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BACKGROUND
The extravascular implantable cardioverter–defibrillator (ICD) has a single lead im-
planted substernally to enable pause-prevention pacing, antitachycardia pacing, and 
defibrillation energy similar to that of transvenous ICDs. The safety and efficacy of 
extravascular ICDs are not yet known.
METHODS
We conducted a prospective, single-group, nonrandomized, premarket global clini-
cal study involving patients with a class I or IIa indication for an ICD, all of whom 
received an extravascular ICD system. The primary efficacy end point was success-
ful defibrillation at implantation. The efficacy objective would be met if the lower 
boundary of the one-sided 97.5% confidence interval for the percentage of patients 
with successful defibrillation was greater than 88%. The primary safety end point 
was freedom from major system- or procedure-related complications at 6 months. 
The safety objective would be met if the lower boundary of the one-sided 97.5% 
confidence interval for the percentage of patients free from such complications was 
greater than 79%.
RESULTS
A total of 356 patients were enrolled, 316 of whom had an implantation attempt. 
Among the 302 patients in whom ventricular arrhythmia could be induced and 
who completed the defibrillation testing protocol, the percentage of patients with 
successful defibrillation was 98.7% (lower boundary of the one-sided 97.5% con-
fidence interval [CI], 96.6%; P<0.001 for the comparison with the performance 
goal of 88%); 299 of 316 patients (94.6%) were discharged with a working ICD sys-
tem. The Kaplan–Meier estimate of the percentage of patients free from major 
system- or procedure-related complications at 6 months was 92.6% (lower bound-
ary of the one-sided 97.5% CI, 89.0%; P<0.001 for the comparison with the perfor-
mance goal of 79%). No major intraprocedural complications were reported. At 
6 months, 25 major complications were observed, in 23 of 316 patients (7.3%). The 
success rate of antitachycardia pacing, as assessed with generalized estimating equa-
tions, was 50.8% (95% CI, 23.3 to 77.8). A total of 29 patients received 118 inap-
propriate shocks for 81 arrhythmic episodes. Eight systems were explanted without 
extravascular ICD replacement over the 10.6-month mean follow-up period.
CONCLUSIONS
In this prospective global study, we found that extravascular ICDs were implanted 
safely and were able to detect and terminate induced ventricular arrhythmias at the 
time of implantation. (Funded by Medtronic; ClinicalTrials.gov number, NCT04060680.)
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The implantable cardioverter–defi-
brillator (ICD) reduces cardiac mortality 
among patients at risk for ventricular ar-

rhythmias.1,2 Transvenous ICD implantation may 
be complicated by vascular injury, cardiac perfo-
ration, pneumothorax, hemothorax, and venous 
obstruction.3-5 Transvenous leads are also subject 
to mechanical failure and serious infection re-
sulting in lead extraction.3,4 The subcutaneous 
ICD was developed to avoid the vascular risks of 
transvenous ICDs.6,7 In a recent comparison with 
transvenous ICDs, the subcutaneous ICD effec-
tively prevented sudden arrhythmic death with 
fewer complications; however, it was associated 
with shocks for ventricular tachycardia that 
might have been avoided if antitachycardia pac-
ing were available.8,9 The subcutaneous ICD lead 
is placed between the skin and sternum, leaving 
bone between electrodes and the myocardium. 
Consequently, a high current is required to pace, 
resulting in extracardiac stimulation, and to 
defibrillate, necessitating a larger device. Anti
tachycardia pacing is not available, and brady-
cardia pacing is limited to the immediate period 
after a shock and is uncomfortable owing to 
skeletal muscle stimulation.10 In addition, higher 
defibrillation energy requirements necessitate a 
larger generator than transvenous ICDs (60 cm3 
vs. 30 cm3), with compromised longevity (pro-
jected life span, 7.3 years vs. 13.6 years).6,11,12

We hypothesized that substernal electrodes 
would retain the benefits of an extravascular 
ICD while providing pause-prevention and antit-
achycardia pacing with lower-energy defibrilla-
tion owing to their juxtaposition to the heart.13 
Short-term and long-term studies in animals 
and short-term studies involving humans sup-
ported this concept.14-17 Subsequently, the Extra-
vascular ICD Pilot Study showed device safety 
and efficacy at 3 months with no major intrapro-
cedural complications.18 To confirm longer-term 
safety and efficacy, the global Extravascular ICD 
Pivotal Study was performed.

