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Abstract: Hypertrophic Cardiomyopathy (HCM) is the most frequent hereditary cardiovascular
disease and the leading cause of sudden cardiac death in young individuals. Advancements in CMR
imaging have allowed for earlier identification and more accurate prognosis of HCM. Interventions
aimed at slowing or stopping the disease’s natural course may be developed in the future. CMR
has been validated as a technique with high sensitivity and specificity, very few contraindications,
a low risk of side effects, and is overall a good tool to be employed in the management of HCM
patients. The goal of this review is to evaluate the magnetic resonance features of HCM, starting with
distinct phenotypic variants of the disease and progressing to differential diagnoses of athlete’s heart,
hypertension, and infiltrative cardiomyopathies. HCM in children has its own section in this review,
with possible risk factors that are distinct from those in adults; delayed enhancement in children may
play a role in risk stratification in HCM. Finally, a number of teaching points for general cardiologists
who recommend CMR for patients with HCM will be presented.

Keywords: hypertrophic cardiomyopathy; interstitial fibrosis; myocyte disarray; cardiac MRI;
delayed enhancement; apical aneurysm; sudden cardiac death

1. Introduction

Hypertrophic cardiomyopathy (HCM) is a primary diffuse or segmental left ventricu-
lar hypertrophy in the absence of secondary causes capable of producing hypertrophy. It is
the most common congenital cardiac disease, having a prevalence of 1 in 500 people and
representing an important cause of sudden death in adolescents [1]. HCM is an autosomal
dominant disorder caused by mutations in the 11 sarcomeric genes, encoding heart sarcom-
ere components [2,3]. The beta-myosin heavy chain gene, myosin-binding protein C gene,
and troponin T gene are the most frequently mutated genes [4,5]. Genetic testing currently
detects a known pathogenic or probable pathogenic mutation in 30—40% of patients with
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phenotypic HCM [6]. HCM is defined by a maximal wall thickness greater than 15 mm in
general population (or greater than 13 mm in patients with a family history of HCM) and by
a septal to left posterior wall thickness ratio greater than 1.3 in normotensive patients and
greater than 1.5 in hypertensive patients [7,8]. In children, HCM is defined as an increase
in LV wall thickness of more than 2 standard deviations from the mean value for age and
BMI [9]. In most cases, LV hypertrophy is asymmetric, affecting mostly the interventricular
septum, while hypertrophy can occur in a variety of places, including the apex, anterolat-
eral wall, and free wall [10]. Left ventricular outflow tract (LVOT) obstruction, mitral valve
apparatus abnormalities such as systolic anterior motion (SAM) or mitral regurgitation
(MR), myocardial ischemia, myocardial fibrosis, and disarray are the key characteristics of
HCM that explain the pathophysiology of the condition [11] (Figure 1). HCM can manifest
clinically in a variety of ways, ranging from asymptomatic incidental echo findings to atrial
or ventricular arrhythmias, syncope, severe heart failure, or even sudden cardiac death.
Transthoracic echocardiography has traditionally been used to diagnose HCM, identifying
disease characteristics such as left ventricular hypertrophy, systolic anterior motion of the
mitral valve, and LVOT obstruction [12]. Risk stratification in HCM is based on personal
history of aborted SCD, ventricular fibrillation, or sustained ventricular tachycardia; family
history of SCD; and syncope. However, in recent years, CMR with presence of LGE has
emerged as a risk marker for adverse outcomes. The implications of CMR in the detection
and prognosis of HCM will be the focus of this review.

i

Figure 1. Main anatomical aspects found in hypertrophic cardiomyopathy compared to control.
(A) normal heart. (B) HCM LVOTO = Left ventricular outflow tract obstruction; SAM = systolic
anterior motion; ASH = asymmetric septal hypertrophy; mLVWT = maximal left ventricular wall

~ . SAM of mitral valve

milVWT >15mm

thickness; Ao = aorta; PA = pulmonary artery; LA = left atrium; LV = left ventricle; PV = pulmonary
veins; RA = right atrium; RV = right ventricle; SVC = superior vena cava; IVC = inferior vena cava.

2. An Anatomical and Histopathological Review of Hypertrophic Cardiomyopathy

The microscopic alterations of the left ventricle in HCM have been recognized since
1957, when Donand Teare investigated [13] the causes of sudden death in eight individ-
uals aged 14 to 44 who had nonspecific symptoms such as dyspnea, fatigue, and mild
pectoral angina. On histopathological examination of hypertrophied hearts, the author
noticed myocardial disarray, which consisted of an abnormal arrangement of muscle fibers
and connective fibrous tissue, clefts and fissures, forming small channels between the
two ventricles, preventing the heart from contracting efficiently.

The most prominent diagnostic aspects during a histological examination are: myocyte
fiber disarray, interstitial, perivascular, and plexiform fibrosis, as well as small vessel



Diagnostics 2022, 12, 489

30f19

disease, with dysplasia of small intramural coronary arterioles which manifest not only
in fibrotic regions but also in areas surrounded by normal myocytes. Myofiber disarray is
defined by the torsion of myocyte bundles, and also individual myocytes, with contractile
components inside the sarcomere arranged perpendicularly or obliquely. Cardiac cells
have larger, pleomorphic, and hyperchromatic nuclei. As a result, heart tissue contractility
decreases, and this is compensated by cellular divisions.

In several studies LV hypertrophy was predominantly seen at the level of the inter-
ventricular septum and the anterior ventricular wall, also extending to the mitral valves
and causing fibrosis. Sutton et al. analyzed the histopathology of 40 necropsy hearts from
patients with HCM (10), congestive cardiomyopathy (10), aortic valve stenosis (10) and
normal hearts (10) and evaluated the degree of fibrosis and fiber disarray using a four-stage
grading system. The findings revealed that fiber disarray was significantly increased in all
areas, despite the fact that fibrosis was not severe and the fiber disarray did not correlate
with the wall thickness. Patients with hypertrophic cardiomyopathy showed plexiform
fibrosis, however, this was not specific for the diagnosis [14]. Later, Maron et al. [15].
observed that myocyte disarray occurred in 88% of HCM patients during autopsy, 70%
exhibiting myocardial fibrosis and 56% displaying thickened intramural arterioles with
luminal narrowing. Maximal ventricular septal thickness ranged from 13 to 33 mm.

The LVOT becomes obstructed in late systole due to asymmetric hypertrophy of the
septum, which generates a Venturi effect, leading to the dragging of the anterior mitral
into the LVOT, a condition known as systolic anterior motion (SAM) of the mitral valve
(Figure 2). Mitral regurgitation can occur when the AML is dragged towards the LVOT,
by causing a space to appear between the mitral valve’s two leaflets. The mitral valve
leaflets are elongated in HCM, especially the AML, which can be >30 mm long and thus
be implicated in LVOT obstruction due to a steeper angle established between the AML
and the septum. In 10% of HCM cases, there is a mid-cavity obstruction, and 25% of these
patients develop LV apical aneurysm.

'
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LVOTO by the AML

\
SAM of mitral valve

Figure 2. Left ventricular outflow tract obstruction by the anterior mitral leaflet which is pulled
during late systole into the LVOT as a consequence of the Venturi effect. In most cases of HCM, the hy-
pertrophy is mainly seen at the level of the septum. Mitral regurgitation can be present due to the SAM
of AML that leads to a gap between the AML and PML (its presence can be established via Doppler).
Ao = aorta; PV = pulmonary vein; LA = left atrium; LVIT = left ventricle inflow tract; LVOT = left
ventricle outflow tract; RV = right ventricle; MR = mitral regurgitation; mLVWT = maximal Left
ventricular wall thickness; LVOTO = Left ventricular outflow tract obstruction; SAM = Systolic
anterior motion; AML = anterior mitral leaflet; PML = posterior mitral leaflet.
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In a study on 1532 patients conducted by McLeod et al. [16] to better understand
the cardiac features of this congenital disease, histological features identified included
hyperchromatic nuclei in larger myocytes, myofibrillar disarray, interstitial and endocardial
fibrosis. The curvature of the septum was used to classify the types of HCM: sigmoid septal
morphology, reverse curve septal morphology, apical variant HCM, and neutral septal
shape, with a weak association between the type of HCM and the degree of histological
abnormality. Endocardial hypertrophy or mural plaque formation in the left ventricular
outflow tract, as well as thickness of the anterior mitral leaflet, were characterized as hall-
marks of HCM hearts that contributed to sudden death by Kocovski et al. [17]. According
to Etfthimiadis et al. [18] outflow tract obstruction can occur not only in the subaortic area,
but also in the mid-ventricular region (8%), resulting in an hourglass-shaped ventricle in
42.2% of patients. Overall, 26.5% of patients with midventricular obstruction had an apical
aneurysm as a result of the elevated intracavitary pressure, and all of the obstructive HCM
hearts’ left atria were dilated.

Hypertrophy was always present in Lamke’s study [19] of 204 septal myectomy HCM
patients, with 100 of the 104 hearts exhibiting a significant subaortic septal bulge and
four having an angled ventricular septum. In 79% of patients, myocardial disarray was
present, and was more common in those under 65 years old. Fibrosis was found in 93%
of the examined hearts, with 46% having abnormally thickened arteries. Galati et al. [20]
observed three types of fibrosis: replacement fibrosis (53.3%), perimyocyte fibrosis (13.3%),
and mixed (33.3%). The most common pattern was localized on the midwall, sometimes
seen extending to the subepicardium or subendocardium. The upper anterior septum (36%)
was the thickest region detected on echocardiography in Shapiro’s study [21], followed by
the lower anterior septum (20%), upper posterior septum (9%), and the upper or lower free
wall (21%).

