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ABSTRACT

BACKGROUND

Implantable cardioverter—defibrillators (ICDs) prevent sudden death from cardiac caus-
es in selected patients but require the use of transvenous lead systems. To eliminate the
need for venous access, we designed and tested an entirely subcutaneous ICD system.

METHODS

First, we conducted two short-term clinical trials to identify a suitable device con-
figuration and assess energy requirements. We evaluated four subcutaneous ICD
configurations in 78 patients who were candidates for ICD implantation and subse-
quently tested the best configuration in 49 additional patients to determine the sub-
cutaneous defibrillation threshold in comparison with that of the standard trans-
venous ICD. Then we evaluated the long-term use of subcutaneous ICDs in a pilot
study, involving 6 patients, which was followed by a trial involving 55 patients.

RESULTS

The best device configuration consisted of a parasternal electrode and a left lateral
thoracic pulse generator. This configuration was as effective as a transvenous ICD for
terminating induced ventricular fibrillation, albeit with a significantly higher mean
(£SD) energy requirement (36.6+19.8 J vs. 11.1+8.5 J). Among patients who received a
permanent subcutaneous ICD, ventricular fibrillation was successfully detected in
100% of 137 induced episodes. Induced ventricular fibrillation was converted twice in
58 of 59 patients (98%) with the delivery of 65-] shocks in two consecutive tests.
Clinically significant adverse events included two pocket infections and four lead revi-
sions. After a mean of 10+1 months, the device had successfully detected and treated
all 12 episodes of spontaneous, sustained ventricular tachyarrhythmia.

CONCLUSIONS
In small, nonrandomized studies, an entirely subcutaneous ICD consistently detected
and converted ventricular fibrillation induced during electrophysiological testing.
The device also successfully detected and treated all 12 episodes of spontaneous,
sustained ventricular tachyarrhythmia. (ClinicalTrials.gov numbers, NCT00399217
and NCT00853645.)

N ENGLJ MED 363;1 NEJM.ORG JULY 1, 2010

Downloaded from www.nejm.org by JESUS RUEDA on July 23, 2010 .

Copyright © 2010 Massachusetts Medical Society. All rights reserved.



AN ENTIRELY SUBCUTANEOUS CARDIOVERTER—DEFIBRILLATOR

HE USE OF IMPLANTABLE CARDIOVERTER—

defibrillators (ICDs) is an established ther-

apy for the prevention of death from ven-
tricular arrhythmia.»> However, conventional ICDs
rely on transvenous leads for cardiac sensing and
defibrillation. Complications of defibrillator im-
plantation have been associated mainly with
transvenous lead insertion and have included
pneumothorax, hemothorax, and cardiac tampon-
ade.®° Difficulties in achieving venous access can
prolong the procedure and occasionally result in
failed ICD implantation.**3 In the long term, lead
failure remains a major limitation in the use of
ICDs, despite decades of innovations in lead de-
sign.1222 Lead failure either generates inappropri-
ate shocks or impedes appropriate therapy.2°-23
Moreover, failed leads often require removal, a pro-
cedure that is associated with substantial mor-
bidity and mortality.?+3¢ If cardiac pacing is not
necessary, there may be a clinical advantage in
avoiding the use of transvenous electrodes. In this
report, we describe the initial evaluation of an en-
tirely subcutaneous ICD system designed to avoid
the need for the placement of sensing and therapy
electrodes within or on the heart.

METHODS

STUDY DESIGN

We report the results of two short-term trials of a
temporarily inserted subcutaneous ICD electrode
system, followed by two trials of long-term sub-
cutaneous ICD implantation of a fully functional
system. All the studies were sponsored by the
manufacturer of the subcutaneous ICD, Cameron
Health, and were designed by six of the academic
investigators. The protocols were approved by the
ethics committee at each participating institution
and associated national and local regulatory agen-
cies. All study participants satisfied standard cri-
teria for ICD implantation3? and provided written
informed consent. Study data were collected by all
the authors; device data were provided by engineers
employed by the sponsor. The original manuscript
was written by the first author with review and revi-
sion by all coauthors. All authors vouch for the
accuracy and completeness of the data and the
analyses.

EVALUATION OF LEAD CONFIGURATION

From September 2001 through February 2004, we
conducted the first short-term defibrillation trial
to identify the best electrode configuration among

those tested for the subcutaneous ICD. Four elec-
trode configurations were selected on the basis of
the use of specific anatomical landmarks: a left
lateral pulse generator with an 8-cm coil electrode
positioned at the left parasternal margin, a left
pectoral pulse generator with a 4-cm coil elec-
trode at the left inferior sternum, a left pectoral
pulse generator with an 8-cm coil electrode curv-
ing from the left inferior sternum across to the
inferior margin of the left sixth rib, and a left
lateral pulse generator with a left parasternal
5-cm? oval disk (Fig. 1).

