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The Effects of Right Ventricular Apical Pacing
on Ventricular Function and Dyssynchrony
Implications for Therapy
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Cardiac pacing is the only effective treatment for patients with sick sinus syndrome and atrioventricular conduc-
tion disorders. In cardiac pacing, the endocardial pacing lead is typically positioned at the right ventricular (RV)
apex. At the same time, there is increasing indirect evidence, derived from large pacing mode selection trials
and observational studies, that conventional RV apical pacing may have detrimental effects on cardiac structure
and left ventricular function, which are associated with the development of heart failure. These detrimental ef-
fects may be related to the abnormal electrical and mechanical activation pattern of the ventricles (or ventricu-
lar dyssynchrony) caused by RV apical pacing. Still, it remains uncertain if the deterioration of left ventricular
function as noted in a proportion of patients receiving RV apical pacing is directly related to acutely induced left
ventricular dyssynchrony. The upgrade from RV pacing to cardiac resynchronization therapy may partially reverse
the deleterious effects of RV pacing. It has even been suggested that selected patients with a conventional pace-
maker indication should receive cardiac resynchronization therapy to avoid the deleterious effects. This review
will provide a contemporary overview of the available evidence on the detrimental effects of RV apical pacing.
Furthermore, the available alternatives for patients with a standard pacemaker indication will be discussed. In
particular, the role of cardiac resynchronization therapy and alternative RV pacing sites in these patients will be
reviewed. (J Am Coll Cardiol 2009;54:764–76) © 2009 by the American College of Cardiology Foundation

ublished by Elsevier Inc. doi:10.1016/j.jacc.2009.06.006
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or decades, cardiac pacing has been an effective treatment
n the management of patients with bradyarrhythmias and
achyarrhythmias (1). New indications for pacing such as
rug-refractory heart failure have been introduced (2).
owever, sick sinus syndrome and atrioventricular (AV)

onduction disorders still remain the most important indi-
ations for cardiac pacing (3). The endocardial pacing lead
s typically positioned at the right ventricular (RV) apex. In
eneral, RV apical pacing is very well-tolerated and effec-
ive. However, it has been suggested that RV apical pacing
ay have detrimental effects on cardiac structure and left

entricular (LV) function (4). This may be related to the
bnormal electrical and mechanical activation pattern of the
entricles (or ventricular dyssynchrony) caused by RV apical
acing. In recent years, the association between RV apical
acing and mechanical dyssynchrony as well as their effects
n cardiac function have been studied by electrophysiolo-
ists, cardiac imaging experts, and physiologists. Although
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he approach to this complex problem may differ among
hem, the overlapping perspectives have provided important
athophysiologic information.
In this paper, the potential detrimental effects of RV

pical pacing and the underlying pathophysiology will be
eviewed. In particular, the role of ventricular dyssynchrony
ill be discussed. Furthermore, the therapeutic options in
atients with a pacemaker indication will be reviewed,
ncluding the role of cardiac resynchronization therapy
CRT) and alternative RV pacing sites.

he Effects of RV Apical Pacing

ardiac pacing is the only effective treatment for symptom-
tic sinus node disease, and it can improve symptomatic
hronotropic incompetence (1). In addition, numerous
tudies have demonstrated symptomatic and functional
mprovement by cardiac pacing in patients with AV block
5). Furthermore, conventional dual-chamber pacing can
mprove cardiac function in selected patients with LV
ysfunction (6). Finally, cardiac pacing is an effective treat-
ent in controlling symptoms of chronic, drug-refractory

trial fibrillation (7). In the last decades, there have been
ignificant increases in the incidence of pacemaker implan-

ations (8).
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A number of large randomized clinical trials have pro-
ided important information for selection of the optimal
acing mode (9–11). But more importantly, these trials
ave suggested an association between RV apical pacing and
ardiac morbidity and mortality. In addition, a number of
linical (12,13) and pre-clinical (14,15) studies have inves-
igated the exact effects of RV apical pacing on cardiac
unction. Furthermore, it has been suggested that pacing-
nduced mechanical dyssynchrony is associated with a de-
erioration of LV function and clinical status in patients
ith permanent RV apical pacing (16).
vidence from pacing mode trials. Several large, random-

zed clinical trials on pacing mode selection have suggested
n association between a high percentage of RV apical
acing and a worse clinical outcome (17). A substudy of the
OST (Mode Selection Trial) demonstrated a strong

ssociation between RV pacing and the risk of heart failure
ospitalization and atrial fibrillation in both “physiologic
acing” (dual-chamber pacing [DDDR]: n � 707) and
entricular pacing (single-chamber ventricular pacing
VVIR]: n � 632) (10). It was noted that �40% of
entricular pacing in the DDDR group was associated with
n increased risk of heart failure hospitalization (hazard
atio [HR]: 2.60; 95% confidence interval [CI]: 1.05 to
.47; p � 0.05) and that �80% of ventricular pacing in the
VIR group was associated with an increased risk of heart

ailure hospitalization (HR: 2.50; 95% CI: 1.44 to 4.36; p �
.05). In the DAVID (Dual Chamber and VVI Implantable
efibrillator) trial (11), patients with a standard indication

or a defibrillator implantation, but without an indication
or anti-bradycardia pacing, were randomized to either
hysiologic pacing (DDDR mode, lower rate of 70 beats/
in) or ventricular backup pacing (VVIR mode, lower rate

