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ABSTRACT
Hypertrophic cardiomyopathy (HCM) is a common myocardial disease
defined by increased left ventricular wall thickness unexplained by
loading conditions. HCM frequently is caused by pathogenic variants in
sarcomeric protein genes, but several other syndromic, metabolic,
REV 5.6.0 DTD � CJCA5012_proof �
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R�ESUM�E
La cardiomyopathie hypertrophique (CMH) est une maladie myo-
cardique courante d�efinie par une augmentation de l’�epaisseur de la
paroi du ventricule gauche qui ne peut être expliqu�ee par les condi-
tions de charge. La CMH est souvent caus�ee par des variants patho-
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Hypertrophic cardiomyopathy (HCM) is a common
myocardial disease defined by increased left ventricular
wall thickness unexplained by abnormal loading condi-
tions. Most cases with an identifiable etiology present as a
Mendelian autosomal dominant trait due to mutations in
1 of 8 sarcomere genes. Less than 5% of adult cases of
HCM, and up to 25% of pediatric cases, are attributed to
causative variants in genes associated with less-common
conditions that mimic the HCM phenotype, presenting
as multiorgan diseases or isolated cardiac phenotypes.1

For cardiologists, identifying HCM mimics in patients
presenting with left ventricular hypertrophy (LVH) is
crucial.

Emerging evidence suggests that in some adults who fulfill
the diagnostic criteria for HCM, LVH is a polygenic trait
influenced by comorbidities, including hypertension and
obesity.2,3 A proportion of cases remains unexplained, even
after extensive investigation.
29 March 2024 � 9:22 pm � ce

dian Cardiovascular Society. This is an open access article under the CC BY

89

90

https://doi.org/10.1016/j.cjca.2024.02.025
https://doi.org/10.1016/j.cjca.2024.02.025
https://doi.org/10.1016/j.cjca.2024.02.025
https://doi.org/10.1016/j.cjca.2024.02.025
https://doi.org/10.1016/j.cjca.2024.02.025
http://creativecommons.org/licenses/by/4.0/


Q4
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infiltrative, and neuromuscular diseases can result in HCM pheno-
copies. This review summarizes the current understanding of these
HCM mimics, highlighting their importance across the life course. The
central role of a comprehensive, multiparametric diagnostic approach
and the potential of precision medicine in tailoring treatment strate-
gies are emphasized.

gènes pour certains gènes des prot�eines sarcom�eriques, mais plu-
sieurs autres maladies syndromiques, m�etaboliques, infiltrantes et
neuromusculaires peuvent donner lieu à des ph�enocopies de la CMH.
Cette revue de litt�erature r�esume les connaissances actuelles con-
cernant ces conditions mimant la CMH, en soulignant leur importance
tout au long de la vie. Le rôle central d’une approche diagnostique
complète et multiparam�etrique, et le potentiel de la m�edecine de
pr�ecision dans l’adaptation des strat�egies de traitement sont mis en
�evidence.
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In this review, we discuss the diagnostic approach and man-
agement strategies for children and adults presenting with
phenocopies or mimics of HCM. Furthermore, we provide
detailed insights into the clinical presentations of the most
prevalent and critical among these mimics.
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Epidemiology
Estimates for the frequency of HCM depend critically on

the sample population and the methods used to detect disease.
The highest values derive from imaging studies using echo-
cardiography or cardiac magnetic resonance imaging in
healthy individuals, and suggest a prevalence of around 1 in
500 of the general population.4-6 In contrast, data derived
from electronic health records indicate a much lower disease
prevalence (approximately 2.3 per 10,000).7,8 By definition,
estimates based on patients with overt disease are lower than
those derived from asymptomatic people with preclinical
phenotypes. But studies of otherwise healthy individuals may
also inflate the true prevalence of disease, owing to the pres-
ence of confounding comorbidities, such as obesity and hy-
pertension, that cause ventricular hypertrophy or extremes of
normality in the general population related to body size or
athleticism.

As HCM is often a heritable trait caused by variants in
genes encoding proteins of the cardiac sarcomere, genetic
screening studies offer an alternative approach to determining
disease prevalence9; but here too, prevalence varies according
to the methods used to ascribe pathogenicity to genetic vari-
ants. Studies from UK Biobank, for example, report a prev-
alence of sarcomere variants ranging from 1:149 to 1:407
individuals.10-12

In adults, pathogenic variants in 1 of 8 genes encoding
cardiac sarcomeric proteins account for a large proportion of
HCM cases, with an identifiable etiology, the most frequent
being MYH7 and MYBPC3, which cause around 40%-60%
of variant positive cases.1,2 Nongenetic HCM mimics (eg,
wild-type transthyretin amyloidosis) and rare genetic diseases,
the most common of which are Anderson-Fabry disease
(AFD) and familial forms of cardiac amyloidosis (CA). A
meta-analysis of over 10,000 HCM patients revealed a 1.2%
prevalence of AFD.13 Recent meta-analysis data, which
Received for publication January 23, 2024. Accepted February 29, 2024.
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combine findings from 2 studies specifically targeting older
patient cohorts with HCM, suggest a prevalence of CA
ranging from 5% to 9%. An important point to note is that
these figures may reflect referral bias, as the studies involve
predominantly data from amyloidosis referral centres.14-16

HCM is one of the most common cardiomyopathies
diagnosed during childhood. As with adult patients, patho-
genic variants in sarcomeric genes are responsible for most
cases, except in the first year of life, when RASopathies Q,
inborn errors of metabolism, and Friedreich’s ataxia (FA) are
more common.17-19 In general, pediatric-onset HCM is
associated with severe phenotypic expression and a higher risk
of life-threatening ventricular arrhythmias and heart failure
(HF), compared to adulthood-onset HCM.19 In a United
Kingdom registry, 5-year survival in pediatric-onset HCM was
66% in inborn errors of metabolism, 90% in RASopathy, and
97% in FA.17
Diagnostic Approach
A comprehensive, multiparametric approach to the inves-

tigation of LVH is essential for managing symptoms, imple-
menting disease-specific therapies, assessing risk, and
preventing complications. The assessment should include
pedigree analysis, full medical history, physical examination,
electrocardiography (ECG), echocardiography, and laboratory
evaluation20,21; the results of this initial screen then guide
second-line investigation and the need for genetic testing.

The current role of molecular genetic testing embraces the
concept of precision medicine, suggesting that genetic di-
agnoses might facilitate tailored treatment strategies based on
genotype, supplementing phenotype-based management, and
enabling effective genetic counselling.22 The differential
diagnosis is informed by age at onset, clinical presentation,
and cardiac and noncardiac phenotype. Clinical features sug-
gestive of specific etiologies are shown in Table 1, and a
proposed diagnostic flowchart is presented in Figure 1.
Figure 2 illustrates critical diagnostic clues.
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Specific HCM Phenocopies

RASopathies

RASopathies constitute a broad spectrum of genetic dis-
orders arising from germline pathogenic variants in genes that
encode proteins involved in the Ras/Mitogen-activated pro-
tein kinase (MAPK) signal transduction pathway.23 This
critical pathway orchestrates pivotal cellular functions, such as
growth, proliferation, and senescence. Among the various
29 March 2024 � 9:22 pm � ce
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Table 1. Clinical features suggestive specific etiologies of left ventricular (LV) hypertrophy

Etiology Extracardiac phenotype Cardiac phenotype

RASopathy Facial dysmorphisms: broad forehead, down slanting, palpebral fissures, hypertelorism, low-set ears,
pterygium colli, epicanthal folds, short and depressed nasal root

Dermatological abnormalities: lentigines, cafè-au-lait spots, pigmented nevi, keratosis pilaris of upper arm
and face, sparse curly hair

Other systemic features: bleeding disorders, lymphatic dysplasia, sensorineural deafness, cryptorchidism

ECG: extreme right axis deviation, left or right bundle branch block, prolonged
QT, or multifocal atrial tachycardia

