LVH
in FD are hypertensive heart disease, sarcomeric hypertrophic cardiomyopathy, cardiac
amyloidosis and Friedreich cardiomyopathy. Whenever FD is suspected in hypertrophic
hearts, additional questions about typical Fabry symptoms should be discussed with the
patient. If the patient suffered from LVH and typical symptoms, Fabry disease is very likely
and a blood test should be performed.

In case of unexplained LVH (>13 mm), FD should be suspected. In general male
patients can develop LVH at the age of 20 and female patients around 10 years later. In a
cohort of 100 males with unexplained LVH (≥13 mm) older than 30 years, Palecek et al.
found a prevalence of 4.0% for FD. They recommend screening for FD in all men older
than 30 years with unexplained LVH even in the absence of obvious extracardiac manifes-
tations [38]. Hagège et al. investigated a cohort of 392 adult patients (278 men) with HCM
defined by wall thickness ≥ 15 mm in 29 French cardiology centers. In four men (all older
than 40 years; 1.5% of the cohort) the diagnosis of FD was confirmed by blood and genetic
testing [39]. Nakao et al. and Sachdev et al. reported in their trials similar results [40,41].
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However, other multicenter screening trials found lower prevalence of FD in patients with
unexplained LVH, ranging between 0.5% and 1.5% [42,43].

 
(a) 

 
(b) 

Figure 1. (a) Echocardiographic aspects and magnetic resonance tomography findings in various stages of Fabry cardiomy-
opathy. (b) Strain analysis in various stages of Fabry cardiomyopathy.

In all patients with a Fabry cardiomyopathy regular follow-up examinations are
necessary. For cardiac test echocardiography, ECG, Holter ECG, ergometry and cardiac
biomarkers should be performed. If patients are treated, all these diagnostic tests should
be performed once a year. An MRI including late enhancement imaging and if possible T1
mapping should be done at least every two years [44,45].
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2.1. Treatment of Fabry Cardiomyopathy
2.1.1. Current Treatment

Fabry cardiomyopathy, which leads to reduced life expectancy in untreated pa-
tients [46,47], can be treated with a causal therapy. The current therapy for FD (Figure 2)
is enzyme replacement therapy (ERT) or in amenable mutations Chaperone therapy. ERT
is administered by lifelong biweekly infusion of recombinant enzyme [48,49], which is
available as agalsidase alfa (Replagal®, Shire Human Genetics Therapies AB, Stockholm,
Sweden, since 2019 Takeda Pharma AG, 8152 Opfikon, Switzerland) and agalsidase beta
(Fabrazyme®, Sanofi Genzyme, Cambridge, MA, USA). After enzyme replacement, mi-
crovascular GL3 depositions were cleared in the kidneys, skin and the heart of most Fabry
patients [49–52]. The depletion of GL3 depositions and reduced inflammation are associated
with reduced LV mass and in some patients with early stage of the disease augmentation
of regional myocardial function is possible [19,29,53]. Nevertheless, the effect of ERT on
life expectancy remains unclear. The timing of ERT is important, as the foremost benefit of
ERT was reported in patients with less severe stage of cardiomyopathy at baseline [18,20].
Improvements of cardiomyopathy (decrease in myocardial mass, improvement of regional
myocardial function and increase in exercise capacity) were observed during three years of
ERT only in patients without replacement fibrosis. A reduction of LVH and stabilization
of exercise capacity and LV function were found in patients with myocardial fibrosis only
in one LV segment; whereas no benefit in LV function and no clear regression of LVH
were seen in patients with more than one affected (myocardial fibrosis) LV segment [19].
Most patients, particularly male patients, are developing antibodies with neutralizing
activity during long-term ERT [54–56]. The impact of these neutralizing antibodies on heart
morphology and function remains unclear.

 

Figure 2. Current treatment algorithm for Fabry cardiomyopathy (adapted with permission from Weidemann F. et al. The
Fabry cardiomyopathy: models for the cardiologist. Annu Rev Med 2011; 62: 59-67. Copyright© 2021, MarketplaceTM.
#: only in patients with Migalastat-amenable GLA mutations possible. EF: ejection fraction, ERT: Enzyme replacement
therapy, ICD: implanted cardioverter defibrillator, LV: left ventricular. * e.g., echocardiography, Holter electrocardiography
(ECG). All established diagnostic tests should be performed one a year.
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Chaperone therapy with Migalastat (Galafold®, Amicus Therapeutics, Cranbury,
NJ, USA) with its convenient oral regimen was approved in Europe in 2016, and is
an important treatment option for FD in patients with migalastat-amenable GLA mu-
tations [17]. Germain et al. showed significant decrease in the LV mass index after
≤24 months’ migalastat therapy [57]. However, as myocardial fibrosis is probably not
reversible, starting treatment in early stage of the disease is crucial for improvement
of prognosis [19]. Prescribing information and/or the migalastat amenability table at
the website (https://www.galafoldamenabilitytable.com/hcp, accessed on 10 June 2021)
should be considered for a list of amenable and non-amenable GLA mutations to migalas-
tat. Migalastat is not recommended in patients with eGFR < 30 mL/min/1.73 m2 [58–60].

In all patients with a cardiomyopathy additional therapy is necessary. Optimization
of hypertension treatment and control of proteinuria is required. In such cases angiotensin-
converting enzyme inhibitors or angiotensin receptor blockers should be preferred, with
blood pressure monitoring [61,62].

Tachyarrhythmia may be treated by the use of beta-adrenergic blocking drugs, with
protective effect regarding ventricular arrhythmias. Additional therapy can be applied in
combination to ERT or chaperone therapy [63,64].

In case of atrial fibrillation, sinus rhythm should be restored, if possible, as brady- or
tachyarrhythmia may further reduce the exercise capacity. In these patients, pulmonary
vein ablation should be considered. If a restoration is not possible, frequency control should
be started and therapy with oral anticoagulants is necessary [10].

In patients with bradycardia beta-adrenergic blocking drugs should be stopped and
the implantation of a pacemaker should be considered [18,19]. The insertion of an im-
plantable cardio-defibrillator should be evaluated in patients with life threatening arrhyth-
mias, particularly in patients with end-stage cardiomyopathy [10,47].

2.1.2. Future Treatment Options/Investigational Therapies

Results from a phase 1/2 trial showed that pegunigalsidase alfa, a novel pegylated,
covalently crosslinked form of alpha-GLA, may represent an advance in ERT, based on
its pharmacokinetics and apparent low immunogenicity [65]. Agalsidase alfa and beta
exhibit a terminal half-life (T1/2γ) of ≤2 h and a maintain measurable plasma level for only
<24 h [66,67]. With a T1/2γ of about 80 h, with measurable plasma levels sustained for the
entire 2-week dosing interval, pegunigalsidase alfa is providing an active reservoir in the
circulation to reach the target tissues [65]. Compared with agalsidase alfa or beta, patients
treated with pegunigalsidase alfa developed less treatment induced antidrug antibodies
(ADA) [65]. In the BALANCE trial (estimated completion date: May 2022), the BRIDGE
trial (enrollment completed December 2019) and the BRIGHT trial (enrollment completed
October 2020), the safety and efficacy of pegunigalsidase alpha was investigated [68]. In
the BRIDGE trial, an open-label study of the safety and efficacy of pegunigalsidase alfa in
patients with FD treated for at least 2 years and on a stable dose (>80%) labelled dose/kg)
for at least 6 months with Replagal® (Agalsidase alfa), infusion (1 mg/kg) of the investiga-
tional medication has been administered every 2 weeks for 12 months. In the BRIGHT trial,
a phase 3, open label, switch over study to assess safety, efficacy and pharmacokinetics
of pegunigalsidase alfa 2 mg/kg (Bodyweight) has been administered every 4 weeks for
52 weeks in Fabry disease patients previously treated with ERT (Fabrazyme® (Agalsidase
beta) or Replagal® (Agalsidase alfa)) for at least 3 years. For both studies no results have
been posted yet.

Substrate reduction therapy (SRT) with Lucerastat is currently under investigation.
Lucerastat, or N-butyldeoxygalactonojirimycin (Idorsia Pharmaceutical Ltd., Allschwil,
Switzerland), a glucosylceramide synthase (GCS) inhibitor which prevents accumulation of
Gb-3 [69] can reduce circulating levels of globotriacylceramide and other sphingolipids [70].
Venglustat (Sanofi Genzyme, Cambridge, MA, USA), another substrate reduction therapy,
is currently in a phase 2 study (NCT 02489). With a high volume of distribution Lucerastat
may be able to reach tissues that ERT poorly penetrates [69]. In Fabry mice it has been
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shown that GCS inhibitors can bring reversal of disease phenotypes which are not improved
with enzyme replacement therapy [69,71,72]. The data of Welford et al. support the use for
Lucerastat in Fabry patients with various genotypes, suggesting that Lucerastat could be
an oral therapy suitable for all Fabry patients ignoring the primary mutation [69].

Various approaches to gene therapy are under development. Gene editing occurs ex
vivo or in vivo.

With the ex vitro approach, hematopoietic stem cells are harvested from the patient.
These cells receive gene editing and are then infused back into the patient for engraftment
after myeloablative therapy is conducted. It has been demonstrated that CD34+ positive
hematopoietic stem cells could be harvested and modified through recombinant lentivirus
(LV)-mediated gene transfer of the GLA gene [73]. In the first gene therapy pilot project
for FD, Khan et al. demonstrated efficient LV-mediated gene transfer into enriched Fabry
patient CD34+ cells. They reported increased circulating and intracellular GLA activity,
without serious safety concerns [74]. All Fabry patients (n = 5) in this pilot trial were re-
sponsive to the LV-mediated gene therapy at some level; all patients produced GLA to near
normal level within one week, plasma and leukocytes demonstrates GLA activity within or
above the reference range, and reductions in plasma and urine globotriaosylceramide (Gb3)
and globotriaosylsphingosine (lyso-Gb3) have been demonstrated. Three patients have
elected to discontinue enzyme replacement [74]. Persistent elevation of GLA activity in
patients has demonstrated early safety of the protocol for this ex vivo approach, as shown
also by a press release from AVROBIO [75]. However, before gene therapy can be adopted
as therapeutic intervention for FD, a crucial question will be whether the current gene
therapy approaches will achieve sufficient GLA activity in different tissues [75].

With the in vivo approach, a vector with gene editing is infused directly into the
patient, and then cells within the patient, such as liver cells, directly undergo gene editing to
express the missing protein [75]. Pre-clinical data using the liver targeted adeno-associated
virus (AAV)-mediated gene transfer (ST920) has shown in alpha-gal A knockout (GLAKO)
mouse model in which, after a single injection, GLA is produced by the liver and released
into the bloodstream. GLA levels rise in a dose-dependent manner and have achieved
levels more than 300 times those of GLA deficient mice [75]. In the first in human treatment
with ST920, a recombinant AAV2/6 vector encoding the cDNA for human GAL, the safety
and tolerability of ascending doses of ST920 will be elucidated (Sangamo Therapeutics,
Brisbane, CA, USA). The estimated primary completion date of this phase 1/2 multicenter
study (NCT04046224, ST-920-201) is December 2023 (final data collection date for primary
outcome measure) [75]. The trial is currently recruiting participants in the United States.
However, gene therapy might have some potential risks: unwanted immune system
reactions, targeting false cells, infections induced by the virus and development of a tumor.

Another investigational approach is the administration of GLA mRNA to promote
stimulated production of GLA, which is an additional unique form of therapy [76]. It
has been shown that mRNA for human GLA encapsulated with lipid nanoparticles could
increase GLA levels expressed in cardiac, kidney and liver tissues, resulting in enhanced
globotriaosylceramide clearance [76].

3. Conclusions

Fabry cardiomyopathy, which leads to reduced life expectancy in untreated patients,
can be treated with a causal therapy. However, as myocardial fibrosis is not reversible, the
early starting of treatment is crucial for improvement of prognosis. New therapy concepts
are under investigation in prospective studies and might help for a more efficient treatment
in all stages of the cardiomyopathy.
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Abstract: Management of takotsubo syndrome (TTS) is currently empirical and supportive, via
extrapolation of therapeutic principles worked out for other cardiovascular pathologies. Although
it has been emphasized that such non-specific therapies for TTS are consequent to its still elusive
pathophysiology, one wonders whether it does not necessarily follow that the absence of knowledge
of TTS’ pathophysiological underpinnings should prevent us for searching, designing, or even
finding, therapies efficacious for its management. Additionally, it is conceivable that therapy for
TTS may be in response to pathophysiological/pathoanatomic/pathohistological consequences
(e.g., “myocardial stunning/reperfusion injury”), common to both TTS and coronary artery disease,
or other cardiovascular disorders). The present review outlines the whole range of management
principles of TTS during its acute phase and at follow-up, including considerations pertaining to
the recurrence of TTS, and commences with the idea that occasionally management of TTS should
consist of mere observation along the “first do no harm” principle, while self-healing is under way.
Finally, some new therapeutic hypotheses (i.e., large doses of insulin infusions in association with the
employment of intravenous short- and ultrashort-acting β-blockers) are being entertained, based on
previous extensive animal work and limited application in patients with neurogenic cardiomyopathy
and TTS.

Keywords: takotsubo syndrome; takotsubo cardiomyopathy; therapy of takotsubo syndrome; therapy
of takotsubo cardiomyopathy

1. Introduction

This review focuses exclusively on the treatment of patients with the acute phase of
takotsubo syndrome (TTS), the follow-up management of this malady, and its recurrence.
A disclaimer is in order in the outset regarding the term “takotsubo cardiomyopathy” since
TTS is a syndrome, and not a cardiomyopathy [1], although the use of the term “takotsubo
cardiomyopathy” may be excused herein, since the present review is published as part of a
Special Issue of the journal, “Cardiomyopathies: Current Treatment and Future Options”.
Reference to symptoms, signs, laboratory testing, diagnostic imaging, complications, and
pathophysiologic and prognostic considerations are cursorily mentioned and discussed,
merely as they pertain to the different treatments of TTS, the underlying justification
for their employment, the patients’ response to such treatments, and side-effects arising
thereof.

The pathophysiology of TTS continues to elude us [2–4]; however, it appears that an
autonomic sympathetic nervous system (ASNS) seethe with resultant intense stimulation
of cardiomyocytes via norepinephrine [5] and/or the cardiomyocytes’ damaging effects
of blood-borne catecholamines (mainly epinephrine), secreted by the adrenals [6], are
instrumental to the TTS pathophenotype, a condition thus conceptualized as a “chemical
myocarditis”. Other plausible pathophysiologic scenarios include epicardial coronary
artery spasm involving many vessels or coronary branches (i.e., some form of relatively
prolonged Prinzmetal’s angina) [7], coronary microvascular spasm, endothelial dysfunction,
or some phenotype of coronary artery disease (CAD), any combination of the above, or in
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association with other mechanisms, leading to stunning/reperfusion myocardial injury,
not unlike the one encountered in CAD-related ischemic injury (acute coronary syndromes
[ACS], or acute myocardial infarction [AMI]) [4]. According to the latter pathophysiologic
pathway, one should view with tolerance and consider the testing and/or employment of
therapies designed for CAD/ACS/AMI, in the management of acute TTS [8–11].

2. Therapies as Related to the Pathophysiology of Acute TTS

It has become a cliché that we lack a specific therapy for TTS, because we have not
secured a definitive pathophysiologic etiology of TTS. This may partially be a plausible
assertion. If the pathophysiologic underpinnings of TTS (e.g., intense ASNS-derived car-
diostimulation) which have triggered the disease are operating to the same degree, or most
probably at a decreased intensity [5,6], after the patients with TTS come under our care,
therapies bridling autonomic sympathetic hyperactivity may be considered appropriate
(e.g., employment of β-blockers in the acute and subacute phases of TTS). Additionally,
it is conceivable that, if TTS, pathophysiologically speaking, is linked to coronary va-
sospasm [1–3,7], nitroglycerine, organic nitrates, or calcium-blockers may be considered
as appropriate therapies. Finally, if TTS is considered as a subtype of CAD or AMI [4],
with underlying pathohistological features of “stunned myocardium/reperfusion injury”,
therapies designed for AMI, should be considered management approaches deserving
evaluation [8–11].

While we are talking about our quest for unravelling the pathophysiology of, and
thus providing specific therapies for TTS, we should be cognizant of the sobering fact
that patients admitted with various clinical syndromes eventually diagnosed as TTS, are
cared for, over many hours to sometimes days, with the provisional diagnosis(es) of CAD,
AMI, or other cardiovascular or non-cardiovascular nature [12], until and even after the
diagnosis of TTS has been established, following coronary angiography, showing normal
coronaries or non-obstructive CAD. Accordingly, it is expected that such patients receive
non-specific or empirical therapies, for many hours to days until coronary angiography
discloses the absence of CAD and coronary thrombus, or the presence of non-obstructive
CAD. Consequently, it may be inevitable, and not inappropriate, to treat patients with acute
TTS, employing therapies for CAD, AMI, and other cardiovascular syndromes. Indeed,
the commonality excessively voiced that we need special, evidence-based medicine TTS-
directed randomized controlled trials (RCT) to decide on specific therapies for TTS may
be impractical and perhaps not even necessary, because even at the time point of patients’
hospital admission, TTS has probably been “finalized”, and the condition is in its process
of recovery. The above constitutes a personal opinion expressed repeatedly [6,11], may
apply only to a subset of patients with TTS, and can be tangentially supported by the fact
that the diagnosis of TTS is often made with considerable delay, after patients have been
treated sometimes for several days as having ACS or AMI, by the rapid partial or complete
recovery of the left ventricular (LV) function (sometimes within hours to 2 days), following
prompt clinical presentation after the onset of the illness [13–16], or by the fact that some
patients with TTS are found to have normal cardiac troponin values and/or almost normal
LV function shortly after admission. Thus, therapy needs to focus on the management
of established TTS pathophysiologic/pathologoanatomic/pathohistologic consequences,
and complications.

3. Current Therapy of Acute TTS

What follows is a distillation of therapies practiced/proposed in the 5,534 papers,
as of 31 July 2021, accessed in PubMed in response to the MeSH term “takotsubo” [17].
Many papers on TTS contain some information pertaining to its therapy [18], while some
publications are focused exclusively on the management of TTS [19]. Recommendations
herein are provided with the proviso that the diagnosis of TTS has been established and
coronary angiography has excluded obstructive CAD, ACS, or AMI. It may be advisable for
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the reader to peruse and contemplate the contents of Table 1 and Figure 1, before continuing reading
of the following sections discussing individual complications.

Table 1. Complications of TTS and corresponding recommended therapies.

Complications Recommended Therapy (ies)

Reevaluate frequently! Adjust accordingly
Asymptomatic; negative physical exam Observe; supportive care

Angina
Nitrates; optimize volume

short/ultrashort-acting
β-blockers

Hypertension

Continue previous:
antihypertensive regimen

short/ultrashort-acting
β-blockers

Tachycardia Short/ultrashort-acting
β-blockers

Hypotension
Optimize volume; D/C
β-blockers; R/O LVOTO

CS; phenylephrine

Bradycardia; AV blocks D/C β-blockers; atropine
pacemaker

Dyspnea; pulmonary congestion Diuretics; oxygen

Heart failure Diuretics; oxygen
ACEi/ARB; levosimendan

Cardiogenic shock Levosimendan; ECMO
LVAD

Prolonged QTc D/C β-blockers
Pacemakers; monitoring

Atrial arrhythmias other than atrial fibrillation β-blockers; monitoring

Atrial fibrillation heparin; LMWH; vitamin K
antagonists

PVCs/NVT β-blockers; monitoring
Sustained VT DC cardioversion

Ventricular fibrillation DC-cardioversion

Ischemic stroke Heparin; LMWH; vitamin K
antagonists

Systemic or pulmonary embolism Heparin; LMWH; vitamin K

LV thrombus Heparin; LMWH; vitamin K
antagonists

Ischemic stroke with LV thrombus Heparin; LMWH; vitamin K
antagonists; consult with Neurology

Hemorrhagic stroke with LV thrombus Consult with Neurology and
Cardiothoracic Surgery

Low LVEF with large apical
akinesis/dyskinesis

Consider heparin; LMWH
vitamin K antagonists

Mitral regurgitation Optimize volume; diuretics
R/O LVOTO

LVOTO β-blockers; phenylephrine

LVOTO with CS β-blockers cautiously
vibradine; pacemaker

Left ventricular rupture Stop anticoagulation; consult with
Cardiothoracic Surgery

Right ventricular involvement Monitor closely; diuretics

Pericarditis Frequent ECHOs; NSAIDs
consider stopping anticoagulation therapy

Torsades de pointes Stop β-blockers; monitor
QTc; pacemaker

Comorbidities Manage as done routinely with modification as
needed

Prior prescribed drugs Continue/stop/modify as needed
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Table 1. Cont.

Complications Recommended Therapy (ies)

Acute kidney injury Monitor renal function
optimize volume; consider hemodialysis

Associated AMI/ACS Manage as needed including revascularization
Associated SCAD Manage as needed including revascularization

Cardiac arrest Resuscitation; consideration for vest and/or
ICD

Anxiety/depression Consult with Psychiatry
Reevaluate frequently! Adjust accordingly!

Abbreviations: ACEi/ARB = angiotensin-converting enzyme inhibitors/angiotensin receptor blockers;
AMI/ACS = myocardial infarction/acute coronary syndromes; AV = atrioventricular; CS = cardiogenic shock;
D/C = discontinue; ECHO = transthoracic echocardiogram; ECMO = extracorporeal membrane oxygenator;
ICD = implanted cardioverter-defibrillator; LMWH = low-molecular-weight heparins; LV = left ventricle;
LVAD = left ventricular assist device; LVEF = left ventricular ejection fraction; LVOTO = left ventricular outflow
tract obstruction; NSAIDs = non-steroidal anti-inflammatory drugs; NVT = non-sustained ventricular tachycardia;
PVCs = premature ventricular complexes; R/O = rule out; SCAD = spontaneous coronary artery dissection;
VT = ventricular tachycardia.

Figure 1. A graphic decisional tree of the bedside conceptualization of therapy for patients with TTS.

3.1. Asymptomatic/Normotensive/Normocardic Patients with TTS

When patients with TTS are asymptomatic with normal blood pressure (BP) and heart
rate (HR), and their chest pain, dyspnea, or other symptoms or signs of disease, which
brought them to seek medical attention have abated, supportive care suffices, along the lines
of the Hippocratic “primum non nocere” (“first do no harm”) principle [20–22]. Indeed,
one should be cognizant of the possibility that pharmacological interventions in mild cases
of TTS may contribute to complications, otherwise not expected had the natural course was
left to evolve without any iatrogenic interference [21]. Certain drugs taken for previously
present comorbidities should not be held. A short course of limited anticoagulation therapy
may be needed to prevent stroke, systemic embolism, or pulmonary embolism [20–23],
particularly if there is sizeable apical/midventricular akinesis/dyskinesis with apical bal-
looning, which predisposes to thrombus formation when coupled with the sympathetic
overdrive, which induces hypercoagulability [24,25], even in asymptomatic patients and in
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the absence of heart failure (HF), while the patient is self-healing. In reference to prophylac-
tic administration of anticoagulation, restraint should be exercised until one has excluded
the presence of ACS or AMI via coronary angiography [21]; in the same vein, one should
avoid using anticoagulants if it is suspected or shown that the underlying trigger for the
TTS episode was intracerebral bleeding [21,26–28]. Continuous electrocardiographic (ECG)
monitoring for emergence of arrhythmias and for QTc prolongation [29], associated with
ventricular arrhythmias (VA), should be instituted and maintained throughout hospitaliza-
tion, and even beyond, if left ventricular (LV) wall motion abnormalities (LVWMA), or LV
thrombus, detected during hospitalization, persist at follow-up [20,30–33]. Although some
physicians continue or start angiotensin-converting enzyme inhibitors/angiotensin recep-
tor blockers (ACEi/ARB), β-blockers, diuretics and aspirin (in patients with a history of
atherosclerosis or CAD), one should not forget that any therapy not proven in patients with
TTS, particularly when they are asymptomatic, should be considered “quasi-experimental”,
tentative, and subject to close monitoring (which applies to ALL pharmacological or other
therapies administered), continuation, or termination, depending on the response of the
patients. Any treatment recommendations discussed herein emanate from general clinical
reasoning consensus among experts, observational studies, and case series of patients
with TTS (level of evidence C) [21,22]. Intuitively, inclusion of β-blockers may be justified,
considering the nosogenic role of catecholamines in TTS; however, patients have recovered
without the use of such therapy, and there is no evidence that the catecholamine-based
injurious effect continues to be exerted hours or days after the inception of disease, when
patients come under our care, and thus therapy with β-blockers is essential. On the other
hand, precipitation of TTS by withdrawal of metoprolol in a patient has occurred [34],
although that patient had LV outflow tract obstruction (LVOTO), where the β-blocker was
indicated. Various cardioselective β1-blockers (e.g., metoprolol [35], bisoprolol, esmolol
[short-acting] [21,36], landiolol [ultrashort-acting]) [37–39], non-cardioselective (propra-
nolol) [40,41] or non-cardioselective β-blockers with associated α1-blocking effects (e.g.,
carvedilol or labetalol [40] have been used in patients with TTS, but no head-to-head com-
parisons of these drugs have been undertaken. There is also literature supporting the view
that β-blockers are not beneficial in patients with TTS [42], as also shown by the reports
revealing that a sizeable proportion of patients on a maintenance therapy with β-blockers
have suffered TTS [43]. In general, and in reference to the employment of ACEi/ARB),
β-blockers, calcium channel blockers, and aspirin, based on the literature, summarized
elsewhere [20], there is no support to initiate them in asymptomatic or mildly symptomatic
patients with TTS, extrapolating from the established HF management norms. Even when
the above drugs are initiated on admission because of mild symptoms, there should be
close monitoring to evaluate whether such therapies have not resulted in worsening in the
patients. There is no other substitute than the close hemodynamic assessment of patients
with TTS, particularly in the early phase of the disease (Figure 1).

The mindset in implementing therapies in patients with TTS should include the notion
that the TTS phenotype may be an evolution-based protective biological algorithm to
prevent death, and thus the caring physician should exercise restraint for a reflex-like
implementation of pharmacology by extrapolating therapeutic modes employed in other
cardiovascular pathologies [20]. Indeed, the emphasis should be on supportive care to
avoid complications, while the self-restorative process to normalcy is under way.

3.2. Angina in Patients with TTS

Angina should be managed with sublingual or intravenous nitroglycerin, organic
nitrates, with care not to precipitate intensification of mid-LV gradient, mediated by a re-
duction in systemic vascular resistance (SVR), in patients with complicated LVOTO [20]; β-
blockers can also be given for angina, which may also help in alleviating LVOTO [20,35,36].
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3.3. Dyspnea in Patients with TTS

Patients with TTS presenting with dyspnea should be monitored closely, regarding
their hemodynamic changes and blood oxygen saturation, and insight about the extent of
LV and right ventricular (RV) dysfunction, and degree of lung congestion should be sought
promptly by auscultation, chest X-ray, transthoracic echocardiography (ECHO), and lung
ultrasound. Diuretics, nitrates, and β-blockers, depending on the presence/absence of
tachycardia, hypertension, bradycardia, hypotension, and evidence of LVOTO, may suffice.
Mechanical respiratory support may be needed when pulmonary edema ensues with no
response to drugs [22], and patients should be monitored for abrupt decompensation and
the need for implementation of mechanical circulatory support (MCS) [22] (Section 3.13).

3.4. Hypertension and/or Tachycardia in Patients with TTS

β-blockers can be given for high BP and/or HR; short- or ultrashort-acting β-blockers
should have preference, particularly during the early course of TTS, followed later by
metoprolol or bisoprolol [36]. Additionally, ivabradine has been used to ameliorate sinus
tachycardia [44].

3.5. Hypotension in Patients with TTS

Often patients with TTS are hypotensive on admission to the hospital, but the mecha-
nism of this phenomenon may be an underlying decreased SVR, one of the hallmarks of
TTS [20,21], mediated by downward perturbation of the sympathetic activity [45], and/or
an enhanced parasympathetic activity [46], occasionally encountered in patients with
TTS [5]. This can be managed by an increase in the intravenous fluid intake. Low BP
should be “tolerated” providing that the cardiac output is adequate, or the organ perfu-
sion is well maintained; however, patients receiving enhanced fluid infusions should be
monitored closely (lung auscultation, blood oxygen saturation, mental state, urine vol-
ume, and the patients’ subjective feeling of well-being) for adequacy of organ perfusion
or emergence of pulmonary congestion. With persisting hypotension, β-blockers should
not be administered, or if they have been started, they should be discontinued [19], and
following adequate fluid administration, phenylephrine, an α1-agonist should be consid-
ered in preference to positive inotropic drugs (e.g., norepinephrine) [20,21]. Additionally,
continuous vigilance for present or emerging LVOTO and mitral regurgitation (MR), should
be exercised via frequent application of ECHO [21].

3.6. Bradycardia and/or Atrioventricular Blocks in Patients with TTS

Sinus bradycardia or asystole are occasionally seen in patients with TTS [5], and can
be managed with successive small doses of atropine. β-blockers or other drugs causing
bradycardia should not be administered, or if they have been started, they should be
promptly discontinued [19]. Atropine should also be used in patients with mild atrioven-
tricular (AV) blocks, but advanced or complete heart block (CHB) should be managed
with a temporary pacemaker, to be followed by permanent pacemaker (PPM) implantation
decided on an individual basis [22,47–49] (Figure 2). Not all patients with TTS and CHB
require PPM implantation, but some patients who have suffered TTS, triggered by CHB,
certainly need to have a PPM implanted without exception [47,50]. The persistence of CHB
at follow-up in patients with TTS indicates not only the need for PPM in many patients
with TTS presenting or developing this complication during the acute phase of the illness,
but that TTS itself most probably had been triggered by an underlying previously present
AV conduction abnormality [22,48]. Remarkably, patients receiving PPM have not required
further therapy for malignant VA at follow-up [51].
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Figure 2. A patient with TTS who received a PPM for persisting CHB. A 62-year-old woman suffered TTS associated with
CHB and inverted T-waves in the lateral ECG leads (A), for which she was initially transvenously paced, and subsequently
received a PPM (biventricular) (C), because her CHB was persistent; ventriculography showed apical ballooning with a
LVEF of 35% (B); an echocardiogram 15 days after the admission revealed a LVEF of 50%. CHB occasionally represents
a complication of TTS, while in some cases it is the precipitant of TTS. Often, the CHB persists after the time point of
normalization of LV function, and in such circumstances, there is a need for a PPM implantation. When the CHB resolves
before the normalization of the LV function, a PPM may not be necessary. The CHB may be of the supra-Hisian (narrow
QRS complexes) like in the present case, or of the intra-Hisian (wide QRS complexes) variety, and could precipitate VA,
including TdP, mediated by the bradycardia resulting from the CHB. The present patient had a car accident due to her CHB,
showed a prolonged QTc, and developed a brief episode of TdP; she was discharged with a PPM and a life vest, with an
ICD not required. Reproduced and modified from Ref. [49], with the permission of the Baylor University, Medical Center.

3.7. LVEF < 30% and/or Large Apical Akinesis/Dyskinesis in Patients with TTS

Patients with a LVEF of <30% and/or marked apical akinesis/dyskinesis have worse
in-hospital and follow-up prognosis [21,22], and should be closely monitored for emer-
gence of HF, cardiogenic shock (CS), atrial arrhythmias and lethal VA, and thrombus
formation [22,23]. Due to the latter, the threshold for prophylactic anticoagulation should be
lower, until the LV function is markedly improved or restored to normal (Section 3.8) [21,22].

