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Cardiac implantable electronic devices (CIEDs) constitute a 
major breakthrough in the management of heart rhythm disorders. These 
devices largely include bradycardia pacemakers, biventricular pacemakers, 

and implantable cardioverter–defibrillators (ICDs). In the United States, more than 
400,000 CIEDs are implanted every year.1,2 The increasing number of patients with 
a CIED has made it necessary for all clinicians to have a basic understanding of 
what these devices do, the evidence supporting their use, their possible contribu-
tion to the overall clinical presentation, and the consideration of how they should 
be managed when surgery, a nonsurgical procedure, magnetic resonance imaging 
(MRI), or radiation therapy is planned.

Br a dyc a r di a Pacem a k er s

Of all the available CIEDs, bradycardia pacemakers have been around the longest. 
Indications for bradycardia pacemakers include sick sinus syndrome and type II 
second-degree, high-grade, and complete heart block.3 Numerous randomized clini-
cal trials have compared the outcomes of different pacing modes for management 
of sick sinus syndrome and advanced heart block4-11 (Table 1). For patients with 
sick sinus syndrome, dual-chamber (atrial and ventricular) pacing has been shown 
to improve outcomes.4-7,9 Although single-chamber ventricular pacing and dual-
chamber pacing have a similar effect on outcomes in patients with high-grade atrio-
ventricular block,6,8,10 dual-chamber pacing is preferred for most patients in order 
to prevent the pacemaker syndrome.3

Although conventional bradycardia pacing is beneficial, insertion of such de-
vices carries known risks. About 10% of patients have a complication within 5 years 
after implantation of a conventional pacemaker.12,13 To avoid pacemaker pocket 
and lead-related complications, the leadless pacemaker was developed.14-16 The initial 
leadless pacemaker was capable of right ventricular pacing only. However, newer 
versions of the pacemaker can sense and track mechanical activity in the right 
atrium and pace in the right ventricle (although atrioventricular synchrony is not 
consistently achieved at lower rates and is lost at rates >135 beats per minute). One 
of the newer versions is capable of pacing in the right atrium and the right ventricle. 
Data are needed to address the question of whether replacement or the addition of 
a new leadless device is preferable in managing a leadless pacemaker at the end of 
battery life.

To date, there is a dearth of randomized, controlled trial data on the outcomes 
of leadless pacing as compared with those of conventional transvenous pacing. 
Data from observational studies show a high success rate for implantation of lead-
less pacemakers in real-world settings (approximately 99%) and a low rate of major 
complications.17,18 In observational studies using historical data or Medicare claims 
data on conventional transvenous pacemakers as controls, the risk of major compli-
cations with a leadless pacemaker was 31 to 63% lower than the risk with conven-
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tional transvenous pacemakers during the first 
year after implantation.15,16,18,19 The need for device-
related reintervention has also been shown to be 
significantly lower (range, 38 to 41% lower during 
the first year after implantation) for leadless pace-
makers than for conventional pacemakers.15,16,19

However, implantation of a leadless pace-
maker has been associated with a higher risk of 
cardiac perforation than implantation of a con-
ventional pacemaker (adjusted risk, 0.8% vs. 0.4%; 
difference, 0.4 percentage points; 95% confidence 
interval [CI], 0.1 to 0.7; P = 0.004).19 An analysis of 
the Food and Drug Administration’s Manufacturer 
and User Facility Device Experience (MAUDE) 
database showed that between June 2016 and 
July 2021, a total of 563 perforations were reported 

to have occurred within 30 days after implanta-
tion of a leadless pacemaker, leading to 150 deaths 
(27%) and 146 emergency surgeries (26%).20 With-
in 2 to 3 years after implantation, the risks of 
death from any cause and death due to cardio-
vascular causes appear to be similar between 
leadless pacemakers and conventional pacemak-
ers.15,21 However, a 3-year comparison of the 
Micra pacemaker (leadless VVI) with a transve-
nous, single-chamber ventricular pacemaker 
(transvenous VVI) in the Micra Coverage with 
Evidence Development (CED) Study, which used 
Medicare administrative claims data, showed that 
patients with a leadless VVI had slightly lower 
rates of hospitalization for heart failure (hazard 
ratio, 0.90; 95% CI, 0.84 to 0.97).16

Figure 1. Pros and Cons of Various Pacemaker Types.