f 40 beats/min). After a median follow-up of 8.4 months,
he primary outcome measure (freedom from death and
bsence of hospitalization for new or worsened heart failure)
as lower in the VVIR-40 group than in the DDDR-70
roup (relative hazard: 1.61; 95% CI: 1.06 to 2.44; p �
.03). Interrogation of the defibrillator device revealed a
ignificantly higher percentage of ventricular paced beats in
he DDDR-70 group at 3 months’ follow-up. Importantly,
trend toward a worse survival at 12 months was noted in
atients with a high percentage of pacing at the 3-month
ollow-up (11). It should be noted however that not only
V apical pacing itself may have resulted in this worse
utcome, but also the higher mean heart rate, and the
hanges in AV coupling in the DDDR group may have
etrimental effects.
These trials suggest that there is no clinical benefit of

hysiologic DDDR pacing over VVIR. This may be ex-
lained by the higher percentage of ventricular pacing in the
DDR groups, as a result of the short programmed AV

nterval. Thus, the beneficial effect of maintaining AV
ynchrony by physiologic DDDR pacing may be reduced by

he deleterious effects of RV apical pacing itself. o
Unfortunately, the exact amount
f RV apical pacing that nega-
ively affects cardiac function re-
ains unclear from these trials.
certain amount of ventricular

acing may actually be beneficial
ecause it maintains physiologic
V conduction (6). At the same

ime, the negative effects of RV
pical pacing may be more pro-
ounced in certain patient popu-

ations. In particular, patients
ith underlying conduction dis-

ase (18) and patients with isch-
mic heart disease (19) may be at
isk. Furthermore, it has been
uggested that patients who re-
uire pacing for a longer period
f time and patients with de-
ressed LV function at baseline
re more susceptible to the dele-
erious effects of RV apical pacing (4). More studies are
herefore needed to fully understand the beneficial and
eleterious effects of RV apical pacing and to better identify
he patients who are at risk for the detrimental effects of RV
acing. The available studies in which the underlying
athophysiology is studied will be reviewed in the following
aragraphs.
athophysiology of detrimental effects. In general, the
egative effects of RV apical pacing have been attributed to
he abnormal electrical and mechanical activation pattern of
he ventricles (14). During RV apical pacing, the conduc-
ion of the electrical wave front propagates through the
yocardium, rather than through the His-Purkinje conduc-

ion system. As a result, the electrical wave front propagates
ore slowly and induces heterogeneity in electrical activa-

ion of the myocardium, comparable to left bundle branch
lock. This is characterized by a single breakthrough at the
nterventricular septum and the latest activation at the
nferoposterior base of the LV (20–22).

Similar to the changes in electrical activation of the
entricles, the mechanical activation pattern of the LV is
hanged during RV apical pacing. Importantly, not only the
nset of mechanical contraction is changed, but also the
attern of mechanical contraction (14). In several animal
tudies, it has been demonstrated that the early activated
egions near the pacing site exhibit rapid early systolic
hortening, resulting in pre-stretch of the late-activated
egions (15,23). As a result, these regions exhibit an increase
n (delayed) systolic shortening, imposing systolic stretch to
he early activated regions exhibiting premature relaxation.
his abnormal contraction pattern of the various regions of

he LV may result in a redistribution of myocardial strain
nd work and subsequent less effective contraction (15).

Both the abnormal electrical and mechanical activation pattern

Abbreviations
and Acronyms

AAIR � single-chamber
atrial pacing

AV � atrioventricular

CI � confidence interval

CRT � cardiac
resynchronization therapy

DDDR � dual-chamber
pacing

HR � hazard ratio

LV � left ventricle/
ventricular

LVEF � left ventricular
ejection fraction

RV � right ventricle/
ventricular

VVIR � single-chamber
ventricular pacing
f the ventricles can result in changes i
n cardiac metabolism and
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erfusion, remodeling, hemodynamics, and mechanical func-
ion. An overview of the potential harmful effects of RV apical
acing on cardiac function is provided in Table 1. The effects
n cardiac metabolism and perfusion have been demon-
trated in both clinical and pre-clinical studies (24). Even in
he absence of coronary artery disease, myocardial perfusion
efects may be present in up to 65% of the patients after

ong-term RV apical pacing and are mainly located near the
acing site (12,25).
Long-term RV pacing may also result in structural

hanges and LV remodeling. Endomyocardial biopsies in 14
atients with congenital complete AV block revealed cellu-

ar and intracellular alterations, including mitochondrial
ariations and degenerative fibrosis, after long-term perma-
ent RV pacing (26). In addition, changes in LV wall
hickness (27) and LV remodeling (28) may occur after
ong-term RV pacing. In addition, functional mitral regur-
itation and left atrial remodeling may occur during RV
pical pacing (29,30).

Moreover, hemodynamic properties and global mechan-
cal function may be affected by the abnormal electrical and

echanical activation of the LV. Pacing at the RV apex may
esult in a decrease in cardiac output and may alter LV
lling properties (13). Changes in myocardial strain and
iming of regional strain may occur during RV apical
acing. Using magnetic resonance imaging in an animal
odel of cardiac pacing, Prinzen et al. (15) noted a

ignificant decrease in strain in the regions close to the
acing site, whereas an increase in myocardial strain was
oted in remote regions. Importantly, timing of peak
egional strain is also changed during pacing. This is often
eferred to as “mechanical dyssynchrony” (31).

echanical dyssynchrony during RV apical pacing.
ight ventricular apical pacing can induce both interven-

ricular dyssynchrony (between the RV and the LV), as well

cute and Long-Term Effects of RV Apical PacingTable 1 Acute and Long-Term Effects of RV Apical Pacing

