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Abstract

In hypertrophic cardiomyopathy, multimodality imaging is crucial to confirm diagnosis, assess for 

presence and mechanism of left ventricular outflow tract obstruction, and risk stratification for 

sudden cardiac death. This review will focus on the application of imaging to assess established 

and emerging factors to be considered in sudden cardiac death risk stratification.
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Over the past decades, significant strides have been made regarding our understanding of 

hypertrophic cardiomyopathy (HCM), including diagnosis, treatment, and prevention of 

sudden cardiac death (SCD).1,2 The estimated prevalence of HCM in the general population 

is 1 in 200 to 500 and patients can be asymptomatic, symptomatic with heart failure, atrial 

and ventricular arrhythmias and SCD.1,2 HCM is diagnosed in the setting of left ventricular 

(LV) wall thickness ≥15 or ≥13 mm with a family history of HCM after exclusion of other 

causes using a combination of clinical evaluation and imaging.1,2 Once a patient is 

diagnosed with HCM, it is imperative to assess for left ventricular outflow tract (LVOT) 

obstruction and risk factors for SCD.1,2 In this review, we focus on the use of imaging in risk 

stratification for SCD in HCM (Table).

RISK STRATIFICATION FOR SCD

Overall risk of SCD in patients with HCM is low and estimated ≈0.5%/y.1,2 Current 

recommendations for SCD risk stratification from the 2011 American College of Cardiology 

(ACC)/American Heart Association (AHA) guidelines include assessment for personal 

history of ventricular fibrillation or tachycardia, prior resuscitation for SCD, family history 

of SCD, unexplained syncope, and maximal LV wall thickness (MWT) ≥30 mm all of which 
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are indications for implantable cardioverter defibrillator (ICD) implantation.1 If a patient has 

documented nonsustained ventricular tachycardia on ambulatory electrocardiography 

monitoring or an abnormal blood pressure response with exercise stress testing and other 

SCD risk modifiers, such as late gadolinium enhancement (LGE) on cardiac magnetic 

resonance (CMR), an apical aneurysm, an ICD may be considered.1 The 2014 European 

Society of Cardiology guidelines recommend HCM risk SCD calculator to assess the 5-year 

risk of SCD and that an ICD be placed with a 5-year risk score ≥6% (high risk) and 

potentially those with a 5-year risk ≥4% and <6% (intermediate risk).2,3 The HCM risk SCD 

calculator incorporates MWT, left atrial (LA) diameter, maximal LVOT gradient (rest/

Valsalva provoked), family history of SCD, non-sustained ventricular tachycardia, 

unexplained syncope, and age.3 Notably, the HCM risk SCD calculator was not validated for 

use after septal reduction therapy (SRT) and does not allow for the incorporation of 

additional risk factors.2,3

In an external validation study of 3703 patients, the HCM risk SCD calculator worked 

reasonably well; the observed 5-year incidence of SCD was 1.4% for the low-risk group and 

8.9% for the high-risk group.4 However, other studies comparing predicted risk with 

observed incidence of SCD have not shown the HCM risk SCD calculator to be capable of 

discerning between high- and low-risk groups, especially if patients undergoing SRT are 

included.5 The most recent comparison by Maron et al6 included 2094 patients with HCM 

with an ICD placed for primary prevention according to the ACC/AHA guideline risk 

factors, including extensive (>15% of LV mass if quantified) LGE and apical aneurysm. In 

the overall cohort, 73 patients (3.5%) had an apical aneurysm, and of the 1128 patients who 

had a CMR, 58 patients (5.1%) had LGE≥15%. The sensitivity and number needed to 

prevent 1 SCD were 95% and 6.6 for enhanced ACC/AHA criteria versus 58 % and 10.3 for 

the European Society of Cardiology criteria, respectively. Also, the C-statistics for 

discriminating patients with and without SCD was better with the ACC/AHA guidelines risk 

factors than the HCM risk SCD calculator (0.81 versus 0.74). This could be because the 

enhanced ACC/AHA guideline risk factors incorporates LV apical aneurysm and LGE≥15%.
6

We advocate for the assessment of risk for SCD using both methods and for shared decision 

making when the assessment of risk differs acknowledging the differences in how risk is 

assessed based on the 2 current methods.

