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Abstract: Restrictive cardiomyopathy (RCM) is characterized by restrictive ventricular pathophysi-
ology determined by increased myocardial stiffness. While suspicion of RCM is initially raised by
clinical evaluation and supported by electrocardiographic and echocardiographic findings, invasive
hemodynamic evaluation is often required for diagnosis and management of patients during follow-
up. RCM is commonly associated with a poor prognosis and a high incidence of heart failure, and PH
is reported in paediatric patients with RCM. Currently, only a few therapies are available for specific
RCM aetiologies. Early referral to centres for advanced heart failure treatment is often necessary.
The aim of this review is to address questions frequently asked when facing paediatric patients with
RCM, including issues related to aetiologies, clinical presentation, diagnostic process and prognosis.
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1. Introduction

The recently published guidelines defined cardiomyopathy as “a myocardial disorder
in which the heart muscle is structurally and functionally abnormal, in the absence of
coronary artery disease, hypertension, valvular disease, and congenital heart disease
sufficient to cause the observed myocardial abnormalities” [1]. This definition applies to
both children and adults and makes no a priori assumptions about aetiology (which can be
familial / genetic or acquired) or myocardial pathology.

Currently, cardiomyopathies are distinguished into hypertrophic cardiomyopathy
(HCM), dilated cardiomyopathy (DCM), arrhythmogenic cardiomyopathy (ACM), restric-
tive cardiomyopathy (RCM) and a novel entity that has been recently defined as non-dilated
left ventricular cardiomyopathy [1].

RCM characterized by restrictive cardiac physiology is caused by increased myocardial
stiffness and a pathological rise in ventricular filling pressure [2]. The term restrictive
derives from Latin restrictus, meaning tight or limiting the expansion; it is important to
recognize that the term “restrictive cardiomyopathy” does not only represent a diagnostic
phenotype but also describes the underlying physiology.

Since RCM is rare, clinicians involved in the diagnostic process and management
of paediatric patients with RCM might not be as confident as in other more prevalent
cardiomyopathies. Hence, doubts are common. Here, the most frequently asked questions
posed by the initial evaluation and management of patients with RCM are addressed in a
Q&A format.
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2. How Common Is RCM?

Among the paediatric population, RCM is the least common cardiomyopathy and
is typically diagnosed between the ages of 6-10 years but can present in early infancy or
in adulthood, with an approximately equal sex distribution. Aetiologies vary by age and
country of origin, with wide geographical differences [3]. The Pediatric Cardiomyopathy
Registry in North America estimated the incidence of RCM at 0.03-0.04 per 100,000 children,
accounting for approximately 4% of paediatric cardiomyopathies [4]. Meanwhile, the
incidence of paediatric RCM may be higher in tropical areas of Africa, Asia and South
America, where endemic forms are present [5]. The reason for an increased prevalence of
RCM in the tropics is currently under scrutiny. Despite many hypotheses, the exact causes
and mechanisms remain unclear. Genetics is a potential factor due to ethnic clustering,
but it is difficult to tease out the confounding shared environmental exposures thought to
play a role in the development of RCM in tropical areas [6]. For example, several infectious
organisms have been hypothesised to elicit an exaggerated immune response [7].

3. Is Family History and Genetic Testing Important?

Family history of cardiomyopathy should always be investigated, as nearly 25% of
RCM patients have at least one affected relative, with an even higher proportion (42%)
among those with a mixed restrictive and hypertrophic phenotype [8]. This highlights the
importance of a detailed family tree, genetic counselling and cascade genetic testing to
identify patients at risk of developing RCM or other overlapping phenotypes.

4. What Are the Main Clinical Signs and Symptoms of Paediatric RCM?

Clinical manifestations range from lack of symptoms to overt heart failure (HF); the
most common scenario is poor exercise tolerance and fatigue due to low cardiac output [9].
Since restrictive left ventricle (LV) cannot adjust volumes during exercise, the only way to
increase output is to augment heart rate.

Symptoms of HF are nonspecific, challenging to interpret and vary with the age of
onset, usually manifesting as difficulty in feeding, tachypnoea, sinus tachycardia and
diaphoresis in the infant. Children with RCM frequently have a history of “recurrent lower
respiratory tract infections,” wheezing or persistent cough at night [5]. Adolescence may
present with fatigue, dyspnoea or abdominal pain [10].