Changes in electrical activation and mechanical activation

Metabolism/perfusion

Changes in regional perfusion

Changes in oxygen demand

Remodeling

Asymmetric hypertrophy

Histopathological changes

Ventricular dilation

Functional mitral regurgitation

Hemodynamics

Decreased cardiac output

Increased LV filling pressures

Mechanical function

Changes in myocardial strain

Interventricular mechanical dyssynchrony

Intraventricular mechanical dyssynchrony

V � left ventricular; RV � right ventricular.
s intraventricular dyssynchrony (within the LV) (16). It has
een demonstrated that the presence of ventricular dyssyn-
hrony is associated with an increased risk of cardiac
orbidity (32) and mortality (33) in heart failure patients.

n addition, it has been suggested that the presence of
echanical dyssynchrony after long-term RV apical pacing

s associated with reduced LV systolic function and deteri-
ration in functional capacity (16). However, there are only

few studies that have demonstrated a direct relation
etween (pacing-induced) ventricular dyssynchrony and
linical heart failure. At the same time, it has been shown
hat restoration of normal conduction and “cardiac syn-
hrony” by CRT results in normalization of LV systolic
unction (34,35). This suggests that an abnormal activation
attern (left bundle branch block during RV apical pacing)
r ventricular dyssynchrony may be directly related to a
eterioration of LV function. Therefore, the assessment of
entricular dyssynchrony may provide important informa-
ion in patients with permanent RV apical pacing.

Several echocardiographic techniques are available for the
ssessment of cardiac mechanical dyssynchrony. These in-
lude conventional Doppler techniques, tissue Doppler
maging, strain analysis, and novel 3-dimensional echocar-
iography. The majority of the techniques have been used to
uantify interventricular and intraventricular dyssynchrony
n heart failure patients referred for CRT (36). Likewise,
hese techniques can be used to detect the presence of

Figure 1 Schematic Representation of Interventricular
Dyssynchrony During RV Apical Pacing

For assessment of interventricular dyssynchrony, the electrocardiogram (ECG)
and systolic flow through the pulmonary artery and aorta (assessed with Dopp-
ler echocardiography) are typically used. Both the right ventricular (RV) and left
ventricular (LV) electromechanical delay are measured from the onset of the
QRS complex (dashed line). The RV electromechanical delay is the time from
the onset of QRS interval to the onset of pulmonary systolic flow (blue arrow).
The LV electromechanical delay is the time from the onset of QRS complex to
the onset of aortic systolic flow (red arrow). Subsequently, the interventricular
dyssynchrony can be calculated as the difference between the RV and the LV
electromechanical delays (black arrow).
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entricular mechanical dyssynchrony during acute and long-
erm RV apical pacing.

For the quantification of interventricular dyssynchrony,
onventional Doppler techniques are typically used (Fig. 1).
or both ventricles, the electromechanical delay is calculated
s the time from onset of the QRS complex to the onset of
ulmonary systolic flow (RV electromechanical delay) or
ortic systolic flow (LV electromechanical delay). The time
ifference between the RV and LV electromechanical delay
epresents interventricular dyssynchrony (37). From previ-
us studies, it has become clear that RV apical pacing can
nduce significant interventricular dyssynchrony (16,38).

For the assessment of intraventricular (or LV) dyssyn-
hrony, several echocardiographic techniques are available,
ncluding tissue Doppler imaging, 2-dimensional speckle-
racking strain analysis, and real-time 3-dimensional echo-
ardiography (39). In general, LV dyssynchrony is repre-
ented by the delay in mechanical activation between the
nterventricular septum and the posterior or lateral wall (Fig. 2).
ack in 1977, Gomes et al. (40) demonstrated the effect of RV
pical pacing on the mechanical delay between the septum and
he posterior wall. During the acute onset of cardiac pacing in
2 patients, it was noted that there was an early rapid
re-ejection posterior motion of the interventricular septum. In
ddition, the posterior wall of the LV exhibited a delayed
ontraction, resulting in a significant delay between the acti-
ation of the septum (61 � 5 ms) and the posterior wall
116 � 18 ms) (40). More recently, these findings have been
onfirmed with dedicated echocardiographic techniques

Figure 2 Schematic Representation of Intraventricular
Dyssynchrony During RV Apical Pacing

Intraventricular dyssynchrony is represented by the delay in mechanical activa-
tion between different segments within the LV. In this example, longitudinal
strain curves of the septum and the posterior or lateral wall are demonstrated.
The time from onset of the QRS complex to peak systolic strain for the septum
(green arrow) and the posterior or lateral wall (red arrow) is indicated. The
difference in time-to-peak strain for the various segments is the delay in
mechanical activation, or LV intraventricular dyssynchrony (indicated by the
black arrow). Abbreviations as in Figure 1.
a

41– 44). From these studies, it has become apparent that
V apical pacing can induce significant intraventricular
echanical dyssynchrony, which has been related to

educed LV function.

linical Implications

rom the large pacing-mode selection trials and observa-
ional studies, it has become apparent that conventional RV
pical pacing is associated with an increased risk of adverse
vents (e.g., development of LV dilation and heart failure).
owever, in daily clinical practice not all patients who

eceive RV apical pacing will experience these adverse events
19). In a retrospective study including 286 patients with
ermanent pacing after AV junction ablation, it was noted
hat left ventricular ejection fraction (LVEF) decreased
ignificantly in only 9% of the patients during follow-up
45). In another retrospective study of 304 patients with
acemaker implantation for high degree AV block, the
linical outcome after at least 1 year of RV apical pacing was
tudied (46). A total of 79 patients (26%) developed
ew-onset heart failure after a mean of 6.5 � 5.7 years of
acing. It appears that some patients are more susceptible to
he detrimental effects of RV apical pacing than other
atients are, possibly related to mechanical ventricular
yssynchrony.
Ventricular dyssynchrony may be present in up to 50% of

he patients after long-term RV apical pacing (38,41,47).
mportantly, it has been demonstrated that the presence of
echanical dyssynchrony after long-term RV apical pacing

s associated with LV dilation and a deterioration of LV
ystolic function and functional capacity (16). However, it
emains unclear if LV dyssynchrony is an acute phenome-
on, which may then induce deterioration of LV function at

onger follow-up and subsequent development of heart
ailure.

