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and potentially as a clinical tool to evaluate the status of
EC coupling in patients (1,14,15). For such applications,
it is required that the FIR measured from the intact
heart be interpreted in terms of the FIR of the individual
tolic (ES) and postextrasystolic (PES) dP/dt,,, would be influenced by pacing site, if these values were normalized by the fibers that make up the ventricle. However, because of
the complex structure and activation sequence of the
steady-statedP/dt,,, obtained with the samepacing site, they
chamber, it is not obvious how the FIR
would be independent of pacing site. We employed an isovolu- ventricular
metrically contracting isolated heart preparation with a balloon measured from the whole heart relates to that of the
placed in the left ventricle. Pacing electrodes were placed on individual
muscle fibers. In a previous study (7), we
the atrium and four different epicardial ventricular sites.While compared the FIRS of the right and left ventricles (two
pacing from each site separately, a steady mechanicalstate was chambers with vastly different geometries and masses)
establishedat a constant rate, and the interval between beats of the same heart to determine whether these different
wasthen perturbed. The samepacing sequencewas usedwhile
structural characteristics
influenced the global exprespacing from each of the five sites. On each ES and PES beat,
sion
of
the
myocardial
FIR.
The results indicated that,
was
expressed
as
a
percentage
of
the
steady-state
dP/
Wdtmax
despite
the
large
differences
in absolute pressures gendtmax. The normalized responsesmeasuredwith each ventricuerated by the two chambers, when indexes of contractile
lar pacing site (DPventr) were plotted as a function of the
normalized responsesobtained with atria1 pacing (DP,J. On strength (P,,, or dP/dt,,,) normalized by their steadyaverage, DPventr= 1.02 DPat, - 3.2% (n = 6, with ? = 0,989), state values were employed, the right and left ventricular
indicating that pacing site did not significantly influence the FIRS were nearly identical.
“normalized” force-interval relationship. Thus the basic inforAlthough the right and left ventricles have different
mation retrievable from measurementsof the ventricular forceactivation
sequences by virtue of their different physical
interval relationship is independent of the site from which the
structures,
it is of interest to determine specifically how
heart is paced.
the FIR is influenced when the heart is paced from
extrasystolic contractile strength; postextrasystolic potentia- different sites. This question is of both theoretical and
practical importance, since most studies of the FIRS of
tion; isolated canine heart; dP/dt,,,
experimental animals and patients typically employ ventricular pacing.
It is well known that when the heart is paced from the
THE FORCE-INTERVAL
RELATIONSHIP
(FIR) deals with
ventricle
instead of the atrium the steady-state contractransient changes in myocardial
contractile
strength
tile
strength
is reduced (3,4,12,20).
However, the extent
after a step change in the interval between beats (10,
to
which
pacing
site
influences
contractile
strength on
11). Two well-known examples of the FIR are “mechanextra- and postextrasystolic
contractions has not been
ical restitution”
[which is the increase in contractile
strength with increasing time interval between beats (5)] determined. In this study we tested the hypothesis that
although the absolute strengths of extrasystoles and
and “postextrasystolic
potentiation”
(9). These phenompostextrasystoles
would be influenced by pacing site, if
ena are related to fundamental. properties of cardiac
contractile strengths
muscle and are also observed in the intact heart. Al- extrasystolic and postextrasystolic
though the precise mechanisms underlying these phe- were expressed as a percent of the steady-state strengths,
the FIR would be independent of pacing site. This test
nomena remain to be identified, the FIR has been shown
to reflect the beat-to-beat alterations in the amount of was performed in an isolated canine heart preparation
with the left ventricles constrained to contract isovolucalcium supplied to the myofilaments
(19). The FIR,
metrically. Under this condition it is possible to quantify
therefore, is believed to derive from the fundamental
processes of cardiac excitation-contraction
(EC) cou- the contractile strengths of extra- and postextrasystoles,
independent of changes in ventricular preload and afterpling. There has been recent interest in using the FIR,
both as a research tool to probe the mechanisms of load, which normally occur when the ventricular FIR is
cardiac EC coupling in the intact heart (2, 6, 8, 13, 21) measured in situ (6).
BURKHOFF,DANIEL,
AND KIICHI SAGAWA. Influence ofpacing site on canine left ventricular
force-interval
relationship.
Am. J. Physiol. 250 (Heart Circ. Physiol. 19) H414-H418,
1986.-We
tested the hypothesisthat while absoluteextrasys-