On examination, jugular venous distention, hepatomegaly, a loud pulmonary compo-
nent of second heart sound, gallop rhythm and a systolic murmur due to atrio-ventricular
(AV) valve regurgitation may be present. An abnormally high respiratory rate in the new-
born, puffy eyelids and sacral oedema are signs of systemic venous congestion, while ankle
oedema, which is commonly seen in adults, is not found in infants [11,12].

5. When Should I Suspect Restrictive Phenotype on Electrocardiogram or
Imaging Techniques?

In the paediatric setting, diagnosing RCM at an early stage is challenging as specific
paediatric guidelines for evaluating heart remodelling are missing [13]. Electrocardiogram
(ECG), chest X-ray, echocardiography and NTproBNP are first line evaluations helpful in
the rule-in/rule-out process for RCM diagnosis [14] (Figure 1).

Evidence of atrial dilatation on ECG is one of the red flags suggestive of possible RCM,
emphasizing the underlying atrial remodelling (Figure 2) [15]. Atrial dilatation reflects
increased filling pressures and may predispose to atrial fibrillation in adults with RCM,
while this is uncommon in children. Other arrhythmias such as atrio-ventricular (AV) block
or intraventricular conduction delay are rare but may develop in the context of specific
aetiologies associated with RCM, as discussed below.

Echocardiographic signs reflect the increased pressure overload due to increased
stiffness of the ventricles. While systolic function is commonly preserved, initial signs of
diastolic dysfunction remain challenging to detect due to the lack of sensitive cutoff values
in the paediatric population [13]. Tissue Doppler imaging is helpful in defining the diastolic
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function. In a comparison study with invasive hemodynamic measurements, the pulsed
Doppler cutoff values of lateral a” velocity < 4 cm/s and pulmonary vein A wave duration
of more than 156 milliseconds showed high sensitivity and specificity in detecting early
RCM [16].

In advanced stages of disease, atrial dilatation is common (Figure 3), pericardial
effusion may develop as hemodynamic consequences of increased cardiac filling pressure
and Doppler evaluation shows increased early filling velocity (E wave)/atrial filling velocity
(A wave) ratio, reduced E wave deceleration time and elevated E/e’ ratio on tissue Doppler.

CLINICAL SIGNS AND SYMPTOMS B
° ECG jestive for specific etiologies
ECG + ECHOCARDIOGRAM + CXR o Atrial dilatation
° Elevated E/E’ ratio
Nt-proBNP
RCM suspected?
'/NO\ ; <YES\>
) -
THINK ABOUT CARDIAC MR + ECG HOLTER
OTHER
CONDITIONS

GENETIC COUNSELING AND
FAMILY SCREENING

CATHETERIZATION + BIOPSY

Figure 1. Suggested flow-chart for initial approach to patient with heart failure and suspected
restrictive cardiomyopathy. CXR chest X-ray, ECG electrocardiogram; MR magnetic resonance,
Nt-pro-BNP N-terminal pro B type Natriuretic Peptide, RCM-restrictive cardiomyopathy.

Chest X-ray is often helpful when HF signs are present. In overt RCM phenotype, chest
radiography of patients with RCM shows cardiac enlargement due to atrial and pulmonary
artery dilatation. In addition, signs of pulmonary congestion and pleural effusion might be
present [17].

Cardiac magnetic resonance (CMR) can be of great importance in the diagnostic
workup (Figure 1). However, the evaluation of diastolic dysfunction at CMR is still based
on indirect parameters such as atrial enlargement, T1 mapping and the extension of late
gadolinium enhancement (LGE) [18,19].
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Figure 2. A 6-year-old boy with restrictive cardiomyopathy. Electrocardiogram shows abnormal
P waves suggestive of atrial enlargement and abnormal ventricular repolarization suggestive of

biventricular pressure overload.