A recent study in patients with structurally normal hearts
ndergoing electrophysiologic testing revealed that signifi-
ant LV dyssynchrony may be induced acutely in up to 36%
f individuals (Fig. 3) (48). A concomitant impairment in
V systolic function was observed, reflected by a reduction

n LVEF (from 56 � 8% to 48 � 9%, p � 0.001) and LV
ongitudinal strain (from –18.3 � 3.5% to –11.8 � 3.6%,

� 0.001) (48). In 153 patients undergoing pacemaker
mplantation for standard indications, Pastore et al. (49)
ssessed LV dyssynchrony using tissue Doppler echocardi-
graphy at baseline and after at least 24 h (mean 1.7 � 0.3
ays) of continuous RV apical pacing. A total of 101
atients (66%) exhibited significant LV dyssynchrony. In-
erestingly, the amount of pacing-induced LV dyssynchrony
as related to the presence of LV dysfunction at baseline

Fig. 4). It has been demonstrated previously that the
onduction abnormalities induced by RV apical pacing may
e enhanced by accompanying conduction disease at base-
ine (18). Unfortunately, the abovementioned studies only

ssessed LV dyssynchrony and LV function in the acute
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hase. Although it has been demonstrated that the negative
ffects of the abnormal LV activation sequence may sustain
ven after termination of RV apical pacing (50), it still
emains unclear whether the acutely induced LV dyssyn-
hrony is the basis for the development of LV dysfunction
nd heart failure after long-term RV apical pacing. In

Figure 3 RV Apical Pacing Acutely Induces LV Dyssynchrony

Echocardiographic analysis of LV dyssynchrony during intrinsic rhythm (A) and imm
the evaluation of the timing of systolic strain. The color-coded curves represent th
(A), a synchronous contraction of all LV segments is present. In contrast, during R
(130 ms) between the time-to-peak strain of the anteroseptum (yellow arrow) and

Figure 4 LV Dyssynchrony During RV
Pacing According to Baseline LVEF

In 153 patients undergoing pacemaker implantation, LV dyssynchrony was
assessed during RV apical pacing. Patients were classified according to base-
line left ventricular ejection fraction (LVEF): normal (LVEF �55%), moderately
depressed (LVEF 35% to 55%), or severely depressed (LVEF �35%). The extent
of LV dyssynchrony was strongly related to baseline LVEF. In patients with nor-
mal LVEF, 45% of the patients developed LV dyssynchrony (40 of 89), whereas
39 of the 42 patients (93%) with moderately depressed LVEF developed LV
dyssynchrony. In patients with severely depressed LVEF (n � 22), all patients
exhibited LV dyssynchrony during RV apical pacing (49). ANOVA � analysis of
variance; other abbreviations as in Figure 1.
p

ddition, it is still unclear why some patients acutely develop
entricular dyssynchrony, and others do not. This may be
ue to subtle differences in the location of the pacing lead
ithin the RV apex, and thus the proximity of the Purkinje

ystem. At the same time, some echocardiographic tech-
iques used to assess ventricular dyssynchrony may not be
ensitive enough to detect small changes in electromechan-
cal activation (51). Therefore, more studies are needed on
cutely induced ventricular dyssynchrony and its long-term
ffects.

When future studies show that the acutely induced LV
yssynchrony is associated with deterioration of LV func-
ion during follow-up, ventricular dyssynchrony assessment
uring pacemaker implantation may have important clinical
mplications. If LV dyssynchrony is present immediately
fter onset of RV apical pacing, a CRT device may be
referred over conventional RV apical pacing. In contrast, if
o LV dyssynchrony is present, conventional RV apical
acing alone may be accepted. Monitoring of LV dyssyn-
hrony and LV function is then warranted.

At the same time, with the increasing evidence of the
etrimental effects of RV apical pacing, it has been sug-
ested that the percentage of ventricular pacing should be
ept to a minimum (4). However, in a large proportion of
atients, RV pacing is inevitable (1). For these patients, a
umber of alternative strategies to minimize the induction
f mechanical dyssynchrony and other deleterious effects
ave been proposed. These therapeutic options, including
he upgrade from RV pacing to CRT, “de novo” CRT, and
lternative pacing sites, will be discussed in the following

ly after onset of RV apical pacing (B). Speckle-tracking strain analysis enables
-strain curves of 6 midventricular segments of the LV. During intrinsic rhythm
al pacing, significant LV dyssynchrony is present: there is a significant delay
osterolateral segment (purple arrow). Abbreviations as in Figure 1.
ediate
e time
V apic
the p
aragraphs.
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herapeutic Options in
atients With RV Apical Pacing

he detrimental effects of RV apical pacing related to
ardiac metabolism, remodeling, hemodynamics, and me-
hanical function may be prevented or partially reversed by
RT or alternative RV pacing sites. In the subset of patients
ho experience detrimental effects of RV apical pacing,
RT may restore the synchronous contraction of the LV

nd subsequently improve LV function. Alternatively, a
umber of strategies, including alternative RV pacing sites,
ave been suggested to avoid the deleterious effects of RV
pical pacing. All these therapeutic options will be discussed
n the following paragraphs.

pgrade of RV apical pacing to CRT. Several studies
ave demonstrated beneficial effects of the upgrade from
V apical pacing to CRT (Table 2). Reverse remodeling of

he LV (defined as a reduction in LV end-diastolic or
nd-systolic volume) after upgrade from RV apical to CRT
as been demonstrated in several studies (47,52,53). In
ddition, the severity of mitral regurgitation may improve
fter an upgrade to CRT (54–57).

