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The national burden of sudden cardiac death (SCD) remains high at an annual incidence 

estimated at 183,000 and continues to account for a disproportionately elevated fraction of 

all cardiovascular deaths.1, 2 Despite therapeutic advances in the treatment of coronary heart 

disease and heart failure (HF) and emphasis on SCD primary prevention with prophylactic 

implantable cardioverter defibrillators (ICDs), SCD accounts for 2.04 million or 40–50% of 

the potential years of life lost due to all premature cardiac death.2 SCD exceeds all non-

cardiac causes of death except overall cancer and accidents.2 However, it is well-recognized 

that our current approach to SCD risk stratification that relies on a left ventricular ejection 

fraction (LVEF) below 30–35% to identify primary prevention ICD candidates has limited 

overall societal impact. Particularly among patients with non-ischemic cardiomyopathy 

(NICM) with low LVEF, absolute SCD rates are declining in conjunction with 

comprehensive HF medical therapy and cardiac resynchronization therapy, as evidenced by 

the recently published DANISH trial.3, 4 In contrast, individuals with LVEF above 35% 

account for the highest absolute number of SCDs, comprising 70–80% of those who 

experience SCD.5, 6

LVEF is an inadequate surrogate for the underlying myocardial phenotype predisposing to 

SCD.7 The same LVEF can represent multiple cardiomyopathic derangements. Though a 

powerful predictor of total and non-SCD mortality, it has limited specificity for SCD. No 

LVEF cutoff discriminates between sudden and non-sudden modes of cardiac death.5, 6, 8 In 

fact, LVEF is not directly related to mechanisms of arrhythmia and can be subject to 

considerable spontaneous variability in individuals.5

Myocardial fibrosis is a major pathophysiologic determinant of arrhythmic propensity in 

both ischemic cardiomyopathy (ICM) and NICM. Myocardial injury leads to extensive 

structural and functional cardiac remodeling with resultant myocardial loss, with or without 

compensatory myocyte hypertrophy, and replacement of the extracellular matrix with 

fibrosis. The extent and architecture of fibrosis, even in the absence of contractile 

dysfunction, lead to electrophysiologic derangements that increase propensity for ventricular 

arrhythmias and SCD due to scar-related re-entry. It is increasingly recognized that scar 

heterogeneity within the myocardium is especially arrhythmogenic. The intermingling of 
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myocytes and collagen produces spatial heterogeneity and anisotropy leading to slow 

conduction, fixed and functional conduction block, enhanced excitability, and dispersion of 

refractoriness, all of which promote the development and propagation of re-entrant 

ventricular tachyarrhythmias. Hence, identifying and characterizing the underlying 

arrhythmogenic substrate of myocardial scar have great potential to improve SCD risk 

stratification.

Cardiac magnetic resonance imaging with late gadolinium enhancement (CMR-LGE) has 

unparalleled ability to characterize myocardial tissue composition. It has been increasingly 

used to advance our understanding of the pathophysiology, diagnosis, and treatment of 

ventricular arrhythmias. A 2013 meta-analysis assessing the accuracy of CMR-LGE for 

SCD risk stratification identified 11 published studies with 1105 total ICM and NICM 

patients.9 Overall mean/median follow-up was 8.5/41 months with 207 ventricular 

arrhythmic events defined as SCD, resuscitated cardiac arrest, ventricular arrhythmias or 

appropriate ICD therapy.9 Patients with a greater extent of CMR scar (defined as the CMR 

index most strongly associated with risk in each study) had a markedly increased overall 

relative risk (RR) of SCD (RR 4.33, 95% CI 2.98–6.29) compared to those with a lower 

extent. A subsequent 2014 meta-analysis focusing only on NICM studies analyzed 7 studies 

with 1194 patients and reported on SCD, aborted SCD or appropriate ICD therapy for 

ventricular arrhythmias during follow-up.10 Compared to LGE absence, LGE presence was 

associated with an odds ratio of 5.32 for the combined outcome. Most published studies 

enrolled patients with current clinical indications for ICD with few including those with 

more preserved LVEF. To date, the restricted range of LVEF in the published literature limits 

assessment of the incremental value of CMR over and above LVEF and contributes to 

current ambiguity regarding how best to incorporate CMR into clinical decision-making for 

SCD.

