
ECHOCARDIOGRAPHY (JM GARDIN AND AH WALLER, SECTION EDITORS)

Evaluation of Hypertrophic Cardiomyopathy: Newer Echo
and MRI Approaches

Manhal Habib1
& Sara Hoss1 & Harry Rakowski1

Published online: 26 June 2019
# Springer Science+Business Media, LLC, part of Springer Nature 2019

Abstract
Purpose of Review This review discusses the basic and evolving echocardiographic and cardiac magnetic resonance (CMR)
approaches in the diagnosis and management of patients with hypertrophic cardiomyopathy (HCM).
Recent Findings Newer imaging technologies and techniques in both echocardiography and CMR have proved to add incre-
mental value to our understanding of HCM. 3D reconstruction in echocardiography and CMR allows for more accurate mor-
phological and volumetric assessment of the left ventricle. Echocardiographic and CMR-based left atrial assessment, including
for its mechanical properties, has been shown to be correlated to outcomes and development of atrial fibrillation. Tissue
characterization and scar burden quantification by late gadolinium enhancement on CMR has revolutionized our understanding
of fibrotic processes in HCM and their contribution to disease severity and clinical outcomes.
Summary Cardiac imaging plays a crucial role in HCM patients. Using echocardiography and CMR as complementary modal-
ities allows for improved diagnostics, optimization of treatment, and better prognostication.
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Introduction

Hypertrophic cardiomyopathy (HCM) is the most common
inherited cardiac disorder, and its prevalence is thought to be
1:500 [1–3, 4••]. The definition of HCM includes the presence
of left ventricular (LV) hypertrophy with maximal myocardial
wall thickness ≥ 15 mm, in the absence of loading conditions
that could induce the same extent of hypertrophy, such as

aortic stenosis or longstanding hypertension [5, 6]. While
HCM genotypic expression has autosomally dominant inher-
itance, its phenotypic expression can be extremely variable,
even between patients with the same pathogenic variant, in
terms of age of clinical presentation, severity, presence of left
ventricular outflow tract (LVOT) obstruction, as well as prog-
nosis. Most patients with HCM will have a normal life with a
near-normal life span. However, some patients will develop
symptoms necessitating therapeutic interventions, including
pharmacotherapy, alcohol septal ablation, surgical myectomy,
or even heart transplantation. Choosing the most suitable treat-
ment relies on the pathophysiology behind the clinical presen-
tation. This could be multifactorial and includes HCM-related
mechanisms such as diastolic or systolic dysfunction, LVOT
obstruction, myocardial ischemia due to microvascular dys-
function, arrhythmia, or mitral valve regurgitation, as well as
non-HCM-related mechanisms, including coronary artery dis-
ease, primary valvular abnormalities, or pulmonary disease.

Cardiac imaging plays a crucial role in the diagnosis and
management of HCM patients. Although clues for HCM can
be found on the electrocardiogram, the gold standards for
HCM diagnosis, assessment of treatment efficiency, and
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prognostication remain transthoracic echocardiography and
cardiac magnetic resonance imaging (CMR).

This review will describe the essential and complementary
role of echocardiography and cardiac magnetic resonance in
the diagnosis and management of patients with HCM.

CMR

CMR has emerged as an invaluable imaging modality in the
assessment of HCM patients. CMR has been proven to be
optimized to the diverse phenotypic expression of HCM, giv-
en its high spatial and temporal resolution, the ability to clear-
ly delineate the endocardial and epicardial borders, and the
capability of tomographic cardiac reconstruction with excel-
lent visualization of all LV segments. Furthermore, images are
independent of factors that could impede obtainment of proper
echocardiographic acoustic windows, such as body habitus,
chest wall geometry, and pulmonary parenchymal disease.

While CMR provides the ability to accurately measure LV
wall thickness, LVmass, and LVejection fraction, it is the gold
standard method for tissue characterization and volumetric
assessment. Despite the aforementioned CMR advantages
over echocardiography, it has certain drawbacks. Image qual-
ity in CMR is dependent upon cardiac and respiratory gating.
Lack of patient cooperation, arrhythmias, limited availability,
lack of portability, and its high cost are among the well-known
CMR limitations. Furthermore, gadolinium-based contrast is
contraindicated in advanced renal failure as it may lead to
nephrogenic systemic sclerosis.