LV Wall Thickness

Initial evaluation by echocardiography includes the careful assessment for the presence, 

location and extent of LV hypertrophy, resting/provocable LVOT obstruction, severity and 

cause of mitral regurgitation, papillary muscle abnormalities, apical hypertrophy, or 

aneurysm; although in cases where echocardiography is not definitive evaluation with CMR 

should be under-taken.1,2 Wall thickness should be measured in parasternal long- or short-

axis at end-diastole perpendicular to the LV cavity with special consideration to avoiding the 

inclusion of LV or right ventricular trabeculations; however, measurements may be difficult 

because of subop-timal acoustic windows and discrepancies exist when compared with 

CMR cases.7–9 A systematic bias is present with higher measurements by echocardiography 
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when measuring the anteroseptum, which is related to erroneous inclusion of right 

ventricular myocardium, LV trabeculations, or papillary muscles.8,9 CMR has proven 

particularly useful in identifying maximal hypertrophy in a location other than the basal 

anteroseptal wall segment because of user-defined imaging planes without dependence on 

acoustic windows.7–9 Additionally, and perhaps most pertinent to clinical practice, major 

discrepancies in MWT occur in a significant proportion of cases at either clinical (15 mm) or 

prognostic (30 mm) cutoffs.7,8 It is important that clinicians review and attempt to resolve 

differences in MWT between imaging modalities to determine MWT for the individual 

patient to be used when assessing risk for SCD. The HCM risk SCD calculator treats MWT 

(measured on echocardiography) as a continuous variable based on evidence that increased 

wall thickness is directly related to increased risk for SCD even below the ACC/AHA cutoff 

of 30 mm.10,11 We recommend CMR for (1) patients with suspected HCM and borderline 

measurements or technically difficult images by echocardiography to aid in diagnosis and 

(2) in patients with confirmed HCM to ensure the region of MWT is identified along with 

other prognostic information like LGE.

LV Ejection Fraction

Patients with HCM and LV systolic dysfunction (LV ejection fraction ≤50%) have been 

shown to have an increased risk of adverse cardiac events.12 These patients were not 

included in clinical trials assessing the benefit of a primary prevention ICD in heart failure; 

however, ACC/AHA guidelines note ICD implantation may be considered for these patients,
1 but a corresponding statement is not included in the European Society of Cardiology 

guidelines.2 Current assessment of LV ejection fraction by echocardiography is 

recommended using the biplane method of discs, however, in situations where it is difficult 

to assess LV ejection fraction by echocardiography, for instance, due to difficult imaging 

windows or poor definition of the endocardial border, CMR may be used.

LA Diameter

LA diameter was included as a continuous variable in the HCM risk SCD calculator based 

on one study demonstrating increased risk for SCD with increasing LA diameter.3,13 Other 

studies have been conflicting in whether LA diameter is associated with increased risk of 

SCD or heart failure admissions.14–16 LA volume is considered a more accurate assessment 

of LA size, although only a few small studies have examined its association with outcomes.
17,18 Inclusion of LA diameter in the HCM risk SCD calculator remains contro-versial 

because it is unclear whether LA enlargement is an independent predictor, or a surrogate of 

increased wall thickness, diastolic dysfunction, LVOT obstruction, mitral regurgitation, or 

atrial arrhythmia.

LVOT Obstruction

Although LV hypertrophy is required for diagnosis, presence of LVOT obstruction is what 

leads to symptoms of heart failure and has become a defining feature of HCM.1,2,19 LVOT 

obstruction is defined as a resting or provocable peak gradient ≥30 mm Hg, although 

typically a gradient ≥50 mm Hg is necessary for consideration of SRT.1,2 LVOT obstruction 

is typically because of basal anteroseptal hypertrophy and systolic anterior motion of the 

anterior mitral leaflet, although papillary muscle abnormalities have also been implicated20 
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(Figure 1). LVOT obstruction is present in about a third of patients at rest and ≈70% with 

provocation.19 Provocative maneuvers used during echocardiography include Valsalva 

