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NEW TECHNOLOGY

oupled Pacing Reverses the Effects of Persistent
trial Fibrillation on the Left Ventricle
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Purpose. Recent studies have demonstrated that ventricular rate control is a viable
reatment strategy for patients in atrial fibrillation (AF). The purpose of this study was to
etermine whether or not the benefits of coupled pacing (ie, a proposed rate control

herapy) could be used during persistent AF.

Description. Six mongrel dogs were chronically implanted with endocardial atrial and
entricular pacemaker leads and two standard dual-chamber pacemakers. With the use of
wo custom “Y”-lead adapters, the pacemakers were used to induce AF and to apply
oupled pacing. Left ventricular end-diastolic and systolic volumes were measured by
chocardiography to determine ejection fractions.

Evaluation. Persistent AF significantly increased both ventricular rate and left ventricu-
ar dimensions. After sustained coupled pacing had been applied for 3 to 4 weeks, left
entricular volumes and contractile rate were significantly reduced and returned toward
he values measured prior to the induction of persistent AF. Coupled pacing increased the
jection fraction that had been reduced by persistent AF.

Conclusions. Coupled pacing reversed the left ventricular remodeling caused by the
achycardia resulting from AF.

(Ann Thorac Surg 2008;86:984–8)

© 2008 by The Society of Thoracic Surgeons
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or the last several years, our laboratory has been
investigating the implementation of coupled pacing

CP) (a novel pacing paradigm) for controlling the ven-
ricular rate of mechanical contraction (VRMC). Using CP
nvolves the application of electrical stimuli to the ven-
ricles after the effective refractory period. In previous
tudies [1–3], we reported that acute application of CP
esulted in both a negative chronotropic (mechanical not
lectrical rate) and a positive inotropic response during
cutely induced atrial fibrillation (AF). Reduction in ven-
ricular contractions by CP is the result of blocked con-
uction of rapid supraventricular activations to the ven-

ricles during AF. When CP slowed this ventricular rate
f contraction, stroke volume increased markedly as a
esult of moderate increases in left ventricular end-
iastolic volume and the decrease in end-systolic volume

1, 3]. In addition, the positive inotropic effects of CP
resulting from postextrasystolic potentiation) increased
eft ventricular (LV) first derivative of left ventricular

ccepted for publication March 31, 2008.

ddress correspondence to Dr Wallick, Department of Molecular Cardi-
l
linic Foundation, MS NE 61, 9500 Euclid Ave, Cleve-

e-mail: wallicd@ccf.org.

ociety of Thoracic Surgeons
sevier Inc
ressure (dp/dt) and LV ejection fraction (EF). The pur-
ose of this study was to determine if sustained CP could
e used in the setting of persistent AF.

echnique

ll animals used in this study received humane care in
ompliance with the “Guide for the Care and Use of
aboratory Animals” published by National Institutes of
ealth. Six mongrel dogs (20 to 30 kg) were included in

his study.
During echocardiographic imaging, all pacemakers
ere temporarily turned off to assess cardiac function,

xcept during CP therapy. Echocardiographic data were
cquired (Sequoia, with a 3-MHz probe [Seimens System,
ountain View, CA]) at (1) baseline during sinus rhythm,

2) after persistent AF, but just before the beginning of CP
herapy, and (3) after 3 to 4 weeks of continual application of
P. Left ventricular end-diastolic volume (LVEDV) and

eft ventricular end-systolic volume (LVESV), as well as
eft atrial volumes (LAV) (measured at end systole of the
eft ventricle), were computed from standard apical views
ie, 2-chamber view and 4-chamber view) by using the
impson bi-plane method. Left ventricular EF was calcu-
ated from these measurements ([LVEDV � LVESV]/

0003-4975/08/$34.00
doi:10.1016/j.athoracsur.2008.03.085
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VEDV). Measurements from three cardiac cycles as

efined by visible contractions were averaged for all
olumes, and these mean values were expressed as a
ingle value.

Rapid right ventricular pacing was applied for 2 weeks
t a rate of 240 bpm using asynchronous mode (DOO) of
he dual chamber ventricular pacemaker as previously
escribed [4]. When the LV EF was reduced by approx-

mately 20% from the baseline value during normal sinus
hythm, the ventricular pacemaker was turned off. At this
ime, the atrial pacemaker was programmed to induce AF
4]. The atrial volume interval varied from 80 to 120 ms,
epending on the individual animal and its autonomic
tate. Weekly electrocardiographic measurements were
btained to confirm this pacing continually fibrillated the
tria. During the induction of AF, echocardiographic
ssessments of LV function continued until the EF was
educed by approximately 30% from baseline levels.
hen the atrial pacemaker was turned off.
Once ventricular dysfunction had developed and per-

istent AF was established (ie, in 6 to 8 weeks total), we
nitiated coupled pacing. We used the ventricular pace-

ig 1. Concept of coupled pacing (CP) during atrial fibrillation (AF).
diagram illustrating the effects of applying coupled pacing to the

ight ventricle during AF. Note the CP results in atrioventricular
odal (AVN) block and the reduction in ventricular rate of mechani-
al contraction as illustrated by the spacing of the hearts.

