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Background: The purpose of this article is to critically review the data accumulated to date from studies
evaluating the hemodynamic and clinical effects of right ventricular apical pacing during conventional
permanent cardiac pacing. The data from studies comparing the effects of right ventricular apical pacing
and alternate site ventricular pacing are also reviewed.

Methods: We conducted a MEDLINE and journal search of English-language reports published in the
last decade and searched relevant papers.

Results: Although intraventricular conduction delay in the form of left bundle branch block (LBBB) has
traditionally been viewed as an electrophysiologic abnormality, it has now become abundantly clear that
it has profound hemodynamic effects due to ventricular dyssynchrony, especially in patients with heart
failure. These deleterious effects can be significantly ameliorated by cardiac resynchronization therapy
effected by biventricular or left ventricular pacing. However, not only is spontaneous LBBB harmful, but
the iatrogenic variety produced by right ventricular apical pacing in patients with permanent pacemakers
may be equally deleterious. In this review new evidence from recent studies is presented, which strongly
suggests a harmful effect of our long-standing practice of producing an iatrogenic LBBB by conventional
right ventricular apical pacing in patients receiving permanent pacemakers. This emerging strong new
evidence about the adverse hemodynamic and clinical effects of right ventricular apical pacing would
dictate a reassessment of our traditional approach to permanent cardiac pacing and direct our attention
to alternate sites of pacing, such as the left ventricle and/or the right ventricular outflow tract or septum,
if not for all patients, at least for those with left ventricular dysfunction. Indeed, current convincing data
on alternate site ventricular pacing are encouraging and this approach should be actively pursued and
further investigated in future studies.

Conclusions: Not only is spontaneous permanent LBBB harmful to our patients, but the iatrogenic
variety produced by right ventricular apical pacing during conventional permanent pacing may also be
deleterious to some patients. The compelling evidence presented herein cannot be ignored; it may dictate
a change of attitude toward right ventricular apical pacing directing our attention to alternate sites of
ventricular pacing and avoidance of the right ventricular apex. (PACE 2006; 29:298-315)

left bundle branch block, conduction delay, right ventricular apex, cardiac pacing, heart failure, left
ventricular dysfunction, cardiac resynchronization therapy

Introduction and heart failure, which often remains refractory
to medical therapy. It is estimated that approxi-
mately 20-30% of patients with congestive heart
failure are afflicted by ventricular dyssynchrony,*
defined as an abnormality in electromechanical
coupling seen in association with intraventricu-
lar delay and QRS prolongation (>120 ms), most
notably in the form of permanent LBBB.

Cardiac resynchronization therapy applied
via biventricular or left ventricular pacing tech-
niques has been heralded as a novel mode of non-
pharmacological nonsurgical therapy in patients

Over the last decade, several studies have
demonstrated the deleterious consequences of in-
traventricular conduction delay, particularly those
produced by left bundle branch block (LBBB).'10
In the presence of LBBB, ventricular dyssynchrony
can lead to hemodynamic deterioration due to a
resultant diminution of stroke volume and car-
diac output. This further leads to clinical wors-
ening in patients with left ventricular dysfunction
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with moderate-to-advanced heart failure refractory
to optimized medical therapy.'*"?' Cardiac resyn-
chronization therapy offers substantial clinical im-
provement to these patients according to the re-
sults of several recently published randomized
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Table I.

Deleterious Effects of Right Ventricular Apical Pacing

¢ latrogenically accentuated intraventricular conduction
delay

e Left ventricular electrical and mechanical

dyssynchrony

Left ventricular remodeling

Abnormalities in myocardial histopathology

Left ventricular dysfunction (both systolic and diastolic)

Congestive heart failure

Myocardial perfusion defects and regional wall motion

abnormalities

Functional mitral regurgitation

¢ Increased risk of atrial fibrillation (in patients with sinus
node dysfunction and normal baseline QRS duration)

e Left atrial enlargement

e Promotion of ventricular arrhythmias

e Activation of sympathetic nervous system

studies. There is also strong indication according
to a recent meta-analysis, an efficacy review, and
two randomized trials that cardiac resynchroniza-
tion may also prolong survival, especially when
combined with defibrillation back-up.?2-2°

In concert with the above data regarding
the adverse hemodynamic and clinical effects of
the spontaneous LBBB, newer data are emerging,
which convincingly indicate that the iatrogenic
variety of LBBB, produced by conventional right
ventricular apical pacing technique employed in
permanent cardiac pacing, may be equally harm-
ful?6-3% (Table I). In the present review, data from
recent studies will be presented, which suggest
that, at least for certain patients, if not for all,
we have to reconsider our standard approach to
permanent cardiac pacemaker implantation of se-
lecting the right ventricular apex as our preferred
site for ventricular pacing. The evidence of a dele-
terious effect of right ventricular apical pacing
on both otherwise healthy individuals and heart
failure patients is such that we cannot afford be-
ing complacent with such a routine practice any
longer.

Clinical Studies of Right Ventricular
Apical Pacing

A longitudinal controlled study of the long-
term effects of right ventricular apical pacing in-
cluded 24 young patients (mean age of 19.5 years)
who received conventional permanent pacemak-
ers?® (Table II). The study group was followed for
a mean of 9.5 years. The duration of right ventric-
ular apical pacing ranged from 0.7 to 18.9 years
(median 10). Right ventricular apical pacing led to
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irreversible left ventricular dysfunction. Both left
ventricular systolic and diastolic function indexes
were impaired, when compared with the indexes
of 33 age- and basal surface area-matched healthy
control individuals. Paced QRS interval and age
were found to significantly influence global left
ventricular contraction in these patients. In an-
other study by the same investigators, myocar-
dial biopsies were performed on 14 patients with
congenital complete heart block and otherwise
normal cardiac anatomy, with 8 biopsies ob-
tained before and another 8 biopsies obtained after
3—12 years (median 5.5) of chronic right ventricu-
lar apical pacing.?® Altered cardiac histology pro-
duced by chronic right ventricular apical pacing
was demonstrated in these young patients, poten-
tially explaining the diminished left ventricular
function observed clinically. In 23 patients with
congenital complete heart block, aged 24 + 3 years,
who had received a DDD transvenous pacemaker,
echocardiography and exercise testing were per-
formed before pacemaker implantation and after
at least 5 years of pacing.®? After a mean of 10-year
cardiac pacing, these patients, in comparison with
30 matched healthy control individuals, had sig-
nificantly higher values of intraventricular dyssyn-
chrony, left ventricular remodeling, dilatation, and
hypertrophy, with lower cardiac output and exer-
cise performance.

In 12 patients with complete atrioventricu-
lar block without significant coronary artery dis-
ease, receiving dual-chamber permanent pacemak-
ers with right ventricular apical pacing, regional
myocardial perfusion and wall motion abnormal-
ities were demonstrated near the sites of ventric-
ular stimulation at 6 months after implantation,
and these abnormalities increased with the dura-
tion of pacing at 18 months of follow-up.®! These
functional abnormalities during right ventricular
apical pacing were associated with impairment of
left ventricular diastolic function and progressive
deterioration of regional left ventricular ejection
fraction over time in regions remote from the sites
of electrical stimulation, which resulted in a sig-
nificant reduction in global left ventricular func-
tion. Interestingly, right ventricular outflow tract
pacing in another 12 patients in this randomized
study prevented these deleterious effects of right
ventricular apical pacing.?! In 13 patients with left
ventricular dysfunction undergoing comparative
evaluation of the acute effects of right ventricu-
lar, left ventricular, and biventricular pacing on
muscle sympathetic nerve activity with the use of
microneurography, right ventricular apical pacing
had the highest sympathetic nerve activity.3?