A total of 78 patients participated in this trial.
Each patient underwent temporary subcutaneous
implantation of one or more of the four device
configurations evaluated and testing of the defi-
brillation threshold. The details of the protocol
for defibrillation-threshold testing are described
in the Supplementary Appendix, available with the
full text of this article at NEJM.org. Testing was
conducted in an interleaved fashion with the use
of a Latin square design; the data were evaluated
by means of analysis of variance.3®3° After comple-
tion of the study, all temporary subcutaneous de-
vices were explanted, and each patient underwent
implantation of a conventional transvenous ICD.

COMPARISON OF TEMPORARY SUBCUTANEOUS ICD
WITH TRANSVENOUS ICD

From April 2004 through June 2005, in a second
short-term trial involving 49 patients, we compared
the best of the tested subcutaneous ICD systems
in the first short-term trial (Fig. 1A) with a trans-
venous ICD system. For each patient, both the
subcutaneous and transvenous devices were im-
planted during the same procedure. Defibrilla-
tion thresholds were compared after both sys-
tems were in position and both surgical pockets
had been closed. The system that was tested first
was selected randomly. The protocol for defibril-
lation-threshold testing of the subcutaneous ICD
was identical to that used in the first short-term
trial, as described in the Supplementary Appen-
dix. The statistical comparison of the defibrilla-
tion thresholds for the devices was performed
with the use of a paired t-test. After completion of
the study, the subcutaneous device was explanted.

PERMANENT IMPLANTATION
After the two short-term trials, we performed two
trials of permanent subcutaneous ICD implanta-
tion: a pilot trial involving 6 patients who under-
went implantation in July 2008 in New Zealand,
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Figure 1. Four Configurations of a Subcutaneous Implantable Cardioverter—Defibrillator.

The four lead systems that were tested to select the best of these candidates were a left lateral pulse generator with an 8-cm coil elec-
trode positioned at the left parasternal margin, designated LGen-S8 (Panel A); a left pectoral pulse generator with a left parasternal
4-cm coil electrode at the inferior sternum, designated PGen-S4 (Panel B); a left pectoral pulse generator with an 8-cm coil electrode
curving from the left inferior parasternal line across to the inferior margin of the left sixth rib, designated PGen-C8 (Panel C); and a left
lateral pulse generator with a left parasternal 5-cm? oval disk, designated LGen-S5 (Panel D).
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followed by a trial involving 55 patients who un-
derwent implantation in New Zealand and Eu-
rope between December 2008 and February 2009.
We identified candidates for subcutaneous ICD
implantation among the patients who were re-
ferred for ICD implantation at each participating
center. The inclusion criterion was a class I, 1Ia,
or IIb indication for ICD therapy.3” Exclusion cri-
teria were an estimated glomerular filtration rate

N ENGL ) MED 363;1

of less than 30 ml per minute, a requirement for
antibradycardia pacing, a history of ventricular
tachycardia at rates slower than 170 beats per min-
ute, and documented ventricular tachycardia known
to be reliably terminated with antitachycardia pac-
ing. The primary end point was successful imme-
diate conversion of two consecutive episodes of in-
duced ventricular fibrillation, each with a single
65-J shock.

NEJM.ORG JULY 1, 2010

Downloaded from www.nejm.org by JESUS RUEDA on July 23, 2010 .
Copyright © 2010 Massachusetts Medical Society. All rights reserved.



AN ENTIRELY SUBCUTANEOUS

SUBCUTANEOUS ICD SYSTEM

The subcutaneous ICD system that we tested in
these studies consists of a 3-mm tripolar para-
sternal electrode (polycarbonate urethane 55D),
which is connected to an electrically active pulse
generator. The electrode is positioned parallel to
and 1 to 2 cm to the left of the sternal midline, and
the pulse generator is positioned over the sixth
rib between the midaxillary line and the anterior
axillary line (Fig. 2). The electrode has an 8-cm
shocking coil, flanked by two sensing electrodes.
The distal sensing electrode is positioned adja-
cent to the manubriosternal junction, and the
proximal sensing electrode is positioned adjacent
to the xiphoid process. The insertion of the sub-
cutaneous ICD is guided exclusively by anatomical
landmarks; no fluoroscopy is required. The surgi-
cal procedure and the device-testing protocol dur-
ing implantation are described in the Supplemen-
tary Appendix.

During device operation, the cardiac rhythm is
detected by the two sensing electrodes or by either
of the sensing electrodes and the pulse generator.
The subcutaneous ICD system automatically se-
lects an appropriate vector for rhythm detection
and for avoiding double QRS counting and T-wave
oversensing. Once signals have been validated as
free of noise and double detection, feature analy-
sis and rate detection are used to sort rhythm type
and determine the need for therapy. A condition-
al discrimination zone incorporating a feature-
extraction technique can be programmed between
rates of 170 and 240 beats per minute to distin-
guish supraventricular tachycardia from ventric-
ular tachycardia and avoid inappropriate treatment
of the former. Reconfirmation of ventricular tach-
yarrhythmia follows capacitor charging to avoid
the delivery of shocks for nonsustained ventricu-
lar tachyarrhythmias. Testing of the device during
implantation is done with the use of 65-] shocks
to ensure a margin of safety. However, after the
device has been implanted, it delivers only 80-J
shocks. It can also reverse shock polarity auto-
matically if the initial shock is not successful. In
addition, demand pacing at 50 beats per minute
is available for 30 seconds after a shock, with the
use of a 200-mA biphasic transthoracic pulse. Pac-
ing is activated only after more than 3.5 seconds
of post-shock asystole.

