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Abstract
The major burden of sudden cardiac death (SCD) in patients with heart disease occurs in those with a left ventricular ejection fraction >40%.  Although the annual risk of SCD may be lower in these patients compared to those with lower LVEF, their lifetime cumulative risk of SCD may be greater due to a better overall prognosis. It is plausible that those with LVEF>40% who are at highest risk of life-threatening arrhythmia will benefit from implantable cardioverter defibrillators. Features which identify patients with a LVEF>40% at high risk of SCD are urgently needed. We review existing studies examining SCD markers in this sub-group and discuss gaps in the current evidence base.
Sudden cardiac death (SCD) represents a major public health problem, accounting for 50% of cardiovascular mortality and frequently affecting people of working age without preceding symptoms 
 ADDIN EN.CITE 
(1)
. It is defined as unexpected death either within 1 hour of the onset of cardiac symptoms in the absence of progressive cardiac deterioration; during sleep; or within 24 hours of last being seen alive 
 ADDIN EN.CITE 
(2)
. SCD may be the result of ventricular fibrillation (VF), ventricular tachycardia (VT) or pulseless electrical activity (PEA). PEA may result from aneurysmal rupture or a cerebrovascular accident and therefore a proportion of cases result from vascular events. However, most research has focused on the prevention of SCD secondary to VT and VF, which will be the focus of our review. 

SCD secondary to VT and VF may be reduced by pharmacological therapy and implantable cardioverter defibrillators (ICDs). Selecting patients who are most likely to benefit from these interventions is crucial to improving outcomes. The current arbiters for the guideline-directed selection of patients for primary prevention ICDs are left ventricular ejection fraction (LVEF) and New York Heart Association (NYHA) class 
 ADDIN EN.CITE 
(3,4)
. This approach dichotomises the population into low and high-risk groups, based on single measurements of subjective variables. This is recognised as sub-optimal 
 ADDIN EN.CITE 
(5)
. The risk of SCD is continuous rather than binary and affected by multiple factors including structural substrate, autonomic dysfunction, electrical instability and genetic predisposition (Figure 1). It is unsurprising that the sensitivity of the current approach is poor; only 13-20% of SCD occurs in the small group of patients with a LVEF<40% 
 ADDIN EN.CITE 
(5,6)
. A further 40% of cases occur in patients with recognised heart disease and LVEF>40% 
 ADDIN EN.CITE 
(5)
. While the absolute risk of SCD in patients with ischemic (ICM) or non-ischemic dilated cardiomyopathy (NICM) and LVEF >40% may be lower than those with more severe impairment, there are a greater number of patients in the former group and their risk remains substantial.. 
An important factor to consider when selecting patients for ICD implantation is the length of time individuals are exposed to the risk of SCD. A major disadvantage of an LVEF-centred approach is that a large number of patients with a high-risk of death from other causes undergo ICD implantation. Many patients receiving ICDs die from causes other than arrhythmia and the length of time they are exposed to the risk of SCD is relatively short (Figure 2).  The DANISH trial failed to demonstrate mortality reduction with ICD implantation in a relatively sick population with NICM and a LVEF<35% 7


( ADDIN EN.CITE )
.  Younger patients, however, with a lower risk of death from competing causes, appeared to derive benefit in pre-specified sub-group analysis, demonstrating the importance of prognosis from non-sudden causes 7


