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Aims Chronotropic incompetence (Cl) in patients with congestive heart failure (CHF) develops
frequently under B-blocker and amiodarone therapy. It can be corrected by pacing. We performed a
randomized study to test whether pacing is beneficial in CHF patients with ClI.

Methods and results Congestive heart failure patients under combined beta-blocker and amiodarone
therapy (n = 77) were randomly assigned to inhibited pacing (INH; basal rate 40 bpm/hysteresis
30 bpm; n=38) or to DDDR pacing with optimized atrioventricular delay (OPT; stimulation rate
65-120 bpm, n = 39). Groups showed similar baseline values in NYHA class, heart rate, and ejection
fraction (EF) and were followed up to 10 years. The resting and mean 24 h heart rate after 1 year
decreased by —2.6/—5bpm in INH, but increased by +3.6/+6.0 bpm in the OPT group (P < 0.001).
The QRS interval after 1 year increased by 12 + 23 ms in the INH group, but +32 + 36 ms in the
OPT group (P < 0.01). Patients with INH developed a greater left ventricular EF (LVEF) when compared
with OPT patients (+10.6 + 8 vs. +2 + 10%, respectively; P = 0.04). Changes in LVEF were negatively
correlated with heart rate, but not with QRS width changes. Prognosis and the event rate were better in
the INH group.

Conclusion In the long-term follow-up, single-site ventricular pacing in patients with CHF and low LVEF
is associated with significant clinical events and a poor prognosis.

Introduction

Bradycardia and chronotropic incompetence (Cl) in conges-
tive heart failure (CHF) has been identified as a factor limit-
ing exercise capacity and has been proposed as a
therapeutic target."? The precise mechanisms for Cl have
not been defined—for example, in CHF B-blocker therapy,
elevated sympathetic nervous outflow and reduced
B-receptor density may alter heart rate regulation during
exercise.>”® Therefore, we initiated a long-term study to
test whether rate-responsive pacing with haemodynamically
optimized atrioventricular delay (AVD) was beneficial in
heart failure patients in addition to an optimized heart
failure therapy including a maximized dose of B-blockers
and amiodarone. We hypothesized that medically induced
Cl and bradyarrhythmia®’ corrected by optimized rate-
responsive pacing (OPT) would translate into a clinical
benefit. Pacing effects at the initiation of the study were
not only expected from heart rate increase, but also from
the correction of pre-systolic mitral regurgitation by
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shortening of the AVD.®® Therefore, an AVD optimization
algorithm was implemented in this study. At the time of
inclusion in the study (1996-98), biventricular pacing was
experimental, needing thoracotomy for placing left ventri-
cular leads. Therefore, only conventional right heart
apical pacing was used. In a preliminary publication in the
form of a scientific letter, we reported a higher event rate
in patients under OPT stimulation compared with inhibited
pacing mode (INH).'® We now present in detail the final
analysis and conclusions of this study after a long-term
follow-up.

Methods

Patient selection

We recruited 111 consecutive ambulatory patients in sinus rhythm
for pacemaker implantation, out of 225 screened candidates for
heart transplantation (HTx) from 1996 to 1998. Patients with
symptomatic bradycardia, atrial fibrillation, expected HTx in the
next 3 months, or refusal (n = 164) were excluded at study entry
(Figure 1). Owing to our experience with a combined B-blocker
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Figure 1 Consort diagram of the entire study population.

and amiodarone therapy, we expected Cl in these patients at a high
percentage.”

Ethics

The protocol including prophylactic pacemaker implants was
approved by the Hamburg Ethics Committee, and patients gave
written informed consent.