All device settings are automated except for
shock therapy (on/off), pacing after a shock (on/
off), conditional discrimination of supraventricu-

CARDIOVERTER-DEFIBRILLATOR

f ) /“,-.-"" N
= o\ NN/ —
b =
4
= —
| L\
i Ty Pulse
| o C generator

Figure 2. Locations of the Components of a Subcutaneous Implantable
Cardioverter—Defibrillator In Situ.

The distal and proximal sensing electrodes (D and P, respectively) of the

LGen-S8 device are shown, with the left lateral pulse generator and an 8-cm
parasternal coil electrode (C).

lar tachycardia (on/off), and the upper-rate cutoff
for the conditional shock zone (between 170 and
240 beats per minute). Data storage includes pre-
event electrograms and rhythm markers through
event termination. Up to 24 treated episodes
can be stored, with up to 120 seconds of data per
episode.

RESULTS

EVALUATION OF LEAD CONFIGURATION
In the study comparing four lead configurations,
the mean (+SD) age of the 78 patients was 61+11
years (range, 31 to 80), and 72 of the patients were
men. The average weight was 82.4+15.2 kg (range,
53.0 to 143.5 [182+34 Ib; range, 117 to 316]). The
mean ejection fraction was 0.35+0.14 (range, 0.10
to 0.69). The mean defibrillation thresholds were
32.5+17.0 J (95% confidence interval [CI], 27.8 to
37.3) for configuration 1, 40.4+13.7 J (95% CI, 35.4
to 45.4) for configuration 2, 40.1+14.9 J (95% CI,
33.7 to 46.5) for configuration 3, and 34.3+12.1]J
(95% CI, 28.8 to 39.8) for configuration 4 (Fig. 3A).
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Figure 3. Energy Delivered with the Subcutaneous Implantable Cardiovert-
er—Defibrillator (ICD), According to Lead Configuration, and a Comparison
of Defibrillation Thresholds in Transvenous and Subcutaneous ICDs.

Panel A shows delivered defibrillation-threshold energies (measured in
joules) in the four practical lead configurations that are described in Figure
1, as tested during trials of acute defibrillation ranges involving 78 patients.
The T bars indicate standard deviations. Panel B shows a comparison of
paired defibrillation-threshold data for transvenous ICDs and subcutane-
ous ICDs in 49 consecutive patients during randomized testing. The subcu-
taneous ICD was as effective as a transvenous ICD for terminating induced
ventricular fibrillation, although with a significantly higher mean (+SD) en-
ergy requirement (36.6+19.8 J vs. 11.1+8.5 J, P<0.001). In these tests, the
transvenous ICD in one patient and the subcutaneous ICD in another pa-
tient failed to defibrillate induced ventricular fibrillation at maximum device
output. In each of these two cases, 20 J was arbitrarily added to the highest
energy tested to assign a defibrillation-threshold value. In the patient
whose subcutaneous device failed defibrillation testing, the parasternal
electrode had been incorrectly placed 6 cm lateral to the sternum.

The left lateral pulse generator with the 8-cm
parasternal coil electrode (Fig. 1A) had the low-
est mean defibrillation threshold, although the
differences among the configurations were not
significant (P=0.07 for all comparisons by analy-
sis of variance).

40 N ENGL ) MED 363;1

TEMPORARY SUBCUTANEOUS ICD VERSUS
TRANSVENOUS ICD

In the study comparing the subcutaneous ICD
with the transvenous ICD, the mean age of the 49
patients was 64+11 years (range, 42 to 79), and
47 of the patients were men. The average weight
was 85.3+12.8 kg (range, 61.0 to 114.0 [188+28
Ib; range, 134 to 251]). The mean ejection fraction
was 0.37+0.13 (range, 0.19 to 0.70). The mean de-
fibrillation threshold was 11.1+8.5J (95% CI, 8.6
to 13.5) with the transvenous ICD and 36.6219.8 ]
(95% CI, 31.1 to 42.5) with the subcutaneous ICD
(P<0.001) (Fig. 3B). The transvenous device in
one patient and the subcutaneous device in an-
other patient failed to terminate induced ventric-
ular fibrillation at maximum device output. In
the patient whose subcutaneous ICD failed defi-
brillation testing, the parasternal electrode had
been incorrectly positioned approximately 6 cm
to the left of the sternum, beyond the left lateral
margin of the heart.