Echocardiography: biventricular hypertrophy, abnormal papillary muscles,
associated congenital heart defects (eg, pulmonary valve stenosis, mitral valve
dysplasia, atrial or ventricular septal defect, or coronary artery abnormalities)

Pompe disease Liver: hepatomegaly, increased serum transaminases
Muscle involvement: hypotonia, floppy baby, frog leg position, pseudohypertrophy of gastrocnemius muscle,

CK elevation, delayed motor milestones

ECG: LV pre-excitation, prominent LV voltages
Echocardiography: massive LVH, concentric LVH, LV systolic dysfunction

Cori disease Hepatic involvement: hepatomegaly, increased serum transaminases, hypoglycemia
Muscle involvement: muscle weakness, CK elevation

ECG: prominent LV voltages
Echocardiography: concentric LVH

Danon disease Hepatic involvement: hepatomegaly, increased serum transaminases, hypoglycemia
Muscle involvement: muscle weakness, CK elevation

ECG: ventricular pre-excitation, prominent LV voltages
Echocardiography: massive LVH, concentric LVH, LV systolic dysfunction,
apical sparing strain pattern

CMR: extensive LGE with mid-septum sparing
PRKAG2 disease Muscle involvement: muscle weakness, CK elevation ECG: ventricular pre-excitation, prominent LV voltages, conduction disorders
Friedreich ataxia Systemic features: scoliosis, foot deformity, diabetes mellitus, progressive gait ataxia, dysarthria, muscle

weakness in lower limbs
Echocardiography: concentric LVH
CMR: patchy and irregular LGE distribution, reduced native T1

Mitochondrial disease Systemic features: hypotonia, lactic acidosis, cataract, bilateral sensorineural deafness, retinitis pigmentosa/
optic atrophy, leukocytopenia (in Barth syndrome), diabetes, palpebral ptosis, ophthalmoplegia

ECG: ventricular pre-excitation, prominent LV voltages, conduction disorders
Echocardiography: concentric LVH, LV systolic dysfunction

Cardiac amyloidosis Bilateral carpal tunnel syndrome, spontaneous rupture of biceps tendon, lumbar spinal stenosis
Neurologic features, including autonomic dysfunction, or peripheral neuropathy

ECG: disproportion between QRS voltages and LV mass (relative low voltages
despite hypertrophy), pseudo-infarct Q waves, conduction abnormalities (ie,
AV block)

Echocardiography: AV valve thickening, interatrial septum thickening, RV wall
thickening, granular sparkling appearance, apical sparing strain pattern,
increased ejection fraction-to-strain ratio

CMR: diffuse subendocardial or transmural LGE in a noncoronary artery
distribution, abnormal gadolinium kinetics, elevated T1 native

Anderson-Fabry disease Systemic features: gastrointestinal symptoms, angiokeratomas, cornea verticillata, hypohidrosis, cryptogenic
TIA or stroke, neurosensorial deafness, lymphedema, proteinuria, renal failure

ECG: short PR interval, bradycardia, chronotropic incompetence, AV block
Echocardiography: concentric LVH, disproportionate hypertrophy of papillary
muscles reduced GLS in the posterolateral basal segment, RV wall thickening

CMR: mid-myocardial distribution of LGE in the posterolateral basal segment,
reduced native T1

AV, atrioventricular; CK, creatine kinase; CMR, cardiac magnetic resonance; ECG, electrocardiography; GLS Q18, LGE, late gadolinium enhancement; LVH, left ventricular hypertrophy; RASopathy, one of a broad
spectrum of genetic disorders arising from germline pathogenic variants in genes that encode proteins involved in the Ras/Mitogen-activated protein kinase (MAPK) signal transduction pathway; RV, right ventricular;
TIA, transient ischemic attack.
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Figure 1. Diagnostic flowchart for patients with hypertrophic cardiomyopathy. Patients may present under various clinical scenarios, such as
symptomatic presentation, incidental findings, or during family screening. A comprehensive and multiparametric workup is essential, beginning with
the exclusion of other cardiovascular causes of left ventricular hypertrophy (LVH). This workup should incorporate personal and family history,
clinical examination, electrocardiography (ECG), laboratory tests, and imaging findings. Genetic testing plays a key role in ruling out sarcomeric
disease. An important point to note is that the epidemiology and causes of nonsarcomeric diseases vary between pediatric and adult populations.
CMR, cardiac magnetic resonance; Echo, echocardiography; HCM, hypertrophic cardiomyopathy; RASopathies, a broad spectrum of genetic dis-
orders arising from germline pathogenic variants in genes that encode proteins involved in the Ras/Mitogen-activated protein kinase (MAPK) signal
transduction pathway Q16.
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RASopathy phenotypes, Noonan syndrome (NS) is the most
prevalent, followed by NS with multiple lentigines (NSML),
cardiofaciocutaneous syndrome (CFCS), and Costello syn-
drome (CS).23

Variants in genes involved in the Ras/MAPK pathway are
identified in up to 80% of clinically diagnosed RASopathy
patients.24 In NS, pathogenic variants in PTPN11 are present
in approximately 50% of cases, with a minority caused by
variants in SOS1, RAF1, KRAS, NRAS, BRAF, SHOC2,
SPRED2, MAPK1, RIT1, SOS2, MRAS, RRAS2, LZTR1, and
PPPC1B.24 NSML cases are associated predominantly with
pathogenic variants in PTPN11 and RAF, CFCS with variants
in BRAF, MAP2K1, MAPK2, and KRAS, and CS primarily
with variants in HRAS.24

The prevalence of HCM is highest in NSML (up to 85%
of cases25), particularly within the first year of life, whereas it
occurs less frequently in patients with other RASopathies
(65% of patients with CS, 40% with CFCS, and 20% with
NS).26 Specific variants have been associated with earlier-onset
and more-severe HCM clinical presentations. For example,
pathogenic variants associated with NSML affecting PTPN11
exon 13 are associated with more-severe hypertrophy and a
worse prognosis.25

Clinically, RASopathies share a number of characteristics
in addition to HCM, including facial dysmorphism, growth
retardation, cryptorchidism, cognitive impairment, bleeding
disorders, renal malformations, and susceptibility to specific
cancers23 (Table 1).

Additional cardiovascular abnormalities, including pul-
monary valve stenosis, mitral valve dysplasia, and atrial and
ventricular septal defects, may be observed.27 Approximately
REV 5.6.0 DTD � CJCA5012_proof �
5%-10% of patients experience severe clinical presentations in
infancy, culminating in a 1-year mortality rate of 70%.17

The pathophysiology of HCM in RASopathies varies be-
tween genotypes. For example, variants related to NS are often
gain-of-function alleles, displaying increased upregulation of
MAPK signaling. In contrast, variants associated with NSML
are characterized by catalytic impairment and heightened signal
transmission through the PI3K-AKT-mTOR pathway.28

A better understanding of the molecular pathophysiology
has led to the development of novel therapies targeting the
underlying substrate.22 Studies suggest that MEK1 inhibitors
may effectively address cardiovascular and lymphatic abnor-
malities associated with RASopathies, stabilizing or regressing
clinical phenotypes and enhancing outcomes when the path-
ogenic variant is responsible for an upregulation of the Ras/
MAPK pathway.29 Conversely, mTOR inhibitors appear to
ameliorate the cardiac phenotype in patients carrying variants
associated with an upregulation of the PI3K-AKT-mTOR
pathway.30 In some cases, a variable degree of overactivation
of both pathways has been observed, suggesting the need for
further studies to explore the benefit of specific disease-
modifying treatments. Important to note is that the use of
MEK1 and mTOR inhibitors in these contexts is off-label for
infants and remains investigational, with data derived exclu-
sively from case reports, with no cohort studies or trials.
Glycogen Storage Disorders
Glycogen storage disorders (GSDs) are a broad group of

disorders caused by pathogenic variants in genes encoding
proteins involved in glycogenesis, glycogenolysis, or
29 March 2024 � 9:22 pm � ce
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Figure 2. Diagnostic clues in hypertrophic cardiomyopathy (HCM) mimics. AFD, Anderson Fabry disease; CA, cardiac amyloidosis; CK; creatine
kinase; CMR, cardiac magnetic resonance; LGE, late gadolinium enhancement; LVH, left ventricular hypertrophy; RASopathies, a broad spectrum of
genetic disorders arising from germline pathogenic variants in genes that encode proteins involved in the Ras/Mitogen-activated protein kinase
(MAPK) signal transduction pathway Q17. Created with BioRender.com.
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glycolysis31 that results in increased glycogen content in
several organs, primarily the liver, skeletal muscle, and
myocardium.31 Pompe disease (GSD type IIa), Danon disease
(GSD type IIb), Cori disease (GSD type III), and PRKAG2
disease are typically associated with HCM presenting during
childhood.