Evaluation and management

Medical therapy was intensified individually in all patients in a
similar way, according to the results of repeated right heart cathe-
terization studies. According to filling pressures [target right atrial
(RA) pressure <4 mmHg and target pulmonary capillary wedge
pressure (PCP) <15 mmHg], diuretic and vasodilator therapy was
adjusted, mainly by adding xipamide (mean daily dose
16 + 7mg). In all patients, angiotensin-converting enzyme inhibi-
tors or angiotensin receptor blockers were up-titrated to the
highest tolerable dose (target systolic blood pressure
<100 mmHg). Digitalis glycosides were given for every patient as
digitoxin (mean daily dose 0.065 + 0.01 mg). Digitoxin was given
routinely for a ‘complete heart failure therapy’. Digitoxin plasma
levels were measured after 12 months; evaluations were within
the therapeutic range (19 + 9 ng/mL). Patients who received phen-
procoumon to prevent embolic events (79%) were without any
bleeding complications (target international normalized ratio
2-3). B-blockers (64% carvedilol, 20% metoprolol, and 16% biso-
prolol) were given first in low doses and later uptitrated as much
as possible, according to the guidelines. Additionally, patients
received additional amiodarone therapy (200 mg/day for 3 months
and 1000 mg/week later on) prophylactically for the suppression
of either ventricular or supraventricular arrhythmia and to slow
overall heart rate. At that time, prophylactic amiodarone therapy
seems to be justified according to the results of the GESICA
study."" Chronotropic incompetence was defined as failure to
achieve 85% of the maximum exercise heart rate predicted for
age and sex (220—age in men and 200—age in women) at
maximum bicycle exercise. The maximum heart rate achieved at
the time of randomization was 108 + 14 min, so every patient
fulfils this definition at time of randomization. In our theory at

that time, we have reached a steady state to study the influences
of pacing solely.

Pacemaker implantation and programming

Pacemaker implantation with RA and right ventricular (RV) leads
was scheduled during the first 4 weeks of observation and was per-
formed with standard techniques via cephalic or subclavian veins.
Pulse generators CHORUS RM 7034 (ELA Medical, Paris, France)
with ventilation sensors were used. Mortality due to the pacemaker
implantation was zero. Two re-operations for ventricular and atrial
lead dislodgements were necessary. The pacemakers were pro-
grammed in the VVI 40 hysteresis 30 backup mode (defined as
INH), unless reprogramming to a higher rate was indicated due to
persistent bradycardia <40/min and VVI-stimulation (crossovers,
discussed subsequently). Three months after implantation
(wash-out period), the patients were randomly assigned to further
VVI 40 hysteresis 30 backup mode (n = 38) or to dual chamber
rate responsive pacing mode (defined as OPT) with optimized AV
delay (OPT group, n= 39, AUTO calibration ON). Patients were
blind with regard to their pacing mode. The optimal AVD was
adjusted during a right heart catheterization study using the AVD
that resulted in lowest filling pressures and highest cardiac index.
Atrioventricular delay at basic rate was programmed without
sense compensation or rate adaptation in the OPT group as
follows: 47 ms, 4 patients; 78 ms, 2 patients; 94 ms, 6 patients;
125 ms, 5 patients; 156 ms, 16 patients; 203 ms, 10 patients; and
234 ms, 7 patients. Twelve patients (23%) in the OPT group had
their best haemodynamics achieved by spontaneous conduction,
and therefore pacemakers were programmed to a long AVD resulting
in atrial stimulation (with or without ventricular fusion beats).
The rate spectrum was set from 65 (lower rate) to 120 bpm
(upper rate, both for spontaneous atrial rate and sensor-induced
rate). Patients’ mean heart rates were calculated from the initial
Holter recording up to randomization and later on from the event
counter of the pacemakers (mean 24 h heart rate = total heart
cycles/days x 1440).

Clinical events

Clinical events were defined as a combined hard endpoint including
death from heart failure, sudden death, HTx, or the need for
upgrade to biventricular pacing or to an ICD. Change in the pacing
system to biventricular stimulation (from year 2001 onwards) fell
also in the category of events because all of those were performed
after hospitalization due to cardiac decompensation. Event rates
were analysed according to the intention-to-treat analysis. The
mean follow-up time was 4.95 + 3 vs. 3.91 + 2.5 years in the
INH vs. OPT group.

Follow-up investigations

Follow-up investigations included right heart catheterization (filling
pressures, stroke work, and cardiac index), physical examination,
routine lab, resting ECG, and echocardiography [fractional shorten-
ing, left ventricular ejection fraction (EF), end-diastolic left ventri-
cular diameter, and valve function]. The E-wave deceleration time
(EDT) was defined and measured as the time from peak E-wave
to the intersection of the E-wave slope at the baseline. Ejection
fractions at randomization and at month 12 were determined by
radionuclide ventriculography (RNV) with re-injected technetium-
labelled erythrocytes (normal range >55%). The variability of this
method in our laboratory was +4%. According to this variability
and to the literature,'? we could state that the observed differences
between the two measurements (entry and 1 year +10.6% in the INH
group) are true changes and not the result of technologic variability.
Left ventricular ejection fraction measured by RNV is independent
of heart rate, because only systolic and diastolic activity counts
were necessary for the calculation. Examiners of the RNV were
blinded to the actual pacing mode. Blinding was not possible
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during haemodynamic studies because pacing spikes were visible by
the clinically indicated ECG monitoring. The course of the mean 24 h
heart rate was calculated from the pacemaker memory data in both
groups. Only complete data sets (INH: n = 32 and OPT: n = 39) were
used for data analyses.