The work by Pontone et al11 in this issue of Circulation: Cardiovascular Imaging seeks to 

clarify some of this ambiguity. The authors imaged by standard 2D transthoracic 

echocardiography (TTE) and CMR-LGE, 409 consecutive ICM and NICM patients with 

chronic HF referred for evaluation of potential primary prevention ICD implantation 

between January 2011 and December 2013. Patients were followed clinically and with 24 

hour Holter monitoring at 6 months and then yearly thereafter until study completion. The 

primary combined endpoint consisted of long runs of non-sustained ventricular tachycardia 

(NSVT) ≥10 consecutive beats above 120 beats per minute or sustained VT; ventricular 

arrhythmia aborted by an appropriate ICD shock; or SCD. During median follow-up 

duration of 545 days/1.5 years, 103 patients (25%) had an event. ICD implantation occurred 

during follow-up in 34%. Strengths of the study are its relatively wide range of LVEFs and 

the systematic imaging by both TTE and CMR within days of one another.

CMR and TTE were positively correlated with high correlation coefficients for LV volumes 

(r=0.82–0.85) and modest correlation for LVEF (r=0.66, p<0.01). Compared to CMR, TTE 

underestimated LV volumes by 34–43 ml/m2 and overestimated LVEF by 4%. Intra- and 

interobserver variabilities in LV measurements were significantly lower with CMR, as 

previously reported. The observed underestimation in LV volumes is similar to that reported 

in other studies for non-contrast 2D TTE.12, 13 Other studies have generally noted an 
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overestimation of LVEF by CMR rather than TTE but also reported similar wide limits of 

agreement between LVEF determined by 2D TTE and CMR approaching 10–15%.13 These 

results highlight several important points about LVEF measurement which can significantly 

impact therapeutic decision-making. Firstly, imaging methods and thresholds are not 

interchangeable. Normal values, and hence abnormal thresholds, can differ inherently by the 

imaging method. Hence, cutoff values should be individualized for the imaging modality. 

Secondly, when precision in LVEF is required, particularly when LVEF is in the 

intermediate range, CMR is preferable to TTE.

As individual risk factors, the authors found that TTE LVEF below 35%, CMR LVEF below 

35%, and LGE presence were all highly associated with arrhythmic outcome. The 

combination of LVEF below 35% and LGE presence had the highest AUC of 67.3 though 

the AUC of 63.8 for LGE presence alone was in fact, not statistically different in this 

sample. Compared to TTE LVEF below 35%, adding CMR LVEF below 35% to the 

multivariable model improved net reclassification by 47%. This was further improved by 

41% when LGE presence was incrementally added. The lowest 2 year risk of arrhythmic 

outcome occurred in patients with LVEF above 35% and no LGE, while those with LVEF 

above 35% but were LGE positive had a high rate of events of approximately 20% by study 

end. Thus, this work supports the growing literature demonstrating the value of LGE 

presence in predicting arrhythmic outcome and highlights the incremental diagnostic and 

prognostic accuracy of CMR in LVEF quantification above that of TTE.

Several limitations should be noted. There was a fair amount of heterogeneity in the referral 

base. While the majority of patients (69%) were referred for low LVEF near the clinical 

threshold for ICD implantation, the remainder consisted of those with mild LV dysfunction 

with history of frequent PVCs and/or wide complex tachycardia in 20% and unexplained 

syncope in 11%. Men predominated (80%). The duration of the cardiomyopathy was not 

reported. This was a single center study performed in Italy which may limit generalizability 

to the U.S. Non-contrast TTEs were performed. Use of contrast-enhanced 2D TTE as well as 

3D approaches has been shown to improve accuracy and reproducibility of LV volume and 