Morphological Assessment

Myocardial Wall Thickness

As previously detailed, noninvasive diagnosis of HCM is
morphologically based on LV wall thickness ≥ 15 mm at
end-diastole in general (or ≥ 13 mm in patients with a known
family history of HCM), in a nondilated LV [6, 7]. The mag-
nitude of LV hypertrophy has been shown to strongly correlate
linearly with the risk of sudden cardiac death (SCD), and
HCM patients with massive hypertrophy (i.e., thickness ≥
30 mm) are considered at the highest risk [6, 8••, 9]. This
underscores the importance of reliable and accurate measure-
ment of LV wall thickness.

Despite the fact that the ventricular septum is predom-
inantly involved in HCM, any myocardial segment can be
affected, including the LV free wall and LV apex (Fig. 1).
Maron et al. [10••] described different patterns of left
ventricular hypertrophy (LVH) in 333 HCM patients
who underwent CMR examination and have shown that
the predominant area of LV wall thickening in HCM

involved the continuum of the basal anterior free wall
with the basal anterior interventricular septum. The next
most common area for hypertrophy was the mid-
ventricular posterior septum. Due to its lower spatial res-
olution and the effect of adjacent organs (such as chest
wall or lung parenchyma) on image quality, echocardiog-
raphy can miss the diagnosis of HCM when the hypertro-
phy is confined to the anterolateral wall [11] or the pos-
terior septum in the area of insertion of the right ventricle
(RV) free wall [10••]. CMR is not limited by such con-
straints, due to its higher spatial resolution and tomo-
graphic imaging capabilities, and it is the preferred meth-
od for assessment of myocardial hypertrophy in the ante-
rior wall, posterior septum, and apex of the heart.
Moreover, it has been showed that in up to 10% of
HCM patients, hypertrophy is confined to only 1 or 2
LV segments [10••]. These localized hypertrophic seg-
ments could be missed in routine echocardiography due
to its limited echocardiographic imaging planes [12].

The extent of hypertrophy could be overestimated in
echocardiography due to inclusion in the LV wall mea-
surement process of the right ventricular myocardium [13,
14], LV trabeculations, papillary muscles, or apical septal
bundle [15•]. Hindieh et al. compared maximal LV wall
thickness in CMR and TTE and reported that almost half
of the patients were identified to have intermodal mea-
surement discrepancies ≥ 10% even when reported by
readers experienced in HCM studies. In 15.9% of patients,
measurement discrepancy occurred at diagnostic or prog-
nostic cutoffs, underscoring the clinical importance of ac-
curate LV wall thickness measurement [15•]. Another
study by Bois et al. [16•] in 618 patients showed signif-
icant differences between CMR and echocardiography in
the assessment of maximal wall thickness, with a median
difference of 3 mm, while exact agreement between the
two studies occurred in only 12% of patients.

Administration of contrast during TTE image acquisition
can help improve endocardial definition and myocardial de-
lineation and can prove very useful in assessment of the apical
form of HCM, as will be detailed later (Fig. 2).

Left Ventricular Mass and Volume

CMR is the most accurate and reproducible method of quan-
tifying LV mass [17]. While echocardiographic assessment of
LV mass and volumes in HCM is limited by the heterogeneity
of the LV geometry, CMR-based LVassessment is not reliant
upon the geometric assumptions used in echocardiography, as
it is performed by direct tracing of myocardial borders.
However, real-time 3D echocardiographic measurements of
volumes and mass have been shown to be correlated closely
to CMR-based measurements [18].
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LVmass in patients with limited and focal hypertrophy can be
normal [19], explaining why the diagnosis of HCM relies on the
presence of increased segmental wall thickness and not LVmass.
This fact may explain why LV mass lacks specificity as an out-
come predictor. On the other hand, it has been shown that LV
mass indexed to body surface area is more sensitive than

maximal LV wall thickness in predicting HCM-related mortality
[19], and that a CMR-derived indexed LV mass more than two
standard deviations above a healthy control cohort is a sensitive
predictor of clinical outcomes in HCM [20]. However, the rele-
vance of LV mass as an independent marker for predicting ad-
verse outcomes in HCM is still not well defined.

Fig.1 a–gHCMmorphologies in CMR (first row) and echocardiography
(second row). a Reverse curvature. b Sigmoid septum. c Neutral septum
with basal to apical septal hypertrophy. d Extreme LV septal hypertrophy
(42 mm). e Apical hypertrophy. f Apical aneurysm. g Basal inferior wall

crypt (shown by asterisk). h Septal-apical muscle bundle (shown by
asterisk). LV left ventricle, RV right ventricle, LA left atrium, RA right
atrium, Ao aorta, An aneurysm
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LV Apex

Apical HCM has been long thought to have a benign clinical
course with low rate of cardiovascular mortality, compared with
other morphological forms of HCM. However, severe clinical
manifestations, including arrhythmias and apical infarction lead-
ing to aneurysm formation, have been increasingly recognized.

