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Abstract
Hypertrophic cardiomyopathy (HCM) is the most common cause of sudden cardiac death (SCD) in the young, particularly among athletes. Identifying high risk individuals is very important for SCD prevention. The purpose of this review is to stress that noninvasive diagnostic testing is important for risk assessment. Extreme left ventricular hypertrophy and documented ventricular tachycardia and fibrillation increase the risk of SCD. Fragmented QRS and T wave inversion in multiple leads are more common in high risk patients. Cardiac magnetic resonance imaging provides complete visualization of the left ventricular chamber, allowing precise localization of the distribution of hypertrophy and measurement of wall thickness and cardiac mass. Moreover, with late gadolinium enhancement, patchy myocardial fibrosis within the area of hypertrophy can be detected, which is also helpful in risk stratification. Genetic testing is encouraged in all cases, especially in those with a family history of HCM and SCD.   
© 2014 Baishideng Publishing Group Inc. All rights reserved. 
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Core tip: Hypertrophic cardiomyopathy (HCM) is the most common cause of sudden cardiac death (SCD) in the young, particularly among athletes. Noninvasive diagnostic testing is important for risk assessment. Extreme left ventricular hypertrophy, documented ventricular tachycardia and fibrillation increase the risk of SCD. Fragmented QRS and T wave inversion in multiple leads are more common in high risk patients. Cardiac magnetic resonance imaging with late gadolinium enhancement, patchy myocardial fibrosis within the area of hypertrophy can be detected, which is also helpful in risk stratification. Genetic testing is encouraged in all cases, especially in those with family history of HCM and SCD.
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INTRODUCTION
Hypertrophic cardiomyopathy (HCM) is a common autosomal dominant cardiac disease, affecting 1 in 500 people1[]
. Cardiomyocyte hypertrophy, disarray, fibrosis and ventricular wall thickening are the pathological hallmarks of HCM. Although the majority of affected individuals present with mild symptoms or are asymptomatic, HCM is the most common identifiable cause of premature sudden cardiac death (SCD) in the young, especially the young athlete1[]
. Since SCD can be the first manifestation in concealed cases and some symptomatic patients do bear a high risk of SCD, timely diagnosis and risk stratification for appropriate therapy and SCD prevention such as prophylactic implantable cardioverter-defibrillator (ICD) therapy are very important. The common risk factors associated with SCD are family history of HCM-related SCD, left ventricular wall thickness ≥ 30 mm, documented ventricular tachyarrhythmia such as frequent and/or prolonged bursts of non-sustained ventricular tachycardia (VT) and ventricular fibrillation (VF), as well as abnormal blood pressure response to exercise
 ADDIN EN.CITE 

[2]
.

The diagnosis of HCM is based on echocardiography and/or cardiac magnetic resonance images (CMRI), wherein a non-dilated, hypertrophied left ventricle is found in the absence of any other systemic or cardiac event that explains the specific pathology, mostly arterial hypertension3[]
. Since the outcome varies among affected individuals, the purpose of this review is to elaborate the usefulness of noninvasive diagnostic testing for identifying high risk patients with HCM.

ELECTROCARDIOGRAM 
The electrocardiogram (ECG), the most basic test in cardiovascular disease management, is abnormal in the vast majority of patients diagnosed with HCM. In general, if patients meet the ECG criteria for left ventricular hypertrophy (LVH), the absence of an apparent cause should raise the suspicion of HCM4[]
. The history and physical examination may be negative, and the signs of LVH on an ECG may occur earlier than the increase in the thickness of left ventricular wall detected by echocardiography
 ADDIN EN.CITE 

[4, 5]
. Making a correct diagnosis in a timely manner is essential in SCD prevention.

QRS-ST-T changes in sinus rhythm

Presence of abnormal Q waves such as deep Q waves in multiple leads is common in patients with HCM
 ADDIN EN.CITE 

[6]
. Abnormal Q waves may appear prior to the increased QRS amplitude
 ADDIN EN.CITE 

[7]
. A deep Q wave is considered if the amplitude ≥ 3 mm or ¼ of the R wave. In HCM deep Q waves are usually seen in more than two contiguous leads
 ADDIN EN.CITE 

[8]
. There are differences in terms of the significance of deep Q waves between the young and adults
 ADDIN EN.CITE 

[6]
. Presence of deep Q waves in children has yielded a higher specificity and sensitivity than adults in the diagnosis of HCM
 ADDIN EN.CITE 

[6]
. The mechanisms of deep Q waves in HCM are: (1) the electrical inactivation due to myocardial fibrosis; and (2) the altered direction of resultant initial QRS vector due to increased electrical forces of disproportionate hypertrophy of the basal septal and/or ventricular free wall, unopposed by apical forces
 ADDIN EN.CITE 

