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Abstract: In recent years, significant advances have been made in the diagnosis and therapeutic
management of hypertrophic cardiomyopathy (HCM) patients, which has led to an important
improvement in their longevity and quality of life. The use of multimodality imaging has an
essential role in the diagnosis, assessing the regional distribution and severity of the disease, with
important prognostic implications. At the same time, imaging contributes to the identification of
optimal treatment for patients with hypertrophic cardiomyopathy, whether it is pharmaceutical,
interventional or surgical treatment. Novel pharmacotherapies (like myosin inhibitors), minimally
invasive procedures (such as transcatheter mitral valve repair, high-intensity focused ultrasound or
radiofrequency ablation) and gene-directed approaches, may soon become alternatives for HCM
patients. However, there are only few data on the early diagnosis of patients with HCM, in order to
initiate treatment as soon as possible, to reduce the risk of sudden cardiac death (SCD). The aim of our
review is to highlight the advantages of contemporary imaging in choosing the optimal management
strategies for HCM patients, considering the novel therapies which are currently applied or studied
for these patients.

Keywords: hypertrophic cardiomyopathy; cardiac magnetic resonance; myocardial strain; computed
tomography angiography; cardiac nuclear imaging

1. Introduction

Hypertrophic cardiomyopathy (HCM) is the most frequent genetic heart disease, usually caused
by mutations in genes that encode sarcomeric proteins [1]. It is defined by unexplained progressive
left ventricular hypertrophy (LVH), systolic and diastolic ventricular dysfunction, arrhythmia that can
cause sudden cardiac death (SCD) and histopathologic modifications, such as myofibrillar disarray and
myocardial fibrosis [2–5]. In the adult population, the prevalence of hypertrophic cardiomyopathy is
estimated at 0.16% to 0.29%, with a higher prevalence in older patients, considering the age-dependent
expression of gene mutations [6–9]. The disease was first described in 1958 [10] and was regarded as a
pathology without treatment that could favorably influence the prognosis, so it was considered the
most common cause of SCD in young people [11]. The clinical presentation, treatment and prognosis
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of patients with HCM is very variable, and this heterogeneity has led to controversy in choosing the
optimal management strategy for these patients. The main symptoms for patients with HCM are
dyspnea, chest pain, palpitations, a decreased exercise tolerance or syncope. There is no correlation
between symptoms and signs of HCM and the severity of the left ventricular hypertrophy or left
ventricular outflow tract (LVOT) obstruction. Additionally, a large number of young patients with
HCM are asymptomatic or minimally symptomatic their whole lives [12]. Sudden cardiac death,
although not frequent (0.31 to 0.39 per HCM person years), still represents the most devastating
manifestation of hypertrophic cardiomyopathy [13], thus identifying patients at increased risk of
SCD is extremely important. The European Society of Cardiology Guideline defines HCM in adults
by a wall thickness ≥15 mm in one or more left ventricular myocardial segments, LVH that is not
caused only by loading conditions, such as valvopathies and hypertension [2]. Even though in most
cases the ventricular hypertrophy affects the interventricular septum and is severe and asymmetric,
this is not a specific modification, as it can also be found in patients with isolated interventricular
septum hypertrophy or in those with hypertensive cardiomyopathy [14]. The presence of myocardial
hypertrophy in patients with aortic stenosis or arterial hypertension is a challenge for the clinician,
in order to make the differentiation of primary hypertrophy from secondary hypertrophy. The use
of multimodality imaging helps to make a correct differential diagnosis and also contributes to a
precise characterization of the left ventricle wall and chamber, mitral valve and myocardial tissue. So,
imaging tests have an essential role in the diagnosis, assessing the regional distribution and severity of
the disease, with important prognostic implications [15]. At the same time, imaging contributes to
the identification of optimal treatment for patients with hypertrophic cardiomyopathy, whether it is
pharmaceutical, interventional or surgical treatment. However, there are only few data on the early
diagnosis of patients with HCM, in order to initiate treatment as soon as possible, to reduce the risk of
SCD. The aim of our review is to highlight the advantages of contemporary imaging in choosing the
optimal management strategies for patients with hypertrophic cardiomyopathy, considering the novel
therapies which are currently applied or studied for these patients.

2. Echocardiography

Transthoracic echocardiography remains the cornerstone of imaging in hypertrophic
cardiomyopathy. It offers essential information regarding the presence, severity and location of LVH,
the abnormalities of the mitral valve and subvalvular apparatus, left atrial enlargement, the systolic
and diastolic function of the left ventricle and also evaluates the presence of left ventricular outflow
tract obstruction [16,17].

