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Preface

The World Health Organization, in defining cardiomyopathy, recognizes that ven-
tricular dysfunction can result from volume and/or pressure overload in valve disease
or to control hypertension. Severe ventricular dysfunction can also be the result of
coronary artery disease with subsequent loss of viable myocardium. These conditions
are what define specific cardiomyopathies, however, there are several intrinsic disor-
ders of the myocardium itself that can lead to different types of cardiomyopathies.

This book highlights some of the unique types of cardiomyopathies. It starts with a
brief introduction in Chapter 1 highlighting the peculiar features of the pump func-
tion of the heart, followed by a review of metabolic syndromes and cardiomyopathy
that is included in two chapters. Chapter 2 discusses the biomarkers of metabolic
syndrome and Chapter 3 is a review of the effects of diabetes mellitus on the conduc-
tion system of the heart.

Chapter 4 highlights the surgical perspectives of left ventricular septal myectomy
along with the various tips and pitfalls of the technique. Chapter 5 is a review of
cardiac amyloidosis as an example of infiltrative cardiomyopathies. Chapter 6 dis-
cusses pediatric cardiomyopathies. The final section includes four additional chapters
that highlight some miscellaneous topics related to cardiomyopathies. Chapter 2
examines imaging modalities for Takotsubo cardiomyopathy, while Chapter 8 reviews
the effects of stimulants on the heart and the countereffect that beta-blockers may
have. Chapters 8 and 9 discuss left ventricular non-compaction. Finally, Chapter 10
presents a discussion about the long-term effects of COVID-19 on the cardiovascular
system.

I am very grateful to all the contributing authors for their excellent chapters, as well as
the editorial staff at IntechOpen.

Sameh M. Said, MBBCh, MD, FACC, FACS
Professor of Surgery and Pediatrics,

New York Medical College,

Valhalla, New York, USA

Chief,

Division of Pediatric and Adult Congenital Cardiac Surgery,
Maria Fareri Children’s Hospital,

Valhalla, New York, USA

Westchester Medical Center,
Valhalla, New York, USA
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Chapter1

Peculiar Features of the Pumping
Function of the Heart in Three
Types of Cardiomyopathy of

Various Genesis

Valeri Kapelko

Abstract

The review considers changes in the pumping and contractile function of the
heart in three types of cardiomyopathies. Isoproterenol cardiomyopathy is closest
to ischemic cardiomyopathy, which is most commonly observed in the clinic.
Cardiomyopathy caused by chronic administration of doxorubicin represents the
closest to the clinic variant of toxic cardiomyopathy. Diabetic cardiomyopathy is
increasingly common in our time; the review will consider information about type 1
diabetes. The greatest attention in the review is paid to diastolic dysfunction of the
heart, the main causes of its occurrence and compensatory mechanisms are analyzed.
The earliest changes in diastolic dysfunction in these types of cardiomyopathies are a
slowdown in myocardial relaxation and endothelial dysfunction. Information is given
showing that the basis of delayed relaxation is two reasons—impaired transport of
Ca'" in cardiomyocytes and altered properties of connectin (titin). The ability of mito-
chondrial oriented antioxidants to prevent cardiac dysfunction caused by doxorubicin
has been demonstrated.

Keywords: heart, myocardium, diastolic dysfunction, contractility, relaxability,
distensibility, contractile function, Ca'* transport, connectin (titin), isoproterenol,
doxorubicin, diabetes, vascular tone

1. Introduction

Chronic heart failure (CHF) is the end result of many diseases of the circulatory
system. Cardiomyopathy, defined as primary myocardial weakness, is one of the
common causes of CHF. Its etiology is very diverse—it can occur due to ischemia,
impaired energy formation due to the action of toxic factors, hypertension, diabetes,
genetic defects associated with impaired synthesis of myofibrillar proteins, and other
factors. Despite the commonality of the final effect, each type of cardiomyopathy has
its own special features due to specifics of damaging factors. Consideration of this
specificity is the subject of this review, which will mainly present the works of the
author’ team on the study of the myocardial contractile function and arterial tone
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in three types of cardiomyopathy. Adrenomimetic isoproterenol in high doses causes
ischemic micronecroses of the myocardium, the antibiotic doxorubicin, effective in
oncology, selectively damages the function of myocardial mitochondria, and another
antibiotic streptozotocin, which damages insulin production and deprives cardiomyo-
cytes of the ability to use glucose to the desired extent.

All experiments have been carried out in male Wistar rats aged 4—6 months
accordingly to the principles of the 2000 declaration of Helsinki and the 1985
International Guiding Principles for Biomedical Research Involving Animals (1985).
Results are represented as M+SE.

2. Isoproterenol cardiomyopathy

Cardiomyopathy caused by chronic myocardial ischemia occurs most often in the
clinic. Studying the pathogenesis of this cardiomyopathy requires an adequate model,
which has not yet been created. The model of cardiac ischemia caused by isoproter-
enol, a nonselective agonist of myocardial beta-adrenergic receptors, is considered a
classic model for studying the cardioprotective effect of various compounds [1]. This
model was proposed by Rona more than half a century ago, and its main consequence
was multiple micronecroses of the myocardium. Subsequent studies have shown the
multifactorial genesis of these changes — a violation of microcirculation with the
development of local zones of ischemia, the effect of catecholamine oxidation prod-
ucts [2], and the overload of cardiomyocytes with Ca** ions with the development of
local cardiomyocyte contractures [3]. Within 2—4 weeks, cardiomyopathy occurs with
lower ejection fraction [4, 5].

However, insufficient attention was paid to the study of the pumping and contrac-
tile function of the heart in this pathology. In this regard, we conducted a comprehen-
sive study of the action of isoproterenol in various doses, from 85 to 180 mg/kg [6]. The
contractile function of the heart was investigated using echocardiography (iE33, Philips
Ultrasound, Bothell WA, USA) using the S12-4 sensor (12-4 MHz) and catheterization
of the left ventricle (LV) using the Millar precision micromanometer inserted through
the carotid artery (SciSense Instruments, Canada) and the strain gauge amplifier Hugo
Sachs Elektronik (Germany). Traditional contractility indicators were measured — LV
maximal pressure development rate (+dP/dtmax) and the contractility index (+dP/
dtmax/P — pressure at the time of reaching the maximum +dP/dt). To characterize the
relaxation process, the maximum rate of pressure fall (— dP/dtmin) was used, as well
as the time constant of isovolumic relaxation [7]. In total, 4 series of experiments were
performed, in which isoproterenol in various doses was administered twice at a daily
interval. Mortality in these series ranged from 15 to 40%. The use of isoproterenol,
even in a minimal dose (85 mg/kg twice), caused mosaic changes in cardiomyocytes,
characterizing diffuse micronecroses of the myocardium. Extensive infiltration by
cellular elements and fibroblasts, the organizers of fibrosis was noted [6].

Surviving animals and controls were examined after 2 weeks using echocardiog-
raphy. In a series of experiments using a cumulative dose of 240 mg/kg, both the
cardiac output and LV ejection fraction differed slightly from the control values, but
the use of a cumulative dose of 300 mg/kg was accompanied by decreased ejection
fraction from 84 + 1% to 72 + 3% (p < 0.01). This was combined with increased LV
end-diastolic volume from 0.84 + 0.05to 1.1 + 0.1 (p < 0.05). The heart rate and the
thickness of posterior LV wall in diastole and systole did not change, but the structure
of the cardiocycle was changed — the duration of isometric phases increased from
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21+ 1.0% to 26 + 1.4% (+26%, p < 0.01), and the duration of the period of LV filling
decreased from 36 + 1.1% to 31 + 1.1% (— 14%, p < 0.05).

Isoproterenol in a dose of 240 mg/kg did not violate the cardiac hemodynamics
and LV contractility but was accompanied by a significant, almost twice, slowdown
in myocardial relaxation — the time constant of isovolumic relaxation increased from
6.3+ 0.8t012.3+1.8s™" (p < 0.05). But at a dose of 360 mg/kg, delayed myocardial
relaxation was combined with decreased myocardial contractility index by 20%. As
aresult of the deterioration of myocardial contractility and relaxation, the LV end-
diastolic pressure was clearly increased from 3 + 1to 9 + 2 mm Hg (p < 0.05).

These results, characterizing the dose-dependent occurrence of diastolic and
systolic dysfunction after the isoproterenol administration, have been obtained earlier
[8] and confirmed recently [9]. Echocardiography of the heart of mice revealed the
development of diastolic dysfunction after administration of isoproterenol at a dose of
150 mg/kg and systolic dysfunction after administration of higher doses.

The reasons for CHF development at high doses of isoproterenol are obviously due
to the development of oxidative stress that occurs in the myocardium with prolonged
action of isoproterenol [10]. A slowdown in myocardial relaxation occurred within
3—7 days after the administration of isoproterenol, but cardiac work [5] or the pres-
sure developed by isolated heart remained unchanged [11]. In this case, the authors
found a significant decrease in the expression of proteins involved in calcium trans-
port—Ca’" -ATPase of the sarcoplasmic reticulum (SR) and phospholamban, as well
as Na'-K"-ATPase. These data suggested that calcium transport in cardiomyocytes at
higher doses of isoproterenol should be disturbed. This assumption was confirmed in
our experiments in cardiomyocytes isolated from rat hearts [6].

The intracellular free Ca’* level was measured using fluorescent Ca** indicator Fluo-4
(Invitrogen F-14201), and the signal was recorded using a high-speed digital camera
AxioCam HS (Zeiss). To excite the cells, electrical stimulation was used with a rate of 1 Hz
and a voltage of 38 V for 10 seconds. In cardiomyocytes from hearts of rats that received
isoproterenol, various forms of Ca*" signal distortion have been observed — either with
an unchanged rhythm of contractions but elevation of Ca** diastolic level with steadily
decreased magnitude of subsequent peaks or with a decreased number of signals and
the appearance of additional peaks, reflecting a slowdown in Ca** excretion from myco-
plasma. At the same time, the ascending arm of the signal (an increase in myoplasmic
Ca'’, reflecting the work of calcium channels) was less altered, but the peak amplitude
decreased by about 1.4 times. Thus, judging by the nature of altered calcium peaks, the
process of Ca"* removal from the mycoplasma suffered predominantly, while the process
of Ca" entry into the mycoplasma was less disturbed.

These results can briefly be summarized in the form of three main points: 1) when
using smaller isoproterenol dosages, the diastolic dysfunction arose, manifested by
arelaxation slowdown and increased LV end-diastolic pressure; 2) at using higher
isoproterenol dosages, the systolic dysfunction arose, manifested by decreased LV ejec-
tion fraction and LV cavity dilatation; and 3) in all series, regardless of isoproterenol
dosage, the myocardial relaxation suffered to a greater extent than contractility, and it
has been based on weakened ability of cardiomyocytes to remove Ca** from myofibrils.

3. Doxorubicin cardiomyopathy

Anthracycline cardiomyopathy is a frequent complication of the treatment of
cancer patients. The most effective representative of this group is doxorubicin. This
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type of cardiomyopathy is characterized by the same symptom complex in humans
and animals [12, 13], manifested in the form of LV systolic dysfunction and CHF with
decreased LV ejection fraction and animal survival [14].

According to most researchers, the damaging effect of doxorubicin is realized
by activating free radical oxidation [15, 16]. Mitochondria, characterized by a high
intensity of oxidative processes, are the main cellular target of doxorubicin [16-18].
The abundance of unsaturated fatty acids in the inner membrane of mitochondria
favors peroxidation with disruption of the electronic transport chain [19]. Using
laser-scanning confocal microscopy with oxidation-sensitive fluorescent tag, it has
been shown that the addition of doxorubicin (40-160 pM) to the cardiomyocyte incu-
bation medium enhances oxidative reactions near mitochondria [17]. An increased
vulnerability of myocardial mitochondria compared to liver mitochondria is due to
the fact that cardiac mitochondria contain a large amount of cardiolipin, which has
an increased affinity for doxorubicin [20]. Mitochondrial dysfunction is observed
even at nanomolar concentrations of doxorubicin [21] — the formation of superoxide
increases rapidly with the subsequent release of cytochrome “c”, especially in the pres-
ence of aglycone derivatives of doxorubicin [18], later the synthesis of ATP and Ca**
transport are disturbed [22]. The biochemical study of mitochondria in skinned fibers
after 2 weeks of doxorubicin injection revealed unchanged maximal level of oxygen
consumption, but lower respiratory index by 30% and apparent affinity constant for
ADP by 35% suggesting an increased permeability of mitochondrial membranes [23].

3.1 Studies in vivo

In recent years, we have tried to trace changes in the cardiodynamics and LV
contractile function at various times after doxorubicin administration (2 mg/kg).
Invasive study of the cardiac contractile function was performed using a standard
PV catheter FTH-1912B-8018 and an ADV500 amplifier (Transonic, Canada), as
well as the PowerLab 4/35 ADC with the LabChart 8.1 program (ADInstruments,
Australia), which automatically calculated more than 20 parameters of the contractile
function. Initially, experiments were performed, in which the cardiac function was
studied after 8 weekly injections of doxorubicin (cumulative dose of 16 mg/kg). After
10 weeks, the mortality rate was 27% [24].

According to the results of echocardiography (n = 59), a clear decrease in LV
ejection fraction was found in 54%, boundary values in 26%, and no changes in 20%.
Experiments with catheterization of LV and aorta, performed after 9—13 weeks,
showed a progressive diminution in LV contractility index, LV + dP/dt, and an exten-
sion of time to its peak by 1.5 times. A slowdown in LV relaxation was altered to even
greater extent, the time constant of isovolumic relaxation was more than doubled.
There was a progressive decrease in the heart rate and blood pressure, and respec-
tively, LV systolic pressure decreased and LV diastolic pressure increased. Thus, the
progressive deterioration of myocardial contractility and systolic dysfunction devel-
opment was partially compensated by lower peripheral resistance and prolongation of
the diastolic pause.

In the next series of experiments (n = 20), only 4 injections of doxorubicin were
used to reduce the degree of damage [25]. In echocardiographic study performed
4 weeks after the start of administration, 73% of rats had diastolic dysfunction, and
27% had systolic dysfunction, but after another 4 weeks, during which doxorubicin
was not administered, the ratio of rats with diastolic and systolic dysfunction changed
in the opposite direction of 43: 57%. In 7 experiments of the last series, after 8 weeks,
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it was possible to trace changes in LV ejection fraction — after 4 weeks it was 76 + 2%,
and after 8 weeks it decreased to 57 + 4% (p < 0.01). Rats with systolic dysfunction
had the same signs of CHF—reduced myocardial contractility and relaxation, lower
heart rate, LV systolic pressure, and heart function. Nevertheless, the cardiac output
per unit of body weight was within the normal range. An important factor facilitating
the LV ejection was a diminution of average aortic pressure to 94 + 8 mmHg from the
control level of 116 + 4 mmHg, as well as a decrease in arterial elasticity index by 35%.
The group of rats with normal ejection fraction was characterized by the same signs,
including delayed relaxation, but they had LV contractility index and the maximum
rate of pressure development at a normal level, while the relaxation time constant was
significantly increased by 15%, as well as LV end-diastolic pressure from 2.4 + 1.3 to
6.6 + 1.0 mmHg (p < 0.05).

The measurement of energy metabolism in the myocardium of rats with systolic
dysfunction in situ [26] showed a constant content of ATP and the number of adenine
nucleotides, but a significant decrease in phosphocreatine content from 274 + 0.3
to 16.4 + 4.7 pmol/g. Accordingly, the phosphocreatine/ATP ratio was reduced from
2.01+0.12t01.26 + 0.21 (—37%, p < 0.05). It is thought that a low FCr/ATP ratio may
be a predictor of cardiovascular disease mortality [27]. It should also be noted that
alarge increase in the myocardial lactate content from 1.7 + 0.4 to 12.0 + 1.8 pmol/g
(p < 0.01) indicates a significant activation of anaerobic glycolysis. In rats with dia-
stolic dysfunction, the contents of ATP and phosphocreatine were close to the control
values. However, there was a significant increase in lactate compared to controls
(20.0 + 4.6 and 3.6 + 0.8 pmol/L, respectively, p < 0.05), indicating significant activa-
tion of anaerobic glycolysis.

The results of this series showed that the formation of systolic dysfunction with
decreased LV ejection fraction passes through the phase of diastolic dysfunction.
Delayed myocardial relaxation is an indispensable sign of both diastolic and systolic
dysfunction. Two reasons may underlie the delayed relaxation — a weakened absorp-
tion of Ca** ions, which activated the act of myofibrillar contraction, in the structures
of the sarcoplasmic reticulum (SR) and a change in the elastic properties of connectin
(titin).

Experiments with the registration of calcium signals in isolated cardiomyocytes
showed changes similar to those observed under the action of isoproterenol — the
cleavage of signals with the formation of a delayed Ca** recession. These data are
consistent with the results of the study of the myocardium of patients with dilated
cardiomyopathy, they showed a significantly reduced expression of SERCA2a not only
in relation to the total protein but also in relation to the ryanodine receptor [28]. This
means that in systolic dysfunction, the process of Ca"* absorption into sarcoplasmic
reticulum suffers to a greater extent than Ca’" release from the reticulum.

A delayed relaxation may also be associated with a change in the properties of
connectin (titin), the largest protein not only in cardiomyocytes but also in the body
[29, 30]. It is known that within the sarcomere, one end of connectin is associated
with myosin in A-disc region and the other end with the Z-line. Thus, it “anchors” the
myosin filaments in the center of the sarcomere, contributing to the maintenance of
a highly ordered sarcomere structure. With the development of contraction, myosin
filaments, forming bonds with actin ones, shift to the Z line, compressing the con-
nectin spring, and when Ca"" is eliminated from myofibrils, the connectin spring
straightens, returning the ends of the myosin filaments to their previous position.

It is thanks to this that contracting isolated cardiomyocytes that do not experience
external stress always return to their original length. Connectin stiffness is the main
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regulator of contractile activity of striated muscles [31-33]. It can change under the
influence of phosphorylation of its isoforms — a more extensible N2BA (having a
longer tensile part in the I-disc of the sarcomere) and a more rigid N2B. The ratio of
N2BA/N2B varies in the mammalian heart: from the smallest in the myocardium of
small animals to the largest in the myocardium of large animals and humans [32].

In our experiments, the properties of connectin were investigated in rats treated
with doxorubicin (2 mg/kg) once a week for 4 weeks [34]. The ratio of the content
of more extensible connectin N2BA isoform to elastic N2B isoform in control experi-
ments was 14/86%. In the myocardium of doxorubicin rats, it was changed in the
direction of predominance of more extensible N2BA isoform; its content was 26 + 2%.
The overall level of connectin phosphorylation was increased by 60 + 18% compared
to controls. The degree of phosphorylation of connectin was inversely correlated
(r = — 0.94) with the content of rigid isoform N2B, and as is known, phosphorylation
of this isoform reduces its stiffness, therefore, the myocardial extensibility should
increase, contributing to better filling of the ventricular chamber [35].

Results showing increased content of more extensible N2BA isoform and increased
connectin phosphorylation, suggesting raised myocardial extensibility, have been
obtained for the first time. They allow us to think that in diastolic dysfunction, a
delayed relaxation, combined with increased LV diastolic pressure, may be due not
only to a violation of Ca** transport but also to increased extensibility of connectin,
which slows down the relaxation process.

The analysis of these data shows that the main changes occur in energy-dependent
systems that require either ATP production or phosphorylation. These are calcium
ATPase of sarcoplasmic reticulum — SERCA2a, phosphorylation of phospholamban,
and connectin. This suggests the primacy of disorders of the energy formation
system in cardiomyocytes as the basis for the subsequent development of diastolic and
systolic dysfunction. This is supported by the activation of anaerobic glycolysis in this
pathology.

3.2 Studies in the isolated heart

To understand the pathogenesis of diastolic dysfunction, it is important to deter-
mine the initial links to myocardial dysfunction. For this purpose, the technique of
retrograde perfusion of the isolated heart was used with the registration of pressure in
a latex balloon introduced into LV cavity.

In connection with the widespread opinion about the primary role of oxidative
stress in alteration of the contractile function of the heart, we aimed to investigate
the resistance of the isolated heart to oxidative stress induced by hydrogen peroxide
after administration of doxorubicin in vivo [36]. Since a peak of reactive oxygen
species formation under the influence of doxorubicin was observed after 2 hours
[37], in the first series of experiments, the heart was isolated 2 hours after the
administration of doxorubicin in vivo (2.2 mg/kg). A rise in the perfusion rate from
10 to 20 ml/min/g made it possible to reach the maximal LV systolic pressure up to
200 mmHg. The hearts of rats that received doxorubicin showed a normal level of
LV systolic pressure and the maximal rate of its development, but a rise in perfusion
pressure by 26% was noted, which indicated an increased tone of coronary vessels.
This corresponds to previously obtained results [38, 39]. Our data showed that this
phenomenon persisted steadily for 2 hours and even 2 weeks after the administration
of doxorubicin in vivo. This is probably due to an increased affinity of endothelial
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NO synthase for doxorubicin, which is the basis of its dose-dependent inhibition [40]
with a subsequent decrease in NO formation. Myocardial relaxation indices 2 hours
after doxorubicin administration remained at the same level, but after 2 weeks were
significantly reduced by 11-14%, and LV minimal diastolic pressure increased from
2 +1to7 + 1 mmHg, i.e. signs characteristic of diastolic dysfunction were observed.

The introduction of hydrogen peroxide (100 uM) into the perfusate as an inducer
of reactive oxygen species (ROS) in the control group was accompanied by a steadily
fall in LV developed pressure, as well as + dP/dt, after 40 minutes these values
decreased to 60 + 3% of the initial level. Rat hearts isolated 2 hours after doxorubicin
administration showed a greater fall—to 40 + 2% (p < 0.001), and this was combined
with a significant rise in LV minimal diastolic pressure to 34 mmHg. However, after 2
weeks LV developed pressure response at H,0, introduction in hearts of rats received
doxorubicin practically did not differ from the control values, and LV minimal
diastolic pressure did not rise [39].

Thus, the elevated negative inotropic effect in response to oxidative stress was
observed only in the early stage after the doxorubicin administration, at the peak of ROS
formation in the myocardium. It could be assumed that it is associated with a decrease in
the activity of antioxidant enzymes, but this activity, measured in myocardial samples
taken after the completion of the experiment, did not change either after 2 hours or
after 2 weeks, although the concentration of MDA in both series after doxorubicin use
was significantly increased by 23—34%. This coincides with the results of the work [41],
in which unchanged activity of GSH-Px, catalase, and MnSOD was also found in the
interval from 1 to 24 hours after doxorubicin administration (2.5 mg/kg). The activity of
antioxidant enzymes increased 4 weeks after the start of doxorubicin [42].

Another series of experiments was aimed to clarify the state of the calcium
transport system in the myocardium under the action of doxorubicin [43]. The
amplified signals of the pressure sensors were transmitted to the computer via the
NI USB-6210 analog-to-digital converter (ADC) from National Instruments (USA),
using a digitization frequency of 1000 Hz. A sudden increase in the rate of excitations
from a base rate of 5 Hz to 10 Hz was used with a return to 5 Hz after 10 s. The addi-
tion of doxorubicin (3 pM) to the perfusate after 30 minutes was accompanied by a
decrease in LV developing pressure by 15—20%. The high-frequency load immediately
increased LV developed pressure and the maximal rate of its development, as well as
the constant of the relaxation rate (the value inversed to the relaxation time constant)
and diastolic pressure (Figure 11in [43]). After doxorubicin addition to the perfusate,
similar phenomena were observed, and the magnitude of studied indices coincided.
Maintaining an adequate response to the high-frequency load allows us to suggest that
the calcium transport system in these conditions was not disturbed, despite a decrease
in the initially developed pressure. It is known that the function of ion pumps is
supplied by ATP from glycolysis, while the function of myofibrils is from oxidative
phosphorylation. The results of these experiments showed that after a single injection
of doxorubicin, the earliest changes are an increased tone of the coronary vessels and
a gradual slowdown in myocardial relaxation.

3.3 Prevention of heart dysfunction at doxorubicin cardiomyopathy
The increased vulnerability of the cardiac contractile function to H,O, precisely

in the initial period of doxorubicin action suggested that reducing the intensity of
oxidative stress in the myocardium during this period may delay or prevent the CHF
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development at prolonged action of doxorubicin. This assumption is based on the
information according to which isolated cardiomyocytes with reduced superoxide
dismutase (SOD) activity induced by diethyldithiocarbamate were less resistant to
the action of doxorubicin [44], and the preliminary use of SOD, like glutathione
peroxidase (GSH-Px), prevented the development of apoptosis in embryonic cardio-
myocytes under the influence of doxorubicin [45].

To reduce the degree of myocardial damage, the mitochondrial-oriented antioxi-
dant SkQ1 synthesized at Moscow State University was used [46]. Its active ingredient
is plastoquinone, a powerful plant antioxidant that performs the same function in
plant mitochondria as coenzyme Q in the myocardium. It penetrates into the cells and
then into the mitochondria due to a weak positive charge of triphenylphosphonium.

Two series of in vivo experiments were performed. In the first series, doxorubicin
was administered for 5 weeks when systolic dysfunction was observed in most experi-
ments [47]. Echocardiographic examination of rats followed by LV catheterization
after another 3 weeks, during which the rats received neither doxorubicin nor plasto-
mitin, showed the presence of LV systolic dysfunction with lower LV ejection fraction
and contractility index by 32—34% and a rise in the relaxation time constant by 74%.
At the same time, LV maximal developed pressure was reduced by 18%, which closely
coincided with lower blood pressure by 23% and diminished arterial stiffness by 35%.
A significantly decreased peripheral resistance and prolongation of diastolic pause
due to 23% lower heart rate can contribute to maintaining LV maximal ejection rate
and cardiac output at normal level. The hearts of rats that were administered plasto-
mitin simultaneously with doxorubicin were characterized by normalization of the
ejection fraction, all indices of contractility, heart rate, blood pressure, and arterial
stiffness.

In another series of experiments [48], doxorubicin (2 mg/kg) was administered
twice in 2 weeks, and half of the rats received plastomitin daily along with it. The use
of doxorubicin did not cause significant hemodynamic disturbances, but LV maximal
rate of pressure development was reduced by 36% and the contractility index by 23%.
Even deeper, by 39—43%, the indices of myocardial relaxation were reduced. In the
group of rats that received doxorubicin together with plastomitin, all indices of myo-
cardial contractility and relaxation were significantly higher than in the doxorubicin
group, and they did not differ from control values. These changes were combined
with reduced LV diastolic pressure.

Thus, the use of plastomitin together with doxorubicin completely eliminated the
signs of both systolic and diastolic dysfunction caused by doxorubicin. The positive
effect of plastomitin is consistent with the idea of the important role of oxidative
stress in the initial period of chronic use of doxorubicin. This can serve as the basis for
a preclinical trial of plastomitin in doxorubicin therapy for cancer patients.

The results of our study of the pathogenesis of doxorubicin cardiomyopathy
showed: a) the earliest changes in the cardiac contractile function are caused by the
action of oxidative stress, which impairs the function of mitochondria; at the same
time, the calcium transport system in cardiomyocytes does not seem to suffer; b)
the initial changes in LV contractile function are manifested in the form of delayed
relaxation, as well as increased myocardial extensibility, which is based on con-
nectin phosphorylation, as well as an increase in the content of its more extensible
isoform N2BA; c) with smaller doses of doxorubicin, diastolic dysfunction occurs,
the obligatory manifestation of which is delayed relaxation, the pumping function of
the heart remains at a normal level; d) with higher doses of doxorubicin or increased
duration of the drug, systolic dysfunction develops with a violation of the cardiac
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pump function; and e) both forms of CHF can be successfully prevented if the effec-
tive mitochondrial oriented antioxidant plastomitin (SkQ1) is administered to rats
concomitantly with the administration of doxorubicin.

4. Diabetic cardiomyopathy

Diabetes is a special disease in which the consumption of glucose by cells is
disturbed. There are two types of diabetes. The first type occurs after a significant
decrease or complete cessation of insulin production in the pancreas, the second is
characterized by normal insulin production, but with a difficulty in glucose transport
into cells. The first type is reproduced through the use of streptozotocin or alloxan,
which damages the pancreas. Reproduction of the second type is much more difficult.
In our experiments, a type 1 model was used.

It is known that in type 1 diabetes the energy metabolism of cardiomyocytes
switches almost exclusively to fatty acids as an energy source due to a deterioration of
glucose transport into cells [49]. This is combined with the development of diastolic
or systolic dysfunction in both animals and humans [50-52]. Reduced strength and
rate of contraction were manifested both in the isolated mouse heart and in isolated
papillary muscles [53, 54]. But the causes of the deterioration of myocardial contrac-
tility have not been identified.

In our experiments performed 2 weeks after the administration of streptozoto-
cin (60 mg/kg), the level of glucose in the blood increased from 5.4 + 0.1 mmol/l
to 31.0 + 1.4 mmol/l [55]. Echocardiographic and invasive LV studies showed a
decrease in LV ejection fraction by 26% with unchanged LV end-diastolic volume
and heart rate. However, all indicators of LV systole — LV systolic pressure, the
maximal rate of its development, and the contractility index remained within
the normal range, and a decrease in LV ejection fraction was apparently associ-
ated with a reduced LV maximal ejection rate by 28%. It is known that cardiac
output is determined not only by the force of LV contraction but also by vascular
resistance, the components of which are blood pressure and arterial rigidity. The
latter is manifested through the elastic expansion of the ascending aorta at the
time of LV ejection. In our experiments, blood pressure was normal, but arte-
rial rigidity was significantly increased by almost 1.5 times (from 0.27 + 0.01 to
0.42 + 0.07 mmHg/pl, p < 0.01). An inverse correlation was established between
LV maximal rate of ejection and arterial rigidity (r = — 0.69). Also specific for
cardiomyopathy features, namely delayed relaxation and increased LV minimal
diastolic pressure, have been observed.

The results of this work, which showed a deterioration in hemodynamics
while maintaining normal myocardial contractility, are in contradiction with the
data on reduced contractility in experiments in the isolated heart and papillary
muscles [53, 54]. However, it should be kept in mind that these experiments were
performed with standard Krebs solution in which glucose was the only energetic
source while it is well known that at I-type diabetes the cardiomyocytes almost
exclusively used fatty acids as an energetic source [49].

The change in the spectrum of energy substrates in type 1 diabetes raises the
question of the state of energy metabolism in the myocardium of diabetic rats. In our
experiments, the relationship between LV end-diastolic volume and the area covered
by the volume-pressure curve for the cardiac cycle (PVA) reflecting the amount of
oxygen consumption was studied with a restriction of the flow to the heart created by
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short-term clamping of the inferior vena cava [56]. In all experiments, the relation-
ship between these parameters was close to linear, but in experiments in diabetic rat
hearts, a reduction in LV end-diastolic volume was accompanied by a steeper PVA
drop. This suggests that the myocardium of diabetic rats is more sensitive to the
restriction of oxygen flow.

In the study of myocardial energy metabolism in diabetic rats, a reduction in the
amount of adenine nucleotides by 21% and ATP content by 29% was found [56].

The formation of phosphocreatine was also impaired, as evidenced by the more than
halved ratio of phosphocreatine to free creatine — in diabetes, it was 9 + 3% and in
the control 22 + 4% (p < 0.05). The lactate content in the diabetic myocardium was
increased (5.9 + 0.8 versus 2.1 + 1.0 pmol/g dry weight, p < 0.001) showing that some
glycolytic processes are taking place. A negative correlation was found between the
content of lactate and phosphocreatine (r = — 0.70). A reduction in phosphocreatine/
ATP ratio was noted by 31P magnetic resonance spectroscopy in the hearts of patients
with diabetes [57].

Thus, despite the sufficient supply of oxygen and energy substrates in the form
of free fatty acids to the myocardium, the energetic metabolism of cardiomyocytes
is altered and not always sufficient. The reason is undoubtedly related to the state of
mitochondria in cardiomyocytes, this aspect is discussed in detail in the review [58].
Mitochondria are less efficient and produce less ATP with sufficient oxygen supply
[59, 60] and are characterized by higher production of ROS and MDA [61]. This is
especially pronounced in the interfibrillary mitochondria in which lower number of
Krebs cycle proteins [62] and decreased cardiolipin content in their membranes [63]
result in violation of ATP synthesis.

Relaxation slowing and increased LV diastolic pressure are indispensable com-
panions of cardiomyopathy. Recently, it has been shown that myocardial relaxation
can be accelerated and LV diastolic pressure is reduced with a restriction of inflow
to the heart through a short-term (2-3 s) clamping of the inferior vena cava [64].
The use of this technique was accompanied by a reduction in blood pressure and LV
diastolic volume. With the same values of LV volume (0.3 ml) and blood pressure
(60 mm Hg), LV ejection fraction, maximal rate of LV ejection, and the index of
arterial stiffness in diabetic hearts were already slightly different from control values
[56]. But the relaxation time constant was still increased by 36%, and LV minimal
diastolic pressure still remained elevated. These data once again confirm that in type
1 diabetes, myocardial contractility is not the main cause of the resulting systolic
dysfunction.

In addition to contractility and relaxation, in these experiments, we also inves-
tigated myocardial extensibility. It is known that LV wall stretching during diastole
occurs unevenly—at first, quickly then more slowly. Since the assessment of myo-
cardial extensibility at each moment of diastole is still a very difficult task, we used
an integrative indicator — the ratio of an increase in LV pressure during diastole, i.e.
the difference between the final and minimal LV diastolic pressure, to the value of
LV filling equally to the stroke volume. This is an indicator of LV diastolic stiffness;
its value is inversely proportional to extensibility. The measurement of this index
in the hearts of control animals showed its dependence on the heart rate and LV
diastolic volume. It turned out that there is a high negative correlation between them
(r = —0.89 and — 0.91, respectively). This means that increased LV diastolic volume
or the increased heart rate are combined with a reduced value of the diastolic stiff-
ness index, and, therefore, with increased myocardial distensibility. In this regard, a
comparison of this indicator between control and diabetic hearts was carried out in
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alimited and equal range of LV diastolic volume and heart rate. The diastolic stift-
ness index in the diabetes group was 9.3 + 1.0 mmHg/ml, and in the control group
13.8 + 1.0 (p < 0.01). A lower index in the diabetes group means increased myocardial
extensibility.

In this regard, in separate experiments of this series, a study of connectin (titin)
was performed. Its content in the control and diabetic groups was the same and
amounted to 15—16% of the content of heavy chains of myosin. However, the ratio
of isoforms changed in the direction of increasing more distensible N2BA isoform:
its content increased from 21 + 1.1% in the control to 27 + 1.0% in the diabetes group
(p < 0.001). The results of real-time PCR showed a significant increase in the level of
mRNA N2BA isoform by 38%, while for the N2B isoform it changed little. The degree
of phosphorylation of connectin increased by 30 + 7.5% (p < 0.05) mainly due to iso-
forms N2B (+ 15%) and NT (+ 12%). The predominance of the more distensible N2BA
isoform, as well as an increase in its transcription, creates a lesser resistance during LV
filling, but at the same time its contribution to relaxation decreases — after removing
Ca" from myofibrils, less stiff connectin, due to its spring-like structure, may exert a
lesser force for myosin filaments to return them to initial position.

To detect diastolic dysfunction in this model of diabetes, two series were per-
formed (10 rats each), in one of which, after administering a dose of streptozotocin
of 60 mg/kg, the experiments were performed after 1 week, and in the other, the dose
was halved (30 mg/kg) but the period was increased to 2 weeks [56]. At the same
time, in most experiments (2/3) with echocardiography, diastolic dysfunction was
detected. In an invasive study of this group, it was found that LV ejection fraction was
normal, despite a reduced maximum ejection rate of 34%, probably due to increased
arterial elasticity. But LV end-diastolic volume was significantly smaller compared to
the systolic dysfunction group and the control group (0.36+ 0.02 ml, 0.46 + 0.03 ml,
and 0.43 + 0.02 ml, respectively, p < 0.05). Reducing the LV diastolic volume with
a lower stroke volume ensures the preservation of the normal ejection fraction even
under conditions of a reduced LV maximal ejection rate. This circumstance allows us
to think that the ejection fraction does not always characterize myocardial contractil-
ity, but rather reflects the relationship between the ventricle and arterial resistance.
This opinion coincides with the recently expressed idea [65, 66], according to which
the reduction of LV chamber in combination with moderate hypertrophy is the main
structural characteristic of diastolic dysfunction in this type of diabetes.

Since myocardial contractility was maintained at a normal level in both forms
of heart dysfunction, the question arises — can LV dysfunction in type 1 diabetes be
considered cardiomyopathy? After all, a decrease in the pumping function of the
heart can be observed with preserved myocardial contractility with various valvular
defects, limited venous inflow to the heart, etc., but these conditions are not consid-
ered cardiomyopathy. There is currently no universally accepted definition of diabetic
cardiomyopathy, with several definitions used that cover the entire spectrum of
diabetic heart disease from subclinical changes to outright heart failure [67].

5. Conclusion

The presented data indicate that in all types of cardiomyopathy considered, the
CHF formation passes through the stage of diastolic dysfunction. Its main signs are
delayed myocardial relaxation and endothelial dysfunction. Myocardial relaxation is
a complex process that has active and passive components. The active component is
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due to volatile transport of Ca** from myofibrils into SR against a high concentration
gradient. Both Ca*" uptake into SR and exit from SR to myoplasma are under constant
mitochondrial control due to the fact that part of Ca’* ions enters mitochondria,
where Ca™" acts as an activator of some key enzymes of the Krebs cycle [68]. Since
Ca™ transport is energy dependent, any violation in ATP synthesis system will inevi-
tably reduce Ca"" inflow into SR, and hence a Ca"" fraction released at next excitation.
This process is carried out through a release of active oxygen species, a moderate
amount of them activates Ca** transport and an excessive one disrupts it [69, 70].

The passive component of relaxation is represented by connectin (titin). Its
spring-like structure is stretched when the ventricle is filling, and after contraction
completion, it participates in mechanical return of sarcomere length to the original
value. The weightiest argument in favor of connectin participation in relaxation
process is the phenomenon of elastic recoil, observed in isolated hearts [71-74]. A
detailed study of connectin function made it possible to substantiate the idea of
the “restorative force” [75-77], mobilized at enhanced compression of myofibrils.
According to calculations, in rat cardiomyocytes within the length of sarcomeres
of 1.6—2.1 pm, connectin is responsible for 90% of passive force and at least 60%
of restorative force [75]. This is especially important for the hearts of small animals
with a high heart rate and shortened diastolic pause. Our data showed that a change
in the ratio of connectin isoforms to the direction of predominance of N2BA isoform
favoring myocardial distensibility can reduce the degree of connectin participation in
the relaxation process.

All types of cardiomyopathies considered are combined with an early change in the
arterial tone. Isoproterenol and doxorubicin, the action of which is largely combined
with the development of oxidative stress, suppressing the activity of endothelial NO
synthase and increasing vascular tone, including coronary vessels. In diabetic car-
diomyopathy, accompanied by hyperglycemia, the active factors of which are glucose
glycation products, also increase the formation of reactive oxygen species and inhibit
the activity of NO synthases, which leads to a stable increase in arterial rigidity.

The decreased myocardial contractility observed in isoproterenol and doxoru-
bicin cardiomyopathy can be largely compensated by the inclusion of myocardial
and systemic mechanisms. At the level of cardiomyocytes, the Starling mechanism
is primarily included — an increase in myofibrillar stretching, largely realized by
increasing the content of connectin N2BA isoform and phosphorylation of more
elastic N2B isoform. An increased myofibrillar sensitivity to Ca++, usually occurring
at decreased effective concentration, can also be mobilized. The systemic level of
regulation aims to reduce peripheral resistance to facilitate LV ejection. As a result,
at doxorubicin and isoproterenol cardiomyopathy, associated with decreased LV
contraction, blood pressure decreases moderately, while at diabetic one it can remain
normal. At the same time, to increase the inflow to the heart, the Parin reflex is
mobilized — (“a decrease in peripheral resistance in the large circle is accompanied by
areciprocal increase in pressure in the small circle”). Systolic dysfunction is charac-
terized by the same compensation mechanisms, but their mobilization is no longer
sufficient to preserve the ejection fraction, and then the last compensation mecha-
nisms are mobilized to maintain the cardiac output at an acceptable level — brady-
cardia, which prolongs the diastolic pause, and cardiac dilatation, which can further
stretch the myofibrils. Each of these factors has a limited resource, used mainly by
the autonomic nervous system. The degree of its mobilization, as well as the general
condition of the body, largely predetermines the development of diastolic or systolic
dysfunction in CHF.
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Abstract

Cardiomyopathy is a disease of the heart muscle, which makes the muscles harder
to pump blood to the rest of the body leading to heart failure. The main types of
cardiomyopathies include dilated cardiomyopathy, hypertrophic cardiomyopathy,
ischemic cardiomyopathy, arrhythmogenic right ventricular dysplasia, restrictive
cardiomyopathy, and Takotsubo cardiomyopathy. On the other hand, Metabolic
syndrome (MetS) is the clustering of different medical conditions, which requires
at least three of the five following diseases. These diseases are high blood sugar, high
blood pressure, high serum triglycerides, low serum high-density lipoprotein, and
central obesity. The risk of developing type 2 diabetes and cardiovascular disease
associated with metabolic syndrome. In MetS, many different biomarkers are used in
the early detection and risk stratification of MetS patients. It includes adiponectin,
leptin, interleukin 6, tumor necrosis factor-alpha, uric acid, interleukin 10, ghrelin,
adiponectin, paraoxonase, oxidized low-density lipoprotein, and plasminogen
activator inhibitor-1. This chapter provides an overview and focuses on the basic role
of major biomarkers of metabolic syndrome in the pathogenesis of different types
of cardiomyopathies, which mainly highlights recent pathophysiological aspects in
the development and progress of cardiomyopathy which is the leading cause of heart
failure. In conclusion, biomarkers of metabolic syndrome play a significant role in
the development and progress of cardiomyopathy which is the leading cause of heart
failure.

Keywords: cardiomyopathy, types of cardiomyopathies, metabolic syndrome,
biomarkers, heart failure

1. Introduction

Metabolic syndrome (MetS) is known by other names such as dysmetabolic
syndrome, syndrome X, insulin resistance syndrome, and deadly quartet. It is a fast-
growing health problem worldwide [1]. Metabolic syndrome is the clustering of dif-
ferent medical conditions, which requires at least three of the five following diseases.
These diseases are high blood sugar, high blood pressure, high serum triglycerides,
low serum high-density lipoprotein, and central obesity. The risk of developing type 2
diabetes and cardiovascular disease associated with metabolic syndrome [2].
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A biomarker is a quantifiable sign of a certain biological state or condition. It is
used to evaluate or measure the normal biological process, pharmacologic response,
and pathogenic processes of a therapeutic intervention. In MetS, many different
biomarkers are used in the early detection and risk stratification of MetS patients. It
includes adiponectin, leptin, interleukin 6, tumor necrosis factor-alpha, uric acid,
interleukin 10, ghrelin, adiponectin, paraoxonase, oxidized low-density lipoprotein
(Ox-LDL), and plasminogen activator inhibitor-1 [3].