[9]
. Presence of deep Q waves in multiple leads is thought to be associated with an increased incidence of SCD
 ADDIN EN.CITE 

[9]
. 
Increased QRS amplitude is the most common ECG abnormality in HCM. It has been reported that increased QRS amplitude in the limb leads increases the likelihood of SCD in both children and adults with HCM
 ADDIN EN.CITE 

[10]
. Increased QRS duration (QRSD) is seen in septal and concentric HCM patients
 ADDIN EN.CITE 

[11]
. Ostman-Smith et al
 ADDIN EN.CITE 

[10]
 measured QRS amplitude and duration in HCM subjects with and without cardiac arrest and SCD. They found that increased QRS amplitude-duration product is a better indicator of high risk HCM patients. Among the high risk patients that have undergone ICD therapy, there is a positive correlation between increased QRSD and defibrillation thresholds
 ADDIN EN.CITE 

[12]
. 
It is known that fragmented QRS complex (fQRS) in multiple ECG leads is associated with myocardial scarring or fibrosis in ischemic and non-ischemic cardiomyopathies. In the latter, patchy fibrosis are located in mid-myocardium or sub-epicardium, and predominantly in the perivalvular areas. Femenia et al13[]
 reported a female patient with recurrent syncope diagnosed with HCM at age 9 and had an ICD placed at age 16 after aborted SCD due to VF. Her ECG at age 16 showed fQRS in 12 leads. During a 2-year follow-up, this patient presented with sustained VT requiring anti-tachycardia pacing and ICD shocks13[]
. In a large sample study, they found that fQRS located in the lateral area increases the likelihood of ICD therapy
 ADDIN EN.CITE 

[14]
. Therefore they postulated fQRS should be incorporated in multivariate models for SCD prediction, along with more classical risk factors
 ADDIN EN.CITE 

[13, 14]
. 
ST segment elevation in HCM is viewed as a marker of disease progression
 ADDIN EN.CITE 

[15]
. Furuki et al
 ADDIN EN.CITE 

[15]
 found a close correlation between convex ST elevation and left ventricular enlargement and wall motion abnormalities with a specificity of 85% and a sensitivity of 62%, respectively. 

Ostman-Smith et al
 ADDIN EN.CITE 

[10]
 found that HCM patients with high risk for SCD had negative T waves in the limb and precordial leads. Moreover, negative T waves in the precordial leads has a positive correlation with the extent of LVH in HCM
 ADDIN EN.CITE 

[7]
. On echocardiography, the maximum wall thickness was 19.2 ± 5.2 mm with negative T waves compared to 13.5 ± 5.1 mm without negative T waves
 ADDIN EN.CITE 

[7]
. Microvolt-T wave alternans (TWA), a surrogate for unstable ventricular repolarization properties, have been associated with an increased likelihood of VT/VF16[]
. Momiyama et al16[]
 also demonstrated that among 7/17 HCM patients classified as high-risk individuals, only two of them did not show TWA.

Ventricular arrhythmia

Documented VT and/or VF are direct risk factors for SCD
 ADDIN EN.CITE 

[17]
. In HCM, VF may occur without the preceding VT. A study by Cha et al
 ADDIN EN.CITE 

[18]
 revealed that sinus tachycardia or atrial fibrillation were the most common rhythms that initiated sustained VT followed by ICD discharges in high risk patients. Sustained VT is common in symptomatic individuals19[]
. Medeiros et al
 ADDIN EN.CITE 

[20]
 noted that the arrhythmias with the highest prevalence according to their ICD storage recordings were sustained VT and VF. Recurrent or repetitive non-sustained VT (>10 beats) is considered a risk for SCD in HCM
 ADDIN EN.CITE 

[21]
. 
On ambulatory ECG monitoring, non-sustained VT occurs in about 25% of HCM patients
 ADDIN EN.CITE 

[22]
. Gimeno et al
 ADDIN EN.CITE 

[22]
 showed that exercise-induced non-sustained VT was associated with a 3.73 fold rise in SCD. 2D speckle tracking has also been used as an important tool to predict non-sustained VT in HCM patients
 ADDIN EN.CITE 

[23]
. According to one study, the results obtained by 2D speckle tracking are similar to the results obtained by ambulatory Holter ECG
 ADDIN EN.CITE 

[23]
. There have also been reports of the incidence of non-sustained VT by provocative maneuvers such as Valsalva24[]
. Increased vagal tone has been considered a potential mechanism for the occurrence of non-sustained VT
 ADDIN EN.CITE 

[24, 25]
. The current recommendation is consideration of ICD placement, even if non-sustained VT is the only risk factor
 ADDIN EN.CITE 