2.1. Left Ventricular Wall Thickness

Left ventricular wall thickness should be measured at end diastole, perpendicular to the left
ventricular cavity, in order to avoid the inclusion of left or right ventricular trabeculations [18,19].
The measurements are more accurate using bidimensional echo, in short-axis view at the apical level,
papillary muscles and mitral valve [15]. The most common segment of hypertrophy is the basal
interventricular septum, but considering the fact that often there are non-contiguous patterns of
myocardial hypertrophy, all left ventricular segments should be evaluated from base to apex [20,21]
The interventricular septum may have different morphologies: sigmoid, reverse curve, apical or
neutral, morphologies, that will guide the type of septal reduction therapy. The presence of left
ventricular hypertrophy, and especially an increased wall thickness (massive hypertrophy of ≥30 mm),
is associated with a high risk of SCD [22]. The right ventricular wall thickness should also be measured,
at end diastole, in subcostal or parasternal long-axis views, at the level of the tricuspid chordae, and its
normal value is less than 5 mm [23].

When the 2-dimensional echo images are suboptimal and the severity of ventricular hypertrophy or
the septal morphology is unclear, we may use the contrast imaging [24,25]. Contrast echocardiographic
agents may also be used to assess the apical aneurysms in patients with apical HCM. In some cases, it is



Diagnostics 2020, 10, 719 3 of 17

necessary to use the strain assessment, in order to see the myocardial mechanics and also to distinguish
HCM from amyloidosis, considering the fact that in cardiac amyloidosis the apical strain is preserved,
and the basal strain is significantly affected [18].

2.2. Mitral Valve and Subvalvular Apparatus Morphology and Mitral Hemodynamics

Mitral valve abnormalities are relatively common in patients with HCM, including an increased
length of the mitral valve leaflets, sometimes even an important elongation of either posterior (≥17 mm
in length) or anterior (≥30 mm in length) leaflet [26]. The increased length of the mitral valve leaflets
may be responsible for the LVOT obstruction when one of them extends across from the coaptation point,
in systole moving into the LVOT, to contact the interventricular septum [27]. The duration of mitral
valve-interventricular septum contact during systole will influence the severity of LVOT gradient.

Subvalvular apparatus abnormalities, such as a hypertrophied anterolateral papillary muscle that
is inserted directly on the anterior mitral leaflet, without chordae tendinea, can also cause a mid-cavity
muscular obstruction, independent of systolic anterior motion (SAM). The presence of accessory
papillary muscles or left ventricular muscle bundles can also cause outflow obstruction, by misplacing
the mitral valve coaptation plane anteriorly, towards the interventricular septum [27,28]. As a
secondary consequence of SAM, patients will have a mitral regurgitation, which is sometimes difficult
to differentiate from LV outflow jet. Therefore, it is very important to analyze the Doppler systolic flow
pattern, since in mitral regurgitation it begins abruptly in systole with increased velocities that persist in
all systole, whereas the velocity from LVOT increases progressively in midsystole. The gravity of mitral
regurgitation varies with the degree of LVOT obstruction and is typically inferolateral oriented [28–30].
If the mitral regurgitation jet is centrally directed, it is usually secondary to an endogenous mitral
valve abnormality, so it may be necessary to use the transesophageal echocardiography for differential
diagnosis [14,31].