Furthermore, LV hemodynamics and mechanical func-
ion may improve after an upgrade to CRT. In an invasive
emodynamic study in 18 patients with congenital complete
V block who had received RV apical pacing for a mean of
1 � 10 months, CRT resulted in a significant increase in
he rate of rise in LV pressure, dP/dtmax (58). In parallel, a
ignificant decrease in LV end-diastolic pressure and iso-
olumic pressure half-time was observed (58). Improve-
ents in global LVEF have been demonstrated in various

tudies, including 4 prospective studies with more than 110
atients with previous AV junction ablation and pacemaker
mplantation (52,54,59,60) (Table 2).

Finally, it has been demonstrated that the upgrade from
V apical pacing to CRT may result in a significant

mprovement in exercise capacity and New York Heart
ssociation functional class (57) (Fig. 5). Unfortunately, at
resent it remains uncertain if the upgrade to CRT in
reviously paced patients results in an improved prognosis.

FFECT ON VENTRICULAR DYSSYNCHRONY. In parallel with
he improvements in LV function, LV dyssynchrony may
mprove after an upgrade from RV apical to CRT. An acute
eduction in the LV pre-ejection interval after onset of CRT
n previously paced patients has been demonstrated in
everal studies (61,62). Importantly, this effect is maintained
uring mid- and long-term follow-up (47,53,55). In 32
atients receiving an upgrade to CRT after a minimum of 1
ear RV apical pacing, tissue Doppler imaging was used to
ssess LV dyssynchrony. After a mean of 144 � 17 days, a
ignificant decrease in the mean septal-to-lateral delay was
oted from 101 � 12 ms to 10 � 9 ms (p � 0.001) (53).
ikewise, with the use of novel speckle-tracking echocardi-
graphy it has been demonstrated that the difference in

ime-to-peak strain of various LV segments (as a measure of 5
V dyssynchrony) decreases significantly after upgrade to
RT (47).
V apical pacing versus CRT. With the promising results
f upgrading patients from RV apical pacing to CRT, it has
een suggested that patients with moderate to severe LV
ysfunction and a standard pacemaker indication may ac-
ually benefit from CRT instead of RV apical pacing alone.

number of observational studies and randomized trials
ave performed a head-to-head comparison between the 2
acing modes.
The effects of the 2 pacing modes on LV remodeling have

een studied in the HOBIPACE (Homburg Biventricular
acing Evaluation) trial (63). In this trial, 30 patients with
tandard indications for permanent pacing and an LVEF
40% were randomized between RV pacing and CRT.
fter 3 months of pacing, crossover to the other pacing
odality was performed. The LV end-systolic volume was

77.3 � 68.7 ml at baseline and decreased modestly with
V pacing (160.2 � 73.4 ml, p � 0.05). When compared
ith RV pacing, CRT significantly reduced LV end-systolic
olume by 17% (133.1 � 66.5 ml, p � 0.001) (63).

In addition to LV remodeling, improvements in LV
emodynamics (64,65) and LV mechanical function (66)
uring CRT have been demonstrated. In the PAVE (Post
V Nodal Ablation Evaluation) trial, 184 patients were

andomized after AV junction ablation in 2 parallel arms
conventional RV pacing or CRT) (66). Mean LVEF at
ollow-up was significantly lower in the 81 patients who
nderwent RV pacing as compared with the 103 patients
ith CRT (41 � 13% vs. 46 � 13%, p � 0.05) (66).
owever, it should be noted that other trials, including the
PSITE (Optimal Pacing SITE) trial (67), demonstrated

nly modest improvement in LVEF during CRT compared
ith RV pacing.
A number of randomized trials have compared conven-

ional RV apical pacing and CRT (Table 3). Although some
rials have demonstrated a clear long-term benefit of CRT
ver RV pacing with regard to peak VO2 or the distance
alked during the 6-min walk test (63,66), others have
emonstrated only modest (67,68) or no benefit at all (69).
he ongoing BioPace (Biventricular Pacing for Atrioven-

ricular Block to Prevent Cardiac Desynchronization) trial will
emonstrate if CRT actually provides benefit in morbidity and
ortality over conventional RV apical pacing (70).

FFECT ON VENTRICULAR DYSSYNCHRONY. For mechanical
yssynchrony, only a few studies have systematically com-
ared RV apical pacing and CRT. In 6 heart failure patients
eferred for CRT, Matsushita et al. (71) assessed dyssyn-
hrony during RV apical pacing and during CRT. During
RT, a decrease in both LV intraventricular dyssynchrony

RV pacing 322 � 101 ms vs. CRT 209 � 88 ms, p � 0.05)
nd interventricular dyssynchrony (RV pacing 37.2 � 44.7
s vs. CRT 16.2 � 47.4 ms, p � 0.05) was noted (71). In
randomized study comparing DDDR pacing and CRT in

0 patients with high-degree AV block, Albertsen et al. (69)



Studies on Mid- and Long-Term Effects of Upgrade From RV Apical Pacing to CRTTable 2 Studies on Mid- and Long-Term Effects of Upgrade From RV Apical Pacing to CRT

Study (Ref. #) n Inclusion Criteria

RV Pacing
CRT

Outcome After Upgrade: RV Pacing Versus CRT

Indication Duration
Follow-Up
Duration QRS Duration (ms) LVEF (%) NYHA Functional Class Other Outcome Parameters