3.8. Thrombus and Prevention of Embolism in Patients with TTS

Thrombus occurs particularly in patients with a low LVEF (i.e., <30%) [21] and marked
apical ballooning, and it may appear very early in the clinical course or late, 2 weeks after
the inception of the illness [22,52] (Figure 3). Management of LV and/or RV, left atrial, and
even left atrial appendage [53] thrombus via anticoagulation is discussed also in Section 3.1;
prevention is based on early and frequent use of ECHO to detect very early development
of thrombus sometimes on admission or just a few hours thereafter, or development of
severe LVWMAs [20,21,23,52,54]. Unfractionated heparin, low-molecular-weight-heparin
(LMWH), vitamin K antagonists, aspirin, and/or P2Y12 receptor antagonists such as
clopidogrel, prasugrel, or ticagrelor, or the new oral anticoagulants can be used [20,52,54],
as in other cardiovascular pathologies. Because antiplatelet agents are among the drugs
which according to some “should be a part of standard treatment and initiated early” [20],
this does not imply that antiplatelet drugs in isolation suffice for the management of
thrombus, or severe LV dysfunction and apical ballooning, which could predispose patients
with TTS to thrombus development. The bulk of the literature supports the view that
heparin should be initiated in the presence of thrombus, followed by warfarin until at
follow-up the thrombus has resolved, with some adding aspirin to this antithrombotic
regimen [55–58]. The issue of anticoagulation should be considered broadly, encompassing
its consideration for patients with TTS and severe LVWMAs and their duration without
presence of intraventricular thrombus, presence of thrombus, and concern about the
role of anticoagulation in causing cardiac rupture, a rare complication of TTS [20,59].
Important issues are the vigilance for the emergence of thrombus, early implementation
of anticoagulation, and its maintenance for 3 to 4 or 6 months, as the resolution of the
thrombus and LV dysfunction takes place.

104



J. Clin. Med. 2021, 10, 3440

Figure 3. A patient with TTS and LV thrombus resulting in systemic embolism. A 53-year-old
man suffered TTS following intense emotional stress and underwent thrombectomy for acute right
superficial femoral and popliteal arterial thrombosis. Cardiac exam and troponin values were normal,
and ECG showed non-specific ST-T wave changes. ECHO (4-chamber (A) and 2-chamber (B))
revealed a LV apical pedunculated and mobile thrombus measuring 2.4 × 2 cm, LV apical ballooning,
and LVEF of 40% to 45%. Luminal irregularities were found at coronary angiography. A repeat
ECHO 3 days after starting unfractionated heparin showed complete resolution of LV thrombus and
apical akinesis (C,D). He was discharged in stable condition on warfarin for at least 3 months. LV
thrombus with or without systemic embolism in TTS can occur early or late in the clinical course, and
with rapid or delayed resolution. Immediate initiation of anticoagulation is warranted, and a repeat
ECHO within days to 1 week is advisable to follow its course and possible early resolution. cCTS
and cMRI can provide additional information. Duration of anticoagulation can be decided upon in
consideration with a patient’s benefit–risk ratio. Reproduced and modified from Ref. [52], with the
permission of the Journal of Investigative Medicine High Impact Case Reports.

3.9. Left Ventricular Outflow Tract Obstruction in Patients with TTS

Intravenous metoprolol, esmolol, or landiolol was beneficial in patients with TTS and
LVOTO via an increase in the diastolic filling time by a decrease in HR, and a decrease in
contractility [21,22,35,36,39]. Consideration along with the β-blockers should be given to
the use of α1-agonist (e.g., phenylephrine) [20,21] in patients with TTS and LVOTO, in an
effort to increase a possibly decreased SVR, and to increase the afterload and/or to alleviate
the LVOTO. In reference to the postulated decreased SVR, mediated by an underlying
altered peripheral sympathetic nerve activity in some patients with TTS [45], perhaps
monitoring of sympathetic nerve input to the heart via conventional ECG electrodes [60]
may evaluate for ASNS perturbations. If LVOTO is associated with CS, an intravenous
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infusion of short-acting β-blockers (esmolol) should be cautiously implemented, provid-
ing that there are no signs and/or symptoms of cardiac decompensation [22]. Indeed,
β-blockers should be avoided in the setting of TTS with complicated LVOTO and CS [21].
Ivabradine, in place of β-blockers, has been recommended for amelioration of LVOTO,
mediated by a slowing of HR [21,61]; this drug has the advantage over β-blockers that
it does not negatively affect ventricular contractility. Additionally, diuretics and nitrates
should be avoided since they result in intensification of LVOTO, mediated by a reduction
in LV preload [21]. Instead, fluid administration to improve preload should be considered,
although initiation of diuretics for associated hypoxic respiratory failure due to pulmonary
edema may be required in some cases. Occasionally, LVOTO is associated with MR me-
diated by LVOTO-induced anterior leaflet of mitral valve systolic anterior motion (SAM)
abnormality. In recalcitrant cases of LVOTO with unsatisfactory response to β-blockers
and α1-agonists, RV apical electrical pacing can be considered, extrapolating the reasoning
advanced for patients with LVOTO due to obstructive cardiomyopathy [20,21,62]. Extracor-
poreal membrane oxygenation (ECMO) and LV assist devices (LVAD) should be considered
in the management of LVOTO, and implemented relatively early, and not as the last resort
when hemodynamic status has deteriorated [20]. Intra-aortic balloon pump (IABP) is
contraindicated in patients with LVOTO due to its induced drop of afterload, precipitating
further intensification of the intraventricular pressure gradient [20,21,51,63,64] (Figure 4),
and considering the unfavorable response of patients with AMI to this modality [64].

3.10. Heart Failure in Patients with TTS

Positive inotropic agents and vasodilators should be avoided and early, instead of
a delayed “heroic” treatment with MCS using venoarterial ECMO or LVAD should be
considered [20,65–68]. Although close monitoring of hemodynamic consequences of phar-
macological and MCS can be assessed by frequent clinical evaluation, serial noninvasive
or invasive assessment of cardiac output, stroke volume, and SVR may be required in
certain cases. HF may emerge in patients with TTS in association with a LV ejection frac-
tion (LVEF) <40%, physical stressors and age >70 years [46]. ACEi/ARB, β-blockers, and
diuretics are often employed, as in the management of HF resulting from other causes;
however, β-blockers should not be administered, or if they have been started, they should
be discontinued [19], when HF emerges or worsens, particularly in association with organ
hypoperfusion. Indeed, β-blockers may be considered later, as recovery of LV dysfunction
is under way, or completed [19]. Consideration of administration of a calcium sensitizer
levosimendan, a non-cathecholamine inotrope, in patients with low cardiac output and
HF [22,69] should be balanced with concern about the vasodilating effects of this drug,
with resultant drop of the BP [20,69]. Additionally, it is reasonable to continue or start
aspirin for patients with TTS and associated CAD.

3.11. Mitral Regurgitation in Patients with TTS

MR in patients with TTS is seen in association with the ballooning of midventricular
and apical LV, causing leaflet tenting or tethering independent of LVOTO, or with LVOTO
leading to anterior leaflet SAM abnormality. Its management should follow the principles
of therapy for LVOTO (Section 3.9) and alleviation of MR with unloading vasodilators,
as for other cardiovascular conditions, when MR is not associated with LVOTO. MR may
be partially related to “tenting” of mitral leaflets, mechanistically associated with the LV
apical-mediated and overall heart chamber enlargement, and thus may respond to all
pharmacologic and LVAD-based measures [65].
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Figure 4. A patient with TTS, LVOTO, MR, and CS, responding to β-blocker and phenylephrine. A 71-year-old woman
presented with chest pain, ECG lateral ST-segment elevations, and hypotension. Coronary angiography revealed no
significant CAD, but a left ventriculogram showed TTS. RH catheterization revealed CS, elevated filling pressures, and
V waves due to severe MR (B), while a dynamic LVOTO was found on LV to aorta pullback (A). ECHO 4-chamber view
showed LVOTO and MR due to anterior mitral valve leaflet SAM (C), and 3-chamber view showed increase velocities across
the LV outflow tract. (D). Worsening resulted from starting dopamine and IABP, but she improved with the initiation of
phenylephrine and a low-dose β-blocker. Repeat ECHO in 3 weeks showed complete resolution of LVOTO, MR, apical
akinesis, and MR. LVOTO and MR respond favorably to fluid administration to improve preload, β-blocker therapy to
increase diastolic filling time, and vasopressors to raise afterload. Reproduced and modified from Ref. [64], with the
permission of the European Heart Journal—Case Report.

3.12. Right Ventricular Involvement in Patients with TTS

RV involvement in TTS afflicts at least 1/3 of patients, is underestimated by con-
ventional ECHO, and strain ECHO imaging is more sensitive in its detection; also, it is
associated with worse in-hospital prognosis and at follow-up [70]. Such RV involvement
should place physicians on the alert for other anticipated complications. Patients with RV
involvement should be monitored for hypotension, RV failure, RV thrombus, and possible
need for anticoagulation and fluid infusion-based resuscitation [21].

3.13. Cardiogenic Shock in Patients with TTS

Diagnosis of CS in patients with or without pulmonary congestion (sometimes esca-
lated to frank pulmonary edema) and/or hypotension should be based on the presence of
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organ perfusion, since many patients may be hypotensive but not in CS [45]. Additionally,
exclusion of LVOTO, MR, RV involvement, and cardiac rupture as the underlying mecha-
nism of hypotension or systemic hypoperfusion and CS should be considered [21], and if
found, managed accordingly (Sections 3.9, 3.11, 3.12 and 3.14). Considering the postulated
role of catecholamines in the pathophysiology of TTS and precipitation of LVOTO, inotropic
drugs (e.g., adrenaline, noradrenaline, dopamine, dobutamine, milrinone, and isoprenaline)
to counteract hypotension and/or CS are contraindicated. Pharmacological considerations
should be implemented after estimating or even objectively measuring cardiac output or
index, SVR, and organ perfusion [20]. Instead the employment of levosimendan, a novel
calcium sensitizer, which exerts its inotropic effect by prolonging actin–myosin interac-
tion, leaving adrenoceptors unaffected [20,69], is recommended for patients with TTS and
HF and CS [22,71], although this matter needs further assessment [72]. An additional
issue to be considered, pertaining to levosimendan, is its vasodilating effect, promoting
hypotension, worsening LVOTO, and further lowering the occasionally present in patients
with TTS low SVR [20,69]. Additionally, the phosphodiesterase inhibitor milrinone has
been considered in patients with TTS and CS [69,72]. Others absolutely disfavor the use
of inotropic drugs in patients with TTT and HF or CS [20,21,65–68], a view with which
this author concurs. Indeed, it may be revealing to explore carefully whether the lower
mortality noted in the SWEDEHEART TTS in comparison to the InterTAK TTS cohorts in
general, and in men vs. women in particular, could be traced mainly to the lower use of
inotropic drugs [73], providing one performs a careful propensity score matching of many
important covariates and cofounders of the 2 registries. Persisting hemodynamic instability
should be managed with MCS, implementing ECMO and/or LVAD (IABP, TandemHeart,
and microaxial pumps (i.e., Impella™, Abiomed, Danvers, MA)) in a bridge-to-recovery
management strategy [20–22,65,68,74,75]. (Figure 5). IABP initially advocated in the man-
agement of TTS complicating CS is not anymore favored [20,51], considering its equivocal
role in AMI, and particularly in patients with TTS and LVOTO where it had precipitated
further hemodynamic deterioration [20,21,51]. The use of MCS, although costly, has not
led to improvement in mortality, and has been linked to an increased number of patients
with TTS, discharged to skilled nursing facilities [65].

Figure 5. A patient with TTS, LVOTO, MR, and CS, treated with a percutaneous LVAD. A 71-year-old woman suffered
TTS associated with CS, a LVEF of 30% (B,D), apical ballooning (B,D), LVOTO with a peak gradient of 110 mmHg (C),
and severe MR due to anterior mitral valve leaflet SAM (B). An Impella 2.5 percutaneous ventricular assist device was
implanted. Fluid was administered and intravenous esmolol at 50 μg/kg/min was infused. Within 4 h, LV function and
lactate normalized. The LVAD was removed in 72 h, and the patient had complete recovery of her LVEF by day 30 of
follow-up (E). The admission ECG showed ST-segment elevations in the anterolateral leads and q-waves in the inferior
and anterolateral leads (A), and a cMRI revealed ME (F). MCS permits avoidance of inotropes, optimization of fluid
administration, and employment of β-blockers. Reproduced and modified from Ref. [75], with the permission of the JACC:
Cardiovascular Interventions.
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3.14. Heart Rupture in Patients with TTS

The devastating complication of cardiac rupture in patients with TTS may be pre-
vented by the early employment of β-blockers [43]. Considering that the mean LVEF,
systolic BP, and the double product, indicative of increased oxygen demands, were higher
in patients who suffered cardiac rupture as compared to those without such complication,
β-blockers may be indicated in patients with this phenotype [76]. Immediate surgical repair
should be attempted [76], although there is literature of patient survival with TTS and
ventricular rupture managed with conservative means [77]. Patients with LV rupture and
conservative management, have revealed evidence of hemorrhagic pericardial effusion,
tamponade, and LV thrombus, and have been managed with pericardial drainage, or
pericardial window [77].

3.15. Atrial Arrhythmias in Patients with TTS

All types of atrial arrhythmias have been observed in patients with TTS. The common-
est arrhythmia encountered is sinus tachycardia, which usually responds to β-blockers.
It may be prudent to start with the use of intravenous esmolol or landiolol, since these
drugs can be discontinued without impunity due to their short/ultrashort-action dura-
tion, in case their use has led to worsening of HF, CS, hypotension, bradycardia, or any
other complications. Additionally, ivabradine has been recommended for alleviation of
sinus tachycardia in patients with TTS [61]. Atrial fibrillation (AF) a common occurrence
emerging in association with an episode of TTS [78] should be managed, primarily directed
at anticoagulation (Section 3.8), and slowing of heart rate, initially based on intravenous
short/ultrashort-acting β-blockers, and then transitioning to long-acting β-blockers. DC-
cardioversion may be considered if necessary [21]. Correction of electrolyte abnormalities
is paramount in the management of atrial arrhythmias [79]. Use of calcium channel block-
ers for the management of AF, digitalis (particularly in the presence of LVOTO [21]), or
antiarrhythmic drugs (due to their association with VA, and since some of such drugs may
precipitate prolongation of QTc [80], should not be considered during the hospitalization
phase of TTS.

3.16. Ventricular Arrhythmias in Patients with TTS

Patients with TTS experience VA (multiple premature ventricular contractions), ven-
tricular tachycardias [VT] (both monomorphic and polymorphic [Torsades de Pointes]
{TdP}), ventricular asystole, and pulseless electrical activity [81] (Figure 6). Vigilance for
the presence of electrolyte disturbances is of paramount importance [21]. The association
of VA with prolonged QTc is well established, and the need for continuous monitoring
of the QTc during hospitalization has been strongly advocated [29,80]. Antiarrhythmic
medications, antidepressants, or antibiotics associated with prolongation of the QTc should
not be used, or promptly discontinued [22]. Treatment with β-blockers may also protect
against malignant VA in patients with TTS [82], and in this setting, short-acting β-blockers
should be favored [22]. Regarding the concern about the effect of β-blockers on the QTc,
the issue was recently investigated, and reassuringly no prolongation of the QTc, which
could have been attributed to these drugs, was noted during the first 3 days of hospital-
ization [83]. Sustained VA associated with CS may require MCS implementing ECMO
and/or LVAD [21]. Hypokalemia should be corrected, drugs precipitating bradycardia
should be avoided [19], and if such predisposing complications emerge, particularly when
prolonged QTc is present, RV pacing for a protective mild increase in the underlying slow
HR may be needed [78]. Episodes of TdP should be treated with DC-cardioversion shocks
and magnesium sulfate [22]. An implantable cardioverter-defibrillator (ICD) should be
considered if VA becomes intractable to pharmacological management [84], although it
is not clear whether such action is indicated, particularly during hospitalization [21,22].
Indeed, one could resort to the use of a wearable ICD life vest in patients with recurrent
VA during hospitalization, and consider implantation of an ICD based on monitoring
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during early follow-up, considering recovery of LV function, and while QTc is closely
monitored [21,22].

 

Figure 6. A patient with TTS, long QTc, and recurrent TdP and VF treated with an ICD. A 48-year-old woman with a history
of postpartum depression, no CAD risk factors, and recurrent attacks of TTS of the apical variant phenotype, spanning
7 years (with the latest episode depicted herein), always precipitated by emotional stress, and resulting in chest pain, loss of
consciousness, low LVEF, and sinus bradycardia (51 beats/min), inverted T-waves, long QTc (554 ms) (A), and repeated
TdP episodes (B), and a LV thrombus (C). Coronary angiogram and LV function in between episodes were normal. She was
DC-cardioverted for recurrent VF, had her β-blocker discontinued, and received magnesium, mexiletine, anticoagulation,
and an ICD. LVEF normalized and the LV thrombus resolved. Reproduced and modified from Ref. [81] with the permission
of the Journal of the Saudi Hear Association.

3.17. Cardiac Arrest in Patients with TTS

Although cardiac arrest precipitated by VA or asystole is encountered in patients with
suspected or established TTS [22], occasionally these arrhythmias are documented in pa-
tients presenting with out-of-hospital or in-hospital cardiac arrest, and found subsequently
to have TTS. Thus, an amphidromic relationship between cardiac arrest and TTS may exist;
accordingly, TTS with all its consequences may emerge in patients presenting with primar-
ily potentially lethal VA and asystole [85,86], while also VA is a frequent complication of
TTS. For more on the management of patients with TTS and cardiac arrest, Section 3.16.
Considering the association of AF and VA and enhanced ASNS activity, it may be of value
to monitor thoracic ECG signals indicative of stellate ganglia nerve input to the heart, via
currently available ECG-based technology [60].
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3.18. Pericarditis in Patients with TTS

Pericarditis (acute and chronic, including Dressler’s syndrome) with or without a peri-
cardial effusion, and in association with or without cardiac tamponade has been described
in patients with TTS; indeed, an amphidromic relation has been detected, in the sense that
TTS may be complicated by pericarditis, and also TTS may be triggered by symptoms of
pericarditis [87]. This association suggests caution in the use of thrombolytic therapy, anti-
coagulants, and glycoprotein IIb/IIIa inhibitors in patients with TTS and pericarditis [87].
Management is similar to idiopathic pericarditis, or pericarditis complicating other patholo-
gies, and is based on the employment of ibuprofen or other non-steroidal anti-inflammatory
drugs (NSAID), pericardiocentesis, and subxiphoid pericardial window [87].

3.19. Management of Comorbidities in Patients with Acute TTS

Management of present comorbidities in patients with TTS should continue while
the patient has been admitted to the hospital and treated for TTS (Table 1 and Figure 1),
providing that such therapy/ies does/do not precipitate clinical untoward responses to
the patient. Accordingly, drugs for hypertension, HF, CAD, arrhythmias, diabetes, and
hyperlipidemia should be continued, although doses in some of them can be modified to
accommodate the new reality of TTS. Statins have been evaluated in patients with TTS, as
summarized elsewhere [88], and they have not been found to exert any beneficial effects.
Additionally, one should be cognizant of the occasional disease involvement of other organs
(e.g., gastrointestinal tract, kidneys) precipitated by the pathophysiological processes that
have triggered TTS [89]. In secondary TTS, when this disease is precipitated by physical trig-
gers (e.g., sepsis, trauma, pulmonary insufficiency, diabetic ketoacidosis decompensation,
endocrinological derangements, bleeding, surgery, anesthesia, neurologic/neurosurgical
pathologies, and administration of chemotherapies), underlying precipitants should be
appropriately managed, always keeping in mind that TTS is also present, and thus certain
modification of provided therapies is in order. This applies primarily to the use of positive
inotropes and vasodilator drugs which should not be employed in such patients with sec-
ondary TTS [22]. Instead phenylephrine for hypotension, and employment of ECMO and
LVAD should be considered for severe HF and CS. In this context, detection of secondary
TTS, triggered by any of the above pathologies [21], should require coronary angiography,
which if it cannot be performed due to the gravity of the primary illness may lead physi-
cians to resort to myocardial perfusion scintigraphy, or coronary computer tomography
angiography (cCTA) [20] (although the latter two should not be considered equivalent
to coronary angiography, which continues to be the “gold standard”); indeed, if none of
the three can be performed, frequent employment of ECHO (including hand-held ECHO
devices [90] in patients without a history or risk factors of CAD may be adequate for such
differentiation, leaving only spontaneous coronary artery dissection as a TTS comorbidity
requiring coronary arteriography [91]. Accordingly, the InterTAK group recommends cCTA
as a reasonable option over coronary angiography for those with high InterTAK score and
high pre-test probability for TTS; indeed, patients with low probability for TTS as per the
InterTAK score, should undergo coronary angiography, while for patients with high such
scores transthoracic ECHO may be considered adequate. [92]. The scenario of secondary
TTS, triggered by a large array of acute medical and surgical illnesses, is exemplified by the
frequent concurrent TTT and acute pathologies associated with hemodynamic instability,
in patients cared for in intensive care units [93]. A great variety of pathologies triggering
secondary TTS have specific management considerations, that should be taken into consid-
erations, when one cares for such complex patient cases [21]. Indeed, a wider comorbid
state has been implicated as the condition driving prognosis after TTS, particularly in
connection with CS [94], prompting one to think that an intricate association of all existing
comorbidities and the peculiarities of the pathophysiology of CS in TTS [20] contribute to
the better recovery of LV function than seen in connection with CS in AMI, but to the worse
prognosis during hospitalization and at follow-up. With this in mind, the importance of
diagnosing and treating comorbidities is of great importance in this condition.

111



J. Clin. Med. 2021, 10, 3440

3.20. TTT Associated with CAD

Of note is that CAD and ACS, diseases that need to be differentiated from TTS, are
occasionally comorbidities of TTS, and may occasionally precipitate secondarily TTS [95,96].
In such cases of concurrence of ACS and TTS, management of a coronary occlusion in a
patient with AMI and TTS should be undertaken as performed routinely in accordance
with issued guidelines for AMI, including the employment of percutaneous coronary
interventions (PCI) [97], or even coronary artery bypass graft (CABG) surgery. In general,
what is recommended is that complete revascularization be carried out particularly when
myocardial ischemia/injury is due to left main coronary artery stenosis or severe multi-
vessel CAD [20], along with all the preventive pharmacologic measures applied to patients
with CAD and its manifestations during the acute phase of the disease and at follow-up.

4. Management of TTS in Potential Cardiac Donors

Cardiac transplantation is hampered by the scarcity of cardiac donors. This is further
accentuated by the unsuitability of a proportion of donor heart grafts due to the develop-
ment of secondary TTS in some of the potential cardiac donors [98]; it has been shown
that heart grafts from heart donors who have suffered TTS with persisting or improving
LV dysfunction have performed well without any adverse post-transplant outcomes [99].
Many of these potential heart donors with hearts revealing TTS features have suffered
devastating neurological catastrophes due to head injuries or brain death from illicit drug
overdoses. What is needed is to expedite the recovery of function in such heart grafts
prior and after organ explantation, and during and after grafting to the hosts; these is-
sues are currently being further investigated, and improvements need urgently to become
systematized [100,101].

5. Current Follow-Up Management of Patients with TTS

Management of patients who have been discharged after an episode of TTS aims
at systematic attention at follow-up with an eye for monitoring for CAD risk factors,
cardiovascular and other comorbidities, and recurrence of TTS (Section 6). Early on, follow-
up should evaluate whether the LVWMAs have dissipated and the LVEF has returned to
normal, or to a pre-TTS status level; this can be accomplished by a repeat ECHO, or a firstly
performed cardiac magnetic resonance imaging (cMRI), which in addition to the assessment
of LV function can provide insights about the resolution of LV thrombus, persistence of
myocardial edema (ME), and presence of myocardial fibrosis and/or scarring [102]. The
outcome of atrial arrhythmias and VA, which emerged during hospitalization, or appeared
after discharge, and the associated QTc prolongation in the ECG, should be of utmost
concern to the physicians. During the 1st and subsequent follow-up encounters, it should
be ensured that all the complications noted during the hospitalization have been resolved
or require attention (e.g., persisting arrhythmias or AV blocks requiring pharmacological
treatment or implantation of cardiac electronic devices (PPM and/or ICD). A combination
of ACEi/ARB led to decreased 1-year mortality, although this was not the case with
administration of β-blockers [42]. Anticoagulation should continue for patients who had
a thrombus while they were hospitalized, or in the rare occasions that LV function has
not been fully restored. The treating physicians should investigate whether the patients
continue to have symptoms, and whether such persisting morbidity could be attributed
to TTS or other comorbidities, or the patients have returned completely to their health
status preceding their TTS episode. Indeed, current evidence showing persistent structural,
functional, and myocardial metabolic dysregulation at a follow-up of 13–39 months in
patients with TTS [103], should prompt us to search for specific therapies (established and
new) for managing the lingering morbidity of patients who have suffered TTS.

6. Current Therapy Aimed at Preventing Recurrence of TTS

Therapy for recurrence of TTS should include regular follow-up aiming at monitoring
for and managing of risk factors for CAD and other comorbidities, favoring the use of
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ACEi/ARB and long-acting β-blockers (e.g., metoprolol, bisoprolol) needed for patients
with comorbidities, but even for patients without such comorbidities.

However, β-blockers, ACEi/ARB, and aspirin have not prevented recurrence of TTS,
its severity, or led to better survival [21,22,92,104,105], while a meta-regression study of the
combined use of β-blockers and ACEi/ARB revealed a lower recurrence rate of TTC [106],
a finding that requires replication. Additionally, aspirin, a frequently administered drug
in patients with or suspected atherosclerosis, following discharge of patients with TTS,
has not influenced favorably outcome at follow-up [107]. Endocrinological comorbidities
(e.g., thyroid disorders, pheochromocytoma) should be sought after in an effort to fend off
recurrence of TTS. Pheochromocytomas/paragangliomas in particular have often repeat-
edly been missed, and are diagnosed after recurrent episodes of TTS [108]. Considering
the high rate of neurological and psychiatric comorbidities, and substance abuse in pa-
tients with TTS [42,109–111], physicians following patients with an index episode of TTS
should consider systematic longitudinal management of such neurological/psychiatric
pathologies, which may influence the rate of TTS recurrence. Of particular importance
herein is the initiation or uptitration/downtitration of psychotropic drugs in the man-
agement of epilepsy, depression, and anxiety and the recurrence of TTS [111,112]; thus,
such changes in the drug doses should be carried out in close collaboration of the patient,
cardiologist, neurologist, and psychiatrist, who should also provide psychological coun-
seling, psychotherapy, including cognitive behavioral therapy [21,22]. Currently there is
no evidence that such therapeutic considerations have prevented recurrence of TTS. Addi-
tionally, expert management of chronic pulmonary pathology is recommended [22], since
often decompensated chronic obstructive lung disease and asthma serve as triggers for the
emergence of TTS, perhaps primed by the excessive use of bronchodilators (β2-agonists).
Since malignancies and TTS are intricately associated [113], the treating physician should
look for yet undiagnosed underlying malignancy in patients with past history of TTS, par-
ticularly in the absence of obvious trigger(s) [21]; also, in patients with malignancies as a
comorbidity to TTS, we should be proactive in helping our patients undergoing diagnostic
procedures and pharmacological, surgical, and radiation therapies, since such exigencies
are associated with recurrent TTS. Indeed, such an approach should be generalized to all
patients with previous history of TTS, and patients should undergo procedures/surgeries
after pretreatment over a course of a few days to weeks, with long-acting β-blockers, or
as an alternative be supported with periprocedural/perioperative continuous infusions
of short- or ultrashort-acting β-blockers (e.g., esmolol or landiolol). The efficacy of this
hypothetical preventive approach for TTS recurrence has not been shown, but its plausible
merit needs to be explored. Considering the higher propensity of women to suffer TTS, and
animal models showing a preventive role of estrogens in the emergence of TTS [114], there
are no clinical data supporting use of estrogens either to prevent index TTS episodes or
their recurrence; however, it may be of value to reexplore the issue of a low dose estrogen
supplementation for perimenopausal and postmenopausal women with the intention to
prevent TTS or its recurrence [21,115].

7. Future Therapeutic Options for TTS

Considering the delays in making the diagnosis of TTS due to its similarity in clinical
presentation with CAD, ACS, AMI, and HF, and the hard fact that the victims of TTS, before
and after the diagnosis has been suspected and eventually established, are treated for a
number of hours and often few days with therapies designed and proven beneficial for other
cardiovascular pathologies, it may be unlikely that RCT could be carried out to explore for
therapies which will make a difference in the management of patients with TTS. However,
it is conceivable that “specific for TTS therapies” may emerge in the future, mediating an
amelioration or complete reversion of pathophysiologic mechanisms, which have caused
the TTS phenotype. Such therapies, may or may not be efficacious in improving the
clinical course of patients with TTS, accelerating the healing process, preventing major
cardiovascular and non-cardiovascular complications, and shortening the hospital stay. An
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impediment for a therapy that would be decisively beneficial in the management of TTS is
that, even if such a therapy becomes available, it could only be implemented after the TTS
is already established and the morbid pathology with its consequences is in the process
of recovery. Although we do not know whether an autonomic central nervous system
catecholamine storm with resultant local overstimulation of cardiomyocytes, a surge in
the blood-borne catecholamine levels, spasm of the epicardial coronaries and/or coronary
microcirculation, endothelial dysfunction, negative myocardial supply/demand ratio,
developed LVOTO, or some other(s) not suspected as yet pathomechanism(s) are at work,
what clinicians or researchers are presented with is a probably transiently dysfunctional
myocardial territory, not unlike the stunned myocardium, with the features of reperfusion
injury, encountered in ACS and AMI [116].

A hypothetical example of the dissociation between the pathophysiological process
leading up to TTS, and a therapy designed to reverse such a nosogenic scenario can be visu-
alized by the following: let us assume that TTS is caused by an intense relatively prolonged
(more than what is encountered in Prinzmetal’s angina) coronary vasospasm, affecting the
epicardial coronaries and/or the coronary microcirculation, and resulting in a region with
features of stunned myocardium and reperfusion injury [116]; employment of nitroglycerin,
organic nitrates, or calcium blockers are not expected to exert a significant therapeutic
effect leading to recovery of the myocardial region affected by the ischemic/reperfusion
injury, since coronary vasospasm is not anymore exerted, or even if it is, the resultant
myocardial damage has been already completed; thus even therapy along reversing the
pathophysiologic trajectory resulting in TTS, does not constitute an effective management
approach for established TTS.

It is conceivable that a diverse variety of pathophysiologic entities (ACS, AMI, Prinzmetal’s
angina, and TTS) could lead to the same pathophysiologic/pathoanatomic/pathohistologic
outcome, i.e., that of “ischemic/reperfusion injury” [4], and thus therapies previously
proposed for ACS and AMI [8,9,116], deserve a trial in patients with TTS [10,11]. Accord-
ingly, it has been recently proposed that large doses of insulin infusions, in connection
with careful monitoring to prevent hypoglycemia and hypokalemia, via concomitant infu-
sions of dextrose and potassium supplementation, in conjunction with intravenous use of
short-, or ultrashort-acting β-blockers (e.g., esmolol or landiolol) [39] (Figure 7) perhaps
have beneficial therapeutic effects in patients with TTS [10,11], addressing specifically the
devastating metabolic impairment (glucose and lipid pathways dysregulation, leading to
decreased final glycolytic and β-oxydation metabolites and reduced availability of Krebs
intermediates), noted in TTS [117,118]. This proposal is based on previous literature of
animal models of stress cardiomyopathy, recently summarized [10], and limited experience
in patients with neurogenic cardiomyopathy and TTS [37,38,119–122] (Figure 8). Con-
sequently. a trial including the above therapeutic scheme deserves consideration in the
management of patients with TTS. Justification of insulin employment in TTS is supported
by studies using 18F-FDG uptake confirming the presence of glucose metabolism disorder,
similar to that observed in stunned or hibernated myocardium [123], for which insulin has
been proposed [9].

