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Abstract
Objective-To examine the effects of

pacing modes on the interaction between
the left ventricle and arterial system in
humans.
Design-The slope of the end systolic

pressure-volume relation (end systolic
elastance), effective arterial elastance, the
ratio of effective arterial elastance to end
systolic elastance, and mechanical
energy efficiency were compared under
different pacing modes (atrial, atrioven-
tricular, and ventricular).
Patients-Nine male patients with sick

sinus syndrome who had cardiac cath-
eterisation for diagnosis and to see
whether they needed a pacemaker.
Interventions-A conductance cath-

eter with tip-manometer was inserted
into the left ventricle to obtain pressure-
volume loops, and two pacing catheters
were inserted into the right atrium and
into the right ventricle respectively.
Results-End systolic elastance was

lower in atrioventricular pacing than in
atrial pacing, but effective arterial elas-
tance was not significantly different. End
systolic elastance was lower in ventricu-
lar pacing than in atrioventricular pac-
ing, and effective arterial elastance was
higher in ventricular pacing than in
atrioventricular pacing. Consequently
the ratio of effective arterial elastance to
end systolic elastance was lowest in atrial
pacing and highest in ventricular pacing,
and mechanical energy efficiency was
highest in atrial pacing and lowest in
ventricular pacing.
Conclusions-Atrial contraction and

synchronous ventricular contraction
independently optimise ventriculo-
arterial coupling in terms of a transfer
of energy. Thus atrial pacing gives the
best ventriculo-arterial coupling among
these pacing modes.

Pacemaker implantation is now widely used to
treat bradycardia. The synchrony of ven-
tricular contraction during atrial pacing differs
from that during atrioventricular and ven-
tricular pacing. Atrioventricular pacing
produces atrial contraction whereas ventricu-
lar pacing does not. Previous studies showed
the benefits of physiological pacing over ven-
tricular pacing in terms of haemodynamic

function-that is, cardiac output, arterial
pressure, etc."3 However, the interaction be-
tween the left ventricle and arterial system
(ventriculoarterial coupling) has not yet been
studied. The assessment of ventriculoarterial
coupling is particularly important because the
nature of the coupling of the left ventricle to
the arterial system determines the efficiency of
energy transfer to the circulation and is a
major determinant of ventricular and cir-
culatory performance.'
A conductance catheter with tip mano-

meter7' can be used to obtain left ventricular
pressure-volume loops on a beat-to-beat basis
and to show the end systolic pressure-volume
relation. On the pressure-volume diagram the
slope of the end systolic pressure-volume rela-
tion (end systolic elastance)'"'2 and effective
arterial elastance3 14 can be simultaneously
determined to assess ventriculoarterial coup-
ling. Furthermore, the pressure-volume
diagram provides an estimate of mechanical
energy efficiency-that is, the ratio between
work area and the pressure-volume area, be-
cause the pressure-volume area is linearly
related to ventricular oxygen consumption.4
We used a conductance catheter to assess

the effect of pacing modes on the interaction
between the left ventricle and arterial system.

Patients and methods
PATIENTS
We studied nine men (44-64 (mean 55)) with
sick sinus syndrome. All of them had cardiac
catheterisation for diagnosis and to decide
whether they needed a pacemaker. Left ven-
triculography and coronary angiography
showed no ventricular wall motion abnor-
mality or coronary artery disease in any of the
patients. None showed evidence of aortic or
mitral regurgitation or left ventricular hyper-
trophy on the left ventriculogram and echo-
cardiogram.

All patients gave informed consent to diag-
nostic catheterisation and participation in the
study protocol. The protocol was approved by
the Osaka Police Hospital Ethical Committee.