LVEF assessments.12, 13 Of the 103 arrhythmic events, the majority (61%) comprised runs 

of NSVT ≥ 10 consecutive beats, which is not equivalent to SCD. Median follow-up time 

was relatively short at 545 days/1.5 years. Dichotomous presence vs. absence of LGE, rather 

than quantification of LGE amount was assessed. As seen by the Kaplan-Meier curves, event 

rates were high in all patients with CMR LVEF below 35% regardless of LGE presence or 

absence. We have shown the additional predictive value of scar quantification combined with 

biomarker assessment in improving risk assessment. Low amounts of myocardial scar, 

particularly heterogeneous “gray zone” scar, in combination with low high-sensitivity C-

reactive protein identified a very low risk subgroup (<1% per year) for SCD outcomes 

among those with LV dysfunction,9, 14 which could better target ICD devices to those truly 

at high risk.

The work by Pontone et al.11 further adds to the growing literature supporting improved 

SCD risk stratification using a detailed, nuanced approach to phenotyping of cardiac 

structure beyond LVEF alone. It highlights the need to move beyond the focus on a single 

LVEF metric and emphasizes the fact that a structurally abnormal heart could indeed have 
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relatively preserved LVEF but is arrhythmogenic because of myocardial scar. With the 

growing body of evidence supporting both the pathophysiologic link and prognostic utility 

of CMR-LGE assessment and SCD risk, it is an opportune time to reconsider a clinical trial 

guided by CMR-LGE to identify those at highest absolute risk for SCD. (ref 15) We suggest 

a prospective randomized study of ICM and NICM patients not currently meeting clinical 

guidelines for ICD with LVEF between 35–50%, all of whom undergo imaging by CMR-

LGE. Consideration could also be given to including NICM patients with low LVEF, similar 

to those studied in DANISH, in whom there is equipoise regarding ICD benefit. Those with 

high risk CMR features would then be randomized to ICD therapy or routine care with long 

term follow-up for hard arrhythmic outcomes (sustained ventricular arrhythmia or SCD). 

Such a tailored strategy could be the first step to reducing our one-size-fits-all approach and 

overreliance on LVEF alone for therapeutic decision-making in SCD.

Acknowledgments

Disclosures

KCW was principal investigator on NIH/NHLBI grant R01HL103812 which studied CMR-LGE predictors of SCD. 
HC is a consultant to Medtronic and receives research support from Boston Scientific.

References

1. Albert CM, Stevenson WG. The Future of Arrhythmias and Electrophysiology. Circulation. 2016; 
133:2687–2696. [PubMed: 27324363] 

2. Stecker EC, Reinier K, Marijon E, Narayanan K, Teodorescu C, Uy-Evanado A, Gunson K, Jui J, 
Chugh SS. Public health burden of sudden cardiac death in the United States. Circ Arrhythm 
Electrophysiol. 2014; 7:212–217. [PubMed: 24610738] 

3. Køber L, Thune JJ, Nielsen JC, Haarbo J, Videbæk L, Korup E, Jensen G, Hildebrandt P, Steffensen 
FH, Bruun NE, Eiskjær H, Brandes A, Thøgersen AM, Gustafsson F, Egstrup K, Videbæk R, 
Hassager C, Svendsen JH, Høfsten DE, Torp-Pedersen C, Pehrson S. Defibrillator Implantation in 
Patients with Nonischemic Systolic Heart Failure. New England Journal of Medicine. 2016

4. McMurray JJV. The ICD in Heart Failure — Time for a Rethink? New England Journal of 
Medicine. 2016

5. Wellens HJ, Schwartz PJ, Lindemans FW, Buxton AE, Goldberger JJ, Hohnloser SH, Huikuri HV, 
Kaab S, La Rovere MT, Malik M, Myerburg RJ, Simoons ML, Swedberg K, Tijssen J, Voors AA, 
Wilde AA. Risk stratification for sudden cardiac death: current status and challenges for the future. 
Eur Heart J. 2014; 35:1642–1651. [PubMed: 24801071] 

6. Stecker EC, Vickers C, Waltz J, Socoteanu C, John BT, Mariani R, McAnulty JH, Gunson K, Jui J, 
Chugh SS. Population-Based Analysis of Sudden Cardiac Death With and Without Left Ventricular 
Systolic Dysfunction: Two-Year Findings from the Oregon Sudden Unexpected Death Study. 
Journal of the American College of Cardiology. 2006; 47:1161–1166. [PubMed: 16545646] 

7. Buxton AE. Should everyone with an ejection fraction less than or equal to 30% receive an 
implantable cardioverter-defibrillator? Not everyone with an ejection fraction < or = 30% should 
receive an implantable cardioverter-defibrillator. Circulation. 2005; 111:2537–2549. discussion 
2537-2549. 