In an interesting report of a case with atrioven-
tricular junction ablation for uncontrolled atrial
fibrillation, implantation of a permanent VVIR
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Table II.
Clinical Studies of the Adverse Effects of Right Ventricular (RV) Apical Pacing

Trial No. of Patients Mean Age (y) Mean FU (y) LA Diameter LV Function CHF AF
Tantengco et al.28 24 19.5 9.5 NA 1 2pts NA
Karpawich et al.2° 14 15.5 5.5 NA Altered Histology NA  NA
Thambo et al.30 23 24 10 NA 1/DS NA NA
Tse et al.3! 12 72 15 NA 1/MPD NA NA
Hamdan et al.%2 13 66 NA* NA 1/1SNA NA NA
DAVID36 506 64 1 NA NA 2 NA
MADIT 113738 Substudy 567 64 1.7 NA NA 1 NA
Wonisch et al.3® 17 59 0.25 NA NA *% NA
Thackray et al.40 307 72 52 NA NA 1 1

MOST# 1,339 74 6 NA NA A 1

Nielsen et al.43 177 74 2.9 2 1 NA ¢

O’Keefe et al.* 59 69 1.5 NA 1 NA NA

AF = atrial fibrillation; CHF = congestive heart failure; DS = dyssynchrony; FU = follow-up; LA = left atrium; LBBB = left bundle branch
block; LV = left ventricular; MPD = myocardial perfusion defects; NA = not available/ not assessed; SNA = sympathetic nerve activity.

* Acute study.

**Permanent RV pacing significantly reduced exercise capacity and submaximal cardiorespiratory parameters.

pacemaker was followed by refractory heart fail-
ure and severe mitral regurgitation produced by
right ventricular apical pacing.®® It was only left
ventricular pacing, as compared to right ventric-
ular apical, right ventricular septal, or biventricu-
lar pacing, which dramatically reduced the valvu-
lar regurgitation and improved the patient’s heart
failure, both acutely and over a 21-month follow-
up. In another case of a patient with normal left
ventricular function receiving a conventional DDD
pacemaker for complete heart block, acute con-
gestive heart failure developed several hours af-
ter pacemaker implantation, with echocardiogra-
phy now showing new regional wall motion ab-
normalities, while coronary angiography did not
show any significant coronary artery stenoses.®*
In a patient with tachycardiomyopathy due to
chronic atrial fibrillation with uncontrolled ven-
tricular rates, His bundle ablation was performed
and a VVIR pacemaker was implanted.?® Although
the heart rate was now controlled, unexpectedly
within a year after right ventricular pacing, mi-
tral regurgitation worsened significantly and the
left ventricular ejection fraction decreased from
35% to 29%. It was only after upgrading the pac-
ing system to biventricular VVIR modality that
the patient’s condition improved. After 6 months
of biventricular pacing, the left ventricular end-
diastolic diameter diminished from 69 to 62 mm,
the ejection fraction increased to 34%, and mi-
tral regurgitation improved from severe to moder-
ate, while pulmonary arterial pressure normalized
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(from 40 to 22 mmHg). The patient’s exercise toler-
ance increased, while New York Heart Association
(NYHA) functional class improved from III to II.3°

The DAVID trial provided important evi-
dence about the harmful effect that right ventric-
ular pacing might be conferring to patients with
implantable cardioverter defibrillators.?® Patients
(n = 256) with their defibrillator device pro-
grammed to standby VVI mode at 40 beats/min
fared much better compared with those (n = 250)
who had the device programmed to DDDR pacing
at 70 bpm. Over one year, the hazard ratios for
the DDDR pacing group compared with the VVI
group were 1.61 for heart failure hospitalization
or death, 1.54 for heart failure hospitalization, and
1.61 for death. Thus, this study gave the important
message that programming of pacing functions in
dual-chamber defibrillators should be optimized
for individual patients. Right ventricular apical
pacing in patients with left ventricular dysfunc-
tion, as those in this study who all had an ejection
fraction <40%, and with no bradycardia indica-
tion for pacing can be harmful, justifying a prefer-
ence for backup ventricular pacing in this patient
population.

In addition, a MADIT II substudy reported
during the NASPE meeting in May 2003,%” and just
recently published in full,®® raised similar con-
cerns about right ventricular apical pacing. During
a 20-month follow-up, patients (n = 369) having
high cumulative right ventricular pacing (>50%),
had a higher incidence of new or worsened heart
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failure (30% vs 17%, P = 0.002; hazard ratio
1.9) and heart failure or death (50% vs 20%,
P = 0.004; hazard ratio 1.8) compared to patients
(n = 198) with infrequent right ventricular pacing.
In addition, patients in the high-frequency pacing
group had significantly more episodes of ventric-
ular tachycardia events requiring shock or anti-
tachycardia pacing by the defibrillator than did pa-
tients in the low-frequency pacing group (hazard
ratio 1.5, P = 0.025). In arecent study of 17 patients
with chronic heart failure and a dual-chamber
implantable cardioverter defibrillator, who were
randomized either to back-up pacing or perma-
nent right ventricular pacing for 3 months, with
a crossover design, the impact of pacing was as-
sessed on exercise capacity and related cardiores-
piratory parameters.3? Permanent right ventricular
pacing significantly reduced maximal and sub-
maximal measures of exercise. The authors con-
cluded that for patients with chronic heart failure
and adequate atrioventricular conduction, every
effort should be made to minimize permanent right
ventricular pacing.

More data on the adverse effect of right ven-
tricular apical pacing have just become available
via a recent study assessing the prevalence of con-
gestive heart failure or left ventricular dysfunction
among 307 chronically paced patients (about half
of them with dual-chamber devices).*° A large per-
centage (54%) of patients had symptoms of heart
failure, with a slightly higher prevalence in those
with single-chamber pacemakers (57%) compared
to a dual-chamber device (50%). Low left ven-
tricular ejection fraction (<40%) was detected in
94 (31%) patients, of whom 83 (27%) had symp-
toms of heart failure. However, another 83 patients
(27%) had symptoms of heart failure but an ejec-
tion fraction >40%. With increasing years of pac-
ing, an increasing prevalence of both heart failure
due to left ventricular systolic dysfunction and of
atrial fibrillation was documented. The prevalence
of heart failure increased from 24% to 38% and
that of atrial fibrillation from 26% to 45% after
pacing for 10 or more years. Although the etiol-
ogy of congestive heart failure in this population
may be multifactorial, a good percentage is prob-
ably pacing-induced. If one considers that dual-
chamber pacing may obviate these adverse effects
of right ventricular pacing, a subanalysis of the
MOST trial contradicts this belief.4? Of the 1,339
patients with sinus node dysfunction and baseline
QRS <120 ms, 707 (53%) were randomly assigned
to DDDR and 632 (47%) to VVIR pacing. The over-
all rate of heart failure hospitalization was simi-
lar (10% DDDR, 9% VVIR). Despite maintenance
of atrioventricular synchrony, ventricular pacing
in the DDDR mode >40% of the time conferred
a 2.6-fold increased risk of heart failure hospital-
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ization compared with less pacing among simi-
lar patients with normal baseline QRS duration.*!
Thus, ventricular desynchronization imposed by
right ventricular pacing even when atrioventric-
ular synchrony is maintained increases the risk
of heart failure hospitalization, in addition to the
risk of atrial fibrillation, in sinus node dysfunction
with normal baseline QRS duration. In a follow-up
analysis in the same group of patients, paced QRS
duration was a significant, independent predictor
of heart failure hospitalization.*? Patients with a
wider-paced QRS had a higher risk of heart failure
hospitalization, with a 17% relative risk increase
for every 10-ms increase in paced QRS duration.*?
These were all patients with sinus node dysfunc-
tion, but with preserved left ventricular function
prior to pacing (mean left ventricular ejection frac-
tion of 55%).