ig 2. Hemodynamic tracings without coupled pacing (CP) (left pane
cal contraction, and marks above the aortic flow tracings illustrate ventricu
aker which was programmed in its dual chamber
ynchronous pacing (DDD) mode to apply the coupled
acing. The AV interval of the ventricular pacemaker was
djusted to alter the CP time delay to intervals ranging
rom 160 to 220 ms (Fig 1). These adjustments were made
hile monitoring LV contractions by echocardiography

uch that no secondary contractions were observed.
Normally when the ventricles are electrically activated,

here will be corresponding subsequent mechanical con-
ractions, which in turn result in ejection of blood. How-
ver, during rapid acute AF this is not always the case (ie,
rior acute hemodynamics illustrate this point) (Fig 2).

off) and then with CP (right panel, CP on) in a prior acute experi-

ig 3. Electrocardiographic tracings of one dog taken during the
hree periods of this study. The top panel shows when the animal
as in sinus rhythm. The number indicates the intrinsic electrical acti-
ations. The middle panel shows when the animal was in persistent
trial fibrillation (AF). The bottom panel shows coupled pacing (CP).
l, CP
ent. Marks above electrocardiogram (ECG) tracings illustrate ventricular rate of electrical activation, right ventricular (RV) electrogram, first

erivative of left ventricular pressure (LVdp/dt). Marks above the left ventricular pressure (LV P) tracings illustrate ventricular rate of mechan-

lar rate of ejections.
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he ventricular rate of electrical activation (VREA) resulted
n 13 electrical activations that resulted in the VRMC
ausing 9 contractions, which in turn led to a slow ventric-
lar rate of ejections (ie, 6 ejections) (Fig 2, left panel). In
ontrast, the application of CP during AF changes this
elationship (Fig 2, right panel). The application of CP
esults in the blockage of every other supraventricular
ctivation. Since a coupled beat followed each intrinsic
lectrical activation, the VREA remained approximately the
ame with the application of CP. The positive inotropic
ffect of CP by postextrasystolic potentiation now resulted
n each intrinsic activation to result in a subsequent con-
raction and then ejection of blood. That is, there were 12
REAs, 6 VRMCs, and 6 ejections. For this chronic study,
e reported only the VRMC obtained while performing the

chocardiographic measurements.
Analysis of variance was used to determine if any echo-

ardiographic measurements (LVEDV, LVESV, LV EF, and
AV) were significantly changed. In addition, we measured

he VRMC as previously described [2]. These continuous
ariables were expressed as means � standard error of the
ean. Paired comparisons were made between these 3

eriods: (1) baseline (BL) versus AF, (2) AF versus CP, and
3) BL vs CP (Fisher Least Significant Difference). A proba-
ility of � 0.05 was considered significant.

linical Experience

igure 3 displays representative electrocardiographic
racings of one dog during the three phases of this study.
he top panel shows normal sinus rhythm prior to the

nduction of persistent AF. The middle panel shows
ersistent AF just prior to the application of CP. The
ottom panel shows that AF persisted even after CP had
een applied for 4 weeks.

ig 4. The effects of persistent atrial fibrillation (AF) and sustained
oupled pacing (CP) on left ventricular ejection fraction and left
entricular rate of mechanical contraction (VRMC). The asterisk (*)
ndicates that persistent AF significantly changed both left ventricu-
ar ejection fraction (LVEF) and VRMC. The pound sign (#) indi-
ates that sustained CP significantly reversed these prior changes
ithin 3 to 4 weeks back toward their pre-AF values. (BL �
aseline.)
Persistent AF significantly increased the average c
RMC (Fig 4, baseline to AF, 103 � 2.5 contractions per
in [cpm] to 174.5 � 14.5; p � 0.001). Using CP brought

he average VRMC back to 95.8 � 9.2 cpm, (p � 0.001). As
hown in Figure 4, LV EF was quite sensitive to supraven-
ricular tachycardia, decreasing from 52 � 2 to 32 � 4%
p � 0.01) during persistent AF, and returning to 47 � 2%
p � 0.01) during CP.