H414

0363-6135/&6

$1.50

Copyright

0

1986 the

AmericanPhysiologicai Society

PACING

SITE AND FORCE-INTERVAL

METHODS

Surgical procedures. Experiments were performed on
a total of six canine left ventricles. The procedures used
to isolate and support a canine heart were similar to
those described by Suga and Sagawa (16). A pair of
mongrel dogs (approx wt, 20 kg each) was anesthetized
with pentobarbital
sodium (30 mg/kg iv). Femoral arteries and veins of one dog (support dog) were cannulated
and connected to a perfusion system used to supply
oxygenated blood to the isolated heart. The chest of the
second dog (donor dog) was opened under positive pressure ventilation.
The left subciavian artery was cannulated with the arterial line of the perfusion system. The
brachiocephalic
artery was cannulated to monitor the
coronary perfusion pressure. The azygos vein, superior
and inferior vena cavae, descending aorta, and lung hili
were ligated. The heart was then removed from the donor
dog. The left atrium was opened, and all the chordae
tendineae were freed from the mitral valve leaflets. A
plastic adapter that holds the isolated heart to the ventricular volume servo pump system (see below) was sutured to the mitral ring. When the surgical preparation
was complete, the isolated heart was positioned so that
a water-filled balloon was inside the left ventricular
cavity.
In all experiments the coronary perfusion pressure was
maintained between 80 and 100 mmHg by a servo-controlled finger pump (Harvard Apparatus model 1213).
The temperature of the perfusate was maintained
between 37 and 39°C.
Ventricular volume servo system. A servo system was
used to control ventricular volume. Details of its design
and performance have been reported by Suga and Sagawa
(17) and Sunagawa et al. (18). A linear motor (Ling
Electronics model 411) controls the position of the piston
within a rolling diaphragm cylinder (Bellofram
ss4FSM). A latex balloon is secured to a tube connected to
the outflow tract of the Bellofram cylinder. The cylinder,
connecting tube, and balloon are filled with water. A

LVA

H415

RELATIONSHIP

linear displacement transducer (Trans-Tek series 240)
senses the position of the piston, producing a signal
proportional
to the balloon volume, and therefore ventricular volume. This signal is used in a negative feedback
loop for comparison with a volume command signal that
represents the desired instantaneous volume. The error
signal resulting from this comparison is supplied to a
power amplifier (Crown DC-300) which, in turn, drives
the linear motor.
Electrical stimulation and recordings. Epicardial pacing
leads were placed at five different sites on the heart: the
atrium, right ventricular endocardial septum, right ventricular epicardial free wall, left ventricular apex, and
left ventricular epicardial free wall. Approximately
half
of the experiments were performed with bipolar pacing
and the other half with unipolar pacing (with the indifferent electrode placed on atria1 tissue); there was no
difference in the results obtained with these two modes
of stimulation
and no discrimination
of the data will be
made. The hearts were paced with square pulses of 1 and
2 ms duration and of amplitude approximately
twice
threshold. The site of pacing was changed using a manually controlled multiplexing
switch box.
An AC coupled bipolar epicardial electrogram was
measured between one electrode placed on the left ventricular free wall and another on the right ventricular
free wall.
All signals were recorded on an eight-channel
pen
recorder (Gould ZSOO), digitized on-line at a rate of 200
Hz, and analyzed off-line.
Measurement and quantification of the left ventricular
force-interval relationship. The hearts were paced at a
constant rate of 130 beats/min until a steady mechanical
state was reached. Two test stimulations
were introduced, one at a variable extrasystolic interval (ESI) and
another stimulation
that followed the first after an interval of 1,200 ms. After the test responses were measured while pacing from a given site, the pacing site was
changed. After all five sites were tested, the ES1 value
was changed and the procedure repeated. A wide range
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FIG. 1. Original experimental
recordings from a typical experiment. For each pacing site, there are 2 steady-state
contractions (heart rate = 130 beats/min) and then 2 test stimulations: the 1st at extrasystolic interval of 700 ms,
followed by a postextrasystole at 1,200 ms. LVP, isovolumetric left ventricular pressure; dP/dt, first derivative of
LVP; and ECG, the bipolar surface electrocardiogram; l-s tic marks are shown below dP/dt signal. ATR, atrium;
LVA, left ventricular apex; RVE, right ventricular endocardium; LVF, left ventricular free wall; RVF, right ventricular
free wall.
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of ES1 values was investigated. It was not always possible
to obtain data on the postextrasystoles,
because supraventricular escape beats frequently occurred during the
1,200-ms pause in pacing.
The responses to extra- and postextrasystolic
stimuli
were quantified