Adapted from Reynolds et al.24

Conventional Transvenous Pacemaker

Pros:
 • Longer duration of use
 • Better at ensuring atrioventricular synchrony
 • Ability to achieve conduction system pacing

Cons:
 • Higher risk of infection
 • Higher risk of lead-related complications

Leadless Pacemaker

Pros:
 • Lower risk of infection
 • No lead-related complications
 • Lower need for device-related
    reintervention

Cons:
 • Suboptimal degree of atrioventricular
   synchrony in many patients
 • Higher risk of cardiac perforation
 • Inability to achieve conduction system
   pacing
 • Lack of experience with long-term
   device extraction
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An important advantage of the leadless pace-
makers is the significantly lower risk of infection. 
In the 3-year analysis of the Micra CED Study, 
the risk of infection was less than 0.2%.16 Among 
720 patients who received a leadless pacemaker 
in the Micra investigational device exemption trial, 
21 serious infections, defined as bacteremia or 
endocarditis, occurred in 16 patients. None of the 
infections were deemed to be due to the leadless 
pacemaker, and no cases of persistent bactere-
mia after cessation of antibiotic therapy were 
observed during 13 months of follow-up.22 The 
low risk of infection makes leadless pacemakers 
a particularly good option for patients on hemo-
dialysis. In a study involving 201 patients on 
hemodialysis, with a mean follow-up of 6 months, 
no patient had a device-related infection or re-
quired device removal due to bacteremia.23 A com-
parison of transvenous conventional pacemakers 
with leadless pacemakers is shown in Figure 1.24 
A dual-chamber leadless pacemaker was investi-
gated in a prospective, multicenter, single-group 
study25 involving 300 patients. The primary safety 
end point, freedom from device and procedure-
related complications at 90 days, was met for 
271 patients (90.3%), an outcome that surpassed 
the performance goal of 78% (P<0.001). How-
ever, more data are still needed on dual-chamber 
leadless pacemakers.

An important complication of right ventricu-
lar pacing is the development of pacing-induced 
cardiomyopathy. In studies of conventional trans-
venous pacing, the incidence of pacing-induced 
cardiomyopathy ranged from 6 to 25%.26-28 The 
most widely accepted definition of pacing-induced 
cardiomyopathy is a left ventricular ejection frac-
tion (LVEF) of 50% or less, coupled with an ab-
solute reduction of 5 to 10 percentage points from 
the baseline LVEF. Risk factors for pacing-induced 
cardiomyopathy include older age, male sex, a his-
tory of atrial fibrillation, a wider-paced QRS dura-
tion, left ventricular dysfunction at baseline, and 
a high burden of right ventricular pacing.26-29 Cur-
rently, there is no consensus on what constitutes 
a high right ventricular pacing burden. Although 
40% is widely used, 20% right ventricular pacing 
can result in pacing-induced cardiomyopathy.30 
Therefore, when possible, right ventricular pac-
ing should be minimized through proper pace-
maker programming.31,32 Although proper pro-
gramming should be ensured at implantation, it 
is important to remember that pacemakers often 

need to be reprogrammed after implantation in 
order to satisfy the individual needs of patients.

