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Sudden cardiac arrest is the leading cause of death in adults 
in the United States and globally. The vast majority of 

cardiac arrests occur in patients who have had a myocardial 
infarct (MI) at a rate 4 to 6 times that of the general popula-
tion. Primary prevention is defined as prevention of sudden 
cardiac death (SCD) in individuals who are at risk for but 
have not yet had a cardiac arrest. An implantable cardioverter-
defibrillator (ICD) is currently the accepted therapy for pri-
mary prevention of SCD. However, a mortality benefit has 
only been demonstrated with prophylactic ICD implantation 
months to years after MI, despite a significantly higher risk of 
SCD in the first month after MI. This review focuses on the 
incidence and pathogenesis of SCD early after MI, with an 
evaluation of the current risk stratification methods available 
for early primary prevention.

Timing and Incidence of 
Sudden Death After MI

Sudden cardiac arrest is the commonest cause of death in the 
United States, claiming ≈350 000 to 400 000 lives annually.1,2 
The vast majority of SCDs occur in patients with underly-
ing coronary artery disease, with the risk particularly high in 
patients who have suffered an MI. Many large observational 
and randomized studies have assessed SCD after MI with an 
overall incidence ranging from 2%/y to 4%/y.3–5 The most nota-
ble study to assess the time dependence of SCD risk was the 
Valsartan in Acute Myocardial Infarction Trial (VALIANT),5 
which enrolled 14 609 post-MI patients with either impaired 
left ventricular (LV) function or heart failure. The SCD rate 
was found to be 10-fold higher in the first 30 days at a rate of 
1.4%/mo, decreasing exponentially over the first 6 months to 
reach a steady rate of 0.14%/mo at 2 years (Figure 1). This 
significantly increased risk of SCD within the first month after 
MI was replicated in many large clinical trials.6–10 Although the 
risk of SCD after MI is clearly a continuous one, it is pos-
sible, on the basis of the literature,5,11,12 to consider 3 distinct 
time periods after MI: early (≥48 hours–40 days), subacute (41 
days–6 months), and remote (>6 months to many years).

With the implementation of optimal medical therapy, 
primary percutaneous coronary intervention (PCI) for 
ST-segment–elevation MI (STEMI), and early revasculariza-
tion for non-STEMI, cardiac mortality after MI has declined. 
A study by Ottervanger et al in 200713 described a lower rate 
of sudden death in STEMI patients with impaired LV function 

who had been treated with primary PCI. Adabag et al6 assessed 
2997 patients with MI and found that the risk of SCD declined 
significantly over time, with patients who experienced SCD 
less likely to have been revascularized. However, although 
the overall rate of SCD after MI has decreased, the propor-
tion of mortality comprising SCD remains high. It continues 
to be the commonest mode of death after MI, accounting for 
24% to 40% of total mortality.6,13 In addition, VALIANT dem-
onstrated that 83% of patients who died suddenly within the 
first 30 days did so after discharge. Coronary artery disease 
affects >15 million people in the United States, with ≈720 000 
Americans diagnosed each year with new or recurrent MI.1,2 
This equates to ≈20 000 potentially preventable sudden deaths 
every year, with an estimated quarter of these occurring early 
after MI.1,2,5 Establishing effective risk stratification methods 
to select patients for primary prevention of SCD within this 
early time period is urgently needed.

Device Therapy for Early Primary 
Prevention of Sudden Death

The ICD
In the remote post-MI period, assessing the presence of 
impaired LV ejection fraction (LVEF) with or without induc-
ible ventricular tachycardia (VT) at electrophysiology study 
(EPS) is a proven method to select patients for a primary 
prevention ICD. This was shown in 3 landmark studies. In 
1996, the Multicenter Automatic Defibrillator Implantation 
(MADIT) investigators implanted ICDs in patients with coro-
nary artery disease, LVEF ≤35%, nonsustained VT (NSVT), 
and a positive EPS study and demonstrated a survival ben-
efit.14 These findings were confirmed by the Multicenter 
Unsustained Tachycardia Trial (MUSTT) investigators in 
1999.15 In 2002, the MADIT II trial demonstrated that a mor-
tality reduction was seen when ICDs were implanted on the 
basis of reduced cardiac function alone (LVEF ≤30%), chang-
ing clinical practice.16 Patients in the early post-MI period 
were largely excluded from the above trials, with 84% of the 
MUSTT study population >1 month and >50% > 3 years after 
MI. In the MADIT II trial, 90% of patients were >6 months 
after MI, with a waiting period of 3 months applied to patients 
who had also undergone coronary revascularization.