Cardiomyopathy is a disease of the heart muscle which makes the muscles harder
to pump blood to the rest of the body leading to heart failure. The main types of
cardiomyopathies include restricted cardiomyopathy, dilated cardiomyopathy,
hypertrophic cardiomyopathy, ischemic cardiomyopathy, arrhythmogenic right
ventricular dysplasia, and Takotsubo cardiomyopathy. The pathogenesis of dilated
cardiomyopathy is complicated and includes myocardial fibrosis as well as myocyte
injury induced by abnormal immune responses after viral infection are considered to
be critical factors in the progress of dilated cardiomyopathy [4, 5]. Viral myocarditis-
triggered dilated cardiomyopathy is a common cause of heart failure and is character-
ized by systolic dysfunction as well as left ventricular dilation [6]. Heart failureis a
complex progressive pathology in which phenotype is reflective of end-organ damage
as a result of insulin/injuries such as post-partum cardiomyopathy, dyslipidemia,
congenital disorders, hypertension, ischemic heart disease, and diabetes [7-10].

This chapter will give the recent development of major biomarkers of metabolic
syndrome (adiponectin, leptin, uric acid, TNF-q«, interleukin-6) in the development
and progress of cardiomyopathy which includes the different types of cardiomy-
opathies such as dilated cardiomyopathy, ischemic cardiomyopathy, hypertrophic
cardiomyopathy, arrhythmogenic right ventricular dysplasia, and so on, and also
emphasized their contribution in the heart failure patients.

2. Major biomarkers of metabolic syndrome in cardiomyopathy which is
the leading cause of heart failure

According to the literature, there are many biomarkers of metabolic syndrome.
However, this chapter has discussed only major biomarkers of metabolic syndrome
such as adiponectin, leptin, uric acid, TNF-a, and interleukin-6 in the development
and progress of cardiomyopathy which includes the different types of cardiomy-
opathies such as dilated cardiomyopathy, ischemic cardiomyopathy, hypertrophic
cardiomyopathy, arrhythmogenic right ventricular dysplasia, and so on, and also
emphasized their contribution in the heart failure patients as explained in Figure 1
and Table1.

2.1 Adiponectin

Adiponectin is an adipokine that adipocytes manufacture and release.
Adiponectin’s biological activities are mediated by interactions with receptor
subtypes: adiponectin receptor 1 (AdipoR1), adiponectin receptor 2 (AdipoR?2),
and T-cadherin. Adiponectin has a variety of protective effects on different cell
types, including insulin sensitization, anti-inflammation, anti-proliferation, anti-
atherosclerosis, and carcinogenesis suppression. In humans, Adiponectin is a rela-
tively prevalent serum protein. Insulin resistance, type 2 diabetes mellitus, obesity,
metabolic syndrome, and cardiovascular diseases all cause a reduction in their levels.
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Pathogenesis of
cardiomyopathy

& /O

LEADING CAUSE OF HEART FAILURE

[ ——

lAdipo

Cause of Heart Failure

1t Adipo
P ~

lParaoxonase

ST @

Overview presentation of major biomarkers of metabolic syndrome in the pathogenesis of cardiomyopathy which
is also a leading cause of heart failure. Source: Designed by the authors with the help of articles. Signs show further
information, for example, 1 (increased levels), | (decreased levels), ? (No study still veported), T (not sure if
increased or decreased levels).

Adiponectin’s preventive impact on obesity-related diseases and cancer has been
demonstrated in numerous research. To carry out its physiological and defensive
roles, adiponectin regulates many signaling pathways [39].

The pathogenesis of cardiovascular disease is closely linked with obesity-asso-
ciated disorders. Adiponectin is a circulating adipose tissue-derived hormone that
is down-regulated in obese patients. The independent risk of hypertension, type 2
diabetes, and coronary artery disease are linked with hypoadiponectinemia. In the
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Year of
publication

First author

Biomarkers
of metabolic
syndrome

The main finding of major
biomarkers of metabolic syndrome
in the development of heart failure

and the prognostic implications of
each biomarker

References

Georgeetal. 2006

Adiponectin

Reported the elevated concentration
of adiponectin in chronic heart
failure patients and predicts
mortality and morbidity

(11]

Won et al. 2012

Adiponectin

Decreased concentration of
adiponectin in heart failure subjects
with metabolic syndrome

[12]

Baldasseroni 2012
etal.

Adiponectin

In the presence of diabetes, the
progressive increase of adiponectin
in the severity of left ventricular
dysfunction was hampered and
becomes evident only in overt heart
failure

Bobbert et al. 2012

Leptin

Elevated expression of leptin
and resistin in non-ischemic
dilated patients and inflammatory
cardiomyopathy was connected with
chronic heart failure progression
including independent of immune
responses as well as severe cardiac
dysfunction

(14]

Toth et al. 1997

Leptin

Leptin could contribute to the
regulation of body energy stores as
well as energy expenditure in heart

failure subjects

[15]

Barbosa- 2013
Ferreira et al.

Leptin

Leptin was important as a diagnostic
and prognostic marker for heart
failure patients and should be
included in the routine investigation
of heart failure patients

(16]

Wannamethee 2014
etal.

Leptin

Decreased mortality risk linked
with excess weight in men with
CHD without heart failure could
be due to elevated muscle mass,
leptin (possibly reflecting cachexia)
represents the inverse linked in men
with heart failure

[17]

Wannamethee 2011
etal.

Leptin

The link between obesity and heart
failure may be mediated by plasma
leptin in the absence of established
coronary heart disease. Obesity
seems to raise the risk of heart failure
in those with coronary heart disease
independently of leptin

(18]

Filippatos 2000
etal.

Leptin

More prospective studies clarify

the contribution of leptin in the

pathophysiology of heart failure
cachexia
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First author

Year of
publication

Biomarkers
of metabolic
syndrome

The main finding of major
biomarkers of metabolic syndrome
in the development of heart failure

and the prognostic implications of
each biomarker

References

Schulze et al.

2003

Leptin

Indicated that the participation of

leptin in the catabolic state leads to

the progress of cardiac cachexia in
the context of CHF

[20]

Murdoch et al.

1999

Leptin

Leptin did not contribute to the
cachexia of CHF

[21]

Lieb etal.

2009

Leptin

Elevated risk of chronic heart failure
as well as cardiovascular disease
was linked with elevated circulating
levels of leptin, therefore, leptin
did not give incremental prognostic
information beyond body mass index

[22]

Anker et al.

2003

Uric acid

Elevated serum uric acid
concentrations were strong as well as
an independent marker of impaired
prognosis in moderate to severe
chronic heart failure patients

(23]

Cicoira et al.

2002

Uric acid

In chronic heart failure, elevated
uric acid levels are linked to diastolic
dysfunction. Theoretically, the
diastolic function could be improved
in patients with chronic heart failure
by inhibiting xanthine oxydase

[24]

Wannamethee
etal.

2018

Uric acid

The serum uric acid as a marker of
increased xanthine oxidase activity
may be a useful prognostic marker
for heart failure risk in older men on
antihypertensive treatment

[25]

Hamaguchi
etal.

2011

Uric acid

In heart failure patients,
hyperuricemia was common in
clinical practice and elevated uric
acid was independently linked with
long-term adverse outcomes

[26]

Krishnan et al.

2009

Uric acid

The elevated uric acid level was a novel
as well as an independent risk factor
for heart failure in a group of young

general community residents. This has
implications for the development of

preventive strategies for heart failure

Huang etal.

2014

Uric acid

Elevated serum uric acid was related

to an increased risk of incident heart

failure and adverse outcomes in heart
failure patients

(28]

Doehner et al.
Xuetal.

2002
2008

Uric acid

Individuals with heart failure have
shown therapeutic benefits from
serum uric acid-lowering medication
with xanthine oxidase inhibitors such
as allopurinol or febuxostat

[29,30]
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Year of
publication

First author

Biomarkers
of metabolic
syndrome

The main finding of major
biomarkers of metabolic syndrome
in the development of heart failure

and the prognostic implications of
each biomarker

References

Dunlay et al. 2008

Tumor
necrosis
factor-alpha

Heart failure had elevated tumor
necrosis factor-alpha, which was also
associated with a significant decline
in survival and provided a significant
incremental increase in risk
assessment over baseline signs. When
determining risk in patients with
heart failure with both preserved and
lowered ejection fractions, tumor
necrosis factor-alpha was helpful

[31]

Chiaetal. 2021

Interleukin-6

The authors suggested whether
interleukin-6 could be a novel
treatment target to prevent heart
failure with preserved ejection
fraction

[32]

Markousis- 2019
Mavrogenis
etal.

Interleukin-6

Further studies were required to
identify interleukin-6 as a potential
therapeutic target in specific heart
failure subpopulations

(33]

Deokar et al. 2018

Interleukin-6

Increased levels of interleukin-6
in heart failure patients played an
important role as a pro-inflammatory
marker in the development of
cardiovascular disease including
heart failure

(34]

Hudzik et al. 2011

Interleukin-6

The elevated level of interleukin-6
might be in the earlier manifestation
of heart failure symptoms

[35]

MacGowan 1997
etal.

Interleukin-6,
TNF-a

Elevated concentrations of TNF-«
and IL-6 could be present even in the
absence of cachexia in heart failure
patients

Meléndez 2010
etal. 2000
Rauchhaus

etal.

Interleukin-6

Elevated IL-6 could be used as a
predictive biomarker in HF and be
considered a significant independent
predictor for HF

(37, 38]

Table 1.

Summary of major biomarkers of metabolic syndrome in the pathogenesis of heart failure.

same way, adiponectin has a protective role in the development of inflammation,
insulin resistance as well as atherosclerosis. The regulation of acute cardiac injury, as
well as myocardial remodeling, is due to the role of adiponectin [40].
The presence of alocal cardiac adiponectin system which is regulated indepen-
dently of adiponectin as well as tumor necrosis factor-o serum concentrations also
disturbed the cardiac pathology. Moreover, endomyocardial biopsies by immuno-
histological analysis revealed significant downregulation of cardiac adiponectin
protein expression independent of serum tumor necrosis factor-a levels or serum
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adiponectin levels. Neither adiponectin receptor 1 nor adiponectin receptor 2 was
deregulated in early dilated cardiomyopathy. Adiponectin mRNA and protein down-
regulation were confirmed in the explanted hearts of patients with advanced dilated
cardiomyopathy (LVEF <25%, n = 8). Neonatal rat ventricular myocytes incubated
with adiponectin activated the pro-survival protein kinase B or PKB/Akt, enhanced
eNOS-phosphorylation, and inhibited stress-induced cardiomyocyte apoptosis in an
Akt-dependent manner in vitro. Additionally, the expression of the cytokine and its
receptors increased along with the suppression of adiponectin release. The scientists
also speculated that adiponectin may have a role in the pathophysiology of dilated
cardiomyopathy (DCM) and identified adipocytokines as a potential new treatment
target for dilated cardiomyopathy [41].

Oppositely, other studies reported that adiponectin expression in dilated
cardiomyopathy subjects has been inconclusive partly because of the survival
benefit of a high body mass index which was inversely correlated with adiponectin
expression [42, 43].

New insights in variants of adiponectin receptor 1 are the risk factor for hyper-
trophic cardiomyopathy (HCM) in which adiponectin receptor 1 variant dysregulate
lipid as well glucose metabolism which causes cardiac hypertrophy through the
extracellular signal-regulated kinase pathways as well as the p38/mammalian target of
rapamycin. In the same way, a transgenic mouse model representing an adiponectin
receptor 1 variant displayed cardiomyopathy which recapitulated the cellular discov-
eries and these features were rescued by rapamycin [44]. These results collectively
imply that the adiponectin-AMP-activated protein kinase (AMPK) regulatory axis
controls intracellular signaling and metabolic alterations that were connected to the
development of cardiac hypertrophy [40].

According to recent investigations, Adiponectin impacts heart remodeling in
pathologic situations. Pressure overload causes increased concentric cardiac hyper-
trophy and worse mortality in adiponectin knockout (APN-KO) mice [45, 46]. On the
other hand, in APN-KO, wild-type, and diabetic db/db mice, adenovirus-mediated
administration of adiponectin reduces ventricular hypertrophy in response to
pressure overload. Additionally, adiponectin overexpression reduces angiotensin
II-induced cardiac hypertrophy, indicating that adiponectin has a broader role in sup-
pressing pathological cardiac development. These results imply that in obese people,
decreased adiponectin levels may play a role in the development of hypertrophic
cardiomyopathy [40].

In the same way, Tamariz et al. reported the prevalence of the metabolic syndrome
was elevated in indigent heart failure and also increased the risk of death. Moreover,
physicians treating heart failure patients need to address the current metabolic
syndrome epidemic in heart failure [47]. In contrast, Frankel et al. demonstrated that
heart failure was not linked with concentrations of adiponectin [48].

Moreover, George et al. stated the elevated concentration of adiponectin in chronic
heart failure patients predicts mortality and morbidity [11]. In contrast, decreased
concentration of adiponectin in heart failure subjects with metabolic syndrome, and
that relationship between adiponectin, abnormal diastolic function, and inflamma-
tion possibly leads to the progression of heart failure [12]. Additionally, adiponectin
levels were raised throughout the stages of chronic heart failure; however, type 2
diabetic individuals show less of this tendency. Diabetes hinders the gradual rise in
adiponectin, which revealed the extent of left ventricular dysfunction (LVD), and it
only becomes visible in overt heart failure [13].
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2.2 Leptin

The white adipocytes produced most abundantly leptin hormone which isact in
the hypothalamus of the brain to lower the appetite and elevate energy expenditure.
In the early 1990s, leptin was discovered after genetic mapping of the mutation in the
gene which was observed in a specific strain of obese mice, the 0b/0b mouse, which
was originally represented in the 1950s [49, 50].

Additionally, leptin was linked with cardiovascular complications resulting from
obesity including heart disease as well as hypertension. Obese patients have elevated
concentrations of circulating leptin due to increased fat mass. Various clinical, as well
as population studies, reported the elevated concentration of leptin with the develop-
ment of cardiac hypertrophy in obesity. Increased growth of cultured cardiomyocytes
was due to leptin. It also regulates cardiac metabolism which helps the oxidation of
fatty acids as well as glucose [51]. Leptin could contribute to vascular stiffness as well
as endothelial dysfunction which might also contribute to cardiac hypertrophy [52].

Bobbert et al., the study reported for the first time, In the incidence of chronic
heart failure, the expression of leptin as well as resistin were positively corre-
lated which was also implicated in cardiac remodeling and immunomodulation.
Furthermore, elevated expression of leptin and resistin in non-ischaemic dilated
patients and inflammatory cardiomyopathy was connected with chronic heart failure
progression including independent of immune responses as well as severe cardiac
dysfunction [14]. In the same context, Toth et al. concluded the relationship between
energy expenditure and plasma leptin levels in heart failure patients, but not in healthy
controls. Therefore, leptin could contribute to the regulation of body energy stores as
well as energy expenditure in heart failure subjects [15]. Another study reported the
finding which explains that leptin is important as a diagnostic and prognostic marker
for heart failure patients and should be included in the routine investigation of heart
failure patients [16]. Furthermore, Wannamethee’ study concluded the decreased
mortality risk linked with excess weight in men with coronary heart disease (CHD)
without heart failure could be due to elevated muscle mass, leptin (possibly reflecting
cachexia) represents the inverse linked in men with heart failure [17].

The relationship between heart failure and obesity could be mediated by plasma
leptin concentration in the absence of established CHD. On the other side, for those
with CHD, obesity appears to elevate the risk of heart failure independently of leptin
levels [18]. Oppositely, Filippatos’ study indicated a need for more prospective studies
which clarify the contribution of leptin in the pathophysiology of heart failure cachexia
[19]. Also, elevated serum concentration of leptin in advance CHF and its soluble recep-
tor. Moreover, the authors indicated that the participation of leptin in the catabolic state
leads to the progress of cardiac cachexia in the context of CHF [20]. In contrast, another
study reported that leptin does not contribute to the cachexia of CHF [21].

Lieb et al., reported in the moderate-sized community-based elderly sample,
elevated risk of chronic heart failure as well as a cardiovascular disease were linked
with elevated circulating levels of leptin, therefore, leptin did not give incremental
prognostic information beyond body mass index. So, the authors required more
investigation which elucidates the U-shaped link of leptin to mortality [22].

2.3 Uric acid

The uric acid is the end product of an external purine pool and endogenous purine
metabolism. Animal proteins contribute significantly to the exogenous purine pool,
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which varies significantly with diet. The liver, intestines, and other tissues such as
muscles, kidneys, and the vascular endothelium are the main sources of endogenous
uric acid synthesis. Uric acid synthesis and metabolism are complicated processes
involving several variables that control the hepatic, renal, and gastrointestinal excre-
tion of this molecule [53]. The association between uric acid and metabolic syndrome
was explored, and it was discovered that increasing uric acid causes a gradual increase
in the prevalence of metabolic syndrome in both sexes, although there were differ-
ences in levels between males and females [54].

Various clinical and experimental studies explain the numerous mechanisms
through which elevated uric acid levels exert deleterious effects on cardiovascular
health such as insulin resistance, reduced availability of nitric oxide, elevated oxida-
tive stress, promotion of local and systemic inflammation as well as vasoconstriction,
reduced endothelial dysfunction, the proliferation of vascular smooth muscle cells,
and metabolic dysregulation [55].

Elevated serum uric acid concentrations were strong as well as an independent
marker of impaired prognosis in moderate to severe chronic heart failure patients.
The authors graded the relationship between serum uric acid and survival in chronic
heart failure. The metabolic, hemodynamic, and functional staging of patients with
chronic heart failure was feasible [23].

Another study investigated the potential relationship between left ventricular
systolic, diastolic dysfunction, and serum uric acid, a marker of altered oxidative
metabolism, in chronic heart failure. In chronic heart failure, elevated uric acid
levels were linked to diastolic dysfunction. Theoretically, the diastolic function
could be improved in patients with chronic heart failure by inhibiting xanthine
oxidase [24].

The serum uric acid as a marker of increased xanthine oxidase activity may be a
useful prognostic marker for heart failure risk in older men on antihypertensive treat-
ment [25]. In heart failure patients, hyperuricemia was common in clinical practice
and elevated uric acid was independently linked with long-term adverse outcomes in
these patients [26]. Krishnan et al. described that elevated uric acid level was a novel
as well as an independent risk factor for heart failure in a group of young general
community residents. This has implications for the development of preventive strate-
gies for heart failure [27]. Huang et al. also demonstrated that Elevated serum uric
acid was related to an increased risk of incident heart failure and adverse outcomes in
heart failure patients [28].

Based on these presumptions, individuals with heart failure have shown
therapeutic benefits from serum uric acid-lowering medication with xanthine
oxidase inhibitors such as allopurinol or febuxostat [29, 30]. Further research was
required because some trials have not found any notable advantages of uric acid-
lowering therapy with xanthine oxidase inhibitors in heart failure patients with
hyperuricemia [56, 57].

2.4 TNF-a

Tumor necrosis factor-a (TNFa) is an inflammatory cytokine produced by
macrophages/monocytes during acute inflammation. It is responsible for a variety
of signaling events within cells, including necrosis and apoptosis. The protein is also
necessary for infection resistance and cancer resistance [58]. The early identification
of a patient’s inflammatory status, including TNF-a and IL-6, could be effective in
metabolic syndrome and its comorbidities monitoring and early intervention [59].
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The overwhelming inflammatory reactions caused by viral myocarditis, which are
mediated by CD4+ T lymphocytes, cause myocardial fibrosis in people with dilated
cardiomyopathy. Recently, a small number of researchers found that B cells also
possess an aberrant pro-inflammatory potential in addition to producing autoanti-
bodies. First, the authors proposed that TNF-secreting B cells were involved in cardiac
fibrosis, revealing a novel pathogenic mechanism of B cells in dilated cardiomyopathy
and suggesting potential therapeutic options against these cells [60].

A considerable number of patients with community-acquired heart failure
elevated tumor necrosis factor-a which was also associated with a significant decline
in survival and provided a significant incremental increase in risk assessment over
baseline signs. When determining risk in patients with heart failure with both
preserved and lowered ejection fractions, Tumor necrosis factor-a was helpful [31].
Tumor necrosis factor-a contributes to adverse left ventricular remodeling during
pressure overload through regulation of cardiac repair as well as remodeling which
leads to ventricular dysfunction [61]. Numerous studies have found a persistent
relationship between circulating TNFa and soluble TNF receptors and mortality in
patients with heart failure [62]. Schumacher et al. explained the understanding of
how tumor necrosis factor-a, as well as interleukin-6, contribute to cardiac failure
and cardiac dysfunction [63].

2.5 Interleukin-6

IL-6 is a soluble mediator that affects inflammation, immunological response, and
hematopoiesis in a pleiotropic manner. The human IL-6 gene has been localized to
chromosome 7p21 and has 212 amino acids, including a 28-amino-acid signal peptide.
Although the core protein is only about 20 kDa, glycosylation accounts for the size of
natural IL-6, which is between 21 and 26 kDa [64].

The initiation as well as the development of heart failure contributes to immune
activation and inflammation. Interleukin-6 was not only a sign of inflammatory acti-
vation but also could induce ventricular dilatation, apoptosis, systolic dysfunction,
and cardiomyocyte hypertrophy through various mechanisms that directly act on
the pathological process of heart failure, assisting the progression and deterioration,
which is the primary pathophysiological mechanism of heart failure. Interleukin-6,

a potent inflammatory cytokine inducer, alters heart failure patients’ hemodynamic
and oxidative stress status [65].

Elevated serum levels of IL-6 were linked with lower ejection fraction, elevated
incidence of functional class III to IV and worse prognosis in idiopathic dilated
cardiomyopathy [66]. In the same way, Santoro et al. hypothesized that systemic
inflammation is the possible mechanism of Takotsubo cardiomyopathy (TTC) in
which authors aimed to assess the role of interleukin-6 and interleukin-10 in subjects
with an episode of Takotsubo cardiomyopathy. The authors concluded that serum
interleukin-6 as well as interleukin-10 admission levels related to an elevated risk of
adverse events during follow-up [67].

The interleukin-6 was linked with a new onset of heart failure with preserved
ejection fraction (HFrEF) individuals, independent of potential confounders.
Moreover, the authors suggested whether interleukin-6 could be a novel treatment
target to prevent heart failure with preserved ejection fraction [32].

Similarly, a higher level of interleukin-6 was determined in more than 50%
of heart failure patients. Interleukin-6 was linked with reduced left ventricular
ejection fraction, iron deficiency, atrial fibrillation, and poor clinical outcomes.
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Additionally, the authors investigated those further studies that were required
to identify interleukin-6 as a potential therapeutic target in specific heart failure
subpopulations [33].

The significantly increased serum interleukin-6 (median [IQR] 14.3[26.2] pg/mL)
in heart failure patients as compared to age and sex-matched controls (median [IQR]
0[2.4] pg/mL). The authors showed an increased level of interleukin-6 in heart failure
patients played an important role as a pro-inflammatory marker in the development
of cardiovascular disease including heart failure [34].

In the severity of chronic heart failure, interleukin-6 spillover was increased in
the peripheral circulation and mainly linked with the activation of the sympathetic
nervous system. Elevation levels of interleukin-6 could provide prognostic informa-
tion in chronic heart failure patients which was independent of left ventricular ejection
fraction as well as plasma norepinephrine (NE) which was suggesting an important
contribution to the interleukin-6 in the pathophysiology of chronic heart failure [68].
In the same context, the elevated level of interleukin-6 might be in the earlier manifes-
tation of heart failure symptoms [35]. Additionally, elevated concentrations of TNF-«
and IL-6 could be present even in the absence of cachexia in heart failure patients [36].

The data was overwhelming in demonstrating that individuals with HF had higher
levels of IL-6 in their blood circulation as well as myocardium and these levels were
correlated with the progression of their condition. A key factor in the development
and progression of HF is ventricular remodeling, which was mediated by inflamma-
tion. IL-6 controls the entire inflammatory process and encourages the development
of ventricular remodeling [28].

The IL-6 induced cardiac interstitial fibrosis, which in turn produced ventricular
wall sclerosis and HF, by encouraging cardiac fibroblasts to produce collagen. IL-6
can also make cardiomyocytes stiffer by decreasing actin phosphorylation. In conclu-
sion, elevated IL-6 could be used as a predictive biomarker in HF and be considered a
significant independent predictor for HF [37, 38].

3. Conclusion

In conclusion, biomarkers of metabolic syndrome play a significant role in the
development and progress of cardiomyopathy which is the leading cause of heart
failure. Also, major biomarkers of metabolic syndrome such as adiponectin, leptin, uric
acid, TNF-a, and interleukin-6 played their pathophysiological role in different types of
cardiomyopathies as well as in heart failure. However, future studies are also required to
control metabolic diseases in cardiomyopathy patients which ultimately prevents heart
failure which in turn does not increase the prevalence of cardiovascular diseases.
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Abstract

Diabetes mellitus can induce substantial damage to the conduction system
of the heart, especially the sinoatrial node. This is due to hyperglycemia leading
to bradyarrhythmia. DM, via the elevation of HG, generates the production of a
number of insulting agents in the myocardium known as reactive oxygen species
and reactive carbonyl species, which elicit direct damage to neuro-filament-M and
p,-adrenergic receptors in the conducting system as well as a number of cardiac
contractile, cation transporting and channel proteins. One cation channel protein
is the hyperpolarization-activated cyclic nucleotide-gated potassium channel.
It encodes the protein responsible for the hyperpolarizing-activated current or
the “funny current” that participates in spontaneous diastolic membrane depo-
larization in sinoatrial node cells. Gene expression of these proteins and their
physiological functions are decreased in the diabetic heart, which affects the
generation of electrical impulses or action potentials resulting in increases in RR
and PR intervals and QRS complex duration of the electrocardiogram. The heart
rate and force of contraction of the myocardium are decreased leading to bradyar-
rhythmia and sudden cardiac death. This review attempts to explain the cellular
mechanism(s) involved in diabetes-induced bradyarrhythmia with emphasis on
cation-transporting proteins, especially the hyperpolarization-activated cyclic
nucleotide-gated channels pacemaker current channels.

Keywords: diabetes mellitus, sinoatrial node (SAN), heart, cardiac conduction system,
arrhythmias

1. Introduction

Diabetes mellitus (DM) is a serious global disease that currently affects more than
480 million people, and its number is growing rapidly. DM results from hyperglyce-
mia (HG) and it is responsible for many long-term complications [1]. Cardiovascular
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diseases (CVDs) account for more than half of the observed mortality in the diabetic
population [2]. Nodal myocytes spontaneously generate APs in the absence of hor-
monal and neural stimulation [3]. Decreased heart rate (HR) is a common finding

in patients with type 1 diabetes mellitus (T1DM) [4] indicating that many of these
patients are likely to have impaired pacemaker function [5]. Cardiovascular defects
are the major cause of morbidity and mortality in diabetic patients [6]. The cause

of cardiac conduction disorders (CCDs) in DM patients is not fully understood. It
remains unclear whether autonomic neuropathy or CVDs play a role [7]. This review
addresses the effects of DM on the cardiac conduction system (CCS) which in turn
can lead to arrhythmias and subsequently, sudden cardiac death (SCD). But first, it is
important to understand the normal physiology of the conduction system before con-
sidering the mechanism(s) that might underlie the pathophysiology of DM-induced
electrical conduction defects in the heart and its treatment.

2. Conduction system of the heart
2.1 Sinoatrial node action potential

The human SAN is composed of specialized cardiomyocytes. SAN cells spontane-
ously generate APs [8]. SAN cells are smaller than the surrounding atrial muscle cells
and have fewer mitochondria and myofilaments. Atrial myocytes interdigitate with the
SAN cells and assist in the conduction of APs from SAN to atrial myocytes. The SAN is
the primary pacemaker center of the heart, and it is necessary to describe the normal
function of the SAN before considering the effects of DM [8]. In a normal heart,
pacemaker cells in the SAN control the rate of contraction of the heart. APs generated
by the SAN cells are conducted and spread rapidly through the atria leading to the
contraction of the atrial myocardium and the passage of blood into the ventricles [9].
There is a short delay in the atrioventricular node (AVN) before the APs are conducted
and spread rapidly through the ventricles leading to contraction of the ventricles and
pumping of blood into the pulmonary and systemic circulations. The atria and ven-
tricles are electrically isolated from each other by what is known as the skeleton of the
heart [10]. It consists of connective tissue that insulates the atria from the ventricles
and provides a framework to support the heart valves [11]. The AVN is connected
to the bundle of His. The bundle of His is an effective cable for conducting APs and
distributing them to the ventricles. Conduction through the AVN is rather slow (about
100 ms) to prevent ventricular stimulation before the atria have finished contracting.
Figure 1 illustrates the physiological events involved in cardiac muscle contraction
(systole) and relaxation (diastole) starting with the initiation of electrical impulses in
the SAN and spreading throughout the myocardium [12].

The APs of the SAN occur in three phases. Phase 4 involves a period of gradual
depolarization, which is unique to pacemaker cells, that participates in spontaneous
diastolic membrane depolarization in SAN cells. Pacemaker currents are gener-
ated by the slow influx of Na* ions through the HCN channels [13]. The passage
of electrical currents through L-type and T-type Ca** channels and reduced K*
conductance also contribute to SAN phase 4 depolarization. This pacing current
changes the membrane potential from —60 mV to a threshold potential of —40 mV.
The Phase 4 gradient determines HR and varies from region to region and from
pacemaker cell to pacemaker cell. The SAN pacemaker cells depolarize at a rate from
60 to 100 per minute, and the AVN depolarizes at a rate from 40 to 60 per minute [14].
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Figure 1.

Flogw diagram showing the different physiological events of excitation-contraction-coupling (ECC) in the heart
starting from the initiation of an electrical impulse in the SAN, and then transmission of the impulse to the
different parts of the conduction system to initiate contraction (ejection of blood) and relaxation (filling) of the
myocardium.

Since the SAN has the highest depolarization rate, it is normally the primary
pacemaker center of the heart. Phase 0 is the depolarization phase of the AP. This
stage begins when the membrane potential reaches the threshold potential. L-type
Ca®* current is the major ionic conductance responsible for phase 0 [15]. This
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influx of Ca®* increases the membrane potential from —40 mV to +10 mV. Calcium
channels are slow channels (compared to sodium channels), so the depolarizing
upstrokes are not as steep as those observed in cardiomyocytes. During repolariza-
tion (phase 3), the Ca’* channels close, and the voltage-gated K* channels open,
allowing the outflow of K. This cation outflow reduces the membrane potential
from +10 to —60 mV. Phases 1 and 2 do not exist in pacemaker cells [14]. The slope
of phase 4 determines the HR, and it is different for pacemaker cells in different
regions of the heart. The rate of AP generation by the SAN is limited by the rate at
which Na* enters through the HCN channel (funny current) [16]. The more HCN
channels open, the faster Na* enters the cell and the steeper the pacemaker potential
allowing the cell membrane to reach threshold sooner, thereby shortening the time
between APs as illustrated in Figure 2 [14].

The sympathetic and parasympathetic branches of the autonomic nervous system
(ANS) have the opposite effects on HR by opening and closing HCN channels as
illustrated in Figure 3. Norepinephrine (NEP) released from the sympathetic nerves
binds to the f1-adrenergic receptor. The f1-adrenergic receptor binds via the G
protein or Gs (stimulation) and stimulates the enzyme adenylate cyclase to increase
the production of the second messenger, cyclic adenosine monophosphate (cAMP)
[17]. The epinephrine (EPI) that circulates in the blood also binds to f1-adrenergic
receptors. HCN channels are sensitive to cAMP, which, in turn, increases HCN “funny
current,” thereby decreasing the time between APs in the SAN. On the other hand,
acetylcholine (ACh), released by the parasympathetic nerves, has the opposite effect
because it binds to M2 muscarinic receptors, which are linked to the generation of
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Figure 2.
Different phases of the SAN action potential.
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The opening and closing of HCN channels are vegulated by the intvacellular second messenger cAMP,
Increased cAMP occurs when either norepinephrine or epinephrine binds to Gs-coupled p1 receptors, whereas
acetylcholine has the opposite effect when bound to Gi-coupled M2 receptors (ATP = adenosine triphosphate);
NEP = norepinephrine; EPI = epinephrine.

cyclic guanosine monophosphate (cyclic GMP) via the activation of guanylate cyclase
and at the same time inhibiting adenylate cyclase; thereby, reducing HCN “funny
current” [18].

2.2 Automaticity of the sinoatrial node

The spontaneous excitation of pacemaker cells of SAN is responsible for the genera-
tion of automaticity in the heart. The presence of diastolic depolarization (DD) is what
causes spontaneous activity. This depolarization brings the membrane voltage from the
end of the repolarization phase to the threshold of the action potential that will follow.
As areflection of the complex nature of this physiological process, there has been a
long-standing and significant amount of debate regarding the ionic mechanisms that
are underlying DD [14]. DD in the SAN is caused by the opening of hyperpolarization-
activated cyclic nucleotide-gated (HCN) channels, which pass an inward cation
current known as the “funny” current (If) [14]. There are two types of voltage-gated
Ca”* channels: T-type and L-type. Subtypes of the T-type include Cav3.1, Cav3.2, and
Cav3.3. And the L-type subtypes are Cav1.2 and Cav1.3; Cav1.3 is highly expressed in
SAN. As Vm becomes more positive, HCN channels begin to close, and voltage-gated
Ca”* channels 3.1 (CaV3.1) and 1.3 (CaV1.3) begin to open, generating the depolar-
izing transient (T-type) current (ICa,T) and the CaV1.3 component of the long-lasting
(L-type) Ca”* current (ICa,L) that result in the continuation of DD [19].

Ryanodine receptors (RyRs) regulate Ca** release from the sarcoplasmic reticu-
lum (SR) during late diastolic depolarization. This has been shown to be another
important factor in regulating APs in pacemaker cells [20]. The sarco/endoplasmic
reticulum Ca?*-ATPase (SERCA) recycles some of this Ca? back into the SR, but the
Na*-Ca”* exchanger pumps the rest out of the cell via an electrogenic, depolarizing
current [20]. At a voltage of 40 mV, the CaV1.2 channel opens, producing more ICa,

L and stimulating the SAN. By repolarizing Vm, K* currents from both fast and slow
delayed rectifiers reactivate If and kick off a new cycle of DD [21].

The autonomic nervous system (ANS) is a major regulator of SAN automaticity
and sinoatrial conduction [17]. Autonomic dysfunction is a common cause of SAN
dysfunction. Adrenergic or cholinergic dysregulation may contribute to pacemaker
and conduction abnormalities within the SAN [18]. Tachycardia-bradycardia
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syndrome is the extreme manifestation of a continuum characterized by a significant
loss of SAN function integrity [18, 19]. It has been reported that a high concentra-
tion (30 mol/L) of ryanodine, which blocks the SR Ca?* release channel, eliminates
the spontaneous activity of isolated SA node cells from rabbits, which led them to
hypothesize that SR Ca™ release is essential for pace-making. Because of the observa-
tion of the chronotropic effect in isolated SA node cells from rabbits is abolished or
greatly reduced after the suppression of the Ca** transient by a submaximal concen-
tration of ryanodine (3 mol/L), another study reported that the positive chronotropic
effect of p-adrenergic stimulation is the result of the increase in the Ca** transient
caused by p-adrenergic stimulation [18].

2.3 Atrioventricular node action

The atrioventricular node (AVN) is a complex structure that performs various
functions in the heart and works primarily as an electrical gatekeeper between the
atria and the ventricles. It introduces a delay between atrial and ventricular excita-
tion; thereby, facilitating the emptying of the atria and filling of the ventricles. This
delay prevents simultaneous ventricular excitation and ensures one-way blood flow
through the heart chambers [22]. The AVN transmits electrical stimulation from the
atria to the ventricles via fast or slow pathways. Many electrophysiological differences
between these pathways predispose the atrioventricular junction to arrhythmias [23].
These different electrophysiological properties of fast and slow signaling pathways
are due to their unique structural and molecular composition (tissue and cellular
geometry, ion channels, and gap junctions). Similar to SAN cells, AVN cells spontane-
ously depolarize. In a normal heart, the rate of spontaneous depolarization of the
AVN is slower than that of the SAN; and thus, the rate of AVN cell depolarization is
controlled by impulses generated by the SAN [21].

The depolarization phase 0 of the AP in AVN cells is due to voltage-gated Ca**
channels, and most of the current is due to Ca** influx through L-type Ca** chan-
nels. These voltage-gated ion channels are closed in the resting state and become
either active or open when the threshold voltage is reached. When active, these
channels allow Ca* ions to flow into the cell [24]. The influx of Ca** into the cell
causes the release of additional Ca®* from the SR. This is called calcium-induced
calcium release (CICR) and occurs through a specific channel in the SR membrane
known as the ryanodine receptor (RyR). Over time, L-type Ca®* channels undergo
a conformational change to an inactive, closed, or non-conductive state, even if
the cell membrane potential remains above the threshold voltage [14]. At this time,
the SR ryanodine receptor channel also closes, stopping the influx of Ca®* into the
cytoplasm. Thereafter, Ca®* released into the cytoplasm of AV node cells is removed
from the cytoplasm by two mechanisms. They include the sodium-calcium exchanger
(NCX), which transports Ca** from inside the cell in exchange for Na* entering the
cell. During phase 3 of action potentials, the AVN cell membrane is repolarized by
the outflow of K* from the cell due to the activation of voltage-gated K* channels. The
relative gradient of Na" and K" and the electrical gradient across the cell membrane
are finally restored by the action of the Na'/K" ATPase pump, and the AV nodule cells
are ready for depolarization again [25].

Gap junctions are important in impulse conduction in the heart. Over the last
decade, research has revealed that gap junctions are encoded by the connexins, a
multigene family [22]. There are at least 15 connexin genes in the vertebrate genome.
Connexins have been classified into two groups based on their molecular weight
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or their class as determined by protein sequence. There are three major connexin
isotypes expressed in the heart: connexin (Cx)43 (1 connexin), Cx45 (6 connexin),
and Cx40 (5 connexin). Each of these connexins has distinct channel properties and
is regulated by distinct gating mechanisms. The distribution of Cx channels varies
within the SAN. Electrical coupling is weak in the center of the SAN because Cx40
and Cx43, which form large and medium conductance channels, are only sparingly
expressed or absent. However, Cx45, which forms small-conductance channels, is
expressed in the SAN’s center. Cx40, Cx43, and Cx45 are all present at the SAN’s
periphery; however, the strong electrical coupling is required to drive the atrial
myocardium [22].

3. Diabetes mellitus induces changes in the conduction system of the heart

DM is a major risk factor for the development of cardiovascular complications,
including cardiac arrhythmias, prolonged QT intervals, and SCD [26]. AVN blockade
and bradycardic arrhythmia [27] are significantly higher in DM patients. There
is considerable evidence for cardiac remodeling and altered ion channel activity/
expression which are involved in HR and rhythm regulation [28]. In particular, Type
1 diabetes mellitus (T1DM) affects a range of cardiac ion channel currents, including
L-type calcium currents (ICaL) and fast and slow delayed rectifier potassium cur-
rents (IKr and IKs) [29], as well as transient outward potassium current (Ito) [30].

Insulin treatment of rat ventricles and human atrial cardiomyocytes has been
reported to increase ICaL density with significant upregulation of mRNA and protein
expression of L-type calcium channels [31]. Altered SR-Ca”* content and RyR2 bind-
ing, as well as altered RyR2 mRNA protein levels [32], are normalized after insulin
treatment in STZ-induced T1DM animals. In addition, decreased SR Ca-ATPase
(SERCA2a) activity in rats with STZ-induced T1DM can be reversed by insulin treat-
ment [33]. Insulin therapy has also been shown to restore decreased levels of NCX1
protein and mRNA in the ventricles [34]. Taken together, these findings suggest a
direct stimulatory effect of insulin on cell contractility, mediated by Ca** signaling
proteins and membrane ion channels. Therefore, insulin treatment may be an impor-
tant approach that reverses the QT interval and QRS complex prolongation in TIDM.

Among the diabetes-induced electrical disorders is nodular dysfunction, which is
due to alterations in HCN channels. Four alpha subunit isoforms have been described,
including HCN1, HCN2, HCN3, and HCN4 (encoded by HCN14). HCN channels are
mainly expressed in the myocytes of the cardiac conduction system. Genetic studies
have characterized the functional role of HCN4 in cardiac physiology. Mice subjected
to heart-specific HCN4 ablation showed bradycardia and atrioventricular block [35].
In addition, patch-clamp analysis of SAN cells showed a 70% reduction in the “funny’
current (IF) and a 60% reduction in spontaneous beat rate [35]. These results confirm
that HCN4 is important in maintaining the molecular mechanism of pacemaker func-
tion. Previously, Howarth et al. identified reduced expression of HCN4 mRNA in rats
with STZ-induced TIDM. Some diabetics have shown slow depolarization of the ven-
tricles [36]. This is shown in the ECG as an increase in QRS duration. Reduced expres-
sion of HCN4, connexin, and ion channels was also identified in various regions of
the cardiac conduction system (CCS) in the STZ model of T1IDM [37]. Moreover, in a
study on hearts of TIDM rats, it was reported that the dysfunction of the CCS plays
an integral role in developing cardiac arrhythmias due to increases in RR interval, PR
interval and QRS complex duration of the ECG [38]. These alterations were due to

>
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decreases in rate of SAN and HCN4 (pacemaker current) as well as downregulation of
the gene expression for HCN4 channels, neuro-filament-M and p2-adrenergic recep-
tor within the SAN of the myocardium during TIDM. It is possible that changes in the
expression of these different cardiac proteins within the SAN are closely associated
with the regulation of the electrical signaling of the myocardium. In turn, this can
adversely affect cardiac AP generation and propagation, leading to arrhythmia [38].

4. Pathological effect of diabetes on sinoatrial node activity

Both basic and clinical research studies have shown that diabetes can impair the
autonomic control of heart rate (HR) [39]. According to McDowell et al. [40], dia-
betic rabbits have a significant impairment in the parasympathetic-mediated barore-
ceptor control of HR. This impairment has been linked to impaired parasympathetic
control of the heart in diabetes. The parasympathetic control of HR is also signifi-
cantly impaired in diabetic rats, as shown by lower heart rate variability (HRV) [41].
Zhang et al. [42] reported that the negative chronotropic response to carbachol (a
parasympathomimetic agonist) was blunted in Akita diabetic mice versus wild-type
mice. These findings are consistent with results obtained in human T1DM patients
who had significant impairments in parasympathetic control of heart rate [43].