An additional therapeutic parallel, tangentially supporting the consideration of insulin
in the management of TTS, is the recommendation of incrementally administered high dose
insulin therapy, along with intravenous calcium, in patients with drug-induced cardiac
toxicity engendered by calcium blockers [124]. Additionally, since there are previous
recommendations for implementation of intravenous lipid-emulsion therapy in patients
with ischemic stunned myocardium/reperfusion injury [124], and calcium-blockers or
β-blockers overdose [125], such therapy could be tested in animal TTS models, and if found
safe and useful, be further evaluated for patients with TTS. However, we should always
exercise restraint in the notion that what we view in TTS represents an adaptive protective
response to the autonomic adrenergic overstimulation of the heart, and thus we should be
concerned by interfering in the spontaneous self-healing process [1,20,21].
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Figure 7. A patient with TTS, LVOTO, and MR treated with the ultrashort-acting β-blocker landiolol. A 72-year-old woman
presented with chest pain and dyspnea triggered by emotional stress and was diagnosed with TTS and LVOTO. Her HR
was 100 beats/min, BP was 96/60 mmHg. and a systolic murmur in the second right sternal border was heard. Coronary
angiography did not disclose significant lesions, but LV angiography showed an apical variant TTS (A), MR due to anterior
mitral valve leaflet SAM, with a pull-back from the LV apex to basal tract of the LV, revealing a peak gradient of 61.9 mmHg
(B), suggestive of LVOTO. Infusion of landiolol at a dose of 4 μg/kg/min was started, which was uptitrated to 6, 8, and
finally 10 μg/kg/min, under close monitoring of HR, BP, and ECHO, at which point the BP increased to 120 mmHg, the HR
dropped to 50-60 beats/min, the LV gradient decreased to 20 mmHg, and the MR became mild. The dose of landiolol was
decreased to 4 μg/kg/min on day 3, and the drug was terminated on day 4. Subsequently her course was uneventful and
she was discharged on day 10. Reproduced and modified from Ref. [38], with the permission of Journal of General and
Family Medicine.

Figure 8. Cont.
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Figure 8. Hemodynamic changes in two patients with TTS treated with high doses of insulin. Effects
of insulin in two patients, one with TTS after subarachnoid hemorrhage (A), and the other with TTS
after a stroke (B,C). Vide response of cardiac output to the infusion and subsequent withdrawal of
insulin (A). Vide response of cardiac index and SVR to 2 doses of insulin, and the stability of HR (B).
Vide the advantages of the response of cardiac index, HR, and VO2 to insulin versus dobutamine (C).
Reproduced and modified from Refs. [119,121], with the permission of the Neurosurgery and BMJ
Case Report.

Since experiments in a TTS rodent model with catecholamine-triggered TTS revealed
that isoflurane anesthesia exerted a protective effect for development of LV dysfunc-
tion [126,127], it would be of great interest to evaluate even in a limited cohort this therapy’s
impact in human TTS.

Another matter of concern is the continuation of ill health at follow-up of patients with
TTS with evidence of inadequate recovery of contractile function, metabolic dysfunction
and systemic inflammation several months after the TTS episode [103,128,129]. What
therapy should be implemented to manage these persisting problems is not currently
evident. Among other well-established therapies one could consider continuation of
therapy with insulin, proposed for the acute phase of TTS (vide supra), which may provide
benefits to such patients. Accordingly, a time period with low doses of insulin as for
diabetics with enhanced oral intake of carbohydrates and potassium to avoid hypoglycemia
and/or hypokalemia, may be worth of preclinical and clinical exploration, for its effects on
the post-TTS lingering morbidity.

In reference to the underlying systemic inflammation, one wonders whether a 4-
pronged RCT, assigning patients to placebo, NSAID, colchicine, and corticosteroids, with
an evaluation at 6 and 12 months post the episode of TTS, and assessment of symptoms,
cardiopulmonary stress test, brain natriuretic peptides, C-reactive protein, ECHO strain
imaging, and cMRI, may provide some answers.

A flood of articles is currently being published pertaining to the association of TTS in
patients with COVID-19 admitted to intensive care units [130]. It cannot be overemphasized
that a high index of suspicion needs to be imparted to all physicians that TTS may occur,
and probably remains underdiagnosed, in patients with COVID-19. Concerns of the care
givers should be geared towards the detection and prompt response to HF, CS, drug-
induced prolongation of the QTc, and life-threatening VA in patients with COVID-19 and
complicated secondary TTS [128] Finally, the heavy reliance on the frequent implementation
of ECHO in patients admitted with COVID-19 cannot be overemphasized [90].

8. Prognosis of TTS

TTS, although initially thought to be an entirely benign condition, is currently felt to
be a serious illness, with rates of morbidity and mortality comparable to those experienced
after an AMI or other ACS [1,2,20,21]. In addition, a lingering morbidity, characterized by
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exercise intolerance, atypical for ischemia chest pain, exertional dyspnea, and metabolic
abnormalities, persist for many months after an index episode of TTS [103]. Some patients
suffer recurrence of TTS, with rare some developing multiple such episodes [131]. The
early detected LV dysfunction thought initially to fully recover in a few weeks to months,
based on conventional transthoracic ECHO, has been found not to be fully restored to
normalcy by strain ECHO deformation studies, and some interstitial fibrosis is documented
by cMRI to replace the initially observed ME [132]. In addition, patients with TTS have a
high rate of cancer, neurological and psychiatric diseases [133,134], and common variety
comorbidities (i.e., hypertension, diabetes), sometimes to a greater degree than patients
with CAD/AMI/ACS [135], resulting to an even higher morbidity/mortality phenotypes
than the latter. The issue of the prognostic role of diabetes is still unsettled, considering that
a “diabetes paradox” has been identified exerting a protecting influence in the emergence of
TTS, and resulting in amelioration of complications during hospitalization [136]. In general,
a large array of symptoms/signs, laboratory findings, complications, comorbidities, and
prognostic scores have been demonstrated, in small and large TTS patient cohorts, to be
associated with worse outcome (both short-term and long term), with Table 2 providing a
non-all-inclusive list of such predictors. Inconsistencies regarding prognosticators among
studies, are probably related to variation in the composition of examined cohorts and/or
their sizes. Finally, it appears that there are no predictors from the index episode of TTS of
subsequent TTS recurrence(s) [137], and that ACE1/ARB, but not β-blockers, instituted at
discharge following a TTS episode, may prevent recurrence [21,138], although this is not
firmly established [42,79,88].

Table 2. Symptoms/signs, laboratory findings, complications, and comorbidities of patients with TTS, associated with
worse prognosis.

Symptoms/Signs Laboratory Findings Complications Comorbidities Prognostic Scores

Tachycardia
Hypotension
High respiratory rate
High temperature
Persisting angina
Dyspnea
Age >70
Age <50
Male sex
Physical stressors

High sensitivity troponin
Hyperglycemia
Hypoxia
High brain
natriuretic peptides
Long QTc
LVEF <30%
High E/e’
Low LV-GLS
T-wave inversion
LV concentric hypertrophy
Sigmoid septum
ST-segment elevation
Marked LVWMAs
Apical variant
Atypical ballooning
High blood
norepinephrine
High tumor necrosis
factor-α
Myocardial edema
Late recovery of LVEF
High C-reactive protein
High WBC count- Anemia
Δnegative T-wave
amplitude dispersion
ΔQT dispersion; Low T3
TTS right ventricular
involvement
Low BMI
Low eGFR
cMRI-detected fibrosis
Thrombolysis in
myocardial infarction-2
flow
cMRI late gadolinium
enhancement

HF
CS
VA
Cardiac arrest
Asystole
Pulseless electrical activity
LV dysfunction requiring
MCS
Stroke
Acute renal failure
AF
Respiratory distress
needing mechanical
ventilation
Pulmonary edema
Need for catecholamine
use
Need for inotropic drugs
Killip class III/IV
Asystole
CHB
MR
Intraventricular thrombus

Diabetes
Hypertension
Neurological pathologies
Psychiatric diseases
Malignancies
Acute pulmonary triggers
Endothelial dysfunction
Secondary TTS
CAD
Trauma
Need for resuscitation
eGFR
Multiple noncardiac
comorbidities
Sepsis
Admission to the ICU
Peripheral artery diseas
Chronic renal failure

Killip class (III and IV) on
admission
High GRACE score
InterTAK Classification
InterTAK Prognostic Score
CHA2DS2-VASc risk score
German and Italian Stress
Cardiomyopathy (GEIST)
Score

Abbreviations: AF = atrial fibrillation; BMI = body mass index; CAD = coronary artery disease; CHB = complete heart block;
cMRI = cardiac magnetic resonance imaging; CS = cardiogenic shock; Δ = change; e GFR = estimated glomerular filtration rate;
HF = heart failure; GLS = global longitudinal strain; ICU = Intensive Care Unit; LV = left ventricular; LVEF = left ventricular ejec-
tion fraction; LVOTO = left ventricular outflow tract obstruction; LVWMAs = left ventricular wall motion abnormalities; MCS = mechanical
circulatory support; TTS = takotsubo syndrome; VA = ventricular arrhythmias; WBC = white blood cells.

117



J. Clin. Med. 2021, 10, 3440

9. Conclusions

The pathophysiology of TTS continues to be elusive and its management is currently
based on the extrapolation of therapeutic practices proven/established for other cardiovas-
cular diseases (CAD, AMI, HF, etc.). This may not be totally inappropriate since a secure
diagnosis of TTS is made always with significant delays and thus by necessity support-
ive therapies in response to common symptoms and signs of cardiovascular pathology
are necessary. Additionally, we should entertain the notion that whatever is the pathoe-
tiology of TTS, the eventual emergence of stunned/reperfusion myocardial injury may
call for management approaches not unique only to TTS. Due to eventual spontaneous
reversibility of such pathology, frequently noted in patients with TTS, observing and
monitoring asymptomatic or mildly symptomatic patients with adequate organ perfu-
sion, while self-healing takes place may be advisable along the principle of “first do no
harm”. Continuation of therapies for previously present comorbidities should not be in-
terrupted with uptitration/downtitration of drugs, as necessary. ACEi/ARB, short-acting
β-blockers, anticoagulants are often implemented during hospitalization, and continued
during follow-up, as needed. Earlier employment of ECMO and/or LVAD may be needed
for patients in CS, and monitoring for the emergence of lethal VA, particularly associated
with prolongation of the QTc interval, is imperative. Consideration should be given to
favoring short- and ultrashort-acting β-blockers and implementation of large doses of
insulin in the management of patients with TTS and HF or CS. Finally, the management
of patients who have suffered TTS should be systematized at follow-up to include use
of ACEi/ARB, reexamination of whether β-blockers prevent recurrence, employment of
psychiatric evaluation and therapy, reevaluation of the inciting role of malignancy in the
emergence of recurrent TTS, and management of comorbidities as they relate to recurrence
of TTS.
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ACS Acute Coronary Syndromes
ACEi Angiotensin-Converting Enzyme Inhibitors
AF Atrial Fibrillation
AMI Acute Myocardial Infraction
ARB Angiotensin Receptor Blockers
AV Atrioventricular
BP Blood Pressure
CABG Coronary Artery Bypass Graft
CAD Coronary Artery Disease
CHB Complete Heart Block
cCTA Coronary Computed Tomography Angiography
cMRI Cardiac Magnetic Resonance Imaging
CS Cardiogenic Shock
ECG Electrocardiogram (phic)
ECHO Transthoracic Echocardiography (gram)
ECMO Extracorporeal Membrane Oxygenator
HF Heart Failure
HR Heart Rate
IABP Intra-aortic Balloon Pump
ICD Implantable Cardioverter-Defibrillator
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LV Left Ventricle (cular)
LVEF Left ventricular Ejection Fraction
LVAD Left Ventricular Assist Device
LVWMAs Left Ventricular Wall Motion Abnormalities
LMWH Low-Molecular-Wight Heparins
LVOTO Left Ventricular Outflow Tract Obstruction
MCS Mechanical Circulatory Supprot
ME Myocardial Edema
MR Mitral Regurgitation
NSAID Non-steroidal Anti-inflammatory Drugs
PCI Percutaneous Coronary Artery Intervention
PPM Permanent Pacemaker
RCT Randomized Controlled Trials
RV Right Ventricle (cular)
SAM Systolic Anterior Motion
SVR Systemic Vascular Resistance
TdP Torsades de Pointes
TTS Takotsubo Syndrome
VA Ventricular Arrhythmias
VT Ventricular Tachycardia
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Abstract: Splice regulators play an essential role in the transcriptomic diversity of all eukaryotic cell
types and organ systems. Recent evidence suggests a contribution of splice-regulatory networks in
many diseases, such as cardiomyopathies. Adaptive splice regulators, such as RNA-binding motif
protein 20 (RBM20) determine the physiological mRNA landscape formation, and rare variants in
the RBM20 gene explain up to 6% of genetic dilated cardiomyopathy (DCM) cases. With ample
knowledge from RBM20-deficient mice, rats, swine and induced pluripotent stem cells (iPSCs), the
downstream targets and quantitative effects on splicing are now well-defined and the prerequisites for
corrective therapeutic approaches are set. This review article highlights some of the recent advances
in the field, ranging from aspects of granule formation to 3D genome architectures underlying
RBM20-related cardiomyopathy. Promising therapeutic strategies are presented and put into context
with the pathophysiological characteristics of RBM20-related diseases.

Keywords: dilated cardiomyopathy; RBM20; arrhythmia; heart failure; gene therapy; alternative
splicing

1. RBM20 Mutations Cause Highly Penetrant Cardiomyopathies

In 2009, the first case of RBM20-associated human cardiomyopathy was described.
The report mentioned two large families with autosomal dominant dilated cardiomyopathy.
Clinically, they became noticeable due to young age at diagnosis, heart failure and high
mortality [1]. Since then, mutations in RBM20 were recognized as an important cause
of cardiomyopathy and genotype-phenotype studies suggest many patients having a
progressive and complicated clinical course [1–6].

RBM20 regulates post-transcriptional splicing, particularly in sarcomeric, but also
in other genes essential for myocardial homeostasis and calcium handling [1,6–8]. It is
expressed in all striated muscles but highest in cardiac tissue [6]. The corresponding gene,
RBM20, is located on the long arm of chromosome 10 and carries 14 exons. It encodes a
1227 amino acid protein containing two zinc finger domains, a glutamate-rich region, a
leucine-rich region, an RNA-Recognition Motif (RRM)-type RNA binding domain and an
arginine-/serine-rich region (RS-domain) (Figure 1) [9,10].
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In patients with familial DCM, structured pedigree analysis is critical and genetic test-
ing by sequencing of DNA commonly extracted from peripheral whole blood lymphocyte
samples is recommended [11]. Pathogenic variants in RBM20 account for approximately
2–6% of the cases of familial DCM with noticeably early disease onset and clinically severe
expression [2,12–14]. Figure 1 and Table 1 present reported variants with corresponding
domains. Most patients carry heterozygous mutations, and the mode of inheritance is
autosomal dominant [15]. Three protein regions were identified with high confidence for
carrying pathogenic variants [12,15]. These are located at positions c.1601-1640 (exon 7, en-
coding the RRM-domain), c.1881-1920 (exon 9, encoding the highly conserved RS-domain)
and c.2721-2760 (exon 11) [12,16,17]. In an international RBM20 patient registry, individuals
with variants within these domains had a higher familial incidence of sudden cardiac death
(SCD) and prevalence of personal history of arrhythmias than those with variants outside
these hotspots or in genes such as Titin [12].

Figure 1. Modified from Parikh et al., 2019 [12]. Schematic protein structure of human RBM20 with corresponding exons.
Variants shown in Table 1 are listed under the affiliated protein domains/regions. The black line chart displays the odds
ratio (OR) for variant observation within the respective sections in a cardiomyopathy population vs. general population
(Genome Aggregation Database [gnomAD]); underlying OR data derived from Parikh et al. [12]. Pathogenic sections
predominantly concern the RS domain, the E-rich region and the RRM domain.

Table 1. RBM20 variants with corresponding exons and protein domains.

Domain Mutation Exon Pathogenicity Reference

Leu-rich-region L83I 2 unknown [18]
Other S455L 4 unknown [18]

RRM-domain V535I 6 pathogenic [6,16]
RS-domain P633L 9 pathogenic [19]
RS-domain R634Q 9 pathogenic [1,2,6,16]
RS-domain R634W 9 pathogenic [10,16]
RS-domain S635A 9 pathogenic [3,4,6,10]
RS-domain R636C 9 pathogenic [16]
RS-domain R636H 9 pathogenic [1,2,16,20,21]
RS-domain R636S 9 pathogenic [1,2,6,22]
RS-domain S637G 9 pathogenic [1,3,6,23]
RS-domain P638L 9 pathogenic [1,2,6,15,18]

Other R703S 9 unknown [18]
Other R716Q 9 unknown [6,16]
Other R783G 9 pathogenic [24]
Other L831I 11 unknown [18]

Glu-rich-region D888N 11 unknown [18]
Glu-rich-region E913K 11 pathogenic [2,25]
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Table 1. Cont.

Domain Mutation Exon Pathogenicity Reference

Glu-rich-region V914A 11 pathogenic [15]
Other G1031X * 11 pathogenic [10,18]
Other P1081R 11 unknown [18]
ZnF-2 R1182H 13 unknown [13]
ZnF-2 E1206K 13 unknown [18]

* non-sense mutation; all others are missense mutations.

Most of the disease-causing mutations have been identified within the RS do-
main [1,6,9,16,26]. The RS domain generally plays an important role in pre-mRNA splic-
ing and regulating alternative splicing by modulating the binding and assembly of the
spliceosome [27–29]. In the case of RBM20, it has been shown that Serines within the
Arginine–Serine–Arginine–Serine–Proline (RSRSP) stretch of the RS-Domain are physi-
ologically phosphorylated and serve as a critical part of the nuclear localization signal
(NLS) [10]. Moreover, it is believed that mutations of any residues within the RSRSP stretch,
possibly accompanied by aberrant phosphorylation, may cause RBM20 mislocalization,
subsequently leading to altered nuclear splicing of the target pre-mRNAs [10]. Recently,
a novel angle on molecular pathophysiology of RBM20-related cardiomyopathy was es-
tablished, exemplified by findings from gene-edited RBM20-p.Arg636Ser pigs [22]. It was
hypothesized that the disease, beyond missplicing due to loss-of-function mutations, could
also be caused by gain-of-function mutations leading to dysregulated cytoplasmic RBM20
ribonucleoprotein (RNP) granule formation [22]. Subsequently, this granule formation
might mediate myocardial insufficiency, which will be further discussed below [22].

Variants outside the RS-Domain commonly do not affect splicing activity in the same
way as variants within the RS-Domain [10]. However, mutations within the conserved
Glutamate-rich region have been associated with disturbed alternative splicing of Titin
and DCM as well [2,10,18,25,26]. It seems that they affect protein stability and hence a
partial loss-of-function can occur. An altered RBM20 function was also observed in the
G1031X nonsense mutation, characterized by the loss of the second zinc-finger domain [10].
Interestingly, only a homozygous son of the characterized family showed symptoms
while the heterozygous mother was asymptomatic [10]. Although variants affecting the
RRM-domain have not been frequently identified as causes for human RBM20-related
cardiomyopathy, it has been observed that the knockout of the RRM-domain by deletion
of exons 6 and 7, both in homozygous and heterozygous KO mice, affected alternative
splicing of RBM20′s target genes, such as CAMK2D and LDB3 [30]. Additionally, a loss
of the RRM-domain and RBM20′s C-terminus led to a significant reduction of RBM20′s
splicing function also in human cell culture [31].

Accurate variant calling according to current ACMG criteria is a crucial yet challenging
task in rare diseases. To assist in classifying novel RBM20 variants, the corresponding
location within the protein presents a suitable indicator. In this context, Gaertner et al.
showed that the ratio of ryanodine receptor 2 (RYR2)- and titin (TTN)-splice variation could
be also used as a tool for the classification of uncharacterized RBM20 variants if heart tissue
or iPSC are available [15]. The team used qRT-PCR to measure the expression of RYR2-splice
variants containing an additional small exon, which was previously described [8]. This
quantitative expression is then put into relation with the expression of the regular RYR2-
splice form. They were able to show that this ratio is increased in the case of pathogenic
RBM20-variants [15]. As controls, they used RYR2-isoform ratios from non-failing and
DCM heart samples (both negative controls), along with positive controls derived from
individuals carrying the proven pathogenic RBM20-p.Pro638Leu variant. Analogous to
this, they investigated the ratio of TTN-N2B to total Titin as an additional classification tool
and concluded that this ratio, on the contrary, is lowered in individuals carrying pathogenic
RBM20-variants [15].
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2. Model Systems to Dissect the Pathophysiology and Enable Therapeutic Studies

Currently, there are several in vitro and in vivo model systems available. As the first
animal model served the rat, focusing mainly on RBM20-dependent splicing regulation
of TTN [6,32]. Left ventricular dilation and electrical abnormalities were present in these
RBM20-deficient rats, showing comparatively similar pathologies as RBM20-deficient
humans [1,3,6,16].

RBM20 deficiencies are also studied in established mouse models. Mouse models show
advantages due to their easy handling, however, LV dysfunction primarily occurs only
after stress [30]. Gene editing by targeted disruption of specific exons or CRISPR/Cas9
system has been used to create RBM20 knockout models and RBM20-mutant knockin
mice mimicking human-derived mutations [3,10,30,33,34]. In mice, mutations in RBM20
are associated with signs of arrhythmia, unlike knockout models, where the reduced or
eliminated expression of RBM20 resulted in a less severe phenotype, exemplified by the
comparison of homozygous RBM20-p.Ser637Ala mutants with the complete knockout
of RBM20 [3]. Although, in both the mutant and knockout model, splicing activity of
RBM20 targets was affected, there are several examples, where the mutant leads to an
altered calcium handling and subsequently to arrhythmia, while homo- and heterozygous
knockouts showed regular cardiac electrical activity [3,33]. This observation suggests that
not only might changes in splicing activity be the driver of this disease, but also other
underlying mechanisms that likely play important roles in the pathogenesis of RBM20-
related cardiomyopathy exist [3,9,19,22,33].

In genome-edited pigs, hetero- or homozygous for RBM20 alleles encoding a pathogenic
human-derived RBM20-variant, it was recently discovered that RBM20 RNP granules ac-
cumulated abnormally in the sarcoplasm of the myocytes [22]. As discussed above, these
findings are of greater interest and were confirmed in myocardium and reprogrammed
cardiomyocytes from DCM patients carrying the same pathogenic allele [22]. In vivo, the
dysregulated RNP granule aggregation was more severe in the homozygous gene-edited
pigs, which lead to myocardial insufficiency and fatal circulatory failure in many of these
animals [22]. Consequently, the presence of these sarcoplasmic aggregations seems to play
a relevant role in the pathophysiology of RBM20-related cardiomyopathy [3,15,22]. As
such, stringent observation and examination of genome-edited pigs carrying pathogenic
(RBM20) variants have the potential to provide critical insights into the pathomechanism
and natural course of human DCM [22]. Additionally, the pig model can also serve as a
valuable large animal model for succeeding therapy studies.

The investigation of splicing defects in human heart tissue and iPSCs provides a
valuable toolkit for the translation of recent in vivo and -vitro findings into a human
model system [4,8,15,19,22,35–37]. Patient-specific RBM20 mutant iPSCs and isogenic gene-
corrected iPSCs have been established using CRISPR/Cas9, allowing the investigation of
variant-specific RBM20-dependent pathomechanisms in a controlled setting [4,19,35–37].
These sorts of models also foster larger scale therapeutic drug screenings and provide
a platform to study the advantages of novel technique applications, such as nanopore
sequencing, in order to further investigate the genetic background of the disease [19,36,37].

3. Trafficking of RBM20 and Aggregation Formation

Normal RBM20 synthesis and trafficking are outlined in Figure 2. Wild-type RBM20
is predominantly localized in the nucleus, being part of the spliceosome and functioning
thus as a splicing cofactor. Analyses in C2C12 cells (mouse myoblast cell line) showed that
RBM20 variants, such as RBM20-p.Pro638Leu or -p.Ser637Ala, lead to increased RBM20
aggregation within the cytoplasm [3,15]. Murayama et al. had shown similar results for
murine p.Ser637Ala [10]. These findings from the murine models were confirmed not only
in human explanted heart tissue but also in a recently published and already mentioned
pig model [15,22]. Functionally, disruption of nuclear transport processes might lead
to cytoplasmatic protein aggregation [38]. The mechanism responsible for this protein
mislocalization is believed to be caused, for example, by aberrant phosphorylation of
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the RSRSP-stretch in the RS-domain [10,15]. Considering most patients are heterozygous
carriers, nuclear concentrations of RBM20 remain lower, leading to functional deficien-
cies [15]. The described mislocalization also raises the idea that the dysregulated RNP
granules could be interfering with cytoplasmic stress granules, possibly causing a detri-
mental cascade [3,22]. Upcoming results from currently ongoing investigations beyond
nuclear splicing are eagerly awaited. The exploration and discovery of yet unidentified
RBM20-partner proteins essential for its proper transportation to the nucleus and the in-
teraction with the spliceosome and genome-foci represent additional directions of future
research.

Figure 2. Modified from Schneider et al., 2019 [22]. RBM20 synthesis, trafficking and pathological
cytoplasmic aggregation of RBM20-mutations. RBM20 is transcribed and its mRNA translocated
through the nuclear pore complex (NPC) to the cytoplasm, where the RBM20 protein is translated.
Regular RBM20 is transported back to the nucleus where it regulates alternative splicing as a part
of the spliceosome. Disruption of nuclear transport processes in the presence of RBM20 mutations,
however, may promote cytoplasmic protein aggregation, amongst other things by aberrant phospho-
rylation of the RS-Domain. This caused mislocalization may explain the altered splicing of target
genes in the presence of RBM20 mutations.

Not every RBM20-variant may lead to protein mislocalization [15]. The pathogenic
RBM20-p.Val914Ala variant, for instance, showed no effect on RMB20′s nuclear localization,
but on downstream splicing [15]. Rare variants leading to non-sense mediated RNA decay
and haploinsufficiency may result in less severe cardiomyopathy, potentially due to missing
substrate for aggregates [9,10,39]. It will be interesting to investigate the resulting molecular
differences in pairwise comparisons.

4. Splicing Targets and Their Function

Until now, more than 30 validated splicing targets of RBM20 have been identified
with high confidence [6,8,33]. Table 2 provides an overview of these target genes with the
corresponding proteins and their functions. From a pathogenetic standpoint, some of the
centrally involved targets include:
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Table 2. Modified from Lennermann et al., 2020 [40]. List of RBM20 target genes with corresponding protein and function.

Gene Encoded Protein Function References

APTX Aprataxin DNA repair [6]

CACNA1C
Calcium channel, voltage-dependent, L-type,

alpha 1C
sub-unit

sub-unit of the L-type calcium channel [6]

CAMK2D Calcium/calmodulin-dependent protein
kinase II delta

Serine/threonine kinase; regulates many
cardiac proteins through phosphorylation [6,33]

CAMK2G Calcium/calmodulin-dependent protein
kinase II Gamma

Serine/threonine kinase; regulates many
cardiac proteins through phosphorylation [6]

DAB1 Disabled-1 Neuronal development [6]
DNM3 Dynamin-3 Actin-membrane budding [6]

DST Dystonin Adhesion junction plaque protein [8]

DTNA Dystrobrevin alpha Part of the dystrophin-associated
complex linking ECM and cytoskeleton [6]

ENAH Protein-enabled homolog Actin-associated [8]
FHOD3 Formin homology 2 domain-containing 3 Sarcomeric assembly [6]
FNBP1 Formin-binding protein 1 Actin cytoskeleton regulation [6]
GIT2 G protein-coupled receptor kinase interactor 2 Cytoskeletal dynamics [6]

IMMT Inner membrane mitochondrial protein Part of the mitochondrial inner
membrane complex [8,37]

KALRN Kalirin Serine/threonine protein kinase [6]

KCNIP2 KV channel-interacting protein 2 Sub-unit of voltage-gated potassium
channel complex [6]

LDB3 LIM domain binding 3 Sarcomeric stabilization [6,8]
LMO7 LIM domain only protein 7 - [8]

LRRFIP1 Leucine-rich repeat flightless-interacting
protein 1 Transcriptional repressor [8]

MECP2 Methyl CpG–binding protein 2 Transcriptional regulator; highly
expressed in neuronal cells [6]

MLIP Muscular-enriched A-type laminin-interacting
protein

Interacts with lamin A/C; potentially
involved in cardiac homeostasis [8]

MTMR1 Myotubularin-related protein 1 - [6]

MYH7 Myosin heavy chain 7 Cardiac slow twitch myosin heavy chain
beta isoform; muscle contraction [8]

MYOM1 Myomesin-1 Sarcomeric; links titin and thick filament [8]
NEXN Nexilin Actin-associated; DCM-associated [8]
NFIA Nuclear factor I A Transcription factor [6]

NPRL3 Nitrogen permease regulator-like 3 Inhibits mTORC1; necessary for
cardiovascular development [6,41]

NTRK3 Tropomyosin receptor kinase C Neutrophin-3-receptor [6]
OBSCN Obscurin Sarcomeric signaling [8]

PDLIM3 PDZ and LIM domain protein 3 Binds alpha actinin-2; relevant for right
ventricular function [8]

PDLIM5 PDZ and LIM domain protein 5 LIM domain protein; protein-protein
interaction [6,42]

PLEKHA5
Pleckstrin homology domain-containing family

A
member 5

- [6]

RALGPS1 Ral GEF with PH domain- and SH3-binding
motif 1 - [6]

RTN4 Reticulon 4 Neurite outgrowth inhibitor in the
central nervous system [8]

RYR2 Ryanodine receptor 2 Calcium receptor in the SR; allows
release of Ca2+ into the cytosol [8]

SEMA6D Semaphorin 6D Neuronal regulation [6]

SH3KBP1 SH3 domain-containing kinase-binding protein
1 - [6]

SLC38A10 Putative sodium-coupled neutral amino acid
transporter 10

Sodium-dependent amino acid/proton
antiporter [6]

SORBS1 Sorbin and SH3 domain-containing 1 Cytoskeletal formation [6]
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Table 2. Cont.

Gene Encoded Protein Function References

SPEN Msx2-interacting protein Hormone inducible transcriptional
repressor [6]

TNNT2 Cardiac troponin T
Part of the cardiac troponin complex

regulating muscle contraction dependent
on calcium

[8]

TPM1 Tropomyosin alpha-1 chain Cytoskeletal; contraction [6]

TRDN Triadin Forms a complex with RyR and CASQ2;
calcium release from the SR [6]

TTN Titin Sarcomeric spring; compliance of the
heart [6,8]

UBE2F Ubiquitin-conjugating enzyme E2 F (putative) - [6]
ZNF451 E3 SUMO-protein ligase ZNF451 Protein sumoylation [6]

4.1. TTN

Titin is a giant protein embedded between the Z-disk and the M-band of the sar-
comere [43]. It is crucial for myocardial contraction, elasticity and a key determinant for
myocardial stiffness [43,44]. A loss of function in RBM20 causes DCM, often by missplicing
of TTN and impaired Frank–Starling mechanism [6,8,25]. One of the primary underlying
molecular pathomechanisms suspected of developing RBM20-associated DCM are the
newly emerging giant titin isoforms [6–8]. Regularly, RBM20 mediates exon skipping
of the Titin-PEVK region; when defective, exons remain and an embryonic, large Titin
isoform is produced [6,7]. This titin isoform N2BA-G leads to reduced passive tension of
the cardiac sarcomere and changed cardiac energetics, consequently being involved in the
pathological heart chamber dilation [17,25,45]. To find out whether mutations in RBM20
are likely functional requires molecular diagnosis. As many patients would not want to
have a biopsy taken for titin isoform expression analysis, this is currently done by using
titin splice reporter assays [6,31].