3. Cardiac MR for HCM

Although echocardiography is an important tool in the evaluation of patients with left
ventricular hypertrophy, it has certain limitations, especially in patients with an inadequate
echocardiographic window. CMR bears an advantage in its capability to produce a more
detailed three-dimensional image of the heart with high spatial and temporal resolution of
the left ventricle. Additionally, it can differentiate between forms of HCM (Figure 3). The
three main phenotypes of HCM are: asymmetric, concentric, and apical hypertrophy, with
asymmetric septal being the most frequent between them (Figure 4). CMR can distinguish
between different types of HCM. Moreover, CMR permits the visualization of the LV apex
even in individuals with severe obesity.

CMR remains the gold standard for measurement of left ventricular volumes as well
as systolic and diastolic functions. Furthermore, CMR presents the advantage of being
able to reliably characterize myocardial tissue (Figures 5 and 6). A maximum LV wall
thickness higher than or equal to 15 mm in the end-diastolic phase is the most common
diagnostic criteria for HCM. The relationship between late gadolinium enhancement and
fibrotic zones has been studied extensively and has been associated with poorer clinical
outcomes. Recently, T1 mapping techniques have improved, allowing for more detailed
characterization of the diffuse fibrosis. For late gadolinium enhancement, 0.2 mmol/kg
gadolinium contrast is injected at a speed of 1.5 mL/s. Ten minutes after infusion, acquisi-
tion begins, scanning the whole left ventricle from base to apex. Some categories of patients
with HCM have a contraindication for CMR (Table 1). Myocardial fibrosis in HCM can
be quantified as a percentage of the LV myocardium by using contrast-enhanced cardiac
magnetic resonance with late gadolinium enhancement. Individuals with LGE >15% are at
greater risk for sudden death [12,22,23].
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Figure 3. Anatomical types of HCM in function of the distribution of hypertrophy.

Table 1. Contraindications for CMR.

Implanted ICDs *

implanted pacemakers *

brain ferromagnetic clips

cochlear implants

metal foreign body (bullet fragments, metallic splinter in the eye)

claustrophobia

* CMR has a relative contraindication in patients with an implanted cardiac device. MR Safe or MR Conditional
devices, on the other hand, can be scanned using the proper protocol.

Until recently, there were no methods to determine myocardial disarray in vivo, but
this can now be assessed using diffusion tensor cardiac magnetic resonance (DT-CMR)
imaging. The preferential diffusion of water along cardiac muscle fibers in HCM can be
detected and compared to control cases, with the diffusion being quantified as fractional
anisotropy [11]. HCM shows lower diastolic fractional anisotropy than control patients
according to Ariga R et al. [24].

Figure 4. Cardiac magnetic resonance findings in a patient with asymmetric basal septal hypertrophy
(white arrow). Reproduced with permission from [25]. Copyright 2015 Houston BA et al. (under
the Creative Commons Attribution 4.0 License, https:/ /creativecommons.org/licenses/by/4.0/,
accessed on 6 February 2022).
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Figure 5. CMR imaging in the evaluation of HCM. (A) Four-chamber view shows hypertrophy of
the apex and papillary muscle found in a patient with apical variant of HCM. (B) Short-axis view
with hypertrophy of the junction between the basal anterior interventricular septum and LV anterior
free wall; considered most usual location of hypertrophy in HCM. (C) Apical two-chamber view
showing a myocardial crypt (marked with black arrow) at the base of the LV inferior wall. (D) LGE
in short-axis view of the same patient from Figure 5B, demonstrating patchy replacement fibrosis,
(marked with arrow). Reproduced and adapted with permission from [26]. Copyright 2019 Popa
Fotea NM et al. (under the Creative Commons Attribution 4.0 License, https://creativecommons.
org/licenses/by/4.0/, accessed on 6 February 2022).

Figure 6. CMR during end-diastole showing different types of HCM. (A) Hypertrophy if the inter
ventricular septum (VS), sparing the free wall of the LV (FW); (B) Hypertrophy of the LV free
wall in the basal portion and a part of the contiguous anterior interventricular septum, which is
the most common area involved in HCM; (C) Important hypertrophy >33 mm of the posterior
interventricular septum (marked with an asterisk); (D) Focal HCM localized at the bass of the anterior
interventricular septum (marked with arrows); (E) localized HCM at the LV apex (marked with
asterisks); (F) segmental HCM with hypertrophy of the basal anterior interventricular septum and
anterolateral LV wall (marked with asterisks), separated by normal LV (arrows). Reproduced and
adapted with permission from [27]. Copyright 2012 Elsevier, Maron MS et al.
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3.1. CMR Evaluation of Apical Hypertrophic Cardiomyopathy

Apical hypertrophic cardiomyopathy was initially described in 1976 in Japan, and it is
thought to be a more benign form that affects 25% of HCM patients [28,29]. Apical HCM is
more prevalent in men than women and the mean age at presentation is 40 years old [30].
CMR may be more effective than echocardiography in detecting early apical HCM. In 40%
of patients, echocardiography missed apical hypertrophy, which was later discovered by
CMR [31]. In HCM, late gadolinium enhancement is common; its presence and degree may
be related to the severity of hypertrophy, as well as a higher risk of ventricular arrhythmia
and sudden cardiac death [32]. The distribution of LGE in apical HCM is apical and
subendocardial (Figure 7), a pattern that is unusual in other HCM variants [33]. In the
absence of coexisting ischemic heart disease, LGE can be seen in up to 45.8% of patients
with apical HCM [34].

Figure 7. CMR comparison of apical aneurysm formation in mixed Apical HCM (A-C) versus pure
Apical HCM (D-F). Long axis images of a patient with mixed Apical HCM during diastole in two
chambers (Ai) and four chambers (Aii) views, which in systole show midventricular obstruction
but not total cavity obliteration due to apical chamber persistence (Bi,Bii). LGE is found in the
apical aneurysm (Ci,Cii). A thinned aneurysmal apex is visible in diastole on 2 (Di) and 4 chamber
views in a separate patient with pure apical HCM (Dii). The apical aneurysm (Ei,Eii) becomes
visible in systole and contains LGE (Fi,Fii). Reproduced and adapted with permission from [35].
Copyright 2020 Hughes RK et al. (under the Creative Commons Attribution 4.0 License, https:
/ /creativecommons.org/licenses /by /4.0/, accessed on 6 February 2022).
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3.2. CMR Evaluation of Focal Hypertrophic Cardiomyopathy

Localized hypertrophy affecting one or two LV segments is found in 20% of HCM
patients, with the anterolateral LV wall, apex, or posterior septum being the most com-
mon locations. When HCM is suspected based on clinical symptoms, non-diagnostic
electrocardiographic abnormalities, or family history, CMR should be used to confirm the
diagnosis [36,37] when echocardiogram cannot. By identifying a focal pattern of hypertro-
phy, CMR can distinguish between athlete’s heart and HCM. Not only does deconditioning
support a HCM diagnosis but so does the distribution of focal areas inside the left ventricle
demonstrated by CMR [38]. Furthermore, late gadolinium enhancement has the potential to
differentiate HCM from athlete’s heart due to its capacity to detect focal regions of fibrosis
and increased extracellular volume [22].

Focal HCM should be differentiated from cardiac masses of the left ventricular wall.
Since myocardial contractility is still present in HCM, and given that neoplastic tumors
should not be contractile, CMR may distinguish HCM from other cardiac masses. Addition-
ally, the signal intensity of tumor-related myocardial masses is usually different from that
of normal myocardium. Specifically, CMR features of tumor-like HCM are more similar to
those of neighboring normal myocardium [39,40].

3.3. CMR Evaluation of Midventricular Obstruction

Only 1% of HCM patients have associated midventricular obstruction [41]. This type
of HCM is linked to mutations in the essential or regulatory light chains of the myosin
heavy chain and is characterized by asymmetric left ventricular hypertrophy with high
interventricular pressure gradients. Midventricular HCM is sometimes associated with an
apical aneurysm caused by elevated systolic pressures in the apex due to midventricular
obstruction. This variant of HCM is important because of its association with myocardial
necrosis, cerebral and peripheral embolism, ventricular tachycardia, ventricular fibrillation
and sudden cardiac death [42].

3.4. CMR Evaluation of Apical Aneurysm

Apical aneurysms occur in 2% of patients with HCM and 13% to 15% of patients with
apical form of HCM [35].

The presence of an apical aneurysm in HCM is associated with a high rate of car-
diovascular morbidity and mortality [43]. The exact mechanism of aneurysm formation
remains unknown. Some of the possible mechanisms are: systolic mid-ventricular ob-
struction with increased velocities towards the apex, increased pressure at the LV apex
with decreased coronary perfusion; increased oxygen demand due to increased wall stress
and a decrease in oxygen supply due to hypertrophy and reduced myocardial capillary
density; and microvascular dysfunction and a decrease in coronary reserve due to LV
hypertrophy. All of these factors can result in silent myocardial infarction with subsequent
apical aneurysm [44-48].

Compared to echocardiography, CMR provides a more reliable imaging method for
detecting LV apical hypertrophy and aneurysm as it offers morphological and functional
information as well as histological characteristics such as LGE, which corresponds to
myocardial fibrosis [49].

Based on Rowin’s work [50] aneurysm size is defined as the maximum transverse
dimension assessed in the four-chamber view at the end of systole, and aneurysms are
further classified into small (20 mm), medium (20-40 mm), and large (>40 mm). Larger
aneurysms bear a higher risk of arrhythmic events as well as higher risk for heart failure [51].
Previous research has shown that patients with apical aneurysms also have a higher risk of
thrombus formation and embolic events, especially those with medium or large aneurysms.
Therapeutic anticoagulation is indicated in patients with apical aneurysms for primary
prevention of thromboembolism [52].
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Extensive LGE has been shown in recent studies to be a risk predictor for HCM patients
who are at increased risk for SCD and may be candidates for primary prevention of SCD
with an ICD implant [53].

