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Abstract
BACKGROUND—For patients who have a ventricular tachyarrhythmic event, implantable
cardioverter–defibrillators (ICDs) are a mainstay of therapy to prevent sudden death. However, ICD
shocks are painful, can result in clinical depression, and do not offer complete protection against
death from arrhythmia. We designed this randomized trial to examine whether prophylactic
radiofrequency catheter ablation of arrhythmogenic ventricular tissue would reduce the incidence of
ICD therapy.

METHODS—Eligible patients with a history of a myocardial infarction underwent defibrillator
implantation for spontaneous ventricular tachycardia or fibrillation. The patients did not receive
antiarrhythmic drugs. Patients were randomly assigned to defibrillator implantation alone or
defibrillator implantation with adjunctive catheter ablation (64 patients in each group). Ablation was
performed with the use of a substrate-based approach in which the myocardial scar is mapped and
ablated while the heart remains predominantly in sinus rhythm. The primary end point was survival
free from any appropriate ICD therapy.

RESULTS—The mortality rate 30 days after ablation was zero, and there were no significant
changes in ventricular function or functional class during the mean (±SD) follow-up period of 22.5
±5.5 months. Twenty-one patients assigned to defibrillator implantation alone (33%) and eight
patients assigned to defibrillator implantation plus ablation (12%) received appropriate ICD therapy
(antitachycardia pacing or shocks) (hazard ratio in the ablation group, 0.35; 95% confidence interval,
0.15 to 0.78, P = 0.007). Among these patients, 20 in the control group (31%) and 6 in the ablation
group (9%) received shocks (P = 0.003). Mortality was not increased in the group assigned to ablation
as compared with the control group (9% vs. 17%, P = 0.29).

CONCLUSIONS—In this randomized trial, prophylactic substrate-based catheter ablation reduced
the incidence of ICD therapy in patients with a history of myocardial infarction who received ICDs
for the secondary prevention of sudden death.

(Current Controlled Trials number, ISRCTN62488166.)

Patients with a history of myocardial infarction who survive a spontaneous episode of
ventricular arrhythmia are at high risk for subsequent sudden death from recurrent ventricular
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tachycardia or ventricular fibrillation. Implantable cardioverter–defibrillators (ICDs) decrease
mortality and have therefore become the mainstay of treatment of these patients.1

However, ICDs are not a cure for ventricular arrhythmias. Defibrillator discharges (shocks)
for treatment of recurrent arrhythmias are painful, and syncope may occur before delivery of
therapy. Clinically significant anxiety and depression as a result of recurrent ICD shocks may
occur in more than 50% of patients.2–4 Repeated ICD shocks within a short time interval,
known as an ICD “storm,” occur in 10 to 25% of patients.5,6 Furthermore, ICDs do not provide
absolute protection against death due to arrhythmia; the rate of sudden death among patients
who do not have a response to ICDs is approximately 5%.7

Since no device is likely to be fully protective against ventricular tachycardia or fibrillation, it
would be clinically valuable to adopt an approach that reduced the absolute incidence of
ventricular tachycardia or fibrillation so that the ICD served solely as a backup device.8 One
option is catheter ablation of the ventricular-tachycardia circuit as it traverses the scarred
myocardial tissue. However, ablation in patients with ventricular tachycardia has been used
infrequently in the past, except in patients with recurrent ventricular tachycardia that was
resistant to drug therapy who received multiple ICD shocks. This is predominantly because
more than 90% of ventricular-tachycardia episodes are associated with hemodynamic
instability, rendering mapping of the ventricular-tachycardia circuit during the arrhythmia
difficult or impossible.9

With the advent of advanced cardiac-mapping systems, substrate-based catheter ablation has
emerged as a useful alternative to more conventional ablation methods.10–13 In the substrate-
based approach, arrhythmogenic tissue is identified during sinus rhythm or pacing on the basis
of its distinguishing characteristics on the electrogram, thus obviating the need for mapping
during an episode of ventricular tachycardia.14,15 Indeed, initial studies revealed that surgical
ablation with the use of the substrate-based approach successfully controlled both ventricular
tachycardia and ventricular fibrillation.16,17 The Substrate Mapping and Ablation in Sinus
Rhythm to Halt Ventricular Tachycardia (SMASH-VT) study was initiated to examine the
hypothesis that prophylactic catheter ablation (ablation after defibrillator implantation to
prevent the occurrence of future shocks) can safely decrease the likelihood of subsequent ICD
therapy in patients with myocardial infarction who receive an ICD after surviving a life-
threatening ventricular arrhythmic event.