maneuver, inhalation of amyl nitrate, and exercise; dobutamine should not be used because it 

may provoke LVOT obstruction in healthy subjects. Studies comparing the peak LVOT 

gradient produced by these 3 methods have shown that an inducible gradient may be 

produced by only amyl nitrate, Valsalva, or exercise.21 For symptomatic patients without 

resting LVOT obstruction, exercise stress testing is considered the most physiological 

method to detect latent obstruction. Care should be taken to evaluate for LVOT gradients 

before wall motion abnormalities at peak exercise to optimize detection of LVOT 

obstruction. LVOT peak gradients can also vary significantly during the day making it 

difficult to ascertain an individual’s true peak LVOT gradient, further underscoring the 

importance of careful examination.

Several studies have demonstrated an association between LVOT obstruction and SCD.22–24 

The association between latent obstruction and SCD is not well described; however, a recent 

study found that in patients without resting LVOT obstruction those with a provoked LVOT 

gradient ≥90 mm Hg, by Valsalva, amyl nitrate, or exercise, had worse outcomes than those 

with a provoked gradient 30 to 89 mm Hg, although patients with resting LVOT obstruction 

had the worst outcomes.25 A recent study also demonstrated that, in obstructed HCM 

patients, SRT was associated with better longer-term outcomes (including SCD) versus 

watchful waiting.26

The HCM risk SCD calculator includes maximal peak LVOT gradient at rest or with 

Valsalva regardless of concurrent medical therapy. Criticisms of this include the paucity of 

data regarding the association of provocable gradients with SCD, whether other methods of 

provocation should have been included and the dynamic nature of LVOT obstruction.

Apical Aneurysm

Apical aneurysms, defined as thin-walled akinetic or dyskinetic wall segments with a 

relatively wide connection to the left ventricular cavity at the apex, have been described in 

the setting of both midventricular and apical hypertrophy.27 Apical HCM is defined as apical 

wall thickness ≥15 mm at end-diastole, or maximal apical to basal wall thickness ratio of 

≥1.3.28 This results in increased apical cavity pressure, wall stress, and ischemia/infarction 

which may lead to aneurysm formation. The prevalence of apical aneurysms in HCM was 

reported to be 1.3% and 4.8% in 2 different cohorts.29,30 Often the region of hypertrophy 

and presence of an apical aneurysm may be identified with echocardiography, although 

identification, including of thrombus, can be improved by contrast enhancement and 

avoiding foreshortening the LV apex31,32 (Figure 2). These maneuvers may aid in 

differentiating between apical hypertrophy or the presence of an apically displaced papillary 

muscle creating the appearance of apical hypertrophy (seen in up to 20% of cases)31,32 

(Figure 3; Movies I to IV in the Data Supplement). We advocate the use of contrast in 

situations where the apical endocardium is not well defined and to further define anatomy. 

CMR may still be necessary to distinguish these features, in particular, the presence of an 

apical aneurysm which may be missed in ≈40% of cases examined by echocardiography 
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alone.27,32,33 LGE imaging has also demonstrated transmural myocardial fibrosis and scar27 

(Figure 4) and may be additionally useful for identifying an apical thrombus.

Although initial studies reported a low incidence of serious adverse events, recent reports 

have suggested otherwise. A study of 247 patients from Japan with apical HCM, of whom 

8.5% had an apical aneurysm, found an event rate of 10.1%/y of ICD placement in the 

subset with an apical aneurysm.34 Similarly, Hanneman et al35 reported increased risk of 

major adverse events in 93 patients with apical HCM and an apical aneurysm (odds ratio, 

4.6) with an event rate of 14.7%/y. Maron et al27 initially reported an annual adverse event 

rate of 10.5%/y for patients with an apical aneurysm. These results prompted the addition of 

apical aneurysm to the 2011 ACC/AHA guidelines as a risk modifier (however, size is not a 

criteria).1 Further analysis of an expanded patient cohort of 1940 patients with HCM 

demonstrated an increased annual event rate (SCD, appropriate ICD discharge, or 

resuscitated cardiac arrest) for patients with an apical aneurysm (4.7% versus 2%/y).29 An 

increased incidence of thromboembolic stroke has also been noticed in the setting of HCM 

with an apical aneurysm27,29; however, because of paucity of data, there are no specific 

recommendations in the guidelines and initiation of anticoagulation should be discussed on 

an individual basis for patients with an apical aneurysm without an apical thrombus.1,2