Early primary prevention, within the first 40 days after MI, 
was explored in 2 randomized trials. In 2004, the Defibrillator 
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in Acute Myocardial Infarction Trial (DINAMIT) investigators 
implanted defibrillators 6 to 40 days after MI in patients with 
LVEF ≤35% and abnormal heart rate variability (HRV) and 
failed to demonstrate a reduction in their primary end point 
of total mortality.12 In 2009, the Immediate Risk-Stratification 
Improves Survival (IRIS) trial selected patients 5 to 31 days 
after MI for an ICD on the basis of LVEF ≤40%, NSVT, and 
an elevated resting heart rate.17 Similar to the DINAMIT 
investigators, they did not find a mortality benefit. As a conse-
quence, American College of Cardiology guidelines prohibit 
implantation of a primary prevention ICD in patients <40 
days after MI or <90 days after coronary revascularization.18 
However, in both the DINAMIT and IRIS trials, a reduction 
in SCD was seen, but it was offset by a significant increase 

in non-SCD. The lack of benefit with early primary preven-
tion may be related to the type of risk stratification test used, 
with patients at increased risk of nonarrhythmic, rather than 
predominantly arrhythmic, mortality selected for an ICD. A 
second concern surrounds the ICDs themselves; ICD implan-
tation may have contributed to the increase in nonsudden 
cardiac mortality. Adverse effects of ICDs include the risk of 
infection, inappropriate shocks, and an association between 
high-energy shocks, heart failure, and mortality.19–25 ICDs may 
aggravate heart failure by shocks causing myocardial stunning 
and apical right ventricular (RV) pacing, resulting in dyssyn-
chrony. Furthermore, shocks are painful, causing significant 
anxiety and adverse psychological effects.19,26 In addition to 
the potential risks associated with an ICD, they are an expen-
sive therapy, and the cost-to-benefit ratio should always be 
considered. A summary of the major primary prevention stud-
ies that have used early ICD implantation is given in Table 1.

The Wearable Cardioverter-Defibrillator
An alternative to early ICD implantation is the wearable 
cardioverter-defibrillator (WCD). The 2 WCD models avail-
able are the older LifeVest 3100 and the newer LifeVest 4000 
(ZOLL Medical Corp). Both types use a chest garment to hold 
in place 2 posterior and 1 apical self-gelling defibrillation 
electrodes and 4 nonadhesive electrodes for ECG monitor-
ing. The defibrillator/monitor unit, which contains 2 batteries, 
is carried in a hip holster or with a shoulder strap.30 Several 
observational studies have looked at the role of the WCD in 
both Europe31 and the United States.32,33 However, with only a 
small proportion of these study cohorts early after MI, there 
is limited evidence during this time period. Appropriate use of 
the WCD requires patient cooperation and careful training and 
is therefore limited by relatively poor compliance (only half of 
patients wear the vest for >90% of the day).32 Further limita-
tions include a lack of pacing capability,30 therapy limited to 
shock only rather than antitachycardia pacing, and inappropri-
ate activations (the majority resulting from ECG signal inter-
ference).34 However, as a noninvasive alternative to an ICD 
with benefits of continuous ECG monitoring and the ability 

Table 1. Summary of Major Primary Prevention Studies Using Early (≤40 Days After MI) ICD Implantation

Study Timing After MI Inclusion Criteria Outcome Limitations

MUSTT (1999),15

randomized
≤1 mo in 16% 

of cohort
LVEF ≤40% and 

positive EPS
Overall survival benefit with  

EPS-guided ICDs
Small number in early post-MI period (n=56); 

only 29% on β-blockers

DINAMIT (2004),12

randomized
6–40 d LVEF ≤35% 

and autonomic 
dysfunction

No survival benefit
(1-y mortality, 7.5% in ICD patients vs 6.9% 

in control subjects)

Reduction in arrhythmic death offset by increase 
in nonarrhythmic cardiac deaths

BEST+ICD (2005),27

randomized
<1 mo LVEF ≤35% and 

positive EPS
No survival benefit

(2-y mortality, 20% in ICD patients vs 29.5% 
in control subjects)

Only 12% of sample size; EPS protocol inclusive 
of nonprognostic VF or polymorphic VT

IRIS (2009),17

randomized
5–31 d LVEF ≤40% 

and autonomic 
dysfunction or NSVT

No survival benefit
(1-y mortality, 10.6% in ICD patients vs 

12.5% in control subjects)

Reduction in arrhythmic death offset by increase 
in nonarrhythmic cardiac deaths

Westmead EPS/ICD 
studies (2009, 2010),28,29

observational

3–40 d LVEF ≤40% and 
positive EPS

Observational benefit
(2-y arrhythmia recurrence, 22% in EPS-
positive vs 4% in EPS-negative patients)

ICDs implanted only if EPS positive; 
nonrandomized; single center

BEST+ICD indicates Beta-Blocker Strategy Plus ICD; DINAMIT, Defibrillator in Acute Myocardial Infarction Trial; EPS, electrophysiology study; HRV, heart rate 
variability; ICD, implantable cardioverter-defibrillator; IRIS, Immediate Risk-Stratification Improves Survival; LVEF, left ventricular ejection fraction; MI, myocardial 
infarction; MUSTT, Multicenter Unsustained Tachycardia Trial; NSVT, nonsustained ventricular tachycardia; VF, ventricular fibrillation; and VT, ventricular tachycardia.