4.2. RYR2

The regulation of muscle-specific splicing of RYR2 (Ryanodine Receptor 2) by RBM20
is well established [6–8,15]. RYR2 encodes a calcium ion channel mainly expressed in the
heart, essential for calcium homeostasis and thus for proper myocardial contraction [46,47].
Cardiomyopathy-associated RBM20 variants cause overexpression of an RYR2-splice vari-
ant containing an additional small exon [8]. Clinically, arrhythmias are more prevalent
in RBM-associated cardiomyopathy than in most other DCM forms [5,12]. It is current
thinking that myocardial remodeling and fibrosis can trigger ventricular arrhythmias,
but the modification of RYR2 may also propel arrhythmic instability and thus represents
an appealing therapeutic target. Results from a study focusing on RBM20 variants re-
sponsible for arrhythmogenic cardiomyopathy proposed that affected patients should be
clinically viewed similar to other arrhythmogenic cardiomyopathy or catecholaminergic
polymorphic ventricular tachycardia (CPVT), which is also caused by mutations in the
RYR2 gene [12].

4.3. CAMK2D

The serine/threonine-specific protein kinase CaMKII-δ (Ca2+/calmodulin-dependent
protein kinase II) is involved in calcium homeostasis and reuptake in cardiomyocytes [48],
which provides the link to RYR2 function. It was observed that mutations in RBM20 result
in a CaMKII-δ isoform switch from the regular -δB and -δC isoforms to the -δA and -δ9
isoforms [33]. This alteration is responsible for an increased L-type Ca2+-current with
intracellular Ca2+-overload and increases sarcoplasmic reticulum Ca2+ content in RBM20
KO cardiomyocytes, eventually promoting arrhythmogenesis [33]. It must be considered,
however, that electrophysiological properties vary between rodents and humans, hence im-
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peding the translation of findings in rodent to human-derived model systems [33]. Beyond
altered Ca2+-handling, Zhang et al. proposed an alternative CaMKII-based pathomecha-
nism. The team discovered that the CaMKII-δ9 isoform may mediate cardiomyopathy by
causing cardiomyocyte DNA damage and cell death due to disrupted UBE2T (Ubiquitin-
conjugating enzyme E2 T)-mediated DNA repair [49].

4.4. Identification of Novel Targets

Many of RBM20′s target genes listed in Table 1 were discovered by combining data
from crosslink-immunoprecipitation (CLIP-seq) with transcriptome analysis of heart tissues
from wild-type and RBM20-deficient rats as well as human heart failure patients [8]. Hence,
this approach remains suitable for future identifications of other involved target genes.

Recently, transcriptome analysis using long-read sequencing in the presence of RBM20
mutations has discovered novel differentially expressed RBM20-dependent transcripts.
This is exemplified by the discovery of two IMMT (inner membrane mitochondrial protein
gene) isoforms that might play a role in RBM20 cardiomyopathy [37]. These results revealed
that a more widespread adoption of long-read sequencing for transcriptome analysis could
identify also further differentially expressed transcripts and provide context to previously
identified alternatively spliced exons [37].

4.5. Interactions between RBM20s Targets

With the help of modern technologies such as Hi-C, RNA-seq and ATAC-seq re-
searchers can investigate genome architecture in cardiomyocytes [50]. A network of gene
loci from different RBM20 targets was identified, revealing an inter-chromosomal associa-
tion and interaction between each target [50].

In human embryonic stem cells (hESC), the team discovered that TTN pre-mRNA,
the best-studied RBM20-regulated transcript in the heart, binds and accumulates RBM20
foci near its genomic locus. This RBM20 accumulation mediates spatial proximity between
the TTN locus and other inter-chromosomal RBM20 targets like CAMK2D or CACNAC1C
(Figure 3). Changes in the topological assembly of the involved targets, for example, due
to experimental deletion of the TTN promoter in hESC significantly reduced the spatial
concentration of RBM20 genome-foci [50]. This is consecutively resulting in an altered
RBM20-dependent alternative splicing activity of the other targets involved [50]. These
novel perceptions indicate the existence of a cardiac-specific trans-interacting chromatin
domain (TID) functioning in the sense of a splicing factory [50].

4.6. Interactions with Other Splice Regulators

Interactions of RBM20 with other splice regulators have been described in the litera-
ture. It was discovered recently that in titin splicing, PTB4 (polypyrimidine tract-binding
protein isoform 4) counteracts the splice repressor activity of RBM20 [31]. PTB4 and RBM20
compete for the same motive on the 5′SS downstream of the alternative TTN exon, con-
sequently regulating titin isoform expression [31]. These insights into the mechanistic
interactions provide a basis for the future development of RBM20 modulators which adapt
titin elasticity in cardiomyopathies [31].

Most recent studies suggest that RBM20 together with PTB4 also influences the splicing
pattern of FHOD3 (formin homology 2 domain containing 3) [51,52]. FHOD3 was identified
as an RBM20 target using RNA-seq, encodes a sarcomeric protein regulating actin dynamics
in cardiac tissue and is associated with HCM and DCM [6,53–56]. The teams hypothesized
that both splice regulators participate in the splice site recognition by competing with the
snRNP (small nuclear ribonucleic particles) spliceosomal components, which determine
the targets’ exon inclusion and exclusion outcome [51,52].
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Figure 3. Modified from Bertero et al., 2019 [50]. Topological interchromosomal assembly of RBM20’s
target genes. Model originally proposed by Bertero et al. to regulate local chromatin organization
in human cardiomyocytes. During the differentiation of cardiomyocytes, heterochromatin becomes
condensed, whereas major cardiac genes such as TTN move from the inactive (peripheral) to the
active (central) compartment of the nucleus. Transcription of TTN forms foci of the splicing factor
RBM20, resulting in a trans-interacting chromatin domain (TID) in which other RBM20 target genes
are also involved. This mechanism drives alternative splicing of the emerging transcripts and can be
interrupted by alteration of TTN transcription [50].

5. Clinical Presentation and Risk Management

Pathogenic RBM20-variants are associated with a clinically aggressive form of DCM
or left-ventricular non-compaction (LVNC; RBM20 variants are detected in ~1% of LVNC
cases) [17,57,58]. In our Cardiomyopathy Center, we also observed different families with
Hypertrophic Cardiomyopathy (HCM) carrying pathogenic RBM20 variants. The onset of
the disease is around the mid-fourth to fifth life decade and might become apparent due to
heart failure or arrhythmia [5]. Male patients generally show a more severe clinical course
including significantly earlier disease onset and higher adverse event rates (heart transplan-
tation (HTx), sudden cardiac arrest (SCA), ventricular tachycardia) [2]. In progressed stages,
heart transplantation and assist devices (LVAD) are often required [1,2,5,12,13,16,18,33].

The likelihood of developing life-threatening arrhythmias is relatively high, resulting
in a poor prognosis if an implanted defibrillator does not protect the patient. Of the RBM20
mutation carriers, 30% developed conduction system disorders associated with a high risk
of malignant arrhythmias [5]. Data from the international RBM20 patient registry provide
a valuable overview of the relative risk for RBM20 mutation carriers compared to DCM of
other etiology (Table 3). Odds ratios are comparable to arrhythmogenic LMNA-mutation-
induced DCM and significantly higher than in idiopathic or TTNtv-mediated DCM [12].
In the study cohort, ICD discharge and sudden cardiac arrest were observed in several
mutation carriers even before the onset of left ventricular dysfunction [12]. This requires
careful risk stratification in RBM20-associated cardiomyopathy and discussion of primary
preventive ICD implantation.

Of patients with RBM20 cardiomyopathy, 12% receive heart transplantation due to
end-stage heart failure at a remarkably young mean age of 28 years, occurring significantly
earlier than in other DCM genotypes [5]. A study in a Danish population observed trans-
plantation rates of overall 21% (34% in males) [2]. Similar results were demonstrated by
Gaertner et al. in 2020, where family members carrying the pathogenic RBM20-p.Pro638Leu
variant had an average event-free (HTx, LVAD or death) survival time of 28 years [15].
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Table 3. Modified from Parikh et al., 2019 [12]. RBM20-related cardiomyopathy has a highly arrhythmogenic phenotype.

RBM20-CM vs. DCM
Odds Ratio (CI; p-Value)

RBM20-CM vs. TTNtv-CM
Odds Ratio (CI; p-Value)

RBM20-CM vs. LMNA-CM
Odds Ratio (CI; p-Value)

Evidence of sustained VA * 14.7 (6.0–36.0; p < 0.001) 27.3 (3.4–223.0; p < 0.001) 1.2 (0.6–2.4; p = 0.65)
Family history of SCA ** 5.9 (3.1–11.2; p < 0.001) 6.2 (2.6–14.5; p < 0.001) 1.4 (0.6–2.8; p = 0.46)

Odds ratios for sustained ventricular arrhythmias (VA) and family history of sudden cardiac arrest (SCA) for RBM20-CM cohorts compared
to DCM, titin truncating variants (TTNtv)-CM and Lamin A/C (LMNA)-CM cohorts. * Sustained VA is defined as sustained ventricular
tachycardia or ventricular fibrillation on monitoring for DCM, TTNtv and LMNA and as SCA or ICD discharge for RBM20. ** SCA in
RBM20 index cases only. CI = confidence interval.

6. Current Treatment Concepts in RBM20 Patients

6.1. Treatment of Heart Failure

Patients with RBM20-mediated DCM often present with systolic heart failure. Depend-
ing on the symptomatic extent of heart failure and systolic dysfunction, pharmacological
treatment is carried out according to current therapeutic guidelines for acute and chronic
heart failure [11,59,60]. ACE inhibitors, beta-blockers and mineralocorticoid antagonists
work well in RBM20-related heart failure. The introduction of ARNI (sacubitril/valsartan)
and SGLT2-inhibitors are other promising treatment options. RBM20-specific pharmaco-
logical treatments are not established.

In specialized centers worldwide, treatment with heart failure medications is advised
already in the early stages of systolic dysfunction if the pathogenic mutation is known in
the patient and deterioration is foreseen. These expert decisions are based on individual
basis and experience and cannot be generalized at the moment.

6.2. ICD-Therapy

Current guidelines do not treat RBM20 cardiomyopathy separately from other causes
of DCM. Considering available data on the risk of suffering from severe arrhythmias
(Table 3), implantation of a primary prophylactic cardiac defibrillator should be discussed
for individuals carrying proven pathogenic RBM20-variants [2,12]. In order to provide
the same evidence that currently exists for the highly arrhythmogenic LMNA/C muta-
tions [13,61–63], further studies are needed for generally recommending a primary prophy-
lactic ICD implantation in consideration of the RBM20-mutation status.

6.3. Heart Transplantation and Assist Devices

(Temporary) support in severe heart failure can be reached by implanting a left-
ventricular assist device. Heart transplantation is considered a last resort, yet indispens-
able due to the potentially severe clinical course of RBM20-related cardiomyopathy. As
mentioned above, in a recent meta-analysis, the mean age of HTx in patients with RBM20-
induced DCM was only 28 years [5]. Unlike many other genetic myopathies affecting
sarcomere function, RBM20 defects mainly affect the myocardium and do not lead to
skeletal myopathy [6]. This is an important aspect of considering patients for heart trans-
plantation.

7. Future Therapeutic Options

Established generic therapies for heart failure and SCD-prevention are powerful tools
to improve the prognosis of patients. However, experimental compounds or repurposing of
existing drugs are attractive strategies for identifying tailored and specific RBM20-therapies.
Therefore, suitable model systems are needed and stringent, and data-guided translation
into the clinics is required to prevent harm by self-treatment of affected patients with
experimental compounds.

7.1. RBM20 Upregulation

In 2020, Briganti et al. created an RBM20-deficient DCM model that recapitulates
mRNA splicing and contractile defects of the disease using CRISPR/Cas9 in iPSC [19]. By
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bioinformatics screens, interesting compounds associated with RBM20 expression were
identified and investigated functionally. The teams showed that the application of retinoic
acid (ATRA), an active metabolite of vitamin A, upregulates RBM20 expression in murine
and human-derived iPSC, partially reverting the splicing and contractile defects caused
by pathogenic RBM20 variants [19]. This effect could be primarily shown in heterozygous
but also in homozygous mutants, while not in the complete knockouts suggesting that the
beneficial effect of ATRA remains dependent on residual RBM20 protein activity [19]. The
transfer to the clinics requires functional proof in animal models and a careful clinical trial
design since ATRA also has potential toxic side effects in high doses. Additionally, the
RBM20-RNP-granules could be, as already mentioned, aggravated through upregulation
of the RBM20-locus, potentially leading to (long-term) negative consequences.

7.2. RBM20 Downregulation

Besides the harm caused by RBM20 mutations, beneficial effects of RBM20 loss-of-
function have been described as well. In heterozygous RBM20 KO-mice with an in-frame
RRM deletion, a more compliant, large titin was identified, possibly leading to improved
diastolic filling [30]. However, it must be considered that the impaired Frank–Starling
mechanism in this scenario might outweigh the potentially beneficial effects [30].

With the development of an in vitro splice reporter assay in HEK293 cells, it was
for the first time possible to screen > 34,000 small molecules for the potential treatment
of diastolic dysfunction [64]. The study identified cardenolides as inhibitors of RBM20
dependent splicing, leading in the case of titin to the exclusion of PEVK exons. This again
affected titin isoform expression, subsequently improving diastolic filling. These findings
show that RBM20 downregulation might be helpful for future treatments of diastolic
dysfunction and should be further investigated.

With the introduction of these sorts of splice reporter assays, it also remains exciting
to see whether other small compounds will be identified in the future, providing novel
therapeutic strategies through the regulation of RBM20 expression.

7.3. Ca2+-Modulation

RBM20-dependent Ca2+-homeostasis was first studied in knockdown mouse embryoid
bodies [65]. Experimental data show that RBM20 loss-of-function in RBM20 KO-mice
disturbed the Ca2+-handling resulting in arrhythmogenic Ca2+-releases/spikes from the
sarcoplasmic reticulum [33]. This alteration was not only observed in homozygous but
also in heterozygous mice [33]. They also discovered that the L-Type calcium channel
(LTCC) activity was increased in RBM20 KO-mice, possibly due to an altered splicing
of CAMK2D and CACNAC1C, likewise causing a more arrhythmogenic phenotype [33].
Wyles et al. investigated the Ca2+-homeostasis in an RBM20 patient-derived iPSC model
and observed improved Ca2+-handling during a ß-adrenergic stress test by pretreatment
with either the beta-blocker carvedilol or the L-Type-calcium-antagonist verapamil [36].
Based on the RBM20 KO-mice model, considering verapamil as a specific treatment option
of arrhythmogenic dilated RBM20-cardiomyopathy was the subject of another recent
study [33]. However, human data are limited and potential benefits from beta-blocker
therapy would be withdrawn in this case. At the same time, calcium-antagonists have
proven to be unsuccessful in the treatment of “common” heart failure.

Further evidence from current studies in iPSC and prospectively in a controlled clinical
trial, is curiously awaited.

7.4. Gene Editing

As for many other genetic disorders, CRISPR/Cas9-based gene editing provides a
powerful tool to investigate and possibly repair genetic abnormalities seen in RBM20-
related cardiomyopathy. With the help of this technique, knockout and knockin models
are already established in mouse, pig, hESC and iPSC models, and provide the basis for
the identification and development of novel genetic treatment strategies [3,4,19,22,35,50].
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Until now, CRISPR/Cas9-based repair approaches of pathogenic RBM20-variants are still
in very early stages but represent an exciting and innovative field of research for upcoming
investigations.

8. Conclusions

RBM20-related cardiomyopathy is an excellent example of how structured, collabora-
tive clinical and experimental research can further our knowledge to a degree where clinical
decision-making is considerably improved, and molecularly guided therapeutic options
are emerging. With an armamentarium of potential options, the chances are high that
breakthrough developments will change the course of this disease group in the near future.
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Abstract: Restrictive cardiomyopathy is a rare cardiac disease causing severe diastolic dysfunction,
ventricular stiffness and dilated atria. In consequence, it induces heart failure often with preserved
ejection fraction and is associated with a high mortality. Since it is a poor clinical prognosis, patients
with restrictive cardiomyopathy frequently require heart transplantation. Genetic as well as non-
genetic factors contribute to restrictive cardiomyopathy and a significant portion of cases are of
unknown etiology. However, the genetic forms of restrictive cardiomyopathy and the involved
molecular pathomechanisms are only partially understood. In this review, we summarize the current
knowledge about primary genetic restrictive cardiomyopathy and describe its genetic landscape,
which might be of interest for geneticists as well as for cardiologists.

Keywords: restrictive cardiomyopathy; cardiomyopathy; cardiovascular genetics; desmin; troponin;
filamin-C

1. Introduction

In clinical practice, cardiomyopathies are divided according to structural and func-
tional criteria into different classes [1,2]. Classification according to their etiology revealed
a non-negligible percentage of genetic cases for all structural cardiomyopathies [3]. In com-
parison to hypertrophic cardiomyopathy (HCM) with an estimated prevalence of 1:500 [4],
the prevalence of restrictive cardiomyopathy (RCM) is currently unknown [5]. However,
because of the rarity of primary RCM, its genetic background is poorly defined compared
with other cardiomyopathies. Beside primary RCM, it can manifest as a part of systemic
diseases such as amyloidosis [6], which can also be genetically caused, for example, by
mutations in the TTR (transthyretin) gene [7]. In addition, RCM can also be part of different
syndromic diseases, e.g., Alström syndrome (MIM, #203800) [8] or Myhre syndrome (MIM,
#139210) [9]. In this review, we will focus on the genetic etiology of primary RCM and will
summarize the current knowledge of the RCM-associated genes.

2. Clinical Description

RCM is characterized by severely enlarged atria, normal-sized ventricles, with in-
creased myocardial stiffness leading to impaired ventricular filling and diastolic dysfunc-
tion (Figure 1). Systolic function and ventricular wall thicknesses are often normal. Patients
present with symptoms of left and/or right ventricular heart failure with preserved ejection
fraction (HFpEF), atrial fibrillation, ventricular arrhythmias and frequently conduction
disorders [10]. The overall prognosis is poor and the 5-year survival rate of adult patients
with a confirmed genetic cause was 56% [11]. Specific therapies of non-infiltrative genetic
forms do not exist. Non-specific therapies include fluid and sodium restrictions and medi-
cal treatment of heart failure with reduction of volume overload as well as anticoagulation
and antiarrhythmic therapy. Very often heart transplantation (HTx) is the only option for
long-term survival [12].
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Figure 1. (A) Apical four chamber view during systole of an echocardiogram (B) and four chamber
view of cardiac magnetic resonance image of a 50-year-old patient carrying a pathogenic FLNC
mutation. Note the enlarged atria, normal ventricular sizes and wall thicknesses. RA = right atrium;
RV = right ventricle; LA = left atrium; LV = left ventricle.

3. Genetic Landscape of Restrictive Cardiomyopathy

Currently, pathogenic mutations in 19 different genes have been identified in patients
with RCM (Table 1 and Figure 2A). Since RCM is a rare cardiomyopathy with an unknown
prevalence [13], the genetic landscape is not completely discovered. At present, for several
of the known RCM genes, only a single family or even a single index patient has been
reported. All known RCM genes are localized on autosomes (Figure 2B) and in most
cases, the mutations are inherited in an autosomal dominant mode or appear as de novo
mutations. However, there are also some examples for a recessive inheritance pattern [14].
The majority of RCM genes encode for sarcomere, cytoskeleton or Z-disc proteins, e.g.,
the cardiac troponins, desmin or filamin-C (Figure 2A). Remarkably, there is a significant
genetic overlap with other cardiomyopathies especially with HCM and to some extent with
dilated cardiomyopathy (DCM), left-ventricular non-compaction cardiomyopathy (LVNC)
or arrhythmogenic cardiomyopathy (ACM) (Figure 3). Currently, it is unknown why
mutations in the same gene cause different cardiomyopathies. However, additional genetic
modifiers as well as diverse environmental factors can be suggested to be contributing to
these phenotypical differences. Sometimes, different phenotypes including RCM are even
present within the same family [15,16].

Remarkably, there is also a genetic overlap between RCM and myofibrillar myopathy
(MFM, MIM, #601419). MFM is a group of genetic muscle diseases characterized by
myofibrillar disorganization and abnormal intra-sarcoplasmic protein aggregates [17]. It
can affect the skeletal and/or cardiac muscle. Mutations in seven genes cause MFM
(DES [18], CRYAB [19], FLNC [20], LMNA [21], BAG3 [22], TTN [23,24], MYL2 [25]) as well
as RCM (Table 1). The genetic overlap between both diseases (Figure 3) might indicate a
detrimental involvement of pathological cardiac protein aggregates [26].
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Figure 2. Overview of RCM genes. (A) Genes associated with restrictive cardiomyopathy (RCM)
according to the year of discovery. Different subcellular localizations are color-coded (red = sarcomere;
green = cytoskeleton; yellow = Z-disc and blue = others). (B) Chromosomal location of RCM-
associated genes. Schematic idiograms were licensed from shutterstock.de.
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Figure 3. Venn diagram showing the genetic overlap of restrictive cardiomyopathy (RCM) with other
cardiomyopathies. ACM = arrhythmogenic cardiomyopathy; DCM = dilated cardiomyopathy; HCM
= hypertrophic cardiomyopathy; LVNC = left ventricular non-compaction cardiomyopathy; and
MFM = myofibrillar myopathy. Gene names according to the HUGO Gene Nomenclature Committee,
HGNC (https://www.genenames.org/ (accessed on 13 March 2022)). Sub-images of the DCM or
HCM heart were licensed from shutterstock.de.

Table 1. Overview about RCM-associated genes and proteins.

Gene Cytogenetic Location Encoded Protein
Subcellular Protein

Localization
First Description References

TNNI3 19q13.42 cardiac troponin I Sarcomere 2003 [27]
TNNT2 1q32.1 cardiac troponin T Sarcomere 2006 [28]

DES 2q35 desmin Intermediate filament 2006 [29]
ACTC1 15q14 cardiac actin Sarcomere 2008 [30]
MYH7 14q11.2 β myosin heavy chain Sarcomere 2008 [31]
TPM1 15q22.2 tropomyosin 1 Sarcomere 2011 [32]
MYL3 3p21.31 essential myosin light chain 3 Sarcomere 2011 [32]

MYL2 12q24.11 cardiac regulatory myosin
light chain Sarcomere 2011 [32]

MYPN 10q21.3 myopalladin Sarcomere, Z-disc 2012 [33]
TTN 2q31.2 titin Sarcomere 2014 [34]

MYBPC3 11p11.2 cardiac myosin binding
protein C Sarcomere 2015 [35]

TNNC1 3p21.1 cardiac troponin C Sarcomere 2016 [36]

FLNC 7q32.1 filamin C Intercalated disc, Z-disc,
sarcolemma 2016 [37]

TMEM87B 2q13 transmembrane protein 87 B Membrane 2016 [38]
ACTN2 1q43 α actinin 2 Z-disc 2016 [39]

CRYAB 11q23.1 αB crystallin IF associated protein,
intercalated disc, Z-disc 2017 [40] 1

LMNA 1q22 lamin A/C Nuclear lamina 2018 [41]
BAG3 10q26.11 bcl2 associated athanogene 3 Cytosol 2018 [42]

DCBLD2 3q12.1 discoidin cub and lccl
domain containing protein 2 Membrane 2021 [43] 2

1 RCM-associated with skeletal myopathy. 2 RCM-associated with atrial fibrillation, tachycardia, developmental
delay and dysmorphic features.
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3.1. Mutations in Genes Encoding for Sarcomere Proteins

The majority of known RCM-associated mutations are found in ten genes encoding
for sarcomere proteins (Figure 2A). These mutations affect the thin and thick filaments as
well as titin filaments.

3.1.1. Cardiac Troponins (TNNI3, TNNT2, TNNC1) and Alpha-Tropomyosin (TPM1)

The cardiac troponin complex is composed of three subunits controlling the position of
tropomyosin, essential for the regulation of striated muscle contraction and located along
the sarcomere thin filament [44]. Disruption of regulatory function due to mutations leads
to cardiac dysfunction and cardiomyopathy. Since the early 1990s, cardiac troponins are
known as disease genes for HCM [45], however, they expand their disease spectrum to all
genetic forms of cardiomyopathies including RCM.

The gene encoding the cardiac isoform of troponin I (TNNI3) is the main target gene
for RCM within the thin filaments and the sarcomeres. Almost all mutations are located
in the regulatory C-terminal region interacting with actin and the N-terminal domain of
TNNC1 (Table 2 and Figure 4). A high proportion of de novo mutations in infants and
children with a poor outcome are described. Few mutations are solely reported to cause
an RCM phenotype, but most of them are also found in patients with HCM. Studies on
skinned fibers by Gomes et al. suggest that TNNI3 mutations increase Ca2+ sensitivity of
force development and decrease the ability of TNNI3 to inhibit actomyosin ATPase activity,
leading to impaired relaxation properties and diastolic dysfunction [46]. Additionally, it has
been shown that mutant alleles, such as p.L144Q, p.R145W and p.R170W, incorporate into
the thin filaments to a lower extent compared to wildtype affecting the structural stability
of the filaments [47,48]. Overall, it appears that similar mutations can cause a hypertrophic,
dilated or restrictive phenotype assuming that genetic modifiers or other environmental
factors influence the age of onset and phenotypic expression. A transgenic mouse model
(cTNI-193His) corresponding to the human p.R192H mutation mimics the RCM phenotype
in mice and suggests that impaired relaxation resulting from Ca2+ hypersensitivity [49]
and diastolic dysfunction occurring in a dose-dependent manner and indicating that the
dosage of mutant protein may be important for the severity of impaired diastole [50].

In contrast to TNNI3, a restrictive phenotype appears to be less common in the
two other troponin genes. Mutations in TNNT2 are mainly reported in rare cases where
other cardiomyopathy phenotypes also occur in the same family. Furthermore, two com-
pound heterozygous mutations in the cardiac TNNC1 evolved in a restrictive phenotype
in two infants (Table 2) [36]. Kawai et al. developed a knock-in mouse model (TnC-A8V),
which mimics the human phenotype of enlarged atria, hyper contractility and diastolic
dysfunction. The authors suggest perturbed cross-bridge kinetics by myosin rod hypophos-
phorylation as a potential novel mechanism [51].

Alpha tropomyosin (encoded by TPM1) is a long, double-stranded, helical coiled-coil
protein that is wrapped about the long axis of the actin backbone (Figure 4, red structure)
and serves to block the active site on actin, thereby inhibiting actin and myosin from binding
under resting conditions. TPM1 and the troponin complex constitute the Ca2+-sensitive
switch that regulates the contraction of cardiac muscle fibers. Several missense mutations
have been described causing either HCM or DCM [52]. Recently, Dorsch et al. reported a
6-year-old child with severe RCM carrying two TPM1 variants in compound heterozygous
state requiring HTx, whereas family members with one of the two variants expressed an
HCM-like phenotype [16]. In summary, the one case indicates that TPM1 is a very rare
disease gene and the RCM phenotype may only occur in compound heterozygosity.
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Table 2. Overview about known RCM-associated thin filament mutations.

Mutation
Age of Onset and
Clinical Features

Family History MAF 1 Comments References

TNNI3

p.D127Y infant, HF, VAD de novo -
contractile dysfunctions and

effects on thin
filament structure

[53]

p.L144Q adult, HF unknown - [27]

p.L144H young adults, HF familial - [54]

p.R145W children and adults, HF familial, autosomal
dominant 3/280226

variant also associated with
HCM; Dutch founder

mutation; segregation in
several families

[27,39,55]

p.R145Q children familial, far relative
HCM - associated with HCM [55]

p.S150P child, SCD familial - one Chinese family with
several affected members [56]

c.549+2delT infant, died at age 2 de novo - predicts splicing defect
and truncation [55]

p.D168fsX176 child, HF, died at age 28y de novo - protein reduction [57]

p.R170G child, HF de novo - [47]

p.R170W infant de novo - variant also associated
with HCM [47,58]

p.R170Q child, HF de novo - variant also associated
with HCM [30,54]

p.A171T adult, HF, AF unknown - [27]

p.E177fsX209 child de novo - [30]

p.K178E 6y, HF de novo - [27]

p.K178del child de novo - [55]

p.D190H mainly adults, HF, SCD familial - named in ClinVar as p.D190G [27]

p.R192C child familial -
carries also mosaicism of

p.R145Q; associated also with
HCM in far relative

[55]

p.R192H children, young adult, HF de novo -
independent reports of de

novo mutations; variants also
associated with HCM

[27,59,60]

p.K193E adults, AF, SCD familial - cousin developed HCM [61]

p.I195fs young adult, HF, HTx de novo - dominant-negative effect [62]

p.D196H three adults, HF, HTx familial, homozygous - heterozygous carrier
asymptomatic [63]

p.R204H children, HF, HTx, VSD in
one case de novo - independent reports of de

novo mutations [59,64,65]

TNNT2

p.I89N two adult cases within one
family familial 0.00002 mixed phenotype with HCM

and DCM [66]

p.R104C children, young adult, HF familial - mixed phenotype with HCM
in the family [67]

p.E69del infant, HF, VAD de novo - [28]
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Table 2. Cont.

Mutation
Age of Onset and
Clinical Features

Family History MAF 1 Comments References

p.E146K child familial 0.00003 variant also associated with
other CMPs [30]

TNNC1

p.A8V;
p.D145E two infants died familial, compound

heterozygous
0.00001
0.0001

HCM which evolved
into RCM [36]

TPM1

p.E62Q;
p.M281T child familial, compound

heterozygous
-

0.00001
each single variant leads to a

HCM like phenotype [16]

ACTC1

p.D313H child familial - father was diagnosed
with DCM [30]

1 MAF = Minor allele frequency according to Genome Aggregation Database (February 2022), https://gnomad.
broadinstitute.org (accessed on 13 March 2022). AF = atrial fibrillation, CMPs = cardiomyopathies, DCM = dilated
cardiomyopathy, HCM = hypertrophic cardiomyopathy, HF = heart failure, HTx = heart transplantation, RCM
= restrictive cardiomyopathy, SCD = sudden cardiac death, VAD = ventricular assist device, VSD = ventricular
septal defect.

Figure 4. Schematic molecular structure of the thin filaments in the Ca2+ free state [68] (https:
//www.rcsb.org/structure/6KN7 (accessed on 13 March 2022)). Actin is shown in light green,
tropomyosin is shown in red, cardiac troponin T is shown in blue, troponin C is shown in violet and
troponin I is shown in orange. The localizations of the RCM-associated TNNI3 missense mutations
are shown in cyan. The majority of RCM-associated TNNI3 missense mutations are localized in the
C-terminal part of troponin-I.

3.1.2. Cardiac Actin (ACTC1)

Human cardiac α-actin, encoded by ACTC1, is one of the six human actin isoforms.
Using fluorescence in situ hybridization technique Ueyama et al. showed that ACTC1 is
localized on chromosome 15q14 [69]. Cardiac α-actin is highly conserved between different
species and skeletal and cardiac α-actin are co-expressed in cardiomyocytes [70]. As a
monomer, actin has a globular structure (G-actin) and polymerize into filaments (F-actin).
Actin is the major structural component of the thin filaments (Figure 4, green structure) and
is eminent for the contraction cycle and force generation of cardiomyocytes [71].

Kaski et al. described for the first time an RCM causing mutation in ACTC1 (p.D313H) [30].
The father developed DCM and the sister of the index patient showed a mixed RCM/DCM
phenotype, but no genetic sequence analysis was performed for both [30]. Functional
analysis was not performed in this study. However, ACTC1-p.D313H is localized in the
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tropomyosin binding region which supports its functional impact. In addition, ACTC1
mutations can cause DCM [72], HCM [73], LVNC [74] and septal defects [75] (Figure 3).