( ADDIN EN.CITE )
.  
Patients at high-risk of SCD with a LVEF >40% have lower competing risks and less limiting symptoms compared to those with lower LVEF. ICD therapy in this group may be more likely to prolong quality life (Figure 2). A comparable approach is taken in hypertrophic cardiomyopathy where it is recommended that ICDs are considered in patients with a 5-year risk of SCD >6% 
 ADDIN EN.CITE 
(8)
. This is much lower than the rate of SCD in the control arms of trials for ICD therapy in patients with severe LV impairment 
 ADDIN EN.CITE 
(9)
.  However, although patients with HCM may have a lower annual risk of SCD, their cumulative lifetime risk may be greater due to a longer exposure time, related to a lower risk of death from competing causes. Patients with HFpEF appear to be a different entity and deserve separate consideration. They tend to be older with multiple comorbidities and vulnerable to non-sudden terminal events. Their cumulative SCD risk may be relatively small.
We must also consider the effect of contemporary heart failure treatment on the incidence of SCD and the benefit of ICDs. The lack of benefit from ICD implantation in the DANISH trial may not only reflect the high risk of death from competing causes in this sick population but also the declining risk of SCD events in patients on contemporary HF therapy
 ADDIN EN.CITE 
(10)
. Evidence is accumulating on the benefit of medical therapies in patients with mid-range ejection fraction and it is therefore essential that the efficacy of additional interventions, such as ICD implantation, are evaluated in patients on optimal, contemporary heart failure therapy 
 ADDIN EN.CITE 
(11)
. It is also important to acknowledge that the proportion of sudden deaths that are potentially preventable by ICDs may also be declining 12()
. In a nationwide study of SCD patients who underwent autopsy, 28% were classified as sudden non-cardiac death 
 ADDIN EN.CITE 
(13)
. The proportion of sudden non-cardiac deaths is, however likely to be lower in a younger, outpatient population with cardiac disease and fewer co-morbidities. Studies investigating heart rhythm at the time of death using implantable monitors, in at risk populations, will provide valuable information.
Features which identify patients with a LVEF>40% who are at high-risk of sudden arrhythmic death are urgently needed to enable the study of additional treatments which may improve outcomes. We will review candidate variables focusing on specific studies in patients with recognised ischemic (ICM) or non-ischemic cardiomyopathy (NICM) and LVEF>40%. Dedicated studies in this population are lacking and most data are derived from sub-group analyses. We will also include pertinent studies performed in more general populations that are relevant to the discussion and when we do so, we will specify the composition of the cohort investigated. Some studies investigate patients at the time of acute myocardial infarction. Given the heterogeneity of remodelling in the acute phase after infarction and the current recommendation that risk stratification is postponed until 40 days after the event, we will focus on patients with stable disease. 
Given the low absolute rate of SCD in these patients, it is likely that the positive predictive value of a single test will be low. An approach incorporating multiple markers may be required to produce an algorithm with sufficient accuracy and precision to improve outcomes. 

Assessment of Risk Using Clinical Variables

Several commonly available clinical variables, such as a history of diabetes mellitus are associated with SCD across heart failure and general populations 14


( ADDIN EN.CITE ,15)
. Risk scores, based on clinical variables, such as a history of diabetes mellitus and systolic blood pressure have been developed to predict the risk of SCD in the general population 15


( ADDIN EN.CITE )
. In addition, prognostic risk scores, using similar variables have been shown to predict SCD in patients with heart failure and reduced LVEF 16


( ADDIN EN.CITE )
. Their greatest utility may be in selecting high risk patients for intensive medical therapy. Importantly, however, they are unlikely to be able to discriminate accurately between the risk of SCD and the risk of death from competing causes 16


( ADDIN EN.CITE ,17)
. It is therefore unlikely that they will be able to identify patients who gain longevity from ICD implantation in isolation.
Assessment of Electrical Risk
Electrocardiography
Given its low cost and availability, 12-lead electrocardiography represents an attractive tool to use for risk stratification. Many features such as heart rate, microvolt T wave alternans and QRS complex fragmentation have been associated with SCD 
 ADDIN EN.CITE 
(18,19)
. Given the low positive predictive value associated with single features, groups have attempted to produce risk scores incorporating multiple electrocardiogram (ECG) markers that reflect abnormalities in different phases of the cardiac action potential 
 ADDIN EN.CITE 
(18,20)
.  