Figure 1. Rate of sudden death or cardiac arrest with 
resuscitation according to time after myocardial infarction. The 
high rate of sudden death or cardiac arrest seen within the 
first month after myocardial infarction in all categories of left 
ventricular ejection fraction (LVEF) declines exponentially and 
plateaus after 12 months. Reproduced from Solomon et al5 with 
permission of the publisher. Copyright © 2005 Massachusetts 
Medical Society. 
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to terminate shock therapy by the conscious patient, there are 
certainly potential applications for the WCD early after MI.

The Subcutaneous ICD
The subcutaneous ICD system (Cameron Health, Inc) has 
recently been approved for commercial use in the United 
States. It consists of a tripolar parasternal electrode (with a 
shocking coil) positioned subcutaneously 1 to 2 cm to the 
left of the sternal midline with a pulse generator positioned 
over the sixth rib between the midaxillary and anterior axil-
lary line. The benefit of the subcutaneous system is avoidance 
of complications associated with transvenous lead insertion 
such as pneumothorax, hemothorax, and cardiac tamponade 
and long-term complications associated with lead failure. In 
addition, it can be implanted without the use of fluoroscopy. 
The subcutaneous ICD has been tested in nonrandomized 
trials with successful detection and treatment of ventricular 
tachyarrhythmias.35–38 The subcutaneous ICD delivers high-
energy (80-J) shock therapy with no pacing capabilities (apart 
from 30 seconds of postshock demand pacing). Therefore, it 
is unable to treat slow or recurrent VT and is not appropriate 
for patients requiring antibradycardia or cardiac resynchroni-
zation pacing. The device was also initially limited by inap-
propriate shocks caused by oversensing and lead migration/
dislodgement; these were reduced through the introduction of 
software updates and an anchoring sleeve, respectively.35 The 
subcutaneous system offers an appealing alternative to the 
transvenous ICD; however, it requires validation in a long-
term randomized trial, and there is no evidence for its use 
early after MI.

Pathogenesis of Early Sudden Death
Autopsy Findings
Several autopsy studies have raised doubts about the pre-
dominance of arrhythmia in the pathogenesis of SCD early 
after MI. A post hoc review of autopsy records of patients in 
VALIANT found that among the 105 deaths classified as SCD, 
autopsy suggested that 12.4% were attributable to cardiac rup-
ture, 3.8% to pump failure, and 26.6% to recurrent MIs.39 This 
autopsy study also suggested that deaths in the first month 
after infarction were more likely to be mechanical, with the 
risk of arrhythmic death becoming more predominant after 
several months. The Optimal Trial in Myocardial Infarction 
with the Angiotensin II Antagonist Losartan (OPTIMAAL)40 
investigators performed a review of available autopsies and 
demonstrated that recurrent infarction was found in 55% of 
deaths classified clinically as sudden death. However, both 
autopsy studies had significant limitations. Only a small 
percentage of deceased patients from both trials underwent 
autopsy (15% and 19% in VALIANT and OPTIMAAL, 
respectively). In addition, data were collected retrospectively, 
with no control on the quality of autopsies, which were per-
formed across multiple centers and countries. Arrhythmia as 
the cause of clinical sudden death is a diagnosis of exclusion 
at autopsy. Autopsy findings of intracoronary thrombus or pul-
monary edema would result in the classification of the cause 
of death as infarction or pump failure, respectively. However, 
sudden death with both autopsy findings may still have been 

related primarily to tachyarrhythmia and still preventable by 
an ICD. Although the VALIANT and OPTIMAAL autopsy 
studies provide valuable insight, further elucidation of the 
mode of sudden death early after MI is required.