For patients who are expected to have a right 
ventricular pacing burden that exceeds 20%, car-
diac physiologic pacing is becoming the stan-
dard.30 Cardiac physiologic pacing is defined as 
any form of cardiac pacing that restores or pre-
serves the synchrony of ventricular contraction.30 
Cardiac physiologic pacing can be achieved through 
cardiac-resynchronization therapy (CRT), which 
usually involves biventricular pacing, in most cases 
with the use of a transvenous coronary sinus 
pacing lead, or with conduction system pacing, in 
which the right ventricular lead is positioned in 
the region of the His bundle or the left bundle-
branch area.30

Bi v en tr icul a r Pacem a k er s

Biventricular pacing has revolutionized the treat-
ment and outcomes of heart failure and a reduced 
ejection fraction. Class I and class IIa indications 
for biventricular pacing are grouped as follows: 
an LVEF of 35% or lower, left bundle-branch block, 
a QRS duration of 150 msec or longer, and New 
York Heart Association (NYHA) class III or am-
bulatory class IV despite optimal medical thera-
py for heart failure; an LVEF of 35% or lower, left 
bundle-branch block with a QRS duration of 130 
msec or longer, and NYHA class II, III, or ambu-
latory class IV despite optimal medical therapy 
for heart failure; and an LVEF of 35% or lower, 
no left bundle-branch block, a QRS duration of 
150 msec or longer, and NYHA class II, III, or 
ambulatory class IV despite optimal medical ther-
apy for heart failure.33 The pivotal randomized tri-
als supporting these recommendations are shown 
in Table 2.34-37

An important recommendation for cardiac 
physiologic pacing concerns patients with an in-
dication for permanent pacing and an LVEF of 
36 to 50% who are expected to have substantial 
right ventricular pacing (20 to 40%). For such 
patients, cardiac physiologic pacing is reasonable 
in order to reduce the risk of pacing-induced car-
diomyopathy.30 This recommendation is sup-
ported by the results of the BLOCK HF (Biven-
tricular versus Right Ventricular Pacing in Heart 
Failure Patients with Atrioventricular Block) trial, 
which showed that in patients with heart failure 
and an LVEF of 50% or less who were expected 
to have a high right ventricular pacing burden, 
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biventricular pacing was superior to right ventricu-
lar pacing in increasing the time to death, reduc-
ing the need for an urgent care visit for heart 
failure requiring intravenous therapy, and reduc-
ing the risk of a 15% or greater increase in the 
left ventricular end-systolic volume index.42 How-
ever, these results were not replicated by BioPace 
(Biventricular Pacing for Atrio-Ventricular Block 
to Prevent Cardiac Desynchronization Study).43 
Since a report on the full results of the trial was 
never published, the BLOCK HF findings have 
had a larger impact on guidelines and clinical 
practice.3,30,42,43

Determinants of a benefit from biventricular 
pacing include patient characteristics, the loca-
tion of the left ventricular lead (a nonapical lat-
eral or posterolateral location is best), and opti-
mal programming of the device to ensure more 
than 97% biventricular pacing.44 Patient charac-
teristics that portend a higher likelihood of a ben-
efit from biventricular pacing include left bundle-
branch block, nonischemic cardiomyopathy, and 
female sex.45,46 Evidence that women derive a ben-
efit from biventricular pacing at a shorter QRS 
duration than do men informed a new class I rec-
ommendation of biventricular pacing for women 
who have an LVEF of 35% or lower, sinus rhythm, 
left bundle-branch block with a QRS duration of 
120 to 149 msec, and NYHA class II, III, or IV 
symptoms while receiving optimal medical ther-
apy.30 The cumulative evidence supports a role for 
biventricular pacing in patients with atrial fibril-
lation. Thus, biventricular pacing is recommend-
ed for improvements in the quality of life, func-
tional capacity, and LVEF in patients with atrial 
fibrillation.30

Conduc tion S ys tem Pacing

Although conduction system pacing started with 
His bundle pacing, left bundle-branch area pacing 
is quickly becoming the standard because of easier 
deployment and a lower risk of lead dislodgement 
during follow-up.30 In a prospective, multicenter 
cohort study of left bundle-branch area pacing in 
63 patients with nonischemic cardiomyopathy, 
the mean (±SD) QRS complex shortened from 
169±16 msec to 118±12 msec (P<0.001), the LVEF 
increased from 33±8% to 55±10% (P<0.001), the 
left ventricular end-systolic volume decreased 
from 123±61 ml to 67±39 ml (P<0.001), and the 
NYHA class improved from 2.8±0.6 at baseline R