Accurate assessment and characterization of the LV apex,
as well as the development of apical aneurysm, are pivotal for
prognostication, as apical aneurysms are associated with sub-
stantial cardiovascular morbidity and mortality [21, 22, 23••].

Furthermore, thrombus can develop in the dyskinetic/akinetic
apical aneurysm [21, 23••, 24, 25], putting patients at risk of
thromboembolic complications [26] and sometimes may be
the presenting symptom.

Rowin et al. showed that in a cohort of 1940 HCM
patients, apical aneurysm was evident in 4.8% [23••].
However, in the apical form of HCM, the incidence of
apical aneurysms has been reported to be much higher,
ranging from 10 to 30% [27, 28].

CMR has been found to be superior to echocardiography in
detecting apical segment hypertrophy (Fig. 2) [12, 28, 29]. In

Fig. 2 Contrast echocardiography (middle row) and cardiac magnetic
resonance (CMR, lower row) in patients with technically difficult
echocardiographic studies with limited views (upper row). a Apical
HCM which was not well-visualized in the 2D echocardiogram but
demonstrated in contrast echocardiogram and CMR. b Small apical
aneurysm not seen in the 2D echocardiogram but revealed with the use

of contrast and in CMR (white arrows). c Difficult to assess basal antero-
septal hypertrophy due to lack of RV side visualization. RV chamber is
well demonstrated with the use of contrast echocardiography and in
CMR, allowing for accurate measurement of the interventricular septum
(40 mm). LV left ventricle, RV right ventricle, LA left atrium, RA right
atrium
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a large cohort of apical HCM patients, 9 of 105 patients were
initially reported to have negative echocardiograms, which on
review after CMR were positive [30].

Small to moderate sized apical aneurysms may not be reli-
ably detected by echocardiography for the same reasons that
apical hypertrophy can also be missed (Fig. 2) [28], and CMR
has been shown to be the preferred modality for apical aneu-
rysm detection due to its high spatial and contrast resolution.
However, the use of contrast agents can improve TTE charac-
terization of the LV apex and should be routinely used in the
evaluation of suspected apical HCM [6, 31], as well as con-
firmed apical HCM for the presence of thrombus (Fig. 2).

Right Ventricle

Assessment of the RV by echocardiography is limited due to
its retrosternal position, making CMR the gold standard for
RV characterization.

Right ventricular involvement in HCM occurs in approxi-
mately 18% of all cases, most commonly involving the mid to
apical portion of the right ventricle [32, 33]. Maron et al. [13]
showed that maximum RV wall thickness was increased to ≥
8 mm in one third of patients with HCM compared to refer-
ence controls. Most commonly, the RVareas that are involved
in hypertrophy are confined to the insertion of the RV wall
into the anterior and posterior septum.

The prognostic significance of RV involvement in HCM is
not yet known.

Tissue Characterization

Tissue characterization in HCM is perhaps the most important
advantage of CMR over echocardiography, offering an invalu-
able incremental value in HCM assessment (Fig. 3). CMR
allows noninvasive assessment of the presence and extent of
myocardial fibrosis by late gadolinium enhancement (LGE)
[34, 35•, 36–38]. A typical protocol involves CMR image
acquisition 5–20 min following gadolinium administration
[39]. LGE is based on the kinetic behavior of gadolinium that
washes out slower from diseased myocardium (due to fibrosis
or infarction), compared with the healthy myocardium [40].

CMR-based scar burden assessment by LGE has been
shown to correlate closely with histopathological findings in
HCM [35•, 38, 41], with approximately half to two thirds of
patients with HCM showing some degree of myocardial fibro-
sis [42]. LGE burden can be quantified by mass and as a
percentage of total LV mass [43••]. LGE is typically patchy,
located in the mid-wall, and involves areas of myocardial
hypertrophy and RV insertion points [34, 42]. An LGE pattern
that is transmural and diffusely distributed is characteristic of
end-stage heart failure and systolic dysfunction (Fig. 3).