The pattern of inheritance and the clinical presentation of
individual GSDs vary. Pompe disease is inherited as an
autosomal recessive trait caused by biallelic variants in GAA,
which encodes the acid a-glucosidase enzyme.32 Clinical
presentation varies according to the degree of residual enzyme
activity. In patients with absent or severely reduced enzyme
activity, disease onset usually occurs during infancy, with
marked cardiac hypertrophy and skeletal muscle weakness
associated with a poor outcome, if left untreated.33 In
contrast, variants associated with residual enzyme activity are
associated with skeletal myopathy during childhood or
adulthood, usually without cardiomyopathy.
REV 5.6.0 DTD � CJCA5012_proof �
Danon disease is an X-linked disorder caused by patho-
genic variants in LAMP2, which encodes the lysosomal-
associated membrane protein 2 (LAMP2).34 The absence or
reduction in LAMP2 results in the accumulation of auto-
phagosomes and glycogen in the skeletal and cardiac muscles,
associated with progressive HF and premature death during
adolescence or early adulthood, especially in male patients.34

Cori disease is an autosomal recessive trait caused by
biallelic pathogenic variants in AGL, which encodes the
glycogen debranching enzyme.35 Two different forms have
been described, with GSD type IIIa affecting the liver, cardiac,
and skeletal muscles, and GSD type IIIb showing isolated
hepatic involvement.35 PRKAG2 disease is inherited, with an
autosomal dominant pattern, and is caused by pathogenic
variants in PRKAG2, which encodes for the g2 regulatory
subunit of AMP-activated protein kinase, leading to impair-
ment in glucose metabolism and glycogen storage in the
myocardium.36
29 March 2024 � 9:22 pm � ce
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These conditions are characterized by prominent LVH,
often accompanied by typical electrophysiological abnormal-
ities, including a short PR interval or ventricular pre-excitation
and prominent electrocardiographic voltages.37 Family his-
tory, although informative for PRKAG2 disease, is typically
absent in patients with Pompe disease or Danon disease,
owing to the recessive inheritance patterns of these conditions.
Pompe disease should be considered in infants presenting with
multiorgan involvement, characterized by severe biventricular
hypertrophy, hepatomegaly, increased serum transaminases
and creatine kinase levels, hypotonia, and motor delay.8 In
contrast, Danon disease and PRKAG2 usually present after
the first year of life, and in the case of Danon disease, male
patients exhibit an earlier-onset clinical presentation, with
muscle involvement and cognitive impairment.38

Enzyme replacement therapy (ERT) is available for both
patients with early-onset and those with late-onset Pompe
disease and results in significant improvements in cardiac and
muscle function, and an overall increase in survival.39 For
other GSDs, clinical surveillance should be tailored to the
known manifestations of disease. For instance, patients with
PRKAG2 disease are at a heightened risk of atrioventricular
block and ventricular arrhythmias.36
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Friedreich’s Ataxia
FA is an autosomal recessive neuromuscular disorder

caused by a pathologic variant in FXN encoding the protein
frataxin. Of affected individuals, 90% are homozygous for an
expanded GAA trinucleotide repeat in intron 1 of FXN, with
the remainder being compound heterozygous.40 The number
of repeats correlates with an earlier onset and increased disease
severity.41 Frataxin, a highly conserved protein, acts as an iron
chaperone42 that plays a vital role in the synthesis of iron-
sulfur cluster proteins that regulate mitochondrial iron con-
tent. Complete frataxin deficiency in cardiac and skeletal
muscle leads to increased mitochondrial iron levels, and in
turn, to mitochondrial dysfunction and severe oxidative
stress.42 This condition is associated partially with an
impairment of the transcriptional factor nuclear factor
erythroid 2-related factor 2 (NRF2) signaling pathway, which
is crucial in protecting against several conditions associated
with inflammation and oxidative stress.43

Typically, FA manifests during the second decade of life
with progressive neuromuscular symptoms, HCM, and dia-
betes.44 Cardiac disease in FA is characterized by ventricular
hypertrophy and mitochondrial proliferation within car-
diomyocytes and a later hypokinetic phase due to oxidative
stress, progressive iron accumulation, and fibrosis.45 Patients
who develop the hypokinetic phase have a poor prognosis due
to progressive HF. Nearly one-third of patients manifest
conduction abnormalities, atrial tachyarrhythmias, and atrial
fibrillation.46

Several treatments aiming at reducing oxidative stress have
been evaluated. Idebenone, a coenzyme Q10 analog with
antioxidant activity, has been evaluated in different random-
ized clinical trials but has failed to demonstrate beneficial ef-
fects on neurologic and cardiac function.22 Omaveloxolone,
an NRF2 agonist has been shown to improve neurologic
function in a phase II randomized clinical trial and has
received US Food and Drug Administration (FDA) approval
REV 5.6.0 DTD � CJCA5012_proof �
for the treatment of FA. However, its effect on cardiac
function is unknown.47
Mitochondrial Diseases (MDs)
Mitochondrial diseases (MDs) are a diverse group of dis-

orders stemming from mutations in either mitochondrial
DNA (mtDNA) or nuclear DNA (nDNA) that encode
mitochondrial respiratory chain units. These mutations
disrupt the oxidative phosphorylation system, leading to
decreased adenosine triphosphate production, which is crucial
for energy generation in cells. MDs affect predominantly
high-energy-demand tissues, causing multisystemic defects,
especially in the neurologic, ophthalmologic, auditory, endo-
crinologic, and cardiovascular systems.48,49 The most preva-
lent genetic variant is the m.3243A > G variant, followed by
single, large-scale mtDNA deletions.50

Clinically, MDs present a spectrum from mild to severe
multisystemic involvement, but isolated cardiac phenotypes
are not uncommon. Common manifestations include
increased creatine kinase levels, skeletal myopathy, endocrine
disorders, and central nervous system symptoms, such as en-
cephalopathy and stroke-like episodes.48 A maternal inheri-
tance pattern and extracardiac features are important for
diagnosis.20

Various mtDNA mutations result in distinct cardiovascular
phenotypes.51 About 30% of patients exhibit cardiac
involvement, and up to 23% have LVH. Another 8% of
patients exhibit symptoms of HF and a reduced left ventric-
ular ejection fraction (LVEF).50 Conduction disease is another
important finding at baseline, with a short PR interval and
Wolff-Parkinson-White syndrome being common findings.