In another randomized trial, 177 patients with
sinus node dysfunction and normal atrioventricu-
lar conduction, aged 74 + 9 years, were random-
ized to three modes of pacing: AAIR (n = 54),
DDDR with short atrioventricular delay (n = 60),
or DDDR with a fixed long atrioventricular delay
(n = 63).*® Before pacemaker implantation and
during follow-up, M-mode echocardiography was
performed to measure left atrial and left ventric-
ular diameters and fractional shortening. Over a
mean follow-up of 2.9 &+ 1.1 years, patients in the
two DDDR groups having conventional right ven-
tricular apical pacing, in addition to an increase in
the left atrial and left ventricular end-systolic di-
ameters (P < 0.05) and more common atrial fibril-
lation (P = 0.03), those with a high (90%) propor-
tion of right ventricular pacing (DDDR pacing with
short atrioventricular delay) had a significantly de-
creased left ventricular fractional shortening, com-
pared to patients with AAIR pacing (P < 0.01).
Mortality, thromboembolism, and congestive heart
failure did not differ significantly among groups
in this study. This study suggests that atrial pac-
ing is preferred over right ventricular apical pac-
ing in patients with sick sinus syndrome and nor-
mal atrioventricular conduction, as it avoids the
adverse effects of right ventricular apical pacing,
which include both the promotion of atrial fibril-
lation probably by causing left atrial dilation and
the reduction of left ventricular function.

Finally, in a most recent retrospective analy-
sis of a large database, 1,128 patients with moder-
ate left ventricular dysfunction (ejection fraction
25-40%) were identified and in the subgroup of
59 patients having a decreased ejection fraction at
18 months later, the strongest independent predic-
tor of such a decrease (of >7 points; from 35 + 4%
to 25 £ 5%) was the presence of a permanent right
ventricular apical pacemaker (odds ratio 6.6, P =
0.002).** Nevertheless, in a study by Ueng et al.,
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50 patients with chronic lone atrial fibrillation
who underwent atrioventricular nodal ablation
and implantation of a conventional permanent
single-chamber pacemaker fared well with right
ventricular apical pacing at one year.*> However, it
isnot clear whether the adverse pacing effects were
superseded and the results were influenced by the
fact that the pacemaker eliminated the adverse ef-
fect that had been posed by the longstanding ir-
regular rhythm and uncontrolled ventricular rate.
As the authors themselves state “because pacing
from the right ventricular apex produced its own
adverse hemodynamic effects, the beneficial effect
of rhythm regularization might have been counter-
acted in part by the deleterious effect of asynergic
ventricular contraction caused by right ventricular
apex pacing. It is uncertain whether these results
are improved further by pacing at an alternative
site.”*

Alternate Sites of Ventricular Pacing

In view of these harmful effects of right ven-
tricular apical pacing, alternate sites of ventricular
stimulation would be desirable (Figs. 1-3). Alter-
nate site pacing may involve other right ventricu-
lar sites (outflow or septal sites) or left ventricular
sites in either unifocal or bifocal or biventricular
modes?*®~5* (Tables III-V). There is already ample
evidence currently in the literature that cardiac
resynchronization therapy effected by left ventric-
ular pacing (Fig. 1), mainly as part of biventricu-
lar pacing but also as a stand-alone pacing site, is
beneficial, particularly in patients with moderate-
to-severe left ventricular dysfunction and refrac-

tory heart failure.!'25 Older attempts at apply-
ing electrical pacing techniques with conventional
dual-chamber pacemakers restoring or optimizing
atrioventricular synchrony to manage heart failure
in patients with dilated cardiomyopathy, did not
succeed in improving symptoms and prognosis,'*
most likely because at that time attention had not
been paid to the adverse effects of electrical and
mechanical dyssynchrony produced by a preexist-
ing LBBB or iatrogenically accentuated intraven-
tricular conduction delay conferred by right ven-
tricular apical pacing.

In the case report of severe mitral regurgitation
mentioned above, which was produced by right
ventricular apical pacing, left ventricular pacing
was more effective than biventricular pacing or
right ventricular septal pacing in reducing mitral
regurgitation.®® There are currently a few other
studies comparing the effects of conventional right
ventricular apical pacing with those of left ven-
tricular or biventricular pacing techniques on the
left ventricular function and clinical status of pa-
tients32:46:60-68 (Table IIT) . However, the techniques
for effecting left ventricular pacing are generally
demanding and tedious. Although epicardial lead
placement has been performed via limited sur-
gical approaches and more recently via robotic-
enhanced thoracoscopic implantation,®® usually
more practical transvenous techniques with the
insertion of the left ventricular lead via the coro-
nary sinus branches have been employed in most
studies' 2170 (Fig. 1). A transseptal approach to
endocardial left ventricular pacing has also been
suggested but it is technically difficult and there

Figure 1. Alternate site pacing includes left ventricular pacing as a stand-alone pacing site or
most commonly as part of biventricular pacing. The most critical part of left ventricular or biven-
tricular pacing relates to the placement of the left ventricular (LV) lead. This is now accomplished
with a transvenous technique by inserting the pacing lead (right panel) into a coronary sinus tribu-
tary, to capture and resynchronize the left ventricle. The target venous branch can be identified via
a coronary venous angiogram (left panel), which precedes and guides the lead insertion. Guiding
catheter sheaths and over-the-wire systems similar to those used during coronary angioplasty are
currently used, which together with coronary sinus angiography greatly facilitate the procedure.
RA = right atrial (lead); RV = right ventricular (lead).
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Figure 2. The conventional positions for lead placement during permanent cardiac pacing in-
clude the right atrial appendage and right ventricular apex. However, these traditional pacing
sites may produce or promote atrial and ventricular dyssynchrony with its attendant harmful
effects, at least in patients with atrial fibrillation or left ventricular dysfunction respectively.
Alternate or multisite atrial and/or ventricular pacing may facilitate atrial and/or ventricular
resynchronization. A new steerable system allows the placement of very thin active fixation leads
into alternate right atrial and right ventricular (RV) sites, e.g., interatrial septum and RV outflow
tract (left panel), or coronary sinus os and RV outflow tract (right panel) (in both panels left
anterior oblique fluoroscopic views are displayed). The leads have no lumen for stylet insertion,
are steroid-eluting, and yield very low pacing thresholds, both acutely and at 3-month follow-up

measurements.”®

is need for permanent anticoagulation to avoid
thromboembolism.”* Experimentally, in animals,
left ventricular septal pacing has been effected via
a transvenous approach from the right side of the
interventricular septum with the use of a special
lead and guiding sheath.”? Permanent His bundle
pacing has also been suggested and animal data in-
dicate that this may be feasible and it might be an
Il
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Right Ventricular Outflow Tract

In search of alternate right ventricular sites
of pacing, the right ventricular outflow tract has
been more extensively studied?*7:#9-52:54-57.59 (Ta-
ble III, Figs. 2 and 3). A pooled analysis of nine
prospective studies evaluating the hemodynamic
effects of right ventricular outflow-tract pacing
in 217 patients indicated a modest but signifi-
cant hemodynamic benefit compared with right
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Figure 3. Twelve-lead electrocardiograms indicate the specific alternate site of atrial and ventricular pacing. The
electrocardiogram on the left is recorded from a patient who had the atrial lead placed in the interatrial septum and
the ventricular lead at the high anterior right ventricular outflow tract, while the electrocardiogram on the right was
recorded from a patient who had the leads placed in the coronary sinus os and the low septal right ventricular outflow

tract.
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Table Ill.