Aro and colleagues identified associations between heart rate, left ventricular hypertrophy, QRS transition zone, QRS-T angle, corrected QT interval and Tpeak-to-Tend and SCD amongst patients in the Oregon Sudden Unexpected Death Study 
 ADDIN EN.CITE 
(18)
. This was a community-based study including cases of SCD with available pre-mortem ECGs. The odds ratio (OR) for SCD increased based on the number of ECG abnormalities. Those with ≥4 abnormalities had an OR of 21.2 for SCD (95%CI 9.4-47.7; p<0.001) and this increased to 26.1 in patients with a LVEF>35% (95% CI 9.9-68.5; p<0.001). Adding the ECG risk score to LVEF increased the c-statistic for the prediction of SCD from 0.625 to 0.753 (p<0.001). Other studies have developed similar ECG risk scores based on patients without a history of cardiovascular disease 
 ADDIN EN.CITE 
(20)
. 
Microvolt T wave alternans (MTWA), characterised by beat-to-beat differences in T wave amplitude, is another marker of electrical instability associated with SCD 
 ADDIN EN.CITE 
(21)
.  An analysis of 5 studies in patients with known ICM and NICM, demonstrated an annual SCD rate of 3.0% in those with LVEF>35% and a positive test compared to only 0.3% with a negative test. Other studies have suggested a stronger association between MTWA and SCD in patients taking beta-blockers 
 ADDIN EN.CITE 
(22)
. 
Subclinical or inducible arrhythmia
Non-sustained ventricular tachycardia (NSVT) is a common finding that has been recognised as a predictor of SCD in patients with ICM for over 30 years 23()
. However dedicated data in patients with a LVEF>40% are lacking and the association with SCD in patients with NICM is only modest. Trials of ICD therapy using it as an inclusion criteria have also been disappointing 
 ADDIN EN.CITE 
(24)
. 
Programmed ventricular stimulation was commonly used for risk stratification in the early days of ICD therapy. However, following the MUSTT trial, which demonstrated that patients with a negative test also experienced high event rates, routine use has largely been abandoned 
 ADDIN EN.CITE 
(25)
. Studies of programmed stimulation in NICM have also demonstrated poor positive and negative predictive value 
 ADDIN EN.CITE 
(19,26)
. It has been suggested, however, that these results may have been influenced by the absence of standardised protocols. A small, single-center study in a selected cohort of 111 patients with ICM and NICM and LVEF>40% has reported encouraging results using a standardised protocol 
 ADDIN EN.CITE 
(27)
.  Overall, 36 patients had inducible VT or VF, of whom 33 underwent ICD implantation. Of these patients, 20 experienced appropriate therapy over a mean follow-up of 52.3 months whilst none of the patients with a negative test suffered adverse events. These results should be interpreted in the context of this small high-risk single center cohort and pre-existing data.
Autonomic dysfunction
Autonomic dysfunction plays an important role in ventricular arrhythmogenesis; sympathetic predominance is pro-arrhythmic whilst high vagal tone is anti-arrhythmic 28()
. Regional variation in sympathetic activation is thought to create electrical heterogeneity and promote arrhythmia. Evidence suggests that heart rate turbulence, deceleration capacity and baroreflex sensitivity are predictors SCD in ICM and reduced LVEF 
 ADDIN EN.CITE 
(29-31)
. Studies investigating the same variables in patients with NICM have, however, been less promising and there is a lack of studies investigating SCD in patients with a LVEF>40% 
 ADDIN EN.CITE 
(19)
.  123-metaiodobenzylguanidine scintigraphy is also able to detect autonomic dysfunction. Elevated tracer washout rates, abnormal tracer uptake ratio between the heart and mediastinum and extensive tracer defects have been associated with SCD in ICM and NICM 
 ADDIN EN.CITE 
(32)
. Tamaki and colleagues demonstrated that abnormal tracer wash-out rate was associated with a higher rate of SCD (HR 4.79; 95% CI 1.55-14.76; p=0.006) in patients with heart failure and this association persisted in the sub-group of patients with LVEF>35% 
 ADDIN EN.CITE 
(33)
.  

In conclusion, using MTWA to identity those with mild or moderately reduced LVEF who have a high-risk of SCD represents an attractive prospect. ECG risk scores, validated in general populations, also appear valuable in identifying patients with LVEF>35% who are at high-risk of SCD. More data is required on the use of programmed stimulation and markers of autonomic dysfunction.
Detection of Structural Substrate
Myocardial fibrosis is the end result of ischemic and non-ischemic injury and common to a range of cardiac pathologies.  Two main forms of myocardial fibrosis are recognised: replacement fibrosis is characterised by myocyte cell death and the accumulation of extracellular collagen while interstitial fibrosis results from an increase in perimyocyte collagen in the absence of cell death 
 ADDIN EN.CITE 
(34)
.  Both replacement and interstitial fibrosis are implicated in ventricular arrhythmogenesis. Replacement fibrosis causes conduction slowing and conduction block which are important factors in the generation and maintenance of re-entry circuits 
 ADDIN EN.CITE 
(35)
. In chronic infarction, the ‘gray-zone’ where areas of healthy conducting myocardium interact with areas of fibrosis is thought to be most important 
 ADDIN EN.CITE 
(36)
. Interstitial fibrosis may cause triggered activity which can be important in the initiation of VT and VF.   Detection of myocardial fibrosis may provide an important way to predict SCD risk. 
Late Gadolinium Enhancement Cardiovascular Magnetic Resonance