Mitochondrial cardiomyopathies have a different natural
history and progression compared to sarcomeric HCM.52

Approximately 10% of patients experience life-threatening
cardiac complications over 10 years. Patients who carry sin-
gle, large-scale mtDNA deletions exhibit worse cardiac out-
comes.50 Conduction disease, LVEF below 50%, and large-
scale mtDNA deletions are independently associated with
the development of arrhythmic endpoints, including sudden
cardiac death, high-degree conduction disease, and sustained
ventricular arrhythmias. In contrast, conduction disease,
LVH, LVEF < 50%, the m.3243A > G variant, and pre-
mature ventricular beats are independent predictors of HF
outcomes, including death, HF hospitalization, and heart
transplant.50

Diagnosing MDs involves a comprehensive evaluation,
owing to its clinical and genetic heterogeneity. Molecular
testing and skeletal muscle biopsies are essential.53 The pres-
ence of red ragged fibers in biopsies and biochemical analyses
of tissue samples are key diagnostic indicators.48,53

Currently, no specific pharmacologic treatments are avail-
able for managing MDs.54 However, innovative therapeutic
approaches, such as using mitochondrially targeted enzymes to
selectively degrade mutant mtDNA while allowing the pro-
liferation and restoration of wild-type molecules, show
promise.55 Patients are advised to avoid certain medications
and fasting.56 Standard guidance should be followed for the
management of arrhythmias, HF symptoms, and left ven-
tricular dysfunction. However, approaches to prevention of
sudden death in the context of mitochondrial disease are not
29 March 2024 � 9:22 pm � ce
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well-defined. Prophylactic permanent pacing may be consid-
ered for individuals with large-scale mtDNA deletions, espe-
cially those with multiple risk factors.50,57 Implantable
cardioverter-defibrillators may be appropriate for patients with
severe LVH and fibrosis.50
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Anderson-Fabry Disease
AFD is a progressive, multisystem X-linked lysosomal

storage disorder resulting from pathogenic variants in the GLA
gene. These variants result in deficiency of the lysosomal
enzyme alpha-galactosidase A (a-Gal A), leading to the sys-
temic deposition of globotriaosylceramide (Gb3) and its
deacylated derivative, globotriaosylsphingosine (lyso-Gb3).
Accumulation occurs in various cell types and affects multiple
organs and tissues, including the renal, cardiac, and nervous
systems.58

The severity and age of onset of AFD correlate with the
level of a-Gal A activity and are influenced by the specific
GLA variant and patient sex. The classical phenotype of AFD,
generally associated with little to no a-Gal A activity, often
results from nonsense and frameshift variants. Conversely,
some missense and less-common cryptic splicing variants may
allow for residual enzyme activity, leading to milder or late-
onset forms of the disease.59,60 In heterozygous female pa-
tients, random X-chromosome inactivation results in a range
of clinical features, from asymptomatic to severe
phenotypes.61

Classical AFD is characterized by an array of symptoms in
childhood, including neuropathic pain, angiokeratomas,
hypohidrosis, and gastrointestinal manifestations. Early renal
involvement results in albuminuria, and later in progressive
renal impairment. Cerebrovascular manifestations, in the form
of transient ischemic attacks and stroke, typically emerge by
the third or fourth decade of life.62,63 Cardiac involvement in
AFD is a major determinant of patient prognosis. Patients
with AFD develop cardiomyopathy characterized by progres-
sive LVH, often presenting initially as concentric remodelling
and later as hypertrophy.64 Asymmetric septal hypertrophy is
also observed, mimicking sarcomeric HCM.65,66

Cardiac magnetic resonance goes beyond structural
assessment by detecting sphingolipid accumulation, edema,
and interstitial fibrosis. Native T1 measurements are partic-
ularly relevant in AFD, as they can reflect the presence of
glycosphingolipid accumulation, even before the development
of LVH. This makes native T1 mapping a potential screening
tool for AFD in patients with unexplained LVH. Posterolat-
eral left ventricular late gadolinium enhancement and a low
native T1 are characteristic of AFD. 63,67,68 However, sarco-
meric HCM and AFD may be indistinguishable on cardiac
magnetic resonance.

Diastolic dysfunction is a common early feature, but it
only rarely progresses to a restrictive cardiomyopathy.69

Microvascular ischemia caused by impaired coronary flow
reserve may explain exertional chest pain and dyspnea in some
patients.70 In a minority of patients with advanced disease,
systolic LV dysfunction and valvular disease may occur.

Late-onset AFD may be confined to a single organ system
that is often unrecognized until later in adult life. The
p.Asn215Ser GLA variant is the most common variant asso-
ciated with this late-onset presentation and usually presents
REV 5.6.0 DTD � CJCA5012_proof �
with isolated cardiac involvement without significant renal or
cerebrovascular manifestations.71,72 Other variants previously
described as being associated with late-onset presentations,
such as p.Asp313Tyr and p.Glu66Gln, are now considered to
be benign polymorphisms, as they are common in the general
population and are not associated with elevated plasma levels
of lyso-Gb3 or tissue deposits of Gb3.

The diagnosis of AFD requires a high index of suspicion
and should be considered in patients with unexplained LVH,
proteinuria, and stroke. For male patients, diagnosis of AFD
can be made by measuring a-Gal A activity in plasma or
leukocytes. However, due to the variability in enzyme activity,
female heterozygotes may have normal a-Gal A levels, and
thus diagnosis often requires genetic analysis. The identifica-
tion of a pathogenic GLA gene variant provides definitive
evidence for AFD, but when genetic tests yield variants of
unknown significance (VUS)62, histologic examination of
affected tissues, including light and electron microscopy
showing characteristic “zebra bodies,” can be helpful.

Two enzyme replacement formulations, agalsidase alfa and
agalsidase beta, are currently available. Studies have demon-
strated that ERT is associated with stabilization of renal
function and myocardial hypertrophy. In addition, ERT has
been associated with a reduction in cerebrovascular events and
an enhancement in overall quality of life.73,74 A second-
generation ERT, pegunigalsidase-a, characterized by reduced
immunogenicity and an extended half-life, has proven to be
safe and effective in AFD patients. Migalastat, a chaperone
therapy approved for the treatment of AFD, provides an
alternative to ERT activity in patients with amenable GLA
pathogenic variants, and it may stabilize renal function and
cardiac mass. Unlike ERT, migalastat has the potential to
cross the blood-brain barrier.75,76 Research is ongoing into
new treatment options for AFD, including substrate reduction
and gene therapies.

For further reading, refer to the expert consensus docu-
ment on the management of cardiovascular manifestations of
Fabry disease.63
Cardiac Amyloidosis
The term amyloidosis refers to the extracellular deposition

of insoluble fibrils that are derived from various precursor
proteins but share a common fibrillar structure.77 Identification
of the precursor protein is crucial for determining prognosis
and directing treatment options. Immunoglobulin light chain
amyloidosis (AL) and transthyretin (TTR)- related amyloidosis
(ATTR) account for the majority of cardiac forms, with the
latter further classified into wild-type (wtATTR) and familial
subtypes caused by variants in the TTR gene.78

AL amyloidosis

AL amyloidosis is a rare condition, with an incidence
ranging from 3 to 12 affected individuals per million person-
years.79-81 The mean age at diagnosis is 63 years, and
approximately 55% of patients are male.82 AL amyloidosis is
caused predominantly by an expansion of a B-cell clone,
resulting in the excess production of immunoglobulin light
chains. This condition typically occurs in individuals with
clonal plasma cell disorders, such as multiple myeloma and
monoclonal gammopathy of unknown significance
29 March 2024 � 9:22 pm � ce
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(MGUS).83 The heart and kidneys are the main organs
affected by AL amyloidosis, but virtually all organs, excluding
the brain, can be impacted. Cardiac involvement is evident in
50% to 75% of AL amyloidosis cases and results from amy-
loid infiltration of the myocardium and a direct cytotoxic
effect of immunoglobulin light chains.84 An abnormal in-
crease in either lambda or kappa free light chains, and the
presence of a monoclonal band on immunofixation, suggests a
plasma cell dyscrasia. Diagnosis can be challenging in chronic
kidney disease due to elevated kappa and lambda light chains,
and also with aging, with which the prevalence of MGUS
increases.85

TTR amyloidosis

TTR is a tetrameric protein synthesized primarily in the
liver that binds and transports thyroxine and retinol-binding
protein in the plasma. Pathogenic variants in the TTR gene
lead to the destabilization of the TTR tetramer and its
dissociation into monomers and oligomeric structures that
subsequently deposit as amyloid fibrils. More than 120
pathogenic variants in the TTR gene are described and are
inherited as an autosomal dominant trait with incomplete
penetrance. Some variants occur in geographic clusters. For
instance, p.Val30Met is endemic in Portugal, northern Swe-
den, Japan, and Brazil, whereas the p.Val122lle mutation,
which causes primarily cardiac disease, has a high prevalence
(3%-4%) among individuals of Black West-African
ancestry.86-89 Wild-type ATTR occurs as an acquired, spo-
radic form. The underlying mechanism that drives protein
instability and aggregation is not fully understood, but the
disease occurs exclusively in older adults.