The extent of myocardial scarring onCMR has been shown
to predict HCM-related adverse events, including progressive

heart failure and sudden death [43••, 44–47, 48••, 49], and
therefore, its quantification has gained great importance. A
large multicenter study by Chan et al. involving 1293 HCM
patients found a linear correlation between risk of sudden
cardiac death and amount of LGE, even after adjustment for
other disease variables, including age and LVEF [43••]. On
the other hand, in another study by Ismail et al., LGE extent
was predictive of sudden cardiac death on univariate analysis,
but this relationship was not maintained after adjusting for
LVEF [50]. Mentias et al. have shown in 1423 adult HCM
patients with low/intermediate ESC SCD risk and normal LV
systolic function that LGE can provide incremental prognostic
utility over ESC SCD risk score, and that LGE percentage was
directly and significantly associated with the rate of the com-
posite endpoint (SCD and appropriate ICD discharge) [51••].

Myocardial fibrosis may play a pivotal role in the genesis
of arrhythmias by promoting dispersion of electrical activity,
resulting in re-entry and ventricular arrhythmias. It has been
shown that myocardial fibrosis, as assessed by CMR, is inde-
pendently associated with NSVT, both in frequency and du-
ration, in HCM [37, 52–55, 56••, 57, 58].

Currently, the ACCF/AHA guidelines recommend consid-
ering using LGE as an arbitrator towards the decision for ICD
implantation in those patients in whom sudden cardiac death
risk remains ambiguous after considering conventional risk
factors (class IIb, level of evidence C) [5]. However, the
ESC-SCD Risk Calculator does not incorporate LGE in its
risk prediction model [6, 59••].

T1 mapping is a CMR technique whereby the value of
native and post-contrast T1 relaxation can be quantified and
potentially used to assess myocardial fibrosis. T1 mapping
shows promise in discriminating HCM from athlete’s heart
[60], hypertensive heart disease [61], amyloidosis [62], and
Anderson–Fabry disease [63], and may hold promise for the
assessment of SCD risk in the future.

Mitral Valve Apparatus

The mitral valve plays an important role in HCM. More than
50% of HCM patients show some degree of mitral valve ab-
normality, mostly involving elongation of one or both leaflets
[64, 65•]. The abnormal mitral valve plays an important role in
the pathophysiology of LVOT obstruction. Drag forces and
Venturi effect can cause the anterior mitral leaflet to be pushed
towards the septum, leading to the development of dynamic
LVOT obstruction, often with high gradients, as well as the
typical posteriorly directed mitral regurgitation (MR) jet
(Fig. 4).

Echocardiographic assessment of the mitral valve structure
and function can confirm the presence of LVOTobstruction or
can direct our attention to other pathologies. LVOT gradient
without concomitant MR can indicate the presence of aortic
valve pathology or subaortic membrane. When the MR jet is
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central or anteriorly directed, mechanisms other than SAM
should be sought after, such as mitral valve prolapse, primary
mitral pathology, mitral annular calcification, or chordal rup-
ture. The presence of more than one jet of MR can indicate a
mixed-pathology mechanism. Trans-esophageal echocardiog-
raphy (TEE) and 3D echocardiography can be of extreme
utility in clearly demonstrating the number of MR jets and
their dynamics, as well as the mitral apparatus—including
mitral leaflets and their mechanism of malcoaptation—the
chords, and the papillary muscles.

Demonstrating the presence of MR, as well as determina-
tion of its exact mechanism and severity, are of utmost impor-
tance in the assessment of symptomatic HCM patients and
treatment planning. In patients in whom the degree or mech-
anism of MR remain undetermined by resting echocardiogra-
phy, an exercise stress echo should be considered, as it may
unveil latent MR due to its reliance on LV preload and
afterload.

Despite the increasing use of CMR in the diagnosis and
management of HCM patients, echocardiography remains
the modality of choice for imaging of the mitral valve and
assessment of LVOT gradients and obstruction. However,
CMR is still of value in determining the severity of MR by
measuring regurgitant volume and fraction [66]. Due to its
spatial resolution and tomographic imaging capabilities,
CMR can be useful in the diagnosis of papillary muscle

abnormalities, including papillary muscle hypertrophy,
antero-apical displacement, presence of multiple accessory
papillary muscles, and anomalous papillary muscle insertion
into the anterior mitral valve leaflet. All these pathologies can
contribute to the obstruction mechanism, with some necessi-
tating papillary muscle reorientation as part of a surgical
myectomy [67, 68].

Left Atrial Assessment

Atrial fibrillation (AF) is the most common sustained arrhyth-
mia in HCM [69, 70, 71•, 72•], and atrial remodeling is
thought to contribute significantly to its pathogenesis [73•,
74]. Hemodynamic loading conditions can lead to a process
in which there is an increase in LA volume, reduction in LA
ejection fraction, and worsening of LA strain [74]. However,
the possibility of a primary atrial myopathy has not been fully
excluded [71•, 72•, 75]. Several studies have demonstrated an
association between LA size and AF development [76], AF-
related hospitalization, stroke, and death [77, 78, 79•], as well
as HCM severity [80].