Me thods

Study Design

The Extravascular ICD Pivotal Study was a pro-
spective, global, multicenter, single-group, non-
randomized, premarket approval study designed 
to enroll up to 400 patients at up to 60 sites. Ethics 
committees at the participating sites approved the 

study protocol (available with the full text of 
this article at NEJM.org), and all the patients 
provided written informed consent. After im-
plantation, patients were followed up at 2 weeks, 
3 months, 6 months, and every 6 months until 
study closure. Details of the full study design, 
population, and statistical methods have been 
reported previously.13

Patient Population

Patients with a class I or IIa indication for an 
ICD for primary or secondary prevention accord-
ing to international guidelines were recruited. 
Patients who required bradycardia pacing or car-
diac resynchronization therapy or who had under-
gone sternotomy were excluded. (Full inclusion 
and exclusion criteria are provided in Table S1 
in the Supplementary Appendix, available at 
NEJM.org.)

Oversight

The study was sponsored by Medtronic, with de-
sign and conduct oversight provided by a global 
steering committee of physicians (Table S2). An 
independent data monitoring committee reviewed 
accumulating data and interim analyses to pro-
tect the interests of patients and monitor the 
overall conduct of the study. Major complica-
tions (defined in Table S3) were adjudicated by 
an independent clinical-events committee, and 
sustained arrhythmic episodes were adjudicated 
by an episode-review committee (see the Methods 
section in the Supplementary Appendix). The 
original manuscript was written by the first author 
with critical review, revision, and agreement to 
submit from all the authors, including those 
employed by the study sponsor. Final review and 
approval were the responsibility of the first au-
thor. Data were collected by investigators and site 
personnel, analyzed by statisticians employed by 
the sponsor, and interpreted by the authors. All 
the authors vouch for the completeness and accu-
racy of the data and for the fidelity of the study 
to the protocol. The study was performed in 
accordance with the ethical principles of the 
Declaration of Helsinki.

End Points

The primary efficacy end point was successful 
defibrillation at implantation, defined as termi-
nation of an induced sustained shockable ven-
tricular arrhythmia either with one 20-J shock or 
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with 30 J on two consecutive episodes. The effi-
cacy objective would be met if the lower boundary 
of the one-sided 97.5% confidence interval for the 
percentage of patients with successful defibrilla-
tion was greater than 88% when testing was 
performed with a safety margin of 10 J or more. 
The primary safety end point was freedom from 
major system- or procedure-related complica-
tions at 6 months. The safety objective would be 
met if the lower boundary of the one-sided 
97.5% confidence interval for the percentage of 
patients free from such complications was great-
er than 79%.13 Ancillary end points are outlined 
in the Methods section in the Supplementary Ap-
pendix. Analyses of ancillary end points and ad-
ditional analyses other than the 6-month primary 
safety analysis used the full follow-up cohort 

(mean [±SD], 10.6±6.0 months), unless otherwise 
specified.

System Description and Implantation

The extravascular ICD system and implantation 
procedure have been described in detail else-
where.13,19 In brief, the pulse generator, implant-
ed along the patient’s left midaxillary line, has a 
volume of 33 cm3 and delivers shocks of up to 40 J 
(Fig. 1). Leads were implanted substernally with 
the use of anteroposterior and lateral fluoro-
scopic guidance. Pacing features include pause 
prevention, antitachycardia pacing, and pacing 
after a shock has been delivered. Implantations 
were performed in cardiac catheterization labo-
ratories or hybrid operating rooms by cardiologists 
who underwent a structured hands-on training 

Figure 1. Implanted Extravascular ICD System.

The extravascular implantable cardioverter–defibrillator (ICD) system is shown in anteroposterior (left) and lateral 
(right) views. Reproduced with permission from Medtronic.
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program emphasizing anatomy (Video 1; also see 
the study protocol and the Methods section in the 
Supplementary Appendix).