Late gadolinium enhancement cardiovascular magnetic resonance (LGE-CMR) is the most commonly used modality to image fibrosis. Subendocardial patterns of LGE are characteristic of infarction and the degree of transmurality reflects myocardial viability 
 ADDIN EN.CITE 
(37)
. Linear mid-wall patterns of LGE in the septum are typical of NICM while sub-epicardial fibrosis in the lateral wall is associated with previous myocarditis 
 ADDIN EN.CITE 
(38,39)
. Studies have demonstrated a strong association between LGE and SCD end-points in ICM and NICM 
 ADDIN EN.CITE 
(38,40,41)
. Evidence is emerging that the association persists amongst those with higher LVEF.
A study, exclusively in patients with NICM and a LVEF>40%, demonstrated a strong association between mid-wall LGE and SCD events. Over a median follow-up of 4.6 years, 17.8% of patients with LGE suffered SCD or aborted SCD compared to 2.3% of those without. Overall, patients with LGE had a nine-fold increase in the rate of SCD events compared to those without (HR 9.3; 95% CI 3.9-22.3; p<0.0001) 
 ADDIN EN.CITE 
(42)
.  In a meta-analysis including patients with NICM and ICM, there was an association between LGE and arrhythmic events (OR 4.48; 95% CI 3.17-6.33; p<0.00001) in studies where the mean LVEF was >30%; this was however weaker than the association in studies with a mean LVEF<30% (9.56; 95% CI 5.63-16.23) 
 ADDIN EN.CITE 
(40)
.  In another study investigating patients prior to planned ICD implantation, those with LGE and a LVEF>30% had a similar risk of SCD and aborted SCD compared to patients with LVEF<30% 
 ADDIN EN.CITE 
(41)
.  
There is a growing interest in the use of computer modelling to assess the impact of myocardial scar on electrical propagation in the left ventricle and identify those at highest risk of arrhythmia. Personalised computer-generated models of scar in patients with ICM have been shown to be more accurate in predicting arrhythmic risk compared to electrophysiological testing 43()
.  Further work is required to validate this approach and investigate the best way to utilise it in clinical practice to improve outcomes. Parametric mapping is a relatively new technique that has potential to assess the degree of interstitial fibrosis. Data from ongoing studies are keenly awaited to assess whether there is incremental value with this technique in addition to LGE.  
Myocardial Strain Assessment
Abnormal myocardial strain is regarded as a more sensitive marker of left ventricular dysfunction than LVEF. Global longitudinal strain (GLS) is the most robust and validated parameter that can reproducibly assessed by echocardiography or CMR. Diminished strain may be caused by diffuse tissue changes such as interstitial fibrosis, while replacement fibrosis causing abnormal electrical activation may result in regional differences in contraction. The association between strain and mechanical dispersion, a measure of inhomogeneity in contraction, and SCD events has been explored.  Haugaa and colleagues demonstrated that both mechanical dispersion (per 10ms HR 1.20; 95% CI 1.03-1.40; p=0.02) and GLS (per 1% HR 1.26; 95% CI 1.03-1.54; p=0.02) were associated with major arrhythmic events in NICM 
 ADDIN EN.CITE 
(44)
. Whilst the majority of patients in this study had reduced LVEF, the same group have demonstrated an association between mechanical dispersion and arrhythmic events in patients with ICM and LVEF>35% 
 ADDIN EN.CITE 
(45)
.  
A large body of evidence supports the use of LGE-CMR to predict SCD and emerging data suggest that the technique is able to identify high-risk patients with mid-range LVEF. Large studies investigating strain assessment in patients with mild impairment are required.
Genetic Markers of Risk

Several studies have demonstrated that a family history of sudden death is a risk factor for SCD. Population-wide studies have shown that first-degree relatives of individuals who have suffered SCD have a 1.5-2 fold increase in the risk of dying suddenly 
 ADDIN EN.CITE 
(46)
. Other studies have demonstrated that patients suffering acute coronary syndromes, who have a family history of SCD, have a greater risk of VF 
 ADDIN EN.CITE 
(47)
.  This suggests a possible role for genetics in the evaluation of SCD risk.
Diseases such as ischemic heart disease represent polygenic, complex traits influenced by multiple common genetic variants and their interaction with the environment. NICM, conversely, may be secondary to a single rare genetic variant in around 20% of cases 
 ADDIN EN.CITE 
(48)
. It is becoming clear, however, that interaction with the environment and the influence of genetic modifiers are important 
 ADDIN EN.CITE 
(49)
. 

Many studies have set out to identify genetic markers of SCD risk in general populations 50()
. Candidate gene studies have investigated the association between SCD and genes associated with myocardial excitability, repolarisation and autonomic control whilst genome wide association studies have attempted to identify novel markers of SCD risk. Variants in genes known to influence autonomic function, repolarisation and QT interval have been associated with modest increases in SCD amongst general populations 
 ADDIN EN.CITE 
(51-53)
. Other studies have linked genetic loci with surrogate markers of SCD such as QT duration 
 ADDIN EN.CITE 
(54)
.  However, a genetic risk score based on 14 variants previously linked to SCD, demonstrated only modest association with SCD cases from a population-wide study 
 ADDIN EN.CITE 
(55)
. Additionally, in the same study, there was no association between SCD and variants associated with surrogate markers of risk. Hernesniemi and colleagues also demonstrated modest association between a weighted genetic risk score associated with coronary artery disease and SCD in patients referred for exercise tolerance testing and SCD cases from three autopsy series 
 ADDIN EN.CITE 
(56)
. Given the relatively modest associations it may be important to take into account a large number of loci in order to provide sufficient value.