Routine echocardiographic LA evaluation includes assess-
ment of LA size through quantification of LA diameter, area,
or volume. As with LV volumetric assessment, LA volume
quantification by CMR is considered the gold standard [81].

Fig. 3 Contrast cardiac magnetic resonance images showing areas of late
gadolinium hyperenhancement (LGE) consistent with myocardial
fibrosis (white arrows). a Dense LGE in hypertrophic basal septum. b
LGE in scarred apical aneurysm (shown by asterisk). c Diffuse extensive
LGE in end-stage, burnt out, phase of HCM (short axis, and apical four-

chamber, three-chamber, and two-chamber views). Note the dilated left
ventricle with relatively thin myocardial walls. LVejection fraction in this
patient is 36%. LV left ventricle, RV right ventricle, LA left atrium, RA
right atrium, Ao aorta
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Strain analysis by the means of speckle-tracking echocar-
diography or feature-tracking on CMR has gained popularity
recently for the assessment and characterization of LA phasic
function (reservoir, conduit, and booster functions).
Abnormalities in LA reservoir and conduit function, as well
as depression of LA contractility (booster function), have been
reported in HCM patients [75, 82, 83], and shown to be cor-
related with adverse cardiovascular outcomes [75, 84, 85] and
atrial fibrillation development [73•].

CMR-based study conducted by Sivalokanathan et al. dem-
onstrated evidence of left atrial fibrosis (by LGE) in all 45
HCM patients recruited for the study [86]. In HCM patients
with paroxysmal atrial fibrillation, there was a greater degree
of LA structural remodeling, lower LA ejection fraction, as
well as higher left atrial fibrosis burden.

Functional Assessment

LV Systolic Function

Most HCM patients have normal to hyperdynamic LV systolic
function, and only a minority of them will develop end-stage
LV systolic dysfunction (LV ejection fraction < 50%).
Diagnosis of patients with LV systolic dysfunction (LVSD)
is important as they are at higher risk of SCD and therefore
require appropriate and unique management [87]. In TTE, LV
systolic function is usually measured using the Simpson’s bi-
plane method, which relies on measurements of end-systolic
and end-diastolic LV volumes to calculate stroke volume and
LV ejection fraction (LVEF). However, these measurements
are not accurate in patients with LVH, as they tend to

Fig. 4 SAM and Dynamic LVOT
obstruction before and after
surgical myectomy. a–c The
mechanism of LVOT obstruction
as seen in transthoracic
echocardiography and CMR. In
early and mid-systole, both
anterior and posterior mitral valve
leaflets are moving towards the
septum (asterisk in a and c).
Septal movement of the anterior
leaflet causes narrowing of the
LVOTwith turbulent blood flow,
as well as malcoaptation of the
mitral valve leaflets which results
in posteriorly directed MR (b). d–
f Post myectomy the mitral
leaflets do not move towards the
septum, the LVOT is not
obstructed, and there is laminar
blood flow through the LVOT.
There is normal coaptation of the
leaflets and therefore no signs of
MR.
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overestimate LVEF due to preserved and even augmented
radial wall thickening seen in HCM (in order to compensate
for the reduced longitudinal contraction) [88]. Studies demon-
strated that the use of tissue Doppler imaging (TDI) and 2D
speckle-tracking echocardiography (STE) can detect LV sys-
tolic dysfunction more accurately and in earlier stages
[89–91]. HCM patients were found to have low systolic ve-
locities and increased systolic asynchrony on TDI, and
Systolic (s′) velocity of < 4 cm/s at the lateral mitral annulus
was found to be associated with LV dysfunction and disease
progression [91]. 2D-STE can be used to detect reduction in
regional and global longitudinal strain before reduction in
LVEF is evident.

HCM patients often present with decreased longitudinal,
circumferential, and radial strains even in the absence of fibro-
sis. Myocardial fibrosis was found to be associated with re-
duced segmental longitudinal strain, and both global longitu-
dinal strain measured by echocardiography and LGE obtained
from CMR were found to be markers of ventricular arrhyth-
mia in HCM patients [92, 93].

Although echocardiography is a useful tool in LV systolic
assessment, CMR is still the gold standard in obtaining an
accurate LVEF. It can also be used for strain analysis and
LGE quantification, which are both, as mentioned, of prog-
nostic significance [93].