PRESSURE AND VOLUME MEASUREMENT
A conductance catheter with a manometer at
its tip was inserted into the left ventricle. This
catheter was connected to a volumetric system
(Model Sigma 5, Leycom, Oegstgeest, The
Netherlands) to convert left ventricular con-
ductance to left ventricular volume. The posi-
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tion of the catheter in the left ventricle was
confirmed by the presence ofa signal with a flat
upper segment or identity of the phase of the
signal among the segments. The catheter
technique for measurement of left ventricular
volume has been described in detail else-
where.7815 In brief, the instantaneous left
ventricular volume, V(t), was obtained by the
Sigma 5 as:

V(t) = (1/a)(L2/B)G(t) - Vc (1)
where a is a dimensionless constant, L is an

interelectrode distance, B is the specific con-

ductivity of blood measured by a calibrating
cuvette, and G(t) is the sum of the segmental
conductance measured between the five pairs
of adjacent electrodes. Vc is the correction
volume for the parallel conductance.
The so-called dilution method was used to

obtain the correction volume, Vc. A bolus of
hypertonic salt solution (6% NaCl) of 10 ml
was injected into pulmonary artery through a

balloon-tipped flotation thermodilution cath-
eter. As the salt solution mixed with blood in
the left ventricle its conductivity (B in equa-

tion (1)) increased, causing the overall con-

ductance signal G(t) to increase while the
parallel component remained constant. When
measured end systolic volume was plotted as a

function of measured end diastolic volume
during the mixing of the bolus and linear
regression analysis was applied to the relation
between measured end systolic volume and
measured end diastolic volume data points,
the intersection point between the regression
line and the line of identity was Vc, the
correction volume.7
To determine a in equation (1) the stroke

volume was simultaneously measured by the
thermodilution method and by a conductance
catheter. '

Actual stroke volume
(1/a)(L2/B)(G(ed) - G(es))

(1/a) =
actual stroke volume/(L2/B)/(G(ed) - G(es))
where the actual stroke volume is the stroke
volume measured by the thermodilution
method, G(ed) is the sum of the segnental
end diastolic conductance, and G(es) is the
sum of the segmental end systolic conduc-
tance.
Good correlations between left ventricular

volumes measured by the conductance cath-
eter and by other methods have been shown
both by us'6 and others.7 1718 The signals of left
ventricular volume and pressure were

sampled every 5 ms and analysed on a per-
sonal computer (NEC 9800 (NEC, Japan)).

EVALUATION OF THE END SYSTOLIC PRESSURE-

VOLUME RELATION
To measure the end systolic pressure-volume
relation, the inferior vena cava was obstructed
with the Fogarty catheter to reduce peak sys-
tolic pressure by 15-40%. A maximum pres-
sure-volume ratio point-that is, the peak
value of the ratio of left ventricular pressure to

left ventricular volume within cardiac cycle-
was calculated over eight seconds during
occlusion of the inferior vena cava. Linear

regression analysis of these points was used to
determine the end systolic pressure-volume
relation,'9 and end systolic elastance was used
as an index of cardiac contractility.""'2

EVALUATION OF EFFECTIVE ARTERIAL ELASTANCE
Effective arterial elastance can be determined
in the pressure-volume diagram as the ratio of
end systolic pressure to stroke volume'3 '4:

Ea = Pes/SV = (Rc + R)/T (2)
where Ea is the effective arterial elastance, Pes
the left ventricular end systolic pressure, SV
the stroke volume, Rc the characteristic
impedance, R the arterial resistance, and T
the duration of one cardiac cycle.

In this study, heart rate was fixed at 90 beats
per minute to keep T in equation (2) constant;
therefore, effective arterial elastance changed
in parallel with the total arterial elastance.

EVALUATION OF MECHANICAL ENERGY
EFFICIENCY
Mechanical energy efficiency was determined
as the ratio of external work to pressure-
volume area by the following equation,45
Mechanical energy efficiency = external work/

pressure-volume area
The pressure-volume area, which was deter-
mined as the area surrounded by the line of
the end systolic pressure-volume relation, the
end diastolic pressure-volume curve, and the
systolic segment of the pressure-volume
trajectory, represents the total mechanical
energy of the ejecting contraction.4 External
work was measured as the area enclosed by a
pressure-volume loop.

PACING STUDY
Two bipolar pacing catheters were introduced
through the femoral vein and positioned in the
right atrial appendage and the right ventricu-
lar apex, respectively. Pressure-volume loops
and end systolic pressure-volume relations
were obtained during atrial, atrioventricular,
and ventricular pacing with a constant heart
rate of 90 beats per minute when the inferior
vena cava was occluded. The pacing modes
were changed in a random order. Data were
recorded five minutes after the pacing mode
was changed. During ventricular pacing the
atrium was paced 50 ms after the ventricle to
exclude the contribution of random atrial con-
traction to left ventricular filling. During
atrioventricular pacing the atrioventricular
delay was 150 ms.