Substrate for Re-Entrant Tachycardia
The pathophysiological basis for the development of a re-
entrant ventricular tachyarrhythmia after MI is multifactorial. 
The scar related to the MI provides the underlying substrate, 
whereas abnormalities in cardiac conduction, repolarization, 
and autonomic modulation play a key role in the arrhythmic 
trigger. Occlusion of an epicardial coronary artery results in 
ischemia and infarction of the underlying perfused myocar-
dium. As a consequence, the heart undergoes remodeling, a 
complex process eventually leading to ventricular wall thin-
ning and dilatation. In the acute phase after infarct, ventricu-
lar arrhythmias can develop as a result of changes in cellular 
electric activity, particularly repolarization problems.41,42 As a 
result of the transient changes within these first 24 to 48 hours, 
ventricular tachyarrhythmias during this period do not carry 
an increased risk of long-term arrhythmia.43 After day 5, most 
myocytes within the infarct core have died, leaving a suben-
docardial layer or border zone of surviving myocytes. Cells 
in both the infarct core and the border zone have prolonged 
refractory periods.44 The resultant regions of slow conduc-
tion, or conduction block, allow re-entrant circuits to develop 
with consequent tachyarrhythmia. In an ovine model, these 
re-entrant circuits of VT have been seen to form and stabilize 
within the first week after infarction.45 Hsieh et al45 demon-
strated that inducibility of VT day 8 after infarction was con-
cordant with inducibility of VT at day 100 in 100% of sheep. 
In this study, the earliest activation sites of the VTs, the cycle 
length, and the relationship to areas of myocardial injury were 
similar between the day 8 and chronic periods. In addition, 
noninducibility at day 8 was predictive of noninducibility at 
day 100 at EPS. Although the underlying scar is responsible 
for the development of a re-entrant circuit, neurohormonal 
mechanisms and LV remodeling in patients with heart failure 
increase the propensity to develop arrhythmia.46,47 As a result of 
the underlying pathophysiological basis for SCD, risk stratifi-
cation tests have been developed to identify patients at higher 
risk. Noninvasive risk stratification tests such as QRS duration, 
HRV, microvolt T-wave alternans (MTWA), or signal-averaged 
ECGs (SAECGs) are thought to correspond to the extent of the 
myocardial scar and abnormalities in cardiac conduction, repo-
larization, or autonomic modulation, all of which are important 
in the pathogenesis of SCD. EPS identifies re-entrant circuits 
caused by the underlying scar substrate. Detecting the pres-
ence of a functional re-entrant circuit of VT prone to recur-
rence might be the critical factor in identifying patients who 
would benefit from an ICD for primary prevention.

Risk Stratification Methods for Early 
Primary Prevention of SCD

The issue of SCD primary prevention early after MI remains 
unresolved. The focus is now firmly centered on the elucida-
tion of risk stratification tests that effectively select patients at 
high risk of SCD who benefit from early ICD implantation. 
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A summary of major risk stratification tests currently used to 
identify patients at high risk of SCD is given in Table 2.

LV Dysfunction
Impaired LVEF, one of the most powerful predictors of sur-
vival,64 has been shown to identify patients who derive a mor-
tality benefit from an ICD when implanted predominantly in the 
remote period after MI.16,65 However, there are major concerns 
with the use of LVEF alone as a risk stratifier to guide ICD 
implantation. One such concern is the low specificity of LVEF 
for selecting patients who experience arrhythmic versus nonar-
rhythmic death. In the MADIT II trial, the use of LVEF ≤30% 
alone to stratify patients for an ICD resulted in relatively small 
absolute improvement in mortality with low therapeutic effi-
ciency (15–17 defibrillators per life saved).66 Another concern 
is the sensitivity of LVEF, given that a large proportion of SCDs 
still occur in patients with preserved LV function. VALIANT 
demonstrated that, although the risk of SCD is greatest in 
patients with severe dysfunction (LVEF ≤30%), almost half 
of all sudden deaths occur in patients with a higher ejection 
fraction (LVEF, 31%–40%).5 The use of LVEF as a risk strati-
fication tool has been tested in the early post-MI stage in the 
DINAMIT and IRIS trials, which selected patients with LVEF 
≤35% and ≤40%, respectively, and failed to show a benefit of 
early ICD implantation.12,17 The major limitation with the use of 
an early LVEF cutoff is the phenomenon of myocardial stun-
ning with variable and unpredictable recovery of LV function 
after MI. This is especially relevant in the contemporary era of 
primary PCI for STEMI. Of STEMI patients with LVEF ≤40% 
at day 3, 24% will improve to have an LVEF >40% at 6 months 
with a mean 6% relative improvement.67 Hence, although LV 
function will invariably be incorporated into risk stratification 
models for the prevention of SCD, it is clear that other tests are 
required to adequately select high-risk patients early after MI.

RV Dysfunction
Although impaired LV function has been studied exten-
sively as a predictor of mortality and arrhythmic death, RV 
dysfunction has been largely overlooked. We know from the 
VALIANT study that almost 50% of arrhythmic deaths occur 
in patients with a preserved LVEF.5 RV involvement in infe-
rior MI has been shown to be a predictor of morbidity and 
mortality, with a higher rate of serious arrhythmias in patients 
with inferior MI and RV dysfunction.68,69 In addition, RV dys-
function has been correlated with increased inducibility of VT 
at EPS.70 Although there is no current evidence to support the 
role of early RV assessment to guide ICD implantation, these 
findings highlight the inadequacy of LVEF alone as a risk 
stratification tool for the prevention of SCD.