3.1.3. Myosin Heavy and Light Chains (MYH7, MYL2 and MYL3)

The thick filaments of the cardiac and skeletal sarcomere are mainly formed by myosin.
Human cardiac myosin is a hexameric protein complex consisting of β myosin heavy
chains (encoded my MYH7), two essential light chains (encoded by MYL3) and two regular
myosin light chains (encoded by MYL2) [76–78]. Myosin proteins consist of a head, neck
and tail domain. The head domains interact with the thin filaments and contain the N-
terminal globular motor domains [79] performing the power stroke during contraction [80].
The neck region is bound by the myosin light chains [81] and the tail domains build a
coiled-coil [82].

In all three myosin genes, mutations have been found in RCM patients (Table 3). For
the first time, Karam et al. described in 2008 a de novo mutation in the MYH7 gene (p.P838L)
in an infantile patient with RCM [31]. Several further pathogenic MYH7 mutations have
been described for RCM (Table 3). The majority of these mutations are missense mutations.
Beside RCM, MYH7 mutations are particularly causative for HCM [83] and to a less extent
for DCM [84], LVNC [74] and ACM [85].

In 2011, Caleshu et al. reported a female RCM patient carrying MYL2-p.G57E and in
addition MYL3-p.E143Khom [32]. The described index patient carrying these myosin light
chain variants do not present a family history of cardiomyopathies [32], which might be
caused by a recessive inheritance. The mutation MYL3-p.E143Khom was also identified
before in the homozygous state in HCM patients [86]. Transgenic mice with the cardiac
expression of human MYL3-p.E143K developed an increased ventricular stiffness, cardiac
interstitial fibrosis and showed ultrastructural defects of the sarcomeres leading to a restric-
tive phenotype [87]. MYL2 and MYL3 mutations also cause HCM [88,89] and DCM [90]
(Figure 3).

Table 3. Overview about known RCM-associated myosin mutations (MYH7, MYL2, MYL3).

Mutation Age of Onset and Clinical Features Family History MAF 1 Comments References

MYH7

p.Y386C infant, coronary artery bridging unknown - [91]

p.R721K adult, AF, familial - in combination with
ABCC9-p.R1186Q [92]

p.G768R
adult, AF,

unknown - [39]death at age 42
infant, HTx unknown - [93]

p.R783H adult, AVB,
familial 0.00002 son has HCM [39]death at age 54

p.P838L infant de novo - [31]

p.L840M child unknown - in combination with
MYBPC3-p.P147L [39]

p.R870C two adults, AF familial 0.00002
myofibrillar disarray,

[94]cardiomyocyte necrosis,
abnormal nuclei morphology

p.I909M adult, AVB, AF, death at age 56 unknown - [39]
p.T1188CfsX22 adult, in combination with LVH de novo - [95]

MYL2

p.G57E adult absent 0.000004 in combination with
MYL3-p.E143Khom [32]

MYL3

MYL3-
p.E143Khom adult absent 0.00001 in combination with MYL2-p.G57E [32]

1 MAF = Minor allele frequency according to Genome Aggregation Database (February 2022), https://gnomad.
broadinstitute.org (accessed on 13 March 2022). AF = atrial fibrillation, AVB = atrioventricular block, HCM =
hypertrophic cardiomyopathy, HTx = heart transplantation, LVH = left ventricular hypertrophy, VUS = variant of
unknown significance.
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3.1.4. Cardiac Myosin Binding Protein C (MYBPC3)

Another main disease gene for HCM and to a minor extent DCM and LVNC is the
gene encoding the cardiac myosin binding protein C (MYBPC3). One study by Wu et al.
showed that one de novo variant, previously also associated with HCM (p.E334K) and one
truncation variant p.Q463X might cause RCM as part of the phenotypic spectrum [35].

3.1.5. Titin (TTN)

Titin is the largest known human protein and represents the third filament system in
cardiac and skeletal muscle [96]. Its primary role is maintaining sarcomere organization,
generation of passive tension during muscle stretching and modulating contraction. The
major cardiac phenotype caused by TTN mutations is DCM, however so far almost exclu-
sively truncation variants are proven to be causative accounting for 30% of affected individ-
uals with DCM [97,98]. Recently, multiple pathogenic mechanisms have been suggested
including haploinsufficiency, truncated titin polypeptides as well as post-translational mod-
ifications of titin [99,100]. The role of missense variants is poorly understood, but at least
for DCM their relevance as causative remains questionable; they may have a modifying
effect [101]. Rarely, other cardiac phenotypes such as HCM, RCM and ACM have been
suggested to be associated with TTN variants. In particular a de novo missense mutation,
p.Y7621C, located in the A/I junction of titin has been shown to segregate in a family with
five affected members aged 12–35 years with typical features of a restrictive physiology
suggesting that other missense mutations may also relevant for RCM in particular if they
appear de novo [34].

3.2. Mutations in Genes Encoding Non-Saromere Proteins

Although the majority of RCM-associated mutations has been found in genes encoding
for different sarcomere proteins (Figure 2A), mutations in non-sarcomeric genes are also
relevant. Several different mutations have been reported, for example in the DES and
FLNC genes.

3.2.1. Desmin (DES)

The DES gene encodes the cytoplasmic muscle specific intermediate filament pro-
tein desmin. Intermediate filaments connect different cell organelles such as the cardiac
desmosomes, costameres, Z-discs, mitochondria and the cell nuclei [102,103]. Cardiac
desmosomes are cell–cell junctions localized at the intercalated disc mediating the cell–cell
adhesion of the cardiomyocytes [104]. Desmin filaments are coupled to the desmosomes
via the cytolinker protein, desmoplakin [105]. Costameres are multi-protein complexes
localized at the sarcolemma and connect the extracellular matrix with the myofibrils [106].
The intermediate filaments are connected via different cytolinker proteins, e.g., plectin with
the Z-bands and the costameres [107]. Due to its central role in the cardiac intermediate
filament system and its connections with several multi-protein complexes or cell organelles,
desmin is highly relevant for the structural integrity of the cardiomyocytes. DES-deficient
mice developed severe cardiomyopathy in combination with skeletal myopathy character-
ized by fragile myofibrils, severe cardiac fibrosis, cardiomyocyte necrosis and abnormal
calcium deposits [108,109]. DES mutations in humans are associated with different skeletal
and cardiac myopathies [110–114]. In 2006, Hager and colleagues described for the first
time a patient with RCM carrying the mutation DES-p.E245D. Later, it was recognized that
this mutation causes a splicing defect leading to an in-frame skipping of exon-3 causing
a deletion of 32 amino acids within the rod domain [115,116]. Several other pathogenic
RCM-associated DES mutations have been reported [14,117–122] (Figure 5 and Table 4).
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Figure 5. Schematic overview of RCM associated DES mutations. (A) Schematic overview about the
DES gene consisting of nine exons (NM_001927.4). Three splice site mutations have been identified in
RCM patients at the donor splice site of exon 3. (B) Schematic domain organization of desmin and
the localization of the known RCM-associated DES missense mutations.

Most of the DES mutations are missense or small in-frame deletion mutations leading
to a detrimental effect on the filament assembly process [123,124]. The desmin monomer
consists of a central α-helical rod domain flanked by non-helical head and tail domains [125].
Two desmin monomers form coiled–coil dimers driven by the annealing of a hydrophobic
seam [126]. These dimers form anti parallel tetramers [127]. Eight tetramers anneal
into unit-length filaments (ULFs) which have a size of about 60 nm [128]. ULFs are
the essential building blocks of intermediate filaments and hybridize longitudinally into
regular intermediate filaments [125,129]. As intermediate filaments do not have a polar
orientation, they can fuse end-to-end [130–132]. DES mutations can disturb the filament
assembly at different steps [123,124].

Table 4. Overview about known RCM-associated DES mutations.

Mutation
Age of Onset and
Clinical Features

Family History MAF 1 Comments References

c.735+1G>A adult, SM de novo - induces a splice defect, skipping of exon-3 [133]
c.735+1G>T adults, SM two patients - induces a splice defect, skipping of exon-3 [119]

p.R16C adult, AVB, HTx one patient 0.000006570 homozygous [134]
p.Y122H adult, AVB one patient - homozygous [14]

c.735G>C
(p.E245D) adults, AF

several family
members, only index

patient was genotyped
- induces a splice defect, skipping of exon-3 [116]

p.I367F adults, AVB, SM several family members - index patient diagnosed with HCM [135] [15,135]
p.L392P adult, AVB, SM one patient - [135]

p.R406W adults, AVB three affected members - a different index patient presented ACM
in combination with SM [112] [117,134]

p.E413K adults, AVB, AF, SCD four affected members - [136,137]

p.R415Q adult, AF several family members -
different phenotypes,

unclear if a splice defect is caused (last bp
of exon-6)

[15]

p.P419S adults, AVB, SM two patients - [135]
p.P433T adult, AVB, SM one patient - [120]
p.T453I adult, AVB de novo - [134]

p.R454W adults, AVB, SM two patients - [112]

1 MAF = Minor allele frequency according to Genome Aggregation Database, https://gnomad.broadinstitute.
org/ (accessed on 13 March 2022). ACM = arrhythmogenic cardiomyopathy, AF = atrial fibrillation,
AVB = atrioventricular block, HCM = hypertrophic cardiomyopathy, HTx = heart transplantation, SCD = sudden
cardiac death, SM = skeletal myopathy.
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3.2.2. Myopalladin (MYPN)

Myopalladin belongs beside myotillin (MYOT) and palladin (PALLD) to the actin-
binding and immunoglobulin-containing proteins within the Z-disc [138,139]. It contains
five immunoglobulin (Ig) domains and a proline-rich motif [138]. In 2012, Purevjav et al.
described a MYPN nonsense mutation (p.Q529X) in two affected siblings with RCM [33].
Beside RCM, MYPN mutations are also found in patients with DCM [140], HCM [141] and
nemaline myopathy (MIM, #617336) [142].

3.2.3. α-Actinin-2 (ACTN2)

The ACTN2 gene was mapped to chromosome 1q43 [143] and consists of 21 exons [144].
α-Actinin-2 is the main structural component of the Z-discs in striated muscles [145] and
belongs to the spectrin protein family [146]. The typical structural element of this protein
family are the spectrin-like repeats [147], which are formed by three α-helices forming
a left-handed supercoil [148]. α-Actinin-2 forms anti parallel dimers and consists of an
N-terminal actin binding domain, a central ROD domain and a calmodulin-like domain
(CAMD) (Figure 6) [149].

In 2016, Kostareva et al. screened a cohort of 24 unrelated RCM patients using a broad
cardiomyopathy next generation sequencing (NGS) panel and identified, among others,
the likely pathogenic mutation ACTN2-p.N175Y (Table 1) [39]. Besides RCM, pathogenic
mutations in ACTN2 are associated with DCM [150], HCM [151], LVNC [152] or ACM [153]
indicating a broad spectrum of cardiac phenotypes associated with those mutations (Fig-
ure 3). In addition, ACTN2 mutations can also cause skeletal myopathies [154].

Figure 6. Structural overview of the anti parallel α-actinin-2 dimer (https://www.rcsb.org/structure/
4D1E) (accessed on 13 March 2022) [149]. The N-terminal. Actin-binding domains are shown in red.
Four spectrin-like repeats build the central cylindrical rod domain (green). A C-terminal calmodulin-
like domain is built by two EF hand motifs (purple and blue). The position of the RCM-associated
mutation ACTN2-p.N157Y within the actin-binding domain is shown in cyan.

3.2.4. Filamin-C (FLNC)

Originally, mutations in FLNC were identified in patients with MFM (MIM, #609524) [155]
or distal myopathy (MIM, #614065) [156]. The FLNC gene consists of 48 exons and is
mapped on human chromosome 7q32 [157]. It encodes filamin-C, which is a cytolinker
protein. Filamin-C contains an N-terminal actin-binding domain and 24 immunoglobulin-
(Ig) domains, which are separated by two hinge regions (Figure 7) [158]. The dimerization
of filamin-C is mediated by a protein–protein interaction of its 24th Ig-domains [159]. In
cardiomyocytes, filamin-C is localized at the intercalated discs, the sarcolemma and the
Z-discs [158,160]. Several binding partners including titin [161,162], integrin β1A and
myotilin [163] as well as actin and sarcoglycans [164] have been reported. For a detailed
overview see [158].

Valdés-Mas et al. identified in 2014, by whole-exome sequencing several FLNC muta-
tions in patients with HCM [165]. Of note, FLNC mutations can likewise cause DCM [166],
ACM [167] or non-compaction cardiomyopathy [168]. RCM-associated FLNC mutations
were described in two families for the first time in 2016 [37]. Since then, several other
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FLNC missense mutations have been identified in RCM patients (Table 5 and Figure 7).
Whereas DCM-associated FLNC truncation mutations are presumably leading to haploin-
sufficiency [169], an abnormal aggregation leading in consequence to sarcomeric disarray
has been demonstrated for some missense mutations [37,165,170]. Several (zebra)fish
and mouse models for FLNC have been generated revealing different muscle and heart
defects [166,171–178]. Of note, even in Drosophila melanogaster loss of the filamin or-
tholog ‘Cheerio’ causes Z-disc and sarcomere defects [162]. Recently, two iPSC lines from
donors with RCM carrying FLNC missense mutations have been generated, but their
characterization is ongoing [179,180]. Tucker et al. inserted the mutation FLNC-p.V2297M
using genome editing by ‘Clustered Regularly Interspaced Short Palindromic Repeats’
(CRISPR)-Cas9 into a human embryonic stem cell line (hESC). The fractional shortening
was decreased in hESC-derived cardiomyocytes [181].

Figure 7. Schematic overview about the domain organization of filamin-C and the localization of the
known RCM-associated FLNC missense mutations.

Table 5. Overview about the known RCM-associated FLNC mutations.

Mutation Clinical Features Family History MAF 1 Comments References

p.A1183L RCM and congenital myopathy one patient - [176]

p.A1186V RCM and congenital myopathy three unrelated index patients - de novo [176]

RCM one patient - de novo,
early onset [182]

p.S1624L RCM four affected family members 0.00003 [37]

p.C1639Y RCM one patient - de novo,
early onset [182]

p.G2011R RCM one patient - iPSC model [180]

p.G2151S RCM two patients - in addition
PTPN11-p.Q510R [183]

p.I2160F RCM three affected family
members - [37]

p.V2264M RCM, SM one patient - iPSC model [179]
p.V2297M RCM, AF five affected family members 0.000004 [181]

p.P2298L RCM eight patients (four
genotyped) - [184]

p.P2301L RCM, AF, muscular weakness one patient - de novo [183]
p.Y2563C RCM two monozygotic twins - de novo [184]

1 MAF = Minor allele frequency according to Genome Aggregation Database (January 2022), https://gnomad.
broadinstitute.org/(accessed on 13 March 2022). AF = atrial fibrillation, RCM = restrictive cardiomyopathy,
SM = skeletal myopathy.

3.2.5. Lamin A/C (LMNA)

Lamin A/C belongs to the intermediate filament protein family (type V) [125] and forms
the nuclear lamina [185]. The nuclear lamina is a molecular meshwork, which is important
for the structural integrity of the nuclei and regulates the chromatin organization [186].
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Recently, Paller et al. found a 1 bp deletion in exon 5 of the LMNA gene (c.835delG,
p.E279RfsX201) in a RCM patient who developed additionally skeletal muscle weakness
and atrial fibrillation [41]. Histology analysis revealed hypertrophy and cardiac fibrosis
in the explanted myocardial tissue [41]. Beside RCM, LMNA mutations cause DCM [187],
ACM [188], LVNC [189], Emery–Dreifuss muscular dystrophy (MIM, #181350) [190], fa-
milial lipodystrophy (MIM #151660) [191] and Hutchinson–Gilford progeria syndrome
(HGPS, MIM #176670) [192]. The nuclear envelope and the connected nuclear lamina of
cardiomyocytes are sensitive structures where mutations affect several other proteins, e.g.,
TMEM43 may cause different cardiomyopathies [193].

3.2.6. Transmembrane Protein 87B (TMEM87B)

TMEM87B encodes a multi-pass transmembrane protein, which is involved in endo-
some to Golgi apparatus retrograde transport [194].

Yu et al. described the hemizygous missense mutation TMEM87B-p.N456D in combi-
nation with a 1.7 Mb microdeletion on the second allele in a patient who developed RCM
in combination with an atrial septal defect, craniofacial abnormalities, dysmorphic features,
microcephaly and skeletal dysplasia [38]. Using anti sense morpholino injections, it has
been shown by Russel et al. that TMEM87B knockdown causes cardiac hypoplasia and
cardiac defects in zebrafish embryos [195].

3.2.7. αB-Crystallin (CRYAB)

CRYAB (or HSPB5) encodes αB-crystallin, which belongs to the small heat shock
protein (sHSP) family [196]. Several sHSPs are expressed in the human heart. Originally,
αB-crystallin was discovered as a major component of the vertebrate eye lenses [197].
However, it is also highly expressed in the heart and in the skeletal muscle [198,199]. In
1998, Vicart et al. identified in a French family with MFM in combination with HCM
and cataract the pathogenic missense mutation CRYAB-p.R120G (Figure 8). Of note, this
mutation causes, comparable to DES mutation, an abnormal aggregation of desmin and
αB-crystallin in skeletal and cardiac myocytes [19]. Interestingly, Sacconi et al. described
the same triad of clinical symptoms in a family carrying a different CRYAB mutation [200].
CRYAB mutations can also cause isolated cataract without cardiac involvement [201] or
vice versa isolated DCM without cataract [202]. Recently, the CRYAB mutation p.D109G
has been described in a small German family with RCM in combination with SM [40].
Interestingly, R120 and D109 form two ion bridges stabilizing the dimerization of αB-
crystallin (Figure 8). The αB-crystallin dimers form large oligomers [203] which have an
ATP-independent chaperone-like activity [204]. In addition, αB-crystallin binds also to
different cytoskeletal and sarcomere proteins, e.g., titin [205].

Figure 8. Molecular structure of the αB-crystallin domain determined by nuclear magnetic resonance
(NMR) spectroscopy (https://www.rcsb.org/structure/2KLR) (accessed on 13 March 2022) [206].
Two ion bridges are formed between aspartate p.D109 (blue) and arginine p.R120 (yellow) mediating
its dimerization. Of note, the mutation CRYAB-p.D109G is associated with RCM in combination with
skeletal myopathy [40] and -p.R120G causes MFM in combination with HCM and cataract [19,207].
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3.2.8. Bcl2 Associated Athanogene 3 (BAG3)

The BAG3 gene consists of four exons and encodes Bcl2 associated athanogene 3 [208].
BAG3 is a co-chaperone binding to the ATPase domain of heat shock protein Hsc70/Hsp70
and regulating its chaperone function [209]. BAG3 is structurally organized in an N-
terminal tryptophan-tryptophan (WW) domain, two IPV domains, two 14-3-3 binding
motifs, a proline-rich region and a C-terminal BAG domain [210,211]. The protein–protein
interaction of BAG3 with Hsc70/Hsp70 is mediated by its BAG domain [212]. BAG3 acts
as an ATP exchange factor stabilizing the ATPase domain of Hsc70/Hsp70 without bound
ATP [213]. Since the multi-domain organization of BAG3, numerous other binding partners
have been described. For example, BAG3 binds to several members of the sHSP family
including αB-Crystallin [214–218]. Briefly summarized, BAG3 has a central and important
role in protein quality control and chaperone-assisted selective autophagy [219].

Several pathogenic mutations in BAG3 have been described in patients with DCM [220]
or with MFM [221]. In addition, BAG3 mutations are found in patients with RCM in
combination with MFM [42]. Recently, Kimura et al. generated a transgenic mouse model
with an overexpression of BAG3-p.P209L conjugated with green fluorescent protein. These
mice develop RCM and severe cardiac fibrosis. At the cellular level, disorganization of
the Z-disc and abnormal protein aggregation were present [222]. In contrast, the knock-in
mouse model carrying the equivalent murine mutation Bag3-p.P215L does not develop a
cardiac phenotype [223].

3.2.9. Discoidin Cub and Lccl Domain Containing Protein-2 (DCBLD2)

Recently, Alhamoudi et al. described the homozygous nonsense mutation DCBLD2-
p.W27X in a 5-year-old Arabic patient with severe RCM, tachycardia, atrial fibrillation,
dysmorphic features and developmental delay. Functional analyses using primary dermal
fibroblast from the mutation carrier indicated reduced cell proliferation and altered amounts
of calcium and reactive oxygen species in comparison to normal fibroblasts [43]. DCBLD2
encodes a ubiquitously expressed type-I transmembrane protein [224,225]. It is involved in
vascular smooth muscle cell proliferation [226], vascular endothelial growth factor (VEGF)
signaling [227] and epithelial–mesenchymal transition [228]. However, the exact molecular
functions of DCBLD2 contributing to RCM and other cardiomyopathies are currently
unknown and deserve increased research attention in the future.

4. Summary and Outlook

Currently, mutations in over 19 different disease-causing genes have been discovered
in patients with primary RCM. However, the genetic landscape of RCM is overlapping
with the genetic background of other cardiomyopathies. Genes encoding for sarcomere
proteins such as cardiac troponin-I are the major RCM genes. However, more recently,
the prevalence of mutations in specific non-sarcomeric genes such as DES or FLNC has
increased; broad NGS gene panels or whole exome sequencing should be considered if a
genetic etiology is suspected. This might be also beneficial, since the genetic landscape of
RCM remains incomplete. Therefore, multi-center studies enrolling larger patient cohorts
are needed to provide a robust overview about the genetic etiology of RCM. In addition,
these studies might reveal the age of onset associated with specific genotypes.

As no sufficient treatment for RCM is currently available, there is a highly unmet
medical need for the development of more precise genetic or molecular therapies. However,
there is hope on the horizon with novel therapies targeting the sarcomere. In particular,
for the obstructive form of HCM the allosteric inhibitor of the cardiac specific myosin
adenosine triphosphatase (MYK-461) has shown symptomatic improvement in a phase 3
trial and may also be applicable for patients with RCM and sarcomeric mutations leading to
an excessive cross bridging with actin [229]. The opposite setting, small molecules, such as
omecamtiv mecarbil and danicamtiv, increasing contractility may be effective in particular
in patients with sarcomere mutations and DCM [230].
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Another exciting strategy can be seen in genome editing using CRISPR-Cas9 [231] or
RNA editing using Cas7-11 [232] in combination with adequate cardiomyocyte specific
delivery vectors, e.g., adeno-associated viruses [233,234], will help to reach this goal in the
future. Recently, CRISPR-Cas9 has been used for example for correcting DCM associated
truncating TTN mutations [235] and deserves interest in the context of RCM in the future.
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Abstract: Transthyretin amyloid cardiomyopathy (ATTR-CM) is a progressively debilitating, rare
disease associated with high mortality. ATTR-CM occurs when TTR amyloid protein builds up in the
myocardium along with different organs, most commonly the peripheral and the autonomic nervous
systems. Managing the cardiac complications with standard heart failure medications is difficult due
to the challenge to maintain a balance between the high filling pressure associated with restricted
ventricular volume and the low cardiac output. To date, tafamidis is the only agent approved for
ATTR-CM treatment. Besides, several agents, including green tea, tolcapone, and diflunisal, are used
off-label in ATTR-CM patients. Novel therapies using RNA interference also offer clinical promise.
Patisiran and inotersen are currently approved for ATTR-polyneuropathy of hereditary origin and
are under investigation for ATTR-CM. Monoclonal antibodies in the early development phases carry
hope for amyloid deposit clearance. Despite several drug candidates in the clinical development
pipeline, the small ATTR-CM patient population raises several challenges. This review describes
current and future therapies for ATTR-CM and sheds light on the clinical development hurdles
facing them.

Keywords: transthyretin amyloid cardiomyopathy; TTR amyloid; cardiac amyloidosis; tafamidis;
clinical development

1. Introduction

Amyloidosis is a rare disease in which amyloid fibrils misfold and aggregate into
toxic oligomers that build up extracellularly in the tissue [1]. It can affect different organs,
most commonly the heart, kidneys, liver, spleen, peripheral nerves, and gastrointestinal
tract [1,2]. There are different types of amyloidosis according to the nature of the misfolded
protein. Immunoglobulin light chain amyloidosis (AL) and transthyretin amyloidosis
(ATTR) are the main two types of amyloidosis that affect the heart [2,3]. The first results
from abnormal plasma cell production of monoclonal light chain fragments that misfold,
causing myocardial toxicity [2,4]. The latter results from the dissociation and misfolding
of the transthyretin (TTR), the protein that transports thyroxine (T4) and retinol-binding
protein (RBP) in the serum and cerebrospinal fluid [2,5]. Both forms together account for
nearly 95% of all cardiac amyloidosis cases [2,3,6]. TTR is mainly produced by the liver
(90%) and circulates as a homotetramer. The choroid plexus and retinal epithelium produce
the remaining 10% [7,8]. Destabilization of the tetramer results in the dissociation and
aggregation of amyloid fibrils, which then accumulate in the interstitial space of various
organs, causing progressive loss of function [9,10]. Transthyretin amyloid cardiomyopa-
thy (ATTR-CM) is a rare, progressively debilitating disease that occurs when TTR builds
up in the myocardium along with the peripheral and autonomic nervous systems [10].
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ATTR-CM often presents with progressive heart failure with right- and left-sided symp-
toms, complicated by arrhythmias, most commonly atrial fibrillation, owing to conduction
abnormalities [10,11]. However, cardiac symptoms are often proceeded by musculoskeletal
manifestation (e.g., carpal tunnel syndrome) [12]. There are two forms of ATTR-CM, hered-
itary and wild type. Hereditary ATTR-CM (ATTRv) is characterized by a single amino
acid substitution caused by a point mutation in the TTR gene, located on the long arm of
chromosome 18 [13,14]. The most common mutation in ATTRv-CM is V122I, present in
African Americans at a prevalence of 3.4% [15]. The prevalence of the V122I mutation in
non-African American descents is low or possibly under-estimated. Wild-type ATTR-CM
(ATTRwt), previously termed senile cardiac amyloidosis (SSA), is a non-familial form of
the disease that predominantly presents in elderly male patients [16,17]. Both ATTR-CM
forms are associated with impaired survival rates. The median survival of untreated
ATTR-CM is 2.5 years for ATTRv V122I and 3.6 years for ATTRwt [18]. ATTR-CM is
usually misdiagnosed, particularly early in its course owing to non-specific symptoms
and multi-system involvement [19,20]. Lately, ATTR-CM is increasingly being recognized
in clinical practice as a result of increased disease awareness and enhanced diagnostic
techniques. Echocardiography-measured strain indices, advanced magnetic resonance
imaging modalities, including T1 mapping and extracellular volume evaluation, as well
as bone scintigraphy provide the necessary tools for the non-invasive diagnosis of ATTR-
CM [20]. Moreover, genetic testing is instrumental to confirm the diagnosis of ATTRv.
A definitive diagnosis could be reached with the aforementioned non-invasive tools, yet
endomyocardial biopsy (EMB) evaluation is recommended in cases where AL amyloidosis
cannot be ruled out via serum analysis [21]. However, histologic differentiation between
ATTR and AL amyloidosis cannot be based solely on the Congo red staining. There is
a compelling medical need to develop therapies for ATTR-CM, being an incapacitative
illness that is eventually fatal if left untreated [22]. For many decades, the treatment of
ATTRv-CM consisted of liver transplantation to remove the source of misfolded TTR or
combined liver/heart transplantation, besides symptomatic treatments or solely heart
transplantation in advanced ATTRwt-CM [23]. After the positive results of the ATTR-ACT
study [24], the United States Food and Drug Administration (FDA) and the European
Medicines Agency (EMA) have granted tafamidis 61 mg capsules marketing authorization
for ATTRv and ATTRwt-CM. However, so far, no treatment can reverse the disease. This
review discusses the current and future therapies for ATTR-CM and the hurdles facing
their clinical development.

2. Symptomatic Treatments

The distinctive pathophysiology of ATTR-CM, characterized by both restrictive ventric-
ular filling and reduced stroke volume, renders the use of standard heart failure medications
difficult [18], summarized in Table 1. Loop diuretics are vital to reduce cardiac and periph-
eral congestion, especially in patients with right ventricular (RV) congestion and pulmonary
edema, which subsequently relieves dyspnea [18,25,26], preferably taken in combination
with aldosterone antagonists to prevent hypokalemia. However, blood pressure must be
monitored adequately, since reducing preload may adversely affect renal perfusion and
cardiac output [18]. Drugs acting on the renin-angiotensin system are poorly tolerated since
they exacerbate hypotension, especially in patients with amyloid-associated autonomic dys-
function [18,26]. Beta-blockers are also poorly tolerated due to their negative chronotropic
effect, given the restricted ventricular volume and the reliance of the cardiac output on the
heart rate [18,26]. Calcium channel blockers and digoxin are generally contraindicated due
to their profound binding to amyloid, which intensifies their pharmacologic effects and
can result in cardiac rhythm disturbances or sudden death [18,26,27]. However, digoxin
can be an option for pulse control in uncontrollable tachyarrhythmia absoluta. Alpha-
1-adrenoreceptor agonists such as midodrine can treat orthostatic hypotension allowing
higher doses of diuretics [28]. Amiodarone is the anti-arrhythmic agent of choice for pa-
tients with atrial fibrillation/flutter [28]. Oral anticoagulants are particularly required
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for patients with atrial fibrillation since blood stasis is a major source of thromboembolic
events [18,29,30]. Pacemaker implantation is necessary for up to 25–36% of ATTRv pa-
tients and as many as 43% of ATTRwt patients [26,31]. However, in ATTR-CM patients
pacemaker implantation is associated with high risk and worse survival [32]. There is no
clear indication for prophylactic implantable cardioverter-defibrillator (ICD) therapy in
ATTR-CM, since arrhythmias are not the primary cause of cardiac death in this population,
except for patients with a high burden of ventricular tachycardias [33]. In general, the
symptomatic management of ATTR-CM follows the CHAD-STOP concept: conduction and
rhythm disorders prevention, high heart rate maintenance, anticoagulation, diuretics, and
STOP ß-receptor and calcium-channel blockers, digoxin, and renin-angiotensin-aldosterone
inhibitors [34].

Table 1. The use of standard heart failure therapies in transthyretin amyloid cardiomyopathy. * except
for pulse control in uncontrollable tachyarrhythmia absoluta.

Yes Sometimes No

Diuretics ± aldosterone antagonists

Renin-angiotensin system inhibitors

Beta-adrenoreceptor blockers

Alpha-1-adrenoreceptor agonists

Calcium channel blockers

Digoxin *

3. Supportive Therapy with Epigallocatechin-3-Gallate (Green Tea)

Epigallocatechin-3-gallate (EGCG) is a polyphenolic natural compound most abundant
in green tea [35]. EGCG is well tolerated, without major safety concerns. It has been shown
to disaggregate amyloid fibrils and prevent TTR formation [36]. An observational study
reported that the treatment of ATTR-CM patients with green tea extract for nine months was
able to reduce left ventricular (LV) wall mass and thickness [36]. However, in a single-center
retrospective study, patients who received a 675 mg daily dose of EGCG for a minimum of
nine months did not gain any survival benefit compared to patients on solely symptomatic
treatment [37].