Statistical analysis

According to the sample size, the study was powered enough to
detect at least moderate differences between groups, as measured
by a t-test (Software package G*Power 3). Differences in the results
of clinical and haemodynamic data were checked for significance by
means of Student’s t-tests for matched (entry and after 1 year) and
non-matched (baseline between groups) pairs. Analyses were made
according to the intention-to-treat principle. Non-parametric data
were checked for significance by the Wilcoxon test. All data are
expressed as mean + standard deviation. Survival rate was calcu-
lated by the Kaplan-Meier analysis and the log-rank test (Winstat,
Kalmia Inc., Cambridge, MA, USA and SPSS for Windows).

Results
Drop outs before randomization

Ten patients with already implanted pacemakers had a
system explant, died, or were heart transplanted before
randomization. Two systems were explanted due to infec-
tion after 1 and 5 weeks—one patient required tricuspid
valve replacement due to staphylococci endocarditis, and
in the second patient, no organism could be cultivated.
Both recovered fully. Heart transplantation could have
been related to the pacemaker implantation in one single
case. This patient, with dilated cardiomyopathy, became
catecholamine-dependent in the operation theatre, but suc-
cessful high-urgency HTx could be performed 1 week later.
Twenty-four patients did not tolerate either B-blocker
and/or amiodarone and were therefore excluded from
further analysis as pre-specified after the initial ‘wash-out’
period. From these 24 patients who were excluded from
the analysis after the wash-out-period, there were 8
patients with side effects, which can be attributed directly
to amiodarone toxicity [hyperthyroidism (n = 4), cutaneous
problems (n = 3), and gastrointestinal intolerance (n = 1)].
Therefore, 77 patients could be randomized (Figure 1).

Crossovers after randomization

Crossovers were defined as a persistent change in the pace-
maker mode (e.g. change from VVI-inhibited mode to rate
response or vice versa). Ten of the 38 INH patients (27%)
had to be reprogrammed to the OPT mode (crossover).
Reasons were persistent bradycardia <40/min and VVI
stimulation associated with dizziness, syncope, or presyn-
cope. The actuarial rate of crossover was 20% (7 patients)
after 1 year and 28% (10 patients) after 4 years. In every
case, we were able to correlate the occurrence of symptoms
with the time given by marker channel results. There were
five patients with sinus bradycardia, three with sinus
arrest, and two with AV block.

After randomization, there were several patients (n = 28)
in whom amiodarone therapy was stopped after a mean time
of 2.56 + 1.2 years. The reasons were hyperthyroidism in 4
patients, skin problems in 5, blurred vision in 5, and without
obvious reason in 14. No case of lung fibrosis was observed in
our cohort.