Late Gadolinium Enhancement by CMR

In addition to clarifying LV anatomy, LGE by CMR can both clarify the diagnosis and aid in 

risk stratification.1,2 Following their administration, gadolinium contrast agents redistribute 

from the intravascular space to the extracellular space with accumulation in areas with 

expansion of extracellular space due to either edema or fibrosis resulting in increased signal 

intensity on T1 weighted imaging.36 LGE is noted in approximately half of patients with 

HCM and is commonly described as patchy and mid-myocardial within segments of 

maximal hypertrophy37–39 (Figure 5).

The presence of LGE is associated with an increased risk of adverse outcomes for patients 

with HCM. Several cross-sectional studies have demonstrated increased burden of 

ventricular arrhythmias, SCD, and all-cause mortality in patients who have LGE on CMR.
37–40 LGE is also associated with increased heart failure symptoms and admissions and 

reduced LV ejection fraction in patients with HCM.40,41 A recent meta-analysis including 

2993 patients confirmed that the presence of LGE is associated with an increased risk of 

adverse outcomes including SCD and death and that risk was proportional to the extent of 

LGE.42 Isolated LGE at the right ventricular insertion points does not appear to be 

associated with increased risk.37

Although LGE is present in >50% patients with HCM, the overall prevalence of SCD in 

patients with HCM is far lower1,2; thus, recent studies have focused on identifying a cut 

point for the extent of LGE beyond which there would be a benefit from an ICD. Although 

multiple studies have been conducted, the heterogeneity of the imaging sequences, 

postprocessing techniques has been problematic for the implementation of a precise LGE 

cutoff.1,2,43 LGE quantification techniques include a visual assessment or software packages 

that compare the signal intensity of affected areas to those selected as normal myocardium 

by visual assessment with cutoffs at 2 to 6 SD or full width half maximum.44 Although 

Tower-Rader et al. Page 5

Circ Cardiovasc Imaging. Author manuscript; available in PMC 2020 September 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



currently no specific technique is recommended by the Society for Cardiovascular Magnetic 

Resonance,44 prior studies comparing the various techniques have found that either 6 SD or 

full width half maximum techniques to potentially be the best in HCM.45,46

Two large studies have used a cut point of 15% LGE of the LV mass using the 6-SD 

technique. Chan et al37 studied 1293 patients at 7 centers and found that %LGE≥15% was 

associated with almost a 2-fold increase in the risk of SCD (hazard ratio 2.14) and aided in 

further risk discrimination over the traditional ACC/AHA guideline risk factors.37 Similarly, 

Mentias et al39 examined a cohort of 1423 patients deemed to be at low- or intermediate risk 

for SCD based on the HCM risk SCD calculator and found that %LGE≥15% using the 6-SD 

method was associated with an increased risk of a composite outcome of SCD and 

appropriate ICD discharge (odds ratio, 3.04; Figure 6). Currently, there is no specific 

recommendation regarding the appro-priateness of a follow-up CMR study to examine for 

progression of LGE,1,2 although this is an area of active investigation and one study 

demonstrated that progression of LGE on follow-up imaging at 5 to 6 years is associated 

with adverse outcomes.47

We advocate for the incorporation of LGE into the risk assessment for SCD for patients in 

the gray zone (without major ACC/AHA risk factors who have other mitigating risk factors, 

or low to intermediate risk by the HCM risk SCD calculator) to aid in shared decision 

making since the presence of extensive LGE (≥15%) is associated with an increased risk of 

SCD compared with patients with minimal LGE.