Clinical presentation

ATTR exhibits a significant male predominance, although
recent studies have shown a higher proportion of female pa-
tients than previously was recognized.90 ATTR also can cause
various systemic symptoms involving the peripheral and
autonomic nervous systems, such as bilateral carpal tunnel
syndrome, lumbar spinal stenosis, and peripheral sensor-
ineuropathy. Other systemic signs, such as dysautonomia,
presenting as orthostatic hypotension, gastrointestinal distur-
bances, and erectile dysfunction, may also be present, espe-
cially in variants of the TTR gene. Neurologic symptoms can
precede cardiac symptoms and are often overlooked or
attributed to other causes.91 Other extracardiac manifestations
include bicep tendon rupture and vitreous opacities.

Individuals with AL or ATTR-CA may experience symptoms
of HF while maintaining a normal ejection fraction (HFpEF)
and moderate to significant wall thickening. LVEF tends to be
preserved or only slightly decreased, but the stroke volume is
notably below the standard reference range, and the left ventricle
is small. The combination of diastolic dysfunction and the low
stroke volume, which only slightly increases during physical ac-
tivity, results in reduced exercise capacity and symptoms of HF.

Cardiac amyloidosis can cause atrioventricular block and
other conduction abnormalities, especially in wild-type
ATTR, which shows the highest need for pacemakers.90

First-degree atrioventricular block is particularly prevalent,
occurring in nearly half of the ATTR population. Atrial
fibrillation is a major complication in ATTR-CA, occurring in
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up to 70% of wild-type ATTR patients.92-94 The loss of atrial
contribution to ventricular filling in atrial fibrillation can be
poorly tolerated, and the risk of intracardiac thrombus sys-
temic embolization is increased in all CA patients.95

Diagnosis

Echocardiography is the primary screening tool for CA; key
findings include increased left ventricular wall thickness,
dilated atria, thickening of the interatrial septum and cardiac
valves, right ventricular thickening, and pericardial effusion.
The pattern of left ventricular thickening is typically
concentric, but about 25% of patients may exhibit an asym-
metric hypertrophy pattern, and a normal wall thickness does
not exclude CA. Global longitudinal strain is often reduced,
particularly in basal segments, leading to the distinctive "apical
sparing" pattern. Contrast-enhanced cardiac magnetic reso-
nance imaging often shows diffuse subendocardial or trans-
mural late gadolinium enhancement with markedly elevated
native T1 mapping and increased extracellular volume.

Nuclear imaging with bone-avid tracers (technetium-99m-
labelled [99mTc]-pyrophosphate, 99mTc 3,3-diphosphono-
1,2-propanodicarboxylic acid [99mTc-DPD], and 99mTc
hydroxymethylene diphosphonate [99mTc-HMDP Q]) provides
a sensitive noninvasive method for detecting wtATTR in the
absence of monoclonal gammopathy and free light chains in
serum and urine.77,96 In the presence of monoclonal gamm-
opathy, tissue biopsy (including endomyocardial biopsy) is
essential to identify light-chain amyloid deposits. Immunohis-
tochemistry, immunofluorescence, and laser microdissection
with mass spectrometry help in subtype diagnosis.77,97 Genetic
testing is essential in the diagnosis and management of ATTR
cardiomyopathy. In CA cases with a normal TTR gene but a
strong family history, non-TTR variants such as gelsolin,
AApoA1, A2, and fibrinogen should also be considered (Fig. 3).

Treatment

The general management of CA includes maintenance of
euvolemia and careful use of diuretics and aldosterone an-
tagonists for HF symptoms. Angiotensin-converting enzyme
inhibitors and beta-blockers are often less well tolerated in
advanced CA, owing to the fixed stroke volume and hypo-
tension. Arrhythmia management includes anticoagulation for
stroke risk in atrial fibrillation, irrespective of Congestive
Heart Failure, Hypertension, Age � 75 Years, Diabetes
Mellitus, Stroke, Vascular Disease, Age 65 to 74 Years, Sex
Category (CHA2DS2Vasc Q) or other stroke risk calculators.
Pacemakers may be necessary for conduction disease.

Specific treatment for AL amyloidosis is focused mainly on
treating the underlying plasma cell disorder. This treatment
involves targeting the suppression of abnormal free light chain
production by means of chemotherapy, with or without
autologous stem cell transplantation. On the other hand,
therapies for ATTR amyloidosis aim to disrupt the pathologic
cascade from TTR production to amyloid fibril formation.22

Tafamidis, the only licensed therapy for the treatment of
ATTR cardiomyopathy binds to TTR, stabilizing its tetra-
meric form and inhibiting dissociation into monomers that
aggregate into amyloid deposits. Tafamidis slows functional
deterioration, decreases mortality, and reduces cardiac-related
hospitalizations in patients with ATTR cardiomyopathy.98
29 March 2024 � 9:22 pm � ce



Q10

11

12

p
ri
n
t
&
w
e
b
4
C
=
F
P
O

Figure 3. Diagnostic red flags in cardiac amyloidosis. AV, atrioventricular; DPD, 3,3-diphosphono-1,2-propanodicarboxylic acid; ECG, electrocar-
diography; LGE, late gadolinium enhancement; LVH, left ventricular hypertrophy; TTR, transthyretin; wtTTR, wild-type transthyretin. . Created with
BioRender.com.

721

722

723

724

725

726

727

728

729

730

731

732

733

734

735

736

737

738

739

740

741

742

743

744

745

746

747

748

749

750

751

752

753

754

755

756

757

758

759

760

761

762

763

764

765

766

767

768

769

770

771

772

773

774

775

776

777

778

779

780

781

782

783

784

785

786

787

788

789

790

791

792

793

794

795

796

797

798

799

800

801

802

803

804

805

806

807

808

809

810

Bakalakos et al. 9
Phenocopies and Mimics of HCM
Orthotopic liver transplantation previously was the only
disease-modifying treatment option to halt TTR production,
particularly in early-onset ATTRv amyloidosis. Novel ap-
proaches include antisense oligonucleotides (ASOs), which are
single-stranded molecules that bind to TTR mRNA, leading
to its degradation.22 Gene editing with clustered regularly
interspaced palindromic repeats (CRISPR) Cas9 technology is
under investigation in ongoing clinical trials.99 Monoclonal
antibodies, such as NI006, target amyloid deposits, facilitating
phagocytosis and clearance of amyloid deposits from tissues.
Clinical trials have shown that NI006 can effectively remove
amyloid without significant adverse events, thereby providing
a promising therapeutic strategy.100

For further reading, see the position statement of the Eu-
ropean Society of Cardiology (ESC) Working Group on
Myocardial and Pericardial Diseases on the diagnosis and
treatment of CA.78

Summary

HCM is an umbrella term that encompasses autosomal
dominant disease caused by sarcomeric gene mutations and other
conditions such as metabolic, infiltrative, and neuromuscular
REV 5.6.0 DTD � CJCA5012_proof �
diseases. These mimics have distinct pathophysiology and
treatment approaches. Recent advances have led to novel thera-
pies, marking a new era in personalized treatment for hyper-
trophic heart disease. Early diagnosis and treatment are vital for
preventing disease progression and complications, with a growing
emphasis on tailored treatments for the various causes of HCM.
Ethics Statement Q

xxx
Patient Consent
The authors confirm that patient consent is not applicable to

this review article, as it does not analyze individual identifiable
data.
Funding Sources
The authors have no funding sources to declare Q.
Disclosures
The authors have no conflicts of interest to disclose.
29 March 2024 � 9:22 pm � ce

http://BioRender.com


Q13

811

812

813

814

815

816

817

818

819

820

821

822

823

824

825

826

827

828

829

830

831

832

833

834

835

836

837

838

839

840

841

842

843

844

845

846

847

848

849

850

851

852

853

854

855

856

857

858

859

860

861

862

863

864

865

866

867

868

869

870

871

872

873

874

875

876

877

878

879

880

881

882

883

884

885

886

887

888

889

890

891

892

893

894

895

896

897

898

899

900

10 Canadian Journal of Cardiology
Volume - 2024
References

1. Arbelo E, Protonotarios A, Gimeno JR, et al. 2023 ESC guidelines for
the management of cardiomyopathies. Eur Heart J 2023;44:3503-626.