-

Figure 3. (A) Chest X-ray, 8-year-old boy with hypertrophic-restrictive cardiomyopathy and con-
gestive heart failure. (B) Echocardiography apical 4-chambers view, 11-year-old girl with restrictive
cardiomyopathy, normal ventricular volumes, preserved ejection fraction and severe atrial dilatation;
we can appreciate the presence of an implantable cardiac defibrillator lead. (C) Echocardiography
parasternal long axis view, 6-year-old boy with restrictive cardiomyopathy associated to severe left

atrial dilatation.
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CMR can provide additional information regarding tissue characterization, including
the extension of fibrosis, which is an important risk factor for adverse outcomes, an indirect
marker of increased wall stiffness [20].

Besides the general considerations of the imaging findings of RCM, there are spe-
cific CMR findings that help in the diagnostic process for specific aetiologies and in the
therapeutic management.

Moreover, CMR is helpful in guiding the clinician in differential diagnosis between
RCM and constrictive pericarditis, which sometimes shows similar clinical manifestations.
However, constrictive pericarditis is typically characterized by pericardial thickening,
ventricular interdependence and pericardial LGE when inflammation or extensive fibrosis
is present [21].

6. What Are the Limitations of ECG and Imaging Techniques?

Diagnosis of RCM is often challenging, especially in children. Non-invasive tests such
as ECG, echocardiography and CMR can provide valuable information and are often the
first steps in the diagnostic work-up of RCM, but they may have limitations that need to
be considered.

ECG abnormalities might be subtle or absent in the early phase of the disease. In
echocardiography, the reliability of diastolic measurements in children are challenging,
given the higher heart rates and limited data on the relationships among the diastolic
variables and the degree of dysfunction [22].

CMR have limitations due to its centre availability, need of sedation and the require-
ment to be performed in specialized centres [23].

Overall, none of the non-invasive evaluation can provide a reliable evaluation of the
intracardiac pressure, while cardiac catheterization represents the gold standard for the
evaluation of intracardiac pressure, the diagnosis of RCM and the reassessment of the
patients during follow-up to define the management and therapeutic approach.

7. What Are the Aetiologies That Mainly Affect the Paediatric Population (Figure 4)?

Endomyocardial fibrosis is considered the most common cause of RCM worldwide,
affecting more than 12 million people worldwide [7], mainly in tropical and subtropical
areas. Endomyocardial fibrosis often affects children and young adults belonging to
the poorest groups of the population [24]. It is characterized by recurrent hot phases
with inflammation and eosinophilia, progressing to a chronic phase with fibrosis of the
ventricular endocardium and sub-endocardium that extends from the apex upwards, often
involving the AV valves. A typical CMR pattern is characterized by presence of myocardial
oedema during inflammatory phases and/or associated with fibrosis [25]. The fibrous
tissue markedly diminishes the volume and compliance of affected chambers determining
a restrictive physiology.

Although the aetiology is unknown, several hypotheses linking infectious agents,
toxins or environmental factors to the unique geographical distribution are commonly
suggested as possible favouring factors.

Endocardial fibroelastosis is primarily a disease of infants and children, but can rarely
present in adults as well [26]. Due to the rarity of this condition, there are not enough data
on the incidence and prevalence. The usual age of presentation is the first year of life [27],
and it is frequently associated with other congenital heart disease as aortic stenosis and
hypoplastic left heart syndrome [28]; nonetheless, the exact aetiology is unknown.

The underlying pathophysiology of endocardial fibroelastosis is the deposition of
acellular fibrocartilaginous tissue in the subendothelial layer of the endocardium predomi-
nantly involving the inflow tracts and apices of ventricles [29], and intraventricular thrombi
formation are an additional complication that CMR can detect [30].
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Figure 4. Main aetiologies of restrictive cardiomyopathy according to the age of disease presentation.

8. What Are the Aetiologies That Can Affect Both Paediatric and Adult
Populations (Figure 4)?

The Paediatric Cardiomyopathy Registry Investigators reported a pathogenic or likely
pathogenic genetic variant in 50% of children with RCM, mainly in sarcomeric genes [31],
also explaining possible overlapping phenotypes between HCM and RCM [31,32].