Diabetes may also be associated with an increase in harmful arrhythmias due
to impaired SAN activity. SAN function is evaluated iz vivo using intracardiac
programmed electrical stimulation and sinus node recovery time (SNRT) [44].
Experimental studies have used both animal and human models to study changes in
SNRT. Depending on the conditions in which these alterations take place, sinus node
prolongation and shortening of the SNRT can both be pathological and indicative
of sinus node dysfunction [44]. This response may reflect the impaired ability of
the SAN to correct for physiological changes in heart rate following the develop-
ment of diabetes [45]. Experimental and clinical studies showed that a diseased
or failing heart is prone to develop ventricular fibrillation (VF), which is the main
cause of sudden cardiac death, particularly during a heart attack. Slow conduction
and fractionated electrocardiograms were recorded in the infarcted human heart
[46, 47]. Atrial tachyarrhythmias caused by rapid pacing were more likely to occur
in RCx40-deficient mice [48]. As well as a reduction in Cx40 was found in humans
with chronic atrial fibrillation (AF) [49]. As a result, it suggests that connexin
down-regulation may also be a factor in the persistence of AF. It should be stressed
that aging and CVDs are, in addition to structural and gap junction remodeling,
characterized by abnormal Ca”* handling [50]. Myocardial conduction in Cx43-
deficient mice was noticeably slowed, which encourages re-entrant arrhythmias and
sudden arrhythmic death (SAD) [51]. In rats with diabetes mellitus, down-regulation
and/or abnormal distribution of myocardial Cx43-positive gap junctions have been
linked with increased susceptibility to ventricular arrhythmia. Diabetes was linked to
myocardial fibrosis. Reduced gap junction coupling in fibrosis-affected regions of the
myocardium may disrupt wave-front propagation and thereby obstruct synchronized
and uniform cardiomyocyte function [50]. Given the importance of gap junction
connexin channels in cardiac arrhythmogenesis, it appears that aimed modulation
of intercellular communication to prevent spatial electrical heterogeneities in viable
myocardium is a promising way to combat life-threatening arrhythmias and SCD in
humans. Nonetheless, more detailed analysis and research are required to address this
issue in search of novel therapeutic approaches.
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5. Conclusion

Figure 4 summarizes the various events leading to a decreased HR or bradyar-
rhythmia and subsequently, SCD. It is postulated that DM, via an elevation in HG, can
initiate the production of ROS and RCS to induce cardiac muscle damage, apoptosis,
fibrosis, and subsequently cardiac remodeling. These pathophysiological changes
are associated with severe damage to nerves and pl-adrenergic receptors as well as
electrical and mechanical dysfunction of the myocardium leading to a decrease in HR,
cardiac arrhythmias, and subsequently SCD. Experiments with animal models have
consistently shown that diabetes can alter the expression and regulation of cardiac
ion channels and contractile proteins, which impair impulse generation, conduction,
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Figure 4.

A flow diagram summarizes the effects of DM on the myocardium starting with hyperglycemia to the generation
of ROS and RCS followed by apoptosis, fibrosis, and subsequent damage to the cardiac conduction system and
P2-adrenergic nerves and receptors leading to arrhythmias and sudden cardiac death (CCS = cardiac conduction
system; ROS = reactive oxygen species; RCS = reactive carbonyl species; NF-M = neuro-filament M). Note that
both ROS and RCS exert lethal damage to the different parts of the cardiac conduction system as well as cation
and contractile proteins in the myocardium.
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ECC, and subsequently, myocyte contractility. Prolonged QTc intervals persist in
many treated diabetic patients, suggesting that glycemic control has to be adequate

to normalize electrophysiological and mechanical disorders in the myocardium.
Available hypoglycemic agents that can improve cardiovascular prognosis are impor-
tant for the management of patients with type 2 diabetes (T2DM) who have existing
CVDs and high cardiovascular risk. More research is required to understand the exact
pathophysiological mechanisms at subcellular, cellular, and molecular levels, which
can lead to cardiac conduction disorders in DM patients. In turn, this will help in the
development of novel hypoglycemic drugs to treat the condition.
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cyclic GMP cyclic-guanosine monophosphate

DD diastolic depolarization

ICa,T transient (T-type) current

ICa,L long-lasting (L-type) Ca®* current

RyRs ryanodine receptors

SR sarcoplasmic reticulum

SERCA sarco/endoplasmic reticulum Ca**-ATPase
CICR calcium-induced calcium release

NCX sodium-calcium exchanger

Cx connexin

IKr and IKs slow delayed rectifier potassium currents
Ito transient outward potassium current
CCS cardiac conduction system

HRV heart rate variability

SNRT Sinus node recovery time

SAD sudden arrhythmic death
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Abstract

Hypertrophic cardiomyopathy is a unique myocardial disorder that can present
in all ages from neonate to adults and has strong genetic basis. Several key features
characterize hypertrophic cardiomyopathy. These include: the presence of left
ventricular hypertrophy that can not be explained by another etiology, and left ven-
tricular outflow tract obstruction secondary to systolic anterior motion of the anterior
mitral valve leaflet with varying degrees of mitral valve regurgitation. Surgical septal
myectomy continues to be the standard line of treatment when medical therapy fails
or become intolerable. We summarize in the current chapter the technical tips and
pitfall of septal myectomy, its alternatives/adjuncts and its outcomes.

Keywords: hypertrophic cardiomyopathy, septal reduction, septal myectomy, subaortic
stenosis, left ventricular outflow tract obstruction

1. Introduction: history

Brock and Teare in 1958 reported the first pathological case that drew the attention
to HCM, while the first surgical procedure to address HCM was credited to Cleland
and colleagues in the same year [1]. The “Morrow” operation was the main surgical
procedure for years since it was initially reported by Morrow and Brockenbrough in
1960 [2].

Mitral valve replacement has been historically considered a way of eliminating the
LVOTO by eliminating SAM, however with appropriate and complete septal myec-
tomy, this is rarely considered an option in the current era except in the presence of
unrepairable concomitant mitral valve disease.

Surgical septal myectomy; however, has evolved over the years from the tradi-
tional “Morrow” operation to the current “extended left ventricular septal myectomy”
to ensure complete elimination of recurrence or residual LVOTO as will be discussed
in the current chapter.

2. Background

Hypertrophic cardiomyopathy (HCM) is a unique myocardial disorder that is
characterized by the presence of dynamic left ventricular outflow tract (LVOT)
obstruction (LVOTO) and systolic anterior motion (SAM) of the anterior mitral valve
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leaflet with resultant various degrees of mitral regurgitation. HCM was previously
known as idiopathic hypertrophic subaortic stenosis (IHSS) or asymmetric septal
hypertrophy which is due to the presence of left ventricular hypertrophy that can not
be explained by other pathology. Another key feature in this unique disease.

HCM has been one of the main causes of sudden death in young adults and
athletes. Patients may present with a variety of clinical pictures that range from com-
pletely asymptomatic to exertional fatigue, chest pain, and/or shortness of breath.

The first line treatment in HCM continued to be medical therapy especially in
those symptomatic with LVOTO [3]. Septal reduction therapy should be considered
for those who failed or became intolerant to medical therapy [4].

3. Morphological variants of hypertrophic cardiomyopathy

HCM is characterized by varying degree of septal hypertrophy and this led to the
emergence of several morphological variants of HCM. These variants include basal
septal hypertrophy, apical, midventricular or combination of any [5]. A key feature
in the basal variant is the presence of SAM of the anterior mitral valve leaflet, while
a key feature in the apical variant is the presence of small left ventricular cavity and
absence of SAM.

Recognition of these variants is critical especially when considering patients for
septal reduction therapy to ensure delivering the right modality and decrease the
chance of persistence or recurrence of the LVOT obstruction.

4. Current indications for septal myectomy

Surgical septal myectomy should be considered for those symptomatic patients
who failed medical treatment or for those who are intolerant to medical therapy.
Morphological variants may play a role in proceeding with surgery as well. Variants
like apical and midventricular level of obstruction are difficult to manage medically
and do not respond to Alcohol septal ablation.

5. Surgical approaches for septal myectomy

Understanding the different morphological variants of HCM is critical in select-
ing the right surgical approach for the patient. This ensures elimination of the
LVOT obstruction and minimizes if not prevents any residual/recurrent significant
gradient/obstruction.

The procedure is done through a standard median sternotomy with central aortic
and single venous (right atrial) cannulation. Although septal myectomy has been
reported via a minimally invasive approaches such as endoscopic [6] and robotic
[7], we do believe median sternotomy should be considered the gold standard for
these cases as it provides adequate exposure to the heart and mediastinal structures
and facilitates performing all maneuvers that are needed to facilitate exposure to the
interventricular septum and performance of an adequate septal myectomy.

Prior to venous cannulation, we measure the gradient across the LVOT directly
by placing a needle in the distal ascending aorta and another one in the left ven-
tricular cavity (via the right ventricle free wall) simultaneously (Figure 1A and B).
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Figure 1.

Intgmopemtive photos showing the technique of direct pressure measurement of the left ventricular outflow tract
gradient prior to initiation of cardiopulmonary bypass. In (A), a needle is placed in the distal ascending aorta,
and in (B) the second needle is placed into the left ventricular cavity indirectly via the free wall of the right
ventricle (RV) and the interventvicular septum. PA: Pulmonary artery; RV: Right ventricle.

This measures the resting LVOT gradient (Figure 2) and then provocative maneuvers
are performed. These maneuvers are important to evaluate the LVOT gradient as it
occurs with exercise. A variant of HCM is known as “Latent obstruction” will be dis-
cussed later but patients with this variant do not have any significant gradient at rest
but they do with exercise. These provocative maneuvers can be either an induction of
a premature ventricular contraction (Brockenbrough-Braunwald-Morrow) (Figure 3)
or administration of isoproterenol.

This will be repeated after coming off cardiopulmonary bypass to document
elimination of any significant gradient across the LVOT. Based on the variant of septal
hypertrophy and the level of obstruction, the technique of myectomy may differ or be
a combination of the following:

5.1 Trans-aortic myectomy

This is the most common approach and is used for the most common variant
which is basal or subaortic obstruction. The technical details have been described
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Figure 2.

Intraoperative pressure tracing showing the resting left ventricular outflow tract gradient by direct needle
pressures. The left ventricular pressure is in white, while the aortic pressure is in light blue colors. LVOT: Left
ventricular outflow tract.

63



New Insights on Cardiomyopathy

I~ L~ Sy (e | L (e

1.00nv

Positive Brockenbrough-Braunwald-Morrow Maneuver

"
c
a
e
=
a
A
n
T
"

< n

Figure 3.

Intraoperative pressure tracing from the same patient showing positive Brockenbrough-Braunwald-Morrow
maneuver by induction of premature ventvicular contraction. The left ventricular pressure (white color)
increased, while the aortic pressure (light blue) decreased, resulting in significant left ventricular outflow tract
gradient.

before [8]. Once the heart is arrested with antegrade cardioplegia, a hockey-stick
aortotomy is performed down to the base of the non-coronary sinus of Valsalva. The
aortotomy in these cases has to be a bit lower than standard aortotomy for aortic valve
replacement to provide adequate exposure to the LVOT.

Stay sutures are then applied and the LVOT is assessed. This is a 360-degree visual
assessment of the LVOT and the mitral apparatus prior to performing any resection
(Figure 4). The result of this assessment determines the degree of septal bulge, how
far down in the left ventricular cavity the resection has to extend, the abnormalities
that may coexist in the mitral subvalvular apparatus such as anomalous chordae
(Figure 5) and/or papillary muscles. These all can lead to persistent or recurrent
LVOT gradient. A variety of instruments — seen in Figure 6- are needed to perform
the myectomy.

The resection then starts below the nadir of the right coronary cusp (Figure 7)
and extends in an anti-clockwise direction towards the commissure between the left
and non-coronary cusps. Scissors are then used to complete the resection. This is the
initial resection which serves to widen the subaortic area and facilitates further access
to the left ventricular cavity. Further resection has to be performed along the inter-
ventricular septum and towards the left ventricular apex to ensure complete elimina-
tion of any residual gradient. Some maneuvers can help with exposing that part of
the septum such as placing a sponge stick on the free wall of the right ventricle that
helps bringing the interventricular septum in view (Figure 8). The area of resection
is further widened as we go deeper into the ventricular cavity which what makes this
“extended” in comparison to the initial “Morrow” operation.

A proper septal myectomy is a 3-dimensional operation in regards to the extent of
resection [9], and all other potential causes of recurrent/residual LVOT obstruction
have to be addressed such as resection of anomalous papillary muscles and/or chordae
(Figure 9). The aortotomy is then closed in two-layers and the heart is de-aired and
the aortic cross clamp is removed.
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Figure 4.

Thge anatomic landmarks of the left ventricular outflow tract after performing the aortotomy and prior to the
myectomy. The area of the interventricular septum (IVS) is visualized, as well as the membranous septum (*)
where vesection should be avoided. The mitral valve (MV) is visualized deep in the left ventricle. RCA: Right
coronary artery ostium; RCC: Right coronary cusp; LCA: Left coronary artery ostium; LCC: Left coronary cusp;
NCC: Non-coronary cusp; MV: Mitral valve; IVS: Interventricular septum.

Figure 5.

An intraoperative view through the aortotomy showing an anomalous mitral valve chord in the left ventricular
outflow tract. These chordae can vesult in persistent or recurrence of gradient after an initial myectomy as it limits
the mobility of the anterior mitral valve leaflet and can vesult in persistence of systolic anterior motion (SAM).

5.2 Trans-apical myectomy

Trans-apical approach can be done for one of three main indications: (1) mid-
ventricular variant, where the transaortic approach may not be adequate, (2) apical
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Figure 6.
The variety of surgical instruments that ave useful during the myectomy procedure. Different types of surgical

blades, aortic cusp vetractors, pituitary Rongeurs to help with removal of the muscle pieces.
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Figure 7.
The resection starts below the nadir of the vight coronary cusp (RCC) and goes into anti-clockwise direction

towards the anterior mitral valve leaflet and chordal structures (*). RCC: Right coronary cusp; LCC: Left
coronary cusp; NCC: Non-coronary cusp.
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Figure 8.
One of the helpful maneuvers to facilitate exposure of the lower part of the interventricular septum is using a
sponge stick (*) to depress the free wall of the right ventricular and rotate the septum, thus bringing it in view to

the surgeon.

Figure 9.

The completed myectomy specimen with two anomalous chordae. Notice the contact lesion (white scar) on the
resected specimen. This occurs as a result of the anterior mitral vale leaflet hitting the septum during systole
(systolic anterior motion,).

variant, and (3) in those patients who do not have adequate left ventricular cavity

and non-obstructive variant of HCM where left ventricular enlargement can be
performed to improve their left ventricular end-diastolic volume.
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We have described the technique previously [10], but briefly, after the cardiople-
gic arrest, the left ventricular apex is delivered into the field and the left anterior
descending (LAD) coronary artery is identified. An apical incision is done 1 cm to
the left and parallel of the LAD (Figure 10). In the apical variant, the left ventricular
apex is quite obliterated with muscles and it is critical to stay on the interventricular
septum side (Figure 11) to avoid risk of injury of the mitral valve papillary muscles

Figure 10.
An apical incision is made in the left ventricular apex which facilitates myectomy in patients with midventricular
and apical hypertrophic cardiomyopathy.

Muscle - *

s

Figure 11.

A view through the opened left ventricular apex showing the resected muscle specimen-in progress- and the
interventricular septum (IVS). It is important for the surgeon to stay on the IVS side during resection till he/she
able to visualige the papillary muscles of the mitral valve to avoid inadvertent injury to the mitral subvalvular
structuves. IVS: Interventricular septum.
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Figure 12.
After the resection, the left ventricular cavity now is widened and the mitral valve subvalvular structures can be
easily visualized.

which are usually apical displaced and hypertrophied in these cases (Figure 12). Once
the left ventricular cavity is entered, further resection is performed and the cavity is
further widened. The apex is then closed in two layers and suture line is supported
with Teflon felt.

5.3 Trans-mitral myectomy

This is a left atrial approach to the interventricular septum through the mitral
valve. It has been used by some authors as an alternative to the transaortic approach
but it requires detachment of the anterior leaflet of the mitral valve followed most
likely by patch augmentation after completing the resection [11]. One has to be famil-
iar with this approach as the anatomy of the interventricular septum differs through
this approach compared to the trans-aortic exposure.

We believe this may be more of value in children and those with small aortic root
where the trans-aortic approach may not be adequate. Another potential advantage
is that it helps addressing the mitral valve pathology and performing the myectomy
through one incision.

6. Adjuncts to septal myectomy
6.1 Abnormalities of the mitral subvalvular apparatus
6.1.1 Papillary muscle abnormalities
Detection of papillary muscle abnormalities on preoperative echocardiogram can

be challenging, therefore, it is important for the surgeon to evaluate the mitral sub-
valvular apparatus as part of the overall thorough evaluation of the LVOT. Anomalous
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papillary muscle can be a cause of persistent/recurrent gradient after an initial-what it
seems like- a complete myectomy [12].

It is critical to differentiate these anomalous muscles from the true papillary
muscles of the mitral valve. A key difference is the insertion of the anomalous papil-
lary muscle into the body of the leaflet, rather than the free edge and therefore, it can
be excised safely.

6.1.2 Anomalous chordae

These anomalous chordae are attached to the body of the anterior mitral valve
leaflets and not to the free edge which helps differentiating these chordae from
primary chordal structures of the mitral valve. These can limit the mobility of the
anterior mitral leaflet and result in SAM as well.

Some anomalous chordae can cause adherence of the papillary muscles to the septum
and cutting this helps mobilizing these papillary muscles and minimize the gradient and
the chance of SAM after septal myectomy. In general, there should be no chordal attach-
ment between the mitral valve apparatus and the interventricular septum.

6.2 Management of concomitant atrial fibrillation

Due to the elevated left ventricular end-diastolic pressure and subsequently left atrial
pressure secondary to the significant LVOTO, it is not uncommon for patients with HCM
to present with atrial fibrillation (AFib). Losing the atrial kick in those with HCM and
diastolic dysfunction results in significant drop in their cardiac output and symptoms,
therefore, it is important to maintain normal sinus rhythm in these patients [13].

Our strategy is to offer biatrial Cox-maze IV procedure using a combination of
radiofrequency and cryoablation for those with chronic persistent AFib, while in
those with paroxysmal AFib, bilateral pulmonary vein isolation is sufficient. Routine
excision or exclusion of the left atrial appendage is part of either procedures.

6.3 Mitral valve surgery

Historically, mitral valve replacement was one of the proposed solutions to LVOTO
in patients with HCM, however this is not currently the case. With adequate extended
left ventricular septal myectomy, all SAM is eliminated and the mitral regurgitation-
even if severe- is significantly improved if not completely eliminated.

Our approach is to perform mitral valve surgery in the settings of septal myectomy
only in the presence of intrinsic mitral valve pathology and mitral regurgitation that
is not the result of SAM and the dynamic nature of the LVOTO in HCM. Repair is
preferred over replacement in all cases due to the long-term survival benefit of mitral
repair that is documented across multiple studies in the literature. Mitral valve repair
techniques may also need to be modified in these cases to avoid recreating SAM after
the repair such as if a ring to be used, a one size larger may be preferred.

In some cases, when there is a question about the need for mitral valve repair or if
the mechanism of regurgitation is unclear, we will perform a complete myectomy, and
then come off cardiopulmonary bypass and re-evaluate the mitral valve and make the
decision if interventions on the mitral valve is necessary at this stage.

If mitral valve replacement is necessary, then it is important to choose a mechani-
cal or a low profile bioprosthesis that does not project into the LVOT and results in
LVOT gradient.
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6.4 Myocardial bridging

Myocardial bridging (MB) is a challenging problem in the presence of HCM. It
can cause significant symptoms (chest pain) after an initial septal myectomy and at
the same time not all patients with MB requires unroofing of their MB. A challeng-
ing task is to identify those who will benefit from concomitant unroofing of MB and
septal myectomy. Currently no guidelines or recommendations regarding the optimal
management of these patients.

Wang and colleagues reported their midterm results of different treatment
methods for MB in patients with HCM after their septal myectomy [14]. A total of
823 patients were included, where the authors identified 31 events with mortality
in 24 patients and nonfatal myocardial infarction (MI) in 7. The three-year cumula-
tive event-free survival of all cause-death was 100% for both those who underwent
coronary artery bypass grafting, and unroofing, however, the 3-year cumulative
event-free survival of non-fatal MI and the combined endpoints were significantly
lower in the un-treated group. The authors concluded that surgical treatment of MB
at the time of septal myectomy is beneficial.

We do perform coronary angiography in the majority of these patients especially
when the presentation is of a chest pain. If a MB is identified, a hemodynamic evalu-
ation of the bridge is performed to determine its significance and help making the
decision for concomitant unroofing.

We have described the technique previously [15] and we prefer performing the
unroofing procedure on the arrested heart to avoid inadvertent injury of the coronary
artery. A combination of sharp and electrocautery dissection is used to unroof the
entire bridged segment (Figure 13). It is critical to remember that the bridged seg-
ment of the coronary artery is always fragile and the unroofing process has to be done
with extreme caution.

 LEEF

Figure 13.

Intraoperative photo of a patient with hypertrophic cardiomyopathy who underwent repeat operation with
unroofing of a long segment of the left anterior descending covonary artery due to missed diagnosis of myocardial
bridge after his initial septal myectomy. LAD: Left anterior descending coronary artery.
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6.5 Left ventricular apical aneurysm

These are outpouchings that appear at the left ventricular apex and can occur
in those with HCM. The aneurysms are usually thin-walled and either dyskinetic
or akinetic on echocardiographic images. It has been reported to occur in 15-30%
of patients with the apical and midventricular variants of HCM [16], however
detection of these aneurysms is not always straightforward. In the study by Yang
and colleagues, the authors analyzed 1332 patients with apical HCM with cardiac
magnetic resonance imaging (cMRI), and 31 patients had an apical aneurysm
(2.3%). The rate of missed diagnosis of apical aneurysms by echocardiogram was
64.5% [17].

Several adverse events have been reported with apical aneurysms such as ventricu-
lar arrhythmias, heart failure and up to sudden cardiac death. These apical aneurysms
are not amenable to medical treatment and in many cases, surgical resection is recom-
mended at the time of septal myectomy [18]. In those with midventricular obstruc-
tion, access to the left ventricular cavity can be facilitated through the aneurysm with
less risk of injury to the mitral valve apparatus. Small aneurysms can be plicated,
while larger ones should be resected.

6.6 Internal cardioverter defibrillator (ICD) placement

Those with risk factors of sudden cardiac death and history of sustained ventricu-
lar tachycardia/fibrillation benefit from placement of internal cardioverter defibrilla-
tor (ICD) [19].

Several strategies and techniques have been proposed for placement of ICD such
as endovenous, subcutaneous [20] and epicardial (Figure 14A and B). If the patient
did not have ICD prior to surgery, and meets the criteria, our practice is to place the
ICD prior to hospital discharge after septal myectomy. In children, the preference has
been to perform concomitant myectomy with epicardial ICD placement through the
sternotomy incision.

Figure 14.

Ingchildren who needed an internal cardioverter defibrillator placement, the procedure is usually done after
completion of the myectomy where an epicardial system is placed and the defibrillator coil (visualized in figure

A) is secured to the pericardium below the phrenic nerve, while the sensing epicardial leads are secured to the
epicardial surface of the right ventricle (seen in figure B) and the device is placed in the epigastric area behind the
vectus abdominis muscle.
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7. Alterantive surgical options to septal myectomy
7.1 Mobilization of the right and left fibrous trigones

Yacoub et al. has pioneered this technique as an alternative to septal myectomy in
those with obstructive type of HCM [21]. It is based on the role of the right and left
fibrous trigones in the functional anatomy of the LVOT. The authors proposed that
LVOTO is secondary to connection of the both the right and left fibrous trigones by
a complete fibromuscular ring which is needed to be excised and both trigones be
mobilized to ensure complete relief of the LVOT gradient.

After resection of a fibromuscular wedge of tissue from the interventricular sep-
tum, the left fibrous trigone is mobilized be extending the incision laterally to open
the hinge mechanism between the septum and the subaortic curtain. Mobilization of
the right fibrous trigone is done by excision of a wedge of abnormal tissue in the angle
between the membranous septum and the subaortic curtain.

7.2 Modified Konno procedure

While extended left ventricular septal myectomy is considered the gold standard
surgery for HCM with obstruction, the procedure is quite challenging in young
children and in those with right ventricular outflow tract (RVOT) obstruction.

Modified Konno emerged as an alternative and another tool in the box for some
of these cases. The procedure is performed after cardioplegic arrest by making a
transverse incision in the (RVOT) and through the aortotomy, a right-angled instru-
ment is passed and used to perforate the interventricular septum. This provides the
upper limit for the septal incision. The conal septum is then incised towards the apex
and away from the conduction tissue. Myectomy is performed on both sides of the
septum, followed by patch closure of the created ventricular septal defect.

The long-term results of modified Konno have been reported in 79 patients with
38% of them below the age of five years, and 25% had Noonan syndromes with
RVOTO present in 28% of them. Survival without death or transplantation was 82%
at 20 years [22].

8. Latent obstruction

A subgroup of HCM patients have symptoms despite what appears to be a low
LVOT gradient at rest and it is important to differentiate between diastolic dysfunc-
tion and labile LVOT gradient as an etiology for their symptoms. It is critical in evalu-
ating these patients, to perform provocative maneuvers such as exercise, amyl nitrite,
and/or Valsalva maneuver. If provocative maneuvers revealed significant LVOT gradi-
ent, the patient should be offered septal myectomy as symptoms in these patients are
related to a latent form of obstruction rather than to diastolic dysfunction.

A report of 249 patients with latent obstruction (gradient <30 mmHg at rest) was
compared to those who had severe LVOT gradient at rest and both underwent septal
myectomy. Early mortality was 1% with comparable long-term survival to that of an
age-matched population [23].
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9. Recurrent left ventricular outflow tract obstruction after septal
myectomy

With complete and proper septal myectomy (Figure 15), recurrence is quite low,
especially in adults. As discussed previously, anatomic causes of recurrence such
as mitral subvalvular abnormalities (anomalous papillary muscles, and anomalous
chordae) should be ruled out during the initial myectomy to avoid reoperation or
persistence/recurrence of symptoms.

Other possible etiology includes unidentified midventricular obstruction which is
being unmasked by the initial subaortic resection. Muscle growth is rare to occur in
adults and is most likely to occur in those with congenital subaortic stenosis.

The following mechanisms were identified in more than 50 patients with redo
myectomy: limited initial myectomy, midventricular obstruction, and anomalous
papillary muscles [24]. The repeat septal myectomy remains safe and feasible and

should be the main treatment for those with recurrent/persistent LVOT gradient after
initial limited resection.
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Figure 15.

Intraoperative tracing after a complete myectomy showing no vesting gradient between the left ventricle and the
aorta with negative Brockenbrough-Braunwald-maneuver.

10. Septal myectomy after alcohol septal ablation

Alcohol septal ablation (ASA) has been considered as an alternative to septal
myectomy in suitable patients. It relies on septal artery ablation with subsequent
reduction in the basal septal thickness. We do believe it is an alternative for high risk
patients and those who deemed not suitable for standard surgical septal myectomy.

However, it is important to be aware that patients who require septal myectomy
after ASA are at high risk for needing a permanent pacemaker and have lower survival
compared with those who receive primary surgical septal myectomy [25]. ASA results
in right bundle branch block and standard myectomy will result in left bundle branch
block (Figure 16), thus increasing the chance for needing permanent pacing after
surgery.
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Figure 16.
It is not uncommon after septal myectomy to have a left bundle branch block as visualized on this patient
postoperative electrocardiogram.

There are also some anatomic substrates that will not be suitable for ASA such as
the midventricular and apical variants so as those with significant basal septal thick-
ness (3 cm or more) where surgical septal myectomy would be considered the first
line septal reduction modality.

11. Right ventricular myectomy

A subgroup of patients with HCM, particularly in association with genetic syn-
dromes such as Noonan’s, can present with biventricular outflow tract obstruction.

Figure 17.
Right ventricular septal myectomy is done through an incision in the right ventricular outflow tract (RVOT)
followed by patch augmentation after completion of the myectomy. RVOT: Right ventricular outflow tract.
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This is important to recognize during their evaluation and especially if they are being
offered surgical myectomy on the left side.

Septal myectomy on the right side is a bit different from the left side. Shaving
on the right side of the interventricular septum has to be done with caution to avoid
injury to conduction tissue and/or the tricuspid valve apparatus which is different
from the left side where there is no septal attachment to the mitral valve. This is
usually done through an infundibular incision, followed by patch augmentation of the
RVOT (Figure 17) [26].

12. Outcomes
12.1 Surgical outcomes in adults

In a report form Mayo Clinic, the risk of hospital death after isolated septal myectomy
for obstructive HCM is less than 1%. Reported complications after septal myectomy such
as need for permanent pacemaker secondary to complete heart block, and iatrogenic
ventricular septal defect occur in about 2% of patients and are considered uncommon.
Approximately 90% of patients reported significant improvement in their symptoms
after extended left ventricular septal myectomy. Late survival after myectomy has been
also reported to be equivalent to an age-matched population and the risk of ICD dis-
charges decreased significantly with elimination of the LVOT obstruction [27].

The transapical approach has been reported in 113 patients with apical HCM. Early
mortality was 4% and at late follow-up, 76% of these patients reported improvement
in their symptoms. Three patients (3%) underwent heart transplantation due to
recurrent heart failure. Survival of this group was superior in comparison to those
waiting for heart transplantation [28].

12.2 Surgical outcomes in children

Children with HCM can present in a similar fashion to adults, with a wide variety
of presentations. These symptoms are mostly related to a combination of diastolic
dysfunction and significant mitral regurgitation. Sudden death as an initial presenta-
tion is more common in children compared to adults [29].

The operation is technically more challenging in children compared to adults due
to the obvious anatomic barriers secondary to the small aortic annulus and LVOT. A
report from Mayo Clinic included 127 patients who underwent septal myectomy with
age ranging from 2 months to 21 years old. There was no early mortality, and the most
common concomitant procedures were resection of accessory papillary muscles, mitral
valve repair, and closure of an atrial level shunt. Complications included two patients
with iatrogenic injury to the mitral valve and seven with aortic valve injury and all
were repaired. One iatrogenic ventricular septal defect occurred. There were four late
death but the remaining patients reported improvement of their symptoms with 96%
being in NYHA class I or II. Repeat septal myectomy was needed in six patients [30].

12.3 Septal myectomy versus alcohol septal ablation

ASA as mentioned previously has emerged as an alternative to surgical septal myec-
tomy. It can decrease the gradient in the LVOT and improve symptoms, however several
studies confirmed the better long-term symptom relief by surgical septal myectomy.

76



Hypertrophic Cardiomyopathy: Surgical Perspectives
DOI: http://dx.doi.org/10.5772/intechopen.109568

The success rate for septal myectomy is higher and the complication rate is
lower when it is performed with experienced hands. In a report of 138 patients
who underwent ASA, mortality and morbidity were higher than that of age- and
gender-matched population who underwent septal myectomy [31]. Survival with
septal myectomy is also better in those 65 years of age or younger, in addition to the
immediate relief of LVOT gradient and symptoms that is provided by proper septal
myectomy.

As mentioned earlier patient selection is a key for either procedure and important
to be aware with the risks inherent in those who will undergo septal myectomy after
ASA prior to committing them to ASA.
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Chapter 5
Cardiac Amyloidosis

Sonia Vicenty-Rivera and Ingrid Bonilla-Mercado

Abstract

Cardiac amyloidosis is a protein-folding disorder mostly caused by abnormal
deposition of either transthyretin proteins or light chain (AL) proteins, into one or
more organs, including the heart. The main cardiac manifestations are right ventricu-
lar heart failure and arrhythmias. Extracardiac symptoms usually precede cardiac
symptoms and are evident several years before the development of symptomatic car-
diac problems. The prognosis is poor without appropriate management. Non-invasive
evaluation with multi-imaging modalities has allowed earlier diagnosis, particularly
when used in combination with monoclonal gammopathy evaluation. Management
will vary depending on the subtype of amyloidosis. It consists of supportive treatment
of cardiac-related symptoms, pharmacological treatment that targets amyloid fibrils
formation and deposition, thus attacking the underlying disease, and addressing the
management of extracardiac symptoms to improve the patients’ quality of life.

Keywords: cardiac amyloidosis (CA), transthyretin cardiomyopathy (ATTR-CM),
wild type-ATTR (wtATTR), hereditary (variant, mutant) transthyretin
cardiomyopathy (hATTR, vATTR), systemic (AL) cardiac amyloidosis (AL-CM),
atrial fibrillation (AF), heart failure (HF)

1. Introduction

Amyloidosis is an infiltrative disorder primarily caused by extracellular tissue
deposition of amyloid fibrils. It occurs when the misfolded protein assembles with
similar proteins to form oligomers, which circulate in the blood and deposit as highly
ordered fibrils, in the interstitial space of target organs [1]. These deposits are com-
prised of insoluble low molecular weight protein subunits ranging from 5 to 25 kD
leading to the outlined systemic disease [2]. Up to date there are at least 25 different
human and 8 different animal amyloidogenic proteins identified [1]. Tissue infiltra-
tion occurs in many organs such as kidney, liver, autonomic nervous system, and
heart. However, >95% of cardiac amyloidosis is secondary to immunoglobulin light
chain amyloidosis (AL) and transthyretin amyloidosis (ATTR) [3].

It was previously understood that cardiac amyloidosis was a rare and fatal disease.
Nevertheless, with the emergence of advanced cardiac imaging studies as well as
the availability of new pharmacological treatment for transthyretin amyloidosis
and increased awareness of the disease among physicians, and better guidance for
accurate diagnosis there has been a marked increase in diagnosis of this previously
underrecognized medical condition. Nevertheless, despite increased awareness of
the disease, sociodemographic disparities in diagnosis and management of cardiac
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amyloidosis exist, thus leading to a delay in treatment and increased disease severity
at time of diagnosis within certain sociodemographic groups [4, 5].

In this chapter, we will discuss in detail the clinical presentation, identification
process, and implications for early detection of cardiac amyloidosis to improve patient
outcomes. Additionally, we will discuss new emerging therapeutic approaches and the
importance of socioeconomic disparities within the disease.

2. Pathophysiology

Cardiac amyloidosis (CA) is also known as “stiff heart syndrome” because the
amyloid protein infiltration leads to increased cardiac wall thickness and ventricular
stiffness (Figure 1) [1]. The natural progression of amyloidosis includes involvement
of other organs prior to its cardiac manifestation.

2.1 AL amyloidosis
In AL amyloidosis, the deposits are formed by accumulation of kappa or lambda

light chain proteins. These proteins in normal conditions are produced by plasma
cells. However, when the cells overproduce light chains, they become amyloidogenic

Figure 1.

Cardiac amyloidosis Pathophysiology. (A) Gross specimen inspection veveals a rubbery consistency of the
myocardium. On some occasions, there can be evidence of intracardiac thrombi. The lighter-tan coloved material
is amyloid (green arrowhead) and the darker tissue vepresents normal myocardium (blue arrowhead).

(B) Hematoxylin and eosin-stained (inset) microscopic sections with characteristic ring-like encircling of
myofibers and the lack of the wavy fibrillar chavacter of collagen. (C) 400x magnification and (D) is 400x
magnification of the eosin-stained section with Congo Red staining microscopic sections, amyloid is red-orange,
the protein is birefringent so that when Congo Red-stained tissue is viewed under polarized light it transmits an
apple-green color.
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and deposit in the autonomic and peripheral sensory nervous system, spleen, lungs,
and heart. This process can happen spontaneously or because of certain blood or
immune system cancers. The major conditions associated with AL amyloidosis are
multiple myeloma, Waldenstrém’s macroglobulinemia, and B-cell lymphomas [6].

In addition to mechanical and architectural damage mediated by cardiac AL-fibril
deposition, the soluble AL protein has been proven to have directly toxic effects
on myocardial tissue. In experimental mouse models, it was shown that the rapid
progression of heart failure and left ventricular dysfunction seen in AL amyloidosis is
caused by toxic effect of circulating light chains on the already diseased myocardium
by the amyloid protein deposition [7]. Later another group demonstrated that this
toxic effect was mediated by p38a mitogen-activated protein kinases (MAPK) signal-
ing which can upregulate pro-BNP. In fact, increased pro-BNP can be indicative of
both amyloid disease activity and the degree of cardiac injury [8, 9].

2.2 ATTR cardiomyopathy

ATTR cardiomyopathy is caused by a transthyretin protein (TTP), previously
known as prealbumin. It is a 55 kD protein whose main function is to transport both
thyroxine (T4) and retinol-binding protein. About 85% of the TTP protein is pro-
duced in the liver, with the rest being synthesized in the choroid plexus, the retinal
and ciliary pigment epithelia of the eye, and the pancreas [10-12]. TTP normally
circulates as a homotetramer, with a small amount of transthyretin circulating in
monomeric form. The monomeric form of transthyretin is prone to misfolding lead-
ing to a gradual formation of amyloid deposits. There are two types of transthyretin
amyloidosis, hereditary or variant (ATTRv) and wild or senile (ATTRwt), both of
which are caused by a misfolding of TTR protein.

2.2.1 Hereditary ATTR (ATTRv)

The hereditary type is caused by a TTR gene missense mutation the patient is born
with, that causes a decrease in the stability of the tetramer conformation of the pro-
tein, promoting its dissociation into monomers and consequent leading to misfolding.
Following the dissociation and misfolding events, the aggregation and deposition of
insoluble TTR and nonbranching amyloid fibers, typically with a diameter of 10 nm,
occur in the extracellular spaces of many tissues and organs [11]. Currently, there are
over 130 identified point mutations in the gene that encodes TTR synthesis, which is
located on the long arm of chromosome 18 [10, 11]. Most of these point mutations can
cause amyloidosis disease. In the US, the most common mutation is the V1221, found
in 3-3.5% of individuals of African descent. Despite the prevalence of the muta-
tion within the African American population, cardiac amyloidosis still represents a
severely underdiagnosed form of heart failure within this population [13]. ATTRv
phenotypic expression will vary depending on the type of transthyretin protein muta-
tion with symptoms ranging from severe peripheral neuropathy (familial amyloidotic
polyneuropathy) to cardiac amyloid cardiomyopathy and conduction abnormalities
(familial amyloid cardiomyopathy) [9-11].

2.2.2 Wild-type or senile ATTR (ATTRwt)

In ATTRwt, it is believed the phenomenon occurs as part of an unknown aging-
related mechanism, where TTR molecules misfold and deposit within the heart and
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other organs as amyloid fibrils. The most common clinical manifestations are motor
and sensory neuropathy, gastrointestinal disturbances, and cardiomyopathy [14].
Both amyloid deposition and its effects on surrounding organs establish the pheno-
type of the disease [1]. Amyloid fibers can cause direct compression or obstruction in
neighboring structures, which manifests as conditions such as carpal tunnel syn-
drome and vitreous opacities [14]. As amyloid fibers accumulate, patients experience
progressive dysfunction with symptoms that may not start until years after the initial
amyloid formation and deposition [11].

3. Epidemiology

About >95% of cases of cardiac amyloidosis are caused or related to light chain
(AL) amyloidosis and transthyretin (ATTR) amyloidosis.

3.1 AL-amyloidosis

AL amyloidosis has an incidence of approximately 4000 new cases of amyloidosis
annually in the United States. However, the actual incidence may be higher due to
the disease under diagnosis. While the incidence is thought to be equal in males and
females, about 60% of patients referred to amyloid centers are males [15]. However,
only half of these patients present cardiac manifestations of systemic (AL) amyloido-
sis. Once heart failure symptoms ensue, prognosis is poor with a median survival of
<6 months if plasma cell dyscrasia is left untreated [16]. In AL-cardiac amyloidosis,
poor prognosis is associated with increased LV relative wall thickness, older age,
NYHA class, elevated pro-BNP, and increased C-reactive proteins [16, 17].

3.2 ATTR amyloidosis

On the other hand, ATTR amyloidosis, which was thought to be a rare cause for
CA, has recently been more frequently diagnosed. This is a result of the use of new
cardiac imaging techniques and increased availability of imaging and diagnostic
tools clinical practices, that have revolutionized the diagnosis of cardiac diseases.
However, despite advances and availability in imaging techniques, this condition
is still frequently underdiagnosed due its myriad of signs and symptoms, which
are often associated with other diseases, leading to a poorly delineated prevalence
of the disease. Earlier reports of patients undergoing noninvasive diagnosis with
patients older than 60 years, Gonzalez et al. found a staggering 13% prevalence
of CA in patients admitted with clinical diagnosis of decompensated heart failure
with preserved ejection fraction [13]. Meanwhile, AbouEzzeddine et al. performed
a community based-setting cohort study in which ATTR-CM was found in a
substantial number of older male patients with heart failure with preserved ejec-
tion fraction (HFpEF) (2.5% with 95% CI, 1.4-4.0%). This study highlights the
importance of systemic screening for CA in male patients with HFpEF and LV wall
thickening [14].

3.2.1 ATTRwt

ATTRwt almost exclusively occurs in male patients 70 years or older with
a median survival after the onset of heart failure of 7.5 years [18]. The average
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worldwide prevalence is estimated to be 1/6000 [19]. Interestingly autopsy studies
on from patients with antemortem diagnosis of HFpEF demonstrated presence of
fibrillar deposits within the heart in 25% of the patients older than 80 years of age
[20]. Moreover several studies have shown that one in seven elderly patient with
aortic stenosis also suffer from cardiac amyloidosis [5]. While the exact mechanism
or reason behind the frequent coexistence of both diseases in such patients is not
fully understood, several hypotheses have been drawn in aims to provide a plau-
sible explanation. The coexistence of severe aortic stenosis with ATTRwt has been
shown to not have a significant impact in patient survival; special considerations
should be taken with these patients at the time of treatment and will be addressed in
greater detail later in the chapter. In comparison to ATTRv, ATTRwt almost exclu-
sively affects the heart with involvement of both atrial and ventricular chambers
and frequent incidence of conduction disorder and arrhythmias [20]. However,
patients with ATTRwt have been shown to have some extracardiac manifestations
of the disease such as musculoskeletal involvement like carpal tunnel syndrome

in up to 33-49%, traumatic bicep rupture 33%, and lumbar stenosis 37% [21-23].
Extracardiac symptoms can precede cardiac ones up 5-7 years before cardiac amy-
loidosis diagnosis [24].

3.2.2 ATTRv

ATTRv onset has been shown to occur earlier in males than in females.
Interestingly, the age of onset is progressively earlier in successive generations [11].
From the hereditary subtypes, the mutations known to have cardiac effects are TTR
V30M, t TTR V1221, and TTR T60A. Most of these mutations are found clustered into
distinct ethnicity groups and/or within certain geographical areas. Its inheritance
has an autosomal dominant pattern [25]. The V30M mutation is the most common
mutation worldwide, especially in parts of Portugal, Japan, and northern Sweden.
Nevertheless, it has also been identified in Spain, France, South America, and some
nonendemic areas of Africa. It has a slight female predominance with a bimodal pre-
sentation with earlier onset of V30M ATTR symptoms being mostly neurological and
late-onset symptoms that present with both cardiomyopathic and polyneuropathic
involvement [26].

On the other hand, the most common mutation in the US associated with late-
onset cardiomyopathy is V122I. It is frequently diagnosed among African Americans
with an incidence of 3-4% compared to 0.44% among white individuals. Moreover,
within African American population this mutation can be found in up to 10% of the
patients over 65 years of age who have developed severe HF [27]. The T60A variant
is the second-most-common TTR variant in the US and the most common in the UK
and Ireland, affecting approximately 1% of the population of north-western Ireland.
It has an unknown gender distribution which occurs in patients >60 years of age with
cardiac involvement as well as autonomic and peripheral neuropathies [10, 11, 27].
However, even though there are no set gender distribution male patients tend to have
a mean age of presentation of 60-65 years of age, while female patients tend to have
a latter onset. ATTRv is an important cause of heart failure that disproportionately
affects people of African descent. Despite the high burden of ATTRv among black
individuals, just a few studies include African American patients and most of the
clinical data, we have for ATTRv come from North America and Europe. Moreover,
despite the known and well-established predisposition to cardiovascular diseases
within other minority groups such as Hispanic/Latino population, the only minority
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group to be included and studied in clinical trials so far has been African American
patients [28]. There is no known clinical data to describe epidemiological character-
istics of ATTRv in the Hispanic/Latino population. Nevertheless, efforts to promote
earlier identification of ATTRv in general practice will improve clinical outcomes for
all groups.