3.5. CMR Evaluation of LVOT Obstruction

Obstruction of the LVOT due to systolic anterior movement of the mitral valve is one
of the causes of exercise intolerance and dyspnea in HCM. Since invasive methods such as
surgical myectomy, alcohol septal ablation, or catheter septal ablation should be considered
if pharmacological treatment fails, the presence and degree of LVOT obstruction influences
the therapy. CMR sequences can identify anomalies that contribute to the obstruction,
such as an aberrant anterior papillary muscle insertion or an elongated anterior mitral
valve leaflet.

3.6. CMR Evaluation of Mitral Valve and Papillary Muscles

Owing to its good spatial and temporal resolution, wide field-of-view, and multi-
planar imaging capabilities, CMR is well suited to the examination of the mitral valve and
papillary muscles [54] (Figure 8). CMR has a high intrinsic soft tissue contrast that can be in-
creased using gadolinium-based contrast agents, allowing for better tissue characterization.
Moreover, CMR allows for dynamic evaluation of the mitral valve and papillary muscle
contraction as well as measurement of fibrous tissue and muscle thickness and mass [55].

Previous research has found enlarged anterior and posterior mitral valve leaflets in
patients with HCM relative to age-sex-and body size matched control subjects. Further-
more, 30% of HCM patients had elongation of the anterior and posterior mitral valve
leaflets of more than 2SD [56,57]. The same authors identified a subpopulation of HCM
patients that had a distinct phenotype, with moderate hypertrophy and disproportionately
enlarged mitral valves with significant leaflet elongation. Elongated mitral valve leaflets
are frequently associated with LVOT obstruction [58]. For these reasons, in extremely
symptomatic obstructive HCM patients, the combination technique of septal myectomy
and anterior mitral leaflet repair is recommended [59].

Kaple et al. [60] characterized the morphology and histology of the mitral valve,
finding that 80 of the 115 patients who underwent mitral valve surgery had restrictive
leaflet abnormalities and 64 had elongated leaflets. Furthermore, 22 and 23 individuals had
subvalvular chordal and papillary muscle abnormalities, respectively, with the muscles’
inappropriate attachments to the mitral valve causing systolic anterior movement, fibrosis,
and left ventricular outflow obstruction.

Papillary muscles in HCM patients are usually hypertrophied, having a mass nearly
twice that of papillary muscles in healthy controls. LGE caused by interstitial fibrosis can
also be found in hypertrophied papillary muscles, usually in a patchy distribution in the
mid-myocardial region and frequently near RV insertion locations. LGE of the papillary
muscles is associated with more severe symptoms, cardiac dysfunction, and ventricular
dysrhythmias [61,62]. Patchy regions of LGE in the papillary muscles can be detected on
CMR in 6% of patients with HCM due to interstitial fibrosis. These patients have a higher
papillary muscle mass than patients without LGE [55]. Papillary muscle hypertrophy has
been associated with LV wall thickness and myocardial mass and the papillary muscle
mass index has been associated with the degree of outflow gradient. These findings show
that papillary muscle hypertrophy may be secondary to LV pressure overload produced
by LV obstruction rather than being caused by a primary genetic defect. In patients with
HCM, the distance between the papillary muscle and the septum is also a topic of attention,
as this distance was found to be smaller in individuals with obstruction. Furthermore,
individuals with HCM contain a larger number of papillary muscles than controls, with
half of the patients bearing more than 3 papillary muscles [55,63].



Diagnostics 2022, 12, 489

10 of 19

Figure 8. Abnormalities of mitral valve and papillary muscles in HCM. (a) Isolated posterior papillary
muscle hypertrophy (marked with an arrow) and trabeculations along the anterior wall and apical
wall (marked with arrowheads); (b) Bifid anterolateral papillary muscle (marked with arrowheads)
and thickening of the basal septum (marked with an asterisk); (c) Four accessory papillary muscles,
(marked with arrows), diffuse hypertrophy of the left ventricle and pericardial effusion; (d) Accessory
apical muscle bundle (marked with arrowheads) traverse the cavity of the left ventricle from the septal
basal wall to the distal part of the LV. Reproduced and adapted with permission from [64]. Copyright
2015 Soler R et al. (under the Creative Commons Attribution 4.0 License, https:/ /creativecommons.
org/licenses/by/4.0/, accessed on 6 February 2022).

3.7. CMR Evaluation of Left Atrial Dimensions and Function

CMR is a valuable tool for characterizing the left atrium since it can show not only
the atrial shape but also the tissue composition, especially when the late gadolinium
enhancement technique is applied. The volume of the left atrium can be measured in
short-axis view using Simpson’s disc method or in the horizontal and vertical axes using
the biplane area-length approach. In a four-chamber view, the area of the left atrium (LA)
can be measured by tracing the outer line. CMR can distinguish between thrombi and
tumors based on tissue composition, as the latter exhibits a hyperintensity on T2-weighted
images, rendering it a useful tool for detecting hypertrophic cardiomyopathy complications
at the level of the left atrium.

CMR, according to Kuchynka et al. [65] is one of the best instruments for evaluating
LA volume, with the smallest volume being the most relevant for predicting cardiac
complications. The CMR reference values for LA volumes are 97 + 27 mL for men and
89 + 21 mL for women. In addition, a normal LA area should not exceed 23 cm?2. The
enlargement of the LA, as well as its dysfunction, occurs prior to the development of heart
failure, according to a study on atherosclerosis, however, further research is needed to
characterize it for HCM.

Despite the fact that 2D echocardiography is the gold standard for assessing LA
function, CMR can also be used to assess LA volumes during the cardiac cycle and cal-


https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

Diagnostics 2022, 12, 489

11 of 19

culate the emptying fraction. LA contribution to LV filling decreases with age while
passive LA volume increases. The importance of CMR was proven in a study comparing
10 patients with HCM to 10 healthy individuals by examining the LA conduit, reservoir,
and contractile functions.

For patients who develop atrial fibrillation, CMR can also be employed as a guiding
tool during radiofrequency ablation. In patients with HCM, atrial fibrillation is the most
common arrhythmia. The LA must be thoroughly characterized by CMR in order to
detect its appearance and administer prophylactic or therapeutic medication. Kim KJ et al.
conducted a blinded study to compare the morphological and functional differences in
the LA between HCM types. When comparing CMR characteristics, the HCM group had
lower end diastolic volume and end systolic volume, as well as higher ejection fraction
and LV mass index than the control group. Only the LV maximal wall thickness, LV mass
index, and the existence and degree of LGE were relevant across the different types of HCM.
Accordingly, the authors showed that HCM patients have a larger LA, poorer reservoir
function, and lower LA global strain than healthy individuals. LGE-MRI analysis revealed
no statistical differences in LA remodeling and dysfunction between HCM phenotypes and
LV myocardial fibrosis.

4. CMR Differential Diagnosis of Thickened Myocardium
4.1. Differential Diagnosis with Athlete’s Heart

Athlete’s heart refers to morphologic modifications of the heart caused by intense
physical activity: increased LV mass, increased LV diastolic diameter, and LV wall thickness.
The absence of areas of delayed enhancement of the LV myocardium is a key aspect of the
cardiac remodeling seen in athletes.

Athletes may acquire ventricular hypertrophy because of regular training, and it can
be difficult to distinguish from HCM [66]. Histologically, the athlete’s cardiac hypertrophy
is the result of cellular hypertrophy, whereas HCM is characterized by cellular disarray
and extracellular expansion. When ECG and echocardiogram are inconclusive, CMR is an
effective technique for distinguishing HCM from athlete’s heart, especially in patients with
poor acoustic windows and hypertrophy affecting the apeXx, the basal antero-lateral wall,
the inferior septum, or the inferior RV.

Luijkx et al. [67] conducted a study with the purpose of defining the characteristics of
athlete’s heart and HCM, even when borderline hypertrophy (septal wall thickness values
between 12 and 16 mm in males and 11 and 16 mm in women) was present. The researchers
performed a retrospective study in which they examined various types of athletes and
patients with HCM, considering LV diameters and ECV. The authors established a formula
that can distinguish 99.5 percent of HCM patients from athletes” heart (AUC = 0.995).
As a result, as compared to both athletic and non-athletic healthy controls, the ratio of
LV EDV (End Diastolic Volume) to LV EDM (End Diastolic Mass) was lower in patients
with HCM. This model was still effective for borderline individuals (AUC = 0.992). This
algorithm can be used to predict the progression of ventricular hypertrophy in various
groups. Disproportional hypertrophy is a feature of HCM, with EDM growing as EDV
decreases. Physiological hypertrophy, such as that seen in athletes, is proportionate, with
both the EDM and EDV growing at the same time, resulting in increased heart strength
and the ability to pump efficiently even under physical exertion.

4.2. Differential Diagnosis with Hypertensive Heart Disease

Hypertensive heart disease (HHD) is a disease that develops because of high blood
pressure persisting for a long period of time. In contrast to HCM, which is characterized by
myocyte disarray and focal interstitial fibrosis, hypertensive heart disease is defined by left
ventricular hypertrophy, proportionate hyperplasia, and diffuse interstitial fibrosis. Since
both diseases have concentric asymmetric left ventricle hypertrophy (LVWT 15 mm for
HCM and 12 mm for HHD), LGE, reduced LV strain, and diastolic dysfunction, the type
and quantity of fibrosis is the only way to differentiate them.
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The effectiveness of T1 mapping for discriminating between HHD and HCM was
investigated in a double-blinded retrospective study by Neisus et al. [68]. They examined
232 individuals, 108 of whom had been diagnosed with HCM and 53 with HHD. Patients
with HCM and HHD were matched by gender, presence of LVH, and maximal LVWT,
whereas those with similar age, LV mass index, and global and septal T1 were grouped
together. In HCM patients, global native T1 mapping was significantly higher than global
native T1 (108,631 vs. 110,439 ms). Global native T1 and LV mass index or maximal LVWT
were mildly correlated only in HCM patients.