2.3. Left Ventricular Outflow Obstruction

Left ventricular outflow obstruction appears secondary to the action of several complex
mechanisms, represented by the reduced area of the left ventricular outflow tract, elongation of
the anterior and/or posterior mitral leaflet, with an extension of them across from the coaptation point
toward the interventricular septum and also the basal anteroseptal hypertrophy which bulges into
LVOT [4,5,26]. Although the definition of HCM is based on the presence of LV hypertrophy, the LVOT
obstruction causes heart failure symptoms and thus has become a defining element of HCM [14,32,33].
Dynamic LVOT obstruction may also appear in patients with hypertension, hypovolemia, calcification
of the posterior mitral annulus or hypercontractile states. LVOT obstruction is defined as a doppler
outflow tract pressure gradient ≥30 mmHg at rest or during provocation (Valsalva maneuver, standing
or exercise) [2]. There are some data that sustain that post-prandial LVOT gradients are higher than
those from the fasting state [34]. Assessment of LVOT obstruction is very important, not only for the
management of symptoms but also to prevent sudden cardiac death [2]. The preferred method to
induce LVOT obstruction, for symptomatic patients without resting LVOT obstruction, is exercise
(stress) echocardiography. As only 50% of patients with provocable LVOT obstruction at stress
echocardiography also have a positive response to the Valsalva maneuver, a normal response will not
exclude the LVOT obstruction [31,33]. It is also recommended to avoid dobutamine for stress testing,
because it may determine LVOT obstruction in healthy patients. A gradient in LVOT ≥50 mmHg is
usually considered the limit at which LVOT obstruction is hemodynamically important and is necessary
to initiate a treatment for septal reduction [14,23] (Figure 1).
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Figure 1. Echocardiography assessment at rest, in a 20-year-old male with obstructive hypertrophic 
cardiomyopathy: (a) apical five-chamber view with and without color Doppler demonstrating left 
ventricular mid-cavity and outflow tract obstruction, with turbulent flow; (b) continuous wave 
Doppler through the left ventricular outflow tract demonstrating the obstruction, with a peak 
gradient of 64 mmHg. 

It is known and already demonstrated by several studies, the association between the presence 
of LVOT obstruction, especially at rest, and the increased risk of sudden cardiac death [35,36]. In a 
recent study, it was highlighted that patients without resting LVOT obstruction, but with an 
increased provoked LVOT gradient of ≥90 mmHg, have worse outcomes compared to those with a 
low LVOT gradient <89 mmHg [37]. According to the protocol for the identification and treatment of 
LVOT obstruction, mentioned in the European Society of Cardiology Guideline [2], 2D and Doppler 
echocardiography at rest, during a Valsalva maneuver in the sitting or standing position (if no 
gradient is induced), is recommended in all patients with HCM [33,38]. If the maximum provoked 
LVOT gradient is <50 mmHg and the patient is asymptomatic, it is recommended to repeat 
echocardiography at 1 year. Exercise stress echocardiography for these patients should be considered 
when the existence of LVOT gradient is significant for lifestyle counseling or for choosing the optimal 
medical treatment. For patients with a maximum provoked peak LVOT gradient ≥50 mmHg, it is the 

Figure 1. Echocardiography assessment at rest, in a 20-year-old male with obstructive hypertrophic
cardiomyopathy: (a) apical five-chamber view with and without color Doppler demonstrating left
ventricular mid-cavity and outflow tract obstruction, with turbulent flow; (b) continuous wave Doppler
through the left ventricular outflow tract demonstrating the obstruction, with a peak gradient of
64 mmHg.

It is known and already demonstrated by several studies, the association between the presence
of LVOT obstruction, especially at rest, and the increased risk of sudden cardiac death [35,36].
In a recent study, it was highlighted that patients without resting LVOT obstruction, but with an
increased provoked LVOT gradient of ≥90 mmHg, have worse outcomes compared to those with a
low LVOT gradient <89 mmHg [37]. According to the protocol for the identification and treatment of
LVOT obstruction, mentioned in the European Society of Cardiology Guideline [2], 2D and Doppler
echocardiography at rest, during a Valsalva maneuver in the sitting or standing position (if no gradient
is induced), is recommended in all patients with HCM [33,38]. If the maximum provoked LVOT
gradient is <50 mmHg and the patient is asymptomatic, it is recommended to repeat echocardiography
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at 1 year. Exercise stress echocardiography for these patients should be considered when the existence
of LVOT gradient is significant for lifestyle counseling or for choosing the optimal medical treatment.
For patients with a maximum provoked peak LVOT gradient ≥50 mmHg, it is the recommended
treatment of LVOT obstruction. This is also recommended for patients with maximum provoked
LVOT gradient <50 mmHg who are symptomatic and, on exercise stress echocardiography, maximum
provoked peak LVOT gradient increases ≥50 mmHg [2].

2.4. Left Atrial Enlargement

Most patients with HCM have a left atrial enlargement and its dimensions provide important
information regarding the prognostic [39–41]. There are only a few studies that have evaluated the
association between left atrial volume and the risk of SCD [42,43]. However, there are still debates
about whether left atrial enlargement is an independent predictor of SCD, or if it appears as a result of
LVH, LVOT obstruction, mitral regurgitation, diastolic dysfunction or atrial arrhythmia [44]. The most
frequent causes for left atrial enlargement are the mitral regurgitation, as a secondary consequence of
SAM, and increased left ventricular filling pressures [2].

