Factors Delaying End Ejection from
End Systole of Ventricle
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SuMMARY

Although the end of ejection of the left ventricle has been gen-
erally accepted as almost synonymous with the end of mechanical
systole of the ventricle, recent experimental studies showed the cases
in which end ejection lagged markedly behind end systole as iden-
tified by the time at which the ventricular pressure-volume data
point reached the peak isovolumic pressure-volume relation curve.
To obtain a better insight into cardiovascular conditions of the
delayed end ejection, a computer simulation study was carried out
in which the performance of a time-varying elastance model of the
ventricle connected with a modified Windkessel model of the ar-
terial load was analyzed. Any change in the Windkessel parame-
ters, ventricular contractility and heart rate sensitively shifted end
ejection relative to end systole. Although end ejection coincided
with end systole under limited circumstances, end ejection variably
lagged behind end systole under most circumstances. These results
suggest that the interval between end systole and end ejection of the
left ventricle in vivo is also variable depending on changes in the
arterial loading conditions, ventricular contractility and heart rate.
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HE physiological significance of the end-systolic pressure-volume rela-
T tionship for characterizing the ventricular pumping capability has been
gradually recognized in mammalian and human hearts.?-® In the pressure-
volume diagram, the end of mechanical systole of the ventricle as a whole has
been defined as the time of the peak isovolumic pressure and the time at which
the pressure-volume loop of an ejecting contraction reaches or approaches
closest to the peak isovolumic pressure-volume relation curve. On the other
hand, in the tracings of ventricular pressure and volume as a function of time,
end systole has been recognized as almost synonymous with the end of ejection
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identified by the dicrotic notch of the ventricular pressure curve or the mini-
mal volume point according to Wigger’s diagram of the representative rela-
tionships of events in cardiac cycle.®

Recent animal experiments evidently showed the cases in which end
ejection occurred markedly later than end systole.1®-12) In these cases, the
end-ejection pressure-volume relationship curve was significantly deviated
downward from the end-systolic pressure-volume relationship curve. Con-
sequently, if the ventricular pumping capability is evaluated by the end-ejec-
tion pressure-volume relationship, it may be variably underestimated depend-
ing on the deviation of end ejection from end systole.

With these backgrounds, the cardiovascular conditions influencing the
timing of end ejection relative to end systole remain to be elucidated. To
obtain an insight into the problem, the hemodynamic coupling between the
left ventricle and the arterial loading system was simulated on a digital com-
puter and the cardiovascular parameters shifting end ejection relative to end
systole were analyzed.

MEeTHODS

First of all, let me explain what is the definition of the end of mechanical
systole of the ventricle. The end systole is the time point in the cardiac cycle
at which the mechanical contraction of the ventricle as a whole becomes
maximal and the relaxation starts. The end systole of this definition is iden-
tical with the pressure-volume point of a pressure-volume loop which reaches
or approaches closest to the peak isovolumic pressure-volume curve in the
pressure-volume diagram!->»? and also with the time at which the time-
varying pressure-volume relationship curve of the ventricle rotates steepest or
leftmost.®.”  For more details, see Fig. 2 of the previous paper.!®

In the present simulation, the left ventricle was modelled as a time-
varying elastance E(t) (mmHg/ml) according to the previous findings pub-
lished in literature.:4.7.14.15)  E(t) is the time-varying slope of the instan-
taneous pressure to volume ratio, i.e. P(t)/[V(t)—Vd], where P(t) (mmHg)
and V(t) (ml) are instantaneous ventricular pressure and volume, and Vd is
a small dead volume of V(t).3:4) Thus, when E(t) and V(t) are given, P(t)
can be obtained as E(t)[V(t)—Vd].

Since the actually obtained E(t) of an ejecting contraction appears 2
skewed sinusoidal curve largely independent of pre- and afterload, E(t) was
given as equal to 0.5 Emax[sin(27ft—0.57)+ 1] during systole and 0.5 Emax-
[sin(3rf(t—tes)+0.57)+1] during diastole until E(t) reaches zero, where
Emax is end-systolic maximal E(t). E(t) remained zero until next contrac-
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tion started. End systole is equal to t=tes=0.5/f (sec), where { (Hz, or beats/
sec) Is heart rate.

The ventricle was assumed to be filled up to end-diastolic volume Ved
(ml) by the end of diastole. During systole, given aortic flow I(t) (ml/sec),

t
ventricular volume V(t):Ved—J I(t)dt.
0

The ventricle was connected to a modified Windkessel afterload model
as shown in Fig. 1. This afterload model is a modified Windkessel model or
a modified Westerhof et al’s model.®® TPR and C are the total peripheral
resistance and the arterial compliance. R and L are the sums of the valvular
and aortic resistances and inertances, respectively. The dimensions of TPR,
C, R, and L are mmHg sec/ml, ml/mmHg, mmHg sec/ml, and mmHg sec?/ml.
The diode in the diagram represents the aortic valve, allowing forward flow
only and stopping any backward flow. The present model seems virtually
identical with the hydraulic model used by Ishide et al'" in terms of impedance
characteristics.