Hinojar et al. [69] conducted another study to assess the role of CMR in distinguishing
HCM from HHD. The authors divided the studied population into 4 groups, diagnosed
HCM = 95, diagnosed HHD = 69, carriers of the HCM gene mutation = 23 and healthy non-
athletic controls = 23. They used a CMR technique which included LGE, T1 mapping, and
additional mass and tissue characterization. Both LVH groups had diastolic dysfunction,
with HCM patients having a larger LV mass and a higher LVWT. LGE was found not only
in HCM participants, but also in HHD patients on rare occasions, with the latter showing
predominantly an ischemic pattern of LGE.

Takeda et al. [70] conducted a retrospective study to investigate the use of CMR to
differentiate between forms of cardiomyopathies. Twenty-six participants underwent
CMR, including Cine-MRI and LGE, as part of the study. Six were identified with cardiac
amyloidosis, nine with end-stage HCM, and eleven with HHD. Patients with HHD had a
higher LVEF than those with HCM, and pericardial effusions were more frequently seen in
amyloidosis. In end-stage HCM, the number of LGE segments was higher than in HHD.
LGE patterns in HCM were mostly observed in the anteroseptal or inferoseptal segments
and they were mostly found to have patchy midwall or patchy epicardial patterns. On the
other hand, midwall linear, midwall or epicardial LGE patterns were the most common
in HHD, and were generally located in the septal to inferior areas of the midventricular
level. The most useful type of CMR for establishing the diagnosis was Cine-MRI. LVEF
was increased in HCM, but HHD was defined by progressive systolic dysfunction and a
dilated LV cavity.

4.3. Differential Diagnosis with Infiltrative Cardiomyopathies

Restrictive cardiomyopathies such as amyloidosis, Fabry disease, glycogen storage
disorders, sarcoidosis, iron overload, and myocardial fibrosis are difficult to distinguish
from HCM since they have similar clinical characteristics and are defined by LVH [71]
(Figure 9).

Amyloid infiltration of the ventricular wall causes hypertrophy. Amyloidosis can be
differentiated from other restrictive cardiomyopathies such as HCM, HHD, and diastolic
heart failure with LV hypertrophy using CMR. In contrast to amyloidosis, which has a
normal or decreased ventricular contraction, HCM has a hyperdynamic contraction. In
addition, amyloid fibrils tend to accumulate in the subendocardium, leading to interstitial
expansion and the distinctive “zebra pattern” of LGE. Nam et al. [72]. conducted a retro-
spective blind study to assess CMR's role in differentiating amyloidosis from HCM. A total
of 46 amyloidosis patients, 30 HCM patients, and 10 asymptomatic subjects were included
in the study. They were all exposed to CMR with and without gadolinium contrast injection.
The native T1 blood pool of the myocardium in amyloidosis was the highest of the two
groups, while the native T1 blood pool of the LV cavity was the lowest. In amyloidosis,
ECV was also higher.

Although cardiac amyloidosis exhibits a distinct LGE pattern, this approach is often
unavailable due to the presence of renal impairment in most amyloidosis patients. There-
fore, Jung et al. examined various forms of tissue tracking analyses in order to determine
the best native CMR approach for differentiating between amyloidosis and HCM. The
retrospective study comprised of 54 patients diagnosed with amyloidosis, 40 HCM patients,
and 30 healthy controls. The authors suggested specific CMR techniques for amyloidosis
detection, with amyloidosis patients displaying relative apical sparing and much better
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ratios of wall thickness to LVEE. Moreover, T1 mapping was found to be a very effective
first step in distinguishing these two diseases (AUC = 0.880).

Figure 9. Findings on cardiac magnetic resonance in patients with: (A) Obstructive HCM with intra-
mural septal LGE (arrows: intramural septal LGE). (B) HCM with restricted physiology, significant
atrial enlargement, and substantial septal fibrosis (arrows: septal fibrosis). (C) Transmural septal LGE
with AL amyloidosis (arrow shows septal LGE). (D) Amyloidosis of wtATTR with LGE, especially
in the right ventricle and atria (arrows: LGE in both the right ventricle and left and right atrium).
(E) Fabry disease; a case of hypertrophic phenotype with subendocardial LGE in the basal lateral
region of the left ventricle (arrows: LGE in the left ventricle’s basal lateral region). (F) Fabry disease
with moderate hypertrophy and intramural LGE in the left ventricle’s mid-lateral segment and apex
(arrows: LGE in the left ventricle’s mid-lateral segment and apex). Reproduced and adapted with
permission from [73]. Copyright 2021 Vio R et al. (under the Creative Commons Attribution 4.0
License, https:/ /creativecommons.org/licenses/by/4.0/, accessed on 6 February 2022).
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In sarcoidosis CMR, provides a thorough assessment of cardiac structure and function,
as well as an amplification of the mediastinal lymph nodes, allowing for a precise diagnosis.
LGE is also evident, in cardiac sarcoidosis.

CMR may occasionally reveal another source of LV hypertrophy in HCM patients:
glycogen storage disorders, the most prevalent of which is Fabry disease. This condition
is characterized by a gradual intracellular accumulation of neutral glycosphingolipids,
which can occasionally cause LVH, particularly when alpha-galactosidase A, the implied
lysosomal enzyme, has only partial activity. Since the pattern of LGE in this condition,
which represents sphingolipid accumulation and interstitial expansion due to myocardial
fibrosis, differs from that in HCM or HHD, CMR can be employed to diagnose it.

5. CMR for Risk Stratification in Adults with HCM

Late gadolinium enhancement is currently not a risk classification criterion in Euro-
pean or American guidelines. In European Guidelines, HCM Risk-SCD Calculator accounts
for factors such as age, presence of LV hypertrophy, left atrial size, LV outflow tract gradient,
family history of SCD, nonsustained ventricular tachycardia, and idiopathic syncope [74].
In American guidelines, personal history of aborted SCD, ventricular fibrillation, or sus-
tained ventricular tachycardia; family history of SCD; and syncope are all considered
relevant risk factors [75]. Nonsustained ventricular tachycardia on monitoring, severe
increase in left ventricular (LV) wall thickness (>30 mm), and hypotensive response to
exercise are all markers with less convincing evidence.

However, in recent years, LGE has emerged as a risk marker for unfavorable HCM
outcomes. LGE may be present in around half of all HCM patients. Nevertheless, the
presence of LGE cannot be considered as a sole indicator of an ICD. The extent of LGE may
be a more powerful indicator than its mere presence. A study [76] on 1293 patients with
HCM followed for 3.3 years found that not just the presence of LGE but the extent of >15%
of LV mass was associated with a two-fold increase in the probability of SCD.

6. Special Considerations in Children

HCM is responsible for 42% of cardiomyopathy in children, and annual HCM-related
mortality is close to 1% [77,78]. In children and young individuals, HCM is a common
cause of arrhythmias and sudden cardiac death [79]. Pediatric HCM encompasses a more
diverse group of abnormalities when compared with adult HCM. HCMs with sarcomeric
gene abnormalities are called primary HCMs, and non-sarcomeric gene abnormalities are
called secondary HCMs.

Most of them, 40-60%, are due to mutations in the sarcomeric genes. Other causes of
HCM include inherited metabolic errors such as glycogen storage disorders (Pompe disease,
Danon disease, Cori-Forbes disease, PRKAG2 syndrome), lysosomal storage diseases (mu-
copolysaccharidoses), fatty acid oxidation disorders, endocrine disorders, neuromuscular
diseases, mitochondrial diseases (Barth syndrome, Friedreich ataxia), and malformation
syndromes (Noonan syndrome, Costello syndrome, cardiofaciocutaneous syndrome, neu-
rofibromatosis Type 1, Legius Syndrome) which account for up to 35% HCM cases in
children [80,81].

While echocardiography remains the gold standard for diagnosing HCM in children,
cardiovascular magnetic resonance imaging can be useful in pediatric patients with diag-
nostic uncertainty, such as those with a suspected metabolic or lysosomal storage disorder
or malformation syndrome, in case of poor echocardiographic imaging windows, or as
an adjunct in assessing the risk of sudden cardiac death by assessing late gadolinium
enhancement in children with confirmed HCM [82].

7. Risk Stratification in Children with HCM

In contrast to adults, in children there is a non-linear relationship between the grade
of LVH and the risk of SCD. As a result, there is no absolute threshold LV wall thickness at
which an ICD should be recommended for primary prevention. Compared with adults,
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in children, the LV outflow tract gradient and a familial history of SCD are not associated
with an increased risk of SCD. LGE occurs in children with HCM, and the extent of LV LGE
is similar to that in adults. Moreover, LGE is associated with adverse events in children
with HCM: decreased ejection fraction, degree of heart failure, ventricular arrhythmias
and sudden cardiac death. Therefore, an extensive late gadolinium enhancement in CMR
imaging could be used to improve risk stratification in children with an unclear risk
level [83]. It is worth noting that LV apical aneurysms develop over time in children with
midventricular form of HCM, therefore, aneurysms with LGE are more common in older
children [43].

8. Conclusions

CMR has evolved as a remarkable imaging method suited for the characterization
of varied phenotypes in HCM. CMR can provide diagnostic and prognostic information
that conventional echocardiogram cannot. Late gadolinium enhancement can be used to
distinguish between HCM and other disorders that mimic it. CMR bears an impact on the
clinical management from screening to diagnosis and best therapy option.