METHODS
STUDY DESIGN

The SMASH-VT study was a prospective, unblinded, randomized, controlled, multicenter trial
(ISRCTN62488166). Institutional review board approval was obtained separately at each of
the three participating centers. The trial began in August 2000, and the last patient was enrolled
in June 2004; follow-up was completed in June 2006.

PATIENT RECRUITMENT
Men and women who were at least 18 years old were eligible for the study if they had a history
of myocardial infarction more than 1 month before enrollment (as documented by an
electrocardiogram or cardiac imaging) and if they had undergone a planned or a recent (within
6 months) implantation of a defibrillator for ventricular fibrillation, hemodynamically unstable
ventricular tachycardia, or syncope with inducible ventricular tachycardia during invasive
electrophysiological testing (in the latter group, syncope was assumed to be the qualifying
spontaneous arrhythmic event). In an effort to foster enrollment, a further qualifying criterion
was implemented after the study had commenced. This criterion allowed the enrollment of
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patients who had received an ICD for primary prophylaxis and subsequently had received
appropriate ICD therapy for a single event. In this instance, the single ICD event was viewed
as the first spontaneous arrhythmic event.

Patients were excluded if they were being treated with a class I or class III antiarrhythmic drug,
if the substrate for the ventricular arrhythmia was thought not to be due to the myocardial
infarction, if active and ongoing cardiac ischemia was thought to be the cause of the ventricular
arrhythmia, or if they were having incessant or multiple episodes of ventricular tachycardia
necessitating immediate treatment (with drugs or ablation). Additional exclusion criteria
included the inability to give informed consent, stroke within 30 days before screening,
contraindication to anticoagulation therapy, or any medical or non-medical condition likely to
prevent completion of the trial.

STUDY PROCEDURES
Patients meeting the entry criteria who gave written informed consent were randomly assigned
at a 1:1 ratio to either the control group or the ablation group with the use of sealed,
prenumbered envelopes. Patients assigned to the control group received no further trial therapy.
Patients assigned to the ablation group underwent catheter ablation of the arrhythmogenic
substrate while the heart was in sinus rhythm (see the Supplementary Appendix, available with
the full text of this article at www.nejm.org). The ablation procedure was performed either
before or after ICD programming, which was standardized to ensure at least one ventricular-
tachycardia zone in which antitachycardia pacing could occur. A transthoracic echocardiogram
was obtained for all patients at baseline, and a second echocardiogram was obtained for those
in the ablation group after the procedure had been completed. Nearly all patients received
therapy with aspirin, beta-blockers, and angiotensin-converting–enzyme (ACE) inhibitors or
angiotensin-receptor blockers.

FOLLOW-UP
Most patients were discharged home with a prescription for 4 to 6 weeks of oral anticoagulant
therapy. Typically, this consisted of warfarin, but if a minimal number of ablation lesions had
been placed (i.e., fewer than five), aspirin alone was given. Patients were followed in the ICD
clinic at 3, 6, 9, 12, 18, and 24 months. Information was obtained from the ICD memory about
the number of events, the number and type of treatments required, and cycle lengths during
episodes of ventricular tachycardia. Additional clinical information obtained included New
York Heart Association (NYHA) class, medication changes, changes in medical status, and
transthoracic echocardiography at 3 and 12 months.

END POINTS
The primary end point of the study was survival free from any appropriate ICD therapy (shocks
or antitachycardia pacing). The secondary end points included freedom from any appropriate
ICD shock, death, and ICD storm. An ICD storm was defined as at least three shocks within
a 24-hour period.

STATISTICAL ANALYSIS
On the basis of data from the Antiarrhythmics Versus Implantable Defibrillators (AVID) trial,
we projected that 50% of the patients in the control group would have a primary end-point
event within 2 years after the time of enrollment (on the assumption of a patient population of
whom 50% had ventricular fibrillation and 50% had hemodynamically unstable ventricular
tachycardia).18 Considering the primary end point as a binary outcome rather than using a
time-to-event calculation, we projected that there would be a 50% reduction in events in the
ablation group. On the assumption of equal numbers of patients in each group, a sample size
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of 130 patients was required to achieve 80% power to detect a significant difference with a
two-sided alpha error of 0.05.

An intention-to-treat analysis was performed that included all patients in their assigned trial
groups, whether or not they actually underwent radiofrequency ablation. Continuous variables
were compared by two-sample t-tests and categorical variables by Fisher’s exact test. Time-
to-event curves describing the event-free survival of patients during the 24-month follow-up
period were calculated by the Kaplan–Meier method and compared with the use of the log-
rank test. Cox proportional-hazards regression models were used to estimate hazard ratios and
95% confidence intervals for the primary and secondary end points and to perform an analysis
of the primary end point adjusted for baseline variables. All tests were two-tailed, and a P value
less than 0.05 was considered to indicate statistical significance.