STATISTICAL ANALYSIS
Values are expressed as mean (SD). The stat-
istical significance of differences in the indices
among pacing modes was tested by an analysis
of variance (ANOVA) and Scheffe's F test.
Results were regarded as significant when
p < 005.

Results
Figure 1 shows representative pressure-
volume loops for each pacing mode. Panel A
shows pressure-volume loops and end systolic
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Figure I Representative
pressure-volume loops
obtained at atrial pacing
(A), atrioventricular
pacing (B), and
ventricular pacing (C).
End systolic elastance
(Ees) and mechanical
energy efficiency (Eff) were
lower and effective arterial
elastance (Ea) was higher
during ventricular
pacing than during
atrioventricular pacing.
Ees and Eff were lower
during atrioventricular
pacing than during atrial
pacing.
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pressure-volume relations obtained during
occlusion of the inferior vena cava and atrial
pacing. End systolic elastance and mechanical
energy efficiency were lower during atrioven-
tricular pacing than during atrial pacing (B).
End systolic elastance and mechanical energy
efficiency were lower and effective arterial elas-
tance was higher in ventricular pacing than in
atrioventricular pacing (C).
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Figure 2 (A) Changes in end systolic elastance (Ees) during atrial (A) pacing,
atrioventricular (A V) pacing, and ventricular ( V) pacing. Ees during atrial pacing
was significantly higher than during atrioventricular pacing (p < 0-01). Ees during
atrioventricular pacing was higher than during ventricular pacing (p < 0-05).
(B) Changes in effective arterial elastance (Ea) during atrial pacing, atrioventricular
pacing and ventricular pacing. Ea was similar during atrial pacing and atrioventricular
pacing. However, Ea was higher during ventricular pacing than during atrioventricular
pacing (p < 001).

LEFT VENTRICULAR PRESSURE AND VOLUME
CHANGES
Left ventricular volume index and pressure
were not significantly different during atrial
pacing and during atrioventricular pacing. Left
ventricular end diastolic volume index and left
ventricular end systolic pressure were smaller
during ventricular pacing than during atrio-
ventricular pacing (p < 0 01). Left ventricular
end systolic volume indices during these two
pacing modes were not significantly different.
Consequently, stroke volume index was sig-
nificantly smaller during ventricular pacing
than during atrioventricular pacing (table).

CHANGES IN VENTRICULOARTERIAL COUPLING
AND MECHANICAL ENERGY EFFICIENCY
End systolic elastance was 16% lower during
atrioventricular pacing than during atrial pac-
ing (fig 2A) (p < 001) and effective arterial
elastance was similar during both modes (fig
2B). Therefore, the mean ratio of effective
arterial elastance to end systolic elastance was
greater (fig 3A) and mechanical energy effici-
ency was smaller (fig 3B) during atrioventricu-
lar pacing than during atrial pacing.
During ventricular pacing end systolic elas-

tance was lower (p < 005) (fig 2A) and effective
arterial elastance was 23% higher (p < 001)
than during atrioventricular pacing (fig 2B).
Thus the mean ratio of effective arterial elas-
tance to end systolic elastance was greater (fig
3A) and mechanical energy efficiency was less
(fig 3B) during ventricular pacing than during
atrioventricular pacing.

Haemodynamic variables (mean (SD)) in the three pacing modes

Ventricular
Variable Atrialpacing AV pacing pacing

LVESVI (ml/m ) 24(7) 23 (8) 23(7)
LVEDVI (mi/mr) 69 (11) 66 (10) 55 (11)**tt
SVI (ml/mr) 46(8) 43(5) 32 (6)**tt
LVESP (mm Hg) 132 (27) 130 (25) 113 (17)**tt
Ees (mm Hg/ml) 2-5 (1-1) 2-0 (0-9)** 1-6 (0 7)**t
Ea (mm Hg/m) 1-7 (05) 1-7 (05) 2-1 (0o6)**tt
Ea/Ees 0-72 (0-18) 0-92 (022)* 1-41 (0 29)**tt
Eff(%) 68 (8) 63 (9)** 56 (8)**tt

*p < 0 05 and **p < 0-01 versus atrial pacing; tp < 0 05 and ttp < 0-01 versus atrio-
ventricuiar pacing.
AV, atrioventricular; Ea, effective arterial elastance; Ees, end systolic elastance; Eff, mechanical
energy efficiency; LVEDVI, left ventricular end diastolic volume index; LVESP, left ventricular
end systolic pressure; LVESVI, left ventricular end systolic volume index; SVI, stroke volume
index.