Statistical Analysis

To calculate the sample size for the primary ef-
ficacy end point, it was assumed that the true 
probability of successful defibrillation at implan-
tation was 93.5%. The statistical software pack-
age PASS 2008 (NCSS) was used to determine 
that in order to achieve 90% power, 292 patients 
would need to complete the defibrillation proto-
col. To estimate the statistical power for the pri-
mary safety end point, a Weibull distribution was 
used to model the occurrence of major complica-
tions, under the assumption that the percentage 
of patients free of such complications would be 
90% at 1 month and 86% at 6 months. A Weibull 
distribution was also used to model attrition due 
to study exit or death, with an incidence of 9% 
at 1 month and 16% through the first year of fol-
low-up after implantation. Under these assump-
tions, the study results were simulated 10,000 
times, with each simulated sample including 292 
patients. For each simulated sample, a 182-day 
Kaplan–Meier estimate of the percentage of pa-
tients free from major complications and a con-
fidence interval were calculated; the results of 
the simulation showed that a sample of 292 pa-
tients was sufficient to provide 90% power for 
this objective. For the primary efficacy end point, 
there were no missing data; however, the analysis 
was restricted to patients who completed the 
defibrillation protocol. For the primary safety end 
point, data from patients were censored at the 
time of study exit or last study contact. There was 
no adjustment for multiple comparisons; there-
fore, the confidence intervals should not be used 
to infer definitive treatment effects.

The estimated percentage of patients free from 
major complications was generated with the use 
of the Kaplan–Meier method; the associated one-
sided 97.5% confidence interval was calculated 
with the use of a log–log transformation. Defi-
brillation success was evaluated with an exact bi-
nomial test and Clopper–Pearson confidence inter-
val. The success rate of antitachycardia pacing was 
assessed with generalized estimating equations. 
(Additional information on statistical analyses 
are provided in the Methods section in the Sup-
plementary Appendix.)

R esult s

Patients

From September 2019 through October 2021, a 
total of 356 patients were enrolled at 46 centers 
in 17 countries across North America, Europe, 
Asia, and Oceania. Of these, 316 underwent an 
implantation attempt (25.3% female; mean [±SD] 
age, 53.8±13.1 years); 40 patients exited the study 
before an implantation attempt (reasons are de-
tailed in Fig. S1). Recipients of an extravascular 
ICD had a mean body-mass index (the weight in 
kilograms divided by the square of the height in 
meters) of 28.0±5.6 and a mean left ventricular 
ejection fraction of 38.9±15.4%. The clinical char-
acteristics of the patients enrolled in the study are 
shown in Tables 1 and S4.

Implantation Procedure

A total of 45 physicians performed implantation 
procedures in 316 patients. Among 316 patients 
with an implantation attempt, the lead was placed 
in 315 (99.7%). Sensing function was acceptable 
in 307 patients, who underwent defibrillation test-
ing. Reasons for patient discharge without implan-
tation included failed or incomplete defibrillation 
testing and inadequate R-wave sensing (Fig. S2). 
The median time from first incision to final lead 
position was 35.5 minutes (interquartile range, 
25 to 50), and the median time from first inci-
sion to final suture, inclusive of defibrillation test-
ing, was 66 minutes (interquartile range, 50 to 93). 
Additional details of implantation procedures are 
provided in the Results section in the Supplemen-
tary Appendix and in Table S5.

Primary Efficacy End Point

Defibrillation testing was initiated in 307 patients, 
completed in 302, and successful in 298 (Fig. S2). 
One device remained implanted at the physician’s 
discretion despite incomplete electrical testing. 
Thus, in 316 implantation attempts, 299 patients 
(94.6%) underwent complete implantation and 
proceeded to long-term follow up. The percentage 
of patients with successful defibrillation was 
98.7% (one-sided 97.5% confidence interval [CI], 
96.6%; P<0.001 for the comparison with the ef-
ficacy performance goal of 88%), with 72.5% 
successful at 20 J and 27.5% successful at 30 J 
(Fig. 2A; also see the Results section in the Sup-
plementary Appendix). A total of 29 patients un-