Sarcomeric gene variants in MYBPC3 (myosin-binding protein), MYH7 (3-myosin
heavy chain), TNNI3 (troponin I), TNNT?2 (troponin T), TNNC1 (troponin C) [33], ACTC1
(a-cardiac actin) [31], TPM1 (tropomyosin 1), MYL3 and MYL2 (myosin light chain) [34]
have been associated with both HCM and RCM [4,35,36]. All these genes are involved
in the contractile apparatus of the heart and mutations in these proteins modify sarcom-
ere contractility and ion channel function and lead to impaired relaxation of myocytes
determining restrictive physiology.

Patients with gene variants involving thin filaments, such as troponin, may develop
hypertrophic ventricular remodelling associated with an increased amount of interstitial
fibrosis and myocardial disarray, which often affects ventricle compliance regardless of
wall thickness.

Titin, encoded by the gene TTN, is the largest human protein [37] and provides architec-
tural support in sarcomers [38]. TTN variants are related to muscular dystrophy and different
phenotypes of cardiomyopathies. Truncations of TTN are the most frequent in DCM and
rarely have been implicated in the pathogenesis of HCM, ACM and RCM [39,40]. A large
number of missense and truncation variants of TTN have also been reported in the general
population [41]. Thus, the clinical interpretation of TTN variants remains a challenge.

Non-sarcomeric gene variants share a wide heterogeneity in clinical presentation and,
particularly, the possibility to determine RCM associated with skeletal muscle involvement
and arrhythmias.

One of the genes involved in the development of RCM is MYPN (encoding myopal-
ladin). The mechanism proposed for development of RCM is altered myofibrillogenesis
and consequent myofibrillar disarray and restrictive physiology [42]. However, only a few
case reports have been described in the paediatric population.

In 1998, a DES variant was described as associated with RCM for the first time [43].
Clinical phenotypes associated with DES variants are broad and include DCM, HCM and
ACM. Different mutations might be causative of RCM; an example of this is DES ¢.735G>C
causing a skipping of the third DES exon determining the expression of truncated desmin,
leaving it unable to form regular intermediate filaments and being associated to RCM and
atrial fibrillation [44]. Meanwhile, DES gene variant (c.364T>C) was described in a family
with RCM and AV block [45].
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Filamin-C is an actin cross-linking protein expressed in the heart and skeletal muscle.
FLNC variants present a wide spectrum of clinical presentation and the first description of
its association with RMC was in 2016 [46]. However, overlapping phenotypes can coexist.
An example of this is ROD2 domain filamin C missense mutations that exhibit a distinc-
tive cardiac phenotype with RCM/HCM and saw-tooth cardiomyopathy [47,48]. FLNC
missense variants can cause early-onset RCM associated with variable degrees of skeletal
myopathy, combined with mild CK elevation and supraventricular arrhythmias, whereas
FLNC truncating variants have been found in patients with an ACM/DCM phenotype
characterized by a high risk of ventricular arrhythmias [48].

Filamin-C phenotype is often characterized by low QRS voltage and T waves inversion
in the inferior-lateral leads [49]. Analysing CMR features, a characteristic subepicardial
“ring-like” fibrotic pattern is common [50].

In 2017 a new missense variant ¢.326A>G in CRYAB gene encoding aB-crystallin was
described. It is a member of the small heat shock protein family, which is highly expressed
in cardiac and skeletal muscle. This variant was reported in small family with RCM in
combination with skeletal myopathy with an early onset of the disease [51].

Danon disease is a rare X-linked-dominant storage disease due to mutations in the
LAMP? gene affecting lysosomal degradation of glycogen [52,53]. The diagnosis is sug-
gested by clinical history and possibly by the finding of glycogen deposits in a skeletal
muscle biopsy. Danon disease typically affects adolescent males with a triad of cardiomy-
opathy, skeletal myopathy and mental impairment. Females can be affected, although
usually later in life and with a milder expression of the disease. In Danon disease, like
other metabolic cardiomyopathies, one of the most common ECG findings is ventricular
pre-excitation. Other common ECG abnormalities include high precordial R and S wave
voltages with deep T waves inversion, atrial fibrillation, AV block and ventricular arrhyth-
mias [54]. Cardiomyopathy usually expresses as HCM, DCM and, in a few cases, RCM. The
vast majority of patients rapidly evolve into progressive HF. At CMR, myocardial mid-wall
fibrosis starting from the inferior and lateral wall of the LV with a characteristic sparing of
mid-interventricular septum is usually seen.