POTENTIAL NOVEL TECHNIQUES FOR RISK ASSESSMENT

T1 and T2 Mapping, and Extracellular Volume Fraction by CMR

During T1 mapping, the T1 relaxation time is measured for each individual pixel of the 

myocardium, and extracellular volume fraction is calculated based on the comparison of 

native and postgadolinium-chelate contrast agents, allowing for further tissue 

characterization and the identification of diffuse interstitial fibrosis.36 Regional increased 

native T1 times have been shown to correlate with areas of increased wall thickness and 

LGE in HCM.48 Although limited data suggest that increased native T1 times and 

extracellular volume are associated with adverse outcomes,49 there is more data regarding 

distinguishing HCM from hypertensive heart disease, Fabry disease, or cardiac amyloidosis.
50,51 Increased signal intensity on T2 imaging is associated with edema/inflammation and 

potentially associated with increased risk for SCD.52 The HCMR study (Hypertrophic 

Cardiomyopathy Registry) is currently ongoing and seeks to further refine risk stratification 

in HCM using information gleaned from CMR including LGE and T1/2 mapping.53

Strain Imaging by Echocardiography

LV global longitudinal strain (LV-GLS) has emerged as a sensitive marker of LV function, 

although its use in clinical decision-making is currently limited both by variations in normal 

values and lack of standardization between various platforms. Despite this, there are 

multiple studies investigating potential uses of LV-GLS in the setting of increased LV wall 

thickness and for risk stratification. In the setting of increased wall thickness, LV-GLS 
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appears to be best used to discern patients with possible cardiac amyloidosis from patients 

with other etiologies based on apical sparing pattern.54,55 A recent systematic review of 

studies including over 3000 patients with HCM found that abnormal LV-GLS in patients 

with HCM is associated with adverse cardiovascular outcomes, although significant 

heterogeneity in study design including software, LV-GLS cutoffs, and the outcomes chosen, 

made it difficult to come to a more precise conclusion.56 The use of LV-GLS is not currently 

recommended in the assessment of HCM patients, although additional studies may be able 

to shed new light on its potential use for clinical decision making and timing regarding 

either ICD placement or SRT.1,2,56

SRT as a Mitigating Factor?

Although SRT, either alcohol septal ablation or septal myectomy, is currently indicated for 

patients with LVOT obstruction and symptoms despite maximal medical therapy, it also 

potentially affects multiple clinical risk factors for SCD, including MWT, LA size, and peak 

LVOT gradient. As previously mentioned, the HCM risk SCD calculator should not be used 

in patients following SRT,3 although theoretically an individual patient’s calculated risk 

would change following SRT based on alterations in MWT, LA size, and peak LVOT 

gradient. Multiple observational studies have noted improved survival, including from SCD 

and appropriate ICD discharge, following SRT.5,57 Inter-estingly in the Mentias et al39 

cohort of patients the addition of myectomy was able to further risk stratify patients with 

%LGE≥15% and conveyed a lower risk of SCD (Figure 6). In keeping with other research 

examining the effect of myectomy on risk stratification, one study noted that though 

abnormal LV-GLS worse than the median was associated with cardiac death and appropriate 

ICD discharge, that this risk appeared to be mitigated by myectomy.58

CONCLUSIONS

In HCM, a careful assessment with echocardiography and CMR is crucial to first confirm 

the diagnosis, and then to fully evaluate for the presence of LVOT obstruction and features 

associated with risk of SCD (Figure 7). Proper identification of patients at risk is of the 

utmost importance, and the identification and continued study of emerging risk factors will 

continue to improve the identification of patients at risk for SCD.
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Figure 1. Echocardiography of hypertrophic cardiomyopathy with left ventricular outflow tract 
(LVOT) obstruction.
A, Parasternal long-axis view at end-diastole demonstrating an interventricular septal wall 

thickness of 2.2 cm. B and C, Parasternal long axis and off-axis apical 5-chamber views, 

respectively, with and without color Doppler demonstrating systolic anterior motion of the 

mitral valve (arrow, left) with turbulent flow within the LVOT and posteriorly directed mitral 

regurgitation (arrow, right). D, Continuous wave Doppler through the LVOT demonstrating 

a peak gradient of 107 mm Hg.
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Figure 2. Echocardiography of apical hypertrophic cardiomyopathy with an aneurysm.
A, Apical 4-chamber view at end diastole with increased apical wall thickness. B, Apical 4-

chamber view following administration of contrast in systole demonstrating a possible apical 

outpouching (arrow). C, Off-axis apical 4-chamber view of the apical outpouching at end 

systole (arrow). D, Zoomed in view of the apical aneurysm to clearly identify the wall 