9. Teaching Points

CMR allows accurate thickness measurements of the LV walls.
Localized or diffuse myocardial fibrosis inside the left ventricle can be identified with
CMR.

e CMR can be used to describe the various phenotypic manifestations of sarcomeric
gene mutations.

e  CMR can identify other issues associated with HCM, such as apical aneurysm, mitral
valve and papillary muscle anomalies, LV outflow tract obstruction, midventricular
obstruction, and left atrial enlargement.

e CMR with late gadolinium enhancement can be used to differentiate HCM from
hypertensive heart disease, athlete’s heart and infiltrative cardiomyopathies.

e  In children, late gadolinium enhancement might be used to improve risk stratification,
as LV outflow tract gradient and family history of SCD are not associated with an
elevated risk of SCD, and there is a non-linear relationship between LVH and the risk
of SCD.

Author Contributions: Conceptualization—A.L., AN.,S.5.C.,C.L.,, D.I, A.G.N. and G.C.; writing—
AL,AN,GC,GG,ROR,CL,AGN,DLIL and S.5.C.; writing—review and editing-all authors;
critical revision—R.O.R., G.G., A.C,,D.I, AN, SS.C,CL., D.P. and G.C;; supervision—R.O.R., G.G,,
5S8.C,CL, DI, AGN, G.C. and D.P; project administration—R.O.R., G.C,, G.G.,S5.C.,,C.L,, D.I,
A.G.N. and D.P. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: Figures within this manuscript have been generated with the help of Microsoft
Paint, Servier Medical ART tool, and processed with Adobe Photoshop.

Conflicts of Interest: The authors declare no conflict of interest.

1. Prinz, C; Farr, M.; Hering, D.; Horstkotte, D.; Faber, L. The Diagnosis and Treatment of Hypertrophic Cardiomyopathy. Dtsch.
Arzteblatt Int. 2011, 108, 209-215. [CrossRef] [PubMed]

2. Motevali, M,; Siahi, Z.; Mohammadzadeh, A.; Sangi, A. Cardiac Magnetic Resonance Imaging (MRI) Findings in Arrhythmogenic
Right Ventricular Dysplasia (ARVD) Compared with Echocardiography. Med. Sci. 2018, 6, 80. [CrossRef] [PubMed]

3. Lopes, L.; Rahman, M.S,; Elliott, PM. A systematic review and meta-analysis of genotype—phenotype associations in patients
with hypertrophic cardiomyopathy caused by sarcomeric protein mutations. Heart 2013, 99, 1800-1811. [CrossRef] [PubMed]

4. Akhtar, M,; Elliott, P. The genetics of hypertrophic cardiomyopathy. Glob. Cardiol. Sci. Pr. 2018, 2018, 36. [CrossRef]

5. Richard, P.; Charron, P.; Carrier, L. Hypertrophic cardiomyopathy. Distribution of disease genes, spectrum of mutations, and
implications for a molecular diagnosis strategy. ACC Curr. J. Rev. 2003, 12, 60. [CrossRef]


http://doi.org/10.3238/arztebl.2011.0209
http://www.ncbi.nlm.nih.gov/pubmed/21505608
http://doi.org/10.3390/medsci6030080
http://www.ncbi.nlm.nih.gov/pubmed/30235879
http://doi.org/10.1136/heartjnl-2013-303939
http://www.ncbi.nlm.nih.gov/pubmed/23674365
http://doi.org/10.21542/gcsp.2018.36
http://doi.org/10.1016/S1062-1458(03)00298-8

Diagnostics 2022, 12, 489 16 of 19

10.

11.

12.

13.
14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Gruner, C.; Ivanov, ].; Care, M.; Williams, L.; Moravsky, G.; Yang, H.; Laczay, B.; Siminovitch, K.; Woo, A.; Rakowski, H. Toronto
Hypertrophic Cardiomyopathy Genotype Score for Prediction of a Positive Genotype in Hypertrophic Cardiomyopathy. Circ.
Cardiovasc. Genet. 2013, 6, 19-26. [CrossRef]

Hindieh, W.; Chan, R.; Rakowski, H. Complementary Role of Echocardiography and Cardiac Magnetic Resonance in Hypertrophic
Cardiomyopathy. Curr. Cardiol. Rep. 2017, 19, 81. [CrossRef]

Reichek, N. Imaging cardiac morphology in hypertrophic cardiomyopathy: Recent advances. Curr. Opin. Cardiol. 2015, 30,
461-467. [CrossRef]

Varma, P.; Neema, P,; Pk, V. Hypertrophic cardiomyopathy: Part 1—Introduction, pathology and pathophysiology. Ann. Card.
Anaesth. 2014, 17, 118. [CrossRef]

Makavos, G.; Kairis, C.; Tselegkidi, M.-E.; Karamitsos, T.; Rigopoulos, A.G.; Noutsias, M.; Ikonomidis, I. Hypertrophic cardiomy-
opathy: An updated review on diagnosis, prognosis, and treatment. Heart Fail. Rev. 2019, 24, 439-459. [CrossRef]

Habib, M.; Hoss, S.; Rakowski, H. Evaluation of Hypertrophic Cardiomyopathy: Newer Echo and MRI Approaches. Curr. Cardiol.
Rep. 2019, 21, 75. [CrossRef] [PubMed]

Hensley, N.; Dietrich, J.; Nyhan, D.; Mitter, N.; Yee, M.S.; Brady, M. Hypertrophic cardiomyopathy: A review. Anesth. Analg. 2015,
120, 554-569. [CrossRef] [PubMed]

Teare, D. Asymmetrical hypertrophy of the heart in young adults. Br. Heart ]. 1958, 20, 1-8. [CrossRef] [PubMed]

Sutton, M.G.S.].; Lie, ].T.; Anderson, K.R.; O’Brien, P.C.; Frye, R.L. Histopathological specificity of hypertrophic obstructive
cardiomyopathy. Myocardial fibre disarray and myocardial fibrosis. Heart 1980, 44, 433-443. [CrossRef] [PubMed]

Maron, B.].; Mackey-Bojack, S.; Facile, E.; Duncanson, E.; Rowin, E.].; Maron, M.S. Hypertrophic Cardiomyopathy and Sudden
Death Initially Identified at Autopsy. Am. J. Cardiol. 2020, 127, 139-141. [CrossRef]

McLeod, C.J.; Ommen, S.R.; Ackerman, M.].; Weivoda, P.L.; Shen, W.K,; Dearani, J.A.; Schaff, H.; Tajik, A.J.; Gersh, B.J. Surgical
septal myectomy decreases the risk for appropriate implantable cardioverter defibrillator discharge in obstructive hypertrophic
cardiomyopathy. Eur. Heart |. 2007, 28, 2583-2588. [CrossRef]

Kocovski, L.; Fernandes, J.; Cardiac, S. Death: A Modern Pathology Approach to Hypertrophic Cardiomyopathy. Arch. Pathol.
Lab. Med. 2015, 139, 413-416. [CrossRef]

Efthimiadis, G.K.; Pagourelias, E.D.; Parcharidou, D.; Gossios, T.; Kamperidis, V.; Theofilogiannakos, E.K.; Pappa, Z,;
Meditskou, S.; Hadjimiltiades, S.; Pliakos, C.; et al. Clinical Characteristics and Natural History of Hypertrophic Cardiomyopathy
With Midventricular Obstruction. Circ. J. 2013, 77, 2366-2374. [CrossRef]

Lamke, G.T.; Allen, R.D.; Edwards, W.D.; Tazelaar, H.D.; Danielson, G.K. Surgical pathology of subaortic septal myectomy
associated with hypertrophic cardiomyopathy. Cardiovasc. Pathol. 2003, 12, 149-158. [CrossRef]

Galati, G.; Leone, O.; Pasquale, E,; Olivotto, I.; Biagini, E.; Grigioni, F; Pilato, E.; Lorenzini, M.; Corti, B.; Foa, A.; et al.
Histological and Histometric Characterization of Myocardial Fibrosis in End-Stage Hypertrophic Cardiomyopathy. Circ. Heart
Fail. 2016, 9, €003090. [CrossRef]

Shapiro, L.M.; McKenna, W.J. Distribution of left ventricular hypertrophy in hypertrophic cardiomyopathy: A two-dimensional
echocardiographic study. J. Am. Coll. Cardiol. 1983, 2, 437-444. [CrossRef]

To, A.C.; Dhillon, A.; Desai, M.Y. Cardiac magnetic resonance in hypertrophic cardiomyopathy. JACC Cardiovasc. Imaging 2011, 4,
1123-1137. [CrossRef] [PubMed]

Rowin, E.J.; Maron, M.S. The Role of Cardiac MRI in the Diagnosis and Risk Stratification of Hypertrophic Cardiomyopathy.
Arrhythmia Electrophysiol. Rev. 2016, 5, 197-202. [CrossRef]

Ariga, R.; Tunnicliffe, E.M.; Manohar, S.; Mahmod, M.; Raman, B.; Piechnik, S.K.; Francis, ].M.; Robson, M.D.; Neubauer, S.;
Watkins, H. Identification of Myocardial Disarray in Patients With Hypertrophic Cardiomyopathy and Ventricular Arrhythmias.
J. Am. Coll. Cardiol. 2019, 73, 2493-2502. [CrossRef] [PubMed]

Houston, B.A; Stevens, G.R. Hypertrophic Cardiomyopathy: A Review. Clin. Med. Insights: Cardiol. 2014, 8, CMC.S15717-65.
[CrossRef] [PubMed]