Iron overload is a rare condition that may occur in primary hemochromatosis, an
autosomal-recessive condition caused by mutations in various proteins involved in iron
metabolism [55], or in secondary forms of iron overload including hereditary anaemias (e.g.,
sickle cell anaemia and - or 3-thalassemia), multiple blood transfusions, myelodysplastic
syndromes and end-stage renal disease [55].

When the amount of circulating iron exceed the binding capacity of transferrin, the
excess of iron increases free-radical species leading to oxidative damage of lipid cell mem-
branes, nucleic acids and calcium cycling proteins in cardiomyocytes [56,57].

Untreated iron-overload in children and young adults may eventually lead to impaired
diastolic function determining RCM [58].

While echocardiography findings cannot predict the amount of iron deposition [59],
CMR represent the main imaging technique for early diagnosis and quantify myocardial
and hepatic iron deposition using specific gradient echo sequences in T2* relaxation time.
A myocardium T2* time value < 20 ms is indicative of myocardial siderosis and a T2* value
<10 ms is considered diagnostic for severe iron overload.

Anthracyclines are the most common cause of chemotherapy-induced cardiotoxicity
with varying clinical presentations, including acute, early onset and late-onset (more
than one year after chemotherapy). Although cardiotoxicity can occur with any dose of
anthracycline, cumulative doses of above 250 mg/m? represent a predisposing factor [60].
In a study from Trachtenberg et al., among paediatric patients managed with anthracycline
who developed DCM, frequently progressed to restrictive physiology [61]. These findings
were more likely in individuals at younger age at cancer diagnosis and longer follow-
up [62,63]. A hypothesis is that a defined number of myocytes are present in the heart, and
subsequent myocardial growth occurs by increasing the size of the myocytes. In younger
patients, the cardiotoxic effect of chemotherapy might impair the ability of the heart to
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generate an average adult myocardial mass [64]. Inadequate increase in ventricular mass
in relation to somatic growth results in restrictive physiology [65].

Therefore, cardiotoxicity due to anthracyclines in children may differ from that in
adults. Cardiotoxicity most commonly manifests in adults as acquired DCM, while in
children it initially manifests as DCM, and in some cases, remodelling progresses to RCM
with somatic growth.

Radiotherapy is frequently used together with surgery/chemotherapy in thoracic
malignancies and lymphomas. The clinical manifestations of myocardial injury caused by
radiotherapy generally occur after many years from treatment [66] and they mainly manifest
as fibrosis of the myocardium and pericardium [67]. The risk of radiation-mediated RCM
is especially high for patients who have received a high dose of chest radiation and/or
concomitant treatment with cardiotoxic chemotherapy [68].

Time- and radiation dose-dependent inflammation activates fibrogenic pathways [69,70].
Fibrosis of the interstitium and replacement fibrosis of dead myocytes [71] can lead to a
RCM. The right ventricle is more often affected than the LV given its more anterior and
closer position to the radiation beam [72]. Similarly, fibrotic deposition in the pericardium
can lead to constrictive pericarditis.

An important aspect for both chest radiotherapy and anthracycline therapy is to
continue surveillance and imaging monitoring over time, as cardiotoxicity can develop
years after the end of oncological treatment.

9. Which Causes of Adult RCM May Be Identified (Preclinically) in the Paediatric
Age (Figure 4)?

Anderson-Fabry disease is the most common glycogen storage disorder. It is an
X-linked-recessive sphingolipidosis caused by o«-galactosidase-A deficiency. Accumulation
of globotriaosylceramide in the lysosomes occurs in various tissues and organs, including
the heart, kidneys, vasculature and peripheral nervous system [73-75].

Extracardiac manifestations of the disease may occur in childhood. The first symptoms
generally include chronic neuropathic pain, episodic severe pain crises, hypohidrosis, angiok-
eratomas, gastrointestinal disturbances and corneal opacity (cornea verticillata). Occult kidney
injury may occur at a young age, including albuminuria and glomerulosclerosis, while overt
renal failure, cardiac involvement and strokes occurs in adulthood. Cardiac manifestations are
generally reported in men aged older than 30 years and women aged older than 40 years [76],
leading to progressive hypertrophy and diastolic dysfunction [77,78].