[21]
. 
ECHOCARDIOGRAPHY
Echocardiography is an integral diagnostic modality for HCM because it is highly reproducible and cost effective. LVH, the most important phenotypic characteristic of HCM, can be easily revealed by echocardiography. The extent of left ventricular wall thickness is associated with an increased risk of SCD. Maximum left ventricular wall thickness ≥ 30mm is termed extreme left ventricular hypertrophy, and is an independent predictor of SCD in the young
 ADDIN EN.CITE 

[26-28]
. Spirito et al
 ADDIN EN.CITE 

[26]
 observed 480 cases of HCM consecutively for an average follow-up of 6.5 years. Patients were divided into five groups according to the maximum left ventricular wall thickness: ≤ 15 mm, 16-19 mm, 20-24 mm, 25-29 mm, and ≥ 30 mm, respectively. They found that the 20-year cumulative risk for SCD was up to 40% in the group with left ventricular wall thickness ≥ 30 mm. Patients with extreme left ventricular hypertrophy were mostly young, with only mild symptoms or with no symptoms at all. Neither did they have any evidence of left ventricular outflow tract obstruction. Thus the authors suggest that young patients with extreme left ventricular hypertrophy (≥ 30 mm), should consider prophylactic implantation of ICD regardless of the presence or absence of other risk factors. Elliott et al
 ADDIN EN.CITE 

[27]
 found that in HCM patients with left ventricular wall thickness, the relative risk (RR) increased by 1.31 (95%CI: 1.03-1.66) for each additional 5 mm. In HCM microvascular dysfunction, cardiomyocyte hypertrophy and disarray can lead to myocardial ischemia and fibrosis
 ADDIN EN.CITE 

[29]
. The latter is a substrate for reentrant tachyarrhythmia and SCD30[]
. HCM patients with extreme left ventricular hypertrophy indeed bear a higher risk of SCD and more frequent ICD discharges. Nevertheless, it does not necessarily mean that patients with left ventricular wall thickness < 30 mm are considered low risk. In the later stages of the disease when the left ventricular ejection fraction (LVEF) may be below 50% with left ventricular wall thinning, apical aneurysm and ventricular chamber dilatation
 ADDIN EN.CITE 

[31]
, the risks of SCD and all-cause mortality increase
 ADDIN EN.CITE 

[31, 32]
.

CARDIAC CT
Although some of the newer systems are safe for ICD patients, MRI in general is hazardous to patients with implanted devices. As an alternative, Shiozaki et al
 ADDIN EN.CITE 

[33]
 examined the value of delayed enhancement multidetector computed tomography (MDCT). They showed that myocardial fibrosis was found in 96.4% of patients with ICD using MDCT
 ADDIN EN.CITE 

[33]
. However, it must be noted that ICD cables caused artifacts and may have overrepresented the findings of myocardial fibrosis in these patients
 ADDIN EN.CITE 

[33]
. 

CMRI
Although echocardiography plays a central role in the assessment of HCM, it is sometimes limited by poor acoustic windows, incomplete visualization of the left ventricular wall, and inaccurate evaluation of left ventricular mass
 ADDIN EN.CITE 

[34]
. With excellent spatial resolution and border definition, CMRI provides complete visualization of the left ventricular chamber, allowing precise localization of the distribution of hypertrophy and measurement of wall thickness and cardiac mass (Figure 1). CMRI is superior to echocardiography for the detection of apical and focal basal anteroseptal variants and in recognizing noncontiguous areas of HCM
 ADDIN EN.CITE 

[35]
. CMR cine imaging provides evaluation of cardiac morphological information including systolic anterior motion of the anterior mitral leaflet with dynamic outflow tract obstruction, mitral regurgitation, apical aneurysms, and papillary muscle abnormalities. CMR stress perfusion imaging can identify areas of microvascular dysfunction or mismatch between left ventricular mass and coronary flow.

Based on CMRI findings in patients with HCM, distribution and extent of LVH is variable including asymmetrical septal, apical, localized, or concentric hypertrophy, but these usually are not extensive. Basal anterior left ventricular free wall and the contiguous anterior ventricular septum are the most commonly hypertrophied segments
 ADDIN EN.CITE 

[34]
. LVH can be focal (1-2 segments), intermediate (3-7 segments), or diffuse (> 8 segments). The number of hypertrophied segments is greater in patients with left ventricular outflow tract obstruction than without and was associated with an advanced New York Heart Association functional class. Left ventricular wall thickness was greater in segments with late gadolinium enhancement (LGE) than without. Segmental left ventricular hypertrophy largely confined to the anterolateral free wall, posterior septum, or apex were underestimated or undetected by echocardiography. These observations support an emerging role for CMR in the contemporary evaluation of patients with HCM. 