4. Specific Treatments

For many decades, liver transplantation has been considered the only approach to halt
the progression of ATTRv-CM. Although liver transplantation removes the main source of
aberrant amyloid protein, it does not provide a complete cure for the disease. In a large
collective of 2127 liver transplant patients who were included in Familial Amyloidotic
Polyneuropathy World Transplant Registry (FAPWTR), the overall 20-year survival rate
was 55.3%. The largest benefit was observed in ATTRv patients carrying the most common
pVal50Met variant [38]. The reason behind the incomplete cure is the aggregation of
newly formed amyloid around the preexisting amyloid seeds [39]. Combining liver and
heart transplantation can overcome this setback [40]. Moreover, this treatment approach
is restricted by the availability of transplant organs as well as the advanced age and
comorbidities of most ATTR-CM patients, which limits the feasibility of undergoing surgery
and the need for life-long immunosuppression therapy [41]. Accordingly, there is a great
need for ATTR-CM-specific pharmacological treatments. In 2019, the U.S. Food and Drug
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Administration (FDA) approved tafamidis at a dose-strength of 61 mg capsule as the first
pharmacologic treatment for ATTR-CM of any kind. Different pharmacological treatments
are used off-label or in the development pipeline. However, none of them is yet approved
for ATTR-CM, as illustrated in Figure 1.

Figure 1. The clinical development pipeline of therapies for transthyretin amyloid cardiomyopathy
(ATTR-CM). * Approved by the American food and drug administration and the European medicine
agency for the treatment of ATTR-polyneuropathy. Figure cartoons were created with Biorender.com
(accessed on 11 March 2022).

4.1. Transthyretin Tetramer Stabilization

Dissociation of the TTR tetramer is considered the rate-limiting step in the amyloido-
genesis [42]. The binding of T4 into one of the two interdimeric binding pockets of TTE
increases the stability of the tetramer. When both binding pockets are occupied, the tetramer
becomes more stable. However, the binding of T4 to one of the pockets exerts a negative co-
operativity effect that reduces the accessibility to the second binding pocket by undergoing
a conformational change [43].

4.1.1. Tolcapone

Tolcapone is an orally available catechol-O-methyltransferase inhibitor used for the
treatment of Parkinson’s disease, usually in combination with levodopa and carbidopa.
It has a high binding affinity to the TTR binding pockets, stabilizing the tetramer [44].
Tolcapone is used as an off-label medication for ATTR-CM. The results of a phase IIa study
(NCT02191826) support the repurposing of tolcapone for both ATTRwt and ATTRv. The
study showed that tolcapone increases TTR stability by 52% 2 h following a single 200 mg
dose. Patients who received 100 mg of tolcapone every 4 h showed a 38.8% increase in TTR
stability 2 h following the first dose, and this effect was maintained for 24 h [45]. Owing to
its high central nervous system (CNS) penetrance, tolcapone was evaluated in a proof-of-
concept study as a possible treatment for leptomeningeal ATTR, a rare CNS form of ATTR.
The study was completed in April 2019, but the results are not yet published (NCT03591757).
Despite these promising results, the clinical application of tolcapone in ATTR-CM is rather
difficult. The drug has a short half-life, which mandates short dosing intervals. The side
effects of tolcapone are severe, including hepatotoxicity, sleep disturbances, dyskinesia, and
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gastrointestinal disturbances. In addition, the drug is metabolized through the CYP2C9
enzyme which causes interactions with a wide range of medications, e.g., warfarin and
sulfonylurea [46–48].

4.1.2. Diflunisal

Diflunisal is an FDA-approved non-steroidal anti-inflammatory agent (NSAID). Due
to its structural match to T4, diflunisal can bind and stabilize the TTR tetramer [42]. A
randomized placebo-controlled clinical trial showed that diflunisal significantly reduces
the neurological impairment and preserved quality of life of familial amyloid polyneuropa-
thy, a neurological phenotype of ATTR [49]. The results of an open-label observational
study that monitored the effect of diflunisal 500 mg daily support its efficacy in ATTRv
patients. However, around 19% of the patients dropped out due to typical NSAID side-
effects of diflunisal, most prominently gastrolesivity, cardiotoxicity, and nephrotoxicity [50].
A retrospective cohort study of 35 patients with ATTRwt-CM showed that diflunisal ad-
ministration improved survival and overall stability in clinical echocardiographic disease
markers [51]. Another retrospective study on 81 ATTR-CM patients (54 with ATTRwt)
showed that diflunisal treatment for a median of one year is associated with reductions in
cardiac troponin, brain natriuretic peptide (BNP), and favourable differences in echocar-
diographic parameters [52]. Chemical-structure modification deprived diflunisal of its
cyclooxygenase inhibitory action while maintaining its TTR stabilizing effect. The new
similarly structured compound was later called tafamidis [53,54].

4.1.3. Tafamidis

Tafamidis meglumine (20 mg) was approved in 2011 by the EMA for stage I ATTRv
polyneuropathy following the results of an 18-month phase III clinical trial (NCT00409175)
where it was able to stop the disease progression in 60% of the treated compared to 38% of
the placebo group [55,56]. The results of several open-label studies on patients with cardiac
and neurological ATTR phenotypes warranted the investigation of tafamidis meglumine
in ATTR-CM patients [57–59]. In 2018, the ATTR-ACT (NCT01994889) multicenter, inter-
national, double-blind, placebo-controlled, phase 3 trial, randomly assigned 441 patients
with transthyretin amyloid cardiomyopathy (76% ATTRwt) in a 2:1:2 ratio to receive a
daily dose of 80 mg of tafamidis meglumine, 20 mg of tafamidis meglumine, or placebo
for 30 months [24]. In the composite endpoint based on a hierarchical analysis of all-cause
mortality and the frequency of cardiovascular (CV) hospitalization, Tafamidis meglumine
showed superiority versus placebo with a win ratio of 1.7 in a pooled approach of both doses
at 18 months. Tafamidis meglumine was associated with 30% lower all-cause mortality
than placebo (29.5% vs. 42.9%) and a lower rate of cardiovascular-related hospitalizations
with a risk reduction of 32%. As secondary outcome parameters, tafamidis was associated
with a lower rate of decline in the 6 min walk test distance and a lower rate of decline in
the quality of life assessed by the score on the Kansas City Cardiomyopathy Questionnaire.
Subgroup analysis showed the significant superiority of tafamidis meglumine over placebo
except in patients with New York Heart Association (NYHA) class III at baseline, with
an even more pronounced CV-hospitalization rate. Tafamidis meglumine was well toler-
ated with minor side effects, principally urinary tract infection. There was no meaningful
difference in the safety of the two doses of tafamidis meglumine [24]. Higher tafamidis
plasma concentrations, with doses > 60 mg tafamidis meglumine are required to achieve
maximum TTR kinetic stability [60]. The results of the clinical trial supported the FDA and
EMA ATTR-CM following bioequivalence studies, to grant marketing authorization of a
once-daily dose of tafamidis 61 mg free acid single capsule [61]. More recently, an open-
label long-term extension of the ATTR-ACT trial showed a significantly greater survival
benefit with tafamidis meglumine 80 mg (4 × 20 mg) over 20 mg [62]. Further analyses
from the ATTR-ACT trial showed that severely limited 6 min walk test distance (<269 m)
at baseline is associated with lower mortality, but higher hospitalization compared to
placebo, which can be designated clinically as the point of therapy reconciliation in NYHA

169



J. Clin. Med. 2022, 11, 2148

III [63]. A statistical post-hoc analysis taking deaths in NYHA III patients into account
could also show a benefit in CV-hospitalization rates in the survivors [64]. Based on the
primary analysis with reflections to significance, the ESC granted a 1B recommendation for
tafamidis in patients with hereditary ATTRv-CM or ATTRwt-CM and NYHA class I or II
symptoms to reduce symptoms, CV hospitalization, and mortality [65].

4.1.4. Acoramidis

Acoramidis (AG10) is an orally active TTR stabilizer under investigation. The small
molecule mimics the protective TTR mutation Thr119Met by forming hydrogen bonds with
the serine residues at position 117 [66]. In human plasma samples of ATTRwt, AG10 is
slightly more potent as a TTR kinetic stabilizer compared to tafamidis and tolcapone. How-
ever, a dose of 1600 mg AG10 per day is required to reach the same effect of 80 mg tafamidis
meglumine [67]. In a randomized, double-blind, placebo-controlled study, 49 patients with
ATTRwt or ATTRm were treated with AG10 800 mg or 400 mg or placebo for 28 days. The
mean changes in the serum concentration of TTR were 50%, 36%, and –7% compared to
baseline, respectively. This result indicates TTR stabilization at high AG10 doses [66]. The
currently ongoing ATTRibute-CM study (NCT03860935) evaluates the efficacy of AG10
800 mg b.i.d. against placebo. The study is designed to enroll 510 patients with symp-
tomatic ATTR-CM, with an estimated completion date of May 2023. Recently, BridgeBio
Pharma announced that the 12-month topline results of the ATTRibute-CM trial did not
meet its primary endpoint [68].

4.1.5. Bivalent TTR Stabilizers

Mds84 is a bivalent TTR ligand that simultaneously binds both binding pockets. This
property overcomes the monovalent agent’s negative cooperativity binding effect [69].
In vitro, it exhibited more potent TTR stabilization compared to monovalent agents, in-
cluding tolcapone and tafamidis [69,70]. However, mds84 has not been evaluated in
clinical trials.

4.2. Transthyretin Gene Silencers

Replacing the source of aberrant TTR protein via liver transplantation has been the
only effective treatment strategy for decades. ATTRv patients could only benefit from
liver transplantation reaching a one-year survival rate of 74.3% and three- and five-year
survival rates of 60.0% and 52.5%, respectively [71]. A paradigm-changing strategy is
knocking down the gene responsible for TTR production in the liver. This is possible via
small interfering RNA (siRNA) and antisense oligonucleotides (ASOs) targeting the TTR
messenger RNA (mRNA) leading to its degradation before translation [72]. Knocking
down the TTR gene suppresses the circulating TTR protein and disables retinol (vitamin
A) transport around the body, mandating oral substitution [73]. In addition, siRNA and
ASO therapies are associated with infusion-related reactions, requiring premedications or
thrombopenia [71,73].

4.2.1. Patisiran

Patisiran is a siRNA encapsulated in lipid-based nanoparticles enabling hepatic uptake
via micropinocytosis [74]. It is the first-ever FDA-approved RNA-interfering therapy and it
is indicated for Coutinho stages I and II of hereditary ATTR-polyneuropathy. Following
the results of the APOLLO study, the EMA approved patisiran for mild and moderate
stages of the disease. The study enrolled 225 patients with ATTRv-polyneuropathy in a
placebo-controlled design. Patients who received patisiran (0.3 mg/kg every two weeks
for 18 months) showed improved neurological manifestation compared to those who
received placebo [75]. Typical side effects included peripheral edema and infusion reactions,
mandating pre-medication with dexamethasone and histamine receptor blocker. In a
subpopulation of the APOLLO study comprised of 126 patients with cardiac involvement
(56% of the total population, but defined only with LV-wall thickness >13 mm in the
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absence of hypertension or aortic valve disease), patisiran reduced the LV wall thickness by
0.9 ± 0.4 mm, decreased global longitudinal strain by −1.4 ± 0.6%, and increased cardiac
output by 0.38 ± 0.19 L/min. However, in the main cohort, there were seven deaths, all
cardiovascular related, five of which were due to sudden cardiac death. In contrast, there
were six deaths in the placebo group, of which only three were cardiovascular-related. It
has not been elucidated whether patisiran has a causal relationship with cardiac death [76].
Recently, a small cohort of 16 hereditary ATTR-CM patients on patisiran underwent serial
monitoring using cardiac magnetic resonance, echocardiography, cardiac biomarkers, bone
scintigraphy, and 6-min walk tests over 12 months. Twelve patients were on concomitant
diflunisal 250 mg twice daily. The results were compared to 16 retrospectively matched
ATTR-CM patients who did not receive patisiran. The median serum TTR gene knockdown
among treated patients was 86%. Interestingly, 82% of patients demonstrated >80% gene
knockdown. Moreover, the treatment was associated with a −6.2% reduction in cardiac
extracellular volume (ECV), a fall in N-terminal pro-BNP (NT-proBNP) concentrations
by 1342 ng/L, an increase in 6-min walk distances by 169 m, and a median reduction in
cardiac uptake by bone scintigraphy of 19.6% [77]. The APOLLO-B study (NCT03997383)
is a phase III, multicenter, randomized, placebo-controlled study that investigates patisiran
in ATTR-CM patients. The primary outcome measure is only the change from baseline at
month 12 in the 6-min walk distance. The estimated study completion date is June 2025.

4.2.2. Inotersen

Inotersen is a subcutaneously administered ASO, approved by the FDA and EMA
for hereditary ATTR-polyneuropathy following the results of the NEURO-ATTR study.
The approval of inotersen came two months after that of patisiran. The NEURO-ATTR
study enrolled 172 patients who were randomized in a 2:1 ratio to inotrasine (300 mg
every week) or placebo. Compared to placebo, the treatment group showed improved
neurological manifestation, improved quality of life, and reduced mean serum TTR level
by 75% from baseline [78]. Recently, Dasgupta et al. showed that long-term treatment
with inotersen is safe and effective in inhibiting progression and potentially reversing the
cardiac amyloid burden. Sixteen patients who completed two years of inotersen treatment
showed a mean LV mass reduction of 8.4% as measured by magnetic resonance imaging,
and a mean 6-min walk distance improvement by 20.2 m [79]. Today, inotersen is indicated
for patients with primary hereditary ATTR-polyneuropathy stage (I–II), after the exclusion
of significant ATTR-CM.

4.2.3. Revusiran

Revusiran is the first N-acetylgalactosamine (GalNAc) conjugated siRNA to enter
clinical trials. GalNAc is a galactose derivative that binds to the asialoglycoprotein receptor
(ASGPR) on hepatocytes leading to clathrin-mediated uptake. This advancement allows
dose-reduction and enables subcutaneous administration [80]. The Phase 3 ENDEAVOUR
study evaluated revusiran in patients with ATTR-CM [81]. The patients were randomized
2:1 to receive subcutaneous daily revusiran 500 mg (n = 140) or placebo (n = 66) for five
days over a week followed by weekly doses. The study was prematurely terminated after
6.71 months due to high mortality in the revusiran-treated arm (18 deaths) compared to the
placebo-treated arm (two deaths). The subsequent analysis did not reveal any causality [81].

4.2.4. Second Generation TTR Gene Silencers

Molecular modifications known as enhanced stabilization chemistry (ESC) patterns
characterize second-generation RNA interference agents. ESC remarkably enhances the
pharmacodynamic and pharmacokinetic properties of the RNA interference agents, allow-
ing a significantly lower dose, with a markedly reduced dosing frequency compared to the
first-generation agents [82].

Vutrisiran, formerly known as ALN-TTRsc02, is a long-acting, subcutaneously admin-
istered successor of patisiran. In a phase I, randomized, single-blind, placebo-controlled
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trial on 80 healthy subjects, vutrisiran demonstrated a favourable safety profile and sus-
tained TTR plasma level reduction in a dose-dependent manner [83]. The drug is currently
in a patisiran-controlled phase III trial for patients with hereditary ATTR- polyneuropathy
(HELIOS-A, NCT03759379), and in a placebo-controlled phase III trial for patients with
hereditary and wild-type ATTR-CM (HELIOS-B, NCT04153149). The phase III trials are
estimated to be completed by May 2024 and June 2025, respectively. HELIOS-B is designed
to evaluate the efficacy of vutisiran in the composite endpoint of all-cause Mortality and
recurrent cardiovascular events at month 30. The study patients are 1:1 randomized to re-
ceive either vutrisiran 25 mg or placebo, subcutaneously once every three months. Recently,
the drug developer announced that HELIOS-A has met all secondary endpoints measured
at 18 months. In addition to improvements in exploratory cardiac endpoints including
NT-proBNP, echocardiographic and scintigraphy parameters relative to placebo [84]. The
FDA is currently evaluating the new drug application of vutisiran and has set an action
date of April 2022.

Eplontersen, formerly known as AKCEA-TTR-LRx or IONIS-TTR-LRx, is the GalNAc-
conjugated successor of inotersen. The global phase III NEURO-TTRansform study
(NCT04136184) is currently evaluating eplontersen subcutaneous injections 45 mg every
four weeks against inotersen 284 mg weekly in patients with hereditary ATTR-
polyneuropathy [85]. In parallel, the CARDIO-TTRransform phase III study (NCT04136171)
is evaluating eplontersen in ATTR-CM patients in a double-blind, randomized, placebo-
controlled design. The primary endpoint is the composite cardiovascular mortality and
cardiovascular event rate at week 120. The study completion date is estimated to be around
June 2024.

4.3. Gene Editing

The recently introduced clustered regularly interspaced short palindromic repeats
and associated Cas9 endonuclease (CRISPR-Cas9) gene-editing system has revolutionized
biomedical research via allowing one-time treatment for deadly diseases including ATTR-
CM [86]. NTLA-2001 is the first CRISPR-Cas9 therapy investigated in humans. Preclinical
studies showed durable knockout of TTR after a single dose of NTLA-2001. Preliminary
results from six hereditary ATTR-polyneuropathy patients enrolled in phase 1, open-label,
multicenter study warrant further evaluation (NCT04601051) [87]. Three patients received
a dose of 0.1 mg per kg and another three received 0.3 mg per kg. On day 28, NTLA-2001
was associated with mean TTR reductions of 52% in the first group and 87% in the second
group, respectively. Mild adverse events were observed in three of the six patients [87].
The phase I study estimated completion date is August 2024.

4.4. Enhancing Amyloid Clearance
4.4.1. Doxycycline and Tauroursodeoxycholic Acid

Doxycycline is an FDA-approved broad-spectrum antibiotic that belongs to the tetra-
cyclines family. Tetracyclines can bind to the ribosomal subunits disrupting the synthesis
of aggregation-prone proteins [88,89]. Preclinical studies on familial amyloidotic polyneu-
ropathy mice showed that a combination of doxycycline and tauroursodeoxycholic acid
(TUDCA) could remove TTR amyloid deposits and lower associated tissue markers [90].
Clinical studies have conflicting results considering the tolerability of the combination
therapy. A phase II study concluded that the doxycycline/TUDCA combination is effective
to halt the progression of ATTR neuropathy and cardiomyopathy with an acceptable toxic-
ity profile [91]. In contrast, another phase II study with 28 ATTR-CM patients could only
retain 36% of the enrolled patients due to adverse events including sun hypersensitivity
and gastrointestinal side effects, in addition to heart function deterioration indicated by
NT-proBNP elevation in the evaluated patients [92].
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4.4.2. Human Monoclonal Antibodies

Targeting pathological TTR amyloid deposits while sparing physiological TTR tetramers
is conceivable via antibodies designed to recognize prefibrillar and fibrillar TTR-specific
epitopes [93]. Antibody binding mediates the elimination of ATTR aggregates via phago-
cytes, which potentially leads to amyloid clearance [94]. Two drugs in this category have
reached the clinical development pipeline, both designed to inhibit fibril formation via
specifically targeting misfolded TTR, namely PRX004 and NI006. A phase I trial evaluating
PRX004 in ATTRm patients has been recently terminated because of the COVID pandemic
(NCT03336580). NI006 is currently under evaluation in a phase I, randomized, placebo-
controlled, double-blind, dose-escalation trial, followed by an open-label extension phase
in subjects with ATTR-CM (NCT04360434). The study completion date is estimated to be
June 2022.

5. Discussion

ATTR-CM is an orphan disease characterized by a small patient population. The
clinical development of therapies for ATTR-CM faces several challenges, as shown in
Figure 2. Tafamidis (20 mg), patisiran, and inotersen are approved by the EMA (Patisiran
and Inotersen by FDA also) for ATTR-polyneuropathy. Currently, only tafamidis (61 mg) is
approved for ATTRv/wt-CM worldwide and recommended by the European society of
cardiology guidelines as a class 1b indication in ATTR-CM patients with NYHA functional
class I-II [65]. Up to now, no head-to-head comparison has been made between any of them.
The three agents come at very high price tags exceeding €10,000 per month [95]. This can be
attributed to the high research and development cost, the advanced technology involved in
manufacturing, and most decisively the small market size. To generate sufficient revenue,
orphan-designated therapeutics are high-priced [96]. The EMA offers 10 years of market
exclusivity as an incentive to develop orphan-designated products. Tafamidis was granted
orphan market exclusivity by the EMA based on designation EU/3/06/401. The initial
price of tafamidis greatly exceeded the conventional cost-effectiveness thresholds in the
US [97]. However, some price reductions are expected after the orphan market exclusivity
and introduction of other stabilizers. The second wave of price reduction with generic
drugs is not expected before 2026. Clinical trials in orphan diseases like ATTR-CM are
challenging, the small target population results in limited power to detect the difference
and greater outcome variability [98]. In part, developed treatments target the liver, being
the main source of TTR. However, around 5–10% of TTR is produced in the choroid plexus
and retina. A drug needs to be able to cross the blood–brain barrier (BBB) to target more
neurological forms like leptomeningeal ATTR. Of the three approved medications, only
tafamidis can cross the BBB. However, no more than 1.5% of the plasma-circulating drug
reach the cerebrospinal fluid [99,100], which is a target of further research. Such patients
may benefit from the off-label use of tolcapone. However, the use of tolcapone is limited by
its hepatotoxicity and short half-life. Improving the kinetic properties of drug molecules to
reduce the dose and/or the frequency of dosing has been achievable in some cases. The
free acid tafamidis formulation of 61 mg allows a lower tablet consumption compared to
the conventional tafamidis meglumine (4 × 20 mg). Efforts to increase the stability of the
currently approved siRNA and ASOs would allow long-term TTR knock-down and less
frequent dosing. Conformation-specific monoclonal antibodies are very promising and
would allow clearance of the amyloid deposits without affecting the physiological TTR.
Ongoing studies will determine whether ATTR-CM patients can benefit from hereditary
ATTR-polyneuropathy targeting treatments. We suggest that future ATTR-polyneuropathy
studies would need to include more cardiovascular-related inclusion criteria and end-
points. Direct comparative studies between different TTR-targeting treatments have been
hampered by the sample size, different clinical endpoints, costs, and other reasons [101].
Post-marketing studies would be beneficial to compare the effectiveness of the different
agents in the real world and to determine their superiority over each other’s taking the cost
into account. In conclusion, tafamidis is the current standard of care for ATTR-CM with
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NYHA I-II. Patisiran and inotersen are currently used for hereditary ATTR-polyneuropathy
on the way to being approved for ATTR-CM. Patients with contraindications to tafamidis
or who have no insurance coverage may benefit from green tea or from the off-label use of
diflunisal or tolcapone.

Figure 2. Challenges facing the clinical development of therapies for transthyretin amyloid cardiomy-
opathy.
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Abstract: Background: In the last few years, a phenotypic variant of arrhythmogenic cardiomyopathy
(ACM) labeled arrhythmogenic left ventricular cardiomyopathy (ALVC) has been defined and
researched. This type of cardiomyopathy is characterized by a predominant left ventricular (LV)
involvement with no or minor right ventricular (RV) abnormalities. Data on the specific risk and
management of pregnancy in women affected by ALVC are, thus far, not available. We have sought
to characterize pregnancy course and outcomes in women affected by ALVC through the evaluation
of a series of childbearing patients. Methods: A series of consecutive female ALVC patients were
analyzed in a cross-sectional, retrospective study. Study protocol included 12-lead ECG assessments,
24-h Holter ECG evaluations, 2D-echocardiogram tests, cardiac magnetic resonance assessments, and
genetic analysis. Furthermore, the long-term disease course of childbearing patients was compared
with a group of nulliparous ALVC women. Results: A total of 35 patients (mean age 45 ± 9 years, 51%
probands) were analyzed. Sixteen women (46%) reported a pregnancy, for a total of 27 singleton viable
pregnancies (mean age at first childbirth 30 ± 9 years). Before pregnancy, all patients were in the
NYHA class I and none of the patients reported a previous heart failure (HF) episode. No significant
differences were found between childbearing and nulliparous women regarding ECG features, LV
dimensions, function, and extent of late enhancement. Overall, 7 patients (20%, 4 belonging to
the childbearing group) experienced a sustained ventricular tachycardia and 2 (6%)—one for each
group—showed heart failure (HF) episodes. The analysis of arrhythmia-free survival patients did not
show significant differences between childbearing and nulliparous women. Conclusions: In a cohort
of ALVC patients without previous episodes of HF, pregnancy was well tolerated, with no significant
influence on disease progression and degree of electrical instability. Further studies on a larger cohort
of women with different degrees of disease extent and genetic background are needed in order to
achieve a more comprehensive knowledge regarding the outcome of pregnancy in ALVC patients.

Keywords: arrhythmogenic left ventricular cardiomyopathy; pregnancy; desmoplakin; filamin C;
plakofillin-2

1. Introduction

Arrhythmogenic cardiomyopathy (ACM) is an inherited cardiac disease that is char-
acterized by myocardial necrosis and fibro-fatty replacement that predisposes patients to
ventricular arrhythmias (VAs), which can even lead to sudden cardiac death (SCD) [1].

Different from the original descriptions—which considered ACM a disease of the right
ventricle (RV) with left ventricular (LV) involvement, usually mild when relevant mainly
due to a disease progression in association with an advanced RV disease—in the last years
it has become evident that LV involvement can be present in early stages of the disease,
independently or concurrently with RV involvement [2,3].
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Furthermore, recently a left dominant variant of the disease (arrhythmogenic left
ventricular cardiomyopathy: ALVC) has been described [3,4]. In this form, the diagnosis
can be challenging and it is usually made on the basis of ECG features (inferolateral T-wave
inversion and low QRS voltages); VAs of LV origin; prominent LV dilatation/dysfunction
in the setting of relatively mild or absent right-sided disease; and in the presence of
subepicardial or ring-like late gadolinium enhancement (LGE) following a cardiac magnetic
resonance (CMR) assessment [4–6]. Genotype–phenotype correlation studies demonstrated
that desmoplakin (DSP) and filamin C (FLNC) are the most common disease genes in
ALVC [7]. However, many cases are still gene elusive [5,8].

Recent studies on pregnancy in women affected by ACM demonstrated a low rate
of major cardiac events during pregnancy [9]. Nonetheless, data on the specific risk and
management of pregnancy in women affected by ALVC are not yet available.

In this study, we sought to characterize pregnancy course and outcome in women
affected by ALVC through a retrospective evaluation of a series of childbearing patients.
Moreover, in order to better characterize the effect of pregnancy in this population we com-
pared the clinical and instrumental data of these patients to those of a group of nulliparous
ALVC women.

2. Materials and Methods

2.1. Study Population

From the entire cohort of probands and family members followed at the Cardiomyopa-
thy Unit of the University of Padua, from 1990 to 2020, we selected a consecutive cohort of
35 female patients diagnosed with ALVC. All patients provided written informed consent
before inclusion in the study, in accordance with the protocol approved by the local ethics
committee. All clinical investigations were conducted according to the principles expressed
in the Declaration of Helsinki. Inclusion criteria for the diagnosis of ALVC were as follows:
1. The presence of a subepicardial LGE pattern with non-ischemic distribution and fatty
infiltration at CMR assessment affecting exclusively or predominantly the LV, plus one of
the following diagnostic features: A. positive genetic testing for likely pathogenic (LP, class
IV)/pathogenic (P, class V) variants associated with ACM; B. presence of family history of
ACM, ALVC, or dilated cardiomyopathy (DCM) and/or family history of SCD with autop-
tic findings in keeping with an ACM form. Moreover, three women belonging to two ALVC
families showing LV dimensional, kinetic abnormalities, and carrying DSP P/LP variants
who had already received an ICD without a previous CMR evaluation were enrolled.

The study protocol included familial and personal anamneses, 12-lead ECGs, two-
dimensional Doppler echocardiograms, 24-h Holter ECGs, CMR assessments, and genetic
tests. A comparison of the phenotypic expression and degree of electrical instability of
childbearing and nulliparous patients was also performed.

2.2. Twelve-Lead Electrocardiograms

Twelve-lead ECGs were performed on a standard speed paper (25 mm/s, 10 mm/mV,
and 0.05–150 Hz) and the following parameters were considered: duration of PQ interval,
mean QRS duration, right bundle branch block (RBBB—incomplete or complete), left
anterior fascicular block, complete left bundle branch block (LBBB), ST-segment alteration
(ST elevation > 1.5–2 mm), pathological Q wave, T-wave inversion, and QRS voltages in
both precordial and peripheral leads (low voltages were defined when QRS was <5 mm in
peripheral leads or <10 mm in precordial leads).

2.3. Ventricular Arrhythmias and Heart Failure

Recorded VAs were classified in ventricular fibrillation (VF); sustained ventricular
tachycardia (defined as a tachycardia that lasted >30 s) (sVT); (3) non-sustained ventricular
tachycardia (defined as three or more consecutive ventricular beats, lasting <30 s, at a rate
>120 beats/min) (NSVT); and (4) premature ventricular beats (PVBs). Heart failure (HF)
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was considered in the presence of the signs and symptoms requiring hospitalization or
outpatient clinic evaluation.

2.4. Two-Dimensional and Doppler Echocardiography

Two-dimensional echocardiograms were performed with a commercially available Hewlett
Packard model 5500 and GE S6 ultrasound machine equipped with a M5S probe. Parasternal,
apical, and subcostal views were obtained. In addition, LV function, LV end diastolic volume,
RV area, RV function were calculated on an apical four chambers view. Echocardiographic
measurements were evaluated according to international recommendations [10].

2.5. Cardiac Magnetic Resonance

CMR assessment was performed via a 1.5-T scanner (Magnetom Avanto, Siemens
Medical Solutions, Erlangen, Germany). All patients underwent a study protocol for
myocarditis, including balanced steady-state free precession sequence cine images for
morpho-functional evaluation, triple inversion recovery sequences for the detection of my-
ocardial edema, and two-dimensional segmented breath-held fast low-angle shot inversion
recovery sequences within 3 min after the administration of intravenous contrast agent
(gadobenate dimeglumine; 0.2 mmol/kg of body weight) for the purposes of detecting
early gadolinium enhancement (EGE) and 10–15 min for late gadolinium enhancement
(LGE). Additionally, we used T1-weighted turbo spin-echo sequences for the purposes of
detecting myocardial fat infiltration. The technical details of the CMR sequences and image
post-processing analyses have been previously reported [11,12].

2.6. Genetic Analysis

Genetic testing was carried out as previously described [13,14].

2.7. Childbearing Group Evaluation

Among the 35 ALVC patients, 16 (45%) were childbearing and the obstetric courses
were assessed through analyses of medical records. For each pregnancy’s gestational
duration, type of delivery, birth weight, obstetric complications, and perinatal health
were evaluated.

2.8. Statistical Analysis

Data were presented as mean ± standard deviation, median with range, or frequencies
with percentages, as appropriate. The normality of the quantitative variables was evalu-
ated through the Shapiro–Wilk test, while their comparison was conducted through the
application of the Student’s t-test or the Mann–Whitney test, when appropriate. Categorical
variables were compared by the chi-square test and Fisher’s exact test, when appropriate.
Kaplan–Meier curves were constructed, and a log-rank test was performed in order to
assess cumulative lifetime sVT-free survival. The association between pregnancy and major
VA (MVA) was tested using Cox regression analysis. The statistical significance for all tests
was set for probability values p < 0.05. Statistical analyses were performed using SPSS
version 27 software for MAC (SPSS, Inc., Chicago, IL, USA).

3. Results

A total of 35 women (age at evaluation 45 ± 9 years) were included in the study, of
which 18 (51%) were probands. In 18 (51%) a family history of SCD was determined and
in 11 (31%) instances of HF were present. The reasons for first evaluation were detection
of VAs (n = 18, 51%), family history of cardiomyopathy or SCD (n = 13, 37%) and chest
pain episodes with cardiac enzyme release (n = 4, 11%) (Table 1). Regarding medical
therapy, 14 (88%) patients used beta-blockers (mainly metoprolol), 7 (50%) patients utilized
ACE inhibitors, 1 patient used amiodarone (6%), and 1 patient utilized sotalol with ACE
inhibitors (6%). Among the 16 childbearing women, 9 were diagnosed with ALVC after
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the last pregnancy. In the 7 patients diagnosed before pregnancy, therapy was modified by
discontinuing the ACE inhibitor, while beta-blocker therapy was maintained.