Eosinophilic syndrome with cardiac involvement was first described in 1936 by Wil-
helm Loffler. This condition is rare in children and occurs in the presence of eosinophilic
infiltration of cardiac tissues. The severity of cardiac injuries is related to the duration and
to the intensity of eosinophilia [79], particularly in cases of profound eosinophilia [80], that
can be a clue of the disease. Eosinophilic infiltration into the tissues leads to the typical
complications: intracardiac thrombi and fibrotic process involving the myocardium and
valves resulting in RCM [81-83].

10. What Are the Main Haemodynamic Features?

Right heart catheterization is an invasive haemodynamic procedure that allows direct
measurement of right-sided cardiac pressures and calculation of cardiac output.

Normally, the right atrial pressure curve exhibits five deflections, three positive (a, c
and v) and two negative (x and y): the “a” wave is a diastolic wave and is generated by
atrial contraction; the “c” wave is produced by the protrusion of the AV valve into the atrial
cavity when it is closed during the isometric contraction of the ventricle; the “x” wave
results from the pressure drop in the atrial cavity induced by ventricular systole; the “v”
wave (typically very high) is produced by the increased atrial pressure due to atrial filling
while the AV valve is still closed during ventricular systole; and the “y” wave arises from
the pressure drop induced by the opening of the AV valve, allowing atrial emptying and

rapid ventricular filling.



Diagnostics 2023, 13, 3666

90f17

In RCM, the haemodynamic profile is characterized by elevated diastolic filling pres-
sures and a rapid equalization of filling pressures among the four cardiac chambers during
diastole, resulting in a prominent “y” descent wave and the appearance of the “square
root” or “dip and plateau” sign on ventricular pressure curves (characterized by an early
decrease in ventricular diastolic pressure followed by a rapid rise to a plateau phase).

While many of these findings are also observed in constrictive pericarditis (CP), there
are several differences: in RCM. LV end-diastolic pressures are higher than those in the right
ventricle, and there is no evidence of ventricular interdependence with parallel changes
in LV and right ventricular pressure curve areas. Additionally, there is little respiratory
variation in flow or pressure.

11. When Endomyocardial Biopsy Is Useful?

In the context of RCM, the role of endomyocardial biopsy (EMB) remains controversial,
both for adult and paediatric populations, and the combination of genetic analysis and
imaging techniques has debunked the role of EMB in the diagnostic work-up of RCM. In
the majority of cases, EBM shows non-specific findings, such as myocyte hypertrophy and
interstitial and/or endocardial fibrosis.

However, due to the possibility of treatable disorders, EMB may reveal a specific
infiltrative disorder hemochromatosis, myocardial fibrosis and disarray and amyloid fibrils
consistent with specific aetiologies.

In a 2007 scientific statement by the American Heart Association, the American College
of Cardiology and the European Society of Cardiology, EMB was indicated in the setting of
HF associated with unexplained restrictive cardiomyopathy (Class of Recommendation Ila,
Level of Evidence C) without distinguishing between adults and children [84].

More recently, in the 2022 position paper of the Italian Society of Cardiology (SIC) and
the Italian Society of Paediatric Cardiology (SICP), EMB was suggested only for the adult
population when non-invasive tests have not provided conclusive results [85].

It should be emphasized that in the paediatric population, the EMB procedure is more
complex and generally requires general anaesthesia [86].

While the rate of major complications in the adult population is very low, below 1%,
in children the incidence of adverse events is higher, ranging from 9.7% to 15.5% [87-89],
and severe complications occur in 2.9% to 5.2% of cases [87,90].

In conclusion, in the paediatric context, EMB may be considered only in cases where
non-invasive diagnostic methods have not yielded a definitive diagnosis, with careful
consideration of the risk-benefit ratio.