Studies Comparing Hemodynamic and/or Clinical Effects of Right Ventricular (RV) Apical Pacing and Alternate Site
Pacing in the RV Outflow Tract (RVOT) or RV Septal (RVS) or Left Ventricular (LV) or Biventricular (Biv) Site

Improved Results

No. of Mean Hemodynamic/
Study Patients Age (y) Clinical Variables Acute Chronic
Cowell et al.*8 15 59 CO (Cath) RVS NA
Giudici et al.*® 89 68 CO (Echo) RVOT NA*
Buckingham et al.%0 11 48 CO (Echo) RVOT NA
Karpawich and Mital.?! 22 10 LVEDP (Cath) RVS NA
Blanc et al.*6 23 66 PWP (Cath) LV/BiV NA
De Cock et al.?2 17 58 CO (Echo) RVOT NA
Mera et al.58 12 68 FS/EF (Echo/RNV) NA RVS
Buckingham et al.5* 14 55 12 (Echo/Cath) RVOT/BF NA
Victor et al.5® 16 69 4 (Echo/RNV) NA None
Schwaab et al.%® 14 71 EF (RNV) RVS NA
Kolettis et al.?” 20 62 CO (Echo) RVOT NA
Bourke et al.5® 20 64 8 (RNV) NA RVOT
Tse et al.3! 24 75 WMA/EF (RNS/RNV) NA RVOT
Hamdan et al.%2 13 66 BP/CVP/SNA LV/Biv NA
Kass et al.®0 18 66 10 (Cath) LV/Biv NA
Yu et al.®! 33 66 14 (Echo) Biv NA
Leclercq et al.®2 37 63 6 (Clinical) NA Biv
Leon et al.%3 20 70 6 (Echo/Clinical) NA Biv
Leclercq et al.5* 56 73 5 (Clinical) NA Biv
ROVAB5 * 103 69.5 6 (Clinical/Echo) ND ND
OPSITES6* * 56 70 QOL/exercise capacity Biv/LV NA
PAVES7:68% * 252 NA 4 (Clinical) NA Biv

BF = bifocal; BP = arterial blood pressure; Cath = cardiac catheterization; CO = cardiac output; CVP = central venous pressure;
Echo = echocardiography; EF = (left ventricular) ejection fraction; FS = (left ventricular) fractional shortening; LVEDP = left ventricular
end-diastolic pressure; NA = not available/not assessed; ND = no difference; PWP = pulmonary wedge pressure; RNS = radionuclide
scintigraphy; RNV = radionuclide ventriculography; SNA = sympathetic neural activity (measured by microneurography); WMA = wall
motion abnormalities.

*Only 5 patients were evaluated at 6 months and demonstrated a similar improvement in cardiac output with RV outflow tract pacing
compared with RV apical pacing.

**Randomized studies; ROVA compared quality of life between RV apical and RV outflow tract pacing only after 3 months of pacing in
patients with heart failure and chronic atrial fibrillation; OPSITE: randomized, single-blind, 3-month crossover comparison between RV
and LV pacing and between RV and Biv pacing in patients with atrial fibrillation and heart failure undergoing AV node ablation; PAVE:

randomized study evaluating Biv vs RV pacing in atrial fibrillation patients receiving ablate and pace therapy.

ventricular apical pacing (odds ratio of 0.34).*7

Among these studies, most of them reported acute
hemodynamic effects, while only two studies re-
ported long-term hemodynamic effects, with one
indicating no difference between the two sites af-
ter 3 months of pacing®® and the other reporting
a significant increase in left ventricular fractional
shortening following 2 months of right ventricular
outflow tract pacing.5® The largest study included
in this analysis compared the acute hemodynamic
effects of right ventricular apical and outflow tract
pacing in 89 patients.*® Cardiac output was im-
proved at the time of implant in 85 of 89 patients
by pacing the outflow tract from 6.6 + 2.4 L/min
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at the apex to 7.8 + 2.9 L/min at the outflow tract,
a 19% increase, while cardiac index improved by
21% (P < 0.0001). Patients with a low baseline car-
diacindex had a greaterrelative improvement with
right ventricular outflow tract pacing. In a very
small subgroup (n = 5) of these patients, reeval-
uation at 6 months later demonstrated a similar
improvement in cardiac output with outflow tract
pacing compared with apical pacing.

Apart from the pooled analysis, there are ad-
ditional studies, which compare right ventricu-
lar apical with alternate site pacing (Table III).
In a small study involving 13 patients with heart
failure who received permanent atrioventricular
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Table IV.

Other Studies of Alternate Site Pacing

No. of Target
Study Patients Population Pacing Site Studied Variables Improvement
Turner et al.89 10 HF Lv Hemodynamic Yes
Vanagt et al.%! 8  Childrenduring LV apex Hemodynamic Yes*
cardiac surgery
Touiza et al.92 18  HF/LBBB LV Clinical/echo Yes
Blanc et al.®3 22  HF/LBBB Lv Clinical/echo Yes
Auricchio et al.%4 57  HF/LBBB LV Clinical Yes
Garrigue et al.%® 13 HF/AF/LBBB LV/Biv Clinical/pm sensor Yes
Viay84 22  HF/LBBB Bifocal RV (RVA+RVOT) Clinical/echo Yes
Pachon et al.85 39  HF/LBBB Bifocal RV (RVA+RVS)  Clinical/echo/nuclear Yes**
O’Donnell et al.88 6 HF/LBBB Bifocal RV (RVA+RVOT) Clinical/echo Yes* **
ROVA85 50 HF/AF Bifocal RV (RVA+RVQOT) Clinical/echo NS****
Deshmukh and 39 HF/AF HB Clinical/echo Yes
Romanyshyn”®
Zamparelli and 25 HF/LBBB Bifocal RV (RVA+RVS)  Clinical/echo Yes
Martiniello®”
Aonuma et al.%6 13 HF Trifocal (RVA+LV+RVOT) (Acute) hemodynamic/clinical ~ Yes

BF = bifocal; BP = arterial blood pressure; Cath = cardiac catheterization; CO = cardiac output; CVP = central venous pressure;
Echo = echocardiography; EF = (left ventricular) ejection fraction; FS = (left ventricular) fractional shortening; HB = His bundle; HF =
heart failure; LBBB = left bundle branch block; LV = left ventricle; NS = no significant (differences); pm= pacemaker; RV = right
ventricle; RVA = right ventricular apex; RVOT = right ventricular outflow tract; RVS = right ventricular septum.

*Comparison made with RV apical pacing (parameters were maintained at sinus rhythm level with left ventricular apex pacing).

**Comparison made with RV apical and RV septal pacing.
*** Comparison made with biventricular pacing.

****Comparison was made with RV apical and RVOT pacing; at 3 months, physical functioning score was worse than during RV apical
pacing and mental health scores were worse than during RVOT pacing. NYHA class during dual-site RV pacing was slightly better than
during RVOT (P = 0.03), but not different than RV apical pacing; there were no other significant differences in other studied parameters.

pacemakers with the ventricular lead placed at the
right ventricular septum, there was no change in
the hemodynamic parameters as measured acutely
during intrinsic rhythm and after 15 to 20 min-
utes of pacing over a wide range of atrioventricu-
lar delays.®® A more recent study comparing right
ventricular apical pacing with outflow tract pacing
in 20 patients without cardiac failure, suggested
that systolic left ventricular function is better pre-
served by outflow tract rather than apical site pac-
ing at 23 weeks later, as assessed by radionuclide
ventriculograms.’® In another randomized study,
24 patients with complete atrioventricular block
without coronary artery disease and with normal
left ventricular function were randomly assigned
to permanent right ventricular apical pacing (n =
12) and outflow tract pacing (n = 12).3! With
right ventricular outflow tract pacing the duration
of QRS complex was shorter compared to apical
pacing. Most importantly, although at 6 months
there was no difference between the two groups, at
18 months the incidence of myocardial perfusion
defects by thallium scintigraphy (33% vs 83%) and
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regional wall motion abnormalities by radionu-
clide ventriculography (33% vs 75%) were lower,
and left ventricular ejection fraction was higher
(56 + 1 vs 47 + 3%) during right ventricular out-
flow tract pacing than right ventricular apical pac-
ing (P < 0.05).