Electrophysiology Study
EPS demonstrates the presence of an electric substrate for 
re-entrant ventricular tachyarrhythmia. It is a risk stratifica-
tion test that consistently predicts arrhythmic risk in obser-
vational studies conducted from the early 1980s to the 
present.14,15,50,53,71–73 It is the only method besides LVEF that 
has been proven in a randomized trial to result in a mortal-
ity benefit when used to guide ICD implantation in the sub-
acute or remote time after MI.14,15 EPS in combination with 
impaired LVEF in the MADIT trial resulted in an absolute 
mortality reduction of 22.8%, >4-fold the 5.6% reduction 
seen in the MADIT II trial with the use of LVEF alone.66 
MUSTT demonstrated an absolute mortality reduction of 
31% in patients who received an EPS-guided defibrillator.15 
EPS has also been assessed in 2 large, multicenter, contem-
porary studies, both performed within the subacute time after 
MI. The Alternans Before Cardioverter Defibrillator (ABCD) 
trial enrolled patients with ischemic cardiomyopathy and 
demonstrated that EPS significantly predicted the arrhythmic 

Table 2. Summary of Major Risk Stratification Tests Used for Primary Prevention of SCD

Risk Stratification Test Early (≤40 d) After MI Subacute (41 d–6 mo) or Remote (>6 mo) After MI

LVEF Randomized ICD trials: no survival benefit (combined with 
autonomic dysfunction and NSVT)12,17

Randomized ICD trials: survival benefit in patients with LVEF ≤30% 
(5.6% absolute mortality reduction)16

Electrophysiology study Randomized ICD trial: nonsignificant survival benefit27 
Observational ICD studies: positive EPS predicts arrhythmia;28,29 

negative EPS predicts survival without an ICD29

Randomized ICD trials: survival benefit in EPS-positive patients 
(combined with LVEF; 23% and 31% absolute mortality 

reduction)14,15

Microvolt T-wave alternans No randomized trials
Observational study: nonpredictive of arrhythmic death48

No randomized trials
Observational studies: predictive of arrhythmic death48–50

Autonomic dysfunction: HRV  
or resting tachycardia

Randomized ICD trials: no survival benefit (combined with LVEF)12,17 
Observational studies: predictive of arrhythmic death51

No randomized trials
Observational studies: predictive of arrhythmic death51–54

Signal-averaged ECG No randomized trials
Observational study: nonpredictive of arrhythmic death55

Randomized ICD trial: no survival benefit (combined with LVEF)56

QRS duration No randomized trials
Observational study: nonpredictive of arrhythmic death48

No randomized trials
Observational studies: predictive57,58 and nonpredictive59 of 

arrhythmic death

Nonsustained VT Randomized ICD trials: no survival benefit (combined with LVEF)17 
Observational study: predictive of arrhythmic death60

Randomized ICD trials: survival benefit (combined with LVEF and a 
positive EPS)15

CMR No randomized trials
Observational study: infarct size predictive of arrhythmia61

No randomized trials
Observational studies: infarct tissue heterogeneity predictive of 

inducible VT at EPS62 and arrhythmia63

CMR indicates cardiac magnetic resonance imaging; EPS, electrophysiology study; HRV, heart rate variability; ICD, implantable cardioverter-defibrillator; LVEF, left 
ventricular ejection fraction; MI, myocardial infarction; NSVT, nonsustained ventricular tachycardia; SCD, sudden cardiac death; and VT, ventricular tachycardia.
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end point.50 The Cardiac Arrhythmias and Risk Stratification 
After Acute Myocardial Infarction (CARISMA) trial recruited 
patients 6 weeks after MI and found that inducible sustained 
monomorphic VT at EPS predicted spontaneous VT/ventricu-
lar fibrillation (VF) documented on loop recorders.53 The util-
ity of EPS to guide early ICD implantation has been assessed 
in 2 single-center observational studies. Zaman et al29 and 
Kumar et al28 recruited >1000 STEMI patients with EPS per-
formed at a median of 9 days after MI in patients with LVEF 
≤40%. Both studies demonstrated that patients with inducible 
VT at EPS had a high rate of spontaneous ventricular tachyar-
rhythmia, with a high proportion occurring within the first 40 
days. In contrast, patients with LVEF ≤40% but no inducible 
VT at EPS who were discharged without a defibrillator had 
an extremely low occurrence of arrhythmic mortality. The 
Beta-Blocker Strategy Plus ICD (BEST+ICD) trial27 recruited 
patients within 1 month after MI with an LVEF ≤35% on 
maximum tolerated dose of β-blockers. Patients were random-
ized to either conventional therapy or EPS-guided early ICD 
implantation. The BEST+ICD trial failed to reach the sample 
size of 1200 patients, instead recruiting only 138 patients. As a 
result, the lower mortality seen in the EPS versus conventional 
therapy group (29.5% versus 20%, respectively, after 2 years) 
failed to reach statistical significance. The benefit of EPS-
guided ICD implantation early after MI remains unproven 
despite the presence of this randomized, controlled trial.