We observed significant tachycardia-mediated LV re-
odeling, resulting in both left atrial and left ventricular

ilatation. All ventricular dimensions significantly in-
reased as a result of persistent AF. The LVEDV in-
reased from 62.3 � 4.78 to 75.5 � 6.65 mL (BL vs AF; p �
.01) (Fig 5). Similarly, LVESV increased from 30.7 � 2.57
o 51 � 4.57 mL (p � 0.001), and LAV increased from
0.2 � 3.84 to 34.8 � 4 mL (p � 0.01) during persistent AF.
After sustained CP had been applied for 3 to 4 weeks,

V volumes were significantly reduced (AF vs CP) (Fig 5)
nd returned toward the values measured prior to the
nduction of persistent AF. The LVEDV decreased from
5.5 � 6.65 to 65 � 3.22 mL (AF vs CP; p � 0.0.5) and the
VESV decreased from 51 � 4.57 to 34.5 � 2.41 mL (p �
.001). The reduction in LV volumes also resulted in a
artial reduction of LAV toward baseline values, despite

he continued presence of AF. That is, LAV decreased
rom 34.8 � 4 to 27.7 � 2.6 mL (p � 0.05).

omment

he first major finding of this study is that the effects of
P were sustained for 4 weeks. Sustained CP dramati-

ally reduced the VRMC and increased contractile per-
ormance (LV EF). Second, the sustained effects of CP
esulted in a decrease of left ventricular volumes (reverse
emodeling) that had become dilated during the induc-
ion of persistent AF.

ig 5. The effects of persistent atrial fibrillation (AF) and sustained
oupled pacing (CP) on left ventricular end-diastolic volume
LVEDV), left ventricular end-systolic volume (LVESV), and left
trial volume (LAV). The asterisk (*) indicates that persistent AF
ignificantly increased LVEDV, LVESV, and LAV. The pound sign
#) indicates that sustained CP significantly reversed the AF-induced
ncreases in LVEDV and LVESV. Although CP reduced LAV, this

hange did not reach statistical significance.



w
I
a
t
a
i
f
t
t
c
i
p

c
c
r
w
t
m
v
t
t
t
t
r
n
d

t
d
t
t
t
g
d
o
b
m
h
t
o
w
s
w
t
a
p
t

t
a
d

n
m
c
i

D

W
f
e
“
d
w
n

S
O
h

R

1

2

3

4

5

6

7

8

D

T
S
n

987Ann Thorac Surg NEW TECHNOLOGY YANULIS ET AL
2008;86:984–8 CP AND REVERSE REMODELING

N
EW

T
EC

H
N

O
LO

G
Y

The changes in left ventricular volumes in this study
ere remarkably different than we observed acutely [1].

n our earlier study, mean LVEDV decreased during
cute AF. This reduction in LVEDV was undoubtedly due
o the marked tachycardia during our other study of
cute AF [1]. Acutely, the reduction in VRMC by CP
ncreased LVEDV. In contrast, with concomitant LV dys-
unction, persistent AF increased the mean LVEDV in
his present study. Sustained application of CP reduced
he mean LVEDV (Fig 5). In summary, sustained appli-
ation of CP in this present study reversed the remodel-
ng of the left ventricle chamber dimensions caused by
ersistent AF.
A number of laboratories have reported that both

hronic supraventricular and ventricular tachycardia
aused significant left ventricular dilation as well as a
eduction in the EF in dogs [5–8]. After the rapid pacing
as stopped in these prior studies, the EF rapidly re-

urned to normal. These studies also showed there re-
ained a residual dilatation in their left ventricular

olumes that eventually started to return toward pre-
achycardia levels. In contrast, our present study showed
hat the left ventricular volumes returned rapidly back to
heir pre-tachycardia levels as the EF improved. Thus,
he positive inotropic effect of our CP may be partially
esponsible for the reverse remodeling as well as its
egative chronotropic effect as defined by the VRMC,
espite the continual rapid VREA.
A limitation of this study is short observational periods

hat were made during the conscious testing. However,
uring these periods of conscious testing, we observed

hat the CP consistently reduced the VRMC. Finally,
here was no separate group of animals in which sus-
ained CP was not applied. The purpose of this control
roup would have been to determine if the rapid VREA
eveloped by the persistent AF would have spontane-
usly diminished in the same 4-week period that CP had
een given in this study. If this would have occurred to a
easurable degree in this study, then the VRMC (one

alf of VREA) following the sustained CP would be less
han one half of the VREA measured after the induction
f persistent AF, but prior to the beginning of CP. This
as not the case (see Fig 4). These preliminary results

uggest that further experiments should be pursued in
hich long-term hemodynamic measurements of elec-

rocardiograms, left ventricular pressures and volumes,
nd aortic and coronary flow were obtained for longer
eriods to further elucidate the mechanism of action of

his pacing paradigm.
In summary, we have shown that with new technology,

he sustained application of CP can reverse the LV dilation
nd functional impairment (LV EF) that resulted from LV

ysfunction during persistent AF. Therefore, further tech- o
ology using CP as a therapy should be considered as a
eans to achieve ventricular rate control and improve

ardiac function in many cases of persistent AF, particularly
n the presence of nonischemic dysfunction.
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improves cardiac efficiency during acute atrial fibrillation
with and without cardiac dysfunction. Am J Physiol 2004;287:
H2016–22.
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