2.5. Left Ventricular Ejection Fraction

It is recommended to assess the left ventricular ejection fraction (LVEF) using biplane method of
discs, and in cases when we have a difficult imaging window or when it is difficult to visualize the
endocardial border, we may use cardiac magnetic resonance (CMR) [44].

Approximately 10% of patients with nonobstructive HCM progress slowly to end-stage heart
failure, being candidates for heart transplantation [44]. In addition, one half of them may progress to
left ventricular enlargement and remodeling, with regression of ventricular hypertrophy due to the
presence of diffuse myocardial fibrosis [45,46].

Patients with a left ventricular ejection fraction less than 50% often have a rapid clinical deterioration
due to the microvascular dysfunction, which leads to a diffuse myocardial ischemia and fibrosis.
Thus, for patients with HCM and a decreased left ventricular ejection fraction (≤50%), American
College of Cardiology/ American Heart Association (ACC/AHA) guidelines highlight that implantable
cardioverter defibrillator (ICD) implantation may be performed, considering their increased risk of
adverse cardiac events [23]. Instead, the European Society of Cardiology did not include this statement
in the current guidelines [14].

2.6. Diastolic Function

The diastolic dysfunction is highly prevalent in HCM patients. Almost one half of patients with
HCM and preserved ejection fraction have symptoms of end-stage heart failure caused by diastolic
dysfunction [45]. However, because echocardiography parameters used for the evaluation of left
ventricular diastolic function, respectively, mitral inflow (E/A ratio) or tissue Doppler imaging-at the
side of the mitral annulus, do not correlate with the results obtained from cardiac catheterization,
they are not recommended as independent predictors of risk of end-stage heart failure or exercise
duration [47]. Patients with HCM and a restrictive pattern of diastolic dysfunction, with E deceleration
time <150 ms and E/A >2, have a poor prognosis [48]. One of the most important echocardiographic
parameters that correlate best with left ventricular filling pressure and is used to assess diastolic
function is the mitral early diastolic inflow to early diastolic tissue velocity (E/e’). It has recently
been indicated that E/e’ may be used for risk stratification in HCM patients, a higher value of E/e’
being associated with worse event-free survival in nonobstructive HCM and in those with residual
obstruction after myectomy [49].

2.7. Apical Aneurysm

Left ventricular apical aneurysm is defined as thin-walled, scared akinetic or dyskinetic wall
segments, associated with both, midventricular and apical hypertrophy [50]. Apical hypertrophy is



Diagnostics 2020, 10, 719 6 of 17

defined as the apical wall thickness ≥15 mm measured in and diastole, or maximal apical to basal
wall thickness ratio ≥1.3 [51]. Left ventricular apical aneurisms may be small (transversal dimension
between 1 to 2 cm) or large (>6 cm) and very rarely change in size over time. Apical aneurysm may
result secondary to an increased apical pressure, myocardial wall stress and ischemia. Sometimes,
there may appear ventricular tachyarrhythmias generated by the extension of the transmural scarring
of the aneurysm into distal interventricular septum and/or left ventricular free wall [52]. The prevalence
of apical aneurysm ranges between 1.3% and 4.8% [25,53], and, in most cases, its presence may be
observed with echocardiography. However, in approximately 40% of cases, the presence of an apical
aneurysm may be missed by echocardiography alone [50,54]. In these situations, we may use the
contrast enhancement, which will define better the endocardium, the presence of an apical thrombus,
myocardial fibrosis and scar [55]. Recent studies highlighted that patients with apical aneurysm have
an increased risk of serious adverse events [25,50,56] and, thus, the 2011 ACC/AHA guidelines added
apical aneurysm as a risk modifier for patients with HCM [23]. They have a high risk of sudden cardiac
death and need to be considered for primary prevention implantable cardioverter-defibrillator and
radiofrequency ablation for patients with recurrent ventricular tachyarrhythmias [52]. Additionally,
these patients have an increased risk of thromboembolic stroke [25,50], but there are still not enough
data to recommend initiating anticoagulant therapy in patients with apical aneurysm without an apical
thrombus [14,23].

Echocardiography is the cornerstone investigation used for screening. During puberty, it is
recommended to be carried out every 12 to 18 months and thereafter, to at least midlife, at every 3 to
5 years [4,5].