(arrow; Movie I in the Data Supplement).
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Figure 3. Apically displaced papillary muscle mistaken for apical hypertrophy.
A and D, Apical 4- and 3-chamber views, respectively, with apparent increased wall 

thickness at the apex (arrow). B and E, Apical 4- and 3-chamber views, respectively, during 

diastole with administration of contrast agent demonstrating normal wall thickness. C and F, 

Apical 4- and 3-chamber views, respectively, during systole with administration of contrast 

agent demonstrating an apically displaced papillary muscle (arrow). LVO indicates left 

ventricular opacification.
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Figure 4. Cardiac Magnetic Resonance of apical hypertrophic cardiomyopathy with a small 
apical aneurysm.
A–C, Balanced steady-state free precession cine imaging in the vertical long axis, 4-

chamber and left ventricular outflow tract (LVOT) view at end systole demonstrating 

increased apical wall thickness with a small apical aneurysm (arrow). D–F, Phase-sensitive 

inversion recovery imaging in the vertical long axis, 4-chamber and LVOT view 

demonstrating transmural late gadolinium enhancement of the apical aneurysm (arrow) and 

subendocardial to mid-myocardial late gadolinium enhancement of the apical segments.
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Figure 5. Variations in patterns of late gadolinium enhancement (LGE) and hypertrophy in 
patients with hypertrophic cardiomyopathy.
Patient 1: A, Balanced steady-state free precession (B-SSFP) cine imaging demonstrating 

asymmetrical septal hypertrophy predominantly affecting the mid inferoseptum. B, Phase-

sensitive inversion recovery (PSIR) imaging in the short axis with mid-myocardial LGE in 

an area of maximal hypertrophy (arrow). Patient 2: C, B-SSFP cine imaging demonstrating 

asymmetrical septal hypertrophy. D, PSIR imaging with more extensive mid-myocardial 

LGE at the superior and inferior right ventricular insertion points and the mid septum 

(arrows). Patient 3: E, B-SSFP cine imaging in the vertical long-axis view demonstrating 

mid and apical hypertrophy. F, PSIR imaging with mid-myocardial LGE in the mid and 

apical segments (arrows). G, B-SSFP cine imaging in the 4-chamber view demonstrating 

mid to apical inferoseptal hypertrophy. H, PSIR imaging with mid-myocardial LGE in the 

mid to apical inferoseptum (arrows).
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Figure 6. Survival free from events in patients with obstructive hypertrophic cardiomyopathy 
separated into 4 groups based on late gadolinium enhancement (LGE) <15% or LGE≥15%, and 
myectomy or no myectomy (left) and for the patients who underwent myectomy by LGE<15% 
or LGE≥15% (right).
Reprinted from Mentias et al39 with permission. Copyright ©2018, Elsevier.
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Figure 7. Multimodality imaging in sudden cardiac death (SCD) risk stratification in 
hypertrophic cardiomyopathy (HCM).
LV indicates left ventricular; and LVOT, left ventricular outflow tract.
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Table.

Sudden Cardiac Death Risk and Imaging

2011 ACC/AHA Risk Factors Echocardiography Cardiac Magnetic Resonance

Major

 LV wall thickness ≥30 mm + ++

Mitigating

 Extensive LGE − ++

 LVOT obstruction ++ −

 LV apical aneurysm + ++

ESC HCM risk SCD calculator

 LV wall thickness + ++

 LA diameter + ++

 LVOT gradient, rest or Valsalva ++ −

ACC indicates American College of Cardiology; AHA, American Heart Association; ESC, European Society of Cardiology; HCM, hypertrophic 
cardiomyopathy; LA, left atrial; LGE, late gadolinium enhancement; LV, left ventricle; LVOT, left ventricular outflow tract; and SCD, sudden 
cardiac death.
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