Table 1 shows the characteristics of the study patients at
the time of randomization. There were no major differences
in underlying diseases and clinical or haemodynamic data
between the INH and OPT groups at either time points.
Table 2 shows the changes in electrophysiological and
haemodynamic data after 12 months. After randomization,
the rate of VVI backup pacing in the INH group was as low
as 0.4%. In contrast, 79% of all cardiac cycles of the patients
in the OPT group were stimulated. Patients with OPT had
significantly higher resting and 24 h mean heart rates as
derived from the pacemaker counter. Optimized pacing
yielded a significant shortening of the PR (P-Stimulus) inter-
val and a significant lengthening of the evoked potential.
With regard to other data, INH patients, in contrast to
OPT patients, had a statistically significant increase in EF,
whereas other changes after month 12 did not differ signifi-
cantly between groups. Table 3 shows the results of a list of
the major cardiac events encountered by both groups
according to the intention-to-treat principle. Significantly
more events were found in the OPT vs. INH group.
Figure 2 illustrates the %change of the LVEF from randomiz-
ation to month 12. It could be shown that the INH patients
had a higher increase in LVEF after 12 months when com-
pared with their paced counterparts (P = 0.04). When
patients with fusion beats (n = 12), defined as atrial stimu-
lation with spontaneous conduction and no change in the
QRS width, were compared with their counterparts with
inhibited pacing (n = 28) or ventricular capture (n = 31),
it was found that, in this group, the EF increased only by
1% vs. 10 and 4%, respectively, from randomization to
month 12. When changes in the heart rate were correlated
with individual changes in LVEF, a negative correlation was
found such that the higher the heart rate, the lower the
increase in EF (P < 0.0001 and r = —0.47). No such corre-
lation was found between the change in the QRS width
and the increase in EF (P =ns, r = —0.18). Figure 3 shows
changes in the EDT (in millisecond) before, 3, and 12
months after randomization in the VVI-inhibited mode
(INH) or DDDR-optimized pacing mode (OPT). Patients in
the inhibited mode had significantly higher values when
compared with stimulated patients (P = 0.04 for months 3
and 12). Figure 4 shows the occurrence of major clinical
events (see Table 3, analysed according to intention-to-treat
analysis). There were significantly more episodes such as
death, HTx, or hospitalization in the OPT group compared
with the INH group (P = 0.03, x* = 4.5). There were 21
cardiac events in the INH group vs. 32 in the OPT group.
Total survival was higher in patients with the inhibited
mode; however, this difference was not statistically signifi-
cant (65 vs. 52% after 5 years and P = ns; data not shown).

Discussion

In contrast to our hypothesis, rate-responsive pacing with
optimized AVD yielded no benefit, but rather deleterious
effects in heart failure and ClI patients. Paced patients
were not better in NYHA staging (Table 2), had no improved,
and even diminished, heart transplant-free survival, and
experienced significantly more clinical events (Table 3 and
Figure 4). Especially there were more heart transplantations
and upgrade procedures to CRT systems in the OPT group,
obviously due to worsening heart failure induced by OPT
pacing. Patients without pacing showed a higher EF after
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Table 1 Patients’ characteristics at the time of randomization

INH OPT P-value

n 38 39

Age (years) 56.7 + 7 55.7 + 7 NS
Male (%) 85 83 NS
Dilated cardiomyopathy (%) 49 58 NS
Ischaemic cardiomyopathy (%) 51 34 NS
Valvular cardiomyopathy (%) 0 8 NS
NYHA stage 2.0 + 0.6 2.04 + 0.8 NS
PQ (R)—interval (ms) 205 + 30 217 + 55 NS
QRS duration (ms) 132 + 32 143 + 38 Ns
Prior atrial fibrillation episode (%) 13 17 NS
LBB (%) 36 44 NS
LAH (%) 14 6 NS
BIF block (%) 4 6 NS
RBBB (%) — 4 —
LVEF—RNV (%) 33 + 14 29.6 + 14 NS
Resting heart rate (bpm) 61 + 10 62 + 11 NS
Pulmonary wedge pressure (mmHg) 8.7 + 8 9.5 + 8 NS
Mean pulmonary artery pressure (mmHg) 18 + 9 19 + 10 NS
Mean arterial pressure (mmHg) 77 + 10 73 + 12 NS
Mean right atrial pressure (mmHg) 25+ 3 23+ 4 NS
Cardiac index (L/min/m~2) 2.5+ 0.5 2.4 + 0.5 NS
LV stroke work index (pm) 38 + 14 35 + 14 NS
LV end-diastolic diameter (cm) 6.4 + 0.6 6.6 + 0.6 NS
Fractional shortening (%) 23 + 6 21+ 6 NS
Mitral regurgitation (%) 0.8 + 0.7 0.8 + 0.8 NS
ACE inhibitors (%) 100 100 NS
B-Blockers (%) 100 100 NS
Amiodarone (%) 100 100 NS
Diuretics (%) 100 100 NS
Spironolactone (%) 84 80 NS

LBBB, left bundle brunch block; LAH, left anterior hemiblock; BIF, bifascicular; RBBB, right bundle brunch block; LVEF, left ventricular ejection fraction;

RNV, radionuclide ventriculography; ACE, angiotensin-converting enzyme.

12 months (Table 2; Figure 2, P = 0.04). No benefit of pacing
on mitral regurgitation after month 12 could be shown
(Table 2).