The differential equations describing the present system are:

dI(t)/dt = [E(t)[V(t)— Vd]—Pa(t)—RI(t)]/L
dv(t)/dt = — (1)
dPa(t)/dt = [I(t)—Pa(t)/TPR]/C

during ejection. Pa(t) is aortic pressure (mmHg). Before and after ejec-
tion, I(t)=0 and

dPa(t)/dt = —Pa(t)/(C TPR)

These ordinary differential equations were solved simultaneously by the
Runge-Kutta method on a digital computer (DEC, Minc-11). The integra-
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Fig. 1. Simulation of the interaction of the heart ventricle and the after-
load system. The left ventricle is represented by the time-varying elastance,
E(t). The afterload system is represented by a modified Windkesscl consist-
ing of the vascular compliance (C), total peripheral resistance (TPR), the
sum of the characteristic resistance of the aorta and the valvular resistance
(R), and the sum of the aortic and valvular incrtances (L). V(t) is ventricular
volume, P(t) is ventricular pressure, I(t) is aortic flow, and Pa(t) is aortic
pressure. The diode represents the aortic valve stopping reversed flow.
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tion step was 5 msec. Computed P(t), V(t), I(t), and Pa(t) were displayed on
a graphic terminal and hard-copied. End ejection was identified as the time
when I(t) became zero or negative last time in a contraction cycle. Both end
ejection and end systole were printed numerically with a time resolution of
5 msec. All the system parameters were scanned over wide ranges and the
relations between end ejection and end systole were analyzed.

REsuLTs

Fig. 2 shows a set of isochronal zones of end ejection when inertance L
and resistance R were varied widely while other parameters were kept con-
stant as listed in the figure. Since the resolution in time of end ejection was
5 msec, identical to the integration step, the black isochronal zones were drawn
for every 10 msec and the white zones between two black zones for the inter-
mediate 5 msec’s between the neighboring 10 msec’s. End ejection coincided
with end systole (250 msec for f=2 Hz) only when R and L were on the
hatched isochronal zones for 250 msec. For R and L in the ranges between
the hatched zones and the dashed lines immediately below them, end ejec-
tion occurred slightly before end systole. For all other R and L, end ejec-
tion did occur variably later than end systole.

The star mark in the middle of Fig. 2 indicates a set of R and L that
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Fig. 2. Isochronal zones of end ejection with both R and L changed
while the other parameters fixed as specified. End systole is 250 msec at the
specified heart rate. The star indicates the combination of R and L that
allowed normal contours of ventricular pressure, volume, and flow. 1 mmHg
sec/ml=1,333 g cm™* sec™!.
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made P(t), V(t), and I(t) appear normal in contour, as shown in Fig. 3. My
criteria of normal P(t), V(t), and I(t) were that P(t) had a plateau during
ejection, V(t) decreased exponentially during ejection, and I(t) rapidly in-
creased to peak at an early ejection and gradually decreased to zero. As R
and L went away from the star, P(t), V(t), and I(t) appeared gradually ab-
normal, as shown in Fig. 4. At and around the star, end gjection lagged
behind end systole by 20-35 msec, or 8-149%, of the duration of systole.

Now that a normal set of R and L were determined, they were fixed
hereafter at the normal values and the effects of the other parameters on end
ejection were studied. Fig. 5 shows isochronal zones of end ejection when
arterial compliance C and total peripheral resistance TPR were changed.
The star was plotted at C=0.33 (ml/mmHg) and TPR=3 (mmHg sec/ml),
which were the same normal values as used in Fig. 2. At and widely around
the star, end ejection lagged behind systole by 10-100 msec, or 4-409, of the
duration of systole.