PERMANENT SUBCUTANEOUS ICD PILOT STUDY
Six patients requiring ICD therapy underwent per-
manent subcutaneous device implantation in the
pilot study. The mean age of the patients was
60+11 years (range, 46 to 72), with a mean weight
0f 99.0£12.0 kg (range, 87.0 to 114.0 [218+26 lb;
range, 192 to 251]). All the patients were men.
The mean ejection fraction was 0.23+0.07 (range,
0.15 to 0.35). Five of the patients had coronary
disease, and one had nonischemic cardiomyopa-
thy. Two had undergone previous cardiac surgery.
One patient had a secondary-prevention indication,
and five had a primary-prevention indication.
All six patients underwent successful implan-
tation of the subcutaneous ICD, and in all the
patients, defibrillation with 65-] submaximal
shocks was successful during two consecutive epi-
sodes of induced ventricular fibrillation. A total
of 18 episodes of ventricular fibrillation were in-
duced (with one patient having multiple episodes
of nonsustained ventricular fibrillation terminat-
ing before shock delivery); all the episodes were
appropriately detected. After 488+2 days of fol-
low-up (95 patient-months of subcutaneous ICD
therapy), no spontaneous episodes of ventricular
tachycardia or ventricular fibrillation had oc-
curred in the six patients, and all were well, with
no device-related complications or inappropri-
ate shocks. Figure 4 shows data from one patient,
with postoperative chest radiographs and an elec-
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Figure 4. Chest Radiographs and an Electrocardiogram in a Patient Who Underwent Placement and Testing

of a Subcutaneous Implantable Cardioverter—Defibrillator (ICD).

The radiographs in Panels A and B show the locations of the electrode and pulse generator of a subcutaneous ICD
in a 54-year-old man who was evaluated in the pilot study. Panel C shows an electrocardiogram of an episode of in-
duced ventricular fibrillation and its termination in the patient. The subcutaneous ICD was being evaluated for pri-
mary prevention in the patient, who had coronary disease, New York Heart Association class Il heart failure with an
ejection fraction of 15%, and obstructive lung disease; the patient’s weight was 92 kg (203 Ib).

trogram from one episode of induction and ter-
mination of ventricular fibrillation.

EUROPEAN CLINICAL TRIAL
For the European single-group clinical trial, 65 pa-
tients who presented for ICD implantation satis-
fied the enrollment criteria. Eight patients declined
to participate in the study, and in two cases, the
patient’s physician opted for implantation of a
transvenous ICD. Thus, 55 patients were enrolled
in the trial, and all received a subcutaneous ICD.
The clinical characteristics of the patients are
shown in Table 1.

Defibrillation testing was not possible in two
patients because of intraoperative hemodynamic
instability in one patient and failure to induce ven-
tricular fibrillation in the other. Therefore, 53 pa-
tients were evaluated for sensing and defibrillation
during implantation. Of 137 episodes of induced
ventricular fibrillation, 100% were detected by the
subcutaneous ICD. In 52 of the 53 patients who
were tested (98%), two consecutive episodes of
induced arrhythmia were successfully converted
at 65 J. Among these 52 patients, conversion was
achieved with standard polarity in 50 patients and
with reverse polarity in 2 patients. In the 53rd
patient, defibrillation at 65 J was achieved during

the first induction but not during the second in-
duction. As specified by the protocol, this patient
received a transvenous ICD. In another patient, it
was necessary to reposition the electrode, which
was initially inserted in an inappropriate location
6 cm from the midline. The mean time to delivery
of a shock was 14.0£2.5 seconds. The mean dura-
tion of the procedure, which was performed for
the first time by most of the practitioners, includ-
ing device insertion and at least two induction
and termination tests, was 67+33 minutes. The
procedure time was reduced to 55+23 minutes for
practitioners who completed at least three im-
plantations.

After 10+1 months and 46 patient-years of fol-
low-up, 54 of 55 patients (98%) were alive. One
death from renal failure occurred 6 months after
device implantation in an 84-year-old patient.
Eighteen days before he died, the patient request-
ed that his subcutaneous ICD be turned off.
A pocket infection developed in two patients;
pocket revision was performed in one patient, and
the other elected to discontinue defibrillator ther-
apy. There were no cases of pocket erosion. No
lead fractures developed in any patient, and no
generator migration occurred. Minor lead migra-
tion was noted during follow-up in two patients.

N ENGLJ MED 363;1 NEJM.ORG JULY 1, 2010

Downloaded from www.nejm.org by JESUS RUEDA on July 23, 2010 .
Copyright © 2010 Massachusetts Medical Society. All rights reserved.