A video showing 
the implantation 

procedure is 
available at 

NEJM.org
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derwent generator repositioning (20 patients), lead 
repositioning (5 patients), or other maneuvers 
(20 patients) to complete the defibrillation pro-
tocol (Table S6). All but 10 patients had defibril-
lation testing completed on the date of implan-
tation. Ventricular tachycardia or ventricular 
fibrillation was detected with the use of a pro-
grammed sensitivity of 0.2 mV or more (approxi-
mately 3 times the maximum sensitivity of 
0.075 mV) in all 307 patients in whom defibrilla-
tion testing was initiated (see the Methods section 
in the Supplementary Appendix).

Primary Safety End Point

The Kaplan–Meier estimate of the percentage of 
patients free from major system- or procedure-
related complications through 182 days was 92.6% 
(lower boundary of the one-sided 97.5% CI, 89.0%; 
P<0.001 for the comparison with the safety perfor-
mance goal of 79%) (Fig. 2B). No major intrapro-
cedural complications were reported, and a sin-
gle minor complication of muscle injury (inadvertent 
blunt dissection of the rectus fascia) resolved 
without sequelae. Through 6 months, 25 major 
complications were observed in 23 patients, most 
commonly lead dislodgment (10 events in 9 pa-
tients) (Table  2). No major complications had 
further clinical sequelae. No deaths from arrhyth-
mia related to ineffective device therapy were re-
ported (Table S7). Through 6 months, the Ka-
plan–Meier estimates of the percentage of patients 
with major procedure-related and major system-
related complications were 5.4% and 4.9%, re-
spectively. There was one report of a device lock-
up at implantation related to a software–hardware 
interaction that resulted in device replacement. 
Programming guidance was provided to prevent 
this interaction in other devices, and a software 
revision that was released during the study 
eliminated the problem.

Two lead fractures occurred, both after more 
than 6 months (see the Results section in the 
Supplementary Appendix). The lead fractures 
resulted from implantation below the xiphister-
num and substantial unanticipated bending condi-
tions; these events led to updates in implanta-
tion guidance. The lead fractures did not result 
in harm to patients other than the need to un-
dergo repeat interventions.

Long-Term Defibrillation Testing

A total of 37 patients were enrolled in a prespeci-
fied 6-month defibrillation protocol distinct from 

Table 1. Characteristics of the Patients at Baseline.*

Characteristic

Patients with 
Implantation 
Attempted 
(N = 316)

Age — yr 53.8±13.1

Female sex — no. (%) 80 (25.3)

Indication for ICD — no. (%)

Primary prevention 258 (81.6)

Secondary prevention 57 (18.0)

Unclassified 1 (0.3)

NYHA functional class — no. (%)

I 75 (23.7)

II 184 (58.2)

III 23 (7.3)

IV 0

Not available 34 (10.8)

Body-mass index 28.0±5.6

Left ventricular ejection fraction — % 38.9±15.4

Cardiomyopathy — no. (%) 265 (83.9)

Primary or idiopathic electrical disease — no. (%) 24 (7.6)

Stroke or stroke-related event — no. (%) 24 (7.6)

Spontaneous arrhythmia — no. (%)

Atrial fibrillation 44 (13.9)

Ventricular arrhythmia 135 (42.7)

Other medical history — no. (%)

Diabetes 66 (20.9)

Renal dysfunction 30 (9.5)

Medication type — no. (%)

Beta-blocking agent, excluding sotalol 238 (75.3)

Antiarrhythmic drug: class I or III, including sotalol 19 (6.0)

ACE inhibitor, ARB, or ARNI 200 (63.3)

Mineralocorticoid receptor antagonist 124 (39.2)

Race or ethnic group — no. (%)†

Asian 7 (2.2)

Black 16 (5.1)

Hispanic or Latino 7 (2.2)

White 87 (27.5)

Not reported owing to local requirements in non-
U.S. countries

197 (62.3)

*	�Plus–minus values are means ±SD. Percentages may not total 100 because of 
rounding. ACE denotes angiotensin-converting enzyme, ARB angiotensin II–
receptor blocker, ARNI angiotensin receptor–neprilysin inhibitor, ICD implant‑
able cardioverter–defibrillator, and NYHA New York Heart Association.