Discussion
The effects of pacing modes-that is, atrial,
atrioventricular, and ventricular pacing-on
the interaction of the left ventricle and arterial
system were assessed by the measurement of
end systolic elastance and effective arterial elas-
tance. Both atrial contraction and synchrony of
ventricular contraction were important in the
optimisation of ventriculoarterial coupling.

SYNCHRONY OF LEFT VENTRICULAR

CONTRACTION
There was no significant difference in left ven-
tricular volume and pressure between atrial
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Figure 3 (A) Changes in EalEes between atrial (A) pacing, atrioventricular (A V)
pacing, and ventricular ( V) pacing. This ratio was lowest during atrial pacing and
highest during ventricular pacing. (B) Changes in Eff during atrial pacing,
atrioventricular pacing, and ventricular pacing. Eff was highest during atrial pacing and
lowest during ventricular pacing. See legend to fig 1 for abbreviations.

pacing and atrioventricular pacing. Therefore
there was no significant difference in effective
arterial elastance between these two pacing
modes. End systolic elastance was lower in
atrioventricular pacing than in atrial pacing.
The reduction of end systolic elastance may be
due to dyssynchronous ventricular contraction,
because the mode of ventricular contraction-
that is, synchronous or dyssynchronous-is the
most important difference between these pacing
modes. Badke et al reported that ventricular
pacing promoted dyssynchronous ventricular
contraction with reciprocal interactions be-
tween the early and late shortening areas.20 At
end systole those portions of the left ventricle
that were activated first lengthen (whereas in
the most recently activated area they shorten)
and thus do not contribute to the generation of
end systolic left ventricular pressure. There are

several reports that areas of the left ventricle
that are activated early bulge paradoxically in
late systolic phase during dyssynchronous left
ventricular contraction.21-23 Furthermore,
Rosenqvist et al showed that abnormal ven-
tricular activation-that is, dyssynchronous
ventricular contraction-results in a significant
deterioration in regional left ventricular sys-
tolic performance in humans.24 Burkhoff et al
showed that pacing from different ventricular
sites that changed the degree of dyssynchrony
of ventricular contraction resulted in different
intensities of ventricular performance.25 Thus
dyssynchronous ventricular contraction may
well be responsible for the reduced cardiac
contractility during atrioventricular pacing.

ATRIAL CONTRACTION
Left ventricular end systolic pressure was
lower during ventricular pacing than during
atrioventricular pacing. In addition, without
atrial contraction left ventricular end diastolic
volume and stroke volume also decreased.
Therefore, effective arterial elastance increased
during ventricular pacing, as it did in an earlier
study in dogs.26 Sympathetic stimulation,
which is accompanied by a reduction of stroke
volume, may be partly responsible for the
increase in effective arterial elastance.

End systolic elastance was lower during
ventricular pacing than during atrioventricular
pacing (fig 2A). The lack of atrial contraction
during ventricular pacing reduced the left
ventricular end diastolic volume and changed
the filling pattern.27 In earlier studies end
systolic elastance was insentitive to changes of
load.'02 However, a rapid increase in left
ventricular volume in late diastole reduced left
ventricular end systolic volume and increased
left ventricular end systolic pressure.291 This
strongly suggests that cardiac contractility is
increased by a rapid increase in left ventricular
volume during late diastole. In ventricular
pacing, filling occurs mainly in early diastole
and little filling is seen in late diastole. In
contrast, early diastolic filling is equal to or even
less in atrioventricular pacing than in ven-
tricular pacing, and during atrioventricular
pacing late diastolic filling is much greater,
producing a rapid increase in left ventricular
volume.27 Thus the reduction of cardiac con-
tractility in ventricular pacing may be ex-
plained by the difference in the filling pattern.