LV Diastolic Function

Diastolic dysfunction is present in almost all patients with
HCM. Contributors include LV hypertrophy, nonuniformity
of ventricular contraction and relaxation, abnormal intracellu-
lar calcium handling, diffuse myocardial ischemia, fibrosis,
and LVOT obstruction [5].

Echocardiography is the imagingmodality of choice for the
assessment of diastolic function in HCM. However, accurate
classification of the grade of diastolic function presents a chal-
lenge owing to the variability of its presentation (in terms of
phenotype, amount of myocardial scarring and fiber disarray,
magnitude of myocardial mass, and obstructive versus
nonobstructive physiology), and the multifactorial nature of
LV diastolic dysfunction in HCM.

Whereas echocardiography has been successfully utilized
for estimation of diastolic function and left ventricular filling
pressures in various cardiac disorders [94–97], several studies
have shown that conventional mitral inflow and pulmonary
venous flow velocities are poorly predictive of LV filling pres-
sures in hypertrophic cardiomyopathy, and these should not be
used alone to assess diastolic function in HCM [98, 99]. In
accordance with the recent EAE/ASE recommendations
[100], an integrated four-criteria approach to assess high LV
filling pressures in HCM is recommended and should take
into consideration the following variables: (1) average E/e′
ratio > 14, (2) LA volume index (> 34 mL/m2), (3) Ar-A

duration ≥ 30 ms, and (4) peak velocity of TR jet by CW
Doppler > 2.8 m/s. As individual variables have weak corre-
lations with LV filling pressures when used alone in patients
with HCM, a comprehensive approach is recommended for
assessment of LV diastolic function in this population [98, 99,
101, 102].

Presently, use of CMR for diastolic evaluation has not been
validated in HCM and its use for this purpose requires acqui-
sition of special pulse sequences [103].

Left Ventricular Outflow Tract Obstruction

Dynamic LVOT obstruction is a common manifestation in
patients with HCM and is defined by an LVOT gradient ≥
30 mmHg at rest or post-provocation [5, 6]. It is present in up
to 70% of HCM patients at rest or with provocation and can
cause significant symptoms such as reduced exercise capacity,
exertional dyspnea, chest pain, pre-syncope, and syncope.
Presence of significant LVOT obstruction is thought to be
related to adverse prognosis and is considered a risk factor
for heart failure and sudden cardiac death [104].

Three main mechanisms play a causative role in the patho-
physiology of LVOTobstruction. These include LVoutflow tract
narrowing secondary to localized hypertrophy, rapid LVejection
caused by LV hyper-contractility, and elongated and anteriorly
displaced mitral leaflets. These result in creating drag forces and
a Venturi effect that move the mitral leaflet towards the septum
during systole, thus causing systolic anterior motion (SAM) of
the mitral valve leaflet (Fig. 4) [105]. This movement creates
contact between the septum and the mitral leaflet, causing
LVOT obstruction and elevated gradients. Through interruption
of the normal coaptation of the mitral valve leaflets, SAM can
result also in the typical posteriorly directed mitral regurgitation.
The duration of the septum-mitral leaflet contact determines the
degree of obstruction and MR severity.

Accurate assessment and diagnosis of LVOT obstruction
has important implications on symptom evaluation and man-
agement, as well as the prognostication process. A high degree
of caution should be addressed when evaluating the degree of
the obstruction and its mechanism. The most effective nonin-
vasive way to evaluate the exact location of the LV gradient
and its severity is by transthoracic echocardiography (TTE).
The LVOT gradient can be obtained by measuring LVOT
velocity using continuous-wave Doppler, which results in a
typical dagger-shaped wave (Fig. 5). This shape is typical of
LVOTobstruction as the wave starts at early systole and the tip
of the dagger represents the timing of contact between the
mitral valve leaflet and the septum. This allows us to differ-
entiate LVOT gradient from mid-ventricular gradient or intra-
cavitary obliteration, both occurring later in systole (Fig. 5).

The dagger-shaped Doppler recording is also useful in
distinguishing an LVOT gradient from MR, which typically be-
gins earlier in systole and has a different jet shape and a higher
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peak velocity. The MR Doppler may contaminate LVOT mea-
surements, leading to falsely high gradients, and underscoring the
need for a cautious and accurate assessment (Fig. 5).

Another important distinction is between dynamic LVOTO
obstruction and a subaortic membrane, both capable of caus-
ing similar symptoms and abnormal LVOT gradients from
continuous-wave Doppler. However, the absence of SAM,
the lack of the typical dagger-shaped continuous-wave
Doppler signal, and the lack of a posteriorly directed MR jet,
all point to fixed obstruction originating from a possible
subaortic membrane rather than SAM-induced LVOT
obstruction.