In the same direction, a new randomized mul-
ticenter study, currently in completion, examined
the feasibility of a new steerable system of novel
technology allowing the implantation of a very
thin active fixation lead in alternate sites in the
right atrium and right ventricular outflow tract. We
participated in this multicenter study and in 30 pa-
tients, in whom alternate site pacing was evalu-
ated with the new system, the success rate of im-
plantation was 93% with excellent measurements
obtained acutely and during short-term 1- and
3-month follow-up.”® Patients were randomized to
receive the new active fixation lead in either the
interatrial septum/high anterior right ventricular
outflow tract or coronary sinus os/low septal right
ventricular outflow tract positions (Figs. 2 and 3).
This novel pacing lead bears no lumen and thus
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Table V.

Ongoing Studies of Alternate Site Pacing or Studies of Right Ventricular Pacing Reduction Strategies

No. of
Study Patients Target Population Type of Pacing Clinical Variables
BRIGHT®! NA HF /class IlI bifocal RV QOL/exercise EF/NYHA
LBBB/EF<35% (RVA+RVOT) class
QRS>120 ms
BIOPACE 250 ppm indication/any RV vs CRT NA
QRS/ any EF
BLOCK-HF 1,200 ppm indication/ RV vs CRT NA
HF/class I-11l/
EF <45%
MVP trial104 149 ppm indication MVP vs DDD/R AF/HF
SAVE PACe!%5 1,100 SAND Search AV extension & AF, HF, CVA
managed ventricular
pacing
DANPACE NA SSS AAIR vs DDDR LA/FS/AF
AAlsafeR!06 NA SAND/pAVB DDD(R) / AAI(R) AF
INTRINSIC RV107 >1,200 ICD DDDR with AV search MR/HF

hysteresis vs VVI

AF = atrial fibrillation; AV = atrioventricular; BF = bifocal; CRT = cardiac resynchronization therapy (biventricular pacing); CVA =
cerebrovascular accident (stroke); Echo = echocardiography; EF = (left ventricular) ejection fraction; FS = (left ventricular) fractional
shortening; HF = heart failure; ICD = implantable cardioverter defibrillator; LA = left atrium (diameter); MVP = managed ventricular
pacing (mode switching between AAI/R and DDD/R); MR = mortality rate; NA = not available; NYHA = New York Heart Association;
pAVB = paroxysmal atrioventricular block; ppm = permanent pacemaker; QOL = quality of life; RV = right ventric-le (-ular); RVA = right
ventricular apex; RVOT = right ventricular outflow tract; SAND = sino-atrial node dysfunction; SSS = sick sinus syndrome.

no guiding stylet, but its insertion and endocar-
dial positioning is facilitated by a steerable guiding
catheter. Recently, right ventricular outflow tract
pacing was employed alone or as a part of bifocal
right ventricular pacing in 3 patients in whom left
ventricular pacing was not possible due to difficul-
ties in placing the electrode via the coronary sinus.
A major clinical improvement was documented in
all three patients.””

The only randomized study comparing right
ventricular outflow tract with apical pacing is the
ROVA study.®® This study assessed quality of life
after 3 months of apical or outflow tract pacing and
included 103 patients with heart failure, chronic
atrial fibrillation, and left ventricular ejection frac-
tion <40%. Although outflow tract pacing short-
ened the QRS duration, it did not consistently
improve quality of life compared with right ven-
tricular apical pacing at the short-term follow-up
of 3 months.

An important issue with right ventricular out-
flow tract pacing still remaining unresolved relates
to which site in the outflow tract would be prefer-
able. Different ECG patterns are obtained with pac-
ing from the various locations in the outflow tract,
but whether any single site is preferred over an-

306 March 2006

other, e.g., septal versus free wall sites, hereto-
fore remains largely a moot point. From the stud-
ies of ECG patterns of right ventricular outflow
tract tachycardia, it has been learnt that the sur-
face ECG, either during spontaneous tachycardias
or during pace-mapping, could localize and sep-
arate septal from free wall right ventricular out-
flow tract tachycardias, and tachycardias arising
from the right ventricular inflow tract (just above
the His bundle) either from the septal or the free
wall side.”®79 In analogy, the surface ECG could be
a useful tool in discerning these alternate pacing
sites. With alternate site and biventricular pacing,
the surface ECG patterns are becoming extremely
important, not only to help select appropriate pac-
ing sites, but even more importantly, to assist ECG
evaluation of device and lead function and facili-
tate troubleshooting during follow-up.8°

A critical issue with right ventricular outflow
tract pacing relates to lead and pace/sense thresh-
old stability over the long-term follow-up. In the
study by Victor et al. in 16 patients having per-
manent right ventricular pacing leads both at the
apex and outflow tract, there was no lead dis-
lodgement over a 10-month mean follow-up, while
the chronic pacing thresholds were comparable
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between the two sites.”® According to an interim
analysis of the BRIGHT study, testing right ventric-
ular bifocal (apex and outflow) pacing, lead and
pacing threshold stability was comparable at both
right ventricular sites.8! In general, the rate of lead
dislodgement of permanent active fixation leads
in the outflow tract has ranged between 0% and
5%, averaging <1%.%! Lead stability in the out-
flow tract has even been confirmed for the heavier
and bulkier defibrillating leads, as long as these are
active fixation leads.?2:83

His Bundle or Right Ventricular Septal Pacing
or Bifocal Right Ventricular Pacing

Among the various hypotheses about the
mechanisms that may explain the harmful effect
of right ventricular apical pacing on left ventricu-
lar function, the most plausible hypothesis relates
to the ventricular dyssynchrony produced by the
altered ventricular depolarization vector incurred
by pacing from the right ventricular apex. Thus,
restoration of a more physiological depolarization,
such as that produced by direct His bundle pac-
ing, might reduce or prevent ventricular dyssyn-
chrony and its consequent ventricular dysfunc-
tion. Although interest in His bundle pacing has
been known for quite some time, due to techni-
cal difficulties in applying such pacing relating to
lead positioning, reliable capture, and long-term
stability, there is a dearth of clinical data regarding
this pacing approach”®~7° (Table IV). Furthermore,
the need for an intact bundle branch conduction
system may be a limiting factor in obtaining bene-
fit from His bundle pacing. A significant improve-
ment in left ventricular performance was reported
in 12 patients with a narrow QRS, chronic atrial
fibrillation, and reduced ejection fraction (<40%),
when permanent direct His bundle pacing could
be effected.”* Subsequently, the same investigators
were successful in applying this pacing technique
in 39 of 54 patients with cardiomyopathy, low ejec-
tion fraction (mean 23%), persistent atrial fibril-
lation, and normal QRS (<120 ms). After a mean
follow-up of 42 months, 29 patients were alive
with improved symptoms and ejection fraction
(mean 33%).”®> However, it is not clear whether
this improvement could be ascribed more to rate
control and rhythm regularity provided by pacing,
than to pacing site. Another approach closely re-
lated to His bundle pacing is right ventricular sep-
tal pacing.