A concern with EPS as a risk stratification tool for preven-
tion of SCD is its negative predictive value. Results from the 
MADIT II trial suggested that EPS added little prognostic 
information because patients late after MI with LVEF ≤30% 
experienced sudden death even if the EPS was negative.16 The 
CARISMA and ABCD trials found that although EPS had the 
highest specificity for arrhythmic events, its sensitivity was 
comparable to that of noninvasive modalities such as MTWA 
and HRV. However, the negative predictability of EPS appears 
to be critically dependent on the programmed ventricular 
stimulation (PVS) protocol used to induce VT. The MADIT II 
study performed EPS through the ICD device in a proportion 
of patients, which considerably restricted its predictive ability. 
The ABCD and CARISMA investigators used a PVS proto-
col of up to 3 extrastimuli and included not only sustained 
monomorphic VT as a positive result but also inducible VF. In 
EPS performed for post-MI risk stratification, 30% of patients 
found to be at high risk of arrhythmia would be missed if 3 
instead of 4 extrastimuli were used to induce VT.74 In contrast, 
inducible VF or ventricular flutter has been shown to have no 
prognostic significance and can be induced in patients with 
normal hearts.71,75–79 An inducible VT cycle length of 200 to 
230 milliseconds has historically been classified as ventricular 
flutter and a negative EPS result. In MUSTT, patients with 
this arrhythmia induced by ≥2 extrastimuli were excluded 
from receiving an ICD. However, this fast inducible VT has 
been found to be of the same prognostic significance as a VT 
cycle length >230 milliseconds and makes up the majority 
of inducible VT in contemporary post-MI patients who have 
been reperfused early with PCI.76,80 A PVS protocol contain-
ing 4 extrastimuli, with the inclusion of inducible mono-
morphic VT cycle length >200 milliseconds (but not VF) as 
a positive result, was found to best identify patients at high 

risk of tachyarrhythmia (Figure 2).74,80–83 A negative result 
obtained with such a PVS protocol implies a low rate of death 
or arrhythmia, even in the presence of severe LV dysfunction 
(LVEF ≤35%).84 In addition, using this PVS protocol to select 
patients for an early ICD identified those patients who survived 
long term after ICD treatment for arrhythmia.80 Although EPS 
is an invasive test with the potential risk of infection, bleeding, 
and, rarely, pericardial tamponade, it has been shown to be 
safe even in the acute post-MI period in the presence of dual 
antiplatelets.28,29,81

Microvolt T-Wave Alternans
MTWA is the beat-to-beat fluctuation on the ECG related to 
the dispersion of repolarization. It has been linked to cellular 
arrhythmia mechanisms arising from abnormal intracellular 
calcium cycling.85 Alterations in sarcoplasmic reticulum cal-
cium with the creation of steep gradients of repolarization are 
thought to cause unidirectional block and re-entrant excita-
tion.86 The ABCD trial50 enrolled patients with a history of 
coronary artery disease, LVEF ≤40%, and NSVT and found 
that MTWA had positive and negative predictive values com-
parable to those for EPS. However, the Microvolt T Wave 
Alternans Testing for Risk Stratification of Post-Myocardial 
Infarction Patients (MASTER) trial, which also assessed 
MTWA remote after MI, found that it was positive in 51% 
of patients with a low positive predictive value for arrhyth-
mia.49 The Risk Estimation Following Infarction, Noninvasive 
Evaluation (REFINE) study performed several noninvasive 
risk stratification tests, including MTWA, in both the early 
(2–4 weeks) and subacute (10–14 weeks) periods after acute 
MI.48 The REFINE investigators found that no noninvasive 
marker, including MTWA, predicted the outcome of cardiac 
death or resuscitated cardiac arrest when performed early after 
MI. A concern with MTWA is that results can change with 
time as the myocardial substrate remodels after revasculariza-
tion. Oliveira et al87 performed MTWA before 1 month and 
repeated it at 6 months after MI in patients treated with suc-
cessful PCI and found that MTWA results were discordant in 
29% of patients. Although MTWA may be a useful marker 
for cardiac death and possibly SCD in the subacute or remote 
post-MI stage, there is no evidence to support its use to guide 
early ICD implantation.