by isovolumetric

dP/dt,,,

normalized
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the dP/dt,,,
of the preceding steady-state contractions.
To quantitatively
compare the normalized responses obtained with different pacing sites, we plotted the response
obtained with each ventricular pacing site as a function
of that measured with atria1 pacing (resulting in 4
graphs) for each value of ESI. The similarity
between
the response to atria1 pacing and each of the four ventricular pacing sites was then quantified individually
by
linear regression analysis.
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RESULTS

Original

recordings

of left ventricular

pressure,

its first

derivative, and the electrocardiogram
signal from a typical experiment are presented in Fig. 1. Two steady-state
contractions and the responses to the two test stimuli
are shown; in this example, the ES1 was 700 ms. As
reported in the literature,
steady-state isovolumetric
pressure was greatest and QRS duration was shortest
with atria1 pacing. Myocardial pacing resulted in weaker
steady-state
pressures and lunger QRS durations;
both
contractile strength and QRS duration varied with pacing site. The variation in dP/dt,,,
with different pacing
sites were quantitatively
similar to the variations observed in P,,,, and in this case there was an approximately 20% reduction in both steady-state P,,, and dP/
dt,,, between atria1 and right ventricular free wall pacing. The differences in extrasystolic and postextrasystolic contractile strengths with the various pacing sites
paralleled those observed with steady-state contractions.
In Fig. 2A, the test responses obtained from a single
heart on the extrasystolic beats are plotted as a function
of the ES1 for each of the five pacing sites. Such curves
are referred to as “mechanical restitution curvesJ7 (5). As
for steady-state contractions, extrasystoles are of greatest contractile strength when the contraction is initiated
from the atrium and of smallest contractile
strength
when initiated from the ventricular
free walls. When the
test responses were normalized to the respective steadystate contractile strength, however, the points at a given
extrasystolic interval were generally very close to each
other,

its illustrated

in Fig* 2B. The only exception

to

this was at short test pulse intervals; at short extrasystolic intervals and with atria1 pacing the actual interval
between ventricular contractions is different from the
interval

between

pacing spikes

because of an increased

conduction
delay introduced
by the atrioventricular
node. Since the actual interval between ventricular contractions becomes longer with atria1 pacing on such beats
than with

ventricular

pacing,

the contractile

strength

was greater with atria1 pacing; note that the normalized
contractile strengths on such beats were nearly identical
for all ventricular pacing sites.
The results from six experiments
are summarized
in
Fig. 3. In each of part& A-D, the normalized ventricular
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FIG. 2. A.- influence
of pacing site on absolute strength
of extrasystolic contractile
strength
in a single isovolumetrically
contracting
left
ventricle
with a steady-state
frequency
of 130 beats/min.
B: responses
of A were normaIized
by steady-state
dP/dt,,,
obtained
while pacing
at respective
site. As indicated,
normalization
procedure
masked pacing-site
dependence
of extrasystolic
contractile
response.
Solid line
connects
average normalized
response
at each extrasystolic
interval*
Abbreviations
as in Fig. 1.