2. Marian AJ. Molecular genetic basis of hypertrophic cardiomyopathy.
Circ Res 2021;128:1533-53.

3. Ommen SR, Mital S, Burke MA, et al. 2020 AHA/ACC guideline for
the diagnosis and treatment of patients with hypertrophic cardiomy-
opathy. J Am Coll Cardiol 2020;76:e159-240.

4. McKenna WJ, Judge DP. Epidemiology of the inherited cardiomyop-
athies. Nat Rev Cardiol 2021;18:22-36.

5. Massera D, McClelland RL, Ambale-Venkatesh B, et al. Prevalence of
unexplained left ventricular hypertrophy by cardiac magnetic resonance
imaging in MESA. J Am Heart Assoc 2019;8:e012250.

6. Lopes LR, Aung N, van Duijvenboden S, et al. Prevalence of hyper-
trophic cardiomyopathy in the UK Biobank population. JAMA Cardiol
2021;6:852.

7. Pujades-Rodriguez M, Guttmann OP, Gonzalez-Izquierdo A, et al.
Identifying unmet clinical need in hypertrophic cardiomyopathy using
national electronic health records. PLoS One 2018;13:e0191214.

8. Brownrigg JR, Leo V, Rose J, et al. Epidemiology of cardiomyopathies
and incident heart failure in a population-based cohort study. Heart
2022;108:1383-91.

9. Bick AG, Flannick J, Ito K, et al. Burden of rare sarcomere gene variants
in the Framingham and Jackson Heart Study cohorts. Am J Hum Genet
2012;91:513-9.

10. de Marvao A, McGurk KA, Zheng SL, et al. Phenotypic expression and
outcomes in individuals with rare genetic variants of hypertrophic car-
diomyopathy. J Am Coll Cardiol 2021;78:1097-110.

11. Bourfiss M, Van Vugt M, Alasiri AI, et al. Prevalence and disease
expression of pathogenic and likely pathogenic variants associated with
inherited cardiomyopathies in the general population. Circ Genom
Precis Med 2022;15:e003704.

12. Asatryan B, Shah RA, Sharaf Dabbagh G, et al. Predicted deleterious
variants in cardiomyopathy genes prognosticate mortality and composite
outcomes in UK Biobank [e-pub ahead of print]. JACC Heart Fail
https://doi.org/10.1016/j.jchf.2023.07.023, accessed xxx.

13. Monda E, Diana G, Graziani F, et al. Impact of GLA variant classifi-
cation on the estimated prevalence of Fabry disease: a systematic review
and meta-analysis of screening studies. Circ Genom Precis Med
2023;16:e004252.

14. Maurizi N, Rella V, Fumagalli C, et al. Prevalence of cardiac
amyloidosis among adult patients referred to tertiary centres with an
initial diagnosis of hypertrophic cardiomyopathy. Int J Cardiol
2020;300:191-5.

15. Damy T, Costes B, Hagège AA, et al. Prevalence and clinical phenotype
of hereditary transthyretin amyloid cardiomyopathy in patients with
increased left ventricular wall thickness. Eur Heart J 2016;37:1826-34.

16. Aimo A, Merlo M, Porcari A, et al. Redefining the epidemiology of
cardiac amyloidosis. A systematic review and meta-analysis of screening
studies. Eur J Heart Fail 2022;24:2342-51.

17. Norrish G, Field E, Mcleod K, et al. Clinical presentation and survival
of childhood hypertrophic cardiomyopathy: a retrospective study in
United Kingdom. Eur Heart J 2019;40:986-93.

18. Norrish G, Kolt G, Cervi E, et al. Clinical presentation and long-term
outcomes of infantile hypertrophic cardiomyopathy: a European mul-
ticentre study. ESC Heart Fail 2021;8:5057-67.
REV 5.6.0 DTD � CJCA5012_proof �
19. Marston NA, Han L, Olivotto I, et al. Clinical characteristics and
outcomes in childhood-onset hypertrophic cardiomyopathy. Eur Heart J
2021;42:1988-96.

20. Rapezzi C, Arbustini E, Caforio ALP, et al. Diagnostic work-up in
cardiomyopathies: bridging the gap between clinical phenotypes and
final diagnosis. A position statement from the ESC Working Group on
Myocardial and Pericardial Diseases. Eur Heart J 2013;34:1448-58.

21. Limongelli G, Monda E, Tramonte S, et al. Prevalence and clinical
significance of red flags in patients with hypertrophic cardiomyopathy.
Int J Cardiol 2020;299:186-91.

22. Monda E, Bakalakos A, Rubino M, et al. Targeted therapies in pediatric
and adult patients with hypertrophic heart disease: from molecular
pathophysiology to personalized medicine. Circ Heart Fail 2023;16:
e010687.

23. Zenker M. Clinical overview on RASopathies. Am J Med Genet C
Semin Med Genet 2022;190:414-24.

24. Tartaglia M, Aoki Y, Gelb BD. The molecular genetics of RASopathies:
an update on novel disease genes and new disorders. Am J Med Genet C
Semin Med Genet 2022;190:425-39.

25. Monda E, Prosnitz A, Aiello R, et al. Natural history of hypertrophic
cardiomyopathy in Noonan syndrome with multiple lentigines. Circ
Genom Precis Med 2023;16:350-8.

26. Lioncino M, Monda E, Verrillo F, et al. Hypertrophic cardiomyopathy
in RASopathies. Heart Fail Clin 2022;18:19-29.

27. Delogu AB, Limongelli G, Versacci P, et al. The heart in RASopathies.
Am J Med Genet C Semin Med Genet 2022;190:440-51.

28. Gelb BD, Tartaglia M. RAS signaling pathway mutations and hyper-
trophic cardiomyopathy: getting into and out of the thick of it. J Clin
Invest 2011;121:844-7.

29. Andelfinger G, Marquis C, Raboisson MJ, et al. Hypertrophic cardio-
myopathy in Noonan syndrome treated by MEK-Inhibition. J Am Coll
Cardiol 2019;73:2237-9.

30. Marin TM, Keith K, Davies B, et al. Rapamycin reverses hypertrophic
cardiomyopathy in a mouse model of LEOPARD syndromeeassociated
PTPN11 mutation. J Clin Invest 2011;121:1026-43.

31. Hannah WB, Derks TGJ, DrummML, et al. Glycogen storage diseases.
Nat Rev Dis Primers 2023;9:46.

32. Martínez M, Romero MG, Guereta LG, et al. Infantile-onset Pompe
disease with neonatal debut: a case report and literature review. Medi-
cine (Baltimore) 2017;96:e9186.

33. Kishnani PS, Steiner RD, Bali D, et al. Pompe disease diagnosis and
management guideline. Genet Med 2006;8:267-88.

34. Hong KN, Eshraghian EA, Arad M, et al. International consensus on
differential diagnosis and management of patients with Danon disease.
J Am Coll Cardiol 2023;82:1628-47.