RESULTS
STUDY POPULATION

Over the course of 46 months, 128 patients were enrolled and randomly assigned to the ablation
group or the control group (64 in each group) (Table 1). The mean age of the patients was 67
years, and 87% were male. The qualifying index arrhythmia was ventricular fibrillation in 18%
of patients, ventricular tachycardia in 49%, syncope with inducible ventricular tachycardia in
21%, and recent ventricular fibrillation or tachycardia treated by a previously implanted ICD
in 12%. Systematic information about patients who were screened but not enrolled was not
collected.

The two treatment groups were well balanced with respect to baseline demographic and clinical
characteristics (Table 1). The only significant differences between the groups were in the
fraction of patients with severely depressed ventricular function (which would be expected to
result in higher mortality in the ablation group) and in the rate of aspirin use. No patients were
being treated with membrane-active antiarrhythmic drugs, and most patients received both
beta-blockers and ACE inhibitors or angiotensin-receptor blockers.

CATHETER ABLATION
Three patients assigned to the ablation group did not undergo the procedure. One died of
congestive heart failure before the procedure could be performed, and two were lost to follow-
up and did not undergo ablation (one of these presented at the clinic after having received an
ICD shock 5 months after randomization).

The majority of patients (87%) underwent implantation of the defibrillator before ablation, but
in 13% of patients the ablation procedure was performed before defibrillator implantation.
Ventricular mapping was performed by means of either a retrograde aortic approach alone
(26%) or a combined retrograde aortic and transseptal approach (74%). Ablation was
performed with a standard ablation catheter in 10 patients (16%) and an irrigated ablation
catheter in 48 patients (79%). In three patients (5%), no appreciable en-docardial scar was
visualized and therefore no ablation lesions were placed.

Substantial ablation-related complications occurred in three patients: a pericardial effusion
without tamponade, which was managed conservatively; an exacerbation of congestive heart
failure requiring prolonged hospitalization; and a deep venous thrombosis requiring prolonged
anticoagulation therapy. No ICD leads became dislodged, and no devices became infected.
The 30-day mortality rate was zero.
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FOLLOW-UP AND CLINICAL OUTCOME
All surviving patients completed the 2-year follow-up except the two who did not undergo
ablation and were lost to follow-up. The mean (±SD) duration of follow-up was 22.5±5.5
months (range, 0 to 26). During follow-up, no patient received an antiarrhythmic agent (other
than beta-blockers) before the primary end point was reached. Once a patient had had an ICD
event, the physician was free to treat the patient as was clinically appropriate with membrane-
active antiarrhythmic drugs (typically amiodarone or sotalol), catheter ablation (including
repeat catheter ablation in patients who had been enrolled in the ablation group), or both.

As shown in Table 2, after 2 years of follow-up, 8 patients in the ablation group (12%) and 21
in the control group (33%) received at least one episode of appropriate ICD therapy, defined
as either shocks or antitachycardia pacing (hazard ratio, 0.35; 95% confidence interval [CI],
0.15 to 0.78; P = 0.007). Kaplan–Meier analysis of this primary end point reveals progressive
divergence of the curves for survival free from ICD therapy (Fig. 1). Multivariate analysis
adjusted for patient characteristics and medication use at baseline did not reduce the magnitude
of the effect observed (hazard ratio, 0.31; 95% CI, 0.13 to 0.76; P=0.01).

As shown in Figure 2, there were no significant differences in the effect of ablation on the
primary end point of any subsequent ICD therapy in any of the subgroup analyses performed.
These included stratification according to sex, functional class, age, ventricular function
(including those patients with the most severely depressed function), index arrhythmia, type
of ICD, and the presence or absence of hypertension, of diabetes, and of previous
revascularization.

Six of the patients assigned to ablation (9%) and 20 of the control patients (31%) received at
least one appropriate ICD shock (excluding antitachycardia pacing) (P = 0.003) (Fig. 3A).
There was a trend toward decreased mortality in the ablation group as compared with the control
group (9% vs. 17%, P = 0.29) (Table 2). ICD storms occurred in 4 patients assigned to ablation
(6%) and 12 control patients (19%) (P = 0.06).