Moreover, LGE plays a critical role in risk stratifying HCM patients (Figure 1). Myocardial fibrosis is present in up to 80% of patients with HCM, with a characteristic patchy pattern of LGE generally occurring in areas of hypertrophy
 ADDIN EN.CITE 

[34]
. In addition, the extent of fibrosis has been shown to correlate positively with regional hypertrophy and inversely with regional contraction. Consistently, in another clinical study
 ADDIN EN.CITE 

[36]
 with 243 consecutive HCM patients, the presence of scar was an independent predictor of death, with an odds ratio of 5.47 for all-cause mortality and of 8.01 for cardiac mortality. Similarly, the risk of unplanned heart failure admissions, deterioration to NYHA functional class III or IV, or heart failure-related death has been shown to be statistically greater in those with fibrosis
 ADDIN EN.CITE 

[37]
. In a study with 424 HCM patients
 ADDIN EN.CITE 

[38]
, LGE-positive patients were more likely to have episodes of non-sustained VT, more episodes of non-sustained VT per patient, and a higher frequency of ventricular extrasystoles per 24 hours, with all cases of SCD and appropriate ICD discharges occurring in LGE-positive patients. More recently, a meta-analysis
 ADDIN EN.CITE 

[39]
 of four studies evaluating 1,063 HCM patients over an average follow-up of 3.1 years demonstrated that there are significant relationships between LGE and cardiovascular mortality, heart failure death, and all-cause mortality in HCM patients. Additionally, LGE and SCD/aborted SCD displayed a trend toward significance. The assessment of LGE in HCM patients by CMRI has the potential to provide important information to improve risk stratification in clinical practice. 

ROLE OF GENETIC TESTING
Since the pathogenic missense mutation in the β-myosin heavy chain gene (MYH7 R403Q) was revealed two decades ago, > 1400 mutations have been identified in putative HCM-susceptibility genes. The most common genetic subtype is sarcomeric-HCM, caused by mutations in genes encoding proteins in the myofilaments of the cardiac sarcomere40[]
. Among patients with positive genetic tests, MYBPC3 (myosin-binding protein C) and MYH7 are, by far, the two most common HCM-associated genes with an estimated prevalence of 25%–35% for each gene, while other genes including troponin T, troponin I, α-tropomyosin, and α-actin each account for a small proportion of patients (1% to 5%)
 ADDIN EN.CITE 

[41]
. Collectively, the known causal genes account for about two-thirds of all HCM cases while one-third of the causal genes for HCM are yet to be identified42[]
. 

Genetic testing for HCM has been commercially available for almost a decade. However, the low mutation detection rate and cost have hindered uptake43[]
. Currently, genetic testing has been recommended for any patients with an established clinical diagnosis of HCM and for family members following the identification of the HCM-causative mutation in the index case
 ADDIN EN.CITE 

[44]
. Multivariate analysis advocates this recommendation by identifying female gender, increased left-ventricular wall thickness, family history of hypertrophic cardiomyopathy, and family history of SCD as being associated with greatest chance of identifying a gene mutation43[]
. 

Including genetic testing in the diagnostic strategy is also more likely to be cost effective than clinical tests alone when considering family screening and prevention of SCD
 ADDIN EN.CITE 

[45, 46]
. The results of genetic testing identifies mutation carriers who will benefit from regular clinical investigation or early discussion of ICD. On the other hand, the result of genetic testing also identifies relatives without the causal mutation, who can be released without the need for long-term follow-up47[]
. 

With rapid developments in genetic testing technology, a whole exome or a panel of HCM-related genes can now be tested by the next generation sequencing simultaneously, which provides an opportunity to detect multiple mutations in the same or different genes that are responsible for HCM. Emerging evidence documents that patients with HCM who carry more than one independent disease-causing gene mutation may be at a greater risk for severe disease expression and adverse outcome
 ADDIN EN.CITE 

[48-51]
, especially in the absence of other conventional risk factors
 ADDIN EN.CITE 

[52]
. These observations support the emerging hypothesis that double (or compound) mutations detected by genetic testing may confer a gene dosage effect in HCM, thereby predisposing patients to adverse disease consequence
 ADDIN EN.CITE 

[52]
. It is observed that multiple mutation carriers are more likely to have suffered an out-of-hospital cardiac arrest or SCD43[]
. For those patients who test positive for two or three mutations, frequent follow-up or early intervention may be required. Therefore, the integration of genetic testing into the current testing paradigm is likely to improve the general management of affected families.
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Figure 1 Basal anterior hypertrophic cardiomyopathy in a 45-year-old man with a history of syncope. Cardiac magnetic resonance imaging demonstrated severe thickening of basal anterior wall with a maximal measurement of 2.5 cm. A: Two chamber short-axis cine images; B: Late delayed gadolinium enhanced images; C: Two chamber long-axis cine images (top panel). Late delayed gadolinium enhanced images (bottom panel). Patchy, non-coronary artery disease scarring in the hypertrophied areas is indicated by white arrows.
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