Two major mechanisms may be responsible for these
results: the increased heart rate and direct negative
effects of RV pacing in the OPT group.

Effects on heart rate

Optimization of medical heart failure therapy induced low
heart rates at rest and over 24 h, resulting in Cl in every
patient at the time of randomization as revealed by exercise
testing at the time of randomization (see Methods). The
basic rate of 65bpm and rate-responsive pacing (upper
rate limit 120 bpm) reversed the heart rate lowering in
OPT patients. The mean heart rate over 24 h of OPT patients
was ~10beats/min above the INH patients (P < 0.001,
Table 2). Moreover, there was a significant negative corre-
lation of the per cent change of heart rate during the first
year of randomization and the per cent change of LVEF
(see Results). In other words, heart rate lowering seemed
to be associated with an increase in LVEF.

These results add information to the significance of heart
rate in cardiovascular disease and heart failure, in particu-
lar."® A higher heart rate has been identified as a significant
and independent cardiovascular risk factor in men.'®'

Heart failure can be precipitated by rapid stimulation'®
and is correlated with the severity of the disease, most
probably as a reflection of neurohumoral activation.
A benefit of heart rate lowering in CHF can be expected
from these data and from the results of the B-blocker
trials. However, whether this decrease in heart rate was
directly related to the positive outcome of B-blockade is
unclear. Other mechanisms, such as B-blocker-mediated
upregulation of B-receptors, improvement of B-receptor
function, and protection from toxic catecholamine or
calcium overload have been suggested.'” Similar to the
mechanisms by which a lower heart rate itself may translate
in a better outcome, several hypotheses have been devel-
oped: a bradycardic heart rate may reduce myocardial stiff-
ness,'® myocardial energetics may be directly improved, '
or high-energy phosphates may be more rapidly restored.?®
In regard to own data, we speculate that bradycardia
improves diastolic function (Figure 3). Our patients in the
INH group had a significantly longer EDT, a parameter of
diastolic function with some prognostic implications.?' The
clinical benefit may be induced by improved passive filling
during longer cardiac cycles. Accordingly other reports??
could not show any benefit from rate-responsive pacing on
quality of life and exercise capacity. In this regard, data
from medical heart rate lowering trials fit also very well in

the concept of ‘the lower the heart rate, the better’.2>"2°
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Table 2 Electrophysiological and haemodynamic changes of study patients after 12 months according to the intention-to-treat principle

INH OPT P-value
n 33 35
Stimulated cardiac cycles (%) +3.4+3 +79 + 33 <0.001
Mean QRS width (ms) +12 + 23 +34 + 36 <0.01
Mean PR interval (ms) +6.4 + 45 —49 + 67 <0.01
ACEI (mg captopril equivalent) +8.4 + 23 5.8 + 19 n.s.
Furosemide (mg furosemide equivalent) —4.8 + 19 —2.8 + 26 n.s.
Resting heart rate (bpm) —4.2 + 12 +4.5 + 14 <0.02
Mean 24 h heart rate (bpm) -5+8 +6 +8 <0.001
NYHA (class) —-0.1 + 0.6 —-0.2 + 0.8 n.s.
Sodium (mmol/L) -0.2 + 3.0 +0.6 + 3.8 n.s.
Body weight (kg) +1.3 + 6.0 +1.4 £ 5.0 n.s.
LVEF—RNV (%) +10.6 + 8 +2 + 10 0.04
Fractional shortening (%) +2.7 + 6 +1.6 +7 n.s.
Left ventricular end-diastolic diameter (mm) -2.3 + 0.7 —-1.6 + 0.7 n.s.
Mitral regurgitation (grade) +0.02 + 0.7 +0.1 + 0.7 n.s.
Tricuspid regurgitation (grade) +0.1 + 0.6 +0.05 + 0.6 n.s
Pulmonary wedge pressure (mmHg) +0.5 + 6 -09 +7 n.s
Mean pulmonary artery pressure (mmHg) +0.3 + 6 -0.7 + 8 n.s
Mean arterial presssure at rest (mmHg) +0.4 + 6 -25+5 n.s.
Mean right atrial pressure (mmHg) +0.2 + 4 +0.3 + 3 n.s
Cardiac index (L/min/m~2) —-0.1 + 0.4 -0.1 + 0.4 n.s
LV stroke work index (pm) —-0.4 + 12 —3.3+ 12 n.s

ACE, angiotensin-converting enzyme inhibitor; LVEF, left ventricular ejection fraction; RNV, radionuclide ventriculography.