3. Myocardial Strain

In patients with left ventricular hypertrophy, the left ventricular ejection fraction is not a suitable
parameter for the evaluation of systolic function, considering that in cases of HCM it may be increased
as a result of increase in radial thickening. Additionally, in the presence of left ventricular hypertrophy,
the left ventricular cavity will be small which will cause a reduction in the stroke volume. In this context,
a new and extremely important method to assess myocardial deformation and subsequently the left
ventricular systolic function in patients with hypertrophic cardiomyopathy, is the two-dimensional
strain. It derives from speckle tracking echocardiography and is a noninvasive and sensitive method that
has been proposed as an additional test to differentiate physiological from pathological left ventricular
hypertrophy [57,58]. There are three components of myocardial deformation—longitudinal, radial and
circumferential. Global longitudinal strain (GLS) is an important parameter for clinical practice, being
used for patients with preserved ejection fraction, in order to indicate the left ventricular subclinical
dysfunction [59]. In patients with left ventricular hypertrophy, myocardial fiber disorganization and
fibrosis affect the longitudinal function. Thus, in the early stages of the HCM, patients may have a
reduced GLS, in the presence of a normal left ventricular ejection fraction (Figure 2). Additionally,
relatives of HCM patients may have an impaired global longitudinal strain before the appearance of
left ventricular hypertrophy [60,61]. In recent years, GLS has emerged as an important parameter for
assessing the left ventricular function and some studies suggested its role as a clinical predictor of
adverse cardiovascular events [62,63]. Thus, in a large prospective study the authors demonstrated
that a reduced GLS value (GLS > −16%) was independently associated with a high risk of ventricular
tachycardia/ventricular fibrillation, heart failure, cardiac transplantation and all-cause death. Further,
GLS > −10% had significantly higher event rates, four times higher risk of events compared with GLS
≤ −16% (p = 0.006) [64].
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Figure 2. Longitudinal strain bull′s-eye plot in the same 20-year-old patient with obstructive
hypertrophic cardiomyopathy. This patient has a reduced global longitudinal strain (GLS = −13.3%), in
the presence of a normal left ventricular ejection fraction.

This association between abnormal global longitudinal strain and adverse cardiac outcomes and
ventricular arrhythmia was also demonstrated in a recent systematic review that included more than
3000 patients with HCM from a total of 14 observational studies. They observed that mean GLS was
reduced, from −10% to −16%, in HCM patients and the lower the GLS values (less negative), the higher
the risk of adverse cardiovascular events [65].

In another study, the authors evaluated the effects of myocardial hypertrophy and cardiac afterload
on the myocardial deformation, at rest and during standardized exercise, for asymptomatic patients with
moderate to severe aortic stenosis and patients with hypertrophic cardiomyopathy. They demonstrated
that during submaximal exercise, longitudinal and circumferential LV deformations were lower in
patients with aortic stenosis compared with those with HCM. These differences were not present at
rest, and they can be explained by the greater afterload noticed in these patients, which reduces the
contractile reserve. Thus, the authors highlighted that moderate exercise echocardiography shows
impaired myocardial contractility, which is not obvious at rest, for patients with similar forms of
left ventricular hypertrophy, respectively, patients with hypertrophic cardiomyopathy and aortic
stenosis [66].

There are only a few studies that evaluated left ventricular segmental strain in patients with HCM
and they demonstrated that regional LVH and myocardial fibrosis are independently and significantly
associated with worse strain values [59,67]. However, considering the absence of prospective clinical
studies; GLS cannot be used as a powerful clinical predictor of adverse cardiovascular events [65].
Further, there are some issues regarding the possibility of GLS to identify asymptomatic obstructive
HCM patients or nonobstructive HCM patients at risk of end-stage heart failure, in order to initiate
appropriate therapeutic strategies as early as possible.

4. Exercise Testing

Exercise testing is an essential noninvasive method for evaluation and for guiding treatment
strategy in patients with HCM. There are various exercise testing methods that were previously
underutilized in patients with HCM, and which have now become increasingly important.

Exercise (stress) echocardiography is more commonly used to assess left ventricular kinetic
disorders in patients with suspicion of atherosclerotic coronary artery disease. Recently, this method
has emerged as an important test for patients with HCM [68,69]. It predicts heart failure progression
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and also directs treatment strategies in patients with HCM. A recent study demonstrated that patients
with no or mild baseline symptoms but with provocable obstruction during exercise testing, develop
severe heart failure symptoms more frequently than those with nonobstructive HCM (3.2% per year
vs. 1.6% per year, p = 0.002). In addition, patients with New York Heart Association functional
class III/IV symptoms and provocable obstruction with exercise, are candidates for myectomy or
alcohol septal ablation and those without obstruction are heart transplant candidates [70]. Thus,
stress echocardiography predicts heart failure progression and also can make the differential diagnosis
between obstructive and nonobstructive HCM, dictating different management strategies such as heart
transplant for patients without obstruction, respectively, myectomy or alcohol septal ablation for those
with gradients [68].