In an acute study of 14 patients receiving a
dual-chamber pacemaker for complete heart block,
the septum was mapped to provide the narrowest
QRS.%® The reduction of QRS duration obtained
with right ventricular septal pacing correlated
with homogenization of left ventricular contrac-
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tion and improved systolic performance, albeit
with minor differences in ejection fraction. In
12 patients with atrial fibrillation undergoing His
bundle ablation, right ventricular septal pacing
was compared with apical pacing in a random-
ized crossover design. Septal pacing resulted in
a narrower QRS and better systolic performance
with greater fractional shortening and higher rest-
ing ejection fraction.?3

Bifocal right ventricular (apical and outflow
tract) pacing has been proposed for patients with
heart failure where the coronary sinus approach to
effect biventricular pacing turns out to be unsuc-
cessful due to various reasons, such as failure to
cannulate the os or to advance the lead, absence
of a suitable venous tributary to place the lead,
phrenic nerve stimulation, or failure to pace or
sense due to scarred tissue. The long-term (over a
22-month period) clinical response of 22 patients
undergoing this approach has been favorable with
ensuing clinical improvement?®* (Table IV). Similar
results were reported for 39 patients having NYHA
class III symptoms of heart failure requiring per-
manent cardiac pacing for atrioventricular block.?3
In a subset of 50 patients with NYHA class II-I1I
symptoms in the ROVA study, there was partial
improvement reported with right ventricular bifo-
cal pacing.®® The clinical improvement conferred
by biventricular pacing in 44 patients was matched
by a system of bifocal right ventricular pacing in
a small group of 6 patients.?® More data about the
usefulness of bifocal right ventricular pacing will
be provided by the ongoing, randomized, single-
blind, crossover study (BRIGHT), which is recruit-
ing patients with NYHA class III heart failure, a
left ventricular ejection fraction <35%, LBBB, and
QRS complex >120 ms?! (Table V).

A modified approach to bifocal pacing, per-
formed at the right ventricular apex and at the
roof of the interventricular septum, was applied
in 25 patients with heart failure, dilated car-
diomyopathy, LBBB, and mitral regurgitation.?” At
18 months of follow-up, bifocal right ventricular
pacing significantly shortened the QRS duration,
reduced mitral regurgitation, improved hemody-
namics and quality of life in heart failure pa-
tients, by producing ventricular resynchronization
by shortening both inter- and intraventricular con-
duction delays.

Biventricular or Left Ventricular Pacing

A few studies have compared right ventric-
ular apical pacing with left ventricular or biven-
tricular pacing, which has now become the stan-
dard method to apply cardiac resynchronization
therapy in patients with refractory heart failure
(Table III). Of these, four studies examined the
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acute effects of right ventricular and biventricu-
lar or left ventricular pacing.3246:60-61 In 27 pa-
tients with severe refractory heart failure and ei-
ther first-degree atrioventricular block and/or in-
traventricular conduction delay, both left ventricu-
lar pacing alone and biventricular pacing resulted
in significant acute improvement of hemodynamic
parameters compared with measurements at base-
line and during right ventricular pacing alone.*5
In 33 patients with heart failure receiving car-
diac resynchronization therapy, acute hemody-
namic changes were assessed with tissue Doppler
imaging, which was performed after the implant
procedure when the pacemaker device was ran-
domized to biventricular, right ventricular apical,
and no pacing modes.®! Only biventricular, but not
right ventricular pacing, improved systolic func-
tion, reduced mitral regurgitation and left ven-
tricular size, and corrected systolic asynchrony.
The third study has been mentioned earlier and
involved measurement of both hemodynamic pa-
rameters and sympathetic nerve activity in 13 pa-
tients with a mean left ventricular ejection frac-
tion of 28%.%? Measurements were made during
3 minutes of atrioventricular pacing in the right
ventricular, left ventricular, and biventricular pac-
ing modes. The study showed that left ventricular-
based pacing resulted in improved hemodynam-
ics and a decrease in sympathetic nerve activity
compared with right ventricular pacing in patients
with left ventricular dysfunction regardless of the
QRS complex duration. Another acute study in-
volved 18 heart failure patients with conduction
delay getting catheterized.®® Left ventricular pac-
ing via a coronary sinus catheter enhanced systolic
pressures and improved left ventricular systolic
function slightly more than biventricular pacing,
but to a significantly greater degree than right ven-
tricular apical or septal pacing.

Another three studies have compared the
chronic effects of biventricular and right-univen-
tricular pacing in patients with heart failure and/or
chronic atrial fibrillation®?-%4 (Table III). In 20 such
patients having chronic right ventricular pacing,
of at least 6 months’ duration, after atrioventric-
ular junction ablation performed for permanent
atrial fibrillation, the pacemakers were upgraded
to biventricular pacing systems.?® Evaluation was
completed before and at 3 to 6 months after the
upgrading procedure. The NYHA functional clas-
sification improved by 29%, the left ventricular
ejection fraction increased by 44%, the left ven-
tricular diastolic diameter decreased by 6.5%, and
the end-systolic diameter decreased by 8.5% (all P
< 0.01). The number of hospitalizations decreased
by 81% and the quality of life improved by 33% af-
ter biventricular pacing compared with right ven-
tricular pacing alone. A single-blind, randomized,
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controlled, crossover study compared the clini-
cal parameters of 59 patients with heart failure
and chronic atrial fibrillation, as monitored during
3-month treatment periods of conventional right
ventricular versus biventricular pacing.®? Due to
a high drop-out rate, only 37 patients completed
both crossover phases. In the patients with effec-
tive therapy, the mean 6-minute walked distance
increased by 9% with biventricular pacing, the
peak oxygen uptake increased by 13%, and hos-
pitalizations decreased by 70%, while 85% of the
patients preferred the biventricular pacing period
(all P < 0.05). In another recent study, 56 patients
with advanced heart failure, left ventricular dys-
function with a mean left ventricular ejection frac-
tion of 25%, and left ventricular dyssynchrony,
were randomized to either right ventricular pac-
ing or biventricular pacing for 3 months, and 44 of
these patients were then crossed over for an addi-
tional 3 months.5* Of the 44 patients who crossed
over to the other pacing mode, 21 were in sinus
rhythm and 23 were in permanent atrial fibrilla-
tion. Overall, patients treated with biventricular
pacing had significantly greater improvement in
QRS duration, 6-minute walk test, and quality-of-
life scores compared to right ventricular pacing
therapy. During the initial crossover period, signif-
icantly more patients treated with right ventricu-
lar pacing required rehospitalization than did pa-
tients treated with biventricular pacing (81% vs
19%, respectively).

In patients undergoing atrioventricular nodal
ablation for chronic atrial fibrillation, the PAVE
trial evaluated the benefits of biventricular pac-
ing over right ventricular apical pacing.5” In this
study (peer review publication pending), a total
of 252 patients were randomized in a 2:1 fashion
to either ablation plus biventricular pacing (n =
146) or ablation plus right ventricular pacing (n =
106). The primary endpoint was exercise capac-
ity as measured by the 6-minute hall walk test,
with secondary endpoints of functional capacity
as measured by peak VO, exercise duration, and
quality-of-life score. Device implantation was un-
successful in 21 patients in the biventricular group
vs 0 patients in the right ventricular pacing group.
Death occurred in 6 and 10 patients, respectively,
finally leaving for analysis 82 patients in the biven-
tricular group and 102 patients in the right ven-
tricular group. From baseline to 3 months, both
groups showed an improvement in hall walk ex-
ercise capacity, but after 3 months, only patients
in the biventricular group maintained their func-
tional capacity. The latter group also experienced
significant improvement in peak VO, and exercise
duration between 6 weeks and 6 months. Left ven-
tricular ejection fraction remained stable (at 46%)
in patients with biventricular pacing, while it
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significantly declined in the right ventricular pac-
ing group over 6 months (from 45% to 41%).