Table 1. Clinical and ECG features of the 35 ALVC female patients.

Overall
n = 35

Childbearing Women
n = 16

Nulliparous
Women
n = 19

p

Probands 18 (51%) 8 (50%) 10 (53%) 0.573
Age at evaluation 40 ± 11 45 ± 9 36 ± 11 0.050
Family history of SCD 18 (51%) 7 (44%) 11 (58%) 0.505
Family history of DCM 9 (26%) 5 (31%) 4 (21%) 0.700
Family history of ALVC 18 (51%) 8 (50%) 10 (52%) 1.000
Family history of ARVC 11 (31%) 5 (31%) 6 (32%) 1.000
Family history of HF 11 (31%) 8 (50%) 3 (16%) 0.065
Myocarditis-like episodes 4 (11%) 1 (6%) 3 (16%) 0.608
Ventricular arrhythmias 32 (91%) 15 (94%) 17 (89%) 1.000
Frequent PVBs 13 (37%) 4 (25%) 9 (42%) 0.311
NSVT 12(41%) 7 (50%) 5 (32%) 0.468
Sustained VT 7 (20%) 3 (19%) 4 (21%) 0.799
ICD 10 (29%) 5 (31%) 5 (32%) 0.747
Normal ECG 10 (28%) 4 (25%) 6 (31%) 0.099
Low QRS voltages (limb leads) 23 (65%) 13 (81%) 10 (53%) 0.152
Low QRS voltages (precordial leads) 11 (31%) 5 (31%) 6 (32%) 1.000
Negative T wave V1-V3 4 (11%) 1 (6%) 3 (16%) 0.608
Negative T wave V4-V6 7 (20%) 3 (19%) 4 (21%) 1.000
Negative T wave inferior leads 6 (17%) 2 (12%) 4 (21%) 0.666

SCD: sudden cardiac death; DCM: dilated cardiomyopathy; ALVC: arrhythmogenic left ventricular cardiomy-
opathy; ACM: arrhythmogenic right ventricular cardiomyopathy; HF: heart failure; PVBs: premature ventricular
beats; VT: ventricular tachycardia; NSVT: non-sustained VT; and ICD: implantable cardioverter–defibrillator.

3.1. Genetic Data

Genetic screening was performed in 34 cases (97%) and genetic variants were identified
in 29 (83%). In more detail, 21 (62%) patients carried a DSP, 5 (15%) a FLNC, 2 (6%) a PKP2,
and one possessed a DSG2 (3%) genetic variant (Table 2). Moreover, in 5 cases (15%) the
genetic test was negative.

Table 2. ACM genetic variants identified in 29 women affected with ALVC (see text).

Pt Cohort Gene cDNA Change
Amino Acid

Change
ACMG

Classification Reference

#1 NW DSP c.3465G > A p.Trp1155* P (PVS1, PM2,
PP5)

#2 and #3 NW, CW DSP c.939 + 1G > A / P (PVS1, PM2,
PP5)

Whittock et al., 1999
[15]

#4 NW DSP c.3475G > T p.Glu1159* P (PVS1, PM2,
PP5)

Bariani et al., 2021
[16]

#5 NW DSP c.132delG p.Arg45Alafs*3 LP (PVS1, PM2)

#6 NW DSP c.897C > G p.Ser299Arg LP (PM2, PP3,
PP5, PS3)

Rampazzo et al., 2002
[17]

#7 NW DSP c.2821C > T p.Arg941* P (PVS1, PM2,
PP5)

Quarta et al., 2011
[18]

#8 CW DSP c.939 + 1G > A / P (PVS1, PM2,
PP5)

Whittock et al., 1999
[15]

#9 and #10 NW, NW DSP c.3891_3894dupGGTC p.Met1299Glyfs*7 P (PVS1, PM2,
PP5)

Bariani et al., 2022
[14]

#11 NW DSP c.337C > T p.Gln113* P (PVS1, PM2,
PP5)

Bariani et al., 2022
[14]

#12 NW DSP c.2297 + 1G > T / P (PVS1, PM2,
PP5)

Bariani et al., 2022
[14]

#13 NW DSP c.974_975delAG p.Glu325Alafs*3 P (PVS1, PM2,
PP5)

Bariani et al., 2022
[14]

#14 and #15 CW, CW DSP c.3889C > T p.Gln1297* P (PVS1, PM2,
PP5)

Bariani et al., 2021
[14]

#16 CW DSP c.6850C > T p.Arg2284* P (PVS1, PM2,
PP5)

Fressart V et al., 2010
[19]

#17 and #18 CW, CW DSP c.3416dupA p.Tyr1139* P (PVS1, PM2,
PP5)

Bariani et al., 2022
[14]

#19 CW DSP c.423-1G > A / P (PVS1, PM2,
PP5)

Bariani et al., 2022
[14]
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Table 2. Cont.

Pt Cohort Gene cDNA Change
Amino Acid

Change
ACMG

Classification Reference

#20 CW DSP c.4207_4208delAG p.Arg1403Glufs*4 LP (PVS1, PM2)
#21 NW DSP c.1067C > T p.Thr356Met VUS (PM2, PP3)

#22 NW DSG2 c.3059_3062delAGAG p.Glu1020Alafs*18 VUS (PVS1, BS2)
Christensen et al.,

2010
[20]

#23 NW FLNC c.5926C > T p.Gln1976* P (PVS1, PM2,
PP5)

Celeghin et al., 2021
[13]

#24 and #25 NW, CW FLNC c.5398 + 1G > T / P (PVS1, PM2) Celeghin et al., 2021
[13]

#26 NW FLNC c.376_392delAACCTGAAGCTGATGCT p.Asn126Glyfs*20 P (PVS1, PM2) Celeghin et al., 2021
[13]

#27 CW FLNC c.7037dup p.Leu2347Profs*9 P (PVS1, PM2,
PP5)

Celeghin et al., 2021
[13]

#28 NW PKP2 c.1521G > A p.Trp507* LP (PVS1, PM2)
#29 CW PKP2 c.2443_2448delAACACCinsGAAA p.Asn815Glufs*11 P (PVS1, PM2,

PP5)

ACMG: American College of Medical Genetics and Genomics; P: pathogenic; LP; likely pathogenic; DSP: desmo-
plakin; PKP2: plakofillin-2; DSG2: desmoglein-2; FLNC: filamin-C; CW: childbearing woman; and NW: nulli-
parous woman.

3.2. Electrocardiographic Findings

ECG assessment showed abnormal features in 25 patients (71%). The most common
findings were low QRS voltages in limb (n = 23, 65%) and precordial leads (n = 11, 31%),
followed by negative T waves in left precordial leads (20%). All data on the ECG findings
are reported in Table 1. In Figure 1, panel A, the ECG evaluation of a patient with ALVC is
present, where low QRS voltages can be observed in the peripheral leads.

Figure 1. ECG and CMR assessments of a childbearing patient carrying a likely pathogenic variant of
PKP2. The ECG assessment showed the presence of low QRS voltages (panel (A)). CMR evaluation
demonstrated normal size and biventricular function (panel (B)), as well as extensive signs of
fibrous infiltration with sub-epicardial “ring-like” distribution in LGE sequences (panels (C,D)). ECG:
electrocardiogram; CMR: cardiac magnetic resonance; and LGE: late gadolinium enhancement.
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3.3. Echocardiographic Features

2D-echocardiogram was performed on all subjects. Data on their ventricular functions
and dimensions are available in Table 3. LV end diastolic volume (EDVi) was increased
in 24 patients (89%) and LV ejection fraction (LV-EF) was reduced in 18 (51%), with the
presence of regional kinetic abnormalities in 15 (43%). RV was dilated in 2 patients (6%)
and RV systolic function was within limits in all cases.

Table 3. Imaging findings of the 35 ALVC female patients.

Overall
n = 35

Childbearing
Women
n = 16

Nulliparous
Women
n = 19

p

Echocardiographic findings

LVEDVi (mL/m2) 76 ± 15 80 ± 15 73 ± 15 0.104
LVESVi (mL/m2) 39 ± 13 42 ± 12 36 ± 12 0.088
LVEF (%) 50 ± 7 48 ± 7 52 ± 7 0.230
LV kinetic abnormalities 17 (49%) 8 (50%) 9 (47%) 0.370
RVA (cm2) 15,5 ± 3 16 ± 3 15 ± 3 0.092
RVAC (%) 40 ± 5 39 ± 6 41 ± 4 0.147

CMR findings n = 32 n = 13 n = 19

LVEDVi (mL/m2) 89 ± 17 93 ± 19 88 ± 14 0.377
LVESVi (mL/m2) 53 ± 8 45 ± 16 42 ± 6 0.734
LVEF (%) 52 ± 8 53 ± 9,8 53 ± 7 0.827
LV WMA 17 (49%) 10 (63%) 7 (37%) 0.181
CMR RVEDVi (mL/m2) 77 ± 15 74 ± 14 79 ± 16 0.472
CMR RVEF (%) 60 ± 9 55 ± 6 58 ± 11 0.384
WMA RV 13 (37%) 6 (46%) 7 (37%) 0.720
FAT LV 12 (38%) 5 (39%) 7 (37%) 1.000
LGE LV 32 (100%) 13 (100%) 19 (100%) 1.000
LGE LV > 2 segments 25 (78%) 10 (77%) 15 (79%) 1.000
FAT RV 5 (16%) 4 (31%) 1 (5%) 0.132
LGE RV 2 (6%) 1 (8%) 1 (5%) 0.780
LGE RV > 2 segments 1 (3%) 1 (8%) 0 (0%) 0.406

CMR: cardiac magnetic resonance; LV: left ventricular; RV: right ventricular; LVEDVi: indexed LV end-diastolic
volume; LVESVi: indexed LV end-systolic volume; LVEF: LV ejection fraction; RVA: RV area; RVAC: RV area
change; WMA: wall motion abnormalities; and LGE: late enhancement.

3.4. CMR Findings

CMR assessment was performed on 32 patients (91%). The data on their biventricular
dimensions, functions, wall motion alterations (WMAs), and tissue characterization are
reported in Table 3.

In the overall population, EDVi was increased in 20 (63%) patients, while LV-EF was
reduced in 24 (75%). In 17 cases (49%) LV-WMA was present, mainly involving the infero-
posterior wall. RV dimensions and function were within limits in 28 patients (87%), while
4 (12%) showed a mildly increased RV-EDVi, whereas 1 (3%) possessed a mild systolic
dysfunction. LV-EF was below 35% in 2 patients, 1 for each group. LV-LGE was detected
in all patients with the most common pattern of distribution being the subepicardial stria,
mostly located in the basal segments of the inferolateral wall (see Table 3). An example is
shown in Figure 1, the description of which is in the caption.

3.5. Outcomes of ALVC Pregnancies

Overall, 16 patients experienced 27 singleton viable pregnancies (range 1–3 and mean
age at first pregnancy 30 ± 3.9). All patients were on NYHA I functional class before
pregnancy and none had a history of HF before pregnancy. During pregnancy, 3 patients
(19%) complained of palpitations.
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All viable pregnancies resulted in live-born children. Twenty-five (93%) were delivered
full term, and two preterm at 37 and 38 weeks. A total of four cesarean sections (25%)
were performed: two for ALVC-related reasons and two for primarily obstetric indications
(i.e., fetal growth delay, who were both in therapy with beta-blockers). No major obstetric
complications occurred during pregnancy. Patients diagnosed with ALVC before pregnancy
underwent a close cardiac and obstetrical monitoring. From the cardiological point of
view, each patient underwent a cardiological examination including an echocardiographic
examination and a 24-h Holter ECG monitoring.

3.6. Comparison between Childbearing and Nulliparous Subjects

Genetic analysis identified a P/LP genetic variant in 11 (69%) childbearing women
and in 15 (79%) nulliparous women (p = 0.490); however, this was without significant
differences regarding the prevalence of specific disease genes in the two groups. The age
of nulliparous women was significantly lower when compared to women with previous
pregnancies (Table 1). There were no differences between the two groups regarding the
ratio of probands, the family history of cardiomyopathies, HF, or ECG features. Regarding
morphological abnormalities, a two-D echocardiogram comparison of RV dimensions was
not significant (p = 0.060) (see Table 2). CMR assessment showed no differences between
the two groups regarding LV and RV dimensions and function; however, WMA and the
presence of LGE were reported. The 24-h ECG Holter evaluation of 32 patients (91%)
showed VAs (isolated PVBs in 20 patients, 57%, and NSVT in 12 patients, 34%) without
significant differences between the nulliparous and childbearing women.

3.7. Follow-Up Analysis

The follow-up period had a mean duration in the overall cohort of 7.80 ± 6.69 years
(min 1–max 30 years). In detail, the mean duration for childbearing women was 8.31 ± 6.07
(min 2–max 20 years), while for nulliparous women it was 8.31 ± 7.37 (min 1–max
30 years), which demonstrated a p = 0.684. Considering overall events, seven patients
(20%) experienced an sVT. Of these, four (57%) belonged to the childbearing group and all
episodes occurred after the last pregnancy, with a median time interval of 11.5 years (min
2 months–max 27 years). Furthermore, the age at sVT onset did not differ significantly
between the groups of nulliparous (median 33, min 29, max 36 years) and childbearing
women (median 45, min 33, max 59 years), which demonstrated a p = 0.100. In a total of ten
patients (29%) an ICD was implanted (age at implant 36 ± 7 years, min 25, max 45 years),
whereas five (50%) patients possessed primary prevention (3 belonging to childbearing and
2 to nulliparous group). Two patients, one belonging to each group, had HF episodes at the
age of 42 and 38 years, respectively. Kaplan–Meir analysis of the VT-free survival curves
showed no significant difference between the groups of pregnant and nulliparous women
(Log Rank p = 0.220). Furthermore, no association was found between pregnancy and MVA
(HR 0.77, C.I. 95% 0.17–3.46, and p = 0.728).

4. Discussion

ALVC is a recently described clinical entity in which clinical manifestations, effective
therapy, outcome, and risk stratification are not completely understood [5]. To the best of
our knowledge, this is the first study that describes pregnancy course and outcome in a
cohort of female patients that are diagnosed with this disease. Furthermore, our purpose
was to characterize the effect of pregnancy on this type of cardiomyopathy through the
comparison of a series of ALVC women who underwent a pregnancy with a group of
affected nulliparous patients. We found that pregnancy is well tolerated in ALVC patients,
and that history of pregnancy does not seem to modify the outcome in terms of either
electrical instability or HF.
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4.1. Physiological Cardiac Changes in Pregnancy

Different physiological changes in the cardiovascular system occur during pregnancy.
The maternal blood volume increases significantly starting at around 6 weeks of gestation
and reaches a maximal volume by the 32 weeks period with a comprehensive increase
of 45% [21]. Furthermore, there is a comparable increase in cardiac output, which is
achieved by a rise in stroke volume, and later in pregnancy with an increase in heart rate.
The growth in plasma volume and cardiac output are triggered by vasodilation, which
occurs early in pregnancy due to hormonal influences. The above circulatory changes are
matched by an increase in the LV wall muscle and EDV, with end-systolic volume and
end-diastolic pressure that remain unchanged [21]. Overall, LV systolic function improves
early in pregnancy and progresses gradually until 20 weeks’ gestation due to LV afterload
reduction. Hemodynamic changes are fully reset after 6 months [22].

4.2. Pregnancy in Patients with ACM

Available data seem to indicate that in the majority of women with ACM the course of
pregnancy and postpartum are uneventful with regard to pregnancy-related mortality and
complications [23]. Depending on the number of patients enrolled in the study, individual
risk profile, and duration of follow-up, the rates of maternal death from all causes varied
from 0 to 4%. Moreover, the comparison of ACM patients who experienced a pregnancy
with nulliparous affected patients demonstrated no difference in clinical event rates and
acceleration of VA and HF, either during pregnancy or after childbirth, both early and long
after [9,24,25]. Thus, published data appears to prove that pregnancy does not constitute a
driving force for disease progression in ACM [23]. Furthermore, the number of pregnancies
appear to have no impact on the outcome and incidence of maternal complications [9].

4.3. Pregnancy in Patients with DCM

DCM is characterized by dilation and impaired contraction, primarily of the left
ventricle (LV). ALVC may overlap with DCM when LV dilation and systolic dysfunction
are present in both conditions. Further, CMR assessment has an important role in providing
a differential diagnosis of the extent of LV-LGE. Moreover, this predominantly affects the
inferolateral segments and is, also, significantly greater in ALVC [3]. Only a few studies
on the pregnancy outcomes of women with idiopathic DCM have been published so
far [26–29]. Having said that, pregnancy in asymptomatic or mildly symptomatic DCM
patients appears to be associated with a low risk of adverse maternal events. However,
pregnancy is poorly tolerated in some women with pre-existing DCM, with the potential for
significant deterioration in LV function. In addition, the predictors of maternal mortality are
found in the NYHA class III/IV as well as at EF <40%. Highly adverse risk factors include
EF <20%, the presence of mitral regurgitation, as well as RV failure and/or hypotension [30].
Furthermore, pregnant women with DCM experience more adverse events compared
to non-pregnant women [28,31], and this could be partially explained by the increased
hemodynamic challenge that occurs in pregnant patients and by the need to discontinue
ACE-inhibitors during pregnancy due to their teratogenic effects.

4.4. Pregnancy Outcome in Patients with ALVC

In our patients, pregnancies were well tolerated, and none experienced adverse events.
Nonetheless, it is important to underline that in our series LV systolic function was found
to be severely reduced before pregnancy (EF < 35%) in only 1 of the 16 women belonging
to the childbearing group, thus further data on a larger cohort are required for more
comprehensive knowledge. One patient showed an sVT episode two months after the third
pregnancy, however the same arrhythmic events also occurred two years later, thus a clear
relationship between sVT and pregnancy cannot be proved. Furthermore, pregnancies do
not seem to have a role on the degree of electrical instability, considering that the number
of patients with sVT, as well as age of patients at the time of arrhythmic episodes, did not
differ significantly in the two groups.
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4.5. Pregnancy Management in ALVC Patients

As in other cardiomyopathies, women with ALVC who wish to have a baby require a
pre-pregnancy risk assessment, counselling, and should be reviewed by a pregnancy heart
team with a cardiologist and a gynecologist. Considering the lack of data on pregnancy
tolerance in ALVC patients, we should also consider the existing data on DCM, which
demonstrate that the NYHA class III/IV and EF <40% are predictors of maternal mortality,
with highly adverse risk factors when EF <20%. Pre-pregnancy management should include
modification of the existing medications in order to avoid teratogenicity and to minimize
harm to the fetus. Even if the appropriate management strategy for ALVC is not completely
established, in the presence of LV dilation/dysfunction ACE-inhibitors and angiotensin
receptor blockers are frequently prescribed, as well as ARNI or mineralocorticoid receptor
inhibitors; these are contraindicated during pregnancy and should be discontinued prior to
conception, with close clinical and echocardiographic monitoring. Beta-adrenergic blocking
agents are generally safe in pregnancy even if they are associated with increased rates of
fetal growth restriction [30]. Flecainide has been safely used to treat maternal and fetal
arrhythmias; however, although rare, neonatal toxicity can occur [31]. Patients should
be monitored during pregnancy and postpartum with periodic cardiac evaluation with
ECG assessments, 2-D-echocardiogram tests, and 24-h Holter ECG evaluations, and close
cooperation with gynecologists. Additionally, if indicated, ICD implant is safe during
pregnancy [32,33].

4.6. Possible Role of Pregnancy in Disease Progression in ALVC Patients

As expected, at the time of evaluation, patients with previous pregnancies were
significantly older than nulliparous ones. Thus, considering that we are dealing with a
progressive myocardial disease, the specific role of pregnancies in disease progression is
difficult to estimate. Nonetheless, despite a significant age difference, the two groups of
patients did not differ significantly regarding LV dimensions and function, as well as in the
degree of electrical instability, thus suggesting the absence of a clear role of pregnancy in
disease progression.

5. Conclusions

Pregnancy in ALVC patients with normal or mildly reduced systolic function, and
without previous HF episodes, appear to be well tolerated and do not appear to have a
role in disease progression, either in terms of ventricular dilatation/dysfunction or in the
degree of electrical instability. Further studies on a larger cohort of patients with different
degrees of disease extent and genetic background are needed in order to achieve a more
comprehensive knowledge on the outcome of pregnancy in this disease.
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Abstract: Background: Takotsubo syndrome (TTS) is a unique type of reversible cardiomyopathy that
predominantly affects elderly women. The role of physical and emotional stress in the pathophysiol-
ogy of TTS is well established. However, the association between preceding emotional triggers and
clinical outcomes in stable patients has not yet been fully investigated. We aimed to investigate the
association between emotional triggers before symptom onset and clinical outcomes in stable patients
with TTS. Methods: This is a retrospective cohort study based on the data of patients with ICD-9
discharge diagnosis of TTS between 2017 and 2022. Patients were divided into two groups: with
and without obvious emotional trigger before symptom onset. Demographic, laboratory, echocardio-
graphic, and clinical outcomes were obtained and compared between the two groups. Results: We
included 86 patients (93% were women, mean age 68.8 ± 12.3 years). Of them, 64 (74.4%) reported an
emotional trigger before symptom onset. Patients with a previous emotional trigger had a longer
hospital stay (4.3 + 2.0 days vs. 3.0 + 1.4, p = 0.002) with no difference in in-hospital complications
(32.8% vs. 13.6%, p = 0.069), with no difference in 30-day mortality, readmissions, or recurrence rate
between the groups. Conclusions: Patients with TTS related to an emotional trigger may represent a
different population from patients without a preceding trigger by having more symptomatic disease
and longer hospital stay, yet with no difference in the 30-day outcomes.

Keywords: takotsubo; cardiomyopathy; trigger; stress; outcome

1. Introduction

Takotsubo syndrome (TTS), also known as stress cardiomyopathy or apical ballooning
syndrome, is a unique type of reversible cardiac dysfunction mediated by various neuro-
hormonal processes, often preceded by a physical or emotional trigger [1–3]. According to
previous studies, about two thirds of patients report a physical or mental trigger before
symptom onset [1–3]. Several echocardiographic patterns have been reported, with apical
ballooning being the most common variant [4]. The presentation of TTS often mimics
acute coronary syndrome (ACS) by sharing similar clinical and laboratory characteristics,
making the differentiation between the two conditions very challenging. In both condi-
tions, the patient presents with chest pain, ECG changes, elevated troponin, and wall
motion abnormality by echocardiography [5–7]. The underlying mechanism of TTS is
not fully understood, but several pathways, including catecholamine surge, epicardial
coronary spasm, microvascular dysfunction, and genetic predisposition are involved in the
pathogenesis of the disease [8–11]. Most patients are hemodynamically stable and exhibit
complete echocardiographic recovery of the cardiac function; however, fulminant course
with cardiogenic shock or intractable pulmonary edema may occur in rare cases [1,12].
Major complications include QT segment prolongation and ventricular arrhythmia, car-
diogenic shock, dynamic mitral regurgitation secondary to left ventricular (LV) outflow
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tract obstruction, and systemic embolism such as stroke or transient ischemic attack [1].
In one study, male sex, reduced LV function on admission, and acute neurologic events
were associated with less LV function recovery and subsequently with less favorable 1-year
outcomes [13]. It is now well established that long-term prognosis of TTS is comparable
to that of ACS [1]. In the current study, we aimed to compare the baseline characteristics
and the clinical outcomes of hemodynamically stable TTS, with and without an emotional
trigger before symptom onset.

2. Methods

2.1. Study Design and Population

In this retrospective cohort study, we included patients with ICD-9 diagnosis of takot-
subo syndrome on discharge between 2017 and 2022 in the cardiology department at Galilee
Medical Center. We included only cases of confirmed diagnosis of TTS. The diagnosis
was confirmed finally by a senior cardiologist according to the appropriate criteria based
on the clinical presentation, electrocardiographic changes, biomarkers, echocardiography,
and coronary angiography or CCT showing no obstructive coronary disease. Based on
history taking, we divided the cohort into two groups, patients with an obvious emotional
trigger before symptom onset (with trigger), and patients with confirmed TTS without any
identified trigger before hospitalization (without trigger).

2.2. Definitions

The revised Mayo Clinic diagnostic criteria are used when the diagnosis of TTS is
suspected, based on the following:

1. Transient dyskinesia of the left ventricular midsegment.
2. Regional wall motion abnormality, beyond single coronary artery.
3. Absence of obstructive coronary artery disease or acute plaque rupture.
4. New electrocardiographic abnormalities or modest troponin elevation.
5. Absence of pheochromocytoma and myocarditis.

In most cases, coronary angiography is performed to rule out obstructive coronary
artery disease, and a ventriculogram is performed for further confirmation of the diagnosis;
however, cardiac computed tomography (CCT) may also be used. CCT may be preferred
when another non-coronary condition is suspected, such as aortic dissection, or when the
patient is not interested in invasive angiography.

2.3. Data Collection

Baseline characteristics, laboratory, and echocardiographic data were obtained based
on the computerized files of the hospitalized patients. The presence or absence of an emo-
tional trigger was clearly identified in all patients based on history taking (repeat focused
history taking is usually performed after confirming the diagnosis). Electrocardiographic
changes were reported in the case of the following findings: ST-segment elevation or de-
pression, T-wave inversion, and QT segment prolongation. Maximal troponin, C reactive
protein (CRP), and white blood cells (WBC) are presented. High sensitivity troponin I (Hs-
TnI) level was measured using ARCHITECT assay (Abbott). Cut-off values for abnormal
hs-TnI levels were above 20 ng/L and 30 ng/L for men and women, respectively. The
patients were divided into two groups: with and without trigger based on the reported
history. Triggers were also classified by negative, positive, or other (related to surgery or
infection). Cases of “without trigger” were defined by ruling out any obvious trigger after
comprehensive investigation. In all cases of TTS, a physician reevaluated the patients with
a focus on identifying potential triggers.

2.4. Clinical Outcomes

Retrospectively, we included the following outcomes: length of stay of the index hos-
pitalization, TTS-related complications (including atrial fibrillation, pulmonary congestion,
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and non-sustained ventricular tachycardia), 30-day recurrence, and 30-day death. Clinical
outcomes were retrieved retrospectively based on the computerized files of the patients.

2.5. Statistical Analysis

Categorical variables are presented as percentages, while continuous variables are
presented as median with interquartile range (IQR) or mean with standard deviation (SD).
We used Fisher’s exact test and Chi square test to compare categorical variables between the
two groups. Independent sample t-test or Mann–Whitney tests were used for continuous
variables. The choice between those tests was made according to the distribution of the
data; the Mann–Whitney test was used when a significant deviation from the normal
distribution was found. To test the correlation between non-normal continuous variables
we used Spearman’s test. All tests were conducted at a two-sided overall 5% significance
level (α = 0.05). Multivariable logistic regression analysis and multivariable linear analysis
were performed to examine the correlation between the trigger and complications and
length of stay, respectively, adjusted to diabetes mellitus, neurological disease, and CRP.
Odds ratio (OR) with 95% confidence interval (CI) were presented. To estimate time to
recurrence, survival analysis was presented using the Kaplan–Meier method and Log-Rank
test for the invariable analysis and Cox-regression with Hazard ratio (HR) and 95% CI for
the multivariable analysis.

Statistical analysis was performed using R-IBM SPSS statistics (R-studio, V.4.0.3, Vi-
enna, Austria). The study was approved by the local ethical committee of Galilee Medical
Center.

3. Results

3.1. Baseline Characteristics

Among 86 patients with final diagnosis of TTS (93% female, mean age 68.8), 64 patients
(74.4%) reported an emotional stress before admission. Table 1 summarizes the clinical
characteristics and laboratory data of the study population.

Table 1. Baseline clinical characteristics and laboratory data of the study population.

n 86

Age (mean + SD) 68.8 + 12.3
Female (n, %) 80 (93)

Preceding trigger (n, %) 64 (74.4)
Tobacco use (n, %) 18 (20.9)

Diabetes Mellitus (n, %) 24 (27.9)
Hypertension (n, %) 55 (64)

Hyperlipidemia (n, %) 49 (57)
Psychological disease (n, %) 12 (14)
Neurological disease (n, %) 15 (17.4)

ECG changes (n, %) 51 (59.3)
SBP (mmHg, mean ± SD) 122.6 ± 25.7
DBP (mmHg, mean ± SD) 74.0 ± 15.5

Heart rate (bpm, mean ± SD) 80.2 ± 17.7
O2 saturation (mean ± SD) 95.3 ± 5.3
WBC (×109/L, mean ± SD) 10.5 ± 4.8
CRP [(mg/L), median, IQR] 17.4 (6.1, 40.1)

Hemoglobin (gr/dL, mean ± SD) 12.2 ± 1.6
Hs-TnI [(ng/L), median, IQR] 1922.5 (852, 5382.5)

Creatinine (mg/dL, mean ± SD) 0.9 ± 0.4

IQR, interquartile range; CRP, C-reactive protein; DBP, diastolic blood pressure; ECG,
electrocardiogram; Hs-TnI, high sensitivity troponin I; IQR, interquartile range; SBP, systolic
blood pressure; SD, standard deviation; WBC, white blood cells.
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Normal values: WBC (4.5–11.0); CRP (0.2–5.0); Hemoglobin (12.0–16.0); Hs-TnI
(<20 for female, <30 for males); Creatinine (0.5–1.2).

The classification of the various triggers is provided in Table 2.

Table 2. Classification of the various triggers.

Negative Stress 48 (75.0%)

Positive stress 3 (4.7%)

Post-surgery 6 (9.4%)

Stress related to work 4 (6.3%)

COVID-19 related 3 (4.7%)

Examples of negative stress include grief or stressful arguments; stress related to
work—the patient reported abrupt increase of required tasks; COVID-19, coronavirus
disease-2019. Positive triggers may include a wedding, or a promotion at work

Overall, there was no statistical difference between groups, though some imbalance in
proportions was present (e.g., for diabetes) (Table 3).

Table 3. Baseline characteristics in the two groups.

with Trigger
N = 64

without Trigger
N = 22

p Value

Age (years) 68.3 ± 11.9 70.1 ± 13.6 0.56
Female % 59 (92.2) 21 (95.5) 1

Tobacco use (n, %) 13 (20.3) 5 (22.7) 0.77
Diabetes Mellitus (n, %) 21 (32.8) 3 (13.6) 0.07

Hypertension (n, %) 43 (67.2) 12 (54.5) 0.31
Hyperlipidemia (n, %) 38 (59.4) 11 (50.0) 0.47

Psychological disease (n, %) 9 (14.1) 3 (13.6) 1
Neurological disease (n, %) 14 (21.9) 1 (4.5) 0.056

3.2. Clinical and Laboratory Parameters during the Index Hospitalization

During the index hospitalization, patients were monitored in the cardiology or cardiac
care units. Hemodynamic and laboratory parameters are shown in Table 4. Of note,
for patients in whom coronary angiography was not performed, coronary anatomy was
demonstrated by cardiac computed tomography.