ADVERSE EFFECTS
As shown in Figure 4, there was no evidence of an adverse effect of catheter ablation on
ventricular function. In both groups, there were no significant changes in the distribution of
patients according to NYHA functional class from before enrollment to 3 months after
enrollment. In the group assigned to ablation, 84% were in NYHA class I or II and 16% were
in class III or IV at baseline; the corresponding percentages at 3 months were 88% and 12%.
In the control group, 77% were in NYHA class I or II, and 23% were in class III or IV at
baseline; the corresponding percentages at 3 months were 85% and 15%. Three patients (two
in the ablation group and one in the control group) received inappropriate defibrillator shocks
as a result of supraventricular tachycardias (two with atrial fibrillation and one with atrial
flutter).

DISCUSSION
Our trial was initiated to objectively examine the use of substrate ablation in patients with a
previous myocardial infarction who were receiving an ICD for the secondary prevention of
sudden death. As compared with the control population, patients in the ablation group had a
65% reduction in the risk of receiving ICD therapy during the subsequent 2 years. When
antitachycardia-pacing therapy was excluded from this analysis, there remained a 73%
reduction in the risk of receiving subsequent ICD shocks. This effect may be clinically
important, not only because of the reduction in the unpleasant experience of device discharge,
but also in terms of subsequent adverse cardiovascular events. The Defibrillator in Acute
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Myocardial Infarction Trial (DINAMIT) and the Multicenter Automatic Defibrillator
Implantation Trial-II (MADIT-II) both found an increase in congestive heart failure and
mortality in patients receiving ICD shocks (although the shocks may not have been causally
related to heart failure or mortality).19,20 These end points consisted not of a decrease in the
number of ICD events but, rather, of a decrease in the total number of patients who received
any ICD therapy. In addition, all the patients were followed for 2 years or until death. The two
groups were well balanced with respect to baseline characteristics, and a high percentage
received beta-blockers and antagonists of the renin–angiotensin–aldosterone system. The
groups were also well balanced with respect to the use of statin drugs, which some studies
suggest may decrease the risk of ICD therapy, although not all patients used these drugs.21

Our study is unusual in including not only patients with monomorphic ventricular tachycardia
but also those whose index arrhythmic episode was ventricular fibrillation. However, patients
with ventricular fibrillation constituted a smaller percentage of the study cohort than did
patients with other qualifying arrhythmias, and it is premature to draw specific conclusions
about the salutary effects of catheter ablation in this group.

In order for substrate ablation to be a clinically viable option, the safety profile of this
interventional procedure is of paramount importance. There was no significant change in
ventricular function or functional status during follow-up, perhaps because the ablation lesions
were placed exclusively within infarcted tissue, which contributes little to contractile function.
This remained true even for those patients with the most depressed cardiac function. Overall
mortality was not greater in the patients assigned to ablation; indeed, there was even a trend
toward decreased mortality in the ablation group, although it was not statistically significant.

In this study, the use of prophylactic class III antiarrhythmic drugs was not evaluated. However,
the efficacy of the available class III drugs (other than amiodarone) in preventing shocks is
unclear, and the unfavorable safety profile of amiodarone makes it an unattractive prophylactic
drug option.22–25 There are few data directly comparing catheter ablation with antiarrhythmic
medications for the management of ventricular tachycardia. The only randomized study of
which we are aware involved 105 patients who had already received ICD shocks. In that study,
the primary end point, ventricular tachycardia, recurred in 49% and 75% of the ablation and
drug-treatment groups, respectively.26

It is unknown whether the results of our study can be applied to patients with ventricular
arrhythmia due to other causes, such as patients with dilated cardiomyopathy. Such other
disease substrates often involve ventricular tachycardia circuits that are partly or predominantly
epicardial, thereby necessitating pericardial mapping and ablation — an approach not evaluated
in this study.

This study was limited by the small number of participants. Another limitation was the absence
of quality-of-life information — a measurement well known to be substantially affected by
ICD shocks. In addition, a formal economic analysis would be needed to adequately understand
the relationship between the immediate costs of the ablation procedure and the long-term costs
of care for patients with ICDs. During enrollment, screening data were not collected; this may
limit our understanding of how to select the most appropriate patients for ablation and how to
generalize the data to other patients. Finally, this study did not compare ablation with
antiarrhythmic drug therapy, and therefore we cannot comment directly on the relative efficacy
of these two therapeutic approaches in this setting.