Popa-Fotea, N.M.; Micheu, M.M.; Bataila, V.; Scafa-Udriste, A.; Dorobantu, L.; Scarlatescu, A.L.; Zamfir, D.; Stoian, M.; Onciul, S.;
Dorobantu, M. Exploring the Continuum of Hypertrophic Cardiomyopathy—From DNA to Clinical Expression. Medicina 2019,
55,299. [CrossRef]

Maron, M.S. Clinical Utility of Cardiovascular Magnetic Resonance in Hypertrophic Cardiomyopathy. J. Cardiovasc. Magn. Reson.
2012, 14, 13. [CrossRef]

Yamaguchi, H.; Nishiyama, S.; Nakanishi, S.; Nishimura, S. Electrocardiographic, echocardiographic and ventriculographic
characterization of hypertrophic non-obstructive cardiomyopathy. Eur. Heart ]. 1983, 4, 105-119. [CrossRef]

Keren, G.; Belhassen, B.; Sherez, J.; I Miller, H.; Megidish, R.; Berenfeld, D.; Laniado, S. Apical hypertrophic cardiomyopathy:
Evaluation by noninvasive and invasive techniques in 23 patients. Circulkation 1985, 71, 45-56. [CrossRef]

Eriksson, M.].; Sonnenberg, B.; Woo, A.; Rakowski, P,; Parker, T.G.; Wigle, E.; Rakowski, H. Long-term outcome in patients with
apical hypertrophic cardiomyopathy. J. Am. Coll. Cardiol. 2002, 39, 638-645. [CrossRef]

Pons-Llado, G.; Carreras, F; Borrds, X.; Palmer, J.; Llauger, J.; de Luna, A.B. Comparison of Morphologic Assessment of
Hypertrophic Cardiomyopathy by Magnetic Resonance Versus Echocardiographic Imaging. Am. J. Cardiol. 1997, 79, 1651-1656.
[CrossRef]


http://doi.org/10.1161/CIRCGENETICS.112.963363
http://doi.org/10.1007/s11886-017-0897-z
http://doi.org/10.1097/HCO.0000000000000209
http://doi.org/10.4103/0971-9784.129841
http://doi.org/10.1007/s10741-019-09775-4
http://doi.org/10.1007/s11886-019-1173-1
http://www.ncbi.nlm.nih.gov/pubmed/31243594
http://doi.org/10.1213/ANE.0000000000000538
http://www.ncbi.nlm.nih.gov/pubmed/25695573
http://doi.org/10.1136/hrt.20.1.1
http://www.ncbi.nlm.nih.gov/pubmed/13499764
http://doi.org/10.1136/hrt.44.4.433
http://www.ncbi.nlm.nih.gov/pubmed/7191711
http://doi.org/10.1016/j.amjcard.2020.04.021
http://doi.org/10.1093/eurheartj/ehm117
http://doi.org/10.5858/arpa.2013-0489-RS
http://doi.org/10.1253/circj.CJ-12-1561
http://doi.org/10.1016/S1054-8807(03)00036-X
http://doi.org/10.1161/CIRCHEARTFAILURE.116.003090
http://doi.org/10.1016/S0735-1097(83)80269-1
http://doi.org/10.1016/j.jcmg.2011.06.022
http://www.ncbi.nlm.nih.gov/pubmed/21999873
http://doi.org/10.15420/aer.2016:13:3
http://doi.org/10.1016/j.jacc.2019.02.065
http://www.ncbi.nlm.nih.gov/pubmed/31118142
http://doi.org/10.4137/CMC.S15717
http://www.ncbi.nlm.nih.gov/pubmed/25657602
http://doi.org/10.3390/medicina55060299
http://doi.org/10.1186/1532-429X-14-13
http://doi.org/10.1093/eurheartj/4.suppl_F.105
http://doi.org/10.1161/01.CIR.71.1.45
http://doi.org/10.1016/S0735-1097(01)01778-8
http://doi.org/10.1016/S0002-9149(97)00216-6

Diagnostics 2022, 12, 489 17 of 19

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Yamada, M.; Teraoka, K.; Kawade, M.; Hirano, M.; Yamashina, A. Frequency and distribution of late gadolinium enhancement in
magnetic resonance imaging of patients with apical hypertrophic cardiomyopathy and patients with asymmetrical hypertrophic
cardiomyopathy: A comparative study. Int. J. Cardiovasc. Imaging 2009, 25, 131-138. [CrossRef] [PubMed]

Choudhury, L.; Mahrholdt, H.; Wagner, A.; Choi, K.M.; Elliott, M.D.; Klocke, EJ.; Bonow, R.O.; Judd, R M.; Kim, R.J. Myocardial
scarring in asymptomatic or mildly symptomatic patients with hypertrophic cardiomyopathy. J. Am. Coll. Cardiol. 2002, 40,
2156-2164. [CrossRef]

Neubauer, S.; Kolm, P.; Ho, C.Y,; Kwong, R.Y.; Desai, M.Y.; Dolman, S.E.,; Appelbaum, E.; Desvigne-Nickens, P.; DiMarco, J.P,;
Friedrich, M.G; et al. Distinct subgroups in hypertrophic cardiomyopathy in the NHLBI HCM Registry. J. Am. Coll. Cardiol. 2019,
74,2333-2345. [CrossRef]

Hughes, R.K.; Knott, K.D.; Malcolmson, J.; Augusto, ].B.; Mohiddin, S.A.; Kellman, P.; Moon, J.C.; Captur, G. Apical Hypertrophic
Cardiomyopathy: The Variant Less Known. J. Am. Heart Assoc. 2020, 9, e015294. [CrossRef]

Maron, M.S.; Maron, B.J.; Harrigan, C.; Buros, J.; Gibson, C.M.; Olivotto, I.; Biller, L.; Lesser, J.R.; Udelson, J.E.; Manning, W.J.;
et al. Hypertrophic cardiomyopathy phenotype revisited after 50 years with cardiovascular magnetic resonance. J. Am. Coll.
Cardiol. 2009, 54, 220-228. [CrossRef]

Gersh, B.J.; Maron, B.].; Bonow, R.O.; Dearani, J.A.; Fifer, M.A.; Link, M.S.; Naidu, S.S.; Nishimura, R.A.; Ommen, S.R.;
Rakowski, H.; et al. 2011 ACCF/AHA guideline for the diagnosis and treatment of hypertrophic cardiomyopathy: A report of
the American College of Cardiology Foundation/American Heart Association Task Force on Practice Guidelines. American
College of Cardiology Foundation/American Heart Association Task Force on Practice Guidelines., American Association for
Thoracic Surgery., American Society of Echocardiography., American Society of Nuclear Cardiology., Heart Failure Society of
America., Heart Rhythm Society., Society for Cardiovascular Angiography and Interventions., Society of Thoracic Surgeons.
Circulation 2011, 124, e783—e831.

Caselli, S.; Maron, M.S.; Urbano-Moral, J.A.; Pandian, N.G.; Maron, B.J.; Pelliccia, A. Differentiating left ventricular hypertrophy
in athletes from that in patients with hypertrophic cardiomyopathy. Am. J. Cardiol. 2014, 114, 1383-1389. [CrossRef]

Bergey, P.D.; Axel, L. Focal hypertrophic cardiomyopathy simulating a mass: MR tagging for correct diagnosis. AJR Am. ].
Roentgenol. 2000, 174, 242-244. [CrossRef]

Hansen, M.W.; Merchant, N. MRI of Hypertrophic Cardiomyopathy: Part I, MRI Appearances. Am. ]. Roentgenol. 2007, 189,
1335-1343. [CrossRef]

Duncan, K.; Shah, A.; Chaudhry, F,; Sherrid, M.V. Hypertrophic cardiomyopathy with massive midventricular hypertrophy,
midventricular obstruction and an akinetic apical chamber. Anadolu Kardiyol. Derg. 2006, 6, 279-282. [PubMed]

Cooke, J.C.; Cotton, J.; Monaghan, M.]. Mid-ventricular HOCM with apical asynergy. Heart 2000, 83, 517. [CrossRef] [PubMed]
Maron, M.S,; Finley, ].].; Bos, ].M.; Hauser, T.H.; Manning, W.J.; Haas, T.S.; Lesser, ].R.; Udelson, J.E.; Ackerman, M.].; Maron, B.J.
Prevalence, Clinical Significance, and Natural History of Left Ventricular Apical Aneurysms in Hypertrophic Cardiomyopathy.
Circulation 2008, 118, 1541-1549. [CrossRef] [PubMed]

Matsubara, K.; Nakamura, T.; Kuribayashi, T.; Azuma, A.; Nakagawa, M. Sustained cavity obliteration and apical aneurysm
formation in apical hypertrophic cardiomyopathy. . Am. Coll. Cardiol. 2003, 42, 288-295. [CrossRef]

Tsukamoto, M.; Hirasaki, S.; Kuribayashi, T.; Matsuo, A.; Matsui, H.; Sawada, T.; Nakamura, T.; Azuma, A.; Sugihara, H.;
Matsubara, H. Systolic Outward Motion of the Left Ventricular Apical Wall as Detected by Magnetic Resonance Tagging in
Patients with Apical Hypertrophic Cardiomyopathy. J. Cardiovasc. Magn. Reson. 2006, 8, 453—460. [CrossRef]

Fan, K.; Chau, E.; Chiu, C.S.W. Hypertrophic cardiomyopathy with mid ventricular obstruction, apical infarction and aneurysm
formation. Heart 2005, 91, e42. [CrossRef]

Lin, C.-S.; Chen, C.-H,; Ding, P.Y.-A. Apical hypertrophic cardiomyopathy mimicking acute myocardial infarction. Int. ]. Cardiol.
1998, 64, 305-307. [CrossRef]