responses on extra- and postextrasystolic
contractions
obtained while pacing at one of the four ventricular sites
are plotted against the normalized contractile responses
obtained with atria1 pacing (dotted lines are lines of
identity). The degree of similarity of FIR measured with
atria1 and each myocardial pacing site was quantified by
linear regression (results summarized in Fig. 3, A-D). In
every case, the data points

clustered

very close to the

lines of identity, indicating that when normalized by the
strength of a steady-state contraction measured with the
same activation sequence, the FIR was not affected by
pacing site. This was borne out by the regression analysis,
which resulted in regression lines that were nut significantly different from the line of identity, with an average
slope of 1.02, an average intercept of -3.2%, and an
average regression coefficient
(r*) of 0.989. With very
short ESIs, atria1 pacing always resulted in larger nor-
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FIG. 3. Comparison of normalized
extrasystolic and
postextrasystolic responses obtained with ventricular
pacing with those obtained with atria1 pacing. Summary
of results obtained from 6 ventricles. Similarity between
responses was quantified by linear regression analysis,
the results of which are presented in each panel. Dotted
lines are lines of identity. RV and LV, right and left
ventricle, respectively.
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malized contractile responses than did ventricular pacing. This is indicated by the fact that the two or three
left-most points in each scattergram were consistently
below the line of identity. As discussed above, this was
the result of the increased atrioventricular
delay on these
stimulations
and was not a true difference in the FIR;
therefore, these short ESIs (ES1 < 350 ms) were explored
in one heart only.
DISCUSSION

The absolute strength of extra- and postextrasystolic
contractions was influenced by pacing site in a similar
manner as were steady-state contractions. However, this
pacing site dependence was canceled when extra- and
postextrasystolic
strengths were normalized
by the
steady-state contractile strength obtained while pacing
from the respective sites.
This result would be consistent with a hypothesis
derivable from data in the literature (3, 4, 12, 20), that
with myocardial pacing the “effective” muscle mass of
the ventricle (i.e., the muscle mass that contributes to
contraction) is reduced. The amount of muscle rendered
“ineffective” would be expected to be dependent on the
location of the pacing site but not on the interval between
beats. The influence of pacing site on contractile strength
should therefore be proportionally
the same on steadystate contractions and non-steady-state extrasystolic and
-postextraBystolic beats. Thus the influence of -pacing site
on test beat dP/dt,,,
values would be canceled when
normalized by the steady-state dP/dt,,,
obtained with
the same pacing site.
It is well known that premature ventricular contrac-
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tions (PVCs) are weaker than steady-state contractions
initiated from a supraventricular
focus. The major factor
contributing
to the decreased contractile strength is the
shortened time between beats, which allows less time for
“mechanical restitution”
(2, 5, 6, 13). The results of this
study demonstrate
a second mechanism
for reduced
strength on PVCs, which results from a decreased synchrony of contraction on beats initiated from the myocardial tissue. The magnitude of this effect depends on
the site of the ectopic focus and may be as large as 25%.
The result of the present study is of practical as well
as theoretical importance. It indicates that when normalized indexes are employed for the quantification
of
ventricular strength, the information
derived from ventricular force-interval
studies (for example, the time
constant of mechanical restitution, percent potentiation
after a pause, etc.; see Yue et al., Ref. 21) is independent
of the site from which the ventricle is paced.
Our previous result of equivalent right and left ventricular FIRS (7) was consistent with the hypothesis that
measurements of the ventricular FIR quantitatively
reflect the FIR of the muscle fibers. The result of the
present study further supports this hypothesis. Thus the
ventricular FIR may prove useful as a tool to probe the
status of EC coupling in the intact heart.
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