C
T 

an
d 

Ye
ar

Sa
m

pl
e 

 
Si

ze
Fo

llo
w

-u
p

Pa
tie

nt
 P

op
ul

at
io

n
Pr

im
ar

y 
En

d 
Po

in
t

M
ai

n 
Fi

nd
in

gs

no
. o

f  
pa

tie
nt

s
m

o

M
ul

tic
en

te
r 

A
ut

om
at

ic
 D

ef
ib

ri
lla

to
r 

Im
pl

an
ta

tio
n 

Tr
ia

l I
I (

M
A

D
IT

-I
I)

,39
 

20
02

12
32

20
Pr

io
r 

m
yo

ca
rd

ia
l i

nf
ar

ct
io

n 
an

d 
LV

EF
 ≤

30
%

A
ll-

ca
us

e 
m

or
ta

lit
y

Th
e 

H
R

 fo
r 

de
at

h 
fr

om
 a

ny
 c

au
se

 in
 th

e 
IC

D
 

gr
ou

p 
vs

. t
he

 c
on

ve
nt

io
na

l m
ed

ic
al

 th
er

ap
y 

gr
ou

p 
w

as
 0

.6
9 

(9
5%

 C
I, 

0.
51

 to
 0

.9
3;

 
P 

= 
0.

02
)

D
ef

ib
ri

lla
to

rs
 in

 N
on

-I
sc

he
m

ic
 

C
ar

di
om

yo
pa

th
y 

Tr
ea

tm
en

t 
Ev

al
ua

tio
n 

(D
EF

IN
IT

E)
,40

 2
00

4

45
8

29
N

on
is

ch
em

ic
 c

ar
di

om
yo

pa
th

y,
 

LV
EF

 ≤
 3

5%
, p

re
m

at
ur

e 
ve

n-
tr

ic
ul

ar
 c

om
pl

ex
es

 o
r 

no
ns

us
-

ta
in

ed
 v

en
tr

ic
ul

ar
 ta

ch
yc

ar
di

a

A
ll-

ca
us

e 
m

or
ta

lit
y

Th
e 

H
R

 fo
r 

de
at

h 
fr

om
 a

ny
 c

au
se

 in
 th

e 
IC

D
 

gr
ou

p 
vs

. t
he

 m
ed

ic
al

 th
er

ap
y 

gr
ou

p 
w

as
 

0.
65

 (
95

%
 C

I, 
0.

40
 to

 1
.0

6;
 P

 =
 0

.0
8)

Su
dd

en
 C

ar
di

ac
 D

ea
th

 in
 H

ea
rt

 
Fa

ilu
re

 T
ri

al
 (

SC
D

-H
eF

T)
,41

 2
00

5
25

21
45

.5
N

YH
A

 c
la

ss
 II

 o
r 

II
I, 

H
F 

du
e 

to
 

is
ch

em
ic

 o
r 

no
ni

sc
he

m
ic

 c
ar

-
di

om
yo

pa
th

y,
 a

nd
 L

V
EF

 ≤
35

%

A
ll-

ca
us

e 
m

or
ta

lit
y

A
s 

co
m

pa
re

d 
w

ith
 p

la
ce

bo
, a

m
io

da
ro

ne
 r

e-
su

lte
d 

in
 a

 s
im

ila
r 

ri
sk

 o
f d

ea
th

 (
H

R
, 1

.0
6;

 
97

.5
%

 C
I, 

0.
86

 to
 1

.3
0;

 P
 =

 0
.5

3)
; t

he
 IC

D
 

de
cr

ea
se

d 
th

e 
ri

sk
 o

f d
ea

th
 b

y 
23

%
 (

H
R

, 
0.