HRV and Resting Elevated Heart Rate
HRV is the beat-to-beat variation in cycle length, considered 
to be a marker for cardiovascular autonomic function. HRV 
is measured from Holter recordings over short (2–30 min-
utes) or long (24 hours) periods. Prospective studies (all >6 
weeks after MI) demonstrated HRV as a predictor of total 
mortality and SCD.52–54 Two studies assessed early HRV, the 
European Myocardial Infarct Amiodarone Trial (EMIAT)51 
and the REFINE study.48 Although the EMIAT trial found 
that depressed HRV measured at day 5 to 21 predicted both 
arrhythmic and nonarrhythmic cardiac mortality, the REFINE 
trial demonstrated that HRV was predictive of arrhythmic 
death only when performed in the subacute period of week 
10 to 14. The use of autonomic dysfunction as a marker of 
increased risk of SCD did not translate into a survival benefit 
in the randomized DINAMIT and IRIS trials when used to 
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guide early ICD implantation.12,17 HRV and resting elevated 
heart rate are significantly influenced by other variables 
besides MI such as age, sex, and medications.54,88 In particu-
lar, autonomic ECG markers appear to have limited predictive 
power in the contemporary β-blocking era.27,89 Furthermore, 
HRV or resting elevated HR cannot be evaluated in patients 
with atrial fibrillation or frequent ventricular ectopic beats, 
common in the postinfarct population.

Signal-Averaged ECG
SAECG identifies the presence of low-amplitude microvolt 
signals at the end of the QRS called ventricular late potentials. 
These signals represent slowed conduction through diseased 
myocardium resulting from fibrosis or scar, presumed to act as 
a substrate for re-entrant tachyarrhythmias. In the 1990s, these 
late potentials were shown to predict the inducibility of VT at 
EPS,90 as well as arrhythmia or cardiac death.91–93 However, 
although the negative predictive value of SAECG was high 
(>95%), its positive predictive value was poor.93 The Coronary 
Artery Bypass Graft (CABG) Patch trial randomized 900 

patients with LVEF ≤35% and an abnormal SAECG to either 
control or ICD implantation at the time of bypass surgery.56 
The investigators found no evidence of improved survival 
among patients in whom a defibrillator was implanted. Bauer 
et al55 studied a contemporary population of reperfused MI 
patients and found that the presence of late potentials did not 
predict arrhythmic mortality. SAECGs appear to be of limited 
use for risk stratification in the modern era of reperfusion for 
MI, with no evidence for its use early after MI.

QRS Duration
QRS duration is a marker of delayed intraventricular conduc-
tion, associated with dyssynchrony and maladaptive remodel-
ing in heart failure. Prolonged QRS duration resulting from left 
bundle-branch block has been associated with increased mor-
tality.57 The MUSTT investigators demonstrated that QRS ≥150 
milliseconds was an independent predictor for ICD-detected 
VT/VF.58 However, Buxton et al59 did not find an association 
between QRS duration and appropriate ICD activations in a 
cohort of patients with coronary artery disease. The REFINE 

Figure 2. Programmed ventricular stimulation protocol at electrophysiology study. 1 through 6, Pacing is performed from the right 
ventricular (RV) catheter with a drive train of 8 beats of 400-millisecond cycle length (CL). Up to 4 extrastimuli are delivered, 1 at a time, 
each introduced at a coupling interval of 300 milliseconds and then decreased in 10-millisecond steps to ventricular refractoriness. If no 
ventricular tachycardia is induced, the initial extrastimulus is delivered 10 milliseconds outside the ventricular effective refractory period, 
and the next extrastimulus is added (S2=first extrastimulus, S3=second extrastimulus, S4=third extrastimulus, S5=fourth extrastimulus). 
6(a) and 6(b), After stimulation of the RV with the fourth extrastimulus (S5), sustained monomorphic ventricular tachycardia is induced.
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study is the only trial to assess QRS duration as a marker early 
after MI. A QRS width ≥114 milliseconds either early (2–4 
weeks) or in the subacute post-MI period did not significantly 
predict cardiac death or resuscitated cardiac arrest.48

Nonsustained VT
NSVT was shown in the pre–primary PCI era to be an inde-
pendent risk factor for mortality and SCD after MI.94,95 As a 
consequence, NSVT was one of the prerequisites for entry in 
the late post-MI ICD trials conducted in the 1990s.14,15 NSVT 
has been studied in the contemporary era of MI patients. 
Analysis of patients from the Metabolic Efficiency With 
Ranolazine for Less Ischemia in Non-ST Elevation Acute 
Coronary Syndrome–Thrombolysis In Myocardial Infarction 
(MERLIN-TIMI) 36 trial found that NSVT in the 7 days after 
acute non-STEMI predicted 1-year SCD.60 However, in the 
IRIS trial, no survival benefit was seen with the use of NSVT 
(33% of study cohort) as one of the inclusion criteria to select 
for early ICD implantation.17 It is unclear whether ventricular 
ectopy is causative in the genesis of ventricular tachyarrhyth-
mia or simply a marker of underlying ischemia or autonomic 
dysfunction. Suppression of ventricular ectopy did not result 
in a decreased risk of SCD.96 Given the high frequency of 
NSVT in post-MI patients, occurring in >50%,96 its specificity 
as a risk stratification test is limited.