41



42

The NEW ENGLAND J

Table 1. Clinical Characteristics of 55 Patients in the
European Clinical Trial of a Subcutaneous Implantable
Cardioverter—Defibrillator (ICD).*

OURNAL of MEDICINE

shocks occurred. No shocks were delivered inap-
propriately for atrial fibrillation, sinus tachycar-
dia, or supraventricular tachycardia at any time

Characteristic Value
Age —yr

Mean 56x13

Range 22-84
Male sex — no. (%) 44 (80)
Body-mass indext

Mean 28+5

Range 17-40
Left ventricular ejection fraction

Mean 0.34+0.13

Range 0.14-0.73
Cause of cardiac disease — no. (%)

Coronary artery disease 37 (67)

Nonischemic cardiomyopathy 10 (18)

Congenital heart disease 2 (4)

Other condition 6 (11)
Previous cardiac surgery — no. (%) 17 (31)
Indication for ICD — no. (%)

Primary prevention 43 (78)

Secondary prevention 12 (22)

during the study when such episodes occurred at
rates of more than 170 beats per minute.

A total of 12 episodes of spontaneous ventricu-
lar tachycardia were detected and successfully
treated in three patients, including 1 episode
after the above-mentioned software revisions (see
the figure in the Supplementary Appendix). All
patients were treated before the onset of syncope,
and there were no adverse events. One of these
patients was successfully treated for repetitive ven-
tricular tachycardia (“VT storm”), including seven
successive episodes of ventricular tachycardia.

DISCUSSION

In the studies reported here, we describe the ini-
tial evaluation of an entirely subcutaneous ICD
system. We identified a suitable device configura-
tion, assessed the defibrillation threshold of the
device in comparison to that of the standard trans-
venous ICD, and conducted two small, single-
group trials of permanent device implantation.

* Plus—minus values are means +SD.
T The body-mass index is the weight in kilograms divided
by the square of the height in meters.

Another three patients had parasternal lead dis-
lodgment due to inadequate anchoring of the
distal tip of the electrode. In each of these pa-
tients, lead repositioning was required within a
week after surgery. In another patient, lead dis-
lodgment occurred at 6 months, during vigorous
physical activity.

In one patient, oversensing occurred because
of inadequate placement of the electrode in the
header block, resulting in inadequate contact with
one of the sensing electrodes. This problem was
addressed the day after surgery with reprogram-
ming of the detection vector rather than reopera-
tion. Inappropriate sensing due to muscle noise
occurred in three patients; the problem was ad-
dressed with device reprogramming in all three
cases. One patient who had received a new drug
therapy had inappropriate sensing (double detec-
tion) after the narrow QRS complex in sinus
rhythm changed to a right bundle-branch block
during sinus tachycardia (150 beats per minute).
During 3 months of further follow-up after the
detection algorithm was revised, no inappropriate

N ENGL ) MED 363;1

In the permanent-implantation studies, the sub-
cutaneous ICD successfully and consistently de-
tected and converted ventricular fibrillation that
was induced during electrophysiological testing.
The device also successfully detected and treated
12 episodes of spontaneous ventricular tachyar-
rhythmia that occurred in patients who were en-
rolled in the European clinical trial.

The goal of developing a subcutaneous ICD was
to overcome some of the problems that are as-
sociated with transvenous leads in conventional
ICDs.3611,14,15:40 §uch a device could potentially
reduce or eliminate problems such as failure to
achieve vascular access, intravascular injury, and
lead failure requiring difficult procedures for ex-
traction and replacement. Additional potential
benefits of such a device include the preservation
of venous access for other uses and the avoidance
of radiation exposure during fluoroscopy, which
is required for transvenous ICD implantation.
These benefits would be especially important for
young patients, in whom leads may fail during
the decades that therapy is needed.*

The need for ICD systems that avoid the use
of transvenous leads has been recognized previ-
ously,*>#° and some earlier exploratory efforts led
to the present work.>®5* Some physicians have
adapted existing technology to treat children with
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limited venous access. Leads have been inserted
in unusual locations, and epicardial and subcuta-
neous leads have been used.*##¢ Other subcuta-
neous defibrillation systems have been shown to
work with an approximate tripling of the energy
that is required by a transvenous system, find-
ings that are consistent with the results of our
study.*”*® However, such systems have not incor-
porated subcutaneous rhythm detection but in-
stead have used transvenous or epicardial sensing
electrodes for detection.

Our studies are preliminary, early-phase trials
that were primarily intended to show the feasibil-
ity of an entirely subcutaneous ICD. They pro-
vide limited information regarding the detection
and conversion of ventricular tachyarrhythmia in
the clinical setting, despite the demonstration of
consistent detection and termination of ventricu-
lar fibrillation at the time of implantation. These
studies cannot show whether subcutaneous ICDs
are superior to conventional transvenous ICDs
with respect to such characteristics as lead sta-
bility or failure. Indeed, the initial experience in-
cludes several cases of problems such as lead
migration, lead dislodgment, and inappropriate
sensing. With respect to each of these issues, the
subcutaneous ICD system was adjusted shortly af-
ter implantation in an effort to improve the sys-
tem’s reliability. Problems with lead dislodgment
have led to the introduction of an anchoring
sleeve and a new surgical technique. Inappropri-
ate sensing has been addressed through software

revision, with no incidents in the 3 months after
revision. However, these modifications will require
further testing in additional groups of patients.
Ultimately, the relative benefit of subcutaneous
ICDs, as compared with transvenous ICDs, will
need to be shown in large, long-term, random-
ized, prospective, multicenter clinical trials.