Table 3 Cardiac events during the observation period INH vs.
OPT

INH OPT
Heart transplantation 2 5
CHF death 2 3
Sudden death 10 10
Upgrade to biventricular pacing due 4 11
to refractory heart failure
Upgrade to a defibrillator due to 0 3
malignant VT
Total number of major cardiac events 18/32 32/38
(56%) (84%)

Effects on right ventricular excitation

The other possibility for the more favourable outcome of the
non-paced patients may be negative effects of pacing the
right ventricle. This could induce ventricular dyssynchrony
mimicking left bundle brunch block. Increased length of
the QRS interval leads to reduced LV systolic function and
filling time. Stimulation of the RV apex leads to such
changes and reduced inotropy.26-2® Animal experiments in
RV-stimulated rabbits showed myocardial fibrosis and myo-
cardial fibre disarrangements.?’ Long-term RV-stimulated
patients showed myocardial perfusion defects and apical
hypokinesis and depressed LV systolic and diastolic func-
tion.3%3' Besides increased heart rate and shorter PR time
intervals, our OPT patients showed a broader QRS width
(Table 2). Our results fit well with the negative effects of
RV stimulation found in the small series of Gold et al.?
and in the DAVID study.333* Accordingly, beneficial effects

LVEF — RNV
)
30 -
20
——INH
10
-Hl- OPT
0 T T ,
Pre RAND M12

Figure 2 Left ventricular ejection fraction (LVEF): inhibited group
(INH; n = 38) vs. optimized pacing group (OPT; n = 39).

250
—4-INHn=33
-l- OPTn=33
200
150
100 T T T

RAND M3 M12

Figure 3 Changes in the E-wave deceleration time (EDT in milli-
second) before and 12 months after randomization in the VVI-
inhibited mode (INH) or DDDR-optimized pacing mode (OPT).

Pre
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Figure 4 Cardiac event-free survival stratified to pacing mode
(OPT vs. INH) according to the intention-to-treat analysis
(P =0.03).

of biventricular pacing have been demonstrated in several
randomized studies. However, the mean QRS duration of
our patients was below 150 ms and, therefore, many of
those are not typical CRT candidates even today. The
optimal pacing rate (basal rate and use of rate response)
even with CRT has to be determined with additional
studies, but it may be lower than formerly thought if
extrapolated from the data presented here.

Conclusion

In the long-term follow-up, single-site ventricular pacing in
patients with CHF and low LVEF is associated with significant
clinical events and a poor prognosis. In this regard, our study
supports the findings from the DAVID trial. Therefore, single-
site ventricular pacing should be avoided in such patients if
at all possible and if unavoidable, probably replaced by CRT
or other pacing modes/sites showing out to be better in the
future (e.g. His-bundle pacing). Early change to CRT should
be considered, in our means, because of the high frequency
of cardiac events encountered in the OPT group. It cannot
be decided whether RV pacing or high heart rates were
responsible for the worse outcome of the OPT group. Most
probably, a mixture of these two factors contributed to
our observations.

Limitations

Our study results are limited due to the high rate of cross-
overs. In about one-quarter of the CHF patients, the heart
rate was lowered ‘too much’, and therefore, these patients
developed conventional pacemaker indications over time.
This may allow for further uptitration of negative chronotro-
pic drugs (B-blockers, digitalis, and amiodarone) to their
maximal dosage, preventing symptomatic bradycardias. Fur-
thermore, we cannot exclude that our method for AV delay
optimization (acute haemodynamic testing) was inadequate
in determining the best long-term value. However, AV delay
adjustment according to PCP may be appropriate because
this parameter reflects haemodynamic consequences of
mitral regurgitation more precisely than echocardiography.
A reliable method for AV delay optimization is yet to be
validated. It also cannot be excluded that the minute venti-
lation sensor of the pacemakers was not adequate to reflect
the demands of heart failure patients. Further investigations

should be carried out in regard to AV delay optimization and
biosensing for rate-response adaptation in heart failure
patients. In this regard, our findings could help develop
working hypotheses for new trials.

Acknowledgements

We thank Ulrich Jorde for carefully reading the manuscript.

Conflict of interest: H.N. received speakers’ honoraria from ELA
medical.