Approximately half of the patients with LVOT obstruction
will have LVOT gradients above 30 mmHg at rest, while the

other half will demonstrate obstructive physiology only after
provocative maneuvers that induce an increase in LV contrac-
tility, a decrease in LV afterload, or a decrease in LV volume
(latent LVOT obstruction).

Evaluation of LVOT maximal gradients should routinely
be obtained both at rest and post- provocation, usually by
using the Valsalva maneuver [5, 6]. Stress echocardiography
should be considered in symptomatic patients in whom abnor-
mal LVOT gradients could not be assessed or documented
with routine maneuvers such as Valsalva or nitrite supplemen-
tation [5, 6]. Echocardiography is also the preferred modality
to assess the response to treatment in patients with LVOT
obstruction, either after implementation of pharmacotherapy
or surgical myectomy.

Fig. 5 Continuous-wave Doppler measurements in hypertrophic
obstructive cardiomyopathy. a, b Typical dagger-shaped Doppler signal
of LVOT gradient in latent LVOT obstruction. Resting LVOT gradient is
only 19 mmHg (a) with no significant obstruction. After provocation
using Valsalva maneuver (b), the gradient increased to 63 mmHg
indicating LVOT obstruction. c MR contamination of the LVOT

gradient. The first beat (*) demonstrates MR superimposing the LVOT
gradient; the jet is almost 6 m per second and does not have a dagger
shape. After slight adjustment of the transducer, we can see the previously
concealed dagger-shaped jet of the LVOT gradient in the third beat (**). d
The typical jet of mid-ventricular obstruction, peaking in late systole
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Periprocedural Assessment

As previously described, both echocardiography and CMR
have a role in evaluation of symptomatic patients. The appro-
priate treatment, whether invasive or noninvasive, should be
determined only following identifying the main etiology of
symptoms and the contributing factors.

Septal reduction therapy is indicated in symptomatic pa-
tients with LVOTO ≥ 50 mmHg despite maximally tolerated
medical therapy [5, 6]. The two invasive procedures used for
septal reduction are surgical myectomy and alcohol septal
ablation.

While septal alcohol ablation results only in reduction in
the size of the basal septum, surgical myectomy can be more
extensive, and may be expanded to include papillary muscle
reorientation, aortoplasty, and MV repair. Both echocardiog-
raphy and CMR have a role in preoperative assessment, thus
influencing decision making towards the appropriate proce-
dure and its extent.

Performing a successful surgical myectomy relies on
resecting enough myocardial tissue, so the resultant septal
thickness remains at 8–10 mm, with the resection extend-
ing at least 1 cm below the site of septal-leaflet contact. As
the effect of surgical myectomy on LVOT obstruction
mechanism is immediate, intraoperative TEE is essential
to confirm obtaining good surgical results, e.g., reduced
LVOTO and MR, while ruling out possible complications
such as ventricular septal defect (VSD) or aortic
regurgitation.

Alcohol septal ablation (ASA) involves injection of eth-
anol into one or more septal perforator arteries, resulting in
a controlled infarct in the basal septum and reduction of
LVOT gradients. This method requires preprocedural as-
sessment in order to detect proper septal perforator arteries
by coronary angiography. In addition, in order to control
the location and size of the infarct as much as possible, a
contrast agent is injected into the target septal perforator
artery and echocardiography is used to visualize the myo-
cardial tissue supplied by that artery. This allows for more
accurate estimation of the affected area in order to predict
the success of the procedure and avoid possible complica-
tions such as extensive infarct involving the RV or papil-
lary muscles. TTE is often used for myocardial imaging,
though TEE can be used if needed to optimize imaging.
Using echocardiography in order to demonstrate LVOT
obstruction alleviation during ASA is of less benefit than
in surgical myectomy, as the mechanism of the immediate
LVOT gradient reduction during the procedure is probably
related to transient decreased global LV systolic function.
However, LV function recovers gradually in the early
postprocedural period, followed by gradual localized de-
crease during the 6 months post-procedure during which
the infarcted scar tissue is formed [106].

Family Screening

HCM has an autosomal dominant inheritance pattern, and
therefore, family members of patients with HCM have a
50% chance to inherit it. In the last decade, the use of genetic
testing for family screening has become more common.
Progression in genome sequencing methods has resulted in
cheaper, more efficient tests. The yield of genetic testing for
HCM-causing mutations in patients with HCM ranges be-
tween 30 and 50% [107, 108] depending on the characteristics
of the population tested. Patients with focal basal septal hy-
pertrophy and those with apical hypertrophy have the lowest
yield.