77
; 9

7.
5%

 C
I, 

0.
62

 to
 0

.9
6;

 P
 =

 0
.0

07
)

*	�
Pl

us
–m

in
us

 v
al

ue
s 

ar
e 

m
ea

ns
 ±

SD
. H

R
 d

en
ot

es
 h

az
ar

d 
ra

tio
, L

V
EF

 le
ft

 v
en

tr
ic

ul
ar

 e
je

ct
io

n 
fr

ac
tio

n,
 a

nd
 N

YH
A

 N
ew

 Y
or

k 
H

ea
rt

 A
ss

oc
ia

tio
n.



n engl j med 390;5  nejm.org  February 1, 2024448

T h e  n e w  e ngl a nd  j o u r na l  o f  m e dic i n e

to 1.4±0.6 at 1 year.47 An international, multi-
center, collaborative study involving 325 patients 
showed that left bundle-branch area pacing was 
associated with a narrowing of the QRS com-
plex, from 152±32 msec to 137±22 msec (P<0.01), 
and an increase in the LVEF, from 33±10% to 
44±11% (P<0.01) during 6 months of follow-up.48 
Clinical improvements were seen in 72% of the 
patients, and echocardiographic improvements 
were seen in 73% of the patients.

In a randomized trial involving 40 patients 
with nonischemic cardiomyopathy and left bun-
dle-branch block, after 6 months of follow-up, 
LVEF improvement was significantly greater with 
left bundle-branch area pacing than with biven-
tricular pacing (mean difference, 5.6%; 95% CI, 
0.3 to 10.9; P = 0.04).49 Left bundle-branch area 
pacing also resulted in greater reductions in left 
ventricular end-systolic volume and N-terminal 
pro–brain natriuretic peptide, with similar chang-
es in NYHA class, 6-minute walk distance, QRS 
duration, and rates of CRT response.

A prospective, multicenter, nonrandomized 
study compared left bundle-branch area pacing 
with biventricular pacing in 371 patients.50 During 
a median follow-up of 340 days, the composite 

end point of hospitalization for heart failure and 
all-cause mortality occurred in 24.2% of patients 
in the group assigned to left bundle-branch area 
pacing as compared with 42.4% of those in the 
biventricular pacing group (hazard ratio, 0.621; 
95% CI, 0.415 to 0.93; P = 0.02). Left bundle-
branch area pacing was associated with a shorter 
QRS duration (123.7±18 msec vs. 149.3±29.1 msec, 
P<0.001) and a higher postprocedural LVEF 
(34.1±12.5% vs. 31.4±10.8%, P = 0.04). In an ob-
servational study involving 1778 patients with an 
LVEF of 35% or less who received first-time bi-
ventricular pacing (981 patients) or left bundle-
branch area pacing (797 patients) for a class I or 
II indication for CRT, the adjusted incidence of 
the primary outcome, death or hospitalization 
for heart failure in a time-to-event analysis, was 
significantly reduced with left bundle-branch 
area pacing than with biventricular pacing 
(20.8% vs. 28%; hazard ratio, 1.495; 95% CI, 
1.213 to 1.842; P<0.001).51 LVEF improvement 
was significantly greater with left bundle-branch 
area pacing than with biventricular pacing 
(13±12% vs. 10±12%, P<0.001). How to select 
the best pacemaker type for a given patient is 
summarized in Figure 2.

Figure 2. Selecting a Pacemaker Type for a Given Patient.

A conventional transvenous pacemaker has a right ventricular lead in an apical or septal position (and excludes conduction system  
pacing). Adapted from Jarcho,52 Reynolds et al.,24 and Knops et al.25 AVB denotes atrioventricular block, and LVEF left ventricular ejection 
fraction.