35. Kishnani PS, Austin SL, Arn P, et al. Glycogen storage disease type III
diagnosis and management guidelines. Genet Med 2010;12:446-63.

36. Porto AG, Brun F, Severini GM, et al. Clinical spectrum of PRKAG2
syndrome. Circ Arrhythm Electrophysiol 2016;9:e003121.

37. Limongelli G, Adorisio R, Baggio C, et al. Diagnosis and management
of rare cardiomyopathies in adult and paediatric patients. A position
paper of the Italian Society of Cardiology (SIC) and Italian Society of
Paediatric Cardiology (SICP). Int J Cardiol 2022;357:55-71.
29 March 2024 � 9:22 pm � ce

https://doi.org/10.1016/j.jchf.2023.07.023


Q14

Q15

901

902

903

904

905

906

907

908

909

910

911

912

913

914

915

916

917

918

919

920

921

922

923

924

925

926

927

928

929

930

931

932

933

934

935

936

937

938

939

940

941

942

943

944

945

946

947

948

949

950

951

952

953

954

955

956

957

958

959

960

961

962

963

964

965

966

967

968

969

970

971

972

973

974

975

976

977

978

979

980

981

982

983

984

985

986

987

988

989

990

Bakalakos et al. 11
Phenocopies and Mimics of HCM
38. Arad M, Maron BJ, Gorham JM, et al. Glycogen storage diseases pre-
senting as hypertrophic cardiomyopathy. N Engl J Med 2005;352:
362-72.

39. Klinge L, Straub V, Neudorf U, et al. Safety and efficacy of recombinant
acid alpha-glucosidase (rhGAA) in patients with classical infantile
Pompe disease: results of a phase II clinical trial. Neuromusc Disord
2005;15:24-31.

40. Delatycki MB. Friedreich ataxia: an overview. J Med Genet 2000;37:
1-8.

41. Castaldo I, Pinelli M, Monticelli A, et al. DNA methylation in intron 1
of the frataxin gene is related to GAA repeat length and age of onset in
Friedreich ataxia patients. J Med Genet 2008;45:808-12.

42. Babcock M, De Silva D, Oaks R, et al. Regulation of mitochondrial iron
accumulation by Yfh1p, a putative homolog of frataxin. Science
1997;276:1709-12.

43. D’Oria V, Petrini S, Travaglini L, et al. Frataxin deficiency leads to
reduced expression and impaired translocation of NF-E2-related factor
(Nrf2) in cultured motor neurons. Int J Mol Sci 2013;14:7853-65.

44. Monda E, Lioncino M, Rubino M, et al. Diagnosis and management of
cardiovascular involvement in Friedreich ataxia. Heart Fail Clin
2022;18:31-7.

45. Ramirez RL, Qian J, Santambrogio P, Levi S, Koeppen AH. Relation of
cytosolic iron excess to cardiomyopathy of Friedreich’s ataxia. Am J
Cardiol 2012;110:1820-7.

46. Norrish G, Rance T, Montanes E, et al. Friedreich’s ataxia-associated
childhood hypertrophic cardiomyopathy: a national cohort study.
Arch Dis Child 2022;107:450-5.

47. Lynch DR, Chin MP, Delatycki MB, et al. Safety and efficacy of
omaveloxolone in Friedreich ataxia (MOXIe Study). Ann Neurol
2021;89:212-25.

48. DiMauro S, Schon EA. Mitochondrial respiratory-chain diseases.
N Engl J Med 2003;348:2656-68.

49. Hanna MG, Nelson IP. Genetics and molecular pathogenesis of mito-
chondrial respiratory chain diseases. Cell Mol Life Sci 1999;55:691-706.

50. Savvatis K, Vissing CR, Klouvi L, et al. Cardiac outcomes in adults with
mitochondrial diseases. J Am Coll Cardiol 2022;80:1421-30.

51. Limongelli G, Tome-Esteban M, Dejthevaporn C, et al. Prevalence and
natural history of heart disease in adults with primary mitochondrial
respiratory chain disease. Eur J Heart Fail 2010;12:114-21.

52. Wahbi K, Bougouin W, Behin A, et al. Long-term cardiac prognosis
and risk stratification in 260 adults presenting with mitochondrial dis-
eases. Eur Heart J 2015;36:2886-93.

53. Parikh S, Goldstein A, Koenig MK, et al. Diagnosis and management of
mitochondrial disease: a consensus statement from the Mitochondrial
Medicine Society. Genet Med 2015;17:689-701.

54. Pfeffer G, Majamaa K, Turnbull DM, Thorburn D, Chinnery PF.
Treatment for mitochondrial disorders. Cochrane Database Syst Rev.
Available at: https://www.cochrane.org/CD004426/NEUROMUSC_
treatment-for-mitochondrial-disorders#. Accessed xx.

55. Nissanka N, Moraes CT. Mitochondrial DNA heteroplasmy in disease
and targeted nuclease-based therapeutic approaches. EMBO Rep
2020;21:e49612.

56. Parikh S, Goldstein A, Karaa A, et al. Patient care standards for primary
mitochondrial disease: a consensus statement from the Mitochondrial
Medicine Society. Genet Med 2017;19:1380-97.
REV 5.6.0 DTD � CJCA5012_proof �
57. Glikson M, Nielsen JC, Kronborg MB, et al. 2021 ESC guidelines on
cardiac pacing and cardiac resynchronization therapy. Eur Heart J
2021;42:3427-520.

58. Germain DP. Fabry disease. Orphanet J Rare Dis 2010;5:30.

59. Ortiz A, Germain DP, Desnick RJ, et al. Fabry disease revisited:
management and treatment recommendations for adult patients. Mol
Genet Metab 2018;123:416-27.

60. Lukas J, Giese AK, Markoff A, et al. Functional characterisation of
alpha-galactosidase A mutations as a basis for a new classification system
in Fabry disease. PLoS Genet 2013;9:e1003632.

61. Echevarria L, Benistan K, Toussaint A, et al. X-chromosome inactiva-
tion in female patients with Fabry disease. Clin Genet 2016;89:44-54.

62. Rubino M, Monda E, Lioncino M, et al. Diagnosis and management of
cardiovascular involvement in Fabry disease. Heart Fail Clin 2022;18:
39-49.

63. Linhart A, Germain DP, Olivotto I, et al. An expert consensus docu-
ment on the management of cardiovascular manifestations of Fabry
disease. Eur J Heart Fail 2020;22:1076-96.

64. Linhart A, Elliott PM. The heart in Anderson-Fabry disease and other
lysosomal storage disorders. Heart 2007;93:528-35.

65. Linhart A, Pale�cek T, Bultas J, et al. New insights in cardiac structural
changes in patients with Fabry’s disease. Am Heart J 2000;139:1101-8.

66. Deva DP, Hanneman K, Li Q, et al. Cardiovascular magnetic resonance
demonstration of the spectrum of morphological phenotypes and pat-
terns of myocardial scarring in Anderson-Fabry disease. J Cardiovasc
Magn Reson 2016;18:14.

67. Perry R, Shah R, Saiedi M, et al. The role of cardiac imaging in the
diagnosis and management of Anderson-Fabry disease. JACC Car-
diovasc Imaging 2019;12:1230-42.

68. Moon J. Gadolinium enhanced cardiovascular magnetic resonance in
Anderson-Fabry disease. Evidence for a disease specific abnormality of
the myocardial interstitium. Eur Heart J 2003;24:2151-5.

69. Linhart A, Kampmann C, Zamorano JL, et al. Cardiac manifestations of
Anderson-Fabry disease: results from the international Fabry outcome
survey. Eur Heart J 2007;28:1228-35.