VENTRICULOARTERIAL COUPLING AND
MECHANICAL ENERGY EFFICIENCY
The ratio of effective arterial elastance to end
systolic elastance, the index of ventriculo-
arterial coupling, was lowest during atrial pac-
ing and was highest during ventricular pacing.
As a result, mechanical energy efficiency was
highest in atrial pacing and lowest in ventricu-
lar pacing.

Earlier studies showed that the pressure-
volume area represents the total mechanical
energy generated by ventricular contraction.45
The efficiency of energy transfer from ven-
tricular oxygen consumption to external work
can be divided into two steps: the efficiency of
energy transfer from ventricular oxygen con-
sumption to the pressure-volume area and the
efficiency of energy transfer from pressure-
volume area to external work.3132 The second
step represents mechanical energy efficiency
and we found that the efficiency of the second
step was reduced by dyssynchrony of ven-
tricular contraction and absence of atrial
contraction. These results suggest that dys-
synchronous ventricular contraction and
absent atrial contraction waste energy and
produce an energetically poor coupling be-
tween the left ventricle and the arterial system.
We did not measure ventricular oxygen con-
sumption so the effect of dyssynchronous ven-
tricular contraction or absence of atrial con-
traction on the first step of energy transfer is
unknown.

STUDY LIMITATION
The study population was small. The trends
showrn by the results were so clear, however,
that we believe the conclusion of this study will
not be affected by increasing the sample size.
ISecondly, the end systolic pressure-volume

relation in dogs was non-linear."3" None the
less, Kass et al and Little et al reported that end
systolic elastance did approximate to a straight
line over a limited load range and that this
could be used to assess the inotropic state.637
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We used a linear approximation of the end
systolic pressure-volume relation to determine
end systolic elastance in this study.

Thirdly, Boltwood et al reported difficulties
in measuring "absolute" left ventricular
volume by a conductance catheter.38 But they
also said that their data did not exclude the
possibility that a conductance catheter can give
a useful measurement of "relative" left ven-
tricular volume over a range of haemodynamic
states. Furthermore, the reliability of the
measurement of left ventricular volume and of
the end systolic pressure-volume relation by
the conductance catheter has been validated by
several groups,73940 and also by us.'6 Burkhoff
raised some questions about Boltwood et al's
results.4' Thus we think that possible errors in
the determination of left ventricular volumes
with the conductance catheter are unlikely to
affect the conclusion of our study.

Fourthly, atrioventricular delay can affect the
results of this study. Iwase et al described the
effects ofatrioventricular delay on cardiac func-
tion.42 Nitsch et al and Videen et al, however,
found that changes in the atrioventricular delay
in patients without ventricular dysfunction had
no significant haemodynamic effects.434' The
haemodynamic effects of atrioventricular delay
seem to depend on left ventricular function42 45
and the interatrial conduction delay." None of
the patients we studied had left ventricular wall
motion abnormality or coronary artery disease
when they were examined by left ventriculo-
graphy and coronary angiography. We exam-
ined a volume-time curve for the left atrium to
ventricular sequence to determine the
interatrial conduction delay. The interatrial
conduction delay calculated as 150 ms minus
the left atrium to ventricular sequence ranged
from 76 to 97 ms (mean 86 ms) in this study,
and thus the effects ofinterindividual difference
in the interatrial conduction delay on our
results are likely to be small. Furthermore, the
effects of atrioventricular delay were much
smaller than those of the pacing mode.27 4245
However, in individuals with a long interatrial
conduction delay the effects of interatrial con-
duction delay or atrioventricular delay would
not be negligible.

Fifthly, we used atrial pacing 50 ms after the
ventricular stimulation to exclude varying tim-
ing of atrial contraction during the cardiac
cycle in ventricular pacing. Naito et al and
Faerestrand et al showed that haemodynamic
function was worse after ventricular pacing
with retrograde ventriculoatrial conduction
than after ventricular pacing without
retrograde ventriculoatrial conduction or after
atrial fibrillation with regular ventricular pac-
ing.47" Naito et al suggested that this poor
haemodynamic function when retrograde ven-
triculoatrial conduction was present might be
explained by pulmonary venous regurgitation
caused by atrial contraction during the ven-
tricular ejection period.47 In addition, when the
atrium contracts during the ventricular ejec-
tion period various reflex mechanisms such as
atrial stretch receptors and baroreceptors
might influence haemodynamic function
including cardiac function. Thus the differen-

ces that we found between atrioventricular and
ventricular pacing may be partially attributable
to the atrial pacing 50 ms after the ventricular
stimulation.