Randomized, crossover studies

Leclercq et al. (57) 44 NYHA functional class III/IV
LVEF �35%
Ventricular dyssynchrony

Conventional
indications

49 � 34
months

6 months 200 � 20 vs. 154 � 26* 30 � 11 vs. 29 � 11 2.5 � 0.7 vs. 2.1 � 0.4* Improvement in 6MWT, QOL
Reduction of LV

dyssynchrony

Höijer et al.† 10 NYHA functional class III/IV
No LBBB in pre-pacing ECG

AVB
SND
Bradycardia

Median 68
months

6 months N/A N/A N/A Improvement in 6MWT,
proBNP, QOL

No changes in
echocardiographic
parameters

Observational studies

Leclercq et al. (59) 20 NYHA functional class III/IV
LVEF �35%
Paced QRS �200 ms

Conventional
indications

N/A 15 � 10
months

222 � 18 vs. 163 � 30* 20 � 6 vs. 24 � 13* 3.8 � 0.4 vs. 2.6 � 0.5* N/A

Baker et al. (60) 60 NYHA functional class III/IV SND
AVB
AVJ ablation

N/A 7.7 months 206 � 36 vs. 170 � 34* 23 � 8 vs. 29 � 11* 3.4 � 0.5 vs. 2.4 � 0.7* Improvement in QOL

Leon et al. (52) 20 NYHA functional class III/IV
LVEF �35%

AVJ ablation 26 � 12
months

17 � 5
months

213 � 40 vs. 172 � 31* 22 � 7 vs. 31 � 12* 3.4 � 0.5 vs. 2.4 � 0.6* Improvement in QOL

Valls-Bertault et al. (54) 16 NYHA functional class III/IV
LVEF �35%

AVJ ablation 20 � 19
months

6 months 192 � 28 vs. 177 � 23 24 � 9 vs. 28 � 12 3.4 � 0.5 vs. 2.6 � 1.1* No changes in 6MWT and
peak VO2

Eldadah et al. (55) 12 NYHA functional class III AVB
Bradycardia

�1 yr 4–6 weeks N/A 31 � 5 vs. 36 � 5* 3.0 � 0.0 vs. 2.0 � 0.7* Reduction of LV
dyssynchrony

Improvement in LV systolic
strain

Laurenzi et al.‡ 38 NYHA functional class III/IV
LVEF �35%
QRS �150 ms

N/A 4.7 � 2.0
yrs

6 months 179 � 19 vs. 124 � 20* 27 � 6 vs. 38 � 10* 3.1 � 0.4 vs. 2.0 � 0.6* Reduction of LV
dyssynchrony

*Indicates a significant difference after upgrade (p � 0.05 RV pacing vs. CRT). †Höijer CJ, Meurling C, Brandt J. Upgrade to biventricular pacing in patients with conventional pacemakers and heart failure: a double-blind, randomized crossover study. Europace 2006;8:51–5.
‡Laurenzi F, Achilli A, Avella A, et al. Biventricular upgrading in patients with conventional pacing system and congestive heart failure: results and response predictors. Pacing Clin Electrophysiol 2007;30:1096–104.

AVB � atrioventricular block; AVJ � atrioventricular junction; BNP � B-type natriuretic peptide; CRT � cardiac resynchronization therapy; ECG � electrocardiogram; LBBB � left bundle branch block; LVEF � left ventricular ejection fraction; NYHA � New York Heart
Association; QOL � quality of life; QRS � QRS complex; SND � sinus node dysfunction; 6MWT � 6-min walk test; VO2 � maximal oxygen uptake; other abbreviations as in Table 1.
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ssessed ventricular dyssynchrony using tissue Doppler im-
ging. After 12 months of follow-up, the number of LV
egments displaying delayed longitudinal contraction (rep-
esenting LV dyssynchrony) was significantly lower in the
atients with CRT, as compared with the patients with
DDR pacing (69). These studies suggest that CRT may

e superior over RV apical pacing with regard to the
nduction of LV dyssynchrony. Together with the promis-
ng results on LV remodeling and LV function, it may well
e that CRT is a good therapeutic option in patients with
oderate to severe LV dysfunction and a conventional

ndication for cardiac pacing. However, it should be noted

Figure 5 Changes in NYHA Functional Class and 6-Min Walk Te

In 44 patients with conventional pacemaker indications, an upgrade to CRT was p
New York Heart Association (NYHA) functional class improved from 2.5 � 0.7 to 2
324 � 20 m to 386 � 99 m (B). Data derived from Leclerq et al. (57). CRT � ca

andomized Clinical Trials Comparing RV Apical Pacing Versus CRTable 3 Randomized Clinical Trials Comparing RV Apical Pacin

Trial (Ref. #) n Design Inclusion Criteria

MUSTIC (68) 43 Crossover Chronic heart failure
LV systolic dysfunction
Persistent AF
Ventricular pacing
QRS �200 ms
6MWT �450 m

OPSITE (67) 56 Crossover AVN ablation and
PM implantation

CRT

PAVE (66) 184 Parallel
arms

AVN ablation and
PM implantation

HOBIPACE (63) 30 Crossover LV systolic dysfunction
Permanent ventricular pacin

Albertsen et al. (69) 50 Parallel
arms

High-grade AV block

F � atrial fibrillation; AV � atrioventricular; AVN � atrioventricular node; CRT � cardiac resynch

entricular end-systolic volume; MUSTIC � Multisite Stimulation in Cardiomyopathies Study; NT-proBN
entricular-Based Cardiac Stimulation Post AV Nodal Ablation Evaluation; PM � pacemaker; other abbre
hat although CRT reduces the amount of ventricular
yssynchrony, normal electromechanical activation is not
ompletely restored (72,73). In addition, it remains uncer-
ain if there is a significant improvement in long-term
utcome with CRT, as compared with conventional RV
pical pacing. Therefore, more studies are needed to fully
ppreciate the role of CRT in these patients (1).
acing strategies and alternative pacing sites. Alterna-

ives for RV apical pacing may be important in patients who
ave a depressed LV function at baseline or patients who are
xpected to be paced frequently (complete AV block) or for
longer period of time (young patients, congenital AV

fter Upgrade From RV Pacing to CRT

ed after a mean of 49 � 34 months of RV apical pacing. After 6 months of CRT,
.4 (A) and the distance walked during the 6-min walk test increased from

esynchronization therapy; other abbreviations as in Figure 1.