4. Clinical manifestations and physical examination

As previously mentioned, amyloidosis is a systemic disease. Therefore, patients
with cardiac amyloidosis have amyloid fibril affecting the cardiovascular system
and involvement of the musculoskeletal system, peripheral nervous system, and
autonomic nervous system. Since the systemic manifestation commonly precedes
the cardiac manifestation, it often results in delayed diagnosis. Non-cardiac clinical
manifestations are diverse and includes lumbar spinal stenosis, GI symptoms such as
constipation or diarrhea, nausea or vomiting, unexplained nephrotic syndrome with
some degrees of renal insufficiency, sensorimotor peripheral neuropathy, arrhyth-
mias, autonomic and peripheral neuropathies, and bilateral carpal tunnel syndrome.
The latter can be diagnosed up to 10 years before confirmation and diagnosis of ATTR
amyloidosis [13, 14, 18, 19]. Therefore, by the time patient starts to develop cardio-
vascular symptoms, usually there is extensive systemic and myocardial infiltration.

A survey of 533 people, including patients with ATTR and their family members, by
Lousada et al. found that the correct diagnosis in patients with wild-type ATTR, was
made within 6 months in up to 46% of patients and at times the correct diagnosis
required >5 different physicians [29].

Cardiovascular manifestations can be four-fold, including congestive heart failure
due to restrictive cardiomyopathy, vascular abnormalities, autonomic dysfunction,
and conduction abnormalities. Dyspnea is the most common complaint associated
with elevated right heart side pressure. Physical examination in advanced disease

«__»

is noteworthy for prominent jugular venous distention associated with evident “x
and “y” descent, peripheral edema, hepatic congestion, and ascites [30]. The lower
extremity edema is usually disproportionate to the degree of heart failure and is
related to the degree of nephrotic syndrome. A right ventricular S3 is usually pres-
ent and correlates with the degree of right ventricular dilatation and dysfunction.
The S4 is always absent despite a decrease in left ventricular compliance due to atrial
dysfunction secondary to amyloid infiltration. Lung field can reveal bilateral pleural
effusion that tends to be diuretics resistant requiring in many cases frequent thora-
centesis for fluid removal with high degree of recurrence [31].

Vascular involvement can be seen due to amyloid deposition leading to increase
in vessel wall thickness or endothelial functional abnormalities (Figure 1). Autopsy
studies have demonstrated amyloid infiltration of the small intramural coronary
arteries in up to 88-90% of AL patients. Furthermore, the arterial abnormalities do
not appear to be related to echocardiographic evidence of cardiac involvement [32].
Patients may present with atypical and typical angina pectoris due to small vessels
involvement [33]. Persistent increase in troponin level may be present leading with
misdiagnosis of non-ST elevation myocardial infarction [34]. Despite the presence
or absence of at true ischemic event, this elevation of cardiac markers is a negative
prognostic factor [35, 36].

A hallmark of CA is autonomic dysfunction and can be interpreted as an early
symptom, thus patients should be carefully evaluated for dizziness, near syncope

88



Cardiac Amyloidosis
DOI: http://dx.doi.org/10.5772/intechopen.109522

and syncopal events. However, many factors may contribute to syncope such as
postural hypotension due to excessive diuresis or autonomic neuropathy and small
ventricular cavities. Low blood pressure is a common finding and not necessarily
accompanied by orthostatic hypotension. It has long been known that syncope is
common in AL amyloid heart disease and mostly precipitated by physiologic stress.
Stress-precipitated syncope is associated with a poor prognosis in such patients, both
in terms of their median survival (2 months) and as a common precursor of sudden
cardiac death [32]. Additionally, autonomic dysfunction in these patients is associ-
ated with decreased cardiac output. However, there is no evident association between
syncopal events and mortality in ATTR patients despite frequent events and poor
quality of life [37, 38].

5. Diagnostic evaluation

The diagnostic evaluation begins with a complete history and physical exami-
nation, mainly considering both cardiac and non-cardiac signs and symptoms or
“red flags” that suggest high suspicion for the condition to delineate a diagnostic
approach using a combination of serum biomarkers as well as imaging studies
(Table1l).

Clinical findings Imaging studies Biomarkers

Cardiac symptoms Transthoracic echocardiogram * Persistent elevation
of troponin in the
absence of acute
coronary events

¢ Heart Failure ¢ Increase left ventricular wall width
>1.2 cm in the absence of underly-
ing cause

¢ Intolerance to standard HF

treatment . .
¢ Persistent elevation

¢ Phenotypical echocardi hi
enotypical echocardiographic of N-Pro.BNP

finding of infiltrative character-
istics such as atrioventricular wall

¢ Cardiac arrhythmias
(CAVB, slow AF

* Low flow low gradient or thickening, interatrial septum
paradoxical Low flow low thickening, and thickening of the
gradient AS left ventricular free wall

Non-cardiac Symptoms CMR

¢ Musculoskeletal-> bilateral o Global subendocardial late

carpal tunnel, lumbar gadolinium enhancement

spinal stenosis, biceps .
¢ Elevated native T1 value
tendon rupture

* Symptoms of peripheral or * Expanded ECV

sensorimotor neuropathy
and dysautonomia

¢ Gastrointestinal manifesta-
tions such as diarrhea,
constipation, or uninten-
tional weight loss

* Renal impairment or
cardiorenal syndrome

HE, heart failure; CAVB, complete atrioventricular block; AE, atrial fibrillation; AS, aortic stenosis; CMR, cardiac
magnetic resonance; ECV, extracellular volume; N-Pro-BNE, N-terminal-pro hormone-brain natriuretic peptide.

Table 1.
Red flags for cardiac amyloidosis.
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5.1 Serum biomarkers
5.1.1 ATTR

Witteles et al. propose considering evaluation of ATTR cardiomyopathy in patients
older than 65 years (females >75 years) with a diagnosis of heart failure and > 1 clini-
cal finding indicative of ATTR such as suggestive imaging tests results, and/or chronic
elevation in biomarkers (troponins, BNP, pro-BNP) [39-41]. Appropriate assessment
include evaluation of absence of monoclonal gammopathy using serum free light
chains (FLC), serum, and urine immunofixation electrophoresis as serum protein
electrophoresis is insensitive leasing to false negative results.

5.1.2 AL cardiac amyloidosis

Pro-BNP concentration is found to be increased in patients with heart failure
and in patients with AL amyloidosis before the onset of clinical heart failure. This
peptide is considered a marker for cardiac involvement. A report where pro-BNP was
measured in patients with AL amyloidosis, found that its concentration was elevated
despite the presence of clinical heart failure. Moreover, the diagnostic utility of
pro-BNP study in 152 patients identified with amyloidosis where a plasma N-terminal
pro-BNP concentration of 152 pmol/L detected cardiac involvement with a sensitivity
of 93% and specificity of 90% [42].

5.2 Electrocardiogram (ECG)

Low voltage electrocardiogram QRS (<0.5 mV on limb leads, <1 mV on precordial
leads, and Sokolow index defined as the sum of amplitudes of the S-wave in V1 and
the R-wave in Vs ¢ < 1.5 mV) has always been thought to be pathognomonic of cardiac
amyloidosis (Figure 2). Nevertheless, this finding has been shown to have low sensi-
tivity and its prevalence varies markedly according to the etiology of cardiomyopathy.
Low voltage QRS is found in around 60% of AL-type amyloidosis and in close to 20%
of ATTR type amyloidosis [43]. However, when present it has been associated with
poor survival regardless the type of cardiac amyloidosis [43]. Moreover, a Sokolow
index <1.5 mV was shown to be predictive of a combined outcome of time to hospi-
talization, heart transplant, or death in both AL and ATTR cardiomyopathies [44].
On the other hand, some studies have suggested that an increase in LV mass to EKG
voltage relationship (mass-voltage ratio) might be more specific to CA than low volt-
age alone perse [45, 46]. Left ventricular hypertrophy changes have been described in
precordial leads in small group of patients with very uncommon hypertrophy changes
noted in limb leads [43].

Other electrocardiographic evaluation using signal-averaged ECG (SAECG) shows
that late potentials were significantly more frequents on patients with echocardio-
graphic evidence of cardiac amyloidosis (31% vs. 9% in those with normal echocar-
diograms) and was independently predictive of an increased risk of sudden cardiac
death [47].

5.3 Transthoracic echocardiography

Transthoracic echocardiography is cornerstone in the diagnostic evaluation
of patients with heart disease and is considered the standard of care in cases in
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Figure 2.

Low voltage ECG 12-lead electrocardiography depicting the typical changes observed in cardiac amyloidosis.

Low voltage limb leads (orange arrowhead) and poor precordial leads “R” wave progression with pseudo infarct
pattern (green arrowhead) secondary to amyloid infiltration at the level of the left ventricular myocardium. Also,
there is evidence of sinoatrial and atrioventricular conduction defects in this case there is a 1st degree AV block
secondary to amyloid infiltration into the conduction system.

which CA is suspected. Cardiac amyloidosis has very distinctive echocardiographic
features such as small LV cavity with associated increased left ventricular thicken-
ing (>12 mm) (Figures1 and 3), biatrial enlargement, increased thickness of right
ventricle, interatrial septum, and atrioventricular valves (Figure 3) with near normal
LV systolic performance. The often-described increased echogenicity character-

ized as granular or sparkling texture pathognomonic of cardiac amyloidosis is not
very sensitive and only present in a minority of patients especially when disease is
advanced (Figure 3) [48, 49]. However, this changes which are often referred to as
hypertrophy are inaccurate since it is caused by a progressive infiltrative process
rather than myocyte hypertrophy as it occurs in other forms of cardiomyopathy. AL
and ATTR have overlapping echocardiographic features, although in general ATTR
is characterized by thicker walls, owing to the more insidious nature of deposition
and late diagnosis versus the toxic aspect of light chains in AL facilitating apoptosis
and earlier recognition. However, asymmetric left ventricular thickness, mimicking
hypertrophic cardiomyopathy, has been described in patients with familial amyloido-
sis [50]. Studies have demonstrated that there is a correlation between severity of LV
thickness, a higher frequency of associated echocardiographic abnormalities such as
left atrial enlargement or granular sparkling appearance and more common reduced
systolic function with a decrease survival (median of 1.1 years) in these patients [51].
RV involvement assessed with TAPSE <14 mm is associated with events such as wors-
ening of heart failure, increased mortality and heart transplant (Figure 3) [48, 52].
Diastolic dysfunction to different degrees is common and is present in all patients. In
advanced CA, doppler mitral flow evaluation shows restrictive pattern characterized
with short deceleration time of E wave with decreased A wave velocity (Figure 3).
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Figure 3.

Trgnsthomcic echocardiogram with chavacteristic findings of cardiac amyloidosis (A) PLAX ¢ SAX Markedly
thickened myocardium with severe concentric hypertrophy and abnormal texture described as ground glass
appearance. Prominent and thickened MV leaflets and severe LA enlargement. Associated posterior pericardiac
effusion (B) mitral valve inflow velocities with shortened deceleration time of the “E” wave (98 ms) and absent
A” wave with an E/A > 2 consistent with severe diastolic impairment also known as vestrictive pattern. MVI TDI
with lateral velocities with 5-5-5 pattern (s—systolic, € —early diastolic, and a’—late-atrial-diastolic) with TDI
velocities <5 cm/s. (C) Echocardiogram with evidence of increased RV thickening (88 mm) and dilated cavity,
reduced RV5’ TDI and TAPSE suggestive of RV dysfunction. (D) Left ventricular showing a decrease in global
longitudinal deformation (absolute value <—15. Cherry-on-top sign (yellow arrow) on the STE “Bulls” map due
to a relative reduction of the middle and basal segments of the left ventricle compared to the apical segments.
There is an Apical to Basal/mid segments >2.1.

Diminished A wave velocity is due to progression of restrictive disease and intrinsic
atrial dysfunction.

Tissue Doppler, strain, and strain rate imaging allows early diagnosis of diastolic
dysfunction in patients with cardiac amyloid and helps distinguish cardiac amyloido-
sis from other restrictive cardiomyopathies etiologies such as constrictive pericarditis.
Usually, a mitral annular diastolic velocity (E’) <8 cm/s is a good discriminator for
restrictive physiology [51, 52]. In patient with more advanced presentation of CA, the
“5-5-5” sign with TDI velocities are <5 cm/s (Figure 3). Other signs of advanced CA
besides tissue velocities include increased isovolumetric contraction time (IVCT) and
isovolumetric relaxation time (IVRT) and decreased ejection time. However, regional
strain has shown long-axis dysfunction in early cardiac amyloidosis and impairment
of longitudinal contraction despite preserved fractional shortening. Reduction in
global measures of systolic function, such as left ventricular (LV) ejection fraction,
are late manifestations and characteristics of advanced disease. In CA, overall global
longitudinal strain (GLS) is < —15 with a characteristically depressed longitudinal
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strain of the basal and mid-ventricular segment while preserved apical segments,
better known as apical sparing or “Cherry-on-top” is common (Figure 3). Moreover,
reduced GLS have been suggested to be an independent predictor of survival in both
AL and ATTR [51]. Left atrial strain analysis by stress echocardiogram (STE) (normal
—40%) shows severely decreased LA function with elevated LA volumes and can be
helpful for monitoring and prediction of thromboembolic risk (Figure 3) [48].

5.4 Cardiac magnetic resonance imaging (MRI)

Cardiac MRI has been used for identification of cardiac amyloidosis in patients
with unexplained heart failure and arrhythmias in which echocardiographic find-
ings are suspicious yet inconclusive [52]. It is a highly specific tool for the diag-
nosis of CA because of its intrinsic capacity to characterized tissue by using late
gadolinium enhancement and parametric mapping techniques (T1) and its ability
to assess extracellular Volume [ECV]) (Figure 4) [53]. In CA, late gadolinium

Increased LV mass;
Decreased GLS

Amyloid deposition;
Fibrosis

Amyloid deposition;
Fibrosis

Expanded extracellhlar

H Myocardial metabolism
matrix

Figure 4.

Common cardiac MRI findings found in cardiac amyloidosis using state-of-the art cardiac MRI approach. The
rights of this figure were obtained. Permission for the reproduction of the image was obtained by the authors.
Magnetic Resonance Imaging, First published: 30 June 2022, DOI: 10.1002/jmvi.28314.

93



New Insights on Cardiomyopathy

enhancement (LGE) distributes in the extracellular space not following a specific
coronary distribution. Different patterns have been observed such as diffuse
patterns that can progress from subendocardial to transmural. The circumferen-
tial subendocardial LGE has been more frequently seen in patients with AL-CM
whereas the diffuse transmural LGE pattern has been more frequently associated
with ATTR-CM [54]. The degree and severity of LGE is associated with increased
mortality. Native (noncontrast) T1 or T1 time is measured without contrasts and
may reflect changes in tissue composition such as in intracellular or extracellular
compartments affected by collagen, protein, edema, lipids, and iron content [54].
Whereas postcontrast T1 is used to calculate ECV a which is a surrogate param-
eter for the extracellular matrix. Both, native T1 and ECV have demonstrated
their usefulness as biomarkers for CA diagnosis [54]. A series from National
Amyloidosis Centre in the United Kingdom followed hematologic-measured
treatment response and correlated them with ECV findings. They concluded that
cardiac MRI-detected change in ECV at 6 months to be prognostic for long-term
outcomes, even after controlling for the hematologic response. Suggesting that
cardiac involvement in AL amyloidosis does not walk so tightly together with
hematologic involvement and that serial analysis of the presumed cardiac amyloid
burden with cardiac MRI during treatment may be important to comprehensively
assess treatment response [55].

5.5 Bone radiotracers

99mTc-PYP/DPD/HMDP cardiac scans have become a chief diagnostic tool used
in the diagnosis and differentiation of cardiac amyloidosis. In 1980, it was observed
for the first time the uptake of **™Tc-phosohate in cardiac material from patients
undergoing bone scan for evaluation of bone metastasis [56]. Later in 2005, Perugini
et al. demonstrated the usefulness of **™Tc-DPD scintigraphy in diagnosis and suc-
cessful differentiation of TTR versus AL etiology in patients with documented cardiac
amyloidosis [56]. Radiotracer uptake was attributed to possible higher calcium
content un ATTR amyloid deposits [57, 58].

There are two approaches for pyrophosphate image interpretation: quantitative
vs. semiquantitative evaluation (Figure 5). In the quantitative PYP evaluation, a
circular target region of interest (ROI) is drawn over the heart on the planar images
and are mirrored on the contralateral chest to account for the background of the
ribs (H/CL) [52]. Total and absolute counts are measured in each ROI and a ratio of
heart-to-contralateral lung determined. When myocardial uptake is visually present
in 1 hour, it is considered positive for ATTR if H/CL >1.5. On the other hand, the
Perugini grading scale is a semi-quantitative method of scoring cardiac uptake fol-
lowing injection of 99mTc-DPD, 99mTc-Pyrophosphate or 9mTc-HMDP scintig-
raphy in the investigation of cardiac amyloidosis (particularly ATTR amyloidosis).
The grading scale visually compares tracer uptake in the myocardium and ribs and
will grade it from O to 3 depending on the cardiac uptake compared to the rib with
0 as no cardiac uptake and 3 as cardiac uptake greater than rib uptake. Visual scores
greater than 2 on planar + SPECT/CT imaging without evidence for monoclonal
proteins in blood and urine, renders a diagnosis of ATTR cardiac amyloidosis with
specificity and positive predictive value >98% (Figure 5) [52, 59]. Substantial
uptake (Grade 2 or 3) has been reported in more than 20% of patients with AL
cardiac amyloidosis.

94



Cardiac Amyloidosis
DOI: http://dx.doi.org/10.5772/intechopen.109522

B. Semi-quantitative analysis of planar images the counts per pixel of the
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Figure 5.

Cardiac scintigraphy in cardiac amyloidosis. (A) Qualitative assessment with evident Perugini Grade 3. The
Perugini visual grading rule as follows: grade o = cardiac uptake not visible, grade 1 = mild cardiac uptake visible
but inferior to skeletal uptake, grade 2 = moderate cardiac uptake visible equal to or greater than skeletal uptake,
and grade 3 = strong cardiac uptake with little or no skeletal uptake. In the (B) semi-quantitative analysis of
planar images, the counts per pixel of the heart to contralateral chest have a value of 1.7 (ved circle with the

H denotes heart or cardiac uptake and green cirvcle with CL denotes contralateral uptake). Semi-quantitative
analysis of planar images with both anterior and lateral views planar images are evaluated, by drawing a
patient-specific civcular ROI on the heart and mirroring it to the contralateral chest to calculate the heart-to-
contralateral (H/CL).

Suspicion of Gardiac Amyloidosis with “red-flags”
(Echo, ECG and patients History)
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Figure 6.
Cardiac amyloidosis diagnosis flowchart.

5.6 Tissue biopsy
Tissue diagnosis with endomyocardial biopsy remains the goal standard for

diagnosis CA. However, since it is invasive, it is usually reserved for those patients in
which noninvasive assessment has been equivocal such as in the case of patients where
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plasma cell dyscrasia cannot be entirely ruled out or those with presence of low-grade
uptake [55]. Diagnosis is evident with confirmation of amyloid deposition throughout
with evidence of apple-green birefringence using Congo Red staining (Figure1).

The type of cardiac amyloidosis can also be determined using mass spectrometry and
immunohistochemistry approaches. Another approach that is less invasive is the use
of fat pad biopsy, however, its sensitivity is less than that of tissue biopsy (20% vs.
60-80%) [1].

5.7 Genetic testing

All the approaches described above can be used to distinguish between AL amy-
loidosis and ATTR amyloidosis. However, as it was discussed in Section 3.2 there are
two distinct kinds of ATTR, one hereditary and one senile. Therefore, to distinguish
between both and to further identify the kind of mutation that exists in the case of
ATTRYy, genetic testing is granted.

A summarized flowchart for ease and aid of cardiac amyloidosis diagnosis can be
found in Figure 6.

6. Natural history and prognosis

The overall prognosis of cardiac amyloidosis depends on the type of amyloidogenic
protein accumulating in the heart. For instance, AL-CM has the worst prognosis and
is considered a hematologic emergency. It has a median survival of 6 months without
disease-specific treatment. Therefore, it is imperative to differentiate between AL and
ATTR-CM. On the other hand, ATTR is frequently misdiagnosed, leading to delayed
diagnosis and treatment. Disease causes significant impairment in physical health,
productivity, and lower quality of life. Once ATTR is diagnosed, untreated patients
have a median survival of 2-3.5 years. There are multiple staging systems based on
clinical as NYHA class, and laboratories such as NT-pro-BNP, troponin, and renal
parameters which help delineate treatment strategist (Table 2).

7. Treatment options

Management of cardiac amyloidosis consists of treatment and management to
stabilize heart failure symptoms while providing medications to stabilize amyloido-
genic protein (Figures 7 and 8 and Table 2). An interdisciplinary treatment approach
is paramount in lieu of patients’ limited physical capacity and quality of life due to
the extensive extracardiac symptom involvement. Diuretics tend to be the first line
of management for the control of congestive symptoms. These may be prescribed in
combination with mineralocorticoid receptor antagonists. Usually, these patients have
higher rate of third spacing with associated right heart failure, thus frequently require
diuretics with better bioavailability such as bumetanide and torsemide and addition
of mineralocorticoid agents. One of the main challenges patients with CA face is
recurrent congestion requiring high dose of diuretics as well as frequent hospitaliza-
tion. However not all traditional drugs used for the treatment of HF are adequate or
have been proven to exert any benefit in patients with cardiac amyloidosis.

On the other hand, neurohormonal antagonists which are typically used in HF
treatment are often poorly tolerated and might be counterproductive in some patients.
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AL-cardiomyopathy pharmacological thevapeutic treatment flowchart. IMiDs, immunomodulator drugs; Afib,
atrial fibrillation; DOA, divect oral anticoagulants; VKA, vitamin K antagonist; PPM, permanent pacemaker;
ICD, internal cardiac defibrillator; CRT, cardiac resynchronization therapy; VT, ventricular tachycardia; SCD,
sudden cardiac death; ARNI, angiotensin receptor-neprilysin inhibitor; ACEI, angiotensin-converting enzyme
inhibitor; BB, betablocker; OTH, orthotropic heart transplant.
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Figure 8.

ATTR-amyloidosis pharmacological therapeutic treatment flowchart. Afib, atrial fibrillation; DOA, direct oral
anticoagulants; VKA, vitamin K antagonist; PPM, permanent pacemaker; ICD, internal cardiac defibrillator;
CRT; cardiac resynchronization thevapy; VT, ventricular tachycardia; SCD, sudden cavdiac death; ARNI,
angiotensin receptor-neprilysin inhibitor; ACEI, angiotensin-converting enzyme inhibitor; BB, betablocker;

OTH, orthotropic heart transplant.

Angiotensin-converting enzyme inhibitors (ACEI), aldosterone receptor blockers
(ARB), and aldosterone receptor/Neprilysin inhibitors (ARNI) often lead to hypo-
tension. Moreover, beta-blockers are known to exacerbate bradyarrhythmias in this
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population. Digoxin binds to amyloid fibrils, leading to potential drug toxicity even
when circulating levels are within normal range, and should be avoided unless there is
difficulty controlling atrial fibrillation. Similarly, calcium blockers should be avoided
as well since they tend to bind irreversibly to amyloid fibers, thus causing bradycardia.
Orthostatic hypotension is a common debilitating symptom in patients with
cardiac amyloidosis, often leading to significant deterioration and poor quality of
life. Its management include pharmacological interventions such as the use of sympa-
thomimetic agents such as midodrine, droxidopa, the acetylcholinesterase inhibitor
pyridostigmine, or the norepinephrine transporter inhibitor atomoxetine along with
use of compressions stockings. A retrospective study of patients with AL-CM showed
droxidopa is an effective treatment of orthostatic hypotension refractory to midodrine.
Slow titration may be important to minimize rapid changes in blood pressure [60].
Cardiac arrhythmias are commonly secondary to infiltration of amyloid proteins to
cardiac conduction system as well as fibrosis at the sinoatrial node and atrioventricular
nodes which disrupts the transmission of electrical impulses along the conduction fibers,
additional direct cytotoxic effects of amyloid fibers have been described in AL-CA [61].
Atrial fibrillation (AF) is the most common rhythm disturbance seen among patients,
with a prevalence ranging between 10 and 69% [41, 62]. When it comes to treatment and
rhythm control options, patients with cardiac amyloidosis have limited strategies due
to intolerance to most of the rate control medications, leading to low output states and
hemodynamic deterioration. Nevertheless, AF does not significantly affect the overall
survival of patients with ATTR cardiomyopathy. Rhythm control strategies including
antiarrhythmic treatment, synchronized cardioversion, and AF ablation are more effec-
tive when performed earlier during the disease course [63]. Amiodarone can be used to
safely restore heart rhythm and can be considered the agent of choice in those patients
with beta blocker intolerance requiring both rhythm and rate control. Anticoagulation is
highly recommended in these patients because of higher rates if thrombi and thrombo-
embolic events when compared to aged-matched population without the disease [64]. A
retrospective study showed no difference on thrombotic events or major bleeding events
between both groups [65]. Hence anticoagulation prescription is indicated to all patient
with CA and atrial fibrillation unless prohibitive risk of bleeding. In a comparative study
in patients who underwent Left atrial appendage devise placement, it was demonstrated
that devise reduce the risk of bleeding complications and ischemic cerebrovascular
events in a similar fashion than patients without CA [66]. Sinus bradycardia and bifasic-
ular block are common and progression to complete AV block is not infrequent requiring
permanent pacemaker implantation [67]. Biventricular pacing is recommended over
regular permanent pacemaker due to risk of induced desynchrony by the last one. It has
been found that CRT response was associated with lower rates of cardiac events in this
population especially in younger patients [68]. Although sudden cardiac death is com-
mon in AL amyloidosis, most of the times it has been the result of electromechanical
dissociation rather than ventricular arrhythmias. Therefore, defibrillator implantation is
recommended in cases in which a sudden death event has been aborted and it is under-
stood that the patient has a survival of >12 months.

7.1 Cardiac amyloidosis disease specific treatment
7.1.1 AL-cardiomyopathy

Patients with amyloid cardiomyopathy due to AL amyloidosis need identification
and management with chemotherapeutic regimens that will control production of
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light chain gammopathy and/or autologous cell transplantation (ASCT) [7]. The goal
of treatment in patients with cardiac involvement is to achieve complete resolution

or normalization of serum kappa and lambda free light chain (FLC) and FLC ratio.
Staging is paramount as the risk of treatment-related mortality associated with ASCT
in AL amyloidosis restricts the use of this procedure to a small group of selected
patients. Multiple prognostic models have been proposed for patients with amyloido-
sis, most simple staging models incorporate NT-proBNP and cardiac troponin that can
be easily used in clinical settings (Table 2) [69]. There are several different choices of
anti-plasma cell medications (alkylating agents, immunomodulatory drugs (IMiDs)
and proteosomes inhibitors) approved for treatment of myeloma multiple and can

be used off-label for the treatment of AL amyloidosis. Daratumumab is the first
monoclonal Ab that has been demonstrated to be highly effective in the treatment of
AL-CA [70]. The intensity and type of therapy chosen is affected by the number and
extent of organ involvement. Patients with AL cardiomyopathy with New York Heart
Association (NYHA) functional class 3 and above are not considered for autologous
stem cell transplant (ASCT). The treatment goal is to achieve a complete hemato-
logical response or extremely low levels of serum FLCs. For those patients who are
candidates for stem cell transplantation, ASCT involves administration of high-dose
melphalan followed by stem cell rescue (Figure 7).

7.1.2 Transthyretin cardiomyopathy

ATTR amyloidosis which was previously managed only by treating symptomatol-
ogy and volume congestion, is now treated with disease modifying therapies targeted
at the level of synthesis, stabilization and/or elimination of the TTR protein. Thus,
avoiding overproduction of abnormal TTR protein. Strategies for management are
divided in transthyretin tetramer stabilizers, synthesis inhibitors and clearance of
amyloid deposits (Figure 8).

7.1.2.1 Transthyretin stabilizers

Tafamidis is a transthyretin stabilizer which works by binding to the thyroxine site of
TTR with high affinity, thus slowing dissociation of TTR tetramers into monomers and
preventing aggregation in amyloid fibrils. It is indicated in ATTR-CM and heart failure
with functional class 1-3 (NYHA). The Tafamidis in Transthyretin Cardiomyopathy
Clinical Trial (ATTR-ACT) enrolled 441 patients allocated in a 2:1:2 to Tafamidis 80 mg,
Tafamidis 20 mg, or placebo [71]. Tafamidis improved survival, reduced cardiovascular
(CV)-related hospitalizations, as well as measures of functionality and health-related
quality of life (HRQoL) in patients with ATTR-CM. The study was not designed to
assess the relative efficacy between study drug dosages, but it showed a significant
reduction in the increased NT-pro BNP and troponin I over time in patients with the
80 mg dose over the ones using 20 mg, with higher number of patients with stable or
reduced NT-proBNP levels at 30-months. This was better analyzed in the ATTR-ACT
long term study treated for additional 60 months using the 80 mg dose. Demonstrating
a 30% relative risk reduction of death when compared to the 20 mg dose [72].

In a similar fashion, Diflunisal, a nonsteroidal anti-inflammatory, is known to
have capability to stabilize TTR protein by increasing its dissociation barrier by
binding to the thyroxine site. It could be used off-label for the treatment of ATTR.
Diflunisal has been shown to reduce neurologic deterioration in patients with famil-
ial amyloid polyneuropathy due to hereditary transthyretin amyloidosis [73-75].
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Additionally, in patients with cardiac involvement, diflunisal treatment resulted

in measurable differences in cardiac troponins as well as pro-BNP and echocardio-
graphic parameters of cardiac structure and function after only 1 year of administra-
tion [73, 74]. Nevertheless, the medication has been associated the usual side effects
seen with NSAIDS such as gastric disturbances, nephrotoxicity as well as cardiac
toxicity.

There are other medications in development with ATTR stabilization capabili-
ties, Acoramidis (AG10) and mds84. Acoramidis (AG10) appeared to be safe and
well tolerated during phase 2 clinical trial and completely stabilized TTR [76]. The
ATTRibute-CM Study is an undergoing phase 3 study with main aim to demonstrate
Acoramidis usefulness in improvement of exercise capacity, survival, and secondary
end point of improvement of health-related quality of life, all-cause mortality, and
rate of cardiovascular-related hospital events when compared to placebo [73]. Lastly,
mds84 is bivalent ligand TTR that can bind to the binding groove as well as central
protein channel pockets. In vitro studies have demonstrated higher potency capabili-
ties when compared to other TTR stabilizers [73, 74]. So far, there is no evidence of
undergoing available clinical trials.

7.1.2.2 Transthyretin gene silencers

Patisiran is a double-stranded small interfering RNA which decreases the produc-
tion of abnormal TTR by binding to the RNA-induced silencing complex mediating
cleavage of the protein’s mRNA to prevent TTR synthesis by the liver. It has FDA
approval for treatment of ATTRv polyneuropathy. The APOLLO trial demonstrated
improvement in the biomarker NT-proBNP as well as echocardiographic parameters
such as LV-wall thickness, end-diastolic volume, cardiac output, and global longitu-
dinal strain in those patients with cardiac involvement. Further sub analysis demon-
strated improvement in functional capacity, decreased hospitalizations and mortality
when compared to placebo [77]. These findings provided off-label alternative use for
hereditary (variant) ATTR-CM.

The APOLLO-B, a randomized placebo control trial for treating both types of
ATTR-CM designed to determine usefulness of siRNA to improve functional capacity
and decrease hospital admissions and MACE. Inotersen, an antisense oligonucleoside
inhibitor that causes degradation of TRR mRNA through binding to the TTR mRNA
produced by the liver. The medication is administered by subcutaneous injection
weekly. Similarly, to Patisiran, it is indicated for treatment of ATTRv polyneuropathy.
Dasgupta et al., presented data from a single center which demonstrated long-term
treatment in ATTR CM was safe and effective at inhibiting progression and poten-
tially reverting amyloid burden accompanied by increased exercise tolerance and
decrease in mean LV mass measured by CMR [78].

There are two ongoing investigational drugs that target gene silencing of TTR
undergoing evaluation with phase 3 trials. Eplontersen CARDIO-TTRansform and
Vutrisiran (HELIOS-A and HELIOS-B) [73]. In the HELIOS-A, Vutrisiran, prelimi-
nary results showed improvement on the exploratory cardiac biomarkers, NT-pro-
BNP endpoints when compared to placebo (P < 0.05).

7.1.2.3 Transthyretin degraders

Doxycycline is a tetracycline derivative which poses anti-amyloidogenic proper-
ties, disrupting pre-formed TTR fibrils in vitro [79, 80]. Tauroursodeoxycholic acid
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(TUDCA), abiliary acid has similar effect in reducing non—/pre-fibrillary TTR
deposits. This was demonstrated in transgenic mice where the combination of both
drugs had a synergistic effect and have shown disease stabilization, good tolerability,
and low toxicity profile with 1-year of treatment [80].

Monoclonal anti-serum amyloid protein is an antibody targeting normal non
fibrillar glycoprotein SAP promoting a giant cell reaction that will remove visceral
amyloid deposits. Medication is administered intravenously. This drug is still under-
going evaluation and a clear utility in amyloid cardiomyopathy has not been demon-
strated [73, 74].

7.2 Advanced heart failure therapies

Cardiac amyloidosis is a progressive disease with significant risk of progression
of heart failure and mortality associated to a restrictive physiology along with char-
acteristically small, hypertrophied LV ventricle. This leads to a significant anatomic
concern as a small LV cavity could lead to suction events by obstructing the inflow
cannula thereby predisposing the patient to low flow, hypotension, pump thrombosis
as well as arrhythmias and worsening RV dysfunction. Furthermore, this population
has frequent RV involvement with associated pulmonary hypertension and right
heart failure which would further limit ventricular assistant devise use feasibility.
There are only a few small studies with overall conflicting results to draw conclusions.
Hence consideration of treatment should be done on a patient-to-patient basis. One
small study suggest left ventricular assist device (LVAD) implantation is technically
feasible for patients with severe heart failure due to advanced cardiac amyloidosis
[81]. Another single-center case series highlighted the feasibility of supporting highly
selected CA patients with continuous flow-left ventricular assist devise (CF-LVAD)
as bridge to transplant (BTT) or destination therapy (DT including the HeartMate
3 pump) with reasonable outcomes, principally for those with a reduced LVEF and
an absence of significant pre-implant RV dysfunction or pulmonary artery pulsatile
index (PAPI) <1.5 [81, 82].

Improvement in treatment options in patients with cardiac amyloidosis has opened
the possibility for heart transplant in carefully selected patients with advanced heart
failure including those that require combined heart-liver or heart-kidney. Barrette et
al. analyzed 31 patients who underwent heart transplants for cardiac amyloidosis (13
with light chain amyloidosis and 18 with transthyretin [ATTR] amyloidosis) that were
carefully selected for the procedure. His findings disclosed there was no significant
difference in mortality between patients who underwent heart transplantation for
amyloid cardiomyopathy and patients who underwent heart transplantation for all
other indications [83].

7.3 Transthyretin cardiomyopathy in aortic stenosis

Aortic stenosis (AS) is the most prevalent valvular disease seen in over 4% of
octogenarian patients. Multiple studies have described a prevalence of cardiac
amyloidosis in patients with aortic stenosis which range from 4% up to 29% [84].
Hence, AS-CA frequently coexists in this population. Aortic stenosis should be graded
according to guidelines but taking into consideration that in these settings the patient
will present with low flow/low gradient patterns (i.e., AVA <1.0 cm’, mean gradients
<40 mm Hg and stroke volume index <35 ml/m?). A multicenter prospective of close
to 400 patients referred for aortic valve replacement mostly through transcatheter
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aortic valve replacement (TAVR) showed that even though dual pathology of severe
AS-CA conferred overall worse disease by functional capacity, cardiac remodeling
and biomarkers, the patients had improved outcome when procedure was performed.
Furthermore, their data confirmed AS-CA was common and affected 1 in 8 patients
referred for TAVR [85].

8. Conclusions

Cardiac amyloidosis, previously believed to be a rare condition, is often under-
diagnosed. Multisystemic presentations cause delays in diagnosis, which reduces
the opportunity of treatment at initial stages. The advent of disease advanced
multi-imaging modalities has improved identification and diagnosis of disease, with
non-invasive diagnosis becoming cornerstone in treatment decision making process.
Patient stratification is key for treatment decision and prognosis. Early diagnosis is
key for prognosis, course of action, successful response to therapy, and a better treat-
ment outcome.
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Abstract

Despite great advances in cardiovascular medicine, cardiomyopathies in children
still are challenging for pediatricians as well as cardiologists. Pediatric cardiomyopa-
thies can manifest in diverse phenotypes but are often life-threatening and have a
poor prognosis. However, many therapeutic options available for adult patients do not
apply for children, leaving a very limited portfolio to attenuate disease progression to
avoid or postpone heart transplantation. Childhood cardiomyopathies can arise from
different etiologies, but genetic defects such as mutations, for example, in sarcomeric
proteins, which are pivotal for the contractile function, are common. This leads to the
demand to identify new variants found by genetic screening as pathogenic and fur-
thermore to allow a prognosis or risk assessment for related carriers, thus increasing
the need to uncover molecular pathomechanisms of such mutations. This chapter aims
to highlight the unique characteristics of pediatric cardiomyopathies in contrast to
adult forms, including etiology, pathophysiology, genetics, as well as molecular
mechanisms. We will also tackle currents options, challenges, and perspectives in
diagnosis and treatment of pediatric cardiomyopathies.

Keywords: pediatric cardiomyopathy, mutations, sarcomere, molecular mechanism,
genotype-phenotype correlation, calcium sensitivity, fibrosis, inflammation

1. Introduction

Cardiomyopathies (CM) in children occur relatively rarely with an incidence of
less than 1.3 in 100,000 children below 10 years of age and are still challenging for
pediatricians, cardiologists, and cardiac surgeons [1]. Cardiomyopathies, which by
definition are diseases of the heart muscle, are very heterogeneous and include a
cluster of different diseases that often cannot be clearly separated from each other.
Generally, CMs are classified into dilated (DCM), hypertrophic (HCM), restrictive
(RCM), left ventricular non-compaction (LVNC), arrhythmogenic (ACM), and
mixed phenotypes. They further may be subdivided into primary, that is, inherited,
and secondary diseases (e.g., metabolic disorders or other genetic diseases as muscular
dystrophy). In children, often the pathology is very severe with rapid progression. In
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addition, comorbidities such as diabetes, renal and pulmonary diseases, and obesity
may affect the outcome [2]. There is still a vast amount of known pediatric CM cases
that are idiopathic, that is, of unknown cause, often because of lack of causal diagno-
sis. In consequence, this increases the inefficiency of treatments [3]. Since often
suitable therapies besides heart transplantation for diagnosed CM types are not
available or inefficient, prognosis is poor [4]. Here, we will describe common
features of pediatric CMs concerning their etiology, pathophysiology, and molecular
mechanisms, thereby underlining the challenges for classification, diagnosis, and
treatment. Also, unique features will be covered, as well as current options and
perspectives in diagnosis and treatment.

2. Classification of pediatric cardiomyopathies and their clinical
characteristics

The classification of cardiomyopathies in general still is a challenging and debated
topic due to different approaches used by larger population-based studies and guide-
lines provided by different cardiologic societies [2]. In many cases, CMs were (and
still are) classified mainly by the morphofunctional phenotype of the myocardium,
although, more and more often, pathogenetic and genotypic criteria were included.
The different classifications lead to inconsistencies in terminology between different
published systems such as the AHA, ACC, or ESC guidelines, thus adding to the
difficulty to finding common pathophysiological patterns and therapeutic approaches
in different cardiomyopathy studies, even more so for the relatively rare pediatric
CMs. One attempt to integrate the different disease characteristics in a single system is
the MOGEC(S) classification [5]. It includes the morphofunctional phenotype (M),
organ involvement (O, e.g., isolated to the heart vs. systemic/multi-organ), genetic
inheritance pattern (G), and etiological or explicit genetic defects (E). Optionally, the
functional status (S) can be included. But, these characteristics still can be applied in
different hierarchies. Thus, the widely used current ESC approach implies the
morphofunctional phenotype as the highest category and the genetic and pathogenetic
characteristics as subcategories, as the phenotype provides the basis for diagnosis and
therapeutic management in the first place. Still, the pathogenetics are of great impor-
tance for genetic counseling of mutation-carrier families in order to provide long-term
risk assessment and, if necessary, regular monitoring of (as yet) seemingly unaffected
family members by a cardiologist. Hereinafter, the different CM types will be
discussed with regard to their most prominent morphofunctional aspects and their
general prevalence in children. An overview on pediatric CM types is given in
Figure 1.

2.1 Dilated cardiomyopathy

Dilated cardiomyopathy (DCM) is by far the most common CM in adults as well as
in children (50-70% of all pediatric CM cases), though the prognosis is generally
much worse for the latter [6]. In a North American study, 46% of 1426 pediatric DCM
patients underwent heart transplantation or died during a 5-year follow-up period [6].
The hallmarks of DCM are dilation of the left ventricle (LV) and systolic dysfunction
in absence of a hemodynamic cause (e.g., coronary artery and aorta anomalies, sepsis
and ischemia) [7]. In addition to LV dilation, other features such as reduced
ventricular wall thickness, mass-to-volume ratio, and mitral regurgitation are
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Overview on pediatric cardiomyopathy (CM) types. The thickness of the branches reflects the relative prevalence in
children, except for the rare cardiomyopathies (vestrictive, arrhythmogenic, non-compaction, and mixed-type
CMs). Here, dual color reflects both primary and secondary etiologies; single-color primary etiology only for
arrhythmogenic CM. HCM: Hypertrophic CM; DCM: Dilated CM; NMD: Neuromuscular disorders; GSD:
Glycogen storage disorders; LSD: Lysosomal storage disorders; FAOD: Fatty acid oxidation disorders; SHD:
Structural heart disease.

observed in the patients. The dilation and decreased contractility can also affect the
right ventricle, resulting, for example, in elevated pulmonary pressures and even in
pulmonary and peripheral edemas. Again, the phenotype of DCM is highly diverse,
ranging from asymptomatic to single or biventricular heart failure, failure to thrive,
arrhythmias, and sudden cardiac death [7]. Manifold causes have been described for
DCM and encompass primary (genetic and idiopathic) as well as secondary categories
[5, 6]. Sometimes, structural heart diseases are associated with DCM, being the end-
stage condition of the former, often resulting in the diagnostic “hen and egg” chal-
lenge: is the DCM the consequence of the abnormal loading conditions, or are the
latter a consequence of an abnormal myocardium? This can often be answered only by
successful treatment of the hemodynamic dysfunction (and the subsequent recovery
of the myocardium), which is not always possible. The same question applies to DCM
associated with pulmonary conditions, which primarily affect the right ventricle.