Funding

This work was supported by a grant from ELA medical (Paris,
France).

References

1. Borlaug BA, Melenovsky V, Russell SD, Kessler K, Pacak K, Becker LC et al.
Impaired chronotropic and vasodilator reserves limit exercise capacity in
patients with heart failure and a preserved ejection fraction. Circulation
2006;114:2138-47.

2. Jorde UP, Vittorio TJ, Kasper ME, Arezzi E, Colombo PC, Goldsmith RL
et al. Chronotropic incompetence, beta-blockers, and functional
capacity in advanced congestive heart failure: time to pace? Eur J
Heart Fail 2008;10:96-101.

3. Bristow MR, Ginsburg R, Minobe W, Cubicciotti RS, Sageman WS, Lurie K
et al. Decreased catecholamine sensitivity and beta-adrenergic-receptor
density in failing human hearts. N Engl J Med 1982;307:205-11.

4. Fowler MB, Laser JA, Hopkins GL, Minobe W, Bristow MR. Assessment of
the beta-adrenergic receptor pathway in the intact failing human
heart: progressive receptor down-regulation and subsensitivity to
agonist response. Circulation 1986;74:1290-302.

5. White M, Yanowitz F, Gilbert EM, Larrabee P, O’Connell JB, Anderson JL
et al. Role of beta-adrenergic receptor downregulation in the peak
exercise response in patients with heart failure due to idiopathic
dilated cardiomyopathy. Am J Cardiol 1995;76:1271-6.

6. Luu M, Stevenson WG, Stevenson LW, Baron W, Walden J. Diverse
mechanisms of unexpected cardiac arrest in advanced heart failure.
Circulation 1989;80:1675-80.

7. Nagele H, Bohlmann M, Eck U, Petersen B, Rodiger W. Combination
therapy with carvedilol and amiodarone in patients with severe heart
failure. Eur J Heart Fail 2000;2:71-9.

8. Auricchio A, Sommariva L, Salo RW, Scafuri A, Chiariello L. Improvement
of cardiac function in patients with severe congestive heart failure and
coronary artery disease by dual chamber pacing with shortened AV
delay. Pacing Clin Electrophysiol 1993;16:2034-43.

9. Brecker SJ, Xiao HB, Sparrow J, Gibson DG. Effects of dual-chamber
pacing with atrioventricular delay in dilated cardiomyopathy. Lancet
1992;340:1308-12.

10. Nagele H, Schomburg R, Petersen B, Rodiger W. Dual chamber pacing in
patients with severe heart failure on beta blocker and amiodarone treat-
ment: preliminary results of a randomised study. Heart 2002;87:566-7.

11. Doval HC, Nul DR, Grancelli HO, Perrone SV, Bortman GR, Curiel R.
Randomised trial of low-dose amiodarone in severe congestive heart
failure. Grupo de Estudio de la Sobrevida en la Insuficiencia Cardiaca
en Argentina (GESICA). Lancet 1994;344:493-8.

12. Jensen DG, Genter F, Froelicher VF, Kearney J, Ashburn W. Individual
variability of radionuclide ventriculography in stable coronary artery
disease patients over one year. Cardiology 1984;71:255-65.

13. Palatini P. Heart rate as a cardiovascular risk factor. Eur Heart J 1999;
Suppl. 1:B3-9.

14. Gillum RF, Makuc DM, Feldman JJ. Pulse rate, coronary heart disease, and
death: the NHANES | epidemiologic follow-up study. Am Heart J 1991;
121:172-7.

15. Levine HJ. Rest heart rate and life expectancy. J Am Coll Cardiol 1997;
30:1104-6.

16. Spinale F. Pathophysiology of Tachycardia-induced Heart Failure.
Armonk, NY: Futura; 1996. p1-231.

17. Heilbrunn SM, Shah P, Bristow MR, Valentine HA, Ginsburg R, Fowler MB.
Increased B-receptor density and improved hemodynamic response to



Rate-responsive pacing in patients with CHF

Page 7 of 7

18.

19.

20.

21.

22.

23.

24.

25.

26.

catecholamine stimulation during long-term metoprolol therapy in heart
failure from dilated cardiomyopathy. Circulation 1989;79:483-90.
Nagatsu M, Spinale FG, Koide M, Tagawa H, DeFreitas G, Cooper G IV
et al. Bradycardia and the role of B-blockade in the amelioration of
left ventricular dysfunction. Circulation 2000;101:653-9.