sus CRT

Primary
End Point

Secondary
End Point Comment

6MWT Peak VO2

QOL
Heart failure hospitalization
Mortality
Patient pacing preference

CRT modestly superior over
RV pacing for 6MWT and
peak VO2

No difference in QOL

QOL
6MWT

Subgroup analysis of
● QOL
● 6MWT

CRT modestly superior over
RV pacing for QOL
and 6MWT

6MWT QOL
LVEF

CRT superior over RV
pacing for 6MWT
and LVEF

No differences in QOL

LVESV
LVEF
Peak VO2

NYHA functional class
QOL
NT-proBNP
Exercise capacity
LV dyssynchrony

CRT superior over RV
pacing for LVESV, LVEF,
peak VO2

CRT superior over RV
pacing for secondary end
points

LVEF LV dyssynchrony
LV diastolic function

● LA volumes
● LV dimensions
● NT-proBNP
● 6MWT

No difference in LVEF
No differences in secondary

end points

on therapy; HOBIPACE � Homburg Biventricular Pacing Evaluation; LA � left atrial; LVESV � left
st A

erform
.1 � 0
rdiac r
Tg Ver

g

ronizati

P � N-terminal pro–B-type natriuretic peptide; OPSITE � Optimal Pacing SITE; PAVE � Left
viations as in Tables 1 and 2.
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lock). Various pacing strategies have been suggested to
inimize the amount of RV apical pacing. In addition,

trategies to minimize desynchronization of ventricular
ontraction using alternative pacing sites have been
roposed.

TRIAL-BASED PACING. Atrial-based pacing may be pre-
erred over RV apical pacing in selected patient groups,
ecause it prevents cardiac desynchronization by maintain-
ng normal ventricular electrical activation. Nielsen et al.
74) randomized 177 patients with sinus node disease
etween single-chamber atrial pacing (AAIR) or DDDR
acing with a short AV delay or DDDR pacing with a fixed

ong AV delay. During a mean follow-up of 2.9 � 1.1 years,
eft atrial and LV diameters increased and LV fractional
hortening decreased in the DDDR groups, whereas no
hanges occurred in the AAIR group. In addition, atrial
brillation was less common in the AAIR group as com-
ared with the 2 DDDR groups (7.4% vs. 23.3% and 17.5%,
espectively; p � 0.03) (74). However, other large random-
zed trials have not been able to consistently demonstrate an
mproved outcome of atrial-based pacing. In a recent

eta-analysis from 5 randomized clinical trials comparing
trial-based and ventricular pacing, no significant reduction
n mortality with atrial-based pacing could be demonstrated
HR: 0.95; 95% CI: 0.87 to 1.03; p � 0.19). In addition, no
ifferences were found in the composite end point of stroke,
ardiovascular death, and heart failure hospitalization be-
ween the different pacing modes (Fig. 6). However, a
ignificant reduction in atrial fibrillation was noted with

Figure 6 Meta-Analysis on Atrial-Based Versus Ventricular Pac

A meta-analysis of 5 randomized clinical trials including more than 7,000 patients
effect of the pacing modes on the different outcome parameters (mortality, stroke
expressed as the hazard ratio and 95% confidence interval (CI). A significant reduc
based pacing. The remaining outcome parameters did not show a significant differ
trial-based pacing (HR: 0.80; 95% CI: 0.72 to 0.89; p �
.001) (75).
Atrial-based pacing to prevent cardiac desynchronization
ay only be feasible in selected patients. There is still

oncern about atrial-based pacing in patients with sinus
ode disease, because of the development of AV block in
hese patients (76). In the abovementioned trial, the inci-
ence of progression to symptomatic AV block was 1.9%
er year (74). Therefore, atrial-based pacing for the main-
enance of ventricular synchrony is only recommended in
atients with sinus node disease without AV conduction
bnormalities (1).

INIMAL VENTRICULAR PACING ALGORITHMS. In addi-
ion, specific pacing algorithms have been introduced to
inimize unnecessary RV pacing. These algorithms pro-
ote normal AV conduction and target maintenance of

ntrinsic ventricular conduction (77,78). Thereby, the algo-
ithms avoid the induction of LV dyssynchrony. In the
NTRINSIC RV (Inhibition of Unnecessary RV Pacing With
VSH in ICDs Study) (77), the effects of the use of an AV

earch hysteresis algorithm were studied. A total of 988
atients with an indication for an implantable cardioverter-
efibrillator were randomized between VVI-40 backup
acing and DDDR pacing with the AV search hysteresis
lgorithm. In the DDDR group, 32 patients (6.4%) met the
omposite primary end point of all-cause mortality and
eart failure hospitalization, as compared with 46 patients
9.5%) in the VVI group (p � 0.001). It was concluded that
he use of the AV search hysteresis algorithm was associated