12. What Is the Prognosis of RCM?

RCM usually has a poor outcome with a high mortality due to progressive HF [91]. It
has been reported that after 5 years from the diagnosis, the cumulative incidence of heart
transplantation (HT) was 58% in RCM patients with pure restrictive phenotype and 30% in
those with a mixed hypertrophic and restrictive phenotype, with no significant difference
in the mortality rate [8].

In a Spanish case series, an even worse prognosis has been documented, with only 20%
of patients with RCM alive and free from transplantation at 5 years from the diagnosis [92].

Identifying the exact risk of HF in paediatric RCM is challenging because of the low
prevalence of RCM and the heterogeneous underlying aetiology. Overt HF is described
in approximately 45% of paediatric patients with RCM [91,93], while New York Heart
Association (NYHA) functional classes III and IV have been documented in nearly 25% of
paediatric RCM [91]. Advanced NYHA classes and a need for multiple hospitalizations
have been identified as the main predictors for adverse outcomes [93], specifically for HT
and all-cause mortality [91,93].

Because of the suggested correlation with increased mortality, signs and symptoms of
HF should be routinely investigated to promptly refer patients for advanced HF treatment.
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However, PH can be more subtle to identify, even if it is a common complication
in RCM and is associated with worse prognosis. Therefore, the presence of PH should
be periodically investigated after performing invasive cardiac catheterism to exclude the
development of an irreversible pulmonary vascular remodelling that contraindicates HT.

Conversely, the risk of sudden death is less clearly defined as only small cohorts of
paediatric patients with RCM have been under scrutiny for arrhythmic risk stratification,
and risk of arrhythmias is influenced by the underlying aetiology [94].

13. What Pharmacological Treatments Are Available for the Most Common Forms?

Baseline treatment for symptoms relief in paediatric RCM consists in diuretic ther-
apy; however, disease-modifying therapies are available for Danon, Fabry, iron overload
cardiomyopathy, eosinophilic syndromes, HCM and amyloidosis.

Diuretics can improve symptoms and systemic venous congestion, but excess use
will reduce preload and hence cardiac output [4]. Diuretic therapy is recommended in
symptomatic patients with monitoring of renal function and blood pressure.

Recently, SGLT?2 inhibitors demonstrated their beneficial effects on renal and HF in
adult population and they have been approved for HF both with and without preserved
systolic function. Preliminary data supporting their use in paediatric population are
emerging and demonstrate their safety in this population [95].

Conversely, considering the peculiar pathophysiology of RCM, the routine use of
betablockers or non-dihydropyridine calcium channel blockers should be generally avoided.
The restrictive physiology of RCM does not allow an increase in stroke volume and adequate
cardiac output is often ensured by an increased heart rate. Thus, treatments with a negative
chronotropic effect are generally poorly-tolerated. Therfore, heart rate should be maintained
as high as necessary for adequate systemic perfusion. Furthermore, in specific aetiologies
such as Danon disease, they may elicit the evolution into advanced AV blocks.

In few cases, RCM coexists with systemic arterial hypertension. In these patients,
angiotensin converting enzyme inhibitors or non-dihydropyridine calcium channel blockers
may be considered [96].

Finally, thromboembolic events are possible in RCM and an accurate evaluation
for anti-coagulation therapy is recommended as a secondary and sometimes a primary
prevention [97].

Despite a careful follow-up and tailored treatment, progressive HF in RCM may lead
patients to advanced HF symptoms requiring referral for HT or mechanical circulatory
support (MCS).

14. When Should I Refer Patients for Cardiac Hemodynamic Mechanical Support or
Heart Transplantation?

Paediatric RCM carries a poor prognosis. The primary cause of death is progressive
HF [8], and the median survival after diagnosis is approximately 2 years [17,94]. Due to
the unfavourable prognosis, cardiac transplantation has been proposed as the preferred
treatment for this patient population.

There are several red flags (pulmonary congestion, increased pulmonary pressure,
severe left atrial dilation and reduction in ventricular contractility) suggesting a need for
refer patients to a tertiary centre for HT evaluation. However, the optimal timing and
criteria for listing RCM patients for HT are still not well defined [98].

It has been observed that the mortality while on the waiting list for children with RCM
is relatively low. This is likely due to a common practice of listing RCM patients shortly
after diagnosis, given the acknowledged poor outcome of the disease and limited success
of medical therapy [99].