Primary DCM is difficult to diagnose in absence of identified familial mutations, as
all secondary causes have to be excluded first [5]. Thus, patients with de-novo muta-
tions are diagnosed potentially later due to lack of family history. Most cases of
idiopathic DCM are considered to have a genetic cause, and there is a growing number
of idiopathic DCM cases being reclassified into familial DCM upon further investiga-
tion. The estimated occurrence of FDCM is about 30-50% of all DCM cases in
children; the 5-year event-free survival rate is 50-60% [6]. The inheritance is autoso-
mal dominant, and the affected genes encompass those encoding for cytoskeletal,
sarcomeric, and Z-disk proteins [8]. In addition, DCM is common and a leading cause
of mortality in children with neuromuscular disorders (NMDs) such as Duchenne
muscular dystrophy, Barth syndrome, myofibrillar myopathies and so on, as well as
Emery-Dreyfuss syndrome, caused by a mutation in LMNA, the gene encoding for
lamin A/C [9, 10]. Primary mitochondrial disorders can also present with a DCM
phenotype or develop it over time [11]. Altogether, this underlines the importance of
extensive genetic testing of DCM as well as NMD patients.
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The distinct feature of secondary DCM (as opposed to primary DCM) is that the
underlying causes affect multiple organs and can sometimes be treated, although this
is a very broad group of different disorders, accounting for 50-70% of pediatric DCM
cases [6]. Also, the phenotype can be very diverse, as well as disease onset and
progression. Thus, the common classification criteria here are the dilated morphology
and systolic dysfunction in the first place. In case of DCM presentation in very young
patients, secondary causes have to be considered in the first place, as primary DCM is
expected to be more prevalent in adults. A common type of secondary DCM is the
inflammatory DCM, which can be further classified into infectious and non-infectious
(e.g., reactions to drugs or toxins, autoimmune diseases etc.) [6]. In children, non-
infectious causes are generally rarer than the infectious, with viral myocarditis being
the most common cause of inflammatory DCM in children. Especially in cases of viral
myocarditis with subsequent DCM, the changes in the morphology of the heart are
remarkable, usually starting without significant dilation during the early and acute
phase of the infection and remodeling to a dilated phenotype over time. Attributing
the myocarditis clearly to a virus can be challenging, though, so that as complete a
history and examination as possible should be performed to rule out other causes such
as toxin or drug exposure, cancer, metabolic disorders (e.g., thyroid hormone
dysregulations, diabetes mellitus), and nutritional disorders/deficiencies [12, 13].

2.2 Hypertrophic cardiomyopathy

The hallmarks of hypertrophic cardiomyopathy (HCM) are a hypertrophied but
not dilated ventricle without an underlying hemodynamic cause or physiological
hypertrophy and relaxation abnormalities/diastolic dysfunction, whereas the systolic
function is usually preserved or even enhanced. Thus, the main diagnostic criterion is
the diastolic septal or LV wall thickness, which has to be adjusted for body size in
children and is expressed as wall thickness z scores. The wall thickening often presents
focally or regionally, so that not the whole ventricle is affected. Nevertheless, the
pattern is very diverse, with global biventricular involvement in the most extreme
cases. In addition, structural disturbances are common, and mixed phenotypes of
HCM with non-compaction and restrictive CM have been described [14, 15]. Similar
to other cardiomyopathies, HCM can further be subclassified into primary and sec-
ondary forms, with the former being caused by mainly sarcomeric mutations and the
latter associated with a multitude of causes, for example, syndromic diseases like
Noonan syndrome, lysosomal and glycogen storage diseases (e.g., Anderson-Fabry
disease, Pompe and Danon disease), disorders of the fatty acid metabolism, mito-
chondrial diseases, and hyperinsulinism [2, 16-18]. The latter occurs only in newborn
and results from an overproduction of insulin, due to primary causes like pancreatic
hyperfunction or to secondary causes like maternal diabetes mellitus. Usually, in these
cases, HCM resolves when the underlying hyperinsulinism is treated [2, 14, 19]. In
total, HCM accounts for approximately 40% of all pediatric cardiomyopathies and is
the second most common CM after DCM in children (Figure 1) [20]. The occurrence
is ten times higher in children under 1 year of age than in those older than 1 year. In
75% of all HCM cases, idiopathic and genetic/familial HCM are the most common
etiologies in children, though it is not clear how many of the idiopathic cases arise
from underlying genetic causes that have not been identified yet [21, 22]. Survival in
infants with HCM is overall poorer than in older patients, but the prognosis highly
depends on etiology and age at diagnosis. For example, inborn errors of metabolism
are associated with a very early diagnosis (mean age 6 months) and a 5-year survival
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rate of only 42%, while for idiopathic non-infantile HCM (age at diagnosis older than
1 year), 94% of children survive 5 years [22]. Thus, early-onset HCM generally has a
much worse prognosis, especially in infants with inborn metabolic errors and malfor-
mation syndromes, as well as for idiopathic HCM (5-year survival of 82% for early-
onset cases vs. 94% for non-infantile cases) [22].

2.3 Restrictive cardiomyopathy

Restrictive cardiomyopathy is in general a rare type of CM, characterized by
enhanced ventricular stiffness, abnormal filling patterns, and enlarged atria but
absent or very mild hypertrophy or dilation [23]. Thus, the systolic function is nearly
normal, while the diastolic function is impaired. The primary diagnostic criterion is
the abnormal myocardial stiffness, which is caused by dysfunctions within the
myocytes or of the intracellular matrix such as fibrosis, and has to be distinguished
from constrictive pericarditis, where the impaired filling results from an abnormal
pericardium [24, 25]. As in other cardiomyopathies, the RCM phenotype can vary
from asymptomatic to prominent heart failure, pulmonary hypertension, arrhyth-
mias, and sudden death. Causes of RCM can be mutations in sarcomeric and non-
sarcomeric genes (primary RCM), as well as infiltration (e.g., amyloidosis), storage
disease (e.g., Anderson-Fabry disease), and autoimmune disorders [26]. An important
cause of RCM particularly in tropical regions is endomyocardial fibrosis caused by
parasitic infections [27]. In children, primary RCM accounts for less than 5% of all CM
cases but has the worst outcome [4, 28, 29]. About 66% of the patients present with a
pure RCM phenotype and have a 5-year mortality rate of approximately 20% and a 5-
year transplantation rate of 58% [28]. In about 50% of children with RCM, pathogenic
or likely pathogenic gene variants were found [8].

2.4 Left ventricular non-compaction cardiomyopathy

The most distinctive feature of LVNC is a prominent trabeculation of the left
ventricle, as diagnosed by cardiac imaging, which can occur isolated and even without
any functional disturbances as well as as part of congenital heart disease or together
with skeletal muscle and other systemic abnormalities, for example, Barth syndrome
[30]. In addition, it has been associated with atrial and ventricular arrhythmias, atrial
fibrillation, and conduction defects. A popular hypothesis suggests that LVNC repre-
sents a failure of maturation of the myocardium during embryonic development,
although there is also evidence of histological differences of LVNC and normal myo-
cardium even in the embryonic state [31]. The fact that excessive trabeculation does
not necessarily lead to functional disturbances also gives rise to controversial views on
LVNC as unclassified CM or even just a morphological trait not per se associated with
dysfunction [32]. LVNC can occur as mixed phenotype together with, for example,
HCM, RCM, or DCM, the latter being the most frequent case in children. Similar to
the clinical phenotype, the prognosis in patients with LVNC is highly variable, as the
presence of other factors than hypertrabeculation appears to be a major factor [33].
Children with isolated LVNC have a 94% 5-year survival rate, while cases with mixed
hypertrophic, restrictive, or dilated phenotypes and/or arrhythmias show significantly
poorer outcomes [33]. Barth syndrome is a well-characterized inborn metabolic dis-
ease associated with LVNC and DCM. In the United Kingdom and France, about half
of the infants diagnosed with Barth syndrome died or received a heart transplant
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[34, 35]. Among the transplant-free survivors, cardiac function often stabilized or
even recovered after 3 years of age [34, 35].

2.5 Arrhythmogenic cardiomyopathy

Arrhythmogenic cardiomyopathy (ACM) encompasses genetic diseases like AVC
(arrhythmogenic ventricular CM), channelopathies, and non-genetic pacing-induced
CMs. The clinical and pathological hallmarks of AVC are ventricular arrhythmias,
palpitations, syncope in connection to physical exercise, cardiac arrest, impaired
ventricular systolic function, and replacement of the myocardium by fibrous and/or
fatty tissue. In some cases, patients may also present with ventricular tachycardia and/
or heart failure (HF). The formerly used term “arrhythmogenic right ventricular (RV)
cardiomyopathy” was established because often the disease affects mainly the right
ventricle. But, due to an increasing number of reports of biventricular or even isolated
LV involvement, the more general term AVC is now recommended [36, 37]. AVC has
an estimated incidence of 1:100 to 1:5000 in the general population and is an impor-
tant cause of sudden cardiac death (SCD) in children and young adults (11% of all
SCD cases and 22% of SCD cases in young athletes), male patients being more often
and more severely affected than females [38]. The phenotype is highly diverse
though, ranging from nearly normal hearts to severe biventricular dysfunction. The
fibrofatty replacement of the muscle tissue is often considered to arise from ischaemic
damage of the myocardium, often more prominent in the RV. In contrast, in the LV,
often only an isolated fibrofatty scar is observed, leading to a higher risk of severe
ventricular arrhythmias and SCD [39]. The diagnosis of AVC is based primarily on
cMRI imaging- and/or biopsy-based evidence of fibrofatty replacement in the myo-
cardium and electrocardiographic (ECG) abnormalities. As the disease mostly follows
an autosomal-dominant inheritance pattern, family history assessment and genetic
screening are also indicated. Common AVC mutations affect desmosomal proteins
and proteins involved in cell-cell adhesion. Commercial screening panels are available
but do not encompass all genes associated with AVC. For adults, the diagnostic criteria
were described in the revised Task Force Criteria of the AHA, but they have only
limited validity for pediatric patients, as children often may not exhibit all of the
features (e.g., prominent fibrofatty replacement), despite being mutation carriers
[40, 41]. Instead, in a larger study, a significantly increased occurrence of SCD and
resuscitated SCD was found in pediatric patients compared to adults, while sustained
tachycardia was observed significantly less often [42]. Furthermore, athletes were
overrepresented among the pediatric patients compared to adults, suggesting an asso-
ciation between endurance exercise during adolescence and pediatric-onset AVC [42].

Channelopathies are inherited arrhythmic diseases typically without structural
changes of the heart and myocardium, which is distinctive from, for example, des-
mosomal, sarcomeric, and cytoskeletal AVC [43]. Channelopathies arise from muta-
tions in genes encoding cardiac ion channels and encompass long- and short-QT
syndromes, catecholaminergic polymorphic ventricular tachycardia, Brugada syn-
drome, and Lenégre disease [43]. Typical phenotypic manifestations are syncopes,
cardiac arrest during physical activity, arrhythmias, potentially leading to ventricular
fibrillation and SCD. In children, Brugada syndrome has been linked to sudden infant
death syndrome [44]. While the heart appears structurally normal, there are promi-
nent changes in the electrocardiographic patterns, which are often characteristic of
the specific type of channelopathy, such as prolonged QT intervals in LQTS. Pacing-
induced cardiomyopathies arise from ventricular dysfunction caused by tachycardia,
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arrhythmia, or frequent cardiac ectopy [45]. The phenotype often presents as heart
failure symptoms in the presence of tachycardia and ventricular dysfunction or even
cardiogenic shock in neonates and infants. Mostly though, the myocardium recovers
at least partially after treatment of the underlying arrhythmia [46]. Pacing-induced
cardiomyopathy can also occur in children with chronic RV pacing, for example, in
cases with atrioventricular block, and develops over time after pacemaker implanta-
tion [47]. This type of CM is thought to arise from unwanted abnormal transmission
of electric impulses to the LV and can recover after changing to a biventricular
pacemaker.

3. Etiology and pathophysiology of pediatric CM

Phenotypes as well as the etiology of pediatric CMs are very heterogeneous. Thus,
in inherited CMs, genetic defects may occur in genes encoding proteins of the sarco-
mere, including the Z-disc proteins, structural proteins (e.g., costameric, desmo-
somal, cytoskeletal, nucleoskeletal proteins), mitochondrial or Ca”—handling
proteins, signaling proteins such as Ras, or proteins of the Notch signaling pathway,
and even mutations in non-coding regions of the genome have been described (see
also Figure 2). Other causes of pediatric CMs might be inflammation due to viral or
bacterial infections and toxins, including chemotherapeutics or neurohormonal or
metabolic disorders [48-62]. Inborn errors of metabolism associated with
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Figure 2.

Cellular compartments affected by genetic mutations causing cardiomyopathy in children. Arrows indicate
interactions between different compartments altered in the presence of mutations (e.g., sarcomeric mutations
leading to energy depletion and alteved transcription). IF: Intermediate filaments.
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cardiomyopathies are nicely summarized by [63]. One of these diseases, the Barth
syndrome, is associated with CM in early childhood. Characteristically, the Barth
syndrome may induce DCM or LNVC, skeletal muscle myopathy, mitochondrial
dysfunction, neutropenia, and growth retardation [64]. According to Neuwald [65], a
defect in the TAZ gene encoding several tafazzins due to alternative splicing might be
causative. The taffazin protein family includes acyltransferases involved in phospho-
lipid formation, indicating that the mitochondrial membranes might be defective,
leading to an inefficient oxidative phosphorylation and thus to an inefficient energy
production for cardiac performance.

LNVC can be caused not only by systemic diseases such as the Barth syndrome but
also by gene defects also described in congenital or arrhythmogenic heart disease and
restrictive, hypertrophic, or dilated CM. The affected genes identified include those
encoding sarcomeric or cytoskeletal proteins as for example MYH7 (myosin heavy chain
7), MYL2,3 (myosin light chain 2,3), MYBPC3 (cardiac myosin binding protein C),TTN
(titin), ACTC1 (cardiac alpha actin), TPM1 (cardiac tropomyosin), TNNT2 (cardiac
troponin T), TNNI3 (cardiac troponin I), and ZASP (LIM binding domain 3), a Z-disc
protein [4, 66-71]. Non-sarcomeric gene defects have also been identified, for example,
in HCN4 (hyperpolarisation activated cyclic nucleotide gated potassium channel 4)
coding for an ion channel located in pacemaker cells or in genes encoding intermediate
filament proteins such as LMNA (Lamin A/C), which is involved in heart development,
or DES, encoding desmin [72, 73]. A list of affected genes in LNVC and their functions
can be found in the National Library of Medicine, Medline PLUS. LNVC is mainly due
to developmental failure, and it is associated with increased trabeculation, leading to a
sponge-like appearance of the heart chambers. Such a remodeling may result in con-
tractile dysfunction, arrhythmia, and sudden cardiac death. The latter is also character-
istic of other CMs such as ACM, HCM, or DCM.

DCM, a systolic disorder, is characterized by dilation of the left ventricle or of both
ventricles associated with suppressed contractile function. DCM based on genetic
defects seems to form the main cause of pediatric DCM, whereby the vast majority of
gene mutations is found in sarcomeric proteins, especially in MYH7, TTN,TNNT2,
TPM1, MYBPC3, MYL2,TNNC1 (Troponin C), and ACTN2. Others are found in
LMN, DES, VCL (Vinculin), TTR (transthyretin), BAG3 (associated with apoptosis),
MT-TS2 (encoding a mitochondrial small RNA), or transcription factor encoding
PRDM16 [74-78]. In adult and pediatric DCM, the same genes seem to be affected,
though unfortunately, most genetic testings have been performed in adults [79].
Besides the genetic causes, inflammation may lead to DCM, the main non-genetic
cause in children. Myocarditis is mainly caused by viral infections and is rather
challenging for diagnosis and treatment [80]. In most cases, Coxsackieviruses B and
adenovirus infections are the causes of myocarditis in children [81]. Recently, SARS-
CoV-2 virus has also been described as a possible cause [82]. Besides viral infections,
toxins and chemotherapeutics are also emerging as DCM-inducing agents. Especially
anthracyclines, which often are used to treat tumors in children as well as in adults,
have been linked to the development of heart failure, DCM, or RCM [83]. The onset of
cardiomyopathy in cancer patients varies largely; it may develop within a week or less
than one year after starting the treatment, depending on various risk factors (e.g., sex,
age, dosage, and subtype of the agent) [84].

Most pediatric HCM cases are due to genetic defects mainly in genes encoding
sarcomeric proteins, though diagnosis in respect of etiology remains challenging. The
HCM mutations often may also cause other CMs such as DCM, RCM, ARVC, or
LNVC, even within the same family, indicating additional factors such as further gene
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mutations, polymorphisms, or comorbidities. Mutations have been identified in genes
encoding thick- and thin-filament proteins, whereby most mutations have been iden-
tified in MYBPC3 and MYH?7. Frequently, mutations have also been described in
TNNT2, TNNI3, and MYL2 or more seldom in TPM1 and ACTN. HCM in children is
even more heterogeneous than in adults. There are also several non-sarcomeric causes
recently summarized in [85], which may occur alone or in combination with
sarcomeric mutations and then modify the severity and prognosis of the disease [86].
These non-sarcomeric causes of HCM in children include rasopathies, a set of diseases
with genetic defects encoding proteins of the Ras signaling cascade, for example, the
Noonan syndrome. Others are glycogen storage diseases, including Pompe or Danon
disease, characterized by glycogen-filled vacuoles within the cardiomyocytes [87]. In
lysosomal storage diseases, for example, mucopolysaccharidoses, partially or
undigested macromolecules are accumulated due to dysfunctional lysosomal enzymes
[88]. In addition, mitochondrial disorders may occur, which mostly affect oxidative
phosphorylation and thus energy production. Thus, HCM is often characterized by
an energy deficiency probably due to over-contractility, as might also be the case

in RCM.

In contrast to HCM, RCM is characterized by restrictive ventricular filling mostly
without an increase in wall thickness. The genetic/familial causes of RCM are mainly
due to mutations in genes encoding sarcomeric proteins (listed in [4]). Here, muta-
tions in TNNI3 occur frequently, but mutations have also been identified in genes of
cytoskeletal or nuclear envelope proteins, leading to storage diseases (e.g., Danon
disease, Friedrich ataxia, etc.) or infiltrative diseases (cardiac amyloidosis, cardiac
sarcoidosis). The latter may also develop due to non-genetic causes.

All CM types are associated with an increased risk of developing severe arrhyth-
mias, but they are most prominent in ACM. ACM is a genetically based disease,
whereby most studies have concentrated on adult patients, underlining the need for
more studies with children under 18 years of age. Histologically, ACM is characterized
by the loss of cardiomyocytes being replaced by fibrofatty tissue [42, 89]. As a
consequence of the cardiac remodeling, life-threatening arrhythmia and sudden car-
diac death can occur. Causes for this familial disease are mutations in genes encoding
desmosomal proteins with a deletion mutation in the junctional plakoglobin gene
(JUP) being the first identified in ACM [90]. It seems that truncation mutations and
splice variants in the PKP2, encoding plakophilin 2, are the most frequent causes of
ACM, together with mutations in DSP (desmoplakin), DSC2 (desmocollin 2), DSG2
(desmoglein 2), and JUP [91]. Less frequently, mutations in TMEM43 (Transmem-
brane Protein 43) and PLN (phospholamban) have been described.

4, Molecular mechanisms

Molecular mechanisms of CM development—as far as known to date—often are
not specific for a distinct CM type. Generally, contractile function is affected via
various mechanisms, and involvement of several cell compartments and cardiac
remodeling is common (Figure 2).

4.1 Sarcomeric dysfunction

The smallest contractile unit of cross-striated muscles is the sarcomere. It is bor-
dered by the Z-discs from which thin and elastic filaments reach out to the center of
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the sarcomere (M-Line). The thick filaments emanate bidirectionally from the M-line.
Cardiac thin filaments are mainly composed of filamentous cardiac actin, cardiac
tropomyosin (cTpm), and the cardiac heterotrimeric troponin complex composed of
the tropomyosin-binding subunit (cTnT), the inhibitory subunit (cTnl), and the
calcium-binding subunit (¢TnC). Cardiac thick filaments are composed of cardiac
myosin containing the essential and regulatory myosin light chains (MyLC) and heavy
chains (MyHC) and cardiac myosin-binding protein C (cMyBPC), linking thick, thin,
and elastic filaments. This implies that MyBPC coordinates the action of the filaments
in contraction and relaxation processes. The elastic filament is formed by the giant
protein titin. Ca*"-binding to cTnC triggers contraction by enabling actin-myosin
interaction and the power stroke (for review, see [92]). In addition, the contraction
can be fine-tuned by reversible phosphorylation of many sarcomeric proteins, for
example, titin, myosin-binding protein C, myosin light chains, ¢cTnT, c¢Tnl, cTpm, and
also Z-disc proteins [93, 94].

CM-inducing mutations may occur in genes encoding filament proteins as well as
proteins of the Z-disc. They may lead to single amino acid replacements or loss of a
single or several amino acids. As a result, the mutations may alter the very sensitive
interplay between the components of the sarcomere and/or protein dynamics and
thereby induce contractile dysfunction (for review, see [4]). Furthermore, interac-
tions of sarcomeric proteins with associated proteins might be altered, affecting sig-
naling and thereby protein transcription, metabolism, inflammation, oxidation, cell
death, protein degradation, fibrosis, cell-cell communication, Ca’" homeostasis, and
so on [95-97].

The intracellular Ca®"- concentration is pivotal for the muscles’ contractile func-
tion. At submicromolar concentrations, the cardiac muscle is at rest. It contracts upon
an up to 100-fold increase in intracellular Ca®"- concentration following a nervous
impulse and opening of the voltage-gated L-type Ca-channels, which are located in
the T-tubules of cardiomyocytes. The resultant Ca’" inward current triggers the
opening of the ryanodine receptors, the Ca?"- channels within the membrane of the
sarcoplasmatic reticulum (SR). Thereby, Ca’* is released from the SR Ca’"- stores,
which leads to a massive increase in intracellular Ca*"- concentration and to Ca*'-
binding to ¢TnC. This finally enables the power-generating interaction of myosin and
actin, leading to contraction. On the other hand, relaxation occurs when Ca’" is
dissociated from cTnC. The released Ca’" is then pumped back into the SR via the SR
Calcium ATPase (SERCA), into the extracellular space via NCX (Na*-Ca**-
exchanger) and plasma membrane Ca*" ATPases, and into mitochondria [98]. These
complex procedure makes clear that alterations in the regulation of intracellular Ca*"-
concentrations lead to contractile dysfunction and thus to myocardial diseases.
Besides mutations in genes of proteins involved in calcium fluxes (for review, see
[99]), mutations in sarcomeric protein genes affect the calcium response of
sarcomeric proteins and/or the calcium-binding affinity of the sarcomeres’ Ca®"-
sensor, cTnC. On a simplified level, it is thought that DCM mutations decrease the
calcium sensitivity of the actin-myosin interaction, thereby reducing the contractile
capacity, which makes DCM a systolic disorder. Though, in pediatric end-stage DCM,
cardiomyocytes exhibit an increased calcium sensitivity [100]. The authors assumed
that this is caused by a substantial decrease in cTnl phosphorylation, which however
cannot be the main reason, since in adult DCM, cTnl phosphorylation is also reduced

(see below). In HCM and RCM, often the Ca”'- sensitivity of the actin-myosin
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interaction is increased (at least in adults), leading to faster relaxation and re-
contraction. Since intracellular Ca®" is increased also due to an increased phosphory-
lation of Ca®" channels, relaxation is impaired. Increased intracellular Ca®"- concen-
tration leads to hypercontractility, causing energy deficiency and increased
production of reactive oxygen species (ROS) due to increased oxidative phosphoryla-
tion [101]. Posttranslational modifications and increased ROS might contribute to the
development of arrhythmias. ROS induce oxidation of proteins, for example, of the
calcium calmodulin kinase (CaMKII), which upon oxidation of methionine residues
within the autophosphorylation domain is constantly active, because it cannot be
inactivated via dephosphorylation and Ca**- CaM (calmodulin) dissociation

[102, 103]. CaMKII regulates several proteins including those involved in calcium
fluxes. Its activation increases intracellular Ca®" levels due to increased open proba-
bilities of Ca>" channels as the L-type Ca>" channel or the Ryanodine receptor. This
might contribute to the remodeling of T-tubules further affecting EC coupling and
Ca?* homeostasis (for review see [92]).

However, calcium regulation might not only be impaired directly by mutations but
also disturb the intermolecular interaction between the components of the sarcomere
[104, 105]. Additionally, calcium responses might be affected by cross bridge kinetics
or phosphorylation of myosin-binding protein C and cardiac Tnl [106]. In pediatric
and in adult DCM, cAMP-dependent protein kinase (PKA)-dependent
hypophosphorylation of cTnl and MyBPC has been described, leading to a reduced
stress response. Furthermore, maximal force and passive force were reduced. Hereby,
reduced myofiber densities as proposed by [107] might contribute to the impaired
force production. The reduced myofiber density seems not to be caused by an
impaired protein quality control system [107]. The underlying mechanism is still
unknown.

Most mutations, preferentially truncations leading to adult DCM, have been iden-
tified in titin. Controversial study results have been obtained with pediatric DCM.
TTN and MYH7 mutations were identified as predominant in a cohort of 106 pediatric
patients [74]. In another study analyzing 36 patients, only one TTN mutation, a
truncation (p.Arg33703*), was identified in a 16-year-old male DCM patient [108].
Mutations occur most frequently in A-band N2Ba/N2B-titin and thus may induce
structural and contractile dysfunctions [109]. In A-band titin, interaction sites for
myosin and myosin-binding protein C are distributed in a regular pattern [110]. This
implies that in the case of A-band titin sequence alterations or truncations, its inter-
action with myosin and/or myosin-binding protein C might be impaired.

The location of mutations within MYH7 - another frequent target for pathogenic
mutations - seems to determine the DCM type according to Khan et al. [74]. They
found that mostly single amino acid replacements in £8-Myosin heavy chain (MYH7)
in the range of amino acids 1-600 lead to mixed DCM, a DCM-LNVC phenotype,
whereas mutations in the C-terminal part from amino acid 600 lead to pure DCM
[74]. The C-terminal rod of myosin heavy chain interacts with other myosin rods,
which is essential to build up the thick filament. Myosin consists of 2 heavy chains,
with the rod region forming a supercoil. The N-terminal part of each myosin heavy
chain consists of a lever arm, a converter region with binding regions for the myosin
light chains, and the globular motor domain containing the ATPase domain and actin
binding domain. Mutations in the motor domain may affect ATPase activity via
altered ATP-binding affinities and/or ATP hydrolysis rate and/or dissociation of the
hydrolysis products ADP and P;. Furthermore, it may impair the interaction of the
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motor domain with actin. Thus, most DCM mutations seem to weaken the affinity for
actin. Furthermore, in contrast to MYH7 HCM mutants, in case of DCM, less force is
produced due to a lower occupancy of the force generating state and a reduced
ATPase velocity [111]. They predict that less ATP is used to hold a specific force.

Besides MYH?7, the gene of cardiac MyBPC is the main target for pediatric and
adult cardiomyopathies, whereby mutations in the cardiac MyBPC predominantly
lead to HCM and, typically for HCM, are associated with hypercontractility.
According to Toepfer et al. [112], mutations in MYBPC3, which result in either
truncations or single amino acid replacements, affect the dynamics of myosin confor-
mations and the super-relaxed state of myosin. cMyBPC interacts with myosin at
several sites (rod, lever arm) and with titin, actin, and troponin and is thought to
regulate the number of force-producing myosin motor domains. When phosphory-
lated, at submaximal Ca?*- levels, it promotes the actin-myosin interaction [113].
Mutations in MYBPC3 or in genes of interacting proteins might impair the interplay
between these proteins and thereby the regulation of contraction. Hereby, an
impaired interaction of different proteins with cardiac troponin might also play a role,
though the role of the MyBPC-cardiac troponin interaction as well as of its interaction
with titin remains to be elucidated [104, 114]. Two fascinating studies revealed that
MyBPC regulates sarcomeric contractile oscillations, which might be based on its
interplay with all sarcomeric partners [115, 116].

Mutations in the cardiac actin gene are relatively rare and mostly are associated
with the development of HCM and DCM. They seem to affect the interaction with
myosin heads and/or tropomyosin or troponin [117]. Interactions with MyBPC or
actin-associated proteins regulating formation and length of the actin filament have
not been considered yet. A nice overview of these proteins and their role is given in
the review by Ehler [118]. The first hint that filament formation/structure could be
impaired by pathogenic mutations in the cardiac actin gene comes from [119]. They
showed that different mutations incorporate differently into the actin filament and
destabilize the filaments. A destabilization of actin filaments has also been described
by Hassoun et al. [114], and pediatric RCM mutations in TNNI3 have been demon-
strated to largely affect the integrity of reconstituted thin filament structure [104].

Other targets for pathogenic mutations are the genes of the three subunits of the
troponin complex: ¢cTnC, cTnl, and cTnT. They are associated mostly with HCM and
DCM. However, TNNI3 mutations frequently result in RCM [4]. They affect Ca%t-
sensitivity via impaired intra- and intermolecular interactions as well as via impaired
posttranslational modifications. Hypercontractility-induced increase in ROS leads to
oxidation of not only lipids, nucleic acids, or protein kinases but also sarcomeric
proteins. It has been shown by Budde et al. [120] that oxidation of cardiac troponin I
and cardiac MyBPC reduced phosphorylation by PKA and PKC and thereby contrib-
uted to the impairment of force production. The effects could be reversed fully by
using antioxidants and partly by supplementing PKA. Also, specific oxidations of actin
or titin have been associated with development of heart diseases [121, 122].

4.2 Cardiac remodeling

Enhanced ROS production leading to oxidative stress contributes to cardiac
remodeling as fibrosis, another hallmark of cardiomyopathies, which leads to further
contractile dysfunction via increased stiffness of the ventricular walls and also con-
tributes to arrhythmia. Fibrosis occurs due to the activation of fibroblasts via stimu-
lation of pro-fibrotic factors as TGF-, PDGF (platelet-derived growth factor), or
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cytokines and increased production and deposition of collagen I and III as well as
cross-linking of the extracellular matrix (ECM). According to Li et al. [123], TGF-3
increases the expression of SerpinE2/nexin-1, leading to increased collagen deposition.
Fibrosis as well as hypertrophic growth have been described to be linked also to ERK1/
2, JNK, and p38 pathways. Furthermore, there seems to be an association between
fibrosis, oxidative stress, and inflammation (for review see [124]). Even in young
children, fibrosis could be observed, though the pathways in children have not been
investigated. But there might be differences in signaling between children and adults
[125]. Thus, in the case of DCM, a study revealed that children show much less
interstitial and perivascular fibrosis than adult patients [126]. Furthermore, it seems
that genes leading to an inflammatory response in DCM are expressed in adult but not
pediatric patients. Also, differences between young children and adults in receptor
physiology have been described. These aberrances will have consequences for the
therapy of pediatric heart diseases [127].

Fibrous and/or fibrofatty infiltration leading to life-threatening arrhythmia is a
hallmark of ACM, which is caused by genetic defects [128]. Genes modified include
those encoding mostly desmosomal proteins (e.g., placophilin 2) and rarely junctional
proteins as catenins, cytoskeletal proteins as TMEM43, and so on [129]. The molecular
mechanisms of ACM development especially in children are not quite understood.
ACM is strongly correlated to cardiomyocyte loss, which might be due to a stimulated
apoptosis, since defects in desmosomal or junctional proteins lead to reduced cell
adhesion and impaired sarcolemmal structure [130]. Apoptosis might be triggered by
stimulated hippo pathways and fibrosis via WNT inhibition and TGF- pathways
[129]. Fibrosis (together with deposits of protein aggregates, amyloidosis, glycogen
storage defects), probably due to an impaired protein control system, might also be
the causative for the stiffness observed especially with RCM [4]. Increased myocardial
stiffness, however, is also observed in other heart diseases than RCM, as in heart
failure with preserved rejection fraction, LNVC, and HCM. Increased myocardial
stiffness leads to a reduced filling of the heart chambers with blood. Besides fibrosis
and protein aggregates, the microtubular network, that is, microtubule density and its
cross-linking with intermediate filaments, also contributes to the myocardial elasticity
[131]. In addition, sarcomeric titin is a major player in myocardial stiffness. The ratio
of the isoforms N2Ba and N2B is decisive [132]. But posttranslational modifications
such as changes in titin phosphorylation also contribute to the alterations in stiffness
[132-136].

For HCM and RCM but not ACM, another hallmark is the myocyte disarray, which
according to Garcia-Canadilla et al. [137] in case of HCM mutations occurs very early,
even before birth, indicating a developmental impairment at least in mice. In addition,
cardiomyocyte disarray might contribute to arrhythmia associated with HCM/RCM.
Molecular mechanisms leading to myocyte disarray are not known. In [138], a cell-to-
cell imbalance in the expression of mutant proteins was described, which might lead
to arrhythmias, myocyte disarray, and fibrosis.

Epigenetic modulations play a role in all cardiomyopathies. Thus, in HCM, hyper-
trophic growth is mediated by stimulating the expression of sarcomeric proteins.
Hereby, a reprogramming occurs; fetal instead of adult proteins are expressed in adult
HCM patients. In newborn CM patients, there might be a different mechanism, since
some cardiac-specific genes such as TNNI3 are expressed within the first year of life and
gradually replace the fetal skeletal muscle isoform. In hypertrophic growth and
reprogramming, calicneurin and the transcription factors NFAT, GATA4, NFkappaB,
and MEF?2 play a central role, nicely summarized by Dirkx et al. [139]. NFAT also
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regulates the expression of micro RNAs (miRNAs), which regulate mRNAs. In hyper-
trophy, miR23 is induced by targeting MURF1 and FOXO3a, both involved in cardiac
remodeling [140, 141]. Epigenetic studies are largely missing in infant cardiomyopathy
patients, and investigations are urgently needed. One of the few studies is [142],
investigating miRNA profiles in children with heart failure. They found 17 miRNAs that
were either not regulated (miR-130b, miR-204, miR-331-3p, miR-188-5p, miR-1281,
miR-572, miR-765, miR-223, miR-125a-3p, and miR-1268) or antithetically regulated
(miR-638, miR-7, miR-132, and miR-146a) in adult heart failure. Several of these miRs
regulate genes, such as SMAD4, which are involved in the transition of hypertrophy to
heart failure. In DCM, altered DNA methylation patterns and histone modifications and
altered miR and IncRNA (long noncoding RNA) regulation have been identified in adult
CM patients, but again, investigations in children are missing [143].

5. Diagnosis of cardiomyopathy in children

Considering the substantial risk of developmental disorders, disabilities, and mor-
tality of children with cardiomyopathies, early detection, accurate classification, and
treatment of cardiomyopathies in children are imperative [144-146]. Nevertheless,
there is a gap in knowledge and a lack of consensus in the diagnostic approach,
definition, and classification of cardiomyopathies in children [2]. Thus, the American
Heart Association, in their latest publication, provided some suggestions in the form
of a scientific statement instead of a clinical practice guideline. In this statement, a
classification system for cardiomyopathy based on a hierarchy incorporating the
required elements of the MOGE(S) classification was suggested. Manifestations of
cardiomyopathy in children can range from a sole histopathological variation in car-
diac tissue to congestive heart failure or sudden death [147-149]. The clinical presen-
tation of patients with cardiomyopathy can resemble those with heart failure with
reduced ejection fraction, including dyspnea on exertion, fluid retention and edema,
lethargy, orthopnea, presyncope, syncope, and paroxysmal nocturnal dyspnea
[26, 32]. Nevertheless, clinicians should be attentive to the rare types of cardiomyop-
athies such as LVNC or arrhythmogenic right ventricular (RV) dysplasia [37, 150].
Considering the variety of manifestations of cardiomyopathy, taking a thorough his-
tory of the patient and other family members as well as general physical examination
concerning not only cardiac disorders but also possible extracardiac abnormalities,
that is, Noonan syndrome, are essential for choosing the most relevant diagnostic
modalities [2].

5.1 Laboratory parameters and biomarkers

A few biomarkers are used in the routine clinical approach to children with car-
diomyopathies, which to some extent is due to the lack of reliable evidence. A high
cardiac troponin concentration in serum can support a diagnosis of myocarditis con-
sidering that other causes of ischemia (e.g., acute coronary syndrome and acute
myocardial strain such as that induced by pulmonary embolism or recreational drug
use) are uncommon in children. Given that natriuretic peptides have been reported in
a study on adult patients to be markedly higher in patients with RCM, N-terminal pro-
B-type natriuretic peptide may offer supportive evidence for RCM versus constrictive
pericarditis [151]. However, studies are warranted to verify their applicability in
children. Thus, for example, fibrotic pathways seem to vary age-dependently.
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According to Woulfe et al. [152], fibrotic pathways in children (<18 years) were less
active than in adults, though here again many more studies are needed [126, 153, 154].
A study of Miyamoto et al. [155] showed that the 81: 82 adrenoreceptor ratio differed
significantly in pediatric HF patients from the one in adult patients. cAMP levels were
commonly decreased in both adult and pediatric HF but were significantly higher in
HF children than in HF adults. In addition, gene expressions of BNP, Cx43, and PP1f3
and PP2A were regulated antithetically, indicating that signaling is differentially reg-
ulated in children and adults. However, it is already difficult to determine a normal
BNP level since it alters with age of the children probably due to the maturation
process of the heart from fetal to adult including alterations in gene expression and
metabolism [156]. This development largely takes place within the first year after
birth.

Several biological roles of miRNAs have been identified so far in cardiac develop-
ment and diseases [157]. Accordingly, emerging studies have revealed the potential
utility of miRNAs as biomarkers for the detection of DCM, myocarditis, and the
evaluation of heart failure in children [158-160]. The study of Jiao et al. [159] reported
an area under the curve (AUC) of up to 0.992, suggesting that these circulating
miRNAs may be useful for DCM detection and diagnosis in children. Nevertheless, the
studies evaluating the diagnostic role of miRNA in cardiomyopathy in children are
sparse. Furthermore, the study of Miyamoto et al. [158] emphasized the inapplicabil-
ity of employing an adult miRNA profile as a circulating biomarker for pediatric
patients, highlighting the significance of developing a signature of circulating miRNAs
in this population. Moreover, there are not many miRNAs that are consistent among
studies. Therefore, further studies are warranted to find common miRNAs to be
accepted as validated biomolecules in the diagnostics of cardiomyopathies.

5.2 Genetic testing

Considering that genetic causes play a major role in pediatric cardiomyopathies,
genetic tests are indicated in most cases, not only for better classification but also for
determining the cause and screening other family members. Autosomal-dominant
inheritance is the most common mode of inheritance in familial isolated cardiomyop-
athy diagnosed in childhood, but X-linked inheritance and autosomal-recessive inher-
itance are also reported less frequently [18, 20]. Children with HCM and those with an
affected first-degree relative have the highest likelihood of inheritance of a disease-
causing mutation among those with isolated cardiomyopathy. Furthermore, HCM that
develops in childhood is more likely to be caused by multiple disease-causing muta-
tions compared with HCM that emerges in adulthood [161]. Therefore, it is advised to
take into account a broad panel rather than targeted genetic testing when HCM
manifests throughout childhood [161]. Thus, whole exome or even whole genome
screening should be the gold standard to detect pathogenic or likely pathogenic muta-
tions [162, 163]. Moreover, because the signs of syndromes may be missed at the
initial presentation, particularly in infants or critically ill children, a comprehensive
genetic examination is helpful. Nevertheless, comprehensive genetic counseling and a
thorough family pedigree are essential for understanding the scope and implications
of genetic testing. When a child with cardiomyopathy is confirmed to have a patho-
genic mutation known to be related to cardiomyopathy, cascade genetic testing of
family members is typically advised [2]. Notably, there are various limitations of
genetic testing in children. A negative or nondiagnostic test result does not rule out
the diagnosis of cardiomyopathy or the possibility that the cardiomyopathy may have
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a hereditary etiology. Moreover, adult data is the only source of information for
commercial panels that may not be applicable to children [2].

5.3 Functional and structural assessment

Assessment of myocardial structural, valvular or coronary artery abnormalities,
and cardiac functions by means of proper imaging techniques is considered the cor-
nerstone for the diagnosis and classification of cardiomyopathies.

Electrocardiography and electrophysiology are essential in the diagnosis of some
types of pediatric cardiomyopathies, such as ACM. Slow intraventricular conduction
in electrophysiology examinations is typically detected in ACM, and most often, right
bundle-branch block with right precordial repolarization variations can be detected in
electrocardiography. Scar or delayed conduction can be evaluated in 3D using an
emerging approach for the diagnosis of ACM called electroanatomic mapping
[164-166].

Echocardiography, which is often the initial imaging modality in cardiomyopathy
evaluation, provides an overview of structural parameters including chamber dimen-
sions, volumes, wall dimensions, assessment of cardiac functional features such as
Doppler traces of ventricular contractility (dP/dt), systolic-to-diastolic ratio, as well as
tissue Doppler imaging and extents of myocardial deformation (strain and strain rate)
[167]. Notably, no absolute values are attainable as the cutoff point for morphological
parameters obtained from echocardiography in children, such as LV end-systolic
dimension (LVESD), LV end-diastolic volume, and LV end-diastolic dimension
(LVEDD), and they all should be interpreted regarding the z scores adjusted for
patient size [168-170]. These parameters are essential to the classification of morpho-
logical types. A high LVEDD or LV end-diastolic volume, besides low LV functional
parameters, is marker of a dilated, hypokinetic type. Increased wall thickness pro-
poses HCM. Measuring the thickness-to-dimension ratio can aid in distinguishing
between idiopathic DCM and myocarditis [2]. However, it is not easy to determine
deviations from normal LV morphology, as somatic growth has to be taken into
account while monitoring the progression, for example, of HCM or DCM [171]. Thus,
performing an accurate assessment by echocardiography in children can be difficult.
Specifically, evaluation of diastolic function in children has low interobserver consis-
tency, and the results are not properly associated with invasive haemodynamic inves-
tigations; thus, it may not be able to accurately discriminate between cardiomyopathy
phenotypes [172, 173].

Cardiac magnetic resonance imaging (cMRI) offers great advantages over echo-
cardiography for the diagnosis and assessment of cardiomyopathies and transcends
some limitations of echocardiography in children. Determination of structural fea-
tures including chamber dimensions, wall thicknesses, and ventricular mass as well as
functional parameters including flow rates, shunts, and regional wall motion abnor-
malities using cMRI can aid in the diagnosis and accurate classification of the cardio-
myopathy [174, 175]. Furthermore, assessment of the presence and pattern of fibrosis
in tissue with late gadolinium enhancement and also the determination of edema and
hyperemia in cMRI are some exceptional properties of cMRI that aid in the noninva-
sive investigation of patients with cardiomyopathy (e.g., to distinguish the different
types of HCM or to discriminate DCM versus myocarditis) [176]. The information
acquired from cMRI can also help determine the possible causes of cardiomyopathies
(e.g., cardiomyopathies secondary to iron overload). Strain parameters and RV
morphology and physiology, which are important in diagnosing and classifying
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cardiomyopathies, can be evaluated more accurately with cMRI than with
echocardiography.