In addition, there are inherent limitations of
this device design. Although transient post-shock
pacing is available, the subcutaneous ICD cannot
provide long-term pacing. It is therefore not an
alternative to transvenous ICDs when antibrady-
cardia pacing is required. Also, the subcutaneous
ICD is not designed to treat patients with ventricu-
lar tachycardia at rates slower than 170 beats per
minute. The lack of capability to provide anti-
tachycardia pacing may be a limitation in patients
with frequent, recurrent, monomorphic ventricu-
lar tachycardia.

In conclusion, we found that in small, nonran-
domized studies, an entirely subcutaneous ICD
system successfully and consistently detected and
converted episodes of ventricular fibrillation that
were induced during electrophysiological testing.
It also successfully detected and treated all 12
episodes of spontaneous, sustained ventricular
tachyarrhythmia.

Supported by Cameron Health.

Disclosure forms provided by the authors are available with
the full text of this article at NEJM.org.

We thank Jon Hunt, Ph.D., Linda Smith, B.A., Jay Warren,

M.S.E.E., Stephen O’Connor, Ph.D., Rick Sanghera, B.S.E.E., Jill An-
derson, B.S.N., and George Johnson, B.S.E.E., for their assistance.

APPENDIX

The authors’ affiliations are as follows: the Seattle Institute for Cardiac Research, Seattle (G.H.B.); Auckland City Hospital, Auckland
(W.M.S., M.A.H.); and Christchurch Hospital, Christchurch (I.G.C., I.C.M., R.E.P.) — both in New Zealand; Liverpool Heart and Chest
Hospital, Liverpool (D.J.W.); Glasgow Royal Infirmary, Glasgow (D.T.C.); Kings College Hospital, London (F.D.M.); the Departments
of Cardiology (S.P.F., A.A.G.) and Anaesthetics and Intensive Care (A.O.), Papworth Hospital, Cambridge; Russell’s Hall Hospital, Dudley
(C.S.B.); and the School of Biological Sciences, University of Cambridge, Cambridge (A.A.G.) — all in the United Kingdom; Burdenko
Hospital, Moscow (A.V.A.); LR.C.C.S. Istituto Policlinico San Donato, Milan (P.L., R.C.); Kerckhoff-Klinik, Bad Nauheim (J.S.); Akade-
mische Lehrpraxisklinik der TU Dresden, Dresden (S.G.S.); and Klinikum Kassel, Kassel (J.N.) — all in Germany; and Erasmus Medical
Center, Rotterdam (L.J., D.T.); St. Antonius Hospital, Nieuwegein (L.B.); University Medical Center Groningen, University of Gronin-
gen, Groningen (A.H.M., I.C.V.G.); and Academic Medical Center, Amsterdam (A.A.W., P.F.D., R.E.K.) — all in the Netherlands.

REFERENCES

1. The Antiarrhythmics versus Implant-
able Defibrillators (AVID) Investigators.
A comparison of antiarrhythmic-drug
therapy with implantable defibrillators in
patients resuscitated from near-fatal ven-
tricular arrhythmias. N Engl J] Med 1997;
337:1576-83.

2. Moss AJ, Zareba W, Hall WJ, et al.
Prophylactic implantation of a defibrilla-
tor in patients with myocardial infarction
and reduced ejection fraction. N Engl J Med
2002;346:877-83.

N ENGL J MED 363;1

3. Bardy GH, Lee KL, Mark DB, et al.
Amiodarone or an implantable cardiovert-
er—defibrillator for congestive heart fail-
ure. N Engl J Med 2005;352:225-37. [Erra-
tum, N EnglJ Med 2005;352:2146.]

4. Myerburg RJ. Implantable cardiovert-
er—defibrillators after myocardial infarc-
tion. N Engl J Med 2008;359:2245-53.

5. Epstein AE. Benefits of the implant-
able cardioverter-defibrillator. ] Am Coll
Cardiol 2008;52:1122-7.

6. Grimm W, Menz V, Hoffmann J, et al.

NEJM.ORG JULY 1, 2010

Complications of third-generation implant-
able cardioverter defibrillator therapy. Pac-
ing Clin Electrophysiol 1999;22:206-11.

7. van Rooden CJ, Molhoek SG, Rosen-
daal FR, Schalij MJ, Meinders AE, Huis-
man MV. Incidence and risk factors of
early venous thrombosis associated with
permanent pacemaker leads. J Cardiovasc
Electrophysiol 2004;15:1258-62.