†	�Data on race and ethnic group were collected from medical records, the phy‑
sician, or the patient. Full information on race and ethnic group is provided in 
Table S9 in the Supplementary Appendix.
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the implantation protocol (see the Methods sec-
tion in the Supplementary Appendix). Ventricular 
arrhythmia could not be induced in 1 patient. 
Among the 36 patients who completed testing, 
the testing was successful in all 36: 30 patients 
underwent defibrillation with 30 J, and 6 patients 
underwent defibrillation with 40 J. Additional 
defibrillation testing was conducted at the physi-
cian’s discretion from 1 to 405 days after implan-
tation in 18 patients, all of whom underwent de-
fibrillation successfully with 40 J or less.

Pacing Therapy Programming and Pacing 
Sensation

A total of 17 of 299 patients (5.7%) had the 
pause-prevention pacing therapy feature pro-
grammed as “on” through at least one follow-up 
visit, with 4.6% of the patients having therapy 
turned off owing to the pacing sensation not 
being acceptable at 6-month follow-up. Antitachy-
cardia pacing was not programmed or was turned 
off in 72 of 284 patients (25.4%) at 6 months, 
with 14 of 72 being due to the pacing sensation 
not being acceptable. A total of 249 of 299 pa-
tients (83.3%) had postshock pacing turned on 
at any point from prehospital discharge; no epi-
sodes resulted in treatment. At the 6-month fol-
low-up, 5 of 284 patients (1.8%) had postshock 

pacing turned off owing to the pacing sensation 
not being acceptable.

Appropriate Therapies

A total of 66 spontaneous arrhythmic episodes 
occurred in 16 patients who received appropriate 
therapies through the 10.6-month mean follow-
up. Among discrete spontaneous events treated 
with shock, 18 of 18 episodes (100%) were success-
fully converted to sinus rhythm. The first-shock 
conversion efficacy with respect to discrete epi-
sodes was 14 of 18 (78%). In addition, 3 patients 
with arrhythmia storm (≥3 events within 24 hours) 
had 15 combined episodes, 12 of which were suc-
cessfully converted to sinus rhythm by the de-
vice; for 3 episodes in a single patient, the out-
come could not be determined owing to device 
storage limitations. The patient was treated in 
the hospital, and the arrhythmia was resolved.

Antitachycardia pacing was delivered in 10 pa-
tients and successfully terminated 32 of 46 epi-
sodes (70%) (Fig. S3), including 3 episodes in 
which immediate spontaneous arrhythmia reini-
tiation resulted in shock delivery. After adjustment 
for multiple episodes per patient with the use of 
generalized estimating equations, the success rate 
of antitachycardia pacing was 50.8% (95% CI, 23.3 
to 77.8). Of 14 episodes not terminated by antit-

Figure 2. Defibrillation Efficacy at Implantation and Freedom from Major Complications at 6 Months.

In Panel A, defibrillation efficacy is shown at 30 J or less, 20 J or less, and 15 J. The lower boundary of the one-sided 97.5% confidence 
interval that was used as the cutoff for meeting the prespecified efficacy objective is shown in red. Panel B shows a Kaplan–Meier plot 
and one-sided 97.5% confidence interval of freedom from major system- or procedure-related complications. The estimated percentage 
of patients free from such complications at 6 months is shown with inset text (92.6%; lower boundary of the one-sided 97.5% CI, 89.0% 
at 182 days after implantation). The cutoff for meeting the prespecified safety objective (79%) is shown as a dashed black line. The I bar 
represents the confidence interval. The inset shows the same data on an expanded y axis.
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achycardia pacing, 4 were terminated without 
shock. Through the programming of antitachy-
cardia pacing, shock was avoided in 33 episodes. 
Among the patients with pause-prevention pac-
ing therapy enabled, 2 had a total of 7 episodes 
of asystole that were detected and treated with 
19 or fewer paces delivered.