70. Elliott PM, Kindler H, Shah JS, et al. Coronary microvascular
dysfunction in male patients with Anderson-Fabry disease and the effect
of treatment with a galactosidase A. Heart 2006;92:357-60.

71. Patel V, O’Mahony C, Hughes D, et al. Clinical and genetic predictors
of major cardiac events in patients with AndersoneFabry Disease. Heart
2015;101:961-6.

72. Germain DP, Brand E, Burlina A, et al. Phenotypic characteristics of the
p.Asn215Ser (p.N215S) GLA mutation in male and female patients
with Fabry disease: a multicenter Fabry Registry study. Mol Genet
Genom Med 2018;6:492-503.

73. Beck M, Hughes D, Kampmann C, et al. Long-term effectiveness of
agalsidase alfa enzyme replacement in Fabry disease: a Fabry Outcome
Survey analysis. Mol Genet Metabol Rep 2015;3:21-7.

74. Kampmann C, Perrin A, Beck M. Effectiveness of agalsidase alfa enzyme
replacement in Fabry disease: cardiac outcomes after 10 years’ treat-
ment. Orphanet J Rare Dis 2015;10:125.

75. Germain DP, Hughes DA, Nicholls K, et al. Treatment of Fabry’s
disease with the pharmacologic chaperone migalastat. N Engl J Med
2016;375:545-55.
29 March 2024 � 9:22 pm � ce

https://www.cochrane.org/CD004426/NEUROMUSC_treatment-for-mitochondrial-disorders#
https://www.cochrane.org/CD004426/NEUROMUSC_treatment-for-mitochondrial-disorders#


991

992

993

994

995

996

997

998

999

1000

1001

1002

1003

1004

1005

1006

1007

1008

1009

1010

1011

1012

1013

1014

1015

1016

1017

1018

1019

1020

1021

1022

1023

1024

1025

1026

1027

1028

1029

1030

1031

1032

1033

1034

1035

1036

1037

1038

1039

1040

1041

1042

1043

1044

1045

1046

1047

1048

1049

1050

1051

1052

1053

1054

1055

1056

1057

1058

1059

1060

1061

1062

12 Canadian Journal of Cardiology
Volume - 2024
76. Hughes DA, Nicholls K, Shankar SP, et al. Oral pharmacological
chaperone migalastat compared with enzyme replacement therapy in
Fabry disease: 18-month results from the randomised phase III
ATTRACT study. J Med Genet 2017;54:288-96.

77. Ruberg FL, Grogan M, Hanna M, Kelly JW, Maurer MS. Transthyretin
amyloid cardiomyopathy. J Am Coll Cardiol 2019;73:2872-91.

78. Garcia-Pavia P, Rapezzi C, Adler Y, et al. Diagnosis and treatment of
cardiac amyloidosis: a position statement of the ESC Working Group
on Myocardial and Pericardial Diseases. Eur Heart J 2021;42:1554-68.

79. Kyle R, Linos A, Beard C, et al. Incidence and natural history of primary
systemic amyloidosis in Olmsted County, Minnesota, 1950 through
1989 [see comments]. Blood 1992;79:1817-22.

80. Duhamel S, Mohty D, Magne J, et al. Incidence and prevalence of light
chain amyloidosis: a population-based study. Blood 2017;130:5577.

81. Hemminki K, Li X, Försti A, Sundquist J, Sundquist K. Incidence and
survival in non-hereditary amyloidosis in Sweden. BMC Public Health
2012;12:974.

82. Quock TP, Yan T, Chang E, Guthrie S, Broder MS. Epidemiology of
AL amyloidosis: a real-world study using US claims data. Blood Adv
2018;2:1046-53.

83. Kyle RA, Larson DR, Therneau TM, et al. Long-term follow-up of
monoclonal gammopathy of undetermined significance. N Engl J Med
2018;378:241-9.

84. Marin-Argany M, Lin Y, Misra P, et al. Cell damage in light chain
amyloidosis. J Biol Chem 2016;291:19813-25.

85. Phull P, Sanchorawala V, Connors LH, et al. Monoclonal gammopathy
of undetermined significance in systemic transthyretin amyloidosis
(ATTR). Amyloid 2018;25:62-7.

86. Buxbaum J, Jacobson DR, Tagoe C, et al. Transthyretin V122I in
African Americans with congestive heart failure. J Am Coll Cardiol
2006;47:1724-5.

87. Connors LH, Lim A, Prokaeva T, Roskens VA, Costello CE. Tabula-
tion of human transthyretin (TTR) variants, 2003. Amyloid 2003;10:
160-84.
REV 5.6.0 DTD � CJCA5012_proof �
88. Chandrashekar P, Alhuneafat L, Mannello M, et al. Prevalence and
outcomes of p.Val142Ile TTR amyloidosis cardiomyopathy: a systematic
review. Circ Genom Precis Med 2021;14:e003356.

89. Maurer MS, Hanna M, Grogan M, et al. Genotype and phenotype of
transthyretin cardiac amyloidosis. J Am Coll Cardiol 2016;68:161-72.

90. González-López E, Gagliardi C, Dominguez F, et al. Clinical charac-
teristics of wild-type transthyretin cardiac amyloidosis: disproving
myths. Eur Heart J 2017;38:1895-904.

91. Witteles RM, Bokhari S, Damy T, et al. Screening for transthyretin
amyloid cardiomyopathy in everyday practice. JACC Heart Fail 2019;7:
709-16.

92. Grogan M, Scott CG, Kyle RA, et al. Natural history of wild-type
transthyretin cardiac amyloidosis and risk stratification using a novel
staging system. J Am Coll Cardiol 2016;68:1014-20.

93. Rapezzi C, Merlini G, Quarta CC, et al. Systemic cardiac amyloidoses.
Circulation 2009;120:1203-12.

94. Donnellan E, Wazni OM, Hanna M, et al. Atrial fibrillation in trans-
thyretin cardiac amyloidosis. JACC Clin Electrophysiol 2020;6:
1118-27.

95. Hartnett J, Jaber W, Maurer M, et al. Electrophysiological manifesta-
tions of cardiac amyloidosis: JACC: CardioOncology state-of-the-art re-
view. JACC CardioOncol 2021;3:506-15.

96. Gillmore JD, Maurer MS, Falk RH, et al. Nonbiopsy diagnosis of
cardiac transthyretin amyloidosis. Circulation 2016;133:2404-12.

97. Fine NM, Davis MK, Anderson K, et al. Canadian Cardiovascular
Society/Canadian Heart Failure Society joint position statement on the
evaluation and management of patients with cardiac amyloidosis. Can J
Cardiol 2020;36:322-34.

98. Maurer MS, Schwartz JH, Gundapaneni B, et al. Tafamidis treatment
for patients with transthyretin amyloid cardiomyopathy. N Engl J Med
2018;379:1007-16.

99. Gillmore JD, Gane E, Taubel J, et al. CRISPR-Cas9 in vivo gene
editing for transthyretin amyloidosis. N Engl J Med 2021;385:493-502.

100. Garcia-Pavia P, aus dem Siepen F, Donal E, et al. Phase 1 trial of
antibody NI006 for depletion of cardiac transthyretin amyloid. N Engl J
Med 2023;389:239-50.
29 March 2024 � 9:23 pm � ce

1063

1064

1065

1066

1067

1068

1069

1070

1071

1072

1073

1074

1075

1076


	The Diagnostic and Therapeutic Implications of Phenocopies and Mimics of Hypertrophic Cardiomyopathy
	Epidemiology
	Diagnostic Approach
	Specific HCM Phenocopies
	RASopathies

	Glycogen Storage Disorders
	Friedreich’s Ataxia
	Mitochondrial Diseases (MDs)
	Anderson-Fabry Disease
	Cardiac Amyloidosis
	AL amyloidosis
	TTR amyloidosis
	Clinical presentation
	Diagnosis
	Treatment
	Summary

	Ethics Statement
	Patient Consent
	Funding Sources
	Disclosures
	References