Cardiac computed tomography (CT) and cardiac catheterization are rarely con-
sidered for the diagnosis and evaluation of pediatric cardiomyopathies. Cardiac cath-
eterization can be helpful for haemodynamic assessment, performing endomyocardial
biopsy, and surgical interventions in patients with amenable lesions [177]. In general,
morphological evaluation of the heart in children and infants by imaging techniques as
well as cardiac catheterization can be challenging due to the requirement of special-
ized training and equipment. The availability of both specialized medical professionals
as well as equipment still is a major obstacle worldwide to improve the quality of care
for patients with pediatric cardiomyopathies.

6. Treatment of pediatric cardiomyopathy

Pediatric cardiomyopathy is treated according to the distinct symptoms that each
patient presents [15]. Various factors, including the specific type of cardiomyopathy,
the disease’s progression at the time of diagnosis, the patient’s age, any coexisting
medical conditions, the patient’s tolerance for particular medications, and other fac-
tors, may affect the specific therapeutic procedures and interventions [15]. The ther-
apeutic approach for pediatric cardiomyopathy options may include staged therapy
for heart failure, lifestyle modifications, nutrition and strenuous physical activity
restrictions, patient and parent education, implanted cardioverter-defibrillator instal-
lation, and, in refractory situations, consideration of heart transplantation [178, 179].
A multidisciplinary team of healthcare professionals, including pediatricians, pediat-
ric cardiologists, hematologists, surgeons who specialize in pediatric cardiothoracic
surgery, physical therapists, occupational therapists, and/or other healthcare profes-
sionals, may be needed to provide this type of treatment [179]. It is crucial to consider
that medications and surgical methods for treating cardiomyopathy have mostly been
tried and evaluated in adults. Thus, as also stated in a review by Loss et al. [180],
pediatric management in general follows the guidelines for adult HF treatment. This is
due to the lack of clinical trials with children, which are especially challenging due to
difficulties in recruiting an adequate number of probands, high costs, and so on.

6.1 Noninvasive treatment

The usefulness of drugs developed mainly for adults in treating pediatric cardio-
myopathy is only dimly documented. There are some studies showing that utilization
of medicals as well as signaling differ in children and in adult heart failure patients. In
the study of Pan et al. [156], diastolic diseases in children were treated with ACE-
inhibitors (angiotensin-converting enzyme), 3-blockers, digitalis, calcium channel
blockers, dopamine, and diuretics. In children with diastolic diseases but not CM, the
medical treatment was largely successful and improved cardiac function. However,
children with CM did not improve. Though, in this study, only few children with CM
were included. However, the results underline the observation that medical treat-
ments prescribed for adult patients with CM may not be proper for children with CM.
For review on possible medical treatments in pediatric RCM, see [29]. Another nice
review on HF drug therapies highlighting the gaps for pediatric HF management is by
Das et al. [181].
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Thus, to ascertain the long-term safety and efficacy of such medicines in the
pediatric population, more studies are required. Some ongoing studies evaluate
emerging methods for treatment of pediatric cardiomyopathies such as reducing
mitochondrial oxidative stress by MitoQ (mitoquinol mesylate) for DCM, oral
Ifetroban for Duchenne muscular dystrophy cardiomyopathy and DCM, or gene
therapy for male patients with Danon disease [182-184]. Nonetheless, more
investigations are required to determine the optimal therapy approaches for
cardiomyopathies in children.

6.2 Minimally invasive and invasive treatments

Altarabsheh et al. evaluated the early and late results of children (<21 years) who
underwent transaortic septal myectomy for obstructive HCM [185]. Although the
results of this study supported the safety and efficiency of this approach, technical
challenges are reported to be augmented in children due to limited exposure during
the procedure and subsequently increased risk of suboptimal removal of obstructive
muscle, iatrogenic injuries to aortic/mitral valves or papillary muscles, and aneurysm
formation in ventricular apex due to excessive muscular resection. Some alternative
approaches are also introduced in adult patients such as radiofrequency catheter
ablation (RFCA) and alcohol septal ablation, but limited or no data are available for
children with HCM [186-188]. There are also ongoing studies evaluating novel
methods like intracoronary transplantation of stem cells in pediatric CM [189, 190].
Additionally, surgery in adults is also considered in cases with complex LV morpho-
logic abnormalities, such as papillary muscle anomalies, aberrant intraventricular
muscle bundles, intrinsic mitral valve disease (requiring repair or replacement), and
associated CAD that necessitates bypass grafting [191].

Cardiac resynchronization therapy (with or without implantable cardioverter-
defibrillator) is also available as another option for pediatric and adult patients with
DCM with ventricular conduction delay. The goal of this treatment is to enhance heart
function by reducing the delay in activation of the left ventricular free wall, which is
frequently observed in patients with left ventricular systolic dysfunction. The treat-
ment has been demonstrated to enhance survival in this group, restore coordination
and relaxation of the heart chambers, and cause favorable cardiac remodeling. How-
ever, using the current suggested criteria, up to a third of patients do not see any
therapeutic improvement [192]. Furthermore, recommendations about electrical
device therapies for children with DCM are mainly adopted from those for adults but
based on considerably less evidence [193].

Despite these promising approaches, often heart transplantation remains as the
only treatment option for pediatric CM. The main problem is that waiting for a
suitable heart often takes a long time, which the children do not have to survive. The
mortality of children while on transplant wait-list might be as high as 17-30% and
even higher for infants, due to the general shortage of donor hearts and the high
refusal rate due to poor quality (80%) [194, 195]. Also here, a lack of consensus
between different centers and listing programs leads to prominent differences in the
potential outcomes. Thus, the waiting time has to be bridged by a mechanical circula-
tory support or total artificial heart, which is suboptimal especially for newborns and
infants, due to the limited availability of suitable devices and the adverse effects on
the following heart transplantation due to, for example, adhesions. Alternatively, an
allograft transplantation can be tried, although here the same problems as the donor
heart availability and utilization apply [196]. After transplantation, the problem of
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immunosuppression arises, bearing the risk of infections or developing cancer. Thus,
at Duke University hospital, recently a newborn who in addition to heart failure had a
T-cell deficiency has been successfully transplanted a heart together with thymus for
the first time in spring 2022. In general, the posttransplant survival rates in children
are highly variable and largely depend on comorbidities, general clinical status, the
use of mechanical support devices, and, as a major factor, disease progression due to
wait-list time.

7. Conclusion and future perspectives

Although pediatric cardiomyopathies share many aspects with CMs in adults, there
is rising evidence of unique features that have implications for diagnosis and treat-
ment. First of all, a standard guideline for the classification of CM by the scientific
society is desperately needed, as a mutual approach is required for developing pro-
tocols and reporting the findings. Age-based scales for diagnostic parameters for
distinguishing between normal and abnormal conditions have to be established and
adjusted for children.

Furthermore, we need to increase awareness of the medical community to avoid
using the same CM therapeutic protocols of adults for children when their experi-
mental evidence did not include children or excluded them. In the future, besides
genetic testing (whole exome or whole genome), family analysis and analysis of
specific biomarkers and investigation of molecular mechanisms in children will fur-
ther support diagnosis and treatment design. In addition, large well-conceived trials
are needed to increase the efficacy of medical treatments in children. Not only phys-
ical/mental effects but also developmental effects of therapeutic practices have to be
investigated in long-term cohort studies.

Specifically optimized, mechanical circulatory supports for small children have to
be developed that will reduce the deaths while awaiting heart transplantation. The
assessment of donor heart suitability needs to be improved and standardized to reduce
transplantation wait-list time. Also, increased allograft utilization may contribute to
improved survival rates until transplantation, together with modified postoperative
care and monitoring optimized for pediatric patients.

An interesting, though controversial, topic in the future might be xenotransplan-
tation, considering the increasing demands for pediatric heart transplantation and
advances in tissue engineering and genetic modification of, for example, animal
donors. Though ethically highly debated, a survey of congenital heart surgeons
revealed a generally high acceptance (80-88%) of xenotransplantation [197].
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Takotsubo Cardiomyopathy

Shivangi Patel, Mavio Madruga and Neelima Katukuri

Abstract

Takotsubo cardiomyopathy Takotsubo cardiomyopathy occurs worldwide. The
condition is thought to be responsible for 2% of all acute coronary syndromes’ cases
presenting to hospitals. Although it has generally been considered a self-limiting
disease, spontaneously resolving over the course of days to weeks, a subset of patients
may present with symptoms arising from its complications, e.g., heart failure, pulmo-
nary oedema, stroke, cardiogenic shock, or cardiac arrest. It occurs more commonly
in postmenopausal women.

Keywords: cardiomyopathy, cardiac imaging, cardiac MRI, Takotsubo,
familial cardiomyopathy

1. Introduction

Takotsubo syndrome (TTS), also known as stress cardiomyopathy or ‘broken heart
syndrome’, has been described for the first time in Japan in 1990. It is an acute cardiac
condition characterized by systolic and diastolic left ventricular (LV) dysfunction
with apical hypokinesis that is typically transient. Approximately 90% of patients
are postmenopausal women with a mean presentation between 62 and 75 years of
age. It has been described in medical literature across the globe, spanning virtually
every major ethnic group. Historic evidence suggests that patients with TTS have less
traditional risk factors for coronary artery disease [1].

2. Pathophysiology

Despite increasing diagnosis and awareness of TTS, the exact mechanism remains
unknown. The most accepted etiologic theory of Takotsubo syndrome is one of excess
catecholaminergic-induced myocardial stunning. The association between stressful
emotional states and development of TTS has been well-documented. Studies have
measured the plasma concentration of catecholamines (dopamine, epinephrine,
norepinephrine) present in patients with TTS, finding them higher (two to threefold)
than both the general population and patients with ACS [2]. The mechanism by which
supraphysiologic catecholaminergic state causes myocardial injury is a continued
debate. Multivessel coronary artery spasm, cardiac microvascular dysfunction, and
direct cardiomyocyte injury are proposed mechanisms [3].

Direct myocyte injury is thought to occur via beta-2 inhibitory effects of G-protein
[guanine nucleotide-binding protein] coupled receptors resulting in negative
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inotropy with resultant LV dysfunction. Normal circulating levels of catecholamines
bind to Beta-2 adrenergic receptors of ventricular cardiomyocytes resulting in
stimulation of Gs protein-adenylyl cyclase-protein kinase A pathway and thus a
positive inotropic effect. The inhibitory effect happens with supraphysiologic levels
of catecholamines, though to take place to protect myocytes from apoptosis occurring
with strong stimulation of Gs, a phenomenon known as ‘stimulus trafficking’ [4].

The gender disparity in disease presentation remains a point of ambiguity. Men have
higher basal levels of sympathetic hormone than women, they produce higher amounts
of catecholamines when presented with stressors and have a higher degree of catechol-
amine-mediated vasoconstriction. Yet, women seem to have a higher susceptibility to
adrenergic myocardial stunning as exampled in LV dysfunction after subarachnoid
hemorrhage. The cardioprotective effects of estrogen including protection against ath-
erosclerosis and endothelial dysfunction is well known. There is the additional proposed
benefit that estrogen downregulates beta-adrenergic receptors. Studies performed on
ovariectomized rats subjected to stress demonstrated a higher deleterious cardiovascular
response compared to groups provided with estrogen supplementation [5]. The over-
whelming majority of patients with TTS are post-menopausal, further correlating that
estrogen deficiency may predispose women to developing TTS. This may be the rationale
behind the higher mortality of TTS seen in men. Men with TTS have an approximate
mortality rate of 4.4%, comparable to the mortality rate of men with ST elevation
myocardial infarction treated with primary percutaneous coronary intervention [6].

A hallmark feature of TTS is underlying inflammatory injury and edema of myo-
cardial cells. In TTS, edema is generally diffuse and transmural in nature but wors-
ened in areas with regional wall motion abnormalities and not limited to a vascular
territory. Endomyocardial biopsies show mononuclear infiltrates, contraction-band
necrosis, and myocardial inflammation-mediated edema.

Recent studies have demonstrated that elevated neutrophil/lymphocyte ratios,
inflammatory markers, and even elevated neoplastic markers as a surrogate for
systemic inflammation are independent risk factors for increased in-hospital compli-
cations, long-term adverse events, and death [7].

3. Diagnosis

The Mayo Clinic diagnostic criteria for stress cardiomyopathy must include all four
of the following for diagnosis:

1. Transient LV systolic dysfunction with wall motion abnormalities extending
beyond a single epicardial coronary artery distribution. (Excepts include rare
focal and global subtypes).

2. Absence of obstructive coronary artery disease (CAD) or angiographic evidence
of acute plaque rupture. If CAD is found, diagnosis of stress cardiomyopathy can
still be made if the wall motion abnormalities are not in the distribution of the
coronary artery.

3. New electrocardiographic abnormalities (ST elevation, ST depression, T wave
inversions) or moderate elevation in cardiac troponin.

4. Absence of pheochromocytoma or myocarditis [8]
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Presentation often mimics acute coronary syndrome (ACS): chest pain, ST eleva-
tions on electrocardiography, and elevated cardiac biomarkers. Diagnostic coronary
angiography is typically performed revealing normal or nonobstructive coronary
artery disease in the vast majority of patients. It is estimated that approximately 2%
of all patients undergoing emergent coronary angiography for presumed ACS have
TTS [3]. Though ACS and TTS may share similar features, theorized pathogenesis,
management, and prognosis of TTS is unique.

4. Diagnostic modalities

Traditionally, transthoracic echocardiography is one of the first non-invasive diag-
nostic tools utilized in patients with suspected Takotsubo syndrome. Transthoracic
echocardiography depicts LV geometry, LV function and anatomic variants. In recent
years, assessing global longitudinal strain (GLS) using speckle-tracking echocardiog-
raphy, has become a sensitive marker for myocardial dysfunction with increasing
prognostic utility (Figure 1). GLS is a simple parameter that expresses longitudinal
shortening as a percentage (change in length as a proportion to baseline length) [7].
Not only does strain pattern help differentiate acute TTS from ACS, but it can help
identify persistent LV dysfunction even after recovery of ejection fraction (EF) [9].
There is an increasing population of patients that have continued abnormal GLS even
after complete LVEF recovery. The clinical implications of persistently abnormal GLS
with association to recurrence of TTS has yet to be investigated.

Cardiac Magnetic Resonance (CMR) has become an increasingly utilized imaging
tool in patients with T'TS. Like echocardiography, CMR can visualize wall motion
abnormalities and identify areas of LV dysfunction. More significantly, CMR can
identify the presence of reversible (edema) and irreversible myocardial damage (scar-
ring). CMR can also identify potential complications of TTS, such as LV outflow tract
(LVOT) obstruction, valve disease, pericardial effusion, and LV thrombus. In TTS,
the hallmark features of inflammatory injury and edema are visualized on CMR as
signal hyperintensity in the T2- weighted sequences. Not only can the extent of edema

Peak Systolic Strain

Anterior

Inferior

Posterior

Figure 1.
Global longitudinal strain plot on transthovacic echocardiography with ‘evil eye’ pattern seen in Takotsubo
syndrome.
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Figure 2.
Late gadolinium enhancement of apical and lateral wall segments in apical-type Takotsubo syndrome.

be quantified with more diagnostic accuracy, CMR has the capability to identify
potential areas of irreversibility. To assess for the presence/absence of scarring tissue,
short and long axis acquisitions are performed after contrast injection using an
inversion-recovery gradient echo sequence to help identify late gadolinium enhance-
ment (LGE) (Figure 2). Though not common in TTS, LGE can identify areas of
contraction-band necrosis often seen in endomyocardial biopsies in TTS patients [10].

Cardiac imaging advances not only assist in monitoring recovery and identify-
ing persistent injury; they can also aid in elucidating pathogenesis of Takotsubo
syndrome. Microcirculatory dysfunction as a pathologic mechanism of TTS has been
previously underrecognized due to lack of imaging modalities. New studies involv-
ing single-photon emission computed tomography perfusion have shown a decrease
in tracer uptake during the acute phase of TTS and a return to normal at follow-up,
suggesting a role for coronary microvascular dysfunction as a trigger of myocardial
ischemia in this condition. Additionally, perfusion CMR has corroborated disrup-
tions in coronary microcirculation in the absence of obstructive epicardial disease in
patients with TTS.

5. Treatment

The treatment for Takotsubo syndrome is largely empiric and supportive.
Angiotensin-converting enzyme inhibitors (ACE-i), angiotensin II receptor blockers
(ARB), and/or beta-blockers are often utilized in stable patients. Beta-blockade initi-
ated in the acute phase of TTS has been associated with a statistically significant higher
long-term survival with a greater benefit seen in hypertensive patients or those who
developed cardiogenic shock [11]. Neither beta-blockers nor ACE-i/ARB were shown to
reduce the recurrence of TTS [12]. There exists a plethora of evidence regarding opti-
mized medical treatment for patients with reduced LV function due to other etiologies.
Again, few data exist regarding optimum regimen for patients with TTS.
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6. Outcomes

Historically, Takotsubo syndrome was often thought to portend a more benign
course with favorable outcomes compared to ACS. More recent, larger-scale analyses
are revealing that up to 50% of patients suffer from acute complications and acute
mortality rates similar to ACS. In most patients, recovery of LV function can be seen
within 1-6 months. The risk factors that influence rate of LV recovery process are
unknown. Concerningly, factors that lead to delayed resolution of wall motion abnor-
malities also remain unknown. The nebulous nature of this disease course has signifi-
cant clinical implications. Patients without early LV recovery have higher prevalence
of in-hospital complications and higher mortality and should be monitored closely.
Patients with persistent wall motion abnormalities also require close monitoring with
repeat cardiac imaging. Recurrence rates of TTS average between 2 and 10% [12]. A
variable TTS pattern at recurrence is common in up to 20% of recurrence cases (see
Figure 3 for variant patterns of TTS). Despite these findings, few data exist regarding
treatment, long-term prognosis, and risk stratification.

Diastole Systole

Apical Type

Basal Type

Midventricular Type

Focal Type

Figure 3.
Variants of Takotsubo cardiomyopathy.

7. Future implications

Though Takotsubo syndrome remains an enigma in many aspects, new capabilities
of cardiac imaging are emerging that can assist with clarifying pathogenesis, tracking
injury patterns, and preventing recurrence. With the utilization of global longitudinal
strain on transthoracic echocardiography, persistent LV dysfunction can be detected
even when ejection fraction has recovered, a feature that can potentially be used to
identify which patients are at a higher risk of recurrence. CMR affords clinicians the
opportunity to identify pathogenic features not previously recognized as large con-
tributors to TTS etiology, ultimately enhancing treatment options. Further studies are
being conducted investigating both genetic predispositions and biomarkers to better
assess disease course. It is our hope that with each new discovery, we become closer to
deciphering the complexities of Takotsubo syndrome.
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Chapter 8

Long-Term Beta-Blocker Therapy
Outcomes in Acute and Chronic
Stimulant Abuse

Jessica Bugbee

Abstract

Fear of BBT (beta-blocker therapy) has initiated after a small amount of evidence
proposing beta-blockers given during acute stimulant toxicity may create an unop-
posed alpha-receptor stimulation leading to worse medical outcomes. The objective
is to investigate how long-term BBT (both selective and non-selective) affect cardio-
vascular outcomes compared to no BBT regarding prevention of stimulant-induced-
cardiomyopathy. Method is review of most current medical literature. The use of
either selective or non-selective beta-blockers to treat the acute effects of cocaine or
methamphetamine toxicity demonstrates safety and efficacy. Long-term BBT either
selective or non-selective shows success in the prevention of cardiomyopathy in
cocaine users by demonstrating a lower rate of death, MI, hospital readmission and
improvement of LVEF and NYHA functional class compared to no BBT use. Both
selective and non-selective long-term BBT prevent the progression of cardiomyopathy
in active cocaine users but not methamphetamine.

Keywords: acute coronary syndrome, cocaine, amphetamines, beta-blockers, HFEF,
mortality, alpha-receptor stimulation

1. Introduction

As many medical providers can attest first-hand, the devastation due to the
methamphetamine problem does not spare a single person. Methamphetamine abuse
is on the rise and recognition of its devastating cardiovascular risks are more impor-
tant than ever. Similarly, cocaine use does not have benign effects on the heart. In the
United States, heart failure (HF) is accountable for more than 1 million hospitaliza-
tions and $32 billion in costs annually [1, 2]. Long-term stimulant abuse is a known
cause of cardiomyopathy. Beta-blockers have shown improvement of systolic heart
failure but use regarding prevention of stimulant-induced-cardiomyopathy is not
well investigated. One of the proposed mechanisms of myocardial injury is thought
due to catecholamine excess causing increased workload on the heart, which may
benefit from BBT. However, BBT has been controversial in this patient population
due to reported cases of worsening vasoconstriction due to unopposed alpha-receptor
stimulation; and it has been suggested to avoid them altogether in this population
with heart failure [1-4].
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If BBT can decrease the extent and progression of stimulant-induced cardiomy-
opathy then patients might have a greater chance of regaining cardiac function if
they one day decide to quite stimulant abuse. Patients may also have improvement in
cardiac function and symptoms leading to less heart failure-related hospital admis-
sions; which in turn could decrease the current financial burden placed on healthcare.

There is a lack of quality studies investigating the use of long-term BBT in active
cocaine users and almost no data investigating this same issue in regards to metham-
phetamine. Recent research has suggested that the phenomenon of excessive alpha-
stimulation might not be related to beta-blocker use [1, 2, 4]. Therefore, in patients
who actively engage in stimulant drug abuse, how does long-term BBT (both selective
and non-selective) affect cardiovascular outcomes compared to no BBT regarding
prevention of stimulant-induced-cardiomyopathy?

2. Beta-blocker therapy in acute stimulant toxicity

Current literature recommends against the use of beta-blockers in the setting of
cocaine-induced-chest-pain. Small catheter-based-human-studies and case reports
have suggested they might exacerbate coronary vasospasm and the toxic effects of
cocaine by inducing “unopposed” alpha-adrenergic stimulation [1-3]. Two high qual-
ity systematic clinical reviews have demonstrated lack of evidence preventing the use
of BBT in both acute methamphetamine and cocaine intoxication. Findings show the
superiority of beta-blockers in the management of both stimulant-induced HTN and
tachycardia when compared to first-line treatment choices calcium-channel blockers
and nitrates; which were shown to only attenuate HTN and not tachycardia [1, 2].

The most recent 2012 ACCF/AHA guidelines endorse the use of labetalol (non-
selective with alpha-properties) in acute stimulant toxicity given certain vital sign
parameters and only after a vasodilator is given prior. These guidelines also endorse
there is a lack of literature investigating these effects in methamphetamine users; and
currently recommend that treatment for acute methamphetamine toxicity the same as
cocaine toxicity pending future investigation [5].

Current evidence shows that providers have been using BBT during acute stimu-
lant toxicity without causing any adverse cardiac events [1, 2, 6]. For instance, a
retrospective study examined 376 patients presenting to the emergency department
(ED) with acute coronary syndrome (ACS) and self-reported cocaine use within
24-hours in the presence of positive urine drug screen (UDS) for cocaine. Beta-
blockers given were metoprolol (45%), carvedilol (26%), labetalol (27%), or atenolol
(2%). No differences were found between selective, non-selective beta-blockers, rate
of death, stroke or arrhythmia compared to those not receiving BBT [6]. These find-
ings demonstrate that it is safe to implement BBT during the management of patients
presenting with ACS secondary to acute cocaine intoxication.

A systematic review and meta-analysis of five studies were performed involving
1794 patients presenting with cocaine-associated-chest-pain (CACP). The authors
found no increased risk of non-fatal MI or all-cause mortality in patients given
BBT versus no BBT [7]. This evidence supports the idea that BBT is safe in patients
experiencing concomitant stimulant toxicity. This same idea can be applied to the
use of long-term BBT. If BBT is safe in acute toxicity then it should demonstrate
safety in patients who are prescribed beta-blockers daily who also abuse cocaine or
methamphetamine.
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3. Beta-blocker therapy after hospital discharge

BBT has shown safety in patients experiencing acute stimulant intoxication. Safety
has also been demonstrated in patients discharged on BBT immediately after hospi-
talization for cocaine-related-chest-pain. It has been demonstrated that taking either
selective or nonselective BBT following hospital discharge has a 70% reduction in the
rate of death over a median follow-up of 972 days compared to no BBT. The authors
of this same study admit that patients with CACP have been shown to exhibit a high
mortality rate, and outpatient BBT may help protect against cardiovascular death [8].

A prospective single-center study examined outcomes in 57 patients <50 years of
age admitted with ACS and urine drug screen (UDS) positive for cocaine. Patients
discharged on BBT showed a 12.5% increase in 90-day survival. Discharge on BBT
also had 14.7% less chance of death and 2.6% less chance of hospital admission
secondary to MI compared to discharge without BBT [4]. Overall, the authors of this
study support the use of long term BBT in this patient population.

A retrospective cohort study examined 60 patients with positive UDS for
cocaine. Of these patients, 40 (66%) received selective beta-blockers (proprano-
lol, metoprolol, atenolol), 13 patients (21%) received nonselective beta-blockers
(carvedilol, labetalol), and 8 patients (13%) received both. Results showed pro-
portionately fewer cases of death and myocardial infarction (MI) during hospital
admission and during 5-year follow-up in patients that received BBT (6.1%) com-
pared to none (25.9%) [9].

BBT has been shown to improve outcomes after MI in non-stimulant users [8].
Evidence from the previously mentioned studies suggests the safety of discharge
on BBT after cocaine-related ACS by demonstrating a decreased rate of death and
cardiac-related complications during the time period following hospital discharge.

4. Long-term beta-blocker therapy in active methamphetamine use

Beta-blockers use regarding prevention of methamphetamine-induced cardiomy-
opathy has been minimally investigated [1]. Investigators performed a study based
out of 2 medical centers in Germany in order to describe clinical characteristics and
histological changes in the myocardium of 24 subjects with methamphetamine-
associated-cardiomyopathy (MACM). Of patients receiving BBT, 20 patients stopped
using methamphetamine while 4 patients continued methamphetamine abuse. Mean
age was 30-years and echocardiograms showed severe systolic dysfunction and left
ventricular chamber dilatation. The majority had regurgitant valve lesions, ventricu-
lar thrombi, and pleural or pericardial effusions. All patients were treated with stan-
dard heart failure therapy including the use of BBT. Follow-up averaged 12 months
later and improvement in symptoms and ventricular function were only identified in
the patients who discontinued methamphetamine abuse [10].

No benefit of BBT was identified during ongoing methamphetamine use, however,
the study only involved 4 patients using BBT yielding results of low statistical value.
Further limitations of this study include an inability to confirm outpatient adher-
ence to BBT therapy and that methamphetamines were not the sole drugs of abuse.
Most patients profiled used other substances such as alcohol, heroin, and cocaine
which are all known to have cardiotoxic effects. Since most methamphetamine users
often simultaneously abuse alcohol and other drugs [10]. It is difficult to say whether
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or not BBT could counteract the cardiotoxic effects of multiple substances used
simultaneously.

This study suggests that only cessation of methamphetamine abuse is associated
with improvement in cardiac function and symptoms; whereas continued metham-
phetamine abuse leads to ongoing heart failure and worse outcome despite concurrent
long-term BBT. Given the limitations of the study, randomized controlled experimen-
tal studies are needed to investigate these findings further.

5. Long-term beta-blocker therapy in active cocaine use

It has been suggested that long-term BBT is ineffective in reducing cardiomy-
opathy in active methamphetamine users according to a single experimental study.
The use of long-term BBT in the prevention of cocaine-induced cardiomyopathy has
been investigated on a larger scale. A meta-analysis studied outcomes of BBT among
90-systolic heart failure (HF) patients who actively abuse cocaine compared to 177
patients with non-ischemic systolic HF without cocaine use. The authors found no
differences in HF readmissions, major adverse cardiovascular events or death when
comparing the two groups over a 4000-day interval. Within HF patients with active
cocaine use, mortality rates were not different between nonselective BBT versus selec-
tive BBT [11].

Findings of this study suggest that BBT produces the same outcomes in systolic HF
patients whether or not they abuse cocaine. Findings demonstrate the safety of long-
term BBT with cocaine use and suggest that this population should not be precluded
from its’ benefits. Limitations of this study include a sample size of mostly males and
significant differences between cocaine positive and cocaine-negative groups involv-
ing age, BMI, co-morbidities, and ACE-I use. Another limitation is that this study
does not include outcomes of cocaine use without BBT.

Fortunately, a single-center retrospective cohort study decided to investigate
outcomes with and without BBT in active cocaine users. The study investigates 268
adult patients with heart failure with reduced ejection fraction (HFrEF) who tested
positive for cocaine on UDS. Of the patients involved, 86% were placed on long-term
BBT while 14% were not. Results show that 30-day readmission rates related to either
all-cause or HF were 21% less with BBT compared to none. No differences were found
between these same groups after 1-year [12].

Limitations of this study include the significantly larger number of patients placed
on long-term BBT compared to none, thereby lowering the statistical significance of
findings. Another limitation involves significant variation in intervals of follow-up
echocardiograms. The authors were unable to evaluate the effects of BBT on LVEF in
cocaine users and instead could only measure the incidence of all-cause mortality. The
authors’ inability to assess LVEF in this study is unfortunate since the use of BBT in
this population is meant to reduce the instance of cardiomyopathy.

A case-series of four patients investigated long-term BBT outcomes by measuring
changes in the instance of cardiomyopathy. Results found clinical and echocardio-
graphic (ECHO) recovery with carvedilol therapy in severe systolic HF with ongoing
cocaine use. None of the patients were prescribed beta-blockers on admission, after
2.5 months each patient was being treated with carvedilol 25 mg twice daily. At mean
follow up of 9.25 months, New York Heart Association functional class (NYHA) on
average improved by 1.5 and left ventricular ejection fraction (LVEF) improved by
36.5% at follow-up [13].
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None of the patients required hospitalization 1-year after enrollment. Furthermore,
each had almost full recovery of LVEF during ongoing treatment with carvedilol
and concomitant cocaine use during a 2-year follow-up. The authors concluded that
patients with severe cocaine-induced-cardiomyopathy are capable of achieving full
clinical and echocardiographic recovery with maximum dose of carvedilol [13].

Limitations of this study include case series design and lack of comparison without
BBT use. Unfortunately, this limits the significance of the study’s findings. Strengths
include actual measurement of LVEF to determine the success of long-term BBT. Findings
from the study are promising and prompt need for future large randomized studies.

Most recently, a retrospective analysis was performed on 72 beta-blocker-naive
active cocaine users affected by HFrEF <40%. After 12-months, 38 patients receiving
BBT were more likely to have an improvement in their NYHA class and left ventricular
ejection fraction (LVEF). Results also included lower rates of cardiovascular events
and HF hospitalizations compared to 34 patients not receiving BBT. When comparing
23 patients receiving carvedilol against 15 patients receiving metoprolol succinate no
difference was found in LVEF improvement while NYHA class showed larger improve-
ment with carvedilol [3]. Overall, this study provides evidence supporting the equal
success of long-term therapy with both selective and non-selective beta-blockers in
regards to reducing cardiomyopathy in active cocaine users compared to no BBT.

The majority of patients in the study were able to achieve full or almost full
recovery of their LVEF after one year of long-term BBT. Limitations include failure
to fully investigate the pathological substrate of HF since coronary angiography was
performed in the majority (72%) but not all patients. Also, a cardiovascular magnetic
resonance was not performed in order to investigate the extent of myocardial fibrosis
and edema. Therefore, large experimental studies involving coronary imaging are
strongly needed to explore the findings of this study further.

6. Discussion
6.1 Strengths

Common strengths of the previously mentioned studies include the fact that
patients given BBT were reported to be at higher risk for cardiovascular events
compared to those not given BBT [6, 8, 9]. Patients were older, had higher presenting
systolic BPs, and more often had a history of hypertension. They were also more likely
to be taking outpatient angiotensin-converting enzyme inhibitors (ACEIs) or angio-
tensin receptor blockers (ARBs), statins, and aspirin. Those who received BBT in the
ED showed a statistically larger decrease in systolic blood pressure compared to those
receiving BBT in the hospital ward only [8].

Patients had increased risk of systolic dysfunction compared to patients not given
BBT [6, 8, 9]. Even though the most common limitation between the studies involves
the use of UDS to determine illicit drug toxicity, most emergency departments deter-
mine cocaine and other illicit drug ingestion through utilization of UDS [9]. Further
strengths include the recency of the studies used [3, 4, 7, 10-12].

6.2 Limitations

Common limitations of the studies used include retrospective cohort study design
[3, 4, 6, 8,9, 12] and the inclusion of a case series [13]. There was an inability to
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determine the timing of cocaine ingestion with use of UDS since cocaine can be pres-
ent in urine 48-72 hours after last ingestion [4, 6-9]. Lack of data regarding cocaine
serum levels and knowledge on time of cocaine ingestion could be problematic. Acute
cocaine toxicity may have different effects compared to cocaine toxicity determined
by positive UDS [9].

Further limitations include several studies failed to provide data on selectivity,
route, and type of BBT used [4, 7, 10, 12]. Authors were unable to assess interim
behaviors and treatments after discharge and relied only on data obtained from the
index hospitalization and the National Death Index to determine long-term mortality
[8]. Also, there was a lack of quantitative data measuring the frequency of cocaine use
[3, 8, 10-13] including compliance with BBT during follow-up [3, 4, 8, 10-12].

7. Conclusion

The use of either selective or non-selective beta-blockers to treat the acute effects
of cocaine or methamphetamine toxicity demonstrates safety and efficacy. Avoidance
of using BBT in this population is secondary to the fear of causing adverse cardiac
events during acute toxicity. Since safety has been demonstrated in recent literature,
then the use of long-term BBT in patients that regularly use these drugs should
demonstrate safety as well. Long-term BBT either selective or non-selective shows
success in the prevention of cardiomyopathy in cocaine users by demonstrating a
lower rate of death, MI, hospital readmission and improvement of LVEF and NYHA
functional class compared to no BBT use. Therefore, both selective and non-selective
long-term BBT prevents the progression of cardiomyopathy in active cocaine users
but not methamphetamine. Since a single study has attempted to investigate this topic
in methamphetamine users’ additional experimental studies are strongly needed in
order to determine if long-term BBT can decrease cardiomyopathy in this population.
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Chapter 9

Emerging Hallmarks of
Mitochondrial Biochemistry in
Cardiac Trabecular Morphogenesis
and Left Ventricular
Noncompaction (LVNC)

Gowthami Mahendran and Mavgaret A. Schwarz

Abstract

Functioning as a pivotal platform for energy production and transduction, mito-
chondria generate ATP to meet the dynamic demands of embryonic development.
Consequently, disruption or alteration in mitochondrial activity influences not only
cellular status, but also can impact organ formation. Disrupted mitochondrial perfor-
mance not only impairs cardiovascular function but can also disrupt cardiac matura-
tion through prevention of the myocardium’ transition between the trabeculation to
the compaction phase. During embryonic development, proliferating cardiomyocytes
create a trabecular mesh network. Gradual compaction of this network transforms the
intra-trabecular spaces into the capillaries of the coronary circulation. Achievement
of functional compaction and ultimately normal cardiac function is dependent in part
on mitochondrial well-being with failure to complete remodeling of the inner trabec-
ular layer contributing to disrupted endocardial vasculature and fibrosis, left ven-
tricular noncompaction (LVNC). LVNC, commonly associated with mitochondrial
genetic alterations, is speculated to occur due to an interruption during the process of
compaction at the early developmental stages of the left ventricle (LV). Mitochondrial
mutations, remain the common etiology of LVNC with a wide spectrum of these
genes associated with other cardiomyopathies related to LVNC. Understanding the
impact that mitochondrial genetic alterations have on the evolution of cardiac non-
compaction could provide new treatment opportunities.

Keywords: trabeculation, mitochondria, LVNC, mutations, cardiomyopathy

1. Introduction

Cardiac development consists of four stages including embryonic cardiac chamber
maturation [Carnegie stage (CS) 11 in humans and embryonic day (E) 8.5 in mice],
trabeculation (at CS 12 in humans and E9.5 in mice), compaction (CS 22 in humans and
E14.5 in mice) and cardiomyocyte proliferation (E11-E17.5 in mice). Originating from
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embryonic mesodermal germ layer cells that differentiate into mesothelium, endothe-
lium, and myocardium followed by gastrulation, the exterior lining of the heart is made
up of mesothelial pericardium. Whereas the interior lining of the heart, lymphatic, and
blood vessels, arise from endothelium. During cardiac development, the atrial septation
(primary atrial septum formation) begins at E10.5 to E13.5 in mice, which is compa-
rable to Carnegie stages (CS 14 to 18) in humans or estimated gestational age (EGA) of
6 6/7-8 weeks. The ventricular septation proceeds from E11.5 to E13.5 in mice and EGA
8-9 1/7 weeks (CS 18-22) in human fetuses. Outflow septation, the transformation of
aright ventricle (RV) single outflow tract into pulmonary and aortic arteries originat-
ing from the right and left ventricles, starts at E11.5-E13.5 in the mouse and EGA 7
3/7-8 weeks (CS 16-18) in humans [1]. While the separation of atrioventricular (AV)
valves from endocardial cushions at the center of cardiac loop occurs at 9 1/7 weeks

(CS 22). By the end of 9 1/7 weeks (CS22), all of the major structures of the heart are
formed, with the average spanning period of EGA 6 4/7-9 3/7 weeks [2-4].

During cardiac development, trabeculation followed by a compaction step (CS 12
to CS 22), is vital in the developmental stages of humans (Figure 1). Emerging from
the developing ventricular wall and stretching into the ventricular lumen, trabeculae
projections consist of cardiomyocytes lined by an endothelial layer of the endocar-
dium and are an important element of ordered ventricular formation. Any defects
during trabeculation, compaction of remodeling junctions, or cardiac chamber
maturation, could lead to the inhibition of well compacted myocardium with persist-
ing trabeculations resulting in the condition left ventricular noncompaction (LVNC).

The trabeculation process is further defined by three sequential steps resulting
in fusion with myocardium layer that is compacted and progression into a mature
thickened ventricular wall. Initially, the trabecular ridges start to emerge while the
myocardial projections progress into the lumen. This is followed by the expansion
of trabeculae projections, creating a trabeculae network. In the final remodeling
step of trabeculae formation, trabeculae growth ceases and they compact together
contributing to ventricular radial thickening [6, 7]. Importantly, the LV of a healthy
heart has three distinct trabeculation types (hypertrophic, fibrotic or both) [8] and is
less trabeculated than RV [9]. Upon stimulation of ventricular trabeculations during
the compaction phase of embryonic development, the growth of trabecula ceases
and the ends of the trabecula thicken, with the spaces in between the trabecular buds
developing into capillaries [10, 11]. The persistence of a trabecular mesh caused by
myocardial noncompaction can occur due to irregularities arising in the maturation
process of the cardiac chamber. However, the step of remodeling ventricular trabecu-
lae for compaction is believed to be correlated with congenital or acquired mutations
of genes associated with cardiomyocytes and the powerhouse of the cell, mitochon-
dria. Unfortunately, complications arising from disruption in the compaction process,
referred to as noncompaction, can result in heart failure and neonatal death [12].

In normal human embryo development, the compaction of myocardium begins
after the 5th week of embryonic life. To form a well-developed compacted epicardial
and a well-compacted endocardial layer, vascular endothelial growth factor (VEGF)
and angiopoietin [13] triggers these loosely interwoven muscle fibers of the myocar-
dium to condense, thus removing the large flattened trabeculae spongy mesh from
early embryonic development prior to resolving the intertrabecular recesses into
capillaries. This gradual progression of trabeculae compaction occurs faster in the LV
than in the RV. However, the etiology of LVNC is poorly understood and occurs as a
spectrum of pathological conditions, ranging from asymptomatic to the risk of RV
failure and fetal heart failure [14]. Due to its relatively low prevalence in combination
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Figure 1.

Progression of left ventricular trabeculation to compaction: Trabeculation and compaction of endocardial cells
(yellow), cardiomyocytes (orange in left image, ved in right image), cavdiac jelly (purple), epicardial cells (blue)
of a LV followed by the maturation step in mouse and human ave shown (figure adapted and modified from
Zhang et al. [5]).

with less sensitive detection techniques for noncompaction, less is known regarding
its etiology and therapy compared to other cardiomyopathies. While the occurrence
of LVNC is independent of sex or age, the prevalence varies among different ethnic
groups: with a greater occurrence within black populations. Lastly, the pathophysi-
ological impact of LV noncompaction is poorly understood, though it is expected to a
have an association with altered ventricular systolic and diastolic function [15, 16].

2. Cardiac energy metabolism: role of the mitochondria

Cardiac energy metabolism relies on regular mitochondrial function and energy
production. Thus, inborn errors of metabolism impacting the mitochondrial dysfunc-
tion are a common pathological factor of LVNC. Mitochondrial cardiomyopathy is a
myocardial condition defined by an aberrant heart-muscle structure or function, that
involves mitochondrial respiratory chain pathways. Failure in the regulation of these
metabolic pathway mechanisms can lead to cardiac dysfunction associated with non-
compaction [17]. Thus, the proper functioning of mitochondrial enzyme complexes
is crucial for the normal progression of cardiac morphogenesis. This review focuses
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specifically on the mitochondrial influence on trabecula morphogenesis and its influ-
ence on the compaction of LV myocardium. Moreover, we describe the mechanisms
contributing to LVNC and explore the current diagnostic and therapeutic strategies
available for this type of mitochondrial myopathy [18, 19].

A double membrane-bound organelle, mitochondria have their own genome and
exhibit maternal inheritance patterns. The mitochondrial genome is composed of
22 tRNAs, 2 rRNAs, and 37 genes encoding 13 different proteins that form subunits
of enzyme complexes within the oxidative phosphorylation system (OXPHOS).
Although comparatively smaller than the nuclear genome, the human mitochondrial
genome possesses thousands of mitochondria, each encoding dozens of copies of
the mitochondrial genome. Unlike the nuclear genome, mitochondria have higher
mutation rates (100 fold higher) due to the absence of a mismatch base repairing
mechanism [20]. Notably, deficiencies in NADH-coenzyme Q (CoQ) reductase
(complex I) and cytochrome-c oxidase (complex IV) have been commonly studied
in many mitochondrial disorders [20, 21]. OXPHOS pathway involves around 80
different proteins to make five electron transport complexes (complex I-V) [22].
Many of the mutations and defects in genes involved in OXPHOS impacts the mito-
chondrial energy production. As such they are the primary source of reactive oxygen
species (ROS) generation. Hence, the overproduction of ROS causes mitochondrial
damage through a range of pathologies that affects the rest of the cell (Figure 2). In
addition to oxidative phosphorylation system, mitochondria also control apoptosis
and cytosol calcium concentrations. Importantly within the cardiac muscle, calcium
signaling propagated within the cytosol, is trafficked through the mitochondrial
membrane via the voltage dependent anion channel (VDAC) and an inner membrane
located calcium uniporter or a Na*/Ca®* exchanger. Thus, a vital feature of cellular life
any alterations in mitochondrial Ca®* homeostasis can cause profound effects in the
mitochondrial function with defects contributing to cell death [23].