In order to measure oxygen capacity and thus evaluate the functional capacity, the cardiopulmonary
(metabolic) exercise testing is very useful. The peak myocardial oxygen consumption with maximal
exercise (Vo2) is used to identify high-risk patients, potential heart transplant candidates [71–75]. Thus,
exercise testing has an important role in clarifying the long-term prognosis and choosing the optimal
treatment for patients with HCM [68].

5. Computed Tomography Angiography

At least 25% of patients with hypertrophic cardiomyopathy may have chest pain, either on
exertion or at rest [14,23,76]. There are many causes of angina in patients with HCM: microvascular
ischemia caused by abnormal intramural coronary arterioles, loss of normal vasodilation reaction,
which leads to a significant reduction in the coronary flow reserve, an increased oxygen demand on the
hypertrophied myocardium and impaired left ventricular relaxation, which affects the coronary blood
flow [14,23,76,77]. As only 50% of patients with HCM and coronary artery disease may have evident
left ventricular kinetic disorders at exercise echocardiography, computed tomography angiography
represents a noninvasive alternative for patients with lower risk [23]. For symptomatic patients with
moderate-to-high risk of coronary artery disease, coronary angiography is still the recommended
test [77]. It has recently been indicated that preprocedural computed tomography imaging has a
significant impact on localization of the appropriate target septal artery for alcohol septal ablation in
HCM patients and to limit the area of myocardial necrosis [78].

6. Cardiac Nuclear Imaging

Although it is not an investigation frequently used in clinical practice for patients with hypertrophic
cardiomyopathy, positron emission tomography allows evaluation of myocardial blood flow. In patients
without epicardial coronary artery disease, positron emission tomography may be used as a marker
for microvascular dysfunction. Studies highlighted that patients with the most significant impairment
of the myocardial blood flow have an increased risk of end-stage heart failure and cardiovascular
mortality [79].

7. Cardiac Magnetic Resonance

Cardiac magnetic resonance has an important role in diagnosis, risk stratification and management
strategies of HCM patients, considering its high spatial resolution, better contrast between blood
and myocardium, accurate volumetric evaluation of cardiac chambers and also the fact that it is not
influenced by the chest anatomy and associated pulmonary parenchymal pathologies, compared to
echocardiography. It is considered the gold standard for the evaluation of wall thickness and chamber
volumes, allowing a more accurate characterization of heart volumes and functions, tissue morphology
and extension of myocardial hypertrophy [80,81]. It is an excellent imaging technique to detect apical
aneurysms, clots or papillary muscle. According to the European Society of Cardiology guidelines [15],
CMR should be performed, at least, as an initial evaluation, for all HCM patients, if local resources
and expertise permit. Cardiac magnetic resonance also identifies the extension of left ventricular
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hypertrophy, which may be focal (1–2 hypertrophic segments, the least common), intermediate
(3–7 hypertrophic segments) and diffuse (8–16 hypertrophic segment, the most common) [2].

CMR sequences used for the evaluation of myocardial pathologies can be divided into tissue
characterization sequences and functional assessment. Thus, late gadolinium enhancement (LGE)
method can detect the presence and type of LGE: Cine sequences are used for the evaluation of systolic
function (ejection fraction), ventricular volumes and wall morphology; T2* imaging detects the iron
deposition; T1 mapping is used for diffuse myocardial fibrosis and T2 mapping for tissue edema [2,80].

Of all the CMR sequences, LGE images have the most important role in tissue characterization in
HCM patients. By using gadolinium-based contrast agents, late gadolinium enhancement method
ensures a high spatial resolution (less or equal than 1 mm in plane). It can detect with great accuracy
small areas of myocardial fibrosis, myocardial disarray and scarring. LGE is found in about two-thirds
of HCM patients, frequently in areas of hypertrophy or right ventricular insertion points [81] (Figure 3).
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Figure 3. Late gadolinium enhancement images: (a) four-chamber view and (b) short-axis view, with
diffuse nonischemic fibrotic lesions in the left ventricular myocardium and intramural nodular fibrotic
lesions in the interventricular septum, in the same 20-year-old patient.