8. Alter P, Waldhans S, Plachta E, Moos-
dorf R, Grimm W. Complications of im-
plantable cardioverter defibrillator thera-

Downloaded from www.nejm.org by JESUS RUEDA on July 23, 2010 .
Copyright © 2010 Massachusetts Medical Society. All rights reserved.

43



44

AN ENTIRELY SUBCUTANEOUS CARDIOVERTER—DEFIBRILLATOR

py in 440 consecutive patients. Pacing Clin
Electrophysiol 2005;28:926-32.

9. Khairy P, Landzberg MJ, Gatzoulis MA,
et al. Transvenous pacing leads and sys-
temic thromboemboli in patients with in-
tracardiac shunts: a multicenter study. Cir-
culation 2006;113:2391-7.

10. Epstein AE, Baker JH II, Beau SL,
Deering TF, Greenberg SM, Goldman DS.
Performance of the St. Jude Medical Riata
leads. Heart Rhythm 2009;6:204-9.

11. Jones DG, Stiles MK, StewartJT, Arm-
strong GP. Ultrasound-guided venous ac-
cess for permanent pacemaker leads. Pac-
ing Clin Electrophysiol 2006;29:852-7.

12. Lelakowski J, Majewski J, Malecka B,
Bednarek J, Stypula P, Szeglowski M. Ret-
rospective analysis of reasons for failure
of DDD pacemaker implantation in patients
operated on between 1993 and 2005. Car-
diol J 2007;14:155-9.

13. Sherrid MV, Daubert JP. Risks and
challenges of implantable cardioverter-
defibrillators in young adults. Prog Car-
diovasc Dis 2008;51:237-63.

14. Sohail MR, Uslan DZ, Khan AH, et al.
Management and outcome of permanent
pacemaker and implantable cardioverter-
defibrillator infections. ] Am Coll Cardiol
2007;49:1851-9.

15. Danik SB, Mansour M, Singh J, et al.
Increased incidence of subacute lead perfo-
ration noted with one implantable cardio-
verter-defibrillator. Heart Rhythm 2007;4:
439-42.

16. Hauser RG, Almquist AK. Learning
from our mistakes? Testing new ICD tech-
nology. N Engl J Med 2008;359:2517-9.
17. Hauser RG, Maron BJ. Lessons from
the failure and recall of an implantable
cardioverter-defibrillator. Circulation 2005;
112:2040-2.

18. Maisel WH, Moynahan M, Zuckerman
BD, et al. Pacemaker and ICD generator
malfunctions: analysis of Food and Drug
Administration annual reports. JAMA 2006;
295:1901-6.

19. Hauser RG, Kallinen LM, Almquist
AK, Gornick CC, Katsiyiannis WT. Early
failure of a small-diameter high-voltage
implantable cardioverter-defibrillator lead.
Heart Rhythm 2007;4:892-6.

20. Dorwarth U, Frey B, Dugas M, et al.
Transvenous defibrillation leads: high in-
cidence of failure during long-term follow-
up. J Cardiovasc Electrophysiol 2003;14:
38-43.

21. Ellenbogen KA, Wood MA, Shepard
RK, et al. Detection and management of
an implantable cardioverter defibrillator
lead failure: incidence and clinical impli-
cations. ] Am Coll Cardiol 2003;41:73-80.
22. Kleemann T, Becker T, Doenges K, et
al. Annual rate of transvenous defibrilla-
tion lead defects in implantable cardio-
verter-defibrillators over a period of >10
years. Circulation 2007;115:2474-80.

23. Tung R, Zimetbaum P, Josephson ME.
A critical appraisal of implantable cardio-

verter-defibrillator therapy for the preven-
tion of sudden cardiac death. ] Am Coll
Cardiol 2008;52:1111-21.

24. Byrd CL, Wilkoff BL, Love CJ, et al.
Intravascular extraction of problematic or
infected permanent pacemaker leads:
1994-1996: U.S. Extraction Database, MED
Institute. Pacing Clin Electrophysiol 1999;
22:1348-57.

25. Duray GZ, Schmitt J, Cicek-Hartvig S,
Hohnloser SH, Israel CW. Complications
leading to surgical revision in implantable
cardioverter defibrillator patients: compari-
son of patients with single-chamber, dual-
chamber, and biventricular devices. Eu-
ropace 2009;11:297-302.

26. Eckstein J, Koller MT, Zabel M, et al.
Necessity from surgical revision of defibril-
lator leads implanted long-term: causes
and management. Circulation 2008;117:
2727-33.

27. Corrado A, Gasparini G, Raviele A.
Lead malfunctions in implantable cardio-
verter defibrillators: where are we and
where should we go? Europace 2009;11:
276-7.

28. Wilkoff BL. Lead failures: dealing with
even less perfect. Heart Rhythm 2007;4:
897-9.

29. Maisel WH. Semper fidelis — con-
sumer protection for patients with im-
planted medical devices. N Engl J Med
2008;358:985-7.

30. Cannom DS, Fisher J. The Fidelis re-
call: how much pressure can the ICD world
bear? Pacing Clin Electrophysiol 2008;31:
1233-5.