8. Huikuri HV, Tapanainen JM, Lindgren K, Raatikainen P, Makikallio TH, Juhani Airaksinen KE, 
Myerburg RJ. Prediction of sudden cardiac death after myocardial infarction in the beta-blocking 
era. J Am Coll Cardiol. 2003; 42:652–658. [PubMed: 12932596] 

9. Scott PA, Rosengarten JA, Curzen NP, Morgan JM. Late gadolinium enhancement cardiac magnetic 
resonance imaging for the prediction of ventricular tachyarrhythmic events: a meta-analysis. Eur J 
Heart Fail. 2013; 15:1019–1027. [PubMed: 23558217] 

Wu and Calkins Page 4

Circ Cardiovasc Imaging. Author manuscript; available in PMC 2017 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



10. Kuruvilla S, Adenaw N, Katwal AB, Lipinski MJ, Kramer CM, Salerno M. Late gadolinium 
enhancement on cardiac magnetic resonance predicts adverse cardiovascular outcomes in 
nonischemic cardiomyopathy: a systematic review and meta-analysis. Circ Cardiovasc Imaging. 
2014; 7:250–258. [PubMed: 24363358] 

11. Pontone G, Guaricci AI, Andreini D, Solbiati A, Guglielmo M, Mushtaq S, Baggiano A, Beltrama 
V, Laura Fusini L, Rota C, Segurini C, Conte E, Gripari P, Antonio Dello Russo A, Moltrasio M, 
Tundo F, Lombardi F, Muscogiuri G, Valentina Lorenzoni V, Tondo C, Agostoni P, Antonio L, 
Bartorelli AL, Pepi M. Prognostic Benefit of Cardiac Magnetic Resonance Over Transthoracic 
Echocardiography for the Assessment of Ischemic and Non-ischemic Dilated Cardiomyopathy 
Patients Referred for Evaluation of Primary Prevention Implantable Cardioverter Defibrillator 
Therapy. Circ Cardiovasc Imaging. 2015; 9:e004956.

12. Wood PW, Choy JB, Nanda NC, Becher H. Left ventricular ejection fraction and volumes: it 
depends on the imaging method. Echocardiography. 2014; 31:87–100. [PubMed: 24786629] 

13. Dorosz JL, Lezotte DC, Weitzenkamp DA, Allen LA, Salcedo EE. Performance of 3-dimensional 
echocardiography in measuring left ventricular volumes and ejection fraction: a systematic review 
and meta-analysis. J Am Coll Cardiol. 2012; 59:1799–1808. [PubMed: 22575319] 

14. Wu KC, Gerstenblith G, Guallar E, Marine JE, Dalal D, Cheng A, Marban E, Lima JA, Tomaselli 
GF, Weiss RG. Combined cardiac magnetic resonance imaging and C-reactive protein levels 
identify a cohort at low risk for defibrillator firings and death. Circ Cardiovasc Imaging. 2012; 
5:178–186. [PubMed: 22267750] 

15. Kadish AH, Bello D, Finn JP, Bonow RO, Schaechter A, Subacius H, Albert C, Daubert JA, 
Fonseca CG, Goldberger JJ. Rationale and design for the Defibrillators to Reduce Risk by 
Magnetic Resonance Imaging Evaluation (DETERMINE) trial. J Cardiovasc Electrophysiol. 2009 
Sep; 20(9):982–987. [PubMed: 19493153] 

Wu and Calkins Page 5

Circ Cardiovasc Imaging. Author manuscript; available in PMC 2017 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	References