Subanalysis of the PAVE study results in-
dicated that the benefit of biventricular pacing
was mainly noted in patients with baseline left
ventricular systolic dysfunction (ejection fraction
<45%) or patients with NYHA class II or III heart
failure.®® Patients in NYHA class I or normal left
ventricular function did not have a similar ben-
efit with biventricular pacing. There was, how-
ever, a worrisome trend toward worsened func-
tional status at 6 months in those patients with
normal left ventricular function randomized to
right ventricular apical pacing. Furthermore, pa-
tients randomized to biventricular pacing demon-
strated preservation or improvement in ejection
fraction, whereas right ventricular pacing patients
showed a modest decrease in ejection fraction.
Quality of life was improved in all patients re-
gardless of baseline functional status, ejection frac-
tion, or randomization. Thus, in patients with
chronic atrial fibrillation undergoing atrioven-
tricular nodal ablation, there is now compelling
evidence that biventricular pacing can be of bene-
fit, particularly in patients with either poor base-
line ejection fraction or poor clinical functional
status. In patients with preserved left ventricular
function, there remains concern about the pos-
sible adverse effects of the long-term mechani-
cal dyssynchrony caused by right ventricular api-
cal pacing. Of course, we are in dire need of
further studies, as there remain important ques-
tions relating to whether this dyssynchrony is pro-
duced by adverse remodeling, which might be re-
versible or preventable by biventricular pacing,
what the time course of this phenomenon might
be, and why some patients with chronic right ven-
tricular apical pacing appear to do well over the
long term without a decrease in right ventricular
function.*>:

Exclusive Left Ventricular Pacing

As alluded to earlier, right ventricular api-
cal pacing may not be necessary even for patients
receiving biventricular pacing. Preliminary data
have indicated that there were no significant dif-
ferences between single-site left ventricular pac-
ing and biventricular pacing for cardiac resynchro-
nization therapy, suggesting that right ventricular
pacing may be redundant and left ventricular pac-
ing alone might suffice.'® Acute hemodynamic
measurements in 27 patients with heart fail-
ure having an epicardial left ventricular lead in-
dicated that left ventricular pacing alone was
superior to right ventricular pacing, but also
to biventricular pacing as well.?® In another
acute hemodynamic study in 18 heart failure pa-
tients with conduction delay getting catheterized,
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left ventricular pacing yielded the best hemody-
namic response compared to both right ventric-
ular pacing and biventricular pacing.®® Similar
acute hemodynamic benefit could be derived from
temporary left ventricular pacing in 10 patients
with heart failure and pulmonary wedge pressure
>15 mmHg, compared with 10 heart failure pa-
tients but with normal wedge pressure.?® Experi-
ments in dogs investigating the hemodynamic ef-
fects of pacing at various right and left ventricular
sites indicated that the left ventricular pump func-
tion was maintained best when pacing at the left
ventricular septum or apex, possibly because pac-
ing from these sites, where the impulses exit the
Purkinje system, created a physiological propaga-
tion of electrical conduction.”® In another study
involving 11 healthy dogs and 8 children, left ven-
tricular apical pacing, rather than right ventricular
apical pacing, was associated with superior hemo-
dynamic performance and designated as the op-
timal site for pediatric pacing.®® The results of a
6-month follow-up of permanent left ventricular
pacing have been reported in 18 patients and com-
pared with those in 15 patients receiving biventric-
ular pacing.?* The two pacing modes (left ventricu-
lar and biventricular) were associated with almost
equivalent improvement of symptoms and param-
eters of left ventricular performance. Similarly, at
12 months, 22 patients with severe heart failure
and LBBB, receiving left univentricular pacing,
had significant benefit in exercise tolerance and
left ventricular function.®® The clinical efficacy of
single-site left ventricular pacing was assessed in
86 patients with heart failure.®* Left ventricular
pacing significantly improved exercise tolerance
and quality of life, particularly in those patients
with a QRS interval over 150 ms. However, in a
study of 13 patients with chronic atrial fibrillation
and severe heart failure who had His bundle ab-
lation, chronic biventricular pacing provided bet-
ter hemodynamic performance than left ventric-
ular pacing.”® The authors ascribed the inferior
performance of left ventricular pacing to the in-
terventricular dyssynchronization induced by left
ventricular pacing. Studies have been planned
to test the relative merits of left ventricular pac-
ing alone versus biventricular pacing (BELIEVE,
OPSITE).'® Indeed, OPSITE, a prospective ran-
domized trial, compared, in a single-blind, 3-
month cross-over design, right ventricular and left
ventricular pacing (phase 1) and right ventricular
and biventricular pacing (phase 2).5¢ The study
was performed in 56 patients affected by severely
symptomatic permanent atrial fibrillation, uncon-
trolled ventricular rate, or heart failure. Primary
endpoints were quality of life and exercise ca-
pacity, which were modestly improved mainly by
biventricular, rather than left ventricular, pacing.
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Triventricular Pacing

In heart failure patients not responding to
biventricular pacing, a novel approach has been
proposed: that of pacing from the right ventric-
ular apex and outflow tract in conjunction with
lateral left ventricular pacing. In a recent prelim-
inary report of 13 patients receiving this type of
triventricular pacing, the QRS duration shortened
considerably and all the hemodynamic parameters
significantly improved.%

Resynchronization

It appears that mechanical resynchronization
may actually be more important than electrical
resynchronization,®” whatever the means used to
achieve this mechanical synchrony, be it left ven-
tricular pacing alone, the classical biventricular
pacing, nonapical right ventricular pacing, bifo-
cal right ventricular pacing, or trifocal ventricu-
lar pacing. It is thus possible in the future that we
could altogether abandon right ventricular apical
pacing, at least as stand-alone pacing, as being ob-
solete or potentially deleterious for all groups of
patients, with or without left ventricular dysfunc-
tion or structural heart disease. This notwithstand-
ing, we will certainly need more data from future
studies in order to implement such a course, as
there is still evidence that some patients tolerate
right ventricular apical pacing well,*® while oth-
ers do so poorly, as has amply been shown in this
review.

From the studies on cardiac resynchroniza-
tion therapy there is now evidence that biven-
tricular pacing may lead to reversal of some
of the chronic deleterious effects of ventricu-
lar dyssynchrony.?81%° Studies using Doppler
echocardiograms and tissue Doppler imaging tech-
niques have shown that cardiac resynchronization
significantly improved left ventricular function
and reversed left ventricular remodeling during
long-term follow-up.?>:98-190 Whether this can be
achieved with other alternate site pacing methods
remains to be elucidated in future studies.

Clinical Implications

The adverse hemodynamic effects of sponta-
neous LBBB may be profound.=*° There is asyn-
chronous myocardial activation that may trigger
ventricular remodeling. This ventricular desyn-
chronization can lead to both systolic and dias-
tolic left ventricular dysfunction and the devel-
opment or worsening of heart failure symptoms.
In the presence of LBBB, reversible myocardial
perfusion defects have been demonstrated on ra-
dionuclide scintigraphy in the absence of signifi-
cant coronary artery disease. Some patients with
intermittent LBBB may develop angina concur-
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rently with the onset of LBBB; whether this is
due to the development of myocardial ischemia
or ventricular asynergy is not clear. In patients
with dilated cardiomyopathy, LBBB is accompa-
nied by progressive left ventricular dilation and
mitral regurgitation and shortening of left ventric-
ular filling time.* Whether LBBB is the cause or a
consequence of left ventricular dilation is not al-
ways clear. Patients with dilated cardiomyopathy
with LBBB compared with those without LBBB,
are more likely to have nonischemic etiology, pro-
found left ventricular dilation, lower left ven-
tricular ejection fraction, increased symptomatol-
ogy, and reduced survival.® The presence of LBBB
generally conveys poor prognosis.’?%1% Restoring
left ventricular synchrony with cardiac resynchro-
nization therapy has been demonstrated to have
a significant impact on patients’ symptomatology
and clinical course, and most probably on their
survival.?1-2°

Although the deleterious effects of sponta-
neous LBBB have been well described, it is only
recently that we have started becoming aware of
similar harm caused by the iatrogenic LBBB, which
is produced by right ventricular apical pacing in
patients with conventional permanent pacemak-
ers. The harm incurred by such type of pacing may
more specifically relate to the abnormal axis con-
ferred by apical pacing rather the LBBB per se. It
appears critically important in understanding the
difference between a normal axis of depolarization
one sees with right ventricular outflow tract pac-
ing and the reversal of the normal axis of depolar-
ization and anisotropic conduction one gets with
right ventricular apical pacing. This may explain
in part the evidence that right ventricular outflow
tract or His bundle or septal pacing may be more
advantageous than apical pacing. Indeed, there is
evidence that the His-Purkinje fibers may be used
for propagation during right ventricular outflow
pacing resulting in narrower QRS compared with
right ventricular apical pacing.°!