In HCM patients in whom a pathogenic genetic variant is
not detected, family screening for first-degree familymembers
should be done every 3–5 years by the means of echocardiog-
raphy, ECG, and physical examination. On the other hand, if a
pathogenic genetic variant is known, family screening can be
performed by a simple blood test for the known familial var-
iant. In these cases, echocardiography and MRI imaging still
have an important role, as not all patients who carry the path-
ogenic variant will develop phenotypic expression, due to
incomplete penetrance [109]. Given this, family members
who are geno-positive should undergo initial echocardio-
graphic evaluation in order to determine if they demonstrate
the hypertrophic features (pheno-positive) or not (pheno-
negative).

Although CMR is not considered a part of routine family
screening, it is of use in cases of nonconclusive diagnosis. In
addition to more accurate evaluation of LV wall thickness and
morphology, CMR can detect other structural features that
may favor HCM diagnosis such as apical-septal bundles
[110•], infero-septal crypts [111•], and abnormal late gadolin-
ium enhancement.

Preclinical Diagnosis

In geno-positive pheno-negative patients, a yearly follow-up
with ECG and echocardiography is recommended in order to
detect signs of LV hypertrophy, as an HCM phenotype may
develop with time [5]. In patients who are geno-negative or
patients who did not perform genetic testing, echocardiogra-
phy, alongside physical examination and ECG, remains the
imaging of choice for screening and follow-up.

HCM Phenocopies

Diagnosis of HCM is based on the demonstration of LVH,
with maximal left ventricular wall thickness ≥ 15 mm.
However, hypertrophic cardiomyopathy is not the only condi-
tion in which LVH is present. LVH that is not HCM-induced is
mostly related to abnormal loading condition such as hyper-
tension, aortic stenosis, or morbid obesity. Athlete’s heart can
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mimic HCM, and the differentiation between the two entities
can prove to be challenging. In athlete’s heart, in contrast to
HCM, LV hypertrophy is often accompanied by LV cavity
enlargement. A period of deconditioning can assist in clarify-
ing the LVH mechanism, as in athlete’s heart, this will often
result in decreased LV mass or wall thickness [112].

It is more challenging, however, to distinguish between
HCM and other, more rare, inherited syndromes causing
LVH. Diagnosis of these syndromes is of clinical importance
as some phenocopies have specific treatment or prognostic
implications. Some phenocopies can involve multiple sys-
tems, such as Fabry’s disease, which can cause renal dysfunc-
tion, typical cutaneous lesions, peripheral neuropathy, and hy-
pertension. Another example is amyloidosis, which can cause
LVH, progressive neuropathy, and kidney disease. Other
phenocopies, like PRKAG2-associated cardiomyopathy, can
manifest merely in the heart, making it more challenging to
diagnose. Diagnosis of HCM phenocopies can be done by
genetic testing with panels containing the common HCM
genocopies. However, these are expensive and not always
available. Apart from a thorough clinical history and physical
examination, cardiac imaging is a useful tool for differentia-
tion of the various HCM phenocopies. Most phenocopies are
difficult to diagnose by echocardiography alone, although it
may provide us with clues for a specific diagnosis such as the
extent and localization of hypertrophy. While in some
phenocopies, like Fabry’s disease, the hypertrophy can be ei-
ther asymmetric or concentric [113], in others, like amyloid-
osis, concentric hypertrophy is more common [114].
Echocardiographic assessment of longitudinal strain can also
help identifying cardiac amyloidosis, which has a distinct pat-
tern of apical sparing [114]. CMR, given its superior morpho-
logical assessment over echocardiography, as well as the abil-
ity to characterize the myocardial tissue as detailed earlier, can
be of extreme aid in the case of suspected HCM phenocopy
presence. For example, while in HCM, the LGE pattern is
mid-myocardial and often occurs in the hypertrophied seg-
ments, in Fabry’s disease, the LGE pattern is typically local-
ized in the basal-inferior segment [113].

Conclusion

Noninvasive cardiac imaging has an undeniable role in the
evaluation of HCM patients, both from the diagnostic and
therapeutic aspects. While echocardiography remains the
first-line modality for HCM evaluation given its availability,
cost, and simplicity, CMR has emerged as the gold standard
image modality for tissue characterization and structural and
volumetric assessment. However, as echocardiography has
certain advantages over CMR, particularly in the assessment
of valvular severity, as well as hemodynamic evaluation, an

integrated approach combining both modalities will add to a
more accurate HCM diagnosis and better management.
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