Cardiac Magnetic Resonance Imaging
A noninvasive imaging modality without radiation exposure, 
cardiac magnetic resonance imaging (CMR), has new and excit-
ing possibilities in the prediction of SCD. CMR can accurately 
assess LV and RV function and, through the use of delayed 
gadolinium enhancement, provides valuable information on 
infarct size and infarct tissue characteristics. Delayed gadolin-
ium enhancement enables differentiation of viable myocardium 
and infarct core from the peri-infarct zone (infarct periphery), 
postulated to be the substrate for re-entrant tachyarrhythmia.97 
In patients remote from MI, a relationship between the peri-
infarct tissue quantified at CMR (also called the gray zone) and 
ventricular arrhythmia has been identified. In 2007, Schmidt 
et al62 demonstrated in 47 patients with previous MI that the 
gray zone correlated with inducibility of monomorphic VT at 
EPS. In 2009, Roes et al63 went on to show that the gray zone 
correlated with spontaneous ventricular tachyarrhythmia in 91 
ICD patients with coronary artery disease. There is emerging 
evidence that infarct size measured at CMR is superior to LVEF 
both for identifying patients with inducible VT at EPS98 and for 
predicting death or appropriate ICD therapy.99 An observational 
study is currently underway that aims to assess the added utility 
of CMR in patients with impaired LVEF indicated for a remote 
primary prevention ICD (Left Ventricular Structural Predictors 
of Sudden Cardiac Death; NCT01076660); www.clinicaltrials.
gov.100 Despite promising results for CMR as a risk stratifica-
tion test in the chronic post-MI stage, there is limited evidence 
for early CMR. Izquierdo et al61 performed an observational 
study of 440 acute MI patients with CMR performed 1 week 
after first STEMI. At the 2-year follow-up, they found that 
the vast majority of arrhythmias and sudden deaths occurred 
in patients with both LVEF ≤36% and infarct size ≥23.5 g/m2. 
Consistent with the remote post-MI data, they demonstrated 

that infarct size at CMR, used in addition to LVEF, optimized 
arrhythmia risk prediction. Another potential utility of CMR is 
a technique of virtual EPS, described recently by Ng et al101 
in a porcine post-MI model. In this study, delayed-gadolinium-
enhancement CMR images were used to create high-resolution 
3-dimensional reconstructions of the LV. Using a computer 
model to assign conduction durations based on peri-infarct and 
core infarct tissue morphology, they performed a simulated or 
virtual EPS. This demonstrated that VT re-entrant circuits seen 
at virtual EPS were consistent with VT induced during inva-
sive testing. Although promising, further research is required to 
demonstrate a benefit of CMR as an early risk stratification test.

Conclusions
Although the overall risk of SCD has declined in the contem-
porary era, it remains unacceptably high in the early post-MI 
period. Impaired LV function, although routinely used to guide 
remote post-MI ICD implantation, is neither sensitive nor spe-
cific for early arrhythmic death. Noninvasive markers of auto-
nomic dysfunction have proved to be unsuccessful in selecting 
patients for early defibrillator implantation. CMR, with its 
ability to detect scar size and tissue heterogeneity, has emerg-
ing promise for early risk stratification. Electrophysiology 
testing has randomized evidence as an effective test to guide 
ICD therapy; however, its utility early after MI has been dem-
onstrated only in observational studies.

Future Directions
It is imperative that risk stratification tests used to select for 
early primary prevention identify patients at risk of predomi-
nant arrhythmic mortality who will survive long-term with 
an ICD. A combination of CMR and EPS using an optimal 
induction protocol appears to hold the most potential. This 
combination will be explored in a large, multicenter, random-
ized, controlled trial (Australian Clinical Trials Register No. 
12614000042640)102 designed to assess early ICD implanta-
tion in patients with acute MI. More than 1000 patients with 
LVEF ≤40% will be randomized to either EPS-guided early 
ICD implantation or a control arm in which standard care 
according to current guidelines is implemented (ICD implan-
tation after 40 days after MI or 90 days after PCI if LVEF 
≤30% or ≤35% with heart failure). A cohort of patients will 
also undergo early CMR to enable correlation with inducible 
VT at EPS and death/arrhythmia at follow-up. The results 
(expected in 2018) will determine whether early ICD implan-
tation guided by EPS can reduce SCD long term.

Disclosures
None.
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