Conventional
transvenous
pacemaker

Dual-chamber
leadless

pacemaker
Leadless

pacemaker
Biventricular
pacemaker

Conduction
system pacing

Sick sinus syndrome
Type II second-degree AVB,

high-grade AVB, and complete
heart block with an LVEF >50%

Type II second-degree AVB,
high-grade AVB, and complete
heart block with an LVEF ≤50%
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Impl a n ta ble C a r diov erter–
Defibr ill at or s

The ICD is one of the most effective therapies 
currently available for the prevention of sudden 
death from cardiac causes, the most common 
cause of death in developed countries.53 Common 
indications for an ICD include sustained ven-
tricular arrhythmias or sudden cardiac arrest not 
due to a reversible cause; chronic systolic heart 
failure due to ischemic or nonischemic cardio-
myopathy, an LVEF of 35% or lower, and NYHA 
class II or III despite optimal medical therapy for 
heart failure; chronic systolic heart failure due to 
ischemic cardiomyopathy, an LVEF of 30% or 
lower, and NYHA class I despite optimal medi-
cal therapy for heart failure; and inherited car-
diomyopathies (e.g., hypertrophic cardiomyopathy) 
and channelopathies (e.g., the long QT syndrome).53 
The pivotal randomized trials informing the 
first three sets of indications are shown in Ta-
ble 2.38-41 There is also real-world evidence of the 
effectiveness of ICDs for primary prevention in 
patients with heart failure (the second and third 
sets of indications above) overall and in impor-
tant subgroups such as women, Black patients, 
and even patients with coexisting conditions.54-58

Prior study results supporting use of ICDs in 
patients with nonischemic cardiomyopathy were 
challenged by the findings of DANISH (Danish 
Study to Assess the Efficacy of ICDs in Patients 
with Non-Ischemic Systolic Heart Failure on Mor-
tality), which showed that ICDs used for primary 
prevention did not improve survival.59 Potential 
explanations for these disparate findings be-
tween DANISH and prior trials include selection 
of patients at higher risk for death from heart 
failure than for sudden death from cardiac causes, 
enrollment of a majority of patients who received 
a CRT device, and the salutary effects of improved 
medical therapy for heart failure on the risk of 
sudden death from cardiac causes. More data are 
needed on the outcomes of ICD use in patients 
with nonischemic cardiomyopathy.

An important advance in ICDs is an entirely 
subcutaneous ICD, which was introduced to pre-
vent transvenous lead–related issues such as in-
fection, fracture, dislodgement, and tricuspid 
regurgitation.60 The subcutaneous ICD is a par-
ticularly attractive option for patients who have 
a high risk of infection and those with venous 
access issues.53,61 Two randomized trials have com-

pared the outcomes of subcutaneous ICDs with 
transvenous ICDs.62,63 The PRAETORIAN (Prospec-
tive Randomized Comparison of Subcutaneous 
and Transvenous Implantable Cardioverter Defi-
brillator Therapy) trial, which randomly assigned 
849 patients with guideline-recommended indi-
cations for an ICD to a transvenous ICD (423 pa-
tients) or a subcutaneous ICD (426 patients), 
showed that during a median follow-up of 49.1 
months, the primary end point of device-related 
complications and inappropriate shocks (delivered 
for causes other than ventricular arrhythmias) 
was similar in the two groups (hazard ratio for 
subcutaneous ICDs, 0.99; 95% CI, 0.71 to 1.39; 
P = 0.01 for noninferiority).62

The ATLAS (Avoid Transvenous Leads in Ap-
propriate Subjects) trial compared subcutaneous 
ICDs with transvenous ICDs in 544 patients who 
had guideline-based indications for an ICD, were 
60 years of age or younger, and had prespecified 
risk factors for lead complications.63 During a 
mean follow-up of 2.5 years, perioperative, lead-
related complications were significantly reduced 
in the group of patients who received subcutane-
ous ICDs as compared with the transvenous ICD 
group (1 of 251 patients [0.4%] vs. 12 of 252 
[4.8%]; difference, −4.4 percentage points; 95% 
CI, −6.9 to −1.9; P = 0.001). Data from registries 
have shown good outcomes with subcutaneous 
ICDs and a significant reduction in the risk of 
inappropriate shocks with the newer models.64-67 
Although the subcutaneous ICD does not provide 
pacing, studies are under way to determine wheth-
er this device can effectively and safely be paired 
with a leadless pacemaker.