Inappropriate Therapies

Of 299 patients who underwent implantation, 
29 (9.7%) received 118 inappropriate shocks for 
81 arrhythmic episodes during the 10.6-month 
mean follow-up. The median number of inappro-
priate shocks per patient was 2. The Kaplan–
Meier estimated frequency of inappropriate shock 
was 8.5% at 6 months. Causes of inappropriate 
shocks were P-wave oversensing (34 episodes), 
lead noise (19), T-wave oversensing (11), atrial 
fibrillation or atrial flutter (10), electromagnetic 
interference (4), other supraventricular tachycar-
dia or sinus tachycardia (2), and nonsustained 
ventricular tachycardia (1).

System Revisions

Through a 10.6-month mean follow-up, 22 extra-
vascular ICD system modifications were reported 
in 22 patients. Eight system modifications resulted 
in full system explantation without replacement 
(see the Results section in the Supplementary Ap-
pendix). The most common reason for system 
revision was lead dislodgement; 6 of 9 such 
events were associated with the anchoring sleeve. 
Four lead dislodgements were identified peripro-
cedurally (≤3 days after implantation), 3 during 
routine postoperative chest radiography, and 1 af-
ter detection of lead noise. Five dislodgements were 
identified between 23 and 120 days after implan-
tation (4 manifesting with inappropriate shock 
and 1 with high impedance alert). Among 15 pa-
tients who underwent extravascular ICD lead 
explantation (14 to 392 days after implantation), 
all leads were removed with manual traction in 
their entirety without complication.

Infection

A total of 13 system- or procedure-related infec-
tions were reported in 13 patients (4.1%) through 
the 10.6-month mean follow-up, 9 of which were 
addressed through medication with or without 
wound care. Four infections resulted in system 
removal (1.3%; 26 to 188 days after implantation); 

all 4 infections were related to the lateral device 
pocket, with 2 also involving the xiphoid inci-
sion site.

Discussion

In this prospective, multicenter, nonrandomized 
study, we found that extravascular ICDs were 
implanted safely and that they effectively termi-
nated acute ventricular arrhythmias, exceeding 
the prespecified safety and effectiveness criteria; 
they also terminated chronic ventricular arrhyth-
mias in a subgroup of patients. Because the lead 
is placed substernally, in proximity to the myo-
cardium, antibradycardia and antitachycardia pac-
ing could be delivered successfully despite the ab-
sence of an intravascular electrode. In addition, the 
median energy for defibrillation was 15 J at im-
plantation, similar to that of transvenous ICDs 
and approximately half of that reported with the 
subcutaneous ICD.6

Implantation of the extravascular ICD requires 
accessing the substernal space, an anatomical 
location not traditionally approached by cardiolo-
gists. In our study, which involved a dedicated 
training program and initial collaboration with a 
cardiac surgeon, implantation procedures were 
performed safely in electrophysiology laboratories, 
which supports both the importance of a com-
prehensive training program and the generaliz-
ability of the practice. We observed no major 
intraprocedural complications or unique major 
complications related to the extravascular ICD 
procedure or system that have not been observed 
in subcutaneous and transvenous devices previ-
ously.8,9,20,21

The 92.6% freedom from system- and proce-
dure-related complications reported for the ex-
travascular ICD matches that reported in the 
subcutaneous ICD investigational device exemp-
tion trial (92.1%)7 and a range of transvenous 
ICD studies (85.4 to 93.8%) (Fig. S4).1,22-26 The 
mean (±SD) procedure time (skin-to-skin) of 
the extravascular ICD implantation procedure 
(74.6±33.2 minutes) (Table S5) was similar to 
early experience with the subcutaneous ICD 
(69±27 minutes).27 The frequency of revision of 
the extravascular system was less than or similar 
to the frequencies reported previously for trans-
venous and subcutaneous ICD systems.8,28