Mitochondrial energy production is influenced by maternally inherited mitochon-
drial DNA (mtDNA) and nuclear DNA [24] with mitochondrial gene mutations caus-
ing irregular function. Energy released upon electrons transfer between the 5 enzyme
complexes of the mitochondrial electron transport chain (ETC) within the inner
mitochondrial membrane, acts as a proton pump across the mitochondrial mem-
brane. This electrochemical gradient is important for cellular energetic homeostasis
[25]. Defects in the five enzyme complexes of mitochondrial ETC, some of which are
encoded by mitochondrial DNA, can reduce ATP energy generation resulting in an
energy insufficiency. Additionally, cardiac mitochondrial function is also coupled
with ROS production from oxidative damage during the OXPHOS cycle. Elevated free
iron levels and defective ETC as a result of the impaired intramitochondrial metabo-
lism is associated with a vast increase in free radical generation leading to oxidative
damage that could impact development.

Cardiomyocytes are composed of bundles of myofibrils containing myofilaments.
The distinct, repeating micro units of myofibrils, sarcomeres, are the fundamental
contractile units of the myocytes. The mitochondria in cardiomyocytes localized
to sarcomeres form intracellular energetic unit (ICEU) [26]. Catabolism favors
the movement of the chemical gradient from mitochondria in the form of ATP to
sarcomeres. Composed of thin and thick filaments, the thick filamentous myosin
motor protein component of the cardiac sarcomere is primarily responsible for force
generation. While the structural abnormalities associated with LVNC has been well
described, many of the details of its mechanism have yet to be elucidated. However,
studies suggest a correlation between LVNC and myocardial abnormalities with
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Figure 2.
A variety of roles played by Mitochondria are critical for cellular maintenance: Energy production (“powerhouse
of the cell”), OXPHOS pathway, alters between fusion and fission cycle, Ca®" level control and apoptosis.

energy generation, transfer and utilization as possible contributing factors to the
irregular contraction and relaxation of cardiac muscles. As such, the impact of mito-
chondrial related gene deletion, mitochondrial function, and energy production can-
not be overstated in light of the disorders arising from disruption of these processes
and their impact on compaction at the early development of the LV myocardium.

3. Left ventricular noncompaction (LVNC)

Left ventricular noncompaction (LVNC), also knowns as left ventricular hyper
trabeculation (LVHT) or spongy myocardium, is a rare congenital myocardial dys-
function resulting from the arrest of the compaction phase during embryogenesis.
Gross histology of this heterogeneous disease condition is characterized by a spongy
left ventricle (LV) myocardium, abnormal prominent trabeculations at the ventricu-
lar apex, and intra-trabeculae recesses adjacent to a well compacted LV myocardium
during the final stages of cardiac development [27]. Within the ventricular cavity
the double-layered ventricular myocardium consisting of epicardial and endocardial
layers, there appears finger-like protrusions from the myocardium with intertrabecu-
lar recesses separating trabeculations. Pathologically these anatomical features of a
noncompacted heart demonstrate a tremendously thickened endocardial layer with
abnormal trabeculation and a compacted thin epicardial layer. In 1984, the first case
of LVNC was described in a newborn that was also associated complications of atresia
of semilunar valves and intact ventricular septum [28]. Since then, of the different
phenotypes of LVNC (8 different subtypes identified to date) [29], isolated LVNCs
(first reported in 1926 occurring as a result of trabeculae morphogenesis interference
in the absence of any cardiac abnormalities) and congenital LVNCs are the most
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commonly studied. With the latter type of LVNC being associated with systemic
diseases including metabolic or mitochondrial diseases, cardiomyopathies such as
hypertrophic, dilated, restrictive, and arrhythmogenic, congenital heart diseases, and
complex syndromes affecting vast majority of the organs and tissue [30].

While rare forms of LVNC can occur from acquired mutations, commonly LVNCs
are from genetic alterations transmitted through generations [31] with around 50% of
the identified LVNC patients having either autosomal dominant, autosomal recessive,
or X-linked genetic inheritance patterns with multiple genes modifications [32-34]
(Figure 3). Predominate genetic variants associated with LV noncompaction include
defects in mitochondrial, sarcomeric, and cardiac genes. In addition to mitochondrial
DNA mutations [35], a wide variety of mitochondrial abnormalities significantly
influence LVNC including but not limited to mitochondrial dysfunction [36], meta-
bolic myopathy altered by mitochondrial energy production [37], dysmorphic mito-
chondria [31, 38], mitochondrial DNA transitions (a type of DNA mutation where a
purine or pyrimidine nucleotide is replaced with its complementary purine or pyrimi-
dines, respectively) [39, 40], deficiencies in mitochondrial respiratory chain function
[41], mutations in overlapping regions [42], and mitochondrial genome mutations
[43]. Further supporting mitochondrial involvement, mitochondrial numbers are
enriched in the cardiac muscles of individuals with LVNC, and mitochondrial DNA
(mtDNA) content and copy number are also largely altered in non-compacted hearts.

4. Diagnostics and therapeutic aspects of LVNC

The occurrence of LVNC has increased in recent years with a prevalence of
0.01-0.3%, a mortality rate of 5-12%, and is predominately found in males [44].
While most LVNC patients are asymptomatic or noted to have mild symptoms of
chest pain, later stages of LVNC can lead to sudden cardiac death due to compro-
mised systolic function. Although the initial diagnosis can be at any stage in life,
most individuals with LVNC go undiagnosed until the 5th decade of life. Symptoms
are diverse in patients with LVNC and can include heart failure, cardiac arrhyth-
mias, fatigue, excessive sweating, breathing difficulties, compromised growth, and
abnormal weight gain, while others do not exhibit any symptoms [44-46]. Hence,
early diagnosis is key for timely supportive care.

Common diagnostic tools available for LVNC include echocardiography (echo),
cardiac magnetic resonance imaging (cardiac MRI or CMR), electrocardiogram
(ECG), cardiac computed tomography (CT), coronary angiograms and myocardial
biopsy based on the myocardial thickening [47]. In most cases the first-line diagnostic
testing of any heart diseases is echo, due to its availability and being low-cost in
nature. Echo criteria include (1) noncompacted/compacted ratio of the two-layered
endocardium of >2, (2) left ventricular deep endomyocardial trabeculations, and (3)
deep recesses filled with blood visualized on color Doppler [48, 49]. However, the
detection of LVNC in its early stage of development are challenging, with only around
0.3% of the patients being referred for an echo [50, 51]. Additionally, echo diagnos-
tics are sometimes considered to be a ‘too sensitive of a method’ as overdiagnosis
frequently occurs, particularly in the black patient population. Therefore, serial echo
diagnosis is recommended in LVNC [52].

Alternatively, CMR is a well-established, high resolution, noninvasive, albeit
more expensive approach, to confirm LVNC after an initial diagnostic echo. CMR
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Schematic overview of influencing factors in myocardial noncompaction: Differential contribution of
mitochondria towards LVNC via mitochondrial dysfunction (mtDNA mutations, transitions, ETC defects,
mt genome mutations) and involvement of genes associated with cardiomyopathies (sarcomeres, ion channels,

cytoskeletal, chaperones, desmosomes).
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offers an enhanced sensitivity, as CMR can detect myocardial trabeculations that

can be enhanced with steady-state free-precession (SSFP) cine imaging [53, 54]. In
CMR, the myocardial trabeculations, apex region and end-diastole ratio can be well
monitored over time. Although CMR is associated with many challenges including a
wide diagnostic testing timeline, high costs, and availability, it still remains the best
approach as a diagnostic tool for LVNC. Unlike echo and CMR, CT imaging is less
commonly used due to the ionizing radiation and lower detection ability of myocar-
dial tissues. Nevertheless, this tool is widely used in evaluating other disease processes
such as coronary arteries. Apart from the above-mentioned diagnostic tools, advances
using blood for whole exome sequencing (PGxome diagnostic exome test) and copy
number variation detection can be performed to study single gene defect or defects in
gene sets associated with LVNC [55].

In research settings and invasive cardiac catheterization techniques, a more inva-
sive method of histologic examination of cardiac muscle tissue biopsies is assessed.
Histological analysis can identify abnormalities in the mitochondrial appearance as
ragged red fibers, indicative of mitochondrial dysfunction, are suggestive of mito-
chondrial anomalies (Gomori Trichrome stain, Figure 4). A typical drawback of
Gomori Trichrome Staining is the absence of these ragged red fibers in children, and
therefore, it fails to detect mitochondrial disorders in neonates at early stages [56, 57].
An alternative method of early detection is the examination of cardiac tissue under
electron microscopy for swollen disorganized mitochondria containing irregular
cristae [57].

Importantly, around 40% of patients identified with LVNC are determined to
have a familial genetic defect that impacts only cardiac function. However, while
many genetic syndromes, metabolic disorders, and mitochondrial related anomalies
are also associated with LVNC, in many cases the cause of LVNC is still unknown. As
there is no cure to date, routine cardiac screening is an important part of the treat-
ment of familial LVNC, with supportive therapy for LVNC patients being dependent
on individual symptoms. Supportive therapy targeted to improved quality of life
and overcome cardiac dysfunction includes medications to treat heart failure such
as angiotensin-converting enzyme inhibitor, beta blockers, blood thinners, diuret-
ics, and digoxin. In severe cases of LVNC, pacemaker implantation, cardioverter
defibrillator, or heart transplantation is recommended. A recent case study in 2018 by

Figure 4.

Gomori Trichrome staining of cardiac tissue from an (a) hyper trabeculated heart and a (b) healthy heart: (a)
arvows indicating dysmorphic mitochondria scattered as red-vagged fibers below the matrix of the membrane, (b)
mitochondria appear organized and distributed acvoss the cardiac tissue.
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Kimura et al. [58], showed successful treatment of a near-fatal ventricular arrhythmia
in an infant with LVNC using cardiac resynchronization therapy (CRT). These studies
determined that with the implantation of a cardioverter defibrillator (preventive
measure for cardiac arrest), dual chamber pacing initiation and CRT, effectively
treated the mechanical dyssynchrony of the heart, with subsequent improvement in
cardiac function.

Currently, there are no mechanisms to prevent LVNC or to return gain of cardiac
function. While genetic testing can be done to identify gene mutations (Table 1) and
determine the risk of passing these mutations to offspring, there are not therapeutic
options to actively treat these gene mutations [74]. Future therapy that promotes
personalized gene therapy could be a useful tool in treating LVNC. However, this
approach could be highly challenging due to the complex genetics of LVNC.

5. Genes and related mutations associated with LVNC

A variety of gene mutations studied concerning other cardiomyopathies such
as genes coding for sarcomere proteins [75], ion channels, cytoskeletal genes [76],
chaperone proteins [77], and cellular signaling pathways have a significant associa-
tion with LVNC [11, 78]. Specific genetic alterations include genes encoding f-myosin
heavy chain (MYH?) [34, 79], a-cardiac actin (ACTC1) [80], and cardiac troponin
T (TNNT?2) [81], lamin A/C (LMNA) [82], ZASP (LDB3) [83], and taffazin (TAZ)
[83, 84], cardiac myosin-binding protein C (MYBPC3) [85], and cardiac troponin I
(TNNI3) [86] are associated with LVNC (Table 2).

Sarcomere gene mutations can lead to noncompaction with reduced ventricular
function and hyper trabeculation [110]. Alpha-cardiac actin gene (ACTC) codes
for cardiac muscle-specific alpha-actin protein, present in cardiac sarcomeres and
cytoskeletal proteins, and is responsible for heart muscle contraction and generation
of force to support the contraction. Novel mutations in the ACTC gene are linked
to LVNC cardiomyopathies. Although, the novel protein-level amino acid sequence
(A21V) mutations of ACTC1 resulting in familial LVNC are rare, it causes diverse
cardiac anomalies. This resulting missense mutation in the ACTC1 gene creates
structural changes to sarcomeres and their anchorage. In addition to these changes,
these variants also modify the highly conserved nature of actin-like domains of the
protein resulting in its destabilization with pathogenic consequences [80]. The MYH7
gene encoding for myosin heavy chain beta (MyHC-p) isoform is another primary
sarcomeric protein in the adult heart. The ATPase activity of MYH7 powers the
myosin power stroke within the myosin heads to convert energy that propels shorten-
ing of the sarcomeres. A heterozygous missense mutation (I467T) in MYH7 found in
inherited cardiomyopathies presenting with a high penetrance and sudden death, can
result in LVNC and hypertrophic cardiomyopathy (HCM) [111]. As the mutation site
in MyH? is close to the hydrophobic ATP binding pocket of the motor domain, the
amino acid replacement of hydrophobic isoleucine with a non-polar threonine alters
the structure subsequently effecting the ATPase activity of the motor domain [79,
80]. Cardiac Myosin binding protein C (MYBPC3) is another LVNC linked sarcomere
protein. Infants with pathogenic truncating mutations in MYBPC3 die at birth from
HCM and LVNC complications. These mutations are believed to cause alterations
in the primary contractile function of the heart and septal defects. However, the
absolute relationship of contractile dysfunction to sarcomere protein mutations in the
progression and pathophysiology of LVNC remains poorly understood [112].
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Age/mean Patient Complications Diagnostic approach Reference
ageat gender observed
diagnosis
7 years 5 males and SVD, VA, SE, PVC, Holter monitoring, Chin et al. [59]
3 females FD intracardiac
electrophysiological
studies
47 years 24 males Hypokinesia, Echocardiography Lofiego etal.
and 41 Akinesia, Dyskinesia [60]
females
Not reported 821 males LV dilatation, Transthoracic Tamborini et al.
and 627 hypertrophy, and echocardiography, MRI [61]
females systolic dysfunction
33-year-old Female Myocardial 2D-echocardiography Engberding et
sinusoids, high al. [28]
systolic ventricular
pressure, external
dyspnea, sinusoid
anomaly
11 years 13,306 males Lower LVEEF, higher Echocardiography Borresen etal.
and 12,283 LV ESV [51]
females
474 years 183 males Lower LVEF, Transthoracic Vaidya et al. [12]
and 155 dyspnea, echocardiography and
females cardiomyopathy, left or MRI
atrial enlargement
90-year-old Male Asymptomatic until Color-flow Doppler Cevikeetal. [62]
heart failure followed echocardiography,
by progressive electrocardiogram
shortness of breath,
body weakness
9 years 8 males and Mostly Electrocardiogram, Alehan etal. [63]
1 female asymptomatic, LVH chest X-ray,
2D-echocardiogram with
Doppler interrogation
53 years 71 males and LVHT, associated Echocardiography Stollberger et al.
29 females neuromuscular [64]
disorders
<21 years 24 males Myocardial Echocardiography, Miller et al. [65]
and 18 dysfunction, CVM, Genetic testing (2017)
females DCM, HCM (cardiomyopathy gene
panel)
62-year-old Female Congestive heart Echocardiography, Color Lin etal. [66]
failure, Bilateral Doppler imaging
crackles (mild
symptoms)
6-month-old Infant Incessant ventricular Transthoracic Kimura et al.
(female) fibrillation, echocardiography, Chest [58]
cardiopulmonary X-ray, Color Doppler
arrest, polymorphic imaging
ventricular
tachycardia, LV
hypokinesis
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Age/mean Patient Complications Diagnostic approach Reference
ageat gender observed
diagnosis
46 years 312 males Cardiovascular and Echocardiography, MRI Aung etal. [30]
and 2188 all-cause mortality,
females thromboembolic
complications,
ventricular
arrhythmias
41-year-old Male Chest pain, biatrial Electrocardiogram, MRI Tian etal. [67]
enlargement,
right ventricular
hypertrophy, global
hypokinesis, lower
LVEF
Not reported 6 males and VSD, histiocytoid Echocardiography Burke etal. [68]
(wide range 8 females cardiomyopathy,
of age groups hydrops fetalis,
studied) sudden death, heart
failure
29-year-old Male Dyspnea, pulmonary Twelve-lead Toader et al. [69]
rales, fatigue, electrocardiography,
cardiomegaly, twenty-four-hour
hepatomegaly, Holter monitoring,
splenomegaly speckle-tracking
echocardiography, MRI,
chest X-ray
57-year-old Female Heart failure, onset Echocardiography Loria etal. [70]
dyspnea
36-year-old Male Shortness of breath, Transesophageal Ayeshaetal. [71]
exercise intolerance, echocardiogram,
orthopnea, endomyocardial
paroxysmal biopsy, transthoracic
nocturnal dyspnea echocardiogram
69-year-old Male Atrial fibrillation, Electrocardiogram, Bathetal. [72]
myocardial fibrosis post-cardiac arrest
transthoracic
echocardiogram
60-year-old Female Intermittent chest Echocardiography, chest Kalavakunta et
pain, increasing X-ray, CT scan al. [73]
shortness of
breath, decreased
appetite, paroxysmal
nocturnal dyspnea,
orthopnea
Table 1.

Genetic details and chavacteristics identified in clinical studies.

Notch signaling is a prime mediator of cardiac embryogenesis. Despite the anoma-
lies in other signaling pathways, the dysfunction of the Notch pathway has a notable
contribution to LVNC. Germline mutations in human myocardial MIB1 (mind bomb
homolog 1) coding for E3 ubiquitin ligase that promotes the endocytosis of Delta and
Jagged, (NOTCH ligands) are involved in LV noncompaction [113]. In these studies,
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Affected Gene name Protein type DNA variant Cardiac Refno
genes manifestation
DTNA a-Dystrobrevin Cytoskeletal C362T, N49S NLVNC, [15, 83]*
protein LVNC
LAMP2 Lysosome-associated Membrane G928A HCM, skeletal [16, 87]
membrane protein-2 glycoprotein transition myopathy,
DCM
TAZ Tafazzin Phospholipid GIVS8-1C ILVNC, DCM, [75, 83]
(G4.5) trans acylase BTHS
HCN4 Hyperpolarization- Ion channel G482R, Y481H Brugada [88]
activated cyclic syndrome,
nucleotide channel 4 Bradycardia,
LVNC
SCN5A Cardiac sodium Ion channel H558R Brugada [89]
channel syndrome,
LVNC, DCM
TMEM70 Transmembrane Mitochondrial Y112X, HCM [1s]°
protein 70 membrane 578delCA
Nkx2-5 Nkx2-5 Transcription A118S LVNC, DCM, [90]
factor HF, AVB
FKBP12 Peptidyl-prolyl cis- Immunophilin — LVNC, VSD, [77,91]
(aka trans isomerase protein family DCM, CHD
Flbpla)
DNJAC19 Mitochondrial Dna]J Hsp40 1G-C DCM, DCMA 16l
import inner member C19 transversion in
membrane intron 3
translocase subunit
TIM14
BMP10 Bone morphogenetic TGF-p super V4071 LVNG, VSD, [92]
protein 10 family proteins HT
LDB3 LIM-domain Z-disk protein G1876A, ILVNC, [15, 83,
binding 3 G163A LVNC3, DCM, 93]
HCM
MYBCP3 Myosin binding Sarcomere N948T, DCM, [82, 85,
protein C thick filament G490R, A833T LVNC10 94]"
MYH7 f-Myosin heavy Sarcomere L1793P, L387F LVNC5, HCM, [33, 90,
chain7 thick filament DCM 94-96]
ACTC a-cardiac actin Sarcomere thin A21V, E101K LVNC4 [97,98]
filament
TNNT2 Cardiac troponin T, Sarcomere thin R141W, DCM, HCM, [75, 81]‘
type 2 filament R131W, E96K RCM, LVNCS6,
LVD
TNNI3 Cardiac troponin I Sarcomere thin D190G, A2V RCM, DCM [86,99]
filaments
TPM1 Tropomyosin-1 Actin binding E40K, E54K, LVNC9, DCM, [16, 75,
protein D159N, L113V HCM 99"
LMNA Lamin A/C Nuclear R644C, LVNC [82,100]
membrane R190W, V445E
protein
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Affected Gene name Protein type DNA variant Cardiac Refno
genes manifestation
MT-ATP6 Mitochondrially ATP synthase T8528C, LVNC [101]
encoded ATP F, subunit 6 G8529A,
synthase membrane C8558T,
subunit 6 A9058G
MT-ATP8 Mitochondrially ATP synthase A8381G, LVNC [31, 96,
encoded ATP F, subunit 8 C8858T 102]
synthase membrane
subunit 8
MT-ND1 NADH: ubiquinone NADH T3398C, LVNC, [40,96]
oxidoreductase core dehydrogenase T4216C, MELAS,
subunit 1 1enzyme G15812A, LHON
A3397G
MT-TL1 Mitochondrially transfer RNA A3243G, MELAS, [16]
encoded tRNA (UUR) A8344G MERRF
leucine 1
ANT?2 Peroxisomal ADP/ATP G1409T DCM, LVNC/ [103]
adenine nucleotide translocase 2 polymorphism LVHT
transporter-2
MIB1 Mindbomb homolog E3 ubiquitin V943F, R530X LVNC7, [78]
1 ligase RVNC, DCM,
HF
PRMD16 PR/SET Domain 16 Transcription K702X, N816S, LVNCS8, DCM [75, 104]*
regulator P291L, L887P,
V1101M,
1573dupC in
exon 9
PLEC1 Plectin Cytoskeletal G4891T, ARVC, DCM, [105]
protein G1019A LVNC/LVHT
MT-CYB Cytochrome B Component of T15693C, LVNC, HCM [40,96]
complex III A15662G
ACTN2 a-Actinin 2 Cytoskeletal M228T, L727R HCM, DCM, [106]
protein LVNC
PRKAG2 Protein kinase AMP-activated H142A, HCM, LVH [16, 107]
AMP-activated non- protein kinase T400N, N488I,
catalytic subunit (AMP-K) E506K, R302Q
gamma 2
PLN Phospholamban Integral R9C, L39X DCM [108,
membrane 109]
protein
*https://omim.org/

ILVNC, isolated left ventricular noncompaction; NLVNC, non-isolated left ventricular noncompaction; LVHT,

left ventricular hyper trabeculation; RVNGC, right ventricular noncompaction; AVB, Atrio ventricular block;

HE, heart failure; DCM, dilated cardiomyopathy; HCM, hypertrophic cardiomyopathy; VSD, ventricular septal
defect; BTHS, Barth syndrome; DCMA, dilated cardiomyopathy with ataxia syndrome; HT, hyper trabeculation;
MELAS, mitochondrial encephalomyopathy; MERRF, myoclonic epilepsy with ragged-red fibers disorder; ARVC,
arvhythmogenic right ventricle cardiomyopathy; CHD, congenital heart diseases; LVD, left ventricular dilation; RCM,
vestrictive cardiomyopathy [33].

Table 2.

Genes and associated mutations in cardiomyopathies.
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MIB1 protein was noted to be vital in activating the NOTCH signaling pathway
while cardiac deformity managed by two of the MIB1 autosomal dominant muta-
tions (V943F and R530X) causes deregulation of Notch signaling resulting in LVNC.
Furthermore, Luxan et al. [78] reported that myocardial inactivation of MIB1 results
in the enlargement of the ventricular trabeculae and a thin compact myocardium.

Alterations in cytoskeletal genes have been linked with the LVNC development.
The intermediate filament protein, lamin (lamin A/C) or LMNA, maintains the
mechanical integrity of the nuclear envelope. Heterozygous LMNA gene mutations
(R644C and R190W) are linked to familial and sporadic LVNC, although the mecha-
nisms have not been elucidated to date. Furthermore, lamin A/C V445E mutations
were found to be related to sudden death in LVNC patients [82]. Cardiac expressing
alpha-dystrobrevin (DTNA) belongs to a dystrophin-related protein family that is
significant in intracellular signal transduction. Genetic alterations in DTNA and
dystrophin-associated glycoprotein complex (DAPC) located in sarcolemma provoke
myocardial disorders targeting the systolic function of the heart [41]. Inactivation of
DTNA leads to muscular dystrophy, skeletal myopathy, and cardiomyopathy charac-
terized by deep trabeculations which are always observed in LVNC [76]. Congenital
LVNC frequently accompanies neuromuscular disorders in patients with myotonic
dystrophy type 1 (MD1), an autosomal dominant type of disorder resulting from a
trinucleotide expansion (CTG nucleotide repetitions) in the dystrophia myotonica
protein kinase (DMPK) gene [114].

6. Differential contribution of mitochondria towards LVNC
6.1 Mitochondrial DNA (mtDNA) mutations leading to dysmorphic mitochondria

mtDNA sequence variants are maternally inherited point mutations representing
a predominate cause of inherited diseases within a tissue or organ. Studies performed
on mitochondria isolated from patient’s blood and iz vivo cardiac tissues acknowl-
edged the contribution of mtDNA mutations in the formation of cardiac noncompac-
tion [115, 116]. In these studies, instability of cardiac-specific mtDNA is coupled to
metabolic irregularities that impact cardiac functionality in response to a myriad of
mitochondrial dysfunctions. Liu et al. [116] determined that hearts with noncompac-
tion present with mitochondrial structural anomalies and have a reduced mtDNA
copy number with the G4.5 gene on Xq28 that codes for acyltransferase tafazzin
(TAZ); the first gene to be studied in detail in relation to the etiology of LVNC [117].
Tafazzin is a mitochondrial membrane component vital for proper functioning of
the electron transport chain. This X-linked TAZ gene encodes for the mitochondrial
membrane-associated phospholipid-modifying enzyme that alters cardiolipin
through the addition of linoleic acid. As cardiolipin is a major player in the mitochon-
drial inner membrane and is requisite for the maintenance of mitochondrial shape,
protein transport, and energy production within cells, it is essential for maintaining
the organization of mitochondrial cristae [57]. TAZ gene mutations resulting in
Bath Syndrome, perturbed mitochondrial cardiolipin metabolism and are associated
with dilated cardiomyopathy. Inactivation of the TAZ gene produces dysfunctional
tafazzin proteins. In this circumstance, linoleic acid is not present to alter cardiolipin.
As a result, problems with normal mitochondrial shape and functions such as energy
production and protein transport develop. High energy-demanding tissues includ-
ing heart are more susceptible to cell death due to decreased mitochondrial energy
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production [118]. Furthermore, TAZ deficiency impairs cardiolipin remodeling and
alters the assembly and stability of mitochondrial super complexes of complex III and
IV (intermittently impacting complex V as well) in the inner mitochondrial mem-
brane [119].

These effects occasionally result in respiratory chain activity malfunctions.
Mitochondrial transcription factor A (TFAM) is a nuclear-encoded protein that
regulates the transcription, packaging, and stability of the mitochondrial genome.
TFAM is crucial for the development and differentiation of the mitochondrial genome
[120]. It is highly likely that TFAM regulates the mtDNA copy number by binding to
the mtDNA promoter region to initiate transcription. Thus, the impact of TFAM on
mtDNA copy number illustrates the direct influence of TFAM in mitochondrial func-
tion. Carnitine palmitoyl transferases (CPT) are mitochondrial enzymes involved in
the transportation of Acyl-CoA to the mitochondrial Matrix for f-oxidation. Located
in the outer mitochondrial membrane, CPT I convert fatty acyl CoA into fatty
acylcarnitine. Located in the inner mitochondrial membrane, CPT II reconverts fatty
acylcarnitine into free carnitine and fatty acyl CoA for p-oxidation for energy genera-
tion. Inherited defects in CPT I, IT or CPT translocases can result in failure of long-
chain fatty acids transportation into the mitochondria for oxidation. This can result in
a significant reduction in the ratio of free CoA to acyl CoA thus ultimately disrupting
metabolic pathways and decreasing cardiac ATP production [24].

6.2 Mitochondrial dynamics and dysfunction

Adult cardiomyocytes are enriched with hypo-dynamic mitochondria that lack an
interconnected reticular network. The fusion-fission cycle of cardiac mitochondria is
common in cardiomyocyte mitochondrial dynamics [121]. Regulated by specialized
proteins, enzymes, and adapter proteins that physically alter mitochondrial mem-
branes, a delicate balance between mitochondrial fusion and mitochondrial fission
is important in the regulation of cellular health. In adult cardiomyocytes progressive
mitochondrial fission and fusion cycles occur frequently with the aid of proteins
needed for the mitochondrial network remodeling. The key aspects of mitochondrial
dynamics can be studied with cardiac-specific ablation of mitochondrial fission and
fusion protein genes. As the cardiomyocyte mitochondria exhibit a certain degree of
dynamism [122, 123], inability for the fusion or fission process could result in smaller
or enlarged mitochondria, respectively. Hence, the imbalance between constant ongo-
ing process of fusion and fission cycle are associated with increased caspases activity
and subsequent cell death.

Mitochondrial dysfunction is frequently interrelated with LV noncompaction.
Primary mitochondrial dysfunction arises from mutations in mitochondrial proteins
involved with OXPHOS. Mitochondrial dysfunction refines mitochondrial dynam-
ics with this phenomenon being associated with a variety of cardiac pathologies.

For example, the MYH7 coding myosin protein is associated with the structure and
function of cardiac sarcomere. Besides, the mutations in MYH7 linked with HCM and
LVNC, makes myosin an important protein in cardiac function as defects in MYH7
expression are a common cause of cardiomyopathy [79]. Friedreich’s ataxia (FRDA)

is an example of a heart disease arising from mitochondrial dysfunction. FRDA is
caused by the trinucleotide GAA expansion in the first intron of FXN gene (codes

for mitochondrial matrix iron chaperone protein, frataxin) [123] with this triplet
expansion resulting in transcription silencing and diminished frataxin expression.

As a result, this mitochondrial localized protein influences iron homeostasis and
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respiratory control. Therefore, impaired FXN gene function in FRDA patients is
associated with dysfunctional ETC complexes, specifically the complex III with high
ROS levels suggesting altered mitochondrial function [124].

6.3 Mitochondrial metabolic myopathy resulting from respiratory chain complex
deficiency

Mitochondrial cardiomyopathy, a distinct myocardial condition is denoted by
improper cardiac muscle structure and function accompanied by genetic defects in
the mitochondrial respiratory chain. Various genetic anomalies are detected in genes
regulating mitochondrial activities or in genes coding for ETC complexes or in genes
that code for proteins necessary in assembling and transporting.

Peroxisomal adenine nucleotide transporter-1 and 2 (ANT-1 and ANT-2) in humans
are ADP/ATP carriers with two main functions; to catalyze mitochondrial-cytosol ATP/
ADP exchange and regulation of the mitochondrial inner membrane mitochondrial
permeability transition pore (mtPTP). The ATN-1 isoform influencing the mtPTP
towards a more open state while ATN-2 is involved in the guiding the closure of the
mtPTP. Within the heart, muscles, and brain ANT-1 is the predominant isoform while
the second isoform ANT-2 is expressed systemically. However, ablation of ANT-1
isoform does not impair fetal development; but does result in hypertrophic cardiomy-
opathy in the postnatal period. In contrast, a study published in 2016 by Kokoszka et al.
[125] identified the embryonic lethality of ANT-2 null mutations to be associated with
a distinct cardiac developmental defect consistent with LVNC/LVHT; characterized
by swollen mitochondria in cardiomyocytes and hyperproliferating cardiomyocytes.

In these studies, mice with ANT-2 mutations, cardiac maturation progresses during
embryonic days E9.5 and E13.5. However, by day E14.5 mice exhibit embryonic lethal-
ity. Histologic analysis of the heart revealed hyper-proliferating cardiomyocytes,
decreased apoptosis, and swollen mitochondria with few cristae, and mtPTP open for
transport. These findings suggest that loss of ANT-2 regulation of mtPTP closure results
in cardiomyocytes maintenance in an immature state with a reduction in total number
of contractile fibers and loss of organization thus paving the way for the continued
immature cardiomyocyte proliferation resulting in LVNC and embryonic lethality [37].

6.4 Mitochondrial genome mutations in LVNC

In most of the reported cases, LVNC is related to the alterations in nuclear DNA
encoded mitochondrial genes. Defects in the mediator of a mitochondrial fusion
protein, Mitofusins 1 & 2 (MFN 1 & 2) affect the mitochondrial morphology dur-
ing embryogenesis. Mediated by MFN1 and 2, mitochondrial fusion facilitates the
exchange between the contents of mitochondrial membrane and matrix to help in
maintaining the mitochondrial function. Mutations in any of the MFN’s results in
mitochondrial fragmentation that affects the symmetry of fusion and fission events
[126]. As cell apoptosis is significantly influenced by the mitochondrial fusion and
fission, cells lacking apoptosis related genes such as caspases 3, 7, 8, FADD, and c-FLIP
are also susceptible to develop cardiac noncompaction. Caspases 3 and 7 are potential
regulators of mitochondrial apoptosis. A3243G transition in tRNALeu(UUR) gene is
another common mitochondrial mutation [127, 128].

The tRNALeu(UUR) gene encodes for mitochondrial transfer ribonucleic acid
(tRNA) for leucine (tRNALeu) and this nucleotide alteration was studied in both
HCM and LVNC [129]. Other studies show that A3243G mutation related disorders
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cause alterations in nearly 56 different genes, thus having a broad spectrum of
impact. The A to G transition at the 3243rd position in tRNALeu (UUR) gene results
in diminished glucose oxidation rate, NADH response, and mitochondrial membrane
potential that ultimately affects ATP production [127, 130]. Lastly, a A8381G transi-
tion in ATPase subunit 8 genes (ATPase 8) was observed in a patient having LVNC
complications [43, 102, 115]. These arising missense mutations impact within the ETC
complex V that could alter the ATPase complex stability, directing to reduced ATP
production [43, 131].

6.5 Mitochondrial DNA transitions in LVNC

Single mutations arising from mtDNA transitions are responsible for an abnormal
diseased phenotype. mtDNA transitions mutations occur when there is a replacement
of the complementary nucleotide (A replaced with G, T replaced with C and vice
versa). One example is found in the mitochondrially encoded NADH: ubiquinone
oxidoreductase core subunit 1 (mt-ND1) encoding gene for the NADH dehydrogenase
1 enzyme that is part of complex ETC complex I, which is active in mitochondria.
Here, a single nucleotide transition (T — C) at a highly conserved nucleotide position
(T3398C) is within the region of the ND1 gene of the mt genome. This particular
mtDNA transition results in the conversion of methionine to threonine at the 31st
amino acid position was identified in patients suffering from cardiomyopathy [39]. A
case report presented by Finsterer et al. [40] investigated the combination of A — G
transition at the nucleotide position of 15,662 in novel mitochondrial cytochrome B
and three of the known mutations (T3398C, T4216C, G15812A) in ND1 gene. These
above-mentioned mutations were found to be in association with left ventricular
hyper trabeculation and some clinical conditions. Later studies determined that a
homoplasmic A — G transition at the nucleotide position of 8381 in the ATPase8 gene,
investigated by Finsterer et al. [129] resulted in an amino acid substitution of alanine
to threonine. Their findings revealed the correlation of LVNC with A8381G mtDNA
transition that develop later in adulthood.

6.6 Mutations in overlapping regions in LVNC

The ETC complex V, known as ATP synthase, is made up of 13 protein subunits.
Two of the gene mutations in mitochondrial genome or the nuclear genes result in
complex V deficiency. The mitochondrial-encoded protein subunits of complex V,
ATPase 6, and ATPase 8 overlap in the mitochondrial genome and undergo polycis-
tronic fashion of transcription. The nucleotide position 8528 is within the overlapping
region that codes for ATPase 6 and ATPase 8 subunits. The phenotypic representation
of point mutation affects ATPase 6 and ATPase 8 genes of complex V. This is com-
monly seen in identical mitochondrial mtDNA mutations in children [42]. Here,
the nucleotide alteration of m. T8528C, causes a M1T in the start codon in ATPase 6
subunit (One might expect to have alterations in the protein translation initiation.
However, it has not been reported so far, thus making the function of altered ATPase
6 unclear) and W55R missense mutation in ATPase 8 subunit. Additionally, 2 other
overlapping mutations in G8529A and C8558T affecting both the subunits have
been reported in patients exhibiting cardiomyopathies [101, 115, 132]. This kind of
overlapping pathogenic mutations could cause reduced ATP synthesis by affecting
mitochondrial energy production and complex I, I and III for which the mechanism
is still unknown [42].
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7. Conclusion

This review overlays the aspects of gene mutations relevant to mitochondrial ener-
getics, cardiomyocyte function, and LV myocardial noncompaction. Understanding
the rudimentary causes of LVNC imparts helpful information in the prognostic evalu-
ation and early diagnosis of LV noncompaction. Further examination of mitochon-
drial involvement in cardiac noncompaction leading to heart failure would facilitate
advances in the therapeutic treatment of this disease process.
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Abstract

Post-acute COVID-19 syndrome (PACS) describes the clinical condition of some
SARS-CoV-2-infected patients in which a wide range of signs and symptoms that per-
sist for several months after the acute phase of the disease. Cardiovascular symptoms
including chest pain, dyspnea, elevated blood pressure, palpitations, inappropriate
tachycardia, fatigue, and exercise intolerance are common in this condition. Some
infected patients develop cardiovascular diseases such as myocarditis, pericarditis,
new or worsening myocardial ischemia due to obstructive coronary artery disease,
microvascular dysfunction, stress cardiomyopathy, thromboembolism, cardiovas-
cular sequelae of pulmonary disease, arrhythmias, while others have cardiovascular
symptoms without objective evidence of cardiovascular abnormalities. In the pres-
ent chapter, definition, spectrum of manifestations, clinical scenarios, diagnosis,
management, and therapy of cardiovascular PACS will be discussed.

Keywords: SARS-CoV2, COVID-19, post-acute COVID-19 syndrome, long-COVID-19,
cardiovascular disease, myocardial injury, cardiopulmonary exercise testing, postural
orthostatic tachycardia syndrome, post-COVID-19 rehabilitation

1. Introduction
1.1 Post-acute COVID-19 syndrome introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the pathogen
responsible for coronavirus disease 2019 (COVID-19), has caused morbidity and
mortality at an unprecedented level worldwide [1]. Scientific interest is progressively
shifting from the acute phase toward the subacute and long-term consequences of
COVID-19, which can affect many organ systems [2]. As replication-competent
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SARS-CoV-2 has not been isolated after 3 weeks, literature defined post-acute
COVID-19 syndrome (PACS) as “persistent symptoms and/or delayed or long-term
complications of SARS-CoV-2 infection beyond 4 weeks from the onset of symptoms”
[3], which can be further divided into two categories:

* Subacute or ongoing symptomatic COVID-19, which includes symptoms and
abnormalities present from 4 to 12 weeks beyond acute COVID-19;

* Chronic or post-COVID-19 syndrome, which includes symptoms and abnormali-
ties persisting or present beyond 12 weeks of the onset of acute COVID-19 and
not attributable to alternative diagnoses [4-6].

A large constellation of symptoms has been associated with PACS, of which the
most common include fatigue (53.1%), dyspnea (43.4%), joint pain (27.3%), and
chest pain (21.7%) [3]. Moreover, more than half of patients experiencing three
or more symptoms [7]. Long COVID was the first term used to describe the range
of signs and symptoms that can appear suddenly and last for months to years after
SARS-CoV-2 infection [8]. The patient community as a whole coined this phrase
in the spring of 2020 [9], and others such as post-COVID-19 condition, post-acute
sequelae of SARS-CoV-2 infection, and post-COVID syndrome soon followed.
Patients-researchers with long COVID, later known as the Patient-Led Research
Collaborative, wrote the first article on prolonged symptoms of COVID-19, and
long COVID continues to be the term of choice for patients [10]. As a result,

the diagnostic criteria and outcomes employed vary greatly. The WHO, the UK
National Institute for Health and Care Excellence, and the US Centres for Disease
Control and Prevention are just a few organizations that have developed their own
terminologies and definitions [11, 12]. It is noteworthy that long COVID is still
frequently used by researchers as a fairly general word covering persistent signs
and symptoms that remain or emerge after acute SARS-CoV-2 infection for any
amount of time, while other names have much more specific definitions [13]. This
highlights how, although long COVID is not always caused by viral persistence, it
is difficult to determine with precision when acute COVID-19 ends [13]. Moreover,
data about the length of long-term viral persistence are limited, a further item
leading to lack of concordance between researchers. Table 1 summarized different
terms used to describe post-COVID-19 sequelae.

Since there is a lack of universally accepted diagnostic criteria, the exact epi-
demiology of PACS is still not known, and the prevalence rates are extremely
different between COVID-19 severity, different world area, different pandemic
waves or viral variants as well as between different samples. For these reasons,
differences in prevalence data of PACS may range from 30 to 90% of patients
[3]. Figure 1 shows different post-COVID-19 nomenclatures and typical post-
acute COVID-19 symptoms arranged within the shape of SARS-CoV2.

1.2 Post-acute COVID-19 syndrome and cardiovascular disease introduction

The first case of SARS-CoV-2 was discovered on December 31, 2019, in Wuhan,
China. In March 2020, the COVID-19 pandemic’s epicenter began to shift to Latin
America, Europe, and the United States. Cardiac symptoms, such as chest pain,
fatigue, shortness of breath, and palpitations, might last for months in some SARS-
CoV-2 patients [14]. Myocardial injury and involvement have been seen in both
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Nomenclature Definition

Long COVID Can be broadly defined as «signs, symptoms, and sequelae that continue or develop after
acute COVID-19 or SARS-CoV-2 infection for any period of time»

Post-acute- Persistent symptoms and/or delayed or long-term complications of SARS-CoV-2 infection

COVID-19 beyond 4 weeks from the onset of symptoms.

syndrome

The term is further divided into two categories:

1. subacute or ongoing symptomatic COVID-19, which includes symptoms and abnor-
malities present from 4-12 weeks beyond acute COVID-19:

2. chronic or post-COVID-19 syndrome, which includes symptoms and abnormali-
ties persisting or present beyond 12 weeks of the onset of acute COVID-19 and not
attributable to alternative diagnoses.

Post-COVID-19

Post-COVID-19 condition occurs in individuals with a history of probable or confirmed

condition SARS-CoV-2 infection, usually 3 months from the onset of COVID-19 with symptoms that
last for at least 2 months and cannot be explained by an alternative diagnosis; symptoms
might be new onset after initial recovery from an acute COVID-19 episode or persist from
the initial illness; symptoms might also fluctuate or relapse over time; a separate definition
might be applicable for children

Persistent Persistent signs and symptoms that continue or develop after acute COVID-19 for any

symptoms or period of time

COVID-19

consequences

COVID-19 long
haulers

Common term used to refer to subjects with post-COVID-19 conditions or long
COVID-19.

Ongoing Signs and symptoms of COVID-19 from 4 weeks up to 12 weeks

symptomatic

C0V1D-19

Post-acute Persistent or new symptoms after COVID-19 infection; the definition will be revised in
sequelae of SARS an iterative manner based on existing data, medical literature, and feedback from patient

CoV-2 infection representatives, patients, and the scientific community; updated definitions might be used

to implement a strategy to modify deeper phenotyping

Post-COVID An umbrella term for the wide range of physical and mental health consequences
conditions experienced by some patients that are present four or more weeks after SARS-CoV-2
infection, including by patients who had initial mild or asymptomatic acute infection.
Table1.