The pros and cons of each type of ICD should 
be included in shared decision-making discussions 
with patients. These discussions should cover not 
just the lower risk of complications with the sub-
cutaneous ICD but also its larger size, shorter bat-
tery life, and inability to provide pacing, including 
antitachycardia pacing to terminate ventricular 
arrhythmias. In addition, patients who are can-
didates for a subcutaneous ICD should be in-
formed about the need for screening with a 
special electrocardiogram (ECG) to reduce the 
risk of inappropriate shocks. About 10% of 
candidates do not pass the screening. Figure 3 
shows the main differences among the transve-
nous ICD, the subcutaneous ICD, and the extra-
vascular ICD.

To overcome some of the limitations of the 
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subcutaneous ICD (e.g., size and inability to pace), 
the extravascular ICD was invented. In a pro-
spective, nonrandomized, premarket global clin-
ical trial, 316 patients with guideline indications 
for an ICD received an extravascular ICD system 
and underwent defibrillation threshold testing.68 
Defibrillation was successful in 98.7% of the 
patients (P<0.001 for the comparison with the 
performance goal of 88%). A total of 29 patients 
received 118 inappropriate shocks for 81 ar-
rhythmic episodes.

All current ICDs are magnetic resonance im-
aging (MRI)–conditional (meaning that they are 
safe in an MRI environment provided that spe-
cific conditions are met) and are very effective at 
terminating ventricular arrhythmias. In addi-
tion, these devices can discriminate ventricular 
arrhythmias from supraventricular arrhythmias, 
a feature that has led to reduced rates of inap-
propriate shocks.53,69 Implementation of optimal 

ICD programming by setting longer detection 
durations and higher rate cutoffs for ventricular 
arrhythmias has further reduced the risk of in-
appropriate shocks.70,71

Possible Con tr ibu tion of CIEDs 
t o the Clinic a l Pr esen tation

In patients with a CIED, it is critically important 
to consider whether and, if so, how the CIED 
may be contributing to the overall clinical pre-
sentation. Patients who have a CIED and present 
with any symptom or sign of a systemic infec-
tion should be evaluated for a device-related in-
fection, which in some patients may be quite 
subtle.72 It is also imperative for clinicians to 
realize that bacteremia may be an indication for 
device and lead extraction, even in the absence 
of signs of device pocket infection, and involving 
the electrophysiology team early in the care of 

Figure 3. Pros and Cons of Various ICD Types.

Adapted from Bardy et al.60 and Friedman et al.68 ICD denotes implantable cardioverter–defibrillator.

Conventional Transvenous ICD

Pros:
 • Longer duration of use
 • Supported by the strongest evidence
 • Capable of bradycardia, antitachycardia,
   and, in some, biventricular pacing
 • Longest battery life

Cons:
 • Higher risk of infection
 • Higher risk of lead-related
   complications

Subcutaneous ICD

Pros:
 • Lower risk of infection
 • Lower risk of lead-related complications

Cons:
 • Largest size
 • Shorter battery life
 • Not capable of bradycardia,
   antitachycardia, or biventricular pacing

Extravascular ICD

Pros:
 • Lower risk of lead-related complications
 • Capable of bradycardia and
    antitachycardia pacing

Cons:
 • No clinical practice data (not
    FDA-approved for clinical use in the 
   United States)
 • Higher risk of inappropriate shocks
 • Logistic difficulties in aligning 
   electrophysiologist's availability with
   thoracic surgeon’s availability



n engl j med 390;5  nejm.org  February 1, 2024 451

Cardiac Implantable Electronic Devices

such patients is advisable.72 For patients presenting 
with cardiac symptoms, signs, or both, the CIED 
should be checked to assess the battery longev-
ity and to rule out device or lead malfunction, 
inappropriate or suboptimal device programming, 
a high right ventricular pacing burden, and ar-
rhythmias recorded by the device that may be 
responsible for the patient’s presentation. Many 
ICDs and biventricular pacemakers provide data 
on the volume status that may inform the treat-
ment of heart failure.73,74 Many CIEDs are moni-
tored remotely, and information about the integ-
rity of the device or leads and the occurrence of 
arrhythmias can be retrieved from remote trans-
missions.