Defibrillation efficacy was high at implanta-
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tion (98.7%), at 6 months (100% in 36 patients), 
and for discrete spontaneous events (100% in 18 
events). These results reflect a greater defibrilla-
tion efficacy at implantation than observed in 
historical transvenous ICD studies (90.5 to 
93.0%),29-32 and efficacy similar to that of the 
subcutaneous ICD (100%)7 despite a smaller gen-
erator (Fig. S5). The first-shock efficacy for the 
extravascular ICD (78%; 14 of 18 events) was 
lower than current efficacies for transvenous and 
subcutaneous systems33 but similar to or better 
than those reported for early subcutaneous sys-
tems.34 Extravascular sensing and detection also 
functioned well, with induced ventricular tachy-
cardia or ventricular fibrillation detected in all 
patients with a safety margin during implant 
testing (307 patients; ventricular fibrillation de-
tected at ≥0.2 mV sensitivity). Antitachycardia 
pacing delivered endocardially or from coronary 
veins interrupts reentrant circuits painlessly and 
is associated with a 52 to 58%35,36 rate of termi-
nation of ventricular arrhythmia. We found that 
32 of 46 monomorphic ventricular tachyarrhyth-
mia events (70%) were treated successfully by 
pacing from the extravascular space over the 
right ventricle.

The most common reason for inappropriate 
shocks in the extravascular ICD was P-wave over-
sensing (34 of 81 arrhythmic episodes; 42%), a 
function of lead location relative to the right 
atrial appendage. Inappropriate shocks due to 
P-wave oversensing decreased with experience 
over the study duration (28 episodes in 6 patients 
in the first half of study implants vs. 6 episodes 
in 4 patients in the second half of study implants). 
The frequency of inappropriate shock of 8.5% at 
6 months exceeds that of current ICDs9 but is 
similar to that of early-generation transvenous 
and subcutaneous systems.37 Algorithms to mit-
igate inappropriate shocks in the extravascular 
ICD have been developed and deployed but have 
not yet been well studied clinically.38

Eight extravascular ICDs were removed with-
out replacement during the study, and four of 
these removals were due to infection (1.3%). It is 
notable that no cases of mediastinitis, sepsis, or 
endocarditis related to the extravascular ICD were 
reported. The overall incidence of extravascular 
ICD infection resulting in system removal was 
similar to that seen with subcutaneous ICDs; in 

the investigational device exemption trial of the 
subcutaneous ICD, infections leading to device 
removal occurred in 1.3% of the patients,7 and 
1.1 to 2.4% of patients had infection leading to 
device removal over the long term.8,20,39 One in-
stance of pocket hematoma (0.3%) was observed 
in our study, which did not progress to pocket in-
fection; by contrast, the subcutaneous ICD resulted 
in a higher incidence of hematoma (1.9%) than 
a smaller transvenous ICD (0.5%) in a direct 
comparison.9 A larger patient cohort will be re-
quired in order to determine whether the smaller 
size of the extravascular ICD generator relative 
to the subcutaneous ICD contributes to a reduc-
tion in hematoma and pocket infection.

Our study is best interpreted in the context of 
its limitations. There was no transvenous or 
subcutaneous ICD control group for compari-
son. Implantation procedures were performed at 
expert centers within the context of a clinical 
study, with a prespecified follow-up and testing 
plan. The number of episodes of spontaneous 
arrhythmia remains modest, and defibrillation 
testing may not be a good surrogate for clinical 
shock efficacy. The study population was young-
er than typical ICD recipients and had a high 
frequency of hypertrophic cardiomyopathy, so 
extrapolation to an older, sicker population should 
be performed with caution. The representativeness 
of the study patients is outlined in Table S8. Test-
ing at 6 months was performed in a subgroup of 
patients and was designed to assess maintained 
shock efficacy for ventricular arrhythmia and 
not the defibrillation threshold. Therefore, these 
data do not provide information on threshold 
changes over time. Observations regarding pause-
prevention pacing are limited.

In this prospective global study, an extravas-
cular ICD with a substernal lead safely and ef-
fectively detected and terminated induced and 
spontaneous ventricular arrhythmias. The results 
from this study support the hypothesis that sub-
sternal placement of electrodes retains the benefit 
of extravascular placement while providing pause-
prevention pacing, antitachycardia pacing, and 
low-energy defibrillation.
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