Nakamura, T.; Matsubara, K.; Furukawa, K.; Azuma, A.; Sugihara, H.; Katsume, H.; Nakagawa, M. Diastolic paradoxic jet flow in
patients with hypertrophic cardiomyopathy: Evidence of concealed apical asynergy with cavity obliteration. . Am. Coll. Cardiol.
1992, 19, 516-524. [CrossRef]

Moravsky, G.; Ofek, E.; Rakowski, H.; Butany, J.; Williams, L.; Ralph-Edwards, A.; Wintersperger, PJ.; Crean, A. Myocardial
fibrosis in hypertrophic cardiomyopathy: Accurate reflection of histopathological findings by CMR. JACC Cardiovasc. Imaging
2013, 6, 587-596. [CrossRef]

Rowin, E.J.; Maron, B.J.; Chokshi, A.; Maron, M.S. Left ventricular apical aneurysm in hypertrophic cardiomyopathy as a risk
factor for sudden death at any age. Pacing Clin. Electrophysiol. 2018, 41, 1031-1033. [CrossRef]

Yang, K.; Song, Y.-Y.; Chen, X.-Y.; Wang, ].-X,; Li, L.; Yin, G.; Zheng, Y.-C.; Wei, M.-D.; Lu, M.-].; Zhao, S.-H. Apical hypertrophic
cardiomyopathy with left ventricular apical aneurysm: Prevalence, cardiac magnetic resonance characteristics, and prognosis.
Eur. Heart ]. Cardiovasc. Imaging 2020, 21, 1341-1350. [CrossRef] [PubMed]

Rowin, E.J.; Maron, B.].; Haas, T.S.; Garberich, R.F; Wang, W.].; Link, M.S.; Maron, M.S. Hypertrophic cardiomyopathy with
left ventricular apical aneurysm: Implications for risk stratification and management. J. Am. Coll. Cardiol. 2017, 69, 761-773.
[CrossRef] [PubMed]

Maron, B.J.; Ommen, S.R.; Semsarian, C.; Spirito, P; Olivotto, I.; Maron, M.S. Hypertrophic cardiomyopathy: Present and future,
with translation into contemporary cardiovascular medicine. J. Am. Coll. Cardiol. 2014, 64, 83-99. [CrossRef] [PubMed]


http://doi.org/10.1007/s10554-008-9406-1
http://www.ncbi.nlm.nih.gov/pubmed/19165622
http://doi.org/10.1016/S0735-1097(02)02602-5
http://doi.org/10.1016/j.jacc.2019.08.1057
http://doi.org/10.1161/JAHA.119.015294
http://doi.org/10.1016/j.jacc.2009.05.006
http://doi.org/10.1016/j.amjcard.2014.07.070
http://doi.org/10.2214/ajr.174.1.1740242
http://doi.org/10.2214/AJR.07.2286
http://www.ncbi.nlm.nih.gov/pubmed/16943118
http://doi.org/10.1136/heart.83.5.517
http://www.ncbi.nlm.nih.gov/pubmed/10768899
http://doi.org/10.1161/CIRCULATIONAHA.108.781401
http://www.ncbi.nlm.nih.gov/pubmed/18809796
http://doi.org/10.1016/S0735-1097(03)00576-X
http://doi.org/10.1080/10976640600604732
http://doi.org/10.1136/hrt.2004.055632
http://doi.org/10.1016/S0167-5273(98)00041-2
http://doi.org/10.1016/S0735-1097(10)80264-5
http://doi.org/10.1016/j.jcmg.2012.09.018
http://doi.org/10.1111/pace.13413
http://doi.org/10.1093/ehjci/jeaa246
http://www.ncbi.nlm.nih.gov/pubmed/32888301
http://doi.org/10.1016/j.jacc.2016.11.063
http://www.ncbi.nlm.nih.gov/pubmed/28209216
http://doi.org/10.1016/j.jacc.2014.05.003
http://www.ncbi.nlm.nih.gov/pubmed/24998133

Diagnostics 2022, 12, 489 18 of 19

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Rajiah, P; Fulton, N.L.; Bolen, M. Magnetic resonance imaging of the papillary muscles of the left ventricle: Normal anatomy,
variants, and abnormalities. Insights Imaging 2019, 10, 1-17. [CrossRef]

Harrigan, C.J.; Appelbaum, E.; Maron, B.J.; Buros, J.; Gibson, C.M.; Lesser, ].R.; Udelson, J.E.; Manning, W.].; Maron, M.S. Signifi-
cance of Papillary Muscle Abnormalities Identified by Cardiovascular Magnetic Resonance in Hypertrophic Cardiomyopathy.
Am. |. Cardiol. 2008, 101, 668-673. [CrossRef]

Maron, M.S.; Olivotto, I.; Harrigan, C.; Appelbaum, E.; Gibson, C.M.; Lesser, ].R.; Haas, T.S.; Udelson, J.E.; Manning, W.J.; Maron,
B.J. Mitral valve abnormalities identified by cardiovascular magnetic resonance represent a primary phenotypic expression of
hypertrophic cardiomyopathy. Circulation 2011, 124, 40-47. [CrossRef]

Captur, G.; Lopes, L.R.; Mohun, T].; Patel, V,; Li, C.; Bassett, P; Finocchiaro, G.; Ferreira, V.M.; Esteban, M.T.; Muthurangu, V.;
et al. Prediction of sarcomere mutations in subclinical hypertrophic cardiomyopathy. Circ. Cardiovasc. Imaging 2014, 7, 863-871.
[CrossRef]

Klues, H.G.; Proschan, M.A ; Dollar, A.L.; Spirito, P.; Roberts, W.C.; Maron, B.]J. Echocardiographic assessment of mitral valve size
in obstructive hypertrophic cardiomyopathy. Anatomic validation from mitral valve specimen. Circulation 1993, 88, 548-555.
[CrossRef]

Balaram, S.K.; Sherrid, M.; Derose, ].J.; Hillel, Z.; Winson, G.; Swistel, D. Beyond Extended Myectomy for Hypertrophic
Cardiomyopathy: The Resection-Plication-Release (RPR) Repair. Ann. Thorac. Surg. 2005, 80, 217-223. [CrossRef]

Kaple, R.K.; Murphy, R.T.; DiPaola, L.M.; Houghtaling, P.L.; Lever, H.M.; Lytle, B.W.; Blackstone, E.H.; Smedira, N.G. Mitral
Valve Abnormalities in Hypertrophic Cardiomyopathy: Echocardiographic Features and Surgical Outcomes. Ann. Thorac. Surg.
2008, 85, 1527-1535.€2. [CrossRef]

Teraoka, K.; Hirano, M.; Ookubo, H.; Sasaki, K.; Katsuyama, H.; Amino, M.; Abe, Y.; Yamashina, A. Delayed contrast enhancement
of MRI in hypertrophic cardiomyopathy. Magn. Reson. Imaging 2004, 22, 155-161. [CrossRef] [PubMed]

Maron, B.J. Distinguishing hypertrophic cardiomyopathy from athlete’s heart: A clinical problem of increasing magnitude and
significance. Heart 2005, 91, 1380-1382. [CrossRef] [PubMed]

Patel, P; Dhillon, A.; Popovic, Z.B.; Smedira, N.G.; Rizzo, ].; Thamilarasan, M.; Agler, D.; Lytle, B.W.; Lever, HM.; Desai, M.Y. Left
Ventricular Outflow Tract Obstruction in Hypertrophic Cardiomyopathy Patients Without Severe Septal Hypertrophy: Implica-
tions of Mitral Valve and Papillary Muscle Abnormalities Assessed Using Cardiac Magnetic Resonance and Echocardiography.
Circ. Cardiovasc. Imaging 2015, 8, e003132. [CrossRef] [PubMed]

Soler, R.; Méndez, C.; Rodriguez, E.; Barriales-Villa, R.; Ochoa, ].P.; Monserrat, L. Phenotypes of hypertrophic cardiomyopathy.
An illustrative review of MRI findings. Insights Imaging 2018, 9, 1007-1020. [CrossRef] [PubMed]

Kuchynka, P.; Podzimkova, J.; Masek, M.; Lambert, L.; Cern}?, V.; Danek, B.; Palecek, T. The Role of Magnetic Resonance Imaging
and Cardiac Computed Tomography in the Assessment of Left Atrial Anatomy, Size, and Function. BioMed Res. Int. 2015, 2015,
1-13. [CrossRef] [PubMed]

Sharma, S.; Elliott, P; Whyte, G.; Mahon, N.; Virdee, M.S.; Mist, B.; McKenna, W.]. Utility of metabolic exercise testing in
distinguishing hypertrophic cardiomyopathy from physiologic left ventricular hypertrophy in athletes. . Am. Coll. Cardiol. 2000,
36, 864-870. [CrossRef]

Luijkx, T.; Cramer, M.].; Buckens, C.F,; Zaidi, A.; Rienks, R.; Mosterd, A.; Prakken, N.; Dijkman, B.; Mali, W.P.T.M.; Velthuis, B.K.
Unravelling the grey zone: Cardiac MRI volume to wall mass ratio to differentiate hypertrophic cardiomyopathy and the athlete’s
heart. Br. J. Sports Med. 2013, 49, 1404-1409. [CrossRef]

Neisius, U.; El-Rewaidy, H.; Nakamori, S.; Rodriguez, J.; Manning, W.J.; Nezafat, R. Radiomic Analysis of Myocardial Native T1
Imaging Discriminates Between Hypertensive Heart Disease and Hypertrophic Cardiomyopathy. JACC Cardiovasc. Imaging 2019,
12, 1946-1954. [CrossRef]