CIED Management for Surgery, Nonsurgical 
Procedures, MRI, and Radiation Therapy

Clinicians involved in procedures that use any 
sources of electromagnetic interference should 
be aware of best practices related to the periop-
erative management of CIEDs. Such practices 
tailor the management plan to the individual 
patient, the type of CIED, the type of surgery, 
and the location of the device in relation to the 
surgical site.75 The surgical team should imple-
ment the management plan proposed by the 
CIED team, which can largely be derived from 
the CIED clinic records, which specifies when 
devices should be reprogrammed or when a 
magnet should be applied (to disable sensing) in 
order to prevent electromagnetic interference 
from inhibiting pacing in pacemaker-dependent 
patients and from causing inappropriate ICD 
shocks. Only a minority of patients require as-
sessment by a CIED specialist perioperatively. It 
is recommended that patients with pacemakers 
who will be undergoing elective surgery have 
their device checked as part of routine care dur-
ing the preceding 12 months, and patients with 
ICDs who will be undergoing elective surgery 
should have their ICD checked as part of routine 
care during the preceding 6 months.75

Newer-generation CIEDs are MRI-condition-
al. However, some patients have devices that are 
not MRI-conditional or have abandoned or epi-
cardial leads that preclude MRI. If MRI is ur-
gently needed, the electrophysiology team should 
be consulted regarding how to maximize the 
safety of MRI in these circumstances.

If a CIED is directly in the field of radiation 

therapy, it should be moved to another site. If a 
CIED is not directly in the field of radiation 
therapy, damage to the device is infrequent. Fac-
tors that warrant heightened monitoring during 
and after radiation therapy76 include pacemaker 
dependency, the presence of an ICD, exposure to 
neutron contamination, and an increase in the 
absorbed radiation dose because of the proxim-
ity of the device to the radiation field. Generally, 
patients with any of these factors should un-
dergo close monitoring and magnet application 
during radiation therapy and routine weekly de-
vice interrogations (in person or through remote 
monitoring). A multidisciplinary approach that 
involves radiation oncologists, cardio-oncologists, 
and electrophysiologists is necessary to ensure 
the safety of patients with CIEDs who are receiv-
ing radiation therapy.76

Conclusions a nd Fu t ur e 
Dir ec tions

The field of CIEDs has evolved substantially in the 
past two decades, and evidence is accumulating 
with respect to which patients benefit most from 
different methods of pacing and various types of 
ICD. Despite these major advances, several gaps 
in knowledge remain. In relation to pacing, we 
need to determine both how to optimize the ef-
fectiveness and safety of dual-chamber, leadless 
pacemakers and whether leadless pacemakers 
could be developed that would allow conduction 
system pacing. More data are needed on how the 
effectiveness and safety of His or left bundle-
branch area pacing compare with those of bi-
ventricular pacing. This question is being as-
sessed by the Left vs. Left pragmatic randomized 
trial, which is enrolling patients with an LVEF 
of 50% or less and either a wide QRS complex 
(≥130 msec) or anticipated pacing of 40% or 
more.76

More data are needed on the role of ICDs for 
primary prevention in patients with nonischemic 
cardiomyopathy; the outcomes of subcutaneous 
ICDs in patients not included or not well repre-
sented in prior studies, such as patients with 
hypertrophic cardiomyopathy; and the outcomes 
of extravascular ICDs. Other data gaps concern 
the identification of patients who are most likely 
to benefit from an ICD among all ICD-eligible 
patients and the development of methods to iden-
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tify and treat patients at high personal risk for 
sudden death from cardiac causes who are not 
identified by current ICD guidelines.53 Filling these 
gaps will enable clinicians to deliver personalized 

care, ensuring that patients receive the type of 
CIED that will provide the greatest benefit.

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