Table 4. Hemodynamic and laboratory parameters in the two groups.

with Trigger
N = 64

without Trigger
N = 22

p Value

ECG changes (%) 62.5 50 0.325
SBP (mmHg, mean ± SD) 122.3 ± 26.9 123.5 ± 22.2 0.881
DBP (mmHg, mean ± SD) 72.5 ± 16.1 78.5 ± 13.1 0.118

Heart rate (bpm, mean ± SD) 82.2 ± 18.3 74.6 ± 14.4 0.058
O2 saturation (mean ± SD) 95.2 ± 5.8 95.5 ± 3.3 0.624
WBC (×109/L, mean ± SD) 10.7 ± 5.1 9.7 ± 3.7 0.793
CRP [(mg/L), median, IQR] 21.55 (7.93, 51.5) 9.55 (2.9, 25.25) 0.005

Hemoglobin (gr/dL, mean ± SD) 12.0 ± 1.6 12.9 ± 1.4 0.028
Hs-TnI [(ng/L), median, IQR] 2315 (889.75, 5790.5) 1232 (753.25, 4797.25) 0.252

Creatinine (mg/dL, mean ± SD) 0.92 ± 0.4 0.92 ± 0.4 0.939
LVEF (mean ± SD) 42 (38.5, 50.0) 40.5 (37.5, 51.25) 0.604

CRP, C-reactive protein; DBP, diastolic blood pressure; ECG, electrocardiogram; Hs-TnI, high sensitivity troponin
I; IQR, interquartile range; LVEF, left ventricular ejection fraction; SBP, systolic blood pressure; SD, standard
deviation; WBC, white blood cells. Normal values: WBC (4.5–11.0); CRP (0.2–5.0); Hemoglobin (12.0–16.0); Hs-TnI
(<20 for female, <30 for males); Creatinine (0.5–1.2).
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3.3. Outcomes

Overall, complications were reported in 27.9% of the study population (including
atrial fibrillation, pulmonary congestion, and non-sustained ventricular tachycardia), with
a trend for higher rates in the group with an emotional trigger, albeit it was not statistically
significant (p = 0.069). Although QT-segment prolongation was documented in more than
50% of the patients, no events of Torsades de pointes were reported. The length of stay
was significantly longer in the group with trigger before symptom onset. Beta-blockers
and angiotensin converting enzyme inhibitors are often used when there is evidence
of left ventricular dysfunction. Diuretic therapy was used in cases of volume overload.
The outcomes during the index hospitalization and during 1 month after discharge are
presented in Table 5.

Table 5. Outcomes during the index hospitalization and 30-day mortality.

with Trigger
N = 64

without Trigger
N = 22

p-Value

ICA (n, %) 51 (79.7) 21 (95.5) 0.074
Normal angiography (n, %) 40 (78.4) 18 (85.7) 0.47

Non-significant disease (n, %) 11 (21.6) 3 (14.3)
Length of stay (days, mean ± SD) 4.28 + 1.98 3.0 + 1.38 0.002

Complications (n, %) 21 (32.8) 3 (13.6) 0.069
QTC segment prolongation (n, %) 37 (57.8) 12 (54.5) 0.78

Use of medications
Beta blockers (n, %) 19 (29.7) 7 (31.8) 0.85

ACE inhibitors (n, %) 10 (15.6) 3 (13.6) 0.82
Furosemide (n, %) 15 (23.4) 5 (22.7) 0.94

Inotropic support (n, %) 0 0 N/A
Mechanical ventilation 0 0 N/A

Recurrence within five years (n, %) 5 (7.8) 2 (9) 0.84
30-day mortality (%) 0 0 N/A

30-day readmission (%) 1 0 N/A
ACE, Angiotensin-converting enzyme; ICA, invasive coronary angiography; N/A not applicable; SD, standard
deviation. Non-significant disease was defined as coronary artery stenosis ≤ 50%. Prolonged QTc was defined as
>450 msec for men and >470 msec for women.

In a multivariable regression model for the presence of trigger, diabetes mellitus (OR
0.63, 95% CI 0.2–1.96), neurological disease (OR 1.07, 95% CI 0.31–3.66), and CRP level
(OR 1.0, 95% CI 0.99–1.01) were not associated with increased in-hospital complications. In
linear regression adjusted to diabetes mellitus, neurological disease, and CRP level with
the length of stay, only CRP was associated with increased hospital stay (p = 0.42, p = 0.64,
and p = 0.003 respectively).

In univariable survival analysis (Log-Rank, Mantel Cox), triggers were not associated
with higher recurrence rate (p = 0.086), Similar results were obtained using the Cox regres-
sion model [HR 4.53, 95% CI 0.74–27.63, p = 0.101], also when the multivariable model
was adjusted to diabetes, neurological disease, and CRP level. The Kaplan–Meier curve is
presented in Figure 1.
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Figure 1. Kaplan–Meier curve for recurrence in the two groups.

3.4. Echocardiographic Follow Up

Forty-eight patients with reduced LV function (left ventricular ejection fraction (LVEF)
< 50%) had repeated echocardiography after discharge. Of them, 41 (85.4%) experienced
complete recovery of cardiac function (LVEF > 50%) within a range of 2–8 weeks, while a
residual cardiac dysfunction was observed in 7 (14.6%) of them. Of note, all patients with
residual cardiac dysfunction had an initial LVEF of 25% or less.

The flow diagram of the study is illustrated in Figure 2.

 

Figure 2. Flow diagram of the study.
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4. Discussion

The role of stress in the pathogenesis of TTS is well established. In the current study,
we aimed to compare the clinical outcomes of patients with TTS with and without a trigger
before symptoms onset. The length of stay was longer in the group with a preceding trigger,
probably driven by more prolonged symptoms. The impact of triggers on outcomes in
TTS has been evaluated in previous studies, and a clear association was demonstrated
between medical illness as the preceding trigger, and in-hospital mortality [2]. This associ-
ation probably reflects the impact of the underlying disease on outcomes rather than the
consequences of TTS. Some of the complications of TTS (such as arrhythmia and LVOT
obstruction) may be explained by the abrupt surge of catecholamines during the acute
phase of the disease [14–18]. Although there was no significant difference in the rate of
complications between the two groups in the current study, this may be attributed to the
small study population. We assume that all reported complications were related to TTS
itself, because we included patients with stable hemodynamic and respiratory parameters
without underlying severe illness during the index hospitalization, and without need for
respiratory or circulatory mechanical support. TTS is mistakenly considered a benign
condition, though the outcome is comparable to that of ACS. In the study by Templin et al.,
the mortality rate and major complications of patients with TTS were similar to those of
patients with ACS [1]. Previous studies showed that TTS triggered by illness is associated
with higher mortality rates in long-term follow up than acute coronary syndrome (ACS),
while emotional stress-related TTS had better outcomes [2,19,20]. Thus, a new classification
for prognostic purpose was proposed based on the preceding trigger [21]. It should be
noted that, in all the patients in the study, the presence or absence of an emotional trigger
was confirmed following a focused interview aimed at identifying possible triggers once
the diagnosis of TTS had been suspected. We cannot claim that TTS with an emotional
trigger represents a different disease with a different course and outcome because we
could not eliminate all potential confounders. Therefore, we can rather conclude that TTS
patients with a trigger may represent a different population from those presenting without
a preceding trigger, and this may in part explain the difference in the clinical course. In our
small study, the recurrence rate within five years was similar between the groups; however,
large cohort studies are needed to address this issue. Overall, we found no correlation
between the presence of an emotional trigger and short-term outcomes (30-day mortality
or recurrence).

Despite the small sample size, we believe that our study provides some new insights.
First, we included only patients with emotional triggers before symptom onset and

we excluded cases of TTS secondary to medical conditions that may mascaraed the course
of TTS by dictating the outcome of the patient. Therefore, we tried to isolate the role of
emotional stress in TTS and its implications on outcomes.

Second, we have provided 5-year outcomes. The relatively low recurrence rate that
was observed (regardless of triggers) may strengthen other previous studies [22]. Further,
studies including the measurement of catecholamines during the acute phase of different
types of TTS (with and without trigger) are warranted.

5. Study Limitations

Our study has several limitations. First, the level of natriuretic peptide was not
presented due to high missing values. Natriuretic peptide was shown in several studies as
being a leading prognostic biomarker in TTS, in addition to its diagnostic role. Second, our
small cohort exhibits a relatively stable course of the disease, with a relatively low rate of
severe complications. Third, we do not have the long-term outcomes.

6. Conclusions

Patients with TTS presenting with an emotional trigger before symptoms onset may
represent a different population from patients with TTS without a preceding trigger, char-
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acterized by a longer hospital stay without, however, a difference in 30-day mortality or
recurrence rate.
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Abstract: Background: Hypertrophic cardiomyopathy (HCM) is a complex disorder that includes
various phenotypes, leading to different manifestations. It also shares different disadvantages typical
of rare diseases, including limited recognition, lack of prospective studies assessing treatment, and
little or delayed access to advanced treatment options. Reliable data about the prevalence and natural
history of cardiomyopathies in South America are lacking. This study summarizes the features and
management of patients with HCM in a university hospital in Colombia. Methods: This was an
observational retrospective cohort study of patients with HCM between January 2010 and December
2021. Patient data were analyzed from an institutional cardiomyopathy registry. Demographic,
paraclinical, and outcome data were collected. Results: A total of 82 patients during the study period
were enrolled. Of these, 67.1% were male, and the mean age at diagnosis was 49 years. Approximately
83% were in NYHA functional class I and II, and the most reported symptoms were dyspnea (38%),
angina (20%), syncope (15%), and palpitations (11%). In addition, 89% had preserved left ventricular
ejection fraction (LVEF) with an asymmetric septal pattern in 65%. Five patients (6%) had alcohol
septal ablation and four (5%) had septal myectomy. One patient required heart transplantation
during follow-up. Sudden cardiovascular death was observed in 2.6%. The overall mortality during
follow-up was 7.3%. Conclusions: HCM is a complex and heterogeneous disorder that presents with
significant morbidity and mortality. Our registry provides comprehensive data on disease courses
and management in a developing country.

Keywords: cardiomyopathies; hypertrophic cardiomyopathy

1. Introduction

Cardiomyopathies are a heterogeneous group of disorders in which the heart muscle
is structurally and functionally abnormal in the absence of obstructive coronary artery
disease, hypertension, valvular disease, and congenital heart disease sufficient to explain
the observed myocardial abnormality [1,2]. The main phenotypes are dilated cardiomyopa-
thy (DCM), hypertrophic cardiomyopathy (HCM), restrictive cardiomyopathy (RCM), left
ventricular noncompaction (LVNC), and arrhythmogenic cardiomyopathy (ACM) [3]. In
general, cardiomyopathy is an important problem, as it is associated with sudden death in
young adults and is one of the main causes of heart transplantation.
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The incidence and prevalence of inherited cardiomyopathies have been derived from
screening studies and can vary by type and by geographic region. Reliable epidemiology of
cardiomyopathies is primarily accessible from developed nations where accurate prevalence
statistics based on the use of established diagnostic evaluations and criteria are collected [4,5].

HCM is a genetic disorder of cardiac myocytes characterized by unexplained cardiac
hypertrophy without the presence of other pathologies that increase loading conditions.
For a clinical diagnosis, a left ventricle (LV) wall thickness in diastole >15 mm must be
present or >13 mm if there is a family member with HCM. A disease prevalence of 1:250 to
500 for HCM in adults seems to be similar in all races, and disease expression usually
occurs in adolescents and young adults [4]. Unfortunately, South America lacks reliable
data about the prevalence and incidence of cardiomyopathies [6,7].

In relation to the information on hypertrophic cardiomyopathy in Latin America,
there are two studies, the first carried out in Argentina by Fernandez et al. in which they
evaluated prevalence, clinical course, and pathological findings of left ventricular systolic
impairment in patients with HCM [8] and the second in which Nilda Espínola-Zavaleta et al.
in Mexico evaluated the survival and clinical behavior of hypertrophic cardiomyopathy in
a cohort [9].

Cardiomyopathies are associated with high morbidity and mortality associated with
premature death from arrhythmia, progressive heart failure, or stroke [10]. Most informa-
tion about the presentation and natural history of cardiomyopathies has been derived from
cohort studies in Europe and North America [11–13]. Information about the clinical profile
and management of the disease at a national level is very limited.

This study summarizes the features and management of patients with HCM in a center
that provides highly complex health services in Colombia.

2. Methods

This is an observational retrospective cohort study of patients with HCM that are
included in the institutional cardiomyopathy registry (RIM) that have information on five
cardiomyopathy subtypes, DCM, HCM, LVNC, ARVC, and RCM, diagnosticated between
January 2010 and December 2021 in Fundación Valle del Lili in Cali, Colombia.

The patients with HCM had to meet the following criteria: evidence of left ventricular
hypertrophy with a wall thickness of ≥15 mm (or >13 mm if there is a family member
with HCM) in one or more myocardial segments in the absence of loading conditions, such
as hypertension or valve disease, documented by echocardiography or cardiac magnetic
resonance imaging (CMR) [14]. Eighty-two patients (27%) of the registry met the inclusion
criteria for HCM.

Information obtained from the database included demographics, clinical and para-
clinical comorbidities (NT-proBNP, Troponin, electrocardiogram), family history for HCM
or SCD, and pharmacological and non-pharmacological treatments. The comorbidities
evaluated were atrial fibrillation, stroke, diabetes mellitus, arterial hypertension, dyslipi-
demia, overweight, obesity, chronic kidney disease, hypothyroidism, and smoking. NYHA
functional class and symptoms, such as angina, dyspnea, palpitations, and syncope, were
recorded from the clinical history of admission.

Positive family history for HCM was defined as the documented presence of the disease
in a first-degree relative, whereas positive family history for sudden cardiac death (SCD) was
defined as the unexpected death of a first-degree relative younger than 40 years old. Cardiac
dimensions and function were based on echocardiographic and CMR measurements.

All included patients had at least one follow-up visit, and those visits varied in
timeframes for each patient. Atrial fibrillation and ventricular tachycardia (sustained
or not sustained) were diagnosed based on an electrocardiogram (ECG) or 24 h ECG
monitor recording or by an established history of the arrhythmias. Interpretations of the
12-lead electrocardiogram and 24 h ECG monitor were performed by a cardiologist or
electrophysiologist. The outcomes of the study were mortality by any cause during the
follow-up period, including SCD.
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Institutional echocardiograms were performed following the ASE guidelines [15].
Extra institutional echocardiograms could not be evaluated in relation to the performance
techniques used.

The baseline echocardiogram includes a screening assessment of ventricular function,
chamber sizes, left ventricular wall thicknesses, aortic root diameter, pericardial effusions,
and gross valvular structure and function, including an estimate of pulmonary arterial
systolic pressure using the peak tricuspid regurgitation velocity.

The highest end-diastolic wall thickness was measured in the parasternal long-axis
view and correlated with the same segment in the parasternal short-axis view, depending
on the MHC phenotype, to avoid overestimations in quantification. They were classified de-
pending on the location of the highest thickening and the number of segments involved in
asymmetric septal, concentric, and predominantly apical. A description of the echocardio-
graphic findings was made regarding the presence of primary mitral regurgitation, number,
and location of papillary muscles, presence of anterior systolic movement of the SAM
mitral valve, dynamic obstruction of the left ventricular outflow tract, or the presence of
significant midventricular gradient. Echocardiographic phenotypes can be seen in Figure 1.
Apical aneurysms and left ventricular thrombus were diagnosed by echocardiography
or CMR.

 

Figure 1. Echocardiographic and CMR images representing various phenotypic expressions of
hypertrophic cardiomyopathy (A,B) from a patient with septal asymmetric hypertrophy (white
double-headed arrows); (C) (CMR) and (D) in a patient with an apical HCM, which in systole pro-
duces a classic spade-shaped ventricular cavity (blue arrows); (E,F) in a concentric phenotype (yellow
double-headed arrows). CMR: magnetic resonance imaging; HCM: hypertrophic cardiomyopathy.

Most of the CMRs were performed in the institution, using either 1.5 or 3.0 Tesla CMR
scanners. LV measures of geometry and function were analyzed using standardized proto-
cols. The asymmetric LV wall thickness was measured using the maximal end-diastolic wall
thickness divided by the indexed LV end-diastolic volume (wall thickness/volume ratio),
a useful discriminator between wall thickening due to exercise, pathological thickening-
related HCM, or increased afterload conditions [14,15]. Myocardial T1 mapping was used
to assess for diffuse myocardial fibrosis.

The patient data and laboratory findings were collected from the institutional medical
records; each patient had an assigned ID number for confidentiality, and information was
stored in REDCap (Research Electronic Data Capture). The study protocol was approved
by the Institutional Review Board Ethics Committee of the Fundación Valle del Lili.

Statistical Analyses

A univariate descriptive analysis was performed. The normality of the continuous
variables was analyzed using the Shapiro–Wilk test, with a statistical significance level
of 5%. Variables that did not meet the normality assumption are presented as median
and interquartile range (RIC) and the remaining variables as mean and standard devia-
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tion. Qualitative variables are presented as absolute frequencies and percentages. Data
analysis was performed with the statistical software R V.4.2.1 (R Foundation for Statistical
Computing) through RStudio 2022.07.0+548.

3. Results

Three hundred-five patients with cardiomyopathies were enrolled in the registry. Most
patients had DCM (n = 199), followed by HCM (n = 82), LVNC (n = 11), ACM (n = 8), and
RCM (n = 5) (Figure 2). In this study, 82 patients with HCM met the inclusion criteria.
Baseline characteristics and outcomes are summarized in Table 1. The median age at
diagnosis was 49 years (IQR 38–61), and most patients were male (67%) Figure 3.

Figure 2. Flowchart describing patients in the study.

Table 1. Baseline characteristics and treatment.

Variable HCM (n = 82)

Age at clinical diagnosis, n
Median (IQR) 49.0 (37.5–61.0)

Gender, n
Male, n (%) 55 (67.1%)

Family history of cardiomyopathy, n, (%) 12 (25.0%)

Family history of cardiomyopathy by level of consanguinity, n
First degree, n (%) 8 (66.7%)

Second degree, n (%) 3 (25.0%)

NYHA functional class, n (%)
Class I 43 (59.7%)
Class II 17 (23.6%)
Class III 10 (13.9%)
Class IV 2 (2.8%)

Angina, n (%) 16 (19.5%)

Dyspnea, n (%) 31 (37.8%)

Palpitations, n (%) 9 (11.0%)

Syncope, n (%) 12 (14.6%)

Personal history and comorbidities, n (%)

Atrial fibrillation 11 (15.1%)

Stroke 7 (9.5%)

Diabetes mellitus type 2 9 (11.2%)
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Table 1. Cont.

Variable HCM (n = 82)

Arterial hypertension 24 (30.4%)

Dyslipidemia 17 (21.2%)

Overweight/Obesity 6 (7.6%)

Chronic kidney disease 3 (3.8%)

Hypothyroidism 7 (8.8%)

Smoking 9 (17.0%)

Pharmacologic treatment, n (%)

Beta-blockers 58 (85.3%)

Diuretics, oral 13 (19.1%)

ACE-inhibitors 1 (1.5%)

Angiotensin II receptor blockers 17 (25.0%)

Mineralocorticoid receptor antagonists 7 (10.3%)

Calcium channel blockers 19 (27.9%)

Acetylsalicylic acid 8 (11.8%)

SGLT2 inhibitors 1 (1.5%)

ARNI 2 (2.9%)

Statins 13 (19.1%)

Oral anticoagulants 14 (20.5%)
Vitamin K antagonists 4 (5.9%)

Apixaban 5 (7.4%)
Rivaroxaban 4 (5.9%)

Non-specified 1 (1.5%)

Non-pharmacological treatment n (%)

Angiography 7 (19.4%)

Alcohol septal ablation 5 (6.1%)

Septal myectomy 4 (4.9%)

Ventricular assist device 1 (1.3%)

Cardiac resynchronization therapy 2 (2.4%)

Implantable cardioverter-defibrillators 29 (35.4%)
NYHA: New York Heart Association; ACE: angiotensin-converting enzyme); SGLT-2: sodium-glucose
cotransporter-2; ARNI: angiotensin receptor/neprilysin inhibitor.

Figure 3. Age at the time of diagnosis.
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The most frequent comorbidities were hypertension (30%), dyslipidemia (21%), atrial
fibrillation (15%), type 2 diabetes mellitus (11%), stroke (9.5%), overweight or obesity (8%),
hypothyroidism (8%), and chronic kidney disease (4%). Approximately 25% of the patients
reported a family history of cardiomyopathy of which 67% were first-degree relatives, and
26% reported a history of sudden cardiac death (SCD) in any family member.

At enrollment, 60 patients (83%) were in the New York Heart Association (NYHA) I-II
functional class. The most common symptoms were dyspnea (38%), angina (20%), syncope
(15%), and palpitations (11%). Approximately 58% of the patients had an electrocardiogram
record; the most frequent finding was atrial fibrillation (AF) in 12.5% and ventricular
hypertrophy in only 8%. The NT-proBNP was measured in only 11 patients (13%), with a
value > 1.200 pg/mL in 54.5% of the cases (negative if 125 pg/mL).

Table 1 describes pharmacologic and nonpharmacologic treatment before enroll-
ment. Beta-blockers were the most frequently prescribed treatment (85%), followed
by angiotensin-converting enzyme inhibitors (ACEi) and angiotensin II receptor block-
ers (ARBs) (26.5%). Sodium-glucose cotransporter-2 (SGLT-2) inhibitors were used in
1.5% of patients and angiotensin receptor-neprilysin inhibitors (ARNI) in 2.9%. For non-
pharmacological therapy, the use of an implantable cardioverter-defibrillator was reported
in 29 patients (35%); five patients (6%) underwent alcohol septal ablation; and four patients
(5%) underwent septal myectomy.

The echocardiographic characteristics are described in Table 2. Most patients had
a preserved ejection fraction (89%). Atrial dilatation > 34 mL/m2 was documented in
45 patients (85%), and resting or provoked left ventricular outflow obstruction (LVOTO)
with a gradient > 30 mmHg was present in 29 (52.7%) patients. Systolic anterior motion
(SAM) of the mitral valve was present in 21 (47.7%) patients. The most common pattern was
asymmetric septal hypertrophy in 37 (64.9%) patients, followed by concentric hypertrophy
in 16 (28.1%) and only four (7%) patients with a predominantly apical pattern. One patient
had a left ventricular thrombus, and none had an apical aneurysm formation.

Table 2. Echocardiographic Characteristics.

Variable, n (%) HCM (n = 82)

Ejection fraction n = 73
Reduced (<40%) 4 (5.8%)

Slightly reduced (40–49%) 4 (5.8%)
Preserved (>50%) 65 (89%)

Global longitudinal strain, median (IQR) −13.4 (−18.1, −11.7)

Wall diameters
Abnormal interventricular septum (>9 mm female; >10 mm male) 63 (100%)

Abnormal posterior wall (>9 mm female; >10 mm male) 36 (76.6%)

HCM subtype according to LV hypertrophy pattern
Asymmetric septal 37 (64.9%)

Concentric 16 (28.1%)
Predominantly apical 4 (7.0%)

No data 25/82 (30.5%)

Left atrial volume indexed 53 (65.4%)
Normal: 16 to 34 mL/m2 8 (15.1%)

Slightly abnormal: 35 to 41 mL/m2 20 (37.7%)
Moderately abnormal: 42 to 48 mL/m2 9 (17.0%)

Severely abnormal: >48 mL/m2 16 (30.2%)

E/A ratio
Normal (0.8–2) 20 (69%)
Abnormal (>2) 9 (31.0%)
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Table 2. Cont.

Variable, n (%) HCM (n = 82)

Right atrial area
Normal ≤19 cm2 23(57.5%)

Abnormal >19 cm2 17(42.5%)

TAPSE
Normal >17 32 (91.4%)

Decreased <17 3 (8.6%)

S’ wave
Normal 18 (78.3%)

Abnormal 5 (21.7%)

Valvular heart disease
Mitral regurgitation 43 (52.4%)
Aortic insufficiency 6 (7.3%)

Tricuspid insufficiency 34 (41.5%)
Aortic stenosis 4 (4.9%)
Mitral stenosis 0 (0.0%)

LV outflow tract gradient
Normal 15 (27.3%)

<30 mmHg 11 (20.0%)
30–49 mmHg 8 (14.5%)
>50 mmHg 21 (38.2%)
Unreported 27/82 (32.9%)

SAM 21 (47.7%)

Pericardial effusion 2 (3.7%)
Asymmetric septal hypertrophy is considered when there is a pattern of septal thickness with the free LV
wall >1.3/1.0. TAPSE: acronym for measurement of the tricuspid ring systolic excursion; LV: left ventricle;
SAM: acronym for systolic anterior motion of the mitral valve.

CMR was performed on 34% of the patients. The predominant pattern was also
asymmetric septal hypertrophy in 64%, concentric hypertrophy in 7.4%, and apical hy-
pertrophy in 14.8%. SAM was present in five (22.7%) patients. Wall thickness/volume
ratio > 0.15 mm × m2 × mL (−1) was present in all patients.

Targeted sequencing of HCM genes and defining pathogenic variants was performed
only in three patients who were sequenced using Illumina MiSeq (v2 kit) or NextSeq
500 (Mid Output v2 kit). The variants of genes encoded were TTN, TNNI3, and TTR.

During follow-up, heart transplantation was performed in one patient. SCD was
observed in 2.6%. A history of AF was recorded in 22% of patients, and eight (10.7%)
patients had an episode of sustained ventricular tachycardia. Eight patients were hospital-
ized during this period due to heart failure. The overall mortality during follow-up was
7.3% (six patients).

4. Discussion

This study provides a detailed contemporary assessment of the clinical profile, manage-
ment strategies, and outcomes of HCM in a Latin American center. The clinical spectrum of
HCM is complex and includes a variety of phenotypes, leading to different manifestations.

The most common type of LV hypertrophy was asymmetrical (64.9%), followed by
concentric (28.1%) and apical (7.0%), with a similar trend to other studies [16]. Apical
hypertrophic cardiomyopathy (AHCM) is a rare form of HCM that usually involves the
left ventricle’s apex and is also known as Yamaguchi syndrome. Asian countries exhibit
the highest prevalence of AHCM. Historically, this condition was thought to be confined to
this population, but it is also found in other populations [17]. The prevalence of AHCM
in China is reported to be as high as 41% and more than 15% in Japan, whereas in the
USA, the prevalence is 1–3% [18]. In our study, AHCM was relatively common (7%), in
Latin America; there are few studies evaluating the frequency of the disease as well as the
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predominant phenotypic expression. In 2015, Nilda Espinola-Zavaleta et al. reported a
cohort of 77 Mexican patients with HCM, finding that 11% had an apical phenotype and this
was associated with poorer survival [9]. In this sense, more studies are needed to determine
the outcomes in this subgroup since in series from other regions of the world, such as
Asian populations, apical HCM is an atypical phenotype and usually has an apparently
benign course.

LVOTO is described in the literature with a prevalence near 70%, addressing the
importance of provocation maneuvers that augment the gradient to >30 mmHg in more
than half of the patients with low gradients at rest [19,20]. Our LVOTO had a prevalence
of only 52.7%, but considering the type of study, we cannot assure all gradients were
evaluated in resting and provoked conditions with either Valsalva maneuvers or stress
echocardiography, also taking into consideration that this variable is highly dynamic and
influenced by factors that alter cardiac contractility and loading conditions.

Most patients received medical treatment. The proportion of patients on diuretics
and ARBs was high although most of the patients had preserved LVEF; 30% had arterial
hypertension. Current U.S. and European guidelines recommend ACEi and ARBs as a
suitable first choice for hypertension treatment together with calcium channel blockers and
thiazide diuretics [21]. Alcohol septal reduction (ASA) therapy was performed in 8% of our
cohort, and 4.9% had a surgical septal myectomy. In adult patients with obstructive HCM
who remain severely symptomatic despite medical treatment, septal reduction therapies
are indicated. Even though recent studies keep showing better outcomes with septal
myectomy in eligible patients in whom surgery is contraindicated or the risk is considered
unacceptable because of comorbidities or advanced age, ASA is an option in experienced
centers [22]. Despite these recommendations, 43% of United States patients undergo ASA
instead of myectomy, and these numbers are known to be even higher in Europe [23,24]. In
our center, the use of these techniques is still low.

Atrial fibrillation was the most common arrhythmia, recorded in 22% during the
study follow-up, similar to what the evidence states where AF is present in 25–53%, with
an annual incidence of 4%/year contributing to a decreased quality of life and risk of
systemic thromboembolism [22,25,26]. These patients do not tolerate losing the atrial
kick in addition to the frequent diastolic dysfunction; therefore, aggressive rate control or
restoration of sinus rhythm is crucial. In this setting, oral anticoagulation is mandatory
(unless contraindicated) for patients with HCM irrespective of risk-scoring systems due to
the higher risk of thromboembolism [27].

Cardiovascular mortality in these patients is most frequently due to HF, followed by
SCD and stroke-related death. During follow-up, six patients (7.3%) died. These data are
comparable to previous studies [11,12]. Mortality varies according to the genotype; patients
with sarcomeric HCM are diagnosed earlier in life and have the worst prognosis [28]; also in
addition, women tend to be diagnosed later in life, with more symptomatic heart failure and a
higher mortality rate. Ventricular arrhythmias and SCD were presented in 10.7% and 2.4% of
patients, respectively, the latter with reported annual rates of approximately 0.5–1% [29].

In the study by Fernandez et al. in which they evaluated patients with hypertrophic
cardiomyopathy and left ventricular systolic impairment (ILVSF), it was found that during
follow-up, 14 patients (58%) with ILVSF reached the combined end point (one patient
[4.2%] died from heart failure and thirteen [54%] underwent heart transplant) compared
to three patients (0.8%) with normal systolic function (p = 0.001) [8]. In our cohort, the
rate of these outcomes is not high, probably because most of the patients had a preserved
ejection fraction.

HCM has predominantly been considered an autosomal dominant genetic disease,
although de novo mutations explain some cases and, less frequently, autosomal recessive
heredity. The genetic study may play a role in stratifying the prognosis of HCM patients.
Genetic testing was only performed on three patients. The 2018 Heart Failure Society of
America guideline on cardiomyopathies recommends genetic counseling for all patients
with cardiomyopathy and their family members and that genetic testing should be offered
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to all patients diagnosed with all recognized forms of cardiomyopathy [30]. Our study has
patients evaluated since 2010. The genetic tests in our country at that time were limited,
and currently, access to these tests is still difficult due to the cost.

HCM is caused by a variety of mutations in genes encoding contractile proteins of
the cardiac sarcomere, especially in cardiac myosin heavy chain beta (MYH7), myosin
binding protein C (MYBPC3), and cardiac troponin T (TNNT2). To date, over 700 indi-
vidual mutations have been identified [31]. With respect to specific genes in our study,
pathogenic TTR variants are rare in carefully assessed HCM patients and may occur in
double heterozygosity with pathogenic sarcomere variants [32]. About 2–7% of familial
cardiomyopathy cases are caused by a mutation in the gene encoding cardiac troponin
I (TNNI3). A. van den Wijngaard et al. described in their study the majority of Dutch
TNNI3 mutations were associated with a HCM phenotype [33]. One patient had TTN
mutation. While TTN truncation mutations are common in DCM, there is evidence that
TTN truncations are rare in the HCM phenotype, with a frequency similar to control popu-
lations [34]. Using high-throughout sequencing in 142 HCM probands, Lopes et al. found
219 TTN rare variants with 209 being novel missense variants [35]. However, this cohort of
individuals potentially had a sarcomeric gene mutation that likely caused HCM, and the
actual pathogenic role of these TTN variants is unknown.

Several limitations should be considered when interpreting our data, including the
retrospective cohort design, which is more susceptible to the effects of confounding and
bias, and the fact that it is a single-institution study. We think that dilated cardiomyopathy
is more common than HCM because our hospital is a center for patients with advanced
heart failure; this could account for the low frequency of HCM and add extra selection bias
to the population. Due to the observational nature of this study, we cannot exclude the
presence of infiltrative cardiomyopathies, such as amyloidosis, sarcoidosis, Fabry disease,
and Dannon disease.

Future studies, providing complete clinical information in combination with family
history, echocardiographic and CMR parameters, and genetic testing would better clarify
and characterize the HCM phenotype. A register of HCM patients should be established
through multicenter efforts to identify the unique characteristics of this illness in Latin
America and contribute to the reduction of morbidity and mortality in this population.

5. Conclusions

HCM is a complex and heterogeneous disorder, presenting significant morbidity
and mortality. This registry provides comprehensive data on the disease course and
management in a developing country.
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