ared atrial-based with ventricular-based pacing. This figure demonstrates the
diovascular death, stroke, heart failure hospitalization, atrial fibrillation),
the incidence of stroke and atrial fibrillation was observed, in favor of atrial-
etween the 2 pacing modes. Data derived from Healey et al. (75).
ing
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ith similar clinical outcomes compared with VVIR backup
acing (77).
Similarly, in the SAVE PACe (Search AV Extension and
anaged Ventricular Pacing for Promoting Atrioventricu-

ar Conduction) trial, 1,065 patients with sinus node disease
nd intact AV conduction were randomized between con-
entional dual-chamber pacing and dual-chamber minimal
entricular pacing (78). With the use of the minimal RV
acing algorithm, the percentage of paced ventricular beats
as significantly reduced, as compared with conventional
ual-chamber ventricular pacing (9.1% vs. 99.0%, p �
.001). After a mean of 1.7 � 1.0 years, the development of
ersistent atrial fibrillation was significantly reduced with
inimal ventricular pacing (7.9% in minimal RV pacing vs.

2.7% in conventional dual-chamber pacing, p � 0.004).
lthough these results suggest that this reduction is directly

elated to the decrease in RV apical pacing, a better AV
oupling may have contributed as well. Unfortunately, no
ignificant difference in mortality or heart failure hospital-
zations between the 2 groups was observed (78). These
tudies suggest a favorable effect of minimizing ventricular
acing algorithms. However, more studies are needed to
ully appreciate the exact clinical benefits in daily practice (1).

LTERNATIVE RV PACING SITES. Pacing at the RV outflow
ract, septal pacing, and direct His bundle pacing have been
uggested as alternatives to the RV apex when pacing is
nevitable (79). Because of the closer proximity to the
ormal conduction system, these sites may result in less
lectrical activation delay (represented by a shorter QRS
uration) and less mechanical dyssynchrony.
From all alternative RV pacing sites, the RV outflow tract

as been studied the most extensively. A meta-analysis of 9
tudies with 217 patients comparing RV outflow tract and
V apical pacing demonstrated a favorable effect of RV
utflow tract pacing on hemodynamics (80). Unfortunately,
he majority of the studies involved short-term follow-up
tudies. A recent retrospective study demonstrated a better
urvival in patients with RV outflow tract pacing as com-
ared with RV apical pacing (81). The favorable effect of
V outflow tract pacing may be related to the more
hysiologic activation pattern, resulting in less LV dyssyn-
hrony. However, a small study with 14 patients could not
emonstrate a benefit of RV outflow tract pacing over RV
pical pacing with regard to LV dyssynchrony (82). More
tudies with dyssynchrony analysis and long-term follow-up
omparing RV outflow pacing and RV apical pacing are
herefore needed.

Septal pacing may be another good alternative for RV
pical pacing. Short-term studies have suggested good
esults compared with RV apical pacing (83), with good
acing thresholds and lead stability (84). In addition, less
entricular dyssynchrony may be present during septal
acing as compared with RV apical pacing (85). However,
t long-term follow-up, septal pacing may not be superior

ver RV apical pacing. In a randomized study including 98 s
atients with AV block (53 septal pacing vs. 45 apical
acing), no differences in LVEF and exercise capacity were
ound after 18 months of follow-up (86).

Direct His bundle pacing or para-Hisian pacing has also
een suggested as an alternative to RV apical pacing. In 1 of
he first clinical studies with permanent direct His bundle
acing, Deshmukh et al. (87) demonstrated the feasibility of
his strategy. Implantation was successful in 12 of 14
atients (86%), with maintenance of His bundle capture at

ong-term follow-up in 11 patients (92%). After a mean of
3.4 � 8.3 months, LV end-diastolic diameter had de-
reased from 51 � 10 mm to 43 � 8 mm (p � 0.01) and
VEF had increased from 18.2 � 9.8% to 28.6 � 11.2%

p � 0.05) (87). Importantly, it has been demonstrated that
is bundle pacing may result in less inter- and intraven-

ricular dyssynchrony (88,89). In a randomized study com-
aring RV apical pacing and para-Hisian pacing in 16
atients, Occhetta et al. (89) noted a significant reduction in
nterventricular dyssynchrony during para-Hisian pacing as
ompared with RV apical pacing (34 � 18 ms vs. 47 � 19
s, p � 0.05).
Although the various studies have demonstrated benefi-

ial effects of the alternative pacing sites, at present, septal
nd direct His bundle pacing are still not recommended in
atients requiring permanent cardiac pacing because of
ifficulties with lead positioning and concerns about lead
tability and threshold (1). In addition, it should be remem-
ered that any electrical stimulation outside the normal
onduction system may ultimately result in electromechan-
cal changes with deleterious effects on LV function. Fur-
hermore, the majority of the studies on alternative pacing
ites were nonrandomized studies with small study popula-
ions and short-term follow-up. Nonetheless, there is in-
reasing evidence that these alternative sites may provide
enefit over conventional RV apical pacing.

onclusions

rom large pacing mode selection trials and observational
tudies, it has become apparent that a high amount of RV
pical pacing may be associated with a worse clinical
utcome (deterioration of LV systolic function, develop-
ent of heart failure and atrial fibrillation). Unfortunately,

t remains unclear if there is an “optimal amount” of RV
acing and which patients are most susceptible to the
eleterious effects of RV pacing. The negative effects may be
elated to the induction of ventricular dyssynchrony by RV
pical pacing. Future studies are needed to address these
emaining questions.

Various therapeutic options have been suggested in pa-
ients with a conventional pacemaker indication. The up-
rade to CRT may partially reverse the deleterious effects of
V apical pacing. New pacing strategies and alternative RV
acing sites may prevent the induction of ventricular dys-

ynchrony and the deterioration of LV function.
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