Fig. 6 shows isochronal zones of end ejection when end-diastolic volume
Ved and ventricular contractility index Emax were varied widely. The star
was plotted at a typical set of Ved and Emax. In this plane, too, end ejec-
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Fig. 3. Time courses of ventricular elastance E(t), pressure P(t), aortic
pressure Pa(t), ventricular volume V(t), and aortic flow I(t) from top to bot-
tom on the left. Ventricular pressure-volume diagram is shown on the right.
All the curves appear normal. L=0.001 mmHg sec’/ml and R=0.1 mmHg
sec/ml. The full scales of E(t), P(t), Pa(t), V(t), and I(t) on the left are 4
mmHg/ml, 160 mmHg, 160 mmHg, 62.5 ml, and 250 ml/sec above 0. The
full scale of the time axis is 500 msec. The full scales of the pressure-volume
diagram are 250 mmHg and 60 ml. Vd=5ml.
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Fig. +. Ventricular pressure P(t), volume V(t), and flow I(t) that ap-
pear abnormal, obtained for unphysiological combinations of L and R as
specified. The scales are the same as in Fig. 3. The dimensions of L and R
are the same throughout the paper,
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Fig. 5. Isochronal zones of end ejection with both aortic compliance Cc
and total peripheral resistance TPR changed while the other parameters are
fixed at those values listed in Fig. 2. R and L are the same as shown in Fig.
3. The star indicates the combination of C and TPR that are listed in Fig.

2.
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Fig. 6 (left). Isochronal zones of end ejection with both end-diastolic
volume Ved and contractility index Emax changed while the other parameters
are fixed at those values specified in Fig. 2. R and L are the same as specified
in Fig. 3. The star indicates the combination of Ved and Emax specified in
Fig. 2.

Fig. 7 (right). Isochronal zones of end ejection with both heart rate
HR and Emax changed while the other parameters are fixed at those values
as specified in Fig. 2. R and L are the same as spccified in Fig. 3. The
star indicates the combination of HR and Emax shown in Fig. 2. The time
lag of end ejection from end systole is shown by percentage relative to the
duration of systole because end systole is a function of heart rate.

tion lagged behind end systole for widely varied sets of Ved and Emax around
the star. Changes in Ved alone did not affect end ejection.

Fig. 7 shows isochronal zones of end ejection when heart rate HR and
contractility index Emax were changed widely. The star was plotted at a
typical set of HR and Emax. At and widely around the star, end ejection
lagged behind end systole by 5-209, of systole. End ejection coincided with
and even advanced from end systole when both HR and Emax were very
high.

From these representative results and other results not shown here, it was
apparent that end ejection usually lagged behind end systole to a variable
extent depending on the cardiovascular conditions. The two ends of systole
and ejection coincided only when the system parameters took specific com-
binations that were considered to occur under very limited circumstances.

Discussion

The results of the present simulation have shown that end ejection is not
intrinsically coincident nor identical with end systole of the ventricle. They
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can be coincident only under limited conditions of the ventricle and the after-
load system. Under most conditions, end ejection variably lags behind end
systole. Previously, the same ventricle model was connected to a constant
pressure load and the relation between end ejection and end systole was
analyzed.® The results were essentially the same in spite of the different
load systems. Although the present as well as the previous simulation is an
approximation of the actual system in vivo, similar discrepancies between end
cjection and end systole are reasonably expected in vivo because the present
simulation incorporates the essential features of the time-varying elastic nature
of the ventricle and the Windkessel properties of the arterial system. The
actual ventricle shows some viscous properties during ejection and some de-
activation after ejection,!” but these complicating properties were not included
in E(t) for the sake of simplicity. Inclusion of these additional factors will
affect the results quantitatively, but not likely qualitatively. A separate simu-
lation will be needed for the quantitative results. However, well controlled
animal experiments will be needed for a final conclusion.

The mechanisms underlying the relative shift of end ejection from end
systole are speculated as follows. The fact that end ejection dissociates from
end systole under most circumstances in the present as well as previous'®
simulations indicates that the dissociation is not simply due to the pulsation
of arterial pressure, arterial compliance, nor peripheral resistance. Minimiz-
ing resistance and inertance between the ventricle and artery does not help
minimizing the dissociation of end ejection from end systole. The aortic
valve is normally a stopper of a reversed flow, but not a valve to close merely
by a pressure difference across it.18:19  All these factors in mind, I would
speculate that the coincidence or closeness of the ends of ejection and systole
which may be observed in vivo is merely a circumstantial event and not an
intrinsic outcome of the ventricle. Various hemodynamic parameters of the
arterial loading system affect the hemodynamic impedance of the system
loaded on the ventricle and their changes will alter the timing of the onset of
reversed flow relative to end systole of the ventricle. For limited combina-
tions of those parameters, ejection will be ceased right at end systole. When
the hemodynamic impedance of the artery remains unchanged, both ends of
ejection and systole will be shifted with changes in ventricular contractility
and heart rate and one end will shift from the other. Again, well controlled
animal experiments seem needed for a final conclusion.

Consequently, it is strongly suggested that end systole in vivo cannot
easily be identified by end ejection determined as the dicrotic notch of the
arterial pressure curve and the minimal ventricular volume. The end ejec-
tion in vivo may be variably separated from the end systole of the ventricle
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determined as the left upper corner of the pressure-volume loop in the pres-
sure-volume diagram.
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