Outcomes for paediatric HT in patients with RCM have been documented only by
a few reports: thirty-day survival was around 94-96% [100,101] and 1-year survival was
around 82-86% [100,102].
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Despite HT being is a possible solution, the shortage of donor organs has become a
significant concern. As a result, surgical alternatives such as MCS are gaining importance
as a bridge to transplantation [103].

The main indication for MCS is low cardiac output syndrome, suggested by the
presence of rapid circulatory deterioration with a cardiac index <2.0 L/min/ m?2 and/or
dependence on inotropes, mixed venous saturation of <40%; oliguria (<1 mL/kg/min) and
critical peripheral perfusion.

However, RCM has been considered a risk factor for poor outcomes in MCS [91],
especially in children under 3 years of age and weighing less than 10 kg [104]. This
is due to diastolic HF and a small LV cavity, leading to an increased risk of persistent
right HE, thromboembolism and insufficient LV drainage with consequent poor pump
performance [103].

Therefore, novel modifications to LV cannulation techniques are being explored, such
as trans-septal left atrium-to-aorta ventricular assist device cannulation, atrial cannulation
or biventricular support [3,105,106].

The main concern in patients with RCM is the presence of PH (in RCM the preva-
lence of PH is up to 50% at diagnosis) [101,107], as PH correlates with a higher incidence
of postoperative right ventricular failure [103]. For these reasons, pulmonary vascular
resistance index (PVRI) greater than 6 Wood Units (W.U.) x m?, trans pulmonary gradient
>15 mmHg and pulmonary diastolic gradient >7 mmHg are considered a contraindication
to cardiac transplant [98,101,108].

Recent data from children awaiting heart transplant show that those with an PVRI
>6 W.U. m? had better waitlist outcomes when placed on MCS compared to those who were
not [109-112], leading long-term MCS implantation to be considered in advanced stages of
the disease as a bridge to HT by improving haemodynamics and reducing post-capillary PH.
Figure 5 shows the management of paediatric RCM base on right heart catheterization [5].

RHC in RCM
PVR < 6 UW/m2 PVR > 6 UW/m2
TPG < 15 mmHg TPG > 15 mmHg
DPG < 7 mmHg DPG > 7 mmHg

Inotropic/inodilator drugs

Repeat RHC after 6-12 months andlor vasodilators

PVR < 6 UW/m2 PVR > 6 UW/m2
TPG < 15 mmHg TPG > 15 mmHg

Mechanical cardiac support

Repeat RHC after 3-6 months
PVR > 6 UW/m2
TPG > 15 mmHg

Consider HT

HT CONTRAINDICATED

Figure 5. Flow-chart management of paediatric restrictive cardiomyopathy). Right heart catheteriza-
tion is usually indicated for all patients referred for HT. However, it is useful to stratify prognosis
in patients in NYHA class I to II since severe PH and low cardiac output can develop with mild or
subtle symptoms. DPG, diastolic pulmonary gradient; HT, heart transplantation; PVR, pulmonary
vascular resistance; RHC, right heart catheterization; TPG, transpulmonary gradient.



Diagnostics 2023, 13, 3666 12 of 17

15. Conclusions

RCM is a rare clinical condition in the paediatric age, the low prevalence of this
cardiomyopathy and the heterogeneity of the potential underlying aetiology explain the
difficulty in finding a common management for RCM. However, there are few common
characteristics of the disease: the clinical suspect requires invasive cardiac catheterization
for diagnosis; in Western countries, a considerable proportion of paediatric patients with
RCM present sarcomeric or non-sarcomeric gene variants. A family history of cardiomy-
opathy is common, underlining the importance of genetic counselling [113].

Unfortunately, prognosis of paediatric RCM is often ominous; thus, we support an
early referral to tertiary centres for advance HF treatment.

Recently, specific drug treatments have been developed for HF with preserved ejection
fractions and for several genetic and non-genetic causes of RCM. In many cases, these
treatments are under scrutiny in paediatric patients and may change the natural history of
the disease, redefining the clinical scenario of paediatric RCM in the near future.
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