Finally, we used effective arterial elastance as
the index of afterload in this study and we did
not take account of the influence of wave
reflection in the arterial system on afterload
because effective arterial elastance is developed
on the basis of the three element Windkessel.
Because we did not measure instantaneous
arterial pressure we have no data on systemic
arterial resistance and wave reflection. This
precludes our assessing the relation between
the changes in systemic arterial resistance and
wave reflection and the changes in effective
arterial elastance. However, Pepine et al and
Murgo et al showed that peripheral resistance
accounts for more than 90% of aortic input
impedance and wave reflection for less than
5% ." 50Burkhoffand his colleagues showed that
the Windkessel model gave a reasonable rep-
resentation of afterload.5' Sunagawa and his
colleagues showed that most of the effects of
afterload on stroke volume depended on peri-
pheral resistance." They also showed that
effective arterial elastance correlated linearly
with the ratio of total resistance (the sum of the
arterial resistance and characteristic impe-
dance) to the duration of one cardiac cycle,"
and that the linear relation between end systolic
pressure and stroke volume was seen under the
same arterial impedance properties modelled in
terms ofa three element Windkessel." Thus we
think that the changes in effective arterial elas-
tance reflected the changes in afterload, and we
used such changes to assess the changes in
ventriculoarterial coupling.

CLINICAL IMPLICATION
Our study showed that end systolic elastance
was lower during atrioventricular pacing than
during atrial pacing and that end systolic
elastance was lower and effective arterial elas-
tance was higher during ventricular pacing
than during atrioventricular pacing. Therefore
mechanical energy efficiency was highest in
atrial pacing and lowest in ventricular pacing.
We conclude that dyssynchronous ventricular
contraction promotes a reduction in cardiac
contractility and modifies ventriculoarterial
coupling to reduce mechanical energy
efficiency. A lack of atrial contraction promotes
a reduction in cardiac contractility and an
increase in afterload, thus modifying ventricu-
loarterial coupling to reduce mechanical energy
efficiency. These findings show that the pacing
mode influences the interaction between the left
ventricle and arterial system and that an atrial
contraction and synchronous ventricular con-
traction are important in the optimisation of
ventriculoarterial coupling. Rosenqvist et al
found a significantly higher incidence of con-
gestive heart failure and mortality in patients
with ventricular pacing than in patients with
atrial pacing.54 Alpert et al showed that the
survival rate in patients with congestive heart
failure was lower with ventricular pacing than
with atrioventricular pacing.55 Our results sug-
gest that these earlier findings may be partially
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explained by inappropriate ventriculoarterial
coupling in patients with ventricular pacing.
Our results show that atrial pacing gave the

best ventriculoarterial coupling and mechan-
ical energy efficiency. In patients with vent-
ricular dysfunction, optimisation of ventri-
culoarterial coupling is important because it is a
determinant for external work. Burkhoff and
Sagawa showed that stroke work is greatest
when end systolic elastance equals effective
arterial elastance.56 In patients with ischaemic
heart disease optimisation of mechanical
energy efficiency is important because blood
supply is limited by coronary artery stenoses.
Furthermore, dyssynchronous ventricular
contraction had a deleterious effect on left
ventricular relaxation.57 58 Thus atrial pacing is
especially suitable for patients with ventricular
dysfunction and/or ischaemic heart disease. If
possible, the atrioventricular delay should be
prolonged in patients with atrioventricular
pacing to obtain synchronous ventricular con-
traction.
This study also showed the advantage of

assessing ventriculoarterial coupling in
individual patients. For example, during ven-
tricular pacing end systolic pressure was

lowest, but "real afterload"-that is, effective
arterial elastance-was highest because of the
further reduction of stroke volume. During
atrioventricular pacing left ventricular volume
indices and pressure were not significantly
different from those at atrial pacing; however,
end systolic elastance-that is, the index of
cardiac contractility-was smaller in atrioven-
tricular pacing. Thus the assessment in terms
of ventriculoarterial coupling gives more
detailed information about the most suitable
pacing mode in individual patients.

This work was presented in part at the 38th Annual Scientific
Session of the American College of Cardiology, Anaheim,
California, March 1989.
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