Hinojar, R.; Varma, N.; Child, N.; Goodman, B.; Jabbour, A.; Yu, C.-Y.; Gebker, R.; Doltra, A ; Kelle, S.; Khan, S.; et al. T1 Mapping
in Discrimination of Hypertrophic Phenotypes: Hypertensive Heart Disease and Hypertrophic Cardiomyopathy. Circ. Cardiovasc.
Imaging 2015, 8, €003285. [CrossRef]

Takeda, M.; Amano, Y.; Tachi, M.; Tani, H.; Mizuno, K.; Kumita, S. MRI differentiation of cardiomyopathy showing left ventricular
hypertrophy and heart failure: Differentiation between cardiac amyloidosis, hypertrophic cardiomyopathy, and hypertensive
heart disease. Jpn. J. Radiol. 2013, 31, 693-700. [CrossRef]

O’Hanlon, R.; Pennell, D.J. Cardiovascular Magnetic Resonance in the Evaluation of Hypertrophic and Infiltrative Cardiomy-
opathies. Heart Fail. Clin. 2009, 5, 369-387. [CrossRef] [PubMed]

Nam, B.-D.; Kim, S.M.; Na Jung, H.; Kim, Y.; Choe, Y.H. Comparison of quantitative imaging parameters using cardiovascular
magnetic resonance between cardiac amyloidosis and hypertrophic cardiomyopathy: Inversion time scout versus T1 mapping.
Int. ]. Cardiovasc. Imaging 2018, 34, 1769-1777. [CrossRef] [PubMed]

Vio, R.; Angelini, A.; Basso, C.; Cipriani, A.; Zorzi, A.; Melacini, P.; Thiene, G.; Rampazzo, A.; Corrado, D.; Calore, C. Hypertrophic
Cardiomyopathy and Primary Restrictive Cardiomyopathy: Similarities, Differences and Phenocopies. . Clin. Med. 2021, 10,
1954. [CrossRef] [PubMed]

O’Mahony, C,; Jichi, E; Pavlou, M.; Monserrat, L.; Anastasakis, A.; Rapezzi, C.; Biagini, E.; Gimeno, ].R.; Limongelli, G.; McKenna,
W.J.; et al. A novel clinical risk prediction model for sudden cardiac death in hypertrophic cardiomyopathy (HCM Risk-SCD).
Eur. Heart ]. 2013, 35, 2010-2020. [CrossRef] [PubMed]


http://doi.org/10.1186/s13244-019-0761-3
http://doi.org/10.1016/j.amjcard.2007.10.032
http://doi.org/10.1161/CIRCULATIONAHA.110.985812
http://doi.org/10.1161/CIRCIMAGING.114.002411
http://doi.org/10.1161/01.CIR.88.2.548
http://doi.org/10.1016/j.athoracsur.2005.01.064
http://doi.org/10.1016/j.athoracsur.2008.01.061
http://doi.org/10.1016/j.mri.2003.08.009
http://www.ncbi.nlm.nih.gov/pubmed/15010107
http://doi.org/10.1136/hrt.2005.060962
http://www.ncbi.nlm.nih.gov/pubmed/16230430
http://doi.org/10.1161/CIRCIMAGING.115.003132
http://www.ncbi.nlm.nih.gov/pubmed/26082555
http://doi.org/10.1007/s13244-018-0656-8
http://www.ncbi.nlm.nih.gov/pubmed/30350182
http://doi.org/10.1155/2015/247865
http://www.ncbi.nlm.nih.gov/pubmed/26221583
http://doi.org/10.1016/S0735-1097(00)00816-0
http://doi.org/10.1136/bjsports-2013-092360
http://doi.org/10.1016/j.jcmg.2018.11.024
http://doi.org/10.1161/CIRCIMAGING.115.003285
http://doi.org/10.1007/s11604-013-0238-0
http://doi.org/10.1016/j.hfc.2009.02.003
http://www.ncbi.nlm.nih.gov/pubmed/19564014
http://doi.org/10.1007/s10554-018-1385-2
http://www.ncbi.nlm.nih.gov/pubmed/29846837
http://doi.org/10.3390/jcm10091954
http://www.ncbi.nlm.nih.gov/pubmed/34062949
http://doi.org/10.1093/eurheartj/eht439
http://www.ncbi.nlm.nih.gov/pubmed/24126876

Diagnostics 2022, 12, 489 19 of 19

75.

76.

77.

78.

79.

80.

81.

82.

83.

Gersh, B.].; Maron, B.].; Bonow, R.O.; Dearani, J.A.; Fifer, M.A.; Link, M.S.; Naidu, S.S.; Nishimura, R.A.; Ommen, S.R.; Rakowski,
H.; et al. 2011 ACCF/AHA guideline for the diagnosis and treatment of hypertrophic cardiomyopathy: Executive summary: A
report of the American College of Cardiology Foundation/American Heart Association Task Force on Practice Guidelines. J. Am.
Coll. Cardiol. 2011, 58, 2703-2738. [CrossRef] [PubMed]

Chan, R.H.; Maron, B.J.; Olivotto, I.; Pencina, M.].; Assenza, G.E.; Haas, T.; Lesser, ].R.; Gruner, C.; Crean, A.M.; Rakowski, H.;
et al. Prognostic value of quantitative contrast-enhanced cardiovascular magnetic resonance for the evaluation of sudden death
risk in patients with hypertrophic cardiomyopathy. Circulation 2014, 130, 484-495. [CrossRef]

Lipshultz, S.E.; Sleeper, L.A.; Towbin, J.A.; Lowe, A.M.; Orav, E.J.; Cox, G.E; Lurie, PR.; McCoy, K.L.; McDonald, M.A.; Messere,
J.E.; et al. The Incidence of Pediatric Cardiomyopathy in Two Regions of the United States. N. Engl. |. Med. 2003, 348, 1647-1655.
[CrossRef]

Colan, S.D,; Lipshultz, S.E.; Lowe, A.M,; Sleeper, L.A.; Messere, ].; Cox, G.F; Lurie, PR.; Orav, E.J.; Towbin, ].A. Epidemiology
and cause-specific outcome of hypertrophic cardiomyopathy in children: Findings from the Pediatric Cardiomyopathy Registry.
Circulation 2007, 115, 773-781. [CrossRef]

Chaowu, Y.; Shihua, Z; Jian, L.; Li, L.; Wei, F. Cardiovascular Magnetic Resonance Characteristics in Children with Hypertrophic
Cardiomyopathy. Circ. Heart Fail. 2013, 6, 1013-1020. [CrossRef]

Kindel, S.J.; Miller, EM.; Gupta, R.; Cripe, L.H.; Hinton, R.B.; Spicer, R.L.; Towbin, J.A.; Ware, S.M. Pediatric Cardiomyopathy:
Importance of Genetic and Metabolic Evaluation. J. Card. Fail. 2012, 18, 396-403. [CrossRef]

Weng, Z.; Yao, J.; Chan, R H.; He, J.; Yang, X.; Zhou, Y.; He, Y. Prognostic value of LGE-CMR in HCM: A meta-analysis. JACC
Cardiovasc. Imaging 2016, 9, 1392-1402. [CrossRef] [PubMed]

Decker, J.A.; Rossano, J.W.; Smith, E.O.; Cannon, B.; Clunie, S.K.; Gates, C.; Jefferies, J.L.; Kim, J.J.; Price, J.F,; Dreyer, W.J.; et al.
Risk Factors and Mode of Death in Isolated Hypertrophic Cardiomyopathy in Children. J. Am. Coll. Cardiol. 2009, 54, 250-254.
[CrossRef] [PubMed]

Norrish, G.; Cantarutti, N.; Pissaridou, E.; A Ridout, D.; Limongelli, G.; Elliott, P.; Kaski, J.P. Risk factors for sudden cardiac death
in childhood hypertrophic cardiomyopathy: A systematic review and meta-analysis. Eur. |. Prev. Cardiol. 2017, 24, 1220-1230.
[CrossRef] [PubMed]


http://doi.org/10.1016/j.jacc.2011.10.825
http://www.ncbi.nlm.nih.gov/pubmed/22075468
http://doi.org/10.1161/CIRCULATIONAHA.113.007094
http://doi.org/10.1056/NEJMoa021715
http://doi.org/10.1161/CIRCULATIONAHA.106.621185
http://doi.org/10.1161/CIRCHEARTFAILURE.113.000414
http://doi.org/10.1016/j.cardfail.2012.01.017
http://doi.org/10.1016/j.jcmg.2016.02.031
http://www.ncbi.nlm.nih.gov/pubmed/27450876
http://doi.org/10.1016/j.jacc.2009.03.051
http://www.ncbi.nlm.nih.gov/pubmed/19589438
http://doi.org/10.1177/2047487317702519
http://www.ncbi.nlm.nih.gov/pubmed/28482693

	Introduction 
	An Anatomical and Histopathological Review of Hypertrophic Cardiomyopathy 
	Cardiac MR for HCM 
	CMR Evaluation of Apical Hypertrophic Cardiomyopathy 
	CMR Evaluation of Focal Hypertrophic Cardiomyopathy 
	CMR Evaluation of Midventricular Obstruction 
	CMR Evaluation of Apical Aneurysm 
	CMR Evaluation of LVOT Obstruction 
	CMR Evaluation of Mitral Valve and Papillary Muscles 
	CMR Evaluation of Left Atrial Dimensions and Function 

	CMR Differential Diagnosis of Thickened Myocardium 
	Differential Diagnosis with Athlete’s Heart 
	Differential Diagnosis with Hypertensive Heart Disease 
	Differential Diagnosis with Infiltrative Cardiomyopathies 

	CMR for Risk Stratification in Adults with HCM 
	Special Considerations in Children 
	Risk Stratification in Children with HCM 
	Conclusions 
	Teaching Points 
	References