In summary, the SMASH-VT trial evaluated the role of radiofrequency substrate ablation for
the control of ventricular arrhythmias in patients with ischemic heart disease who received an
ICD for a ventricular tachyarrhythmic event. At a mean follow-up of 2 years, the frequency of
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subsequent episodes of any ICD therapy, and of ICD shocks, was significantly lower among
patients undergoing ablation than among those not undergoing this intervention.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Kaplan–Meier Estimate of the Primary End Point of Survival Free from ICD Therapy
ICD denotes implantable cardioverter–defibrillator.
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Figure 2. Hazard Ratios and 95% Confidence Intervals for Subsequent ICD Therapy According
to Subgroup
The chart shows hazard ratios (black diamonds) with 95% confidence intervals (horizontal
lines) and P values for the interaction between the treatment effect and each subgroup variable.
Because of the limited number of patients in certain subgroups, wide confidence intervals are
noted. The dashed vertical line indicates the hazard ratio for the study entire population. NYHA
denotes New York Heart Association, and ICD implantable cardioverter–defibrillator.
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Figure 3. Kaplan–Meier Estimates of Secondary End Points
ICD denotes implantable cardioverter–defibrillator.
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Figure 4. Effect of Substrate Ablation on Ventricular Function
The left ventricular ejection fractions (LVEF) at baseline and at 3-month and 12-month follow-
up visits are shown for the ablation (blue) and control (red) groups. To assess a preferential
negative effect on function in the most severely dysfunctional ventricles, results are also shown
for the subgroups with an LVEF of 30% or less and an LVEF of 20% or less. The numbers of
patients analyzed (those for whom echocardiographic data were available) are shown above
the vertical bars, which indicate the standard deviation.
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Table 1
Baseline Characteristics of the Patients.*

Characteristic Ablation Group (N =
64)

Control Group (N =
64)

P Value

Age — yr 67±9 66±10 0.65†
Male sex — no. (%) 59 (92) 52 (81) 0.12‡

Interval between myocardial infarction and enrollment — yr§ 8.8±8.5 7.9±7.8 0.66¶
Index arrhythmia — no. (%) 0.38‡
 Ventricular fibrillation 13 (20) 10 (16)
 Ventricular tachycardia 30 (47) 33 (52)
 Syncope with inducible ventricular tachycardia 11 (17) 16 (25)
 Recent ventricular fibrillation or tachycardia treated by a previously
implanted ICD

10 (16) 5 (8)

Left ventricular ejection fraction — % 30.7±9.5 32.9±8.5 0.16†
Left ventricular ejection fraction ≤30% — no. (%) 37 (58) 30 (47) 0.29‡
Left ventricular ejection fraction ≤20% — no. (%) 16 (25) 7 (11) 0.06‡
New York Heart Association functional class — no. (%) 0.37‡
 I or II 54 (84) 49 (77)
 III or IV 10 (16) 15 (23)
Hypertension — no. (%) 47 (73) 43 (67) 0.35‡
Diabetes — no. (%) 24 (38) 32 (50) 0.21‡
Previous revascularization (PTCA or CABG) — no. (%) 46 (72) 40 (62) 0.35‡
Previous stroke — no. (%) 3 (5) 8 (12) 0.21‡
Medication — no. (%)
 Class I or class III drugs 0 0 —
 Beta-blockers 60 (94) 63 (98) 0.37‡
 ACE inhibitors or angiotensin-receptor blockers 59 (92) 59 (92) 1.0‡
 Statins 37 (58) 38 (59) 1.0‡
 Aspirin 52 (81) 39 (61) 0.02‡
Type of ICD — no. (%) 0.21‡
 Single-chamber 23 (36) 31 (48)
 Dual-chamber 41 (64) 33 (52)
*
Plus–minus values are means ±SD. ICD denotes implantable cardioverter–defibrillator, PTCA percutaneous transluminal coronary angioplasty, CABG

coronary-artery bypass grafting, and ACE angiotensin-converting enzyme.

†
The P value was calculated by the t-test.

‡
The P value was calculated by Fisher’s exact test.

§
The data are from 54 patients in the control group and 56 in the ablation group.

¶
The P value was calculated by the Wilcoxon rank-sum test.
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Table 2
End Points.*

Variable Ablation Group (N = 64) Control Group (N = 64) Hazard Ratio (95% CI) P Value
no. of patients (%)

ICD events* 8 (12) 21 (33) 0.35 (0.15–0.78) 0.007†
ICD shocks 6 (9) 20 (31) 0.27 (0.11–0.67) 0.003†
ICD storms 4 (6) 12 (19) 0.30 (0.09–1.00) 0.06‡
Death 6 (9) 11 (17) 0.59 (0.22–1.59) 0.29†
 Congestive heart failure 3 (5) 6 (9)
 Ventricular tachycardia storm 0 1 (2)
 Cancer 1 (2) 0
 Pulmonary embolism 1 (2) 0
 Unknown 1 (2) 4 (6)
*
Implantable cardioverter–defibrillator (ICD) events include ICD shocks and antitachycardia pacing.

†
The P value was calculated by the log-rank test.

‡
The P value was calculated by Fisher’s exact test.
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