In recent years, there has been increased recognition that the presence and extent of LGE on CMR
is an important risk factor for predicting sudden cardiac death in HCM patients. Multiple studies and
meta-analyses demonstrated a high risk of cardiovascular mortality, heart failure and all-cause death
in the presence of LGE in HCM patients [14,65,82,83].

In a meta-analysis performed by Green et al., they included almost 1100 HCM patients from
four studies, over an average follow-up of 3.1 years. They attempted to evaluate the risk of adverse
events associated with the presence of LGE. Their results highlighted that the presence of LGE was
statistically significantly associated with cardiac death, heart failure death and all-cause mortality in
HCM patients, but they had no data regarding the extent of LGE [83].

Another important meta-analysis that evaluated the predictive value of LGE-CMR for adverse
events and death in HCM patients was published by Weng and coworkers. The meta-analysis included
almost 3000 patients over a median follow-up of 3.1 years and the authors demonstrated that the
extent of LGE is significantly associated with a high risk of SCD, even after adjusting for baseline
characteristics (Hazard Ratio (HR) adjusted: 1.36/10% LGE; 95% CI: 1.10 to 1.69; p = 0.005). The presence
of LGE was also associated with a high risk of all-cause mortality, cardiovascular mortality and a trend
for heart failure death [65].

In another recent study, Mentias et al. aimed to assess the prognostic utility of LGE in patients with
HCM with low/intermediate sudden cardiac death risk and preserved left ventricular ejection fraction.
They demonstrated that in patients with HCM (obstructive, myectomy and nonobstructive) with
preserved LVEF and low/intermediate risk, the extent of LGE was statistically significantly associated
with a higher rate of composite endpoints, giving incremental prognostic utility [84].
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The role of LGE-CMR in improving risk stratification strategies in HCM patients was also studied
by Freitas et al. During a median follow-up of 3.4 years, their results suggest that the amount of LGE
has an important prognostic value and that using LGE for sudden cardiac death risk stratification
would correctly reclassify a considerable number of patients [80].

All these studies demonstrated that LGE is an independent predictor of sudden cardiac death
in HCM patients and may be considered useful in identifying patients who will most benefit from
implantation of a cardioverter-defibrillator (ICD) for the primary prevention of sudden cardiac
death [14,65,82–84].

T1 mapping is a novel CMR technique used to measure the extracellular volume fraction and for
further identification of diffuse interstitial fibrosis. Even though there are limited data regarding the
association between increased native T1 times and extracellular volume with adverse outcomes, more
studies suggest its clinical utility for differentiating HCM from Fabry disease, cardiac amyloidosis or
hypertensive heart disease [85–87].

T2* mapping is able to detect ischemic segments, and in HCM patients potentially triggered
through relative ischemia, they have had reduced T2* values [88]. In a recent retrospective study,
the authors aimed to evaluate the risk of arrhythmia and heart failure in HCM patients, in relation
with myocardial T2* mapping. Especially in non-obstructive HCM patients, it was observed that low
T2* values are minimally associated with arrhythmic events. There was no association between T2*
with heart failure, thus myocardial fibrosis by LGE remains the strongest predictor, and T2* mapping
may be used only in certain clinical contexts [89].

In Table 1, we summarized the indications and therapeutic implications of multimodality imaging
in choosing the optimal treatment for patients with hypertrophic cardiomyopathy. There are also
other new techniques, such as CMR diffusion tensor imaging, but they are not yet ready for use in
clinical practice.

Table 1. Indications and therapeutic implications of multimodality imaging in choosing the optimal
treatment in hypertrophic cardiomyopathy.

Multimodality Imaging Indications Therapeutic Implications

Echocardiography

- first line technique in all
HCM patients;

- should be performed every 1–2
years, in clinically stable patients;

- evaluates the left ventricle (wall
thickness, cavity size, systolic and
diastolic function, left ventricular
outflow tract obstruction), mitral
valve (systolic anterior motion of
the mitral valve, leaflets, chordae
and papillary muscles
abnormalities, severity of mitral
regurgitation) and aortic valve
(leaflet sclerosis, mid-systolic
partial valve closure).

- patients with massive hypertrophy (wall
thickness ≥ 30 mm) have an increased risk
of arrhythmic SCD and primary prevention
ICDs are effective. They may also develop
progressive drug-refractory HF, but this is
reversible in most cases, after
surgical myectomy.