Moe GW, Grima EA, Howard RJ, Seth R, Armstrong PW. Left ventricular
remodelling and disparate changes in contractility and relaxation
during the development of and recovery from experimental heart
failure. Cardiovasc Res 1994;28:66-71.

Zhang J, Toher C, Erhard M, Zhang Y, Ugurbil K, Bache RJ et al. Relation-
ships between myocardial bioenergetic and left ventricular function in
hearts with volume-overload hypertrophy. Circulation 1997;96:334-43.
Pai RG, Buech GC. Newer Doppler measures of left ventricular diastolic
function. Clin Cardiol 1996;19:277-88.

Lamas GA, Knight DJ, Sweeney MO, Mianulli M, Jorapur V, Khalighi K et al.
Impact of rate modulated pacing on quality of life and exercise capacity:
evidence from the advanced elements of pacing randomized controlled
trial (ADEPT). Heart Rhythm 2007;4:1125-32.

Fox K, Borer JS, Camm AJ, Danchin N, Ferrari R, Lopez-Sendon JL et al.,
for the Heart Rate Working Group. Resting heart rate in cardiovascular
disease. J Am Coll Cardiol 2007;50:823-30.

Mulder P, Barbier S, Chagraoui A, Richard V, Henry JP, Lallemand F et al.
Long-term heart rate reduction induced by the selective If current inhibi-
tor ivabradine improves left ventricular function and intrinsic myocardial
structure in congestive heart failure. Circulation 2004;109:1674-9.
Lechat P, Hulot JS, Escolano S, Mallet A, Leizorovicz A, Werhlen-
Grandjean M et al. Heart rate and cardiac rhythm relationships with
bisoprolol benefit in chronic heart failure in CIBIS Il Trial. Circulation
2001;103:1428-33.

Lee MA, Dae MW, Langberg JJ, Griffin JC, Chin MC, Finkbeiner WE et al.
Effects of long-term right ventricular apical pacing on left ventricular

27.

28.

29.

30.

31.

32.

33.

34.

perfusion, innervation, function and histology. J Am Coll Cardiol 1994;
24:225-32.

Rosengvist M, Isaaz K, Botvinick EH, Dae MW, Cockrell J, Abbott JA et al.
Relative importance of activation sequence compared to atrioventricular
synchrony in left ventricular function. Am J Cardiol 1991;67:148-56.
Saxon LA, Kerwin WF, Cahalan MK, Kalman JM, Olgin JE, Foster E et al.
Acute effects of intraoperative multisite ventricular pacing on left
ventricular function and activation/contraction sequence in patients
with depressed ventricular function. J Cardiovasc Electrophysiol 1998;
9:13-21.

Karpawich PP, Justice CD, Cavitt DL, Chang CH. Developmental sequelae
of fixed-rate ventricular pacing in the immature canine heart: an electro-
physiologic, hemodynamic and histopathologic evaluation. Am Heart J
1990;119:1077-83.

Tse HF, Lau CP. Long-term effect of right ventricular pacing on myocardial
perfusion and function. J Am Coll Cardiol 1997;29:744-9.

Tantengco MV, Thomas RL, Karpawich PP. Left ventricular dysfunction
after long-term right ventricular apical pacing in the young. J Am Coll
Cardiol 2001;37:2093-100.

Gold MR, Feliciano Z, Gottlieb SS, Fisher ML. Dual-chamber pacing with a
short atrioventricular delay in congestive heart failure: a randomized
study. J Am Coll Cardiol 1995;26:967-73.

Wilkoff BL, Cook JR, Epstein AE, Greene HL, Hallstrom AP, Hsia H et al.,
Dual Chamber VVI Implantable Defibrillator Trial Investigators.
Dual-chamber pacing or ventricular backup pacing in patients with an
implantable defibrillator: the Dual Chamber and VVI Implantable
Defibrillator (DAVID) Trial. J Am Med Assoc 2002;288:3115-23.

Hayes JJ, Sharma AD, Love JC, Herre JM, Leonen AO, Kudenchuk PJ,
DAVID Investigators. Abnormal conduction increases risk of adverse
outcomes from right ventricular pacing. J Am Coll Cardiol 2006;48:
1628-33.