Post-COVID-19 nomenclature.

symptomatic and asymptomatic individuals [14]. This evidence has been seen in both
laboratory and imaging studies, and patients hospitalized for COVID-19 have been
shown to have a variety of cardiac testing abnormalities (such as electrocardiographic
abnormalities and elevated cardiac biomarkers), as well as a variety of cardiovascular
complications (such as myocardial damage, thrombosis, and arrhythmia) [15-18].
The literature is starting to define the specific types of Cardiovascular disease (CVD),
such as myocardial injury, arrhythmias, heart failure (HF), vascular dysfunction,
and thromboembolic disease, that appear to be a consequence of severe infection.
Comorbid CVD has been linked to a more severe course and increased mortality of
COVID-19, according to numerous studies [19-22]. A meta-analysis by Figliozzi et al.
revealed that having a history of CVD tripled the odds of developing a severe course
of COVID-19, which was defined as death, severe COVID-19 infection, hospitaliza-
tion in an intensive care unit (ICU), use of mechanical ventilation, or disease progres-
sion [23]. Congestive HF was discovered as a potential outcome of a COVID-19 as
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Figure 1.
Different post-COVID-19 nomenclatures and typical post-acute COVID-19 symptoms arranged within the shape
of SARS.

well as a risk factor for a more severe course and greater mortality [24]. Moreover, in
comparison with CVD, CV risk factors are linked to a higher probability of a more
severe course and a higher mortality. Different studies reported how diabetes mel-
litus, chronic kidney disease, and hypertension are linked to COVID-19 and PACS
[25-28]. However, prognostic factors of COVID-19 severity still represent a scientific
challenge, since even subjects with the same genotype and infected by the same virus
may show marked difference in disease severity [29].

2. Cardiovascular PACS: pathophysiology and spectrum of diseases

PACS describe constellation of new, returning, or persistent symptoms experienced
by patients 4 or more weeks after SARS-CoV-2 infection [30]. Patients with this condi-
tion can experience potentially wide-ranging symptoms of every organ system with
varying impacts on quality of life. COVID-19 caused severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) but, in addition to systemic and respiratory complications,
may manifest acute cardiovascular syndrome and myocardial involvement (Figure 2).
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CARDIOVASCULAR
PACS - DIAGNOSIS

PACS CARDIOVASCULAR SYMPTOMS:
Palpitations - Inappropriate sinus tachycardia - Exercise intolerance
Postural orthostatic tachycardia - Chest pain or Angina - Dyspnoea

Pre-syncope/syncope

g

DIAGNOSTIC EVALUATIONS:
ECG, ECHOCARDIOGRAPHY, CARDIOPULMONARY EXERCISE TESTING,
CARDIAC MAGNETIC RESONANCE , 24-HOUR ECG MONITORING,
PET/SPECT, Coronary-TC

¥

CARDIOVASCULAR DISEASES:
MYOQCARDITIS — PERICARDITIS - PERICARDIAL EFFUSION
ACUTE CORONARY SYNDROME - MYOCARDIAL INFARCTION
MYOCARDIAL INJURY- MYOCARDIAL INVOLVEMENT
TAKOTSUBO SYNDROME- HEART FAILURE

STROKE - PULMONARY EMBOLISM
- ATRIAL FIBRILLATION -
VENTRICULAR ARRHYTHMIAS -
POSTURAL ORTHOSTATIC
TACHYCARDIA

Figure 2.
From COVID-19 to PACS cardiovascular symptoms and cardiovascular disease.

During the acute phase, several mechanisms have been proposed to directly or
indirectly justify myocardial injury:

* direct cytotoxic injury [31]

* dysregulation of renin-angiotensin-aldosterone system or autonomic function [32]

* endothelitis and thrombo-inflammation [33]

* dysregulated immune response with cytokine release [34]

SARS-CoV-2 binds on transmembrane angiotensin-converting enzyme 2 (ACE2)
to enter in the host cells including type 2 pneumocytes, macrophages, endothelial
cells, pericytes, and cardiac myocytes, leading to inflammation and multiorgan

failure. The infection of endothelial cells or pericytes could lead to microvascu-
lar and macrovascular dysfunction with intravascular thrombosis. The immune
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over-reactivity contributes to potentially destabilize atherosclerotic plaques and
explain the possible development of the acute coronary syndrome. The progression
of systemic inflammation and immune cell overactivation, leading to a “cytokine
storm” (abnormal elevated level of cytokines) in infection of the respiratory tract
and particularly of type 2 pneumocytes, leads to severe acute respiratory syndrome.
It has been demonstrated that activated T cells and macrophages may infiltrate
infected myocardium, thereby resulting in the development of myocarditis.
Similarly, the viral invasion could cause directly myocyte damage and contribute to
the development of arrhythmias and left ventricular dysfunction [14]. The pattern
of myocardial injury following SARS-CoV-2 infection was initially derived from
autopsy. In early autopsy series of 80 consecutive SARS-CoV-2 PCR-positive cases,
only four patients (5%) had definition of cardiac injury [35]. In a subsequent autopsy
study, a definite diagnosis of myocarditis was demonstrated in 7, 2, to 14% of cases,
while interstitial macrophage infiltration was found in 86% of patients, pericarditis
and right ventricular injury in 19%, respectively [36, 37]. However, subsequent stud-
ies demonstrated that only 1.4% met the well-established histological criteria [38]

for myocarditis, suggesting that true myocarditis was relatively rare [39-41]. Lindner
et al. [42] demonstrated the presence of SARS-CoV-2 viral particles in the hearts and
in particular in interstitial cells including pericytes and macrophages and not within
cardiomyocytes.

Cardiac troponin is frequently elevated in COVID-19 patients [43] and indicates
myocardial injury. As a consequence of the above-mentioned mechanisms, myocardial
injury during COVID-19 includes myocarditis and pericarditis [44], acute coronary
syndrome secondary to obstructive coronary artery disease (myocardial infarction
type 1) [45] or to oxygen augmented demand (myocardial infarction type 2) [45-49],
multisystem inflammatory syndrome in children (MIS-C) and in adults (MIS-A)
[50-52], takotsubo/stress cardiomyopathy [53, 54], acute or pulmonale resulting
from macro-pulmonary or micro-pulmonary emboli [45, 55], exacerbation of
chronic conditions like preexisting heart failure or acute viral infection unmask-
ing subclinical heart disease [56-60]. Since more of these etiologies may coexist,
identifying a specific underlying cause during acute phase sometimes may be
really challenging.

After the acute phase, PACS may occur in patients who have experienced varying
degrees of COVID-19-related disease, from asymptomatic infection to critical illness.
Chest pain, dyspnea, and palpitations are some of the key symptoms that draw atten-
tion to the cardiovascular system. These symptoms may underlie a COVID-19-related
cardiovascular disease that developed or exacerbated during or after infection. For
this reason, it is therefore necessary to distinguish cardiovascular complications that
can occur during the early post-acute or in chronic phase of COVID-19 (post-acute
COVID-19 syndrome with cardiovascular disease, PACS-CVD) from cardiovascular
symptoms that extend beyond acute infection, but which are not correlated with a
cardiovascular disease (post-acute COVID-19 syndrome with cardiovascular symp-
toms, PACS-CVS) [61].

Mechanisms for the development of cardiovascular disease after COVID-19 infec-
tion are still poorly understood, and several hypotheses have been suggested:

* chronic inflammatory response evoked by persistent viral reservoirs in the
heart following the acute infection with consequent tissue damage and chronic
myocardial fibrosis that leads to impaired ventricular compliance, perfusion,
stiffness, contractility and potential arrhythmias [62].
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CLINICAL SCENARIOS

CV symptoms.
Palpitations
Inappropriate sinus tachycardia
Exercite intolerance
Postural orthostatic tachycardia
Chest pain

PACS CVS
PACS with
cordiovascular
symptoms

.~ — —
=== Complete recovery)
e it

ﬁ
POST-ACUTE)}—— | CARDIOVASCULAR PACS
COVID-19 PACS with cardiovascular

SYNDROME S
(PACS)
1

Olognostic CV DISEASE SPECTRUM
Challange = 3
e Specific CV disease
*  MYOCARDITIS

PERICARDITIS/PERICARDIAL EFFUSION
ACUTE CORONARY
SYNDROME/MYOCARDIAL INFARCTION
TAXOTSUBO
HEART FAILURE
STROKE
PULMONARY EMBOLISM and COR
PULMONALE

o ARRHYTHMIAS
" PACS without ATRIAL FIBRILLATION
{cardiovascular symptoms ) *  VENTRICULAR ARRHYTHMUAS

— — *  SUDDEN CARDIAC DEATH

1
1
1
1 cardiovascular
disease

Aspecific findings
MYOCARDIAL INJURY
MYOCARDIAL INVOLVEMENT

Figure 3.
PACS cardiovascular symptoms and PACS cardiovascular disease.

* autoimmune response to cardiac antigens through molecular mimicry [63]. In fact,
Wang et al. identify a wide range of autoantibodies against humoral and tissue
antigens in patients with severe COVID-19 [64-66]; in other studies, autoantibod-
ies against cholinergic and adrenergic receptors were found [67, 68]. Moreover,
cytokine profile analysis and proteomic studies revealed increased expression
of prothrombotic factors beyond acute infection [69, 70], thereby justifying
increased rate of thrombo-embolic events and/or pulmonary hypertension.

Figure 3 shows differences between PACS with cardiovascular symptoms and

cardiovascular disease as well as different clinical scenarios and disease spectrum of
cardiovascular PACS.

2.1 PACS-cardiovascular disease

CVD refers cardiovascular conditions that manifest 4 weeks after SARS-CoV-2

infection and includes all forms of myocardial involvement that can be development
during acute phase of infection:
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* Myocarditis

Pericarditis

* New or worsening myocardial ischemia due to obstructive coronary artery
disease, augmented demand, or microvascular dysfunction (acute coronary
syndrome and myocardial infarction)

Stress cardiomyopathy (Takotsubo syndrome)

Thromboembolism and cardiovascular involvement of pulmonary disease (e.g.
pulmonary hypertension with right ventricular failure)
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* Multisystem inflammatory syndrome in adults (MIS-A) and children (MIS-C).

* Arrhythmias (e.g. atrial fibrillation (AF), premature ventricular beats, and

206

ventricular tachycardias).

Discerning whether PACS-CVD began in acute infection, during illness resolu-
tion, or as a new condition post-recovery may be challenging.

Myocarditis: it is defined by the presence of cardiac symptoms such as chest
pain, dyspnea, palpitations, and syncope associated with:

o Laboratory: elevated cardiac troponin;

o Electrocardiogram (ECG): abnormal electrocardiographic findings (diffuse
T-wave inversion and ST segment elevation);

o Echocardiography: left ventricular wall motion abnormalities in noncoronary
distribution;

o cardiac magnetic resonance (CMR) patterns: non-ischemic late gadolinium
enhancement pattern (usually sub-epicardial) with prolonged native T1 and
T2 relaxation times;

o Histopathologic findings on biopsy or postmortem evaluation: inflammatory
myocardial infiltrates associated with myocyte degeneration and necrosis;

o Absence of critical epicardial coronary artery disease (defined using noninva-
sive coronary imaging and or coronary angiography).

Prevalence and incidence of myocarditis in COVID-19 infection are highly
variable [71]. Autopsy results among COVID-19 patients showed mixed data.
In a study by Halushka et al, classic myocarditis was identified in 7.2%, non-
myocarditis inflammatory infiltrate in 12.6%, single-cell ischemia in 13.7%,
and acute myocardial infarction in 4.7% [72]. Regarding echocardiographic
data in patients hospitalized for COVID-19 suggest that myocardial dysfunc-
tion may be present in up to 40% [73, 74]. On the other hand, cardiac mag-
netic resonance (CMR), the most sensitive imaging modality for identifying
myocardial (and pericardial) involvement, has been used in several studies to
evaluate symptomatic and asymptomatic individuals with COVID-19, in both
hospital and ambulatory settings. In a study of 100 patients (33% hospital-
ized), non-ischemic LGE was found in 20% and prolonged native T1 and T2
relaxation times in 73% and 60%, respectively [75]. Similar findings have
been observed in other CMR studies, with variable degrees of LGE and map-
ping abnormalities [76-81]. When performed in athletes as screening proto-
col, various abnormalities have been noted with 0.6-3% of subjects meeting
modified Lake Louise criteria for clinical myocarditis [82-84]. Variability

in observed findings with CMR likely reflects differences in the populations
studied, in timing of CMR relative to infection onset as well as in the specific
imaging protocols that could affect interpretations of imaging data. Several
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mechanisms have been proposed by which SARS-CoV-2 may contribute to
myocarditis such as direct virus invasion, host inflammatory or immune
responses, and microvascular angiopathy. Moreover, emerging data seem to
indicate other mechanisms such as a maladaptive host immune response with
excessive activation of innate immune pathways, a surge of pro-inflammatory
cytokines, a deregulated thrombo-inflammation, a thrombotic microangi-
opathy, an endothelial dysfunction, and a mechanism of molecular mimicry
[85-88]. Other hypotheses may include augmented demand ischemia, stress
cardiomyopathy, and hypoxia-induced myocardial injury [89]. While the
acute inflammation and myocardial injury have been well attended, the long-
term effects of myocarditis are completely unknown. Most infected patients
experience mild form of myocarditis with self-limiting symptoms and without
persistence of LGE; other patients, in the chronic phase, experience various
degrees of systolic dysfunction (with symptoms related to heart failure) and/
or cardiac arrhythmias (e.g. atrial fibrillation, supraventricular, and/or ven-
tricular tachyarrhythmias) because of extensive myocardial fibrosis [90, 91].

* Pericarditis: it represents another cardiac manifestation of COVID-19 and is
defined by the presence of two or more of the following features [92]:

o pericardial chest pain;
o pericardial friction rub;
o PR depression and or diffuse concave upward ST elevation on ECG;

o new or worsening pericardial effusion during infection.

In some cases, it may be associated with myocardial involvement (myo-pericarditis).
The pathogenesis of acute and chronic pericarditis and myo-pericarditis in
COVID-19 patients is not still understood. Direct virus-mediated cytotoxic-

ity and dysregulation of the immune system are the key in the pathogenesis

of SARS-CoV-2 infection leading to an overproduction of pro-inflammatory
cytokines resulting a cytokine storm, an immune-mediated inflammation that
affects myocardium and pericardium and an ACE 2 receptor downregulation in
acute and long COVID-19 play a fundamental role in pericardial involvement
[93, 94]. Data on pericardial disease are relatively scarce. A systematic review
including studies on adult patients undergoing any type of cardiac assessment
after COVID-19 recovery reported a prevalence of pericardial enhancement

in 63/758 patients (8%) and of pericardial effusion in 99/758 patients (13%)
[95]. Only few studies reported a formal clinical diagnosis of myo-pericarditis
(2%) and pericarditis (0.5%) [96]. Based on studies, pericarditis appears to be
common in the acute infection but rare in the post-acute period of COVID-19,
while small pericardial effusions may be relatively common in the post-acute
phase of COVID-19 [97]. In hospitalized patients with COVID-19, diffuse acute
ST changes consistent with pericarditis were present in 12% of subjects [98]. In
competitive athletes screened after COVID-19, pericarditis was present in 0.3%
of cases [99]. In the post-acute period of COVID-19, a pericardial effusion was
identified in a proportion of patients ranging from 5 to 20% [100, 101].
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* Myocardial ischemia: Virus damage of endothelial cells or pericytes leads
to microvascular and macrovascular dysfunction [102], thereby potentially
destabilizes atherosclerotic plaques. Moreover, hypercoagulability state linked
to inflammation also predisposes to intravascular thrombosis. All these mecha-
nisms may explain acute coronary events that occur during the acute phase of
infection such as acute coronary syndrome with myocardial infarction type
1 secondary to atherosclerotic plaque instability or intravascular thrombosis.
Arrhythmias or systemic hypoxia also contribute to augmented oxygen demand
and may cause myocardial injury with myocardial infarction type 2 (without
obstructive coronary disease). During acute phase, myocardial injury, assessed
by troponin elevation, complicate a share of hospitalized patients with COVID-
19, particularly patients who require intensive care. In post-infection phase,
patients could experience signs and symptoms of inducible ischemia due to the
instability of an unknown or known critical epicardial coronary artery disease,
or due to the presence of coronary microvascular dysfunction in the absence of
obstructive coronary artery disease [61]. About 20-30% of patients hospitalized
with COVID-19 show elevations in troponin levels, often because of myocardial
infarction type 2 that is the most common manifestation of myocardial injury
during infection [103, 104]. The real risk of ACS and of myocardial injury in the
setting of post-COVID-19 infection is unknown.

* Stress-induced cardiomyopathy (Takotsubo syndrome): it represents a clini-
cal syndrome characterized by a transient reversible wall motion abnormality of
the left ventricle in the absence of significant obstructive coronary artery disease
[105]. Takotsubo syndrome is typically associated with intense emotional or
physical stress and is most commonly in women (>90%). The pathophysiology
of Takotsubo syndrome is not well understood. It seems that intense sympa-
thetic overstimulation by catecholamines (catecholamine-mediated myocardial
stunning) results in myocardial stunning as a direct effect of catecholamines
on cardiomyocytes, hyperdynamic contractility, epicardial spasm, and micro-
vascular dysfunction [106]; moreover, autonomic dysfunction may persist long
after the acute phase of Takotsubo [107]. Some reports have demonstrated that
Takotsubo cardiomyopathy represents a complication of COVID-19 [108, 109]. It
is noteworthy that all patients with COVID-19, in addition to typical predispos-
ing/triggering factors for Takotsubo syndrome (e.g. hyperadrenergic tone or
microvascular/endothelial dysfunction), experience a strong emotional stress
linked to the fear of the potentially lethal consequences of the infection (emo-
tional stress) [110, 111]. Emblematic and curious is the case of a patient with a
previous history of anxiety, who, during a hospitalization for COVID-19, devel-
ops a Takotsubo syndrome immediately after the communication of the death
of her husband, also hospitalized for COVID-19 [112]. Interesting studies have
showed that patients with COVID-19 can have high level of cortisol, higher than
patients undergoing major surgery [113]. The high levels of cortisol and catechol-
amines can have a “toxic” effect on cardiomyocytes in COVID-19 patients and
could play a role in the development of Takotsubo syndrome [114]. Although
tending to have a benign prognosis, during the acute phase Takotsubo syndrome
may be complicated with severe ventricular systolic dysfunction, severe mitral
insufficiency resulting in signs and symptoms of heart failure/cardiogenic shock,
obstruction of the outflow tract of the left ventricle, intracavitary thrombosis,
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and atrial and ventricular arrhythmias. It is also known that recovery of ven-
tricular function can be variable over time and that, in the long-term, myocardial
fibrosis can be observed despite complete recovery of the systolic function of the
left ventricle [115]. In post-COVID-19 phase, patients may experience persis-
tence of signs and symptoms of heart failure with or without complete recovery
of systolic function and the onset or persistence of arrhythmias often linked to
the presence of myocardial fibrosis.

Thromboembolism and cardiovascular sequelae of pulmonary disease: The
most severe form of COVID-19-associated with interstitial pneumonia is the acute
respiratory distress syndrome (ARDS) [116]. Precapillary pulmonary hyperten-
sion is a frequent finding attributed to hypoxic pulmonary vasoconstriction,
microvascular thrombosis, and sometimes pulmonary vascular remodeling [117].
The reflex vascular regulation of the pulmonary circulation in the presence of
poorly oxygenated areas can significantly reduce the blood flow directed to atelec-
tatic areas to improve the ventilation/perfusion ratio increasing right ventricular
afterload [118]. On the other hand, COVID-19 infection exposes to a greater risk
of venous thromboembolisms. About 20% of patients with COVID-19 shows
coagulation abnormalities, which might cause venous and pulmonary thrombo-
embolism [119], from segmental and subsegmental pulmonary embolisms (often
pauci-symptomatic) to bilateral pulmonary embolisms with further deterioration
of gas exchanges [120-122], thereby leading to acute right heart failure [123].
Cardiac involvement may involve varying degrees of right ventricular systolic dys-
function up to cardiogenic shock with hemodynamic instability. The real impact
of pulmonary embolism during severe manifestations from COVID-19 is likely

to be underestimated, since generally only patients in whom there is a clinical
suspicion undergoes pulmonary CT angiography. However, a study revealed that
40% of COVID-19 patients with elevated D-dimer and who underwent a thoracic
CT angiography had pulmonary embolism, often segmental [124]. A recent
metanalysis showed that 20% of patients hospitalized for COVID-19 infection
develop pulmonary embolism as a complication during hospitalization. However,
it clearly emerged that only a minimal part of the patients had undergone pulmo-
nary CT angiography indicating that the result is probably underestimated [125].
In chronic stages of infection, patients could complain of dyspnea and signs and
symptoms of heart failure secondary to chronic pulmonary hypertension with
right ventricular dysfunction.

MIS-A and MIS-C: Systemic inflammation is one of the pathophysiological keys
of COVID-19 infection. This inflammatory state often persists during the con-
valescent phase. This post-infection hyperinflammatory phase can lead a mul-
tisystem inflammatory syndrome that was seen for the first time in April 2020
[126-128] in pediatric population and was called multisystem inflammatory
syndrome (MIS-C). Successively, a similar multisystem hyperinflammatory state
was observed in adults and was called multisystem inflammatory syndrome in
adults (MIS-A) [129]. The exact pathophysiology of MIS-A and MIS-C remains
unclear. Possible pathophysiological the mechanisms for both syndromes include
the formation of autoantibodies, antibody recognition of persistent viral anti-
gens on infected cells and, particularly for MIS-C, hyperinflammatory response
due to viral super antigens, abnormal immune response to the SARS-COV 2 virus
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with some similarities to Kawasaki disease, macrophage activation syndrome, or
cytokine storm. The diagnostic criteria of both syndromes are similar: a previous
SARS COV2 infection and hyperinflammatory state associated with dysfunction
of at least two between cardiovascular, pulmonary, gastrointestinal, cutaneous,
nervous, hematological, and renal systems [130, 131]. The exact incidence of
MIS-A and MIS-C is largely unknown.

* Arrhythmias: Arrhythmias are frequently reported in COVID-19 patients. Atrial
fibrillation (AF) being the most common form. The pathophysiology of COVID-
19-related AF is not well understood. Proposed mechanisms include reduction
in angiotensin-converting enzyme 2 (ACE2) receptor availability, cytokine
storm, direct viral endothelial damage, electrolytes, and acid base abnormalities
in the acute phase of severe illness and increased adrenergic drive [132]. Based
on literature data, among COVID-19 patients, AF was detected in 19-21% of all
cases [133-135] and in patients with severe pneumonia, ARDS) and sepsis, the
incidence of during hospitalization is usually higher [136, 137]. The real inci-
dence of atrial fibrillation in post-COVID-19 period is unknown. Increased post-
infectious adrenergic tone, any persistent cardiac involvement during infection
(e.g. myocarditis and chronic pulmonary heart) or the presence of predisposing
illness (e.g. arterial hypertension, ischemic heart disease, mitral regurgitation,
and hypertensive heart) represent the most important predisposing factors.
Management of AF should be set up according to current guidelines [138, 139].
Ventricular arrhythmias are less frequent during infection and may be caused by
myocardial injury secondary to myocarditis or ischemic myocardial damage, by
the presence of electrolyte or acid base imbalances or by the concomitant use of
QTc-interfering drugs, especially in intensive care. In post-COVID-19 period,
ventricular arrhythmias, at rest or during exercise, should represent “red flags”
of cardiac involvement, even in asymptomatic patients.

2.2 PACS cardiovascular symptoms

CVS include a series of heterogeneous cardiovascular symptoms without objective
evidence of cardiovascular disease using standard diagnostic tests. Exercise intoler-
ance and tachycardia are the most common reported symptoms together to postural
orthostatic tachycardia syndrome (POTS) post-exertional malaise and chronic fatigue
syndrome. Chest pain and dyspnea with or without exercise intolerance including
memory impairment and attention deficit with poor executive function (frequently
described as brain fog) and sleep disturbance are other symptoms reported. There
are not established timeline for diagnosing PACS-CVS but it should be considered
when cardiovascular symptoms persist beyond a time frame typical for acute infec-
tion severity and expected recovery based on age and status of underlying health
and without the evidence of cardiovascular impairment because of COVID-19
infection. Ten to 30% of patients seem to experience prolonged symptoms following
SARS-CoV-2 infection related to cardiovascular system [140]. In a study one-third
of patients with COVID-19 noted at least one symptom and nearly 15% experienced
3 or more symptoms lasting 12 weeks or longer [141]. Different mechanisms have
been proposed for PACS-CVS: inflammation [142] immune activation [142, 143] viral
persistence [144] triggering of latent viruses [145] endothelial dysfunction [146, 147]
impaired exercise metabolism [148] and cardiac deconditioning following viral
infection [149, 150].
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2.3 Post-COVID-19 Tachycardia, exercise intolerance with post-exertional
malaise and chronic fatigue syndrome

Inappropriate sinus tachycardia and exercise intolerance are often associated
after COVID-19 infection. It is usually an inappropriate compensatory response
that reflects dysautonomia, hyperadrenergic, and inflammatory post-infection state
and the presence of metabolism alterations and immune dysfunction [151-153].
Deconditioning represents a final common pathway starting from these two condi-
tions. There are reduced circulating volume and cardiac atrophy with a shift in the
LV pressure-volume curve because of hypovolemia and reduced stroke volume with
compensatory tachycardia [149-151]. Once symptoms develop, a downward spiral
characterized by short periods of bedrest that produce exercise intolerance, post-
exertional malaise, and tachycardia leads to further inactivity and worsening of
cardiovascular deconditioning with even more debilitating symptoms and chronic
fatigue [35]. Patients with COVID-19 reported at home chronic fatigue and dyspnea
by 30% and 15%, respectively, at 6 months [152].

Post-COVID-19 Postural Orthostatic Tachycardia Syndrome: Inappropriate
tachycardia represents one of the most common cardiovascular sequelae of PACS
as well as the most common cause of exercise intolerance in individuals without
exertional desaturation. Symptoms often include both cardiac symptoms (palpita-
tions, light-headedness, chest discomfort, dyspnea, or pre-syncope) and non-cardiac
symptoms (brain fog, headache, nausea, tremulousness, blurred vision, and exercise
intolerance or fatigue) [153]. The presence of inappropriate tachycardia may result
in significant limitations on functional capacity as well as in daily living activities
such as doing housework or bathing [154]. In the absence of orthostatic hypoten-
sion, postural orthostatic tachycardia syndrome (POTS) is defined by an increase in
heart rate of >30 beats per minute in those aged >19 years or >40 beats per minute in
those aged 120 beats per minute during the 10-minute active stand test. Orthostatic
hypotension is defined by a drop in systolic blood pressure of at least 20 mm Hg
or diastolic blood pressure of at least 10 mm Hg within 3 min of standing [154].
Figure shows symptoms, diagnostic criteria, mechanisms, and therapy of post-
COVID-19 POTS as well as a tachogram and autonomic function data of a case of
post-COVID-19 male with symptomatic POTS due to hyper-adrenergic response to
orthostatic position (Figure 4).

Under normal conditions, the assumption of upright posture affects an instan-
taneous shift of #500 mL of blood from the thorax to the lower abdomen and legs,
a secondary shift of plasma volume (10-25%) out of the vasculature and into the
interstitial tissue, which decreases venous return to the heart (preload), and further
affects a decline in cardiac filling and BP [154]. In response of preload reduction,
in order to maintain blood pressure homeostasis, the baroreceptors trigger a com-
pensatory decrease in parasympathetic tone as well as an increase in sympathetic
activation, that result in an increase in HR and systemic vasoconstriction [154]. The
net hemodynamic effect of transition to upright posture is a 10- to 20-bpm increase
in HR, a negligible change in systolic BP, and a ~5-mmHg increase in diastolic BP
[149]. Orthostatic dysregulation occurs when this gravitational regulatory mechanism
does not respond properly. Patients can present with orthostatic hypotension (seen
in autonomic nervous system failure) or with orthostatic tachycardia [154]. Patients
with POTS typically maintain (or even increase) their BP on standing. The cardinal
hemodynamic feature in POTS is that HR increases excessively and is associated
with multiple symptoms on standing that improve with recumbence [154]. Of note,
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Figure 4.
Evaluation, diagnostic criteria, mechanisms, and thevapy of post-COVID POTS.

tachycardia should last for more than 30 to induce symptoms. It is also important that
the patient stands quietly for the full 10 min, as an increase in heart rate may take
time. Initial evaluation requires supine blood pressure, saturation, and heart rate
measurements, followed by periodic re-assessment in standing position as well as
during a 6-minute walking test. Exercise testing should also recommend in patients
with exercise intolerance, especially in those with chest pain or discomfort; cardio-
pulmonary exercise testing (CPET) could be useful in order to evaluate patients with
exercise intolerance and dyspnea, since it allows to differentiate between cardiac,
pulmonary, or peripheral causes. Ambulatory rhythm monitoring should also be
considered to exclude arrhythmia and define the pattern of heart rate elevation [61].
Whereas the latter can likely be done with a 24- to 48-hour Holter monitor, longer-
duration monitoring (e.g. extended Holter monitor and event monitor) should be
considered in those with episodic palpitations, depending on their reported frequency
[61]. Mobile health devices capable of heart rate and ECG monitoring can also help in
evaluation and surveillance monitoring during recovery [61]. Figure 5 shows pro-
posed diagnostic workup for post-COVID-19 POTS.

The benefits of exercise training following bedrest deconditioning and that
resulting from POTS [155-158] are well described. To achieve these effects, however,
specific types of exercise training are recommended. For patients unable to tolerate
upright exercise, recumbent or semi-recumbent exercise (e.g. rowing, swimming,
or cycling) is recommended initially, with transition to upright exercise over time as
orthostatic intolerance resolves [159, 160]. Exercise duration should be short initially
and increased gradually as functional capacity increases, with submaximal level of
intensity. In fact, since autonomic dysfunction represents the main cause of POTS,
physical exercise represents the most powerful therapy able to positive modulate
autonomic function, thereby improving functional capacity, even in the presence of
cardiovascular disease [161]. Other non-pharmacological interventions should be also
considered such as: salt and fluid loading (5-10 g or 1-2 teaspoons of table salt per day
as well as 2-3 liters of water or an electrolyte-balanced fluid per day), support stock-
ings, avoid factors that contribute to dehydration (alcohol and/or caffeine, excessive
heat exposure [162]. Although no pharmacological therapies are currently approved
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Diagnostic work-up for post-COVID POTS.

for POTS treatment in PAC, low-dose beta-blocker (e.g. bisoprolol, metoprolol,
nebivolol, and propranolol) or a non-dihydropyridine calcium-channel blocker (e.g.
diltiazem and verapamil) may be used empirically in order to slow heart rate. On
the other hand, nonselective beta-blockers (e.g. propranolol) may help to control
symptoms in POTS patients [163, 164], especially in those with coexisting anxiety
or migraine. Moreover, ivabradine has also been used in those with severe fatigue
exacerbated by beta-blockers and calcium-channel blockers. A trial of 22 patients
with POTS an improvement in heart rate and quality of life was observed following
treatment with ivabradine for 1 month [165]. Fludrocortisone (up to 0.2 mg taken at
night) may also be used in conjunction with salt loading to increase blood volume and
help with orthostatic intolerance (AHA). Finally, midodrine (2.5-10 mg) may help
with orthostatic intolerance, with the first dose taken in the morning before getting
out of bed and the last dose taken no later than 4 pm [162].

2.4 Post-COVID-19 angina or chest pain

Chest pain represents one of the symptoms most frequently encountered in
patients with previous Sars-Cov-2 infection. Ischemic chest pain (angina) can
be related to coronary involvement by thrombotic or vasospasm mechanism or
microvascular disease, instead non-ischemic chest pain can be found in the case of
pericarditis or myocarditis. Sometimes, non-cardiac chest pain can be experienced
by originating from the lungs or pulmonary circulation, aorta or mediastinum for
lymphadenitis. A careful anamnesis on the characteristics of the symptom allows to
address the diagnostic workup (see figure work-up). Troponin values together with
the ECG and echocardiogram must be used to exclude the hypothesis of ischemic or
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non-ischemic myocardial injury. Stress test, better if cardiopulmonary exercise test-
ing, allows to highlight inducible ischemia as well as to differentiate between cardiac,
peripheral, or ventilatory causes of chest pain. Echocardiography or myocardial
scintigraphy (SPECT) with pharmacological or physical stress in association with
anatomical study of coronary artery with angio-TC or invasive coronary angiography
allow the diagnosis of obstructive or microcirculatory coronary disease in specific
cases. Particularly if microvascular dysfunction is suspected, Positron Emission
Tomography (PET) for myocardial perfusion assessment may be particularly useful
[166, 167]. Finally, invasive coronary vasomotor test helps in coronary vasospasm
evaluation, but it must be performed in specialized centers [166, 167]. In the case of
non-cardiac chest pain, anatomical study (chest X-ray, chest CT, and possible pul-
monary angio-TC) associated with a functional study (arterial O2 saturation, resting
spirometry, and cardiopulmonary exercise testing) together with the determination
of the D-dimer can help to identify any thrombo-embolic or pulmonary parenchymal
disease resulting from COVID-19 infection. Additional targeted diagnostics examina-
tion such as chest angio-TC or PET study must be reserved for patients with specific
diagnostic suspicions such as aortic or mediastinal disease.

2.5 Post-COVID-19 dyspnea

Since lung disease represents the major manifestation of SARS-COV2, a careful
cardio-respiratory physical examination represents the first assessment to investigate
causes of post-COVID-19 dyspnea, followed by arterial oxygen saturation (both
at rest and during the 6-minute Walking Test). Subsequently, an anatomical study
of the respiratory system with chest X-ray associated with a functional study with
Spirometry at rest will be necessary. Chest computed tomography or computed
tomography pulmonary angiogram should be reserved for patients with highly
suspicious and/or suggestive findings of significant pulmonary, parenchymal, and/
or vascular involvement (history of moderate or severe COVID-19-related disease,
elevated D-dimer levels during the acute phase, risk factors for venous thrombo-
embolism). When pulmonary causes were excluded, the diagnostic process must
include the study of the cardiovascular system (see figure work-up). ECG allows to
exclude cardiac rhythm abnormalities (e.g., tachyarrhythmias such as atrial fibril-
lation), new conduction abnormalities that may underlie left or right ventricular
dysfunction, or to observe anomalies indicative of myocardial necrosis-ischemia.
Echocardiography allows the analysis of the left ventricle and can highlight a systolic
dysfunction with global or segmental kinetics anomalies suggestive for myocardial
injury, giving the clinical suspicion of myocarditis or ischemic event. Right ventricu-
lar dilatation and systolic dysfunction associated with pulmonary hypertension and
dilated pulmonary circulation may be suggestive of pulmonary thromboembolism
and/or moderate or severe pulmonary parenchymal disease. Pericardial effusion
may be a suggestive finding for a pericardial event. Laboratory tests with blood gas
analysis may help and must include the determination of the hemoglobin values,
of BNP (in the suspicion of heart failure), of the troponin values (to highlight any
chronic myocardial damage), of D-dimer (in the suspect of a thrombo-embolic event
or of the oxygen saturation and partial pressure values and of the acid-base bal-
ance). The most informative test for patients with post-COVID-19 dyspnea is still the
cardiopulmonary exercise Testing (CPET) [168]. CPET allows to assess the presence
of myocardial ischemia (reduced values of VO2/WR slope, reduced oxygen pulse,
and ST abnormalities), of ventilatory dysfunction (high VE/VCO2 slope values,
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trend anomalies, and PET-O2 and PET-CO2 values), of muscle-metabolic inefficiency
(altered anaerobic threshold and reduced oxygen uptake extraction slope values)

or aortic stiffness [169]. Moreover, post-COVID-19 unexplained dyspnea without
cardiopulmonary abnormalities is common with PACS and may relate to decondition-
ing with poor cardiovascular fitness. In a study, 59% of patients with COVID-19 had
persistent dyspnea at 3 months [170]. On Cardiopulmonary exercise testing (CPET),
patients with post-COVID-19 dyspnea had lower peak VO2, lower VO2 at anaerobic
threshold, and data suggestive of muscular inefficiency such as lower oxygen uptake
extraction slope (Figure 6).

Finally, third-level assessments can be reserved for those patients with a picture
that is not yet perfectly clear but is suspected of specific pathologies. If inducible
ischemia is highlighted, pharmacological or exercise eco stress or myocardial scintig-
raphy, coronary computed tomographic angiography (CCTA) or invasive coronary
angiography can be performed. Instead, if myocarditis is suspected, it will be neces-
sary to perform a contrast-enhanced cardiovascular magnetic resonance imaging to
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Figure 6.
Cardiopulmonary exercise testing evaluation in post-COVID patients.
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Diagnostic work-up for post COVID-19 dyspnea and chest pain.

assess the possible presence of myocardial damage with myocardial fibrosis. Cardiac
biopsy should be evaluated only in special cases. Figure 7 shows proposed diagnostic
workup for post-COVID-19 dyspnea and chest pain.

2.6 Post-COVID-19 fatigue

Fatigue is a typical feature of coronavirus disease 2019 (COVID-19) in both the
acute and chronic phases. In a meta-analysis, the prevalence of fatigue was 23% in
acute COVID-19 infection [171]. Persistence for weeks or months beyond the acute
phase of infection is common [172]. Up to 46% of patients report fatigue lasting
weeks to months post-COVID-19 infection [173]. The degree of fatigue can be subjec-
tive, or it can be objectively quantified as a reduction in muscle strength on physical
examination [173]. Fatigue is reported both in its “physical” (loss of energy and
feeling of heaviness) and “mental” (a feeling of brain fog). Fatigue is often perceived
as more intense and persistent in the presence of reduced physical or cognitive
activity [174], and complete anamnestic evaluation is crucial to clarify the nature of
the symptoms, mechanisms of onset, and impact in patient’s quality of life. Cardio-
respiratory physical examination with laboratory tests with the values of hemoglobin,
glycemia, C-reactive protein, troponin, D-dimer and BNP, and arterial oxygen satura-
tion are of crucial importance. ECG and echocardiography represent the first-level
tests for cardiovascular assessment. Chest X-ray and spirometry, on the other hand,
represent the first step in analyzing the respiratory system. Cardiopulmonary exercise
test (CPET) allows to quantify exercise limitation through the direct measurement
of oxygen consumption values (VO,), thereby allowing to discriminate between a
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cardiac or ventilatory or peripheral cause such as dys-autonomic deconditioning

or muscle inefficiency. Finally, a correct evaluation of the neuro-phycological and
cognitive functions is also important, to exclude possible other causes of fatigue such
as anxious, depressive syndrome, or post-traumatic stress disorder. Further examina-
tions will be considered based on the findings observed during the diagnostic process.

3. PACS therapy

Since, nowadays, no specific therapy for cardiovascular diseases associated
with COVID-19 or PACS (e.g., myocarditis, acute coronary syndrome, pericarditis,
Takotsubo syndrome, atrial or ventricular arrhythmias, and heart failure) are avail-
able, the standard of care reported by international cardiac guidelines represents the
recommended therapeutic strategy for each specific vascular sequela of the PACS.
Although current evidence for of long COVID treatment is lacking, many clinical
trials on therapy for CV sequelae treatment of long COVID and are currently under-
way. Moreover, both SARS-Cov2 acute infection specific therapy and vaccinations
are opening up promising scenarios in the prevention and treatment of COVID-19
sequelae. In fact, more than 700 studies related to COVID-19 and more than 100 on
long term are ongoing (see International Clinical Trials Registry Platform (ICTRP)
(who.int) and see Search of: COVID-19—List Results—ClinicalTrials.gov), thereby
suggesting the hope for a “new era” in the treatment of this, in many respects,
unknown pathology. Studies include a wide range of therapy such as: rehabilitation
programs (for the treatment of fatigue, dyspnea, inappropriate tachycardia, POTS,
and cognitive decline), immunomodulatory therapies (e.g. steroids, laranilubmab,
tocilizumab, atorvastatin, and colchicine), anti-thrombotic (e.g. aspirin), or anti-
coagulation (e.g. apixaban). Although a large amount of evidence confirms a lack of
benefit of aspirin in reducing mortality among hospitalized [175] and non-hospital-
ized outpatients [176], promising results were produced in support of anticoagulation
[177]. The multiplatform adaptive randomized controlled clinical trial [178] reported
an improved survival in moderately ill patients treated with therapeutic dose of
heparin, but not in critical illness. In contrast, other studies [179-181] reported no
difference in primary outcome measures among patients receiving therapeutic vs.
prophylactic dose anticoagulation. Therefore, further research is therefore needed
to better understand the long-term benefits of anticoagulation in patients. Although
anti-inflammatory drugs such as dexamethasone [182] and tocilizumab [183] or
antivirals such as remdesivir [184] represent the most used and effective therapeutic
armamentarium in patients with severe COVID-19, whether they are able to prevent
cardiovascular sequelae or to reduce the impact of long-COVID-19 after the acute
phase is still unclear. In conclusion, nowadays, the most effective way of preventing
serious complications from SARS-CoV-2 infection is represented by SARS-Co2 vacci-
nation [185-191]. Early data [192] have recently suggested the possibility that of long
COVID symptoms could be alleviated through vaccination. More specifically, of 900
people with long COVID, only 18.7% of patients reported a deterioration on clinical
status, while 56.7% of vaccinated showed an overall improvement in clinical sequelae.

Finally, since the acute phase of COVID-19 is complicated by several multisystem
sequelae in a vast majority of subjects, rather than a single drug, subjects with PACS
need a multidisciplinary approach aimed at managing each single PACS sequela.
This multidisciplinary approach, including clinical, cardiological, pneumological,
neurological psychological, and physiotherapeutic evaluation, is generally provided
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by the rehabilitation program of chronic diseases (e.g. cardiac or pulmonary rehabili-
tation) [193]. For these reasons, on top of the aforementioned therapies, a specific
post-COVID-19 rehabilitation approach represents new hope in fighting against the
sequelae of PACS (Figure 8). In fact, results from early post-COVID-19 rehabilitation
registry and trials showed an improvement in dyspnea, anxiety, muscle strength,
walking capacity, sit-to-stand performance, and quality of life; on the other hand,
results on pulmonary function are still inconsistent [194].

4, Future directions and conclusions

Since many aspects of the PACS remain unclear, further studies will be needed to shed
light on the following aspects. First, establish the prevalence SARS-CoV-2-induced CV
injury and CV sequelae of PACS. Second, define univocal and universal diagnostic criteria
for long-COVID-19, based not only on clinical symptoms but also on specific biomarkers.
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Third, identify novel therapeutic solutions or novel use of old drugs to prevent and treat
or COVID-19 long-term CV injury. Finally, he long-term prognostic impact of cardio-
vascular sequelae of SARS-CoV-2 infection in both healthy subjects as well as in patients
with preexisting cardiac diseases (e.g. ischemic heart disease, heart failure) is evaluated
in order to clarify whether SARS-Cov2 infection or its sequelae beyond the acute phase

of COVID-19 may represent a novel risk factor for future cardiovascular disease. In fact,
data from the national healthcare databases from the US Department of Veterans Affairs
including a large cohort of 153,760 individuals with COVID-19 compared to two sets

of control cohorts (5,637,647 contemporary controls and 5,859,411 historical controls)
showed that, beyond the first 30 days after infection, individuals with COVID-19 are at
increased risk of incident cardiovascular disease spanning several categories, including
cerebrovascular disorders, dysrhythmias, ischemic and non-ischemic heart disease,
pericarditis, myocarditis, heart failure, and thromboembolic disease [194, 195]. Moreover,
these risks and burdens were evident even among individuals who were not hospitalized
during the acute phase of the infection and increased in a graded fashion according to

the care setting during the acute phase (non-hospitalized, hospitalized, and admitted

to intensive care), thereby providing novel evidence of post-COVID-19 cardiovascular
prognostic impact. In particular, if these data will be confirmed, the presence of a SARS-
Cov2 infection as well as a history of PACS should be considered in the future as a novel
parameter in cardiovascular risk estimation beyond traditional cardiovascular risk factors.
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