- GLS identifies patients with subclinical left
ventricular dysfunction in the presence of
preserved ejection fraction.

Cardiac magnetic
resonance

- should be performed at the initial
evaluation, if it is possible;

- used for LGE/fibrosis assessment;
anatomical assessment before
invasive gradient reduction
therapy; differential diagnosis or
in case of suboptimal echo images.

- extensive LGE identifies patients at risk of
SCD (they deserve consideration for
primary prevention ICDs) and patients at
risk of end-stage HF (require close
clinical surveillance);

- in 40% of cases, the apical aneurysm may be
missed by echocardiography and we may
use contrast enhancement. These patients
have an increased risk of serious adverse
events and need to be considered for
primary prevention ICDs and
radiofrequency ablation for those with
recurrent ventricular tachyarrhythmia.
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Table 1. Cont.

Multimodality Imaging Indications Therapeutic Implications

Echocardiography

- first line technique in all
HCM patients;

- should be performed every 1–2
years, in clinically stable patients;

- evaluates the left ventricle (wall
thickness, cavity size, systolic and
diastolic function, left ventricular
outflow tract obstruction), mitral
valve (systolic anterior motion of
the mitral valve, leaflets, chordae
and papillary muscles
abnormalities, severity of mitral
regurgitation) and aortic valve
(leaflet sclerosis, mid-systolic
partial valve closure).

- patients with massive hypertrophy (wall
thickness ≥ 30 mm) have an increased risk
of arrhythmic SCD and primary prevention
ICDs are effective. They may also develop
progressive drug-refractory HF, but this is
reversible in most cases, after
surgical myectomy.

- GLS identifies patients with subclinical left
ventricular dysfunction in the presence of
preserved ejection fraction.

Cardiac magnetic
resonance

- should be performed at the initial
evaluation, if it is possible;

- used for LGE/fibrosis assessment;
anatomical assessment before
invasive gradient reduction
therapy; differential diagnosis or
in case of suboptimal echo images.

- extensive LGE identifies patients at risk of
SCD (they deserve consideration for
primary prevention ICDs) and patients at
risk of end-stage HF (require close clinical
surveillance);

- in 40% of cases, the apical aneurysm may be
missed by echocardiography and we may
use contrast enhancement. These patients
have an increased risk of serious adverse
events and need to be considered for
primary prevention ICDs and
radiofrequency ablation for those with
recurrent ventricular tachyarrhythmia.

Computed tomography
angiography

- used for anatomical assessment of
the epicardial coronary arteries
(bridging, epicardial CAD) or in
case of suboptimal echo images
and contraindications for cardiac
magnetic resonance.

- is important in localization of the
appropriate target septal artery for alcohol
septal ablation and to limit the area of
myocardial necrosis.

Cardiac nuclear
imaging

- to assess the myocardial perfusion;
metabolism, receptors and
innervation; differential diagnosis
or in case of suboptimal echo
images and contraindications for
cardiac magnetic resonance.

- patients with the most significant
impairment of the myocardial blood flow
have an increased risk of end-stage HF and
cardiovascular mortality.

Cardiopulmonary
exercise testing

- used to assess functional capacity
by evaluating O2 capacity.

- is relevant for nonobstructive HCM patients
with end-stage HF that are candidates for a
heart transplant and for patients with
obstructive HCM that require invasive
septal reduction therapy.

CAD, coronary artery disease; GLS, global longitudinal strain; HCM, hypertrophic cardiomyopathy; HF, heart
failure; ICDs, implantable cardioverter-defibrillator; LGE, late gadolinium enhancement; SCD, sudden cardiac death.

8. Conclusions

Multimodality imaging is necessary to assess the complete morphology of hypertrophic
cardiomyopathy and has an important role in choosing the optimal treatment and in the long-term
prognosis of patients with HCM. Considering that patients with HCM that are at low risk, according to
the current risk stratification models, may have adverse events, it is necessary to identify additional
markers that can be used for predicting adverse events and, thus, choosing the optimal treatment.
We believe that all the recent developments in the multimodality imaging for patients with HCM,
will significantly transform their treatment in the coming years, considering the recent developments
in gene-based therapies and minimally invasive procedural techniques. The use of new multimodality
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imaging methods, such as cardiac magnetic resonance, myocardial strain, computed tomography
angiography or positron emission tomography, allows an improvement of the therapeutic strategies of
HCM patients, which will improve their prognosis and quality of life.
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