Normal activation of the myocardium dur-
ing sinus rhythm both in the septum and in the
right and left ventricular free wall occurs mainly
from apex to base and from endocardium to epi-
cardium.'®> The importance of normal electri-
cal activation of the ventricle for optimal pump
function has been known for years, but only re-
cently did it generate broader interest. It has thus
been recognized that in addition to atrioventricu-
lar synchrony, a proper sequence of activation is
equally important. Several studies using single-
chamber pacing and virtually all studies using
atrioventricular sequential pacing showed a sig-
nificant influence of the site of pacing on hemo-
dynamic performance. While ventricular pacing
at any site may have an adverse effect on pump
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function, many studies showed that right ventricu-
lar apical pacing resulted in the most pronounced
deleterious effect. Not only are the acute distur-
bances in pump function important, but the my-
ocardial changes occurring during chronic ven-
tricular pacing, as outlined above, may be more
worrisome. The combination of reduced pump
function and long-term maladaptive changes
could account for higher morbidity and mortal-
ity in patients with chronic right ventricular apex
pacing compared with atrial pacing. Therefore,
investigators are exploring alternative sites for
pacing.

His bundle pacing has been shown to result
in the same QRS duration and pressure develop-
ment as sinus rhythm and atrial pacing and better
hemodynamics than right ventricular apex pacing.
Right ventricular outflow tract or bifocal (apex and
outflow tract) pacing may synchronize contrac-
tion and improve pump function, although QRS
duration and configuration is still abnormal as
compared to atrial pacing. Left ventricular pacing
sites become increasingly useful, especially since
newly developed leads and delivery systems fa-
cilitate this transcoronary venous approach. Left
ventricular function is consistently better when
pacing left ventricular sites than when pacing right
ventricular sites.

Among all left ventricular pacing sites, the left
ventricular apex generally results in the best main-
tenance of pump function at least in normal ani-
mal hearts.?%192 However, the better left ventricu-
lar function during left ventricular pacing is not
associated with shorter QRS duration. With biven-
tricular pacing, QRS duration is reduced but left
ventricular function may not improve. However,
multisite pacing (left ventricular apex in combi-
nation with the right ventricular apex and out-
flow tract or in combination with right ventricu-
lar apex, outflow tract, and left ventricular base)
slightly increases cardiac output compared to left
ventricular apex pacing alone. All these data con-
cern animal hearts with an intact ventricular con-
duction system.!?? It is important to note that,
even though left ventricular pacing results in better
pump function than right ventricular pacing, long-
term left ventricular pacing, similar to chronic
right ventricular pacing, may still cause structural
abnormalities, which at 6 months may still be
reversible.

The electrical impulse is conducted approx-
imately four times slower in the normal my-
ocardium than in the Purkinje system. Due to this
delayed myocardial conduction, ventricular pac-
ing often leads to lengthening of QRS duration as
compared to sinus rhythm. Generally, QRS dura-
tion is less prolonged during right ventricular apex
than during left ventricular lateral wall pacing. To
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avoid the abnormal activation during ventricular
pacing, pacing in or close to the rapid conduction
system has been suggested. Indeed, several animal
studies showed reduced QRS duration when pac-
ing in the high ventricular septum as compared to
right ventricular apex pacing. Shortest QRS dura-
tions and normal QRS configurations occur dur-
ing pacing in the His bundle. An alternative to the
technically difficult His-bundle pacing is to pace
at multiple sites. Pacing at two or three sites, more
or less opposite to each other, reduces QRS du-
ration by no more than 20% as compared with
single-site pacing. This limited reduction is prob-
ably explained by the fact that at each pacing site,
the initial impulse conduction still occurs through
the slow muscular conduction. Some studies re-
ported a correlation between QRS duration and
systolic left ventricular function, but such corre-
lation was absent in other studies. A possible ex-
planation for the inconsistent correlation between
QRS duration and left ventricular function is that
QRS duration is a measure of the duration of acti-
vation of both the right and left ventricle. This is
further supported by the finding that left ventricu-
lar function correlates better with the duration of
left ventricular endocardial activation than with
QRS duration.

Abnormal electrical activation of the ventri-
cles, induced by right ventricular apical pacing or
conduction disturbances (LBBB), has strong im-
plications for hemodynamic performance. During
both LBBB and right ventricular apical pacing, the
activation sequence deviates significantly from the
physiological sequence and is associated with a
significant decline in left ventricular function. Pac-
ing at alternative sites, like right ventricular sep-
tum or outflow tract, left ventricle, or multiple
sites, causes less pronounced decreases in left ven-
tricular function in hearts with intact conduction
system and improves left ventricular function in
hearts with LBBB. However, pacing at various ven-
tricular sites used until now, except the His bun-
dle, results in a ventricular activation sequence
different from sinus rhythm. Hence, the search for
pacing site(s), leading to more physiological acti-
vation sequence and optimal pump function of the
ventricles will continue.!??

Taking into account all the evidence presented
herein about the harmful effects of the iatrogenic
LBBB, we need to reconsider our approach to con-
ventional right ventricular apical pacing. First,
for those patients already having conventional
pacing systems, particularly in the presence of
left ventricular dysfunction or heart failure, pace-
maker programming should be employed to mini-
mize right ventricular pacing. This can be accom-
plished in patients with sinus node dysfunction
but with normal atrioventricular conduction, by
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establishing functional AAIR pacing with use of
the DDDR mode with a long atrioventricular delay
(>250 ms). However, many a time this is not con-
sistently feasible and it remains an inefficient way
to reduce ventricular pacing in at least 17-32%
of patients even when the longest fixed atrioven-
tricular delay is programmed for.**1% Manufac-
turers need to redesign their pacemakers to make
such programming feasible or have the pacemakers
search for atrioventricular conduction and with-
hold unnecessary ventricular pacing; automatic
mode switching from AAIR to DDDR and vice
versa would be desirable. Indeed, newly designed
pacemaker models are emerging, which bear algo-
rithms that drastically curtail the amount of ven-
tricular pacing.'%*'%” Asregards patients with per-
manent atrioventricular block, we need to act now
and use alternate sites of pacing for those receiv-
ing new pacing systems. For those patients who al-
ready have an implanted conventional pacemaker,
either a dual-chamber pacing system in the pres-
ence of sinus rhythm or a single-chamber system
in cases of permanent atrial fibrillation, we should
seriously consider upgrading them to biventricu-
lar systems if moderate or severe left ventricular
dysfunction is present.3>®3 This appears feasible
and safe in the majority of patients.'®® In select
cases, there is indication that even right ventric-
ular outflow tract pacing alone or in combination
with right ventricular apical pacing (bifocal pac-
ing) may be hemodynamically more advantageous
than right ventricular apical pacing’”:8%; the tech-
nical means to effect such an approach are im-
proving and may be more time- and cost-efficient
than left ventricular pacing. Further studies are
needed to assess the merits of such an approach.
However, a better preventive approach to cardiac
desynchronization than secondary prevention ap-
plied in patients with heart failure who already
have manifest left ventricular dyssynchrony, is al-
ways primary prevention in selected or even in
all patients requiring continuous ventricular pac-
ing. This can only be effected with a priori use
of alternate sites for ventricular pacing. However,
which alternate site constitutes the optimal pac-
ing site still remains elusive. Again, for patients
with sinus node dysfunction or transient atrioven-
tricular block, pacemakers with ventricular pacing
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