31. Farwell D, Green MS, Lemery R,
Gollob MH, Birnie DH. Accelerating risk
of Fidelis lead fracture. Heart Rhythm
2008;5:1375-9.

32. Food and Drug Administration. State-
ment on Medtronic’s voluntary market sus-
pension of their Sprint Fidelis defibrillator
leads. October 15, 2007. (Accessed April 27,
2010, at http://www.fda.gov/NewsEvents/
Newsroom/PressAnnouncements/2007/
ucm109007.htm.)

33. Ellenbogen KA, Wood MA, Swerdlow
CD. The Sprint Fidelis lead fracture story:
what do we really know and where do we go
from here? Heart Rhythm 2008;5:1380-1.
34. Gould PA, Gula LJ, ChampagneJ, et al.
Outcome of advisory implantable cardio-
verter-defibrillator replacement: one-year
follow-up. Heart Rhythm 2008;5:1675-81.
35. Maisel WH. Implantable cardioverter-
defibrillator lead complication: when is
an outbreak out of bounds? Heart Rhythm
2008;5:1673-4.

36. Schoenfeld MH. The “natural” history
of implantable defibrillators under advi-
sory. Heart Rhythm 2008;5:1682-4.

37. Epstein AE, DiMarco JP, Ellenbogen
KA, et al. ACC/AHA/HRS 2008 guidelines
for device-based therapy of cardiac rhythm
abnormalities: executive summary. Heart
Rhythm 2008;5:934-55. [Erratum, Heart
Rhythm 2009;6(1):e1.]

N ENGLJ MED 363;1 NEJM.ORG JULY 1, 2010

38. Armitage P, Berry G, Matthews JNS.
Statistical methods in medical research.
4th ed. Malden, MA: Blackwell Science,
2002.

39. Winer BJ. Statistical principles in ex-
perimental design. 2nd ed. New York:
McGraw-Hill, 1971.

40. Al-Khatib SM, Greiner MA, Peterson
ED, Hernandez AF, Schulman KA, Curtis
LH. Patient and implanting physician fac-
tors associated with mortality and com-
plications after implantable cardioverter-
defibrillator implantation, 2002-2005. Circ
Arrhythmia Electrophysiol 2008;1:240-9.
41. Sacher F, Probst V, Iesaka Y, et al. Out-
come after implantation of a cardioverter-
defibrillator in patients with Brugada syn-
drome: a multicenter study. Circulation
20006;114:2317-24.

42. Friedman RA, Garson A Jr. Implantable
defibrillators in children: from whence to
shock. J Cardiovasc Electrophysiol 2001;
12:361-2.

43. Alexander ME, Cecchin F, Walsh EP,
Triedman JK, Bevilacqua LM, Berul CIL.
Implications of implantable cardioverter
defibrillator therapy in congenital heart
disease and pediatrics. J Cardiovasc Elec-
trophysiol 2004;15:72-6.

44, Rhee EK. Finite element modeling of
novel ICD configurations in pediatric and
congenital heart disease: validation of the
MacGyver principle? Heart Rhythm 2008;5:
573-4.

45. Nanthakumar K. Trying to make
“sense” of extra thoracic implantable de-
fibrillator. Heart Rhythm 2007;5:35-6.
46. Jolley M, Stinstra J, Pieper S, et al.
A computer modeling tool for comparing
novel ICD electrode orientations in children
and adults. Heart Rhythm 2008;5:565-72.
47. Gradaus R, Hammel D, Kotthoff S,
Bocker D. Nonthoracotomy implantable
cardioverter defibrillator placement in chil-
dren: use of subcutaneous array leads and
abdominally placed implantable cardiovert-
er defibrillators in children. J Cardiovasc
Electrophysiol 2001;12:356-60.

48. Lieberman R, Havel W], Rashba E,
DeGroot PJ, Stromberg K, Shorofsky SR.
Acute defibrillation performance of a novel,
non-transvenous shock pathway in adult
ICD indicated patients. Heart Rhythm
2008;5:28-34.

49. Burke MC, Coman JA, Cates AW, et al.
Defibrillation energy requirements using
a left anterior chest cutaneous to subcuta-
neous shocking vector: implications for a
total subcutaneous implantable defibril-
lator. Heart Rhythm 2005;2:1332-8.

50. Cappato R, Bardy G. Sub-cutaneous
electrical defibrillation in canines. J] Am
Coll Cardiol 2005;45:Suppl 1:106A. ab-
stract.

51. Bardy GH, Cappato R, Smith WM, et al.
The totally subcutaneous ICD system. Pac-
ing Clin Electrophysiol 2002;25:Suppl:II-
578. abstract.

Copyright © 2010 Massachusetts Medical Society.

Downloaded from www.nejm.org by JESUS RUEDA on July 23, 2010 .
Copyright © 2010 Massachusetts Medical Society. All rights reserved.