Importantly,  specific pathogenic variants associated with NICM are associated with increased SCD risk, even in the setting of mild left ventricular impairment. A mutation in LMNA, which encodes the nuclear envelope protein Lamin A/C, is the second most common variant linked to NICM, accounting for 6% of cases 
 ADDIN EN.CITE 
(57)
.  Studies have consistently demonstrated that this form of the disease has a malignant course, characterised by a high incidence of SCD, even in patients with mild reductions in LVEF 
 ADDIN EN.CITE 
(58)
.  ICD implantation has been advocated early in the disease course. Rare variants in PLN and FLNC have also been associated with a high incidence of ventricular arrhythmias and SCD events in patients with mild LV impairment 
 ADDIN EN.CITE 
(59,60)
. 
Whilst the scope for genetic evaluation of SCD risk is great, its current role in clinical practice in patients with LVEF>40% is largely limited to patients with NICM secondary to rare variants in LMNA. Genetic risk scores incorporating variants associated with SCD risk are promising but may require hundreds of loci to be clinically useful.
Additional areas of unmet need

Whilst risk stratification algorithms have been developed for specific cardiomyopathies such as HCM and channelopathies, little data exist on the risk stratification of other conditions which contribute to the burden of SCD in this sub-group, such as HF-PEF and myocarditis. Given the ageing population the number of HF-PEF cases is expected to increase. With up to a quarter of deaths secondary to SCD in this group, there is pressing need to improve risk stratification 61()
. Identifying those with a high risk of SCD but relatively low risk of dying from other causes will be essential in guiding selection for ICDs.  The substrate for HFpEF is diverse, promoting the search for subtypes or ‘endotypes’, that may inform diagnosis. Altered calcium handling and mitochondrial oxidative stress may play a role in SCD but translation of experimental models into clinical practice remains a challenge 
 ADDIN EN.CITE 
(62)
. The incidence of myocarditis is also increasing and currently represents the fourth most common cause of SCD in children and young adults 
 ADDIN EN.CITE 
(63)
. Elucidating the mechanisms of SCD in this condition and identifying those at highest risk remains a major unmet need. 
Conclusion

None of the approaches discussed are currently used in routine clinical practice to risk stratify patients with ICM or NICM and LVEF>40% for ICD implantation. This reflects the paucity of dedicated studies within this sub-group and the absence of evidence from randomised trials suggesting a benefit from interventions, such as ICD implantation, in those with high-risk features. Given the emerging evidence of benefit with medical therapies in this sub-group, it is imperative that future studies evaluate interventions in patients on pharmacological therapy 
 ADDIN EN.CITE 
(11)
. Several randomised-controlled trials are investigating ICD therapy in patients with mild and moderately reduced LVEF who are deemed to be high-risk of SCD on the basis of MTWA, programmed stimulation, abnormal heart rate turbulence or LGE-CMR. The results are eagerly awaited. Considering the low positive predictive value of single variables and the low absolute event rate within this population, it is possible that multiple features may need to be incorporated to provide acceptable precision and accuracy (Figure 3). 
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Figure 1. Factors implicated in ventricular arrhythmogenesis and sudden cardiac death

Figure 1. The multiple interacting factors implicated in ventricular arrhythmogenesis and sudden cardiac death

Figure 2. Primary prevention implantable cardioverter defibrillators
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Figure 2: Selecting patients who are most likely to benefit from implantable cardioverter defibrillators relies on balancing the risk of sudden cardiac death risk with the risk of death from competing causes. Those with slightly lower risks of sudden cardiac death but with much lower risks of competing causes of death may be more likely to gain longevity from this therapy.
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Figure 3. The future of risk stratification in patients with mild and moderate left ventricular impairment

Figure 3.  Flow chart illustrating a possible future approach to risk stratification and the selection of patients with ischemic and non-ischemic cardiomyopathy and a left ventricular ejection fraction >40% for implantable cardioverter defibrillator implantation.

(ACEI – angiotensin converting enzyme inhibitor, CMR – cardiovascular magnetic resonance, ECG – electrocardiogram, LGE – late gadolinium enhancement, LVEF – left ventricular ejection fraction, SCD – sudden cardiac death)
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